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Version abrégée

Dans ce travail de these la transition magnétique de réorientation du spin est étudiée
pour des couches minces épitaxiales de fer d’épaisseures croissantes déposées sur
Cu(100), a 120K et température ambiante. L’objectif principal de ce travail est
de discuter l'origine de I’anisotropie magnétique perpendiculaire de film de fer d'une
épaisseur de moins de 4 MC, qui est controversée depuis longtemps. La sensibilité de
la magnétisation et l‘influence dominante de l'interface film-vide pour le magnétisme
ont été déterminés. Pour la premiere fois la réorientation de 1’'axe de magnétisation
pendant le processus d’absorption de différents gas sur Fe/Cu(100) a pu étre observée.
De méme la dépendance en température de la transition de spin a été analysée entre 120
et 300 K pour un film déposé a basse température. Les résultats de ce travail soulignent
un équilibre subtil entre la structure et les propriétés magnétiques du film ainsi que
I'importance de I'anisotropie de la surface.

La mesure de l'effet magneto-optic Kerr a été faite grace aux techniques MOKE et le
microscope Kerr pour caractériser les propriétés magnétiques des couches minces. Les
changements structuraux de la morphologie du film ont été étudiés avec le microscope
a effet tunnel. Les modifications effectuées sur ce microscope permettent de 'utiliser
comme un microscope a force magnétique (MFM) en remplagant in-situ la pointe du
STM par un cantilever piezorésistif recouvert de cobalt. De cette maniere on peut

obtenir des informations supplémentaires sur les propriétés magnétiques du film.

La premiere partie de cette these met I'accent sur une description détaillée d’un nou-
veau systeme qui a été construit pour des analyses structurales et magnétiques des films
minces ferromagnétiques. Ces films ont été déposés in-situ dans une nouvelle chambre
de type MBE a des températures variables. Pour les études structurales ou magnétiques
un nouveau mécanisme de changement de pointe a été inventé. Celui ci permet de fixer
les pointes STM ou MFM a la téte du microscope de type “beetle”. Le dispositif MOKE
et le microscope Kerr, qui a été adapté spécialement aux mesures in-situ, sont décris en
détail.
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Les capacités du microscope Kerr et du microscope a force magnétique ont été testées
sur un whisker de fer. Les informations complémentaires sur la structure des domaines
sont obtenues en comparant les images Kerr et MFM. De plus, la migration des parois
de domaines magnétiques sous l'influence du champ produit par la pointe MFM est
observée avec les deux techniques. On a montré dans ce travail que la combinaison de
ces deux techniques (Kerr et MFM) est tres performante de par la complémentarité de

I'information obtenue.

On a trouvé, pour les couches minces de fer déposées a basse température, une
magnétisation perpendiculaire au-dessous de 4.3 MC. L’adsorption de seulement 1.4 L
d’oxygene cause une réorientation complete de I'axe facile dans le plan du film. Les
mesures obtenues par MOKE ont montrées que I'oxyde de fer ne se forme pas. Au
contraire le changement, induit par 'adsorbat pendant I’adsorption du monoxyde de
carbone, dépend de I’épaisseur de fer. L’exposition du fer au CO cause un décalage
d’épaisseur critique de 0.7 MC a 3.6 MC, a laquelle la transition de réorientation a
lieu. Les films avec une épaisseur inférieure a 3.6 MC restent magnétisés perpendic-
ulairement. Ces changements induits par les adsorbats sont interprétés grace a un
modele phénoménologique sous I'hypothese d'une anisotropie magnétique de surface
modifiée. La constante d’anisotropie de surface a pu étre déterminée quantitativement
a K;_s = 0.63mJ/m? pour le systeme CO/Fe/Cu(100).

Le recuit du film de fer a une température de 300 K produit aussi un changement
de 'épaisseur critique (¢..). Alors que le chauffage au-dessous de 240 K augmente
terit, le chauffage au-dessus de 240 K diminue t..;. Les expériences ont permis de
séparer les changements réversibles et irréversibles de 1’épaisseur critique. Les change-
ments réversibles sont attribués a la dépendance de la constante d’anisotropie avec
la température. Tandis que les changements irréversibles sont probablement dus aux
changements structuraux du film thermiquement induit.

Les changements des propriétés magnétiques dus aux processus thermiquement activés,
ont été étudiés ultérieurment sur des films de fer avec une magnétisation perpendiculaire
a differentes températures. Le volume de Barkhausen, déduit des mesures de viscosité
magnétique, auguemente linéairement avec les températures. On a trouvé que le re-
tournement de la magnétisation est dominé par le mouvement des parois de domaines
pour les champs de pré-magnétisation, lesquels sont plus grands que le champ coercitif

mais plus petit que le champ de saturation.



Abstract

In this thesis the spin reorientation transition in wedge-shaped epitaxial Fe films on
Cu(100) substrates grown at 120 K and/or room temperature is investigated. The major
objective of the work is to contribute to the long-standing controversy about the origin of
the perpendicular anisotropy of Fe films thinner than four monolayers. The dominating
influence of the film-vacuum interface on the magnetism was deduced from the sensitivity
of the magnetization to adsorbate coverage. For the first time the reorientation of the
easy axis of magnetization during the adsorption process of different gases on Fe/Cu(100)
could be imaged. Also the temperature dependence of the spin reorientation transition
of low temperature (LT) grown Fe was investigated in a temperature range between
120 K and 300 K. The results of the work underline the delicate balance between film
structure and the magnetic properties of the film as well as the importance of the surface

anisotropy contribution.

Integral and laterally resolved magneto-optical Kerr effect measurements - MOKE and
Kerr microscopy have been used to characterize the magnetism of the films. Structural
changes of the film morphology have been studied with scanning tunneling microscopy
(STM). The design of the microscope used also allowed the operation as a magnetic
force microscope (MFM) by replacing the STM tip in-situ by a piezoresistive cantilever
coated with cobalt. Thus, additional information about the film magnetism could be

obtained.

The first part of the thesis gives a detailed description of the newly developed system
designed for structural and magnetic analysis of MBE-grown ferromagnetic thin films
in-situ and at variable temperatures. A new in-situ tip exchange mechanism has been
developed to attach STM tips or MFM tips to the beetle type microscope head, for
structural or magnetic investigations, respectively. The MOKE setup and the Kerr
microscope, which was particularly adapted for in-situ investigations, are described in
detail.



v ABSTRACT

The capacity of the Kerr microscope and the magnetic force microscope is tested on
an iron whisker. Complementary information about the domain structure are obtained
comparing Kerr and MFM images. Further, the migration of a magnetic domain wall
under the influence of the MFM tip stray field is observed with both techniques. It is
shown that this combination of the two in-situ imaging techniques is very powerful due

to the complementary information they provide.

For low temperature grown iron films out-of-plane magnetization was found for thick-
nesses below 4.3 ML. The adsorption of only 1.4 L oxygen causes a complete reorientation
of the easy axis into the film plane. The formation of Fe oxides could be excluded by
MOKE data. In contrast the adsorbate induced changes during carbon monoxide ad-
sorption are dependent on the Fe thickness. The exposure of the Fe to CO causes a shift
of the critical thickness, at which the reorientation transition occurs, by 0.7 ML down
to 3.6 ML. Films thinner than 3.6 ML remain magnetized perpendicularly. These adsor-
bate induced changes are interpreted in a phenomenological model assuming a modified
magnetic surface anisotropy. The surface anisotropy constant can be quantitatively de-
termined to K;_, = 0.63 mJ/m? for the system CO/Fe/Cu(100).

Annealing of the Fe film up to 300 K also causes a change of the critical thickness (t4)-
While annealing below 240 K increases t..;;, further annealing above 240 K decreases
terie. The experiment allowed to separate reversible and irreversible changes of the crit-
ical thickness. Reversible changes are attributed to the temperature dependence of the
anisotropy constants. Irreversible changes are most likely due to thermally induced

structural changes of the film.

The change of the magnetic properties due to thermally activated processes has further
been studied in Fe films with perpendicular anisotropy at different temperatures. The
Barkhausen volume is derived from measurements of the magnetic after-effect and is
found to increase linearly with temperature. The magnetization reversal was found to
be governed by domain-wall motion for pre-magnetization fields larger than coercivity

but smaller than the saturation fields.
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Chapter 1
Introduction

Epitaxial thin ferromagnetic films show striking deviations from their respective bulk
behavior in their structural as well as magnetic properties. Many experiments show
that ultrathin films have a modified magnetic anisotropy [1,2], enhanced magnetic mo-
ments [3,4], a reduced Curie temperature [5], altered magneto-elastic coupling [6,7] or
critical exponents [5]. Also the dominating influence of the interfaces with decreasing
film thickness determines the magnetic [8] and the magneto-electric transport proper-
ties [9,10]. In many examples the sensitive correlation between the magnetic properties
and the film structure as well as surface [11] or interface roughness [12,13] was demon-
strated. Patterned micro- and nanostructures show a dependence of their magnetism, in
particular their domain configuration, on their size and shape [14,15]. Novel magnetic
properties arise from further reducing the dimensionality of the structures, as was shown

on monoatomic cobalt chains [16].

Often the magnetism of epitaxial thin films is investigated in-situ by measuring the
magnetization dependent magneto-optical Kerr effect (MOKE) [17]. This technique
yields an integral information about the film magnetism over a small volume and hides
details of the domain state of the sample. In the past, conclusions about the domain
configuration have been drawn from interpreting the MOKE signal. For a detailed un-
derstanding of the magnetic state of the sample and the magnetization process though,
domain imaging is indispensable [18]. Among several imaging techniques for thin film
magnetism, the scanning electron microscopy with spin analysis (SEMPA) [19,20], Kerr
microscopy [21], and magnetic force microscopy (MFM) [22,23] are of particular interest
due to their high performance. SEMPA offers the advantage of a wide imaging range of
a scanning electron microscope for magnetic domain imaging, from millimeters down to

several nanometers. This advantage is opposed by the enormous technical effort required



2 CHAPTER 1. INTRODUCTION

for SEMPA experiments. In contrast, Kerr microscopy and magnetic force microscopy
can routinely and cheaply be used for magnetic studies. Though, the scan range of
these techniques is limited. Furthermore, the quantitative interpretation of the MFM
signal is a non-trivial matter and also the influence of the tip stray field may lead to
a perturbation of the sample or to different contrast images [24]. Therefore, in order
to expand the imaging range for magnetic investigations and to obtain complementary
information about the magnetic structure, the parallel application of magneto-optical
Kerr microscopy and magnetic force microscopy in one single UHV chamber is desired.
Only a few approaches have been made in the past to apply one or the other technique
in UHV systems. For instance, a combined scanning tunneling microscope (STM) and
a MFM have been used for in-situ investigation of epitaxial Co films on Au(111) [25].
On the other hand, an in-situ Kerr microscope has been employed to image epitaxial Fe
on W(110) [26,27].

In-situ domain imaging in ultrathin films is of basic interest for the study of their unique
magnetic properties. Furthermore, the correlation of the magnetism and the film struc-
ture is the key for tailoring particular magnetic properties in thin films or nanostructures.
Therefore, in this work a new UHV system combining Kerr microscopy, magnetic force
microscopy and scanning tunneling microscopy for in-situ analysis of epitaxial films at
variable temperatures was set up. A beetle type microscope head [28] was equipped
with a novel in-situ tip exchange mechanism which allows to attach STM or AFM tips
as well as MFM tips to the scan piezo, for structural or magnetic analysis of the films,
respectively. This unique combination allowed structural and magnetic imaging on the
same film in-situ. The design of the system allowed to investigate the same area on
the sample surface by both magnetic imaging techniques. Thus, further investigation of
some features in the magnetic structure seen by the Kerr microscope can be done with
the enhanced resolution of the MFM. The scan range of the MFM of several micrometer
overlaps with the imaging range of the Kerr microscope, thus allowing to compare both
magnetic imaging methods directly and to combine the complementary information of
both techniques. Also, an extended imaging range from millimeter down to submicro-

meter range was thus achieved.

The capability of this system of in-situ domain imaging at variable temperatures is
exploited to study the spin reorientation transition in Fe films on Cu(100). Epitaxial
Fe on Cu(100) substrates is of particular interest due to the appearance of different

structural and magnetic phases depending on the film thickness. Below a critical film



thickness perpendicular magnetization is found experimentally [29,30]. The presence of
perpendicular magnetization was firstly ascribed to magneto-volume effects due to the
tetragonally expanded lattice of the Fe film [31]. Later, ab-initio calculations showed
the importance of the modified electronic structure at the film-substrate interface for
the anisotropy [32]. Recent experiments point out the sensitivity of the magnetism to
cover layers and suggest the film-vacuum interface to be the driving force for the per-
pendicular anisotropy [33,34]. Despite the amount of work done on this system open

questions concerning the origin of the magnetic transitions still remain.

The goal of this thesis is to clarify the origin of the spin reorientation transition in
Fe/Cu(100) grown at low temperatures. For this purpose the response of the film
anisotropy to gas adsorption and annealing was studied by in-situ Kerr microscopy
and by the magneto-optical Kerr effect. Experiments performed on Fe films of varying
thickness by Kerr microscopy allowed to image the adsorbate or thermally induced shift
of the critical thickness for the reorientation transition directly during the experiment.
Thus, the particular importance of the film-vacuum interface for the magnetism in the
films is recognized. The results are discussed within a phenomenological model propos-

ing the surface anisotropy as the origin of the perpendicular magnetization.

Chapter 2 of the thesis describes the experimental setup. Both magnetic imaging tech-
niques, the MFM and the Kerr microscope and their operation modes are described.
The design of the a novel in-situ tip exchange mechanism is depicted, which allows to

operate the microscope alternatively as STM or MFM.

In Chap. 3 the imaging of specific magnetic structures by Kerr microscope and MFM is
demonstrated. The imaging of the same sample area in the flux closure domain pattern
of a Fe whisker, and the as-grown domain state of in-situ grown Fe films with both

techniques yielding complementary magnetic information is shown.

In Chap. 4 the main contributions to the magnetic anisotropy energy are summarized.
The spin reorientation in thin films at a critical thickness is discussed as a result of
competing anisotropy energies. This model will be used later in this work to describe
adsorbate and thermally induced changes of the spin reorientation transition in low
temperature grown Fe films, as observed in the experiments. Also, recent experiments

and results on Fe/Cu(100) and adsorbate induced effects are reviewed in this chapter.

In Chap. 5 the experiments on adsorbate induced changes of the magnetic properties of

LT and RT grown Fe films on Cu(100) are explained. The influence of the adsorbates
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0O,, CO, NO and H, on the spin reorientation transition is studied by Kerr microscopy
on wedge-shaped Fe films. Adsorbate induced changes are monitored directly during

the experiment for the first time on this system.

Also thermally induced shifts of the reorientation transition are observed during the
annealing of the films. These experiments are discussed in Chap. 6. Temperature de-
pendent reversible and thermally activated irreversible contributions to the magnetic
anisotropy are determined experimentally. The results are compared with structural
information obtained by variable temperature STM during annealing. From the time
dependent magnetization reversal process in a constant magnetic field the Barkhausen

volume is derived.



Chapter 2
Experimental

The advantage of in-situ investigations of the magnetic properties of molecular beam
epitaxy (MBE) grown, ultrathin films is that no capping layer is required to protect
the film. Such a capping layer, as needed for ex-situ investigations (to protect the
film), usually alters the magnetic properties considerably. The correlation between film
structure and magnetic properties of uncovered MBE grown film is crucial for a detailed
understanding of the ferromagnetic behavior. To ensure well defined conditions for
the investigation of atomically thin films on single crystal substrates, the interfering
influence of adsorbate atoms or molecules have to be reduced to a minimum. This can
be done by performing the experiments under ultra-high vacuum (UHV) conditions at
pressures < 1071 mbar. Only a few approaches have been done to combine structural
and magnetic imaging techniques in a single UHV system and to apply them to in-situ
grown ultrathin films [27,35-38]. To get a deeper understanding about the correlation of
the structure and the magnetic properties of ultrathin films, a UHV system combining
Kerr microscopy, magnetic force microscopy and scanning tunneling microscopy was
constructed in this work. The system allows working at variable temperature in the

range between 80 K and 500 K. This setup will be described in the following chapter.

2.1 UHYV system

The purpose of the designed chamber is to combine Kerr microscopy and magnetic
force microscopy. Both techniques supply complementary information about the film
magnetism in overlapping lateral imaging ranges, in which magnetic structures can be
observed.

For structural investigations the apparatus designed is equipped with a STM. The spe-

cially new designed tip exchange mechanism allows to operate this microscope alter-
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Kerr microscope

STM / MFM head
main chamber

electromagnet

O sample holder manipulator

non magnetic Kerr chamber

ion pump

1m

Figure 2.1: Drawing of the UHV system. Instead of the Kerr microscope a MOKE setup can
be adapted to the Kerr flange.

natively as an atomic force microscope (AFM) using piezoresistive cantilevers. Both

microscopes are described in detail in Sect. 2.2 and Sect. 2.3.

A schema of the chamber is shown in Fig.2.1. The UHV system consists of a main
preparation chamber and a smaller non-magnetic chamber for magnetic investigations.
The system is driven by a turbo pump, a titan sublimation pump and an ion pump. A
base pressure of < 910~ mbar can thus be obtained. The sample can be moved by a
manipulator with a travel range of 600 mm. The sample holder is mounted on the front

end of the manipulator.

The STM/MFM is incorporated into the UHV chamber on a vertical manipulator, which
moves the microscope along the main axis and rotates them around the manipulator
z-axis. The MOKE and the Kerr microscope are mounted from the atmospheric side
to the non-magnetic flange of the chamber. The incoming and outgoing polarized light
detects the sample through a strain-free window, which is welded into a non-magnetic
Kerr flange. Magnetic fields can be applied from the atmospheric side in direction

of the sample surface and perpendicular to it. The setup of these single components
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will be described in detail in Sect. 2.3. The adapted load-lock (not shown in Fig.2.1)
allows tip exchange of the STM or MFM without breaking the vacuum. Further the
chamber is equipped with several gas inlets. Oxygen, hydrogen and CO gas were used
for the adsorption experiments and argon served as ion sputtering gas. All gases are
obtainable in gas bottles which are simple to replace. After each bottle mounting the
pipeline is flushed several times until the mass spectrometer shows only a negligible
amount of residual gas. For dosing the more reactive NO gas, only tubes and gas
inlets made of stainless steel are used. As an addition to the standard analysis tools
two metal evaporators heated by electron bombardment are implemented for iron and

copper evaporation.

Experiments were carried out at a base pressure of 1- 107! mbar. During all mea-
surements the whole chamber are decoupled from the frame and suspended by springs
mounted on the ceiling. The spring constant are chosen to damp the system against low

frequency vibrations.

The horizontal manipulator (1) with the mounted sample holder positions the sample
in front of the preparation and analysis tools. The design of the sample holder is shown
in Fig. 2.2. The support plate (2), which is fixed on the end of the manipulator, carries
the base plate (3) with sample holder (4) and the sample (5). During the STM/MFM
measurements the manipulator arm is lowered until the base plate with sample holder

and sample rest on the viton damped stack (6). The sample holder with sample is

Figure 2.2: Side view of the sample manipulator made of non-magnetic materials. (1) manip-
ulator arm, (2) support plate, (3) base plate, (4) sample holder, (5) sample, (6) viton damped
stack (7) cryostat, (8) copper braid, (9) filament wire, (10) thermocouple.
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then decoupled from any external vibrations of the manipulator. Only the sample itself
is thermally coupled to a helium flux cryostat (7) via a copper braid (8). The wire
netting provides good cooling and temperatures down to 80 K can be achieved while
the transferred vibrations are reduced to a minimum. At the backside of the sample
holder a commercial halogen lamp filament (Philips, P = 20 W) is mounted (9) to
heat the sample either by radiation or by electron bombardment (maximal 1400 K).
The temperature is measured by a copper/constantan thermocouple (10) instead of a
Ni/NiCr thermocouple to suppress any disturbing external magnetic stray fields close
to the sample. Thermal contact is achieved by pressing the thermocouple by means of
a small spring to the backside of the hat-like shaped sample. The thermocouple was

calibrated in boiling liquid nitrogen outside the chamber.

