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Abstract

In this thesis, the growth, structure, magnetic anisotropy, g-factor, and Gilbert damping
of thin Fe films grown on GaAs (110) and GaAs (100) are investigated using in situ
ferromagnetic resonance (FMR), low energy electron diffraction, and Auger electron
spectroscopy as a function of time, capping layer, and substrate doping. The time evolution
of magnetic anisotropy and the surface morphology of uncapped Fe films of different
thicknesses under ultra-high vacuum conditions is quantified. Reversal of in-plane uniaxial
anisotropy as a function of time is observed at room temperature in 4 nm Fe/GaAs (110).
While for other thicknesses, a gradual decrease of in-plane uniaxial anisotropy with time (1-
5% per 24 hours for 1 and 2 nm) is observed. As the thickness of the film reduces, interface
effects play a major role, and consequently, there is a lesser modification of magnetic
anisotropy. On the other hand, Fe film grown on GaAs (100) having the same thickness of
4 nm shows a negligible change of magnetic anisotropy over time. It is demonstrated that
the time stability of Fe film under vacuum conditions is correlated with the substrate

orientation and the thickness.

The effect of Ag/Pt cap layers on the magnetic anisotropy, g-factor, and Gilbert
damping parameter of 5 nm Fe film grown on GaAs (100) is studied. Angular-dependent
and frequency-dependent ferromagnetic resonance measurements were performed to
determine the mentioned properties. A significant reduction of the out-of-plane anisotropy
(78%) is observed after capping Fe with Ag and Pt. The surface anisotropy and spin-orbit
coupling are modified after capping Fe with Ag, which in turn alters the magnetic properties
of laying Fe film. It is illustrated that the change in the Gilbert damping is correlated with
the simple model proposed by Grate, which describes a proportional relation between Gilbert
damping parameter ‘o’ and density of states of ferromagnetic film. Uncapped Fe film
showed an enhanced g-factor (3.7%) with respect to bulk Fe in [100] direction due to
increased orbital moment at the surface. The Ag capping layer significantly suppresses the
surface states, and the g-factor is reduced to bulk value (g = 2.09). The capping with the
heavy metal Pt even after 2 nm of Ag can modify the magnetic relaxation mechanism by

spin pumping (injecting pure spin current from Fe into Pt) since the spin diffusion length of



Ag is very high (132-152 nm) [1]. All these effects occurring at the Pt/Ag/Fe interface
ultimately amend the electronic structure of Fe film, tailoring the magnetic anisotropy, g-

factor, and damping mechanism.

Finally, the Pt/Ag/Fe/GaAs (110) heterostructure was studied for three different
doping types of GaAs substrate (undoped, p-doped, and n-doped) using ex situ FMR. The
influence of substrate doping on the magnetic properties, e.g., magnetic anisotropy, g-factor,
and Gilbert damping, is determined using an angular- and frequency-dependent FMR. It is
verified that the type of doping inside substrate can determine the deviation of magnetic
properties of ferromagnetic film grown on top of it. The in-plane uniaxial anisotropy is
significantly changed (55-85%) with the type of substrate doping. On the other hand, no
dependence of the g-factor on the type of doping was found in these heterostructures. In
addition, the intrinsic damping or ‘o’ was found to be reduced by 20% in the p-doped sample
with respect to the undoped sample. The origin of these minor effects might be due to spin-
orbit interaction at Fe/substrate interface, which is modified after doping the substrate. The
electronic property of the semiconductor is directly affected by the doping concentration,
and this can alter the electronic structure at Fe/GaAs interface resulting in the change of

Gilbert damping.



Zusammenfassung

In dieser Arbeit werden das Wachstum, die Struktur, die magnetische Anisotropie, der
g-Faktor und die Gilbert-Dampfung von dinnen Fe-Filmen, die auf GaAs (110) und GaAs
(100) gewachsen sind, mit Hilfe von in situ ferromagnetischer Resonanz (FMR),
Niederenergie-Elektronenbeugung und Auger-Elektronenspektroskopie als Funktion der
Zeit, der Deckschicht und der Substratdotierung untersucht. Die zeitliche Entwicklung der
magnetischen Anisotropie und der Oberflaichenmorphologie von ungedeckten Fe-Filmen
unterschiedlicher Dicke unter Ultrahochvakuumbedingungen wird quantifiziert. Die
Umkehrung der in-plane uniaxialen Anisotropie als Funktion der Zeit wird bei
Raumtemperatur in 4 nm Fe/GaAs (110) beobachtet. Bei anderen Schichtdicken ist eine
graduelle Abnahme der in-plane uniaxialen Anisotropie mit der Zeit zu beobachten (1-5 %
pro 24 Stunden fir 1 und 2 nm). Mit abnehmender Schichtdicke spielen die
Grenzflacheneffekte eine groRere Rolle, so dass sich die magnetische Anisotropie weniger
stark verandert. Andererseits zeigt ein Fe-Film, der auf GaAs (100) mit derselben Dicke von
4 nm gewachsen ist, eine vernachlassigbare Anderung der magnetischen Anisotropie im
Laufe der Zeit. Es wird gezeigt, dass die Zeitstabilitit des Fe-Films unter

Vakuumbedingungen mit der Substratorientierung und der Dicke korreliert.

Die Wirkung von Ag/Pt-Deckschichten auf die magnetische Anisotropie, den g-Faktor
und den Gilbert-Dampfungsparameter von 5 nm Fe-Film, der auf GaAs (100) gewachsen ist,
wird untersucht. Es wurden winkelabh&ngige und frequenzabhéngige ferromagnetische
Resonanzmessungen durchgefuhrt, um die genannten Eigenschaften zu bestimmen. Eine
signifikante Verringerung der out-of-plane Anisotropie (78%) wird nach der Beschichtung
von Fe mit Ag und Pt beobachtet. Die Oberflachenanisotropie und die Spin-Bahn-Kopplung
werden nach der Bedeckung von Fe mit Ag verandert, was wiederum die magnetischen
Eigenschaften des Fe-Films verandert. Es wird gezeigt, dass die Veranderung der Gilbert-
Dampfung mit dem einfachen Modell von Grate korreliert, das eine proportionale Beziehung
zwischen dem  Gilbert-Dampfungsparameter o und der Zustandsdichte des
ferromagnetischen Films beschreibt. Der nicht abgedeckte Fe-Film zeigte einen erhéhten g-

Faktor (3,7 %) in Bezug auf das Fe-Volumen in [100]-Richtung aufgrund des erhéhten



Bahnmoments an der Oberflache. Die Ag-Deckschicht unterdriickt die Oberflachenzustande
erheblich, und der g-Faktor wird auf den Bulk-Wert reduziert (g=2,09). Die Bedeckung mit
dem Schwermetall Pt kann sogar nach 2 nm Ag den Mechanismus der magnetischen
Relaxation durch Spin-Pumping (Injektion von reinem Spinstrom aus Fe in Pt) verandern,
da die Spindiffusionslange von Ag sehr grof3 ist (132-152 nm) [1]. All diese Effekte, die an
der Pt/Ag/Fe-Grenzflache auftreten, verédndern letztendlich die elektronische Struktur des
Fe-Films und passen die magnetische Anisotropie, den g-Faktor und den

Dé&mpfungsmechanismus an.

SchlieRlich wurde die Pt/Ag/Fe/GaAs (110)-Heterostruktur fir drei verschiedene
Dotierungstypen des GaAs-Substrats (undotiert, p-dotiert und n-dotiert) unter Verwendung
von ex situ FMR untersucht. Der Einfluss der Substratdotierung auf die magnetischen
Eigenschaften, wie die magnetische Anisotropie, den g-Faktor und die Gilbert-Dampfung,
wird mit winkel- und frequenzabhéngige FMR bestimmt. Es wird nachgewiesen, dass die
Art der Dotierung im Substrat die Abweichung der magnetischen Eigenschaften des darauf
gewachsenen ferromagnetischen Films bestimmen kann. Die in-plane uniaxiale Anisotropie
wird durch die Art der Substratdotierung erheblich verandert (55-85%). Andererseits wurde
bei diesen Heterostrukturen keine Abhéngigkeit des g-Faktors von der Art der Dotierung
festgestellt. Dariiber hinaus wurde festgestellt, dass die intrinsische Dampfung oder "a" in
der p-dotierten Probe um 20 % geringer ist als in der undotierten Probe. Der Ursprung dieser
geringfugigen Effekte konnte auf die Spin-Bahn-Wechselwirkung an der Fe/Substrat-
Grenzflache zuriickzufuhren sein, die nach der Dotierung des Substrats verandert wird. Die
elektronische Eigenschaft des Halbleiters wird direkt von der Dotierungskonzentration
beeinflusst, und dies kann die elektronische Struktur an der Fe/GaAs-Grenzflache verandern,

was zu einer Anderung der Gilbert-Dampfung fiihrt.
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Introduction

1 Introduction

Over the Ilast three decades, the interest in ferromagnetic-semiconductor
heterostructures has raised dramatically not only for the fundamental understanding of
magnetism in ultrathin films but also for spintronics devices [2-6]. The discovery of several
phenomena in ultrathin ferromagnetic films such as giant magnetoresistance (GMR),
tunneling magnetoresistance (TMR), and spin injection has led to the development of new
device concepts [7-9]. Fe/GaAs heterostructure is considered a promising candidate and has
been extensively studied so far for spintronics devices. Formation of the Schottky tunnel
barrier across the Fe/GaAs interface [10] enables spin injection leading to the development
of spin transistors [11] and spin light-emitting diodes [12]. In addition, a robust spin-orbit
torque found at a single crystalline Fe/GaAs (001) interface at room temperature [13],
enabling spin-to-charge current conversion, facilitates efficient electrical magnetization

manipulation.

Furthermore, this large spin-orbit fields at the Fe/GaAs (001) interface can be
controlled with an electric field [ 14], which means that the electric field in a Schottky barrier
can modify spin-orbit magnetic fields. The latter effect can be utilized in developing spin-
orbit torque devices with low power consumption. A unique feature of the Fe/GaAs system
from a fundamental point of interest is the observation of in-plane uniaxial anisotropy along
with four-fold cubic anisotropy, which gives rise to spin reorientation in ultrathin films [15,
16]. The observation of anisotropic Gilbert damping in ultrathin Fe/GaAs (001) films [17,
18] is another distinctive property that helps to understand the magnetization relaxation

mechanism in such systems.

GaAs is a compound semiconductor having a zinc blende cubic structure
(aGaas = 5.65 A), as shown in Figure 1.1 with a direct bandgap of 1.4 eV at 300K. GaAs
(001) surface exhibits a wide range of reconstructions involving significant rearrangement
of surface atoms, determining the surface and subsequent film properties. On the contrary,
GaAs (110) surface shows no surface reconstruction but rather a bulk-like termination with
zigzag chains of alternating Ga and As atoms and dangling bonds. GaAs (100) surface can

be either Ga- or As-terminated depending on the substrate preparation. GaAs (001)
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reconstructions can be pretty complex, and only a few surface science techniques are

sensitive enough to precisely determine atomic arrangements in

[001] }
|

(001)

[007] S~ [ [111]

@® Gaatom -
O Asatom * 1]
P[177]

Figure 1.1 Zinc blende crystal structure of GaAs showing crystallographic directions and

planes. The inset details the directions of the tetrahedral bonds on a Ga atom (taken from

[19]).

surface/subsurface layers. Several reconstructions may have the same surface periodicity
making them almost indistinguishable by techniques like low-energy electron diffraction
(LEED) and reflection high energy electron diffraction (RHEED). In such cases, scanning
tunneling microscopy (STM) studies are indispensable to determine the surface structure
reliably. Domains of different reconstructions may coexist on a sample, especially if they are

close in energy [19].

Fe is a ferromagnetic metal having a BCC structure (are=2.87 A) with a Curie
temperature of 770 °C. In bulk a-Fe at room temperature, the saturation magnetization M
is 1714 kA/m and a magnetic moment of 2.22 ug per atom. The magnetic easy, intermediate,
and hard axis lies along <001>, <011>, and <111> directions, respectively. Since the atomic
magnetic moments depend on the atomic coordination and hybridization, the magnetic
moment of thin films significantly differs from the respective bulk value. For example, Fe
films deposited on GaAs (001) substrate can exhibit a significantly reduced average

magnetic moment due to intermixed interfacial layer and As out-diffusion [20].
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The epitaxial growth of Fe film on GaAs (100) was first reported by Waldrop and
Grant [21]. They attributed this epitaxial growth to the fact that the lattice mismatch between
Fe and GaAs is only 1.4%. However, this lattice mismatch also gives rise to epitaxial strain
at the interface causing tetragonal distortions in the Fe film. Welder et al. [22] showed the
evolution of stress during the epitaxial growth of Fe film on GaAs (001). Their results
indicate additional tensile interface stress with compressive misfit stress, which increases

with film thickness and falls in thicker films.

The reconstruction of the GaAs substrate depending on the different arrangement of
the surface atoms significantly affects the initial growth and morphology of Fe film grown
on it. Ga-rich surface, e.g. (4x6), c(8x2), (4x2) reconstructed GaAs (001), and GaAs (110)
follow Volmer-Weber growth where nucleation of 3D islands due to large interface energy
proceeds with quasi-layer-by-layer growth. On the other hand, in As-rich surfaces, e.g., a-
(2x4) and c-(4x4), the growth proceeds via nucleation of 2D islands followed by layer-by-
layer growth. Depending on the growth temperature and GaAs surface reconstruction, the
Fe-As-Ga compound or intermediate layer is formed at the interface [23]. The width of this
intermixed or reacted layer, also called the dead layer (no magnetization), increases with
substrate temperature during growth, and its lattice constant is larger than both ar. and acaas
[24]. Theoretical calculations show that for low coverages Fe atoms prefer bonding with As

over Ga, and Fe atoms prefer to be highly coordinated [25].

The out-diffusion and surface segregation during Fe deposition on GaAs (001) was
reported by Sano and Miyagawa [26], where they measured AES intensities as a function of
Fe film thickness and substrate temperature (300-573 K). Their findings indicate diffusion
of both Ga and As atoms from the substrate and segregation on the film surface, but As is
more pronounced than Ga at the same substrate temperature. However, they also claimed
that this segregation could be easily removed by sputter etching, and resegregations do not
occur after that. Theoretical studies suggest that As out-diffusion or segregation can occur

even at 0 K, while Ga out-diffusion or segregation only occurs at higher temperatures [27].

Xu et al. [28] first proposed the evolution of the ferromagnetic phase in ultrathin Fe
films grown on GaAs (100)-4x6. They suggested that the initial growth of Fe film up to
3.5 ML thickness proceeds in the nucleation of small, isolated islands, giving a non-magnetic

phase. However, these islands grow continuously in 3D mode to form bigger clusters, and

3
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the exchange interaction within these clusters is strong enough, leading to internal
ferromagnetic ordering, which leads to the superparamagnetic phase. This
superparamagnetic phase is present for the thickness up to 4.4 ML (see Figure 1.2). After
this thickness, the clusters coalesce together to form a continuous film with a long-range
ferromagnetic order confirmed by the appearance of a clear LEED pattern at 6 ML. This
indicates that the transition from superparamagnetism to ferromagnetism is a percolation

phase transition within the film.

The magnetic anisotropy of bulk Fe is dominated by cubic anisotropy (4.7x10* J/m?).
However, with decreasing thickness of Fe film, it is generally found that the uniaxial
anisotropy contribution becomes dominant over a four-fold cubic contribution. This uniaxial
anisotropy in the initial stages (~8 ML) of film growth mainly arises from interfacial
mechanism (surface reconstruction of GaAs), giving uniaxial easy axis along [110] direction
for Fe/GaAs (001). The superposition of uniaxial anisotropy on cubic anisotropy in ultrathin
limit causes in-plane reorientation of the easy and hard axis. This reorientation occurs below
a critical thickness of 6-8 ML for Fe/GaAs (001) [16, 29] and 20-24 ML for Fe/GaAs (110)
[15].

