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CHAPTER

ONE

Introduction

Over the past decades, the study of magnetic thin films has brought significant contributions to the fun-
damental understanding of the physics of magnetism along with the advent ofspintronics and important
applications in magnetic storage media [1–6]. In this context, magnetic anisotropy is a key property
of ferromagnetic films. Indeed magnetic anisotropy determines the easy magnetization direction of a
ferromagnet and is thus decisive for the magnetization reversal in external fields or by means of spin-
polarized currents. Understanding why the magnetization favors a givendirection in a particular system
is therefore crucial to engineering specific desired properties in magneticstructures. Magnetic anisotropy
is directly related to the electronic structure and it is determined by thed-electrons at the Fermi level.
Thus, any changes in thed-electron band structure are expected to result in changes of the magnetic
anisotropy. Several possibilities allow to manipulate the electronic structure in order to achieve a desired
configuration of the magnetic anisotropy. Since the electronic structure is sensitive to the crystallographic
symmetry and chemical surrounding, it can be modified for instance by tetragonal distortion [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 introduced byquantum well states (QWS).
QWS are realized in thin films through electronic confinement by potential barriers at the interfaces. In
a more general context, the presence of QWS in metallic nanostructures hasbeen shown to be at the
origin of many intriguing phenomena, such as interlayer exchange coupling[1, 11], oscillations of the
superconducting transition temperature [12], oscillatory magneto-optical Kerr effect [13, 14], thermal
stability on the atomic level [15], oscillatory tunneling conductance [16], surface reactivity [17], and
the modulation of the Kondo resonance [18]. These observations indicatethat as the film thickness is
increased, the electronic band structure can be periodically modified by thepresence of QWS. Hence
one can anticipate that in the presence of QWS originating fromd-band electrons in ferromagnetic thin
films, periodic changes in the magnetic anisotropy should occur due to the evolution of the QWS with
increasing film thickness.

The results presented in this work contribute to the general understandingof QWS 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 predictedin Co/Cu(001) sys-
tem [19–21]. Here we provide the first experimental confirmation of thosepredictions. We also present
the results concerning the magnetic anisotropy oscillations inbcc Fe films, the only system for which
such oscillations have been observed experimentally up to now [22]. The systematic Magneto-Optical
Kerr Effect (MOKE) studies on several film/substrate combinations lead to an understanding of the fun-
damental mechanisms responsible for changes in magnetic anisotropy due to the presence of QWS. In
particular, the period of the anisotropy oscillations determined in our experiments allows to associate the
origin of the anisotropy oscillations to specific electronic bands. We demonstrate that the oscillations of
the magnetic anisotropy in our ferromagnetic films are a direct consequenceof the quantization of thedxz,
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CHAPTER 1

dyz electron orbitals. In addition, we show that the measured oscillation amplitude ofmagnetic anisotropy
strongly depends on temperature and we discuss this effect in view of second order perturbation theory.

The magnetic anisotropy can be changed not only through QWS formed in theferromagnetic
films, but also through QWS in the nonmagnetic overlayers grown on the underlying ferromagnetic
films [23, 24]. The results of such nonmagnetic/ferromagnetic bilayer systems are also presented in
this work. In particular it is shown that the mechanism governing the magnetic anisotropy oscillations
is substantially different in nonmagnetic/ferromagnetic bilayers as comparedto ferromagnetic layers.
By combining the experimental results with recent theoretical calculations [25] we show that the hy-
bridization of the electronic states plays a decisive role in the case of oscillatory magnetic anisotropy in
nonmagnetic/ferromagnetic bilayer systems.

As proposed by Bruno [26], a direct connection between the orbital moment anisotropy and magne-
tocrystalline anisotropy can exist. In this respect, the orbital magnetic moment provides a link between
electronic orbitals and magnetic anisotropy, determining the preferred spin orientation direction. It is
therefore essential to verify whether the formation of QWS influences the orbital magnetic moment.
For this purpose, X-ray Magnetic Circular Dichroism (XMCD) measurements have been performed. In
particular we show here the first experimental observations of the quantization of the orbital magnetic
moment due to QWS.

Quantitatively, the effect of QWS on magnetic anisotropy is expected to be rather small. Thus, the mea-
surements presented in this thesis require a large sensitivity to small changesin the magnetic anisotropy.
To this effect, the ferromagnetic films were grown on vicinal surfaces which causes the lowest-index
crystallographic directions to be non-equivalent. In this way, MOKE measurements on vicinal surfaces
allow to determine both the period and the amplitude of magnetic anisotropy oscillations [22, 27]. In
addition, we demonstrate that QWS affect not only the magnitude of the magneticanisotropy energy but
also the orientation of the easy magnetization axis. Indeed, the presence ofsteps on the vicinal surfaces
leads to a complex behavior of the magnetic anisotropy. We show that the magnetization direction can
alternate into/out-of the sample plane with film thickness and moreover, that oscillatory switching of the
easy magnetization axis between two orthogonal in-plane directions can alsooccur. The orientations of
the magnetization derived from MOKE are interpreted using the assumption ofa single domain state.
A better understanding of the magnetic anisotropy of ferromagnetic films grown on vicinal surfaces is
achieved through studies of the domain structure by using Spin-Polarized Low Energy Electron Mi-
croscopy (SPLEEM) [28]. With SPLEEM, we show how the orientation of the easy magnetization axis
is related to the domain structure.

This thesis is organized as follows.Chapter 2 describes the main theoretical aspects of magnetic
anisotropy, quantum well states and the expected relation between these twophenomena.Chapter 3
is dedicated to sample preparation and characterization of the growth mode and morphology, investi-
agted by Low Energy Electron Diffraction (LEED) and Scanning Tunneling Microscopy (STM). The
experimental methods used to study the magnetic properties of the investigated thin films 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 thickness forfcc andbccCo,bccFe and
fcc FeCo alloys. It is also shown how the magnetic anisotropy of the ferromagnetic films changes upon
covering with nonmagnetic Cu and Au overlayers. In section 5.2, XMCD results on Fe/Ag(116) are
presented. We show how the spin and orbital magnetic moment values as well as the magnetization ori-
entations change upon increasing Fe film thickness. The last section of theexperimental results present
studies on the domain structure in Fe/Ag(116) and Co/Cu(1113). The results in this section show how
the domain structure evolves upon increasing the film thickness and corresponding changes of the orien-
tation of the easy magnetization axis between two in-plane directions and between the out-of-plane and
the in-plane directions. In particular, we discuss the specific changes caused by covering the ferromag-
netic films with Au. The most important experimental findings reported in this thesisare discussed in
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chapter 6. The experimental conditions, which have to be met to observe the anisotropy oscillations as
well as the influence of film morphology on the magnetic anisotropy are discussed in section 6.1. In-
deed, the formation of QWS and the resulting oscillations in magnetic anisotropy depend on the quality
of the interfaces and require appropriate sample preparation conditions.In this section we also explain
how hysteresis loops measured by MOKE can be affected by the complex magnetic anisotropy present
in ferromagnetic films grown on vicinal surfaces. In section 6.2, a phenomenological model describing
the spin reorientation transition in ferromagnetic films on vicinal surfaces is compared with our experi-
mental results. Finally, the results pertaining to oscillatory magnetic anisotropy are discussed in section
6.3. We demonstrate that the magnetic anisotropy oscillations observed in our experiments as a function
of ferromagnetic film thickness are indeed caused by the quantization ofd-electron bands. We discuss
how the oscillation period depends on electronic structure and how the oscillation amplitude changes
with varying temperature. The discussion part closes with the interpretation of the oscillatory magnetic
anisotropy in nonmagnetic/ferromagnetic bilayer systems.
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Theoretical background

2.1 Magnetic anisotropy

It is known that the magnetizationM of a ferromagnet tends to lie along one or several preferred axes,
called the easy axes. The magnetic anisotropy (MA) is defined as the energy that it takes to rotate the
magnetization from the easy into the hard direction. In the following, we distinguish only two types of
the magnetic anisotropy:

• The magnetocrystalline anisotropy, which originates from the non spherical charge distribution in
conjunction with spin-orbit interaction.

• The shape anisotropy, which originates from the dipolar interaction and depends entirely on the
sample shape.

In common phenomenology other types of MA can be distinguished like magneto-elastic anisotropy
or surface anisotropy. On a microscopic level, however, they arise from the same mechanism as the
magnetocrystalline anisotropy.

2.1.1 Magnetocrystalline anisotropy

Van Vleck was the first to propose that magnetocrystalline anisotropy (MCA) in transition metals arises
from the spin-orbit (SO) interaction which couples the isotropic spin moment toan anisotropic lattice
[29]. In order to quantitatively link bonding anisotropy with MCA,d-orbitals are used for the description
of the bonding. Their energetic positions and splitting is described by the independent electron ligand
field (LF) theory or the electronic band structure. The electronic states created by the crystal potential
alone possess no orbital moment, since alld-orbitals have a perfect balance of substates with magnetic
quantum numbers+ml and−ml . 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 describes the coupling between the
spin moment and the orbital moment. The SO term naturally arises when the Dirac equation is evaluated
up to order(υ/c)2 in the nonrelativistic limit [30,31].

HSO= ξ (r)S ·L =− eℏ2

2m2
e

1
r

dΦ(r)
dr

L ·S (2.1.1)

whereΦ(r) = Ze/4πε0r is the electrostatic potential of the nuclear charges+Ze andS andL are the
vector operators of the spin moment and the orbital moment, respectively. The expectation value

ξ = 〈ξ (r)〉=
∫ ∞

0
R3d(r)ξnl(r)R

∗
3d(r)r

2dr (2.1.2)
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SECTION 2.1

is called thespin-orbit coupling constant. The value of the SO interaction energy for the ferromagnetic3d
transition metals is of the order of 10 - 100 meV, i.e., significantly weaker than theexchange interaction
(∼1 eV) and the ligand field interaction (a few eV). A total magnetic moment has two contributions
arising from the spin and the orbital momentmtot = mspin+morb. In ferromagnetic metals, the spin
moment is about ten times larger than the orbital moment. The spin moment is intrinsicallyisotropic
since the exchange interaction is isotropic. Through SO coupling, the small orbital moment which is
"locked" into a favorite direction by the anisotropic bonding of the lattice, directs the spin moment along
a favored lattice direction. The SO coupling for the ferromagnetic metals keeps the orbital 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 SO HamiltonianHSO, with the
magnetization pointing in two different crystallographic directions. Since the SO interaction in3d tran-
sition metals is over an order of magnitude smaller than the exchange interaction and the ligand field
interaction, it can be treated to a good approximation by perturbation theory [26, 32]. The correction to
the energy of a thin film to the lowest order (i.e., second order for the energy correction since the first
order correction vanishes due to time reversal symmetry [26,33]) is given by:

δE(θ ,ψ) =
1
2 ∑

k
∑
nσ

∑
n′σ ′ 6=nσ

f (εnσ (k))− f (εn′σ ′(k))
εnσ (k)− εn′σ ′(k)

∣∣〈nσk|HSO(θ ,ψ)
∣∣n′σ ′k

〉∣∣2 (2.1.3)

where f (ε ,T) = 1/
{

1+exp[(ε − ε f )/kB T]
}

is the Fermi-Dirac occupation factor,|nσk〉 and |n′σ ′k〉
denote the occupied and unoccupied electron eigenstates, respectively, while εnσ (k) and εn′σ ′(k) are
their corresponding energies. The coupling between pairs of occupied(or unoccupied) states does not
need to be considered since the spin-orbit terms cancel each other for any such pair [26]. As can be
seen from expression 2.1.3, MCA energy is inversely proportional to theenergy difference between
the occupied and unoccupied states. Therefore, a significantly enhanced MCA can be expected for an
electron configuration where one of the states is just below and another just above the Fermi energy.

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

δE ≈−1
4

ξ (r)Ŝ·
[〈

L ↓
〉
−
〈

L ↑
〉]

(2.1.4)

whereŜ is the magnetization direction along the unit vector of the spin magnetic moment andL ↓(↑) is
the orbital moment vector of the spin down (up) band.

Following the approximation made by Bruno [26], in which the majority spin band is completely
filled, its orbital moment vanishes andδE is directly proportional to〈L〉. Although for metals with a
nearly filled band this often accounts for the main contribution to the MCA energy, in a detailed analysis
the orbital moments of the spin up and spin down bands have to be taken separately into account [34].
Furthermore, in proper analysis, additional term which accounts for the spin-flip excitations between the
exchange split majority and minority spin bands has to be included, as shown by Laan [34].

2.1.2 Shape anisotropy

The shape effects of the dipolar interaction in ferromagnetic samples can bedescribed via an anisotropic
demagnetizing field,Hd, given byHd =−N M. HereM is the magnetization vector andN is a shape-
dependent demagnetizing tensor. For a thin film, all tensor elements are zeroexcept for the diagonal
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element corresponding to the direction perpendicular to the film plane, whichis equal to unity. The
magnetostatic energy per unit volumeV of a film can be expressed as

Ed =−1
2

µ0M2cos2 θ (2.1.5)

whereµ0 is the permeability of the vacuum andθ is the angle of the magnetizationM with respect to
the film normal. According to this expression, the shape anisotropy for a thinfilm favors an in-plane
orientation of the magnetization. Since the film thickness does not enter into the expression, 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 surfaces

Since magnetocrystalline anisotropy is a result of the coupling between spin of the electrons and
anisotropic charge distribution (Sec. 2.1.1), it reflects the symmetry of the lattice. The lowest sym-
metry of MCA is symmetry of the lattice. At the film surface it is known that no uniaxial anisotropy
can exist if the surface normal is an n-fold rotation axis withn> 2 [36,37]. However, the symmetry can
be reduced by growing a ferromagnetic (FM) film on a vicinal/stepped surface. Atomic, regular steps,
break the four-fold rotational symmetry of the film surface, inducing in-plane uniaxial anisotropy (usu-
ally called step-induced uniaxial anisotropy) [38–40]. Essentially, the step-induced uniaxial anisotropy
has two sources: i) different atomic configuration at the step edges, which modifies the anisotropic bond-
ing and ii) distortion of the film structure in the direction perpendicular to the terraces plane, which cause
the additional strain inside the film volume [27,41–43].

Figure 2.1: Schematic split hysteresis loop which
can be measured by applying the magnetic fieldH
along the intermediate axis (i.e., perpendicular to
the easy magnetization axis).Hs denotes shift field,
defined as half of the distance between two con-
stituent loops.

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-
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
axis [39, 40]. By applying the magnetic field along the
intermediate axis, so-called split hysteresis loops can
be measured (Fig. 2.1). Split hysteresis loops are char-
acterized by a shift fieldHs, which is defined as the
field difference between zero field and the center of
the single shifted loop. The more the magnetization
prefers an orientation along the easy axis, the larger the
anisotropy and the largerHs. Hs is therefore a measure
of the change in magnetic anisotropy introduced by the
substrate steps.

Several attempts have been undertaken to describe the magnetization reversal of FM films grown
on a vicinal surface and to describe the measured shift fieldHs with appropriate anisotropy constants
[37, 40, 44–47]. In a first approximation it seems thatHs = Ku/Ms, whereKu is the in-plane uniaxial
anisotropy constant andMs the saturation magnetization [44]. More detailed studies have shown however
that the magnetization reversal in such systems proceeds via domain nucleation and domain wall motion,
and not via a coherent rotation [46]. This makes the theoretical description of the magnetization reversal
on vicinal surfaces more complicated and includes anisotropy constants ofthe higher order [45,46].
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Another consequence of the stepped surface arises from the competitionbetween magnetocrystalline
anisotropy, preferring an orientation of the magnetization along the principal crystallographic directions
and the shape anisotropy, preferring an orientation of the magnetization in the film plane (which, for
vicinal surfaces, is not equivalent to the principal crystallographic planes) [47]. As a result, if the mag-
netization is oriented perpendicular to the step edges, it can be tilted away from the film plane toward
the terraces plane. The measurement of the tilting angle of the magnetization allows to follow changes
in the perpendicular magnetic anisotropy [47,48].

For many years, FM films deposited on the stepped surfaces have been successfully used to tackle
many open questions in magnetic anisotropy [40,49–55]. In particular, in the case of oscillatory magnetic
anisotropy, split hysteresis loops have proven to be an invaluable tool [22–24,27,39,44,56,57]. Detailed
evaluation of the split hysteresis loops makes it possible to determine both the oscillation 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, quantum effects start to play a significant
role. One of the most beautiful examples is the confinement of electron motion inmetallic ultrathin films.
Such confined electronic states, owing to a close analogy to the elementary quantum mechanics model
of a particle in a box, are often called quantum well states (QWS).

The quantization condition for the existence of QWS can be described by considering a free electron
traveling in a thin film of thicknesst experiencing multiple-reflection due to potential barriers at the
interfaces [11, 58]. The multiple interferences that take place in the film induce a change in the density
of states. The bound states occur when the interferences are constructive, i.e., when

2k⊥t +φ1+φ2 = 2πn (2.2.1)

wheren is the number of the confined electron half-wavelengths,φ1,2 are the phase shifts of the re-
flected electron wave functions at the interfaces andk⊥ describes the electron wavevector component
perpendicular to the film plane.

However, the film thickness is an integer multiple (N) of the atomic spacinga/2 (wherea is the
lattice constant) i.e.,t = N ·a/2. Equation (2.2.1) can then be rewritten in terms of a new indexν :

2(kBZ−k⊥)t −φ1−φ2 = 2πν (2.2.2)

with the Brillouin zone (BZ) vectorkBZ = 2π/a andν = N − n. It is worth to note that thekBZ − k⊥
andν turn out to be the wavevector and the number of nodes of an envelope function that modulates
the QW wavefunction [59, 60]. From now, the wavevector of the QW wavefunction will be defined as
kenv= kBZ− k⊥. Equations (2.2.1) and (2.2.2) are identical for integral number of layers, however only
the latter one adequately describes the experimental results. At non-integer thickness, the film should
consist of atomic steps due to the presence of both thicknessest = N ·a/2 andt = (N+1) ·a/2. Since
the number of terraces is usually quite large, the QWS will evolve continuouslyfrom that ofN ·a/2 to
that of (N+1)a/2. Upon increasing the thickness fromN ·a/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 half-wavelengths. Owing to
blurring, which is due to imperfect thickness, the states with constantN − n (rather than constant n) will
merge [60].

Based on Eq. 2.2.2, the period of oscillationsL can be correlated with the corresponding wave vector
kenv of the confined electronic state as follows:

L =
2π
a

·(kenv)
−1 (2.2.3)
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This equation holds that at a chosen energy, the period of oscillations corresponds to the inverse of the
distance between the wave vectork⊥ and the Brillouin zone boundarykBZ. In particular, in case of the
QWS crossing the Fermi levelEF , k⊥ equals the Fermi wave vectorkF . Since the period of oscillations L
can be experimentally determined, Eq. 2.2.3 allows to determine the wavevectorkenvof the corresponding
confined electronic state.

In general QWS can be formed in both occupied and unoccupied bands.The most direct observation
of the QWS below the Fermi level provides photoemission spectroscopy (PES) . PES is an ideal tool
for QWS study because the photoemission intensity is proportional to the number of electrons at a given
energy (the density of states). The QWS appear as thickness dependent peaks in the photoelectron
energy spectrum [60–65]. The unoccupied QWS can be probed for instance by inverse photoemission
spectroscopy [66], multi-photon photoemission [67] or low energy electron microscopy (LEEM) [68].
A spectacular view of QWS (both occupied and unoccupied) can be obtained by scanning tunneling
microscopy (STM), in particular in case of nanostructures [69, 70]. Nowadays, 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 spin-orbitinteraction between adjacent
occupied and unoccupied states. In general, any modification of the electronic states close toEF can
result in a change of the MCA energy. A particular case of such a modification of the electronic states in
the vicinity of EF takes place when QWS are present. With increasing film thickness the energyof the
QWS changes and in consequence, QWS cross the Fermi energy, changing the 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 the ferromagnetic (FM) film
due to QWS: i) the effect of QWS formed in the FM film itself, and ii) the effect of QWS formed in a
nonmagnetic (NM) overlayer/underlayer on adjacent FM film.

The MCA energy of a ferromagnetic film can be modified when QWS are formed by d-electrons.
As discussed in Sec. 2.2, the formation of QWS in thin films is associated with the quantization of the
perpendicular to the film plane direction component,k⊥, of the three-dimensional electron wavevector
k = (k|| ,k⊥), wherek|| is the two-dimensional wavevector in the sample plane. With increasing film
thickness, the QWS energies periodically crossEF , i.e., the occupancy of electron states changes from
occupied

∣∣nσk||
〉

to unoccupied
∣∣n′σ ′k||

〉
or vice versa. As a consequence, the QWS couple to a different

set of states (e.g., occupied instead unoccupied), thereby changing thecontribution to MCA energy. This
contribution can be significant only when the energies of such a pair of coupled states are very close
to each other (since MCA energy is inversely proportional to the energy difference between occupied
and unoccupied states, see Eq. 2.1.3). In particular such an effect can take place, when the QWS arise
from d-bands with∆5 symmetry. The electronic states with∆5 symmetry are intrinsically degenerate
and can result in large contributions∗ to MCA energy due to the lifting of degeneracies atEF by the SO
interaction [71]. A schematic representation of QWS originating from a∆5 band in the vicinity of theΓ
point (i.e.,k|| = 0) is shown in Fig. 2.2. Such QWS form pairs which have energies very close to each
other and can contribute strongly to MCA energy whenEF lies in between the energies of the pair states.
In case ofEF situated below or above the two subbands, no contribution to MCA energy is observed.
Therefore, a contribution to MCA energy can only occur due to such QWS, at specific thicknesses. In
this way, QWS lead to an oscillatory MA on the film thickness. The oscillation period L is determined
by the wavevectorkenv of the corresponding QWS crossingEF (see Eq. 2.2.3). The phases of the MCA
oscillations depend on the precise positions of the energies of the corresponding QWS with respect to
theEF . These position in turn, depend on the phase shiftsφ1,2 of the reflected electrons at the interfaces

∗The contributions of those states to MCA energy scale with the square of the SO coupling constantξ
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(see Eq. 2.2.1). As can be seen from Eq. 2.1.3, the amplitude of the MCA oscillations depends on the
SO coupling constantξ , the energy separation between the pair of states contributing to the MCA energy
and the temperature. Since the energy separation between such states is ofthe order of a fewkBT over
a significant region of the Brillouin zone around theΓ point, the MCA oscillation amplitude strongly
decreases with increasing temperature [19].

This particular mechanism of MCA oscillations due to QWS formed in a FM film has been theoret-
ically identified to be responsible for oscillatory MCA infcc Co films on Cu(001) [19, 21]. By using a
tight-binding (TB) model it was shown that the oscillations of MCA energy with aperiod of∼ 2 ML
come mostly from QWS formed by the minority-spin∆5 band degenerate at theΓ point [19]. Later, the
calculations were extended to Co films on vicinal surfaces of Cu(001), where the in-plane uniaxial MCA
was found to oscillate with the same period as in Co films on a Cu(001) flat surface [21].

The oscillatory MCA can be also caused by QWS formed in an nonmagnetic overlayer/underlayer. This
effect was theoretically predicted for the Pd/Co system, where the oscillatory MCA is govern by QWS
existing in the nonmagnetic Pd layers of varying thickness [33,72,73]. Although the basic principle of the
MCA oscillations in Pd/Co is similar to MCA oscillations due to QWS in FM film (the oscillations arise
from the changes ofd-bands around theEF ), the mechanism leading to MCA oscillations is different in
both cases. In case of Pd/Co, the electrons confined inside the Pd film aresubject to different boundary
conditions at the Pd/Co interface depending on spin (because in Co film, the majority and minority
d-bands differ in energy). As a consequence, while majority-spin electrons are completely confined
inside the Pd layer, minority-spin electrons can penetrate into the Co film and are only partially confined
(forming so called resonances) [73]. In this way, the QWS in the NM Pd overlayer, which has no, or
very small, magnetic moment, can influence the MCA energy of the Co/Pd system. Moreover, due to the

Figure 2.2: Schematic representation of QWS energies with respect toEF and of their contribution to MCA energy
with increasing film thickness. The QWS contribution to MCA energy (red solid line) is plotted with respect to the
MCA energy without QWS (dashed line).
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large SO coupling in Pd, the MCA oscillation amplitude is predicted to be comparableto that 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 bilayerhas so far been
only observed for one system, Cu films grown on Co/Cu(001) vicinal surface [23, 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 from∆1 sp bands. Such QWS, with nearly exactly identical
periods of 2.6 ML (originating from theneckof the Cu Fermi surface) and 5.9 ML (originating from
the belly of the Cu Fermi surface), have been observed by PES experiments [74–76]. The mechanism
governing the MCA oscillations in Cu/Co due to QWS in Cu layers has not been fully explained up to
now.
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Film growth, structure and morphology

In this chapter, thin films preparation and growth mode is described. In general, the growth of FM films
on vicinal surfaces is similar to their growth on flat surfaces. However, the quality of the vicinal sur-
faces is also determined by width of the terracesw. The quality of the vicinal surfaces was verified: i)
globally by probing the crystallographic structure and morphology using Low Energy Electron Diffrac-
tion (LEED) which yields the average properties of the surface. Depending on the electron beam size,
the measurements cover around 1mm2 of the sample surface and ii) locally by probing the surface to-
pography using Scanning Tunneling Microscopy (STM), which allows to characterize regions of up to
100nm2.

3.1 Sample preparation

Several substrates were used in this work: Ag(001), Ag(116), Cu(1113) and Au(1113). Miller indexes
(116) and (1113) refer to vicinal surfaces with miscut anglesω = 13.3◦ andω = 6.2◦, respectively. Such
vicinal surfaces are characterized by regular (001) terraces separated by monoatomic steps. The width of
the terracesw of the (11n) surface on average equalsw = n/2·a/

√
2, wherea is the lattice constant. The

atomic steps at the surfaces of the crystals used in our experiment are oriented parallel to[11̄0] direction.

The crystals have been cleaned by cycles of ion bombardment (Ar+, 2× 10−7 mbar, 1 keV) and
subsequent annealing at 775 K [for Ag(001), Ag(116)] and 900 K [for Cu(1113) and Au(1113)]. The
chemical cleanness and surface roughness of the substrates were verified by Auger electron spectroscopy
(AES), low energy electron diffraction (LEED) (Sec. 3.2) and scanning tunneling microscopy (STM)
(Sec. 3.2). Thin films were deposited by using Knudsen effusion cells andelectron beam evaporators.
Prior to deposition, thickness calibration was performed by using reflectionhigh-energy electron diffrac-
tion (RHEED)∗ and a quartz monitor. In case of electron beam evaporation additional thickness control
was performed by a flux monitor, which allows to control the evaporation rateduring deposition [77].

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

∗Since it is difficult to observe RHEED intensity oscillations during film growth onvicinal 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 ofbcc Fe film on fcc Ag(001) is of only 0.8%, obtained upon
rotation of the Fe(001) plane by 45◦ with respect to the Ag(001) plane [78, 79]. Following previous
reports [80–82], Fe films were grown at RT and annealed for 30 min at 425 K in order to improve
the surface morphology. It is known that Ag atoms migrate to the top of Fe layerduring growth at
RT (or during annealing) reducing the surface energy of the Fe film [81, 82]. By growing Fe films at
temperatures of 200 K or lower, the migration of Ag atoms can be prevented [82]. Nevertheless, in order
to obtain smooth surfaces, the films have to be post-annealed at elevated temperatures. It was found that
both preparation conditions (i.e., growing at 300 K or 200 K and post-annealed at 425 K) result in nearly
identical magnetic properties, as verified by Magneto-Optical Kerr Effect (MOKE) measurements (i.e.,
the spin reorientation transition (SRT) thickness and the amplitude/period of themagnetic anisotropy
oscillations are the same in both cases).

In one set of experiments, Co layers were deposited at RT on top of Fe/Ag(116) films grown as
described above. The Co films evaporated onbccFe(001) grow pseudomorphically up to∼ 10ML and
are claimed to have abct structure with the interlayer distance contracted by∼ 8% [83–85]. Thicker Co
films (above∼ 10ML) contain defects and crystallographic disorder with the regions having a strained
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 weakly strained due to
the nearly perfect lattice match between the bcc Fe(001) rotated by 45◦ and thefcc Au(001) substrate
(mismatch: 0.6%) [86, 87]. The growth of Fe on Au(001) proceeds via a layer-by-layer mode with Au
acting as a surfactant [88,89].

Although Fe films on Au(001) are usually grown at RT (or below), in this work it was found that
samples grown at elevated temperatures were of better quality. Although Fe films grown at 300 K and
425 K are of nearly identical quality, the MA and QWS formation, are very sensitive to any change of
morphology, intermixing etc. Hence, only the films grown at 425 K display oscillatory behavior of the
MA. Detailed discussion of the influence of the morphology on MA is described in Sec. 6.1. In the
present experiments, the optimum growth conditions for Fe/Au(1113) werefound for Fe deposition at
425 K and post-annealing at 475 K 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 ideal layer-by-layer growth
mode [90]. The Co film adopts the lateral Cu spacing with an in-plane lattice expansion of∼ 2◦ and a
contraction of the vertical interlayer distances. The Co films grow in afct structure with nearly constant
strain up to 15 - 16 ML. Above this thickness the strain is released via formationof dislocations [56,90].

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

Co films on Au(1113) surface

By growing Co films on Au(001) thebccstructure 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 the epitaxial relationship offcc
Au(110)‖ bccCo(100) [95].

The deposition of Co films at 375 K and post-annealing at 425 K for 30 min wasfound to be opti-
mum growth condition. It is known from STM studies [95] that post-annealing activates several diffusion
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mechanisms, including surface segregation of Au and phase separation between Au and Co. As a conse-
quence, regular nanostructures aligned in the Co(001) direction and consisting of buried Co islands are
formed with characteristic reconstruction of the Au(001) surface [92,94,95].

FexCo1−x films on Cu(1113) surface

The structure, morphology, electronic properties and magnetism of epitaxial FexCo1−x alloys grown on
Cu(001) have been intensively studied, over the whole composition range[96–100]. It was found that
the for concentrations up tox=∼ 0.6 of Fe, films grow in thefcc structure in layer-by-layer mode with
random chemical order.

Four compositions ofFexCo1−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 300 K in order to improve the surface
morphology.