Sample preparation

Cu(100) single crystals are used as substrates for the growth of ultrathin ferromag-
netic films. The crystals were mechanically polished ex-situ by crystal trade MaTeck.
The orientational misfit of the crystals is better than 0.2°. The Cu substrates are
prepared in-situ by the standard procedure of three subsequent Ar*™ sputter and
annealing cycles [39,40]. The Ar™ ions have a kinetic
energy of 500 eV and hit the sample under an angle
of incidence of 45°. The first and second annealing is
done at 840 K, the final annealing only at 650 K. Dur-
ing the last annealing the sample temperature is de-
creased slowly from 650 K to room temperature (RT)
with a rate of approximately 2 K/s. This procedure

was found best to maximize the terrace width size

and to avoid the formation of Cu clusters on defects.
The surface quality was checked by STM (Fig. 2.3).

Figure 2.3: STM image of a . ) )
& 8 Fe is deposited by electron beam evaporation from an

clean Cu(100) surface. The

) o is 1000 x 1000 A2 iron rod with a purity of 99.99%. The pressure during
1mage S1ze 1S X .

evaporation is kept always below 2 - 107 mbar. The
deposition rate of the Fe evaporator as a function of the Fe-ion flux was calibrated
by preparing a submonolayer film on the Cu (100) crystal and measuring the actual
coverage by STM. The achieved accuracy was exceeded 0.05 atomic layers. The flux
rate is kept constant by controlling the high voltage on the target. Hence the film
thickness was determined from the flux rate and duration of evaporation. The typical

evaporation rate was about 0.4 ML /min.
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2.2 The variable temperature MFM /STM

In the first part of this chapter the experimental setup of the magnetic force micro-
scope/scanning tunneling microscope is described. The main part is a new in-situ tip
exchange mechanism which allows operating the instrument in both modes by replacing
the magnetic MFM cantilever by a tunneling tip. A plug/screw joint mechanism sup-
plies the mechanical stability for the self-excitation of the cantilever oscillation in the
non-contact AFM/MFM mode. The delicate coating procedure of the used piezoelectric
cantilevers is presented. Finally the operating principles of a magnetic force microscope

are discussed.

Microscope setup

The new microscope is designed to work in three different operation modes: MFM and
AFM in contact and non-contact mode and STM, at variable temperatures between 80 K
and 500 K. The in-situ operation of the MFM and AFM relies on SizNy piezoresistive
cantilevers. The advantage of these levers is the simple tip exchange without severe
requirements for mechanical or optical alignment. The microscope head, the tip holder
and the sample holder are entirely made of non-ferromagnetic materials to avoid the
presence of any stray field in the vicinity of the sample.

A schema of the MFM microscope head and the exchangeable tip holder is shown in
Fig. 2.4. The microscope head is based on a beetle type STM originally designed by
Besocke [28,41]. The STM/MFM is supported by three ruby balls (1) which are glued
to the ends of the outer piezo legs (2). The latter provide the coarse approach and
the coarse lateral motion of the microscope by a slip-stick motion on a triple helical
ramp which is mounted around the sample. These outer tube scanners (Staveley Sen-
sors Inc., East Hartford, USA) with the outer dimensions of 0.25 x 0.02 x 0.61 inch are
equipped with Ag electrodes instead of commonly used Ni electrodes. The piezos are
made of EBL No.1 material which has a low dependence of the piezoelectric coefficients
on the temperature range of interest. The scan piezo itself (3) has to be large enough
(0.375 x 0.03 x 1.2inch) to accommodate the connector for the tip holder. With the
scan piezo used, a scan range of 10 um x 10 ym can be achieved.

In the following we focus on the new design of the in-situ tip exchange mechanism. The
mechanical and electrical connection between the scan piezo of the microscope head
(Fig. 2.4a) and the tip holder (Fig. 2.4b) was inspired by a common audio stereo jack
(chinch connector). The tip holder is equipped with a Ti pin (4) and an outer Ti contact

with thread (5). Both contacts are electrically insulated from each other and from the
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Figure 2.4: a: Beetle type microscope head with socket for the tip; b: exchangeable tip
holder; (1) rubby ball, (2) outer piezo, (3) scan piezo, (4) Ti pin, (5) Ti contact with thread,

i

(6) Ti body, (7,8,12) macor spacers, (9) piezo-resistive cantilever with contact pads, (10)
female contact with inner thread, (11) spring contact, (13) Ti nut, (14) electrical contact, (15)

microscope Ti body.

main Ti body (6) by macor spacers (7,8). The cartridge containing the piezoresistive
cantilever and contact pads for electrical connection is clamped on the bottom of the tip
holder (9). It can be replaced by a tunneling tip which is then mounted into an opening
on the Ti body. The female counterpart at the bottom end of the scan piezo consists
of a Ti contact with inner thread (10) and a spring contact (11) electrically isolated
by two macor spacers which have been glued into the end of the scan piezo. Both, the
spring and the Ti contact are wired to a socket to allow the output of the electrical
signals. Additionally the wire is shielded inside the scan tube by a grounded metal
tube to prevent any disturbing crosstalk from the piezo-voltage. The whole instrument
is picked up by a suspension tube (I) (Fig.2.5), which is mounted on the arm of the
X,V, 7, @-translator.

The probe stock (III) is attached to a rack and pinion linear manipulator. It can store
up to four tip holders and is mounted to a bakeable load-lock. In order to attach
the tip holder to the microscope head (II), the tip is positioned under the center of
the microscope by the linear manipulator (Fig.2.5a), then the microscope is lowered
to pick up the required tip holder. The accurate positioning of the microscope with
respect to the tip holder is done by the x, y, z, ¢-translator. After a perfect alignment
has been achieved, the tip holder is simply plugged into the opening of the scan piezo
by a z-motion, followed by a half turn of the microscope head to tighten the screw

mechanism (Fig. 2.5b). Pin (4) and spring contact (11) as well as contacts (5) and (10)
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Figure 2.5: Tip exchange process. a: The microscope is lowered over the tip holder position
and tighten; b: via the plug/srew joint. c: Remove of the probe stock and positioning of the
microscope. (I) suspension, (II) microscope head, (III) probe stock, (IV) sample holder with

ramp and sample.

in Fig. 2.4 establish the electrical connection. Now the microscope including the tip is
moved upwards and can be positioned on the sample (Fig. 2.5¢). The plug/screw joint
mechanism provides mechanical stability as is necessary for the self-excitation of the
cantilever oscillation in the non-contact AFM/MFM mode. The control electronics is
based on a commercial AFM/STM electronic module by Park Scientific Instruments
and was adapted to the special needs of the beetle type microscope.

The lateral calibration of the piezoscanner was performed on a grating with a periodicity
of 1 um (Fig. 2.6a). The scan range in x and y direction differs since the time dependent
piezo creep leads to a larger motion of the piezo in the slow scan direction. For the
calibration of the z-motion, a freshly cleaved KBr single crystal was used. Such a
crystal is suitable for the calibration because of its well-defined step height. Terraces
can be seen in Fig. 2.6b. The inset shows the line scan across the surface. Different

terraces are separated by a monoatomic step height of 3.3 A.

Piezoresistive tips and magnetic coating

During the last years a number of techniques have been developed to measure the de-
flection of a small AFM cantilever. Such deflection arises from the force interaction
between tip and sample and is described further down in this chapter. The most widely
applied methods for cantilever bending detection in scanning force microscopy (SFM)
uses laser beam deflection [42], tunneling junctions [43,44] and fiber-optic interferome-
try [45-50]. Despite many successful applications of these techniques the manipulation

and alignment under UHV conditions are still non-trivial. The alignment of the op-
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Figure 2.6: a: Calibration grating with a periodicity of 1 um. b: Terraces on KBr crystal,

cleaved in air.

tical components outside of the chamber or the placing of the deflection sensor with
respect to the cantilever represent most of the difficulties. A quite promising approach
to circumvent these restrictions is the use of piezoresistive cantilevers [51,52]. These
force sensors are made of boron doped silicon. An anisotropic etching process forms the
conical tip at the end of the cantilever. The piezoresistive effect is due to the change
of the bulk resistivity from semiconductor material under stress. Therefore the deflec-
tion of the cantilever during scanning over the sample surface results in the change of
the cantilever resistivity which can be monitored online with an external Wheatstone
bridge [53]. To achieve sensitivity to the magnetic stray field of the sample, the MFM
tips are coated with ferromagnetic layers. Depending on the application, the coatings
are made of cobalt, nickel, or iron. For some applications hard magnetic tips are desired

and are achieved by CogoCryy or CoggNigg alloys.

The piezoresistive tips used in this work are commercially available cantilevers for the
Autoprobe VP instrument of the Park Scientific Instruments. The company supplies
two types of piezoresistive cantilevers for contact and non-contact AFM, whose charac-
teristics mainly differs in the resonant frequency and force constant. The mechanical

properties of the MFM tips used in this work are summarized in Table 2.1. The force

Force constant Resonance Width | Length | Thickness

(N/m) frequency (kHz) | (pm) | (pm) | (pm)
20 60-240 90 150 | 3.0-4.5

Table 2.1: Typical mechanical features of a non-contact piezolever.
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Figure 2.7: a: Scanning electron microscope image of piezoresistive cantilever tip; b: geometry

of the evaporation process.

gradients in MFM/AFM are rather small and require a proper detection of the can-
tilever. The optimal cantilever has a large resonant frequency combined with a small
force constant. Generally, fabricated tips for MFM applications show a force constant

from 1072 up to 10> N/m and resonant frequencies in the range of 10-500 kHz.

The lateral resolution achievable by MFM mainly depends on the working distance
between tip and sample and the specific characteristics of the tip, i.e. the coating and
the tip curvature. To receive qualitative information about the tip geometry, several
piezoresistive sensors have been investigated by scanning electron microscopy (SEM)
(Fig. 2.7a). The average tip radius was found to be smaller than 50 nm. As can be seen
in the work, this tip radius mainly limits the lateral resolution in the experiments. In
comparison, if piezoresistivity of the tips is not required, silicon tips with a nominal tip
radius below 10 nm are commercially available.

The coating of the piezoresistive tips was performed outside the UHV chamber in two
different ways. On the one hand a thin Co film was deposited by electron beam evapo-
ration. On the other hand CoCr was deposited by sputtering to obtain a hard magnetic
tip. To exploit the resistance of piezoresistive tips, it is extremely important not to
alter the resistance by the coating process. This is an unique difference to standard
Si tips, where the bending of the cantilever is measured with other methods than the
resistance. Only tips evaporated with Co kept the original resistance of 2 k{2. This is the
fundamental requirement for the correct functionality of the Wheatstone bridge. Re-

sponsible for the strong deviation of the sputtered tips are the backscattered Co and Cr
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ions during the sputtering process. They cause a resistance increase in the doped area
of the cantilever. The geometry of the electron beam evaporation process is shown in
Fig. 2.7b. The evaporation source is located 20 cm above the tip. The setup allows the
parallel coating of four MFM tips. They are glued by double-sided tape on a metal block
and are covered to the half by a shutter in a distance of approximately 500 pm above
the tip. This way, the deposition of coating material onto the piezoresistive cantilever is
prevented. The thickness of the Co films on the Si cantilever was varied between 200 A
and 500 A. The highest sensitivity and resolution were achieved at a thickness of 300 A.
After evaporation of Co, the film was passivated by 50 A Au to prevent any oxidation.
Table 2.2 shows the most important parameters in the evaporation process.

The evaporation rate can be determined by a microbalance with an accuracy of 20%.
Before finally introducing the cantilevers into the UHV chamber via a load-lock, they

were magnetized along the tip direction by an external magnetic field of 0.9 T.

Film Substrate Evaporation Vacuum
thickness (A) | temperature (K) | rate (A /s) | conditions (mbar)

Co 200-500 300 0.8 <2-107°

Au 50 300 2 <1-1077

Table 2.2: Evaporation parameters of Au and Co.

Forces between tip and surface

Any interaction between tip and sample or any force acting on the tip is detected by the
MFM experiment. To distinguish force contributions experimentally, the fact is used
that different forces show a different decay rate with increasing distance. Therefore,
different forces dominate at certain distances to the surface.

Short range forces: They dominate the region within 1 nm above the surface and
usually show a high force derivative. The interatomic coulomb repulsion due to the ionic
character of the cores is a short range force. A second force of quantum mechanical
origin, the exchange force, might be interesting for magnetic imaging. True atomic
resolution is expected in magnetic imaging if its detection becomes possible.

Van der Waals interaction originates from the induced dipole-dipole interaction
between probe and sample. This force is always attractive and also present in neutral
atoms or molecules without a permanent dipole moment. In general the Van der Waals

forces between two atoms are proportional to 1/z7. The decay of the interaction force



2.2 THE VARIABLE TEMPERATURE MFM/STM 15

depends very strong on the shape of the interacting species. With the assumption of
a sphere tip and a planar sample surface and integrating over interactions of all dipole

moments yields the force, which decays in this case quadratically with the distance [54]:
F = 6.2 (2.1)
where 7 is the tip radius and A the Hamaker constant. In the case of a rectangular bar
with the width b, the thickness s and an infinite length, the force is given by
Abs
6mz3

which represent a third power law dependence.

F=-—

(2.2)

Electrostatic forces: Theses forces are strong long-range forces which exceed the Van
der Waals forces in the range above 10 nm of tip-sample spacing. Electrostatic forces

are generated, when a voltage between insulating sample and tip is applied.

Magnetic forces: The detection of the MFM is based on the interaction of a magnetic
tip and the emanating stray field of a magnetic sample. The calculation of the sum of
magnetic forces acting in z-direction on the tip is given by summarizing all magnetic

dipole forces between tip and sample [55]:

/d3 /drgfz 73), (2.3)

sample
where f,(7) is the interaction between two magnetic dipoles, m; and iy, at a distance

F=r—r

]
o

(2.4)

Integration yields the resulting attractive or repulsive force for parallel and antiparallel
magnetic moments pointing in z-direction. The force decays in the fourth power with
the distance F(z) ~ 1/2z* and their derivatives I are proportional to —1/z°.

The tip geometry strongly influences how the sample stray field will be detected. In
practice, the tip shape is determined by the tip preparation process. A few theoreti-
cal works provide some detailed calculations of forces resulting from some well defined
and idealized tip geometries (i.e. pyramidal, conical, cylindrical) and stray field dis-
tributions. These predictions could be compared with the experimental data. Some
references [56-60] give examples of the calculation of forces or derivatives given and
provide analytical formulas or numerical approaches for a known domain structure in

the sample.



16 CHAPTER 2. EXPERIMENTAL

Operation mode of MFM

In AFM, a microscopic tip positioned at the front end of a flexible cantilever is scanned
across the specimen. Any forces acting on the tip, as described in the previous chapter,
cause a deflection of the cantilever. The deflection is a function of the acting force. The
force or the force gradient are measured during scanning over the sample. The curve in
Fig. 2.8 represents the superposition of all forces that act on the cantilever in a surfaces
potential which is similar to the Lennard-Jones potential. One distinguishes between
contact and non-contact mode of operation. The MFM measurements in this work are
done in the non-contact operation mode. Therefore, to understand how MFM senses the
magnetic forces or force gradients in the following section a description of this dynamic
non-contact mode is given.

The static mode is used in the contact AFM. The tip scans in mechanical contact with
the sample surface where the repulsive short range forces are dominating (Fig. 2.8). The
tip is repelled and the resulting cantilever deflection yields a DC signal accordingly. In
contact AFM the cantilever deflection and thereby the applied forces to the cantilever
are kept constant. This task is accomplished by the feedback loop. Deviations from a
setpoint force are compensated by a scan piezo, which adjusts the distance from the tip
to the sample in order to maintain a constant force. The applied voltage to the piezo is
used to generate the image.

In the dynamic mode the tip is kept some nanometers above the surface, thus the
cantilever works in the region where the attractive forces are dominating and the force

gradient is positive (Fig. 2.8). Here the microscope mainly senses Van der Waals forces

A

repulsive

contact ?

force

>

distance

non-contact ¢
attractive

Figure 2.8: Working ranges of non-contact and contact AFM are illustrated in the force-

distance curve.
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Figure 2.9: Principle of resonance detection in non-contact AFM. The frequency shift Aw

can be indirectly detected as phase shift A¢ (according to [62]).

or other long range forces such as electrostatic and magnetic dipole forces. Since the
magnitude of these forces acting on the cantilever is considerably smaller than the
interatomic forces detected in contact AFM, a different detection mode is needed. In
non-contact AFM the changes of the resonant frequency of an oscillating cantilever are
measured, thus providing the needed sensitivity to the long range forces [61]. This
dynamic method is in the first approximation sensitive to the force gradient F' = %—f,
along the z-direction, since in many cases the cantilever is almost parallel to the sample.
The presence of a force gradient results in a modification of the effective spring constant

(cefs) of the cantilever according to:

/

Cepf =Cc— I (2.5)

where c is the spring constant of the unperturbed cantilever. The change in the effective

spring constant results in a shift of the resonance frequency wy to w of the cantilever:

N 1/2 I\ 1/2
2 (c—F F
w= (L) = (C ) = wy <1 - —) (2.6)
m m C

where m is the effective mass of the cantilever. F' is small with respect to ¢, the shift
Aw is

!

F
Aw=w—wy~ ——. 2.
Ww=w — wp 5 (2.7)
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This means that the resonance frequency shifts to lower frequencies in the presence of an
attractive tip-surface interaction (Fig.2.9) and to higher frequencies under a repulsive
tip-surface interaction.

There are two commonly used detection methods for the shift of the resonance frequency.
In the amplitude modulation (AM) technique the cantilever is driven at a constant
frequency near the resonance frequency. Changes in the force gradient result in an
increase or decrease of the vibration amplitude, which is detected. Secondly in the
frequency modulation (FM) technique the amplitude is kept constant and the frequency
shift Aw, caused by force gradients, can be measured. In the control unit used in this
work, Aw is converted into phase shift (Fig. 2.9) as will be explained in the following
section. This phase shift is then detected.

Feedback technique

In non-contact AFM-mode the z-piezo, driven by the feedback loop, has to fulfill two
tasks. Firstly, the cantilever is excited to oscillate. The oscillating frequency is chosen
close to the resonance frequency and kept stable by the feedback loop. Secondly, the
deviations from the resonance frequency as caused by tip-sample interactions are con-
verted into a phase shift signal which is picked up by the feedback loop to adjust the
tip-sample distance. This z-correction signal represents the force gradient on the tip as
caused by the sample and is used to generate the image. The resonance frequency is the
characteristic feature of each cantilever. It depends on the mass and the spring constant.
The tip can be easily excited at this frequency by a bump or by thermal vibrations, since
the quality factor of the cantilever oscillation in UHV is usually very high (Q ~ 10%).
The block diagram (Fig. 2.10) shows the signal path of the feedback loop. The essential
components are the oscillator, responsible for the constant amplitude, and the phase
detector which detects the frequency shift.

The cantilever signal is detected and then pre-amplified. The pre-amplified signal is
input to both, the oscillator module and the phase detector. In the oscillator module
the current amplitude is compared with a reference value. The difference signal is
the deviation of the current amplitude from this reference and is multiplied by a gain
factor. The resulting, phase shifted signal (amplitude correction signal in Fig. 2.10)
is used to excite the piezoscanner in order to stabilize the amplitude at the reference
setting. The oscillator does not affect the frequency of the cantilever. The second
module, the phase detector contains a tunable bandpass filter and a phase comparator.
The incoming signal from the pre-amplifier (the cantilever oscillation signal) passes the

filter which is set to the resonance frequency of the cantilever. The characteristic of
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Figure 2.10: z-feedback loop of dynamic non-contact detection.

bandpass is that any deviation of the cantilever oscillation signal (due to changes in the
force gradient experienced by the tip) from the resonance frequency produces a phase
shift in the output of the bandpass filter [63]. The phase-shifted signal and the original
unshifted cantilever signal are passed through the phase comparator which outputs a
phase difference A¢ or error signal. The error signal reflects therefore shifts Aw in the
resonance frequency which are equivalent to changes in the force gradient. With the
generated error signal a new input signal is produced which drives the z-scanner and
adjusts the tip-sample spacing. The resulting image of topography mirrors contours of

a constant force gradient.

In MFM the error signal can be fed back to the z-piezoscanner. This mode is called
constant signal mode. In contrast, in constant distance mode the feedback loop is
opened. Both techniques are compared in Chap. 3 on images obtained on Bloch walls

of an iron whisker.

In constant distance mode the MFM operates without feedback loop and allows
the separation of forces of different origin, i.e. the Van der Waals from electrostatic
or magnetic forces. To achieve this the sample has to be scanned from two different
heights. Firstly, the tip scans over the sample close to the surface (region of Van der
Waals forces) and maps the topography. Secondly, the tip is moved some nanometers

away from the surface and follows the stored line profile from the sample surface with
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Figure 2.11: Biasing effect to make possible the feedback loop technique in MFM. a: Repul-
sive and attractive magnetic force gradient; b: superposition of the force gradient in the left

figure by an additional Van der Waals force derivative.

the feedback loop opened. The tip responds to the attractive and repulsive forces of
any magnetic domain distribution of the sample. In this way the local stray field of the
sample can be measured directly and also quantitatively, if the characteristics of the tip
are known. In this work, similar to the technique described above, topographical line
scans in x- and y-direction are taken at first, to determine the sample surface slope.
The tip then scans in an averaged constant height following this slope while details are

neglected.