Several in situ studies have been performed to analyze the structural and magnetic
properties of uncapped Fe films grown on GaAs (001) and GaAs (110) [30, 31]. Gillingham
et al. [32] reported smoothening of uncapped Fe islands grown on GaAs (100) over 30 hours.
On the contrary, Godde et al. [30] did not find a change in the surface morphology of either
(001) or (110) uncapped Fe films grown at room temperature over 40 hours after deposition.
These contradictory results on the same system can arise from different procedures applied
during substrate preparation (the pressure during deposition is not mentioned for both
samples). Secondly, the thickness range where smoothening was observed was far below one
for the films in which no change in the surface morphology is reported. Therefore, it is
crucial to understand the stability of surface morphology within different thickness range to
know the critical thickness where the film surface is not affected over time. Furthermore, the
influence of these time-dependent changes occurring on the film surface on the magnetic
properties of Fe has never been measured under UHV conditions. Therefore, in this thesis
the structural and magnetic properties of Fe film of different thickness grown on GaAs (100)
and GaAs (110) as a function of time under UHV conditions at room temperature has been

measured using LEED, AES and FMR. It has been found that Fe film sustains its crystal
4
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structure at room temperature with time on both substrate orientations. However, the
magnetic stability of Fe/GaAs (110) is affected, while Fe/GaAs (100) remains magnetically

stable over time period of several tens of hours.

Coverage Morphology Magnetic phases

0
I Nonmagnetic
3.5ML
Superparamagnetism
4.8ML

Ferromagnetism

Figure 1.2 Correlation between the coverage, morphology, and magnetic phase of Fe films

grown on GaAs (001)-4x6 substrate at room temperature [28].

A variety of experimental studies were carried out on capped Fe thin films using ex
situ techniques [17, 33, 34], and few works were performed on uncapped Fe films using in
situ techniques [31, 35, 36]. Therefore, it is necessary to study the same sample with and
without the capping layer in situ under vacuum conditions to understand the influence of
non-magnetic or metal capping on the magnetic properties of Fe film. Therefore, a 5 nm Fe
film grown on GaAs (100) with and without capping layer has been measured in situ by
FMR to study the influence of the capping layer on the magnetic anisotropy, g-factor, and
damping of Fe film. These measurements reveal a significant change in the surface
anisotropy of Fe film after capping with Ag and Pt. Furthermore, the magnetic relaxation,
including different damping contributions (intrinsic and extrinsic), also changes with Ag and

Pt capping.

Finally, the Pt/Ag-capped Fe films grown on GaAs (110) substrate with different
doping of GaAs were studied using ex situ FMR. The influence of substrate doping on the
magnetic anisotropy and damping of Pt/Ag/Fe/GaAs (110) heterostructure was observed by

5
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measuring multifrequency FMR up to 40 GHz. A significant modification of in-plane
uniaxial magnetic anisotropy has been observed in doped substrate sample with respect to
undoped sample. Although the g-factor was found to be isotropic (no dependence on the type
of doping), Gilbert damping showed a small change with substrate doping at different
crystallographic directions of the film.

The thesis is organized as follows: Chapter 2 includes the theoretical aspects of the
magnetic anisotropy and magnetization dynamics to provide a relevant background for this
thesis. Chapter 3 provides a short overview of the different experimental techniques which
have been utilized during this work. The experimental results and discussion of structural
and magnetic characterization of Fe/GaAs (100) and Fe/GaAs (110) as a function of time at
different thicknesses are presented in chapter 4. It also compares the time-dependent
magnetic stability of Fe/GaAs (100) and Fe/GaAs (110) systems. The influence of the
capping layer on the magnetic properties of Fe/GaAs (100) is discussed in chapter 5.
Chapter 6 presents the effect of substrate doping on the structural, chemical, and magnetic
properties of Pt/Ag/Fe/GaAs (110) heterostructure. Finally, chapter 7 conveys the major

conclusions of the work and gives a short future outlook.



Fundamentals

2 Fundamentals

In this chapter, the fundamental aspects of ferromagnetism in thin magnetic structures
relevant to the analysis of the experimental results obtained in this thesis are summarized.
First, the different contributions to the magnetic anisotropy are discussed. Then, the equation
of motion, which describes the precession of magnetization M around an effective magnetic
field, is explained. Finally, the different contributions of the magnetic damping to the
relaxation mechanism and its relation to the ferromagnetic resonance linewidth are

described.

2.1 Magnetic anisotropy

Magnetic anisotropy is the dependence of magnetic properties on the direction of the
applied field with respect to the crystal lattice. Depending on the orientation of the applied
field with respect to the crystal lattice, lower or higher energy in the form of the magnetic
field is required to reach saturation magnetization. For example, for BCC Fe, the lowest
density of atoms is in the <100> direction, and consequently <100> is the easy axis. In
contrast, the atomic density is highest in <111> direction, and consequently <111> is the
hard axis. In between the easy, and the hard axis, there lies an intermediate axis in <110>
direction. The magnetization is not necessarily parallel to the applied field unless H is
applied in an easy axis. The magnetization direction is given by the equilibrium condition,
where the total energy of the material is minimal. The magnetic anisotropy energy (MAE)
is the energy to rotate the magnetization of a single magnetic domain from its easy axis to
the hard axis. In general, the magnetic anisotropy can be generated from the shape of the
sample or can be induced by an external means e.g., during film growth, applying field
during deposition, by irradiation, from substrate lattice mismatch, etc. The MAE is typically
a small contribution on the order of a few peV/atom to the total (several eVV/atom) of a cubic
crystal [37]. The physical origin of the magnetic anisotropy energy is the interaction of the
mean exchange field and the orbital moment of the atoms in the lattice. This is referred to as

spin-orbit coupling. The only other mechanism responsible for the creation of magnetic
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anisotropy is the dipole-dipole interaction which is responsible for shape anisotropy. It

depends entirely on the sample shape.

Let’s assume a small ferromagnet (single domain), inside which all the magnetization
Is pointing in the same direction. The energy of this ferromagnetic material in the absence

of an external field is dominated by anisotropy energy described by:

E, = Ksin?6
(2.1)

where K is the anisotropy constant with a unit of energy per unit volume (J/m?3), and @ is
the angle between the magnetization M and easy axis. Now when the external magnetic field
H is applied to the ferromagnet, the magnetization is pulled towards the field direction.

Therefore, the total energy of the magnetization is given by

E = Ksin?8 — uyMH cos(¢p — 0)
2.2)

where (¢ — ) is the angle between H and M.
H

» easy axis

Figure 2.1 Schematic drawing of magnetization, applied field, and easy axis for a material.

2.1.1 Intrinsic anisotropy

The direct source of magnetic anisotropy is the spin-orbit coupling, which couples the
spin to the orbital motion of an electron in a crystal structure. This coupling is generally a
weak interaction. When the spin is reoriented by applying an external magnetic field, the

orbit also tries to orient. However, the orbit resists rotating the spin axis due to the strong
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interaction between orbit and lattice. The energy required to overcome this spin-orbit
coupling, i.e., rotate the spin system from its easy axis, is called the anisotropy energy. The
orbital angular momentum for 3d ions in a perfect cubic crystal is quenched. The magnitude
of the spin-only moment is m = gugS, with g = 2. However, in thin films, a significant
orbital moment appears due to reduced symmetry of the distorted lattice, which contributes

to the spin-orbit coupling and, consequently, the anisotropy energy of the system.

The spin-orbit interaction leads to a coupling between magnetization and the atomic
lattice of the material. Therefore, the interaction varies accordingly to the crystal structure.
It is shown by a perturbation theory approach [38] that the anisotropy energy is proportional

to the difference of orbital moment Ay, in easy and hard direction:

§
MAE = ¢— -
¢ 4/13 |.uL easy U hard|

(2.3)

where the parameter ¢ depends on the band structure and the magnitude of the orbital

moment, £ is the spin-orbit coupling constant.

2.1.2 Dipole-dipole interaction

Another source of magnetic anisotropy is the interaction between magnetic dipole

moments u; and u; placed at a distance of 7;; given by:

5
T 2

B (ﬁi i 3(7y - i) - (7 'ﬁj))
Edip - -
ij

. W

(2.4)

The second term in equation 2.4 shows that the dipole energy depends on the orientation of
the magnetic moment with respect to the distance between them. The dipole energy is the
lowest when the magnetization M points parallel to r;; and it costs energy to rotate the two
dipole moments perpendicular to the 7;; axis. Shape anisotropy derives from the

demagnetization field, which depends on the geometry of the sample. The demagnetizing
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fields originate from a non-spherical sample where it is easier to magnetize along a long axis
than a short axis. The demagnetization field H; in a simple case for an ellipsoid can be

expressed as:
Hy = —N;iM,i,j=X,Y,1 (2.5)

where JV;; is the demagnetizing tensor, which is generally represented by a symmetric 3 X 3
matrix with diagonalized v (Nx + N, + N, = 1). The magnetic anisotropy can be induced
by applying stress or by depositing or annealing the sample in a magnetic field to create a
micro-scale texture. The magnitude of the stress-induced anisotropy is K, = %o/ls, where
o is the uniaxial stress and A is the saturation magnetostriction (1, ~ —7 x 107 for Fe)
[39]. The effect of tension on a single crystal or a thin film is to create a preferred direction
of magnetization parallel to the direction of applied stress. A small strain may give rise to a
significant anisotropy contribution. Therefore, it becomes more important in epitaxial
structures, where film and the substrate have slightly different lattice parameters. The lattice

mismatch between film and the substrate gives rise to a significant uniaxial anisotropy in
thin films, specifically in the ultrathin limit.

The magnetic anisotropy energy density

Phenomenologically, the easy direction of magnetization is determined by minimizing

the free energy density F, which is expressed as:

F=Fe +Fy+Fy +Fcoupl + Fre.
(2.6)

where F,,. is the Zeeman energy, F,, is the anisotropy energy density, F; is the
demagnetization energy as described by equation (2.5), Fc.y,y; IS the exchange energy which
Is connected to the spatial inhomogeneity of the magnetization, and E,, .. is the magneto-

elastic energy, which is a function of the direction of the magnetization and the stresses.

Zeeman part is generated by an external magnetic field F,., = —M - B. For a cubic crystal,

the anisotropy energy density in terms of the power of directional cosines can be written as:

Feup = Ko + Ky(aiaZ + aias + aza3) + Ks(aiajas)

10
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2.7)

Here K, K4, and K are the anisotropy constants and a; = (%) i = 1,2,3 is the directional

cosines with M; as the projection of magnetization on the i crystal axis. K, being the
isotropic part is generally neglected, and only higher-order terms are considered. If all the

directional cosines are expressed in spherical coordinates
aq = sin 8 cos ¢,

a, = sin @ sin ¢, and

az = cos 6
(2.8)
The free energy of a cubic system is written as:
1
F..p = K4sin? 0 — §K4(cos 4¢ + 7) sin* 6
(2.9

Here 6 is measured out-of-plane i.e., against the [001] direction, and ¢ is measured in the
in-plane i.e., against the [100] direction as shown in Figure 2.2. Equation 2.9 is valid for a-
Fe in the bulk symmetry. This means that the crystal anisotropy in bulk Fe, unlike thin film,
Is truly cubic (K, = K,,). Figure 2.3 (a) shows the free energy surface of the fourfold
anisotropy with the crystal directions marked in easy <100>, intermediate <110>, and hard
<111> axis for Fe. In the absence of an external magnetic field, the magnetization lies along
the easy axis (100) direction. Along with fourfold cubic anisotropy, there exists uniaxial
anisotropy in thin films in both in-plane and out-of-plane direction, which can be described

as.
E! = K, sin? 8 cos?(¢p — &)

E} =K, sin?8

(2.10)

11
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Figure 2.2 Schematic representation of the coordinate system for the film planes.

where § is the angle between the easy axis of uniaxial in-plane direction with respect to the
easy axis of cubic in-plane direction. Figure 2.3 (b) shows the free energy surface of the two
fold uniaxial in-plane anisotropy for the Fe crystal system. The uniaxial anisotropy
contribution becomes significant in the case of ultrathin films since it originates from strain
induced at the surface and interface of the film. Thus, the total intrinsic anisotropy of a thin
film can be divided into volume and surface contribution depending on the thickness ‘d” of
the film

Ks,eff
Ki == Klv + ld

(2.11)

Here K>/ = gFsubstrate 4 gsvacuum contains both surface contributions from the

substrate surface and interface as well as vacuum surface. d is the thickness of the film.
Usually, 2K/ is taken since there are two surfaces, and it is difficult to separate the
contributions from both properly. Note that this is an energy density and K is a constant
contribution originating from the inner part of the sample. The subscript i stands for various

contributions mentioned in equation 2.6, 2.18, and 2.109.

12
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Figure 2.3 Free energy surface of a cubic system with (a) K, > 0, (b) uniaxial in-plane

anisotropy with K, > 0. The color scale does not contain any physical information.

There is a temperature dependence of all the anisotropy energies depending on several
factors, for example, thickness. The general temperature dependence of anisotropy according
to the Callen-Callen model [40] is given by

KT M) T
K0 * MO

(2.12)

where i is the order of the constant. Therefore, uniaxial anisotropy K, o< M3(T) and cubic

anisotropy K, o< M*°(T).

2.2 Landau-Lifshitz-Gilbert equation
The motion of the magnetization M around its equilibrium position is described by the

Landau-Lifshitz-Gilbert (LLG) equation [41]:

(2.13)

13
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Figure 2.4 Trajectory of magnetization according to equation 2.13 [42].

The first term in the right-hand side of equation 2.13 represents the precession of the
magnetization around effective magnetic field B, ¢ which includes the driving rf-microwave
field (trajectory shown in Figure 2.4), the demagnetizing field, the external field, and the
anisotropy field. The second term on the right-hand side represents the damping, which

pushes the precession back to its equilibrium position. « is the damping parameter and is

related to the Gilbert damping parameter G according to

G

(2.14)

giB

where y is the gyromagnetic ratio given by e where g is spectroscopic splitting factor,

usually called the g-factor (in general the g-tensor). The g-factor describes the ratio of spin

and orbital momentum:

Hy
g =2(—+ 1)
Us

(2.15)
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2.3 Ferromagnetic resonance

Ferromagnetic resonance (FMR) is the resonant absorption of external electromagnetic
radiation in a ferromagnetic substance [43]. The measurement technique is analogous to
Electron spin resonance (ESR) or Electron paramagnetic resonance (EPR). On applying an
external magnetic field to paramagnetic material, the separation between energy levels of an
unpaired electron spin increases and the resonance occurs when the frequency of microwave
matches with the energy difference AE = h¥ = gugB (Zeeman effect). Here g is the g-
factor described in section 2.2. However, the resonance in ferromagnet differs from
paramagnet or isolated atom. EPR deals mainly with individual isolated atoms (spin or
orbital moment), which are weakly interacting, whereas FMR deals with a complex system
of strongly interacting electrons (exchange-coupled spins) [43]. When the magnitude and
orientation of the magnetization inside a ferromagnetic crystal change, the resonance

condition can be significantly changed. The most common form of resonance condition is

gUp
wo = ¥YBers, ¥ = o

(2.16)

Therefore, the resonance condition can be experimentally observed either by keeping
the external field constant and varying the microwave frequency or by keeping the
microwave frequency constant and varying the magnetic field. The latter case is adopted in
this work (also at different f < 40 GHz). Since B, depends on the crystal symmetry, the
shape of the sample, direction of the external field, and magnetization direction, the magnetic
anisotropy contributions can be determined by analyzing the resonance field. The resonant
absorption line is also characterized by its intensity and linewidth (AB), which is the full-
width at half maximum (FWHM) of the absorbed signal. The linewidth gives information

about the relaxation process (magnetic damping) inside the ferromagnet.

