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CHAPTER
ONE

Introduction

Over the past decades, the study of magnetic thin films has brought sighdaaributions to the fun-
damental understanding of the physics of magnetism along with the advgpinafonics and important
applications in magnetic storage media [1-6]. In this context, magnetic anigor@pkey property
of ferromagnetic films. Indeed magnetic anisotropy determines the easy tzagjoa direction of a
ferromagnet and is thus decisive for the magnetization reversal in aekfeglils or by means of spin-
polarized currents. Understanding why the magnetization favors a dikegtion in a particular system
is therefore crucial to engineering specific desired properties in magetitures. Magnetic anisotropy
is directly related to the electronic structure and it is determined bylblectrons at the Fermi level.
Thus, any changes in theeelectron band structure are expected to result in changes of the magnetic
anisotropy. Several possibilities allow to manipulate the electronic structurden tm achieve a desired
configuration of the magnetic anisotropy. Since the electronic structunesgige to the crystallographic
symmetry and chemical surrounding, it can be modified for instance by eehdistortion [7, 8] or a
change in the number of valence electrons per unit cell [9, 10].

Specific periodic changes to the electronic structure can be introduecpdhbyum well states (QWS).
QWS are realized in thin films through electronic confinement by potentiakbsat the interfaces. In
a more general context, the presence of QWS in metallic nanostructurégdashown to be at the
origin of many intriguing phenomena, such as interlayer exchange coJplifg], oscillations of the
superconducting transition temperature [12], oscillatory magneto-optieal éfect [13, 14], thermal
stability on the atomic level [15], oscillatory tunneling conductance [16]faserreactivity [17], and
the modulation of the Kondo resonance [18]. These observations indizgtas the film thickness is
increased, the electronic band structure can be periodically modified hyrébence of QWS. Hence
one can anticipate that in the presence of QWS originating ftdrmand electrons in ferromagnetic thin
films, periodic changes in the magnetic anisotropy should occur due to thaienaf the QWS with
increasing film thickness.

The results presented in this work contribute to the general understaofd@d\yS fromd-bands, which
in contrast to QWS involvingsp electrons, are still poorly explored. Oscillations of the magnetic
anisotropy due to QWS in ferromagnetic films have been theoretically predict€d/Cu(001) sys-
tem [19-21]. Here we provide the first experimental confirmation of tiposdictions. We also present
the results concerning the magnetic anisotropy oscillatioxate films, the only system for which
such oscillations have been observed experimentally up to now [22]. yEbensatic Magneto-Optical
Kerr Effect (MOKE) studies on several film/substrate combinations lead toderstanding of the fun-
damental mechanisms responsible for changes in magnetic anisotropy deeptesbnce of QWS. In
particular, the period of the anisotropy oscillations determined in our expetsmalows to associate the
origin of the anisotropy oscillations to specific electronic bands. We denadashrat the oscillations of
the magnetic anisotropy in our ferromagnetic films are a direct conseqagtheequantization of thd,,,
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CHAPTER1

dy, electron orbitals. In addition, we show that the measured oscillation amplitudagsfetic anisotropy
strongly depends on temperature and we discuss this effect in viewaidecder perturbation theory.

The magnetic anisotropy can be changed not only through QWS formed ifettttanagnetic
films, but also through QWS in the nonmagnetic overlayers grown on therlyimdeferromagnetic
films [23, 24]. The results of such nonmagnetic/ferromagnetic bilayer regstge also presented in
this work. In particular it is shown that the mechanism governing the magnetoteopy oscillations
is substantially different in nonmagnetic/ferromagnetic bilayers as compartiromagnetic layers.
By combining the experimental results with recent theoretical calculatiorjsAj@show that the hy-
bridization of the electronic states plays a decisive role in the case of oggillatignetic anisotropy in
nonmagnetic/ferromagnetic bilayer systems.

As proposed by Bruno [26], a direct connection between the orbital mbamsotropy and magne-
tocrystalline anisotropy can exist. In this respect, the orbital magnetic mommndes a link between
electronic orbitals and magnetic anisotropy, determining the preferred gpmtaiion direction. It is

therefore essential to verify whether the formation of QWS influences hitgabmagnetic moment.
For this purpose, X-ray Magnetic Circular Dichroism (XMCD) measuresibave been performed. In
particular we show here the first experimental observations of the qatotizof the orbital magnetic
moment due to QWS.

Quantitatively, the effect of QWS on magnetic anisotropy is expected taherrsmall. Thus, the mea-
surements presented in this thesis require a large sensitivity to small chiatigesnagnetic anisotropy.
To this effect, the ferromagnetic films were grown on vicinal surfaces lwbauses the lowest-index
crystallographic directions to be non-equivalent. In this way, MOKE nreasents on vicinal surfaces
allow to determine both the period and the amplitude of magnetic anisotropy osc#l§2a27]. In
addition, we demonstrate that QWS affect not only the magnitude of the magnetitropy energy but
also the orientation of the easy magnetization axis. Indeed, the presestep®bn the vicinal surfaces
leads to a complex behavior of the magnetic anisotropy. We show that the tiatjoa direction can
alternate into/out-of the sample plane with film thickness and moreover, thé&tsyg switching of the
easy magnetization axis between two orthogonal in-plane directions caocalso The orientations of
the magnetization derived from MOKE are interpreted using the assumptiarsiofle domain state.
A better understanding of the magnetic anisotropy of ferromagnetic filmsngomwicinal surfaces is
achieved through studies of the domain structure by using Spin-PolarmedEhergy Electron Mi-
croscopy (SPLEEM) [28]. With SPLEEM, we show how the orientation eféasy magnetization axis
is related to the domain structure.

This thesis is organized as followsChapter 2 describes the main theoretical aspects of magnetic
anisotropy, quantum well states and the expected relation between thepadnamena.Chapter 3

is dedicated to sample preparation and characterization of the growth mddeaaphology, investi-
agted by Low Energy Electron Diffraction (LEED) and Scanning TunigeMicroscopy (STM). The
experimental methods used to study the magnetic properties of the investigatilinth are described

in chapter 4. In chapter 5, section 5.1, the results of MOKE measurements are presented. We demon-
strate the oscillatory magnetic anisotropy as a function of film thicknedsd@ndbcc Co, bccFe and

fcc FeCo alloys. Itis also shown how the magnetic anisotropy of the ferrortiaditms changes upon
covering with nonmagnetic Cu and Au overlayers. In section 5.2, XMCDItesn Fe/Ag(116) are
presented. We show how the spin and orbital magnetic moment values as Wedlmagnetization ori-
entations change upon increasing Fe film thickness. The last sectione{ghamental results present
studies on the domain structure in Fe/Ag(116) and Co/Cu(1113). Thisrésthis section show how
the domain structure evolves upon increasing the film thickness andpondiag changes of the orien-
tation of the easy magnetization axis between two in-plane directions and betveeeut-of-plane and
the in-plane directions. In particular, we discuss the specific changsesa#®y covering the ferromag-
netic films with Au. The most important experimental findings reported in this tlaesisliscussed in
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chapter 6. The experimental conditions, which have to be met to observe the anigoisojtlations as
well as the influence of film morphology on the magnetic anisotropy are disdusa section 6.1. In-
deed, the formation of QWS and the resulting oscillations in magnetic anisoteg@nd on the quality
of the interfaces and require appropriate sample preparation conditiotiss section we also explain
how hysteresis loops measured by MOKE can be affected by the complexetiagnisotropy present
in ferromagnetic films grown on vicinal surfaces. In section 6.2, a phenological model describing
the spin reorientation transition in ferromagnetic films on vicinal surfacesngpaced with our experi-
mental results. Finally, the results pertaining to oscillatory magnetic anisotrepiscussed in section
6.3. We demonstrate that the magnetic anisotropy oscillations observed ixpauingents as a function
of ferromagnetic film thickness are indeed caused by the quantizatidwelefctron bands. We discuss
how the oscillation period depends on electronic structure and how the tisnileamplitude changes
with varying temperature. The discussion part closes with the interpretdtibe oscillatory magnetic
anisotropy in nonmagnetic/ferromagnetic bilayer systems.
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TWO

Theoretical background

2.1 Magnetic anisotropy

It is known that the magnetizatiovi of a ferromagnet tends to lie along one or several preferred axes,
called the easy axes. The magnetic anisotropy (MA) is defined as theydhatgt takes to rotate the
magnetization from the easy into the hard direction. In the following, we disghganly two types of
the magnetic anisotropy:
e The magnetocrystalline anisotropy, which originates from the non sphehiagge distribution in
conjunction with spin-orbit interaction.
e The shape anisotropy, which originates from the dipolar interaction apeinds entirely on the
sample shape.
In common phenomenology other types of MA can be distinguished like magiette anisotropy
or surface anisotropy. On a microscopic level, however, they arise frh@ same mechanism as the
magnetocrystalline anisotropy.

2.1.1 Magnetocrystalline anisotropy

Van Vleck was the first to propose that magnetocrystalline anisotropy (MiC#ansition metals arises
from the spin-orbit (SO) interaction which couples the isotropic spin momeai tanisotropic lattice
[29]. In order to quantitatively link bonding anisotropy with MCédkorbitals are used for the description
of the bonding. Their energetic positions and splitting is described by theéndent electron ligand
field (LF) theory or the electronic band structure. The electronic stagegert by the crystal potential
alone possess no orbital moment, sincedadirbitals have a perfect balance of substates with magnetic
guantum numbers-m and—m. This balance is broken when two or more of the orbitals are mixed by
the SO interaction and the new orbitals can then have a finite angular momentum.

Spin-Orbit Interaction

The spin-orbit (SO) interaction is a relativistic phenomenon which descthzecoupling between the
spin moment and the orbital moment. The SO term naturally arises when the BQiraiton is evaluated
up to order(u/c)? in the nonrelativistic limit [30, 31].

eh? 1dd(r)

Hs0=E&(NS'L=——5-

So=¢(r) 2mgr dr

where®(r) = Ze/4rmer is the electrostatic potential of the nuclear charg&®e andS andL are the
vector operators of the spin moment and the orbital moment, respectivelyexpectation value

E= &)= | " R (1) &t (1)Reg (r)r2dir (2.1.2)

L-S (2.1.1)
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SECTION 2.1

is called thespin-orbit coupling constaniThe value of the SO interaction energy for the ferromagretic
transition metals is of the order of 10-100 meV, i.e., significantly weaker thaexittgange interaction
(~1eV) and the ligand field interaction (a few eV). A total magnetic moment has tmtributions
arising from the spin and the orbital moment: = Mspin+ Morp. In ferromagnetic metals, the spin
moment is about ten times larger than the orbital moment. The spin moment is intringsoalbpic
since the exchange interaction is isotropic. Through SO coupling, the srballanoment which is
"locked" into a favorite direction by the anisotropic bonding of the lattice atlirthe spin moment along
a favored lattice direction. The SO coupling for the ferromagnetic metalsskidxeporbital and spin
moments parallel to each other according to Hund’s rules.

Magnetocrystalline anisotropy in view of perturbation theory

The MCA energy is defined as the difference in energy, including the 8@iltbnian.>#5c, with the
magnetization pointing in two different crystallographic directions. Since én&raction in3d tran-
sition metals is over an order of magnitude smaller than the exchange interantighealigand field
interaction, it can be treated to a good approximation by perturbation th2®érgZ]. The correction to
the energy of a thin film to the lowest order (i.e., second order for theygreenrection since the first
order correction vanishes due to time reversal symmetry [26, 33]) i biye

OV = 3T Wl MKV @1

where f(g,T) = 1/{1+exp/(e — &1)/ks T]} is the Fermi-Dirac occupation factdnok) and|n'o’k)
denote the occupied and unoccupied electron eigenstates, respeetividdys,, (k) and eyq (k) are
their corresponding energies. The coupling between pairs of occ(miethoccupied) states does not
need to be considered since the spin-orbit terms cancel each otheryfeueh pair [26]. As can be
seen from expression 2.1.3, MCA energy is inversely proportional tetieegy difference between
the occupied and unoccupied states. Therefore, a significantly esthMiCA can be expected for an
electron configuration where one of the states is just below and anothabuse the Fermi energy.

One way to visualize the origin of the MCA is its relation to the anisotropy of théalnmoment
as proposed first by Bruno [26]. By considering the second omieection to energy, the MCA can be
related to the orbital moment through the expression:

S5E ~ —%E(r)@- [<L¢>—<LT>} (2.1.4)

whereS is the magnetization direction along the unit vector of the spin magnetic momet‘énds
the orbital moment vector of the spin down (up) band.

Following the approximation made by Bruno [26], in which the majority spin bandimspietely
filled, its orbital moment vanishes ariE is directly proportional talL). Although for metals with a
nearly filled band this often accounts for the main contribution to the MCA gnerg detailed analysis
the orbital moments of the spin up and spin down bands have to be takeategparto account [34].
Furthermore, in proper analysis, additional term which accounts foipiheflip excitations between the
exchange split majority and minority spin bands has to be included, as showaah [34].

2.1.2 Shape anisotropy

The shape effects of the dipolar interaction in ferromagnetic samples asbebed via an anisotropic
demagnetizing fieldHy, given byHqy = —4"M. HereM is the magnetization vector and’” is a shape-
dependent demagnetizing tensor. For a thin film, all tensor elements arexamot for the diagonal
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CHAPTER?2

element corresponding to the direction perpendicular to the film plane, vidiequal to unity. The
magnetostatic energy per unit voluMeof a film can be expressed as

Eq= —%HOMZCOSZG (2.1.5)

where g is the permeability of the vacuum arfdis the angle of the magnetizatidh with respect to
the film normal. According to this expression, the shape anisotropy for dilimirfavors an in-plane
orientation of the magnetization. Since the film thickness does not enter intaghession, the shape
anisotropy is a bulk quantity and is proportional to the number of atoms [35].

2.1.3 Magnetic anisotropy of ferromagnetic films on vicinal arfaces

Since magnetocrystalline anisotropy is a result of the coupling between §phe eelectrons and
anisotropic charge distribution (Sec. 2.1.1), it reflects the symmetry of theelatlibe lowest sym-
metry of MCA is symmetry of the lattice. At the film surface it is known that no uiaileanisotropy
can exist if the surface normal is an n-fold rotation axis with 2 [36, 37]. However, the symmetry can
be reduced by growing a ferromagnetic (FM) film on a vicinal/steppedserfAtomic, regular steps,
break the four-fold rotational symmetry of the film surface, inducing im@laniaxial anisotropy (usu-
ally called step-induced uniaxial anisotropy) [38—40]. Essentially, theistduced uniaxial anisotropy
has two sources: i) different atomic configuration at the step edgeshwiudifies the anisotropic bond-
ing and ii) distortion of the film structure in the direction perpendicular to that¢es plane, which cause
the additional strain inside the film volume [27,41-43].

When a FM film is deposited on a flat surface, the
in-plane four-fold symmetry of the system results in
square hysteresis loop when the magnetic field is ap- M +
plied along one of the easy axes ([100] or [010] for
a bcc structure). By growing the film on a stepped
surface, an additional uniaxial anisotropy is introduced
and the two easy axes, [100] and [010], are not equiv-
alent anymore. In case the steps are oriented along >
one of the easy axes of the four-fold anisotropy of a
FM film, one of them becomes an easy magnetization >
axis and the other an intermediate/harder magnetization H
axis [39, 40]. By applying the magnetic field along the S
intermediate axis, so-called split hysteresis loops can
be mfeasured (Fig.. 2';)' Split hysteresis I.oops are Crﬁ&ure 2.1: Schematic split hysteresis loop which
acterized by a shift fieldHs, which is defined as thecan pe measured by applying the magnetic fild
field difference between zero field and the center ang the intermediate axis (i.e., perpendicular to
the single shifted loop. The more the magnetizatidme easy magnetization axi$)s denotes shift field,
prefers an orientation along the easy axis, the larger geéined as half of the distance between two con-
anisotropy and the largéts. Hs is therefore a measurestituent loops.
of the change in magnetic anisotropy introduced by the
substrate steps.

Several attempts have been undertaken to describe the magnetizati@alrevdtM films grown
on a vicinal surface and to describe the measured shift figldith appropriate anisotropy constants
[37,40,44-47]. In a first approximation it seems thlt=K,/Ms, whereK, is the in-plane uniaxial
anisotropy constant ards the saturation magnetization [44]. More detailed studies have shown howeve
that the magnetization reversal in such systems proceeds via domain nucéeatidomain wall motion,
and not via a coherent rotation [46]. This makes the theoretical desoritibe magnetization reversal
on vicinal surfaces more complicated and includes anisotropy constathis loigher order [45, 46].

10



SECTION 2.2

Another consequence of the stepped surface arises from the compegitregen magnetocrystalline
anisotropy, preferring an orientation of the magnetization along the priraipstallographic directions
and the shape anisotropy, preferring an orientation of the magnetizatioe fiinthplane (which, for
vicinal surfaces, is not equivalent to the principal crystallographiogda[47]. As a result, if the mag-
netization is oriented perpendicular to the step edges, it can be tilted awaytHeofilm plane toward
the terraces plane. The measurement of the tilting angle of the magnetizatios tlfmlow changes
in the perpendicular magnetic anisotropy [47,48].

For many years, FM films deposited on the stepped surfaces have lmeessfully used to tackle
many open questions in magnetic anisotropy [40,49-55]. In particulae itetbe of oscillatory magnetic
anisotropy, split hysteresis loops have proven to be an invaluable &e2f227,39,44,56,57]. Detailed
evaluation of the split hysteresis loops makes it possible to determine boticiliatios period and the
oscillation amplitude of the magnetic anisotropy oscillations.

2.2 Quantum well states

As the physical size of a system approaches atomic dimensions, quafdgta sfart to play a significant
role. One of the most beautiful examples is the confinement of electron motieetailic ultrathin films.
Such confined electronic states, owing to a close analogy to the elemenganyisumechanics model
of a particle in a box, are often called quantum well states (QWS).

The quantization condition for the existence of QWS can be describedisydesing a free electron
traveling in a thin film of thickness experiencing multiple-reflection due to potential barriers at the
interfaces [11, 58]. The multiple interferences that take place in the filncendiwchange in the density
of states. The bound states occur when the interferences are ctimstriue., when

2K t+ @+ @ = 2rm (2.2.1)

wheren is the number of the confined electron half-wavelengths, are the phase shifts of the re-
flected electron wave functions at the interfaces knalescribes the electron wavevector component
perpendicular to the film plane.

However, the film thickness is an integer multiple (N) of the atomic spaajt®y(wherea is the
lattice constant) i.et,= N-a/2. Equation (2.2.1) can then be rewritten in terms of a new index

2(kez— K )t — @ — @ =2mnv (2.2.2)

with the Brillouin zone (BZ) vectokgz =2r/a andv = N — n. It is worth to note that thé&gz — k|
andv turn out to be the wavevector and the number of nodes of an envelopgofuthat modulates
the QW wavefunction [59, 60]. From now, the wavevector of the QW vaetion will be defined as
kenv= ksz — k| . Equations (2.2.1) and (2.2.2) are identical for integral number of lajiergever only
the latter one adequately describes the experimental results. At nonritiieg@mess, the film should
consist of atomic steps due to the presence of both thicknessés a/2 andt = (N+1)-a/2. Since
the number of terraces is usually quite large, the QWS will evolve continudngsty that ofN-a/2 to
that of (N +1)a/2. Upon increasing the thickness frdina/2 to (N + 1)a/2, the new QW state with
n+1 half-wavelengths in the layer is close in energy to the old state with n laalengths. Owing to
blurring, which is due to imperfect thickness, the states with conbtann (rather than constant n) will
merge [60].

Based on Eq. 2.2.2, the period of oscillatidnsan be correlated with the corresponding wave vector
keny Of the confined electronic state as follows:

L= (e (2.2.3)
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This equation holds that at a chosen energy, the period of oscillatiorssponds to the inverse of the
distance between the wave veckorand the Brillouin zone boundalkgz. In particular, in case of the
QWS crossing the Fermi levek, k;, equals the Fermi wave vectky. Since the period of oscillations L
can be experimentally determined, Eq. 2.2.3 allows to determine the wavekggtdithe corresponding
confined electronic state.

In general QWS can be formed in both occupied and unoccupied bahesnost direct observation
of the QWS below the Fermi level provides photoemission spectrosco)(PEES is an ideal tool
for QWS study because the photoemission intensity is proportional to the nofrddectrons at a given
energy (the density of states). The QWS appear as thickness dep@edés in the photoelectron
energy spectrum [60—65]. The unoccupied QWS can be probeddtamice by inverse photoemission
spectroscopy [66], multi-photon photoemission [67] or low energy eleatiwroscopy (LEEM) [68].
A spectacular view of QWS (both occupied and unoccupied) can be ebtéiyn scanning tunneling
microscopy (STM), in particular in case of nanostructures [69, 70)wadtays, all of those techniques
are spin-resolved and thus, capable of measuring spin-polarized QWS.

2.3 Effect of quantum well states on magnetic anisotropy

As described in Sec. 2.1.1, the MCA energy originates from the spiniatbiaction between adjacent
occupied and unoccupied states. In general, any modification of theogliecstates close t&r can
result in a change of the MCA energy. A particular case of such a matilificaf the electronic states in
the vicinity of Er takes place when QWS are present. With increasing film thickness the exfalgy
QWS changes and in consequence, QWS cross the Fermi energginthdre occupancy of the states.
The resulting electron configuration modifies the MCA energy (Eq. 2.1.3).

There are two ways of considering the contribution to MCA energy of threrigagnetic (FM) film
due to QWS: i) the effect of QWS formed in the FM film itself, and ii) the effecQdVS formed in a
nonmagnetic (NM) overlayer/underlayer on adjacent FM film.

The MCA energy of a ferromagnetic film can be modified when QWS are foinyed-electrons.
As discussed in Sec. 2.2, the formation of QWS in thin films is associated with #rgizgtion of the
perpendicular to the film plane direction componéat, of the three-dimensional electron wavevector
k = (kj,k.), wherek is the two-dimensional wavevector in the sample plane. With increasing film
thickness, the QWS energies periodically crgssi.e., the occupancy of electron states changes from
occupied] n0k|‘> to unoccupieqn’o’kH} or vice versa. As a consequence, the QWS couple to a different
set of states (e.g., occupied instead unoccupied), thereby changirantniéution to MCA energy. This
contribution can be significant only when the energies of such a pairugfled states are very close
to each other (since MCA energy is inversely proportional to the endffgrahce between occupied
and unoccupied states, see Eq. 2.1.3). In particular such an effetdl@place, when the QWS arise
from d-bands withAs symmetry. The electronic states wifl3 symmetry are intrinsically degenerate
and can result in large contribution® MCA energy due to the lifting of degeneraciesatby the SO
interaction [71]. A schematic representation of QWS originating frakg band in the vicinity of theé™
point (i.e.,k; = 0) is shown in Fig. 2.2. Such QWS form pairs which have energies vesg ¢toeach
other and can contribute strongly to MCA energy wignies in between the energies of the pair states.
In case ofEr situated below or above the two subbands, no contribution to MCA enerdysirved.
Therefore, a contribution to MCA energy can only occur due to such (aW/Specific thicknesses. In
this way, QWS lead to an oscillatory MA on the film thickness. The oscillation gdris determined
by the wavevectoken, of the corresponding QWS crossiig (see Eq. 2.2.3). The phases of the MCA
oscillations depend on the precise positions of the energies of the camckspg QWS with respect to
the Er. These position in turn, depend on the phase shiftsof the reflected electrons at the interfaces

*The contributions of those states to MCA energy scale with the square of&tleeipling constang
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SECTION 2.3

(see Eg. 2.2.1). As can be seen from Eq. 2.1.3, the amplitude of the MGlatises depends on the
SO coupling constard, the energy separation between the pair of states contributing to the MC@dyene
and the temperature. Since the energy separation between such statie isrder of a fewkgT over

a significant region of the Brillouin zone around thepoint, the MCA oscillation amplitude strongly
decreases with increasing temperature [19].

This particular mechanism of MCA oscillations due to QWS formed in a FM film le@s theoret-
ically identified to be responsible for oscillatory MCA ioc Co films on Cu(001) [19, 21]. By using a
tight-binding (TB) model it was shown that the oscillations of MCA energy wittedod of ~ 2 ML
come mostly from QWS formed by the minority-sgig band degenerate at thepoint [19]. Later, the
calculations were extended to Co films on vicinal surfaces of Cu(00Brenthe in-plane uniaxial MCA
was found to oscillate with the same period as in Co films on a Cu(001) flatceyéa].

The oscillatory MCA can be also caused by QWS formed in an nonmagnetiapegunderlayer. This
effect was theoretically predicted for the Pd/Co system, where the osgillslfGA is govern by QWS
existing in the nonmagnetic Pd layers of varying thickness [33,72,73]oAdth the basic principle of the
MCA oscillations in Pd/Co is similar to MCA oscillations due to QWS in FM film (the oscillagiarise
from the changes ad-bands around thEg), the mechanism leading to MCA oscillations is different in
both cases. In case of Pd/Co, the electrons confined inside the Pd fibulgeet to different boundary
conditions at the Pd/Co interface depending on spin (because in Co film, fodtynand minority
d-bands differ in energy). As a consequence, while majority-spin elextaoe completely confined
inside the Pd layer, minority-spin electrons can penetrate into the Co film ammhirpartially confined
(forming so called resonances) [73]. In this way, the QWS in the NM Pdayer, which has no, or
very small, magnetic moment, can influence the MCA energy of the Co/Pd systerao%ér, due to the

Il

__ A.,"///
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QWS pair 1

QWS contribution
to MCA energy

Thickness of ferromagnetic film

Figure 2.2: Schematic representation of QWS energies with respégt tond of their contribution to MCA energy
with increasing film thickness. The QWS contribution to MC/Aeagy (red solid line) is plotted with respect to the
MCA energy without QWS (dashed line).

13



CHAPTER?2

large SO coupling in Pd, the MCA oscillation amplitude is predicted to be comparmatiat observed
due to QWS formed directly in the FM film [19].

Experimentally, the effect of QWS in a NM overlayer on MCA of FM/NM bilayexs so far been
only observed for one system, Cu films grown on Co/Cu(001) vicinabsarf23, 56]. The observed
oscillations of shift fieldHs as a function of Cu thickness consist of two periods, 2.4 ML and 5.4 ML [23
The oscillations were attributed to QWS fro spbands. Such QWS, with nearly exactly identical
periods of 2.6 ML (originating from th@eckof the Cu Fermi surface) and 5.9 ML (originating from
the belly of the Cu Fermi surface), have been observed by PES experimer{&d]/4The mechanism
governing the MCA oscillations in Cu/Co due to QWS in Cu layers has not hélreikplained up to
now.
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Film growth, structure and morphology

In this chapter, thin films preparation and growth mode is described. Ingettee growth of FM films

on vicinal surfaces is similar to their growth on flat surfaces. Howevergtrality of the vicinal sur-
faces is also determined by width of the terraeesThe quality of the vicinal surfaces was verified: i)
globally by probing the crystallographic structure and morphology using Energy Electron Diffrac-
tion (LEED) which yields the average properties of the surface. Depgrah the electron beam size,
the measurements cover arounahitf of the sample surface and ii) locally by probing the surface to-
pography using Scanning Tunneling Microscopy (STM), which allowshtaracterize regions of up to
100nn?.

3.1 Sample preparation

Several substrates were used in this work: Ag(001), Ag(116), C1g)land Au(1113). Miller indexes
(116) and (1113) refer to vicinal surfaces with miscut angbes 13.3° andw = 6.2°, respectively. Such
vicinal surfaces are characterized by regular (001) terracesateddy monoatomic steps. The width of
the terracesv of the (11) surface on average equals= n/2-a/+/2, wherea is the lattice constant. The
atomic steps at the surfaces of the crystals used in our experiment areedparallel td110] direction.

The crystals have been cleaned by cycles of ion bombardment @ x 10~/ mbar, 1 keV) and
subsequent annealing at 775 K [for Ag(001), Ag(116)] and 90@oK Cu(1113) and Au(1113)]. The
chemical cleanness and surface roughness of the substrates vifsed g Auger electron spectroscopy
(AES), low energy electron diffraction (LEED) (Sec. 3.2) and scagiimneling microscopy (STM)
(Sec. 3.2). Thin films were deposited by using Knudsen effusion cellekeatton beam evaporators.
Prior to deposition, thickness calibration was performed by using refldaiignenergy electron diffrac-
tion (RHEEDY and a quartz monitor. In case of electron beam evaporation additionahésisicontrol
was performed by a flux monitor, which allows to control the evaporationdateg deposition [77].

Several systems were investigated in this work and different samplerptigpaconditions were
used in order to optimize the film quality. Constant-thickness or wedge-dhsgmaples were grown
depending on demands of the particular experiments. A short descriptioaiavestigated samples and
their growth is listed below.

*Since it is difficult to observe RHEED intensity oscillations during film growthvainal surface, the thickness calibra-
tions were performed on flat crystals.
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i) Ferromagnetic (FM) films:
Fe and Co/Fe films on Ag(001) and Ag(116) surfaces

The mismatch for the epitaxial growth btc Fe film onfcc Ag(001) is of only 08%, obtained upon
rotation of the Fe(001) plane by 4%vith respect to the Ag(001) plane [78, 79]. Following previous
reports [80—-82], Fe films were grown at RT and annealed for 30 min &K4i# order to improve
the surface morphology. It is known that Ag atoms migrate to the top of Fe tydémg growth at
RT (or during annealing) reducing the surface energy of the Fe filmg[&L By growing Fe films at
temperatures of 200 K or lower, the migration of Ag atoms can be prever2¢d\8vertheless, in order
to obtain smooth surfaces, the films have to be post-annealed at elevatedatemngse It was found that
both preparation conditions (i.e., growing at 300 K or 200 K and postaedeat 425 K) result in nearly
identical magnetic properties, as verified by Magneto-Optical Kerr E(MOKE) measurements (i.e.,
the spin reorientation transition (SRT) thickness and the amplitude/period ofidlgeetic anisotropy
oscillations are the same in both cases).

In one set of experiments, Co layers were deposited at RT on top of @&/®gfilms grown as
described above. The Co films evaporatedboaFe(001) grow pseudomorphically up t010ML and
are claimed to havelact structure with the interlayer distance contractecb§% [83—85]. Thicker Co
films (above~ 10ML) contain defects and crystallographic disorder with the regionmbavstrained
hcp(1120) structure [84].

Fe films on Au(1113) surface

Similar to Fe films grown on Ag(001), Fe films grown on Au(001) are only viieakrained due to
the nearly perfect lattice match between the bcc Fe(001) rotated “bgrbthefcc Au(001) substrate
(mismatch: 06%) [86, 87]. The growth of Fe on Au(001) proceeds via a layelaygr mode with Au
acting as a surfactant [88, 89].

Although Fe films on Au(001) are usually grown at RT (or below), in thisknibmwas found that
samples grown at elevated temperatures were of better quality. Althoughisegfiown at 300 K and
425K are of nearly identical quality, the MA and QWS formation, are vensiige to any change of
morphology, intermixing etc. Hence, only the films grown at 425K display osilfabehavior of the
MA. Detailed discussion of the influence of the morphology on MA is desdribeSec. 6.1. In the
present experiments, the optimum growth conditions for Fe/Au(1113) fearel for Fe deposition at
425K and post-annealing at 475K for 30 min.

Co films on Cu(1113) surface

Co/Cu(001) is one of the most often studied systems due to its a nearly ideablgyayer growth
mode [90]. The Co film adopts the lateral Cu spacing with an in-plane latticansign of~ 2° and a
contraction of the vertical interlayer distances. The Co films growfat structure with nearly constant
strain up to 15- 16 ML. Above this thickness the strain is released via formatidislocations [56, 90].

The optimum growth condition was found for Co films deposited at 200 K anmuwemed up to
300K in order to improve the surface morphology.

Co films on Au(1113) surface

By growing Co films on Au(001) theccstructure of Co can be stabilized at least up to 15 ML [91-95].
The growth of Co layers at RT results in a relatively flat surface with thevapl relationship offcc
Au(110)|| bccCo(100) [95].

The deposition of Co films at 375K and post-annealing at 425K for 30 minfewasd to be opti-
mum growth condition. It is known from STM studies [95] that post-anngadittivates several diffusion
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mechanisms, including surface segregation of Au and phase sepatticeeb Au and Co. As a conse-
guence, regular nanostructures aligned in the Co(001) direction awsisting of buried Co islands are
formed with characteristic reconstruction of the Au(001) surface [9235].