Constant signal mode: This method is sensitive to the sum of the magnetic and non-
magnetic signals. It operates at reduced tip-sample distance, and the active feedback
loop controls the z-piezo. The presence of net attractive interaction is necessary for
stable working of the feedback loop. Since the magnetic forces can either be attractive
or repulsive, an additional offset force has to be applied to convert any force into an
attractive force to warrant feedback loop stability. This can either be done by applying
a bias voltage of 0-10V [64], which complies with the task of a positive electrostatic
force gradient, or by using the Van der Waals force for this purpose. The sum of the

detected force gradients F' in the feedback method can thus be specified as:

F/ - F\I/.d.Waals + F’r/n + Fe/ (28)

agnetic lectrostatic

The non-linearity of the MFM response to a magnetic signal results from the non-linear
dependence of the biasing force on the increasing distance z. Figure 2.11 demonstrates
the role of the attractive Van der Waals force derivative. The idea behind it, is to
create a net attractive force by superimposing an attractive force to make the feedback

possible. In Fig 2.11a the positive and negative magnetic force gradients from a magnetic
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interaction are shown. Figure 2.11b shows the net attractive force gradient resulting
from the superposition of the Van der Waals force derivative (2) with the maximum force
derivative of the repulsive (3) and attractive (1) magnetic force gradient of Fig. 2.11a.
Moving along the horizontally dashed line in Fig. 2.11b, corresponds to the operation in

constant force derivative mode.

2.3 Magneto-optical measurement methods

In this work a Kerr microscope and an experiment to measure the Kerr effect (MOKE)
was set up to investigate the magnetic properties in-situ. Both measurement methods
are based on the magneto-optical Kerr effect. The first part of the chapter is addressed
to the understanding and deriving of the MOKE principle. Thereafter, the experimental
setup of both techniques is described in detail.

Magneto-optical Kerr effect

The history of magneto-optics is more than 150 years old and starts with Faradays
discovery in 1846 of the rotation of the polarization plane when linearly polarized light
propagates through a flint glass under an applied magnetic field [65]. The magneto-
optics is based on emission, absorption and propagation of light under the influence of
magnetic fields. Besides the Faraday effect also the Kerr effect [66,67], the Voigt [68,69]
and Cotton-Mouton effect [70] are counted to the magneto-optical phenomena.

All effects describe the change of the polarization and/or ellipticity of light upon in-
teraction with magnetic matter. Both, Faraday and Voigt effect describe the change
of polarization/ellipticity of linearly polarized light when passing through a transpar-
ent medium. In the Faraday effect, the propagation direction of light is parallel to the
external field H. The effect is explained by circular birefringence, i.e. different indices
of refraction for the left and the right circularly polarized light, in which the linearly
polarized wave can be decomposed. In the first approach the Faraday effect is propor-
tional to the magnetization M. However in the Voigt effect the propagation direction of
light is perpendicular to the applied field H. In contrast to the Faraday effect, the Voigt
effect depends on M?2. The Cotton-Mouton effect, which also leads to induced birefrin-
gence, is observed in some liquids whose magnetic anisotropic molecules are oriented in
a magnetic field.

The Kerr effect, known as magneto-optical Kerr effect, is measured in reflection. Lin-
early polarized light is reflected on a magnetic surface and as a consequence polariza-

tion/ellipticity will changes. Depending on the relative orientation of the magnetization
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polar longitudinal transverse

Figure 2.12: The three MOKE geometries. Polar a, longitudinal b and transverse ¢ magneto-
optical Kerr effect. E denotes the incident polarization vector, N the regular component of

the reflected light and R denotes the perpendicular part of the Kerr amplitude after reflection.

M and the electric field vector E of the incident light with respect to each other, one
distinguishes the polar, longitudinal and transverse Kerr effect. These three possible
geometries for MOKE are illustrated in Fig. 2.12.

In the polar Kerr effect, the magnetization M is oriented perpendicular (out-of-plane)
oriented to the surface plane (Fig. 2.12a). The polar Kerr signal is roughly proportional
to the Kerr amplitude R ~ cos©® and shows it maximum at © = 0. © is the angle
between the surface normal and the direction of the incident light. In the longitudinal
Kerr geometry the magnetization lies in the sample plane and occurs within the plane
of incidence which is created by the incoming and reflected light (Fig.2.12b). In this
case the Kerr amplitude vanishes for © = 0 and is proportional to sin©®. With the
transverse Kerr effect the magnetization lies in the film plane but perpendicular to the
plane of incidence. As no light component propagates in direction of the magnetization
vector, the reflected light does not change the rotation in the polarization direction.
Only changes in the variation of the amplitude, which is also proportional to sin ©, are
detected.

Phenomenological description of the polar Kerr effect

The interaction of light with matter can be properly described in a theoretical model
which includes the quantum mechanical contemplation of the dielectric susceptibility
tensor. In this quantum mechanical calculation, the rotation of light polarization fol-
lows asymmetries of the absorption and emission for left and right circular polarized light
under consideration of the dipole selection rules. However, in practice a phenomeno-

logical model which considers the Lorentz force of the exited electrons in the sample
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in the presence of a magnetic field turns out to be very useful. In this work MOKE is
used to characterize the qualitative behavior of thin Fe films. The present macroscopical
approach relates the Kerr ellipticity and the Kerr rotation to the dielectric susceptibil-
ity term by Maxwell’s equations. Despite the simplified model, the calculation is often
useful for experimentalists to describe the observations in the experiments. In polar
geometry, the magnetic field By = Hy + M lies in z-direction and within the plane of
incidence. It is convenient to express linear polarized light as a superposition of right
circularly polarized (RCP) and left circularly polarized light (LCP), whose wave vec-
tors k propagate in z-direction. In the classical theory, the electric susceptibility tensor ¥
follows from the Lorentz oscillator model and the polarization P. Therefore the picture
is a system of bound electrons in a harmonic potential with the resonance frequency wy.
The electrons are excited to oscillate by the electromagnetic field of the incident light
wave (E(F,t) = Eyeiwt=ho) B(7,t)). The equation of motion of each electron can be
written as:

—

where 77% is a phenomenological damping coefficient. Equation (2.9) is a system of differ-
ential equations and contains the Lorentz force as the last term. With the formulation
7 = rpe™t and under the assumption of 7 < ¢, the force component resulting from B (7, 1)
is negligible, and with the assumption of small oscillation amplitudes (k‘; -7 = 0), then
the equation of motion can be solved:

- wr o

—WF — wyF + Wi = 4 {—E(F, t) — — X Bo} : (2.10)
m c

These coupled equations yield for the x- and y-component of 7 and the z-component:

—q —E, +iwryB, —q —E, +iwr,B, —q —E,
- Ty = —— r, = ‘ .
m (wp —w?+iwy) Y m (g~ w? 4 iwy) m (wg — w? + iwy)

Ty

(2.11)

The deviation of the electrons from their equilibrium position induces a dipole moment
p, which is in first approximation proportional to the product of the electron charge
q and the elongation 7. Now the polarization P is defined as the number N of dipole

moments per volume unit V:

P =pN/V = ¢°N/V. (2.12)
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Further the amplitude of the dipole moment is a linear function of the electric field and
couples over the electric susceptibility tensor x [71]:
qr'N

% —YE with Y=eg(E—1) (2.13)

With Eq.(2.11) and Eq.(2.13) one obtains the components of this tensor:

2 2 2
Jolt] wj — W+ wry

xrx = = - K 2.14

X o = " (W — w? 4+ iwy)? — dw?w? (2.14)

2 .
Joli] 2iwwr,
oy = — Xz = — : 2.15
Xy Xy m (Wi — w? +iwy)? — dww? (215)
2
P4 1
X m (Wi — w? +iw7) (2.16)
where wy = _g_ani is the Lamor precession frequency, p the electron density and -~

proportional to a resistivity. Considering an isotropic medium or a medium with cubic

symmetry, the tensor Y\ has the following form:

Xzx X:L‘y
Y= —Xay Xoy O (2.17)
0 0 Xz

The free electron limit is obtained by allowing wg — 0. In absence of the magnetic
field, the off-diagonal elements vanish and x is just a scalar. In presence of H , Eq.(2.15)
represents the dependence of the off-diagonal elements from the electric susceptibility
tensor to the magnetization EO = ﬁo + M. The direct proportionality to M cannot be
explained with the classical theory and requires quantum mechanical consideration with
respect to the spin-orbit coupling, which will not be shown here.

In the next step it will be explained that different refraction indices for LCP and RCP

exist, by following a simple formalism. Starting from Maxwell’s equations

. . 9B
VXxE=—— 2.18
x 5 (2.18)
~ - 9D _ OE — -
VxB= ,UIOE = 6#057 D =¢F = (1 + X)E()E, (219)
wt—kz)

and the plane wave approximation for the light E = Epei@=%) and B = Byell ,

the operators take the form V — —ik and % — w.
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Now taking the curl of Eq.(2.18) and using Eq.(2.19) we obtain:
—ik x (—ik x E) = poéw*Ey. (2.20)
By replacing egpo by 1/¢2, & = (1 + X) and by the use of w/c = ky and the identity of
the vector product @ x (b x &) = (@- &) -b— (@-b) - ¢ follows:
(n?1 — kk/k2 — R)Ey = 0, (2.21)

where 7 is the index of refraction given by n = k /ko. The system of Eq.(2.21) possesses
a non-trivial solution for EO, if the determinant of the coefficients vanishes. The complex

solutions are RCP (marked +) and LCP (marked —) waves:

n% =1+ (Xoz + iXay) n% =1+ (Xex — i Xay) (2.22)

The difference of the refraction index (n, —mn_)

7
ny —n_ = 2 (2.23)
Ng
is proportional to x,,. The average refraction index n, = ™5"= is almost equal to the

. . . . . 1
refraction index without magnetization ng & (x42)2, because |Xuy| < |Xazl-
Finally, the reflection coefficients are calculated to quantify the polar MOKE effect.
Resulting from the continuity conditions on a surface of a medium for the incident

—

Ejne = Eyet@t=ko2) reflected E,. 1= E,ei@=*02) and refracted wave E,. fr = E,ei@t=k2).
EO + El = EQ, kOEO -+ kOEl = kEQ (224)

follows the reflection amplitude r:

E1 n—1 i

In case of incident linear polarized light, which can be resolved into circular polarized

r

components with equal amplitudes, the reflected light will be elliptically polarized, be-
cause the reflection coefficients r, and r_ differ in phase and magnitude. The Kerr

rotation is the rotation of the major axis of the ellipse by the angle
Ok ==(d, —D_). (2.26)

The factor 1/2 is the result of the decomposition in RCP and LCP. Using Eq.(2.25) the

Kerr rotation 6, and the Kerr ellipticity €, are obtained:

@k:—%{%} ek:—%{%} . (2.27)

The proportionality ©;, to the off-diagonal element of x,, of the susceptibility and

therefore to the magnetization By can be seen from Eq.(2.23).
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MOKE apparatus

An experiment to measure the magneto-optical Kerr effect was built up to investigate
the magnetic properties of atomically thin layers on Cu(100). The MOKE setup mainly
consists of three components: a light source to illuminate the sample, an electromagnet
to apply a magnetic field to the sample and a light detector to measure the reflected
intensity of light. In dependence of the Kerr effect which will be measured respectively,
the electromagnet in this experiment can be turned around the sample. Alternatively,
two Helmholz like coils can be used. The light source and the detector are mounted
on an optical table. This setup allows easy variation of the angle between incident and
reflected light beam and therefore the adaptation to the experiment.

The incident light is linearly polarized by passing a prism. Thereafter the light hits the
sample surface and is reflected on it. The reflected light beam passes now a second prism
whose crystallographic axis is turned to 90° with respect to the first prism. Now only
light passes the prism whose polarization direction deviates from the direction of the
incident light and can be recorded by the detector. Figure 2.13 sketches the optical path
close to the sample, as for Kerr microscopy and MOKE measurement. The extinction
ratio determines the sensitivity of the MOKE setup. It is given by the ratio of the light
intensities in the case of crossed (90°) and parallel (0°) polarizers with respect to each
other.

Basically the Kerr microscope is sufficient to characterize the magnetic state of the sam-
ple. This technique contains the full magnetic information about the surface magnetism
of a sample, but laterally resolved. In order to obtain a hysteresis curve of a domain
picture one can either project the reflected light rays of the microscope with lenses to a
photo diode or analyze the digitally obtained image from the CCD camera by integrating
its gray scales to a personal computer (Fig. 2.17). The advantage of the MOKE setup is
its easy handling and the increased sensitivity as compared to the Kerr microscope. The
incident angle can be varied in a range between 0° and 15°; and is limited by the design
of the UHV windows. A laser diode serves as light source (A = 670 nm, P = 5 mW;,
chassis: Newport model 700c), temperature stabilized by a peltier element. With two
control units (Newport temperature controller model 325; Newport laser diode driver
model 505) the operating temperature is stable within 0.1% and the power of the laser
diode deviates maximal by 0.02% from its setpoint. Because of the high stability of the
laser diode a lock-in-technique is unnecessary.

The light of the laser diode is focused by a lens which is mounted directly in front of
the laser diode. A spot of approximately 0.2 mm? on the surface plane is achieved. The

entire optical system can be adjusted for s-polarized or p-polarized light respectively. In
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Figure 2.13: Arrangement of the magnetic system outside of the UHV chamber used for both

MOKE and Kerr measurements. The maximal incident angel is 15°.

order to measure the longitudinal and polar Kerr effect, two magnet systems in different
geometries are attached (Fig.2.13). The magnetic fields are applied from outside the
UHYV chamber. The minimum gap of the horizontal magnet yoke is given by the diameter
of the chamber, which is 52 mm. With the magnet used and the geometry of the chamber
a maximum field along the sample surface of 160 mT is achieved. In vertical direction a
field of maximal 44 mT is produced by a set of two Helmholz-like coils, sitting one on the
top and one on the bottom of the chamber with a distance of 76 mm. In both cases the
magnetic field is measured by a hall probe, located between coil or yoke and chamber.
The reflected light of the sample passes through the analyzer, a Glan-Thompson prism
(B. Halle) and is then collected by a focusing optics on the detector. The lateral position
of the focus can be adjusted by changing the position of the lens, sitting on a x, y, z-slider.
A photodiode provides a photocurrent according to the intensity of the incoming light.
This current is converted into a voltage by a IV-converter. Subsequently the signal is
amplified by the factor of 10°. The global extinction maximum is to be found by turning
analyzer and polarizer with respect to each other for the setup alignment. A ratio better
than 107% between extinction a maximum signal was possible with the used polarizers.
Now the analyzer is turned slightly off the minimum. Computer controlled hysteresis
loops are taken by setting the coil current and the reading field and the MOKE signal.
To improve the signal to noise ratio further, several hysteresis curves are taken and

averaged.
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One of the unwanted side effects is the Faraday effect which occurs when light travels
through the window, which is exposed to the external magnetic field, also called window
effect. The Faraday effect appears as linear function of H, superimposed on the Kerr
signal. The data can easily be normalized afterwards by removing this linear magneto-

optical effect.

The Kerr microscope

The Kerr chamber was specially designed for MOKE and high resolution Kerr mea-
surements. For magneto-optical Kerr microscopy at variable temperatures, several re-
quirements have to be fulfilled. A compact and rigid construction is necessary to avoid
mechanical vibrations and thermal drift during the cooling or heating of the sample.
Some problems are specially related to the in-situ magneto-optical Kerr microscopy.
Samples used for ex-situ studies (in air) are often covered with a dielectric antireflection
coating to enhance the contrast [72,73]. In comparison, unprotected thin film samples
for UHV applications show very weak Kerr images, caused by the very low thickness of
the magnetic layer and the disturbing, regularly reflected light from the sample surface.
Special windows have to be used to reduce the loss of sensitivity due to depolarizing
effects by the window.

Only three UHV-Kerr microscopes have been developed and published in literature
during the last years [26,27,38]. Giergiel et al. [26] and Mentz et al. [38] illuminate the
sample with a mercury lamp and use long distance microscopes (Questar) to overcome
the big working distance [74]. A somewhat different approach was made by Vaterlaus
et al. [27], where a laser diode was used to image the magnetic domains. In this case
the focused laser beam scans the sample by moving the sample laterally.

The Kerr instrument presented in our work is based on a modified commercially available
polarization microscope (JENAPOL polarizing microscope; Carl Zeiss Jena). To achieve
a high optical resolution, we adopted a setup suggested by Hubert [75].

The illumination source, the polarizer and analyzer mounts and the support have been
adapted to fit the needs of the Kerr microscope and to keep the versatility of the UHV
system. The base, the sample stage and the transmission illumination module have
been removed while the microscope, equipped with a Nikon microscope mount (Nikon
GmbH, Modular focusing Unit MBD64000) has been attached to a solid tripod directly
to the UHV chamber. This type of setup combines ease of adjustment and easy removal

of the microscope for the bake out of the chamber.
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Figure 2.14: The design of the UHV window for Kerr microscopy allows for objective-sample

distances of 2 mm.

Figure 2.14 shows a schematic drawing of the light path through the objective lens
and illustrates the realization of the short working distance between the objective
on the atmospheric side and the sample in ultrahigh vacuum. A strain-free window
(Bomco Inc, Gloucester, MA) with a molybdenum-quartz seal is welded into the stain-
less steel adapter of the Kerr flange. The UHV window and the microscope objective
project into the chamber close to the sample. This particular window design allows
to operate at a minimum sample-lens distance and to use microscope objectives with
a working distance as short as 2.0 mm. An antireflective coating with an effacement
efficiency of 99% was deposited on the flat bottom of the window to reduce the glare
due to the backscattered light from the window itself. Additionally, the inner side of
the Kerr chamber is deposited with absorbent coating of graphite, to suppress stray
light.

Proper illumination plays an important role as is needed to achieve high quality im-
ages specially for weak magneto-optical Kerr contrast microscopy. A 1 W Ar ion laser
(A =514 nm) was used as a light source. Advantages of laser illumination in comparison

to high pressure mercury lamps are the high intensity and the stable output power [76].
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The laser light is coupled into a 30 m long quartz-quartz multimode fiber (MMF') with
a diameter of 200 yum and a numerical aperture (NA) of 0.20. The output of this fi-
bre provides a monochromatic, stabilized, high intensity light source of small size and
easy handling, ideally suited for Kerr microscopy. Because of the small size of the light
source, no aperture stop is needed.

Disadvantages of this setup are a slight degradation of the image quality, due to inter-
ference and refraction artifacts, and in particular strong speckle patterns in the image,
due to the highly coherent nature of the laser light and the mode propagation in the
MMF. Different methods of dithering the MMF' to overcome this problem are success-
fully demonstrated by Argyle et al. [77]. The authors combined simultaneously three
methods of dithering the mottle and suppressed with that nonhomogeneities in the il-
lumination pattern. During the first procedure the mode excitations in a MMF are
scrambled by a rapidly spinning glass disk having a randomly undulated surface. Sec-
ondly, the MMF is agitated mechanically. And finally, a spinning glass disk wedge
provides an improvement in the homogeneity. We found that, a satisfactory result could
already be obtained by agitating several meters of the MMF. To achieve this we have
attached several fibre loops to a commercial bass audio speaker with the membrane cut
out to minimize acoustic noise. The speaker is driven close to the loop’s eigenfrequen-
cies (in the order of some 10 Hz to 100 Hz) by a frequency generator. In this way, after
optimizing the vibration amplitude and the frequency, a very homogenous illumination
is achieved.