Smit and Beljers [44] have suggested a very convenient method to determine the
resonance frequency of FMR. They took spherical coordinate system where the orientation

of the magnetization M is defined by polar and azimuthal angle ¢ and 6, respectively. The
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resonance frequency is given by the double derivatives (Fea, F¢,¢,) of the anisotropic part of
the magnetic free energy density F after the spherical coordinates:

__ 2 2
= 3sing (ooTo0 = Fop)?

(‘)res

(2.17)

In this approach, the sample is assumed to be homogeneously magnetized, and
dynamical effects (damping) are neglected. This means the precession of magnetization is
described by only the first term in LLG equation 2.13. In the FMR experiment, F is varied
by sweeping the external magnetic field at a constant microwave field, which perturbs the
magnetization. The field at which resonance frequency matches the employed microwave
frequency is called the resonance field B,.s = uoH,. The characteristic feature of the
resonance frequency in a single crystal is that it depends on the angle of the magnetizing
field with respect to the crystallographic axes. This dependence is caused by
magnetocrystalline anisotropy. At a fixed microwave frequency, the resonance field B, is
lowest near the easy axis of the magnetization and highest in the hard axis. This change
defines the anisotropy energy of the system, which comes from the crystal structure, as
explained in section 2.1. In a ferromagnetic thin film (Fe/GaAs used in this work) having a

BCC structure containing tetragonal distortion, the free energy F is given by:
For Fe (100)

F=—M-B(sinf - sin0z - cos(¢p — ¢g) + cos 0 cos 0g) + Ky sin? 0 cos?(¢p — 6)
1 1
— 51(4"(3 + cos 4¢) sin* 6 — (E,uOMZ — K2l> sin? 0
(2.18)

For Fe (110)

F =—M - B(cos 8 cos 05 + cos(¢p — ¢g) sin 0 sin0z) + Ky sin? 6 cos*(¢p — &§)

1 . 1
+ ZK4" <cos40 + sin%20 (cosqu — Esm2¢>>

1
+ (sin*6 = (sin*¢ + sin22¢))> + (E,uOMZ — KZJ.) cos? 8
(2.19)

Here 65 and ¢ are the polar and azimuthal angle of external field B with respect to [001]

and [100]-direction, respectively. § is the angle between the easy axis of uniaxial in-plane
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anisotropy K, and easy axis of in-plane cubic anisotropy K. K,, is the out-of-plane
uniaxial anisotropy. The coordinate system for the film used in this work is shown in Figure
2.2.

The anisotropy field u,H, = 2K,, /M in Tesla can be determined by measuring the
angular dependence of the resonance field B, at a fixed microwave frequency and fit the
data with equation 2.17 evaluated at equilibrium angles of the magnetization 8 and ¢. When
the external magnetic field is oriented along the film plane, the resonance field can be
simplified as equations (2.18) and (2.19). These equations are valid for samples with
saturated magnetization, which means the field applied is enough to align all the magnetic
moments parallel to the equilibrium angle of the magnetization (saturated or linear mode).
When the magnetization of the sample is not fully saturated, a small signal (lower intensity)
is observed at lower fields called unsaturated or non-linear mode. Equation 2.20 and 2.21
indicates that f2 versus B,.., makes a parabolic function. Therefore, the g-factor of the film
(by using y from equation 2.16) can be determined by measuring the frequency-dependent
resonance field. This kind of measurement and analysis was performed in this work

described in chapter 5.

For B || [110] direction

(2)2(3 _M_ZKzn)(B M +@>
Y resll M M resll Ho eff M

(2.20)

For B |l [100] direction

(2)22(3 +M)(B M +ﬂ)
Y resl|| M resl|| Ho eff M

(2.21)

In typical FMR experiments, the absorption of microwave power as a function of the
external magnetic field is measured. Conventionally a resonance cavity is employed to
measure FMR. However, other ways can be used also, for example, using a coplanar
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waveguide where microwaves are transmitted through a microstrip line. The absorbed power
in the microwave set-up is directly proportional to the derivative of the imaginary part of

susceptibility dy”/dB. The relation between absorbed power and susceptibility is given by

P = 0.5wy"b?
(2.22)

where b is the amplitude of the microwave field. High sensitivity can be achieved at Eigen
resonance of the cavity when all the microwave power is absorbed, and there is zero
reflection, albeit in the ideal case. In reality, some power is always lost during transmission,

which is measured subsequently as the reflected power.

2.4  Magnetic relaxation

The resonance linewidth AH is a measure of relaxation processes inside a ferromagnet,
e.g., spin relaxation, spin fluctuation, and scattering. Two principal mechanisms are
responsible for magnetic relaxation: spin-lattice relaxation and spin-spin relaxation [45]. The
spin-lattice relaxation, also called intrinsic or viscous damping, is the direct energy
dissipation from the magnetic system to the thermal bath —an irreversible process. The spin-
spin relaxation is the energy scattering to the other spin-wave keeping the energy within the
magnetic spin system. Figure 2.5 illustrates both the processes during magnetization
dynamics. The uniform motion of the magnetization with k = 0 (uniform mode) in an FMR
experiment may scatter with energy dissipation into the thermal bath (path 1). It can also
scatter into non-uniform spin waves (path 2) with k # 0 — a reversible process. In the long
run, this energy also travels along path 3 into the heat sink. For both processes, the structural
or magnetic phase transition is crucial since any spin fluctuation influences the linewidth as
a function of temperature. The theoretical description of these processes was given by the

Bloch-Boembergen equation [46, 47]
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Uniform-motion Dissipation to lattice
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Figure 2.5 Schematic illustration of different relaxation processes. Reproduced from [45].

M L M,
—=—y(M><Beff)—T—xex——yey——ez

2
(2.23)

In this case, two different relaxation rates T; and T, are introduced in the Landau-
Lifshitz equation. T; denotes the longitudinal relaxation rate which follows the direct path 1,
and T, is the transverse relaxation rate in which the energy is scattered to the transverse
components of the magnetization M, and M, [45]. Figure 2.6 illustrates both phenomena.
The projection of the magnetization vector on the effective field remains constant, and

energy is scattered into the transverse components.

M x aM /ot

(b)

Figure 2.6 Schematic illustration of (a) LLG equation and (b) Bloch-Bloembergen process

of spin-spin relaxation taken from [48].
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2.4.1 Gilbert damping

The second term in the LLG equation 2.13 describes the Gilbert damping [41], which
includes Gilbert damping parameter G (equation 2.14) which gives the relaxation rate in sec”
L while a is a dimensionless quantity. The origin of Gilbert damping is assumed to be spin-
orbit coupling. The effect leads to spin-flip scattering of electrons resulting in the transfer of
angular momentum and energy from spin degrees of freedom to the lattice [49]. The value
of parameter a determines the rate of damping precession in a ferromagnet. Therefore, it is

of great importance in spintronics devices where a fast switching process is advantageous.

Two modes of electronic transition have been suggested in bulk ferromagnetic systems
leading to spin-orbit interaction responsible for Gilbert damping. The first is when magnon
annihilation leads to electron-hole pair generation that occupies the same band called
intraband damping. This makes the damping inversely proportional to the temperature. The
dependence of this mode on the temperature shows metallic phenomena, hence it is termed
as ‘conductivity-like’. The second mode also involves magnon annihilation leading to
electron-hole pair generation, but in this case, the pairs occupy different bands called
interband. This mode also shows a temperature dependence but has the opposite dependence,
so it is termed ‘resistivity-like’ [49-51]. These modes show that the damping is correlated
with the density of states, showing the importance of the 3d band in ferromagnets and that it
strongly depends on the spin-orbit parameter for both the intraband and interband processes
[52, 53] at the Fermi edge. The Gilbert parameter a can be determined by measuring
frequency-dependent FMR linewidth AH. A standard FMR experiment assuming uniformly

magnetized sample leads to a linear dependence of linewidth AH; on w

AH, (o) 2 G w
G0 " J3Y2M cos B

(2.24)

where g is the angle between §eff and M. The linear slope of linewidth AH as a function of
frequency as shown in Figure 2.7 gives a parameter.

2«

\/§V2nf

tolAHy,y, = poAHy +
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(2.25)

L
V3
width at half maximum) is extracted from complex Lorentzian fit. AH,, is the inhomogeneous

AH,, represents the peak-to-peak linewidth AH,, = —=AHgpyyy, Where AHpyyy (full-

broadening which comes from inhomogeneities present in the sample. Inhomogeneity can
arise from imperfection or defects present in the crystal structure or polycrystalline sample.
This gives an offset AH,, in the frequency-dependent linewidth plot, as shown in the shaded
area in Figure 2.7. It is important to note that the Gilbert damping contribution is anisotropic
[17, 18, 54, 55]. It is because the spin-orbit coupling, and the resonance linewidth are always
angular-dependent. The magnetization precession can be easily damped in the easy axis as

compared to the hard axis.

The model of intrinsic damping is valid for a pure ferromagnet, but if a ferromagnetic
film is capped with a non-magnetic or metallic layer, other contributions may exist. The
enhancement of Gilbert damping is due to the transfer of spin angular momentum to the
adjacent non-magnetic layer known as spin pumping [56]. The effective magnetic damping
is considered then as a sum of intrinsic damping (AH), inhomogeneous broadening (AH,),

and spin pumping (AH,,), which decays inversely with the ferromagnet film thickness.

AHyr; = AHy + AHg + AHg,
(2.26)

2.4.2 Two-magnon scattering

A second important magnetic damping also called extrinsic damping represents the
non-uniform magnon modes (k # 0) as shown in Figure 2.5 in path 2. The scattering process
or energy transfer from uniform to non-uniform modes is termed as two-magnon scattering.
Extrinsic damping originated from inhomogeneities (such as point or line defects, impurities,
non-uniform film, and strained film due to lattice mismatch) present in the ferromagnet. The
sample which cannot be treated as a single domain, the interaction between multiple domains
(magnetization precession), can give rise to excitation of magnon scattering. The theoretical
description of two-magnon scattering is given by Bloch-Bloembergen (equation 2.23). This
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equation describes the energy dissipation through two major relaxation channels (paths 1
and 2) to the final thermal bath of the lattice. The linewidth from the Bloch-Bloembergen

equation by taking T, relaxation into account [48] is given by

(2.27)

Here H,., is the resonance field and 0H,.;/dw,.; can be easily calculated from the
resonance equation (for example, equation 2.20 or 2.21). Unlike Gilbert damping described
by equation 2.24, the frequency dependence of two-magnon scattering is not linear with w.
It saturates to a linear slope at a very high frequency but gives a steep non-linear slope at a

low frequency (see Figure 2.7). The result for resonance linewidth is given by

w2 = (20) — wy/2
AH,y(w) = T'sin™?

w? — (%)2 + wy/2
(2.28)

with wg = y4nM,f¢
(2.29)

Here I" gives the strength of the two-magnon scattering mechanism, effective magnetization
4mM, s, includes the anisotropy fields. The two-magnon scattering can also be anisotropic

since it depends on the direction of the misfit dislocations. The experimental evidence of
non-linear linewidth in Fe films on GaAs (001) capped with Au, Pd and Cr was reported by
G. Woltersdorf et al. [57] using time and spatially resolved Kerr effect measurements. They
have found that three capping layers behave differently in terms of the spin relaxation
process. Au cap layers give only bulk Gilbert damping of the Fe film, while Pd cap layers
cause an additional Gilbert damping due to spin pumping. On the other hand, Cr cap layers
lead to robust extrinsic damping, which can be described by two-magnon scattering. Thus,
the combination of Gilbert damping, inhomogeneous broadening, and two-magnon

scattering gives a better understanding of spin dynamics in thin films and multilayers.
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Figure 2.7 Schematic diagram of FMR linewidth as a function of frequency taken from [58].
The dashed line corresponds to pure Gilbert damping represented by equation 2.24, the
dotted curve corresponds to two-magnon scattering represented by equation 2.28, and the
solid curve is the sum of all contributions. The shaded area shows the offset in the linewidth

coming from inhomogeneous broadening.
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3 Experimental techniques and methodology

3.1 UHV set-up

The experiments performed for this thesis were carried out in an ultra-high vacuum
(UHV) chamber maintained at a base pressure of <5 X 1071 mbar. To reach such high
vacuum conditions, the chamber has a combination of ion getter pump (IGP) (Varian Vaclon
Plus 300) along with a Varian TM titanium sublimation pump (TSP) and the turbomolecular
pump (Pfeiffer TM Compact Turbo TMU 521 P). It is also attached to a load lock chamber
maintained at a base pressure of < 6 X 107° mbar. A rotary pump serves as a pre-pump for
the turbomolecular pump with a base pressure below 1072 mbar. An ion gauge measures the
absolute pressure in the UHV chamber. A manipulator allows sample movement in Z, X, Y,
and ¢ (rotation in the x-y plane) directions. Z-direction by 800 mm and ¢ by 360° movements
are controlled by stepper motor using the computer (Labview program) with a precision of
0.01 mm and 0.5°, respectively. Two-micrometer screws move the sample manually in the
x-y plane within a circle of radius 25 mm. The manipulator is equipped with a flow cryostat
for liquid nitrogen cooling and a resistive heater to control the temperature, allowing a

sample temperature variation from 297 to 960 K.

An integrated current loop inside the sample holder connected to the manipulator is
used to heat the sample up to 960 K for sample preparation. Along with the heater, a K-type
thermocouple is assembled in the copper sample holder to measure the sample temperature.
The UHV chamber is equipped with an electron beam evaporator for film deposition, an Ar*
ion gun (sputter gun) to prepare the substrate, low energy electron diffraction (LEED), and
Auger electron spectroscopy (AES) for structural analysis. Additionally, the UHV chamber
contains a microwave short made of semirigid cable for in situ FMR measurement up to 40

GHz. A sketch of the setup is shown in Figure 3.1.

The electron beam evaporator has four pockets having targets of Fe, Ag, Pt, and
permalloy (NigoFe20). The evaporator used is an Oxford Scientific TMOS VAP4p; the way
it works is shown in the schematic sketch Figure 3.2. 99.99% pure Fe turns to positive high
voltage potential brought by Unv = 1.25 kV. A tungsten wire generates free electrons through

glow emission, leading to emission current (Iemis). These electrons are accelerated towards
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Fe and generate heating. This makes Fe partially ionized by collisions with the electrons.
These ions partially meet the Flux meter, on which a compensation current (flux) in the range
of 100-200 nA is generated and can be measured. The PID controller measures and holds the
flux constant by controlling the filament current. Depending on the filament current, the
filament power, the temperature of the W-wire, and thus also the number of the free electrons
change. The resulting electrical power, via high-voltage potential, is converted into heat at
evaporator material. The deposition rate can thus be kept constant by controlling the flux.
The Quartz microbalance, used to measure the thickness of the film, is attached to a metal
sheet with two square apertures. It is to prevent the sample from being contaminated by
evaporating material while waiting for the stabilization of flux. Through the aperture, a film
of shape 4x4 mm? or 2x2 mm? can be deposited. The pressure during evaporation can be
maintained below 7 x 10710 mbar, which is a very pure condition for epitaxial deposition.
The Ar" ion gun works on the principle of sputtering: bombarding ionized Ar" on the
substrate under applied high voltage of 3 keV. The partial pressure during sputtering is kept
at 1 X 107 mbar. The plasma chamber was used as a load lock chamber for this work e.g.,
to transfer the sample in and out from the UHV chamber. During the LEED and AES
measurement of the sample, it can be rotated with a ¢ motor. For FMR measurements, it has
to be turned downwards. It is done by a screwdriver installed in the UHV chamber to rotate
the sample holder from an out-of-plane position to an in-plane position inside the chamber.
More details of the UHV chamber and its components can be found in [42, 59]. Further
techniques e.g., LEED, AES, and in situ FMR are described in later section 3.3.