Fe1−xCox films on Ag(116) surface

Since Fe on Ag(001) grows in a well stabilizedbcc structure one can expect that Ag(001) is a good
candidate for growing bccFe1−xCox alloys (at least for low concentrations of Co). TheFe1−xCox films
grown on Ag(001) surface were studied experimentally [101, 102], however, with no information about
morphology and growth mode. By using photoelectron diffraction (PED) Schellenberget al. [101, 102]
concluded thatFe1−xCox grown at RT maintains thebccstructure in a wide composition range, at least
up to x = 0.7.

Four compositions ofFe1−xCox 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 improve surface morphology.

ii) Nonmagnetic (NM) films

Fe and Co films covered with Cu

The growth of Cu on bcc Fe(001) is complex and depends strongly on the preparation conditions. It has
been shown that Cu on Fe/Ag(001) grows layer-by-layer up to∼ 11 ML before undergoing a structural
transition from bcc to fcc, when deposited by MBE at 300 K [103]. Further studies, however, for sputter
deposition of Cu on Fe/Mg(001), revealed that although the initially depositedCu is strained such that
it resembles a bcc structure, it is actually a tetragonally distortedfcc structure (fct) [104]. Subsequent
deposition results in continuous strain relaxation (occurring largely at thicknesses below 11 ML).

The Cu films grown on fcc Co(001), both flat and vicinal, have been widelyinvestigated and the
growth of this system is well characterized [23, 24, 39, 76, 105, 106].Although smoothfcc Cu films
can be grown at RT, STM and PES studies show that deposition at lower temperatures and subsequent
annealing improve the morphology and sharpness of the Cu/Co interface due to suppressed intermixing
during film growth [23,106].

Therefore, our Cu films were grown on Fe/Ag(116) at RT and on Co/Cu(1113) at 170 K (and then
slowly warmed up to RT). Fe and Co films underneath the Cu overlayers weredeposited 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(1113) surface (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 with energies in the range between
20 to 500 eV are elastically backscattered from a crystal surface and form a diffraction pattern that is
an image of the reciprocal unit cell. From the spot positions, the reciprocal unit cell can be directly
determined, and hence the size and shape of the unit cell in real space. Asharp spot pattern implies
the existence of a well ordered surface and provides direct informationabout the symmetry. Besides
the existence and intensity of a spot, a lot of additional information can be derived from the spot profile
(profile ink-space) [107–109]. Such spot profiles can provide valuable information about steps, disloca-
tions, domains, faceting, etc. In particular, it is known that stepped (vicinal) surfaces change the LEED
pattern in a characteristic manner, splitting spots into doublets or even multiplets [107]. The direction of
the multiplet is the direction in the surface plane perpendicular to the steps. Thewidth of each step in
the step array can be derived from the separation of the adjacent spots. The energy dependence of the
resulting pattern can be derived from the Ewald construction applied to the macroscopic stepped surface
diffraction pattern modulated by the terrace width structure factor [108]. If the terrace widths are not too
big, each diffraction beam may alternately take the form of a sharp single spot and split pair of beams,
as a function of incident beam energy.

In this work LEED was used to inspect the crystallographic order and quality of the surface prior
to and after film growth. As an example of LEED pattern for vicinal surfaces, diffraction patterns from
Ag(116) and Cu(1113) substrates are shown in Fig. 3.1. Sharp, equivalently split spots, confirm the
formation of regular mono-atomic steps on the surface. The terrace widthw can be estimated from the
distance of the split spots. For Ag(116) and Cu(1113) surfaces presented in Fig. 3.1 the width of the
terracesw is estimated to be∼0.86 nm and∼1.65 nm, respectively. It is in a good agreement with
expected values: 0.87 nm for Ag(116) and 1.66 nm for Cu(1113), calculated fromw = n/2·a/

√
2, where

a= 0.409 nm for the lattice constant of Ag anda= 0.361 nm for the lattice constant of Cu. Recorded
LEED patterns after deposition of FM films on top of vicinal surfaces remain qualitatively the same
(i.e., split spots are visible and the distance between them does not change significantly). 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 space isobserved, scanning tunneling
microscopy (STM) directly provides real-space images of the sample surface [110]. STM is based on
the tunneling effect. Owing to their wave nature, the electrons (in particularlyin metals) are not strictly
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Figure 3.2: STM topographic images of the Cu(1113) vicinal surface. Imaging conditions: (a)VGap = 1 V, IT
= 2 nA (50 nm×50 nm); (b)VGap = 31 mV, IT = 3 nA (6.5 nm× 6.5 nm). Atomically resolved image (c) was
obtained atVGap = 21 mV, IT = 50 nA (5.5 nm× 5.5 nm). (d) Line scan along the arrow in (b)

confined to the surface of the metal as their wavefunction decays into the vacuum. If two metals are
approached to within a few Å, the overlap of their surrounding electron clouds becomes substantial, and
a tunneling currentIT can be induced by applying a small voltage, which causes the Fermi level to shift.
The tunneling current is therefore a measure of the wave-function overlap and depends strongly on the
distance between the metal tip and the scanned surface. In aconstant current modeof operation, the tip is
scanned laterally across the surface while the tip-sample distance is adjustedto keepIT constant. This is
realized using an electronic feedback loop, driving a piezo, which is moving the tip perpendicular to the
surface. In this way, the displacement of the metal tip given by the voltages applied to the piezodrivers
yields a topographic picture of the surface.

A commercial available Low Temperature Omicron STM with a base pressure around 5×10−11 was
used. The STM stage was cooled down to 4.8 K by using two separate concentric bath cryostats: the
outer one, filled with liquid nitrogen and the inner one, filled with liquid helium [111]. The 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 distributed steps, oriented along
the [110] direction can be observed. The width of terraces estimated from a line profile (Fig. 3.2(d))
w= 1.62± 0.16 nm is very close to the expected value for this surface and agrees very well with the
LEED measurements. Note that the height of the steps observed in the line profile is on average of
60±5 pm, i.e., smaller than interatomic distance of Cu(001) surface (which equals to1 ML = 185 pm).
This is due to the fact that the plane of the crystal is not parallel to the plane of the terraces. The tip of
STM is thus not oriented perpendicular to the plane of the terraces. As a consequence, the tip is sliding
over the step edges of the terraces (pronounced maxima in Fig. 3.2(d)) but not fully descending to the
position at which one terraces ends and another one starts (a step-corner site). 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 warmed up to RT in or-
der to improve surface morphology. In fact, no significant difference inthe morphology was observed
for Co films grown in this way in comparison to the films grown at RT. However, growing Co at lower
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Figure 3.3: STM topographic images of 10 ML of Co grown on Cu(1113) vicinal surface. Imaging conditions:
(a)VGap = 0.4 V, IT = 1 nA (50 nm×50 nm); (b)VGap = 80 mV, IT = 2 nA (6 nm× 6 nm). (c) Line scan along the
arrow in (b)

temperature is meaningful for magnetic measurements, as will be described later (Sec. 5.1.1). The to-
pographic image for 10 ML thick Co film on Cu(1113) is shown in Fig. 3.3. Although the terraces tend
to be slightly broader in comparison to the substrate terraces, the steps are still clearly visible. Previous
STM studies on Co films grown on vicinal surfaces of Cu(001) [112–114] have shown that at lower
coverages of Co, (up to∼ 5 ML) the surface is rugged and there is no clear preferential orientationof
islands. Upon increasing the Co thickness, the islands coalesce and formstraight steps elongated parallel
to the step edges of the substrate. It was proposed that initial rougheningof the step structure is caused
by the minimization of the strain energy [112]. The results presented in this work concern the thickness
regime of Co above 5 ML, i.e., for Co films which follow the pattern of the Cu substrate steps, as shown
in Fig. 3.3.

The topography of the Ag(116) crystal is shown in Fig. 3.4. Uniformly distributed steps, oriented
along the[110] direction can be observed. By taking the line profile, the width of the terraces can be
estimated (Fig. 3.4(c)). Note that in the case of (11n) fcc vicinal surface, wheren is an even num-
ber, the terraces can consist of(n− 1)/2 or (n+ 1)/2 interatomic distances (nevertheless on average,
the width of terraces containsn/2 interatomic distances). Therefore, for Ag(116) the width of terraces
should alternate between 0.72 nm and 1.01 nm, which corresponds to the 2.5 and 3.5 interatomic dis-
tances along[110], respectively. The measured terrace width indeed alternates between 0.72 nm and
1.02 nm (Fig. 3.4(c)).

Both, Fe andFe1−xCox films were grown on Ag(116) surface. The morphology of Fe films deposited
on Ag(116) changes with increasing film thickness in a similar way to Co films grown on vicinal surfaces
of Cu(001). At lower coverages of Fe, the islands are not elongated along any preferential direction and

Figure 3.4: STM topographic images of Ag(116) vicinal surface. Imagingconditions: (a)VGap = 491 mV, IT =
0.1 nA (50 nm×50 nm); (b)VGap = 94 mV, IT = 0.15 nA (6 nm× 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) vicinal surface. Imaging conditions: (a)
VGap = 206 mV, IT = 1.98 nA (50 nm×50 nm); (b)VGap = -313 mV, IT = 1.48 nA (6 nm× 6 nm). (c) Line scan
along the arrow in (b)

the surface is rough. Upon increasing the Fe thickness, the islands coalesce and form straight structures
elongated parallel to the step edges of the substrate. Also in this case, the improvement of the surface
morphology with increasing film thickness is most likely due to the strain. Althoughthe mismatch for
a bcc Fe film grown on afcc Ag(001) in the sample plane is only 0.8% [78, 79], there is a significant
difference in the lattice constant in the film normal direction betweenbccFe(001) andfccAg(001). Such
a large lattice mismatch (of the order of 29%) is usually not considered in Fe filmgrown on flat Ag(001),
but obviously cannot be neglected for Fe films grown on the stepped surface of Ag(001). The lattice
distortion at the step edges induces a significant strain in the Fe film influencing the growth. As can be
seen in Fig. 3.5 for an 8 ML thick Fe film grown on Ag(116), the substrate steps are well reproduced by
the Fe layers. By drawing the line profile, the width of the terraces can be estimated (Fig. 3.4(c)). It is
observed that even after deposition of 8 ML of Fe, the width of the terraces is similar to the step width of
the Ag(116) substrate.

Figure 3.6: STM topographic images of 4 ML (a) and 8 ML (c) ofFe0.7Co0.3 alloys grown on Ag(116) vicinal
surface. Imaging conditions: (a)VGap = 100 mV,IT = 1 nA (20 nm×20 nm); (c)VGap = 200 mV,IT = 0.98 nA (20
nm× 20 nm). (b) and (d) correspond to the line scans in (a) and (c),respectively

21



CHAPTER 3

The morphology changes dramatically when Co is added to Fe film. The topographic images of
Fe0.7Co0.3 alloys for two different thicknesses: 4 ML and 8 ML are shown in Fig. 3.6.In this case,
elongated clusters are formed along the step edges of the substrate. These clusters 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 case ofFe0.7Co0.3, due to island
growth, the changes in hight are substantial. In the case of 4 ML thickFe0.7Co0.3 film the height of the
islands is on average 850 pm which corresponds to∼ 6 ML of bccFe(001). For 8 ML thickFe0.7Co0.3

film, the height of the islands is reduced almost by half of this value with respect to the islands height
for 4 ML of Fe0.7Co0.3. Furthermore, in case of thickerFe0.7Co0.3 films, a corrugation at surfaces of the
islands can be observed, which indicates that the steps of the substrate are at least locally reproduced.
Similarly to the case of Co/Cu(1113) and Fe/Ag(116), it can be concluded that the morphology of the
Fe0.7Co0.3 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 surface magnetism technique [115–119].
This is due to its sensitivity, experimental simplicity and local probing nature. Inthe following sections,
a short introduction to the basic concepts of MOKE and description of the experimental setup is given.
Eventually, the magnetization reversal for FM on vicinal surfaces is explained.

4.1.1 Principle of MOKE

The magneto-optical Kerr effect as applied to ferromagnetic films involves the change in polarization of
light reflected from a magnetized medium. Linearly polarized incident light acquires a Kerr rotation and
a Kerr ellipticity upon reflection. The part of the induced response that is in-phase with the incident light
gives rise to the rotation, while the out-of-phase part accounts for the ellipticity. If an external magnetic
field is manipulated to reverse the magnetization direction of the sample, the magneto-optic rotation and
ellipticity reverse sign [120]. The magneto-optical Kerr effect is presently described in the context of
either macroscopic dielectric theory or microscopic quantum mechanical theory.

Microscopically, the coupling between the electrical field of the light and the electron spin within a
magnetic medium occurs through the spin-orbit (SO) interaction [121]. Thesymmetry between left- and
right-hand circularly polarized light is broken due to the SO coupling in a magnetic solid. This leads
to different refractive indices for the two kinds of circularly polarized light, so that incident linearly
polarized light is reflected with elliptical polarization, and the major elliptical axis is rotated by the so
called Kerr angle from the original axis of linear polarization. For nonmagnetic materials, this effect
is not strong, although the spin-orbit interaction is present, because the equal number of spin-up and
spin-down electrons cancels the net effect. To calculate magneto-opticalproperties one therefore has to
account for magnetism and SO coupling at the same time when dealing with the electronic structure of
the material considered. Performing corresponding band structure calculations it is normally sufficient
to treat SO coupling as a perturbation [122].

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

• the azimuth (or simply rotation)ϑ is an angle of rotation of a major axis (a) of the ellipse;
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• the ellipticitye is a ratio of the length of the minor axis (b) of the ellipse to the length of the major
axis (a):e=±b

a = tanφ , where isφ is the ellipticity angle;
• the amplitude (A=

√
a2+b2) measures the total wave amplitude;

• the absolute phase which is an angle between initial position of the electric field vector and the
major axis of the ellipse.

To characterize polarization state itself only the rotation and ellipticity are needed. The Kerr rotation
ϑ and ellipticityφ can be expressed by the Fresnel coefficientsr i j linking the electric field amplitudes of
the reflected wave with the incident wave

φs+ iϑs =
rps

rss
and φp+ iϑp =

rsp

rpp
(4.1.1)

wheres and p correspond to the s-polarized and p-polarized light (perpendicular and along the light
scattering plane, respectively), whilei is imaginary unit. It can be shown that when the anglesϑ andφ
are small, thenEs

Ep
≈ ϑ + iφ , 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 laser diode of wavelength
670 nm and beam diameter< 0.2 mm was used at fixed incidence angleϕ = 30◦ with respect to the
sample normal. Since the optical axis of the polarizer is set perpendicularly tothe light scattering plane,
s-polarized component of the electric fieldEs is transmitted only. Reflected light passes through quarter-
wave plate (which is adjusted to compensate phase shifts in the reflected beam)and then through an
analyzer that converts the polarization rotation into a change in detected intensity. β is the angle between
the orientation of the optical axis of the analyzer at full extinction of the light intensity (π/2) and the
orientation of the optical axis of the analyzer during measurement. The small misalignmentβ from the
full extinction position enhances the contrast of the measured Kerr signalsignificantly and was found to
be an optimum position at∼ 1.5◦ [124]. The intensity of the outgoing light measured by photodiode is

I = |EPsinβ +Escosβ |2 ≈ |EPβ +Es| (4.1.2)

Recalling that expressionEs
Ep

≈ ϑ + iφ gives the Kerr rotationϑ and ellipticity φ . It has to be noted
that quarter-wave plate (see Fig. 4.1) placed before analyzer not onlycompensate phase shifts (which for

Figure 4.1: Schematic drawing of a MOKE experimental setup in longitudinal configuration (magnetic fieldH
applied in the sample plane along optical plane). A s-polarized light is reflected from the sample at the angleϕ
and goes successively through quarter-wave plate and analyzer and eventually is detected by photodiode.
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instance can exist due to the window birefringence, if the light is transmitted intothe vacuum, through
UHV windows) but also produce aπ/2 phase difference between theEs andEp components. Therefore,
the analyzer will detecti(ϑ + iφ) = −φ + iϑ , i.e., the rotation and ellipticity are interchanged. Then
equation (4.1.2) becomes

I = |EP|2 |β −φ + iϑ |2 ≈ |EP|2
(
β 2+2βφ)

)
= I0

(
1+

2φ
β

)
(4.1.3)

with I0 = |EP|2 β 2 representing the classicallaw of Malus. As can be seen from (4.1.3) the relative Kerr
intensity determines the Kerr ellipticityφ rather than rotationϑ .∗ Since bothφ andϑ are linearly propor-
tional to the magnetization, the measured intensity (4.1.3) as a function ofH yields the hysteresis loop.
The relative change of the light intensity∆I/I0 upon reversing the magnetizationM can be described as
the Kerr ellipticityφH

φH =
β
4

∆I
I0

(4.1.4)

The Kerr ellipticityφH of the measured hysteresis loop is defined here as the Kerr ellipticity at certain
magnetic fieldH and not always corresponds to the Kerr ellipticity at the saturation magnetization. Note
that MOKE signal depends also on the refractive index of the material. In particular, for thin films, two
refractive indexes contribute to the MOKE signal: from deposited magnetic film and from the substrate.

The MOKE experimental setup shown in Fig. 4.1 can be used in three main geometries, classified
with respect to the orientation of the magnetizationM to the light scattering plane, mainly: polar, lon-
gitudinal and transverse Kerr effect. In this case the measurements werelimited only to the longitudinal
MOKE configuration (LMOKE), i.e., with magnetic fieldH applied in the sample plane, along the light
scattering plane (Fig. 4.1). MOKE measurements were performedin situ with pressure below 1×10−10

mbar by introducing the light through UHV windows into the MOKE chamber. Thesample was placed
in slots of the manipulator, which can be rotated and moved in the film plane, with respect to the magnetic
field and the plane of incoming and outgoing laser beam. A manipulator has a possibility of the contin-
uous rotation to±360◦ and linear movement to±10 mm with the accuracy of±0.2◦ and±0.05 mm,
respectively. The measurements can be performed in the temperature range from T = 5 K up to T =
400 K by cooling with liquid helium or resistive heating of the sample holder, respectively. The maxi-
mum available magnetic field of∼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 steps,break the four-fold ro-
tational symmetry of the film surface and induce uniaxial anisotropy within the filmplane [38–40]. In
case the steps are oriented along one of the easy axes of the four-fold anisotropy of the film, one of
them becomes the easy magnetization axis and the other the intermediate magnetization axis. In general,
the easy magnetization axis can be oriented either parallel or perpendicularto the step edges. When
the magnetization is probed along the steps (α‖ geometry in Fig. 4.2), two types of the hysteresis loops
can be measured: i) a square loop, for the easy magnetization axis parallelto the steps and ii) a split
hysteresis loop, for the easy magnetization axis perpendicular to the steps.Split hysteresis loops are
characterized by a shift fieldHs, which is defined as half of the distance between two constituent loops.
The Kerr ellipticity of the measured hysteresis loops inα‖ geometryφH

α‖ consists solely of the in-plane
magnetization component, i.e., only longitudinal Kerr ellipticityφL is detected.

∗Since it is just a matter of choice what is measured (to measure the rotationϑ , a half-wave plate could be used to replace
the quarter-wave plate), terms: Kerr ellipticity and Kerr signal will be usedalternatively in the text.
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Analogically, when the magnetization is probed perpendicular to the steps, split hysteresis loop and
square hysteresis loop is measured for the easy magnetization axis orientedparallel to the steps and
perpendicular to the steps, respectively (α+ geometry in Fig. 4.2). The Kerr ellipticity of the measured
hysteresis loop inα+ geometry,φH

α+, consists of not only the longitudinal Kerr ellipticityφL, but also
the polar Kerr ellipticityφP. 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 to competition between the
magnetocrystalline and shape anisotropy. As a consequence, when the hysteresis loop is measured with
the magnetic field applied perpendicular to the steps, polar Kerr signalφP contributes to the total Kerr
signal due to a component of the magnetization normal to the film plane. Since thepolar Kerr effect is
much stronger than the longitudinal Kerr effect [125], even tiny changes of the tilting angleδ (of the
order of∼ 1◦) are detectable by MOKE in longitudinal configuration with the magnetic field applied
perpendicular to the steps∗.

In order to obtain quantitative information about the Kerr signalφH from the measured hysteresis
loop perpendicular to the steps, deconvolution of the mixed longitudinalφL and polarφP components
has to be performed. The idea of the separation of longitudinal and polar component is based on basic
symmetry properties of such system [126] and is illustrated schematically in Fig.4.2. The magnetization
M can probed perpendicular to the steps at two geometries:α+ andα− (after rotation of the sample
by 180◦ with respect to the light scattering plane). When magnetization is probed atα+, at positiveH
(blue vector) the polar componentφP adds to the positive longitudinal componentφL, while at negative
H (green vector), the negative polar componentφP adds to the negative longitudinal componentφL.
Therefore, total Kerr ellipticity measured in this geometryφH

α+ = φL + φP. On the contrary, when the
magnetization is probed atα−, at positiveH the negativeφP adds to the positiveφL and after reversing the
H, the positiveφP adds to the negativeφL. Thus, total Kerr ellipticity measured atα− can be expressed
by φH

α− = φL−φP. Note thatφH
α− andφH

α+ are defined as the Kerr ellipticities at which the magnetization
is oriented along the probed direction, i.e., perpendicular to the steps (Fig. 4.2). Therefore, in case of the
easy magnetization axis oriented along the steps,φH

α− andφH
α+ correspond to the Kerr ellipticity atHs,

i.e., as soon as the magnetization is switched to perpendicular to the steps direction. In case of the easy
magnetization axis oriented perpendicular to the steps, a square loop is measured and therefore,φH

α− and
φH

α+ correspond to the Kerr ellipticity at remanence (i.e.,Hs = 0). Kerr ellipticity extracted from those
two types of hysteresis loops (square and split loop) can be practically defined as Kerr ellipticityφH at
Hs. The choice ofH at whichφH is evaluated from the hysteresis loops measured perpendicular to the
steps is important becauseφH depends onH due to tilting angle of the magnetization. After applying
sufficiently large magnetic field to saturate the sample,φH

α− andφH
α+ will correspond to the saturation

values and become equal toφH
‖ .

Eventually, by measuringφH
α+ andφH

α−, the longitudinalφL and polarφP Kerr ellipticities can be
obtained from

φL =
(
φH

α++φH
α−

)
/2 (4.1.5)

φP =
(
φH

α+−φH
α−

)
/2 (4.1.6)

Since the mixture ofφL andφL components is a consequence of tilted magnetizationδ (Fig. 4.2) it is
natural to use those values to quantitative estimation ofδ . Thus, according to (4.1.5) and (4.1.6), the
tilting angleδ can be extracted from

tanδ =
Mz

My
=

φP

φL

φ s
L

φ s
P

(4.1.7)

∗Since presented afterward measurements were performed in longitudinal geometry, only longitudinal component and
projection of polar component onto longitudinal geometry will be considered from now.
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Figure 4.2: Schematics of LMOKE measurements on FM film grown on a vicinalsurface with the magnetic field
and the light scattering plane: (a) along the stepsα‖; (b) perpendicular to the stepsα+; (c) perpendicular to the
stepsα− (after 180◦ rotation of the sample with respect toα+ geometry). The corresponding schematic hysteresis
loops are shown for the orientation of the easy magnetization axis (EA) parallel and perpendicular to the steps.
The magnetization vectorsM represent the easy magnetization axis oriented parallel (a) and perpendicular (b),(c)
to the step edges.

whereφ s
L andφ s

P are the saturation Kerr signals in longitudinal and polar geometries, respectively. The
saturation longitudinal Kerr signalφ s

L can be obtained from the Kerr signal measured inα‖ geometry∗,
but usually we cannot measure the saturation polar Kerr signal due to the limitation of the magnetic
field which can be applied. Fortunately, since the theory of MOKE in ultrathin FM films has been

∗However, only in case ofδ smaller than∼ 10◦. For largerδ , the available magnetic field is usually not sufficient to
saturate magnetization along the steps (α‖).

27



CHAPTER 4

Figure 4.3: Split hysteresis loops for two different orientations of the easy magnetization axis: (a) parallel to the
steps and (b) perpendicular to the steps. The hysteresis loops were obtained by LMOKE measurements on 9 ML
thick Fe film grown on Ag(116) and 15 ML thick Fe film grown on Au(1113), respectively

.

well developed [47, 48, 127, 128], the ratio between the longitudinal andpolar saturation signals can be
calculated theoretically, by utilizing values of the refractive indices derived from the literature [119,129–
133].

Figure 4.4: Schematic representation of a complex
hysteresis loop which can be measured atα‖ geom-
etry. The shape of such hysteresis loop is explained
as a superposition of a split hysteresis loop and re-
versed rectangular loop

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
polar Kerr signal contributionφP, there should be no
difference between the split hysteresis loops measured
along the steps and perpendicular to the steps (as shown
schematically in Fig. 4.2). However, the measured split
loops are not equivalent. Assuming that the magnetiza-
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 for
instance in the case of Fe/Ag(116) (see representative
hysteresis loop in Fig. 4.3(a)) and other systems stud-
ied up to now [24,40,56], where the easy magnetization
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 the magnetic field has to be applied
along the steps), the split hysteresis loops show additional features. At zero magnetic field, the Kerr
signal does not vanish and gives remarkable contribution (or even a lowfield hysteresis loop) to the total
Kerr hysteresis loop. An exemplary split hysteresis loop measured along the steps in shown in Fig. 4.3(b).
Note the peculiar shape of the low field hysteresis loop. The Kerr signal atlow fields switches to positive
values at negative magnetic field and switches back to negative values onlyonce a certain positive field
is reached. This is typical for so-called reversed hysteresis loops. The complex shape of the hysteresis
loops can be explained as the superposition of the split hysteresis loop with the reversed hysteresis loop,
as shown schematically in Fig. 4.4. The presence of the reversed hysteresis loop is a consequence of the
the polar Kerr signal contributionφP 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 Schütz et al. [134], is the difference in the
absorption between left and right circularly polarized x-rays depending on the magnetic properties of the
absorber. XMCD spectroscopy has several capabilities not afforded by traditional magnetic techniques.
Its foremost strengths are the element-specific and quantitative determination of spin and orbital magnetic
moments. The purpose of the following sections is to elucidate the basic concepts of XMCD 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 as illustrated in Fig. 4.5
for 3d transition metals. In the first step, right or left circularly polarized photonstransfer their angular
momentum to the excited photoelectrons. Since the initial statesL3 : 2p3/2 andL2 : 2p1/2 are split by
spin-orbit interaction, the photon angular momentum is transferred to both theorbital and spin degrees
of freedom of the excited photoelectron. In the second step, the spin-polarization of the photoelectrons
is revealed in case of an imbalance for the spin-up and spin-down electrons (equivalently holes) in the
3d valence band. Setting the magnetizationM of 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 spin-upstates. The photoelectrons
excited from 2p3/2 (2p1/2) by σ+ photons probe mostly the spin-up (spin-down) states above the Fermi
level EF . Therefore, the absorption of left-circularly polarized x-rays will be enhanced at theL3 edge
and reduced at theL2 edge with respect to the exchanged-split3d states. The opposite effect is expected
for right circularly polarized x-ray. Hence, the absorption of right and left circularly polarized x-rays
will be different. This difference in the x-ray absorption is XMCD. In the above discussion we have
assumed thatM is fixed. Instead of changing the helicityσ of the x-rays one may change the direction
of magnetization with respect tok in order to obtain XMCD. Both approaches are equivalent [32].

In general, therefore, the XMCD intensity∆µ(E) is defined as the intensity difference in the ab-
sorption spectra obtained for parallelµ+(E) and antiparallelµ−(E) orientations between the sample
magnetization and the photon helicity

∆µ(E) = µ+(E)−µ−(E) (4.2.1)

The sum rules link the measured polarization dependent resonance intensities with valence band
properties, in particular the number of empty states (or holes)nh per atom, the spin magnetic moment
mspin per atom and the orbital magnetic momentmorb per atom. Tholeet al. [135] and Carraet al. [136]
have derived the sum rules concerningmorb and mspin magnetic moments as

morb =
2nhµB

3Iav

∫

L3+L2

∆µ(E)dE (4.2.2)

me f f
spin= mspin+7mT =

nhµB

3Iav

(∫

L3

∆µ(E)dE−2
∫

L2

∆µ(E)dE

)
(4.2.3)

Here, me f f
spin is the effective spin magnetic moment,nh the d-hole number,µB the Bohr magneton and

mT =−〈T〉µB/ℏ is the projected magnetic dipole moment along the magnetization direction where

T = ∑
i

(
Si −

3r i(r i ·Si)

r2
i

)
(4.2.4)

29



CHAPTER 4

Figure 4.5: Schematic representation of the electronic
transitions in XMCD from coreL2,3 levels to empty3d
states above the Fermi levelEf . If the photoelectron is
excited from a spin-orbit split level, e.g., the 2p3/2 (L3),
the angular momentum of the photon can be transferred
in part to the spin through the spin-orbit coupling and
the excited photoelectrons are spin polarized. The spin
polarization is opposite for incident x-rays with positive
(σ+) and negative (σ−) photon helicity. Also, since the
2p3/2 (L3) and 2p1/2 (L2) levels have opposite spin-orbit
coupling (j = l + s and j = l − s, respectively) the spin
polarization will be opposite at the two edges. The pho-
toelectron spin quantization axis is identical to that of the
photon spin, i.e., it is parallel or antiparallel to the X-ray
propagation directionk. In the second step the exchange
split 3d-valence band with unequal spin-up and and spin-
down populations acts as the detector for the spin of the
excited photoelectrons. Hence, the absorption cross sec-
tion for two different helicities differ due to imbalance of
the spin-up and spin-down3d electrons.

is the intra-atomic magnetic dipole operator and reflects a quadrupole term in theanisotropic spin den-
sity within the Wigner-Seitz cell [137]. The normalization factorIav corresponds to the experimentally
obtained averageL3,2 peak area (2p→3d transition intensity) and is given as

Iav =
∫

L3+L2

(
µ+(E)+µ−(E)

2
−µBG

)
dE (4.2.5)

whereµBG is the background absorption spectrum expressed by the two step functions for edge jump
removal before the integration. The edge-jump of the absorption spectrum,defined as the difference of
the average intensities well above and below the absorption edge, depends linearly on the number of
absorbing atoms. By renormalizing the measured absorption spectra of a given atom in different samples
to the same edge jump one obtains spectra that correspond to the same number of absorbing atoms [32].