For illumination adjustment, the tip of the MMF can be displaced by micropositioning
screws in all spatial directions of the microscope. To attain uniformly illuminated high
quality Kerr images of the specimen with homogeneous extinction across the entire field
of view, well-adjusted reflection Kohler illumination is necessary. This is achieved by
adjusting the MMF tip position along the optical axis of the microscope. Adjustment
of internal lenses, as needed with Kerr microscopes using a slit aperture diaphragm [78],
is not needed. The position of the image of the light guide in the objective back focal
plane, and by this way the angle and direction of incidence of the light onto the surface,
can be adjusted by displacing the MMF tip perpendicular to the optical axis. The Kerr
observation mode can thus easily be changed between longitudinal, transverse and polar
geometry. The optical path adjusted in Kohler illumination is described in the following

section.
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Optical path

The illuminating light path and the image forming light path are shown schematically
in Fig. 2.15 to visualize the principle of Koéhler illumination in the built microscope.
Due to the dimensions of the MMF tip, the assumption is made that the image of the
light guide acts as a point source. The emitted light from the optical fiber passes in
oblique angle the collector lens which focuses the image onto the plane of the aperture
diaphragm. In contrast to other spatially distended illumination sources, where the
opening and closing of the diaphragm controls the angle of emerging light and thus the
numerical aperture, here this effect is negligible due to the small image size in the plane
of the diaphragm. Only the aperture of the objective determines the numerical aperture
of the microscope.

The second lens in the optical path creates parallel light which passes through the
field aperture and the polarizer. This field aperture is responsible for the light cone
diameter and therefore restricts the field of view. It also eliminates to some extend
unwanted reflected light from oblique angles. It does not affect the optical resolution or
the intensity of illumination. At next the linearly polarized light is focused by the tube
lens onto the back focal plane of the objective, on its way passing a Berek prism. Our

microscope setup allows the replacement of the prism by a beam splitter which permits
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Figure 2.15: Koéhler illumination light path used in the Kerr microscope. Emitting light from
the optical fiber is directed through the collector lens and then focused onto the back focal
plane of the objective. Parallel light illuminates the sample with a uniform lightness. The
angle and path of incidence of light on the sample is adjusted by positioning the MMF tip

perpendicular to the optical axis.
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full perpendicular incidence in polar Kerr geometry. Focussing on the back focal plane
creates a parallel light beam emerging from the objective to the sample (illuminating
path ray). The reflected light from the sample passes again the objective and proceeds
as parallel light ray through the analyzer, before the image is focused by the tube lens
onto the CCD camera (image-forming path ray).

For troubleshooting of unwanted side effects like dust or fiber, mapped in the sharp
focus, the presence of conjugated planes is very helpful. Conjugated planes mark areas
with a common focus. An object that is in focus at one plane is also in focus at other
conjugated planes of the optical path. These conjugated planes are the light source,
the aperture diaphragm and the back focal plane of the objective for the path of the
illuminating light ray and the field diaphragm, the sample plane and the camera plane for
the image-forming light path, respectively. When artifacts occur in the sharp focus, then
they must originate from near the surface of the imaging-forming part of the conjugated
planes. Thus they can be identified and eliminated.

Glan-Thompson prism polarizers were attached to the polarizer and analyzer mounts
because they give a better extinction ratio than the standard sheet polarizers. The
maximum possible extinction ratio was smaller than < 2 - 1075, The frequently used
long-distance objective lens (Planapochromat Carl Zeiss Jena) has a magnification of
16x and a NA of 0.2. Its working distance of 17 mm is corrected for a cover glass of

the same thickness as the UHV window. Numer-

- ical aperture and working distance allow an an-
‘ ( gle of incidence of about 15° for longitudinal and
J transverse geometry. The theoretical possible op-

tical resolution d of an optical microscope under

m ‘ the assumption of incoherent light is given by the
s = W

Rayleigh equation:
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= 2.28
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Figure 2.16: Optical grid with a d
spacing of 2 ym between two grid
lines. Slightly reduced resolution where n sin © is the numerical aperture and A the
in one direction is visible. wavelength of the light. In this case, with A =
514 nm and the NA= 0.20, the lateral resolution
can be calculated to d = 1.56 pum. Figure 2.16 shows the experimental resolution taken
on a line grid. The spacing between two black lines is 2 ym.
Taken the given resolution d, after which two adjacent particles can be distinguished
separately, the experimental resolution is determined better than 2 ym. This is in good

agreement with the theoretical value. A somewhat reduced resolution ability can be
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found in horizontal direction in the picture. The reason for this is the shape of the light
bundle in the sample plane. The bundle is slightly reduced in one direction and has an
elliptical shape, which causes a reduction of the numerical aperture along one in-plane
axis.

The microscope setup is mounted rigidly on the extension flange to avoid any mechanical
vibration of the setup. The arrangement of the external magnet is identical to Fig. 2.13.
The images (640 x 509 pixel) were recorded by a computer controlled CCD camera. The
image quality can be greatly improved by background subtraction, image accumulation
and averaging with a real-time digital image processor (Hamamatsu Argus 20). Image

sequences can be taken with a repetition rate of 5s/image.

Hysteresis curve from Kerr image

All hysteresis curves obtained in this work were measured with the MOKE setup as
described before in Sect. 2.3. However, hysteresis loops can also be obtained by the
Kerr microscope as will be demonstrated in the following passage. The spot size of
the laser diode in the MOKE apparatus covers approximately the same area as the
illuminated field of view of the Kerr microscope, which is 0.12 mm?. The MOKE photo
diode integrates the reflected polarized light. Any lateral information within the light
beam is lost. This information particulary is exploited by the Kerr microscope. The
hysteresis loop is obtained by integrating of the grey level of each Kerr image, taken
during a full field sweep, individually, and plotting the result versus the field. The
calculated hysteresis curve and the corresponding Kerr images of 3 ML Fe film are seen
in Fig. 2.17. The film was grown and imaged at 130 K and has a magnetization oriented
perpendicular to the surface plane. Figure 2.17a shows the calculated hysteresis curve.
With increase of the external magnetic field the domains parallel to the field (dark areas)
grow at the expense to the domains with opposite out-of-plane magnetization (bright
areas) (Fig.2.17b to d).
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Figure 2.17: Series of Kerr microscopy images taken on 3 ML Fe film on Cu(100) at 130 K.
The film was evaporated at the same temperature. b—d: The reversal magnetization process
is mapped at different magnetic fields. The hysteresis curve is shown in the upper left figure.
Each point in the polar hysteresis curve corresponds to the calculated Kerr contrast of a taken

image.



Chapter 3

Complementary magnetic imaging
with Kerr/MFM

The UHV apparatus was equipped with two separate techniques to image domains in
ferromagnetic systems, Kerr microscopy and magnetic force microscopy. The experi-
mental setup was fully described in Chap. 2. In the following it will be shown that this
combination of both techniques does not only extend the lateral range in which domains
can now be imaged. It will also be demonstrated that both techniques deliver comple-
mentary information and can complete each other. As an example it is shown that
alterations on the domain structure of an epitaxial Fe film due to the magnetic stray
field of the MFM tip can be traced by the Kerr microscope. The well-defined domain
structure of an iron whisker is used as a standard to compare the images obtained by

both techniques and to estimate the lateral resolution.

3.1 Domain imaging on an iron whisker

The well-known flux-closure domain structure of an iron whisker has been imaged by
both techniques, Kerr microscopy and MFM. The combination of both techniques pro-
vides information about domains and the domain walls. An iron whisker is a single
crystal of several mm length and ~ 200 pm width. The surfaces are (100) planes of the
bee lattice. The magnetization of the domain areas lies in the crystal plane. Two basic
domains are found along the long axis of the whisker, separated by a 180° wall. Flux
closure domains are formed at each end, reducing the external stray field to a minimum.
This classical domain pattern is called Landau-Lifshitz structure (Fig. 3.1). A Kerr im-
age of the Landau-Lifshitz structure of an iron whisker is shown in Fig. 3.2a. Different

contrasts in the image correspond to three different magnetization directions, as indi-
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cated by white arrows. MFM allows to image the same spot on the whisker, where 180°
and 90° walls meet, with higher resolution. Such an image is shown in Fig. 3.2b. Only
contrast resulting from the internal wall structure appears in the image. Unlike in the
Kerr image here no magnetic contrast is seen from the in-plane.

S Black and white contrast only arises from the 90° walls and the
180° wall separating the in-plane domains. The monopolar con-
trast of the 90° walls shows the different magnetization paths of
Bloch walls. Also the appearance of dipolar contrast has been
observed and was attributed to a rotation of the surface part of
the domain wall caused by the tip field [79]. The latter produces

a more antisymmetric line profile for the repulsive tip-sample in-
Figure 3.1: teraction.
Flux-closed The half width of the 180° wall is 230 nm (Fig. 3.3). This value
domain pattern. is a factor of three larger than the theoretically predicted width

of ~70nm [24]. The lateral stray field distribution around the
magnetized MFM tip is one of the main limiting factors for the lateral resolution. Other
limiting factors were discussed in Chap. 2.
The image in Fig. 3.2b was taken in constant distance mode, while the image in Fig. 3.2¢
is taken in constant signal mode. In constant signal mode technique the tip scans much
closer to the sample surface. Therefore the method detects non-magnetic and magnetic
signals. The magnetic contrast already seen in Fig. 3.2b is therefore superimposed here
by structural contrast from the whisker surface. In Fig. 3.2b the tip is some 10 nm away
of the sample surface (constant distance mode) and only sensitive to the long-ranging

magnetic force. Therefore only magnetic contrast is visible. In order to obtain a MFM

Figure 3.2: a: Kerr image of an iron whisker. MFM scan in b: static and c: dynamic non-

contact mode, respectively. Two 90° Bloch-walls with different magnetization path and a 180°

wall can be seen.
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Figure 3.3: MFM line scan of a 180° domain wall. The full width at half maximum is 230 nm.

image of the surface with magnetic contrast only, a large tip-surface distance is necessary.
This, on the other hand, decreases the lateral resolution due to the larger component of
the tip stray field. Also the contrast is reduced at larger distances due to the smaller
magneto-static interactions. In the experiment one has to find the optimum distance

with good magnetic contrast and resolution, while structural contrast is suppressed.

3.2 Domain wall displacement in epitaxial Fe films

To achieve a high lateral resolution, the tip has to be brought as close as possible to
the sample surface. On the other hand a short tip-sample distance causes a strong
magneto-static interaction between tip and surface. That means the stray field of the
tip influences the magnetization of the sample and vice versa. Therefore in soft magnetic
samples the MF'M tip often leads to alterations of the sample magnetization. This is also
observed in Fig. 3.4 on a 3 ML thin Fe on Cu(100) film, grown and imaged at 130 K. The
as-grown multidomain pattern at low temperatures was described already in this work
(Sect. 5.1). It is now imaged with Kerr microscopy and MFM, as shown by the sequence
in Fig. 3.4. The dark and bright contrast in the Kerr images in Fig. 3.4a and f is due to
magnetic domains with magnetization in-plane or out-of-plane. These Kerr images are
taken without background subtraction. Thus, defects on the sample surface are visible.
These defects are used to guide the MFM tip to the same spot on the sample surface
previously seen by the Kerr microscope under control of an optical telescope. The same
magnetic domain, as highlighted by a white square in the Kerr image in Fig. 3.4a, can
be found by MFM. It is further investigated with the enhanced resolution of the MFM
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Figure 3.4: Kerr effect image before (a) and after (f) several MFM scans (b —e) of the same
magnetic domain of a 3 ML thick film on Cu(100) taken at 130 K. Between figure b and e the

tip to sample distance was reduced to 60 nm. The dotted line marks the domain wall motion

caused by the increasing stray field of the tip. The arrows denote domains displaced by the
tip.

(Fig. 3.4b). The domain wall separating two regions of perpendicular magnetization
is clearly visible in the center of the image in Fig. 3.4b. After acquisition of the MFM
image in Fig. 3.4b in constant hight mode the distance between sample and MFM tip was
gradually reduced by 20 nm steps (Fig. 3.4b to e). With decreasing distance the dipolar
field of the magnetic tip acting on the film became strong enough to drag the domain
wall during scanning. The MFM image in Fig. 3.4c already shows the domain wall
slightly displaced towards the left border of the image. Finally, in Fig. 3.4e the domain
is almost driven out of the imaged region. The Kerr image in Fig. 3.4f subsequently
taken after the MFM studies on the same spot clearly shows these alterations. Other
changes in the domain pattern, marked by white arrows in the Kerr images, are also

visible in Fig. 3.4f and are due to previous MFM scans on different positions.
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In conclusion: a direct correlation between two different domain imaging techniques,
Kerr microscopy and MFM could be achieved. In the case of the Fe whisker magnetic
contrast of the in-plane domains was achieved by Kerr microscopy, while MFM mainly
delivered information about the domain walls. In epitaxial Fe films on Cu(100) the Kerr

microscope was used to reveal alterations in the film magnetization due to the tip stray
field.






Chapter 4

Magnetic reorientation transition in

ultrathin films

In this chapter the relevant magnetic energy contributions to the total energy of fer-
romagnetic samples are discussed, with emphasis on the unique magnetic properties of
epitaxial films. The spin reorientation transition often found in thin films at a critical
thickness is described as the result of competing energy contributions.

The structural and magnetic properties of Fe films grown at 300 K and at low tem-
peratures on Cu(100) substrates are summarized. The influence of adsorbates on the

magnetic properties of these films is outlined.

4.1 Energy contributions to the magnetic

anisotropy

Characteristic for ferromagnetism is the presence of spontaneous magnetization below
a certain temperature, the Curie temperature 7, in absence of any external magnetic
field. The origin of ferromagnetism in the 3d transition metals, Fe, Co and Ni is the
exchange coupling, which tends to align neighboring spins parallel. According to the
Pauli principle, a parallel spin alignment requires extra energy, which is gained by
increasing the interatomic distance, which on the other hand lowers the Coulomb energy.
The energy expense for parallel spins is overcompensated by the gain in Coulomb energy
if the Stoner criterion is fulfilled. A priori there is no directional dependence involved
in magnetism, originating from the exchange interaction. However, in single crystals
energy contributions arising from spin-orbit interaction and dipolar interactions make

certain directions within the crystal more favorable than others. These directions are
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called “easy axes of magnetization”. The energy required to rotate the magnetization
away from the easy axis to any other directions is called the anisotropy energy with
respect to these directions. In the following, the relevant contributions to the magnetic

anisotropy are described.

Magneto-crystalline anisotropy

For wundistorted spherical single crys-
talline samples the work required to turn
the magnetization from easy direction to

hard direction is given by the magneto-
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Figure 4.1: Anisotropy energy fyc as

function of the crystallographic directions tice. The magneto-crystalline anisotropy

of a cubic crystal structure. The hard di- is assumed to be a function of the direc-

rections are given by maxima in fasc. tion cosines aq, o and az of the magneti-
zation vector M with respect to the crys-
tallographic axes. When considering only crystals with cubic symmetry (e.g. Fe, Ni),

fare can be expressed in a power series of trigonometric functions:
2 2 2 2 2 2 2 .2 2
fue = Ki(aja; + ajog + aza3) + Ke(ajazas) (4.1)

where K, and Kjg are the fourth and sixth order anisotropy constants. In the case of iron
Ky =4.2-10"J/m? and K¢ = 1.5-10* J/m? at room temperature [80]. The equation
contains only terms higher than the third order in «, because of the cubic symmetry of
the lattice. In Fig. 4.1 the magneto-crystalline anisotropy energy is plotted as a function
of the crystallographic direction for a single crystal with cubic symmetry and K, > 0,
i.e. Fe. The easy axes are along the <100> directions due to the minimum in fy;¢. In
contrast, the hard axes lie along the <111> directions and are recognized by maxima in
the magneto-crystalline anisotropy energy. In the case of Ni the K, has a negative sign,
therefore the <100> are the hard and the <111> are the easy axes of magnetization.

Depending on Ky, fyc corresponds to an energy contribution of 1076~ 107 eV /atom.
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Magneto-elastic anisotropy

The volume and the shape of a crystal underlie changes, if external forces are applied.
Any distortion of the crystal lattice acts on the spins via the spin-orbit interaction and
therefore gives rise to a strain dependent energy contribution, the so called magneto-
elastic energy (fuyg). This contribution describes to what extent an applied strain
modifies the energy and thus the anisotropy of the sample. The f,g is also the origin
of magnetostriction, that is the spontaneous lattice distortion upon magnetization. The

most general expression to describe the magneto-elastic energy is:

fME = Z BijklgijOéiOéj + ... (42)
ivj kol
Biji, are called the magneto-static coupling constants. Considering again only struc-

tures with cubic symmetry, the magneto-elastic energy can be written as [81]:
fME = Bl (Ella% + 622&% -+ 8330&%) + 282(512a10z2 + E9300a¥3 + 6310(36!1) + ... (43)

where €;; are the components of the strain tensor and B; and B, are the magneto-
elastic coupling constants for cubic lattices. Latter explain to what extent the magneto-
elastic energy depends on the strain in the crystal. For Fe these coefficients are
By = —3.43-10°J/m? and By = —7.97 - 105 J/m? [82]. Therefore in some cases small
strains of less than 1% can give fyr exceeding fy;c, thus determining the easy axis
of magnetization. Especially during the epitaxial growth of ultrathin films the lattice
mismatch between substrate and film can cause film strain as high as 10%, as in the
case of Fe/W, and higher. The magneto-elastic contribution can therefore significantly
influence the magnetism. A negative sign of B; indicates that the direction of the ap-
plied strain is also favored as easy axis, if the strain is sufficiently large. In contrast, a
positive sign pushes the magnetization away from the strain direction, as in the case of
Ni (B; = +6.21-10° J/m?).

Shape anisotropy

The preferred direction of magnetization of a ferromagnet also depends on its shape.
This contribution originates in dipolar interactions. For a spherical specimen with
isotropic shape the anisotropy energies depend only on the orientation of the mag-
netization with respect to the crystalline axes. In the case of a thin plate on the other
hand the magnetization curves for in-plane and out-of-plane magnetization are found
to be different. Spontaneously the magnetization lies within the film plane, since out-

of-plane magnetization creates large surface poles and requires thus higher energy. This
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effect is called the shape anisotropy (fsnepe). The shape anisotropy is a consequence
of the anisotropic demagnetizing field H,, given by Hy; = —4nNM, where N is the
demagnetizing tensor. When considering a ellipsoidal ferromagnet with the half axes a,
b and c the shape anisotropy is given by:

fshape = %MZ(Naa% + Nyaj + Neaj) (4.4)

N,, N, and N, are the demagnetizing factors in direction of the main axis and «; the
direction cosines. It is N, + N, + N. = 1. Values for N for various aspect ratios are
listed in [83]. Therefore in non-spherical bodies the energy is anisotropic. The shape

anisotropy plays an important role for the magnetization of thin films and small particles.

Magnetic anisotropies in ultrathin epitaxial films

In the previous considerations about the magnetic anisotropy terms, no restrictions
were made on the dimensionality of the ferromagnetic crystal systems. In contrast,
for ultrathin epitaxial films or multilayered systems, the magnetic anisotropy can be
markedly different from the respective bulk materials. Mainly the modified electronic
structure of surfaces, the layered shape and epitaxial strain can alter the magnetism in
thin films. With increasing film thickness the influence of the interfaces decreases and
the magnetic properties approach eventually bulk behavior. One effect sometimes found
in thin film magnetism is the existence of an easy axis of magnetization perpendicular to
the film plane. Such a perpendicular anisotropy can be a consequence of the dominating
interface contributions to the magnetic anisotropy energy [8]. This contribution can be
large enough to exceed the shape anisotropy in ultrathin ferromagnetic films favoring
in-plane magnetization, as shown previously. Such a transition of the easy axis from
in-plane to out-of-plane is known as reorientation transition (ROT) of magnetization
and occurs at a critical thickness (¢..).