Construction of the vacuum system: The UHV chamber consists of a central sphere, in
which the preparation and chemical and structural characterization of the epitaxial films can
be performed. Attached to this sphere is the area in which FMR can be measured in situ. To
be able to approach the different preparation and measurement positions, the specimen is
mounted on a VG Scienta TM Omniax 800mm manipulator. A schematic diagram of the
whole set-up is shown in Figure 3.1, and Figure 3.3, also contains a block diagram, which
makes the complexity of the UHV chamber easier to read. This diagram shows that the
evaporator chamber and the transfer chamber can be ventilated and pumped out without
affecting the vacuum in the other chamber areas. All the essential parameters, like sample
temperature and pressure inside the main chamber, are monitored and saved in a file through

a program interfaced with the chamber.
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Figure 3.1 The UHV set-up is showing essential elements in a cross-section of the vacuum
chamber in the x-z plane. Manipulator (M), in situ screwdriver (SD), evaporator (EV),

quartz monitor (QM), sputter gun (SG).
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UHV

Figure 3.2 Schematic diagram of the evaporation process [42].

3.2 Advantages and limitations of the UHV system

In general, most of the thin-film studies are either performed ex sifu or in embedded
systems, where the ultra-thin magnetic film is covered with a protective nonmagnetic layer.
However, in both cases, the oxidation of the surface or nonmagnetic protective layer can
significantly modify the magnetic as well as transport properties. In contrast to this, in situ
magnetic and structural measurements under the ultra-high vacuum condition are more
useful to obtain a genuine property of the ultra-thin magnetic layer itself without a capping
layer. Furthermore, ex situ measurements, as a function of film thickness, involve growing a
series of samples of varying film thicknesses. By continuously monitoring the electron
diffraction pattern and ferromagnetic resonance of a growing magnetic film in situ, a detailed
thickness dependence curve can be obtained during the growth of a single sample. The in
situ method thus makes it practical to vary growth parameters, such as substrate temperature,

pressure in the chamber, and film growth rate.

We have in situ synthesis and characterization facility which has been utilized for the
sample preparation and measurements. In experimental physics, "in situ" typically refers to
a method of data collection or manipulation of a sample without exposure to an external

environment. This prevents the sample from oxidation and thus reveals the genuine
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properties during growth. During sample growth, we can visualize various parameters as
well as perform different measurements at a glance. The in situ setup we have used for the
purpose has three characterization tools (LEED, AES, and FMR) attached and one synthesis
method (e beam evaporation) for the sample preparation. However, as there are some
limitations for the in situ set up e.g., deposition of a sample can be done only by e beam

technique, and for the magnetic property’s measurements, the field is limited (~1.2 T).

lon Getter
Pump, IN2
Titan sub.
pump

VoV 03

"ela'

VoV 19

Vo[ 18 Vo

VoV = Pre-vacuum
UHV = UHV area
BE = Venting valve
FD = Fine control

P =valve

Titan sub.
pump

>< normally open
N normally closed

Figure 3.3 Block diagram of the UHV setup describing the connections in a simplified form.
The UHV valves separate the UHV area from one part to another, venting valves BE
facilitating the venting through dry Nitrogen, ‘el’ stands for electrically controlled valves
which prevent unintentional ventilation of the main chamber in case of power failure, and

FD is for the finely metered intake of gases like Ar for sputtering [42].
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3.3 Insitu Techniques

3.3.1. Low energy electron diffraction

Low energy electron diffraction (LEED) is a technique for the determination of the
surface structure of single-crystalline thin films. The basic principle of a standard LEED
experiment is the following: a collimated mono-energetic beam of electrons is directed
towards a single crystal surface, and the diffraction pattern of the elastically back-scattered
electrons is recorded using a position-sensitive detector. Due to the small inelastic mean free
path of electrons in low energy range (10-100 eV), typically around 1 nm, as shown in Figure
3.4, sample diffraction is only from the topmost atomic layers of a crystal and is, therefore,
best suited for the analysis of surface geometries. The LEED pattern is recorded using a
camera with suitable image processing software. As with all methods that use electrons as
probes, vacuum conditions are required because electrons cannot penetrate a gas atmosphere
at normal pressures. In general, however, the vacuum conditions required to avoid
contamination of clean surfaces are more rigorous (< 10" mbar) than those imposed using

electrons (typically <10 mbar).

The electrons of the De-Broglie wavelength A = h/v/2mE are accelerated parallel to
the film normal onto the sample and elastically diffracted at the sample. Here m is the mass
of the electron and E is the kinetic energy of the electron. The wavelength at the energies
mentioned corresponds to the order of magnitude of atomic distances and can be can thus be
used for Bragg diffraction. The Bragg condition in vector notation in the reciprocal space is

as follows:

(3.1)

where k is the wave vector of the diffracted electron, ko is an incident wave vector, and Gui
is a reciprocal lattice vector. In the case of a two-dimensional surface, the reciprocal lattice
points are arranged infinitely close along the normal direction forming lattice rods, as can be
seen in Figure 3.5. The direction of the scattered wave vector can be determined by Ewald
construction with a circle of radius r = |kg|. However, the electrons under consideration have

a small penetration depth into the material, so the idealization no longer applies. Thus, the
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resulting transition from the ideal two-dimensional case to a few atomic layers gives rise to
periodic swelling of vertical rods along z-direction as indicated by lens shape in Figure 3.5
(b). The diffraction spots are allowed for a wide range of kinetic energies. This does not
mean, however, that the intensities of spots are constant with the energy. Although the
electrons do not experience the full periodicity of the crystal perpendicular to the surface,
there is still interference of electrons scattered from different atomic layers parallel to the
surface. Since the penetration depth is very small, the back-scattered electrons only interact
with a few layers of atoms giving rise to broad maxima at the Bragg peak positions and non-

zero intensities in the intermediate energy regimes [60].
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Figure 3.4 Experimental inelastic mean free path as a function of energy for different

materials [61].
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Figure 3.5 (a) Ewald construction for diffraction from a 2D surface (b) with lattice

periodicity [62].
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3.3.2. Auger electron spectroscopy

Auger electron spectroscopy (AES) is based on the Auger process shown in Figure 3.6,
which involves the ionization of a core-level atom, which is followed by de-excitation of an
outer-level electron decaying to fill the core hole. The excess energy difference either
generates an X-ray photon or is transferred to another outer level causing the ejection of an
electron, which is, by definition, an Auger electron. The transition of Auger electron, denoted
by the electron levels involved e.g., KLiLo, is independent of the excitation source, and
Auger electron leaves the atom with constant kinetic energy. This kinetic energy is calculated
by the differences in binding energies of the three levels i.e., Exk-Er1-Er2,3 minus a correction
term for the work function and electron wave function relaxation. Each element has a unique
set of Auger transitions, which may be used to identify the composition of solid surfaces.
The high surface sensitivity of Auger spectroscopy, which dictates the need for an ultrahigh-
vacuum system, is due to the limited mean free path of electrons in the 0-3000 eV kinetic
energy range, which lies within the range of 5-30 A. The Auger peaks decay exponentially
with overlayer coverage, which is consistent with an exponential dependence of escape

probability on the depth of the parent atom.
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Figure 3.6 Schematic of the Auger process (a) high energy electron impacts on an atom (b)
ionization of core-level electron (c) excess energy transferred to outer-shell electron leading

to ejection [62].

In the experiment, an electron beam with a kinetic energy of 3 keV is focused on the

sample diameter of 0.5 mm and hits the sample at perpendicular incidence guiding the Auger
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process there. The emitted Auger electrons are passed through an aperture and then enter the
analyzer. A cylindrical mirror analyzer (CMA) with a coaxial electron gun is employed to
analyze the energies of Auger electrons. A spectrum is obtained in which the number of
detected electrons N(E) is plotted against the kinetic energy. Since the Auger electron
intensity is small (10~* — 1073) and is superimposed upon the high background caused by
inelastically scattered electrons, Auger electron spectra are typically taken in the derivative
mode. The derivative dN(E)/dE is obtained by superimposing a small sinusoidal potential
modulation on the analyzer pass energy and synchronously detecting the current passed
through the analyzer. By electronically varying the modulation voltage, one has versatile

control over the signal-to-noise ratio.

Auger electron transitions require three electron levels so that only elements with
atomic numbers greater than three can be detected. The rate of core-level ionization, being
one of the critical factors in Auger transition intensity, can be adjusted by varying the primary
electron beam energy so that the relative KLL, LMM, and MNN intensities are altered. The
KLL Auger transitions are the most intense for low-atomic-number elements, but the LMM
transitions increase in intensity with increasing atomic number, and subsequently, the MNN
transitions increase as well. By progressively using the KLL, LMM, and MNN series of
Auger transitions, the elemental sensitivity variation across the periodic table can be held to

a factor of less than fifty.

Assuming that the transition intensities can be measured for the pure elements under a

set of controlled conditions, the atomic concentration of element X can be expressed as

(/S
= S a/SD
(3.2)

where S, is the relative sensitivity and I, the Auger transition intensity of element X.

3.3.3. In situ ferromagnetic resonance

Ferromagnetic resonance is by far the most powerful technique to study the magnetic

anisotropy energies, g-factor, interlayer exchange coupling, and damping mechanism in
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magnetic thin films. In experiments, the sample is irradiated with a transverse
radiofrequency microwave field (typically GHz), and when the radio frequency coincides
with the precession frequency of magnetization, the resonance condition is fulfilled, and the
microwave power is absorbed by the sample. In a conventional FMR experiment, one places
a ferromagnetic sample in a microwave resonant cavity, in which a standing wave is formed
with a magnetic component hmy perpendicular to the external magnetic field Ho. The
magnetization of the sample precesses around the effective magnetic field Hesr, which
comprises of the externally applied field Ho, the microwave field hmw, and other internal
fields Hin, which are responsible for anisotropies and the strong interaction of individual
spins in a ferromagnet. For this thesis, however, a self-built in sifu multi-frequency FMR
setup is being utilized, which is mounted in the UHV chamber and can work up to the

frequency of 40 GHz.

The schematic of in situ FMR setup is shown in Figure 3.7. The measuring probe is
located in the middle of a glass adapter, which is placed between the shoe poles of a magnet.
Around the glass adapter, the modulation coils are mounted, which modulates the magnetic
field in the range of 10-100 kHz. The microwaves are applied from feedthrough connected
below the glass adapter suitable for the frequency range of 1-40 GHz. The detection is
performed via reflected microwave power. A circulator circuit 'C' is placed between
microwave synthesizer and microwave feedthrough, which reduces the microwave power in
the forward direction of six circulators (7-40 GHz) connections. The microwave power is
directed to the shortcut 'S' made on the semirigid cable and reflected back to the microwave
diode. This directs the electrical component of the microwave and allows a DC measurement
of microwave power. The generated dc voltage is detected by a lock-in amplifier with the
modulation frequency of the external magnetic field by 9 kHz. The external magnetic field
is swept while keeping microwave frequency constant. For the lock-in technique,
modulation, control of the external magnetic field, and recording of the data, a Bruker TM

EMX EPR spectrometer is used here.
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Figure 3.7 The schematic detection path of FMR for in situ set-up. Microwave power is
transmitted from the synthesizer via circulator (C) and to a short circuit (S). The sample is
approached from above and is then in the high-frequency field. Additionally, in the glass
area where the short circuit an external magnetic field (A) and a modulation field (B) are
applied. The reflected microwave power is transmitted via the circulator (C) to the

microwave diode (D) guided. The signal rectified there goes to the lock-in amplifier.

3.4 EXxsitu techniques

Apart from in situ techniques with the UHV chamber, some ex sifu techniques were

also used to measure the surface morphology and FMR 1in air.

3.4.1 Atomic force microscopy (AFM)

Atomic force microscopy is a surface analytical technique used in air, liquids, or a
vacuum to generate high-resolution topographic images of a surface, down to atomic

resolution. Compared to traditional scanning electron microscopy (SEM), it allows the
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imaging of dielectric material surfaces without the need for applying conductive layers and
allows the determination of surface roughness parameters without the need for additional
tests. An AFM uses a cantilever tip to scan over a sample surface. A piezoelectric scanner is
attached to the x-y stage of the sample for precise and accurate movement during scanning.
A z scanner controls the distance between tip and surface. As the tip approaches the surface,
an attractive force between the surface and the tip causes the cantilever to deflect towards
the surface. However, as the cantilever is brought closer to the surface, such that the tip
contacts it, increasingly repulsive force takes over and causes the cantilever to deflect away
from the surface. A laser beam is used to detect cantilever deflections towards or away from
the surface. By reflecting an incident beam off the flat top of the cantilever, any cantilever
deflection will cause slight changes in the direction of the reflected beam. A position-
sensitive photodiode (PSPD) can be used to track these changes. Thus, if an AFM tip passes
over a raised surface feature, the resulting cantilever deflection and the subsequent change
in the direction of the reflected beam are recorded by the PSPD. An AFM images the
topography of a sample surface by scanning the cantilever over a region of interest. The
raised and lowered features on the sample surface influence the deflection of the cantilever,
which is monitored by the PSPD. By using a feedback loop to control the height of the tip
above the surface, thus maintaining a constant laser position, the AFM can generate an
accurate topographic map of the surface features [63]. The analysis of the surface in terms
of the shape and location of characteristic points most often carried out utilizing AFM is in
three modes, namely contact mode, non-contact mode, and tapping mode. In contact mode,
the tip contacts the sample surface. The detector monitors the changing cantilever deflection,

and the force is calculated using Hooke's law:

F = —kx
(3.3)

where F is the force, £ is the spring constant, and x is the cantilever deflection. In non-contact
mode, the cantilever oscillates near the surface of the sample but does not contact it. The
oscillation is slightly above the resonant frequency. In tapping mode, the cantilever oscillates
at or slightly below its resonant frequency. The tip lightly "taps" on the sample surface

during scanning, contacting the surface at the bottom of its swing.
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Figure 3.8 Atomic force microscopy diagram showing scanning cantilever with the optical

lever (laser and photodiode), which amplifies tiny deflections of cantilever [64].

3.4.2 Exsitu FMR

To perform FMR in an ambient environment, a coplanar waveguide (CPW) is utilized
along with a microwave synthesizer and detection technique. The schematic of the set-up is
shown in Figure 3.9. The devices used here are Rohde and Schwarz microwave synthesizer
SMA 40 and Krytar microwave detector for 40 GHz. The Lock-in technique is the same as
for in situ FMR setup. The CPW has been lithographically printed on Roger's substrate. The
CPW structure on the top side of the substrate consists of a center conductor enclosed by
ground planes to both sides. An alternating voltage with a microwave frequency is applied
to one end of the center conductor. On the other end, the voltage is measured. According to
Biot-Savart law, the current through the center conductor leads to a magnetic field. Since the
center conductor is not circular but rectangular, the field lines are somewhat elliptical. Based
on the microwave field, the magnetic field oscillates. The sample on top of the CPW interacts
with this field, which results in a varying transmission through the CPW, and thereby in a

varying voltage at the detector side.
The sample itself is positioned on top of the CPW, as shown in Figure 3.9, and fixed

with a sample holder in a goniometer. The external magnetic field is oriented parallel to the

film plane. The strength of the magnetic field is measured with a Hall probe. The modulation
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coils are specially designed for the set up to fit inside the magnet poles which can modulate

the microwave frequency up to 30 kHz.