FeCop x films on Cu(1113) surface

The structure, morphology, electronic properties and magnetism of epikao;  alloys grown on
Cu(001) have been intensively studied, over the whole composition [86g&00]. It was found that
the for concentrations up to=~ 0.6 of Fe, films grow in thdcc structure in layer-by-layer mode with
random chemical order.

Four compositions oFeCo;_x were grown on a Cu(1113) crystal with x = 0.07, 0.13, 0.23 and
0.43 of Fe. The films were grown at 200 K and warmed up to 300K in order toowepthe surface
morphology.

Fe; xCo films on Ag(116) surface

Since Fe on Ag(001) grows in a well stabilizedc structure one can expect that Ag(001) is a good
candidate for growing bcEe; 4Coy alloys (at least for low concentrations of Co). The,_xCo films
grown on Ag(001) surface were studied experimentally [101, 102}eler, with no information about
morphology and growth mode. By using photoelectron diffraction (PEDeBenberget al. [101, 102]
concluded thaFe; yCox grown at RT maintains thiecc structure in a wide composition range, at least
uptox=0.7.

Four compositions offe;yCo, were grown with x = 0.05, 0.13, 0.18 and 0.3 of Co. The films were
deposited at RT and post-annealed at 425 K for 30 min in order to impraofazeumorphology.

if) Nonmagnetic (NM) films
Fe and Co films covered with Cu

The growth of Cu on bcec Fe(001) is complex and depends strongly ondparnation conditions. It has
been shown that Cu on Fe/Ag(001) grows layer-by-layer up tbl ML before undergoing a structural
transition from bcc to fcc, when deposited by MBE at 300 K [103]. Furstedies, however, for sputter
deposition of Cu on Fe/Mg(001), revealed that although the initially depo€itei$ strained such that
it resembles a bcc structure, it is actually a tetragonally distdoedtructure {ct) [104]. Subsequent
deposition results in continuous strain relaxation (occurring largely at tegsdas below 11 ML).

The Cu films grown on fcc Co(001), both flat and vicinal, have been witelgstigated and the
growth of this system is well characterized [23, 24, 39, 76, 105, 1@®hough smoothfcc Cu films
can be grown at RT, STM and PES studies show that deposition at loweeitaimes and subsequent
annealing improve the morphology and sharpness of the Cu/Co interfade duppressed intermixing
during film growth [23, 106].

Therefore, our Cu films were grown on Fe/Ag(116) at RT and on Cd/C1i8) at 170 K (and then
slowly warmed up to RT). Fe and Co films underneath the Cu overlayersdeg@sited as described
above.

Fe and Co films covered with Au

Au capping layers were grown at RT on Fe/Ag(116) and Co/Cu(1113).
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Figure 3.1: LEED patterns of Ag(116) surface (on the left) and Cu(1118jese (on the right). The images were
obtained at 73 eV and 130 eV, respectively.

3.2 Sample characterization by LEED and STM

Low Energy Electron Diffraction (LEED)

In a low energy electron diffraction (LEED) experiment, electrons withrgies in the range between
20 to 500 eV are elastically backscattered from a crystal surface andddaliffraction pattern that is
an image of the reciprocal unit cell. From the spot positions, the recipumitacell can be directly
determined, and hence the size and shape of the unit cell in real spagfearp\spot pattern implies
the existence of a well ordered surface and provides direct informationt the symmetry. Besides
the existence and intensity of a spot, a lot of additional information can beeddrom the spot profile
(profile ink-space) [107—-109]. Such spot profiles can provide valuable intiwmabout steps, disloca-
tions, domains, faceting, etc. In particular, it is known that stepped (V)sn&aces change the LEED
pattern in a characteristic manner, splitting spots into doublets or even multig&is The direction of
the multiplet is the direction in the surface plane perpendicular to the stepswititieof each step in
the step array can be derived from the separation of the adjacent 3pet€nergy dependence of the
resulting pattern can be derived from the Ewald construction applied to tbestapic stepped surface
diffraction pattern modulated by the terrace width structure factor [108jelterrace widths are not too
big, each diffraction beam may alternately take the form of a sharp singteagp split pair of beams,
as a function of incident beam energy.

In this work LEED was used to inspect the crystallographic order antityjad the surface prior
to and after film growth. As an example of LEED pattern for vicinal susadéfraction patterns from
Ag(116) and Cu(1113) substrates are shown in Fig. 3.1. Sharpvaepily split spots, confirm the
formation of regular mono-atomic steps on the surface. The terrace widém be estimated from the
distance of the split spots. For Ag(116) and Cu(1113) surfaceemied in Fig. 3.1 the width of the
terracesw is estimated to be-0.86 nm and~ 1.65nm, respectively. It is in a good agreement with
expected values: 0.87 nm for Ag(116) and 1.66 nm for Cu(1113), b fromw=n/2-a/+/2, where
a=0.409 nm for the lattice constant of Ag aad0.361 nm for the lattice constant of Cu. Recorded
LEED patterns after deposition of FM films on top of vicinal surfaces remaatitgtively the same
(i.e., split spots are visible and the distance between them does not cligmifjeastly). However, the
sharpness of the spots decreases upon deposition of FM films.

Scanning Tunneling Microscopy (STM)

Unlike diffraction techniques where the surface in a reciprocal spaobdsrved, scanning tunneling
microscopy (STM) directly provides real-space images of the samplecsUfd0]. STM is based on
the tunneling effect. Owing to their wave nature, the electrons (in particufarhetals) are not strictly
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Figure 3.2: STM topographic images of the Cu(1113) vicinal surface. dm@ conditions: (aVgap= 1V, It
= 2nA (50 nmx50 nm); (b)Veap = 31 mV, It = 3nA (6.5 nmx 6.5 nm). Atomically resolved image (c) was
obtained aWgap =21 mV, It = 50 nA (5.5 nmx 5.5 nm). (d) Line scan along the arrow in (b)

confined to the surface of the metal as their wavefunction decays into teirva If two metals are
approached to within a few A, the overlap of their surrounding electramdslecomes substantial, and
a tunneling currenity can be induced by applying a small voltage, which causes the Fermi levftto s
The tunneling current is therefore a measure of the wave-functiomagvand depends strongly on the
distance between the metal tip and the scanned surfaceoilmséant current modef operation, the tip is
scanned laterally across the surface while the tip-sample distance is adjukteglt constant. This is
realized using an electronic feedback loop, driving a piezo, which is rgahimtip perpendicular to the
surface. In this way, the displacement of the metal tip given by the voltagiie@po the piezodrivers
yields a topographic picture of the surface.

A commercial available Low Temperature Omicron STM with a base pressamadbx 10~ was
used. The STM stage was cooled down to 4.8 K by using two separatentoadmth cryostats: the
outer one, filled with liquid nitrogen and the inner one, filled with liquid helium [LThe topographic
images were recorded using tungsten tips in the constant current mode.

The topography of Cu(1113) crystal is shown in Fig. 3.2. Uniformly distghll steps, oriented along
the [110] direction can be observed. The width of terraces estimated from a lindep{@iy. 3.2(d))
w=1.624+0.16 nm is very close to the expected value for this surface and agregsveéirwith the
LEED measurements. Note that the height of the steps observed in the lifle [r@n average of
60+ 5pm, i.e., smaller than interatomic distance of Cu(001) surface (which equhMIto= 185 pm).
This is due to the fact that the plane of the crystal is not parallel to the plaihe terraces. The tip of
STM is thus not oriented perpendicular to the plane of the terraces. Asse@oence, the tip is sliding
over the step edges of the terraces (pronounced maxima in Fig. 3.2{d)ptoiwlly descending to the
position at which one terraces ends and another one starts (a step-sibei. Tiny changes in height
can be considered as a confirmation that the steps are monoatomic.

As mentioned in Sec. 3.1 Co films on Cu(1113) were grown at 200 K and vdauméo RT in or-
der to improve surface morphology. In fact, no significant differencdaénmorphology was observed
for Co films grown in this way in comparison to the films grown at RT. Howeveawing Co at lower
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Figure 3.3: STM topographic images of 10 ML of Co grown on Cu(1113) vitimarface. Imaging conditions:
(@)Veap = 0.4V, I1 = 1nA (50 nmx50 nm); (b)Veap = 80 mV, It = 2nA (6 nmx 6 nm). (c) Line scan along the
arrow in (b)
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temperature is meaningful for magnetic measurements, as will be describebkde5.1.1). The to-
pographic image for 10 ML thick Co film on Cu(1113) is shown in Fig. 3.3. Altifothe terraces tend
to be slightly broader in comparison to the substrate terraces, the stepidl ateasly visible. Previous
STM studies on Co films grown on vicinal surfaces of Cu(001) [112}+h&¥e shown that at lower
coverages of Co, (up te 5 ML) the surface is rugged and there is no clear preferential orientafion
islands. Upon increasing the Co thickness, the islands coalesce anstfaight steps elongated parallel
to the step edges of the substrate. It was proposed that initial roughafriimg step structure is caused
by the minimization of the strain energy [112]. The results presented in thisseoicern the thickness
regime of Co above 5 ML, i.e., for Co films which follow the pattern of the Cu sabssteps, as shown
in Fig. 3.3.

The topography of the Ag(116) crystal is shown in Fig. 3.4. Uniformly ttisted steps, oriented
along the[110] direction can be observed. By taking the line profile, the width of the tesreas be
estimated (Fig. 3.4(c)). Note that in the case ofnlfcc vicinal surface, where is an even num-
ber, the terraces can consist(@of— 1)/2 or (n+1)/2 interatomic distances (nevertheless on average,
the width of terraces contaimg 2 interatomic distances). Therefore, for Ag(116) the width of terraces
should alternate between 0.72nm and 1.01 nm, which corresponds to thed235ainteratomic dis-
tances alongl11d, respectively. The measured terrace width indeed alternates betwe&am0and
1.02 nm (Fig. 3.4(c)).

Both, Fe and~e; _4Co films were grown on Ag(116) surface. The morphology of Fe films depbsite
on Ag(116) changes with increasing film thickness in a similar way to Co filmsmom vicinal surfaces
of Cu(001). At lower coverages of Fe, the islands are not elongé&ted any preferential direction and

height [pm]

distance [nm]

Figure 3.4: STM topographic images of Ag(116) vicinal surface. Imagiogditions: (aNgap = 491 mV, It =
0.1nA (50 nm«<50 nm); (b)Vgap =94 mV, It = 0.15nA (6 nmx 6 nm). (c) Line scan along the arrow in (b)
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Figure 3.5: STM topographic images of 8 ML of Fe grown on Ag(116) vicinatface. Imaging conditions: (a)
VGap = 206 mV, It = 1.98 nA (50 nnx50 nm); (b)Vgap = -313mV, It = 1.48 nA (6 nmx 6 nm). (c) Line scan
along the arrow in (b)

the surface is rough. Upon increasing the Fe thickness, the islands@®aled form straight structures
elongated parallel to the step edges of the substrate. Also in this case, toeempnt of the surface
morphology with increasing film thickness is most likely due to the strain. Althabhghmismatch for
abccFe film grown on acc Ag(001) in the sample plane is only8% [78, 79], there is a significant
difference in the lattice constant in the film normal direction betws=ri-e(001) andcc Ag(001). Such
a large lattice mismatch (of the order of 29%) is usually not considered in Fgrfiwn on flat Ag(001),
but obviously cannot be neglected for Fe films grown on the steppedcsudf Ag(001). The lattice
distortion at the step edges induces a significant strain in the Fe film inflgeti@rgrowth. As can be
seen in Fig. 3.5 for an 8 ML thick Fe film grown on Ag(116), the substratessaee well reproduced by
the Fe layers. By drawing the line profile, the width of the terraces cantlmagsd (Fig. 3.4(c)). Itis
observed that even after deposition of 8 ML of Fe, the width of the tesrigcgmilar to the step width of
the Ag(116) substrate.
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Figure 3.6: STM topographic images of 4 ML (a) and 8 ML (c) BEy7Cop 3 alloys grown on Ag(116) vicinal
surface. Imaging conditions: (8ap =100 mV,lt = 1 nA (20 nmx 20 nm); (C)Vgap = 200 mV,I+ = 0.98 nA (20
nm x 20 nm). (b) and (d) correspond to the line scans in (a) anddspectively
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The morphology changes dramatically when Co is added to Fe film. The tqpuogrianages of
Fep.7Cap 3 alloys for two different thicknesses: 4 ML and 8 ML are shown in Fig. 3i6.this case,
elongated clusters are formed along the step edges of the substrate.clustsrs are nearly ten times
wider then the terraces width-(5 to 6 nm). There is also a significant difference in height as compared
to the previous STM line profiles shown in this section. Indeed, in the caBeyeC 0y 3, due to island
growth, the changes in hight are substantial. In the case of 4 ML HagkCog 3 film the height of the
islands is on average 850 pm which corresponds ®ML of bccFe(001). For 8 ML thick-ey 7Cap 3
film, the height of the islands is reduced almost by half of this value with ré$pehe islands height
for 4 ML of Fey7Cay 3. Furthermore, in case of thick€ey 7C o 3 films, a corrugation at surfaces of the
islands can be observed, which indicates that the steps of the subsgratieleast locally reproduced.
Similarly to the case of Co/Cu(1113) and Fe/Ag(116), it can be concluagddia morphology of the
Fep.7Cap 3 films improves upon increasing its thickness.
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Experimental methods for magnetic analysis

4.1 Magneto-Optical Kerr Effect (MOKE)

The magneto-optical Kerr effect has been utilized as a premier surfageetiem technique [115-119].
This is due to its sensitivity, experimental simplicity and local probing naturthdriollowing sections,
a short introduction to the basic concepts of MOKE and description of therimental setup is given.
Eventually, the magnetization reversal for FM on vicinal surfaces is eqila

4.1.1 Principle of MOKE

The magneto-optical Kerr effect as applied to ferromagnetic films invoheshhnge in polarization of
light reflected from a magnetized medium. Linearly polarized incident lightieegja Kerr rotation and
a Kerr ellipticity upon reflection. The part of the induced response thatpdase with the incident light
gives rise to the rotation, while the out-of-phase part accounts for thé@tipIf an external magnetic
field is manipulated to reverse the magnetization direction of the sample, the magtietmtation and
ellipticity reverse sign [120]. The magneto-optical Kerr effect is prégatescribed in the context of
either macroscopic dielectric theory or microscopic quantum mechanicaytheo

Microscopically, the coupling between the electrical field of the light and lietren spin within a
magnetic medium occurs through the spin-orbit (SO) interaction [121] syimnetry between left- and
right-hand circularly polarized light is broken due to the SO coupling in a miggsolid. This leads
to different refractive indices for the two kinds of circularly polarizechtigso that incident linearly
polarized light is reflected with elliptical polarization, and the major elliptical axi®iated by the so
called Kerr angle from the original axis of linear polarization. For nonreigmmaterials, this effect
is not strong, although the spin-orbit interaction is present, becauseytia rumber of spin-up and
spin-down electrons cancels the net effect. To calculate magneto-quiigedrties one therefore has to
account for magnetism and SO coupling at the same time when dealing with tlrem@estructure of
the material considered. Performing corresponding band structundataas it is normally sufficient
to treat SO coupling as a perturbation [122].

Macroscopically the magneto-optical Kerr effect can by describedffegi@gonal terms in the di-
electric tensor. In order to characterize MOKE signal, a description @iaipation state of the light
is necessary. When a light wave is treated as a time-harmonic electromagaetictire electric field
component can be considered as a polarization vector (since the eletdraoiinponent is dominating in
the interaction of light with a matter). It is known that a polarized light is in galnedtiptically polarized,
which means that the electric field vector traces an ellipse in a plane perpendathe wavevector at
a given point. The ellipse of polarization is determined by four parameters:

e the azimuth (or simply rotation} is an angle of rotation of a major axis (a) of the ellipse;
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e the ellipticity eis a ratio of the length of the minor axis (b) of the ellipse to the length of the major
axis (a):e= ig = tang, where isg@ is the ellipticity angle;
e the amplitude A = v/a2 + b?) measures the total wave amplitude;
e the absolute phase which is an angle between initial position of the electric éetdrnand the
major axis of the ellipse.
To characterize polarization state itself only the rotation and ellipticity are dedde Kerr rotation
¢ and ellipticity ¢ can be expressed by the Fresnel coefficigntinking the electric field amplitudes of
the reflected wave with the incident wave

qas+iz95:rr—ps and @ +i9p= P (4.1.1)

ss Mpp
wheres and p correspond to the s-polarized and p-polarized light (perpendicuthrabomg the light
scattering plane, respectively), whilés imaginary unit. It can be shown that when the andglesnd ¢
are small, ther% ~ ¢ + i@, whereEs andEp denote the electric field components of s- and p-polarized
light, respectively [123].

4.1.2 Experimental setup

The principal optical elements of the MOKE setup are shown in Fig. 4.1. A thede of wavelength
670 nm and beam diameter 0.2 mm was used at fixed incidence angle= 30° with respect to the
sample normal. Since the optical axis of the polarizer is set perpendiculdhy tight scattering plane,
s-polarized component of the electric fiélglis transmitted only. Reflected light passes through quarter-
wave plate (which is adjusted to compensate phase shifts in the reflected ddutiien through an
analyzer that converts the polarization rotation into a change in detectediipt@nis the angle between
the orientation of the optical axis of the analyzer at full extinction of the ligtensity ¢7/2) and the
orientation of the optical axis of the analyzer during measurement. The smallgnisent from the

full extinction position enhances the contrast of the measured Kerr Sggmaficantly and was found to
be an optimum position at 1.5° [124]. The intensity of the outgoing light measured by photodiode is

| = |Epsinf + EscosB|® ~ |Epp + E (4.1.2)

Recalling that expressio@i ~ 3 + i@ gives the Kerr rotatior and ellipticity ¢. It has to be noted
that quarter-wave plate (see Fig. 4.1) placed before analyzer notomlgensate phase shifts (which for

Electromagnet H
m/}s

UHV
flange

Quarter-wave
plate Analyzer

Photodiode

Figure 4.1: Schematic drawing of a MOKE experimental setup in longitatliconfiguration (magnetic field
applied in the sample plane along optical plane). A s-potatilight is reflected from the sample at the angle
and goes successively through quarter-wave plate andzemalpd eventually is detected by photodiode.
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instance can exist due to the window birefringence, if the light is transmittedhietsacuum, through
UHV windows) but also producea/2 phase difference between tBeandE, components. Therefore,
the analyzer will detecit(d +i¢@) = —¢@+ 19, i.e., the rotation and ellipticity are interchanged. Then
equation (4.1.2) becomes

| = |Ep2IB — @+ 192~ [En? (B2 + 2B9)) =g <1+ 2;") (4.1.3)

with lg = \Ep]zﬁz representing the classidaw of Malus As can be seen from (4.1.3) the relative Kerr
intensity determines the Kerr ellipticitgrather than rotatiog?.* Since bothp and?d are linearly propor-
tional to the magnetization, the measured intensity (4.1.3) as a functidryfids the hysteresis loop.
The relative change of the light intensity /I upon reversing the magnetizatidh can be described as
the Kerr ellipticity ¢

n_ BO

= (4.1.4)

The Kerr ellipticity ¢ of the measured hysteresis loop is defined here as the Kerr ellipticity aincerta
magnetic fieldH and not always corresponds to the Kerr ellipticity at the saturation magtetizBlote
that MOKE signal depends also on the refractive index of the materialarticplar, for thin films, two
refractive indexes contribute to the MOKE signal: from deposited magnkti@fid from the substrate.
The MOKE experimental setup shown in Fig. 4.1 can be used in three main gexsnelassified
with respect to the orientation of the magnetizatidrto the light scattering plane, mainly: polar, lon-
gitudinal and transverse Kerr effect. In this case the measurementsimitee only to the longitudinal
MOKE configuration (LMOKE), i.e., with magnetic field applied in the sample plane, along the light
scattering plane (Fig. 4.1). MOKE measurements were perfoimsitli with pressure below & 1010
mbar by introducing the light through UHV windows into the MOKE chamber. $dm@ple was placed
in slots of the manipulator, which can be rotated and moved in the film plane, wjikctto the magnetic
field and the plane of incoming and outgoing laser beam. A manipulator hasibifiysof the contin-
uous rotation tat-360° and linear movement te- 10 mm with the accuracy of0.2° and=£0.05 mm,
respectively. The measurements can be performed in the temperatueeframgT =5 Kup to T =
400 K by cooling with liquid helium or resistive heating of the sample holdepeevely. The maxi-
mum available magnetic field 6000 Oe is achieved by electromagnet attached to the UHV MOKE
chamber.

4.1.3 Magnetization reversal on vicinal surfaces

For magnetic thin films grown on vicinal surfaces, regular mono-atomic sbepak the four-fold ro-
tational symmetry of the film surface and induce uniaxial anisotropy within thepiidme [38—40]. In
case the steps are oriented along one of the easy axes of the founiebdrapy of the film, one of
them becomes the easy magnetization axis and the other the intermediate magnetiisitim general,
the easy magnetization axis can be oriented either parallel or perpenduler step edges. When
the magnetization is probed along the steps geometry in Fig. 4.2), two types of the hysteresis loops
can be measured: i) a square loop, for the easy magnetization axis parafiel steps and ii) a split
hysteresis loop, for the easy magnetization axis perpendicular to the Spfishysteresis loops are
characterized by a shift fields, which is defined as half of the distance between two constituent loops.
The Kerr ellipticity of the measured hysteresis Ioopz;rihgeometry(pc';H consists solely of the in-plane
magnetization component, i.e., only longitudinal Kerr elliptigftyis detected.

*Since it is just a matter of choice what is measured (to measure the rafatihalf-wave plate could be used to replace
the quarter-wave plate), terms: Kerr ellipticity and Kerr signal will be wsegtnatively in the text.
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Analogically, when the magnetization is probed perpendicular to the stdpdysperesis loop and
square hysteresis loop is measured for the easy magnetization axis opanadidl to the steps and
perpendicular to the steps, respectivaly (geometry in Fig. 4.2). The Kerr ellipticity of the measured
hysteresis loop i ™ geometry,gt!., consists of not only the longitudinal Kerr ellipticity , but also
the polar Kerr ellipticitygs. This is because for FM films on vicinal surface, the magnetization is tilted
out of the sample plane when is oriented perpendicular to the steps due tetdé@npetween the
magnetocrystalline and shape anisotropy. As a consequence, wherstieekis loop is measured with
the magnetic field applied perpendicular to the steps, polar Kerr signabntributes to the total Kerr
signal due to a component of the magnetization normal to the film plane. SinpeltdreKerr effect is
much stronger than the longitudinal Kerr effect [125], even tiny charfehe tilting angled (of the
order of ~ 1°) are detectable by MOKE in longitudinal configuration with the magnetic fieldiegpp
perpendicular to the steps

In order to obtain quantitative information about the Kerr sigpfalfrom the measured hysteresis
loop perpendicular to the steps, deconvolution of the mixed longitudinaind polarg> components
has to be performed. The idea of the separation of longitudinal and pmigranent is based on basic
symmetry properties of such system [126] and is illustrated schematically id.BigThe magnetization
M can probed perpendicular to the steps at two geometaésand o~ (after rotation of the sample
by 180 with respect to the light scattering plane). When magnetization is probed,at positiveH
(blue vector) the polar compone@t adds to the positive longitudinal componemt while at negative
H (green vector), the negative polar componggtadds to the negative longitudinal component
Therefore, total Kerr ellipticity measured in this geomefy, = @+ @. On the contrary, when the
magnetization is probed at™, at positiveH the negativeg adds to the positivgy and after reversing the
H, the positiveg adds to the negativ@ . Thus, total Kerr ellipticity measured at~ can be expressed
by @ =@ — @. Note thatg}! and¢!!, are defined as the Kerr ellipticities at which the magnetization
is oriented along the probed direction, i.e., perpendicular to the steps (BEigTerefore, in case of the
easy magnetization axis oriented along the stefis,and ¢}, correspond to the Kerr ellipticity ads,
i.e., as soon as the magnetization is switched to perpendicular to the stepsnlirkctiase of the easy
magnetization axis oriented perpendicular to the steps, a square loop igeueasd thereforap, and
(p('j+ correspond to the Kerr ellipticity at remanence (ilds=0). Kerr ellipticity extracted from those
two types of hysteresis loops (square and split loop) can be practicdihedes Kerr ellipticityp™ at
Hs. The choice oH at which¢" is evaluated from the hysteresis loops measured perpendicular to the
steps is important becaugé' depends ord due to tilting angle of the magnetization. After applying
sufficiently large magnetic field to saturate the sampfg, and (pg'+ will correspond to the saturation
values and become equalqp.

Eventually, by measuring)g'+ and ¢}, the longitudinalg. and polarg Kerr ellipticities can be
obtained from

= (g +eil)/2 (4.1.5)

o= (o, —af)/2 (4.1.6)

Since the mixture ofg. and@ components is a consequence of tilted magnetizalighig. 4.2) it is
natural to use those values to quantitative estimatiod.ot hus, according to (4.1.5) and (4.1.6), the
tilting angled can be extracted from

tano = Mz _ ® & 4.1.7)

My @@
*Since presented afterward measurements were performed in longitggiometry, only longitudinal component and
projection of polar component onto longitudinal geometry will be considiéom now.
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Figure 4.2: Schematics of LMOKE measurements on FM film grown on a vickuaface with the magnetic field
and the light scattering plane: (a) along the steps(b) perpendicular to the steps’; (c) perpendicular to the
stepsa — (after 180 rotation of the sample with respectdo” geometry). The corresponding schematic hysteresis
loops are shown for the orientation of the easy magnetizatias (EA) parallel and perpendicular to the steps.
The magnetization vectoi represent the easy magnetization axis oriented parajlah@perpendicular (b),(c)

to the step edges.

whereq@® and s are the saturation Kerr signals in longitudinal and polar geometries, tespgcThe
saturation longitudinal Kerr signaf® can be obtained from the Kerr signal measured ligeometry,

but usually we cannot measure the saturation polar Kerr signal due to thetibmitd the magnetic
field which can be applied. Fortunately, since the theory of MOKE in ultratiihfifims has been

*However, only in case 0d smaller than~ 10°. For largerd, the available magnetic field is usually not sufficient to
saturate magnetization along the step)(
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Figure 4.3: Split hysteresis loops for two different orientations of #sasy magnetization axis: (a) parallel to the
steps and (b) perpendicular to the steps. The hysteregis lwere obtained by LMOKE measurements on 9 ML
thick Fe film grown on Ag(116) and 15 ML thick Fe film grown on Aui(13), respectively

well developed [47,48,127,128], the ratio between the longitudinapafat saturation signals can be
calculated theoretically, by utilizing values of the refractive indices ddfiik@m the literature [119,129—
133].

The orientation of the easy axis of magnetization with
respect to the step edges of the substrate depends on
the magnetic anisotropy of the particular film/substrate

configuration. Essentially, except the aforementioned split loop
polar Kerr signal contributiorgp, there should be no +
difference between the split hysteresis loops measured reversed loop

along the steps and perpendicular to the steps (as showri
schematically in Fig. 4.2). However, the measured split
loops are not equivalent. Assuming that the magnetiza- ﬂ
tion is aligned in the sample plane and oriented along

the easy magnetization axis, the split hysteresis loops
measured along the intermediate magnetization direc-
tion (i.e., perpendicular to the easy axis) should show
zero signal in remanence. Indeed, this is observed figure 4.4: Schematic representation of a complex
instance in the case of Fe/Ag(116) (see representatiygteresis loop which can be measured bgeom-.
hysteresis loop in Fig. 4.3(a)) and other systems st§y- The shap.e. of such hy;teress Iogp is explained
. .__..as a superposition of a split hysteresis loop and re-
|eo_l up to now [24,40,56], where the easy magnetizatigl).. rectangular loop

axis is oriented along the steps.

In case the easy axis is oriented perpendicular to
the steps however (i.e., in order to measure the split hysteresis loop thetindigiet has to be applied
along the steps), the split hysteresis loops show additional featureseréd\inzagnetic field, the Kerr
signal does not vanish and gives remarkable contribution (or even fielobhysteresis loop) to the total
Kerr hysteresis loop. An exemplary split hysteresis loop measured alestabs in shown in Fig. 4.3(b).
Note the peculiar shape of the low field hysteresis loop. The Kerr sigiaddields switches to positive
values at negative magnetic field and switches back to negative valuesra@ya certain positive field
is reached. This is typical for so-called reversed hysteresis loopscdimplex shape of the hysteresis
loops can be explained as the superposition of the split hysteresis loop wittviéirsed hysteresis loop,
as shown schematically in Fig. 4.4. The presence of the reversed Isystenp is a consequence of the
the polar Kerr signal contributiog and is explained in detail in Sec. 6.1.
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4.2 X-ray Magnetic Circular Dichroism (XMCD)

X-ray magnetic circular dichroism (XMCD), pioneered by Schiitz et &4[Llis the difference in the
absorption between left and right circularly polarized x-rays depenalirthe magnetic properties of the
absorber. XMCD spectroscopy has several capabilities not affdrgéraditional magnetic techniques.
Its foremost strengths are the element-specific and quantitative determirfagpn and orbital magnetic
moments. The purpose of the following sections is to elucidate the basic ¢eéefMCD and shortly
describe the XMCD experimental setup.

4.2.1 Principle of XMCD

The basic principle of XMCD can be explained with a simple two-step model agdted in Fig. 4.5
for 3d transition metals. In the first step, right or left circularly polarized photomssfer their angular
momentum to the excited photoelectrons. Since the initial state2ps/, andL; : 2p;, are split by
spin-orbit interaction, the photon angular momentum is transferred to botirttiial and spin degrees
of freedom of the excited photoelectron. In the second step, the sfanzation of the photoelectrons
is revealed in case of an imbalance for the spin-up and spin-down ele¢gquivalently holes) in the
3d valence band. Setting the magnetizatMrof thed band parallel to the direction of the wave vector
k, the occupation of the spin-down states is larger than the one of the sgiatep. The photoelectrons
excited from 3/, (2p/2) by o photons probe mostly the spin-up (spin-down) states above the Fermi
level EF. Therefore, the absorption of left-circularly polarized x-rays will Inda&nced at thés edge
and reduced at thie, edge with respect to the exchanged-spuditstates. The opposite effect is expected
for right circularly polarized x-ray. Hence, the absorption of righd &eft circularly polarized x-rays
will be different. This difference in the x-ray absorption is XMCD. In tHeoge discussion we have
assumed that is fixed. Instead of changing the helicityof the x-rays one may change the direction
of magnetization with respect toin order to obtain XMCD. Both approaches are equivalent [32].

In general, therefore, the XMCD intensityu(E) is defined as the intensity difference in the ab-
sorption spectra obtained for paralfel (E) and antiparallelu (E) orientations between the sample
magnetization and the photon helicity

AU(E) = ' (E) 1 (E) (42.2)

The sum rules link the measured polarization dependent resonancetiesensth valence band
properties, in particular the number of empty states (or halgger atom, the spin magnetic moment
Mspin Per atom and the orbital magnetic momeany,, per atom. Tholet al. [135] and Carrat al. [136]
have derived the sum rules concerningy, and mspin Magnetic moments as

Moy — 2ThHe / Ap(E)dE 4.2.2)
3Ix':lV L3+Lo
n
mE i = Mo+ 7mr = 212 ( Bu(E)dE-2 [ Au(E)dE> (4.2.3)
av Ls Lo
Here, mggfn is the effective spin magnetic moment, the d-hole numberug the Bohr magneton and
mr = — (T) ug /A is the projected magnetic dipole moment along the magnetization direction where
3ri(ri S))
T=Y(s- "5+ 4.2.4
(5% (@24
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Figure 4.5: Schematic representation of the electror
transitions in XMCD from core., 3 levels to empty3d
states above the Fermi leviet. If the photoelectron is™ —
excited from a spin-orbit split level, e.g., th@z> (Ls),

the angular momentum of the photon can be transfer band
in part to the spin through the spin-orbit coupling ai

the excited photoelectrons are spin polarized. The ¢
polarization is opposite for incident x-rays with positiv

(o) and negatived ) photon helicity. Also, since the

2p3)2 (Ls) and 20y, (L2) levels have opposite spin-orbi left
coupling ( =1 +sandj=1-—s, respectively) the spin

polarization will be opposite at the two edges. The pt I _
toelectron spin quantization axis is identical to that @t (@)
photon spin, i.e., it is parallel or antiparallel to the X¢re

propagation directioR. In the second step the exchang

split 3d-valence band with unequal spin-up and and sp

Er

down populations acts as the detector for the spin of A A
excited photoelectrons. Hence, the absorption cross |—3 2p3/2 m A a2
tion for two different helicities differ due to imbalance ¢ L 2p _ o |
the spin-up and spin-dowsd electrons. 2 12

is the intra-atomic magnetic dipole operator and reflects a quadrupole termanittigropic spin den-
sity within the Wigner-Seitz cell [137]. The normalization factgy corresponds to the experimentally
obtained averagkes > peak area (2p»3d transition intensity) and is given as

_ P(E)+H (E) g
""‘V_/L3+L2< ; I )dE (4.2.5)

where uBC is the background absorption spectrum expressed by the two step Asfioedge jump
removal before the integration. The edge-jump of the absorption speadrimed as the difference of
the average intensities well above and below the absorption edge, depeatly on the number of
absorbing atoms. By renormalizing the measured absorption spectraveheagiom in different samples
to the same edge jump one obtains spectra that correspond to the same niteserting atoms [32].