In order to obtain the absolute value of the spin momentsmspin , the magnetic dipole termmT has
to be subtracted from the effective spin magnetic momentme f f

s (which can be obtained experimentally).
The absolute values ofmorb andmT from angular dependent XMCD measurement can be derived from
formulas proposed by Stöhr and König [137]:

morb (θ ,ψ) = mx
orbsin2 θ cos2 ψ +my

orbsin2 θ sin2 ψ +mz
orbcos2 θ (4.2.6)

mT (θ ,ψ) = mx
T sin2 θ cos2 ψ +my

T sin2 θ sin2 ψ +mz
T cos2 θ (4.2.7)

mx
T +my

T +mz
T = 0 (4.2.8)

me f f
spin(θ ,ψ) = mspin+7mT (θ ,ψ) (4.2.9)
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where thez axis is the surface normal, andθ andψ are the polar and azimuthal angles of magnetization
M . The equations can be solved to yield all the quantities when at least three XMCD spectra at different
magnetization angles are measured. When thex andy axes are equivalent in the system of interest, two
XMCD spectra to solve the polar angle dependence are sufficient. Note that for usage of these equations
magnetization has to be saturated for all probed directions. Hence, the determination of the angular
dependent moments requires the magnetic field of the order of several teslaand superconducting magnet
is strongly desired.

4.2.2 XMCD experimental setup

The XMCD measurements in the present work were performed at Beamline 4B[138] of the synchrotron
radiation facility UVSOR-II in Institute for Molecular Science, Japan. The beamline 4B is equipped in
UHV-compatibile XMCD stage with a 7 T superconducting magnet and a liquid He cryostat. The sample
cryostat has a built in heater and continous-flow type liquid helium transferline. This offers the lowest
sample temperatures of∼ 4K. The rotatable sample cryostat with accuracy±0.5◦ allows to measure
angle-dependent XMCD.

There are several advantages in measurements under a high magnetic field. As already mentioned, the
determination of the angular dependent orbital magnetic moment requires a magnetic field high enough
to saturate the magnetization even along hard axes. Additionally, low temperature of the sample holder is
more easily achieved since the sample is surrounded by the liquid He reservoirs for the superconducting
magnets [139, 140]. Moreover, since the XMCD spectra are recordedby the drain sample current, at
high magnetic field the electron recoiling to the sample due to the Lorentz force can be neglected to
yield a larger drain current than in the low magnetic field. To sum up, the ability of low temperature
XMCD measurement in high magnetic field is crucial for the measurements of magnetic anisotropy, in
particular in the case of oscillatory magnetic anisotropy, which is expected to occur exclusively at low
temperatures.

The Beamline 4B is a bending-magnet soft x-ray station equipped with a varied line spacing grating
monochromator, which covers the photon energies of 25 - 1000 eV. The circularly polarized x-rays were
obtained by adjusting the vertical aperture upstream of the first mirror. The circularly polarization factor
was estimated to bePc = 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 (TEY)method [141]. It utilizes
the photoelectron emission, which is a secondary process. After a photonat given energy is absorbed,
the atom, now in its excited state, will eventually relax to a lower energy state. Thiscreates Auger
electrons, which are electrons which escape the atom by having absorbed the energy released by the
relaxing atom. These Auger electrons typically have high kinetic energy, and often produce secondary
Auger electrons by inelastic scattering. The total electron yield is obtained bymeasuring the electron
loss, i.e., the electron currentI from ground to the sample. There are also limitations to the sensitivity
of the measurements, due to so called saturation effects [141]. The saturation mechanism in the electron
yield signal can be illustrated with the use of two parameters: average x-raypenetration depthλx, and
the average electron escape depthλe. Whenλx is shorter thanλe all incident photons will be absorbed,
and any Auger electrons produced through relaxation will escape through the surface of the sample. In
this case the signal has saturated, and is proportional to the incident photon intensityI0, but not to the
absorption coefficient. The exact expression of the electron yield current with inclusion of the saturation
effects for Fe, Co and Ni was derived by Nakajimaet al. [141]. For all spectra presented in this work
saturation effects were taken into account (so called self-absorption correction).

The schematic view of XMCD measurement for film grown on (116) vicinal surface is shown in
Fig. 4.6. All the spectra were taken at 5 K by switching the magnetic fieldsH, while leaving the negative
photon helicity unchanged. The x-ray propagation direction is always collinear toH in the present setup.

The XMCD spectra were basically recorded along three directions:
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Figure 4.6: Schematics of XMCD mea-
surement for (116) vicinal surface. Left cir-
cularly polarized x-ray (helicityσ−) is kept
collinear with the axis of the applied mag-
netic field H. Note that the geometries of
the incident x-ray:θ and−θ are not equiv-
alent (except the case of the scattering plane
along the steps). The vicinal angleω is
equal 13.3◦. The tilting angle of the magne-
tizationδ is defined accordingly as in previ-
ous sections.

• θ = 0◦ (i.e., along[116]),
• θ = 55◦ andψ = 0◦ (i.e., 55◦ off [116] toward[110]),
• θ = 55◦ andψ = 90◦ (i.e., 55◦ off [116] toward

[
110

]
).

Such a triplet of XMCD measurement allows to probe the magnetic moment components: perpendicular
to the sample plane, in-plane perpendicular to the steps and in-plane along thesteps, respectively. Note
that sample plane direction (for instance

[
331

]
or

[
110

]
) is different than the terraces plane direction,

i.e., [110], by vicinal angleω = 13.3◦. In fact, it has very important consequences on the symmetry of
the measurement. It can be visualized by considering the difference for the incident x-ray with finite
θ , ψ = 0◦ and−θ , ψ = 180◦, i.e., by probing perpendicular to the steps. Due to broken symmetry of
the system the proximity of the[001] and[110] directions in both geometries is different. Therefore, the
orbital moment anisotropy measured in both cases is expected to be different, even if the thickness of the
film and the anglesθ and−θ 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 example of7.6 ML of Fe at normal inci-
dence spectra (Fig. 4.7). The raw x-ray absorption spectroscopy (XAS) spectraµ+ andµ− (Fig. 4.7(a))
correspond to the parallel and antiparallel relative orientation of the photon helicity and the magnetiza-
tion of the sample. Since the offset in the dichroism signal never truly vanishes, it has to be removed
before is further analyzed. To remove the offset, a pre-edge and post-edge region is defined. The regions
are defined to those where no dichrosim signal exists, i.e., the differenceof the absorptionµ+ andµ− are
vanishing. The pre-edge is typically defined in the range from−40 to−15 eV, and the post-edge from
+50 to+100 eV, with respect to the theL3 peak energy. After the difference∆µ = µ+− µ− is taken,
linear curve is fitted to the data points which falls within the two regions. The offset is then removed by
subtraction of the linear curve from the XAS spectra.

After the linear background subtraction the non-resonant absorption portion must be removed. The
non-resonant absorption function is approximated by a double-step function [142]. The step height of the
double-step function is normalized to the height difference between the pre-edge and post-edge region
(edge jump). By renormalizing the spectra to the same edge-jump one obtains spectra that correspond to
the same number of absorbing atoms (i.e., spectra are comparable on a per-atom basis). Eventually, self-
absorption correction is performed. Once theµ+ andµ− are properly determined, the XMCD intensity
is obtained from (4.2.1). According to the orbital sum rule (4.2.2), the orbital magnetic moment is zero if
the integrals ofL3 andL3 intensities have the same size but opposite signs. By normalizing the dichroism
spectra to theL2 edge intensity, one can therefore conveniently see changes in the orbitalmoment [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 currentIe normalized by simultaneously mea-
sured Au grid currentI0, 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 µ+ and antiparallelµ− 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 normalized toL2 ab-
sorption edge (c)

XMCD spectrum normalized to theL2 intensity is shown in Fig. 4.7(c).
In order to obtain quantitative information about spin and orbital magnetic moments, the dichroism

intensities must be corrected by the photon polarizationPc. The photon polarization was verified by the
XMCD measurements of the reference sample and was included in the analysisof the spectra. The spin
and orbital moments can then by obtained from sum rules according to equations (4.2.3) and (4.2.2). In
case of our measurements, the number of holes for Fe is assumed to be constant and equalnh = 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-space, imaging have been demon-
strated over the past decades. The imaging techniques currently in use maybe classified into two groups,
according to the physical mechanism of interaction between the probe and sample, that is, stray field
mapping and magnetization mapping. Among numerous high-resolution magnetic imaging techniques
probing quantities proportional to the local sample magnetization, spin-polarized low energy electron
microscopy (SPLEEM) turns out to be one of the most powerful, surfacesensitive tool with very good
lateral resolution.

SPLEEM is an imaging method that is based on the spin dependence of the elasticback-scattering
of slow electrons from ferromagnetic surfaces. SPLEEM differs fromLEEM (low energy electron mi-
croscopy) [144] in that the incident beam is spin-polarized. The spin-polarized incident electrons are
reflected at normal incidence from the surface in a manner that dependsupon the relative orientation of
the spin polarizationP of the electron beam and the local magnetizationM in the surface layers of the
sample.

4.3.1 Origin of magnetic contrast

A magnetic contrast in SPLEEM essentially originates from two effects [28].First of all, the elastic scat-
tering potential between the incident electrons and the electrons in a ferromagnet is spin-dependent. This
is due to the fact that electronic bands in a ferromagnet are split by exchange interaction and therefore,
can have different energies for two spin directions. In consequence, in the energy range between the
onsets of the majority and minority spin bands, the incident electrons with spin parallel to the majority
spins can penetrate into the sample, while the incident electrons with spin anti-parallel to the majority
spins are reflected [68].

Secondly, the inelastic scattering potential between the incident electrons and the electrons in a fer-
romagnet is spin-dependent, due to spin-dependent inelastic mean free path (IMFP). Since a density of
states of unoccupied states is higher for minority-spin electrons than for majority-spin electrons, minor-
ity electrons are more effectively scattered than majority electrons. Therefore, reflectivity of majority
electrons is larger than the reflectivity of minority electrons.

These differences in reflectivity can lead to significant magnetic contrasts. Note that the differences
in reflectivity arising from both aforementioned effects, decrease with increasing energy of the incident
electrons. This is because both, the exchange potential and the spin-dependence of the the IMFP decrease
with energy [28, 145]. Thus, the best magnetic contrast in SPLEEM is usually obtained 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 National Center for Electron Microscopy
of the Lawrence Berkeley National Laboratory in California. In a SPLEEM microscope, spin-polarized
electrons are projected toward the sample through the combination of condenser lenses and beam de-
flectors, magnet A and B (Fig. 4.8). Just before reaching the surface, the electron beam is decelerated
in the objective lens and illuminates the surface in normal incidence. After the reflection, backscattered
electron beam is reaccelerated again and focused into the back focal plane. The beam separator (magnet
B) and beam deflector (magnet C) transfer the SPLEEM image 1:1 in front of the transfer lens. Differ-
ent combinations of projection lens settings then result in a useful magnification range corresponding to
fields of view ranging from 40µm to 2µm. In the present design the sample is at ground potential while
all lenses are at 3 kV except for the first electrode of the objective lens, which is at 10 kV, resulting in
theoretical lateral image resolution of∼ 10 nm at 2 eV electron energy.

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

photoemission of spin-polarized electrons with polarizationP perpendicular to the surface. The direc-
tion of P is inverted by switching the helicity of the circularly polarized light. Combining electrostatic
and magnetic deflection with rotation allows alignment ofP along any direction in space. Usually two
preferred direction in the sample plane and along sample normal are chosento determine the three com-
ponents of magnetizationM . 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 proportional toP·M . Separation of the magnetic contrast from the structural
contrast requires the acquisition of two images with the opposite electron polarizations, corresponding to
intensities of the reflected beam (I↑ andI↓), and their subtraction from each other (Fig. 4.9). In order to
normalize images, the difference image is divided by the sum image. This resultsin so called asymmetry
image

A= (I↑− I↓)/(I↑+ I↓) (4.3.1)

A typical image acquisition time ranges from 1 to 5 sec per image. The procedure for obtaining
of the asymmetry image is shown for 3.3 ML thick Fe film grown on Ag(116) (Fig.4.9). Bright and
dark features in the images result from the component of surface magnetization vector along the axis
of the spin polarization of the illuminating beam (parallel and anti-parallel, respectively). No magnetic
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contrast, i.e. 50% gray color in SPLEEM image is observed if|M | = 0 (nonmagnetic surface) or if
the spin polarization of the incident electron beam is perpendicular to the direction of magnetization at
the surface. In general, to follow any orientation of magnetization, images withthree orthogonal spin
polarizations are recorded.

Since the asymmetryA changes with energy due to spin-dependent band structure [148], theoptimum
energy for a maximum magnetic contrast depends on the material and has to bechosen individually. The
maximum contrast was found at E = 13.5 eV for Fe/Ag(116) and at E = 8.5 eVfor Co/Cu(1113).

Figure 4.9: SPLEEM images of a 3.3 ML thick Fe layer on Ag(116). The imagesI↑ andI↓ are taken with opposite
electron polarization along sample normal (nearly easy axis) at the electron energy 13.5 eV. Contrast-enhanced
difference image is obtained byA= (I↑− I↓)/(I↑+ I↓). The field of view is 12µm

.

It is worth to recall that LEEM can be used either at normal incidence (bright-field) or off-normal inci-
dence (dark-field) mode. The terms bright-field and dark-field imaging originate from optical microscopy
and are in common usage in transmission electron microscopy. Dark-field imaging by SPLEEM was suc-
cessfully employed e.g., to distinguish adjacent terraces and identify the locations of intervening atomic
steps [149–151]. In particular, dark-field can be used to distinguish domains of a single structure. This
is because in dark-field imaging, the use of diffraction conditions along a fractional-order rod or integer-
order rod with non-zero parallel momentum transfer breaks the symmetry between domains [152–154].

The results presented in this thesis were performed in dark-field mode by tiltingthe macroscopic
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 mode, which is most likely
associated with the symmetry of the vicinal surface. Note that in case of Ag(116) and Cu(1113) crystals
used in the experiment, the plane of the terraces is tilted byω = 13.3◦ andω = 6.2◦, respectively, with
respect to the macroscopic plane of the sample. Therefore, by tilting the macroscopic plane of the sample
and imaging in dark-field mode the electrons backscattered from the the terraces plane 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. The following subsections are classi-
fied with respect to different materials and substrates used in the experiment. As described in Sec. 4.1.3,
MOKE is the method particularly suitable for estimation the in-plane uniaxial magneticanisotropy. By
depositing the magnetic film on stepped surface, broken by atomic steps symmetry introduces additional
uniaxial anisotropy and results in split hysteresis loops, when the magnetic field is applied along inter-
mediate axis (i.e., in the sample plane, perpendicular to the easy axis). By measurements of the split
hysteresis loops and magneto-optical Kerr signal (from which the information about the tilting angleδ
of magnetization can be obtained), even tiny changes of magnetic anisotropycan be followed.

5.1.1 Effects of varying thickness of ferromagnetic films

bcc Fe films on Ag(001) and Ag(116) surface

Fe/Ag(001) has been studied extensively in the past quarter-century.As almost completely unstrained
system, it had attracted much attention of both: theoretical calculations and experiments. Among others,
the enhancement of the interface magnetic moments by∼ 30% in comparison to the bulk value was
predicted [155, 156] and confirmed experimentally [157, 158]. An attention was paid also on magnetic
anisotropy of this system [80, 81, 159, 160] due to easy axis of magnetization oriented 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 observed experimentally [22, 27, 161]. The
results in this subsection are extension of these previous studies. In particular, the oscillatory magnetic
anisotropy in the vicinity of a spin reorientation transition SRT (from in-plane toout-of-plane orientation
of the magnetization) is presented.

As already described (sec.2.1.3), by growing the films on stepped surfaces, split hysteresis loops
can be measured when the external magnetic field is applied perpendicular tothe easy axis (i.e., along
the intermediate axis). In case of Fe/Ag(116), split hysteresis loops can be recorded by applying the
magnetic field perpendicular to the step edges, along[110] crystallographic axis of the Ag substrate (i.e.,
along[100] of bcc Fe film). Split hysteresis loops for several thicknesses of Fe film are shown in Fig. 5.1.

Split hysteresis loops are characterized by a shift fieldHs, which is a measure of the in-plane step-
induced uniaxial anisotropy. TheHs values evaluated from measured hysteresis loops at 300 K and
5 K as a function of Fe film thickness are plotted in Fig. 5.2a. PositiveHs means that the easy axis
of magnetization is oriented along the steps and in order to measure split loops,the magnetic field
was applied perpendicular to the steps. The dependence at 300 K in Fig. 5.2a shows that shift field
Hs increases with increasing Fe thickness and saturates above 25 ML of Fe.In a first approximation,
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Figure 5.1: Split hysteresis loops for Fe/Ag(116) measured perpendicular to the step edges at T = 5 K.

such dependence can be described byHs = Hvol
s +Hsurf

s /t, whereHvol
s is the value whichHs approaches

in the limit of large film thicknesst and can be interpreted as the result of the structural distortion
in the film volume, whileHsur f

s can be ascribed to the surface contribution to the in-plane uniaxial
anisotropy [27,42]. In general, the dependence ofHs can be more complex (than shown in Fig. 5.2a) and
does not scale simply as 1/t. This is due to the fact that the lattice distortion (and thereforeHvol

s ) can
vary with increasing the film thickness.

Although the easy magnetization axis of the Fe film is oriented along the steps direction, theHs

dependence indicates thatHsur f
s from Fe/Ag and UHV/Fe interfaces prefers to align the magnetic moment

perpendicular to the step direction, i.e.,Hsur f
s is negative. Below 8 ML of Fe split hysteresis loops cannot

be measured due to approaching SRT∗ and thereby strong polar Kerr effect contributing to the total Kerr
ellipticity. At 5 K, the shift fieldHs exhibits a large amplitude oscillation as a function of Fe film thickness
with a period ofLFe = 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 amplitude decreases
gradually from∼ 530 Oe to∼ 100 Oe.

A similar MOKE experiment was performed for Fe films grown on Ag(001) nominally flat surface.
In this case, a fourfold magnetic anisotropy with the easy axis parallel to[100] and[010] (i.e., along[110]
and[110] of Ag(001), respectively) supposed to be maintained (since nominally there are no steps). It
means that the hysteresis loops measured along[100] and[010] should be square and exactly the same. In
a real experiment however, it is not always the case. This is due to the fact that the nominally flat Ag(001)
crystal used in experiment is not perfectly flat and consists of wide terraces separated by monoatomic
steps. Hence, the Ag(001) nominally flat surface can be treated as a stepped surface with a low step
density. Using STM, an averaged terrace width of the monoatomic terraces of Ag(001) was determined
for ∼ 200 nm. Even such steps modify magnetic anisotropy and split hysteresis loops can be measured
by applying magnetic field perpendicular to the step edges. The dependence of the shift fieldHs as a
function of Fe thickness is shown in Fig. 5.2b. Similarly as in the case of Fe/Ag(116), due to the strong
polar Kerr contribution to the hysteresis loops measured in longitudinal geometry with approaching
SRT, the measurement of split hysteresis loops below∼7 ML of Fe is not possible. At 300 K,Hs slightly
decreases with increasing Fe thickness. This is most likely due to relaxation of the of the structural

∗The influence of SRT on the dependence ofHs is 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) vicinal surface and Ag(001)
nominally flat surface.Hs values were evaluated from split hysteresis loops measuredperpendicular to the step
edges at 300 K and 5 K.

distortion introduced by the steps. Such decrease ofHs is not visible in the case of Fe/Ag(116) because
for densely packed steps the structural distortion cannot relax along theterraces which are too narrow.
In the case of wide terraces (e.g., as for nominally flat Ag(001) surface), the vertical perturbation can
relax and eventually disappear with increasing film thickness. Although with asmall amplitude (∼ 3 Oe),
clearly distinguishable oscillations ofHs 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) because its scales quadratically with
the step density and depends on how much the anisotropy in the film volume is modified by the steps [27].
The period of oscillationsLFe is the same as for the Fe films grown on Ag(116) surface [22,27,161] and
on average is equalLFe = 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) nominally flat surface, is sufficient to
detect the magnetic anisotropy oscillations.

As already mentioned in Sec. 2.1.3, due to the competition between magnetocrystalline anisotropy
and magnetic shape anisotropy, the magnetization can be tilted from the sample plane when is oriented
perpendicular to the step edges. By measuring the Kerr ellipticityφH at Hs in longitudinal geometries:
α+ (perpendicular to the steps) andα− (perpendicular to the steps after 180◦ rotation of the sample),
the tilting angleδ of the magnetization can be evaluated (Sec. 4.1.3). Some representative hysteresis
loops measured in these geometries at 5 K are shown in Fig. 5.3. Depending on the thickness of Fe
film, the easy magnetization axis can be oriented parallel to the steps or perpendicular to the steps.
Thus, by applying the magnetic field perpendicular to the steps, split loops orsquare loops are observed,
respectively (Fig. 5.3). Kerr ellipticity measured atα+ andα− geometries consist of two contributions,
longitudinal φL and polarφP. In case of the hysteresis loops shown in Fig. 5.3, atα− (left column)
polar Kerr signal is additive, while atα+ (right column) polar Kerr signal is subtractive. The hysteresis
loops measured atα+ are reversed (show positive signal at negative magnetic field and negative signal
at positive magnetic field) because polar Kerr signal (which is subtractive in this geometry) is larger than
the longitudinal signal. With decreasing Fe thickness, in particular below 6 MLof Fe, the coercivity
of the hysteresis loop increases. This is associated with SRT from in-planeto out-of-plane orientation
of magnetization. Therefore, the magnetic field which is applied in the sample plane, has to be larger
in the vicinity of SRT, since the out-of-plane component of the magnetization become dominant. For
thicknesses lower than 4 ML, magnetization could not be switched even with themaximum available
magnetic field 6000 Oe. However, by using MOKE in polar geometry (i.e. by applying magnetic field
perpendicular to the sample plane), square hysteresis loops were detectable down to 2 ML of Fe.

The dependence of Kerr ellipticityφH at Hs on Fe thickness for three geometriesα+, α− andα‖ is
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Figure 5.3: Hysteresis loops for chosen thicknesses of Fe film on Ag(116)measured at T = 5 K with the magnetic
field applied perpendicular to the steps in geometries:α− (left column) andα+ (right column)

shown in Fig. 5.4. It is immediately visible that Kerr ellipticityφH measured at geometriesα+ andα− is
significantly different than measured atα‖ and this divergence increases with decreasing Fe film thick-
ness. Negative values ofφH denote that measured hysteresis loops were reversed. Initial increase of the
absolute values ofφH at α+ andα− with increasing Fe thickness (up to∼ 6 ML) and subsequently de-
crease is related to changes of polar Kerr contributionφP. At 5 K, oscillatory behavior ofφH is observed
when probed atα+ andα−. The fact that oscillatory behavior ofφH is observed only at low temperature
and only atα+ andα− geometries (no oscillations atα‖), clearly indicates that the oscillations ofφH

observed in our experiment are not related to the oscillatory magneto-optical effects∗.
The longitudinalφL and polarφP contributions to the total Kerr ellipticity were calculated according

to equations (4.1.5) and (4.1.6). Consequently, the tilting angleδ of magnetization was obtained from
the formula (4.1.7). The dependence ofδ on Fe film thickness is shown in Fig. 5.5. For thicker than
15 ML film, tilting angleδ at 300 K is positive, slightly exceeding zero. It means that the magnetization
is tilted from the sample plane toward the terraces plane (howδ is defined is shown in Fig. 5.5 (a)).
With decreasing thickness of the Fe film,δ decreases changing the sign at around 13 ML and becomes
negative. Below 8 ML, tilting angle changes rapidly due to approaching SRTand reaches the maximum
valueδ =−76◦ for ∼5 ML. This angle corresponds roughly to [001] direction, which for bare Ag(116)
crystal is oriented 13.3◦ off the sample normal, i.e., is equivalent toδ = −76.7◦. At 5 K, the overall
changes ofδ are similar as at 300 K. In addition, the oscillatory behavior ofδ as a function of Fe
thickness is observed at 5 K. Three maxima ofδ can be distinguished at∼8 ML, ∼13 ML and∼18.5 ML,
which corresponds to the averaged period of oscillationsLFe = 5.3 ± 0.3 ML. The oscillations ofδ are

∗Oscillatory magneto-optical Kerr effect can be observed for instancewhen QWS from unoccupiedsp-states are formed
[13].
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Figure 5.4: Kerr ellipticity φH atHs as a function of thickness of Fe film grown on Ag(116) surface obtained from
hysteresis loops measured at (a) T = 300 K and (b) T = 5 K

perturbed below∼7 ML of Fe due to rapid change of tilting angle related to SRT. As already mentioned,
below 4 ML of Fe, the hysteresis loops could not be measured due to large coercivity exceeding the
available maximum magnetic field.

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

To verify whether the observed oscillatory behavior ofHs andδ as a function of Fe film thickness depends
upon covering with nonmagnetic layer, an additional experiment was performed for Fe/Ag(116) covered
with constant thickness, 15 ML of Au. The dependence of shift fieldHs as a function of Fe film thickness
is shown in Fig. 5.6 (a). It can observed that covering the Fe films with Au changes the dependence of
Hs. With decreasing thickness of the Fe film,Hs changes the sign at∼ 9 ML. It means that the easy
magnetization axis reorients from parallel to the steps to perpendicular to the steps direction. Thus, the
surface contributionHsur f

s from Fe/Au interface prefers the orientation perpendicular to the steps more
than in case of the uncovered Fe film.

Similarly as in case of uncovered Fe films,Hs oscillates as function of Fe thickness at 5 K. Since
covering with Au makesHs 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 angleδ 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 perpendicular to the steps. For thicker
Fe films, above 10 ML the oscillation period is the same as in the case of uncovered Fe, i.e., 5.2 ML.
However, with decreasing Fe thickness below 10 ML the distance between the minima ofHs is two times
shorter and results in the period of 2.6 ML. Moreover, the oscillation amplitudeis also reduced below
10 ML of Fe. The shortening of the oscillation period and amplitude in this thickness regime of Fe film
is related to the interplay between in-plane and out-of-plane magnetization components and is discussed
in detail in Sec. 6.3.2.

The tilting angleδ of the magnetization was evaluated for Au-covered Fe films. The dependence
of δ on Fe thickness is shown in Fig. 5.6 (b). At 300 K, in the thickness regime of Fe film from 5 ML
to 16 ML, the tilting angle is positive, only slightly exceeding zero value (i.e., exactly as in the case of
thick uncovered Fe film). With decreasing Fe thickness below∼ 4 ML, δ increases rapidly due to SRT.
However, differently as in the case of uncovered Fe film, nowδ is positive. It means that the rotation of
the magnetization from in-plane to out-of-plane orientation proceed differently for uncovered and Au-
covered. According to the orientation of the Ag(116) surface shown in Fig. 5.5 (a) it corresponds to
the clockwise and anticlockwise rotation of the magnetization for uncovered and Au-covered Fe film,
respectively. Note that the SRT is shifted down to∼ 3 ML for Au-covered Fe film in comparison to
uncovered Fe film, where SRT occurs at∼ 6 ML.

At 5 K the tilting angle oscillates with a period ofLFe = 5.4±0.3 ML, i.e., the same period as in
the case of uncovered Fe film. Differently than in case of the dependenceof Hs, the shortening of the
oscillation period is not observed here. Below around 4.5 ML of Fe, rapidincrease ofδ due to SRT
affects its oscillatory behavior. The SRT results in increase of the tilting anglevalue up toδ = +90◦,
which corresponds exactly to the orientation of magnetization perpendicularto the sample plane, i.e.,
along [116] crystallographic direction.

bcc Fe films on Au(1113) surface

Since MA oscillations ofbcc Fe films grown on Ag(001) surface are ascribed to QWS formed inside
the Fe film, their existence should be independent of the substrate material (with the assumption that
conditions for the confinement of the electronic band are fulfilled, i.e., appropriate electrons of Fe cannot
penetrate into the substrate). Therefore, it is desirable to verify the effect of the oscillatory MA inbcc
Fe films grown on a different substrate. From the point of view of the epitaxial growth, Au(001) surface
seems to be the most appropriate choice. Nearly perfect lattice match of the 45◦ rotatedbccFe(001) with
respect tofccAu(001) (mismatch: 0.6%) results in well stabilizedbccFe films growing in layer-by-layer
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mode [86, 87, 89]. The perpendicular interface anisotropy for Fe/Au(001) is nearly twice smaller than
for Fe/Ag(001), 0.47 erg/cm2 and 0.81 erg/cm2, respectively [162]. As a result, SRT from in-plane to
out-of-plane magnetization orientation is shifted to lower thicknesses (in comparison to Fe film grown
on Ag(001)) and occurs at around 3 ML of Fe when grown on Au(001) surface [87,163,164].

The MOKE experiment was carried out for Fe films grown on Au(1113) surface. In contrast to
Fe/Ag(116), for Fe/Au(1113)Hs is negative in the whole investigated thickness range (Fig. 5.7(a)).
This means that the easy magnetization axis is oriented perpendicular to the steps and thus, in order to
measure split hysteresis loops, the magnetic field needs to be applied along thesteps. Similarly as in the
case of Fe/Ag(116), theHs values for Fe/Au(1113) measured at 300 K follow the 1/t dependence. Above
30 ML of Fe, theHs dependence saturates, approachingHs ≃ 0. This means that both in-plane directions,
parallel and perpendicular to the step edges are nearly equivalent forthick Fe film. The dependence of
Hs, both at 300 K and 5 K, indicates a strong negative surface contributionHsur f

s . As a consequence,
with decreasing thickness of the Fe film, the absolute value ofHs increases and thus, more and more
magnetic field is necessary to switch the magnetization into the steps direction. Eventually, at∼8 ML,
split hysteresis loops become hard hysteresis loops andHs value cannot be derived. At 5 K, oscillations
of Hs with periodicity ofLFe = 6.2 ± 0.3 ML are visible. Therefore, the oscillation periodLFe of Hs is
slightly larger than in case of Fe films grown on Ag(001) and Ag(116) surface. The oscillation amplitude
is of the order of 200 Oe.

Figure 5.7: (a) Shift fieldHs and (b) tilting angleδ as a function of thickness of Fe film grown on Au(1113)
surface.