Figure 3.9 Schematic of ex situ FMR setup.
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4 Structural and magnetic characterization of Fe on GaAs (100) and
GaAs (110) as a function of time

In this chapter, the experimental results of the in situ LEED, AES, and FMR of
epitaxial Fe thin films grown on GaAs (100) and GaAs (110) as a function of time are
presented. The time evolution of structural and magnetic properties of uncapped Fe films
was studied at room temperature under UHV conditions. It is observed that Fe/GaAs (110)
iIs magnetically unstable with changing anisotropy, while Fe/GaAs (100) is significantly
stable with negligible change in anisotropy and relaxation over several hours kept in a
vacuum after deposition. A magneto-morphological transition in 4 nm Fe/GaAs (110) was
found over 6 days at room temperature. However, for lower thicknesses of Fe (1 nm and 2
nm), the transition was faster. The time-dependent changes of in-plane and out-of-plane
anisotropy constants were determined, indicating a sign reversal of in-plane uniaxial
anisotropy in 4 nm Fe/GaAs (110), while a decrease of in-plane uniaxial anisotropy in 1 and
2 nm Fe/GaAs (110) was observed. On the other hand, 4 nm Fe/GaAs (100) shows a
negligible change in the resonance field over time. The magnetic stability of 4 nm Fe film
grown on GaAs (100) and GaAs (110) over several days is compared.

4.1 Introduction

Fe/GaAs heterostructure has been extensively studied for its structural, magnetic, and
spin transport properties in the last three decades and is considered as a model system for
spintronics devices [19, 23, 28, 65]. Although numerous works on structure, surface
morphology, and magnetic properties of uncapped Fe films grown on GaAs have been
reported [24, 30, 31, 66, 67], very few studies were focused on time-dependent stability of
the structure and magnetic properties of this system [32, 68]. In particular, the effect of
structural and morphological changes, acting on the film surface, on the magnetic properties
of Fe/GaAs with time is unknown. The smoothening of ultrathin Fe islands grown on GaAs
(100) studied by Gillingham et al. [32] is contradictory with the studies by Godde et al. [30],

where authors found no change in the surface morphology in Fe on GaAs (100) or GaAs
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(110) at room temperature several hours after deposition. Excellent time stability of covered
200 nm thick Fe film grown on GaAs (100) was shown by Weissman et al. [68].

Thomas et al. [69] and Lu et al. [70] demonstrated that the strain relaxation in Fe/GaAs
(100) system proceeds in an anisotropic fashion causing in-plane uniaxial anisotropy in thin
films. However, they have analyzed the strain relaxation as a function of thickness and
temperature. This anisotropic strain relaxation can also affect the magnetic anisotropy of the
Fe film even at room temperature if the system is kept in ultra-high vacuum conditions. The
Fe/GaAs samples studied here were grown, characterized, and measured in situ under UHV
conditions and in a broader range of time than in the previously reported experiments.
Furthermore, the magnetic stability of such a system at room temperature and under UHV

conditions was analyzed using in situ FMR measurements.

4.2 Sample Preparation

All the samples discussed in this chapter were prepared with the same synthesis
method as described below. In some cases, there was a change in temperature during
substrate preparation, which will be mentioned in the individual sample description. A 4 x 4
mm? cut from commercially available undoped GaAs (100) and GaAs (110) wafer was used
as a substrate. The substrate was pre-cleaned with ethanol in an ultrasonic bath before
transferring to the UHV chamber. The substrate is then pasted on the sample holder using
silver paste, and it is heated up to 150°C for 5 minutes. After transfer into the UHV chamber,
the substrate was ion etched with Argon gas at a partial pressure of 1 x 10~ mbar along
with slow heating up to 960 K for one hour. The substrate was placed perpendicularly facing
the sputter gun. Argon sputtering was performed at 1 keV during heating, which was reduced
to 0.5 keV when the temperature reached a maximum value e.g., 960 K. Subsequently the
substrate was annealed at around 920-960 K (exact temperature value for a particular sample
will be stated later) for 30 minutes at a pressure of < 8 x 10~ mbar. After the sputtering
and annealing process, the substrate was cooled down to room temperature. The substrate
preparation yields a clean, well-ordered, oxygen-free, reconstructed GaAs surface seen by
LEED and AES. The LEED and AES results will be discussed in section 4.3.
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The Fe film named film 1 was grown at room temperature by molecular beam epitaxy
using an electron beam evaporator with a deposition rate of 0.11 + 0.02 nm/min, which was
monitored by a quartz crystal microbalance. The base pressure of the UHV chamber was
about 5 x 10~ mbar while it rose to about 7 x 10~1° mbar during Fe deposition. It should
be noted that all the samples described in this chapter were characterized without any
capping layer on the Fe film. LEED and AES were measured after Fe deposition to confirm
the good epitaxial growth. After LEED and AES measurements, the sample was transferred
to the FMR position by rotating it downwards using a screwdriver as described in section
3.1. The FMR measurements were carried out using a microwave probe with the external
magnetic field applied perpendicular to the microwave magnetic field component and
parallel to the film plane. The in situ FMR setup has been described in detail in [36, 42].

4.3 Time-dependent structural and magnetic stability of Fe/GaAs (110)

The zinc blende structure of the (110) surface of GaAs can be viewed as two staggered
face-centered cubic (FCC) lattices as shown in Figure 4.1 (a). The LEED pattern shows the
reciprocal space of the crystal surface plane with a more significant reflex distance in [110]
direction. The ratio between two side lengths in [110] and [100] directions should be v2 =
1.414 in a simple cubic structure for (110) plane, and our LEED pattern as shown in Figure
4.1 (b) results in a ratio of 1.354+0.05, which is close to the theoretical value. The crystal
structure of deposited 4 nm Fe film on cleaned GaAs (110) substrate is again determined by
LEED. Figure 4.2 (a) shows a typical LEED pattern of Fe film taken at an energy of 186 eV
confirming epitaxial growth of body-centered cubic (BCC) structure. The rectangular LEED
pattern also has an aspect ratio of 1:1.43+0.05. The broadening of diffraction spots indicates
a rough surface which is due to Volmer-Weber growth. STM studies have shown that Fe
grows with a 3D cluster on GaAs (110) surface followed by 2D growth for higher film
coverage [30, 71]. To see the roughness profile of the film, ex situ AFM was performed on
surface-oxidized (in air) Fe film. The AFM scan in Figure 4.2 (b) shows a very rough surface
with terraces of height 6-8 nm and RMS roughness of 3.4 nm confirming island-like growth
of the film. The AES measurement of the film after deposition showed Fe peaks.
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Figure 4.1 (a) Top view of GaAs (110) surface. (b) LEED pattern of cleaned GaAs (110)
substrate at an energy of 117 eV.
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Figure 4.2 (a) LEED pattern of 4 nm Fe/GaAs (110) taken at an energy of 186 eV. (b)
AFM scan of the same film (1x1 pm area) oxidized in air. (c) Line profile of the blue line

in the image (b) [72].

The magnetic measurement was carried out using in situ FMR with the magnetic field
applied parallel to [110] direction in the film plane. The time used to measure LEED, AES,
and transfer of the sample to FMR position along with setting up in situ FMR components
was roughly one hour. Therefore, the first FMR spectrum measured of the sample was
around 55 minutes after deposition. The FMR spectra were measured every hour at room
temperature. Microwave absorption derivative spectra were recorded at a frequency of
~13 GHz with a modulation frequency of 9 kHz. The microwave power was calibrated to
12.9dBm (power calibration using the LabVIEW program). The time constant and
conversion time on the lock-in amplifier was set to 40.96 ms and 81.92 ms, respectively. The
modulation amplitude was set to 2 mT and the modulation phase to 200°. The pressure
during the FMR measurement was maintained at < 1 x 107 mbar.
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The resonance field (fit by complex Lorentzian function) is shifted to 89.4 mT from
89.1 mT after one hour as shown in Figure 4.3 (a). Along with the resonance position shift,
the line shape of the FMR spectra is also changed (red curve) after 105 minutes. Figure 4.3
(b) shows the time dependence of FMR spectra taken at 12.93 GHz (constant frequency
during measurement) where greyscale represents the normalized amplitude of microwave
absorption derivative which is proportional to dy"/dB. It is visible in the time dependent
FMR spectra that initially a single resonance is present up to 1-4 hours after deposition.
However, after 4 hours a second resonance line appears at a higher magnetic field which
grows with time to an even higher field and slowly saturates after 40 hours. The lower
resonance line shifts drastically to a higher magnetic field in the first 24 hours after
deposition. The two resonance lines are visible in the 12"-hour FMR spectrum shown in
Figure 4.3.
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Figure 4.3 (a) Normalized FMR spectra of 4 nm Fe/GaAs (110) film 1 in the first hour after
deposition. (b) Time-dependent FMR of 4 nm Fe/GaAs (110), starting from two hours after
deposition with the magnetic field applied parallel to the [110] direction. Red dots show the
resonance field of film 2 at different time intervals. Inset shows the overlapped FMR spectra

42



Structural and magnetic characterization of Fe on GaAs (100) and (110) as a function of
time

of film 1 and film 2 measured after deposition in [110] direction. Single FMR spectra at the

2" 12" and 62" hour of film 1 are shown separately.

The two resonances are due to the change from a rough surface with larger areas of
thinner Fe to a smoother surface with a quasi-uniform thickness of 4 nm [72]. Directly after
the preparation of the film, the anisotropy field is given by the roughness of the island-like
morphology only. After 4 hours and beyond, the final magnetic surface state forms with the
narrower resonance at higher fields as expected for an almost flat film. During the time-
dependent evolution, both resonances can be observed because both morphological
conditions coexist across the few mmz2 large areas of the film. As time goes on, the intensity
of the second line increases. The substantial shift of the lower resonance field (0.3-0.4 mT/h)
in the first 24 hours indicates a rapid morphological change of the Fe film. In this period (10-
35 h) these two areas with different roughness are large enough to act as separate magnetic
regions that are only weakly coupled to each other. This is also the reason why the upper

line is asymmetric [72].

After 30 hours, the rate of resonance field shift decreased to 0.1 mT/h and the two lines
are merging as seen in the 62" FMR spectrum in Figure 4.3. The formation of big terraces
(Figure 4.2 (b and c)) is also evidenced by a decrease in the linewidth over time. The apparent
change in the resonance field is caused mainly by the change of the anisotropy constants. To
confirm this, angular-dependent FMR measurements at different times on another 4 nm Fe
film on GaAs (110) named as film 2 grown with the same synthesis conditions were
performed. GaAs substrate of film 2 was prepared by annealing at 916 + 3 K for 30 minutes
resulting in the same LEED pattern of GaAs (110) substrate as before. The Fe (4 nm) film 2
was deposited with a rate of 0.081 nm/min and flux of 20 nA. The resonance field of both
samples (film 1 and film 2) matches quantitively as well as qualitatively at [110] direction
as shown in the inset of Figure 4.3 (b) and red dots. Therefore, both samples can be easily

compared.

The FMR spectra of film 2 were fitted with a complex Lorentz function (equation 5.2)

for each in-plane angle. This fit yields the FMR resonance fields, linewidth, and intensity.
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The resonance fields were plotted as a function of azimuthal angle and were fitted using free
energy density (equation 2.19). All the fits were performed, keeping magnetization M =
1600 kA/m and g = 2.09, which is close to the Fe bulk value. This fit yields the anisotropy

constants of film 2 discussed in section 4.4.
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Figure 4.4 Azimuthal angular dependence of the resonance field of 4 nm Fe/GaAs (110) film
2 at a microwave frequency of 13.054 GHz at different times. The solid lines are fit to the

experimental data (open symbols) according to equation 2.19 [72].

The in-plane angular-dependent resonance field measured at a microwave frequency
of 13.054 GHz at different periods is shown in Figure 4.4. All the angular-dependent FMR
measurements were carried out at room temperature (300 K) and UHV conditions (<
2 x 1071° mbar). The microwave power was calibrated to 15.2 dBm and other modulation
parameters were the same as before. The two resonances near the [110] direction of the film
plane were also obtained for this sample. However, only the prominent resonance peak
positions were taken to analyze angular-dependent behavior. The first angular-dependent
FMR measurement after deposition (black circles in Figure 4.4) depicts a four-fold-like
symmetry which is not expected for a Fe (110) film. The expected (110) crystal symmetry
has two-fold geometry with three principal directions namely [100], [110], and [111] as easy,
intermediate, and hard axis respectively reported by Roemer et al. [36] and Prinz et al. [73].

However, this is not the case in the black curve of Figure 4.4, which is unusual. Nevertheless,
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as time evolves, the expected crystal symmetry slowly grows and becomes visible e.g., after
40 hours (blue curve in Figure 4.4). This indicates that the film is grown on the (110) oriented
substrate is initially unstable, but slowly relaxes over time and reaches its final state after
several hours. The first 20-30 hours are very crucial in this transformation since the shift of

the magnetic resonance line is very fast in this period [72].
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Figure 4.5 (a) Angular-dependent peak-to-peak linewidth of 4 nm Fe/GaAs (110) film 2 at

-50 0

different periods. (b) Linewidth at intermediate and hard direction as a function of time.

The smoothening of the film surface is also supported by the decrease of the linewidth
at the intermediate [110] direction and increase of the linewidth in the hard [111] direction
after several hours as can be seen in Figure 4.5 (b). Similar behavior was observed for the
previous sample measured at [110] direction. The influence of surface roughness on the
magnetic properties of thin Co films was reported by Steinmuller et al. [74]. They measured
by Brillouin Light Scattering (BLS) the spin-waves dispersion and observed a considerably
broader linewidth for the rough film as compared to the flat film. They attributed this
broadening to the tilting of the magnetization M following the roughness of the film surface.
The tilting of the spins away from the easy axis (a local variation of alignment of M) due to
surface roughness will lead to the local variation of the magnetic anisotropy energy, giving
rise to new allowed spin-wave modes, increasing the spin-wave peak linewidth
inhomogeneously. This model explains that our Fe films in the initial state after deposition
with a rough surface have broader linewidths, which gets smoother over time resulting in a

decrease of the linewidth. Thus, the changes in resonance field and linewidth are explained
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by the island relaxation of the film surface with time at room temperature under UHV

conditions.

The AES peaks of Fe film measured after deposition as well as after several days in
the UHV chamber are shown in Figure 4.6. The AES peak of Fe at 47 eV is the best surface-
sensitive test in terms of changes of the valence band electronic structure of Fe due to oxide
formation or chemisorption of other gases (CO, CO: for example). It has been shown by
Kebe et al. [75] and Smentkowski et al. [76] that the sub-monolayer absorption of oxygen
on Fe films and the formation of iron oxides give a significant shift as well as the change in
the shape of Fe (47 eV) peak. Furthermore, they also observed a decrease in the
magnetization of the Fe film with increasing oxygen exposure. However, in our samples, as
can be seen from Figure 4.6, the Fe peak shows no change in shape and shift in energy after
6 days. The small peak of oxygen at 512 eV can be due to a sub-monolayer of weakly bonded
CO or CO», which shows a slight relative increase in intensity. It is known that at
1.33 x 10719 mbar pressure (assuming sticking coefficient = 1) inside the chamber, 1
monolayer of contamination will be formed in ~8.4 hours. So, we cannot avoid
contamination of any film over time even under UHV conditions. Along with this, the
angular-dependent resonance field at different periods does not give any change in
magnetization. Therefore, the oxidation of uncapped Fe film over time can be quickly ruled
out. Seo et al. [77] found that AES is quantitative with respect to the iron oxides and the
amplitude ratio s of Osioev/Fezozev lines, to a first approximation, is proportional to the
relative content of oxygen and iron in the chemical formula. In our case, at first the ratio s =
0.1623 in deposited Fe film which increases to s = 0.3113 after 6 days, which indicates a
slight increase of oxygen atoms on the film surface after 6 days. However, these values are
far below the value obtained by Seo et al. for iron oxides, confirming the absence of Fe

oxide.
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Figure 4.6 AES spectrum of 4 nm Fe/GaAs (110) just after deposition and after 6 days under
UHYV conditions.