In order to obtain the absolute value of the spin momemigi, , the magnetic dipole termy has
to be subtracted from the effective spin magnetic mom@ﬁ{ (which can be obtained experimentally).
The absolute values afny, andmy from angular dependent XMCD measurement can be derived from
formulas proposed by Stéhr and Konig [137]:

Morb (0, W) = My, S 6 oS Y + Y, Sir? @sir? Y + i, cos* 6 (4.2.6)
mr (6, ) = m¥ sir? 6 cog Y + ¥} sir? @ sir? ¢ + mé cos’ 0 (4.2.7)
s +my +ms =0 (4.2.8)

e (8, W) = Mapin+ 7mr (6, ) (4.2.9)
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where thez axis is the surface normal, adandy are the polar and azimuthal angles of magnetization
M. The equations can be solved to yield all the quantities when at least thr&D)ddectra at different
magnetization angles are measured. Wherxthedy axes are equivalent in the system of interest, two
XMCD spectra to solve the polar angle dependence are sufficient. Noferthsage of these equations
magnetization has to be saturated for all probed directions. Hence, thenghetiton of the angular
dependent moments requires the magnetic field of the order of severaridsgaperconducting magnet
is strongly desired.

4.2.2 XMCD experimental setup

The XMCD measurements in the present work were performed at Beamliffe38Bof the synchrotron
radiation facility UVSOR-II in Institute for Molecular Science, Japan. Tharline 4B is equipped in
UHV-compatibile XMCD stage with a 7 T superconducting magnet and a liquidysstat. The sample
cryostat has a built in heater and continous-flow type liquid helium tratisfer This offers the lowest
sample temperatures ef 4K. The rotatable sample cryostat with accurae.5° allows to measure
angle-dependent XMCD.

There are several advantages in measurements under a high magnetisfedlgéady mentioned, the
determination of the angular dependent orbital magnetic moment requiresnetiseeld high enough
to saturate the magnetization even along hard axes. Additionally, low tempgeoatbhe sample holder is
more easily achieved since the sample is surrounded by the liquid He reséovahe superconducting
magnets [139, 140]. Moreover, since the XMCD spectra are recdsgdde drain sample current, at
high magnetic field the electron recoiling to the sample due to the Lorentz forcbecaeglected to
yield a larger drain current than in the low magnetic field. To sum up, the abfligwtemperature
XMCD measurement in high magnetic field is crucial for the measurements ofati@@nisotropy, in
particular in the case of oscillatory magnetic anisotropy, which is expecteccto exclusively at low
temperatures.

The Beamline 4B is a bending-magnet soft x-ray station equipped with allarégespacing grating
monochromator, which covers the photon energies of 25 - 1000 eV.ifidudazly polarized x-rays were
obtained by adjusting the vertical aperture upstream of the first mirr@rcirbularly polarization factor
was estimated to b = 0.8+ 0.05 from the storage ring parameters, which was verified by the XMCD
measurement of a reference sample.

X-ray absorption spectra were recorded with a total electron yield (Ta&thod [141]. It utilizes
the photoelectron emission, which is a secondary process. After a paogiven energy is absorbed,
the atom, now in its excited state, will eventually relax to a lower energy state. ciédses Auger
electrons, which are electrons which escape the atom by having absbebenergy released by the
relaxing atom. These Auger electrons typically have high kinetic energlyptien produce secondary
Auger electrons by inelastic scattering. The total electron yield is obtainedeaguring the electron
loss, i.e., the electron currehfrom ground to the sample. There are also limitations to the sensitivity
of the measurements, due to so called saturation effects [141]. Thetatum@chanism in the electron
yield signal can be illustrated with the use of two parameters: average peratration deptid,, and
the average electron escape defpthWhenAy is shorter than\e all incident photons will be absorbed,
and any Auger electrons produced through relaxation will escapeghrie surface of the sample. In
this case the signal has saturated, and is proportional to the incidenhghteositylg, but not to the
absorption coefficient. The exact expression of the electron yieléminrith inclusion of the saturation
effects for Fe, Co and Ni was derived by Nakajietaal. [141]. For all spectra presented in this work
saturation effects were taken into account (so called self-absorpticecton).

The schematic view of XMCD measurement for film grown on (116) vicinalase is shown in
Fig. 4.6. All the spectra were taken at 5 K by switching the magnetic fté|dghile leaving the negative
photon helicity unchanged. The x-ray propagation direction is alwaliaear toH in the present setup.

The XMCD spectra were basically recorded along three directions:
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[001] [116] +H

Figure 4.6: Schematics of XMCD mea-
surement for (116) vicinal surface. Left cir-
cularly polarized x-ray (helicity ™) is kept
collinear with the axis of the applied mag-

netic fieldH. Note that the geometries ofsgmple
the incident x-ray:6 and—6 are not equiv- plane ===~~7
alent (except the case of the scattering plane S
along the steps). The vicinal angte is te“acz -
equal 133°. The tilting angle of the magne- pta®
tizationd is defined accordingly as in previ-
ous sections.

e 0=0(i.e., along[11q),

e 6 =55 andy =0 (i.e., 55 off [116 toward[110),

e =55 andy =90 (i.e., 55 off [116 toward[110]).
Such a triplet of XMCD measurement allows to probe the magnetic moment comtpoperpendicular
to the sample plane, in-plane perpendicular to the steps and in-plane al®stgpbkgerespectively. Note
that sample plane direction (for instan{81] or [110]) is different than the terraces plane direction,
i.e.,[110, by vicinal anglecw = 13.3°. In fact, it has very important consequences on the symmetry of
the measurement. It can be visualized by considering the differencedondldent x-ray with finite
6, g =0°and—06, ¢ = 180, i.e., by probing perpendicular to the steps. Due to broken symmetry of
the system the proximity of th®01 and[110 directions in both geometries is different. Therefore, the
orbital moment anisotropy measured in both cases is expected to be djftaremif the thickness of the
film and the angle® and—0 are exactly of the same value. The influence of vicinal surface symmetry
on the anisotropy of the orbital moment is discussed in more detail in Sec. 6.3.2.

4.2.3 Analysis of absorption spectra

The basics of the XMCD analysis procedure is presented on the exampiML of Fe at normal inci-
dence spectra (Fig. 4.7). The raw x-ray absorption spectroscop$)Xpectrau™ andu~ (Fig. 4.7(a))
correspond to the parallel and antiparallel relative orientation of the phwhcity and the magnetiza-
tion of the sample. Since the offset in the dichroism signal never truly vasjshhas to be removed
before is further analyzed. To remove the offset, a pre-edge ame@dgs region is defined. The regions
are defined to those where no dichrosim signal exists, i.e., the diffeoétive absorptiou™ andu— are
vanishing. The pre-edge is typically defined in the range frof® to —15 eV, and the post-edge from
+50 to +100 eV, with respect to the tHey; peak energy. After the differendgu = u* — u~ is taken,
linear curve is fitted to the data points which falls within the two regions. Thet&then removed by
subtraction of the linear curve from the XAS spectra.

After the linear background subtraction the non-resonant absorptigiop must be removed. The
non-resonant absorption function is approximated by a double-steppdnfil42]. The step height of the
double-step function is normalized to the height difference between thedge and post-edge region
(edge jump). By renormalizing the spectra to the same edge-jump one obtititpat correspond to
the same number of absorbing atoms (i.e., spectra are comparable ort@npérais). Eventually, self-
absorption correction is performed. Once theandu— are properly determined, the XMCD intensity
is obtained from (4.2.1). According to the orbital sum rule (4.2.2), the driiggnetic moment is zero if
the integrals of 3 andL3 intensities have the same size but opposite signs. By normalizing the dichroism
spectra to thé, edge intensity, one can therefore conveniently see changes in the orbitent [143].
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Figure 4.7: The absorption spectra analysis routine on
example of 7.6 ML Fe film grown on Ag(116) sub-
strate. Raw x-ray absorption spectroscopy (XAS) spec-
tra (a) are obtained by the measurement of the sam-
ple yield currente normalized by simultaneously mea-
sured Au grid currenty, corresponding to the incident
number of photons. After background signal subtrac-
tion, (XAS) spectra are normalized and self-absorption
corrected (b). Only then, normalized (XAS) spectra for
parallel u™ and antiparallelu~ orientations between
the sample magnetization and the photon helicity are
subtracted from each other and XMCD intensity is ob-
tained. If needed, XMCD can be normalizedL.tpab-
sorption edge (c)

XMCD spectrum normalized to tHe intensity is shown in Fig. 4.7(c).

In order to obtain quantitative information about spin and orbital magnetic migiriie dichroism
intensities must be corrected by the photon polarizaiorThe photon polarization was verified by the
XMCD measurements of the reference sample and was included in the aodlyssspectra. The spin
and orbital moments can then by obtained from sum rules according to etp&ti@.3) and (4.2.2). In
case of our measurements, the number of holes for Fe is assumed to tastand equat, = 3.4.
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4.3 Spin Polarized Low Energy Electron Microscopy (SPLEEM)

A remarkable number of magnetic microscopes for direct, i.e., real-spacgingniaave been demon-
strated over the past decades. The imaging techniques currently in ugerlagsified into two groups,
according to the physical mechanism of interaction between the probeaamules that is, stray field
mapping and magnetization mapping. Among numerous high-resolution magnetiognt@chniques
probing quantities proportional to the local sample magnetization, spin-pedalozv energy electron
microscopy (SPLEEM) turns out to be one of the most powerful, suaaositive tool with very good
lateral resolution.

SPLEEM is an imaging method that is based on the spin dependence of the ledag&tiscattering
of slow electrons from ferromagnetic surfaces. SPLEEM differs ftdt&M (low energy electron mi-
croscopy) [144] in that the incident beam is spin-polarized. The spiarized incident electrons are
reflected at normal incidence from the surface in a manner that deppondghe relative orientation of
the spin polarizatior® of the electron beam and the local magnetizatibiin the surface layers of the
sample.

4.3.1 Origin of magnetic contrast

A magnetic contrast in SPLEEM essentially originates from two effects 283t of all, the elastic scat-
tering potential between the incident electrons and the electrons in a fgmeiria spin-dependent. This
is due to the fact that electronic bands in a ferromagnet are split by egehateraction and therefore,
can have different energies for two spin directions. In consequémdbe energy range between the
onsets of the majority and minority spin bands, the incident electrons with spalighdo the majority
spins can penetrate into the sample, while the incident electrons with spin eadtejpn the majority
spins are reflected [68].

Secondly, the inelastic scattering potential between the incident electrdibeaglectrons in a fer-
romagnet is spin-dependent, due to spin-dependent inelastic mearafine@\d-P). Since a density of
states of unoccupied states is higher for minority-spin electrons than forityagpin electrons, minor-
ity electrons are more effectively scattered than majority electrons. Tdrerakflectivity of majority
electrons is larger than the reflectivity of minority electrons.

These differences in reflectivity can lead to significant magnetic contiidsts that the differences
in reflectivity arising from both aforementioned effects, decrease witle@sing energy of the incident
electrons. This is because both, the exchange potential and the spindéepe of the the IMFP decrease
with energy [28, 145]. Thus, the best magnetic contrast in SPLEEM wllysabtained for low energy
electrons, with energy of a few eV.

4.3.2 Experimental setup

The experiments presented in this thesis were performed at the Natiorial @erElectron Microscopy
of the Lawrence Berkeley National Laboratory in California. In a SPMERicroscope, spin-polarized
electrons are projected toward the sample through the combination of @mdenses and beam de-
flectors, magnet A and B (Fig. 4.8). Just before reaching the surtiaeelectron beam is decelerated
in the objective lens and illuminates the surface in normal incidence. Afteefleetion, backscattered
electron beam is reaccelerated again and focused into the back faual plee beam separator (magnet
B) and beam deflector (magnet C) transfer the SPLEEM image 1:1 in ffahedransfer lens. Differ-
ent combinations of projection lens settings then result in a useful magnificatige corresponding to
fields of view ranging from 4@m to 2 um. In the present design the sample is at ground potential while
all lenses are at 3kV except for the first electrode of the objective lghigh is at 10kV, resulting in
theoretical lateral image resolutionf 10 nm at 2 eV electron energy.

One of the most important part of SPLEEM is the spin manipulator, the so@iroelt-directional
spin-polarized electron beam. The spin gun is based on a laser excitexl dadfde, which excites
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Figure 4.8: Schematics of a SPLEEM experimental setup. Spin-polaritectron beam passes through an il-
lumination column (left branch) and is decelerated in thgective lens. Electrons hit the sample with normal
incidence. The backscattered electrons are collected imaging column (right branch) and focused on a phos-
phorous screen, where a magnified image of the surface imettaThe incoming and reflected electron beams
are separated in a separating magnet B.

photoemission of spin-polarized electrons with polarizafoperpendicular to the surface. The direc-
tion of P is inverted by switching the helicity of the circularly polarized light. Combining tetestatic

and magnetic deflection with rotation allows alignmenPadlong any direction in space. Usually two
preferred direction in the sample plane and along sample normal are dbasetermine the three com-
ponents of magnetizatiod. The experimental setup of SPLEEM is described in more detail in refer-
ences [144, 146, 147].

4.3.3 Image acquisition

The magnetic contrast is proportionalReM. Separation of the magnetic contrast from the structural
contrast requires the acquisition of two images with the opposite electrorizati@ns, corresponding to
intensities of the reflected beam @ndl ), and their subtraction from each other (Fig. 4.9). In order to
normalize images, the difference image is divided by the sum image. This riessdtsalled asymmetry
image

A=l =1)/(h+1y) (4.3.1)

A typical image acquisition time ranges from 1 to 5 sec per image. The prazéoluobtaining
of the asymmetry image is shown for 3.3 ML thick Fe film grown on Ag(116) (&ig). Bright and
dark features in the images result from the component of surface magjitizector along the axis
of the spin polarization of the illuminating beam (parallel and anti-parallel ecy@ly). No magnetic
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contrast, i.e. 50% gray color in SPLEEM image is observedif = 0 (nonmagnetic surface) or if
the spin polarization of the incident electron beam is perpendicular to thetidiveof magnetization at
the surface. In general, to follow any orientation of magnetization, imagestiwite orthogonal spin
polarizations are recorded.

Since the asymmetr changes with energy due to spin-dependent band structure [148htiheum
energy for a maximum magnetic contrast depends on the material and hashtwslea individually. The
maximum contrast was found at E = 13.5eV for Fe/Ag(116) and at E = 8f6ie®0/Cu(1113).

Figure 4.9: SPLEEM images of a 3.3 ML thick Fe layer on Ag(116). The imagesdl, are taken with opposite
electron polarization along sample normal (nearly easg)aat the electron energy 13.5 eV. Contrast-enhanced
difference image is obtained By= (4 —1,)/(I+ +1;). The field of view is 12um

It is worth to recall that LEEM can be used either at normal incidencel{bfigld) or off-normal inci-
dence (dark-field) mode. The terms bright-field and dark-field imagingnatig from optical microscopy
and are in common usage in transmission electron microscopy. Dark-field grtag®PLEEM was suc-
cessfully employed e.g., to distinguish adjacent terraces and identify thelmaf intervening atomic
steps [149-151]. In particular, dark-field can be used to distinguistad® of a single structure. This
is because in dark-field imaging, the use of diffraction conditions alongctidnal-order rod or integer-
order rod with non-zero parallel momentum transfer breaks the symmewwgde domains [152-154].

The results presented in this thesis were performed in dark-field mode by thiéngacroscopic
plane of the sample by 2 — 3° with respect to the sample normal. The magnetic contrast in dark-
field mode was found to be much greater in comparison to the bright-field mdueh v8 most likely
associated with the symmetry of the vicinal surface. Note that in case oflAgéhd Cu(1113) crystals
used in the experiment, the plane of the terraces is tilte@ by 13.3° andw = 6.2°, respectively, with
respect to the macroscopic plane of the sample. Therefore, by tilting thescapic plane of the sample
and imaging in dark-field mode the electrons backscattered from the theste piane are collected more
effectively .
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Results

5.1 Magnetization orientations and anisotropy fields from MOKE

In this section, the results of MOKE measurements are presented. Theiffiglsubsections are classi-
fied with respect to different materials and substrates used in the experisatescribed in Sec. 4.1.3,
MOKE is the method particularly suitable for estimation the in-plane uniaxial magaeisotropy. By
depositing the magnetic film on stepped surface, broken by atomic steps synmtretiuces additional
uniaxial anisotropy and results in split hysteresis loops, when the magmrddigsfiapplied along inter-
mediate axis (i.e., in the sample plane, perpendicular to the easy axis). Byremasts of the split
hysteresis loops and magneto-optical Kerr signal (from which the infiemabout the tilting anglé
of magnetization can be obtained), even tiny changes of magnetic aniso&oe followed.

5.1.1 Effects of varying thickness of ferromagnetic films
bce Fe films on Ag(001) and Ag(116) surface

Fe/Ag(001) has been studied extensively in the past quarter-cemarglmost completely unstrained
system, it had attracted much attention of both: theoretical calculations aedregpts. Among others,
the enhancement of the interface magnetic moments [80% in comparison to the bulk value was
predicted [155, 156] and confirmed experimentally [157,158]. An atteias paid also on magnetic
anisotropy of this system [80, 81, 159, 160] due to easy axis of magtetizaiented perpendicular to
the sample plane below 5ML of Fe. Finally, the Fe/Ag(001) is the first system, where the oscillatory
magnetic anisotropy as a function of Fe film thickness was observediegndally [22,27,161]. The
results in this subsection are extension of these previous studies. Irufzartibe oscillatory magnetic
anisotropy in the vicinity of a spin reorientation transition SRT (from in-plar@uteof-plane orientation
of the magnetization) is presented.

As already described (sec.2.1.3), by growing the films on stepped ssyfaplit hysteresis loops
can be measured when the external magnetic field is applied perpendictiiardasy axis (i.e., along
the intermediate axis). In case of Fe/Ag(116), split hysteresis loops eaedorded by applying the
magnetic field perpendicular to the step edges, aldh§ crystallographic axis of the Ag substrate (i.e.,
along[10Q of bcc Fe film). Split hysteresis loops for several thicknesses of Fe férafeown in Fig. 5.1.

Split hysteresis loops are characterized by a shift fi&ldwhich is a measure of the in-plane step-
induced uniaxial anisotropy. Théds values evaluated from measured hysteresis loops at 300K and
5K as a function of Fe film thickness are plotted in Fig. 5.2a. PosHliyeneans that the easy axis
of magnetization is oriented along the steps and in order to measure split thepsyagnetic field
was applied perpendicular to the steps. The dependence at 300K in.ZEgshows that shift field
Hs increases with increasing Fe thickness and saturates above 25 ML &f Befirst approximation,
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Figure 5.1: Split hysteresis loops for Fe/Ag(116) measured perpelatito the step edges at T=5K.

such dependence can be describetlpy= HY°' + HSU /t, whereHY®! is the value whiciHs approaches

in the limit of large film thicknesg¢ and can be interpreted as the result of the structural distortion
in the film volume, whileHS""" can be ascribed to the surface contribution to the in-plane uniaxial
anisotropy [27,42]. In general, the dependencegodan be more complex (than shown in Fig. 5.2a) and
does not scale simply ag'tl This is due to the fact that the lattice distortion (and therek)®) can
vary with increasing the film thickness.

Although the easy magnetization axis of the Fe film is oriented along the step$iatiretheHs
dependence indicates thﬂﬁ“’f from Fe/Ag and UHV/Fe interfaces prefers to align the magnetic moment
perpendicular to the step direction, il is negative. Below 8 ML of Fe split hysteresis loops cannot
be measured due to approaching SRd thereby strong polar Kerr effect contributing to the total Kerr
ellipticity. At 5K, the shift fieldHs exhibits a large amplitude oscillation as a function of Fe film thickness
with a period ofLre = 5.5 + 0.3 ML. Below ~ 10 ML the oscillatoryHs is perturbed by rapid decrease
of Hs due to approaching SRT. With increasing Fe film thickness the oscillation anwlitecreases

gradually from~ 530 Oe to~ 100 Oe.

A similar MOKE experiment was performed for Fe films grown on Ag(001) nathyrflat surface.
In this case, a fourfold magnetic anisotropy with the easy axis parallgd@hand[010 (i.e., along[110
and[110 of Ag(001), respectively) supposed to be maintained (since nominallg tirerno steps). It
means that the hysteresis loops measured glidand[010 should be square and exactly the same. In
areal experiment however, it is not always the case. This is due todtthéd the nominally flat Ag(001)
crystal used in experiment is not perfectly flat and consists of widecesraeparated by monoatomic
steps. Hence, the Ag(001) nominally flat surface can be treated aspgedtsprface with a low step
density. Using STM, an averaged terrace width of the monoatomic terraéeg@1) was determined
for ~ 200 nm. Even such steps modify magnetic anisotropy and split hysteresssdane measured
by applying magnetic field perpendicular to the step edges. The dependttiee shift fieldHs as a
function of Fe thickness is shown in Fig. 5.2b. Similarly as in the case of F&i&y(due to the strong
polar Kerr contribution to the hysteresis loops measured in longitudinal gepméh approaching
SRT, the measurement of split hysteresis loops bel@dWIL of Fe is not possible. At 300 Kls slightly
decreases with increasing Fe thickness. This is most likely due to relaxdtibie of the structural

*The influence of SRT on the dependencéleis discussed in Sec. 6.3.2.
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Figure 5.2: Shift field Hs as a function of thickness of Fe film grown on Ag(116) vicinaiface and Ag(001)
nominally flat surface Hs values were evaluated from split hysteresis loops meaquegzendicular to the step
edges at 300K and 5K.

distortion introduced by the steps. Such decreasdsa$ not visible in the case of Fe/Ag(116) because
for densely packed steps the structural distortion cannot relax alortgrilages which are too narrow.
In the case of wide terraces (e.g., as for nominally flat Ag(001) surféoe vertical perturbation can
relax and eventually disappear with increasing film thickness. Although veitiiedl amplitude{ 3 Oe),
clearly distinguishable oscillations bl as a function of Fe thickness are observed at 5 K. The oscillation
amplitude is different for Fe films grown on Ag(116) and Ag(001) beedtssscales quadratically with
the step density and depends on how much the anisotropy in the film volume isedditihe steps [27].
The period of oscillationkre is the same as for the Fe films grown on Ag(116) surface [22,27,16ll] an
on average is equélre = 5.3+ 0.3 ML. This experiment shows that even negligible in-plane uniaxial
anisotropy, which can be present in Fe film grown on Ag(001) nominaltystieface, is sufficient to
detect the magnetic anisotropy oscillations.

As already mentioned in Sec. 2.1.3, due to the competition between magnetting/sigisotropy
and magnetic shape anisotropy, the magnetization can be tilted from the sammglevplen is oriented
perpendicular to the step edges. By measuring the Kerr ellipiigityat Hs in longitudinal geometries:
a™ (perpendicular to the steps) and (perpendicular to the steps after 180@tation of the sample),
the tilting angled of the magnetization can be evaluated (Sec. 4.1.3). Some representatems$igs
loops measured in these geometries at 5K are shown in Fig. 5.3. Depemdihg thickness of Fe
film, the easy magnetization axis can be oriented parallel to the steps or gietdanto the steps.
Thus, by applying the magnetic field perpendicular to the steps, split logupiare loops are observed,
respectively (Fig. 5.3). Kerr ellipticity measuredaat anda— geometries consist of two contributions,
longitudinal @ and polargs. In case of the hysteresis loops shown in Fig. 5.3q¢ at(left column)
polar Kerr signal is additive, while at™ (right column) polar Kerr signal is subtractive. The hysteresis
loops measured at™ are reversed (show positive signal at negative magnetic field andveegignal
at positive magnetic field) because polar Kerr signal (which is subteaictithis geometry) is larger than
the longitudinal signal. With decreasing Fe thickness, in particular below ®MEe, the coercivity
of the hysteresis loop increases. This is associated with SRT from in-faané-of-plane orientation
of magnetization. Therefore, the magnetic field which is applied in the sample, fias to be larger
in the vicinity of SRT, since the out-of-plane component of the magnetizatioanbe dominant. For
thicknesses lower than 4 ML, magnetization could not be switched even witimalkénum available
magnetic field 6000 Oe. However, by using MOKE in polar geometry (i.e. Ipjyamy magnetic field
perpendicular to the sample plane), square hysteresis loops were bletecotan to 2 ML of Fe.

The dependence of Kerr ellipticitg™ atHs on Fe thickness for three geometries, a— andal is
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Figure 5.3: Hysteresis loops for chosen thicknesses of Fe film on Ag(tre®sured at T = 5 K with the magnetic
field applied perpendicular to the steps in geometies{left column) anda ™ (right column)

shown in Fig. 5.4. Itis immediately visible that Kerr ellipticigy’ measured at geometrias” anda~ is
significantly different than measuredat and this divergence increases with decreasing Fe film thick-
ness. Negative values gf' denote that measured hysteresis loops were reversed. Initial incfehse o
absolute values ap' ata® anda ~ with increasing Fe thickness (up 40 6 ML) and subsequently de-
crease is related to changes of polar Kerr contribugianAt 5 K, oscillatory behavior ofp™ is observed
when probed atrt anda ~. The fact that oscillatory behavior gt is observed only at low temperature
and only ata ™ anda— geometries (no oscillations atl), clearly indicates that the oscillations g@f!
observed in our experiment are not related to the oscillatory magnetoladteas®.

The longitudinalg and polarg> contributions to the total Kerr ellipticity were calculated according
to equations (4.1.5) and (4.1.6). Consequently, the tilting adglé magnetization was obtained from
the formula (4.1.7). The dependencedbn Fe film thickness is shown in Fig. 5.5. For thicker than
15 ML film, tilting angle d at 300 K is positive, slightly exceeding zero. It means that the magnetization
is tilted from the sample plane toward the terraces plane (dos/defined is shown in Fig. 5.5 (a)).
With decreasing thickness of the Fe fillhndecreases changing the sign at around 13 ML and becomes
negative. Below 8 ML, tilting angle changes rapidly due to approaching&@Rreaches the maximum
valued = — 76° for ~5 ML. This angle corresponds roughly to [001] direction, which foreb&g(116)
crystal is oriented 13° off the sample normal, i.e., is equivalentdo= —76.7°. At 5K, the overall
changes ofd are similar as at 300K. In addition, the oscillatory behaviordoés a function of Fe
thickness is observed at 5 K. Three maxim@&afn be distinguished at8 ML, ~13 ML and~18.5 ML,
which corresponds to the averaged period of oscillatlgrs= 5.3 4+ 0.3 ML. The oscillations o® are

*QOscillatory magneto-optical Kerr effect can be observed for instari@n QWS from unoccupiesip-states are formed
[13].
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Figure 5.4: Kerr ellipticity ¢ atHs as a function of thickness of Fe film grown on Ag(116) surfastamed from
hysteresis loops measured at (a) T=300K and (b) T=5K

perturbed below7 ML of Fe due to rapid change of tilting angle related to SRT. As already mexatjon
below 4 ML of Fe, the hysteresis loops could not be measured due to laggeidty exceeding the
available maximum magnetic field.

(@) (o) —

0 L SR
[116] #99009°
h ) H
[001] 5. oS | i
— . P . 55ML
o 304 . 7 s1m ]
o / B
[e)) |
sample % -45 + i J‘ T
plane ==~~~ o ?
{erraces_ - S 604 i
plane =]
. = X 9
M 754 o Ry ]
= [ —m— T=300K
H > —o— T=5K
'90 T T

0 2 4 6 8 10 12 14 16 18 20 22
Fe thickness [ML]

Figure 5.5: (a) Schematic representation of (116) vicinal surface wiikntations of the magnetization corre-
sponding to positive and negative values of the tilting adgl(b) The dependence of the tilting angle as a function
of thickness of Fe film on Ag(116) at T=300K and T=5K

To verify whether the observed oscillatory behavioHgindd as a function of Fe film thickness depends
upon covering with nonmagnetic layer, an additional experiment was peetbfor Fe/Ag(116) covered
with constant thickness, 15 ML of Au. The dependence of shift fialds a function of Fe film thickness
is shown in Fig. 5.6 (a). It can observed that covering the Fe films with Angbs the dependence of
Hs. With decreasing thickness of the Fe filidg changes the sign at 9 ML. It means that the easy
magnetization axis reorients from parallel to the steps to perpendicular teeffedirection. Thus, the
surface contributiorh-lsSurf from Fe/Au interface prefers the orientation perpendicular to the steps mor
than in case of the uncovered Fe film.

Similarly as in case of uncovered Fe filntds oscillates as function of Fe thickness at 5K. Since
covering with Au makesis smaller (i.e., less positive and/or more negative), the oscillations result in a
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Figure 5.6: (a) Shift fieldHs and (b) tilting angle as a function of thickness of Fe film grown on Ag(116) surface
and covered by 15 ML of Au.

oscillations of the easy magnetization axis between parallel and perpemndatha steps. For thicker
Fe films, above 10 ML the oscillation period is the same as in the case of uedover i.e., 5.2 ML.
However, with decreasing Fe thickness below 10 ML the distance betweemnitima ofHs is two times
shorter and results in the period of 2.6 ML. Moreover, the oscillation ampliidéso reduced below
10 ML of Fe. The shortening of the oscillation period and amplitude in this thickreggme of Fe film
is related to the interplay between in-plane and out-of-plane magnetizatiorooems and is discussed
in detail in Sec. 6.3.2.

The tilting angled of the magnetization was evaluated for Au-covered Fe films. The depemden
of & on Fe thickness is shown in Fig. 5.6 (b). At 300K, in the thickness regime dilfd from 5 ML
to 16 ML, the tilting angle is positive, only slightly exceeding zero value (i.e.cxas in the case of
thick uncovered Fe film). With decreasing Fe thickness belowML, J increases rapidly due to SRT.
However, differently as in the case of uncovered Fe film, @ow positive. It means that the rotation of
the magnetization from in-plane to out-of-plane orientation proceed ditfigréor uncovered and Au-
covered. According to the orientation of the Ag(116) surface showngn3:5 (a) it corresponds to
the clockwise and anticlockwise rotation of the magnetization for uncoverédia-covered Fe film,
respectively. Note that the SRT is shifted down~to3 ML for Au-covered Fe film in comparison to
uncovered Fe film, where SRT occurs~at ML.

At 5K the tilting angle oscillates with a period afe = 5.4+ 0.3 ML, i.e., the same period as in
the case of uncovered Fe film. Differently than in case of the depend#rdg the shortening of the
oscillation period is not observed here. Below around 4.5 ML of Fe, raquickase o0fd due to SRT
affects its oscillatory behavior. The SRT results in increase of the tilting ammdle up tod = +90°,
which corresponds exactly to the orientation of magnetization perpendicuthe sample plane, i.e.,
along [116] crystallographic direction.

bce Fe films on Au(1113) surface

Since MA oscillations obcc Fe films grown on Ag(001) surface are ascribed to QWS formed inside
the Fe film, their existence should be independent of the substrate matetimati{erassumption that
conditions for the confinement of the electronic band are fulfilled, i.e. ogpjate electrons of Fe cannot
penetrate into the substrate). Therefore, it is desirable to verify thet efféhe oscillatory MA inbcc

Fe films grown on a different substrate. From the point of view of the epitgrowth, Au(001) surface
seems to be the most appropriate choice. Nearly perfect lattice match oftr@at®dbccFe(001) with
respect tdcc Au(001) (mismatch: ®%) results in well stabilizedccFe films growing in layer-by-layer
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mode [86, 87, 89]. The perpendicular interface anisotropy for F&@L)(is nearly twice smaller than
for Fe/Ag(001), 0.47 erght and 0.81 ergfi?, respectively [162]. As a result, SRT from in-plane to
out-of-plane magnetization orientation is shifted to lower thicknesses (in a@uopao Fe film grown
on Ag(001)) and occurs at around 3 ML of Fe when grown on Auj@0tface [87,163,164].