The titling angleδ , obtained from the Kerr ellipticityφH is shown in Fig. 5.7(b). For thick Fe films,δ
is positive (∼ 1◦), i.e., the magnetization is tilted from the sample plane toward the terraces plane. With
decreasing Fe film thickness,δ changes sign at∼ 21 ML and increases its absolute value, eventually
reachingδ = −81◦ at 3.3 ML of Fe (the lowest investigated Fe thickness). Thus, the magnetization at
3.3 ML of Fe is oriented almost exactly perpendicular to the terraces plane, which corresponds to the
δ = −83.8◦ for Au(1113) surface.

Besides changes related to SRT, the oscillatory behavior ofδ is observed. The oscillation period of
δ is equalLFe= 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 ofδ is very small in this case (1◦). The oscillation amplitudes ofHs and
δ are different for Fe films grown on Au(1113) and on Ag(116) due to different 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 the corresponding electronic
band, different oscillation periods are expected for different FM films.In order to prove the relation of the
oscillation period to the electronic structure, MOKE experiments were carriedout for fccCo films grown
on Cu(1113) surface.fcc Co grows on Cu(001) in a nearly ideal layer-by-layer mode [90] and is one
of the mostly studied thin FM films. In particular, Co/Cu(001) is the only system for which oscillatory
MA due to QWS in FM films has been investigated by theory [19–21]. This allowsa direct comparison
to experiment. Independent of the film thickness, the remanent magnetizationof the Co films is always
found to lie within the film plane with in-plane four-fold anisotropy and the easymagnetization axis
oriented along [110] direction.

It is known that for uncovered Co films grown on vicinal Cu(001) surface, at 300 K the shift field
Hs initially is positive (i.e., the easy magnetization axis is initially oriented parallel to the steps) and
decreases monotonically with increasing Co thickness [56]. At∼ 15 ML of Co, an abrupt decrease of
Hs occurs due to strain relaxation which is accompanied by a switch of the easy magnetization axis to
perpendicular to the steps direction (i.e.,Hs become negative) (see uncovered Co/Cu(1113) in Fig. 5.8a).
A large positive value ofHs in thin regime of Co film indicates that surface contributionHsur f

s to the
in-plane uniaxial anisotropy is positive (favors orientation parallel to the steps).
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Figure 5.8: Shift field Hs as a function of thickness of Co film grown on Cu(1113) surface: (a) for different
thickness of Au coverage and measured at 300 K; (b) for 0.5 ML coverage of Au and measured at 300 K and 5 K.

By covering Co films with a nonmagnetic material such as Au, the local atomic configuration at the
Co surface changes and the surface contribution to the step-induced uniaxial anisotropy can be modified
[22, 23]. Similarly as for Fe/Ag(116), covering Co films with Au results in negative Hsur f

s (i.e., the
magnetization is forced to be oriented perpendicular to the steps). How the dependence ofHs on Co
thickness evolves with sub-monolayer Au coverage is shown in Fig. 5.8a. By depositing minute amounts
of Au on Co films, the magnitude ofHs can be significantly reduced and brought close toHs = 0 over
a wide thickness range of Co. This offers a higher sensitivity to small variations of Hs in the MOKE
experiment and allows to change the easy magnetization axis by small variationsof Hs.

At 5 K, the oscillatory behavior ofHs as a function of Co thickness is observed. Independent of the
Au thickness,Hs oscillates with with a period ofLCo = 2.3 ± 0.3 ML. The dependence ofHs obtained
at 300 K and 5 K for Co/Cu(1113) covered by 0.5 ML of Au is shown in Fig.5.8b. The oscillation
amplitude below 15 ML of Co is about 300 Oe. After an abrupt decrease ofHs related to strain relaxation,
the oscillatory behavior ofHs vanishes.

The oscillatory behavior as a function of Co thickness is also observed in Kerr ellipticity φH at
Hs. The dependence ofφH at Hs on Co thickness at 5 K, obtained from the hysteresis loops measured
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Figure 5.9: The dependence of: (a) Kerr ellipticityφH at Hs at 5 K and (b) the shift fieldHs at different tempera-
tures as a function of thickness of Co film grown on Cu(1113) surface.

perpendicular to the steps (α+) and parallel to the steps (α‖), is shown in Fig. 5.9a. The oscillations with
a period of 2.3±0.3 ML are only present when measured atα+ geometry. The Kerr ellipticity atα‖

increases linearly with increasing thickness of Co film what confirms that oscillatory behavior of Kerr
ellipticity at α+ is related to change of the tilting angle of the magnetization. The oscillation amplitdue
of φH is small and corresponds to changes of the tilting angleδ of ∼1◦.

To investigate the temperature dependence ofHs as a function of Co thickness, a careful MOKE
analysis within the Co thickness range between 8 ML and 18 ML was performed(see Fig. 5.9b). For this
experiment the sample was covered with 1 ML of Au, in order to reduce the magnitude ofHs (compare
Fig. 5.8a). The shift field at 9.3, 11.9, 14.0, and 16.6 ML depends strongly on temperature, whereas for
10.6, 13, and 15.6 ML there is almost no dependence on temperature. The oscillation amplitude ofHs

decreases gradually with increasing the temperature and eventually vanishes at 300 K.

bcc Co films on Au(1113) surface

Apart from fcc Co film, which can be grown on Cu(001), an epitaxialbccCo film can be stabilized by
appropriate choice of substrate, e.g. Au(001) [91–95]. The metastablebcc phase of Co is particularly
interesting due to its novel magnetic properties. For instance, huge magnetoresistance up to 410% at RT
for Co(001)/MgO(001)/Co(001) magnetic tunnel junctions withbcc Co electrodes was reported [165].
Therefore,bccCo films attract the attention of people interested in fundamental physics of magnetism
and in practical applications for spintronic’s devices. Since the crystal structure and symmetry play a
significant role in determining the electronic band structure, changing the structure symmetry of Co film
from fcc to bccis also very interesting from the point of view of MA. In particular, one canexpect change
in the the oscillatory behavior of MA.

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

The dependence of shift fieldHs 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, where the negative interface contribution
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Figure 5.10: The dependence of: (a) Shift fieldHs, (b) Kerr ellipticityφH atHs, (c) coercivityHc and (d) oscillatory
part ofHc as a function of thickness of Co film grown on Au(1113) surface.

to the in-plane uniaxial anisotropyHsur f
s 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 contribution tothe in-plane uniaxial
anisotropyHvol

s is strongly negative, approaching−800 Oe and−1400 Oe for thick film at 300 K and
5 K, respectively. At both temperatures, with decreasing Co thickness below 20 ML, Hs becomes more
negative (i.e., the in-plane uniaxial anisotropy increases) approachingthe maximum absolute value at
15 ML. With further decreasing Co thickness,Hs decreases and reaches the minimum at∼ 8 ML. In-
terestingly, below 8 ML,Hs increases again. Based on previous reports on Co/Au(001) system, one can
expect a non-trivial growth and therefore, significant changes of MA as a function of Co film thickness.
STM studies [95] revealed for instance, that post-annealing activates several diffusion mechanisms, in-
cluding surface segregation of Au with a clear separation between Au andCo. As a consequence, regular
nanostructures aligned in the Co(100) direction and consisting of buried Co islands with a characteristic
reconstruction of the Au(001) surface can be observed [95].

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

As already mentioned, Co layers are embedded with a surfactant Au mononolayer [92–95]. There-
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fore, the interface contribution to the in-plane uniaxial anisotropy from Auis not only limited to the
bottom interface, but also includes the contribution from the upper interface. Note however that with
increasing Co thickness, less Au atoms can diffuse on the top of Co film. Therefore, one can expect that
the interface contribution toHs from the upper interface varies with Co thickness. This, together with
possible structural relaxation of Co with increasing thickness can result ina complex dependence ofHs .

In fact, already at 300 K, the dependence ofHs could suggest sort of long-period oscillatory behavior
(Fig. 5.10a). However, MA oscillations are expected to be the strongest at low temperatures [19,161] and
therefore, any oscillatory MA should be enhanced (and usually only visible) at low temperature. Since it
is not the case, such possibility can be excluded. Although in general dependence ofHs proceed similarly
at both temperatures, some features invisible at 300 K, but appearing at 5K, are observed at∼ 8.5 ML
and∼ 12.6 ML. Due to overall high magnitude ofHs and its non-trivial dependence, it is difficult to
extract oscillatory contribution to MA. Furthermore, there is no indication of any oscillatory behavior in
the Kerr ellipticityφH atHs (Fig. 5.10b). The Kerr ellipticity derived from the hysteresis loops measured
at 5 K either perpendicular to the steps (α−) or parallel to the steps (α‖) increases linearly with increasing
Co thickness. Crossing of the Kerr ellipticity dependenciesα− andα‖ at∼ 20 ML reflects a change of
the sign of the tilting angleδ with increasing Co thickness from negative to positive value, respectively.

Besides the Kerr ellipticityφH atHs derived from square hysteresis loops measured perpendicular to
steps, coercivityHc as a function of Co thickness was evaluated (as shown in Fig. 5.10c). As can be seen,
Hc at 300 K is not sensitive to the aforementioned changes of the in-plane uniaxial magnetic anisotropy
(visible in theHs dependence) and increases linearly with increasing film thickness asHc,300K = 14.2·N
(where N denotes number of Co layers). At 5 K, overall magnitude ofHc is increased, which is common
behavior for most of the ferromagnetic materials due to enhanced MA and thermal activation barrier at
low temperature [166–168]. The base value ofHc dependence can be approximated with the linear fit
Hc,5K = 59+ 24.9·N. Interestingly, additional peaks are superimposed on this linear dependence, as
marked by arrows in Fig. 5.10c. In order to get more insight into this peculiarbehavior, the linear fit
Hc,5K was subtracted fromHc dependence at 5 K. In this way, purely oscillatory part ofHc was obtained
(Fig. 5.10d). Four distinct maxima inHc dependence can be distinguished, separated from each other
with nearly equivalent distance of 4.1 ± 0.3 ML. The amplitude of the oscillatoryHc varies from∼
10 Oe to∼ 50 Oe. Interestingly, the first two maxima are observed at∼ 8.5 ML and∼ 12.6 ML, i.e., at
thicknesses corresponding to the two peaks observed in the dependence of shift fieldHs at 5 K (compare
Fig. 5.10a and Fig. 5.10d). This can indicate that oscillatory behavior with thesame period is observed
also in the case ofHs dependence on Co thickness. However, due to overall high magnitude ofHs and its
non-trivial dependence on Co thickness, the oscillations of a small amplitudeare difficult to recognize
and only two first peaks are visible. Moreover, for films with strong in-plane uniaxial anisotropy and the
easy axis of magnetization oriented perpendicular to the steps, the split hysteresis loops become more
complex. As a consequence, the measurement’s precision ofHs is rather low and not sufficient to detect
small changes, of the order of∼ 50 Oe. In contrast, when square loops are measured perpendicular to the
steps, less magnetic field is needed to switch the magnetization what allows for precise determination of
the coercivity. The mutual dependence of the shift field and the coercivity at the thicknesses at which the
characteristic peaks appear, indicate that the oscillatory behavior of the coercivity is due to oscillatory
changes of magnetic anisotropy.

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

The oscillation period of the MA oscillations is determined by the wavevectorkenv, corresponding to the
QWS that crossEF . Thus, any change of the quantized electronic bands with respect to theEF should be
manifested by change of oscillatory MA. In particular, crossing point of the QWS withEF is expected
to be modified and therefore, the oscillation period L. One of the way of adjusting EF with respect to
the electronic bands is to change the number of electrons per unit cell, e.g. by mixing two elements [7].
Such an idea was applied for instance to tetragonally distorted FeCo alloys, where by appropriate choice
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Figure 5.11: Thickness dependence of shift fieldHs

at T = 300 K and T = 5 K for different composition of
Fe1−xCox alloys grown on Ag(116): (a)Fe0.95Co0.05,
(b) Fe0.87Co0.13, (c) Fe0.82Co0.18.
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of composition, large perpendicular magnetic anisotropy was obtained [8,10].
In order to study how the oscillatory MA changes as a function of the content of Fe and Co, two

kinds of FeCo alloys films were grown: i)bcc Fe1−xCox on Ag(116) by adding gradually Co to Fe; and
ii) fcc FexCo1−x on Cu(1113) by adding gradually Fe to Co.

bcc Fe1−xCox films on Ag(116) surface
Three compositions ofFe1−xCox on Ag(116) surface, with x = 0.05, 0.13, and 0.18 of Co have been
measured by MOKE. Dependencies ofHs on Fe1−xCox thickness are shown in Fig. 5.11. It can be
observed that with adding Co,Hvol

s (the value ofHs which approaches in the limit of large film thickness)
decreases and already for x = 0.13,Hvol

s is negative (i.e., the easy axis of magnetization is oriented
perpendicular to the steps). Further increase of Co content causes further change ofHvol

s toward more
negative values. Therefore, adding of Co into Fe results in the in-plane uniaxial magnetic anisotropy,
forcing the easy magnetization axis to be oriented perpendicularly to the step edges.

Concerning the measurements at 5 K it can be observed that already at thelowest investigated content
of Co (x = 0.05), the oscillation amplitude ofHs is significantly reduced in comparison to pure Fe
film. While for Fe film, the oscillation amplitude reaches nearly 550 Oe, in the case of Fe0.95Co0.05,
the amplitude is decreased to∼ 10 Oe. Oscillations with similar amplitude are also observed for x =
0.13 of Co. The period of the observed oscillations ofHs is however not well defined (its value varies
between∼ 4.5 ML and∼ 6.5 ML, depending on the thickness ofFe1−xCox film). Moreover, for all three
compositions, Kerr ellipticityφH atHs does not show any oscillatory behavior.

fcc FexCo1−x films on Cu(1113) surface
Magnetic anisotropy of epitaxialFexCo1−x alloys grown on Cu(001) was extensively studied in the past,
over the whole composition range [96–100]. It was found that for film thicknesses below 4 ML, the
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Figure 5.12: Thickness dependence of shift fieldHs

at T = 300 K and T = 5 K for different composition of
FexCo1−x alloys grown on Cu(1,1,13) and covered by
0.8 ML of Au; (a) Fe0.07Co0.93, (b) Fe0.13Co0.87, (c)
Fe0.23Co0.77.

magnetic easy axis changes from in-plane on the Co-rich side to out-of-plane on the Fe-rich side. The
four-fold symmetry of the in-plane magnetic anisotropy with easy axes along[110] is maintained until
x =∼ 0.7 of Fe.

Three compositions ofFexCo1−x were grown on Cu(1113) with x = 0.07, 0.13 and 0.23 of Fe. The
thickness dependencies ofHs 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 coverage was used to fine-tune the
interface contribution to the in-plane uniaxial MA and to provide convenientexperimental access to MA
oscillations. All the samples shown in Fig. 5.12 were covered with 0.8 ML of Au.With adding Co into
Fe one can observe changes inHvol

s . For x = 0.07,Hvol
s approaches∼ 80 Oe (at 300 K) and∼ 150 Oe (at

5 K). This is significant change in comparison to pure Co film grown on Cu(1113), whereHvol
s is around

−100 Oe, independently of temperature. Further increase of Fe content results in shifting ofHs down to
negative values and in-plane SRT from along the steps (positiveHs) toward perpendicular to the steps
(negativeHs). Thus, adding of Fe inFexCo1−x/Cu(1113) has similar effect on the in-plane uniaxial MA
as adding of Co inFe1−xCox/Ag(116). In both alloys, increasing the content x results in the in-plane
uniaxial magnetic anisotropy, forcing the easy magnetization axis to be oriented perpendicularly to the
step edges. Interestingly, rapid drop ofHs at 15 ML for Co/Cu(1113) associated with strain relaxation
(Fig. 5.8b) is not observed in the case ofFexCo1−x/Cu(1113).

At 5 K, oscillations ofHs as a function ofFexCo1−x 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 comparisonto pure Co film.
The period of oscillations seems to slightly increase with increasing thickness and on average is equal
LFexCo1−x = 2.0 ± 0.3 ML, i.e., very similar toLCo observed for Co/Cu(1113). Further increase of Fe
content (up to x = 0.13), reduces the oscillation amplitude again by factor of two, i.e., to∼ 50 Oe, while
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it does not affect the oscillation period. Eventually, for x = 0.23, oscillations disappear completely.

Co/Fe bilayer on Ag(116) surface

So far, effects of varying thickness of FM films have been considered for Fe, Co and FeCo alloys. The
question is whether (and how) QWS can affect the magnetic anisotropy in thecase of two adjacent FM
layers? In order to answer this question, the magnetic anisotropy of Co/Fe bilayers has been studied here.
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Figure 5.13: The dependence of the: (a) Shift fieldHs, (b) Kerr ellipticityφH atHs, (c) tilting angleδ as a function
of thickness of Co film grown on Fe(13 ML)/Ag(116). (d) The dependence of the tilting angleδ 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 layerson MA is similar. For
Co(wedge)/Fe(13 ML)/Ag(116) the measurements ofHs show that covering with Co cause a SRT from
the easy magnetization axis along the steps (positiveHs) toward perpendicular to the steps (negativeHs)
at around 2.5 ML of Co (Fig. 5.13a). Interestingly, with further increaseof Co thickness, another SRT
occurs and the easy magnetization axis rotates back to along the steps direction at around 6 ML. There
are some differences between T = 300 K and T = 5 K dependencies. The value ofHs for uncovered Fe
is much higher at 5 K. This is due to QWS contribution toHs, which for 13 ML of Fe corresponds to
largerHs, in agreement with Fig.5.2a. In addition, at 5 K, sort of periodic modulation ofHs is visible
(Fig. 5.13a). Oscillations have amplitude of∼ 100 Oe and disappear already after two peaks.

The oscillations are also visible in the Kerr ellipticityφH at Hs, when measured at 5 K (Fig. 5.13b).
Analogically as for other systems presented in this section, having the valuesof Kerr ellipticities atα+
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andα− geometries, the tilting angleδ can be calculated according to Eq. 4.1.7. The oscillations ofδ are
observed with a period ofLCo = 2.5 ± 0.3 ML. Note that the positions of the peaks inδ , which appear
at∼ 1.4 ML and∼ 3.9 ML of Co, coincide with the peaks observed inHs dependence.

In order to see howδ changes upon covering with Co for thinner Fe film underneath, an additional
experiment was performed for Co(wedge)/Fe(5.5 ML)/Ag(116). As shown in Fig. 5.5, for uncovered
5.5 ML thick Fe film, the easy magnetization axis should be oriented nearly exactlyperpendicular to the
terraces plane. This is exactly what is observed in Fig. 5.13d, where foruncovered part of Co wedge
δ = −76.5◦. Interestingly, already 1 ML of Co is sufficient to reduce the tilting angle value and cause
the magnetization to be oriented in the sample plane. Furthermore, the oscillatory behavior ofδ 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 magnetization prefers to be aligned in
the sample plane, it is desirable to check, how oscillatory MA due to QWS in Fe behaves in such system.
The results for two Fe-wedges with 1 ML and 2 ML thick Co capping layers are presented in Fig. 5.14.
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Figure 5.14: Dependencies of shift fieldHs and tilting angleδ on thickness of Fe film covered by 1 ML and 2 ML
thick Co film.

The dependence of the shift fieldHs 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 doesnot change significantly with
increasing Fe thickness. A change in the volume contributionHvol

s occurs when the thickness of the
Co covering layer is increased, from∼ 600 Oe down to∼ 300 Oe, respectively. At 5 K, oscillatory
behavior ofHs is observed for both coverages of Co. Since maxima ofHs are observed at∼ 12.5 ML
and∼ 18 ML (i.e., at exactly the same thicknesses as for uncovered and Au-covered Fe films) one can
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conclude that the oscillatoryHs 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, whereHs cannot be derived below 10 ML due
to SRT, for Co-covered samplesHs is measurable down to 3 ML of Fe. In particular, in the case of
Co(2 ML)/Fe(wedge)/Ag(116) this allows to determine the oscillation period ofHs even for the thinnest
part of Fe film. Interestingly, the oscillation period and amplitude decrease withdecreasing Fe thickness
below 10 ML (Fig. 5.14b).

Dependencies ofδ 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 ML and2 ML of Co reduces the value
of the tilting angle to nearly zero (the easy magnetization in the sample plane). At 300 K, there are no
significant changes of the tilting angle with increasing Fe thickness. At 5 K, clear oscillations ofδ are
observed with the period ofLFe = 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. Thequestion is
whether QWS formed in NM overlayer can affect periodically the MA of the underlying FM film. In
order to study the effects of covering with NM overlayers, Au and Cu overlayers 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 of the FM underlayers, the NM
films in which QWS exist have to be chosen. Cu films are one of the most intensively studied system
regarding the observation of QWS [60, 63, 169–172], and therefore, there are good candidate for the
purpose of our study.
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Figure 5.15: The dependence of shift fieldHs 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 between 0 and 25 ML
grown on 10 ML thick Fe films on Ag(116) and on 10 ML thick Co films on Cu(1113). As already shown
in the case of Au/Fe/Ag(116) and Au/Co/(1113), covering FM film with NM material can change the in-
terface contribution to the step-induced uniaxial anisotropy. For Cu films grown on Fe(10 ML)/Ag(116),
at 300 KHs is positive and at 0 ML coverage of Cu is equal∼ 240 Oe, in agreement with Fig. 5.2a. With
increasing Cu thicknessHs initially increases (up to∼ 6 ML) due to a change from the UHV/Fe into the
Cu/Fe interface contribution toHs (Fig. 5.15a). Afterward,Hs decreases and saturates above a thickness
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of ∼ 17 ML. Since the saturated value ofHs is similar toHs for uncovered Fe film of the same thick-
ness, one can conclude that a sufficiently thick Cu overlayer is inert forthe in-plane uniaxial magnetic
anisotropy of Fe/Ag(116).

The dependence ofHs at 300 K is different if Cu is grown on top of Co/Cu(1113) (Fig. 5.15b). For
uncovered, 10 ML thick Co film,Hs 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-induced magnetic anisotropy. As a
consequence,Hs is much smaller reaching a value of∼ 80 Oe at 16 ML. This value is close toHs of thick
uncovered and Au-covered Co/Cu(1113) (Fig. 5.8). This confirms that the effect of covering with Cu is
purely an interface effect related only to interface contribution toHs, which is different for UHV/Co and
Cu/Co interfaces [23, 39]. Additionally, this allows to conclude that a largeHs observed for uncovered
Co/Cu(1113) (Fig. 5.8) is more due to the surface of Co than the Co/Cu(1113) interface. The change
of Hs with increasing Cu thickness spreads out to nearly 20 ML, which is a similar Cuthickness range
as in the case of change ofHs upon covering with Cu on Fe/Ag(116). Such changes ofHs spreading
out over several ML of Cu can be surprising for a typical interface effects. This is due to the fact that
Hs value is sensitive to even tiny changes of MA. As a consequence, even very thick Cu layer on top
of ferromagnetic material can affectHs 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 ofHs changes remarkably at 5 K. For Cu on both: Fe/Ag(116) and Co/Cu(1113)),
Hs oscillate as a function of Cu thickness with similar amplitude (∼ 80 Oe) and almost exactly the same
period 6± 0.3 ML and 5.8 ± 0.3 ML, respectively. For simplicity, only the measurements at 5 K and
300 K are shown. However, it is worth to note, that the oscillations disappear already 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) surface;(b) shift fieldHs as
a function of thickness of Cu overlayer grown on 18 ML and 22 MLthick Fe film underneath. T = 5 K.

It can be observed, thatHs for uncovered part of the Fe film (0 ML of Cu) is significantly decreased
at 5 K with respect to its value at 300 K (Fig. 5.15a). This effect is related tothe oscillatoryHs due to
QWS in Fe film (as shown in Fig. 5.2a). The change ofHs with decreasing temperature for uncovered
part of Co/Cu(1113) is less prominent (Fig. 5.15b) because the oscillationamplitude ofHs is smaller
than in the case of Fe/Ag(116). Therefore, the oscillatory dependenceof Hs with increasing Cu thickness
can be shifted either more to positive values or negative values ofHs, depending whether the thickness
of the underlying FM film corresponds to the maximum or minimum of the oscillatoryHs due to QWS
in FM film. The question is whether the period, amplitude or phase of the oscillatory Hs vs the Cu
thickness depends on the thickness of Co and/or Fe film or not. In order toto answer this question,
an additional sample of two thicknesses of Fe (18 ML and 22 ML thick) was grown. The results of
the MOKE experiment are shown in Fig. 5.16. The oscillations are of exactly the same period and the
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maxima correspond to the same thicknesses of Cu for both Fe thicknesses. However, as expected for
different thicknesses of Fe,Hs oscillates with respect to different "base" values. This is again becauseHs

at 5 K for Fe itself is modified by the QWS formed in Fe. The oscillation amplitude seems to be almost
independent of the thickness of Fe at least in the investigated thickness range.

Au overlayers on Fe films

Thin Au films are another example of NM film, in which QWS can be observed. Inparticular, oscillatory
magneto-optical effects and oscillations of the electron reflectivity due to spin-polarized QWS in Au
deposited on Fe(001) and Co(001) surfaces have been reported [13, 174–177]. Since Au is one of the
least reactive solid chemical elements, it is commonly used as a capping layer of magnetic thin films.
Also within experiments of this thesis, Au was deposited on the top ferromagnetic layers, e.g., in the
case of Fe/Ag(116) (Sec. 5.1.1). It is therefore desirable to study, how MA of FM film can change upon
covering with Au.

In order to get more insight into influence of Au on MA of the underlying FM film, MOKE mea-
surements were performed as a function of Au coverage on Fe/Ag(116). The dependence ofHs on Au
thickness of 13 ML thick Fe film deposited on Ag(116) is shown in Fig. 5.17a.Since 13 ML thick Fe
corresponds nearly to the maximum of the oscillation ofHs observed for uncovered sample,Hs at 5 K
is larger than at 300 K. Covering with Au reduces the values ofHs at both temperatures. In particular, a
rapid drop ofHs is observed in the thickness range between 0 ML and 1 ML of Au. Further deposition of
Au changesHs only a little.
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Figure 5.17: (a) The dependence of shift fieldHs and (b) Kerr ellipticityφH 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 ellipticityφH at Hs (Fig. 5.17b). For uncovered part of
Fe(13 ML)/Ag(116),φH measured atα− andα+ geometry is respectively larger and smaller thanφH at
α‖. This corresponds to the orientation of the magnetization with tilting angle around−1◦, in agreement
with the Kerr ellipticity φH 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 the Kerr ellipticity at α− andα+

with respect toα‖ is just opposite (i.e.,φH at α+ is larger than atα‖, while φH at α− is smaller than at
α‖). It means that initially tilted magnetization byδ =−1◦, rotates upon covering with Au and become
tilted by aboutδ =+1◦. With increasing Au thickness above 8 ML,φH at α− andα+ slightly converge
to φH measured atα‖, which is related to tiny decrease of the tilting angle. The fact that Kerr ellipticity
at α‖ is independent of Au thickness confirms that the observed change of theKerr ellipticity at α+ and
α− is not related to any magneto-optical effects. Analogous effect of change of the sign of the tilting
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angle upon covering with Au is observed independently of temperature andthickness of Fe. In fact, this
effect can be also observed by comparing the tilting angle dependence onFe thickness for uncovered
and Au-covered samples shown in Sec. 5.1.1. No indication of the oscillatory behavior neither ofHs nor
Kerr ellipticity φH atHs is found as a function of Au thickness, even at 5 K.
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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 magnetocrystalline anisotropy energy is directly
related to the anisotropy of the orbital moment. X-ray magnetic circular dichroism (XMCD) spec-
troscopy allows to measure an anisotropy of the orbital moment and thus, gives the opportunity of direct
observation of the magnetocrystalline anisotropy. In order to explore the oscillatory magnetic anisotropy
it is therefore very desirable to study the anisotropy of the orbital magnetic moment. There are no re-
ports concerning XMCD measurements for Fe films on vicinal surfaces andonly a very few reports for
Fe films on flat Ag(001) [178, 179], however, with no information about the anisotropy of the orbital
magnetic moment.

In the following chapter, XMCD results for Fe films grown on Ag(116) surface are presented. Careful
thickness dependent measurements in different geometries were performed with particular interest on the
evaluation of the anisotropy of the orbital moment. The measurements were carried out at Beamline 4B
of the synchrotron radiation facility UVSOR-II in Institute for Molecular Science, 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 moments from XMCD spectra,
the magnetization has to be saturated for all probed directions. This is why allresults presented in this
chapter were obtained in saturation. Several Fe films were prepared with both: constant and changeable
thickness (a wedge type sample), in order to study thickness dependent changes in XMCD signal. All
the measurements were performedin situwith the pressure below 1×10−10 mbar and at T = 5 K. Prior to
the measurement of the absorption spectra, the hysteresis loops were detected by recording the electron
yield with the photon energy fixed at the maximum of theL3 absorption edge of Fe (∼ 706 eV). The
measurement of the hysteresis loops along different directions and different thicknesses of Fe allowed
to estimate saturation field. In most cases the magnetic fieldH =±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 range from 670 eV to 760 eV. This
energy range was divided into six blocks with different resolution ranging from 0.25 eV to 4 eV. Each
absorption spectrum was averaged at least twice, while one experimentalpoint at given energy was
acquired at least for 2 seconds. Analysis procedure of the absorption spectra 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 probe themagnetic moment
components: perpendicular to the sample plane (θ = 0◦), in-plane perpendicular to the step edges (θ =
55◦, ψ = 0◦) and in-plane parallel to the step edges (θ = 55◦, ψ = 90◦), where the angles are defined
according to Fig. 4.6. RepresentativeL2 normalized XMCD spectra are shown on Fig. 5.18. By looking
at the intensity ofL3 resonance peak, changes of the orbital moment are visible. While for thicknesses:
3.6 ML and 7.6 ML, the spectra measured in three directions have similar intensityat L3, there is a
substantial difference for thicknesses: 4.6 ML and 5 ML, where the spectrum forθ = 55◦,ψ = 0◦ (red
line) has reduced intensity atL3 peak, in comparison with other directions. This indicates that the orbital
moment alongθ = 55◦,ψ = 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 momentmorb and effective spin moment
me f f

spin , sum rules have to applied according to equations (4.2.2) and (4.2.3). Thevalues ofmorb and me f f
spin

obtained for all measured thicknesses of Fe are summarized in Fig. 5.19. The spin effective moment is
nearly isotropic and changes only a little with increasing Fe thickness. For thinFe films (in the thickness
regime 2÷7 ML) the averaged over the three probed directionsme f f

spin is equal 2.37µB/atom, while

for thicker films (9÷17 ML), the averagedme f f
spin is equal 2.28µB/atom. Note that me f f

spin is not the
absolute value of the spin momentmspin. In order to extract the absolute value ofmspin, the projected
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Figure 5.18:L2 normalized XMCD spectra for several thicknesses of Fe film grown on Ag(116) vicinal surface. By
looking at intensity ofL3 peak, changes of the orbital moment can be directly distinguished (an increase/decrease
of the intensity ofL3 peak correspond to the increase/decrease of the orbital magnetic moment). One can observe
that at thicknesses: 4.6 ML and 5 ML, the intensity at theL3 resonance peak is reduced for the measurement along
θ = 55◦,ψ = 0◦ (red line) in comparison with other geometries. At thicknesses: 3.6 ML and 7.6 ML the intensity
at theL3 peak is almost the same regardless of the geometry of the measurement. Thus, the orbital moment is
nearly isotropic at those thicknesses.
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Figure 5.19: (a) Effective spin magnetic momentme f f
spin and (b) orbital magnetic momentmorb as a function of

thickness of Fe film grown on Ag(116). The error bars are estimated as follows: thickness (±0.2 ML), me f f
spin

(±0.05µB/atom) and morb (±0.015µB/atom).

magnetic dipole momentmT along the spin quantization axis has to subtracted according to Eq. 4.2.3.
The mT reflects a quadrupole term in the anisotropic spin density [137] and thereby, introduces some
additional anisotropy tome f f

spin dependence. The orbital moment dependence on Fe film thickness is
shown in Fig. 5.19(b). The orbital moment increases with decreasing Fe thickness and for the thinnest
measured Fe film (2 ML) is enhanced by around 180% in comparison to the thickest one (16 ML). The
enhancement of the orbital moment for thin Fe film can be ascribed to two effects: i) broken symmetry
due to the finite size effects [50,156] and ii) increased magnetic moment at Fesurface-layers and Fe/Ag
interface layers [156,158,180–182].