To see if thinner Fe films also have a similar time-dependent structural and magnetic
behavior under UHV conditions, two more samples with 2 and 1 nm thickness of Fe were
studied in the same way. For the 2 nm Fe/GaAs (110) sample, the substrate was annealed at
940 K for half an hour, and Fe was deposited at a pressure of ~1 x 10~° mbar. The LEED
pattern of the substrate after sputter cleaning looks the same as the one of the previous
samples (Figure 4.1). AES spectra of GaAs substrate after cleaning gives clear peaks of Ga
and As as shown in Figure 4.7 (a). Further, after 2 nm of Fe deposition, no Ga or As peak
was seen in AES spectra (even 3 days after deposition). This confirms no out-diffusion or
segregation of Ga or As to the Fe film surface. This is because the film growth and all in situ
measurements are performed at room temperature. The AES peak of Fe at 47 eV (Figure 4.7

(b)) again shows no change with time, confirming no oxidation of the pure Fe film.
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Figure 4.7 AES spectrum (a) showing Ga and As peaks before and after 2 nm Fe
deposition on GaAs (110), and (b) showing Fe peaks after deposition and after 3 days

in a vacuum.

The in situ azimuthal angular-dependent FMR of 2 nm Fe/GaAs (110) taken at a
frequency of 12.069 GHz (microwave power = 15.1 dBm) is shown in Figure 4.8. Two
resonance lines are observed for this sample also, while only the prominent resonance peak
is used for fitting and analysis. It should be noted here that the typical Fe (110) symmetry is
already formed after deposition unlike the 4 nm Fe sample, where it took several hours to
reach this symmetry. This indicates that the crystal planes being closer to the substrate
already align in (110) geometry after deposition. Since the desired crystal symmetry is
already formed after deposition, the dynamic relaxation will be faster. However, the energy
landscape observed for this sample is not completely symmetric with respect to the easy axis
[100] as shown in Figure 4.8 (b). Moreover, the spectra measured for this sample are noisy
resulting in a poor signal-to-noise ratio (Figure 4.9 (b)). These effects are due to a large
inhomogeneity in the film. Due to noisy resonance lines, it is very difficult to fit with a
perfect Lorentz shape to calculate and analyze resonance position and linewidth. Therefore,
the prominent peaks were chosen to determine the resonance field from each spectrum.
Figure 4.9 (a) shows the angular-dependent resonance field at different times. The shift in
the resonance field at the intermediate [110] direction is in the opposite direction i.e.,
decreasing to lower field value with time. The resonance field fit was done by using the same
free energy density model for Fe (110) described by equation 2.19 to see the change in
anisotropy parameters for this thickness (discussed in section 4.4). Two distinct resonance

lines visible after deposition at [110] direction as shown in Figure 4.9 (b) merge to a single

48



Structural and magnetic characterization of Fe on GaAs (100) and (110) as a function of
time

resonance peak after 69 hours indicating smearing of the islands into a quasi-uniform film.
However, the relaxation of islands does not lead to a homogeneous film after 70 hours.
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Figure 4.8 Angular-dependent FMR of 2 nm Fe/GaAs (110) measured (a) after deposition
and (b) 69 hours after deposition. Greyscale represents the normalized amplitude of

microwave absorption.
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Figure 4.9 (a) Azimuthal angular dependence of the resonance field of 2 nm Fe/GaAs (110)
at a microwave frequency of 12.069 GHz at different times. The solid lines are fit to the
experimental data (open symbols). Only prominent resonance field positions were selected
for fitting purposes. (b) FMR spectra taken at the intermediate direction (®n = 90°) after

deposition and after 69 hours.

The next step was to lower the film thickness to 1 nm, where the interfacial effects

play a significant role in determining the magnetic properties and observe the time-
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dependent transition. The LEED pattern of 1 nm Fe/GaAs (110) is visible as shown in the
inset of Figure 4.10 (a) depicting a typical BCC structure. The peak distance ratio was
determined using LEED images taken after deposition and after 9 days (not shown here).
This ratio is 1.709+0.05 after deposition, while it reduces to 1.423+0.05 after 9 days. It has
been found by several groups [78, 79] that the in-plane lattice expansion occurs in the thin
Fe film grown in GaAs due to lattice mismatch causing tensile stress. This is also the case
here for 1 nm Fe film where initially after deposition the film having tensile stress expands
in the in-plane direction giving a bigger lattice distance ratio. But, with time this strain
relaxes over time and the crystal symmetry tries to reach back its ideal structure. It has to be
noted here that the crystal structure is maintained while the distortions present in the crystal
planes are relaxing with time. The in-plane stress and strain are strongly affected by the
interdiffusion of substrate Ga and As atoms especially for an ultrathin film [80]. On the other
hand, Auger measurements of this sample surprisingly do not show any clear peak of Ga or
As (Figure 4.10), indicating no out-diffusion or segregation of substrate atoms at the top of
the film. In addition to this, the Auger peak of Fe at 47 eV does not give any shift in energy

or change in shape with time confirming no oxidation after 9 days in the vacuum chamber.
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Figure 4.10 AES spectra of 1 nm Fe/GaAs (110) (a) Ga and As peaks before and after
deposition. Inset shows the LEED pattern of 1 nm Fe/GaAs (110) taken at 113 eV after

deposition. (b) Fe peaks before and after deposition as well as after 9 days in a vacuum.

The in situ angular-dependent FMR was measured at a frequency of 12.069 GHz with
a microwave power of 13 dBm and a modulation frequency of 9 kHz. In Figure 4.11 (a), the
resonance field as a function of the in-plane angle is plotted when measured ~24 hours and
6 days after deposition. The easy axis is rotated from its orientation towards [110] direction
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and intermediate axis to [001] direction. This is due to the reorientation transition below
critical thickness [15]. The shift of resonance field at intermediate direction [001] is of the
same order of magnitude as for 4 nm Fe film (~20 mT) but in the opposite direction.
Similarly, the resonance field at easy direction [110] is moving to a higher field instead of
decreasing with time in the case of a 4 nm sample. The principal directions of the Fe (110)
plane seem to shift with time. This is another indication that the crystal symmetry is relaxing
over time by reducing the in-lattice expansion. The angular-dependent linewidth plot of 1
nm Fe (110) is shown in Figure 4.11(b). The variation of AH around [110] direction is larger
than around [111] direction due to larger uniaxial anisotropic field. This is an indication of
anisotropic damping at reduced Fe thickness as found in Fe/GaAs (100) [17]. There is no
second resonance line observed in any direction for this sample as shown in Figure 4.11 (c),
which indicates a homogenous film growth (signal to noise ratio for this sample was much
higher than for the 2 nm sample). A clean FMR spectra of 1 nm~5 ML Fe film indicates a
good quality microwave short which can detect few atomic layers of ferromagnetic film with

a large sensitivity.
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Figure 4.11 (a) Azimuthal angular dependence of the resonance field of 1 nm Fe/GaAs (110)
at a microwave frequency of 12.069 GHz taken one day and 6 days after deposition. Open
symbols are the experimental data, and the solid lines are the fit according to equation 2.19.
(b) Angular-dependent linewidth of 1 nm Fe/GaAs (110) at different times. (¢) FMR spectra
of 1 nm Fe/GaAs (110) measured in situ after 1 day in [110] and [001] directions.

4.4 Magnetic anisotropy as a function of time in Fe/GaAs (110)

The angular-dependent resonance field was analyzed using equation 2.19 for all three
samples (1, 2, and 4 nm Fe/GaAs (110)) to determine in-plane and out-of-plane anisotropy
constants. All the fits were performed assuming magnetization M = 1600 kA/m and g-factor
2.09 (bulk Fe), except for the 1 nm Fe sample where M = 1570 kA/m was used. The
anisotropy parameter plot as a function of time for three thicknesses is shown in Figure 4.12.
The change in four-fold cubic anisotropy K, over time is only 2-3% for 2 and 4 nm samples
and ~8% for 1 nm sample. It is another confirmation for a stable cubic crystal structure of
uncapped Fe films grown on GaAs (110) for all the thicknesses with time. The change of the
out-of-plane uniaxial anisotropy K,, is only ~3% in the 1 nm Fe sample, indicating no
significant contribution from the surface. It again confirms the homogeneity of thin film
which remains stable over time. Similarly, there is only a ~4.5% decrease of K,, in 2 nm Fe
sample after 69 hours and ~10% decrease in 4 nm Fe sample after 6 days. This is due to the
rough surface morphology of these films, which gets smoother over time, reducing the
surface contributions. Fe/GaAs and volume are not expected to relax over time, only

Fe/vacuum interface is contributing to K,, giving a small change. Hence, we can conclude
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that there is no significant effect on cubic and out-of-plane uniaxial anisotropy with time.
The energy which is predominantly active during surface relaxation is the volume in-plane

uniaxial anisotropy.

The in-plane uniaxial anisotropy K, gives a dramatic change over time for 4 nm Fe
film with a sign reversal after 30 hours. Such a unique time-dependent change in the in-plane
uniaxial anisotropy is very unusual for a Fe film at a constant thickness and temperature.
This change is attributed to the process of surface relaxation, i.e., morphological changes
occurring on the film surface at room temperature. We assume that the smoothening of the
film surface takes place and the formation of the flat terraces within the initially rough film
similar to that mentioned in [32] causes the change in the in-plane surface anisotropy [81]
and continuous increase in the in-plane uniaxial anisotropy with a sign change [15, 81]. The
free energy density behaviour in Fe (110) [81] matches qualitatively with our resonance line
fit (Figure 4.4, solid lines). The thickness 4 nm is in the critical thickness range, where the
spin reorientation of the easy axis occurs resulting in the sign change of the uniaxial
anisotropy [16]. The slow relaxation over several days is since the magnetic system is kept
under UHV conditions at room temperature. Annealing the sample can make the process
faster but it will also introduce intermixing effect at the surface and interface [82], resulting
in the modification of the crystallinity. In case of 1 nm, and 2 nm Fe (110) films there is a
decrease of K, over time of 26%, and 68% respectively. Moreover, the transition over time
in these films is much faster as compared to 4 nm film. This is because of the strong
interfacial effects at Fe/GaAs interface and expected crystal symmetry of Fe (110) is already
formed after deposition.
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Figure 4.12 Anisotropy constants of Fe/GaAs (110) as a function of time for different

thicknesses of Fe. The error bars of K, are smaller than the symbol size (+0.05 x 10* J/m?).

4.5 Time-dependent structural and magnetic stability of Fe/GaAs (100)

GaAs (100), unlike (110) exhibits a range of surface reconstruction e.g., 2x4, 4x6, 2x6,
depending on the substrate preparation and growth conditions [83]. This surface
reconstruction has a significant effect on the initial growth morphology as well as the growth
mode of Fe on GaAs (100). Depending on the chemical bonding and the surface free energy,
either a Ga or As-rich surface termination is formed on GaAs (100). The substrate surface
termination/reconstruction also decides the initial nucleation and growth of Fe [66, 84] and
interdiffusion at the interface of Fe/GaAs (100) [23]. The preparation of the substrate GaAs
(100) is similar to described in section 4.2, with an annealing temperature of 960 K. After
cooling the substrate down to room temperature, the LEED pattern shows a (1x6)
reconstruction, as shown in Figure 4.13 (b) taken at an energy of 63 eV. Figure 4.13 (a)

shows the Auger spectra of the GaAs (100) substrate after sputter cleaning. A small carbon
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peak at 283 eV and oxygen peak at 524 eV is still there along with all Ga and As peaks in
the higher energy range. It has been found for other samples that further sputtering or heating
leads to a very rough surface resulting in broad LEED spots and highly noisy Auger peaks.
Therefore, no further treatment was done on the substrate. A 4 nm Fe film was deposited on
this substrate at a rate of 0.1 nm/min, as described in section 4.2. Figure 4.14 shows the
Auger spectra and LEED pattern taken after Fe film deposition. A 1x1 LEED pattern is
obtained, showing a cubic (100) face of BCC structure with a lattice distance ratio of
1.02+0.05. Fe peaks are clearly seen in the Auger spectra of Fe/GaAs (100). After LEED
and Auger measurement, the sample was transferred to the FMR position for magnetic
measurement without any capping layer on top of it. The FMR spectra were taken every hour
at room temperature to observe the time-dependent behavior of magnetic properties under
UHV conditions. Since more than 30 minutes are spent in LEED, Auger measurement, and

transfer of sample, the first FMR spectrum is recorded after 50 minutes.

Figure 4.15 (a) shows the two initial FMR spectra taken at 12.931 GHz with the
magnetic field applied parallel to the [110] direction of Fe. The microwave power and
modulation parameters are the same as the ones used for 4 nm Fe/GaAs (110) (section 4.3).
The resonance line shape, as well as the resonance field (130 mT fit by complex Lorentz)
after 100 minutes, is the same as after 50 minutes. The two resonance spectra are lying on
top of each other with no change after 50 minutes in a vacuum (< 2 x 1071% mbar). It
indicates that there is no change in the magnetic properties of 4 nm Fe film grown on GaAs
(100) within 1.5 hours after deposition. Figure 4.15 (b) shows further FMR spectra as a
function of time in a greyscale plot where greyscale represents the normalized amplitude of
dx"/0B. The filled red circles indicate the resonance field position of each spectrum. The
resonance field decreases very slowly from 130.20 mT to 129.87 mT in 36 hours. The shift
in the resonance field is only 0.33 mT after 36 hours in a vacuum. This indicates that the
uncapped Fe (100) film is magnetically stable at room temperature under UHV conditions.
This is due to the layer-by-layer growth of the Fe film on GaAs (100) substrate. The growth
mode of Fe for (100) GaAs substrate gives a uniformly flat film with a surface roughness of
0.82 nm measured by AFM scan as shown in Figure 4.16 (b). The linewidth extracted from
FMR spectra as a function of time is shown in Figure 4.16 (a). A tiny increase (less than 1%)

in the linewidth after 36 hours reveals the stable magnetic relaxation of Fe film over time.
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Hence, uncapped 4 nm Fe film grown on GaAs (100) is magnetically and structurally stable
at room temperature under UHV conditions for more than 35 hours.
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Figure 4.13 (a) Auger spectrum of a clean As-rich GaAs (100) substrate surface. The
numbers show the energy in eV of Ga and As peaks. The inset shows the spectrum of the
same substrate recorded at lower energies indicating the presence of carbon and oxygen. (b)
A LEED pattern of ordered (1 x 6) reconstructed GaAs (100) substrate taken at an energy
of 63 eV.
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Figure 4.14 (a) Auger spectrum of 4 nm Fe/GaAs (100) just after deposition and 7 days after
deposition. Inset of (a) shows the lower energy scan taken 7 days after deposition. (b) A
LEED pattern of 4 nm Fe/GaAs (100) taken at an energy of 117 eV showing a well-ordered
BCC structure.
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Figure 4.15 (a) FMR spectra of 4 nm Fe/GaAs (100) taken in [110] direction 50 minutes
and 100 minutes after deposition (b)Time-dependent FMR of 4 nm Fe/GaAs (100) taken at
room temperature and 12.931 GHz two with the magnetic field applied parallel to [110]
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Figure 4.16 (a) Time-dependent FMR linewidth of 4 nm Fe/GaAs (100). Inset shows the
LEED pattern of 4 nm Fe/GaAs (100) on the 7" day after deposition taken at 207 eV. (b) Ex
situ AFM scan of same film (1x1 um area) oxidized in air and line profile of the blue line
in the image.