The MOKE experiment was carried out for Fe films grown on Au(1113jase. In contrast to
Fe/Ag(116), for Fe/Au(1113MHs is negative in the whole investigated thickness range (Fig. 5.7(a)).
This means that the easy magnetization axis is oriented perpendicular to thamsteihus, in order to
measure split hysteresis loops, the magnetic field needs to be applied alstgpheSimilarly as in the
case of Fe/Ag(116), thds values for Fe/Au(1113) measured at 300 K follow thiedependence. Above
30 ML of Fe, theHs dependence saturates, approaciigg: 0. This means that both in-plane directions,
parallel and perpendicular to the step edges are nearly equivalghidof-e film. The dependence of
Hs, both at 300K and 5K, indicates a strong negative surface contribblj’&ﬁ. As a consequence,
with decreasing thickness of the Fe film, the absolute valudsdhcreases and thus, more and more
magnetic field is necessary to switch the magnetization into the steps directiamu&iye at~8 ML,
split hysteresis loops become hard hysteresis loopsHanvdlue cannot be derived. At 5K, oscillations
of Hs with periodicity of Lre = 6.2 + 0.3 ML are visible. Therefore, the oscillation periage of Hs is
slightly larger than in case of Fe films grown on Ag(001) and Ag(116)ese:f The oscillation amplitude
is of the order of 200 Oe.
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Figure 5.7: (a) Shift fieldHs and (b) tilting angled as a function of thickness of Fe film grown on Au(1113)
surface.

The titling angled, obtained from the Kerr ellipticitgp™ is shown in Fig. 5.7(b). For thick Fe filmé,
is positive ¢~ 1°), i.e., the magnetization is tilted from the sample plane toward the terraces plghe. W
decreasing Fe film thicknes8, changes sign at 21 ML and increases its absolute value, eventually
reachingd = —81° at 3.3 ML of Fe (the lowest investigated Fe thickness). Thus, the magnetiztio
3.3 ML of Fe is oriented almost exactly perpendicular to the terraces plamehworresponds to the
0 = —83.8° for Au(1113) surface.

Besides changes related to SRT, the oscillatory behavidri@observed. The oscillation period of
dis equalLge = 6.2 + 0.3 ML (see inset in Fig. 5.7(b)), i.e., exactly the same as the oscillation period of
Hs. The oscillation amplitude od is very small in this case (. The oscillation amplitudes dfls and
0 are different for Fe films grown on Au(1113) and on Ag(116) due téedi#nt step density of these
surfaces [27].
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fcc Co films on Cu(1113) surface

Since the period of the MA oscillations is determined by the wavevector of thesponding electronic
band, different oscillation periods are expected for different FM filmsrder to prove the relation of the
oscillation period to the electronic structure, MOKE experiments were catiefbr fcc Co films grown
on Cu(1113) surfacefcc Co grows on Cu(001) in a nearly ideal layer-by-layer mode [90] andhés o
of the mostly studied thin FM films. In particular, Co/Cu(001) is the only systamvfach oscillatory
MA due to QWS in FM films has been investigated by theory [19-21]. This albbdisect comparison
to experiment. Independent of the film thickness, the remanent magnetia&tioe Co films is always
found to lie within the film plane with in-plane four-fold anisotropy and the easgnetization axis
oriented along [110] direction.

It is known that for uncovered Co films grown on vicinal Cu(001) scefaat 300 K the shift field
Hs initially is positive (i.e., the easy magnetization axis is initially oriented parallel to thesk&nd
decreases monotonically with increasing Co thickness [56]~At5 ML of Co, an abrupt decrease of
Hs occurs due to strain relaxation which is accompanied by a switch of the eagyetization axis to
perpendicular to the steps direction (ilds,pecome negative) (see uncovered Co/Cu(1113) in Fig. 5.8a).
A large positive value oHs in thin regime of Co film indicates that surface contributlebﬁUIrf to the
in-plane uniaxial anisotropy is positive (favors orientation parallel to thess.
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Figure 5.8: Shift field Hs as a function of thickness of Co film grown on Cu(1113) surfa@g for different
thickness of Au coverage and measured at 300 K; (b) for 0.5 blleage of Au and measured at 300K and 5K.
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By covering Co films with a nonmagnetic material such as Au, the local atomiaecwation at the
Co surface changes and the surface contribution to the step-induieedabianisotropy can be modified
[22,23]. Similarly as for Fe/Ag(116), covering Co films with Au results in atage HS' (i.e., the
magnetization is forced to be oriented perpendicular to the steps). How pleadince oHs on Co
thickness evolves with sub-monolayer Au coverage is shown in Fig. 5)8deBositing minute amounts
of Au on Co films, the magnitude dfs can be significantly reduced and brought closéitc= O over
a wide thickness range of Co. This offers a higher sensitivity to smallti@mg@of Hs in the MOKE
experiment and allows to change the easy magnetization axis by small varitidas

At 5K, the oscillatory behavior dfls as a function of Co thickness is observed. Independent of the
Au thicknessHs oscillates with with a period ofc, = 2.3 + 0.3 ML. The dependence d¢is obtained
at 300K and 5K for Co/Cu(1113) covered by 0.5ML of Au is shown in E@b. The oscillation
amplitude below 15 ML of Co is about 300 Oe. After an abrupt decrealdg reflated to strain relaxation,
the oscillatory behavior dfis vanishes.

The oscillatory behavior as a function of Co thickness is also observedin dflipticity ¢ at
Hs. The dependence @™ at Hs on Co thickness at 5K, obtained from the hysteresis loops measured
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Figure 5.9: The dependence of: (a) Kerr ellipticity” atHs at 5K and (b) the shift fieldHs at different tempera-
tures as a function of thickness of Co film grown on Cu(1113jese.

perpendicular to the stepa{) and parallel to the steps(), is shown in Fig. 5.9a. The oscillations with

a period of 2.3t 0.3 ML are only present when measuredodt geometry. The Kerr ellipticity at/
increases linearly with increasing thickness of Co film what confirms thalladsry behavior of Kerr
ellipticity at a™ is related to change of the tilting angle of the magnetization. The oscillation amplitdue
of ¢ is small and corresponds to changes of the tilting adghé ~1°.

To investigate the temperature dependencelpés a function of Co thickness, a careful MOKE
analysis within the Co thickness range between 8 ML and 18 ML was perfoiseed-ig. 5.9b). For this
experiment the sample was covered with 1 ML of Au, in order to reduce thaitodg ofHs (compare
Fig. 5.8a). The shift field at 9.3, 11.9, 14.0, and 16.6 ML depends dyromgtemperature, whereas for
10.6, 13, and 15.6 ML there is almost no dependence on temperature sdiliation amplitude oHg
decreases gradually with increasing the temperature and eventuallyesats300 K.

bce Co films on Au(1113) surface

Apart fromfcc Co film, which can be grown on Cu(001), an epitacbat Co film can be stabilized by
appropriate choice of substrate, e.g. Au(001) [91-95]. The metadiabjghase of Co is particularly
interesting due to its novel magnetic properties. For instance, huge maggistance up to 410% at RT
for Co(001)/MgO(001)/Co(001) magnetic tunnel junctions viittt Co electrodes was reported [165].
Therefore bcc Co films attract the attention of people interested in fundamental physics ofetiggn
and in practical applications for spintronic’s devices. Since the crystadtare and symmetry play a
significant role in determining the electronic band structure, changing thewte symmetry of Co film
from fccto becis also very interesting from the point of view of MA. In particular, one e&pect change
in the the oscillatory behavior of MA.

ThebccCo films were grown on vicinal Au(1113) surface. Experimental studigsatow thickness
range of Co grown on flat Au(001) show that Co layers grow on thé@dl( surface with the epitaxial
relationship offcc Au(110) || bcc Co(100) [95], resulting in fourfold in-plane magnetic anisotropy with
the easy axes along [100] of Co [92]. Thus, if inddext Co is grown on Au(1113) surface, the easy
magnetization axis supposed to be oriented along one of the two crystalagexes of the substrate:
[110] or[110] axis. This is what is observed in our experiment. The orientation oftfgemagnetization
in whole investigated thickness range, i.e., from 5ML up to 30 ML, is orientaagd110] direction of
the substrate (i.e., perpendicular to the steps).

The dependence of shift fields as a function of Co thickness is shown in Fig. 5.10a. In contrast to
Au/Fe/Ag(116), Au/Co/Cu(1113) and Fe/Au(1113) systems, whereebative interface contribution
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Figure 5.10: The dependence of: (a) Shift fight, (b) Kerr ellipticity ¢ atHs, (c) coercivityH and (d) oscillatory
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to the in-plane uniaxial anisotropys""" from Au scales as 1/N (where N denotes the number of layers),
the case of Co/Au(1113) is more complex. First of all, the volume contributidimet@n-plane uniaxial
anisotropyHg’0| is strongly negative, approaching800 Oe and-1400 Oe for thick film at 300K and
5K, respectively. At both temperatures, with decreasing Co thickndew 120 ML, Hs becomes more
negative (i.e., the in-plane uniaxial anisotropy increases) approatiengnaximum absolute value at
15 ML. With further decreasing Co thicknedds decreases and reaches the minimum-&& ML. In-
terestingly, below 8 MLHs increases again. Based on previous reports on Co/Au(001) systernann
expect a non-trivial growth and therefore, significant changesAfasla function of Co film thickness.
STM studies [95] revealed for instance, that post-annealing activetesad diffusion mechanisms, in-
cluding surface segregation of Au with a clear separation between AGands a consequence, regular
nanostructures aligned in the Co(100) direction and consisting of bugesl&hds with a characteristic
reconstruction of the Au(001) surface can be observed [95].

The height of the mono-atomic layer bEc Co is equal to 0.14 nm [95], i.e., much smaller than the
interlayer distance in Au(001) substrate, which is 0.2 nm. Thereforepagsstrain of the Co lattice at
the steps of the vicinal surface is expected. With increasing Co thickinesmjisfit strain can change,
e.g., by structural relaxation. Sinék value is very sensitive to changes of the interlayer distance, such
structural relaxation can significantly modify the dependence offithe

As already mentioned, Co layers are embedded with a surfactant Au magen{92—95]. There-
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fore, the interface contribution to the in-plane uniaxial anisotropy fromisAmot only limited to the
bottom interface, but also includes the contribution from the upper inerfélote however that with
increasing Co thickness, less Au atoms can diffuse on the top of Co filmefbiney one can expect that
the interface contribution tbls from the upper interface varies with Co thickness. This, together with
possible structural relaxation of Co with increasing thickness can resaltamplex dependence Hf, .

In fact, already at 300 K, the dependencédgtould suggest sort of long-period oscillatory behavior
(Fig. 5.10a). However, MA oscillations are expected to be the stronglest eemperatures [19,161] and
therefore, any oscillatory MA should be enhanced (and usually onlyl@)siib low temperature. Since it
is not the case, such possibility can be excluded. Although in genemhdepce oHs proceed similarly
at both temperatures, some features invisible at 300 K, but appeariri§, ar®& observed at 8.5 ML
and~ 12.6 ML. Due to overall high magnitude dfis and its non-trivial dependence, it is difficult to
extract oscillatory contribution to MA. Furthermore, there is no indicatiomgf@scillatory behavior in
the Kerr ellipticity ¢ atHs (Fig. 5.10b). The Kerr ellipticity derived from the hysteresis loops mesasur
at 5 K either perpendicular to the steps () or parallel to the stepsi() increases linearly with increasing
Co thickness. Crossing of the Kerr ellipticity dependenciesandall at~ 20 ML reflects a change of
the sign of the tilting anglé with increasing Co thickness from negative to positive value, respéctive

Besides the Kerr ellipticity™ atHs derived from square hysteresis loops measured perpendicular to
steps, coercivity; as a function of Co thickness was evaluated (as shown in Fig. 5.10camsecseen,

Hc at 300 K is not sensitive to the aforementioned changes of the in-plandalnizagnetic anisotropy
(visible in theHs dependence) and increases linearly with increasing film thicknddssag = 14.2-N
(where N denotes number of Co layers). At 5K, overall magnitudé.a$ increased, which is common
behavior for most of the ferromagnetic materials due to enhanced MA arnddhactivation barrier at
low temperature [166—168]. The base valueHgfdependence can be approximated with the linear fit
Hesk = 59+ 24.9-N. Interestingly, additional peaks are superimposed on this linear depesdas
marked by arrows in Fig. 5.10c. In order to get more insight into this pecidibavior, the linear fit

Hc sk was subtracted frorHl; dependence at 5K. In this way, purely oscillatory partigfvas obtained
(Fig. 5.10d). Four distinct maxima iH; dependence can be distinguished, separated from each other
with nearly equivalent distance of 4+ 0.3 ML. The amplitude of the oscillatorii. varies from~

10 Oe to~ 50 Oe. Interestingly, the first two maxima are observed &5 ML and~ 12.6 ML, i.e., at
thicknesses corresponding to the two peaks observed in the depermdehift fieldHs at 5 K (compare
Fig. 5.10a and Fig. 5.10d). This can indicate that oscillatory behavior witkatmee period is observed
also in the case dfls dependence on Co thickness. However, due to overall high magnitiitieaofl its
non-trivial dependence on Co thickness, the oscillations of a small amphreddifficult to recognize
and only two first peaks are visible. Moreover, for films with strong in-planiaxial anisotropy and the
easy axis of magnetization oriented perpendicular to the steps, the splitdsysteops become more
complex. As a consequence, the measurement’s precisiggisfrather low and not sufficient to detect
small changes, of the order 8f50 Oe. In contrast, when square loops are measured perpendicular to th
steps, less magnetic field is needed to switch the magnetization what allowsd@epdetermination of
the coercivity. The mutual dependence of the shift field and the caigraithe thicknesses at which the
characteristic peaks appear, indicate that the oscillatory behavior ob#éneiaty is due to oscillatory
changes of magnetic anisotropy.

bce and fcc FeCo alloys films on Ag(116) and Cu(1113) surfaces

The oscillation period of the MA oscillations is determined by the wavevédgtgrcorresponding to the
QWS that cros&r. Thus, any change of the quantized electronic bands with respecti tieould be
manifested by change of oscillatory MA. In particular, crossing point ef@WS withEr is expected
to be modified and therefore, the oscillation period L. One of the way of @ajuEr with respect to
the electronic bands is to change the number of electrons per unit cellyexgxing two elements [7].
Such an idea was applied for instance to tetragonally distorted FeCo alloges Wy appropriate choice
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of composition, large perpendicular magnetic anisotropy was obtained][8, 1

In order to study how the oscillatory MA changes as a function of the coofelre and Co, two
kinds of FeCo alloys films were grown: licc Fa_,Co on Ag(116) by adding gradually Co to Fe; and
i) fcc FgCo;_x on Cu(1113) by adding gradually Fe to Co.

bce Fep xCo films on Ag(116) surface
Three compositions dfe; xCo, on Ag(116) surface, with x = 0.05, 0.13, and 0.18 of Co have been
measured by MOKE. Dependenciestdf on Fe; 4 Coy thickness are shown in Fig. 5.11. It can be
observed that with adding CBIY°' (the value oHs which approaches in the limit of large film thickness)
decreases and already for x = 0.18° is negative (i.e., the easy axis of magnetization is oriented
perpendicular to the steps). Further increase of Co content cautiesr fchange oHY°' toward more
negative values. Therefore, adding of Co into Fe results in the in-plaiagial magnetic anisotropy,
forcing the easy magnetization axis to be oriented perpendicularly to thedgep.e

Concerning the measurements at 5 K it can be observed that alreadyosteiseinvestigated content
of Co (x = 0.05), the oscillation amplitude &fs is significantly reduced in comparison to pure Fe
film. While for Fe film, the oscillation amplitude reaches nearly 550 Oe, in the dabeyesCoy s,
the amplitude is decreased 40 10 Oe. Oscillations with similar amplitude are also observed for x =
0.13 of Co. The period of the observed oscillationgHgfis however not well defined (its value varies
between~ 4.5 ML and~ 6.5 ML, depending on the thicknessieé; _xCo film). Moreover, for all three
compositions, Kerr ellipticityp" atHs does not show any oscillatory behavior.

fcc FeyCoy_y films on Cu(1113) surface
Magnetic anisotropy of epitaxifdesCo;_x alloys grown on Cu(001) was extensively studied in the past,
over the whole composition range [96-100]. It was found that for filmktnésses below 4 ML, the
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magnetic easy axis changes from in-plane on the Co-rich side to outtod-ptathe Fe-rich side. The
four-fold symmetry of the in-plane magnetic anisotropy with easy axes dldi@ is maintained until

x =~ 0.7 of Fe.

Three compositions dfe,Co;_x were grown on Cu(1113) with x =0.07, 0.13 and 0.23 of Fe. The
thickness dependenciestd§ at T = 300 K and T = 5 K for different compositions of the alloy are shown
in Fig. 5.12. Similarly as in case of Co/Cu(1113), sub-monolayer Au cgeanas used to fine-tune the
interface contribution to the in-plane uniaxial MA and to provide converggperimental access to MA
oscillations. All the samples shown in Fig. 5.12 were covered with 0.8 ML of\(ith adding Co into
Fe one can observe change$fiYf'. For x = 0.07 HY°' approaches- 80 Oe (at 300 K) and- 150 Oe (at
5K). This is significant change in comparison to pure Co film grown on CLig8), whereHY°' is around

—100 Oe, independently of temperature. Further increase of Fe coagettifsrin shifting oHs down to
negative values and in-plane SRT from along the steps (positjvéoward perpendicular to the steps
(negativeHs). Thus, adding of Fe ifFe,C0;_x/Cu(1113) has similar effect on the in-plane uniaxial MA
as adding of Co irFe; xCo/Ag(116). In both alloys, increasing the content x results in the in-plane
uniaxial magnetic anisotropy, forcing the easy magnetization axis to be atipatpendicularly to the
step edges. Interestingly, rapid drophhf at 15 ML for Co/Cu(1113) associated with strain relaxation
(Fig. 5.8b) is not observed in the caseF&Co; /Cu(1113).

At 5K, oscillations ofHs as a function ofFeCo,_y film thickness are observed. At x = 0.07 of Fe,
the oscillation amplitude is about 100 Oe, i.e., smaller by factor of two in compataspuare Co film.
The period of oscillations seems to slightly increase with increasing thickndssraaverage is equal
Lreco, , = 2.0 £ 0.3 ML, i.e., very similar toLc, observed for Co/Cu(1113). Further increase of Fe
content (up to x = 0.13), reduces the oscillation amplitude again by factomgf.®v, to~ 50 Oe, while
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it does not affect the oscillation period. Eventually, for x = 0.23, oscillatidisappear completely.

Col/Fe bilayer on Ag(116) surface

So far, effects of varying thickness of FM films have been consideneBd, Co and FeCo alloys. The
guestion is whether (and how) QWS can affect the magnetic anisotropy @ageeof two adjacent FM
layers? In order to answer this question, the magnetic anisotropy of Citdlfers has been studied here.

T T T T T T T T 7T 500 T
. m T=300K || ] +
1200 ° o T=5K e a
%00,° S 4004 Il |5
® —o—QL
800 . 1 S ] -
T et = a
o . 2 T 3004 | |
o 400- : a A = o\ 0000200000
1 3 = o} 00n O 00999
% 0 ° u > 200+ 0\8"’ ° do/i ° 0;329"'0/“7070 oo 90% A
= [] = 1 N ‘- 99975999, s
= AL L - o % o e0a2®y :o~°3° 099040400°
@ 400 ° . o ° 8 T 100 i
20%%%500 % °
-800 - X 0
o 1 2 3 4 5 6 71 o 1 2 3 4 5 6 7
Co thickness [ML] Co thickness [ML]
(a) Co(0-7 ML)/Fe(13 ML)/Ag(1,1,6) (b) Co(0-7 ML)/Fe(13 ML)/Ag(1,1,6) at T = 5 K
2 T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T )
] ] 0 7 0T
1 204 | 6 ]
S / W | s °/ N
2 [ | o} [ B/”
2 4 - B ST |
© [ 25ML © 0 |
o [ o / e
g }“ é -60 \/ 2 | 27 ML n
i: -4 4 f . |: (“ 4 %
| |
° 1 s0d © DA T T T TP I T S
—6 T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7
Co thickness [ML] Co thickness [ML]
(c) Co(0-7 ML)/Fe(13 ML)/Ag(1,1,6) at T = 5 K (d) Co(0-10 ML)/Fe(5.5 ML)/Ag(1,1,6) at T = 5 K

Figure 5.13: The dependence of the: (a) Shift figdd, (b) Kerr ellipticity g atHs, (c) tilting angled as a function
of thickness of Co film grown on Fe(13 ML)/Ag(116). (d) The @apence of the tilting anglé on thickness of
Co film grown on Fe(5.5 ML)/Ag(116)

Independently of the thickness of Fe film, the effect of Co capping lager$A is similar. For
Co(wedge)/Fe(13 ML)/Ag(116) the measurementsigshow that covering with Co cause a SRT from
the easy magnetization axis along the steps (poditiyeéoward perpendicular to the steps (negatigg
at around 2.5 ML of Co (Fig. 5.13a). Interestingly, with further increals€o thickness, another SRT
occurs and the easy magnetization axis rotates back to along the stepsmlia¢etiound 6 ML. There
are some differences between T = 300 K and T =5 K dependencies.alle ofHs for uncovered Fe
is much higher at 5K. This is due to QWS contributionHg which for 13 ML of Fe corresponds to
largerHs, in agreement with Fig.5.2a. In addition, at 5K, sort of periodic modulatioHa6 visible
(Fig. 5.13a). Oscillations have amplitude-0f100 Oe and disappear already after two peaks.

The oscillations are also visible in the Kerr ellipticigf’ at Hs, when measured at 5K (Fig. 5.13b).
Analogically as for other systems presented in this section, having the \aflesr ellipticities ata™
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anda~ geometries, the tilting angl& can be calculated according to Eq. 4.1.7. The oscillatiordsark
observed with a period dfc, = 2.5 4+ 0.3 ML. Note that the positions of the peaksdnwhich appear
at~ 1.4 ML and~ 3.9 ML of Co, coincide with the peaks observedHgdependence.

In order to see how changes upon covering with Co for thinner Fe film underneath, an adalition
experiment was performed for Co(wedge)/Fe(5.5 ML)/Ag(116). Asashin Fig. 5.5, for uncovered
5.5 ML thick Fe film, the easy magnetization axis should be oriented nearly exacpgndicular to the
terraces plane. This is exactly what is observed in Fig. 5.13d, whemenfmvered part of Co wedge
0 = —76.5°. Interestingly, already 1 ML of Co is sufficient to reduce the tilting angleeand cause
the magnetization to be oriented in the sample plane. Furthermore, the oscillelt@yidr ofd with the
period ofLco = 2.7 + 0.3 ML is observed (see inset of Fig. 5.13d).

Since deposition of Co on Fe/Ag(1,1,6) suppresses SRT and magnetizagfersfo be aligned in
the sample plane, it is desirable to check, how oscillatory MA due to QWS inlir@/bs in such system.
The results for two Fe-wedges with 1 ML and 2 ML thick Co capping layezpagsented in Fig. 5.14.

1400 L L L L L L
1200+ 4.5ML 7‘1
7 100, 4 ]
o 1 § [ )
2 800 %ﬁw& g’i |
o T | | -
9] [ gm
E 600_. /./\*._..l%/. " .\.\l—-—l—l—i‘gl _
c /.,l—-/"' A "‘J"
200 - -
0O 2 4 6 8 10 12 14 16 18 20
Fe thickness [ML]
(a) Co(1 ML)/Fe(wedge)/Ag(1,1,6)
— 7T T T T T T T T T T T 1T T T 71~
4 —=—T=300K ||
;j‘aﬁ —e-T=5K
. ) \ 299,
E # % g ]
()] g .
c
(]
o
=
= 24 i
l_
5.1 ML
-4 4

20
Fe thickness [ML]
(c) Co(1 ML)/Fe(wedge)/Ag(1,1,6)

750 T T T T T T T T T T T T T T
—m—T=300K
1o 1osk C 45ML | 52ML
600 - | | P
| P |
5 36ML VA
O 450 | | [ -
= : i / ‘? |
9 : ;
I [ | [ |
% 300 9\\ | {I—IK.‘I ] I'I—?%s;.\_
2 SR L
= ° \ amn® L] / \ A
5 150 or=rme / e P9y
»n T Wod 1\ \ o/ T
1 é.k A 0\/0
./ o
0 Qo E
T T T T T T T T T
0 2 4 6 8 10 12 14 16 18 20
Fe thickness [ML]
(b) Co(2 ML)/Fe(wedge)/Ag(1,1,6)
— T T T T T T T T T T T T T T T T T
4 ° —m— T=300K ||
(\9 —e— T=5K
2
=
2
20
©
()]
£
= 24
'_
. 5.1 ML
T T T T T T T T T T

Fe thickness [ML]
(d) Co(2 ML)/Fe(wedge)/Ag(1,1,6)

Figure 5.14: Dependencies of shift fields and tilting angled on thickness of Fe film covered by 1 ML and 2 ML

thick Co film.

The dependence of the shift fidtd on Fe thickness is shown in Fig. 5.14a and Fig. 5.14b for different
Co thickness, 1 ML and 2 ML, respectively. At 300 K, the shift field dneschange significantly with
increasing Fe thickness. A change in the volume contributid® occurs when the thickness of the
Co covering layer is increased, from 600 Oe down to~ 300 Oe, respectively. At 5K, oscillatory
behavior ofHs is observed for both coverages of Co. Since maximbloére observed at 12.5 ML
and~ 18 ML (i.e., at exactly the same thicknesses as for uncovered and Auezbize films) one can
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conclude that the oscillatomys due to QWS in Fe film is not affected by covering with Co. Differently
than in the case of uncovered and Au-covered Fe films, wHe@nnot be derived below 10 ML due
to SRT, for Co-covered samplé$; is measurable down to 3ML of Fe. In particular, in the case of
Co(2 ML)/Fe(wedge)/Ag(116) this allows to determine the oscillation periddsaven for the thinnest
part of Fe film. Interestingly, the oscillation period and amplitude decreasaleitteasing Fe thickness
below 10 ML (Fig. 5.14b).

Dependencies 0d on Fe thickness are shown in Fig. 5.14c and Fig. 5.14d. In agreement with
previous results obtained for Co-wedge samples, coverage with 1 MR Etdof Co reduces the value
of the tilting angle to nearly zero (the easy magnetization in the sample plane0A, 3here are no
significant changes of the tilting angle with increasing Fe thickness. At tgér oscillations o® are
observed with the period afre = 5.1+ 0.3 ML, which is the same for both coverages of Co. Note that
not only the value of the tilting angle change but also the sign.

5.1.2 Effects of covering with nonmagnetic overlayers

It is known that QWS can be formed not only in the FM film, but also in NM film. Tjuestion is
whether QWS formed in NM overlayer can affect periodically the MA of theerlying FM film. In
order to study the effects of covering with NM overlayers, Au and Culayers were grown on Fe and
Co films.

Cu overlayers on Fe and Co films

Obviously, in order to study the effects of QWS in NM overlayers on MA effévl underlayers, the NM
films in which QWS exist have to be chosen. Cu films are one of the most intgnsiudied system
regarding the observation of QWS [60, 63, 169-172], and theretbese are good candidate for the
purpose of our study.
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Figure 5.15: The dependence of shift fielths as a function of thickness of Cu film grown on: (a)
Fe(10 ML)/Ag(116) and (b) Co(10 ML)/Cu(1113).

MOKE measurements were performed for Cu films in the thickness range dretivand 25 ML
grown on 10 ML thick Fe films on Ag(116) and on 10 ML thick Co films on Cu(3). JAs already shown
in the case of Au/Fe/Ag(116) and Au/Co/(1113), covering FM film with NM matean change the in-
terface contribution to the step-induced uniaxial anisotropy. For Cu filmsmgon Fe(10 ML)/Ag(116),
at 300 KHs is positive and at 0 ML coverage of Cu is equal40 Oe, in agreement with Fig. 5.2a. With
increasing Cu thicknedss initially increases (up te- 6 ML) due to a change from the UHV/Fe into the
Cu/Fe interface contribution tds (Fig. 5.15a). AfterwardHs decreases and saturates above a thickness
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of ~ 17 ML. Since the saturated value df is similar toHs for uncovered Fe film of the same thick-
ness, one can conclude that a sufficiently thick Cu overlayer is inethéin-plane uniaxial magnetic
anisotropy of Fe/Ag(116).

The dependence éfs at 300K is different if Cu is grown on top of Co/Cu(1113) (Fig. 5.15b9r F
uncovered, 10 ML thick Co filmis is ~ 860 Oe, in agreement with Fig. 5.8a. Upon covering with Cu,
Hs decreases due to the interface contribution from Cu to the step-inducetktitagnisotropy. As a
consequenceys is much smaller reaching a value-f80 Oe at 16 ML. This value is close k of thick
uncovered and Au-covered Co/Cu(1113) (Fig. 5.8). This confirntshleseffect of covering with Cu is
purely an interface effect related only to interface contributioHdowhich is different for UHV/Co and
Cu/Co interfaces [23, 39]. Additionally, this allows to conclude that a I&tgebserved for uncovered
Co/Cu(1113) (Fig. 5.8) is more due to the surface of Co than the Co/C@}lidterface. The change
of Hs with increasing Cu thickness spreads out to nearly 20 ML, which is a similahiCkness range
as in the case of change BEf upon covering with Cu on Fe/Ag(116). Such changesigtpreading
out over several ML of Cu can be surprising for a typical interfadects. This is due to the fact that
Hs value is sensitive to even tiny changes of MA. As a consequence, evgrthick Cu layer on top
of ferromagnetic material can affeet; e.g., via strain. Note that in some cases, changes of MA with
increasing Cu thicknesses can last up to 50 ML [173].

The dependence ¢is changes remarkably at 5 K. For Cu on both: Fe/Ag(116) and Co/C3j)11
Hs oscillate as a function of Cu thickness with similar amplitudeBQ Oe) and almost exactly the same
period 6+ 0.3 ML and 58 + 0.3 ML, respectively. For simplicity, only the measurements at 5K and
300K are shown. However, it is worth to note, that the oscillations disaemdy above 50 K.
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Figure 5.16: (a) Shift fieldHs as a function of thickness of Fe film grown on Ag(116) surfdbgshift fieldHs as
a function of thickness of Cu overlayer grown on 18 ML and 22 tlick Fe film underneath. T=5K.

It can be observed, thats for uncovered part of the Fe film (0 ML of Cu) is significantly decreased
at 5 K with respect to its value at 300K (Fig. 5.15a). This effect is relateddmscillatoryHs due to
QWS in Fe film (as shown in Fig. 5.2a). The changeédgfwith decreasing temperature for uncovered
part of Co/Cu(1113) is less prominent (Fig. 5.15b) because the oscillatiglitude ofHs is smaller
than in the case of Fe/Ag(116). Therefore, the oscillatory dependéiteanith increasing Cu thickness
can be shifted either more to positive values or negative valuklg, afepending whether the thickness
of the underlying FM film corresponds to the maximum or minimum of the oscilldtQrgue to QWS
in FM film. The question is whether the period, amplitude or phase of the osgjlekows the Cu
thickness depends on the thickness of Co and/or Fe film or not. In orderanswer this question,
an additional sample of two thicknesses of Fe (18 ML and 22 ML thick) wawigr The results of
the MOKE experiment are shown in Fig. 5.16. The oscillations are of exa&lgdme period and the
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maxima correspond to the same thicknesses of Cu for both Fe thicknessesvdt, as expected for
different thicknesses of Fels oscillates with respect to different "base" values. This is again bethuse
at 5K for Fe itself is modified by the QWS formed in Fe. The oscillation amplitudmsee be almost
independent of the thickness of Fe at least in the investigated thickmegs ra

Au overlayers on Fe films

Thin Au films are another example of NM film, in which QWS can be observegatticular, oscillatory
magneto-optical effects and oscillations of the electron reflectivity dueitopparized QWS in Au
deposited on Fe(001) and Co(001) surfaces have been repoBeld7fi-177]. Since Au is one of the
least reactive solid chemical elements, it is commonly used as a capping faypegoetic thin films.
Also within experiments of this thesis, Au was deposited on the top ferromagngdis)e.g., in the
case of Fe/Ag(116) (Sec. 5.1.1). Itis therefore desirable to studyMw of FM film can change upon
covering with Au.