Additionally, a strong anisotropy of themorb is observed. In particular, differences are evident
for the morb measured alongθ = 55◦, ψ = 0◦, which is substantially reduced in the vicinity of 5 ML
and 12.5 ML. The changes of the orbital moment are so large that can be recognized directly fromL2

normalized XMCD spectra, as shown in Fig. 5.18 for the vicinity of the first minimum.
Although dependencies shown on Fig. 5.19 can give already information about the anisotropy of

the orbital moment, it is more convenient to operate with the values ofmorb and me f f
spin projected on

particular crystallographic directions of the surface (since it allows for comparison with results obtained
by other techniques). By using equations (4.2.6) - (4.2.9) all the quantities,i.e., morb , mspin andmT can
be evaluated in case, when the XMCD data set for three independent incidence angles is available.

The magnetic moments were recalculated on following crystallographic directions: [116] (perpen-
dicular to the sample plane),

[
331

]
(in the sample plane, perpendicular to the step edges) and

[
110

]
(in

the sample plane, parallel to the step edges). The recalculated values of theorbital moments as a function
of Fe film thickness are shown in Fig. 5.20a. It is observed that dependencies presented in Fig. 5.19b and
their projections on the crystallographic directions (Fig. 5.20a) are qualitatively nearly identical. How-
ever there are some quantitative changes in values of the orbital moment. In particular, two characteristic
minima for morb perpendicular to the step edges direction (red circles) at∼ 5ML and∼ 12.5ML are
more pronounced after recalculation on crystallographic directions. It isworth to mention that several
samples with a uniform thicknesses were performed in the vicinity of those minima inorder to confirm
the small values of the orbital moments.

This peculiar decrease of themorb 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 of themorb in different directions
depends on two ingredients: thed electron bonding and the size of the SO coupling given by thespin-
orbit coupling constant(see Eq. 2.1.2). Therefore, in thin FM film in whichd electrons are confined,
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Figure 5.20: (a) Orbital magnetic momentmorb (b) and spin magnetic momentmspin as a function of thickness
of Fe film grown on Ag(116), recalculated on specific crystallographic directions. The error bars are estimated as
follows: thickness (±0.2 ML), morb (±0.015µB/atom) andmspin (±0.05µB/atom).

change of the electron bonding should be expected with increasing the thickness (since by changing the
film thickness, the orbiting electrons experience alternating stronger/weaker perturbation due to their
confinement at the interfaces). Additionally, as shown in Sec. 2.3, the quantization ofd electrons can
result in periodic change of the electronic configuration near the Fermi level. Such an effect should
change themorb value, in particular when QWS crossEF and change their occupancy from occupied to
unoccupied or vice versa (since the expectation value ofmorb is obtained by summation over coupled
pairs of occupied and unoccupied states). A detailed discussion of the orbital moment dependence and
its correlation with magnetocrystalline anisotropy is carried out in Sec. 6.3.2.

Having morb and me f f
spinvalues, a spin magnetic momentmspincan be calculated according to Eq. 4.2.3

and Eq. 4.2.9. The values ofmspin obtained in our experiment (Fig. 5.20b) are in good agreement with
previous XMCD reports onbccFe thin films [178, 179, 183]. In contrast tomorb dependence, there is
no significant increase ofmspin values with decreasing Fe film thickness (only of∼ 5%). This result
shows that the effect of reduced dimensionality on value of the magnetic moment and the enhancement
of the magnetic moment at the Fe surface/interface layers, are reflected mostlyby changes in the orbital
magnetic moment value (not the spin moment). In order to compare the obtained enhancement of the
magnetic moment with the literature, a total magnetic momentmtot = morb + mspin has to be taken. For
3 ML thick Fe film, the total magnetic moment in our experiment equalsmtot = 2.65± 0.05µB/atom.
This value is in a good agreement with the averaged magnetic momentmtot = 2.67µB/atomof 2.9 ML
thick Fe film measured by SQUID (superconducting quantum interferencedevice) magnetometry [157].

5.2.2 Magnetization orientation in remanence

By probing the magnetization along three directions in remanence, three projection components of the
remanence can be obtained from XMCD spectra, leading to unique determination of the remanence mag-
netization vector. As mentioned before, the main interest of the XMCD study here is the anisotropy of
the orbital moment, which has to be measured in saturation. The remanence measurements give the infor-
mation about the magnetic anisotropy only through the orientation of the easy axis of magnetization. In
general, it is useful to measure XMCD in both states, remanence and saturation, since it allows for direct
correlation of the changes of orbital moment anisotropy with changes of theeasy axis orientation. Since
the easy axis of magnetization for this system was determined by MOKE and SPLEEM measurements,
a full remanence data (i.e., along three directions) from XMCD are derived only for chosen thicknesses
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Figure 5.21: Effective spin magnetic momentsme f f
spin

obtained from XMCD measurement in remanence for
Fe/Ag(116). The largest value ofme f f

spin corresponds to
the easy axis of magnetization. Note that probing along
θ = 55◦,ψ = 0◦ andθ = 55◦,ψ = 90◦ is always asso-
ciated with contribution of the two components of mag-
netization, in-plane and out-of-plane. Rapid change of
the me f f

spin dependence between 7.2 ML and 7.6 ML re-
flects the SRT from out-of-plane toward in-plane along
the steps direction.
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of Fe, in the vicinity of SRT. The XMCD measurements in remanence were performed forH = ±0 T,
i.e., by changing the magnetic fieldH such thatH = +4 T → +0 T (µ− taken)→ −4 T → −0 T (µ+

taken). All conditions and settings for the measurements in remanence were the same as in the case of
the measurements in saturation.

The effective spin moment as a function of Fe film thickness is shown in Fig. 5.21. Up to 7.2 ML of
Fe, the me f f

spin alongθ = 0◦, (i.e., perpendicular to the sample plane) is the largest among three probed

directions, and equal∼ 2 µB/atom. This value is slightly different thanme f f
spin obtained in the saturation

(on average 2.37µB/atom) and indicates that the easy axis of magnetization is oriented in the proximity
of θ = 0◦. Probing alongθ = 55◦,ψ = 0◦ andθ = 55◦,ψ = 90◦ is associated with contribution of the two
components of magnetization, in-plane and out-of-plane. However, forθ = 55◦,ψ = 0◦, the effective
spin moment is almost zero. This is due to the fact that magnetization is tilted toward perpendicular to
steps direction with the angle−δ and therefore, oriented nearly perpendicularly to the x-ray wave vector
in this geometry (see Fig. 4.6). Above 7.2 ML the SRT occurs and the effective spin moment become the
largest alongθ = 55◦,ψ = 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 components of the magnetiza-
tion are necessary. Then, the orientation of the magnetization vector can bedetermined. Representative
magnetization vector orientations defined by tilting angleδ and azimuthalψ angles defined according
to Fig. 4.6 are shown in Table 5.1. Additionally, the values ofme f f

spin obtained for corresponding mag-
netization vectors are given. Starting with 4.6 ML thick Fe film, it can be seen that the magnetization
is tilted out from the sample plan byδ = −63◦ with the inclination toward perpendicular to step edges
direction (ψ = 190.5◦). With increasing Fe thickness, the absolute value ofδ increases, i.e., the mag-
netization rotates toward perpendicular to the sample plane direction, reaching the maximum absolute
valueδ = −71◦ at 7.2 ML. Therefore, the magnetization for this thickness is oriented almost exactly
along[001] direction (which for Ag(116) crystal corresponds toδ = −76.7◦). At 7.6 ML rapid change
of the magnetization orientation is observed. The easy axis reorients to the sample plane (δ close to
0◦) with the azimuthal orientation along the steps (ψ nearly 90◦). This clearly indicates that SRT from
out-of-plane to in-plane is associated with change of the azimuthal angleψ .

Table 5.1: Orientation of the remanent magnetization vector for chosen thicknesses of Fe film grown on Ag(116).
The tilting angleδ and the azimuthal angleψ are defined according to Fig. 4.6.

Fe thickness[ML] me f f
spin [µB/atom] δ [◦] ψ [◦]

4.6±0.2 2.40±0.1 -63±5 190.5±5
7.2±0.2 2.37±0.1 -71±5 180.5±5
7.6±0.2 2.41±0.1 -3.3±5 96.3±5
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The orientation of magnetization derived from XMCD in remanence has limited precision. Since
magnetic moments are often not collinear with the wave vector of the incident x-ray, the XMCD signal
is weaker and thus the analysis of the XMCD spectra involves larger errors (in comparison with the
XMCD spectra obtained in saturation). The estimated errors for anglesδ andψ are∼ 5◦ (see Table 5.1).
Nevertheless, remanence XMCD data allow for unique determination of the orientation of the easy axis
magnetization in 3-dimensional space, which is not easily accessible by conventional 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 the MAcan be manifested by
the changes of the orientation of the easy axis of magnetization (see Sec. 5.1). In particular, for the
films grown on vicinal surfaces, the easy magnetization axis tilting direction canoscillate into/out-of
the sample plane and also, oscillatory switching between two orthogonal in-plane directions can occur.
The orientation of the easy magnetization axis derived from MOKE is averaged over 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 can be affected by QWS. The
possibility of LT measurements with good lateral resolution, which is crucial in case our experiment,
singled out SPLEEM among other available techniques.

In this chapter, the domain structure studies by SPLEEM are presented forFe and Co films grown on
vicinal Ag(116) and Cu(1113) substrates, respectively. Domain structure was investigated as a function
of Fe and Co films thickness, at 300 K and 130 K. Additionally, effect of sub-monolayer coverage with
Au on the domain structure of Fe/Ag(116) was studied. All SPLEEM experiments were performed on
as grownsamples. The samples were grown as 1 mm wide wedge, with a slope of∼ 14 ML/mm along
[110] crystallographic direction of the substrate, according to the description given in Sec. 3.1.

5.3.1 Fe films on Ag(116) surface

In order to evaluate the orientation of magnetization, images with three orthogonal spin polarizations of
the incident electrons were recorded: perpendicular to the sample plane (θ = 0◦), in-plane perpendicular
to the step edges (θ = 90◦, ψ = 0◦), in-plane parallel to the step edges (θ = 90◦, ψ = 90◦). Note
that for Ag(116) vicinal crystal, perpendicular to the sample plane direction corresponds to the[116]
crystallographic direction (see Fig. 4.6).

The SPLEEM images were acquired by scanning the Fe wedge, i.e., by movingthe manipulator with
respect to the incident electron beam, keeping the incident angle constantand switching the polarization
direction P at every step. On average, one SPLEEM image (in one polarization configuration) was
obtained at around 5-10 sec. The SPLEEM images recorded for three orthogonal electron polarizations
as a function of Fe film thickness are shown in Fig. 5.22. Since the domain structure recorded at 130 K
and 300 K are qualitatively similar, the images at 130 K are shown solely. On topof the image columns,
the polarization direction of the illuminating beam with respect to the step edges ofthe vicinal crystal
is indicated. The bright and dark features in the SPLEEM images result from the component of surface
magnetization vector along the axis defined by the orientation of the spin polarization of the illuminating
beam (parallel and anti-parallel, respectively). No magnetic contrast, i.e.50% gray color in SPLEEM
image is observed if|M | = 0 (nonmagnetic surface) or if the spin polarization of the incident electron
beam is perpendicular to the direction of magnetization at the surface. The images are normalized to the
background (the area outside the field of view), corresponding to zeromagnetic contrast.

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

Note that the measurement was performed on a wedge sample and there is a thickness gradient, which

∗Note that the magnetic contrast in SPLEEM is energy and thickness dependent. For very thin Fe films, below∼ 5ML,
the asymmetry intensity decreases with decreasing Fe thickness at E = 13.5 eV. In order to examine the domain structure for
very thin Fe films, in particular below 2.85 ML, the energy of the incidence electrons 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 Ag(116) surface obtained at 130 K.
Grey level, with respect to the background corresponding tozero magnetic contrast, represents orientation of
magnetizationM with respect to the polarizationP of the incident beam (light and dark areas correspond to parallel
and anti-parallel orientations ofM andP, respectively). Polarization direction of the illuminating beam is indicated
on top of the image columns. The field of view is 12µm and electron energy is 13.5 eV.

is perceptible, even within the area of a single image (the spread of the thickness within the field of view,
from the top to the bottom, is around 0.16 ML). As a consequence, it can be observed that within the
single image, there is a gradient of the domain size, which clearly demonstratesthe strong dependence
of the domain size on Fe film thickness.
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Figure 5.23: Tilting angleδ and azimuthal angle
ψ of magnetization as a function of Fe film thick-
ness evaluated from SPLEEM images within area
of a single domain. With decreasing Fe film thick-
ness, magnetization starts to tilt out from the sam-
ple plane and discontinuous switch of in-plane
magnetization orientation from along the steps to-
wards perpendicular to the steps (ψ = 0◦ → ψ =
90◦) occurs at 7.5 ML. Tilting angleδ of mag-
netization changes gradually, eventually reach-
ing [001] crystallographic direction, i.e. direction
perpendicular to the plane of the atomic terraces.

Up to around 7 ML there is no contrast along the step edges (right column in Fig. 5.22), which
means that there is no magnetization component along this direction. There is a weak magnetic contrast
perpendicular to the step edges (middle column) and a strong contrast alongthe sample normal (left
column), which means that the magnetization is slightly tilted from the normal to the sample plane
keeping its in-plane orientation perpendicular to the steps. The domains formso called stripe phase,
which is usually observed for ferromagnetic films with the easy axis perpendicular to the sample plane
[185–189].

While the Fe film thickness increases, stripe domains expand and arrange tothe alignment with the
domain walls oriented perpendicularly to the step edges. Above around 5.2 ML, a continuous increase of
the contrast perpendicular to the step edges with the simultaneous decreaseof the contrast perpendicular
to the sample plane is observed. For 7.5 ML thick Fe film, the domain pattern changes dramatically.
A rapid alteration of the magnetization orientation is manifested by domain "splitting".While in part
A (see Fig. 5.22) there is still a substantial magnetic contrast along the sample normal (i.e., the magne-
tization is tilted from the direction perpendicular to the step edges), part B shows negligible magnetic
contrast along the sample normal (i.e., the magnetization is oriented almost completely in the sample
plane). In addition, approaching the sample plane is associated with an abrupt switching of the in-plane
magnetization component to the direction along the step edges.

With further increase of Fe film thickness, magnetic contrast is visible exclusively in the sample plane
along the step edges. For 9.5 ML and thicker films, domain wall can be observed from the magnetic con-
trast perpendicular to the step edges (i.e., when probed perpendicular tothe easy axis of magnetization).
The interpretation of this contrast is that the domain wall has aNeél structure. Moreover, the domains
are larger (in comparison to thinner films) and have no preferential orientation with respect to the crys-
tallographic directions of the Fe film.

Using the fact that magnetic contrast in SPLEEM is proportional to the scalarproduct of the beam
polarization and magnetization, more quantitative analysis is possible. By evaluating the magnetic con-
trast in three orthogonal directions a 3-dimensional orientation of the magnetization vectorM can be
determined. The orientation of the magnetization as a function of Fe film thicknessat 130 K is shown
in Fig. 5.23. The magnetization is characterized by tilting angleδ and azimuthal angleψ (as shown in
the inset of Fig. 5.23). Initially, starting from the thinnest investigated Fe film, magnetization is tilted out
from the sample normal by∼ 20◦ with inclination toward perpendicular to the steps (ψ = 0◦). It means
thatM is oriented nearly along [001] direction, i.e., perpendicular to the terracesplane (the miscut angle
between [001] and [116] directions for bare Ag(116) crystal is equal 13.3◦). Up to around 5 ML there are
no significant changes in orientation of magnetization. Above 5 ML, the tilting angle starts to decrease
while keeping the azimuthal orientation perpendicular to the steps. At 7.5 ML, abrupt change ofδ and
discontinuous switch of in-plane magnetization orientation from perpendicular to the steps toward along
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Figure 5.24: Domain size D as a function of
thickness of Fe film grown on Ag(116) surface
estimated from SPLEEM images obtained at
130 K and 300 K. The size of domains is an
averaged value over the area corresponding to
the field of view (12µm). The error bars are
estimated as follows: thickness (±0.2 ML),
domain size D (±0.3µm)

the steps (ψ = 90◦ →ψ = 0◦) is observed. This rapid alteration of the orientation of magnetization corre-
sponds to the "split" domains shown on Fig. 5.22, where magnetic contrast is changed significantly while
passing from part A into part B. With further increase of Fe thickness theorientation 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 takingthe line profile
across the domain wall. The thickness dependence of the domain size D at twodifferent temperatures:
130 K and 300 K is shown in Fig. 5.24. Note that the size of domains shown here is an averaged value
over the area corresponding to the field of view (12µm). Above∼ 5.5 ML of Fe, the size of the do-
mains exceeds the field of view (i.e.,D > 12µm) and thus, cannot be precisely derived from this set of
measurements.

Starting with the thinnest Fe films, the size of the domains D increases exponentially with the film
thickness. At around 4.5 ML, the domains measured at 130 K are nearly three times larger than those
measured at 300 K. Interestingly, with further increase of the Fe film thickness, the domains measured
at 130 K become similar to those measured at 300 K. Above 5 ML the domain size increases rapidly at
both temperatures and eventually, exceeds the field of view (D > 12µm). 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 estimated roughly from number of the
observed domain walls within certain area. From this estimation, the domain size approach maximal
value D =∼ 70µm in the thickness range between 6 ML and 7.5 ML.

The observed local change in the domain size at∼ 4.5 ML occurs solely at LT and therefore, suggests
to be related to QWS contribution to the MA (such contribution can be visible only at LT and only at
specific thicknesses). However, there is no anomaly of the tilting angle at thisthickness, 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 on Ag(116) surface, the in-plane
orientation of magnetization is directly linked to the out-of-plane magnetization component. It is ob-
served that as soon as the magnetization starts to tilt out from the sample plane,a discontinuous in-plane
SRT occurs and the magnetization prefers to be oriented perpendicular to the step edges. In order to
examine this effect, the domain structure of Fe/Ag(116) was studied as a function of sub-monolayer
Au coverage at 130 K. SPLEEM images were recorded for three thicknesses of Fe film: 4.2, 4.25 and
4.5 ML, by closing the shutter of Au e-beam evaporator and probing different part of the Fe wedge.
Triplets of SPLEEM images using beam polarization parallel to the surface normal and two orthogonal
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polarizations parallel to the film (along the steps and perpendicular to the steps) were recorded. During
measurements the electron beam energy and the field of view were kept constant at 13.5 eV and 12µm,
respectively.

Figure 5.25: SPLEEM images with varying thickness of sub-monolayer Au coverage of Fe films grown on
Ag(116) surface. T = 130 K, the field of view is 12µm and electron energy is 13.5 eV.

The domain pattern and the magnetization direction upon deposition of Au is demonstrated in the
sequence of images in Fig. 5.25. As shown before for uncovered sample(0 ML of Au), stripe domains are
observed for polarization of the incidence electrons along normal and in-plane perpendicular to the step
edges. Already 0.8 ML of Au causes dramatic changes in the domain structure and magnetic contrast
is visible solely parallel to the step edges (Fig. 5.25). While for uncovered sample regular stripes are
observed, after 0.8 ML of Au domains are less regularly distributed and fuzzy. For all three investigated
thicknesses of Fe film, deposition of 0.8 ML of Au suppress completely out-of-plane component of
magnetization and the easy axis is oriented along the step edges.

Changes of magnetic contrast upon further deposition of Au are shown for 4.5 ML of Fe (Fig. 5.25).
Although domain pattern for 0.8 ML and 1.1 ML thick Au looks similarly (with one stripe distinguished
in the middle), the relative contrast between those two domains is reversed (black become white and vice
versa). Upon covering with more Au (1.3 ML), magnetic contrast appearsin both in-plane directions:
parallel and perpendicular to the step edges. State of coexisting phases isobserved with adjacent do-
mains oriented parallel and perpendicular to the steps. With further deposition of Au, the magnetization
reorients fully toward perpendicular to the step edges direction (1.45 ML ofAu) and no contrast along
the step edges is visible. Analogous domain pattern (large domains with magnetization oriented perpen-
dicular to the steps) is also observed for 4.2 ML and 4.25 ML thick Fe films covered by 1.45 ML of
Au.

The change of the domain structure upon Au deposition confirms that as soon as the magnetization
starts to tilt out from the sample plane, a discontinuous in-plane SRT occurs and the magnetization
prefers to be oriented perpendicular to the step edges. Interestingly, thechange of in-plane magnetization
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orientation is also associated with the orientation of the domain walls with respect tothe step edges of
the vicinal surface. For uncovered Fe film, when the easy axis of magnetization is tilted within vertical
plane perpendicular to the step edges, the domain walls are oriented perpendicular to the step edges.
In contrast, for Fe film covered by 0.8 ML or 1.1 ML of Au, when the easy axis of magnetization is
oriented entirely in the sample plane along the step edges, the domain walls are oriented along the step
edges. A more detailed discussion of the multiple SRT upon covering with Au is carried out in Sec. 6.2
in conjunction with MOKE results.

5.3.2 Co films on Cu(1113) surface

Similarly as in the case of Fe/Ag(116), SPLEEM images with three orthogonal spin polarizations of
the incident electrons were recorded for Co/Cu(1113). As expected from previous reports [38, 39, 57],
the easy axis of the magnetization was confirmed to be oriented along the step edges. Large domains
(bigger than 18µm) with preferential direction of the domain walls along the step edges, were found to
be independent of the thickness of Co film within investigated thickness range from 3 to 14 ML at 300 K.

As shown in Sec.5.1.1, the step-induced uniaxial anisotropy of Co film can be significantly modified
by coverage with Au. In particular, in the thickness range of Au between 0.5 and 1 ML (Fig. 5.8a), the
negative interface contribution from Au compensates the positive interface contribution from UHV/Co.
As a result, two in-plane directions, along the step edges and perpendicular to the step edges, become
nearly equivalent. Therefore, a small change of MA (e.g., by varying the thickness of the film or temper-
ature) can result in change of the in-plane orientation of the easy axis of magnetization. In particular, in
case of oscillatory MA due to QWS, covering of Co/Cu(1113) with a minute amount of Au, allows to
observe a change of the orientation of the easy magnetization axis severaltimes with increasing Co film
thickness (See Fig. 5.9b). Therefore, in order to image the domain structure of Co in the vicinity of SRT
and possibly to observe oscillatory changes of the domain structure, 0.7 MLof Au was deposited at RT
on top of Co wedge.

In order to observe the distribution of the domains in the vicinity of the in-plane SRT in more detail,
the magnetization was probed along different in-plane directions, starting with polarization perpendicular
to the step edges direction (ψ = 0◦) and changing the axis of polarization with 45◦ step. The SPLEEM
images in the vicinity of in-plane SRT are shown in Fig. 5.26. The polarization direction of the illu-
minating beam is indicated at the top of the image columns. For 5 ML and 7 ML thick Cofilm, the
brightest/darkest contrast is visible when probing alongψ = 0◦ and ψ = 180◦, i.e., perpendicular to
the step edges. By rotating the axis of the polarization direction toward along the step edges, magnetic
contrast decreases and atψ = 90◦ no contrast is visible, except the domain wall. Interesting changes in
the domain structure occurs with further increase of Co film thickness. At 7.6 ML magnetic contrast is
still the strongest atψ = 0◦ andψ = 180◦, however there is an exceptional small region which shows no
contrast at those direction. This particular region gives the brightest contrast along the steps. Therefore,
state of coexisting phases is observed with domains oriented perpendicularto the steps and domain along
the steps. With increasing Co thickness, the fraction of the magnetic contrastalong the steps increases
and at 8.5 ML magnetization is oriented entirely along the steps. Note that by probing the magnetiza-
tion perpendicular to the easy axis (see for instance 5 ML of Co probed along ψ = 90◦ or 8.5 ML of Co
probed alongψ = 180◦) the domain wall can be observed. The absence of magnetic contrast between
adjacent domains confirms that domains are anti-aligned and thereby, separated by a 180◦ domain wall.
The interpretation of this contrast is that the domain wall has aNeél structure. Note that the domain wall
consists of brighter and darker segments. The fact that different parts of the domain wall shows opposite
contrast is consistent with the expectations thatNeél walls must occur in two chiralities [190]. From the
line profile across the domain wall, the domain wall width of about 600 nm is found. A similar 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(1113) surface. T = 130 K, the field
of view is 12µm 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 observationof magnetic anisotropy (MA)
oscillations are described. The results presented in this thesis only constitutea fraction of the effort that
was undertaken to observe MA oscillations in a large number of film/substrate combinations. Based on
the experience with different systems and different experimental techniques, some facilitative experimen-
tal details concerning growth conditions and MOKE measurements, which were successfully 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 electrons are reflected at
the potential barriers created by the interfaces. A decisive requirementfor the experimental observation
of QWS concerns the quality of the interfaces, that is lateral smoothness and vertical sharpness. To
this effect it is necessary to grow the film at an elevated temperature to ensure sufficient mobility of the
atoms, promoting layer-by-layer growth and minimizing the chance of defect formation. The temper-
ature, however, has to be limited to avoid intermixing and interdiffusion. Thermal atomic diffusion is
indeed suppressed at low temperatures, allowing the film to build up "sharp"interfaces [192]. In order
to grow smooth, atomically flat films with well defined interfaces optimum growth conditions have to be
determined for the formation and observation of QWS.

In general, almost every film/substrate configuration demands different preparation conditions. Some
of the systems presented in this work, such as Fe/Ag(001) or Co/Cu(001), have been extensively studied
in the past and optimal growth conditions were used based on available literature. However, many of the
systems presented here, have only been studied selectively in the past and optimal preparation conditions
had to be experimentally determined by trial and error. In this process, it was found that even small
changes in growth and annealing temperatures can have significant impacton the formation of QWS. In
the literature, it has been observed for example for Ag/Fe(001) [192, 193] that deposition of Ag films at
100 K and 300 K with equivalent post-annealing temperature results in dramatic changes of the QWS
properties. In fact, while deposition at lower temperatures does not indicate any improvement of the
surface morphology (when tested with standard techniques like LEED and STM), it however boosts the
occurence of electron confinement and allows to observe atomic-layer resolved QWS, with extremely
narrow linewidths [192, 194]. Thus, to optimize the growth conditions of a particular system the it is
necessary to study how its affects the QWS and their properties. In this work, such 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 anisotropy was observed,
among others, for Fe and Co films deposited on the vicinal surface of Au(001). The Fe/Au(100) system is
particularly well suited for creating narrow QWS. The small lattice mismatch (lessthan 1%) is achieved
by 45◦ rotation ofbcc Fe with respect to thefcc 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 the growing Fe surface [88]. This Au
overlayer acts as a surfactant by lowering the surface energy of the growing film and thereby preventing
island formation. Fe films on Au(001) grown at RT have also been studied byinverse photoemission,
where QWS from unoccupied bands were found [195]. However, in this work it was found that Fe films
grown at RT on the vicinal surface of Au(001) do not exhibit any oscillatory behavior of the magnetic
anisotropy, based on MOKE measurements. Furthermore, deposition at a lower temperature (200 K) or
post-annealing lead to the same absence of QWS. These results are surprising in view of the fact that there
are many similarities between the Fe/Au(001) and Fe/Ag(001) systems (such as a nearly perfect lattice
mismatch resulting in layer-by-layer growth ofbccFe, the formation of a surfactant layer, the existence
of an energy gap in the substrate allowing to form QWS inside the Fe film) and oscillations of MA which
were clearly observed in Fe/Ag(001). By testing different preparationconditions we found that only the
samples grown at an elevated temperature of 400 K and post-annealed at 425 K for 30 min, displayed an
oscillatory MA. This is most likely associated with the formation of a Au surfactant layer. Indeed, as
mentioned, the growth of Fe at RT results in the segregation of Au atoms on the top layer of the Fe film.
However it was shown that this segregation is thickness dependent by Jiang et al. [88, 196]. The more
Fe atoms are deposited on the surface, the higher is the thermal energy needed to activate segregation
or interdiffusion processes. RT deposition of thick Fe films (up to∼ 30 ML in this case) is thereby not
sufficient to form a uniform surfactant layer of Au on the top of the Fe film.As a consequence, the
film is rougher and can contain some Au atoms across the Fe film. By depositing Fe films at elevated
temperature, Au atoms segregate onto the surface, lower the surface energy and improve the surface
morphology. Deposition at elevated temperatures therefore results in well defined interfaces, which
make electron reflection more efficient and allow to observe the oscillatory MAdue to QWS. This also
explains why in reference [195] cited earlier, only the two first oscillationsof the inverse photoemission
intensity were observed for Fe films grown at RT. Above∼ 7 ML, the thermal energy is indeed not
sufficient to uniformly segregate the Au atoms, hence the surface roughness increases and eventually,
the confinement is gradually suppressed. Note that in the case of our experiment, 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 conditions on MA oscillations
was observed for Co films grown on the vicinal surface of Au(001). Structural studies of Co grown
on flat Au(001) have shown that Co layers grow with the epitaxial relationship of fcc Au(110)‖ bcc
Co(100) [95]. By combining STM, LEED and directional Auger electron spectroscopy it has been shown
in reference [92] that growth at RT results in a relatively flat surface and thatbcc Co films can be
stabilized at least up to 10 ML. However, like in case of Fe/Au(001), only Co films grown at elevated
temperatures display oscillatory MA. The optimum growth conditions were found for the deposition
of Co films at 375 K, post-annealed at 425 K for 30 min. The effect of increased 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 influence on MA oscillations
is particularly evident in the case ofFe1−xCox films grown on the Ag(001) vicinal surface. Since Fe on
Ag(001) grows following a well stabilizedbccstructure, one can expect that Ag(001) is a good candidate
for growing bcc Fe1−xCox alloys, at least for low concentration of Co. According to previous reports
[101, 102],Fe1−xCox 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 information about the morphology and growth
mode of this system [101, 102]. Therefore, STM studies were performed here in order to see how the
morphology changes with adding of Co to Fe (see Sec. 3.2). It turns out that there is a significant
difference between the growth mode of pure Fe andFe1−xCox grown on the vicinal surface of Ag(001).
The Fe films reproduce the steps of the surface rather well and the width ofthe terraces, even for 8 ML
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Figure 6.1: Hvol
s (the valuesHs approaches in the limit of large film thicknesses) as a function of Co content

obtained from MOKE measurements at 300 K and 5 K. Thewc values correspond to the width of the clusters
obtained from STM measurements at 5 K.

thick Fe film, is almost identical to the width of terraces of the Ag(116) surfaceprior to deposition, i.e.,
wc = 0.86±0.04 nm. The morphology of the film changes dramatically after codeposition of Co. The
Fe1−xCox forms clusters with a slight preferential elongation parallel to the step edges(see Fig. 3.6). The
width of these clusters is on averagewc = 5.4±0.4 nm.