The LEED pattern taken seven days after deposition, as shown in the inset of Figure
4.16 (a) depicts a cubic (100) plane of BCC structure with a lattice distance ratio of
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1.03+0.03 again. This confirms that the cubic crystal structure of the uncapped 4 nm Fe film
surface is maintained after 7 days under UHV conditions. However, the LEED spots
observed after 7 days are a little broader as compared to the ones obtained after deposition.
It is due to the adsorption of gases, which are unavoidable even under UHV conditions. This
is also visible in the Auger spectra taken after 7 days from deposition, as shown in Figure
4.14 (a) and inset, where carbon and oxygen peaks are obtained at 271 and 512 eV,
respectively. Nevertheless, this minor contamination does not disturb the crystal structure

and stability of the film.

4.6 Comparison of Fe (100) and Fe (110)

Having established that the structural and magnetic properties of Fe are significantly
affected by the surface reconstruction of GaAs [16, 30], we can compare the Fe/GaAs (100)
with Fe/GaAs (110) system. Notably, the growth mode of the Fe film is different on GaAs
(100) and GaAs (110). The difference comes from the surface reconstruction of GaAs for
two different orientations. GaAs (100) with (1x6) surface reconstruction has As dimer rows
along the [110] direction giving initially nucleation of Fe clusters followed by percolation
of layer-by-layer growth on Fe (001). This reconstruction also gives rise to tetragonal
distortions of the Fe crystal at the interface resulting in uniaxial in-plane anisotropy in Fe
(100) film. On the other hand, GaAs (110) with no surface reconstruction gives 3D island
growth with a change of morphology with increasing thickness. These differences in the film
morphology result in dissimilar time stability. Fe (100) is magneto-structurally more stable

than a Fe (110) film under UHV conditions at room temperature.

The FMR measurement of both Fe (100) and Fe (110) films with nominally the same
thickness can be compared. Table 4-1 gives the resonance field and linewidth at different
times. Both samples have completely different values at a particular point of time after
deposition showing different magnetic behavior due to dissimilarities in growth and
structural properties. Thus, we conclude that the time-dependent study on Fe films grown on
GaAs with two different orientations gives fundamental information about the aging of Fe

films which can be utilized for tuning the magnetic anisotropy.
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Sample Time uoH, (mT) woAH,, (mT)

50 minutes 130.3 1.46
4 nm Fe\GaAs (100) 100 minutes 130.2 1.46
37 hours 129.8 1.47
50 minutes &9.1 1.87

4 nm Fe\GaAs (110)
100 minutes 894 1.81

film 1

37 hours 109.5 2.71

Table 4-1 Comparison between two samples of resonance field and linewidth measured

along [110] direction at different times. The error bars for all the values are less than 1%.
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5 Influence of capping layer on the magnetic properties of Fe/GaAs (100)

In this chapter, the experimental results of in situ LEED, AES, and FMR of an epitaxial
5 nm Fe film grown on GaAs (100) with and without a capping layer are presented. Ag and
Pt capping modifies the surface anisotropy and spin-orbit coupling at the interface of the Fe
film. The in-plane angular-dependent FMR of the uncapped 5 nm Fe film was measured in
situ to calculate the magnetic anisotropy parameters and compare it with the anisotropy
constants of a Fe film capped with 2 nm Ag and 3 nm Pt measured ex situ. The g-factor,
which is related to spin-orbit coupling parameter, Gilbert damping, and the spin pumping
contributions were determined for uncapped and capped Fe film by frequency-dependent
FMR.

5.1 Fabrication and characterization of the sample

A commercial 4 x 4 mm? and 0.5 mm thick undoped GaAs (100) wafer was used as a
substrate. The substrate was pre-cleaned with absolute ethanol in an ultrasonic bath and
verified in an optical microscope for a scratch-free surface. After this, the substrate is pasted
on the sample holder using silver paste and heated up to 150 °C for drying. This sample is
transferred to the UHV chamber through the transfer mechanism, and the sample preparation
process was carried out. The characterizations performed at each step of the sample
preparation are schematically shown in Figure 5.1. The base pressure of the UHV chamber
was 9.8 x 10711 mbar. The surface of the substrate was prepared by sputtering at an energy
of 1 keV (ion etching with argon gas) at partial pressure of 1 x 10~ mbar and heating up to
920 K. Sputtering and heating for 1 hour and subsequent annealing at 920 K for 10 minutes
were performed. LEED images were taken of the clean GaAs (100) substrate at
3.6 x 102 mbar. The substrate preparation yields a combination of {1 x 6} and {4 x 6}
reconstruction of GaAs (100) surface, as shown in Figure 5.1 (a) and a*. There can be a

random coalescence of domains with two different reconstructions of GaAs (100) [85].
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Figure 5.1 Schematic of prepared sample and characterization followed the sample

preparation in situ and ex situ.

The Fe film of thickness 5nm was grown on the prepared substrate at room
temperature with a deposition rate of 0.11 nm/min observed with the quartz monitor. LEED
images were taken after Fe deposition to verify the epitaxial growth. Sharp LEED spots of
the Fe film, as shown in Figure 5.2 (b), (c), indicate an excellent epitaxial growth of BCC
Fe on GaAs (100). Fe’s 1x1 LEED pattern with an aspect ratio of 1.02+0.05 confirms perfect
cubic (100) BCC structure. AES was also measured after LEED of Fe film at
2.6 X 107 mbar and room temperature. The Auger peaks of Fe at 47 eV and 704 eV are
clearly visible in Figure 5.3 (a) and (b). After Auger measurement, the sample was
transferred to the FMR position for angular- and frequency-dependent FMR measurements
with an external field applied parallel to the film plane. The pressure during FMR

measurements was between 7 x 1071% and 7 x 10~ mbar.

After all the FMR measurements on uncapped the Fe film had been performed (100
hours in total), the sample was transferred back to LEED and deposition position. The LEED
image taken after 101 hours at 176 eV (Figure 5.2 (d)) shows a very similar pattern with an
aspect ratio of 1.03+0.05, confirming no structural (lattice distance) change of film surface
with time. As was summarized in Chapter 4.5, the magnetic properties measured during this
time can be considered as stable for the uncapped Fe film under UHV condition at room
temperature. 2 nm Ag film was deposited on top of the Fe film at room temperature with a
deposition rate of 0.11 nm/min. The lattice parameter of FCC Ag (4.085 A) is close to the
Fe lattice constant multiplied by v/2, therefore Ag film can be grown epitaxially with 45° in-

plane structure rotation with respect to Fe.
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[110]

Figure 5.2 LEED image of (a) GaAs (100) at 108 eV, (a*) GaAs (100) at 64 eV, (b) 5 nm
Fe/GaAs (100) at 116 eV, (c) 5 nm Fe/GaAs (100) at 176 eV, (d) Fe/GaAs (100) at 176 eV
after 101 hours, (e) 2 nm Ag on 5 nm Fe/GaAs (100) at 62 eV, (f) crystallographic directions
of GaAs (001).

Figure 5.2 (e) shows the LEED pattern taken after Ag deposition at an energy of 62 eV.
It indicates a diffusive crystal growth of Ag on Fe film because of low Ag thickness
(2 nm~10 ML). The sharpness of LEED spots indicates the lateral periodicity of atomic
terraces, and the length of atomic terraces is given by the coherence length of the electron
beam at 100 eV. Therefore, diffusive growth would mean that the lateral epitaxy is absent.
After Ag deposition, the Auger measurement indicates a clear Ag peak at 352 eV, as shown
in Figure 5.3 (a). Since the Auger electron beam (3 keV) can penetrate up to 5 nm of the
film, Fe peaks were also visible at higher energy, as shown in Figure 5.3 (b). Along with the
Fe peak, the oxygen peak at 512 eV is also observed, which can be due to contamination at
the surface during FMR measurement. It would require roughly 2.8 hours for a monolayer
of contamination to deposit on the surface of a prepared film at a pressure of
1.33 x 1071% mbar. This means that the film will have several monolayers of contamination
even at UHV conditions after a few hours. For example, during 100 hours of FMR

measurement, the Fe film will have ~35 ML of contamination on top which can be mainly
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associated with Hz, CO, COy, if the sticking coefficient is one for all coverage. However,

with a higher coating with gas, the sticking coefficient gets smaller.
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Figure 5.3 AES of 5 nm Fe on GaAs (100) taken after Fe deposition and after 2 nm Ag

deposition.

After LEED and Auger measurement, a 3 nm Pt capping layer was deposited on top
of Ag at a rate of ~0.07 nm/min on the same day to prevent oxidation of Ag. The lattice
parameter of FCC Pt (3.92 A) provides a significant lattice mismatch (4.0%) between Ag
and Pt. This does not allow epitaxial growth of Pt on Ag (100) surface. The larger atomic
size of Pt (Van der Waals radius = 175 pm) also gives various dislocation planes in the film.
Therefore, no LEED pattern is seen after Pt deposition. Figure 5.4 (a) and (b) shows the
Auger scan of the complete sample Pt/Ag/Fe/GaAs (100) taken a day after Pt deposition at
room temperature. Carbon peaks are observed along with Pt and Ag in the Auger spectrum,
which is unavoidable even at UHV conditions. To clean the sample surface, 10 minutes of
ion etching with Argon gas was performed at an energy of 1 keV with a partial pressure of
1 x 10~ mbar at room temperature. AES taken after sputtering is shown in Figure 5.4 (a)
and (b) (red line). The ratio of carbon to Pt AES peaks amplitude gets smaller after sputtering
the sample, indicating the reduction of carbon. Capped sample Pt/Ag/Fe/GaAs (100) was
taken out from the UHV chamber for ex situ FMR measurements using the coplanar

waveguide set-up explained in section 3.4.2.
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Figure 5.4 AES of 3 nm Pt/Ag/Fe/GaAs (100) taken after Pt deposition and after 10 minutes

sputtering at room temperature.

5.2 Magnetic anisotropy with and without capping layer

In-plane angular-dependent FMR measurements were performed on uncapped and
capped samples at room temperature to determine the magnetic anisotropy constants. The
uncapped Fe film was characterized using in situ FMR (section 3.3.3) under UHV
conditions, whereas the capped Fe film was measured using the ex situ CPW set up (section
3.4.2), both at a microwave frequency of ~13 GHz with an external magnetic field applied
parallel to the film plane. For in situ FMR measurements, the modulation frequency and
amplitude of 9 kHz and 2 mT were used, respectively, with a calibrated microwave power
of 13.4 dBm. For ex situ FMR, the modulation frequency and amplitude were setto 12.1 kHz
and 2 mT, respectively, and calibrated microwave power of 8.4 dBm was used. The time
constant and conversion time on the lock-in amplifier was set to 40.96 ms and 81.92 ms,
respectively for both in situ and ex situ measurements. Microwave absorption spectra were
recorded at fixed microwave frequency, calibrated before each set of measurements, and
sweeping the external magnetic field. The specimen was rotated with respect to the magnetic

field for the in-plane FMR angular-dependent measurement.

Figure 5.5 shows the normalized amplitude of FMR spectra (open circles) and complex

Lorentzian lines fit (solid lines) for the uncapped and capped Fe film at three different
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crystallographic directions according to Figure 5.2 (f). The signal in FMR spectra is
proportional to dy”/0B (x” = imaginary part of magnetic susceptibility, B = uoH). A
complex Lorentzian function [86] (equation 5.1) with a phase factor ¢ describes a resonance
curve where ¢ can arise from the phase shift between microwave source and detected signal
[87].

A:[AH cos ¢ + (H — H,,) sin ¢]
AH? + (H - Hres)z

L, (H) =
(5.1)

where A, is the complex amplitude, H,..s denotes the resonance field position B,.; = poHyes,

and AH is the linewidth AH = ?AHW. The asymmetry in FMR lineshape can arise from

eddy currents [88]. Modulation of the external magnetic field is used to enhance the signal-
to-noise ratio of the signal which results in the derivative of the signal being measured. An
asymmetric lineshape can also be observed if the sample surface has a slight tilt with respect
to stray field direction (the x-y plane in our case). For in situ FMR measurement a perfect
horizontal alignment of the sample holder in the x-y plane is difficult. The effect of distance
on the stray field causes an asymmetric lineshape. The lineshape also becomes asymmetrical
when the magnetization direction is not parallel to the scanning direction. The field

derivative of a complex Lorentzian function (equation 5.1) is given by:

dL;(H) 2A(—H + Hyes)AHcos(¢) — A(H — Hyog — AH)(H — H,o5 + AH)sin(¢)
dH ((H — Hypg)? + AH?)2

(5.2)

This derivative function (equation 5.2) has been utilized to fit the resonance lineshape
as shown in Figure 5.5 to determine the amplitude A, resonance field uyH,., and linewidth
AH. The resonance field position at [110] direction of uncapped 5 nm Fe/GaAs (100) film
UoH, = 135 mT shown in Figure 5.5 agree well with the resonance field value of 4 nm
Fe/GaAs (100) sample produced for time dependent study discussed in section 4.5 uyH, =
130 mT shown in Figure 4.15. This suggests that good quality Fe films are easily
reproducible in the UHV set-up.
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Figure 5.5 FMR spectra of the uncapped and capped 5 nm Fe/GaAs (100) film in three

different crystallographic directions of the sample, as shown in Figure 5.2(f).

As shown in Figure 5.6, there is a clear shift of resonance position to lower field value
while going from uncapped film to capped film. The decrease in the resonance field can be
due to i) the magnetization changes or ii) the change in magnetic anisotropy. Zakeri et al.
[65] studied the influence of the Ag capping layer on the magnetic anisotropy of Fe/GaAs
(100) using in situ FMR. They found a reduction of the Curie temperature of a 2.8 ML Fe
film after 1 ML Ag capping. The reduction of the Curie temperature to about 195 K was
observed along with the decrease of the magnetization of the thin film. However, this effect
occurs only for such thin Fe films, as shown in [89]. For Fe film thicker than 7 ML, the
magnetization is close to the bulk value (1.71 x 10® A/m) [62, 90] and remains constant for
thicker films. Hence, the change in magnetization for the 5 nm (~35 ML) Fe film after Ag
capping is negligible. The only possible reason for the shift in the resonance field after
capping is the change of magnetocrystalline anisotropy. To determine the effect of the
capping layer on the magnetic anisotropy parameters, angular-dependent FMR data were

analyzed.
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Figure 5.6 shows 180° azimuthal angular-dependent resonance field uyH, of the
uncapped and capped Fe film (open circles) and fit (solid lines) to the data according to the
free energy density equation 2.18. The exact microwave frequency used to measure the
uncapped sample (in situ FMR) was 13.069 GHz and for capped sample (ex situ FMR) was
13.009 GHz. A slight difference of 60 MHz will not give a considerable shift of the
resonance field. The fit has been performed assuming a constant magnetization M =
1.6 X 10° A/m and g-factor g = 2.09. The easy axis of magnetization M at zero field is
[100] direction. The magnetic anisotropy constants determined for uncapped and capped Fe
films are given in Table 5-1. Since Fe and Ag are immiscible [91], a sharp interface between
Fe/Ag at equilibrium is expected [92]. Therefore, no noticeable change in the structural and
magnetic properties after Ag capping on Fe film is expected.
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Figure 5.6 Azimuthal angular dependence of the resonance field of uncapped 5nm
Fe/GaAs (100) measured in situ and capped film Pt/Ag/Fe/GaAs (100) measured ex situ at
a microwave frequency of 13+0.02 GHz. The solid lines are the fits to the experimental data
(open circles) using equation 2.18. The error bar of the resonance field data points is smaller
than the symbol size.