In order to get more insight into influence of Au on MA of the underlying FMhfiMOKE mea-
surements were performed as a function of Au coverage on Fe/Ag(Theé)dependence éfs on Au
thickness of 13 ML thick Fe film deposited on Ag(116) is shown in Fig. 5.1Siace 13 ML thick Fe
corresponds nearly to the maximum of the oscillatiorHgobserved for uncovered samplés at 5K
is larger than at 300 K. Covering with Au reduces the valugddt both temperatures. In particular, a
rapid drop ofHs is observed in the thickness range between 0 ML and 1 ML of Au. Furtieosition of
Au changedis only a little.
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Figure 5.17: (a) The dependence of shift fiehtk and (b) Kerr ellipticityg™ atHs as a function of thickness of Au
overlayer deposited on top of Fe(13 ML)/Ag(116)

Covering with Au also affects the Kerr ellipticitg™ at Hs (Fig. 5.17b). For uncovered part of
Fe(13 ML)/Ag(116),¢" measured atr— anda ™ geometry is respectively larger and smaller tigihat
all. This corresponds to the orientation of the magnetization with tilting angle are@ihdn agreement
with the Kerr ellipticity g™ at Hs and tilting angle dependence for Fe/Ag(116) (Fig. 5.4a and Fig. 5.5,
respectively). After deposition of barely 1 ML of Au, the relation of therik@llipticity at a— anda™
with respect tax| is just opposite (i.e.g" ata™ is larger than atr|, while @7 ata~ is smaller than at
al). It means that initially tilted magnetization dy= —1°, rotates upon covering with Au and become
tilted by aboutd = +1°. With increasing Au thickness above 8 Mi! ata~ anda™ slightly converge
to @™ measured atr |, which is related to tiny decrease of the tilting angle. The fact that Kerr ellipticity
atallis independent of Au thickness confirms that the observed change kéthellipticity ata and
o~ is not related to any magneto-optical effects. Analogous effect ofgehahthe sign of the tilting
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angle upon covering with Au is observed independently of temperaturtharkashess of Fe. In fact, this
effect can be also observed by comparing the tilting angle dependeriee thiickness for uncovered
and Au-covered samples shown in Sec. 5.1.1. No indication of the oscilladbgyvior neither oHg nor
Kerr ellipticity ¢ atHs is found as a function of Au thickness, even at 5K.
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5.2 Spin and orbital magnetic moments in Fe films on Ag(116) surface
using XMCD

As shown in Sec. 2.1.1, under certain assumptions the magnetocrystalliog@misenergy is directly
related to the anisotropy of the orbital moment. X-ray magnetic circular dichr@$6MCD) spec-
troscopy allows to measure an anisotropy of the orbital moment and thes,tg® opportunity of direct
observation of the magnetocrystalline anisotropy. In order to exploresthikabory magnetic anisotropy
it is therefore very desirable to study the anisotropy of the orbital magneticamt There are no re-
ports concerning XMCD measurements for Fe films on vicinal surfacesmlydh very few reports for
Fe films on flat Ag(001) [178, 179], however, with no information abowet dmisotropy of the orbital
magnetic moment.

In the following chapter, XMCD results for Fe films grown on Ag(116) aad are presented. Careful
thickness dependent measurements in different geometries werenpeaifatith particular interest on the
evaluation of the anisotropy of the orbital moment. The measurements weedaaut at Beamline 4B
of the synchrotron radiation facility UVSOR-II in Institute for Molecular Swe, Japan.

5.2.1 Spin and orbital magnetic moment values

As explained in Sec. 4.2, in order to obtain the spin and orbital magnetic momemtXMCD spectra,
the magnetization has to be saturated for all probed directions. This is wigsalts presented in this
chapter were obtained in saturation. Several Fe films were preparedatlithdonstant and changeable
thickness (a wedge type sample), in order to study thickness deperdages in XMCD signal. All
the measurements were perfornieditu with the pressure below:110-1° mbar and at T=5K. Prior to
the measurement of the absorption spectra, the hysteresis loops wetedlbterecording the electron
yield with the photon energy fixed at the maximum of theabsorption edge of Fe(706 eV). The
measurement of the hysteresis loops along different directions andediffidnicknesses of Fe allowed
to estimate saturation field. In most cases the magneticHield+4T was sufficiently high to align all
magnetic moments along the direction of the applied magnetic field.

Typically the absorption spectra were recorded in the energy range6i® eV to 760 eV. This
energy range was divided into six blocks with different resolution ranfiom 0.25 eV to 4 eV. Each
absorption spectrum was averaged at least twice, while one experinpeimalat given energy was
acquired at least for 2 seconds. Analysis procedure of the absoggértra and evaluation method of
the XMCD signal were described in Sec. 4.2.3.

Three geometries of the applied magnetic field were used in order to prolestiireetic moment
components: perpendicular to the sample plaghe (°), in-plane perpendicular to the step edgés=(
55°, ¢y = 0°) and in-plane parallel to the step edgés<55°, Y = 90°), where the angles are defined
according to Fig. 4.6. Representatlvenormalized XMCD spectra are shown on Fig. 5.18. By looking
at the intensity of_3 resonance peak, changes of the orbital moment are visible. While fon#ssks:
3.6 ML and 7.6 ML, the spectra measured in three directions have similar intextdity there is a
substantial difference for thicknesses: 4.6 ML and 5 ML, where thetgpa for 8 = 55°, ¢y = 0° (red
line) has reduced intensity bt peak, in comparison with other directions. This indicates that the orbital
moment alongd = 55°, ¢ = 0° direction is reduced at 4.6 ML and 5 ML. In other words, the orbital
moment is more anisotropic at 4.6 ML and 5 ML than at 3.6 ML and 7.6 ML.

In order to extract quantitative information about the orbital monmegt, and effective spin moment
mgg,fn , sum rules have to applied according to equations (4.2.2) and (4.2.3yaltes of my, and mﬁéfn
obtained for all measured thicknesses of Fe are summarized in Fig. 5.&@%pirheffective moment is
nearly isotropic and changes only a little with increasing Fe thickness. Fdréhiims (in the thickness

regime 2-7 ML) the averaged over the three probed directiowm@éifn is equal 2.37ug/atom, while

for thicker films (9:-17 ML), the averagedmglf)ifn is equal 2.28ug/atom. Note thatmgf)ifn is not the

absolute value of the spin momemgpin. In order to extract the absolute valuerofyin, the projected
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Figure 5.18: L, normalized XMCD spectra for several thicknesses of Fe filowgron Ag(116) vicinal surface. By
looking at intensity ol 3 peak, changes of the orbital moment can be directly distaingal (an increase/decrease
of the intensity ofl_3 peak correspond to the increase/decrease of the orbitaletiagnoment). One can observe
that at thicknesses: 4.6 ML and 5 ML, the intensity atltheesonance peak is reduced for the measurement along
6 =55, ¢y = 0° (red line) in comparison with other geometries. At thiclgess 3.6 ML and 7.6 ML the intensity

at theLg peak is almost the same regardless of the geometry of theunemasnt. Thus, the orbital moment is
nearly isotropic at those thicknesses.
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Figure 5.19: (a) Effective spin magnetic momermseglfn and (b) orbital magnetic momenty,, as a function of

thickness of Fe film grown on Ag(116). The error bars are esttioh as follows: thicknesst0.2 ML), mse:;lfn

(£0.05ug /atom) and My (£0.015ug /atom).

magnetic dipole momentr along the spin quantization axis has to subtracted according to Eq. 4.2.3.
The my reflects a quadrupole term in the anisotropic spin density [137] and thergtimduces some
additional anisotropy tomS dependence The orbital moment dependence on Fe film thickness is
shown in Fig. 5.19(b). The orbltal moment increases with decreasing Fedésis and for the thinnest
measured Fe film (2 ML) is enhanced by around 180% in comparison to theshione (16 ML). The
enhancement of the orbital moment for thin Fe film can be ascribed to twasfi¢ broken symmetry
due to the finite size effects [50, 156] and ii) increased magnetic momentsatrfaee-layers and Fe/Ag
interface layers [156, 158, 180-182].

Additionally, a strong anisotropy of them,, is observed. In particular, differences are evident
for the myp, measured alon@ = 55°, ¢ = 0°, which is substantially reduced in the vicinity of 5 ML
and 12.5ML. The changes of the orbital moment are so large that carcdgnized directly froni,
normalized XMCD spectra, as shown in Fig. 5.18 for the vicinity of the first mimimu

Although dependencies shown on Fig. 5.19 can give already informabiout dhe anisotropy of
the orbital moment, it is more convenient to operate with the valuesgf and ng),fn projected on
particular crystallographic directions of the surface (since it allowsdangarison with results obtained
by other techniques). By using equations (4.2.6) - (4.2.9) all the quantigsyor, , Mspin @andmy can
be evaluated in case, when the XMCD data set for three independergnoeidngles is available.

The magnetic moments were recalculated on following crystallographic dirsctibbg (perpen-
dicular to the sample plane)331] (in the sample plane, perpendicular to the step edges)Hrd (in
the sample plane, parallel to the step edges). The recalculated valuesufitabmoments as a function
of Fe film thickness are shown in Fig. 5.20a. It is observed that depereepresented in Fig. 5.19b and
their projections on the crystallographic directions (Fig. 5.20a) are quadibatnearly identical. How-
ever there are some quantitative changes in values of the orbital momeattitular, two characteristic
minima for myr, perpendicular to the step edges direction (red circles) &ML and~ 125ML are
more pronounced after recalculation on crystallographic directions.wbith to mention that several
samples with a uniform thicknesses were performed in the vicinity of those miniraén to confirm
the small values of the orbital moments.

This peculiar decrease of theg, value at particular thicknesses of Fe can be associated with quanti-
zation of thed-bands in Fe film. As mentioned in Sec. 2.1.1, the value ofrtlg in different directions
depends on two ingredients: theelectron bonding and the size of the SO coupling given bystiie-
orbit coupling constan{see Eq. 2.1.2). Therefore, in thin FM film in whichelectrons are confined,
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Figure 5.20: (a) Orbital magnetic momening (b) and spin magnetic momentin as a function of thickness
of Fe film grown on Ag(116), recalculated on specific crysigiaphic directions. The error bars are estimated as
follows: thickness£0.2 ML), myp (+0.015ug /atom) andmgpin (=0.05ug /atom).

change of the electron bonding should be expected with increasing thedb&ksince by changing the
film thickness, the orbiting electrons experience alternating strongerdv@akturbation due to their
confinement at the interfaces). Additionally, as shown in Sec. 2.3, thetigagon ofd electrons can
result in periodic change of the electronic configuration near the Ferrml. l&such an effect should
change themy, value, in particular when QWS croEs and change their occupancy from occupied to
unoccupied or vice versa (since the expectation valueng, is obtained by summation over coupled
pairs of occupied and unoccupied states). A detailed discussion oflitial asnoment dependence and
its correlation with magnetocrystalline anisotropy is carried out in Sec. 6.3.2.

Having my, and m‘;,f,,fn values, a spin magnetic momend,i, can be calculated according to Eq. 4.2.3
and Eq. 4.2.9. The values ofpi, obtained in our experiment (Fig. 5.20b) are in good agreement with
previous XMCD reports oibcc Fe thin films [178, 179, 183]. In contrast toy,, dependence, there is
no significant increase afipin values with decreasing Fe film thickness (only~e6%). This result
shows that the effect of reduced dimensionality on value of the magnetic mamethe enhancement
of the magnetic moment at the Fe surface/interface layers, are reflected byoshiginges in the orbital
magnetic moment value (not the spin moment). In order to compare the obtain@dcement of the
magnetic moment with the literature, a total magnetic momegt= merp + Mspin has to be taken. For
3 ML thick Fe film, the total magnetic moment in our experiment equads= 2.65 + 0.05ug/atom
This value is in a good agreement with the averaged magnetic momgnt 2.67 g /atomof 2.9 ML
thick Fe film measured by SQUID (superconducting quantum interferdenvee) magnetometry [157].

5.2.2 Magnetization orientation in remanence

By probing the magnetization along three directions in remanence, threetmnjeomponents of the
remanence can be obtained from XMCD spectra, leading to unique detdoniogthe remanence mag-
netization vector. As mentioned before, the main interest of the XMCD studyis¢he anisotropy of
the orbital moment, which has to be measured in saturation. The remanenceeneads give the infor-
mation about the magnetic anisotropy only through the orientation of the e&sgfamagnetization. In
general, it is useful to measure XMCD in both states, remanence andtgatusance it allows for direct
correlation of the changes of orbital moment anisotropy with changes e&iheaxis orientation. Since
the easy axis of magnetization for this system was determined by MOKE ar8E3Pimeasurements,
a full remanence data (i.e., along three directions) from XMCD are dkawdy for chosen thicknesses

59



CHAPTERDS

25— T 7T T 71T

e

L

Y A\ n

£ 2.0 fa— ——— -

; ) - : ; eff £ \‘/
Figure 5.21: Effective spin magnetic momentsmy;, o’
obtained from XMCD measurement in remanence fog -5 VPPN N
Fe/Ag(116). The largest value orfngerf)ifn corresponds to ¢ 1 " —0—0=55,y=0°
the easy axis of magnetization. Note that probing along 1.0- TR 6255 w=90 ]
8 =55, = 0° and 6 = 55°, = 90" is always asso- £ ]
ciated with contribution of the two components of magy 5 o /o~—° ]
netization, in-plane and out-of-plane. Rapid change @ o \“
eff o 1 P—

the mg,;, dependence between 7.2 ML and 7.6 ML re Aa
flects the SRT from out-of-plane toward in-plane along o 2 4 6 8 10 12 14 16 18
the steps direction. Fe thickness [ML]

of Fe, in the vicinity of SRT. The XMCD measurements in remanence wererpeetl forH = 0 T,
i.e., by changing the magnetic field such thatH = +4T — +0T (u~ taken)— —4T — —0T (u*
taken). All conditions and settings for the measurements in remanence wesante as in the case of
the measurements in saturation.

The effective spin moment as a function of Fe film thickness is shown in 2. ®&p to 7.2 ML of

Fe, the mgg,fn along@ = 0°, (i.e., perpendicular to the sample plane) is the largest among three probed

directions, and equal 2 ug/atom. This value is slightly different tharng:,fn obtained in the saturation

(on average 2.3fg/atom) and indicates that the easy axis of magnetization is oriented in the proximity
of 8 =0°. Probing along =55°, y = 0° andB = 55°, y = 9( is associated with contribution of the two
components of magnetization, in-plane and out-of-plane. Howevef] foi55°, y = 0°, the effective
spin moment is almost zero. This is due to the fact that magnetization is tilted toesreingicular to
steps direction with the angle d and therefore, oriented nearly perpendicularly to the x-ray wave vecto
in this geometry (see Fig. 4.6). Above 7.2 ML the SRT occurs and the efespin moment become the
largest alongg = 55°, y = 90°, i.e., the easy axis of magnetization is oriented in-plane along the step
edges.

In order to obtain quantitative information about the easy axis, three comzookthe magnetiza-
tion are necessary. Then, the orientation of the magnetization vector citdsenined. Representative
magnetization vector orientations defined by tilting an@land azimuthalp angles defined according
to Fig. 4.6 are shown in Table 5.1. Additionally, the valuesroj‘;fn obtained for corresponding mag-
netization vectors are given. Starting with 4.6 ML thick Fe film, it can be sedrthkamagnetization
is tilted out from the sample plan hy = — 63 with the inclination toward perpendicular to step edges
direction ( = 1905°). With increasing Fe thickness, the absolute valué aicreases, i.e., the mag-
netization rotates toward perpendicular to the sample plane direction, rgabkimaximum absolute
valued = —71° at 7.2 ML. Therefore, the magnetization for this thickness is oriented almmastlg
along[007] direction (which for Ag(116) crystal correspondsdo= — 76.7°). At 7.6 ML rapid change
of the magnetization orientation is observed. The easy axis reorients tortipéesplane § close to
0°) with the azimuthal orientation along the stegsr{early 90). This clearly indicates that SRT from
out-of-plane to in-plane is associated with change of the azimuthal gngle

Table 5.1: Orientation of the remanent magnetization vector for chds&Eknesses of Fe film grown on Ag(116).
The tilting angled and the azimuthal anglg are defined according to Fig. 4.6.

Fe thicknes$ML] |  n€!! [ug/aton] 5[] W)
4.6+0.2 2.40+0.1 63+5 190.5+5
72402 2.37+0.1 7145 180.5+5
7.640.2 2.41+0.1 33+5 96.3+5
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The orientation of magnetization derived from XMCD in remanence has limitedigpon. Since
magnetic moments are often not collinear with the wave vector of the incidexy, xhe XMCD signal
is weaker and thus the analysis of the XMCD spectra involves largersefirocomparison with the
XMCD spectra obtained in saturation). The estimated errors for adgesl are~ 5° (see Table 5.1).
Nevertheless, remanence XMCD data allow for unique determination of igngtation of the easy axis

magnetization in 3-dimensional space, which is not easily accessible bgrd@mnal techniques like
MOKE.
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5.3 Domain structure of ferromagnetic films on vicinal surfaces from
SPLEEM

QWS can affect MA of ultrathin ferromagnetic films. Such changes of theddA be manifested by
the changes of the orientation of the easy axis of magnetization (see Seclrbdarticular, for the
films grown on vicinal surfaces, the easy magnetization axis tilting directioroseifiate into/out-of
the sample plane and also, oscillatory switching between two orthogonalria-gieections can occur.
The orientation of the easy magnetization axis derived from MOKE is agdrager the area probed
by the laser beam~{ 0.2 mm in our experiment). It would be interesting to examine domain structure,
in particular at low temperature, and learn how the domain structure carfdmtedf by QWS. The
possibility of LT measurements with good lateral resolution, which is cruciabse our experiment,
singled out SPLEEM among other available techniques.

In this chapter, the domain structure studies by SPLEEM are presenteéd éod Co films grown on
vicinal Ag(116) and Cu(1113) substrates, respectively. Domaintsireigvas investigated as a function
of Fe and Co films thickness, at 300 K and 130 K. Additionally, effect dfsionolayer coverage with
Au on the domain structure of Fe/Ag(116) was studied. All SPLEEM experisn@ere performed on
as grownsamples. The samples were grown as 1 mm wide wedge, with a slepd4ML/mm along
[110] crystallographic direction of the substrate, according to the gi¢iser given in Sec. 3.1.

5.3.1 Fefilms on Ag(116) surface

In order to evaluate the orientation of magnetization, images with three ortHanaolarizations of
the incident electrons were recorded: perpendicular to the sample plan@Yj, in-plane perpendicular
to the step edged(= 90", ¢ = 0°), in-plane parallel to the step edge® £ 90°, ¢ = 90°). Note
that for Ag(116) vicinal crystal, perpendicular to the sample plane direci@responds to thfl16
crystallographic direction (see Fig. 4.6).

The SPLEEM images were acquired by scanning the Fe wedge, i.e., by ntloginganipulator with
respect to the incident electron beam, keeping the incident angle coasthsivitching the polarization
direction P at every step. On average, one SPLEEM image (in one polarization caaifan) was
obtained at around 5-10 sec. The SPLEEM images recorded for thiihexgonal electron polarizations
as a function of Fe film thickness are shown in Fig. 5.22. Since the domaatwsuecorded at 130 K
and 300 K are qualitatively similar, the images at 130 K are shown solely. Cof thp image columns,
the polarization direction of the illuminating beam with respect to the step edgbs eicinal crystal
is indicated. The bright and dark features in the SPLEEM images resmittfre component of surface
magnetization vector along the axis defined by the orientation of the spin @dlanof the illuminating
beam (parallel and anti-parallel, respectively). No magnetic contras§0%. gray color in SPLEEM
image is observed ifM| = 0 (nonmagnetic surface) or if the spin polarization of the incident electron
beam is perpendicular to the direction of magnetization at the surface. Thesmee normalized to the
background (the area outside the field of view), corresponding tormagmetic contrast.

The lowest thickness of Fe film at which any domain structure was distingalish2.85 ML. Most
likely, for Fe films thinner than 2.85 ML, the domains are too small to resolve timehoa average they
give zero magnetic contrést Since the Curie temperatuile for 2.5 ML thick bcc Fe film grown on
Ag(001) is found to be around 325 K [79, 184], the temperature eff@atbe excluded as a reason for
the absence of the magnetic contrast below 2.85 ML. This is also suppgrted Eact that the domain
structure in the thinnest regime of Fe is nearly identical at 130K and 300 K.

Note that the measurement was performed on a wedge sample and therekisesthgradient, which

*Note that the magnetic contrast in SPLEEM is energy and thickness dagerkbr very thin Fe films, below 5ML,
the asymmetry intensity decreases with decreasing Fe thickness at B eV1® order to examine the domain structure for
very thin Fe films, in particular below 2.85 ML, the energy of the incidereeteons should be optimized in order to see the
maximum magnetic contrast in this particular thickness range.
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Figure 5.22: SPLEEM images with varying thickness of Fe film grown on Ad{L&urface obtained at 130K.

Grey level, with respect to the background correspondinget@ magnetic contrast, represents orientation of

magnetizatiorM with respect to the polarizatidhof the incident beam (light and dark areas correspond tdlpara
and anti-parallel orientations & andP, respectively). Polarization direction of the illuminagibeam is indicated
on top of the image columns. The field of view is fitth and electron energy is 13.5 eV.

is perceptible, even within the area of a single image (the spread of the trsckitbm the field of view,

from the top to the bottom, is around 0.16 ML). As a consequence, it cabdened that within the
single image, there is a gradient of the domain size, which clearly demongtratstsong dependence
of the domain size on Fe film thickness.
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Up to around 7 ML there is no contrast along the step edges (right columig.irbR22), which
means that there is no magnetization component along this direction. Thereakanagnetic contrast
perpendicular to the step edges (middle column) and a strong contrastthésgmple normal (left
column), which means that the magnetization is slightly tilted from the normal to theleaiame
keeping its in-plane orientation perpendicular to the steps. The domainsstoalled stripe phase,
which is usually observed for ferromagnetic films with the easy axis perpéadto the sample plane
[185-189].

While the Fe film thickness increases, stripe domains expand and arratingeailgnment with the
domain walls oriented perpendicularly to the step edges. Above aroundl5.2 ddntinuous increase of
the contrast perpendicular to the step edges with the simultaneous dexrdeseontrast perpendicular
to the sample plane is observed. For 7.5 ML thick Fe film, the domain pattern ehangmatically.
A rapid alteration of the magnetization orientation is manifested by domain "splittMdiile in part
A (see Fig. 5.22) there is still a substantial magnetic contrast along the saanpialr{i.e., the magne-
tization is tilted from the direction perpendicular to the step edges), part Bsshegligible magnetic
contrast along the sample normal (i.e., the magnetization is oriented almost cdyniplete2 sample
plane). In addition, approaching the sample plane is associated with gt almitching of the in-plane
magnetization component to the direction along the step edges.

With further increase of Fe film thickness, magnetic contrast is visible exelysn the sample plane
along the step edges. For 9.5 ML and thicker films, domain wall can be @as&om the magnetic con-
trast perpendicular to the step edges (i.e., when probed perpendictilardasy axis of magnetization).
The interpretation of this contrast is that the domain wall h&ke@ structure. Moreover, the domains
are larger (in comparison to thinner films) and have no preferential otiemtaith respect to the crys-
tallographic directions of the Fe film.

Using the fact that magnetic contrast in SPLEEM is proportional to the spadduct of the beam
polarization and magnetization, more quantitative analysis is possible. Bya@wglthe magnetic con-
trast in three orthogonal directions a 3-dimensional orientation of the rtiagtien vectorM can be
determined. The orientation of the magnetization as a function of Fe film thicknds$®9 K is shown
in Fig. 5.23. The magnetization is characterized by tilting adgénd azimuthal anglg (as shown in
the inset of Fig. 5.23). Initially, starting from the thinnest investigated Fe filngmaazation is tilted out
from the sample normal by 20° with inclination toward perpendicular to the stegs-£ 0°). It means
thatM is oriented nearly along [001] direction, i.e., perpendicular to the tergaas (the miscut angle
between [001] and [116] directions for bare Ag(116) crystal is e488°). Up to around 5 ML there are
no significant changes in orientation of magnetization. Above 5 ML, the tiltingeastarts to decrease
while keeping the azimuthal orientation perpendicular to the steps. At 7.5 Mupachange ob and
discontinuous switch of in-plane magnetization orientation from perpendigutae steps toward along
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the steps@ = 90° — = 0°) is observed. This rapid alteration of the orientation of magnetization corre-
sponds to the "split" domains shown on Fig. 5.22, where magnetic contrasiriged significantly while
passing from part A into part B. With further increase of Fe thicknessthemtation of magnetization
remains the same, i.e., in-plane along the step edges.

Having well ordered stripe domains, the domain size D can be estimated by thkifige profile
across the domain wall. The thickness dependence of the domain size D diffesent temperatures:
130K and 300K is shown in Fig. 5.24. Note that the size of domains shovenifian averaged value
over the area corresponding to the field of view gt2). Above~ 5.5ML of Fe, the size of the do-
mains exceeds the field of view (i.®,> 12um) and thus, cannot be precisely derived from this set of
measurements.

Starting with the thinnest Fe films, the size of the domains D increases expdyesitiia the film
thickness. At around 4.5 ML, the domains measured at 130K are neagly times larger than those
measured at 300 K. Interestingly, with further increase of the Fe film thgskrthe domains measured
at 130K become similar to those measured at 300 K. Above 5 ML the domain sizages rapidly at
both temperatures and eventually, exceeds the field of \ew {2m). Note that although the values
of D are not derived above 6 ML, the domain structure was recorded continuously by moving the field
of view across the Fe wedge. Therefore, the domain size can be estimatgdyrfrom number of the
observed domain walls within certain area. From this estimation, the domain fimeaap maximal
value D =~ 70um in the thickness range between 6 ML and 7.5 ML.

The observed local change in the domain size 415 ML occurs solely at LT and therefore, suggests
to be related to QWS contribution to the MA (such contribution can be visible dnlif and only at
specific thicknesses). However, there is no anomaly of the tilting angle ahibisess, as could be
expected from MOKE measurements at 5 K.

Effect of sub-monolayer coverage with Au

As can be seen from SPLEEM measurements for uncovered Fe films di@gurface, the in-plane
orientation of magnetization is directly linked to the out-of-plane magnetization ecoem. It is ob-

served that as soon as the magnetization starts to tilt out from the samplegothssgntinuous in-plane
SRT occurs and the magnetization prefers to be oriented perpendicula stefh edges. In order to
examine this effect, the domain structure of Fe/Ag(116) was studied asctoiurmf sub-monolayer
Au coverage at 130 K. SPLEEM images were recorded for three triskiseof Fe film: 4.2, 4.25 and
4.5 ML, by closing the shutter of Au e-beam evaporator and probingrdiftepart of the Fe wedge.
Triplets of SPLEEM images using beam polarization parallel to the surfateah@nd two orthogonal
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polarizations parallel to the film (along the steps and perpendicular to the) stepe recorded. During
measurements the electron beam energy and the field of view were kepartoat 13.5 eV and 14n,

respectively.
@ 2 @ @ @
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Figure 5.25: SPLEEM images with varying thickness of sub-monolayer Auecage of Fe films grown on
Ag(116) surface. T=130K, the field of view is 18m and electron energy is 13.5 eV.

The domain pattern and the magnetization direction upon deposition of Au is d&ated in the
sequence of images in Fig. 5.25. As shown before for uncovered sérylleof Au), stripe domains are
observed for polarization of the incidence electrons along normal aplaire perpendicular to the step
edges. Already 0.8 ML of Au causes dramatic changes in the domain s&wstdrmagnetic contrast
is visible solely parallel to the step edges (Fig. 5.25). While for uncoveaetpke regular stripes are
observed, after 0.8 ML of Au domains are less regularly distributed areyféror all three investigated
thicknesses of Fe film, deposition of 0.8 ML of Au suppress completely optesfe component of
magnetization and the easy axis is oriented along the step edges.

Changes of magnetic contrast upon further deposition of Au are stmwh3 ML of Fe (Fig. 5.25).
Although domain pattern for 0.8 ML and 1.1 ML thick Au looks similarly (with one @rifistinguished
in the middle), the relative contrast between those two domains is revetaek lecome white and vice
versa). Upon covering with more Au (1.3 ML), magnetic contrast appednsth in-plane directions:
parallel and perpendicular to the step edges. State of coexisting phadeseised with adjacent do-
mains oriented parallel and perpendicular to the steps. With further depositiu, the magnetization
reorients fully toward perpendicular to the step edges direction (1.45 MAupfand no contrast along
the step edges is visible. Analogous domain pattern (large domains with matjoetarénted perpen-
dicular to the steps) is also observed for 4.2 ML and 4.25 ML thick Fe filmsredviey 1.45 ML of
Au.

The change of the domain structure upon Au deposition confirms that asasdbe magnetization
starts to tilt out from the sample plane, a discontinuous in-plane SRT ocodrshe magnetization
prefers to be oriented perpendicular to the step edges. Interestingtiighge of in-plane magnetization
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orientation is also associated with the orientation of the domain walls with respiha step edges of
the vicinal surface. For uncovered Fe film, when the easy axis of magtietizs tilted within vertical
plane perpendicular to the step edges, the domain walls are oriented giegtento the step edges.
In contrast, for Fe film covered by 0.8 ML or 1.1 ML of Au, when the easis @f magnetization is
oriented entirely in the sample plane along the step edges, the domain wallgeatedalong the step
edges. A more detailed discussion of the multiple SRT upon covering with Aurisd®ut in Sec. 6.2
in conjunction with MOKE results.

5.3.2 Cofilms on Cu(1113) surface

Similarly as in the case of Fe/Ag(116), SPLEEM images with three orthog@malp®larizations of
the incident electrons were recorded for Co/Cu(1113). As expented ffrevious reports [38, 39, 57],
the easy axis of the magnetization was confirmed to be oriented along the g&p é@drge domains
(bigger than 18:m) with preferential direction of the domain walls along the step edges, weng fio
be independent of the thickness of Co film within investigated thicknesg famgn 3 to 14 ML at 300 K.

As shown in Sec.5.1.1, the step-induced uniaxial anisotropy of Co filmeaighificantly modified
by coverage with Au. In particular, in the thickness range of Au betwegmidd 1 ML (Fig. 5.8a), the
negative interface contribution from Au compensates the positive ineedaatribution from UHV/Co.
As a result, two in-plane directions, along the step edges and perpendtie step edges, become
nearly equivalent. Therefore, a small change of MA (e.g., by varyiagtitkness of the film or temper-
ature) can result in change of the in-plane orientation of the easy axisgsfetization. In particular, in
case of oscillatory MA due to QWS, covering of Co/Cu(1113) with a minute amolAu, allows to
observe a change of the orientation of the easy magnetization axis seweialvith increasing Co film
thickness (See Fig. 5.9b). Therefore, in order to image the domain sewft@o in the vicinity of SRT
and possibly to observe oscillatory changes of the domain structure, 0af WL was deposited at RT
on top of Co wedge.

In order to observe the distribution of the domains in the vicinity of the in-pld&iEi8 more detail,
the magnetization was probed along different in-plane directions, stariingelarization perpendicular
to the step edges directiogy (= 0°) and changing the axis of polarization with°4&ep. The SPLEEM
images in the vicinity of in-plane SRT are shown in Fig. 5.26. The polarizatiecun of the illu-
minating beam is indicated at the top of the image columns. For 5 ML and 7 ML thickli@othe
brightest/darkest contrast is visible when probing algng 0° and ¢ = 180, i.e., perpendicular to
the step edges. By rotating the axis of the polarization direction toward alergigp edges, magnetic
contrast decreases andyat= 90° no contrast is visible, except the domain wall. Interesting changes in
the domain structure occurs with further increase of Co film thickness.6AML magnetic contrast is
still the strongest afy = 0° and = 180°, however there is an exceptional small region which shows no
contrast at those direction. This particular region gives the brightestast along the steps. Therefore,
state of coexisting phases is observed with domains oriented perpentlidhlaisteps and domain along
the steps. With increasing Co thickness, the fraction of the magnetic coalvagtthe steps increases
and at 8.5 ML magnetization is oriented entirely along the steps. Note that bingrthe magnetiza-
tion perpendicular to the easy axis (see for instance 5 ML of Co probed gle= 90° or 8.5 ML of Co
probed alongp = 180°) the domain wall can be observed. The absence of magnetic contrasielnetw
adjacent domains confirms that domains are anti-aligned and therebrgteepay a 180domain wall.
The interpretation of this contrast is that the domain wall hidgé& structure. Note that the domain wall
consists of brighter and darker segments. The fact that differerst gzthe domain wall shows opposite
contrast is consistent with the expectations thiedl walls must occur in two chiralities [190]. From the
line profile across the domain wall, the domain wall width of about 600 nm isdfoArsimilar value, of
about 500 nm was measured for 5.5 ML of Co film grown on Cu(001)][191
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Figure 5.26: SPLEEM images with varying thickness of Co film grown on Cu{B)surface. T=130K, the field
of view is 12um and electron energy is 8.5 eV.
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Discussion

6.1 Necessary conditions for the observation of magnetic anisotropy os-
cillations

In this chapter the experimental conditions necessary for the obseragdtinagnetic anisotropy (MA)
oscillations are described. The results presented in this thesis only corstitatgion of the effort that
was undertaken to observe MA oscillations in a large number of film/substratbications. Based on
the experience with different systems and different experimental tasbsigome facilitative experimen-
tal details concerning growth conditions and MOKE measurements, whidsuecessfully applied to
observe the oscillatory MA are presented.