The change in morphology in the presence of Co has a pronounced effect on the MA. We observe that
alloying of Fe with Co results in strong in-plane uniaxial magnetic anisotropy, forcing the magnetization
to orient itself perpendicularly to the step edges and the shift fieldHs becomes more negative. In order to
characterize these changes,Hvol

s values (the valuesHs approaches in the limit of large film thicknesses)
are estimated for different compositions ofFe1−xCox. The dependence ofHvol

s as a function of Co
content from the MOKE measurements at 300 K and 5 K is shown in Fig. 6.1. Itis clearly observed
that at both temperatures, the addition of Co to Fe causesHs to be more negative. More negativeHs

corresponds to stronger uniaxial anisotropy with the easy axis oriented perpendicularly to the steps.
Therefore, by changing the composition ofFe1−xCox, we can tune the in-plane uniaxial anisotropy. Note
that already for the lowest investigated Co content (x = 0.05), we find thatthe oscillations ofHs are almost
completely suppressed. While for an Fe film, the oscillation amplitude reaches nearly 550 Oe, in case of
Fe0.95Co0.05, it decreases below 20 Oe. This drastic change of the oscillation amplitude was observed for
different growth conditions (several temperatures during deposition and post-annealing procedure were
tested for growingFe1−xCox on Ag(116)). For higher contents of Co, the oscillations ofHs disappear
completely.

Besides changes in morphology, varying composition ofFe1−xCox should also results in changes of
the electronic structure of the film. Indeed, it was predicted by Belhadjiet al. [197, 198] that already
x = 0.05 of Co inFe1−xCox alloy can significantly reduce (even by factor of two) the density of states
at the Fermi level of the electronic band with∆5 symmetry. Such changes of the electronic structure at
theEF can modify the magnetocrystalline anisotropy. In particular, substantial changes of the amplitude
of the magnetic anisotropy oscillations due to QWS can be expected (since as itis discussed later in
Sec. 6.3.2, the magnetic anisotropy oscillations inbccFe film are ascribed to QWS with∆5 symmetry).

FeCoalloys were also grown on the vicinal surface of Cu(001). In this case,changes in the magnetic
anisotropy were studied by gradually adding more Fe to Co. The comparisonof the shift fieldHs mea-
sured by MOKE at 5 K for pure Co andFe0.07Co0.93 is shown in Fig. 6.2a. It can be observed that the
oscillation amplitude forFe0.07Co0.93 is roughly twice as small as in pure Co (∼ 100 Oe and∼ 200 Oe,
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Figure 6.2: (a) Shift fieldHs at 5 K for pure Co andFe0.07Co0.93 as a function of film thickness; (b)Hvol
s (the

valuesHs approaches in the limit of large film thicknesses) as a function of Fe content obtained from MOKE
measurements at 300 K and 5 K.

respectively). Additionally, the period of oscillations is slightly shorter afteradding 0.07 of Fe: it on
average equals 2.0± 0.3 ML (whereas the period of 2.3± 0.3 ML is observed for pure Co). The twoHs

dependencies shown in Fig. 6.2a are slightly shifted vertically due to different amount of Au deposited on
top of the samples. Sub-monolayer deposition of Au is used to tune the base value ofHs closer toHs = 0
in order to enhance the sensitivity to small variations inHs in the MOKE experiment (see Sec. 5.1.1).
Deposition of Au however does not affect the volume contribution ofHs. Thus,Hvol

s values are insensi-
tive to the amount of Au capping and can be compared independently, as in Fig. 6.2b. Further increasing
the Fe content, up to x = 0.13, reduces the amplitude of oscillations to 50 Oe, whileit does not change
the oscillation period. Eventually, for x = 0.23 and x = 0.43 of Fe, the oscillations disappear completely.

Similarly as in case ofFe1−xCox films grown on the vicinal surface of Ag(001),Hvol
s can be estimated

for FexCo1−x films grown on the vicinal surface of Cu(001) in order to follow overall changes of the in-
plane uniaxial magnetic anisotropy. The dependence ofHvol

s as a function of Fe content is shown in
Fig. 6.2b. Although generallyHvol

s values become more negative with increasing content of Fe, there
is an initial increase in the value ofHvol

s at low Fe concentration. This behavior is associated with the
absence of a structural transition. It is known thatfccstructure of Co on Cu(001) is compressed vertically
with respect to Cu. The strain is nearly constant up to 15-16 ML, and then isreleased via the formation
of dislocations. This strain relaxation is accompanied by a rapid drop ofHs around 15 ML [56] as can
be observed in Fig. 6.2a. In the case ofFexCo1−x films however, there is no evidence of such structural
transition. This is in agreement with structural studies reported for this system [96, 98, 99] showing that
by adding Fe to Co, the value of the vertical interlayer distance increases,which means that the strain is
partially relaxed. It is therefore not surprising, that for low concentration of Fe,Hvol

s initially increases
(since there is no drop ofHs associated with a structural transition, the values ofHs remain positive).
Further increase of the Fe content results in vertical expansion of the interlayer distance [99] which is
reflected by strong in-plane uniaxial anisotropy perpendicular to the steps (Hs become more negative)
observed in our measurements (Fig. 6.2b).

The structural transitions in Co andFexCo1−x films on the vicinal surface of Cu(001) have significant
consequences on the magnetic anisotropy of these systems. It was shownby M.Cinal et al. [21] using
calculations of magnetocrystalline anisotropy energy within tight-binding (TB)model for fcc Co films
on the vicinal surface of Cu(001), that the existence of the structural relaxation has a decisive effect
on the oscillatory magnetic anisotropy. By direct comparison between the MA of Co films with the
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inclusion of the structural relaxation and without, it was predicted that the MAonly oscillates in the
latter case. It means that when thefcc 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 is observed in our experiment.
As can be seen in Fig. 6.2a, the oscillations ofHs measured by MOKE for pure Co are clearly observed
up to the structural transition around 15 ML and are significantly reduced beyond that. The behavior
for Co thicknesses before the structural transition thickness (i.e., wherethe strain is nearly constant)
can be compared to the theoretical calculation performed without structuralrelaxation. On the other
hand, after the structural transition thickness, the Co film starts to relax andcan be compared to the
calculations including structural relaxation. We thus show a first experimental proof of the prediction
of M. Cinal in reference [21] concerning the fact that the MA oscillationsare essentially only observed
in fcc Co films which are vertically compressed (not relaxed). This observation can also explain the
decreasing oscillation amplitude when adding Fe to Co. As mentioned above, theaddition of Fe causes
the relaxation of the atomic structure thus, decreasing the MA oscillation amplitude.

Complex anisotropy and magnetization reversal on stepped surfaces probed by MOKE

The main purpose of growing FM films on vicinal substrates is the ability to measure small anisotropy
changes. The detailed evaluation of split hysteresis loops allows to determineboth the oscillation period
and the oscillation amplitude of the magnetic anisotropy oscillations. As shown in Sec.4.1.3, the split
hysteresis loops show additional features, when the easy axis of magnetization is oriented perpendicular
to the steps. In this case, the evaluation of the shift fieldHs is more complex and therefore, a detection of
the oscillatory magnetic anisotropy can be nontrivial. The understanding ofthe shape of the split hystere-
sis loop is thereby very important. Also from the point of view magnetization reversal mechanism itself,
explanation of this behavior would be useful for future experiments on vicinal surfaces. In this section,
a model explaining such complex hysteresis loops is proposed and discussed together with experimental
data.

i) Model description
When the easy magnetization axis is oriented perpendicular to the steps, by applying the magnetic field
along the steps and decreasing its value belowHs, the magnetization switches to the easy magnetization
axis, i.e., it becomes oriented perpendicular to the steps. In absence of a field component perpendicular
to the steps, i.e., when the external magnetic field is applied perfectly along the steps (i.e., atαF = 0)
the transition of the magnetization from an orientation along the steps to an orientation perpendicular
to the steps can proceed clockwise or counterclockwise. Therefore, at zero field, the magnetization can
be oriented perpendicular to the steps in positive or negative direction with equal probability. Conse-
quently, there should be no net magnetization perpendicular to the steps. Ina real experiment however,
the magnetic field direction can be slightly misalignment with respect to the steps direction (αF 6= 0).
Therefore, there is also a field component which is applied perpendicularto the steps. With the magnetic
field applied along the steps and decreasing belowHs, the magnetization switches perpendicular to the
steps (i.e., to the easy magnetization axis) into the direction in which the field component perpendicular
to the steps is applied.

If the magnetization is probed by laser beam perfectly along the steps (i.e., atαL = 0), it is not
sensitive to the magnetization perpendicular to the steps and zero Kerr signal is detected in remanence
in this case. In the experiment, the linearly polarized laser light is usually not oriented perfectly along
the steps (αL 6= 0). Therefore, both the magnetization component along the steps and the magnetization
component perpendicular to the steps can be probed.

In a real experiment, the direction of the applied magnetic field (αF ) and the direction defined by the
plane of incoming and outgoing laser beam (αL) are not necessarily the same. In this case, with no field or
at low field applied along the steps (H <Hs), the will be net magnetization perpendicular to the steps. As
a consequence, a low field hysteresis loop corresponding to the magnetization component perpendicular
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Figure 6.3: Schematic diagrams showing how the laser beam and magnetic field are oriented with respect to
the steps for: (a) bothαL andαF positive (or both negative) and (b)αL andαF of opposite sign. Note that the
projection of the magnetization oriented: (a) along the laser beam direction and (b) opposite to the laser beam
direction, results in normal and reversed low field hysteresis loop, respectively.

to the steps can be measured. Moreover, the Kerr signal can be either positive or negative depending
on whether it is probed in the same or the opposite direction of the projection ofthe magnetization
perpendicular to the steps on the laser beam direction. Therefore, suchlow field hysteresis loop can be
normal (i.e., corresponding to a positive Kerr signal at positive fields) or reversed (i.e., corresponding to
a negative Kerr signal at positive fields) depending on the sample orientation.

When the laser beam orientationαL and the field orientationαF are both positive or both negative, the
projection of the magnetization perpendicular to the steps on the laser beam direction is always oriented
in the same direction in which the magnetization is probed (Fig. 6.3(a)). It follows that in this case the
low field hysteresis loops should be normal (i.e., not reversed). The situation is different, whenαL and
αF are of opposite sign. The projection of the magnetization perpendicular to thesteps on the laser beam
is now always oriented oppositely to the direction in which the magnetization is probed (Fig. 6.3(b)).
Therefore, reversed low field hysteresis loops are expected to be measured in this case.

As shown in Sec. 4.1.3, when the magnetization is oriented perpendicular to thesteps, is tilted out
of the sample plane and in consequence, there is a polar contribution to the Kerr signal in longitudinal
geometry. Therefore, when one considering the projection of the magnetization perpendicular to the
steps, also the polar contribution associated with this projection has to be takeninto account. In order to
describe the Kerr signal contribution quantitatively, the longitudinal∆φL and polarφP Kerr signals will
be considered below separately.

The intensity of the low field contribution to the longitudinal Kerr signal∆φL obviously depends on
the field and the laser beam orientation with respect to the sample (since it comesfrom the projection of
the magnetization on the laser beam direction. See Fig. 6.3). From simple geometrical considerations it
is expected to increase as the sine of the misalignment between the direction of the laser-beam and the
step direction. ApproachingαL = ±90◦ (i.e., probing the magnetization along the easy magnetization
axis), the low field contribution reaches saturation, and rectangular hysteresis loops are measured. By
considering a small misalignment between the magnetic field and the laser-beam direction with respect
to the steps in the longitudinal MOKE experiment, we can identify three different regimes of the low
field contribution to the longitudinal Kerr signal∆φL. For positiveαF andαL, the low field hysteresis
loops are normal,∆φL is positive and increases from zero to saturation as∆φL = +φ s

L sin(|αL|), where
φ s

L is the saturation value of the longitudinal Kerr signal. ForαL and αF of opposite signs, the low
field hysteresis loops are reversed,∆φL is negative and decreases from zero to a finite negative value
at αF → 0, as∆φL = −φ s

L sin(|αL|). For negativeαF andαL, the low field hysteresis loops are normal
and∆φL increases from a finite positive value to saturation as∆φL =+φ s

L sin(|αL|). Note that the abrupt
change from finite negative to finite positive∆φL happens because the field direction crosses the step
direction, i.e.,αF changes sign.

Following the discussion above, when probing the magnetization along the steps, the polar Kerr
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Figure 6.4: Schematic diagrams of the magnetization configuration for H< Hs and (a)αF > 0, (b)αF < 0. Note
that the normal component of the magnetization, indicated by the small blue arrow in the bottom diagrams, is
pointing up (a) and down (b), respectively.

signalφP should contribute only at low field (because only then the magnetization is oriented perpen-
dicular to the steps). Switching of the magnetization perpendicular to the steps switches also its normal
component and thereby, the polar Kerr effect gives an additional contribution of sizeφP to the low field
hysteresis loops.

As long as the magnetization is oriented perpendicular to the steps the normal component of the
magnetization is independent ofαF . However, as illustrated schematically in Fig. 6.4, the out-of-plane
component of the magnetization changes polarity abruptly atαF = 0. Note that the actual polarity
depends on the step geometry and can be reversed by changing the sampleorientation by 180◦. Since
the incidence angle of the laser beam with respect to the surface normal is fixed by the experimental
geometry, alsoφP will be constant apart from changing its sign atαF = 0. For simplicity, in the following
discussion, it is assumed thatφP is positive for positiveαF and negative for negativeαF .

Eventually, the contributions of the longitudinal∆φL and the polar Kerr signalφP can be combined
to ∆φ = ∆φL + φP. Depends on the relative orientation of the laser beamαL and the external magnetic
field αF direction with respect to the steps direction (i.e.,αL = 0 andαF = 0) it can be written in general
form:

∆φ =





−|φP|+φ s
L sin(|αL|), αL < 0,αF < 0

−|φP|−φ s
L sin(|αL|), αL > 0,αF < 0 (or αL < 0,αF > 0)

+|φP|+φ s
L sin(|αL|), αL > 0,αF > 0

(6.1.1)

ii) MOKE results in view of the model
The model described above can be verified when applied to the experimental data for FM film on vicinal
surface which posses the easy magnetization axis perpendicular to the steps. As an example, experi-
mental results from MOKE measurements on Fe films grown on Au(1113) surface are used here. In
order to verify the model in detail, hysteresis loops were probed upon increasing misalignment of the
magnetic field with respect to the steps direction. The sample was rotated clockwise (towardα+) and
counterclockwise (towardα−) with respect to the orientation along which magnetic field is assumed to
be oriented along the steps. In Fig. 6.5 representative hysteresis loops are shown for 15 ML thick Fe
film grown on Au(1113) at different sample orientations: (i)α > αb, (ii) αc < α < αb and (iii) α < αc,
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Figure 6.5: Hysteresis loops measured for 15 ML of Fe on Au(1113) at varying sample orientationα : α >
αb,αc < α < αb andα < αc. Here,αb corresponds to the sample orientation at which the low field component
vanishes andαc to the orientation where the low field component abruptly changes its polarity.∆φ andHc denote
remanence and coercivity of the low field hysteresis loop, respectively.Hs denotes shift field.

whereαc andαb are chosen arbitrary as the angles at which the measured loops experience characteristic
changes.

The hysteresis loops measured atα > αb show double-step behavior with a non-zero Kerr signal
in remanence which gives rise to an additional hysteresis loop at low magneticfield. The positive con-
tribution to the total Kerr signal at low field decreases with decreasingα for α > αb and vanishes for
α = αb.

The hysteresis loops measured atαc < α < αb show also double-step behavior (see Fig. 6.5). The
signal in remanence is also not zero and again gives rise to an additional hysteresis loop at low magnetic
field. As shown already in Sec. 4.1.3, the shape of such hysteresis loop isexplained as superposition of
split loop and reversed loop (as shown schematically in Fig. 4.4).

The hysteresis loops measured atα < αc again show double-step behavior. At low field a normal
(not reversed) hysteresis loop is observed, similarly as in the case of theloops measured atα > αb but
with higher signal at remanence. The positive contribution to the total Kerr signal at low field increases
with decreasingα .

In order to get more insight into the transition of the low hysteresis loop (fromreversed into normal
one), an additional measurements were performed in very close vicinity ofαc. Interestingly, it was not
possible to measure hysteresis loop with zero Kerr signal in remanence atαc. Instead, one can get two
different loops forαc±∆α , where∆α = 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 negative ∆α), for the second
one it is reversed (for positive∆α).

Figure 6.6: Hysteresis loops measured for 15 ML of Fe grown on Au(1113) atαc±0.5◦.

The measurements performed after rotation of the sample by 180◦ show exactly the same saturation
signal and features at low field as in case loops shown in Fig. 6.5 and Fig. 6.6.
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Similar measurements (i.e., angular dependence in the vicinity of the orientation along which mag-
netic field is assumed to be oriented along the steps) were performed for 58 ML thick Fe film grown on
Au(1113) (Fig. 6.7). It is observed that the hysteresis loops experience changes with increasing thick-
ness of the Fe film. In particular, the aforementioned complex shape of the hysteresis loops is not visible
any more for the 58 ML thick Fe films. This is becauseHs decreases with increasing thickness of Fe,
whereas the coercivity of the low field hysteresis loop remains more or less the same. Nevertheless, for
58 ML thick Fe film all the parameters of the hysteresis loops depend on the orientationα in the same
way as described for 15 ML of Fe.
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Figure 6.7: Hysteresis loops measured for 58 ML of Fe on Au(1113) at varying sample orientationα: (i) α > αb,
(ii) αc < α < αb and (iii) α < αc. The hysteresis were measured at the same orientationsα as the ones for 15 ML
of Fe shown in Fig. 6.5

.

As shown in equation 6.1.1, in order to interpret experimental results correctly, a possible polar signal
φP and longitudinal signal contribution∆φL have to be known. The contribution of the polar Kerr signal
can be determined quantitatively from the dependence 4.1.6 (see also Fig. 4.2). The saturation of the
longitudinal Kerr signalφ s

L is simply saturation value for the hysteresis loop measured along the steps
(polar Kerr signal contributes only at low fields and therefore, the saturation value originates exclusively
from longitudinal Kerr signal).

In our model, two important parameters determining orientation of the magnetic fieldand laser beam
direction were used,αF andαL, respectively (Eq. 6.1.1). AtαF = 0, both the longitudinal and the polar
Kerr signal at low field change abruptly in polarity. Hence, the characteristic orientationαc, observed in
measured hysteresis loops (Fig. 6.6), can be identified asαF = 0 (i.e., as the sample orientation where
the magnetic field is perfectly oriented along the steps). AtαL = 0, the magnetization is probed perfectly
along the step edges. Thus, in such case, no longitudinal Kerr signal atlow field should be detected. How-
ever, a non-zero signal can be detected due to the polar signal at low fields. The characteristic orientation
αb corresponds to the situation when the longitudinal and polar contributions atlow fields compensate
each other and is not equivalent toαL = 0 (i.e.,αb 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 (∆φ ) is plotted as a function of the sample orientationα (Fig. 6.8a).
The difference in signal between the maximum values is due to the polar Kerr signal which contribute to
the∆φ with opposite polarity atα =+90◦ andα =−90◦, while longitudinal signal does not change. The
difference in∆φ however is bigger atα = 0, because both: polar and longitudinal Kerr signal, change
in polarity. The orientationα = 0 corresponds to the magnetic field oriented perfectly along the steps,
i.e., toαF = 0 (i.e., the characteristic orientationαc in the experiment). However, since the laser beam
direction (αL) and the magnetic field direction are not necessarily the same, it is not expected thatα = 0
corresponds also toαL = 0. Thus, Eq.6.1.1 has to be rewritten in the form:
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(a)Contribution to the Kerr signal from magnetization oriented
perpendicular to the steps at zero field versusα for 58 ML of
Fe on Au(1113).α = 0 refers to the situation where the mag-
netic field is applied perfectly along the steps.
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(b) Magnetic field which has to be applied to switch the mag-
netization of 58 ML of Fe on Au(1113) from perpendicular to
along the steps direction (i.e., pseudo-Hs) versusα .

Figure 6.8: LMOKE measurements of the Kerr signal at zero field (∆φ ) and the shift fieldHs performed at 300 K.

∆φ =





−|φP|+φ s
L sin(|α −β |), α > β

−|φP|−φ s
L sin(|α −β |), β > α > 0

+|φP|+φ s
L sin(|α −β |), α < 0

(6.1.2)

Here β corresponds to the difference between the magnetic field and the laser beam direction(β =
αL −αF). As described earlier,|φP| andφ s

L can be determined from individual hysteresis loops. This
yields a value of|φP|= 70µrad andφ s

L = 470µrad. Therefore,β is the only undetermined variable in the
Eq.6.1.2. As a result, the three equations (Eq.6.1.2) can be combined to describe the expected behavior
of the low field Kerr signal∆φ as a function ofα , in the whole angular range. Thus,β can be used as a
fitting parameter to fit Eq.6.1.2 to experimental data shown in Fig. 6.8a. The bestfit was found forβ = 3◦.
Thus, the misalignment between the laser beam direction and magnetic field direction is αL −αF = 3◦.
The positive angleα =∼ 10◦ at which∆φ changes polarity corresponds to the characteristic orientation
αb observed in measured hysteresis loops (Fig. 6.5 and Fig. 6.7) and is associated with the situation,
when the negative polar Kerr signal is compensated by the positive longitudinal signal.

As mentioned in the beginning of this section, the correct evaluation of the shift field Hs is very
important in case of studies of FM grown on vicinal surfaces. Besides ofchanges associated with the
variation of the Kerr signal at low field, also the shift fieldHs is modified upon rotation of the sample
(as shown in hysteresis loops in Fig. 6.5 and Fig. 6.7).Hs apparently increases with increasing mis-
alignment between the magnetic field direction and the step edges direction|α |. The reason is that a
larger total magnetic field needs to be applied with increasing misalignment, to keepthe value of the
magnetic field along the steps sufficient to switch the magnetization. However, the measured shift field
Hs (i.e., pseudo-Hs) depends on|α | in a more complicated manner than one would expect from simple
geometrical considerations. This is due to the fact that the magnetic field is applied both along and per-
pendicular to the steps. While the field component along the steps forces the magnetization to switch to
the intermediate magnetization axis, the component perpendicular to the steps stabilizes its orientation
along the easy magnetization axis. Hence, the dependence of pseudo-Hs upon rotation of the sample is
much stronger than expected from a simpleHs/cos(|α |) dependence (see Fig. 6.8b). The dependence of
Hs onα is symmetric aroundα = 0, which is another confirmation thatαc 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 specific to Fe films grown on
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Au(1113) and were observed for many different film/substrate combinations. Generally, the low field
features can be only observed in case, when the easy magnetization axis isoriented perpendicular to the
steps and the external magnetic field is applied along the steps. In contrast, ifthe easy magnetization
axis is oriented along the steps (and thereby the external magnetic field is applied perpendicular to the
steps), then only the "outer" split loops will be influenced by the polar Kerrsignal. The reason is that
only these parts of the hysteresis loops reflect the magnetization oriented perpendicular to the steps. In
this case, the polar signal has no influence on the total Kerr signal at smallfields. 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 angleδ 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 spin reorientation transition
(SRT). As shown forbccFe films on Ag(116) probed by MOKE (Sec. 5.1.1) and SPLEEM (Sec. 5.3.1),
the SRT posses peculiar properties, not observed in films grown on flat surfaces. In particular it is ob-
served that the in-plane orientation of magnetization is directly linked to the out-of-plane magnetization
component. In this chapter, the results of the experiments concerning SRT are discussed together with a
phenomenological model [199].

Phenomenological model

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

E(θ ,ψ) = Kdcos2 θ +Kssin2 θ ′−Kusin2 θ ′ sin2 ψ − 1
2

Kspsin2θ ′ cosψ +Ebulk(θ ′,ψ)

≡ Ed+δ E+Ebulk ≡ Ed+EMCA (6.2.1)

whereθ is the polar angle measured from the normal to the macroscopic film surface and the azimuthal
angleψ is measured with respect to the direction perpendicular to the steps (as defined in Fig. 4.6). To
simplify this notation,θ ′ is introduced as the polar angle measured with respect to the normal to the
terrace plane direction, i.e., with respect to the [001] crystallographic direction. Thus, for an orientation
of M perpendicular to the stepsθ ′ = θ +ω (whereω denotes the vicinal angle), while for an orientation
parallel to the stepsθ ′ = θ . The shape anisotropy is defined according to Eq. 2.1.5. All energies are
defined per surface unit or per surface atom. The magnetocrystalline anisotropy (MCA) energyEMCA

consists of the second-order energy correctionδ E (Eq. 2.1.3) and the fourth-order contribution

Ebulk =
1
4

Kbsin22θ ′+
1
4

Kbsin4 θ ′ sin22ψ (6.2.2)

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

Ks = EMCA(001)−EMCA(100) = EMCA(θ ′=π/2,ψ=0)−EMCA(θ ′=0,ψ=0) (6.2.3)

Ku = EMCA(100)−EMCA(010) = EMCA(θ ′=π/2,ψ=0)−EMCA(θ ′=π/2,ψ=π/2) (6.2.4)

Ksp= EMCA(101̄)−EMCA(101) = EMCA(θ ′=π/4,ψ=0)−EMCA(θ ′=−π/4,ψ=0) (6.2.5)

whereEMCA(hkl) is the magnetocrystalline anisotropy energy for different orientations(hkl) of the mag-
netization. Note that the anisotropy constantsKu andKsp [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(116) surface, the mag-
netization can be tilted from the macroscopic film surface when lies in the vertical plane perpendicular
to the steps. The optimal value of the tilting angleδ = π/2− θmin = π/2− θ ′

min +ω is obtained by
minimizing the energy for magnetization lying perpendicular to the steps:

E⊥(θ ′) = E(θ ′ψ=0) = Kdcos2 θ +Kssin2 θ ′− 1
2

Kspsin2θ ′+
1
4

Kbsin22θ ′ (6.2.6)

The optimal angleθ ′ = θ ′
min can be found from the condition for a local extremum ofE⊥(θ ′):
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∂E⊥(θ ′)/∂θ ′ =−Kdsin2θ +Kssin2θ ′−Kspcos2θ ′+
1
2

Kbsin4θ ′ = 0 (6.2.7)

Thus, the optimal angleθ ′
min depends onKs, Ksp, Kb, andKd but not onKu (since the orientation of the

magnetization is limited to the vertical plane perpendicular to the steps). The bulk anisotropyKb is much
smaller thanKs andKd and can be neglected. Eventually, the solution forθ ′ = θ ′

min can be expressed as
follows:

tan2θ ′ = tan2ω
Kdcos2ω −Ksp/ tan(2ω)

Kdcos2ω −Ks
(6.2.8)

or equivalently, in terms of the tilting angleδ :

tan2δ = tan2ω
Ksp/ tan(2ω)−Ks

Kd/cos2ω −Ks−Ksptan2ω
(6.2.9)

Since the Eq. (6.2.9) is the condition for a local energy extremum, it does notdefine the optimal tilting
angleδ uniquely. Nevertheless, it can be shown that the optimalδ which corresponds to the minimum
of the energyE⊥(θ) can be chosen uniquely in the following way:

if Ks > Kdcos2ω then −135◦+ω < δ <−45◦+ω (6.2.10)

if Ks < Kdcos2ω then −45◦+ω < δ < 45◦+ω (6.2.11)

The formula for the optimalδ allows to predict the dependency ofδ depends onKd, Ks andKsp. In
particular, it can be shown that the sign ofδ depends on the value ofKsp with respect toKs. For positive
Ks and positiveKd

(i) δ is positive if(Ksp/ tan2ω)> Ks

(ii) δ is negative if(Ksp/ tan2ω)< Ks

Note that inclusion ofKsp is crucial for proper reproduction of the experimentally observed values of the
tilting angle. In particular, ifKsp= 0, the magnetization of a FM film on a vicinal surface cannot reach
the orientation
(i) perpendicular to the film surface (δ =±90◦)
(ii) perpendicular to the terrace plane (δ = 90◦+ω ,−90◦+ω
(iii) parallel to the film surface (δ = 0), while being within the plane perpendicular to the steps

Furthermore, the positive sign of the tilting angle in the interval 0< δ ≤ 90◦ +ω (or the equivalent
range−180◦ < δ ≤−90◦+ω ) is not possible forKsp= 0 andKs > 0. Such conclusion can be deduced
directly by noting that the shape anisotropy energyKdsin2 δ has the same value forδ and−δ while
Kscos2(δ −ω) is larger for 0< δ < (90◦+ω) than for the corresponding negativeδ (if Ks > 0). This
means that the anisotropy energyE⊥(δ ) (with Ksp = 0, Kb = 0) is smaller for negativeδ . Since the
discussed orientations forbidden forKsp= 0 are observed experimentally,Ksp 6= 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 suitablechoice ofKs, Ksp

andKd. Therefore, by using the tilting angle values of magnetization from the MOKE experiment on
Fe/Ag(116),Ks andKsp anisotropy constants can be found. The dependence of the tilting angleδ as a
function of Fe film thickness obtained from MOKE measurements at 300 K andthe corresponding 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·(N0−N)2 with N ≤ N0, Ks = 0.9 with N > N0 (whereN0 = 10 ML),
Ksp/tan(2ω) = Ks−0.07
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Figure 6.9: The dependence of the tilting angle of the magnetizationδ as a function of Fe film thickness obtained
from a MOKE experiment at 300 K (points) and from the theoretical fit (lines), for uncovered and Au-covered Fe
films on Ag(116) vicinal surface. The corresponding anisotropy constants 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·(N0−N)2 with N ≤ N0, Ks = 0.4 with N > N0 (whereN0 = 4.5 ML),
Ksp/tan(2ω) = Ks+0.05

In both cases, the shape anisotropy is assumed to beKd = 0.142·N, while N denotes number of mono-
layers ML andω is the vicinal angle which in this case equals 13.3◦.