Now all relevant energy contributions to the total energy of thin epitaxial films are sum-
marized. This model is then used to describe adsorbate and thermally induced changes
of the ROT in LT grown films on Cu(100) in Chap.5. Considering only magnetism
relevant contributions, the total energy of a ferromagnetic thin film can be written as
the sum of magneto-crystalline anisotropy fi/c, the magneto-elastic energy fig, the
magneto-static energy fspope and a surface term f,r, which considers interface effects
described above, fior = fuc + fve + fshape + fsurg. The magnitude of fi,x depends
mainly on the direction of magnetization, lattice strain with respect to bulk, ¢;, and the

film thickness t. Neglecting terms of higher than fourth order, fj;c takes the form

fue = Ky (20 + a3a2 + a3ad) . (4.5)
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The magneto-elastic term fy/g in equation (4.3) simplifies in cubic systems to
Jue = Bi(eL —¢g)) a3 (4.6)

under the assumption of homogenous in-plane strain ¢ and strain e, perpendicular
to the plane, with respect to bulk lattice dimensions. Expression (4.6) reflects the
difference in magneto-elastic energy between magnetization out-of-plane (a3 = 1) and
in-plane (o = 1). If fy g is negative, fi is decreased and out-of-plane magnetization

is favored. The term of the shape anisotropy derived from Eq.(4.4):

1
fars = —poM32 o (4.7)

and is always a positive energy contribution. If the magnetization rotates out-of-plane,
making it energetically unfavorable, due to the creation of a magnetic dipole field. Here,
the demagnetization factor for thin plates, N, = 1, is already taken into account. Finally,

the interface term

K¢ yoe + K 2K
(K t+ ! )a§ A - Sa§ (4.8)
f f

fsurf = -

summarizes all interface effects which lead to a deviation from bulk behavior, by in-
troducing the interface anisotropy constants Ky ... and Kjy_,, for the surface and
the film-substrate interface, respectively. The fg,, s decays with increasing film thick-
ness. Both interface anisotropy constants take into account interface effects such as
the modified electronic structure and the roughness of each interface. Adsorbate in-
duced changes in reorientation transition as presented in this paper, are attributed to a
modified K¢_,q4c, while in these experiments K;_; is assumed to be unchanged. Often
though, K¢ o = Kf_s = Kg is assumed for simplicity and experimentally confirmed
for several systems. To determine the easy axis of magnetization as a function of film
thickness, the difference in total energy for a thin film between out-of-plane and in-plane

magnetization is calculated using equations 4.5 to 4.8, which is

1

ftot(J—) - ftot(”) = Afior = Bl<5J_ - 8\\) + §M0M§ -

Kf—vac + Kf—s

lp

(4.9)

If Afi; is positive, in-plane magnetization is preferred. In contrast, for negative A f;,
perpendicular magnetization is expected. A change in sign of Af,,; from negative to
positive with increasing ¢z indicates a reorientation transition for the magnetization into
the plane, as can be seen in Fig. 4.2. The intersection of the function with the x-axes
(A fior = 0) gives the condition for the critical thickness t..;:

L 2Kyt Kr)
erit 2Bl(Sl—€H)+,LL()M§« ’

(4.10)
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Figure 4.2: Thickness dependent switching of the magnetization direction at t.-;; as result of

magnetic anisotropy energy Af;;

the competition between surface and shape anisotropy.

This phenomenological model is used together with the experimental results presented in
this thesis to deduce adsorbate and thermally induced changes of the surface anisotropy

constants.

4.2 Structural and magnetic properties of

Fe/Cu(100)

For the study of the correlation between film structure and magnetism epitaxial Fe
films on Cu substrates are of particular interest. This is due to the difference in the
crystallographic structure. Fe has a bcc structure in the bulk phase, while Cu has a
fce structure. It has been shown that epitaxial Fe films can be stabilized on the Cu
substrate in a fcc structure below a certain film thickness already at RT, resulting in a
small epitaxial misfit of only 0.7% [84]. This so called y-phase is found in bulk Fe only
at a temperature above 1184 K. It is therefore unique to epitaxial films that materials
can be stabilized in a crystallographic structure other than bulk structure. In addition
to Fe/Cu this was also observed (for example) for Fe/Ni [85] and Fe/Ag [86].

Besides the structure, these films also show unique magnetic properties such as per-
pendicular magnetization. With increasing film thickness the film undergoes structural
and magnetic transitions in order to approach its bulk behavior. The study of these
transitions can give insight in the origin of the particular magnetic properties of ultra-
thin films and has stimulated extensive work so far. However, many open questions still

remain.
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Depending on the film preparation technique (i.e. pulsed laser deposition, thermal
evaporation) [87,88], the deposition rate [89,90] or growth temperatures [91], different
film structures with different magnetic properties can be created. Since a considerable
interdiffusion between Fe and Cu was found at elevated temperatures, so far only RT
and LT at less than 140 K grown Fe films have been investigated. The focus has always
been on RT grown Fe because of the layer by layer growth found at this temperature.
The properties of RT as well as LT grown Fe films on Cu(100) will be reviewed in the

next following.

Fe films grown at 300 K

For Fe films grown at RT on Cu(100) three different structural and magnetic phases have
been identified with increasing film thickness in MEED [92], LEED [93,94], magnetic
circular dichroism in x-ray absorption spectroscopy (MCXD) [95] and MOKE [96] mea-
surements. Initially in region I, from 0 to 4 ML, the Fe film growth starts with nucleation
of double layer islands, followed by nearly layer by layer growth. A slight intermixing
at RT has been reported [97,98]. The epitaxial Fe film grows pseudomorphically and
adopts the in-plane interatomic distance of the Cu(100) of ac, = 3.6147 A, whereas in
normal direction the interlayer spacing is enlarged by 5% to a, = 1.88 A [31,99]. This
expansion is not a Poisson-like response to the in-plane strain since both have the same

sign. In region I the film is therefore tetragonally distorted (fct) (Fig. 4.3a).

a Fe grown at 300K b
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Figure 4.3: a: Schematic view of Fe wedge on Cu(100) substrate. With increasing thickness
three phases with different structural and magnetic properties are found. b: Alignment of a

bee-layer of Fe (dark spheres) with respect to the Cu substrate (bright spheres).
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Figure 4.4: Polar and longitudinal MOKE signal of Fe/Cu(100) film as a function of coverage.
The film is grown at 300 K. The different magnetic phases are indicated with I, II, and III
(according to [31]).

In the thickness range between 4 and 11 ML (region II) a good layer by layer growth is
found and characterized by regular intensity oscillations in MEED experiments. In this
region the film shows an undistorted face centered cubic (fcc) structure with the two
topmost layers remaining expanded [100]. In phase III above 11 ML the film structure
has completely transformed into the thermodynamically stable bce structure of a-iron.
The bcece iron is aligned with respect to Cu in a so-called Pitsch orientation, where the
[111]-direction of bec iron is aligned parallel to the [110]-direction of the fcc substrate
[101,102]. The real space model of this structure can be seen in Fig. 4.3b.

In experiments of [84], the ~-phase could be stabilized with surfactants up to 60 ML.
In the latest STM measurements elongated bcc precipitates have been found at a film
thickness of approximately 7 ML [103]. From that the question arises, if the onset of the
structural transition, the martensitic transformation (coexistent fcc and bee phases),
takes place which was assumed till now at a higher thickness at around 11 ML.

In this thickness range the Fe film has three different magnetic phases. The long range
ferromagnetic order starts around 1 ML. Also an onset of ferromagnetism at 2 ML of
Fe was reported and attributed to the onset of coalescence of the second layer. Films
below a thickness of 4-5 ML exhibit a perpendicular magnetization. The magnetization
increases linear with the Fe thickness, as was demonstrated in polar MOKE measure-

ments [31]. This magnetic phase I is succeeded by a phase II with reduced magnetic
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moment (Fig. 4.4). The magnetization is found to drop down to a value corresponding
to that of 2 ML Fe in phase I [104]. It was confirmed experimentally by MOKE [96,105]
and theoretically [106] that this phase consists of a film with antiferromagnetic (AF)
spin alignment and with the top most two layers coupled ferromagnetically. In this phase
a two peak behavior in the remanent signal My with increasing thickness was discov-
ered in [107] after cooling the film to 70 K and explained by alternating sheets of spins.
Measurements of Kirschner et al. [108] show oscillations in the polar MOKE amplitude
between 6 and 9 ML. Spin density-waves in the AF phase are proposed, as was already
suspected in [107]. In phase III above 11 ML the easy axis of magnetization lies within
the film plane [96,105]. The transition is characterized by a critical thickness at which
the spin reorientation occurs. Since the thickness for magnetic transitions more or less
coincides with the structural changes, fct — fcc — bee (Fig. 4.3), the magnetic phases
were firstly ascribed to magneto-volume effects [84,109]. On the other hand theoretical
work points out the dominating contribution of the Fe substrate interface to the mag-
netic anisotropy energy (MAE) due to electronic effects, namely band narrowing and
hybridization [32]. Recent experiments with adsorbates support the usual assumption of
a dominating surface contribution to MAE rather than magneto-volume effects [34]. In
this picture, as was explained in the previous chapter, the perpendicular magnetization
in phase I is due to the dominating contribution of the Fe vacuum interface, expressed
in a positive Ky_,q.. This assumption will be supported by experiments with O, and
CO adsorbates in this thesis.

The transition between phase II and phase IIT at 11 ML is most likely due to the fcc-bec

transition of the film structure.

LT grown Fe film

In order to prevent segregation of Cu to the Fe surface and to minimize intermixing at
the Fe-Cu interface, iron can be deposited at substrate temperatures below 140 K [97].
The growth at LT leads to an enhanced surface roughness, as was observed in LEED
and STM [110]. With increasing thickness the film morphology changes. The enhanced
roughness was the main reason why RT grown Fe are favored in most investigations.
Smooth Fe layers provide a better system for theoretical modelling. On the other hand,
LT grown Fe provides the opportunity to observe temperature driven structural changes
in the film and its consequences for the film magnetism. Also, a comparison of the
differences between LT and RT grown Fe might help to understand the correlations
between structure and magnetism. This thesis therefore focuses on the investigation of

Fe grown at 130 K.
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Figure 4.5: a: Magnetic and structural phases in LT grown Fe/Cu(100). In comparison to
RT grown films phase II does not exist. b: Pseudomorphic fcc iron unit cell and resulting

strain e, due to the lattice mismatch to the Cu substrate.

Often LT grown Fe films were annealed to 300 K after growth to smoothen the surface.
Such annealing causes a sharpening of the LEED spots and the appearance of different
layer dependent superstructures (5 x 1), (3 x 1), (4 x 1). It was found that annealing
to RT produces no significant intermixing. Nevertheless the annealed films show still
a higher roughness and a more island-like surface than the RT grown films [110,111].
It is therefore assumed that the magnetic properties in this system are influenced by
reasons other than the electronic structure.

In the submonolayer region the film nucleates with bilayer islands and high island den-
sity. Different results have been found for the onset of coalescence, indicating some sensi-
bility of the system to the preparation conditions. A minimum coverage of about 1.2 ML
was reported for the island percolation in the first layer [110]. In recent STM measure-
ments the bilayer island coalescence was found at less than one monolayer deposited Fe
[38]. At higher thickness the island density does not change significantly because of the
reduced diffusion at LT. At such low temperatures the mobility of the atoms is strongly
reduced, as was recently shown for Fe on bee Fe(110) [112]. Ounly after annealing to
420 K in the case of Fe/Cu(100) an atomically flat Fe film was obtained [111]. But
annealing to such temperatures causes a significant intermixing between Fe and Cu.

A striking difference between LT and RT films is the absence of phase II in structure and
magnetism. A transition from the fct phase A! directly to the bee phase B is observed at

t ~4-5 ML (Fig. 4.5). No intermediate fcc phase was reported. An AF magnetic phase

'Following a convention of Wuttig et al. [113]. Magnetic phases in LT grown Fe films are marked
(A, B), in RT grown films marked (I, IT, IIT).
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Figure 4.6: Remanent Kerr ellipticity for a film grown and measured at 130 K without sub-
sequent annealing. Perpendicular (squares) and parallel (circles) spontaneous magnetization

is shown versus the Fe film thickness.

does not exist, instead, the easy axis reorients from out-of-plane to in-plane directly at
terit = 4.3 ML. In Fig. 4.6 the MOKE ellipticity measured at remanence as function of
Fe coverage is shown. A wedge-like Fe film was grown and measured at 130 K without
annealing to RT. The square symbols denote the remanent Kerr signal obtained in
polar geometry. The Kerr signal increases linearly with the Fe thickness, except for
the region below one monolayer. The onset of ferromagnetic order was observed below
one monolayer at 0.7 ML. In literature values between 0.9 ML and more than 2 ML [74,
96, 114, 115] have been reported for this onset. The delayed onset was attributed to
magnetic percolation [116]. Also Curie temperature effects can cause such a behavior.
At a thickness slightly above 4 ML the intensity of the polar signal drops down to zero,
and instead the longitudinal signal M) increases. The intensity of the polar signal is
about one magnitude higher than the longitudinal one, depending also on geometric
factors of the MOKE setup [117]. In agreement with [116], we did not observe the
vanishing of both magnetization components M) and M at t..;; as was observed by [118]
with spin-polarized secondary electron emission spectroscopy (SPSEES). A coexistence
of My and M, with a reduced remanent magnetization M = (]\/[H2 + M?)Y2 in the

transition range was reported. We have determined the critical thickness at which
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Figure 4.7: Virgin magnetic domain image of Fe film. The wedge like film was deposited

and measured at 134 K without annealing. Thickness increases from left to right. A nearly

constant domain size below ..y = 4.3 ML (light and dark areas) is visible.

the reorientation occurs at 4.3 ML. In literature, values for t..; between 3.8 ML and
6.1 ML are reported [17,119,120]. This gives another indication for the dependence of

magnetization on the preparation conditions [17,102].

To determine the influence of the annealing process, in particular on the coercivity,
hysteresis loops with and without subsequent annealing have been investigated with
MOKE [102] on wedge-like films. For both cases of film preparation, regions with
perpendicular and in-plane anisotropy are found, respectively. However, the films which
were annealed to RT show a slightly higher critical thickness for the ROT and also the
gradient of the polar ellipticity is increased. This is attributed to the film roughness

and the influence of the morphology after treatment of the film.

For a better understanding of the magnetization reversal process, domain imaging is
helpful. SEMPA experiments on LT grown Fe/Cu(100) laterally resolve the spin re-
orientation in a narrow region and reveal a multidomain state with domain size of
several micrometer [116]. It is predicted that due to the reduction of the magnetic
anisotropy and the increase of the dipole energy a microdomain state becomes ener-
getically favorable at the spin reorientation transition [121]. The perpendicular virgin
domain structure of an wedge-shaped Fe film on Cu is shown in Fig. 4.7. The image
shows a section around t..;; = 4.3 ML. The Fe thickness increases from left to right by
2.4 ML. The domains have a thickness independent domain size between 6 and 15 pm.
A slight decrease of the domain size in the vicinity of the critical thickness is visible and
a rapid decay of the contrast could be found above t..;;. The contrast dissipates into

an average grey tone representing in-plane magnetization. In a small region above t..;
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Figure 4.8: Kerr microscope image of magnetic domain state around t.-;; = 3.5 ML. The LT
grown, wedge shaped Fe/Cu(100) film was annealed to RT. Thickness increase from left to
right. The image shows domains with perpendicular orientation (light and dark areas). Grey

tone (right) presents the area with in-plane magnetization.

perpendicular domains are still visible faintly. This might indicate the coexistence of
remanent perpendicular and parallel domains at the spin reorientation transition. Such

a coexistence has also been suggested by Oepen et al. for the system Co/Au(111) [122].

The independent domain size in the LT film is in contrast to the thickness dependent
domain size in the iron film after annealing. Figure 4.8 shows a corresponding Kerr
image of a Fe wedge on Cu(100) at RT. The film was also grown at 134 K and afterwards
annealed to 300 K. The Fe thickness increases from 2.7 ML to 3.9 ML from left to right.
The image has been taken without background subtraction. It shows the modified virgin
magnetic domain state after warming up to 300 K. During this annealing process the
critical thickness shifts towards smaller film thickness to 3.5 ML. This shows the sensitive
dependence of the critical thickness on the temperature of these films, as previously
reported by [118]. Thermally activated changes of the ROT are investigated in detail in
Chap. 6.

The domain configuration in Fig. 4.8 shows a distinctive pattern around t..;. The
single-domain state on the left site of the image below tp. = 3.1 ML branches out with
increasing thickness into a multidomain state. The branching leads to a multidomain
state around the ROT which cannot be resolved by our microscope. In the region
t > tou no domain structure was detected. As mentioned before, the sensitivity of
the Kerr microscope to in-plane magnetization is reduced by more than a factor of ten
and thus in-plane domains cannot be imaged. Our MOKE data, on the other hand,

clearly proof the presence of a remanent in-plane magnetization above t..; (Fig. 4.6).
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The influence of annealing on the magnetic domain structure at the critical thickness
was previously been investigated with SEMPA experiments by [123]. The appearance of
domains different in size and shape in the vicinity of t..;; has been predicted in the theory
of domain formation in perpendicularly magnetized films by [124, 125] and has been
observed in experiment by [126]. The presence of the domains can be explained by the
fact, that domain formation reduces the magneto-static energy and thus perpendicular

magnetization can be maintained.

4.3 Adsorbate influences on the magnetic properties

As was pointed out in the previous section the origin of the perpendicular anisotropy
in phase A in LT grown Fe/Cu(100) is still under discussion. Exposure of the film
to adsorbates provides a powerful tool to investigate the response of the magnetism to
modifications of the electronic structure at its surface. Adsorbed atoms can either donate
electrons to or accept electrons from the film, thus altering energy level occupation,
coordination of the surface atoms and even interlayer spacing. The response of the
ROT to such perturbations caused by adsorbates therefore helps to reveal the origin of
unique magnetic properties. In this work the influence of Os, CO, NO and H; has been

studied in more detail.

Oxygen adsorption

The consequences of oxygen adsorption for the magnetic properties in Fe/Cu films will
be investigate in this work. Oxygen is known to accept electrons and to have a strong
influence on the electronic interaction on films.

The influence of adsorbed oxygen on the surface magnetism was pointed out already,
for instance, in early experiments performed on Fe single crystals [127]. Hysteresis
loops have been recorded on Fe(100) and Fe(110) single crystals by polarized secondary
electron emission (PSEE) and MOKE. Because of the large signal depth of MOKE larger
than 20 nm, in the MOKE curves only a slight change is visible after adsorption of several
LO,. Strong adsorbate induced reductions of the coercive force in the topmost layers
are found by more surface sensitive PSEE experiments. The authors [127] attribute this
to changes in the crystal symmetry in the surface region and the bond of iron atoms
at the surface. Strong effects with very low contaminations of oxygen (~ 4 at.%) are
shown in spin polarized secondary electron spectroscopy (SPSEES) experiments [128]
on the system Fe/Cu(100). After exposure of only 0.5 L Oy Fe films with a thickness

between 3.4 MLL and 6 ML undergo a reorientation of the easy axis of magnetization
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from perpendicular to in-plane. For lower O, coverage, the perpendicular polarization
remains unchanged up to a critical coverage, above which the magnetization begins to
switch into the film plane. These results are attributed to the Fe-vacuum interface, due
to their high sensitivity of the anisotropy to oxygen.

Calculations [129, 130] using a semiempirical tight binding model predict a destabiliza-
tion of the perpendicular phase in Fe bilayer on Ag(100) substrate, depending on the
amount of adsorbed Os. For a high oxygen coverage (1x1 O-overlayer) the calculation
clearly predicts a switching of the magnetization into the film plane. In the case of low
oxygen coverage (3x3 O-overlayer) the calculation predicts a perpendicular magnetiza-
tion though with significant weakened anisotropy.

A strong electronic interaction with major consequences for the chemical properties of
the first layers and the film magnetism is found upon oxygen adsorption on Fe/Ag(100)
[131]. The density of states and the spin polarization of Fe near Er are found to decrease
gradually with O, coverage. A charge transfer from iron to oxygen leaving behind Fe
states with majority character is assumed. On the other hand, for coverage below 1.6 L
the Og, states are spin polarized and show ferromagnetic coupling with the substrate.
Similar effects were observed for Fe films on different substrates [132]. The formation
of several oxides is reported [133-141]: oxygen is known to chemisorb dissociatively
and in dependence on exposure rate, temperature and crystallographic orientation of
the surface. It appears as antiferromagnetic FeO and a-Fe,O3 and as ferrimagnetic
v-FesO3 and FezOy4. After exposure to approximately 1 L O, oxidation on Fe/Ag(100)
can already be observed and above 3-4 L, a magnetically dead layer is formed [131,142].

Carbon monoxide adsorption

Carbon monoxide is the classical model adsorbate to study the catalytic properties of
the transition-metal surfaces. CO is characterized by simple and well studied electronic
and vibrational properties. It also serves as a model system for understanding the
dissociation process at surfaces. Especially the chemisorption of carbon monoxide on
iron is of considerable interest [143-147], because of the position of iron in the periodic
table between those transition metals which cause CO dissociation and those which
do not. The interaction of CO with heteroepitaxial fcc and bee films on Cu(100) was
investigated with ultraviolet photoemission spectroscopy (UPS) and thermal desorption
spectroscopy (TDS) [148]. CO bound to bec films dissociates at RT, in contrast to CO
bound on fcc films, where molecular desorption of CO is observed slightly above RT. Such
a dependence on the surface orientation can be understood by the different adsorption

geometries of CO on fcec and bee Fe films. CO adsorbs on fce Fe as a molecule in a
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twofold bridge bonding sites, with the C-atom pointing towards the surface (Fig. 4.9a).
On the bee Fe the adsorption in fourfold-hollow site is preferred and the CO molecule
is tilted by 55° to the surface normal [149] (Fig. 4.9b).