Requirements for QWS formation and their contribution to the magnetic anisotropy

As introduced in Sec. 2.2, QWS may be formed in thin metallic films, when electrenefected at
the potential barriers created by the interfaces. A decisive requirdoreaihie experimental observation
of QWS concerns the quality of the interfaces, that is lateral smoothnésgeatical sharpness. To
this effect it is necessary to grow the film at an elevated temperature tceensticient mobility of the
atoms, promoting layer-by-layer growth and minimizing the chance of defectation. The temper-
ature, however, has to be limited to avoid intermixing and interdiffusion. THeaoanic diffusion is
indeed suppressed at low temperatures, allowing the film to build up "shepfaces [192]. In order
to grow smooth, atomically flat films with well defined interfaces optimum growthlitmms have to be
determined for the formation and observation of QWS.

In general, almost every film/substrate configuration demands differepaption conditions. Some
of the systems presented in this work, such as Fe/Ag(001) or Co/Cu{@e been extensively studied
in the past and optimal growth conditions were used based on available lieerdtwever, many of the
systems presented here, have only been studied selectively in the ghagtiamal preparation conditions
had to be experimentally determined by trial and error. In this process,sitfovand that even small
changes in growth and annealing temperatures can have significant immpéet formation of QWS. In
the literature, it has been observed for example for Ag/Fe(001) [PR? that deposition of Ag films at
100 K and 300 K with equivalent post-annealing temperature results in tcachanges of the QWS
properties. In fact, while deposition at lower temperatures does not tedicy improvement of the
surface morphology (when tested with standard techniques like LEED B}, 8 however boosts the
occurence of electron confinement and allows to observe atomic-lag@ved QWS, with extremely
narrow linewidths [192, 194]. Thus, to optimize the growth conditions of riqudar system the it is
necessary to study how its affects the QWS and their properties. In this swrh test measurements
were performed by determining the oscillatory MA using MOKE.
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A strong influence of the deposition temperature on oscillatory magnetic apgotras observed,
among others, for Fe and Co films deposited on the vicinal surface oDAN(The Fe/Au(100) systemis
particularly well suited for creating narrow QWS. The small lattice mismatch (tess1%) is achieved
by 45 rotation ofbcc Fe with respect to thécc Au. The growth of Fe on Au(100) has been found to
proceed layer-by-layer at RT, a Au layer always found on top of toevigpg Fe surface [88]. This Au
overlayer acts as a surfactant by lowering the surface energy ofdiéng film and thereby preventing
island formation. Fe films on Au(001) grown at RT have also been studiedvieyse photoemission,
where QWS from unoccupied bands were found [195]. Howeverjsnibrk it was found that Fe films
grown at RT on the vicinal surface of Au(001) do not exhibit any ogoithlabehavior of the magnetic
anisotropy, based on MOKE measurements. Furthermore, depositionvegratéonperature (200 K) or
post-annealing lead to the same absence of QWS. These results agrsginpriew of the fact that there
are many similarities between the Fe/Au(001) and Fe/Ag(001) systems (sachearly perfect lattice
mismatch resulting in layer-by-layer growth lo€c Fe, the formation of a surfactant layer, the existence
of an energy gap in the substrate allowing to form QWS inside the Fe film) aiithtens of MA which
were clearly observed in Fe/Ag(001). By testing different preparatiomlitions we found that only the
samples grown at an elevated temperature of 400 K and post-anneakidiater 30 min, displayed an
oscillatory MA. This is most likely associated with the formation of a Au surfactayer. Indeed, as
mentioned, the growth of Fe at RT results in the segregation of Au atoms orptrey/&r of the Fe film.
However it was shown that this segregation is thickness dependentrigyelial. [88, 196]. The more
Fe atoms are deposited on the surface, the higher is the thermal enedgg neectivate segregation
or interdiffusion processes. RT deposition of thick Fe films (up-t80 ML in this case) is thereby not
sufficient to form a uniform surfactant layer of Au on the top of the Fe filxs a consequence, the
film is rougher and can contain some Au atoms across the Fe film. By depos#ifigng at elevated
temperature, Au atoms segregate onto the surface, lower the surfagy and improve the surface
morphology. Deposition at elevated temperatures therefore results in efgled interfaces, which
make electron reflection more efficient and allow to observe the oscillatondi#Ato QWS. This also
explains why in reference [195] cited earlier, only the two first oscillatwitte inverse photoemission
intensity were observed for Fe films grown at RT. Abover ML, the thermal energy is indeed not
sufficient to uniformly segregate the Au atoms, hence the surface resglincreases and eventually,
the confinement is gradually suppressed. Note that in the case of ariragpt, the oscillations of MA
recorded by MOKE persist at least up to 35 ML (see Fig. 5.7).

A similar behavior, concerning the influence of sample preparation conslitarMA oscillations
was observed for Co films grown on the vicinal surface of Au(001)uchtral studies of Co grown
on flat Au(001) have shown that Co layers grow with the epitaxial relatipnsf fcc Au(110)|| bcc
Co(100) [95]. By combining STM, LEED and directional Auger electrpacroscopy it has been shown
in reference [92] that growth at RT results in a relatively flat surface #hatbcc Co films can be
stabilized at least up to 10 ML. However, like in case of Fe/Au(001), orfilths grown at elevated
temperatures display oscillatory MA. The optimum growth conditions wereddanthe deposition
of Co films at 375K, post-annealed at 425K for 30 min. The effect ofeased temperature during
deposition is similar to the case of Fe films grown on Au(001) surface [93, 95

The correlation between morphology and magnetic anisotropy and its influgnMA oscillations

is particularly evident in the case Bk; Co films grown on the Ag(001) vicinal surface. Since Fe on
Ag(001) grows following a well stabilizeldccstructure, one can expect that Ag(001) is a good candidate
for growing bcc Fg_xCoy alloys, at least for low concentration of Co. According to previous spo
[101, 102],Fe; xCo films grown at RT on Ag(001) maintain the bcc structure in a wide composition
range, at least up to x=0.7 of Co. However, there was no informatiout év® morphology and growth
mode of this system [101, 102]. Therefore, STM studies were perfbimeee in order to see how the
morphology changes with adding of Co to Fe (see Sec. 3.2). It turns atthare is a significant
difference between the growth mode of pure Fe Bad xCo, grown on the vicinal surface of Ag(001).
The Fe films reproduce the steps of the surface rather well and the withk térraces, even for 8 ML
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Figure 6.1: HY® (the valuesHs approaches in the limit of large film thicknesses) as a fonctif Co content
obtained from MOKE measurements at 300K and 5K. Waevalues correspond to the width of the clusters
obtained from STM measurements at 5K.

thick Fe film, is almost identical to the width of terraces of the Ag(116) sunbeice to deposition, i.e.,
we = 0.86+0.04 nm. The morphology of the film changes dramatically after codepositioro offGe
Fe; «Co forms clusters with a slight preferential elongation parallel to the step ddge$-ig. 3.6). The
width of these clusters is on average= 5.4+ 0.4 nm.

The change in morphology in the presence of Co has a pronouncetiaffihe MA. We observe that
alloying of Fe with Co results in strong in-plane uniaxial magnetic anisotropgirfg the magnetization
to orient itself perpendicularly to the step edges and the shiftilgliecomes more negative. In order to
characterize these change® values (the valuebls approaches in the limit of large film thicknesses)
are estimated for different compositions le¢; yCo,. The dependence cHi;’O' as a function of Co
content from the MOKE measurements at 300K and 5K is shown in Fig. 6.i&. clearly observed
that at both temperatures, the addition of Co to Fe cahigds be more negative. More negatit
corresponds to stronger uniaxial anisotropy with the easy axis oriertgxbndicularly to the steps.
Therefore, by changing the compositionke _Coy, we can tune the in-plane uniaxial anisotropy. Note
that already for the lowest investigated Co content (x = 0.05), we findhbatscillations oHs are almost
completely suppressed. While for an Fe film, the oscillation amplitude reachdg BBO Oe, in case of
Fep.9sCap o5, it decreases below 20 Oe. This drastic change of the oscillation amplitiedebsarved for
different growth conditions (several temperatures during depositidrpast-annealing procedure were
tested for growing-e;_xCo, on Ag(116)). For higher contents of Co, the oscillationdHgfdisappear
completely.

Besides changes in morphology, varying compositior@f yCo, should also results in changes of
the electronic structure of the film. Indeed, it was predicted by Belledji. [197, 198] that already
x=0.05 of Co inFe;_xCo alloy can significantly reduce (even by factor of two) the density of states
at the Fermi level of the electronic band wil§ symmetry. Such changes of the electronic structure at
the Er can modify the magnetocrystalline anisotropy. In particular, substantiabelseof the amplitude
of the magnetic anisotropy oscillations due to QWS can be expected (sincés alisitussed later in
Sec. 6.3.2, the magnetic anisotropy oscillationsdnFe film are ascribed to QWS withs symmetry).

FeCoalloys were also grown on the vicinal surface of Cu(001). In this casanges in the magnetic
anisotropy were studied by gradually adding more Fe to Co. The comparfisbe shift fieldHs mea-
sured by MOKE at 5K for pure Co arféey o7C0g. 93 is shown in Fig. 6.2a. It can be observed that the
oscillation amplitude foFey 07C0g o3 is roughly twice as small as in pure Ce (LO0 Oe and- 200 Oe,
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Figure 6.2: (a) Shift fieldHs at 5K for pure Co andrep p7Cp.93 as a function of film thickness; (lﬂ;’o' (the
valuesHs approaches in the limit of large film thicknesses) as a fonctf Fe content obtained from MOKE
measurements at 300K and 5K.

respectively). Additionally, the period of oscillations is slightly shorter aftéding 0.07 of Fe: it on
average equals 2 0.3 ML (whereas the period of 2:8 0.3 ML is observed for pure Co). The tviry
dependencies shown in Fig. 6.2a are slightly shifted vertically due to diffareount of Au deposited on
top of the samples. Sub-monolayer deposition of Au is used to tune the has®fids closer toHs = 0

in order to enhance the sensitivity to small variationglinin the MOKE experiment (see Sec. 5.1.1).
Deposition of Au however does not affect the volume contributioH9fThus,HY® values are insensi-
tive to the amount of Au capping and can be compared independently, &g 1. Further increasing
the Fe content, up to x=0.13, reduces the amplitude of oscillations to 50 Oe,itdhiles not change
the oscillation period. Eventually, for x=0.23 and x=0.43 of Fe, the oscillatiisappear completely.

Similarly as in case dfe; xCo films grown on the vicinal surface of Ag(00HY°' can be estimated
for FexCoy_x films grown on the vicinal surface of Cu(001) in order to follow overakiahes of the in-
plane uniaxial magnetic anisotropy. The dependendd!8f as a function of Fe content is shown in
Fig. 6.2b. Although generallyig’o' values become more negative with increasing content of Fe, there
is an initial increase in the value &fY° at low Fe concentration. This behavior is associated with the
absence of a structural transition. Itis known tlratstructure of Co on Cu(001) is compressed vertically
with respect to Cu. The strain is nearly constant up to 15-16 ML, and thefeizsed via the formation
of dislocations. This strain relaxation is accompanied by a rapid dréfy afound 15 ML [56] as can
be observed in Fig. 6.2a. In the casa-a@{Co;_ films however, there is no evidence of such structural
transition. This is in agreement with structural studies reported for thisrey9i& 98, 99] showing that
by adding Fe to Co, the value of the vertical interlayer distance increabés) means that the strain is
partially relaxed. It is therefore not surprising, that for low conceiunaof Fe,HY® initially increases
(since there is no drop dfis associated with a structural transition, the valuesigfemain positive).
Further increase of the Fe content results in vertical expansion of thtayeedistance [99] which is
reflected by strong in-plane uniaxial anisotropy perpendicular to the gthbecome more negative)
observed in our measurements (Fig. 6.2b).

The structural transitions in Co ak@Co;_y films on the vicinal surface of Cu(001) have significant
consequences on the magnetic anisotropy of these systems. It waslshdv@inal et al. [21] using
calculations of magnetocrystalline anisotropy energy within tight-binding (hBjlel forfcc Co films
on the vicinal surface of Cu(001), that the existence of the structalakation has a decisive effect
on the oscillatory magnetic anisotropy. By direct comparison between the M2odilms with the
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inclusion of the structural relaxation and without, it was predicted that thedvllix oscillates in the
latter case. It means that when fice Co structure is free to relax from the first layers, the MA does not
oscillate as a function of Co thickness [21]. This theoretical prediction semied in our experiment.
As can be seen in Fig. 6.2a, the oscillationslgimeasured by MOKE for pure Co are clearly observed
up to the structural transition around 15 ML and are significantly reduegdra that. The behavior
for Co thicknesses before the structural transition thickness (i.e., wherstrain is nearly constant)
can be compared to the theoretical calculation performed without structleaiation. On the other
hand, after the structural transition thickness, the Co film starts to relaxamdbe compared to the
calculations including structural relaxation. We thus show a first expetahproof of the prediction

of M. Cinal in reference [21] concerning the fact that the MA oscillatiarns essentially only observed
in fcc Co films which are vertically compressed (not relaxed). This observadoratso explain the
decreasing oscillation amplitude when adding Fe to Co. As mentioned abowagdhien of Fe causes
the relaxation of the atomic structure thus, decreasing the MA oscillation amplitude

Complex anisotropy and magnetization reversal on stepped surtaes probed by MOKE

The main purpose of growing FM films on vicinal substrates is the ability to measuoall anisotropy
changes. The detailed evaluation of split hysteresis loops allows to detdyaimthe oscillation period
and the oscillation amplitude of the magnetic anisotropy oscillations. As showrcid.$8, the split
hysteresis loops show additional features, when the easy axis of magjoetiz oriented perpendicular
to the steps. In this case, the evaluation of the shift figlts more complex and therefore, a detection of
the oscillatory magnetic anisotropy can be nontrivial. The understandihg shape of the split hystere-
sis loop is thereby very important. Also from the point of view magnetizatioarsal mechanism itself,
explanation of this behavior would be useful for future experiments dnalisurfaces. In this section,
a model explaining such complex hysteresis loops is proposed and did¢agsther with experimental
data.

i) Model description

When the easy magnetization axis is oriented perpendicular to the stepglpngphe magnetic field
along the steps and decreasing its value béfiguthe magnetization switches to the easy magnetization
axis, i.e., it becomes oriented perpendicular to the steps. In absencelof ecfinponent perpendicular
to the steps, i.e., when the external magnetic field is applied perfectly alontepige(se., atrr = 0)

the transition of the magnetization from an orientation along the steps to an taemiarpendicular

to the steps can proceed clockwise or counterclockwise. Therefarer@field, the magnetization can
be oriented perpendicular to the steps in positive or negative direction gl @robability. Conse-
quently, there should be no net magnetization perpendicular to the stegpsedhexperiment however,
the magnetic field direction can be slightly misalignment with respect to the stepsahirér £ 0).
Therefore, there is also a field component which is applied perpendtoulae steps. With the magnetic
field applied along the steps and decreasing befignthe magnetization switches perpendicular to the
steps (i.e., to the easy magnetization axis) into the direction in which the field cemipgoerpendicular

to the steps is applied.

If the magnetization is probed by laser beam perfectly along the steps (i®@.,-at0), it is not
sensitive to the magnetization perpendicular to the steps and zero Kerrisigetected in remanence
in this case. In the experiment, the linearly polarized laser light is usuallyrieited perfectly along
the stepsd. # 0). Therefore, both the magnetization component along the steps and thetinatijon
component perpendicular to the steps can be probed.

In a real experiment, the direction of the applied magnetic figid &nd the direction defined by the
plane of incoming and outgoing laser beam)are not necessarily the same. In this case, with no field or
at low field applied along the steps (HH), the will be net magnetization perpendicular to the steps. As
a consequence, a low field hysteresis loop corresponding to the magjoatzzamponent perpendicular
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o, >0>0 y (a) <0 ; @,>0 py (b)

laser beam

Figure 6.3: Schematic diagrams showing how the laser beam and magredticafie oriented with respect to
the steps for: (a) botlyy andag positive (or both negative) and (lo). and ag of opposite sign. Note that the
projection of the magnetization oriented: (a) along theddseam direction and (b) opposite to the laser beam
direction, results in normal and reversed low field hysisre®p, respectively.

to the steps can be measured. Moreover, the Kerr signal can be eiigvepor negative depending
on whether it is probed in the same or the opposite direction of the projectitireahagnetization
perpendicular to the steps on the laser beam direction. Thereforelosudield hysteresis loop can be
normal (i.e., corresponding to a positive Kerr signal at positive fieldsg\ersed (i.e., corresponding to
a negative Kerr signal at positive fields) depending on the sample ditenta

When the laser beam orientatiap and the field orientatioor are both positive or both negative, the
projection of the magnetization perpendicular to the steps on the laser beantiodiiis always oriented
in the same direction in which the magnetization is probed (Fig. 6.3(a)). It feltbat in this case the
low field hysteresis loops should be normal (i.e., not reversed). Thdisitua different, whero, and
ar are of opposite sign. The projection of the magnetization perpendicular stefpe on the laser beam
is now always oriented oppositely to the direction in which the magnetization egr@-ig. 6.3(b)).
Therefore, reversed low field hysteresis loops are expected to beiredas this case.

As shown in Sec. 4.1.3, when the magnetization is oriented perpendicular stefi is tilted out
of the sample plane and in consequence, there is a polar contribution tornthsid€el in longitudinal
geometry. Therefore, when one considering the projection of the magtietizperpendicular to the
steps, also the polar contribution associated with this projection has to benékewccount. In order to
describe the Kerr signal contribution quantitatively, the longitudlxral and polargs Kerr signals will
be considered below separately.

The intensity of the low field contribution to the longitudinal Kerr sigAgl obviously depends on
the field and the laser beam orientation with respect to the sample (since it romeke projection of
the magnetization on the laser beam direction. See Fig. 6.3). From simple geahuemnsiderations it
is expected to increase as the sine of the misalignment between the directienagehbeam and the
step direction. Approaching. = +90 (i.e., probing the magnetization along the easy magnetization
axis), the low field contribution reaches saturation, and rectangularrbgstdoops are measured. By
considering a small misalignment between the magnetic field and the laser-beatiod with respect
to the steps in the longitudinal MOKE experiment, we can identify three diffesgzimes of the low
field contribution to the longitudinal Kerr signAlg . For positivear anday, the low field hysteresis
loops are normalAq_ is positive and increases from zero to saturatiod@s= +¢sin(|a.|), where
@ is the saturation value of the longitudinal Kerr signal. ferand ar of opposite signs, the low
field hysteresis loops are reversédy is negative and decreases from zero to a finite negative value
atag — 0, asA@ = —¢sin(Ja.|). For negativeag anday, the low field hysteresis loops are normal
andAq_increases from a finite positive value to saturatioh@s= +¢>sin(|a|). Note that the abrupt
change from finite negative to finite positiveg happens because the field direction crosses the step
direction, i.e.,or changes sign.

Following the discussion above, when probing the magnetization along the $teppolar Kerr
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top view:
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’ perpendicular to the steps perpendicular to the steps

Figure 6.4: Schematic diagrams of the magnetization configuration fertty and (a)ag > 0, (b) ar < 0. Note
that the normal component of the magnetization, indicatethb small blue arrow in the bottom diagrams, is
pointing up (a) and down (b), respectively.

signal g should contribute only at low field (because only then the magnetization isexli@erpen-
dicular to the steps). Switching of the magnetization perpendicular to the stépBes also its normal
component and thereby, the polar Kerr effect gives an additionatibation of sizeg to the low field
hysteresis loops.

As long as the magnetization is oriented perpendicular to the steps the nommadreent of the
magnetization is independent g . However, as illustrated schematically in Fig. 6.4, the out-of-plane
component of the magnetization changes polarity abruptlgrat= 0. Note that the actual polarity
depends on the step geometry and can be reversed by changing the saemtiion by 180. Since
the incidence angle of the laser beam with respect to the surface normaddsbiy the experimental
geometry, alsgp will be constant apart from changing its sigrogt= 0. For simplicity, in the following
discussion, it is assumed that is positive for positivearr and negative for negativer.

Eventually, the contributions of the longitudinady. and the polar Kerr signagp can be combined
to Ap =A@+ @. Depends on the relative orientation of the laser begamand the external magnetic
field ar direction with respect to the steps direction (isg.,= 0 andar = 0) it can be written in general
form:

—|@p|+ ¢sin(|ar|), oL <0,ar <0
Ap= < —|@|—@’sin(lar|), aL>0,ar <0 (ora. <0,ar >0) (6.1.1)
+|@p| + @sin(jac]), aL>0,ar >0

i) MOKE results in view of the model

The model described above can be verified when applied to the experimiaiatéor FM film on vicinal
surface which posses the easy magnetization axis perpendicular to the 8epn example, experi-
mental results from MOKE measurements on Fe films grown on Au(1113cdre used here. In
order to verify the model in detail, hysteresis loops were probed upogadsitrg misalignment of the
magnetic field with respect to the steps direction. The sample was rotated edgkowarda ) and
counterclockwise (toward ~) with respect to the orientation along which magnetic field is assumed to
be oriented along the steps. In Fig. 6.5 representative hysteresis laphavn for 15 ML thick Fe
film grown on Au(1113) at different sample orientations:di)}> ay, (ii) ac < a < ap and (iii) a < dc,
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Figure 6.5: Hysteresis loops measured for 15 ML of Fe on Au(1113) at wgngample orientationr : a >
O, 0c < a < ap anda < a¢. Here,ay corresponds to the sample orientation at which the low fieldmonent
vanishes andr. to the orientation where the low field component abruptlyngfes its polarityA@ andH. denote
remanence and coercivity of the low field hysteresis loogpeetively.Hs denotes shift field.

wherea. anday, are chosen arbitrary as the angles at which the measured loops egp@tianacteristic
changes.

The hysteresis loops measuredoat- a, show double-step behavior with a non-zero Kerr signal
in remanence which gives rise to an additional hysteresis loop at low madjetticThe positive con-
tribution to the total Kerr signal at low field decreases with decreagiior a > ap and vanishes for
a = Op.

The hysteresis loops measurediat< a < a, show also double-step behavior (see Fig. 6.5). The
signal in remanence is also not zero and again gives rise to an additi@tatdsis loop at low magnetic
field. As shown already in Sec. 4.1.3, the shape of such hysteresis legplé&ned as superposition of
split loop and reversed loop (as shown schematically in Fig. 4.4).

The hysteresis loops measurednat a. again show double-step behavior. At low field a normal
(not reversed) hysteresis loop is observed, similarly as in the case loiojpe measured at > ay, but
with higher signal at remanence. The positive contribution to the total kgmakat low field increases
with decreasingr.

In order to get more insight into the transition of the low hysteresis loop (fex@rsed into normal
one), an additional measurements were performed in very close vicingty. dhterestingly, it was not
possible to measure hysteresis loop with zero Kerr signal in remanenge laistead, one can get two
different loops fora. +Aa, whereAa = 0.5° (Fig. 6.6). Although the low field component in both loops
has similar intensity, for one loop the low field component is normal (for negéti), for the second
one it is reversed (for positivia).
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Figure 6.6: Hysteresis loops measured for 15 ML of Fe grown on Au(1118).at0.5°.

The measurements performed after rotation of the sample Byst&Qv exactly the same saturation
signal and features at low field as in case loops shown in Fig. 6.5 and.6ig. 6
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Similar measurements (i.e., angular dependence in the vicinity of the orientatignvaloch mag-

netic field is assumed to be oriented along the steps) were performed fok B&dW Fe film grown on
Au(1113) (Fig. 6.7). It is observed that the hysteresis loops experiehanges with increasing thick-
ness of the Fe film. In particular, the aforementioned complex shape of sherésis loops is not visible
any more for the 58 ML thick Fe films. This is becaudgdecreases with increasing thickness of Fe,
whereas the coercivity of the low field hysteresis loop remains more or lesathe. Nevertheless, for
58 ML thick Fe film all the parameters of the hysteresis loops depend onid@ationa in the same
way as described for 15 ML of Fe.
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Magnetic field [Oe]
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Figure 6.7: Hysteresis loops measured for 58 ML of Fe on Au(1113) at vargample orientatioo: (i) o > ay,
(i) ac < a < ap and (iii) a < ac. The hysteresis were measured at the same orientatiasghe ones for 15 ML
of Fe shown in Fig. 6.5

As shown in equation 6.1.1, in order to interpret experimental resultsatlyrra possible polar signal

@ and longitudinal signal contributioh@ have to be known. The contribution of the polar Kerr signal
can be determined quantitatively from the dependence 4.1.6 (see alsaZyigThe saturation of the
longitudinal Kerr signalg® is simply saturation value for the hysteresis loop measured along the steps
(polar Kerr signal contributes only at low fields and therefore, the atur value originates exclusively
from longitudinal Kerr signal).

In our model, two important parameters determining orientation of the magnetiafidldser beam
direction were usedyr anday, respectively (Eq. 6.1.1). Adg = 0, both the longitudinal and the polar
Kerr signal at low field change abruptly in polarity. Hence, the charistieorientationa,, observed in
measured hysteresis loops (Fig. 6.6), can be identifiegkas O (i.e., as the sample orientation where
the magnetic field is perfectly oriented along the steps At 0, the magnetization is probed perfectly
along the step edges. Thus, in such case, no longitudinal Kerr sigoaifild should be detected. How-
ever, a non-zero signal can be detected due to the polar signal atlidsv fidne characteristic orientation
ap corresponds to the situation when the longitudinal and polar contributidog dields compensate
each other and is not equivalentap= 0 (i.e.,a, does not correspond to the sample orientation in which
the laser-beam is aligned perfectly parallel to the steps).

The total Kerr signal at zero field\@) is plotted as a function of the sample orientatio(Fig. 6.8a).
The difference in signal between the maximum values is due to the polariieal svhich contribute to
theAq with opposite polarity atr = +90° anda = —90°, while longitudinal signal does not change. The
difference inA@ however is bigger atr = 0, because both: polar and longitudinal Kerr signal, change
in polarity. The orientatiorm = 0 corresponds to the magnetic field oriented perfectly along the steps,
i.e., toag = 0 (i.e., the characteristic orientation in the experiment). However, since the laser beam
direction (@) and the magnetic field direction are not necessarily the same, it is nottedgbhata = 0
corresponds also t@. = 0. Thus, Eg.6.1.1 has to be rewritten in the form:
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perpendicular to the steps at zero field verau®r 58 ML of netization of 58 ML of Fe on Au(1113) from perpendicular to
Fe on Au(1113).a =0 refers to the situation where the magtong the steps direction (i.e., pseudg)-versusa.

netic field is applied perfectly along the steps.

Figure 6.8: LMOKE measurements of the Kerr signal at zero filg) and the shift fieldHs performed at 300 K.

—|gp|+ @sin(la —B)), a>B
Ap =1 || —¢gesin(ja—Bl), B>a>0 (6.1.2)
+|@p| + @sin(jla — B]), a <0

Here B corresponds to the difference between the magnetic field and the laserdiegtion (8 =

aL —ag). As described earliefgs| and ¢® can be determined from individual hysteresis loops. This
yields a value ofgs| = 70 urad andg® = 470urad. Thereforef3 is the only undetermined variable in the
Eq.6.1.2. As a result, the three equations (Eqg.6.1.2) can be combined tibedserexpected behavior

of the low field Kerr signalA@ as a function ofr, in the whole angular range. Thy$,can be used as a
fitting parameter to fit Eq.6.1.2 to experimental data shown in Fig. 6.8a. Thétless found for = 3°.
Thus, the misalignment between the laser beam direction and magnetic fielibdiiser. — o = 3°.

The positive angler =~ 10° at whichAg@ changes polarity corresponds to the characteristic orientation
ap observed in measured hysteresis loops (Fig. 6.5 and Fig. 6.7) and @aasdovith the situation,
when the negative polar Kerr signal is compensated by the positive lomgitigignal.

As mentioned in the beginning of this section, the correct evaluation of thefhf Hs is very
important in case of studies of FM grown on vicinal surfaces. Besidebafiges associated with the
variation of the Kerr signal at low field, also the shift figfl is modified upon rotation of the sample
(as shown in hysteresis loops in Fig. 6.5 and Fig. 6HJ.apparently increases with increasing mis-
alignment between the magnetic field direction and the step edges diréxtioithe reason is that a
larger total magnetic field needs to be applied with increasing misalignment, talkeeplue of the
magnetic field along the steps sufficient to switch the magnetization. Howegandhsured shift field
Hs (i.e., pseuddds) depends ona| in a more complicated manner than one would expect from simple
geometrical considerations. This is due to the fact that the magnetic fieldliscappth along and per-
pendicular to the steps. While the field component along the steps forces ghetmation to switch to
the intermediate magnetization axis, the component perpendicular to the staligestéts orientation
along the easy magnetization axis. Hence, the dependence of pgdeugon rotation of the sample is
much stronger than expected from a simigl¢ coq |a|) dependence (see Fig. 6.8b). The dependence of
Hs ona is symmetric around = 0, which is another confirmation that corresponds to the orientation
at which the magnetic field is oriented exactly along the steps.

The observed split hysteresis loops with low field features are not gpézifre films grown on
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Au(1113) and were observed for many different film/substrate combimgatiGenerally, the low field
features can be only observed in case, when the easy magnetizationaiested perpendicular to the
steps and the external magnetic field is applied along the steps. In contthstedisy magnetization
axis is oriented along the steps (and thereby the external magnetic fieldiedapgrpendicular to the
steps), then only the "outer" split loops will be influenced by the polar Kigmal. The reason is that
only these parts of the hysteresis loops reflect the magnetization oriempashgieular to the steps. In
this case, the polar signal has no influence on the total Kerr signal at &ahddl Thus, much simpler
split hysteresis loops with nearly no low field component are measured.
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6.2 Spin reorientation transition in films grown on vicinal surfaces

The evaluation of the tilting angl@ as a function of film thickness gives the opportunity to follow pre-
cisely, step-by-step, the orientation of the magnetization in the vicinity of a epitentation transition
(SRT). As shown fobccFe films on Ag(116) probed by MOKE (Sec. 5.1.1) and SPLEEM (Sec.%.3.1
the SRT posses peculiar properties, not observed in films grown omffatss. In particular it is ob-
served that the in-plane orientation of magnetization is directly linked to thefeqpiioe magnetization
component. In this chapter, the results of the experiments concerningreRisaussed together with a
phenomenological model [199].

Phenomenological model

The dependence of the measured tilting anjglen the film thickness can be interpreted using a phe-
nomenological model which describes the magnetic anisotropy of a ferratiadilm deposited on a
stepped substrate. The energy of the film depends on the direction of gmetizationM according to:

E(0,p) = cho§6+Kssin26’—Kusinze’sinzw—%KspsinZQ’costrEbum(G’,Lp)
= Eg4+0E+Epuk = Ed+Ewmca (6.2.1)

where0 is the polar angle measured from the normal to the macroscopic film suriddee@azimuthal
angley is measured with respect to the direction perpendicular to the steps (asddefirig. 4.6). To
simplify this notation,8’ is introduced as the polar angle measured with respect to the normal to the
terrace plane direction, i.e., with respect to the [001] crystallographictaire Thus, for an orientation

of M perpendicular to the stefgs = 6 + w (wherew denotes the vicinal angle), while for an orientation
parallel to the stepf’ = 6. The shape anisotropy is defined according to Eq. 2.1.5. All energies ar
defined per surface unit or per surface atom. The magnetocrystaliisatrapy (MCA) energyEvca
consists of the second-order energy correcli@(Eq. 2.1.3) and the fourth-order contribution

1 . 1 . .
Epuk = ZKbSIn229/+ZKbSIn49,SIn22l,U (6.2.2)

corresponding to bulk MCA. The second-order correction to MCA gnéor a FM film on a vicinal
surface can be expressed by three anisotropy constants:

KS = EMCA(OO].) — EMCA(].OO) = EMCA(9/=7T/2, l.,U=O) — EMCA(9/=O, L,UZO) (623)
Ku= EMCA(]-OQ_ EMCA(OJ.O) = EMCA(9/=7T/2, Y=0) — EMCA(9/=7T/2, L,U=7T/2) (6.2.4)
Ksp= Emca(101) — Emca (101) = Emca(8'=11/4, 4=0) — Emca(8'= — 11/4, 4=0) (6.2.5)

whereEyca (hkl) is the magnetocrystalline anisotropy energy for different orientafiokis of the mag-
netization. Note that the anisotropy constaftsandKsp [40, 42] arise from the existence of steps and
vanish for flat films with cubic crystal structure.