The obtained from the fit values of uniaxial perpendicular anisotropyKs are in agreement with pre-
vious studies [162, 200]. Namely, it was observed that by deposition of Au on top of uncoveredbcc
Fe films on flat Ag(001),Ks decreased from 0.96mJ/m2 (for Fe(001)/UHV interface) down to 0.4-0.47
mJ/m2 (for Fe(001)/Au interface) [162, 200]. This is the reason why the SRTfrom in-plane to out-of-
plane orientation of the magnetization is shifted down to∼ 3 ML for Au-covered Fe film in comparison
to the uncovered Fe film, in which the SRT occurs at∼ 6 ML (see Fig. 6.9(a)). However, there is another
important consequence of the reduced perpendicular anisotropy upondeposition of Au, that has not been
considered so far in the literature. As can be seen in Fig. 6.9(a), the tilting angle δ in the vicinity of
SRT is of the opposite sign for Au-covered and uncovered Fe films. Depending whetherKs is larger
(Fig. 6.9(c)) or smaller (Fig. 6.9(b)) thanKsp/ tan2ω , the tilting angleδ becomes negative or positive,
respectively. A deposition of Au cover layer reduces the value ofKs and in consequence, the sign of the
tilting angle changes. Note that a different sign ofδ means that the rotation of the magnetization from
in-plane to out-of-plane orientation proceeds differently for uncovered and Au-covered films (see inset
in Fig. 6.9(a)). Therefore, through the appropriate choice of the Fe layer and Au layer thicknesses, any
desirable orientation of the magnetization (within the vertical plane perpendicular to the steps) can be
obtained.

Another interesting observation is that below some critical Fe film thicknessN0 (N0 = 10 ML for
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uncovered andN0 = 4.5 ML for Au-covered film),Ks andKsp decrease with decreasing Fe film thickness.
Reduced uniaxial perpendicular anisotropyKs for very thin Fe films grown on Ag(001) was also observed
by Heinrichet al. [201] and Hickenet al. [202]. The decrease ofKs with decreasing Fe film thickness
was studied in detail by Schalleret al. [81] and it was found that the decrease ofKs is associated with
thickness dependent roughness of the Fe film. Note that the roughness can also induce dipolar surface
anisotropy [203]. Therefore, as suggested in [81], the effect of roughness on magnetic anisotropy results
in change of both the perpendicular anisotropy and the dipolar surface anisotropy. Since the dipolar
surface anisotropy is not considered in our model, we cannot separateboth effects and the observed
change ofKs is an effective change, composed of the two contributions.

So far in this section, our discussion was limited to changes of MA associated with the tilting angleδ
of the magnetization, i.e., when the magnetization lies within a vertical plane perpendicular to the steps.
However, as observed in our experiments, the out-of-plane magnetizationcomponent is directly linked
to the in-plane orientation of magnetization. In particular, it is evident from SPLEEM results that as soon
as the magnetization starts to tilt from the sample plane, a discontinuous in-plane SRT occurs and the
magnetization prefers to orient itself perpendicular to the step edges (see Fig. 5.22). This is because the
energy when the magnetization is within the plane perpendicular to the stepsE⊥(θ ′ = 0) = Kdcos2 ω
(Eq. 6.2.6) is smaller than energy when the magnetization is parallel to the stepsE|| = E(θ ′ = π/2,ψ =
π/2) = Ks−Ku. A further decrease of the energyE⊥(θ ′), with respect toE||, can be be achieved by
choosing an optimal angleθ ′

min sinceE⊥(θ ′ = θ ′
min)< E⊥(θ ′ = 0). With decreasing Fe film thickness

and approaching the SRT, the easy axis of magnetization cannot be parallel to the steps sinceKs−Ku >
Kd. Contrary to the gradual variation of the tilting angle of the magnetization (second-order SRT), the
azimuthal angle (describing the in-plane orientation of magnetization) changes discontinuously (first-
order SRT). Such peculiar SRT was also observed before for Ni films grown on the vicinal surface of
Cu(001) [204, 205] and seems to be a common characteristic of the SRT in FMfilms grown vicinal
surfaces.

The orientation of the magnetization in the vicinity of the SRT was also obtained from XMCD mea-
surements in remanence (Sec. 5.2.2). The XMCD results confirm that belowthe SRT thickness (i.e.,
below 7.5 ML) the magnetization is tilted exclusively within the plane perpendicularto the steps (Ta-
ble 5.1). Note however that the orientation of the magnetization obtained by XMCD is averaged over
a finite area of the sample and cannot resolve the mechanism of the abrupt in-plane SRT at 7.5 ML.
Consequently, the azimuthal orientation of the magnetization can adopt intermediate values ofψ , i.e.,
with the magnetization oriented between the steps and perpendicular to them. Based on this, it is pos-
sible to conclude that the in-plane SRT is continuous [205], which is misleading. From the domain
structure it is clearly evident that there are only two possible magnetization orientations in the sample
plane: perpendicular to or along the steps. Intermediate orientations are not observed. This result high-
lights the advantage of using SPLEEM over other methods that only probe theaverage orientation of the
magnetization.

Such a discontinuity of the in-plane SRT was also observed in Co/Cu(1113)(see Fig. 5.26). In
this case, the change of the easy axis of the magnetization with increasing Co thickness is however
governed by a different mechanism. As shown in Fig. 5.8, covering Co filmswith a sub-monolayer of
Au modifies the interface contribution to the step-induced anisotropy. By deposition of∼ 0.7 ML of
Au, the negative interface contribution from Au compensates the positive interface contribution from
the UHV/Co interface and the two in-plane directions, along the steps and perpendicular to the steps,
become nearly equivalent. Therefore, the in-plane SRT in this case spreads out 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 of themagnetization for
Fe/Ag(116) is related to a continuous change of the tilting angleδ is confirmed by SPLEEM mea-
surements. In particular, the values of the tilting angleδ obtained by SPLEEM foras grownFe films are
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nearly identical to those obtained from MOKE measurements. Furthermore, by looking at the domain
structure of Fe/Ag(116) it is clearly evident that the change ofδ results from the continuous rotation of
magnetic domains (see Fig. 5.22). In agreement with MOKE measurements and the phenomenological
model presented earlier, the domains rotate within the vertical plane perpendicular to the steps. The
rotation of the magnetization perpendicular to the step direction is also supported by the existence of
Bloch-type domain walls. Since the magnetization in this case is canted exclusively perpendicular to the
step direction, it is natural that the preferred orientation of the Bloch walls also is perpendicular to the
steps. Interestingly, the presence of Bloch domain walls is only observed inthe case of tilted magnetiza-
tion. Above 8 ML of Fe, i.e., when the easy magnetization axis is oriented in the sample plane parallel to
the step edges,Neél walls are observed. In the case ofNeél walls, the in-plane magnetization is perpen-
dicular to the wall. Thus,Neél 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 in Fig.5.22).

The SRT from an out-of-plane to an in-plane magnetization orientation shouldalso be reflected in
changes of the domain size D. Indeed, the size of domains in a FM film with the easy magnetization axis
perpendicular to its plane is determined by the competition between domain wall energy σw = 4

√
A·Ke f f

and magnetostatic energyEd, where A is the exchange constant andKe f f is the effective perpendicular
anisotropy constant [185–188, 206, 207]. With approaching a SRT from an out-of-plane to an in-plane
orientation of magnetization (i.e., with decreasing ofKe f f), the domain size is predicted to decay ex-
ponentially . This is due to the fact that as the effective perpendicular anisotropy energy decreases, it
becomes comparable to the magnetostatic energy which eventually dominates. The minimization of the
film energy then leads to the formation of domain walls [185–187]. This was confirmed experimentally
for instance in the case of Co/Au(111) [189,208,209] and Fe/Cu(001) [210]. The decrease of the domain
size when approaching a SRT was also observed in the case of Fe/Ag(001), however, 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 our experiments on Fe films grown
on Ag(116). As shown in Fig. 5.24, with increasing Fe film thickness and approaching a SRT from
an out-of-plane to an in-plane magnetization orientation, the domain size increases exponentially, i.e.,
just opposite as predicted by theory. Note however, that theoretical calculations in references [185–188,
206,207] are valid for FM films grown on atomically flat surfaces, while in our experiment, Fe films are
grown on the Ag(116) vicinal surface. The main difference, concerning the SRT, between films deposited
on flat and vicinal surfaces is that in the latter case the magnetization is tilted. Asa consequence,
the effective perpendicular anisotropy constantKe f f, which determines the size of the domains is most
likely different in both cases. In general, one can expect that additional magnetic anisotropy constants
associated with the presence of vicinal surfaces, likeKsp and/orKu, have to be included inKe f f in
order to describe the observed domain sizes. Additionally, in the presenceof a tilted magnetization, the
magnetostatic energy is also different, and can modify the domain size dependence in the vicinity of
the SRT. The quantitative analysis of the domain size dependence observed in our experiment demands
deeper theoretical investigation.
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6.3 Oscillatory magnetic anisotropy

6.3.1 Magnetic anisotropy oscillations due tod-QWS in Co films

The following chapter concerns the detailed discussion of the magnetic anisotropy oscillations which
were observed experimentally infcc andbcc Co films grown on Cu(1113) and Au(1113) surface, re-
spectively. The main interest is paid tofccCo films, since only for this system, the oscillatory behavior of
the magnetic anisotropy energy MAE was predicted by theoretical calculations [19–21]. This allows a di-
rect comparison to experiments and detailed discussion of the mechanism andproperties of the magnetic
anisotropy oscillations due to QWS.

fcc Co films on Cu(1113)

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

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

The MOKE measurements of the shift fieldHs and Kerr ellipticityφH presented in Sec. 5.1.1 confirm
the presence of the oscillatory MAE infcc Co films. In order to compare our experimental results with
theory, the dependence ofHs on Co thickness is plotted together with MAE calculated by Szunyogh
et al. [20] (see Fig. 6.10). TheHs 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 withoutsp-d hybridization included) [19], obtained
theoretically.

There are three different regimes of oscillations visible in both experiment and theory: (a) for N < 6,
with a pronounced maximum at 3 ML and 5.5 ML; (b) 6 < N < 9, with no clear maxima;and (c) N > 9,
with three distinct maxima at about 9, 12, and 14 ML. The agreement betweentheory and experiment is
almost perfect in this case, except for a large MAE calculated for 2 ML, but not observed experimentally.
This is most likely due to the growth of Co on Cu(001), which is initially not layer-by-layer as is assumed
in the theoretical calculations [20]. The lack of clear oscillations in regime (b)is associated with the dis-
crete thickness sampling [19]. Since the period of oscillations is not exactly equal to a multiple of the
interlayer distance (N ·ML), it produces a phase shifts of the reflected electron wavefunctionsand in con-
sequence, additional long period (beat) of the MAE oscillations [19]. Thisbeatcan significantly reduce
or enhance the oscillations amplitude, when destructive or instructive interference occur, respectively.
This explains why in the regime (b), the oscillations are hardly observed (Fig. 6.10).

As mentioned in Sec. 2.3, the MAE oscillation amplitude is expected to decrease withincreasing
temperature. A significant contribution to the MCA energy occurs when two states

∣∣nσk||
〉

and
∣∣n′σ ′k||

〉

have their energies close to each other and they lie on two sides of the Fermi level Ef , within a few
kBT from it. In particular, this can take place when the pair of states are close toEF at Γ (i.e., at
k|| = (kx,ky) = 0), where they are degenerated (Fig. 2.2). Such favorable alignment of the QWS pairs
is found only for particular thicknesses (and only for those thicknessesQWS contribute to the MAE).
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Figure 6.10: Shift field Hs measured at 300 K and 5 K vs Co thickness for Co/Cu(1113) covered with 0.5 ML
of Au. Experimental data are compared to the magnetic anisotropy energy MAE calculated for Co/Cu(001) by
Szunyoghet al. [20]

At those particular thicknesses at which QWS contribution to MAE is significant, the dependence on
temperature can be expected [19]. As shown in Fig. 5.9b, the shift fieldHs at 9.3, 11.9, 14 and 16.6 ML
depends strongly on temperature, whereas for 10.6, 13, and 15.6 ML,Hs changes only a little with
temperature. This is also visible in Fig. 6.10 (compareHs dependence at 300 K and 5 K). Calculations
[19, 21] predict strong dependence on temperature almost for exactly the same thickness of Co, mainly
for 9, 11, 13, and 15 ML. The amplitude of the anisotropy oscillations is significantly reduced at RT and
vanish completely at 365 K. This means that for thicknesses at which QWS contribute to the MAE, the
spread of the Fermi function becomes comparable to the energy difference between 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 the order of∼ 250
µeV per surface atom at 0 K [20] and∼ 150 µeV per surface atom at RT [19]. Very similar result
of ∼ 140 µeV per step atom was obtained for Co films on vicinal Cu(001) system at RT [21]. In our
experiment, the step-induced uniaxial anisotropy is measured, which is onlylocally (i.e., at the steps)
introduced to the Co film [21, 27], and thus our results should be considered per step atom. Accord-
ingly, the change of the anisotropy energy corresponding to the experimentally observedHs oscillation
amplitude of maximally∼ 300 Oe is estimated to be∼ 230µeV. Considering that the experiments were
performed at 5 K, this is in very good agreement with theory.

From the comparison with theory it is clearly evident that experimentally observed oscillations of
the magnetic anisotropy are govern by QWS formed inside of Co films. The theoretical calculations
using the parametrical TB model [19] has an advantage that, due to its high numerical efficiency, one
can diagonalize the full film Hamiltonian and through appropriate analysis of MAE, identify individual
quantum states responsible for the MA oscillations. It was found that the oscillations originate mostly
from minority-spin∆5 band, doubly degenerated atΓ point. This band cross the Fermi levelEF at
kenv= 0.472kBZ with inclusion of thesp-dhybridization and atkenv= 0.43kBZ in thed-band only. These
two values ofkenvcorrespond to the periodsLspd = 2.12 ML andLd = 2.33 ML, respectively. I.e., exactly
the same periods which are observed for oscillatoryHs. Note that althoughLspd value is closer to the
one obtained byab-initio like calculations, i.e., 2 ML [20], the periodLd is almost exactly the same as in
case of our experiment, i.e., 2.3± 0.3 ML. After all, the hybridization betweenspandd electrons does
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not affect significantly the oscillation period and amplitude of the MAE coming from the neighborhood
of Γ point [19].

The situation is different in case of minority band around theM point. Inclusion of thesp-d hy-
bridization results in significant change of the electronic band, so that the positions of the crossing points
with the Fermi level are modified. The corresponding periods areLd = 3.32 ML andLspd = 5.15 ML,
respectively. Additionally, including the hybridization of thesp-delectrons results in a substantial de-
crease of the amplitude of the MAE oscillations. The total oscillation amplitude of MAE results from a
superposition of two contributions originating from the neighborhoods of the Γ andM points. By con-
sidering two scenarios, with and withoutsp-dhybridization included, it was shown that only in case of
hybridized bands the total MCA energy oscillates with the clear period close to2 ML with dominating
contribution from the neighborhood of theΓ point [19].

Having established the mechanism of the MAE oscillations it can be expected that they will decay
with increasing Co film thickness. When the film becomes thicker the energies of the QWS pairs existing
near theΓ point become closer to each other and therefore, more than one pair can contribute to the MAE
for a given thickness. As a consequence, the amplitude of the MA oscillations becomes smaller. The
amplitude of the MCA oscillations is predicted to monotonically decrease with increasing thickness of Co
film above∼18 ML [19]. In this way, clear oscillations persist at least up to∼ 20 ML. However, different
behavior is observed in the experiment. A discontinuous decrease of the oscillation amplitude is observed
only after characteristic rapid drop of the shift fieldHs at∼15 ML (see Fig. 6.10 or Fig. 5.9b), resulting
from the strain relaxation of Co lattice [56]. As a consequence, after hardly visible maximum ofHs at
16.6 ML, the oscillatory behavior vanishes completely. This discrepancy is associated with the lattice
relaxation, which is not taken into account in theoretical calculations. In both aforementioned theoretical
reports [19, 20], the structure of Co is assumed to befct, with interlayer distances corresponding to Cu
lattice spacing. This is a good approximation, but only in the Co film thickness regime below∼15 ML,
i.e., before the lattice strain starts to relax. Most likely, the change of the electronic structure of Co
film due to the strain relaxation is not favorable for the formation such QWS pairs, which can result in
oscillatory MCA. The influence of the structural relaxation on the amplitude ofMAE oscillations was
also observed by theory forfcc 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 with a period close to
2 ML (i.e., exactly as in the case of Co film on a flat surface of Cu(001)). On the other hand, once
the strain relaxation was included, the oscillatory behavior of MAE was not observed anymore. This
theoretical prediction coincides with our experimental observation, i.e., lackof MAE oscillations for Co
film thicknesses above the structural transition. It is also another confirmation, that MAE oscillations
due to QWS are very sensitive to any change of the electronic structure.

bcc Co films on Au(1113) surface

It is well known that crystal structure and symmetry play a significant role indetermining the electronic
band structure. Therefore, by changing the structure symmetry of Co filmfrom fcc to bcc, one can
expect also changes in magnetocrystalline anisotropy. Indeed, this is what is observed from MOKE
measurements forbcc Co films grown on Au(1113) surface (Sec. 5.1.1). First of all, the step-induced
uniaxial anisotropy is very strong in this case. The easy magnetization axis isoriented perpendicular to
the steps (i.e.,Hs is negative). Such high magnitude ofHs results in difficulty in accurate determination
of the amplitude and period of the oscillations. Note that such difficulty in case of fcc Co film grown on
Cu(1113) was overcome by depositing a minute amounts of Au, which due to negative interface contri-
bution to the step-induced anisotropy, significantly reduced the magnitude ofHs and brought it close to
Hs = 0 over a wide thickness range (sec.5.1.1). However, in case ofbccCo films grown on Au(1113),
in order to reduce the magnitude ofHs, a capping layer introducing positive interface contribution to
the step-induced uniaxial anisotropy is needed, which was found difficult to be realized experimentally.
Instead, square hysteresis loops with the magnetic field applied perpendicular to the steps were mea-
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sured carefully, with small∆H steps, in order to determine coercivityHc as precisely as only possible.
The coercivity is strongly related to the magnetization reversal process and the properties of the domain
structure [167,212]. Different reversal processes, like nucleation, coherent and incoherent rotations and
domain wall motion, depend on shape anisotropy, magnetocrystalline anisotropy, exchange stiffness,
temperature and film thickness. Since the precise relation between coercivity and magnetic anisotropy is
not known in this case, no quantitative information about the anisotropy changes can be obtained. How-
ever, since there is a certain proportionality between the coercivityHc and magnetic anisotropy (both,
for perpendicular and in-plane magnetization easy axis [168,213]), some qualitative informations can be
extracted from the measurement ofHc. A dependence ofHc on magnetic anisotropy is also visible from
MOKE measurements at 5 K (Sec. 5.1.1). The fact that minima of the shift fieldHs (which is a mea-
sure of the in-plane uniaxial magnetic anisotropy) coincide with maxima of the coercivity Hc at exactly
the same thicknesses of Co film, indicates that oscillatory behavior of the coercivity Hc originates from
periodic changes of the magnetic anisotropy.

The oscillation period of the coercivityHc obtained forbccCo film is equalLCo= 4.1±0.3 ML, i.e.,
nearly double in comparison to the oscillation period of the shift fieldHs and Kerr ellipticity observed in
the case offcc Co film. As shown in Sec. 2.3, the oscillation periodL is determined by the wave vector
kenv of the electron waves and can be used to identify the electronic states which contribute to the MAE.
In order to do that, the knowledge of the electronic structure ofbccCo is obligatory. There are several
reports concerning the band structure ofbccCo.

First calculations were triggered by successfully synthesizedbcc Co on GaAs(110) [214] and per-
formed under the assumption that thebccstructure is not strained [215, 216]. More recent papers have
shown however, that the true metastable phase is a body-centered tetragonal (bct) phase [85, 217].
First-principles band-structure calculations including the tetragonal distortion of Co film grown on
Fe(001) surface combined with photoemssion studies were performed by Duo et al. [85]. Based on
the electronic structure calculated there [85] it can be found that the minority-spin∆5 band crossEF at
kenv= 0.24±0.05kBZ. This corresponds to the period ofLCo = 4.2±0.3 ML, i.e., almost exactly the
same as the period of oscillatoryHc observed experimentally. Note that there is nod-band of another
symmetry in the neighborhood of the minority-spin∆5 which crossEf . Therefore, the selection of the
minority-spin∆5 band is unique. The majority-spin∆5 is far below the Fermi level and is automatically
excluded, since only the bands in close vicinity ofEF can contribute to MCA energy. A clear signature of
the minority-spin∆5 at theEF was confirmed very recently by spin-resolved photoemission andab-initio
calculations [218].

The MAE oscillations in case offcc Co andbcc Co are related to the quantization of the same
electronic band, the minority-spin∆5. The period of oscillations is different in both cases because the
bands crossEF at different points of Brillouin zone (the∆5 band is shifted down in energy inbcc Co
film with respect to the∆5 band infcc Co). Note that the∆5 was found to be responsible for oscillatory
magnetic anisotropy also in the case of Pd/Co system [73]. The uniquenessof the∆5 band comes from
the fact that its degenerated at theΓ point. Therefore, the QWS of these band form intrinsic pair of states
which have energies very close to each other fork|| around theΓ point and contribute strongly to MAE
whenEF lies in between the energies of the QWS pair states [19,73].

The oscillatory behavior ofHs andδ 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 equalLCo = 2.6±0.3 ML, i.e., very
similar as in the case offcc Co films on Cu(1113). This indicates that Co films grown on Fe/Ag(116)
are stabilized rather infccstructure than inbccstructure. 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 onbcc Fe(001) grow inbct structure with the interlayer distance contracted by
∼ 8% [83–85]. On the other hand, when Co films are grown onfcc Ag(001), fcc structure of Co is
formed [219–221]. One possible explanation of our result is that Co films on Fe/Ag(001) grow more like
on Ag(001) (i.e., infcc) rather than like on Fe(001) (i.e., inbcc). 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 constant is still slightly different in
comparison to bulk Fe(001). Moreover, the large difference (of the order of 29%) in the lattice constant
in the film normal direction betweenbccFe(001) andfccAg(001) may influence the growth mode of Co
on top of Fe films grown on the vicinal surface of Ag(001). Our experiment on Co/Fe/Ag(001) shows
therefore that the period of the magnetic anisotropy oscillations can be also used as a verification of
the electronic structure or the crystal order (since the oscillation period is directly correlated with the
wavevector of the confined electronic band).

6.3.2 Magnetic anisotropy oscillations due tod-QWS in Fe films

There are a few theoretical reports concerning the MAE calculations as afunction of Fe film thickness
on Ag(001) [222] and Au(001) [223, 224]. In fact, in all those theoretical studies a sort of oscillatory
behavior of the MAE was found. However, the reason of the MAE oscillations was not understood at that
time. This is partially due to computional limitations: in order to determine the period of the oscillations,
the MAE has to be calculated in relatively wide range of Fe thickness. Also, in[222] and [223], the
fcc structure of Fe with the lattice constant of Ag(001) and Au(001), respectively was assumed, in order
to simplify the system. This however results in substantially different vertical interlayer distance of Fe
atoms and can change the MAE dramatically [224].

The role of QWS on MAE oscillations ofbcc Fe was considered byGuo [224]. Fromab-initio
calculations forFe(N)/Au5 superlattice he found the oscillations of MAE with a period of∼ 9 ML.
Thus, different than in our experiment, whereL = 5.35±0.3ML for Fe/Ag(116) andL = 6.1±0.3ML
for Fe/Au(1113). The oscillatory behavior of MAE calculated byGuo was ascribed to QWS from∆5

minority-spin state. However, by looking at the bulk electronic structure ofbcc Fe [225–227], it can
be observed that∆5 minority-spin state cross the Fermi level at around 0.5kBZ. Thus, according to
Eq. 2.2.3,∆5 minority-spin state should result in QWS with a period of∼2 ML, i.e., matching neither to
the observed in our experiments nor predicted byGuo[224].

As seen from MOKE measurements (Sec. 5.1),bccFe films grown on vicinal Ag(116) and Au(1113)
surfaces show the oscillatory behavior of the the shift fieldHs and the tilting angleδ as a function
of Fe film thickness at 5 K. The period of oscillationsL is very similar in both cases and on average
equals 5.35±0.3ML and 6.1±0.3ML, respectively. Essentially, there are two electronic bands inbcc
Fe which could possibly result in period of 5 - 6 ML. The minority state∆2′ which crossEF at kenv =
∼0.2kBZ (corresponding toL = 5 ML) and the majority state∆5 which crossEF at kenv =∼0.165kBZ

(corresponding toL = 6 ML) [225,227]. Moreover, both of these electronic states can form QWS in Fe
film grown on Ag(001), due to lack of electronic states with the same symmetry in Ag. Therefore, based
only on the information about the period of the MA oscillations obtained from MOKE measurements, it
cannot be distinguished, whether majority∆5 or minority ∆2′ state is responsible for MA oscillations.

The most direct method to measure occupied QWS is photoemission spectroscopy (PES). Since
photoemission intensity is roughly proportional to the density of states, the formation of QWS mani-
fests itself as peaks in the photoemission spectrum [60]. The PES measurements on Fe films grown on
Ag(001) were performed by Liet al. [228]. It was shown that indeed, QWS with a period of∼ 5.6 ML
are present in the Fe film. The symmetry of the electronic band forming QWS andits spin character
has not been however uniquely specified. In order to elucidate the originand properties of QWS in Fe
films, the PES measurements were performed on this system very recently, thanks to cooperation with A.
Winkelmann and coworkers at the MPI Halle [229]. The PES spectra wererecorded in normal emission
with two polarizations of the incident light,s andp, i.e., with the electric field vector perpendicular and
parallel to the optical plane, respectively. Note thats polarization corresponds to the electric field vector
parallel to the surface, while forp polarization there are two components of the electric field vector,
perpendicular to the surface and parallel to the surface, since the incident light is always oriented under
some angle with respect to the surface (48◦ from the surface for this experimental setup). The use of
two polarizations is very useful, since it allows to specify the symmetry of the electronic band forming
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Figure 6.11: Photoemission intensity as a function of thickness of Fe filmgrown on Ag(001) for chosen energies
below theEF . The positions of the intensity peaks are indicated by arrows. The photoemission spectra were
obtained at normal emission at T =160 K fors-polarized incident light with energyhν = 6 eV [229].

QWS. According to the dipole selection rules for the emission along (001) direction inbccstructure, the
transitions are limited to only two initial states,∆1 and∆5 depending whether the electric field vector is
perpendicular or parallel to the surface, respectively [230,231]. Thus, fors polarization, only the transi-
tions from∆5 initial states are explored, whereas both types of transition, from∆5 and∆1 may occur for
p polarization [230,231].

The photoemission intensity as a function of Fe thickness fors polarization is shown in Fig. 6.11.
The oscillations of the PES intensity confirm the existence of QWS in the vicinity of the Fermi level
of Fe. Since the QWS can be observed fors polarization, it is clearly evident that they originate from
the band with∆5 symmetry. Consistently with expectations based on the dipole selection rules, similar
oscillations of the PES intensity are also observed forp polarization.

At first glance, the oscillation period of the photoemission intensity is∼4 ML (see line intensity for
E −EF = −0.20eV in Fig. 6.11). However, due to dispersion of QWS, that is the dependenceof their
energies on the Fe film thickness, the period of oscillation is energy and thickness dependent. Note that
this dispersion is smaller than in case of typical QWS formed fromspbands. Moreover, QWS diminish
rapidly with increasing Fe film thickness. This is due to the fact thatd wave functions are much more
localized, in comparison tospone [232]. From the intensity peaks at different energies as indicated by
arrows in Fig. 6.11, one can notice that the positions of the peaks move slightlytoward thicker Fe film
with approaching theEF . Eventually, the intensity peaks atE − EF = −0.05eV (i.e., just below the
EF ) appear respectively at∼4.5 ML, ∼8.5 ML and∼13 ML. Hence, the period of oscillations slightly
increases with increasing Fe thickness (L =∼ 4 ML andL =∼ 4.5 ML, respectively).