The electron transfer between the CO molecule and the Fe is commonly described by the
Blyholder model [150]: upon chemisorption of CO the non-bonding 5 0-CO MO donates
part of its electronic charge into Fe d-band, counterbalanced by a back-donation of
charge density from the metal to the anti-bonding 27* MO of the CO, thus weakening the
intra-molecular bonding. Due to this particular upright attachment of CO to the metal
surface this effect is rather weak compared to the “lying-down” adsorption geometry
on bce Fe where the bonding is stronger exposed to the substrate. The influence of
CO adsorbates on the magnetic properties was investigated in thin Ni films on Cu(100)
[33,151]. There an adsorbate induced shift of the critical thickness for reorientation
was found upon CO adsorption and ascribed to a modified surface anisotropy, K¢_yqc-
The reorientation transition of the magnetization could be observed with Kerr effect
measurements in Fe nanostripe arrays grown on stepped W(110) during the adsorption
of CO [152]. Again these studies clearly show the sensitivity of the film magnetism
to electronic modifications in the surface region. For a more detailed understanding of
the electronic interaction ab-initio calculations are necessary. Spisak et al. predicted
profound modifications of the electronic and magnetic properties of y-Fe/Cu(100) due
to chemisorbed CO by using first principles local spin density calculations [153]. Spin-
orbit coupling was not taken into account in these calculations, and thus an adsorbate-
induced reorientation of the magnetization, as observed in our Kerr studies, could not
be modelled. Yet, a reduced magnetic moment and a change in layer spacing due to
the magneto-volume effect was predicted. However, a more detailed theoretical model
seems desirable and the experimental results described in Chap. 5.2 might be helpful to

further improve ab-initio models of this system.

a b
fcc-Fe bcc-Fe
top side top side

Figure 4.9: Adsorption geometries of CO on fcc and bcce iron. The iron atoms are colored
dark gray, the oxygen atoms light gray and the carbon atoms black. a: Vertically bonding by
the carbon atom to the surface in twofold bridge site. b: “Lying down” of the CO molecule

and adsorption in fourfold-hollow site.
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Other adsorbates

Hydrogen is particulary suitable for studies of electronic effects due to its simple elec-
tronic structure. Hydrogen is expected to change the magnetization of the surface layer
by hybridization of the H 1s level with the 3d electrons responsible for the ferromag-
netism. This can be seen as a filling of the unoccupied 3d states above the Fermi
energy. On fcc Fe(100) surfaces hydrogen adsorbs dissociatively. The heat of adsorption
(71 kJmol™') is considerably less than for bee iron (88-109 kJmol™') as was found in
LEED and TDS studies [154,155]. Therefore adsorption on bece surfaces seems to be
more favorable. It shows again a strong dependence on the surface orientation.
IV-LEED and MOKE were performed by Vollmer et al. to determine structural and
magnetic changes due to hydrogen adsorption on RT grown Fe films [156]. A reversible
shift of the fct-fce transition in 4 ML films towards higher Fe thickness was found, as
well as an irreversible shift of the fcc-bee transition. The former is accompanied by
an increase of the coercivity, probably caused by the coexistence of out-of-plane and
in-plane domains. Mankey et al. [157] have investigated the dependence of the magnetic
properties on adsorbed hydrogen of thin Fe, Co and Ni films on Cu(100). It was found
that the magnetic moment in the ferromagnets Ni and Co is considerably reduced by the
chemisorption of hydrogen, while in Fe films hydrogen enhances slightly the magnetic
moment. Latter is ascribed to magneto-volume effects. The slight increase of the MOKE
signal by ~ 15% in the case of Fe is in quantitative agreement with the results of Vollmer
et al. on 4 ML Fe films. The effect there is more pronounced and ascribed to structural
changes in the topmost layers after hydrogen exposure.

Also the influence of hydrogen adsorption on the reorientation transition was studied
in thin Ni films, by means of Kerr microscopy [33,151]. In contrast to most magnetic
systems, the magnetization in Ni/Cu(100) switches from in-plane to out-of-plane at
a critical thickness of around 10 ML [158,159]. After hydrogen exposure, the critical
thickness is strongly reduced by ~ 4 ML. The shift of the spin reorientation transition is
found to be fully reversible in a temperature window around RT. From the experiment it
could be excluded that the surface roughness affects the critical thickness. The change
in t..; is attributed entirely to a change in the surface anisotropy, as supported by
calculations from the Weinberger group [32].

Another group of adsorbates is provided by metallic, ferromagnetic or non-magnetic
submonolayer coverage. Experiments with submonolayer Co capping layers exhibiting
an opposite effective anisotropy constant on Fe films [34], support the idea of dominating
interface effects in LT grown Fe/Cu(100). In these experiments the extrapolated critical

thickness is practically the same as the measured critical thickness, which implies that
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the origin of the spin reorientation is the usual balance between the surface and the
shape anisotropy, rather than the formation of bee structure. From the ratio M, /M
a propagation of the ROT in RT grown Fe films via a multidomain formation is con-
cluded by [160], which assumes the coexistence of perpendicular and in-plane domains.
Also recent experimental results with Cu cap layers on this system rather emphasize
the dominant role of the outer Fe interface on the magnetism [104]. On the other hand,
theoretical models by Weinberger et al. attribute the perpendicular anisotropy pre-
dominantly to electronic effects on the Fe-substrate interface [32]. This model implies
that the film should be less sensitive to manipulation of the outer Fe-vacuum interface,
which is in contrast to adsorbate experiments. The influence of symmetry breaking due
to defects or steps on the magnetic anisotropy was demonstrated in adsorption experi-
ments on Co films grown on stepped Cu(100) surface [161]. The easy axis of the Co film
could be switched by 90° within the plane by only submonolayer coverage of different
metal adsorbates. The origin of this observations is attributed to an additional surface

anisotropy, caused by the broken symmetry at the Co steps [162].



Chapter 5
Adsorbate induced spin reorientation

In this chapter we describe the influence of gas adsorption on the magnetic properties of
LT and RT grown Fe/Cu(100) films. We have investigated the micromagnetic structure
of the films by means of Kerr microscopy and MOKE. Series of Kerr images taken on Fe
wedges at the reorientation transition during adsorption have been analyzed to observe
changes in the critical film thickness on Fe wedges. For the first time we could image

consequences of different adsorbates to the surface magnetism of Fe/Cu(100) directly.

5.1 Oxygen induced spin reorientation in

Fe/Cu(100)

Oxygen adsorption on LT grown films

The Kerr microscopy experiments during gas adsorption have been performed on Fe
wedges with a thickness varying from 0 ML up to 8 ML. These wedges have been pro-
duced by depositing Fe over a straight metal plate mounted on the front end of the Fe
evaporator, thus producing a half shadow region of deposition on the sample surface. In
this region of 1.1 mm in length, the film thickness decreases almost linearly from maxi-
mum thickness to zero, forming a wedge. The length of the wedge, and thus the slope,
was also modified by continuously moving the sample at up to 4 mm in front of the
evaporator during deposition. The Kerr image in Fig. 5.1a shows the domain structure
of an Fe wedge in a small region around the critical thickness, directly after deposition
of Fe on the Cu(100) crystal at 140 K. In this image the film thickness increases from
left to right. The image was taken without any magnetic field applied and shows the
as-grown domain state. The critical thickness of 4.3 ML separates two regions of differ-

ent magnetization. Below 4.3 ML a multidomain structure is visible. The domains with
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Figure 5.1: Reorientation of the easy axis of magnetization in a Fe wedge on Cu(100) around
the critical thickness of 4.3 ML. a: As-grown multidomain state with perpendicular magnetiza-
tion in the left part of the image. The right part of the image shows no magnetic contrasts, here
M lies within the film plane. b: After exposure to 1.3 L Oy to-ir starts to shift towards lower
film thickness. c: After further adsorption of 0.1 L the contrast representing perpendicular

magnetization has disappeared. The magnetization is now within the film plane.

out-of-plane magnetization can be seen as dark/bright contrast. The domain size de-
pends sensitively on the background pressure during the deposition (in this experiment

2.9-107'% mbar) and on the temperature.

After LT growth the domain state is not in the energy minimum and can be considered
as frozen in a metastable state. Domains start to merge and form a single domain state
at RT except in the vicinity of ¢+ (Fig. 4.8 in Chap. 4).

For thicknesses above 4.3 ML, in the right part of the image in Fig.5.1 no domain
structure is visible. As can be shown by MOKE here the magnetization is within the film
plane. In Kerr microscopy no in-plane domains are visible due to the reduced sensitivity
of the Kerr microscope in longitudinal geometry. It is evident from Fig. 5.1a that the
ROT does not appear sharply at the critical thickness. Rather, a gradual decay of the
magnetic contrast of the perpendicular domain configuration over a thickness range of
0.15 ML is observed. Immediately after taking the image the Fe film was exposed to

a partial pressure of 2 - 10~% mbar. A shift of the critical thickness occurs during the
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oxygen adsorption at 140 K. The ROT starts to move towards smaller thicknesses after
dosage of 1.3 L O, (Fig. 5.1b). After 1.4 L. O, any perpendicular magnetic contrast has
completely disappeared at all thicknesses (Fig. 5.1c). Checking the whole film by Kerr
microscopy and MOKE reveals that the perpendicular magnetization has disappeared
at all thicknesses after 1.4 . Oy and the easy axis is now within the plane. A comparison
of Fig. 5.1a and b shows that Oy does not alter the shape or size of the domains at all.
Rather, with increasing Os-coverage the perpendicular magnetization decays at ..,
thus shifting ¢.,.; towards smaller thickness and forming a film with in-plane anisotropy.
A minimum exposure of Oy of 1.2 LL is necessary to initiate the reorientation. We did not
observe an onset of the switching simultaneously with the beginning of the adsorption
process. Rather, after a critical coverage of 1.3 L the film reorients very rapidly over the

whole thickness.

Two possibilities would explain the observed loss of the perpendicular magnetic contrast
after 1.4 L oxygen exposure: on the one hand, the iron film starts to oxidize and creates
non-ferromagnetic layers. This for example was observed in [131,132] for high doses
of Oy. On the other hand, the magnetization reorients in the plane and no contrast
is visible in our Kerr microscope due to the reduced sensitivity in this geometry. To
check which case applies here, subsequent MOKE experiments were performed on the
film. Figure 5.2 shows the remanent polar (M) and longitudinal MOKE signal (e)
before oxygen adsorption as a function of Fe thickness. The observed linear increase of
the polar signal with increasing film thickness, followed by a complete drop to zero at
terit = 4.3 ML, is well known for LT grown Fe [102]. For films thicker than ¢..; only
a remanent longitudinal MOKE signal can be measured. After exposing this Fe-wedge
to 1.4 L of Oy the remanent polar MOKE signal has completely vanished. Instead, a
remanent longitudinal MOKE signal could be measured for a Fe thickness above 2 ML
(o). The magnitude of this signal almost precisely overlaps with the longitudinal signal
observed prior to oxygen exposure proving that the magnetic moment of the film has

not significantly reduced due to oxygen treatment.

The formation of a thorough layer of non-ferromagnetic FeO or Fe;O3 can therefore be
excluded. This experiment clearly shows an oxygen-induced reorientation of the easy
axis of magnetization from perpendicular to in-plane in the thickness range between
2 ML and 4.3 ML. The inset in Fig. 5.2 shows the corresponding hysteresis loops for
out-of-plane (i) and in-plane (ii) magnetization prior to O, exposure at a thickness of
4.1 ML Fe. The in-plane loop after O, treatment (iii) at the same thickness is shown
in the second inset. Below 2 ML no remanent magnetic signal was detected after O,

exposure. One might speculate whether this rough seed layer mostly consisting of double
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Figure 5.2: MOKE on a Fe wedge grown on Cu(100) at 140 K. The drop of the remanent per-
pendicular signal prior to adsorption (M) is observed at the critical thickness of t..;; = 4.3 ML.
The remanent in-plane Kerr signal after O2 exposure (o) matches the in-plane signal prior to
exposure (o) for tp. > 4.3 ML within the experimental error. Hysteresis loops before (i), (ii)

and after Oy adsorption (iii) are shown in the inset.

layer islands is more susceptible to oxide formation since coalescence of the islands is
not yet finished and a closed layer not yet formed. Also, the Curie temperature of this

film might be reduced due to oxygen adsorption.

Oxygen adsorption on annealed LT grown films

As was discussed in Chap. 4, the morphology of the LT grown films changes upon an-
nealing to RT. The behavior of the magnetism of such thermally modified films during
oxygen adsorption is discussed in the following. Fe films have been grown at 130 K and
subsequently annealed to RT. In Fig. 5.3 the thickness dependent remanent polar (H)
and longitudinal (o) MOKE signal of the film during different stages of the experiment
is shown. The iron wedge with a maximum thickness of 5.2 ML shows in-plane mag-
netization (phase A) below 4.3 ML and perpendicular magnetization (phase B) above
4.3 ML at low temperatures (Fig.5.3a). After annealing to RT the critical thickness
is shifted by 1 ML towards lower thickness (Fig.5.3b). The drop of the remanence for
thicknesses below 1.5 ML is possible due to the Curie temperature of this film of less
than 300 K [105]. The shift of the ROT from 4.3 to 3.3 ML is thermally induced and
will be investigated and described in detail in Chap. 6.
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Figure 5.3: Thickness dependence of the remanent Kerr ellipticity of a Fe wedge. a: Remanent

magnetization for the Fe film deposited at 130 K. b: Thermally induced shift of the ROT after

annealing to 300 K. c: Complete reorientation of magnetization into the plane after adsorption

of 3L Oy at RT.
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The longitudinal Kerr signal of the film above 4.3 ML has the same magnitude before
and after annealing. Also the polar Kerr amplitude in a thickness range between 1.5 ML
and 3.3 ML remains unchanged after annealing. The exposure of the annealed film
to 3L O, switches the perpendicular magnetization of the film into the film plane
(Fig. 5.3c). The comparison of the in-plane signals in Fig. 5.3a with ¢ shows no loss
of the longitudinal Kerr signal after exposure to 3 L. The main difference to LT grown
films without annealing is that twice as high oxygen doses of 3 L instead of 1.5 L are
necessary to cause the same reorientation. One possible explanation is that the thermally
activated smoothing of the film (see Chap. 6) reduces the number of edge atoms and
thus decreases the sticking coefficient. Similar to the LT grown films, the O, adsorption

causes a complete reorientation of the magnetization into the plane.

Oxygen adsorption on films grown at 300 K

The magnetic and structural properties of RT grown films differ from these of LT grown
films and have been described in detail in Chap.4. In short: here the out-of-plane
and in-plane phases are separated by a phase with antiferromagnetic coupling in the
thickness range between approximately 4 and 11 ML. Oxygen adsorption on RT grown
films can help to understand the role of surface morphology on the adsorption and
thus its importance for magnetism. Fe films were grown at 300 K and then cooled to
130 K for magnetic studies. At such low temperatures the available maximum polar
field of 600 Oe was not sufficient to overcome the high coercivity of the film and to
reverse the magnetization. Therefore the films have to be warmed up to 220 K at which
H. was somewhat decreased and the magnetization could be reversed. The saturation
magnetization ([J) and the remanent magnetization (M) of a RT grown Fe wedge with
tmae = 7ML at 220 K are shown in Fig. 5.4. The transition from phase I to phase II
is recognized by a sudden drop of the polar magnetization to a constant thickness-
independent value at about 4 ML. T, is a function of the film thickness [105]. The
absence of a remanent signal in region II can be understood when a reduced Curie
temperature of the FM layers is taken into account.

Also a splitting up of the magnetization into very small domains in zero field can explain
the absence of remanence in this thickness range. A resulting polar magnetic moment
can only be achieved by applying a polar external field. On the other hand no in-
plane magnetization was observed in this thickness range. The observation agrees with
the known fact that only the topmost monolayer (roughly 2 ML [156]) are coupled
ferromagnetically with polar anisotropy, although in our experiments a resulting moment

could only be achieved by applying a field.
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Figure 5.4: MOKE on a Fe wedge grown at 300 K on Cu(100). a: Polar Kerr signal at 220 K
prior to adsorption. b: Polar and c: longitudinal Kerr signal after Oy adsorption. c: After Os
exposure at 140 K the film has a remanent in-plane magnetization. Below 1.4 ML some out of

plane magnetization is still found after adsorption of 6 L Os.
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In Fig. 5.4b and c the longitudinal and polar Kerr signals after exposure to 6 L. O, at
140 K are shown. In analogy to LT grown films the critical thickness shifts towards
smaller thickness with increasing Oy coverage. Only below 1.4 ML the film shows polar
hysteresis curves with some remanence. The curves are s-shaped and therefore the
remanent signal deviates from the saturation signal. The remanent longitudinal Kerr
signal in Fig. 5.4c¢ clearly proofs the switching of the easy axis into the film plane above
1.4 ML. Our MOKE setup is sensitive to the longitudinal and the polar Kerr effect
which leads to a crosstalk between both signals. The peak of the longitudinal signal
below 1.4 ML in Fig. 5.4c is due to the sensitivity to out-of-plane signals. The angular
dependence of the loops and the magnitude of the signals help to distinguish between in-
plane and out-of-plane magnetization. In comparison, the critical thickness for the ROT
shifts towards smaller Fe thickness in LT and RT grown films due to oxygen adsorption.
Also the reorientation does not happen at all thicknesses simultaneously, but rather
the ROT does move through the wedge towards smaller thickness with increasing Os-
coverage. While 1.6 L O, cause a complete reorientation in Fe at all thicknesses in LT
grown films, in RT grown films some remanent magnetization smaller than before the
adsorption prevails even after exposure to 6 L O,. Figure 5.4b shows that the saturation
signal of the s-shaped hysteresis loops below 1.4 ML corresponds to the remanence as
measured in Fig. 5.4a before the adsorption. After the external field is switched off,
this signal decays to a somewhat smaller remanence indicating the presence of a canted
magnetization state. The coexistence of in-plane and out-of-plane domains was not

observed, neither did we see any change in the domain shape or size.
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Figure 5.5: MOKE on 1 ML Fe film on Cu(100) at 300 K. The polar Kerr signals in remanence

(M) and saturation ([J) are taken at RT during oxygen exposure.



5.2 FE THICKNESS SELECTIVE REORIENTATION DURING CO ADSORPTION 67

The question arises, whether the reorientation below 1.4 ML can be completed by ex-
posing the film to more oxygen. Figure 5.5 shows the decay of the polar remanent and
saturation signal of the film at the thickness of 1.4 ML measured during exposing the
film to oxygen. The experiment was stopped after 40 L Oy. It was observed that the
remanent magnetization disappears after further 20 L. O,, that means 26 L. O, in total.
For even higher doses s-shaped loops without remanence are observed with decreasing
saturation. The remanent magnetization gradually decreases to zero after 20 L O, and

results in the formation of oxide layers, which are non-ferromagnetic.

5.2 Fe thickness selective reorientation during CO

adsorption

From the different surface chemistry effects of oxygen and carbon monoxide on metal
surfaces one could also expect a different influence to the magnetic properties of metals.
In the following we have investigated the influence of CO adsorption on the magnetic
anisotropy of iron films. Figure 5.6a shows the Kerr image of a Fe wedge prior to CO
adsorption. The wedge-like film with a maximum thickness of 5.3 ML was grown and
kept at 132 K. Analogous to the previously described experiments the Kerr image shows
the virgin domain state near the critical thickness at 4.3 ML. In the experiment the film

was exposed to carbon monoxide at 130 K directly after the LT growth. The critical

Figure 5.6: Kerr image of the ROT before (a) and after (b) CO adsorption. The ROT shifts
to 3.6 ML due to CO. No further shift is observed even if 20 L. are applied.
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Figure 5.7: Kerr microscope image of Fe films with constant thickness grown at 130 K, shown
after CO exposure. a: Perpendicular domain state of 3 ML Fe film after dosage of 12 L. CO.
b: Vanishing of the perpendicular domain structure after the same dosage of CO. The film has
a thickness of 4.2 ML.

thickness of the ROT is shifted from 4.3 ML to 3.6 ML by adsorption of 4 L. of CO. In
contrast to oxygen adsorption, films thinner than 3.6 ML remain magnetized perpen-
dicularly, even if the film is exposed to CO doses as high as 20 L (Fig. 5.6b). The film
is completely passivated by CO. Subsequent exposure to 50 L O5 for example gives no
further switching of the magnetization from out-of-plane to in-plane as it was observed
for the clean Fe/Cu(100) film. Therefore an adsorbate induced thickness selective reori-
entation is found with CO as adsorbate. A comparison of the results from oxygen and
carbon monoxide treatments shows, that adsorbate-induced changes of the ROT depend
on the adsorbate itself. That means, the nature of electronic interaction between film
and adsorbate seems to play an important role. This result of a thickness dependent
effect was confirmed with separate Fe films of constant thickness. In Fig. 5.7 the Kerr
image of a 3.0 ML and a 4.2 ML thick film after CO adsorption is shown. Both films
with a remanent perpendicular magnetization are exposed to CO. After 12 L. CO the
3 ML Fe film in Fig. 5.7a shows still a perpendicular domain configuration. In Fig. 5.7b,
the spins are in the film plane at a thickness of 4.2 ML after CO adsorption with the
same dose. This means that the wedge shape of the film itself did not influence the

result of the experiment.