As shown by MOKE and SPLEEM measurements for Fe films grown on Ag(@réace, the mag-
netization can be tilted from the macroscopic film surface when lies in the Vestaoz perpendicular
to the steps. The optimal value of the tilting andle= 11/2 — Oin = 11/2— 6, + w is obtained by
minimizing the energy for magnetization lying perpendicular to the steps:

E.(8') =E(8'y=0) = Kqycos 6 + Ksirf 8’ — %KspsinZB' + %Kbsiﬁze’ (6.2.6)
The optimal angl®’ = 6/ .. can be found from the condition for a local extremunEof(6’):

min
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JE (68')/08' = —Kqysin20 + Kgsin20' — Kspcos B’ + %Kbsin49’ =0 (6.2.7)

Thus, the optimal angl@/,;,, depends oIKs, Ksp, Ky, andKgy but not onK (since the orientation of the
magnetization is limited to the vertical plane perpendicular to the steps). TherstkrapyKy, is much
smaller tharKs andKy and can be neglected. Eventually, the solution&for= 6/,;, can be expressed as
follows:

Kqcos 2w — Kgp/ tan(2w)

tan2’ = tan 2w 6.2.8
an an Kgcos v — Kg ( )
or equivalently, in terms of the tilting angte
Ksp/ tan2w) — K
tan 2 = tan 2w sp/ 1aN20) —Ks (6.2.9)

Ka/ cos 2o — Ks — Ksptan 2w

Since the Eqg. (6.2.9) is the condition for a local energy extremum, it doedefioe the optimal tilting
angled uniquely. Nevertheless, it can be shown that the optidnahich corresponds to the minimum
of the energyE (8) can be chosen uniquely in the following way:

if Ks>Kgcosaw then —-135+w<d<—-45+w (6.2.10)
if Ks<Kgqcos2v then —-45+w<d<45 4w (6.2.11)

The formula for the optimad allows to predict the dependency oéfdepends orKy, Ks andKgp. In
particular, it can be shown that the signdtiepends on the value &, with respect tKs. For positive
Ks and positiveKy

(i) d is positive if (Ksp/ tan 2w) > Ks

(ii) J is negative if(Ksp/ tan 2w) < Ks

Note that inclusion oKgp is crucial for proper reproduction of the experimentally observed gadfiehe
tilting angle. In particular, iKsp = 0, the magnetization of a FM film on a vicinal surface cannot reach
the orientation

(i) perpendicular to the film surfacé & +90°)

(i) perpendicular to the terrace plan®+£ 90° + w, —90° + w

(iii) parallel to the film surfaced = 0), while being within the plane perpendicular to the steps

Furthermore, the positive sign of the tilting angle in the intervat @ < 90° + w (or the equivalent
range—180" < 0 < —90° + w) is not possible foKsp = 0 andKs > 0. Such conclusion can be deduced
directly by noting that the shape anisotropy enekggir’  has the same value f@ and —3 while
KscoS (5 — w) is larger for 0< & < (90° + w) than for the corresponding negatidie (if Ks > 0). This
means that the anisotropy enery () (with Ksp = 0, Ky = 0) is smaller for negativé. Since the
discussed orientations forbidden #, = O are observed experimentalls, # 0 needs to be included
in the MCA energy of a FM film on vicinal surface.

Based on equation 6.2.9, any given tilting angle can be achieved by a suitat® ofKs, Kgp
andKy. Therefore, by using the tilting angle values of magnetization from the MOXteriment on
Fe/Ag(116),Ks andKs, anisotropy constants can be found. The dependence of the tilting arage
function of Fe film thickness obtained from MOKE measurements at 300 Krencbrresponding fit are
shown in Fig. 6.9.

In the case of an uncovered Fe film, the best fit was found for:
Ks=0.9-0.0079 (Ng—N)2with N <Ny, Ks=0.9withN >Ny (whereNy= 10ML),
Ksp/tan(2w) = Ks— 0.07
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Figure 6.9: The dependence of the tilting angle of the magnetizadias a function of Fe film thickness obtained
from a MOKE experiment at 300K (points) and from the theaadtfit (lines), for uncovered and Au-covered Fe
films on Ag(116) vicinal surface. The corresponding anigogrconstants used in the fit are shown in (b) and (c),
for Au-covered and uncovered Fe film, respectively.

In the case of Au-covered Fe film the best fit was found for:
Ks=0.4—0.0019 (No — N)2 with N <Ny, Ks=0.4withN >Ny (whereNy=4.5ML),

In both cases, the shape anisotropy is assumed kg be0.142-N, while N denotes number of mono-
layers ML andw is the vicinal angle which in this case equals3t3

The obtained from the fit values of uniaxial perpendicular anisotkpgre in agreement with pre-
vious studies [162, 200]. Namely, it was observed that by depositionuodi\top of uncoveredbcc
Fe films on flat Ag(001)Ks decreased from 0.9®J/n? (for Fe(001)/UHV interface) down to 0.4-0.47
mJ/? (for Fe(001)/Au interface) [162,200]. This is the reason why the 8B in-plane to out-of-
plane orientation of the magnetization is shifted down-t8 ML for Au-covered Fe film in comparison
to the uncovered Fe film, in which the SRT occurs-a ML (see Fig. 6.9(a)). However, there is another
important consequence of the reduced perpendicular anisotropydeposition of Au, that has not been
considered so far in the literature. As can be seen in Fig. 6.9(a), the tiltgig &rin the vicinity of
SRT is of the opposite sign for Au-covered and uncovered Fe films. raipg whetherKs is larger
(Fig. 6.9(c)) or smaller (Fig. 6.9(b)) thats,/ tan 2w, the tilting angled becomes negative or positive,
respectively. A deposition of Au cover layer reduces the valu§s@nd in consequence, the sign of the
tilting angle changes. Note that a different signdofneans that the rotation of the magnetization from
in-plane to out-of-plane orientation proceeds differently for uncayered Au-covered films (see inset
in Fig. 6.9(a)). Therefore, through the appropriate choice of the Fax Eayd Au layer thicknesses, any
desirable orientation of the magnetization (within the vertical plane perpdadicuthe steps) can be
obtained.

Another interesting observation is that below some critical Fe film thickNgg®Ny = 10 ML for
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uncovered antlly = 4.5 ML for Au-covered film) Ks andKsp decrease with decreasing Fe film thickness.
Reduced uniaxial perpendicular anisotrafafor very thin Fe films grown on Ag(001) was also observed
by Heinrichet al. [201] and Hickeret al. [202]. The decrease &fs with decreasing Fe film thickness
was studied in detail by Schallet al. [81] and it was found that the decreasekgfis associated with
thickness dependent roughness of the Fe film. Note that the rougharessso induce dipolar surface
anisotropy [203]. Therefore, as suggested in [81], the effeatudiness on magnetic anisotropy results
in change of both the perpendicular anisotropy and the dipolar surfaseti@py. Since the dipolar
surface anisotropy is not considered in our model, we cannot sepmtiteeffects and the observed
change oK is an effective change, composed of the two contributions.

So far in this section, our discussion was limited to changes of MA associatiedhe tilting angled
of the magnetization, i.e., when the magnetization lies within a vertical plane pkcp&nr to the steps.
However, as observed in our experiments, the out-of-plane magnetizatioponent is directly linked
to the in-plane orientation of magnetization. In particular, it is evident froirERM results that as soon
as the magnetization starts to tilt from the sample plane, a discontinuous in-gnec8urs and the
magnetization prefers to orient itself perpendicular to the step edgesi@séed?). This is because the
energy when the magnetization is within the plane perpendicular to theBtéps = 0) = Kqcos w
(Eq. 6.2.6) is smaller than energy when the magnetization is parallel to theEstepB (6’ = 11/2, =
1/2) = Ks—Ky. A further decrease of the ener@y (6'), with respect taE|, can be be achieved by
choosing an optimal ang;,;, sinceE, (6’ = 61,;,,) < E. (8" = 0). With decreasing Fe film thickness
and approaching the SRT, the easy axis of magnetization cannot be |gartike steps sincks — K, >
Kg. Contrary to the gradual variation of the tilting angle of the magnetization (gkocder SRT), the
azimuthal angle (describing the in-plane orientation of magnetization) chatigeontinuously (first-
order SRT). Such peculiar SRT was also observed before for Ni fihmsrgon the vicinal surface of
Cu(001) [204, 205] and seems to be a common characteristic of the SRT ifilirR#grown vicinal
surfaces.

The orientation of the magnetization in the vicinity of the SRT was also obtainedXdCD mea-
surements in remanence (Sec. 5.2.2). The XMCD results confirm that biedo®RT thickness (i.e.,
below 7.5 ML) the magnetization is tilted exclusively within the plane perpendit¢aléne steps (Ta-
ble 5.1). Note however that the orientation of the magnetization obtained byIXM@veraged over
a finite area of the sample and cannot resolve the mechanism of the abplahénSRT at 7.5 ML.
Consequently, the azimuthal orientation of the magnetization can adopt intatenedlues ofiy, i.e.,
with the magnetization oriented between the steps and perpendicular to theed daghis, it is pos-
sible to conclude that the in-plane SRT is continuous [205], which is misleadingm the domain
structure it is clearly evident that there are only two possible magnetizatientations in the sample
plane: perpendicular to or along the steps. Intermediate orientationstasbsawved. This result high-
lights the advantage of using SPLEEM over other methods that only prolaeéhege orientation of the
magnetization.

Such a discontinuity of the in-plane SRT was also observed in Co/Cu(1($&8)Fig. 5.26). In
this case, the change of the easy axis of the magnetization with increasingckueis is however
governed by a different mechanism. As shown in Fig. 5.8, covering Co filithsa sub-monolayer of
Au modifies the interface contribution to the step-induced anisotropy. Bgsitegn of ~ 0.7 ML of
Au, the negative interface contribution from Au compensates the positiggane contribution from
the UHV/Co interface and the two in-plane directions, along the steps apénmicular to the steps,
become nearly equivalent. Therefore, the in-plane SRT in this casadspoat over a wider range of Co
thicknesses and is less abrupt than in Fe/Ag(116).

The fact that the SRT from the out-of-plane to the in-plane orientation ofniagnetization for
Fe/Ag(116) is related to a continuous change of the tilting adgle confirmed by SPLEEM mea-
surements. In particular, the values of the tilting angjtebtained by SPLEEM foas grownFe films are
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nearly identical to those obtained from MOKE measurements. Furthermptepking at the domain
structure of Fe/Ag(116) it is clearly evident that the changé asults from the continuous rotation of
magnetic domains (see Fig. 5.22). In agreement with MOKE measurementsegplagetmomenological
model presented earlier, the domains rotate within the vertical plane p&plkmdo the steps. The
rotation of the magnetization perpendicular to the step direction is also sugpmyrtine existence of
Bloch-type domain walls. Since the magnetization in this case is canted extlysvpendicular to the
step direction, it is natural that the preferred orientation of the Bloch whtsia perpendicular to the
steps. Interestingly, the presence of Bloch domain walls is only obsertbd gase of tilted magnetiza-
tion. Above 8 ML of Fe, i.e., when the easy magnetization axis is oriented in thelsglane parallel to
the step edge®Jeél walls are observed. In the caseNé2l walls, the in-plane magnetization is perpen-
dicular to the wall. ThudNeél walls can be distinguished when looking at the magnetic contrast probed
perpendicular to the easy magnetization axis (see e.g. for 9.5 ML of Fe iB.ER).

The SRT from an out-of-plane to an in-plane magnetization orientation skaddoe reflected in
changes of the domain size D. Indeed, the size of domains in a FM film with sfye@agnetization axis
perpendicular to its plane is determined by the competition between domain walyene=4./A- Ket¢
and magnetostatic ener@y, where A is the exchange constant dfd+ is the effective perpendicular
anisotropy constant [185-188, 206, 207]. With approaching a S&tW &n out-of-plane to an in-plane
orientation of magnetization (i.e., with decreasingkgt), the domain size is predicted to decay ex-
ponentially . This is due to the fact that as the effective perpendiculaotemiy energy decreases, it
becomes comparable to the magnetostatic energy which eventually dominagesiniinization of the
film energy then leads to the formation of domain walls [185-187]. This waBroted experimentally
for instance in the case of Co/Au(111) [189,208,209] and Fe/Cy(@QD]. The decrease of the domain
size when approaching a SRT was also observed in the case of FelAgl@vever, only in a very
narrow thickness range (between 3.3 ML and 3.8 ML of Fe) [211].

A different behavior of the domain size is observed in the case of owrimpnts on Fe films grown
on Ag(116). As shown in Fig. 5.24, with increasing Fe film thickness amagehing a SRT from
an out-of-plane to an in-plane magnetization orientation, the domain size sesreaponentially, i.e.,
just opposite as predicted by theory. Note however, that theoreticallatdms in references [185-188,
206, 207] are valid for FM films grown on atomically flat surfaces, while in@periment, Fe films are
grown on the Ag(116) vicinal surface. The main difference, coringrtie SRT, between films deposited
on flat and vicinal surfaces is that in the latter case the magnetization is tilteda chmsequence,
the effective perpendicular anisotropy constidgis, which determines the size of the domains is most
likely different in both cases. In general, one can expect that additnagnetic anisotropy constants
associated with the presence of vicinal surfaces, Kkgand/orKy, have to be included ifess in
order to describe the observed domain sizes. Additionally, in the preséadited magnetization, the
magnetostatic energy is also different, and can modify the domain size agenith the vicinity of
the SRT. The quantitative analysis of the domain size dependence abgeous experiment demands
deeper theoretical investigation.
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6.3 Oscillatory magnetic anisotropy

6.3.1 Magnetic anisotropy oscillations due ta-QWS in Co films

The following chapter concerns the detailed discussion of the magnetidrapig@scillations which
were observed experimentally fac andbcc Co films grown on Cu(1113) and Au(1113) surface, re-
spectively. The main interest is paidfte Co films, since only for this system, the oscillatory behavior of
the magnetic anisotropy energy MAE was predicted by theoretical calciddfi®n21]. This allows a di-
rect comparison to experiments and detailed discussion of the mechanigrogedies of the magnetic
anisotropy oscillations due to QWS.

fcc Co films on Cu(1113)

The first report on the oscillatory behavior of the MAEfat Co films on Cu(001) substrate was made
by Szunyoghet al. [20]. Using the fully relativistic spin-polarized version of the screeKedinga-
Rostoker method, they clearly demonstrated that the magnetocrystalline @pysetrergy oscillates as
a function of Co film thickness with a period of 2 ML [20]. The reason fa discillatory behavior of the
MAE was not fully understood at that time.

Independently, Cinal [19] performed calculations of the MAE on the saysie by using a tight-
binding (TB) model with and withowp-dhybridization included. By careful analysis of the electronic
structure with increasing number of Co atomic layers he has shown that tisoglaf MAE in Co films
on Cu(001) are a superposition of two oscillatory contributions: the domanatie coming from the
neighborhood of th€ point with a period of 2.12 ML (2.33 ML withowp-dhybridization included) and
the other originating in the region around fiepoint with a larger period of 5.15 ML (3.32 ML without
sp-d hybridization included), but of significantly smaller amplitude. Both oscillatagtdbutions are
attributed to QWS formed in the Co layer. Later, such oscillatory behaviorAlE Mas also predicted
by theory for Co films on vicinal Cu(001), where the uniaxial magnetdaliyse anisotropy was found
to oscillate with a period close to 2 ML, as well [21].

The MOKE measurements of the shift fi¢ld and Kerr ellipticityg™ presented in Sec. 5.1.1 confirm
the presence of the oscillatory MAE foc Co films. In order to compare our experimental results with
theory, the dependence b on Co thickness is plotted together with MAE calculated by Szunyogh
et al. [20] (see Fig. 6.10). Théls oscillates with a period of 2.3 0.3 ML, which is very close to
the period of 2 ML [20] and 2.12 ML (2.33 ML withoutp-d hybridization included) [19], obtained
theoretically.

There are three different regimes of oscillations visible in both experinmehtreeory: (a) for N < 6,
with a pronounced maximum at 3 ML and 5.5 ML; (b) 6 < N < 9, with no clear maxenal; (c) N > 9,
with three distinct maxima at about 9, 12, and 14 ML. The agreement betiveery and experiment is
almost perfect in this case, except for a large MAE calculated for 2 Mtnbt observed experimentally.
This is most likely due to the growth of Co on Cu(001), which is initially not lalyg#tayer as is assumed
in the theoretical calculations [20]. The lack of clear oscillations in regimés @3sociated with the dis-
crete thickness sampling [19]. Since the period of oscillations is not examtigl €0 a multiple of the
interlayer distancel - ML), it produces a phase shifts of the reflected electron wavefunciod$n con-
sequence, additional long peridake@) of the MAE oscillations [19]. Thibeatcan significantly reduce
or enhance the oscillations amplitude, when destructive or instructiveargede occur, respectively.
This explains why in the regime (b), the oscillations are hardly observedgRi@).

As mentioned in Sec. 2.3, the MAE oscillation amplitude is expected to decreasearitasing
temperature. A significant contribution to the MCA energy occurs when MG$n0k|‘> and \ no’k)
have their energies close to each other and they lie on two sides of the Feefit{e within a few
ks T from it. In particular, this can take place when the pair of states are cloke @t I (i.e., at
k| = (kx,ky) = 0), where they are degenerated (Fig. 2.2). Such favorable alignrhém QWS pairs
is found only for particular thicknesses (and only for those thickne@®S contribute to the MAE).
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Figure 6.10: Shift field Hs measured at 300K and 5K vs Co thickness for Co/Cu(1113) edveith 0.5 ML
of Au. Experimental data are compared to the magnetic anjgptenergy MAE calculated for Co/Cu(001) by
Szunyogtet al. [20]

At those patrticular thicknesses at which QWS contribution to MAE is signifidhe dependence on
temperature can be expected [19]. As shown in Fig. 5.9b, the shiftHigdd 9.3, 11.9, 14 and 16.6 ML
depends strongly on temperature, whereas for 10.6, 13, and 15.6IMthanges only a little with
temperature. This is also visible in Fig. 6.10 (compldeedependence at 300K and 5K). Calculations
[19, 21] predict strong dependence on temperature almost for exaetiathe thickness of Co, mainly
for 9, 11, 13, and 15 ML. The amplitude of the anisotropy oscillations is sagmifly reduced at RT and
vanish completely at 365 K. This means that for thicknesses at which QW 8lde to the MAE, the
spread of the Fermi function becomes comparable to the energy diffebetween the two states of
each QWS pair contributing to the MAE.

The calculated oscillation amplitude of the MAE for Co films on Cu(001) is of thiewof ~ 250
ueV per surface atom at 0K [20] and 150 ueV per surface atom at RT [19]. Very similar result
of ~ 140 ueV per step atom was obtained for Co films on vicinal Cu(001) system aRT [n our
experiment, the step-induced uniaxial anisotropy is measured, which idomaljy (i.e., at the steps)
introduced to the Co film [21, 27], and thus our results should be comsideer step atom. Accord-
ingly, the change of the anisotropy energy corresponding to the expeghyeobserveds oscillation
amplitude of maximally~ 300 Oe is estimated to be 230 ueV. Considering that the experiments were
performed at 5K, this is in very good agreement with theory.

From the comparison with theory it is clearly evident that experimentally wbdesscillations of
the magnetic anisotropy are govern by QWS formed inside of Co films. Theetiesd calculations
using the parametrical TB model [19] has an advantage that, due to its higérical efficiency, one
can diagonalize the full film Hamiltonian and through appropriate analysisAE Ndentify individual
guantum states responsible for the MA oscillations. It was found that ttidatiens originate mostly
from minority-spinAs band, doubly degenerated atpoint. This band cross the Fermi levgt at
kenv= 0.472kgz with inclusion of thesp-dhybridization and aken, = 0.43kgz in thed-band only. These
two values okeny correspond to the period$Pd=2.12 ML andL® = 2.33 ML, respectively. |.e., exactly
the same periods which are observed for oscillatégy Note that althougt.SP9 value is closer to the
one obtained byb-initio like calculations, i.e., 2 ML [20], the peridd® is almost exactly the same as in
case of our experiment, i.e., 2430.3 ML. After all, the hybridization betweespandd electrons does

86



SECTION 6.3

not affect significantly the oscillation period and amplitude of the MAE comingifthe neighborhood
of I point [19].

The situation is different in case of minority band around kheoint. Inclusion of thesp-d hy-
bridization results in significant change of the electronic band, so thab8iggms of the crossing points
with the Fermi level are modified. The corresponding periodd 8re 3.32 ML andLsPd = 5.15 ML,
respectively. Additionally, including the hybridization of tep-d electrons results in a substantial de-
crease of the amplitude of the MAE oscillations. The total oscillation amplitude o ¥&Sults from a
superposition of two contributions originating from the neighborhoodseftandM points. By con-
sidering two scenarios, with and withogp-d hybridization included, it was shown that only in case of
hybridized bands the total MCA energy oscillates with the clear period clo2éio with dominating
contribution from the neighborhood of tiiepoint [19].

Having established the mechanism of the MAE oscillations it can be expectetthéyavill decay
with increasing Co film thickness. When the film becomes thicker the energies QWS pairs existing
near thd point become closer to each other and therefore, more than one paardabute to the MAE
for a given thickness. As a consequence, the amplitude of the MA oscillatiecomes smaller. The
amplitude of the MCA oscillations is predicted to monotonically decrease with isiciggthickness of Co
film above~18 ML [19]. In this way, clear oscillations persist at least up-t80 ML. However, different
behavior is observed in the experiment. A discontinuous decrease cfditlation amplitude is observed
only after characteristic rapid drop of the shift figdd at ~15 ML (see Fig. 6.10 or Fig. 5.9b), resulting
from the strain relaxation of Co lattice [56]. As a consequence, afteliyhgisible maximum ofHs at
16.6 ML, the oscillatory behavior vanishes completely. This discrepancysiscaated with the lattice
relaxation, which is not taken into account in theoretical calculations. ttn&forementioned theoretical
reports [19, 20], the structure of Co is assumed tddhewith interlayer distances corresponding to Cu
lattice spacing. This is a good approximation, but only in the Co film thicknegmedgelow~15 ML,
i.e., before the lattice strain starts to relax. Most likely, the change of the @éxctstructure of Co
film due to the strain relaxation is not favorable for the formation such QWS,pahich can result in
oscillatory MCA. The influence of the structural relaxation on the amplitud€lAE oscillations was
also observed by theory fdcc Co films grown on vicinal surface of Cu(001) [21]. In case of Co film
for which the strain relaxation was omitted in the calculations, MAE oscillates witbriag close to
2ML (i.e., exactly as in the case of Co film on a flat surface of Cu(001)).tl@ other hand, once
the strain relaxation was included, the oscillatory behavior of MAE was bséwed anymore. This
theoretical prediction coincides with our experimental observation, i.e. 0aRIAE oscillations for Co
film thicknesses above the structural transition. It is also another comifrmahat MAE oscillations
due to QWS are very sensitive to any change of the electronic structure.

bce Co films on Au(1113) surface

It is well known that crystal structure and symmetry play a significant rotketermining the electronic
band structure. Therefore, by changing the structure symmetry of Cdrfilm fcc to bcc one can
expect also changes in magnetocrystalline anisotropy. Indeed, this tsisvblaserved from MOKE
measurements fdycc Co films grown on Au(1113) surface (Sec. 5.1.1). First of all, the stdpdad
uniaxial anisotropy is very strong in this case. The easy magnetization axigimged perpendicular to
the steps (i.e Hs is negative). Such high magnitudelaf results in difficulty in accurate determination
of the amplitude and period of the oscillations. Note that such difficulty in ceg8zE &o film grown on
Cu(1113) was overcome by depositing a minute amounts of Au, which dug&diveeinterface contri-
bution to the step-induced anisotropy, significantly reduced the magnitudgasfd brought it close to
Hs = 0 over a wide thickness range (sec.5.1.1). However, in cabeadl®o films grown on Au(1113),
in order to reduce the magnitude &, a capping layer introducing positive interface contribution to
the step-induced uniaxial anisotropy is needed, which was found dlifftche realized experimentally.
Instead, square hysteresis loops with the magnetic field applied perpandathe steps were mea-
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sured carefully, with smalAH steps, in order to determine coercivil as precisely as only possible.
The coercivity is strongly related to the magnetization reversal procestharmproperties of the domain
structure [167, 212]. Different reversal processes, like nucleatioherent and incoherent rotations and
domain wall motion, depend on shape anisotropy, magnetocrystalline apisotsachange stiffness,
temperature and film thickness. Since the precise relation between dyeaniy magnetic anisotropy is
not known in this case, no quantitative information about the anisotropygelsacan be obtained. How-
ever, since there is a certain proportionality between the coerdildtsgnd magnetic anisotropy (both,
for perpendicular and in-plane magnetization easy axis [168, 213t smialitative informations can be
extracted from the measurementHyf A dependence dfl. on magnetic anisotropy is also visible from
MOKE measurements at 5K (Sec. 5.1.1). The fact that minima of the shiftHig(gvhich is a mea-
sure of the in-plane uniaxial magnetic anisotropy) coincide with maxima of teecieity Hc at exactly
the same thicknesses of Co film, indicates that oscillatory behavior of theidteH. originates from
periodic changes of the magnetic anisotropy.

The oscillation period of the coercivity. obtained fobccCo film is equalco =4.14+0.3 ML, i.e.,
nearly double in comparison to the oscillation period of the shift fitddnd Kerr ellipticity observed in
the case ofcc Co film. As shown in Sec. 2.3, the oscillation periods determined by the wave vector
kenv Of the electron waves and can be used to identify the electronic states wehnictbate to the MAE.
In order to do that, the knowledge of the electronic structuriecafCo is obligatory. There are several
reports concerning the band structuréo€ Co.

First calculations were triggered by successfully synthedmedCo on GaAs(110) [214] and per-
formed under the assumption that tec structure is not strained [215, 216]. More recent papers have
shown however, that the true metastable phase is a body-centered riatréamd) phase [85, 217].
First-principles band-structure calculations including the tetragonal ti@ioof Co film grown on
Fe(001) surface combined with photoemssion studies were performedidgtlal. [85]. Based on
the electronic structure calculated there [85] it can be found that the miremiityAs band cros&r at
kenv= 0.24+4 0.05kgz. This corresponds to the period lof, = 4.2+ 0.3 ML, i.e., almost exactly the
same as the period of oscillatoHg observed experimentally. Note that there isdiband of another
symmetry in the neighborhood of the minority-s@ig which crossE;. Therefore, the selection of the
minority-spinAs band is unique. The majority-spiky is far below the Fermi level and is automatically
excluded, since only the bands in close vicinitygpfcan contribute to MCA energy. A clear signature of
the minority-spinAs at theEr was confirmed very recently by spin-resolved photoemissioraanditio
calculations [218].

The MAE oscillations in case dicc Co andbcc Co are related to the quantization of the same
electronic band, the minority-spifss. The period of oscillations is different in both cases because the
bands cros&r at different points of Brillouin zone (thAs band is shifted down in energy iscc Co
film with respect to thé\s band infcc Co). Note that thé\s was found to be responsible for oscillatory
magnetic anisotropy also in the case of Pd/Co system [73]. The uniqueinbe\s band comes from
the fact that its degenerated at thpoint. Therefore, the QWS of these band form intrinsic pair of states
which have energies very close to each othekfoaround the™ point and contribute strongly to MAE
whenEr lies in between the energies of the QWS pair states [19, 73].

The oscillatory behavior dfls andd as a function of thickness of Co films is also observed when they are
grown on Fe/Ag(116) system. The oscillation period in this case is egy@at 2.6+ 0.3 ML, i.e., very
similar as in the case déc Co films on Cu(1113). This indicates that Co films grown on Fe/Ag(116)
are stabilized rather iftc structure than ifbccstructure. This is because in case of the bcc Co structure,
longer oscillation period is expected,4 ML, as observed for Co films grown on Au(1113). According
to literature, Co films orbcc Fe(001) grow inbct structure with the interlayer distance contracted by
~ 8% [83-85]. On the other hand, when Co films are growrfamAg(001), fcc structure of Co is
formed [219-221]. One possible explanation of our result is that Co filmisedAg(001) grow more like

on Ag(001) (i.e., irfcc) rather than like on Fe(001) (i.e., btg. It can be justified since for thin Fe films
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on Ag(001) (5.5 ML and 13 ML of Fe in this case), the in-plane lattice congaill slightly different in
comparison to bulk Fe(001). Moreover, the large difference (of tHerasf 29%) in the lattice constant
in the film normal direction betwedmccFe(001) andcc Ag(001) may influence the growth mode of Co
on top of Fe films grown on the vicinal surface of Ag(001). Our experinoenCo/Fe/Ag(001) shows
therefore that the period of the magnetic anisotropy oscillations can be sdsbas a verification of
the electronic structure or the crystal order (since the oscillation periomlestlgt correlated with the
wavevector of the confined electronic band).

6.3.2 Magnetic anisotropy oscillations due ta-QWS in Fe films

There are a few theoretical reports concerning the MAE calculationdwascton of Fe film thickness
on Ag(001) [222] and Au(001) [223, 224]. In fact, in all those thetmal studies a sort of oscillatory
behavior of the MAE was found. However, the reason of the MAE osciliatisas not understood at that
time. This is partially due to computional limitations: in order to determine the periocgafdbillations,
the MAE has to be calculated in relatively wide range of Fe thickness. Alsf@2i?] and [223], the
fce structure of Fe with the lattice constant of Ag(001) and Au(001), rasmdg was assumed, in order
to simplify the system. This however results in substantially different vertitcatlayer distance of Fe
atoms and can change the MAE dramatically [224].

The role of QWS on MAE oscillations dfcc Fe was considered b§uo [224]. Fromab-initio
calculations forFe(N)/Aus superlattice he found the oscillations of MAE with a period~e® ML.
Thus, different than in our experiment, where= 5.35+ 0.3ML for Fe/Ag(116) and- = 6.1+ 0.3ML
for Fe/Au(1113). The oscillatory behavior of MAE calculated ®yo was ascribed to QWS fromis
minority-spin state. However, by looking at the bulk electronic structurbcoffFe [225-227], it can
be observed thahs minority-spin state cross the Fermi level at aroundk@b Thus, according to
Eqg. 2.2.3 A5 minority-spin state should result in QWS with a periocdco? ML, i.e., matching neither to
the observed in our experiments nor predictedCup[224].

As seen from MOKE measurements (Sec. Sty Fe films grown on vicinal Ag(116) and Au(1113)
surfaces show the oscillatory behavior of the the shift fididand the tilting angled as a function
of Fe film thickness at 5K. The period of oscillatiohds very similar in both cases and on average
equals 535+ 0.3ML and 61+ 0.3ML, respectively. Essentially, there are two electronic bandsmn
Fe which could possibly result in period of 5-6 ML. The minority stAge which crossEr at kepy =
~ 0.2kgz (corresponding t&. = 5ML) and the majority statés which crossEr at kepy =~ 0.165kgz
(corresponding th. = 6 ML) [225, 227]. Moreover, both of these electronic states can folSdn Fe
film grown on Ag(001), due to lack of electronic states with the same symmetryg.iiT Aerefore, based
only on the information about the period of the MA oscillations obtained fronKEE@easurements, it
cannot be distinguished, whether majodyor minority Ay state is responsible for MA oscillations.