Note that the electronic structure of thin Fe film grown on Ag(001) can be slightly different than Fe
bulk and therefore, results in a different period of oscillations of the photoemission intensity in compari-
son to the estimated from the electronic structure of bulk Fe. With increasing Fethickness, the electronic
structure of Fe film grown on Ag(001) should converge to the electronic structure of the bulk Fe. Since
the oscillation period of the photoemission intensity slightly increases with increasing Fe thickness, it
confirms that observed QWS originate from∆5 majority states (because the oscillation period increases
and therefore approaches the expected period for∆5 majority state, i.e.,L =∼ 6 ML). A verification
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of the spin character of the observed QWS from∆5 should be possible with future spin-polarized PES
measurements.

The question is whether the QWS observed by PES are indeed the QWS whichare responsible for
the oscillatory MA? Prior to answering this question and comparison of the PESresults with MOKE
and XMCD results, a better understanding of the oscillatory MA is necessary. As shown in Sec. 5.1, the
oscillations of MA as seen by MOKE, are reflected in two observables, shift field Hs and tilting angle
δ . Both quantities, measured for uncovered, Au-covered and Co-covered Fe films are summarized in
Fig. 6.12. As explained in Sec. 2.3, a contribution to MA due to QWS should occur mainly at LT and at
specific thicknesses, at which QWS are very close toEF . By looking at the thickness dependencies ofδ
(left column in Fig. 6.12) such contributions to MA can be observed at∼8 ML and∼13 ML (since at
these thicknesses,δ changes the most in comparison to its value at RT). Moreover, in all three samples,
QWS contribute to MA exactly at the same thicknesses of Fe and always changesδ toward more negative
values. This clearly indicates that independently of the coverage material of the Fe film, the oscillatory
part of the tilting angle remains the same (i.e., originates from the quantization of the same electronic
states). By covering with Au or Co however, the perpendicular magnetic anisotropy of the Fe film is
modified in compare to uncovered film. As a consequence, abasedependence of the tilting angleδ is
different (e.g., sign ofδ is changed).

In particular, in case of Fe film covered with Co, the perpendicular magneticanisotropy is reduced
so significantly, that SRT is completely suppressed. This allows to measure oscillatory changes ofδ
down to 2 ML, which is not possible in the case of uncovered and Au-covered Fe films. The reason is
that the oscillatory dependence ofδ is 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 fromHs (right column in
Fig. 6.12). In particular, a large maximum ofHs can be observed at∼13 ML for all three samples,
i.e., exactly at the same thickness at whichδ becomes more negative. Therefore, based on the estimated
periodicity of the oscillatory changes ofδ one could expect that with decreasing Fe thickness the next
maximum ofHs should occur at∼8 ML. Instead, the oscillation period ofHs seems to be shortened and
the maximum ofHs is observed at∼9 ML. The shortening of the oscillation period ofHs is caused by
the perpendicular anisotropy contributing more to the total anisotropy of the system upon decreasing the
thickness of the Fe film (in the vicinity of SRT). As shown in Sec. 6.2, as soonas the magnetization starts
to tilt out from the sample plane, it prefers to be oriented perpendicular to thestep edges (what corre-
sponds to negative values ofHs). Therefore, for uncovered and Au-covered Fe films, where the tilting
angle increases its absolute value to around 20◦ at ∼8 ML, the magnetization is forced to be oriented
perpendicular to the step edges. This results in maximum ofHs at ∼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 angleare small (of the
order of a few degrees) and the effect of tilted magnetization on value ofHs should be negligible. This
is exactly what is observed in our experiment. The maximum ofHs, which was observed at∼9 ML for
uncovered and Au-covered Fe film is now slightly shifted to lower thickness of Fe, i.e., to∼8.5 ML.
Additionally, due to the lack of SRT, the oscillations ofHs can be measured for thinner Fe films than
for the uncovered and Au-covered Fe/Ag(116) samples. As a consequence, for Fe film covered with Co,
four maxima ofHs are distinguished at∼4.5 ML, ∼8.5 ML, ∼13 ML and∼18 ML of Fe. Note that
these maxima occur exactly at the same thicknesses at which maxima in the photoemission intensity are
observed (compare Fig. 6.11 and Fig. 6.12). This clearly indicates that theoscillatory dependence of
Hs is govern by the same QWS, which are observed by PES. It also confirms,that the oscillation period
in both: PES intensity andHs increases with increasing Fe thickness. This is why, for thicker Fe films
(above 15 ML), the oscillation period ofHs has been found to be equal 5.7±0.3ML [22, 27, 161]. Such
tiny changes of the periodicity can be due to the relaxation of Fe lattice [233].Differently, the shortening
of the oscillation period with decreasing Fe thickness is not so clearly observed in case of the tilting
angleδ . Therefore, the question arises: do oscillations ofδ andHs originate from the same electronic

91



CHAPTER 6

Figure 6.12: Tilting angleδ and shift fieldHs as a function of Fe thickness for uncovered, Au-covered and Co-
covered Fe film grown on Ag(116) vicinal surface. The dependencies were obtained by LMOKE measurements at
300 K and 5 K.

states?

Principally speaking, the tilting angle of the magnetization results from the competition between mag-
netocrystalline and shape anisotropy. From the MOKE measurements performed along the step edges
(Fig. 5.4), Kerr signal changes linearly with Fe thickness indicating that themagnetization and the op-
tical constants do not oscillate with the Fe thickness. This confirms, that magnetocrystalline anisotropy
is the only reason for the oscillations ofδ . As mentioned in Sec. 6.2, magnetization can be tilted only
within vertical plane peprendicular to the step edges. Therefore, a change ofδ arises from change of the
MCA energyEMCA(001)−EMCA(100), i.e., the difference in the MCA energy between perpendicular to
the terraces plane and in the terraces plane perpendicular to the step edges, respectively (see Eq. 6.2.3).
Note, however, thatδ can change either due to change ofEMCA(001) or EMCA(100). E.g., the increase of
the absolute magnitude ofδ can be caused either by increase ofEMCA(001) or alternatively, by decrease
of EMCA(100).
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As can be seen in Fig. 6.12, for thicker Fe films (above∼10 ML), the maxima of the absolute
magnitude ofδ coincides with the maxima ofHs. Such coincidence in the oscillations ofHs and δ
can be understood as follows. For positiveHs (i.e., the easy axis of magnetization parallel to the step
edges), the increase ofHs corresponds to the larger magnetic field which has to be applied perpendicular
to the step edges in order to switch the magnetization. In other words, largerHs means that the axis
perpendicular to the steps is"harder" (i.e., the energyEMCA(100) is smaller). If the axis perpendicular
to the steps is"harder", alsoδ should increase, because the direction perpendicular to the steps become
less favorable. Nevertheless, for Fe films covered with Co (i.e., in the casewhere there is no SRT and
oscillatoryδ andHs can be measured down to 2 ML) such correlations betweenδ andHs does not exist
below∼8 ML. This is most likely due to the fact that with decreasing Fe thickness, the MCA energy
perpendicular to the terraces planeEMCA(001) changes as well, and in consequence, the dependence of
δ is not solely govern by changes of the MCA energy in the terraces plane perpendicular to the step
edgesEMCA(100). This can results in different period of oscillations forδ with respect toHs, which is
however artificially produced and originate from the superimposed changes ofEMCA(001).

The discussion above, concerning the correlation of the oscillatory behavior of Hs andδ was car-
ried out with the assumption that the axis perpendicular to the step edges becomes"harder" at specific
thicknesses of Fe (i.e.,EMCA(100) becomes smaller). Note however thatHs is a measure of the uniax-
ial in-plane anisotropy (i.e., the energy difference between two in-plane magnetization orientations) and
therefore, largerHs could be also equivalently explained by the situation when the axis parallel to the
step edges becomes"easier" (i.e.,EMCA(010) becomes larger).

In order to verify, whether oscillatory changes ofδ andHs are caused by changes ofEMCA(100), the
information aboutEMCA for each particular crystalographic direction can be obtained from XMCDmea-
surements. As shown in Fig. 5.20a, the oscillatory behavior of the orbital moment is observed mostly
along one specific direction: in the sample plane perpendicular to the step edges. Note that a sort of
oscillatory behavior can be also observed formorb 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-planed-orbitals ofdxz anddyz symmetry [137]. These two orbitals form the
electronic bands with the∆5 symmetry [234]. Therefore, the periodic changes of the in-plane orbital
moment obtained from XMCD should be correlated with the periodic changes of the∆5 electronic band,
i.e., the electronic band which shows oscillatory photoemission intensity as a function of Fe thickness
(Fig. 6.11). This is a direct experimental prove, that the quantization ofdxz, dyz orbitals leads to the quan-
tization of the in-plane orbital magnetic moment and in consequence, to oscillatory MAE as a function
of Fe thickness.

In order to compare oscillatory behavior ofmorb with MOKE measurements, it is more suitable to
follow changes of the anisotropy of the orbital moment∆ morb rather than ofmorb itself. The dependence
of the anisotropy of the in-plane orbital moment∆ morb (i.e., the difference betweenmorb along the step
edges andmorb perpendicular to the step edges) on Fe thickness is shown in Fig. 6.13. Three maxima in
the anisotropy of the orbital moment can be distinguished at∼5 ML, ∼8.5 ML and∼12.5 ML, i.e., at
the same thicknesses of Fe (within the experimental error±0.3 ML), at which maxima ofHs and maxima
of PES intensity are observed. This indicates that changes of themorb as a function of Fe thickness are
due to QWS and that they result in oscillatory behavior of the shift fieldHs and the tilting angleδ .
Note that similarly as in the case ofHs at 5 K, the maximum of∆ morb at∼8.5 ML is of much smaller
amplitude than the maximum at∼12.5 ML. As discussed before, this can be due to the influence of the
tilted magnetization on the in-plane orientation of the magnetization. Interestingly, the maximum of∆
morb at∼8.5 ML originates from increasedmorb 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 decreasedmorb perpendicular to
the step edges.

In the case of Fe films on vicinal surfaces, the symmetry is broken by regular mono-atomic steps and
as a consequence, the MA is more complex in comparison to Fe films on atomically flat surfaces. For
a ferromagnetic film showing four-fold symmetry, like Fe films on atomically flat Ag(001), thedxz and
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Figure 6.13: The in-plane anisotropy of the orbital moment∆ morb = m||
orb - m⊥

orb as a function of thickness of Fe
film grown on Ag(116) obtained from XMCD measurements at 5 K insaturation. The corresponding changes of
the magnetocrystalline anisotropy energy were calculatedaccording to MAE= −α ξ

4µB
∆ morb , whereα = 0.07

andξ =−54 meV (see text for details).

dyz orbitals are degenerated∗. Consequently, it results in the same values of the in-plane orbital moment
along the corresponding two directions. This is why there are two equivalent in-plane easy axes in such
ferromagnetic film. Differently, for a ferromagnetic film with two-fold symmetry,like Fe films grown on
vicinal Ag(116) surface, degeneracy of thedxz anddyz orbitals is lifted due to anisotropy of the crystal
field [235]. In other words, the orbitals elongated in the direction perpendicular to the steps have different
charge distribution in comparison to the orbitals elongated in the direction parallel the steps. This is why
the in-plane directions parallel to the steps and perpendicular to the steps are not equivalent and the
uniaxial step-induced anisotropy is present in such system. Since thedxz anddyz orbitals are split in
energy, it is not surprising that the oscillatory behavior of the orbital magnetic moment in our experiment
is found to be different when probed parallel to the step edges and perpendicular to the step edges. Our
results show that the orbitals within vertical plane along the steps (which are responsible for the orbital
magnetic moment perpendicular to the steps), result in oscillatory MA due to QWS. In contrast, the
orbitals within vertical plane perpendicular to the steps (which are responsible for the orbital magnetic
moment parallel to the steps) are shifted in energy in such a way, that cannot contribute significantly to
the MAE due to their quantization.

Considering the symmetry of our vicinal surface one can also expect the formation of the QWS with
the in-plane wavevectork perpendicular to the steps (since the steps are separated from each other only
by 3 interatomic distances). Therefore, orbitals within vertical plane perpendicular to the steps can be
confined and in consequence, have different energy than orbitals within vertical plane parallel to the
steps. Note that such"in-plane" QWS should not change their energy with increasing Fe thickness if
the terraces at the surface of growing film reflect the terraces of the substrate and their width remains
constant.

It should be noted that the first maximum of∆ morb at ∼5 ML is much larger than other maxima
because originates not only from QWS contribution to MAE but also reflectsa change 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 decreasing film thickness. As
shown in Fig. 4.6, due to broken symmetry of the system, the measurements of theXAS spectra inθ
and−θ geometry can result in different values of the orbtial magnetic moment, when theeasy axis of
magnetization is tilted out of the sample plane. In particular, with approaching theSRT, the easy axis of
magnetization rotates toward[116] crystalographic direction within the vertical plane perpendicular to
the steps (as shown in Sec. 5.3.1). This means, that in the thickness range between 3 ML and 6 ML, the
easy axis of magnetization is nearly perpendicularly oriented to the incident x-ray vector, when measured
with the incidence angleθ . As a consequence, the values ofmorb in this thickness range are reduced. The
observation of the sharp minimum at∼5 ML in the morb value perpendicular to the steps (Fig. 5.20 (a))
, i.e., at the thickness at which first QWS in PES experiment is observed, indicates a strong change of the
morb due to QWS contribution to MAE. Interestingly, at the same thickness of Fe, a rapid change of the
domain size was observed by SPLEEM measurements (Fig. 5.24). Since the size of domains depends
on the MAE, it might be another indication of the QWS contribution to the MAE. Especially, that such a
rapid change of the size of domain is observed exclusively at lower temperature.

As shown by Bruno [11], the anisotropy of the orbital magnetic moment is proportional to the MAE.
Therefore, obtained dependence of∆ morb 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 be corrected by including the majority
band contribution to MAE and the presence of spin-flip terms [34]. These two corrections can be taken
into account by including the numeric correctionα for Fe [235,236] into Eq. 2.1.4. Eventually, the MAE
can be calculated as follows: MAE=−α ξ

4µB
∆ morb , whereα = 0.07 andξ =−54 meV is thespin-orbit

coupling constant[235, 236]. The calculated values of the MAE are indicated on the right side of the
plot in Fig. 6.13.

Summarizing, by combination of the PES, MOKE and XMCD studies, the symmetry and spin character
of the electronic band responsible for the oscillatory MAE forbccFe has been determined. The oscilla-
tory behavior of MAE with increasing Fe thickness is a direct consequence of the quantization of the∆5

majority-spin band. Since∆5 electronic band is represented bydxz, dyz out-of-plane orbitals, the periodic
contributions to the MAE due to QWS are governed by the in-plane orbital magnetic moment. Due to
broken symmetry of vicinal surface, the periodic changes of the orbital magnetic moment are clearly
visible only along one in-plane direction, perpendicular to the step edge. The resultant changes of the
magnetic anisotropy modulate shift fieldHs and tilting angleδ of magnetization as a function of Fe thick-
ness. The oscillation period, both for QWS itself and MAE, increases with increasing Fe thickness and
on average is equal 5.35±0.3ML (where the average is performed within the Fe thickness range from
∼ 3ML to ∼ 18ML). Note that the oscillatoryHs andδ on thickness was also found for Fe films on
Au(1113) (see Sec. 5.1). The oscillation period in this case is slightly larger(∼ 6.1ML on average) and
similarly as in the case of Fe/Ag(116), increases with increasing film thickness. Slightly different period
of the oscillations for Fe/Ag(116) and Fe/Au(1113) is most likely due to the tinydifference in the lattice
mismatch of Fe with respect to the substrate (0.8% and 0.6% for Ag(001) and Au(001), respectively).
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6.3.3 Magnetic anisotropy oscillations due tosp-resonant states in Cu films

As mentioned in Sec. 2.3, the oscillatory MAE can be caused not only by QWS formed in FM layer, but
also by QWS formed in NM layer, adjacent to FM layer. Although the resultantperiod of MA oscillations
is related to the electronic structure similarly in both cases (Eq. 2.2.3), the mechanism concerning peri-
odic changes of MA due to QWS is different. The results presented in Sec.5.1.2 show that at LT, the shift
field Hs oscillates as a function of Cu thickness overlayer grown on Co/Cu(1113)and Fe/Ag(116) with a
period of 5.8± 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 Co(001)and Fe(001) [63, 75, 76].
Moreover, the maxima of the photoemssion intensity at the Fermi level were detected for the same thick-
nesses of Cu [63, 75, 76] as the maxima ofHs in our experiment. This suggests that QWS formed in
Cu are responsible for the oscillatory MA of the ferromagnetic film (Fe or Co) underneath. In this sec-
tion, based on experimental observations shown in Sec. 5.1.2 and recenttheoretical 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-bindingmodel show that the
oscillations of MA with an increasing Cu thickness are a consequence of theresonant effect betweensp-
QWS in Cu andd-bands in Co. Thed-bands in Co are split into minority and majority states in such way,
that their hybridization withsp-QWS from Cu occurs only in minority-spin channel [172]. This results
only in partial confinement ofspminority states and so called resonant states are formed [171,172,237].
The resultant states spanning over the whole Cu/Co bilayer are localized mainly in Co, but also have
significant components in Cu. Within the Cu film, the probability amplitude of these states, depends on
the distance from the Cu surface in an oscillatory way [172].

The phase of such resonantspstates localized in the Cu part of the bilayer is different at the Cu/Co
interface for different Cu thicknesses while being almost fixed (independent of Cu thickness) at the
Cu/UHV interface. As a result, the amplitude of thesesp states at the Cu/Co interface oscillates as
the Cu thickness increases. This modifies thesp-dhybridization across this interface betweensp-state
component localized in Cu (which is minor), andd-state in Co (dominating one). As a consequence,
oscillatory changes of the energies of the hybridized Cod states with increasing Cu thickness are ob-
served (see Fig. 6.14(b)). Such changes in electronic structure in the vicinity of the Fermi result in period
modulation of MAE as a function of Cu thickness as shown in Fig. 6.14(a). The MAE was calculated by
applying perturbation theory (see Sec. 2.1.1) for Cu on Co(001) flat surface as a energy difference with
the magnetization pointing two orthogonal directions (i.e., perpendicular to the sample plane and in the
sample plane).

In view of the second order perturbation theory, each pair of the occupied and unoccupied states of the
energies close to the Fermi level can contribute to MAE. Therefore, occupied (unoccupied) states shown
in Fig. 6.14(b) can contribute to the anisotropy energy if coupled to any other unoccupied (occupied)
electronic state of the energy close toEF . The energy distance between the coupled states decreases
when the energy of the resonant state approachesEF . After crossingEF , the resonant state becomes
unoccupied, but can still couple to the other, occupied state. With increasing Cu thickness, the resonant
state shifts to higher energies. Eventually, the energy distance between both coupled states increases
and there is no contribution to MAE. In this way, the maximum contribution to MAE occurs for the
thicknesses of Cu, at which resonant states crossEF (i.e., at which the energy distance between the
coupled states is the smallest). This mechanism can be observed in Fig. 6.14: for the energies of the
resonant states close to the Fermi level the MAE values are the largest (since MAE is negative, enhanced
anisotropy corresponds to minima). A similar mechanism of the magnetic anisotropy oscillations with
increasing Cu thickness should also be valid for Cu/Fe bilayers. The only difference is that in this case,
spstate in Cu hybridize mostly with majority-spind-band in Fe [238].

The periodLCu of MAE oscillations is identical to the period with which resonantspstate (coupled
with d state) crossEF . Therefore,LCu can be derived from the equation 2.2.3. Thesp resonant state
originate from the bulk Cu band with∆1 symmetry close to theX point in the 3-dimensional Brillouin
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Figure 6.14: The results of tight-binding cal-
culations at T = 30 K for Cu/Co(11 ML) bi-
layer: (a) magnetic anisotropy energy MAE;
(b) energies of minority-spin states at the
k||=(0.13,0)π/a point, which are localized in Co
layer with the probabilityx > 0.65 and in Cu
with the probability:
0.03< y< 0.1 (square/black),
0.1< y< 0.2 (circle/blue)
0.2< y< 0.35 (triangle/red)
wherex+y= 1 [25]

zone and crossEF at kenv= 0.173kBZ [76]. It corresponds to the period of oscillationsLCu = 5.8 ML,
i.e., the same as the oscillations ofHs observed in the experiment.

The oscillatory contribution to MA is expected only if thed-QWS in Co is distant fromEF by less
than the magnitude of its energy changes due the varying Cu thickness. Since such energy range is
found to be minor, the oscillations arise in small regions in the 2-dimensional Brillouin zone near the
k|| points at which QWS in Co crossEF . This explains why the oscillatory contribution to MAE can
disappear even with a small increase in temperature (i.e., if thermal fluctuationsbecome comparable
with the energy changes due to QWS in Cu). This is why the oscillations ofHs are 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 shorter periodicity of ∼ 2.6 ML,
observed around theneckof the Fermi surface [74,239–241]. These states however are more effectively
reflected at the interfaces, i.e., do not hybridize with Co bands. Lack of MA oscillations with this
periodicity is therefore not surprising and confirms that the resonant effect betweensp states from Cu
andd states from Co is crucial for modulation of magnetic anisotropy. Note that effect of hybridization
of spstates in Cu has also significant impact on strength of the interlayer exchange coupling (IEC) [239].
In contrast to MA oscillations, the dominating contribution to the IEC comes from the vicinity of the
neck(i.e., with the shorter period), while the long period (∼ 5.8 ML) coming from the vicinity of the
belly is negligible. This is because onlyspstates from the vicinity of theneckFermi surface form "true"
QWS (not resonant states).

The oscillations ofHs as a function Cu thickness were experimentally observed before [23, 24],
however by measurements only down to 170 K and solely for Cu grown on Co/Cu(001) vicinal sur-
face [23, 24]. According to theory, the MA oscillations supposed to be thestrongest at lower tempera-
tures both, due to QWS formed inside nonmagnetic layer and modulating the MA through the interface
with ferromagnetic layer [73], and due to QWS formed in the ferromagnetic layer [19]. This is why,
previously measured MA oscillations as a function of Cu film thickness at 170K posses significantly
smaller amplitude [23, 24], in comparison to the oscillations obtained in our experiment carried out at
5 K.
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The fact that hybridization of the electronic states plays an important role in the case of oscillatory
magnetic anisotropy of Cu/Fe and Cu/Co bilayers can also be helpful in understanding of other such
NM/FM systems, where oscillations due to QWS are expected. In particular, inthe case of Au over-
layers grown on Fe/Ag(116), where no indication for the oscillatory MA is observed (Sec. 5.1.2). The
lack of MA oscillations in the case of Au/Fe bilayer is most likely related to presence of "true" QWS
(not resonant states) [13, 174–177]. As a consequence, QWS from Au layer cannot hybridize withd
electrons from Fe layer and therefore, periodic contribution to MA as a function of Au thickness cannot
be observed.
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Conclusion

In this thesis, we investigated the magnetic anisotropy in ferromagnetic thin films aswell as in nonmag-
netic/ferromagnetic bilayers grown on vicinal surfaces. In particular, we demonstrated that the confine-
ment ofd-electrons in ferromagnetic films leads to magnetic anisotropy oscillations as a function of film
thickness. We identified the symmetry and spin character of the electronic bands responsible for the
oscillations and have shown the influence of temperature on the amplitude of theoscillations.

The period of the magnetic anisotropy oscillations is related to the electronic structure and is de-
termined by the wavevector of the corresponding quantum well states (QWS) at the Fermi level. The
fact that different oscillation periods are observed in different systems, confirms the correlation between
QWS and oscillatory magnetic anisotropy. The obtained oscillation periods andcorresponding confined
electronic bands are summarized in Table 7.1. We conclude that oscillations ofthe magnetic anisotropy
as a function of thickness of ferromagnetic Co and Fe films are a direct consequence of the quantization
of the∆5 electronic band. The∆5 band consists ofdxz, dyz out-of-plane orbitals and its contributions to
the magnetic anisotropy energy with increasing film thickness manifest in changes of the in-plane orbital
magnetic moment. Due to the broken symmetry of the vicinal surface, periodic changes of the orbital
magnetic moment are clearly visible in our experiments only along one in-plane direction, perpendicular
to the step edges. We have shown that even minute differences in the lattice mismatch between the film
and the substrate, such as found betweenbccFe films grown on Ag(116) and Au(1113) or betweenfcc
Co films grown on Cu(1113) and Fe/Ag(116), can modify already the electronic structure and as a con-
sequence, the period of the magnetic anisotropy oscillations. The results are summarized in Table 7.1,
which shows the different oscillation periods in films grown of different substrates.

System
bccFe film grown on fccCo film grown on bccCo film grown on
Ag(116) Au(1113) Cu(1113) Fe/Ag(116) Au(1113)

Oscillation period 5.35± 0.3 6.1± 0.3 2.3± 0.3 2.6± 0.3 4.1± 0.3
Confined electronic band ∆5 majority-spin ∆5 minority-spin ∆5 minority-spin

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

The oscillatory magnetic anisotropy due to QWS in ferromagnetic films has been theoretically inves-
tigated infcc Co films [19–21]. Our results on such Co films are in excellent agreement withthe theo-
retical predictions. Besides confirming the oscillation period, we have equally confirmed that a strong
temperature dependence is only observed at those thicknesses for which QWS significantly contribute to
magnetic anisotropy.

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

This work also sheds light on the effect of QWS in a nonmagnetic overlayeron the magnetic anisotropy
of the underlying ferromagnetic film. Experimentally, an effect had so far only been reported for Cu
films grown on the vicinal surface of Co/Cu(001) [23, 24]. In references [23, 24] it was observed that
the oscillatory magnetic anisotropy consists of two periods, of 2.4 and 5.4 ML,which correspond to two
extreme points of the Cu Fermi surface, namely, the "neck" and the "belly".Our results on the same
system demonstrated however that only oscillations with a single period of 5.8± 0.3 ML are visible.
In addition, we observed anisotropy oscillations with nearly exactly the same period, namely of 6.0±
0.3 ML, for Cu overlayers grown on Fe/Ag(116). Our observations are confirmed by recent theoretical
calculations presented in this thesis [25]. These calculations found that theoscillations of the magnetic
anisotropy energy with increasing Cu thickness are a consequence of the hybrydization between resonant
spstates in Cu andd states in Co. Although QWS with a periodicity of around 2.4 ML indeed exist in
Cu films [74, 239], they do not hybridize withd states in Co and as a consequence, do not influence the
magnetic anisotropy. The absence of hybridization of the electronic states could be also concluded to
be responsible for the lack of magnetic anisotropy oscillations in our experiment on Au film grown on
Fe/Ag(116).

Besides demonstrating the presence of oscillatory magnetic anisotropy due toQWS, the results presented
in this thesis provide new insight into spin reorientation transition (SRT) phenomena. While previous
studies of SRT in thin films grown on vicinal surfaces have mostly concentrated on parameters such as
thickness and temperature required to obtain a magnetization perpendicular tothe film plane, little or
no attention was paid to the interplay between perpendicular and in-plane magnetic anisotropies. We
showed here that for Fe films grown on Ag(116) this interplay significantly affects the orientation of the
easy magnetization axis and the domain structure. It is observed that as soon as the magnetization starts
to tilt away from the sample plane, it is exclusively oriented perpendicular to the step edges. This implies
that the change of the easy magnetization axis from in-plane to out-of-planeis accompanied by the
switching of the in-plane magnetization component into the direction perpendicular to the step edges. In
addition, our domain structure studies demonstrated that the change of the magnetization orientation from
in-plane to out-of-plane proceeds via a continuous rotation of stripe domains. Moreover, the direction
of the magnetization rotation is well defined and can be tuned by altering the relative strength of the
uniaxial perpendicular anisotropyKs and the step anisotropyKsp. For instance, through the deposition
of an Au capping layer, we showed that the uniaxial perpendicular anisotropy Ks is reduced and the
direction of the magnetization rotation can be reversed. In contrast to the rotation of the magnetization
from in-plane to out-of-plane, the in-plane orientation of the magnetization changes discontinuously via
a state of coexisting phases with only two possible magnetization orientations: perpendicular to or along
the step edges. A phenomenological model discussed in the thesis describing the magnetic anisotropy
of ferromagnetic films on vicinal surfaces, successfully predicts the orientation 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 experimental and theoretical investi-
gations in the field of oscillatory magnetic anisotropy and QWS arising fromd-bands in ferromagnetic
films. It is particularly interesting for example to investigate the effect of electric fields on the oscillatory
magnetic anisotropy. Since electric fields affect magnetic anisotropy by altering the density of states at
the Fermi level [242], one can also expect external electric fields to influence QWS fromd-bands and
thereby oscillatory magnetic anisotropy. The control of the magnetization by means of electric fields
is considered attractive because of its simplicity, low power consumption and coherent behavior. Very
recently it was shown that it is possible to coherently switch the magnetization using voltage pulses [6].
As shown in reference [6], a key requirement for achieving voltage-induced magnetization reversal is
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the use of system with tilted magnetization. In this work we have shown that any desirable value of the
tilting angle of the magnetization can be achieved by the appropriate choice of the film thickness or of
the nonmagnetic capping layer. Such systems could therefore be essentialfor future investigations of
voltage-induced magnetization switching.
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[158] JAL , EMMANUELLE , MACIEJ DĄBROWSKI, JEAN-MARC TONNERRE, MAREK PRZYBYLSKI ,
STEPHANE GRENIER, NICOLAS JAOUEN and JÜRGEN K IRSCHNER: Magnetization profile across Au-
covered bcc Fe films grown on a vicinal surface of Ag(001) as seen by x-ray resonant magnetic reflectivity.
Phys. Rev. B, 87(22):224418–, June 2013.

[159] LI , CHUN, A. J. FREEMAN, H. J. F. JANSEN and C. L. FU: Magnetic anisotropy in low-dimensional ferro-
magnetic systems: Fe monolayers on Ag(001), Au(001), and Pd(001) substrates. Phys. Rev. B, 42(9):5433–
5442, September 1990.

[160] HEINRICH, B., K. B. URQUHART, A. S. ARROTT, J. F. COCHRAN, K. MYRTLE and S. T. PURCELL:
Ferromagnetic-resonance study of ultrathin bcc Fe(100) films grown epitaxially on fcc Ag(100) substrates.
Phys. Rev. Lett., 59(15):1756–1759, October 1987.
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