5.3 Adsorption experiments with NO

To investigate the dependence of the adsorbate-induced reorientation in more detail,
different adsorbates with varying electronic interaction with the film have been tested.
In analogy to oxygen it is also expected from nitric oxide (NO) to accept electrons from
the film after adsorption. The consequences of NO to the magnetic properties of LT

grown films is investigated therefore in the following. The starting conditions are similar
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Figure 5.8: Kerr image on a Fe wedge grown at 130 K on Cu(100) for different NO coverage.
The film thickness increases from left to right. a: For NO adsorption up to 2.4 L. the domain
configuration remains unchanged. b, c: Adsorption of higher NO doses lead to a reorientation

of the magnetization into the plane. d: Thus the magnetic contrast has disappeared.

to those of the previous LT Os-adsorption experiments. After the growth of a Fe wedge
at 130 K the spin reorientation from out-of-plane to in-plane could be observed at a
thickness of t..; = 4.3 ML (Fig. 5.8a). Kerr images taken during exposure to NO are
shown in Fig. 5.8b to d for several NO coverage. The process of the reorientation of
magnetization is comparable to that during oxygen exposure. The perpendicular mag-
netization of the film starts to switch into the film plane after adsorption of 2.4 L. NO.
With increasing amount of NO adsorbate the spin reorientation shifts towards smaller
film thickness (Fig.5.8b and c). After 4.0 L NO the magnetization of the entire film
lies in the film plane. The in-plane magnetization was checked afterwards with MOKE.
Again a gradual decay of the Kerr contrast in the vicinity of ¢..; is clearly visible. This
is observed for all adsorbates investigated so far. To understand the influence of NO
adsorption on magnetism, more detailed knowledge about the nature of the interaction

with the film is necessary.
The NO adsorption on various metal surfaces was investigated in the past by several

research groups. For instance Kerr experiments performed on 1 ML Co/Cu(100) films

show an annihilation of the ferromagnetism in these films after adsorption of 7L NO
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at RT [163]. A strong support that oxygen is responsible for the spin transition in our
NO adsorption experiments comes from early experiments of Kishi et al.. In combined
ultra-violet and x-ray photoelectron spectroscopy experiments the coverage dependence
of the N(1s) peak during NO adsorption on iron at 85 K and during annealing to RT
indicates a dissociative chemisorption [164]. This might lead to an oxygen dominated
electronic interaction with the Fe surface. NO is thermodynamically more instable than
CO because of the electron in the antibonding 7* state [165]. On the other hand a
free NO molecule has an electronic structure similar to that of CO, but with one extra
unpaired electron in its 27* orbital. One would therefore expect a qualitatively similar
chemisorption of NO and CO on transition metal surfaces [166, 167].

The different influences on the magnetism might arise from possible different adsorption
geometries. The electron transfer between CO and surface is found to be much stronger
for the “lying down” adsorption of a CO molecule than for the upright attachment of
CO to the metal surface [150]. This is due to the C-O bonding which is more exposed
to the metal surface in the “lying-down” geometry. The strength of the electronic
interaction depends therefore on the adsorption geometry of the molecules. The same
was also confirmed in local spin density approximation (LSDA) calculations [168] of
the magnetic properties of NO on metal/(100) systems. A quenching of the magnetic
moment in Ni was found in the case of bridge site bonding of NO. Different adsorption
geometries can therefore explain different changes of the magnetism despite very similar
electronic structure of the adsorbates.

In conclusion, our NO experiments show a complete spin reorientation at all thicknesses
smaller 4.3 ML, similar to Oy adsorption experiments. Whether the adsorption geom-
etry or rather dissociation of the NO molecule is responsible for the strong electronic

interaction cannot concluded from our experiments.

Discussion

In our experiments we have investigated the spin reorientation transition in LT grown
Fe film due to the influence of the adsorbates Oy, CO and NO. We observed adsorbate-
induced shifts of the critical thickness t..; towards smaller film thickness. For O, the
entire film reorients at all thicknesses from the out-of-plane to in-plane magnetization
after exposure to 1.4 L O5. A quite similar behavior we found for the adsorption of NO.
After exposure to 4.0 L NO the entire film exhibits an in-plane magnetic anisotropy. In
contrast to that the adsorption of CO causes a thickness dependent spin reorientation
effect in iron. Even after doses of 20 L. CO, Fe films thinner than 3.6 ML remain in a

perpendicular spin configuration.
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The results show that adsorbates change the magnetism of ultrathin films. The modified
magnetic properties can be caused by structural and electronic changes of the film due

to the adsorption of atoms or molecules.

In the literature the tetragonal distortion of the fcc iron to a fct structure with a 5%
enhanced interlayer spacing is discussed as the driving force for the perpendicular mag-
netization via magneto-volume effects [31]. Based on this discussion the question arises
whether modified interlayer spacings resulting from adsorbates lead to the observed ad-
sorbate induced effects. A change of layer spacing due to adsorption was not investigated
in this work. The possible influence of an adsorbate on the interlayer spacing can be
discussed in the following simple model: oxygen is expected to accept electrons from
the film, thus causing an electron depletion in the film. This would lead to an increase

of the lattice spacing to maintain the balance of electric charges per volume.

In this model one would expect oxygen to stabilize the fct phase. If the enhanced lattice
spacing would be the origin of perpendicular magnetization then oxygen adsorption
should support this, which is clearly not observed in our experiments. On the other hand,
in this picture one would expect from hydrogen to donate its electron partly into the film,
thus reducing the interlayer spacing and causing a reorientation of magnetization into the
plane. This was also not observed: we did not find any influence of hydrogen adsorption
on LT grown films on the magnetism, and the ROT in particular. For RT grown films
on the other hand it was found by Vollmer et al. that H, adsorption stabilizes the
expanded interplanar spacing of the Fe for up to four ML instead of three ML without
H, [156]. However, this simplified model does not take into account the real nature of
the charge transfer between film and adsorbate, that means, which orbitals, bonding or

antibonding, are occupied after adsorption, as was pointed out by Feibelman [169].

Although several adsorbates are found to modify the interplanar spacing there is no
tendency to support the assumption that enhanced interplanar spacing increases t..;
and vice versa. This result indicates that not the interlayer spacing but rather the
modification of the electronic structure on the surface itself causes the observed changes
of the ROT, supporting the idea of dominant surface anisotropy contributions at low Fe

thickness.

The observed adsorbates effects are therefore discussed in the picture of modified surface
anisotropy in the following. The influence of the surface anisotropy on the magnetic
properties of thin films and ROT in particular was discussed in Chap. 4. The observed
thickness selective reorientation upon CO adsorption allows a more detailed analysis of
the change in the anisotropy energy and can be used to estimate CO-induced changes on

Kur¢. The perpendicular magnetization in Fe is assumed to be due to the dominating
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Property Value Ref.
alc 3.59 A [170]
d(4 ML) 1.87 A [171]
£ 1.54 %

€1 5%

B (¢) 13.5 MJ /m? [172]
K vac 0.89 mJ/m? [173]
Ky 0.6 mJ/m? [174]

Table 5.1: Properties of epitaxial Fe-films on Cu(100).

contribution of the film-vacuum interface to the anisotropy K¢_,q.. Within this picture
the shift of t..;; in Fig. 5.6b can be used to estimate the CO induced change of the
surface anisotropy Ks_,qc, using Eq.(4.10) in Chap. 4 and experimental data obtained
on this system. All relevant experimental data from the literature, are summarized in
Table 5.1.

For the equilibrium lattice constant of fcc Fe different data are found in literature
(ale® = 3.6468 A [175] and al = 3.59 A [170]), leading to in-plane strain of opposite
sign (g = —0.88% vs. ¢ = +0.69%, with ac, = 3.6147 A [175]). The observation
of tensile stress in the Fe film during the growth on Cu(100) [172,176], supports an
expanded lattice constant in the pseudomorphic Fe layer, thus an ¢ = +0.69% is
assumed for the calculation. The perpendicular strain follows from the average inter-
planar spacing of d = 1.87 A [171] to e, = +5%. The magneto-elastic coupling B; was
found to be strain-dependent [172], giving a Bff I = 13.5 MJ /m? for the pseudomor-
phic 4 ML Fe. This value differs significantly in magnitude and sign from the respec-
tive bulk value, which was used in all previous calculations. Using Mg = 1751 kA /m,
K¢ yae = 0.89mJ/m? [173] and Ky_5 = 0.6 mJ/m? [174] leads to the thickness depen-
dence of AF},; as depicted in Fig. 5.9 as a solid line. The critical thickness ¢t = 4.3 ML is
found from Af;,; = 0. To reproduce the shift of ¢..; by 0.7 ML due to CO in Fig. 5.6b,
a changed K4 = 0.63 mJ/m? has to be assumed giving the thickness dependence of
ftot shown as a dashed line in Fig. 5.9. The Ky_; remains unchanged.

The oxygen induced reorientation in the LT experiment (Fig. 5.1) can only be explained
by a change in sign of K_,q With K¢_q.+ K¢ < 0. It is worth to note that despite the
large Bff ! the magneto-elastic contribution is not sufficient to compete with the surface
anisotropy and thus to alter the easy axis. The CO induced reorientation of M can
therefore be understood by assuming a modified surface contribution to the anisotropy.

The comparison between the adsorbates Oy, CO and NO leads to the assumption that
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Figure 5.9: The difference of the total energy of the film between perpendicular and in-
plane magnetization as a function of thickness (straight line). The change in sign at 4.3 ML
marks the critical thickness for reorientation. The CO induced shift can be reproduced with

K¢ yae = 0.63mJ/m? (dashed line).

their influence on the magnetism is related to the strength of the electronic adsorbate-
film interaction. Various experimental results can be found which support this assump-
tion. For instance the electronic structure of the LT grown Fe/Ag(100) interface was
investigated with spin polarized metastable de-excitation spectroscopy (SPMDS) exper-
iments [131,142]. It was found that the d-band splitting of iron is unchanged below a
coverage of Oy 1.2 L. With increasing Os-coverage the spin polarization of Fe near Ep
decreases gradually. A charge transfer from the iron to oxygen leaving behind Fe states
with majority character was suggested. On the other hand, for coverage below 1.6 L. the
Oy, states are spin polarized and show ferromagnetic coupling with the Fe. This strong
electronic interaction between O and Fe presumably bears the origin of the complete

reorientation of magnetization for low Os-coverage.

For higher doses of oxygen it was found that O, starts to penetrate into the Fe film
and forms oxides. Further exposures above 3 L. O5 leads to magnetically dead layers in
agreement with our observations. The strong electronic interaction between oxygen and
Fe with consequences to the magnetism is shown by the adsorption [128]. A switching of
the easy axes after only 0.5 L oxygen was observed in agreement with our results. From
the high sensitivity of the anisotropy to oxygen it was therefore concluded that the Fe-

vacuum interface makes significant contributions to the total anisotropy of Fe/Cu(100).

The much weaker effect of CO can be explained by the adsorption geometry [150],
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which was described in Chap. 4. In the upright geometry the electron transfer between
adsorbate and surface in this model is weaker due to the separation of the C-O bonding
and the film. The electronic interaction is expected to be stronger if the CO molecule
adsorbs in a “lying down”-like geometry, where the C-O bonding is more exposed to
Fe. Indeed the upright bonding of CO was found on fcc iron, in contrast to the “lying
down” geometry found on bcc iron [148]. The influence of the adsorption geometries
of CO on Fe and therefore a weaker electronic interaction on fcc surface agrees with
our results of a thickness-dependent spin reorientation on the fcc iron between 3.6 and
4.3 ML.

Spisak et al. predicted profound modifications of the electronic and magnetic properties
of v-Fe/Cu(100) due to chemisorbed CO by using first principles local density calcula-
tions [153]. Such ab-initio calculations are desirable for a more detailed understanding

of the electronic interaction.

In conclusion: the change in the magnetic anisotropy of Fe/Cu(100) upon
gas adsorption can be explained by the common picture of competing con-
tributions to the anisotropy, namely magneto-static and surface contributions.
The adsorbates alter the surface anisotropy contribution due to the electronic interac-
tion with the film surface. The extent of the magnetic changes depends on the adsorbate

itself and on the adsorption geometry.



Chapter 6

Temperature-dependent magnetic
properties of Fe/Cu(100)

After the discussion of the sensitivity of Fe films to modifications of the surface elec-
tronic structure by adsorbates, in this chapter the dependence of the magnetism on
morphology changes is studied. It will be shown that the magnetic properties alter
during increasing the film temperature from the growth temperature of 130 K up to
300 K. The critical thickness for the spin reorientation transition sensitively depends on
the annealing temperature and shows partly reversible and irreversible changes. The
Barkhausen volume as the fundamental unit in the magnetization process is derived
from magnetic viscosity measurements, performed with Kerr microscopy and MOKE at

various temperatures.

6.1 Thermally induced spin reorientation

An indication that annealing effects the spin reorientation transition, could be seen dur-
ing the adsorption experiments at different temperatures (Fig. 5.3b in Chap. 5). It was
shown that annealing the film to T, = 300 K shifts the ROT by about 1 ML towards
smaller thicknesses. In the following it will be shown that the thermal treatment of the
film can change the spin reorientation transition reversibly [128] as well as irreversibly.
Reversible changes may arise from a pure temperature dependence of the anisotropy
constants and will vanish after subsequent cooling of the film back down to the starting
temperature. In contrast to that, thermally activated irreversible changes of the mag-
netism due to diffusion or changes of the film structure and morphology will remain.
We performed simple experiments on LT grown Fe wedges to separate temperature-

dependent reversible and irreversible changes in t..; due to annealing, using the Kerr
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Figure 6.1: Thermally induced shift of the reorientation transition. a—c: t..;; changes from
« to B when raising the temperature from 127 K to 280 K. Cooling back down to 127 K shifts
the ROT to v # a.

microscope. The remanent polar single domain magnetization of a Fe wedge after a mag-
netic field was applied is shown in Fig. 6.1a. The change in brightness at the crossover
from perpendicular magnetization (dark area) to in-plane magnetization (bright area)
marks the critical thickness a = 4.7 ML of this wedge at the temperature of 127 K,
after already having been warmed up to 270 K and cooled back. Annealing of this film
to T, = 280 K shifts the critical thickness towards smaller Fe thickness § = 3.7 ML in
Fig. 6.1b. Subsequent cooling of the sample back to 127 K, followed by remagnetization
in H; = 250 Oe brings t..; back to higher film thickness v = 4.4 ML, but the critical
thickness as in Fig. 6.1a can not be attained again. Instead, repeating the experiment
and changing T' between 127 K and 280 K reversibly shifts ¢.,.; between 3 and ~.

The dependence of the ROT on the annealing temperature in the temperature range
between 100 K and RT is being studied in more detail. Figure 6.2 shows the critical
thickness of an Fe wedge as a function of annealing temperature, taken in the same
way as described before. Starting at a film temperature of 127 K the film is warmed up
to T, and after that is subsequently cooled down to 127 K. This temperature cycling

was repeated several times. During each cycle the annealing temperature was increased
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Figure 6.2: Shift of the reorientation transition after cycling of the temperature. Gradual
increase of the annealing temperature up to 300 K of at LT grown Fe film. t..;; changes from
« to 8 when raising the temperature from 127 K to 7,. Cooling back down to 127 K shifts the
ROT to v # a.

gradually until RT is reached. After annealing at T, and cooling back to 127 K the film is
remagnetized each time in an external field H, and the critical thickness is obtained from
the Kerr image. Thus, the .. represented by solid circles (o) in Fig. 6.2 are measured
with the film being warmed up to the respective annealing temperature T,. At the same
temperature t..; is plotted as hollow circles (o), measured after the film was cooled
back from T, down to 127 K. Therefore, these data are always taken under identical
experimental conditions, that means, at the same temperature. The dependence of
terie as represented by hollow circles is therefore due to irreversible changes, while the
difference between hollow and solid symbols, plotted at the same T, reflects reversible
changes. We found in the whole temperature range, that the critical thickness could
not be attained again if the sample was annealed to 7T, and thereafter cooled back to
127 K. In contrast to that the shift of the critical thickness during cooling from 7, down
to 127 K is found to be reversible for all T, < 300 K.

Both sets of data in Fig. 6.2, taken at 127K (o) and at 7, (e), show a similar
temperature-dependence: Below T, = 220 K the ROT shifts linear with the temper-
ature towards larger film thicknesses by 0.7 ML. The dependence changes abruptly at

an annealing temperature of 220 K, where a kink in the curve appears. Further an-
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nealing above 220 K leads to a linear shift of the critical thickness in opposite direction
towards smaller film thickness. We argue, that the difference between t..; in Fig. 6.1a
and ¢, or more generally, between each data point represented by (o) in Fig. 6.2 reflects
irreversible changes of the film structure due to the annealing.

Within the anisotropy model introduced in Chap. 4 the temperature-dependence of the
critical thickness of spin reorientation could be caused by temperature dependence of
the anisotropy constants K4, By and K, . In the chosen symmetry the K4 does not
contribute to an anisotropy between in-plane and out-of-plane magnetization, according
to Eq.(4.10). Therefore only the latter two contributions remain. The temperature
dependence of the magneto-elastic coupling constants was investigated for bulk Fe [177].
It shows only a negligible dependence on the temperature in the range below 300 K. The
observed shift of t..; can therefore not be due to a changed B; either. Obviously, the
surface anisotropy K, depends itself sensitively on the temperature, partly reversible
and partly irreversible. Inspired by our experimental observations we suggest to split

the surface anisotropy in two contributions:

Koy = K(T) + Kipr (6.1)

As was discussed, the shift of t..;; during cooling back from annealing temperature
(Fig. 6.2b and c) is fully reversible. The full temperature dependence in the temper-
ature range below 300 K can thus be obtained by calculating the difference between
the two curves in Fig.6.2. The result is shown in Fig.6.3. With increasing anneal-
ing temperature the difference At,,;; increases almost linearly and is proportional to
Aty ~ 41073 ML/K-T,. This corresponds to a change in the surface anisotropy by
1.37 pJ /K.

Irreversible changes of t..;; are due to thermally activated changes of the film structure
or morphology. Probably two different competing processes with opposite effect on
terir happen at different temperatures and cause the non-monotonous dependence of
the t.;+. The influence of film roughness on the magnetic anisotropy was studied by
Bruno et al. [11]. A decrease of the film roughness is expected to increase the surface
anisotropy, thus shifting ¢.,.;; towards higher thickness, as observed in our experiments
below 220 K. The observed decrease of t..; for T, > 220 K cannot be explained by a
surface smoothing. The dependence of the film structure on annealing was investigated
with VT-STM. Figure 6.4 shows STM images of a 4 ML, Fe film grown at 130 K, after
being warmed up to different temperatures. The STM images are taken at the indicated
temperature T,. The image in Fig. 6.4a shows the film at 165 K. A rather rough surface

consisting of very small three dimensional islands with a high island density can be seen.
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Figure 6.3: Reversible temperature dependent change of the critical thickness.

Further annealing to 215 K changes the film morphology considerably. A significant
increase of the island size is observed, whereas the island density decreases. The island
size grows continuously up to an annealing temperature of 238 K. At this temperature
the film consists of islands with a diameter of 25-30 A. Further warming to RT leads
to no further visible changes of the structure. The film shows similar morphology and
island size as observed at 238 K. In a different work a significant flattening of the surface
is only observed, if the film is annealed above 350 K [111].