The most direct method to measure occupied QWS is photoemission spegyrdBEs). Since
photoemission intensity is roughly proportional to the density of states, theafam of QWS mani-
fests itself as peaks in the photoemission spectrum [60]. The PES meastg@méd-e films grown on
Ag(001) were performed by Leat al. [228]. It was shown that indeed, QWS with a period~ob.6 ML
are present in the Fe film. The symmetry of the electronic band forming QW&sanedin character
has not been however uniquely specified. In order to elucidate the amgimproperties of QWS in Fe
films, the PES measurements were performed on this system very recemtkg tbhaooperation with A.
Winkelmann and coworkers at the MPI Halle [229]. The PES spectrameogded in normal emission
with two polarizations of the incident lighs,andp, i.e., with the electric field vector perpendicular and
parallel to the optical plane, respectively. Note thpblarization corresponds to the electric field vector
parallel to the surface, while fqy polarization there are two components of the electric field vector,
perpendicular to the surface and parallel to the surface, since thenh&g® is always oriented under
some angle with respect to the surface°(#®m the surface for this experimental setup). The use of
two polarizations is very useful, since it allows to specify the symmetry of thetreleic band forming
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Photoemission intensity

Fe thickness [ML]

Figure 6.11: Photoemission intensity as a function of thickness of Fe diftown on Ag(001) for chosen energies
below theEr. The positions of the intensity peaks are indicated by asrowhe photoemission spectra were
obtained at normal emission at T=160 K fepolarized incident light with energy =6 eV [229].

QWS. According to the dipole selection rules for the emission along (001gtdinein bcestructure, the
transitions are limited to only two initial state; andAs depending whether the electric field vector is
perpendicular or parallel to the surface, respectively [230, 23i]sTfors polarization, only the transi-
tions fromAs initial states are explored, whereas both types of transition, fxgendA; may occur for

p polarization [230, 231].

The photoemission intensity as a function of Fe thickness fawlarization is shown in Fig. 6.11.
The oscillations of the PES intensity confirm the existence of QWS in the vicinityeof-grmi level
of Fe. Since the QWS can be observeddqolarization, it is clearly evident that they originate from
the band withAs symmetry. Consistently with expectations based on the dipole selection rulesy simila
oscillations of the PES intensity are also observegfpolarization.

At first glance, the oscillation period of the photoemission intensity &ML (see line intensity for
E —Er = —0.20eVin Fig. 6.11). However, due to dispersion of QWS, that is the depends#rbeir
energies on the Fe film thickness, the period of oscillation is energy andhdssldependent. Note that
this dispersion is smaller than in case of typical QWS formed fspipands. Moreover, QWS diminish
rapidly with increasing Fe film thickness. This is due to the fact thagave functions are much more
localized, in comparison tspone [232]. From the intensity peaks at different energies as indicgted b
arrows in Fig. 6.11, one can notice that the positions of the peaks move sligidyd thicker Fe film
with approaching th&g. Eventually, the intensity peaks Bt— Er = —0.05eV (i.e., just below the
Er) appear respectively at 4.5 ML, ~ 8.5 ML and~ 13 ML. Hence, the period of oscillations slightly
increases with increasing Fe thickneks<{ ~ 4 ML andL =~ 4.5 ML, respectively).

Note that the electronic structure of thin Fe film grown on Ag(001) can batsfigifferent than Fe
bulk and therefore, results in a different period of oscillations of theq@Taission intensity in compari-
son to the estimated from the electronic structure of bulk Fe. With increasitigdkeess, the electronic
structure of Fe film grown on Ag(001) should converge to the electrdnictsire of the bulk Fe. Since
the oscillation period of the photoemission intensity slightly increases with iringe&g thickness, it
confirms that observed QWS originate frdx majority states (because the oscillation period increases
and therefore approaches the expected period\damajority state, i.e.L. =~ 6 ML). A verification
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of the spin character of the observed QWS fragishould be possible with future spin-polarized PES
measurements.

The question is whether the QWS observed by PES are indeed the QWSambicdsponsible for
the oscillatory MA? Prior to answering this question and comparison of therB&fts with MOKE
and XMCD results, a better understanding of the oscillatory MA is necgsdarshown in Sec. 5.1, the
oscillations of MA as seen by MOKE, are reflected in two observableg, figld Hs and tilting angle
d. Both quantities, measured for uncovered, Au-covered and Caaab\ee films are summarized in
Fig. 6.12. As explained in Sec. 2.3, a contribution to MA due to QWS shouldranainly at LT and at
specific thicknesses, at which QWS are very clogeftoBYy looking at the thickness dependencie®of
(left column in Fig. 6.12) such contributions to MA can be observed &ML and ~ 13 ML (since at
these thicknessed,changes the most in comparison to its value at RT). Moreover, in all threples,
QWS contribute to MA exactly at the same thicknesses of Fe and alwayges$tatoward more negative
values. This clearly indicates that independently of the coverage matetiad &e film, the oscillatory
part of the tilting angle remains the same (i.e., originates from the quantizatioe sathe electronic
states). By covering with Au or Co however, the perpendicular magneotaopy of the Fe film is
modified in compare to uncovered film. As a consequend@sadependence of the tilting angéeis
different (e.g., sign 0d is changed).

In particular, in case of Fe film covered with Co, the perpendicular magaeisotropy is reduced
so significantly, that SRT is completely suppressed. This allows to meastilatosy changes ob
down to 2 ML, which is not possible in the case of uncovered and AuredvEe films. The reason is
that the oscillatory dependence dfis strongly perturbed below 7 ML and ~ 5 ML, respectively, due
to approaching SRT.

An oscillatory behavior as a function of Fe thickness is also visible figy(right column in
Fig. 6.12). In particular, a large maximum bl can be observed at 13 ML for all three samples,
i.e., exactly at the same thickness at whichecomes more negative. Therefore, based on the estimated
periodicity of the oscillatory changes éfone could expect that with decreasing Fe thickness the next
maximum ofHg should occur at- 8 ML. Instead, the oscillation period éfs seems to be shortened and
the maximum ofHs is observed at 9 ML. The shortening of the oscillation period B is caused by
the perpendicular anisotropy contributing more to the total anisotropy of/tera upon decreasing the
thickness of the Fe film (in the vicinity of SRT). As shown in Sec. 6.2, as asdhe magnetization starts
to tilt out from the sample plane, it prefers to be oriented perpendicular tstépeedges (what corre-
sponds to negative values dE). Therefore, for uncovered and Au-covered Fe films, where the tilting
angle increases its absolute value to around&0- 8 ML, the magnetization is forced to be oriented
perpendicular to the step edges. This results in maximumsadt ~ 9 ML, which does not originate
from the QWS contribution to the magnetic anisotropy only.

In contrast, in the case of Fe film covered with Co, changes of the tilting amglemall (of the
order of a few degrees) and the effect of tilted magnetization on valtik sfiould be negligible. This
is exactly what is observed in our experiment. The maximutdfivhich was observed at 9 ML for
uncovered and Au-covered Fe film is now slightly shifted to lower thickné$zpi.e., to~ 8.5 ML.
Additionally, due to the lack of SRT, the oscillations ld§ can be measured for thinner Fe films than
for the uncovered and Au-covered Fe/Ag(116) samples. As a coaseg, for Fe film covered with Co,
four maxima ofHs are distinguished at 4.5 ML, ~8.5ML, ~13ML and~ 18 ML of Fe. Note that
these maxima occur exactly at the same thicknesses at which maxima in the phsitmemiensity are
observed (compare Fig. 6.11 and Fig. 6.12). This clearly indicates thatstiiéatory dependence of
Hs is govern by the same QWS, which are observed by PES. It also confirat$he oscillation period
in both: PES intensity anHls increases with increasing Fe thickness. This is why, for thicker Fe films
(above 15 ML), the oscillation period &fs has been found to be equalrs-0.3ML [22,27,161]. Such
tiny changes of the periodicity can be due to the relaxation of Fe lattice [E8f83rently, the shortening
of the oscillation period with decreasing Fe thickness is not so clearly iasén case of the tilting
angled. Therefore, the question arises: do oscillation® @ndHs originate from the same electronic
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Figure 6.12: Tilting angle d and shift fieldHs as a function of Fe thickness for uncovered, Au-covered amd C
covered Fe film grown on Ag(116) vicinal surface. The depeoiss were obtained by LMOKE measurements at

300K and 5K.

states?

Principally speaking, the tilting angle of the magnetization results from the compébigttveen mag-
netocrystalline and shape anisotropy. From the MOKE measurementsmpedi@long the step edges
(Fig. 5.4), Kerr signal changes linearly with Fe thickness indicating thattagnetization and the op-
tical constants do not oscillate with the Fe thickness. This confirms, that meagystalline anisotropy

is the only reason for the oscillations &f As mentioned in Sec. 6.2, magnetization can be tilted only
within vertical plane peprendicular to the step edges. Therefore, gelwdd arises from change of the
MCA energyEmca (001) — Epca(100), i.e., the difference in the MCA energy between perpendicular to
the terraces plane and in the terraces plane perpendicular to the stepredgectively (see Eq. 6.2.3).
Note, however, thad can change either due to changégia (001) or Eyca(100). E.g., the increase of
the absolute magnitude éfcan be caused either by increasé&gQta (001) or alternatively, by decrease

of Emca (100) .
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As can be seen in Fig. 6.12, for thicker Fe films (abev&0 ML), the maxima of the absolute
magnitude ofd coincides with the maxima dfls. Such coincidence in the oscillations Hf and
can be understood as follows. For posithig (i.e., the easy axis of magnetization parallel to the step
edges), the increase B, corresponds to the larger magnetic field which has to be applied perpkemdicu
to the step edges in order to switch the magnetization. In other words, ldggaeans that the axis
perpendicular to the steps'isarder” (i.e., the energ¥mca (100) is smaller). If the axis perpendicular
to the steps iSharder", alsod should increase, because the direction perpendicular to the steps become
less favorable. Nevertheless, for Fe films covered with Co (i.e., in thevdasee there is no SRT and
oscillatoryd andHs can be measured down to 2 ML) such correlations betvdeandHs does not exist
below ~ 8 ML. This is most likely due to the fact that with decreasing Fe thickness, G& knergy
perpendicular to the terraces plaagca (001) changes as well, and in consequence, the dependence of
0 is not solely govern by changes of the MCA energy in the terraces plamepdicular to the step
edgesEnca(100). This can results in different period of oscillations with respect tdHs, which is
however artificially produced and originate from the superimposed @saofEpca (001).

The discussion above, concerning the correlation of the oscillatorywlmehatf Hs and é was car-
ried out with the assumption that the axis perpendicular to the step edgendsbarder” at specific
thicknesses of Fe (i.eEmca(100) becomes smaller). Note however tlivtis a measure of the uniax-
ial in-plane anisotropy (i.e., the energy difference between two in-plaigaetization orientations) and
therefore, largeHs could be also equivalently explained by the situation when the axis paralletto th
step edges becomésasier” (i.e., Euca (010) becomes larger).

In order to verify, whether oscillatory changes®&ndHs are caused by changeskyica (100), the
information abouEyca for each particular crystalographic direction can be obtained from XMt@-
surements. As shown in Fig. 5.20a, the oscillatory behavior of the orbital mosiebserved mostly
along one specific direction: in the sample plane perpendicular to the step.ebgte that a sort of
oscillatory behavior can be also observed iy, along the step edges, however with much smaller am-
plitdue and only below~ 10 ML of Fe. In a first approximation, the in-plane orbital magnetic moment
is determined by the out-of-plameorbitals ofdy, anddy, symmetry [137]. These two orbitals form the
electronic bands with thAs symmetry [234]. Therefore, the periodic changes of the in-plane orbital
moment obtained from XMCD should be correlated with the periodic charfghe As electronic band,
i.e., the electronic band which shows oscillatory photoemission intensity asaofuof Fe thickness
(Fig. 6.11). This is a direct experimental prove, that the quantizatidg.ody, orbitals leads to the quan-
tization of the in-plane orbital magnetic moment and in consequence, to osgIlMAE as a function
of Fe thickness.

In order to compare oscillatory behavior of,, with MOKE measurements, it is more suitable to
follow changes of the anisotropy of the orbital momamty,, rather than ofmy,y, itself. The dependence
of the anisotropy of the in-plane orbital momeénin,,y, (i.e., the difference betweemy,, along the step
edges andmy, perpendicular to the step edges) on Fe thickness is shown in Fig. 6.k Miaxima in
the anisotropy of the orbital moment can be distinguished VL, ~ 8.5 ML and~ 12.5ML, i.e., at
the same thicknesses of Fe (within the experimental erfd8 ML), at which maxima oHs and maxima
of PES intensity are observed. This indicates that changes afrtheas a function of Fe thickness are
due to QWS and that they result in oscillatory behavior of the shift figJchnd the tilting angled.
Note that similarly as in the case B, at 5K, the maximum o my, at ~ 8.5 ML is of much smaller
amplitude than the maximum at12.5 ML. As discussed before, this can be due to the influence of the
tilted magnetization on the in-plane orientation of the magnetization. Interestinglynaximum ofA
myrp at ~ 8.5 ML originates from increasedn,,, parallel to the step edges, i.e., differently than in the
case of the maxima at 5 ML and~ 12.5 ML, that originate from the decreaseq,, perpendicular to
the step edges.

In the case of Fe films on vicinal surfaces, the symmetry is broken by ragolao-atomic steps and
as a consequence, the MA is more complex in comparison to Fe films on atomidadiyrfieces. For
a ferromagnetic film showing four-fold symmetry, like Fe films on atomically fla0®4), thed,, and
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Figure 6.13: The in-plane anisotropy of the orbital momenim,, = m‘olrb -mg,,, as a function of thickness of Fe
film grown on Ag(116) obtained from XMCD measurements at 5 isaturation. The corresponding changes of

the magnetocrystalline anisotropy energy were calculatedrding to MAE= —a &A Morb , Wherea = 0.07
andé = —54 meV (see text for details).

dy, orbitals are degeneratedConsequently, it results in the same values of the in-plane orbital moment
along the corresponding two directions. This is why there are two equohialglane easy axes in such
ferromagnetic film. Differently, for a ferromagnetic film with two-fold symmetie Fe films grown on
vicinal Ag(116) surface, degeneracy of tthe anddy, orbitals is lifted due to anisotropy of the crystal
field [235]. In other words, the orbitals elongated in the direction pelipalat to the steps have different
charge distribution in comparison to the orbitals elongated in the direction painallsteps. This is why
the in-plane directions parallel to the steps and perpendicular to the steepstagquivalent and the
uniaxial step-induced anisotropy is present in such system. Sina#tlaeddy, orbitals are split in
energy, itis not surprising that the oscillatory behavior of the orbital rmagmoment in our experiment
is found to be different when probed parallel to the step edges andnmdigolar to the step edges. Our
results show that the orbitals within vertical plane along the steps (whiclespemsible for the orbital
magnetic moment perpendicular to the steps), result in oscillatory MA due to.@W®ntrast, the
orbitals within vertical plane perpendicular to the steps (which are regperier the orbital magnetic
moment parallel to the steps) are shifted in energy in such a way, thattcamtabute significantly to
the MAE due to their quantization.

Considering the symmetry of our vicinal surface one can also expeabtimafion of the QWS with
the in-plane wavevectde perpendicular to the steps (since the steps are separated from eaabndthe
by 3 interatomic distances). Therefore, orbitals within vertical plane pelipelar to the steps can be
confined and in consequence, have different energy than orbitalswihtical plane parallel to the
steps. Note that suchin-plane” QWS should not change their energy with increasing Fe thickness if
the terraces at the surface of growing film reflect the terraces of therate and their width remains
constant.

It should be noted that the first maximum &fmg, at ~5 ML is much larger than other maxima
because originates not only from QWS contribution to MAE but also refeectsange of the MAE due

*Note that this degeneracy can be lifted by spin-orbit interaction [71].
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to the SRT from in-plane to out-of-plane orientation of magnetization with dsarg film thickness. As
shown in Fig. 4.6, due to broken symmetry of the system, the measurementsXAishspectra in6
and—60 geometry can result in different values of the orbtial magnetic moment, whezatlyeaxis of
magnetization is tilted out of the sample plane. In particular, with approachirgRiethe easy axis of
magnetization rotates towafti1g crystalographic direction within the vertical plane perpendicular to
the steps (as shown in Sec. 5.3.1). This means, that in the thickness edwge 3 ML and 6 ML, the
easy axis of magnetization is nearly perpendicularly oriented to the incid@gtwector, when measured
with the incidence angl@. As a consequence, the valuesmf, in this thickness range are reduced. The
observation of the sharp minimum-ats ML in the mg, value perpendicular to the steps (Fig. 5.20 (a))
, I.e., at the thickness at which first QWS in PES experiment is observecaiad a strong change of the
Merp due to QWS contribution to MAE. Interestingly, at the same thickness of Fapid change of the
domain size was observed by SPLEEM measurements (Fig. 5.24). Sindeetwd domains depends
on the MAE, it might be another indication of the QWS contribution to the MAE gilly, that such a
rapid change of the size of domain is observed exclusively at lower tetoper

As shown by Bruno [11], the anisotropy of the orbital magnetic moment iggutimnal to the MAE.
Therefore, obtained dependencelofn,, can be recalculated to MAE according to Eq. 2.1.4. As
mentioned in Sec. 2.1.1, the formula derived by Bruno [11] has to beateddy including the majority
band contribution to MAE and the presence of spin-flip terms [34]. Thesebsrections can be taken
into account by including the numeric correctiarior Fe [235,236] into Eq. 2.1.4. Eventually, the MAE
can be calculated as follows: MA:E—O{&A Mgrb , Wherea = 0.07 andé = —54 meV is thespin-orbit
coupling constanf235, 236]. The calculated values of the MAE are indicated on the rigetaidhe
plotin Fig. 6.13.

Summarizing, by combination of the PES, MOKE and XMCD studies, the symmatrg@n character
of the electronic band responsible for the oscillatory MAEWoc Fe has been determined. The oscilla-
tory behavior of MAE with increasing Fe thickness is a direct consequehthe quantization of thas
majority-spin band. SincAs electronic band is representeddyy, dy, out-of-plane orbitals, the periodic
contributions to the MAE due to QWS are governed by the in-plane orbital etiegmoment. Due to
broken symmetry of vicinal surface, the periodic changes of the orbitghatec moment are clearly
visible only along one in-plane direction, perpendicular to the step edge.relultant changes of the
magnetic anisotropy modulate shift figfld and tilting angled of magnetization as a function of Fe thick-
ness. The oscillation period, both for QWS itself and MAE, increases witle@sing Fe thickness and
on average is equal3=+ 0.3ML (where the average is performed within the Fe thickness range from
~ 3ML to ~ 18ML). Note that the oscillatorjls and é on thickness was also found for Fe films on
Au(1113) (see Sec. 5.1). The oscillation period in this case is slightly l&gérl ML on average) and
similarly as in the case of Fe/Ag(116), increases with increasing film thick&ightly different period

of the oscillations for Fe/Ag(116) and Fe/Au(1113) is most likely due to thediffigrence in the lattice
mismatch of Fe with respect to the substrat@¥ and 06% for Ag(001) and Au(001), respectively).
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6.3.3 Magnetic anisotropy oscillations due t@p-resonant states in Cu films

As mentioned in Sec. 2.3, the oscillatory MAE can be caused not only by @wWigfl in FM layer, but
also by QWS formed in NM layer, adjacent to FM layer. Although the resuftanibd of MA oscillations

is related to the electronic structure similarly in both cases (Eq. 2.2.3), the meecheoncerning peri-
odic changes of MA due to QWS is different. The results presented irbSe2.show that at LT, the shift
field Hs oscillates as a function of Cu thickness overlayer grown on Co/Cu(1driBlre/Ag(116) with a
period of 58 + 0.3 ML and 6+ 0.3 ML, respectively. Identical periods were observed by photoemission
and inverse photoemission experiments carried out for Cu films on Coéil}e(001) [63, 75, 76].
Moreover, the maxima of the photoemssion intensity at the Fermi level wergteidfer the same thick-
nesses of Cu [63, 75, 76] as the maximaHafin our experiment. This suggests that QWS formed in
Cu are responsible for the oscillatory MA of the ferromagnetic film (Fe oru@alerneath. In this sec-
tion, based on experimental observations shown in Sec. 5.1.2 and tleeergtical calculations [25], the
mechanism of oscillatory MAE due in Cu/Co and Cu/Fe bilayers is discussed.

The calculations of MAE for Cu/Co bilayer system using a realistic tight-bindindel show that the
oscillations of MA with an increasing Cu thickness are a consequence mthaant effect betweep
QWS in Cu andl-bands in Co. The-bands in Co are split into minority and majority states in such way,
that their hybridization wittsp-QWS from Cu occurs only in minority-spin channel [172]. This results
only in partial confinement a§pminority states and so called resonant states are formed [171,172,237].
The resultant states spanning over the whole Cu/Co bilayer are localizety nma®o, but also have
significant components in Cu. Within the Cu film, the probability amplitude of thesesstdepends on
the distance from the Cu surface in an oscillatory way [172].

The phase of such resonastates localized in the Cu part of the bilayer is different at the Cu/Co
interface for different Cu thicknesses while being almost fixed (indégetnof Cu thickness) at the
Cu/UHYV interface. As a result, the amplitude of thesgestates at the Cu/Co interface oscillates as
the Cu thickness increases. This modifiessped hybridization across this interface betwegmstate
component localized in Cu (which is minor), adestate in Co (dominating one). As a consequence,
oscillatory changes of the energies of the hybridizeddGates with increasing Cu thickness are ob-
served (see Fig. 6.14(b)). Such changes in electronic structure ircthigywof the Fermi result in period
modulation of MAE as a function of Cu thickness as shown in Fig. 6.14(a.MAE was calculated by
applying perturbation theory (see Sec. 2.1.1) for Cu on Co(001) fitdcias a energy difference with
the magnetization pointing two orthogonal directions (i.e., perpendicular tathple plane and in the
sample plane).

In view of the second order perturbation theory, each pair of the éged@md unoccupied states of the
energies close to the Fermi level can contribute to MAE. Therefore peadiiunoccupied) states shown
in Fig. 6.14(b) can contribute to the anisotropy energy if coupled to any oth@ccupied (occupied)
electronic state of the energy closeBp. The energy distance between the coupled states decreases
when the energy of the resonant state approaghesAfter crossingEg, the resonant state becomes
unoccupied, but can still couple to the other, occupied state. With incge@sinthickness, the resonant
state shifts to higher energies. Eventually, the energy distance betwdendupled states increases
and there is no contribution to MAE. In this way, the maximum contribution to MAEucx for the
thicknesses of Cu, at which resonant states cEpséi.e., at which the energy distance between the
coupled states is the smallest). This mechanism can be observed in Fig.d.1de €nergies of the
resonant states close to the Fermi level the MAE values are the largest KXE is negative, enhanced
anisotropy corresponds to minima). A similar mechanism of the magnetic anigasgplations with
increasing Cu thickness should also be valid for Cu/Fe bilayers. The d@fdyethce is that in this case,
spstate in Cu hybridize mostly with majority-spihband in Fe [238].

The periodLc, of MAE oscillations is identical to the period with which resonapstate (coupled
with d state) cros€r. ThereforeLcy can be derived from the equation 2.2.3. Tpresonant state
originate from the bulk Cu band with; symmetry close to thX point in the 3-dimensional Brillouin
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zone and croskr at keny= 0.173kgz [76]. It corresponds to the period of oscillatiobs, = 5.8 ML,
i.e., the same as the oscillationstbf observed in the experiment.

The oscillatory contribution to MA is expected only if thdeQWS in Co is distant fronfeg by less
than the magnitude of its energy changes due the varying Cu thicknesse ssicle energy range is
found to be minor, the oscillations arise in small regions in the 2-dimensional @rillmone near the
k|| points at which QWS in Co crods-. This explains why the oscillatory contribution to MAE can
disappear even with a small increase in temperature (i.e., if thermal fluctuétiaosne comparable
with the energy changes due to QWS in Cu). This is why the oscillatioh; @fre not visible in the
experiment performed at RT (see Sec. 5.1.2).

In Cu films on Co(001) surface there exist also other QWS, with shortamdieity of ~ 2.6 ML,
observed around theeckof the Fermi surface [74,239-241]. These states however are ffieceéwely
reflected at the interfaces, i.e., do not hybridize with Co bands. Lack Afostillations with this
periodicity is therefore not surprising and confirms that the resongettdietweersp states from Cu
andd states from Co is crucial for modulation of magnetic anisotropy. Note thettedf hybridization
of spstates in Cu has also significant impact on strength of the interlayer exxbangling (IEC) [239].
In contrast to MA oscillations, the dominating contribution to the IEC comes framwitinity of the
neck(i.e., with the shorter period), while the long period $.8 ML) coming from the vicinity of the
belly is negligible. This is because ordgp states from the vicinity of theeckFermi surface form "true"
QWS (not resonant states).

The oscillations ofHs as a function Cu thickness were experimentally observed before [B3, 24
however by measurements only down to 170 K and solely for Cu grown é@8u@@01) vicinal sur-
face [23, 24]. According to theory, the MA oscillations supposed to bestituagest at lower tempera-
tures both, due to QWS formed inside nonmagnetic layer and modulating the Mégththe interface
with ferromagnetic layer [73], and due to QWS formed in the ferromagnetia [A@3. This is why,
previously measured MA oscillations as a function of Cu film thickness aKlg@sses significantly
smaller amplitude [23, 24], in comparison to the oscillations obtained in our iexget carried out at
5K.
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The fact that hybridization of the electronic states plays an important roleinabe of oscillatory
magnetic anisotropy of Cu/Fe and Cu/Co bilayers can also be helpful inrstadding of other such
NM/FM systems, where oscillations due to QWS are expected. In particuldreinase of Au over-
layers grown on Fe/Ag(116), where no indication for the oscillatory MAlsesved (Sec. 5.1.2). The
lack of MA oscillations in the case of Au/Fe bilayer is most likely related to presef "true” QWS
(not resonant states) [13,174-177]. As a consequence, QWSAtolayer cannot hybridize witll
electrons from Fe layer and therefore, periodic contribution to MA asetilon of Au thickness cannot
be observed.
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Conclusion

In this thesis, we investigated the magnetic anisotropy in ferromagnetic thin filmslbas in nonmag-
netic/ferromagnetic bilayers grown on vicinal surfaces. In particulardemonstrated that the confine-
ment ofd-electrons in ferromagnetic films leads to magnetic anisotropy oscillations astofu of film
thickness. We identified the symmetry and spin character of the electromis besponsible for the
oscillations and have shown the influence of temperature on the amplitudeasfdiliations.

The period of the magnetic anisotropy oscillations is related to the electronatusuand is de-
termined by the wavevector of the corresponding quantum well states J@WBe Fermi level. The
fact that different oscillation periods are observed in different sysieonfirms the correlation between
QWS and oscillatory magnetic anisotropy. The obtained oscillation periodsaresponding confined
electronic bands are summarized in Table 7.1. We conclude that oscillatithes mfagnetic anisotropy
as a function of thickness of ferromagnetic Co and Fe films are a direséqaence of the quantization
of the A5 electronic band. Thés band consists adl, dy, out-of-plane orbitals and its contributions to
the magnetic anisotropy energy with increasing film thickness manifest irgebani the in-plane orbital
magnetic moment. Due to the broken symmetry of the vicinal surface, perioditgeb of the orbital
magnetic moment are clearly visible in our experiments only along one in-plaaaidir, perpendicular
to the step edges. We have shown that even minute differences in the latticechibmtaveen the film
and the substrate, such as found betweare films grown on Ag(116) and Au(1113) or betwden
Co films grown on Cu(1113) and Fe/Ag(116), can modify already the elgictstructure and as a con-
sequence, the period of the magnetic anisotropy oscillations. The reusramarized in Table 7.1,
which shows the different oscillation periods in films grown of differeristrates.

System bccFe film grown on fcc Co film grown on | beceCo film grown on
Ag(116) | Au(1113)| Cu(1113)[ Fe/Ag(116) Au(1113)
Oscillation period 535+0.3| 6.1+03 | 23+0.3| 2.6+0.3 41+0.3
Confined electronic bangd  As majority-spin As minority-spin As minority-spin

Table 7.1: Measured oscillation periods and the electronic banddrgao the formation of QWS, which con-
tribute periodically to the magnetic anisotropy with ireseng film thickness.

The oscillatory magnetic anisotropy due to QWS in ferromagnetic films has beeretltally inves-
tigated infcc Co films [19-21]. Our results on such Co films are in excellent agreementhéttheo-
retical predictions. Besides confirming the oscillation period, we havellgquamfirmed that a strong
temperature dependence is only observed at those thicknesses foIQWNis significantly contribute to
magnetic anisotropy.

Based on the results from FeCo alloys we have shown that the formationgsfetiaanisotropy
oscillations is very sensitive to the film morphology and to the structural retexaf the film. In
particular, forfcc FeCo alloys grown on the Cu(1113) surface, the decrease of the tisnianplitude
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with increasing Fe content is ascribed to changes in the interlayer veistahde. We also demonstrated
that the mixing of Fe with Co leads to strong in-plane uniaxial anisotropy withdkg magnetization
oriented perpendicular to the step edges.

This work also sheds light on the effect of QWS in a nonmagnetic overtayére magnetic anisotropy
of the underlying ferromagnetic film. Experimentally, an effect had so ffidy been reported for Cu
films grown on the vicinal surface of Co/Cu(001) [23, 24]. In refeen[23, 24] it was observed that
the oscillatory magnetic anisotropy consists of two periods, of 2.4 and 5.4Mich correspond to two
extreme points of the Cu Fermi surface, namely, the "neck" and the "bdllyt. results on the same
system demonstrated however that only oscillations with a single period af 5.8 ML are visible.

In addition, we observed anisotropy oscillations with nearly exactly the samedp namely of 6.0t

0.3 ML, for Cu overlayers grown on Fe/Ag(116). Our observatiorscanfirmed by recent theoretical
calculations presented in this thesis [25]. These calculations found thas¢iiations of the magnetic
anisotropy energy with increasing Cu thickness are a consequeneetnfiitydization between resonant
spstates in Cu and states in Co. Although QWS with a periodicity of around 2.4 ML indeed exist in
Cu films [74, 239], they do not hybridize withstates in Co and as a consequence, do not influence the
magnetic anisotropy. The absence of hybridization of the electronic st loe also concluded to
be responsible for the lack of magnetic anisotropy oscillations in our expetriomeAu film grown on
Fe/Ag(116).

Besides demonstrating the presence of oscillatory magnetic anisotropy@uéSopthe results presented
in this thesis provide new insight into spin reorientation transition (SRT) phena. While previous
studies of SRT in thin films grown on vicinal surfaces have mostly concedtmatgarameters such as
thickness and temperature required to obtain a magnetization perpendictharftion plane, little or
no attention was paid to the interplay between perpendicular and in-planestitagnisotropies. We
showed here that for Fe films grown on Ag(116) this interplay significariicts the orientation of the
easy magnetization axis and the domain structure. It is observed thatreassthee magnetization starts
to tilt away from the sample plane, it is exclusively oriented perpendiculaetstdp edges. This implies
that the change of the easy magnetization axis from in-plane to out-of-jaaecompanied by the
switching of the in-plane magnetization component into the direction perpédadiouthe step edges. In
addition, our domain structure studies demonstrated that the change of thetipaijon orientation from
in-plane to out-of-plane proceeds via a continuous rotation of stripe demioreover, the direction
of the magnetization rotation is well defined and can be tuned by altering thizveedtrength of the
uniaxial perpendicular anisotropgés and the step anisotrog¢s,. For instance, through the deposition
of an Au capping layer, we showed that the uniaxial perpendicular tanjigoKs is reduced and the
direction of the magnetization rotation can be reversed. In contrast tottiteoroof the magnetization
from in-plane to out-of-plane, the in-plane orientation of the magnetizatiangds discontinuously via
a state of coexisting phases with only two possible magnetization orientatiopengéular to or along
the step edges. A phenomenological model discussed in the thesis destitdbimagnetic anisotropy
of ferromagnetic films on vicinal surfaces, successfully predicts thentatien of the magnetization
observed in our experiments and can equally be applied to other systems.

The results presented in this work open the possibility of further experiamtatheoretical investi-
gations in the field of oscillatory magnetic anisotropy and QWS arising fidrands in ferromagnetic
films. It is particularly interesting for example to investigate the effect of etefilds on the oscillatory
magnetic anisotropy. Since electric fields affect magnetic anisotropy byngltéie density of states at
the Fermi level [242], one can also expect external electric fields toeimile QWS frond-bands and
thereby oscillatory magnetic anisotropy. The control of the magnetization laysnef electric fields
is considered attractive because of its simplicity, low power consumption@retent behavior. Very
recently it was shown that it is possible to coherently switch the magnetizaiiog wdtage pulses [6].
As shown in reference [6], a key requirement for achieving voltagedad magnetization reversal is
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the use of system with tilted magnetization. In this work we have shown thatesigatlle value of the
tilting angle of the magnetization can be achieved by the appropriate choice filiththickness or of
the nonmagnetic capping layer. Such systems could therefore be eskarftidiire investigations of

voltage-induced magnetization switching.
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