It is tempting to correlate the increase of the island size in the temperature range below
240 K with the observed increase in the critical thickness. In this picture the temper-
ature driven change of the film morphology causes the extension of the perpendicular
magnetization to higher film thickness. Our STM investigation, though, cannot explain
the decrease of the critical thickness above T, > 220 K. The inner structure of the islands
is probably more complex and can only be resolved in high resolution STM experiments.
One might speculate, whether the bee crystallites found in STM studies [178] on RT
grown films make the film more bce like and causes a switch of the easy axis into the
film plane. This idea might be supported by recent results showing drastic changes of
the morphology of a RT grown fecc-Fe film on Cu(100) after cooling and subsequent
warming up to 300 K, which are ascribed to a transition of the film from fcc to bee
structure [108]. Cycling the temperature was indeed found to increase the bee needle

size noticeably in Fe films grown at 300 K [179]. The film structure therefore seems to
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Figure 6.4: VT-STM images of a 4 ML Fe/Cu(100) deposited at 130 K. The images are taken

at the indicated temperatures.

depend sensitively on the film temperature already in a temperature range below RT.
On the other hand, one also has to take into account temperature-activated diffusion
between film and substrate, Fe and Cu, as this is known to alter the magnetic anisotropy
energy [32]. It is interesting to note, that other authors [111,119] find a reorientation
from in-plane to perpendicular for LT grown 4 and 6 ML Fe on Cu(100) after annealing
above T, > 350 K, accompanied by a surface smoothing. Although such high tempera-
tures were not investigated in this work, it contradicts the shift of t.,.; towards smaller
film thickness as observed in Fig . 6.1b, as well as to results from RT annealed films
in [128] and images in [108].

The smoothing of the film accompanied by a shift of the critical thickness during an-
nealing process underlines the strong correlation between film structure and magnetism.
Evidently, the surface anisotropy K, of the film can be influenced by temperature

and structure.
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6.2 Magnetic after-effect and the Barkhausen

volume

The Barkhausen volume is a fundamental quantity during the magnetization reversal
process. It describes the smallest volume which reverses its magnetization as an entity.
The size of the Barkhausen volume is determined by the potential energy surface within
the film E(r). The temperature dependence of the Barkhausen volume was investi-
gated to get more information about the correlation between structural changes and the
potential surface in Fe/Cu(100) during annealing.

The interaction potential F(r) has a complicated structure and is determined on ir-
regularities of the crystal lattice caused by volume effects, surface tension, strain and
lattice dislocations. The domain walls are trapped in the local energy minima for some
time, until thermal fluctuations help to overcome the energy barriers which separate
adjacent local minima. In an applied field H the domain walls will be moved out of
their equilibrium position and jump into a new equilibrium state. The irreversible jump
of the domain wall is called Barkhausen jump [81] and represents a characteristic mean
volume of a magnetic reversal. After the field is switched off (H = 0) the domain wall
cannot return into their initial position and rests in the new state. The irreversible
jump modifies accordingly the magnetization and causes magnetic hysteresis. The de-
viation of the free energy % is proportional to the coercivity H.. The velocity of the
relaxation process depends on the energy landscape, which includes the distribution of
energy minima and energy barriers and the temperature.

The Barkhausen volume is studied by measuring the magnetic viscosity of the film (also
known as magnetic after-effect [180]). In this experiment the time and temperature de-
pendent change of M is measured after a constant field H < H. is applied. The magnetic
after-effect is the result of the time-dependent approach of the system to thermodynamic
equilibrium within external field at a certain temperature. At the equilibrium the sys-
tem is in the minimum of the free energy. The magnetic domain size changes by freely
moveable domain walls to achieve this minimum of free energy. Thermal relaxation has
two main consequences: one is that the shape of a hysteresis becomes dependent on the
sweep rate of the external field, because the rate modifies the time spent by the system
in front of a certain energy barrier and consequently modifies the probability that the
barrier may be overcome by thermal fluctuations. The other is that the magnetization

changes in time, even if the field kept constant.
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Figure 6.5: Polar MOKE hysteresis loop for 3 ML Fe/Cu(100) at 150 K with coercive field
of H. = 28.7 Oe.

A typical square like hysteresis loop as taken on 3 ML Fe/Cu(100) with perpendicular
anisotropy at 150 K is shown in Fig. 6.5. At the coercive field H, the magnetization
reaches a value close to the saturation magnetization, as is indicated by the arrow. To
saturate the film completely, an external field twice as large as H, has to be applied.
This means that at H, the magnetization does not completely reverse, rather some small
domains with opposite magnetization are still found in the film at H.. This is due to
the fact that the domain wall motion is blocked when the domain walls of opposite
magnetization meet. It costs extra field energy to squeeze out the domain walls and
to form the singe domain state. This was found out by observing the magnetization
reversal process with the Kerr microscope.

The magnetic viscosity of the film is determined in the following: The film is pre-
magnetized by an external field Hp,. with H. < Hp,. < Hgy to create a full magnetized
state with nucleated domains of opposite magnetization inside. The field is applied
perpendicular to the film plane. The time-dependent change of the magnetization is
observed with MOKE or Kerr microscopy. At time ¢t = 0 a reversal field H,., < H. is
applied. The field reversal is kept constant during the measurement. It is important to
note, that the pre-magnetization field Hy,. has to be smaller than H,,.

If the film was pre-magnetized in a field H,.. > H,, no viscosity measurement were
possible. The higher field necessary to create domains of opposite magnetization was

considerably larger than H. and thus the magnetization reversed instantaneously and
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without viscosity after domain nucleation has happened. Similar observations were
also made in MOKE measurements in thin Ni/Cu(100) films [119]. Therefore, the film
was not completely saturated by using smaller pre-magnetization fields H,e < Hgq,
therefore small nucleation centers with reversed magnetization remained. If now a field
H,., < Hyy is applied, the time-dependent magnetization reversal due to domain wall
motion at this temperatures is measured. From this the Barkhausen volume can be
derived.

As mentioned earlier, the magnetization reversal process is determined by domain nu-
cleation and domain growth. The interpretation of the dynamical after-effect requires
a direct microscopic observation of the development of the magnetic domain structure
at a constant magnetic field [181]. Figure 6.6 shows the time evolution of the magnetic
domain structure. The 3 ML film is grown at LT and imaged with the Kerr microscope
at 143 K. Before starting the measurement, the film was pre-magnetized with a field of
H,e = 34.2 Oe, smaller than H,,. The image taken after pre-magnetization in a field
H = 0 contains some nucleated domains with reversed magnetization, and is subtracted
as a reference image from all following images to improve the image quality. After ap-
plying the field of H,., = 13.1 Oe at t = 0, the existing domains start to increase their
size. Fine lines are visible in the black domains as a result of subtracting the reference
image containing already nucleated domains. Basically, a particular domain pattern can
be associated to any point of experimental relaxation curves taken by MOKE in Fig. 6.7.
The first image in Fig. 6.6 is taken at ¢ = 0.15 s, after the external field was applied.
The location of the nucleation sites seen in the image is arbitrary. With increasing time
the widening of the nuclei by domain wall displacement is visible. The domain walls
propagate in-plane along the {110} directions. No further nucleation is observed. That
means the magnetic after-effect in this films is exclusively controlled by domain wall
displacement and not by nucleation processes. Finally the domains partly coalesce and
after 45 seconds about 96% of the sample surface is magnetically reversed. The coa-
lescence of the domains seems to require higher fields than necessary to propagate the
domain walls itself. From the image in Fig. 6.6 it appears that at such places (marked
with an arrow), where domain fronts with opposite propagation direction meet, the
formation of a single domain requires considerably higher external fields. Thus, a few
gaps with opposite magnetization remain, even after very long times are elapsed. The
single domain state cannot be reached within the experiment. It can only be achieved

by applying a higher external field.
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Figure 6.6: Time evolution of magnetic domains imaged at 143 K in the process of magne-
tization reversal on a 3 ML Fe/Cu(100) film. After the film was pre-magnetized in a field
Hpre = 34.2 Oe, the external field was reversed. The images were recorded in a magnetic field
smaller than H.. The time elapsed after applying the field is noted in the images. The image
size is 400 pm x 320 pum.
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Figure 6.7: Time dependent magnetization reversal as function of time for various external
magnetic fields H,.., taken at 120 K. Prior to magnetization reversal, the film was magnetized

with Hpe = —49.2 Oe. The linear dependence of In(7) on the field H is shown in the inset.

The time-dependent behavior of the magnetization M; of a 3 ML film was additionally
analyzed with MOKE at 120 K. The time dependence of the magnetization in different
external fields between 30.34 Oe and 38.95 Oe are shown in Fig. 6.7. With increasing
field the magnetization speed increases rapidly and the total magnetization converges in
a value just below the saturation magnetization. In a simple model the magnetization

caused by domain wall displacement! grows exponentially at the beginning:
t
M(t) + Mg = 2M, - exp <——> , M(t=0)=—M, (6.2)
T

where the temperature dependence of the relaxation time 7 follows an Arrhenius law:

E
T =Ty exp (kB—‘;> . (6.3)

Here E, is the average activation energy for one Barkhausen jump. The activation
energy is determined by the external field and depends linearly on it. During one
Barkhausen jump the magnetization is changed by the Barkhausen volume V3 and the

activation energy decreases by MgsVpH. E4 can be written as:

Ey = M,Vg(Hy — H) (6.4)

!An analogous model which considers nucleation differs in the activation energy [182]
Es=MVg(Ha— H)?/(2H,)
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where H 4 is related to a propagation field without thermal activation at 7' = 0 (“intrin-
sic” coercive field) [183]. This approach contains some simplifications. First, the formula
takes only a single activation energy into account. An accurate description of the re-
laxation process should take into account a distribution of activation energies. Good
results have been achieved by using the Lorentz distribution [184] on Au/Co/Au films.
Second, the shape of domain walls is neglected. A more complex model of [185] includes

the wall shape and both domain processes, nucleation and domain-wall propagation.

Each time dependence in Fig. 6.7 was fitted by Eq.(6.2), and the characteristic time
constant 7 was obtained for every field. The time constant 7 as a function of the field
is shown in the inset of Fig. 6.7. This plot clearly shows the exponential dependence
between relaxation time and the external field as it is expected for thermally activated
domain wall motion. The slope of the straight fit line is —%. With M, and T given,
the characteristic volume Vg can be calculated from the slope. From Vp we calculate

the Barkhausen length Ip = \/m where d is the film thickness. For the 3 ML Fe
film at 120 K we obtain [g = 80 nm. As determining factors for [z the film and the
substrate morphology have to be taken into account.

By comparing the value of [ with the island size obtained in the film as shown in
Fig. 6.4a it becomes clear that the island size itself does not determine the Barkhausen
volume. The islands found for LT grown films are about 5 nm in diameter and thus
more than an order of magnitude smaller than [g. Other authors find I ~ 220 nm
for LT grown Fe films [186] and conclude also from complementary STM studies on
this system, that the Barkhausen volume does not depend on the iron film morphology.
Rather, the atomic terrace widths (200-300 nm) of the Cu substrate was proposed to
be the determining factor of the Barkhausen volume. The average size of a terrace on
the Cu(100) surface after sputtering and annealing in our measurements was found to
be 20-50 nm. This is of the same order of Ig, further supporting the assumption of a
correlation between Cu(100) terraces and the Barkhausen length.

To rule out to what extend the film structure itself influences the Barkhausen volume,
temperature induced changes of the magnetic viscosity have been studied. The temper-
ature dependence of the Barkhausen length was investigated on 3 ML Fe films grown at
120 K. The lp was determined from the In(7) versus H-plot taken at various tempera-
tures by using Eq.(6.2)—(6.4). The change of the Barkhausen length with temperature is
shown in Fig. 6.8. The data points (O) are obtained from Kerr image sequences, while
the data points (e) are measured with MOKE, on separate films. The data of both
techniques are in good agreement and show a clear increase of [g with temperature by

a factor of three. The dashed line is a guide to the eye. Cooling the film back to 127 K
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Figure 6.8: Barkhausen length derived by different ways as a function of temperature. The
films were grown at 120 K and before taking the data. Data obtained with Kerr microscope
(O) and MOKE (e). The dashed line is a guide to the eye.

decreases the Barkhausen length again to the original value of 83 nm, as can be seen
by the data point (A) in Fig. 6.8. The temperature induced increase of the [g is thus
found fully reversible.

An increase of [ with temperature was also found by [187] in Au capped Co/Au films.
Renard et al. argue that an increase of [ with the temperature could be expected
because the probability to make a jump through several small volumes increases with
temperature.

Indeed, as was shown in the previous section, temperature treatment leads to an irre-
versible smoothing of the film. Our STM data (Fig. 6.4) reveal significant structural
changes in the film and the formation of three-dimensional islands during annealing.
This smoothing suggest a decrease of the energy barriers in the film and thus an in-
crease of [g. If the film morphology determines the Barkhausen volume, thermally
activated irreversible structural changes should cause irreversible changes in (. This is
clearly not observed in the experiments.

This observation supports the idea of multiple jumps over several terrace widths as
the determining length scale of the Barkhausen jumps. These jumps thus control the

characteristics of the magnetization reversal process.
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Summary

The dependence of the magnetic properties of LT grown Fe films on Cu(100) on the
annealing temperature has been investigated. In the first part thermally activated shifts
of the spin reorientation transition during annealing have been studied. In the second
part the magnetization reversal process has been studied as a function of temperature
and of the applied field.

It has been shown that the critical thickness at which the spin reorientation transition
occurs changes reversibly and irreversibly with the annealing temperature. The surface
anisotropy has been separated into a reversible contribution, attributed to a temperature
dependence of the anisotropy constant, and an irreversible contribution due to thermally
activated changes in the film structure. Decreasing roughness was made responsible for
the increase the t..; below T, = 220 K. Microscopic changes in the film structure not
visible in our STM data are suspected to decrease t.,; during further annealing above
220 K.

Further information about microscopic changes in the film and its consequences for
the Barkhausen volume were expected from magnetic viscosity measurements. The
Barkhausen volume was investigated as a function of film temperature and found to
increase almost linearly and reversibly with temperature, from 80 nm at 120 K up to
235 nm at 270 K. This increase is attributed to the increased probability to make jumps
through several small volumes at once at elevated temperatures.

Some insight has been gained into the magnetization reversal process in LT grown
Fe films on Cu(100). It has been shown that a twice as large field is necessary to
create domains within the Fe films than required to move domain walls. On the other
hand, even after magnetization of the films with external fields slightly larger than the
coercivity, domains of opposite magnetization still prevail within the film. This is due
to the fact that higher fields are required to remove domain walls in order to form a

single domain state.



Conclusions and outlook

In this thesis the reorientation transition of the magnetization at the critical thickness in
low temperature grown Fe films on Cu(100) substrates has been investigated. Adsorbate
and thermally induced changes of the easy axis of magnetization have been studied on
Fe wedges and films of constant thickness by Kerr microscopy and magneto-optical Kerr
effect measurements (MOKE). The results point out the importance of the film-vacuum
interface for the magnetic anisotropy of the films.

The experiments have been carried out in a newly developed UHV system combining
Kerr microscopy, magnetic force microscopy (MFM) and MOKE, as well as scanning
tunneling microscopy (STM), for magnetic and structural investigations, respectively.
Experiments could be performed at variable temperatures, from 80 K to 500 K. The
novel combination of two magnetic imaging techniques, Kerr microscopy and MFM, ex-
tends the lateral imaging range from submicrometer up to millimeter. Both techniques
deliver complementary information and allow to trace local modifications of the domain
structures by the stray field of the MFM tip. The Besocke type scanning microscope
head was equipped with a newly designed tip exchange mechanism which allowed the
operation of the microscope as a STM, MFM or AFM.

Changes of the magnetization direction caused by the adsorbates oxygen, carbon monox-
ide and nitric oxide have been studied by Kerr microscopy on wedge shaped Fe films.
For the first time, adsorbate induced reorientation transitions in Fe films on Cu(100)
could be imaged in-situ. A strong dependence of the magnetic anisotropy of the film on
oxygen, NO and CO coverage was found. The observed shift of the spin reorientation
transition was found to depend on the adsorbate itself and on the adsorption geometry.
It is attributed to a modification of the electronic structure on the film surface by the
adsorbates. The data therefore underline the dominant role of the film-vacuum interface
for the magnetic properties of the film. Thus, the usual picture of a balance between
the surface and volume anisotropy as the determining factor for the orientation of the
easy axis of magnetization is supported. Within a phenomenological anisotropy model

the observed changes in the critical thickness can be explained by a modified surface
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anisotropy constant K;_,... A value for the CO covered Fe film of K;_,4. = 0.63 mJ/m?
was determined from the Fe thickness selective reorientation upon CO adsorption.
Thermally induced changes of the reorientation transition are found to be partly re-
versible and partly irreversible. The reversible contribution is attributed to a temper-
ature dependence of the anisotropy constants and is found to increase linearly with
temperature in the range below 300 K. Irreversible contributions are most likely due to
thermally activated structural changes in the film. The increase of the critical thickness
up to an annealing temperature of 220 K can be attributed to a surface smoothing found
by variable temperature STM.

The magnetic after-effect of Fe/Cu(100) was measured with MOKE and Kerr microscopy
by recording time dependent magnetization curves upon application of a constant ex-
ternal magnetic field smaller than the coercive field. From these experiments the
Barkhausen length could be determined as a function of the temperature. It was found
to increase linearly with temperature, from 80 nm at 120 K up to 234 nm at 270 K.
These values are by far larger than the Fe island size at the same temperature. The
susceptibility of the spin reorientation transition in LT grown Fe/Cu(100) to adsorbate
coverage and thermal treatment therefore underlines the delicate balance between elec-
tronic and structural properties on one hand, and magnetic properties on the other
hand.

In the future, the influence of the nature of the electron transfer between adsorbate
and substrate will be studied in more detail by using alkali metal adsorbates which are
known to donate electrons into the film. For a better understanding of the adsorbate
induced changes on the film structure additional surface analysis techniques, such as
LEED or x-ray diffraction (XRD), are needed. The combination of Kerr microscopy
with STM, MOKE and MFM for magnetic and structural characterization, as demon-
strated in this work, is a powerful technique to study magnetic domains, the structure
and the magnetic reversal process of ultrathin films. The high sensitivity and stability
of the Kerr microscope can be used to observe changes in the magnetization during the
experiment without background substraction at much higher speeds. The combination
of Kerr microscope and MFM, as shown in this work, could be improved by placing the
MFM tip in the field of view of the Kerr microscope to guide the tip to the region of
interest on the film. The limited resolution of the optical microscope was successfully
extended by the MFM to resolve domains structures in the nanometer range. However,
also the spatial resolution of MFM remains restricted to some 10 nm [188]. Further
improvements will be achieved by using advanced tip technologies, e.g. via focused ion

beam milling [189] or electron beam induced deposition (EBID). The ultimate resolu-
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tion of the microscopic technique can be achieved by a spin polarized scanning tunneling
microscope (SP-STM) [190,191]. It gives the unique ability to observe directly the in-
terplay between atomic structure and magnetism in the subnanometer scale [192]. The
extension of our existing setup by such a SP-STM expands the imaging range and the

versatility considerably.
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Abbreviations and common

AF
AFM
CO
EBID
LEED
LT
MAE
MBE
MFM
MMF
MO
MOKE
NA
NC-AFM
NO
PSEE
ROT
RT

SEM
SEMPA
SPSEES
SP-STM
STM
TDS
UHV
UPS
XRD

Antiferromagnetic

Atomic Force Microscopy

Carbon Monoxide

Electron Beam Induced Deposition
Low Energy Electron Diffraction

Low Temperature

Magnetic Anisotropy Energy
Molecular Beam Epitaxy

Magnetic Force Microscopy
Multimode Fiber

Molecule Orbital

Magneto-Optical Kerr Effect
Numerical Aperture

Non-Contact Atomic Force Microscopy
Nitric Oxide

Polarized Secondary Electron Emission
Reorientation Transition

Room Temperature

Scanning Electron Microscopy

Scanning Electron Microscopy with Spin Analysis

symbols

Spin-Polarized Secondary Electron Emission Spectroscopy

Spin Polarized-Scanning Tunneling Microscopy
Scanning Tunneling Microscopy

Thermal Desorption Spectroscopy

Ultra-High Vacuum

Ultraviolet Photoemission Spectroscopy

X-Ray Diffraction



104 ABBREVIATIONS AND COMMON SYMBOLS

a lattice constant

bce body centered cubic

Er Fermi energy

eV electron volt leV = 1.602- 107 J
€ strain

fcc face centered cubic

fct face centered tetragonal

fue magneto-crystalline anisotropy energy
Jue magneto-elastic anisotropy energy
fshape shape anisotropy energy

fsurt surface anisotropy energy

frot total anisotropy energy

H, coercive field

H,., saturation field

H,., reversal field

Hy. pre-magnetization field

Kg surface anisotropy constant

lp Barkhausen length

L Langmuir 1L = 1-10"%torr - s
T, annealing temperature

terit critical thickness of spin reorientation transition

t film thickness
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