The small in-plane uniaxial anisotropy K, of the Fe film grown on GaAs (100) results

from the tensile strain produced at the Fe/GaAs interface (in-plane compression and
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expansion in the perpendicular direction). This strain at the interface originates from the
surface reconstruction of GaAs [93] and compressive strain after Fe deposition due to lattice
mismatch between Fe and GaAs [22]. The vertical lattice parameter below 20 ML is
approximately 3% larger than the bulk value [90]. This in-plane uniaxial strain from the
interface is strong enough to sustain in-plane uniaxial anisotropy in 5 nm Fe film after

capping with 2 nm Ag. Hence, K, remains unchanged after the capping layer (Table 5-1).

The cubic anisotropy K, is decreased by about ~10% after Ag and Pt deposition. The
cubic anisotropy results mainly from the volume contribution due to Fe's four-fold cubic
symmetry in thicker film [31]. However, for thin films below 2-3 nm, the surface-interface
contribution dominates [16]. The slight decrease in cubic anisotropy after capping is from
the volume contribution due to the change of density of states of Fe [94] at the Fe/Ag

interface.

In contrast to the small change of the cubic and in-plane uniaxial anisotropy, there is a
significant change of the out-of-plane uniaxial anisotropy K, , after Ag and Pt capping. The
perpendicular anisotropy also contains volume and surface-interface contributions. The
change of K,, is coming mainly from surface contribution due to change at Fe/vacuum
interface. The uniaxial interface perpendicular anisotropy strongly depends on the
composition of the interfaces. The most substantial anisotropy was observed for the Fe
(001)/vacuum interface (9.6 x 10~* J/m?), followed by the Fe-Ag interface (8.1 x 107* ]/
m?) and by the Fe-Au interface (4.7 x 107*J/m?), all at RT [95]. The uniaxial
perpendicular anisotropy in BCC Fe is an intrinsic effect caused by broken symmetry at the
Fe/vacuum interface and not by growth peculiarities [96]. Fe-GaAs surface-interface and
volume contributions do not play a significant role here, since the in-plane lattice parameter
is close to the bulk value (section 5.1). The uniaxial character of the anisotropy due to the
volume and Fe/GaAs interface will be more dominant for thinner Fe films. The change of
the surface contribution to K,, can be also the result of a change in the surface roughness.
The roughness creates an in-plane demagnetizing field at the edges of terraces, thereby
reducing the shape anisotropy. Bruno et al. [97] calculated the dependence of the surface

anisotropy K on the roughness parameter ¢ and the lateral correlation length § :
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K, = EshapeZG [1 — f(Zn%)]

(5.3)

where Egpgpe = %MOM 2 is the shape anisotropy and the function f (27r g) becomes 1 when
g tends to O for a very smooth surface, and 0.1 for a surface with a roughness parameter

being of the order of the lateral correlation length. In our case, the total perpendicular
anisotropy is reduced by about 78% (AK,, = 2.1 x 10° J/m?), indicating the smoothening
of the Fe film surface after capping. Thus, both mentioned effects lead to a change of the
electronic structure of Fe (100) at the Fe/Ag interface which in turn changes the

magnetocrystalline anisotropy.

The capping of the Fe film only with Ag leads to the oxidation of the sample [98]
(aging effect), which causes a significant change in magnetic properties. Therefore, the
sample was capped with 3 nm of Pt to protect the film against oxidation. Fe/Ag/Pt can be
grown with separate layers and sharp interfaces between them [99] at room temperature.
Since Pt growth on Ag (100) surface is not epitaxial, it does not affect the magnetic
anisotropy of Fe/Ag heterostructure. However, spin transfer from Fe to the Ag or Pt layer is
possible due to magnetization precession. This will be discussed in section 5.4 where

linewidth dependence on frequency has been analyzed to determine damping contributions.

Sample K, (10*)/m3) K, (105]/m3) K4 (10*]/m3)
(5) Fe/GaAs 1.32 £ 0.05 2.73 +0.07 3.46 + 0.03
(3) Pt/(2) Ag/(5) Fe/GaAs 1.25+0.03 0.58 + 0.08 3.07+£0.04

Table 5-1 Room temperature magnetic anisotropy constants of 5 nm Fe film grown on
GaAs (100) before and after capping. The integers in the first column denote the thickness
of the layer in nm.
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5.3 Frequency-dependent FMR measurements and g-factor

The spectroscopic splitting factor ‘g’, or g-factor, measures the energy splitting of a
degenerate state in a magnetic field H. It gives the sign and magnitude of the precession of
the magnetic moment around the direction of the external magnetic field [37]. As described
in sections 2.2 and 2.3, the g-factor comprises the information on the orbital and spin moment
contribution (equation 2.15) to the total magnetic moment and can be determined using
frequency-dependent FMR measurements. The orbital contribution to the total magnetic
moment in a perfect cubic symmetry is quenched, giving the spin only value (g = 2.0023).
Spin-orbit coupling leads to a deviation of the g-factor from 2.0023 in 3d metals, for
example, BCC Fe g = 2.09, HCP Co g = 2.18, and FCC Ni g = 2.18 [100]. To determine the
g-factor, a frequency-dependent resonance field along with the anisotropy data from angular-
dependent measurement should be analyzed. Therefore, resonance has been measured at

several frequencies of both the uncapped and capped sample in the film plane.

Figure 5.7 shows the frequency-dependent FMR of uncapped 5 nm Fe film grown on
GaAs (100) measured in situ with a magnetic field applied parallel to [110] direction in the
film plane. The greyscale represents the normalized amplitude of the microwave absorption,
proportional to dy"/dB. The non-aligned mode of resonance is observed at the low-
frequency region (< 9.5 GHz) along the hard axis. These signals (unsaturated mode) arise
when the magnetization is not parallel to the external magnetic field but still, the resonance
condition is fulfilled. These modes disappear at the higher field when the magnetization is
perfectly aligned to the hard axis [110] direction. Frequency-dependent FMR measures the
collective response of the spin system in which spin precession around the internal
anisotropy field is included. The occurrence of unsaturated resonance modes yields a
possibility to increase the accuracy of the measurements, as two or even three modes can be
used for fitting. However, the analysis of the saturated resonance field is sufficient to extract

all the information about anisotropy, g-factor, and damping parameters.
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Figure 5.7 Frequency-dependent FMR of uncapped Fe/GaAs (100) measured in situ with the
magnetic field applied parallel to [110] direction in the film plane. The greyscale represents

the normalized amplitude of the microwave absorption derivative proportional to dy"/0B.

The FMR lines from these measurements were fitted with the derivative of complex
Lorentzian function described by equation 5.2 to extract the amplitude, resonance field H,,
and linewidth AHyy,4p- The frequency-dependent resonance field plot can be fitted using
the dispersion relation (equations 2.20 and 2.21) for different directions of the applied
magnetic field. The resonance condition in a tetragonal symmetry for different angles of M
and H has been described by M. Farle [37]. Figure 5.8 and Figure 5.9 show the square of
frequency versus resonance field plot and it’s fitting according to the equations (2.20) and
(2.21). The g-factor for three different crystallographic directions determined from fitting
are listed in Table 5-2. In case of the capped Fe sample, the g-factor is very close to the Fe-
bulk value (g = 2.09), whereas there is an increase of the g-factor for the uncapped film. In
case of [100] easy direction, the increase of g-factor value with respect to bulk reaches ~4%,
which indicates an increased orbital moment. As described by equation 2.15, the g-factor is
determined by the ratio of orbital to spin moment. This results in a ratio of y; /us = 0.085 +
0.01 for the uncapped sample in [100] direction which reflects the enhancement of orbital
moment by ~100% (u; /us = 0.043 for bulk Fe [101]). The spin and orbital moments of Fe

film grown in GaAs (100) at ultrathin limit have been investigated by several groups using
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XMCD [102-105]. However, the measurements were performed on Fe films with metal
capping layers, e.g., Au or Cr. It has been shown by S. Tacchi et al. [106] that the Au capping
layer on top of Fe film leads to a significant reduction of in-plane uniaxial magnetic
anisotropy. In case of 7 ML Fe film, the uniaxial anisotropy is completely suppressed

whereas in 20 ML film it is reduced to a half value.

Although there is an enhancement of orbital moment by 300% in 8 ML Fe film due to
increased localization of electronic states at Fe/GaAs interface [104], the spin moment
remains bulk-like [102]. For Fe bulk, the orbital moment is y; = 0.085 ug and spin moment
is us = 1.98 ug giving g-factor of 2.09. We have obtained the g-factor values in close
agreement to previous studies. In our case the uncapped Fe film of thickness ~35 ML gives
g-factor of 2.17 in the easy direction (~4% increase from bulk value) indicating enhanced
orbital moment contribution due to reduced symmetry at the surface and interface. The first
principle calculation predicted an enhancement of orbital moment at the surface of BCC
Fe[107]. The surface states which are not completely quenched are responsible for the
enhancement of surface magnetism. In the case of intermediate [110] and hard [110]
direction, the increase in g-factor is < 1.4% for the uncapped sample. Anisotropic behavior
of the g-factor in the film plane was shown [37], which can arise due to the anisotropic
density of states at the Fe/GaAs interface [17]. The capped sample gives a g-factor value
close to bulk Fe (2.09). Ag overlayer delocalizes the surface states of Fe which reduces the
enhanced magnetic moment of Fe(100) surface [108]. These effects are directly related to
the large atomic size of Ag (172 pm) compared to Fe (126 pm). Pt capping after Ag is not
expected to affect the magnetic moment of Fe since it does not have any direct bond with
Fe, and the Ag layer with 2 nm thickness equivalent to ~10 ML does not bear any magnetic

moment.

Therefore, we conclude that the anisotropic enhancement of the g-factor of the
uncapped Fe film is due to the strong spin-orbit coupling effect at the Fe/GaAs interface and
the increased orbital moment contribution at the Fe surface. The Ag capping layer
significantly suppresses the surface states and leads to a bulk-like g-factor. The role of the
Ag overlayer is to delocalize the Fe surface states leading to increased surface magnetization
[108].
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Figure 5.8 The square of microwave frequency versus the resonance field in the easy and
hard direction of uncapped and capped 5 nm Fe/GaAs (100). The error bar for all the data
points is smaller than the symbol size. The solid lines are the fit to the data according to the
equations (2.20) and (2.21).
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Figure 5.9 The square of microwave frequency versus the resonance field in the intermediate
direction of uncapped and capped 5 nm Fe/GaAs (100). The error bar of data points is
smaller than the symbol size. The solid lines are the fit to the data according to equations
(2.20) and (2.21).
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g-factor [100] [110] [110]

(5)Fe/GaAs (100) 2.168+0.010 2.117+0.002  2.103 +0.001

(3)Pt/(2)Ag/(5)Fe/GaAs (100)  2.076 £0.001  2.093+0.001  2.092 + 0.001

Table 5-2 Spectroscopic splitting g-factor of 5 nm Fe/GaAs (100) before and after capping,
measured in three different crystallographic directions. The integers in brackets denote the

thickness of the layer in nm.

5.4 Effect of capping layer on relaxation mechanism (Gilbert damping)

The FMR linewidth allows to determine the magnetic relaxation parameters, e.g.,
Gilbert damping 'a', spin pumping, and two-magnon scattering. The linewidth of the
uncapped and capped Fe film is strongly angular-dependent in the film plane with four-fold
and two-fold components, as shown in Figure 5.10. The anisotropic linewidth is typical for
Fe/GaAs (100) coming from the in-plane uniaxial symmetry superimposed on four-fold
symmetry. The increased linewidth of the capped film compared to the uncapped film is due
to a change in Fe surface states. The linewidth in accordance with the LLG equation is related

to the relaxation time t as [109]

2
AH = =
(5.4)

Therefore, the increased linewidth due to Gilbert damping indicates a decrease in
surface relaxation time and g-factor. This is inline with the g-factor reduction after capping
explained in section 5.3 (see Table 5-2). The crystal defects within the film or non-
uniformities also play a significant role in ferromagnetic resonance absorption and its
linewidth. In our case, since Fe and Ag film is epitaxially grown on GaAs substrate, the
linewidth is smaller for an uncapped sample, while after capping with Pt which is not a single

crystal, it increases considerably.
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Figure 5.10 Angular dependent peak-to-peak linewidth of uncapped 5 nm Fe/GaAs (100)

measured in situ and capped Pt/Ag/Fe sample measured ex situ at a microwave frequency of

12 GHz. The error bar for each data point is smaller than the symbol size.

The linear dependence of linewidth on the frequency provides the intrinsic damping
parameter o (section 2.4.1). It is to be noted that the linear behavior of FMR linewidth with
the frequency is only valid when the external magnetic field is parallel to the magnetization.
However, at a lower magnetic field, the so-called dragging effect contributes to non-
linearities in the frequency dependence of the linewidth. Figure 5.11 (a), (b), and Figure 5.12
show the frequency dependence of the linewidth of uncapped and capped 5 nm Fe film
measured at three different crystallographic orientations and a linear fit in the higher
frequency region. The increase of the linewidth at low frequencies observed for [100]
direction is caused by the dragging effect, while for [110] direction it is due to the non-
aligned ferromagnetic resonance mode [17]. The magnetization direction in a weak external
field (at low frequency) is primarily determined by the anisotropy fields, while for the higher

magnetic field the magnetization tends to align with the external field.
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Figure 5.11 Frequency-dependent peak-to-peak linewidth of uncapped and capped 5 nm
Fe/GaAs (100) in (a) the easy [100] and (b) intermediate [110] direction.
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Figure 5.12 Frequency-dependent peak-to-peak linewidth of uncapped and capped 5 nm
Fe/GaAs (100) in the hard [110] direction.

According to equation 2.24, the FMR linewidth is directly proportional to the
microwave frequency and inversely proportional to the magnetization. Fitting the peak-to-
peak linewidth versus frequency using equation 2.25 by taking the second term of right-hand

side as slope gives Gilbert damping parameter o as:

3y

= 2 oanx 100 Stope

(5.4)
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where

-
y=97

(5.5)

This indicates a directly proportional relation of Gilbert damping parameter a and
linear slope of peak-to-peak linewidth versus frequency (AH,, vs f) plot, i.e., bigger the
slope is, the higher the o value will be. Using the g-factor determined from the frequency-
dependent resonance field (Table 5-2) and slope from Figure 5.11 and Figure 5.12 (Table
5-3), a is calculated using equation 5.4 for the uncapped and capped sample in three different
crystallographic directions tabulated in Table 5-5. The capped film has a larger Gilbert
damping in comparison to the uncapped film. In the case of [100] direction, there is a 44%
increase of o from uncapped to capped Fe film, while there is a 71% increase in the [110]
direction. The increase in a indicates a decrease in relaxation time and an increase in spin-
orbit interaction. a is governed by the spin-orbit interaction, which couple phonons to the
spin-system, i.e., the stronger the spin-orbit interaction, the more energy is dissipated, thus
damping the precession of the spins. The enhancement of Gilbert damping is due to Pt
capping having high spin-orbit coupling. Since Ag has a large spin diffusion length of about
132-152 nm [1], the angular momentum of Fe can be pumped into the Pt layer causing spin
current. The damping of ferromagnetic Fe is enhanced by spin pumping [110, 111], where
pure spin currents are excited in the Fe layer and absorbed at the interface layer. Another
reason for the increased magnitude of a could be the interface's electronic band effect. Garate
et al. [112] proposed a simple model describing Gilbert damping parameter as
a ~n(Er)&2t~1 under certain conditions, where n(Ey) is the density of states at Fermi level
Eg, & is the strength of spin-orbit interaction, and t is the electron momentum scattering
time. Therefore, the change in the density of state at the Fe surface after capping it with Ag
as well as Pt significantly affects the intrinsic damping. Along with this, the enhanced spin-
orbit interaction after Pt capping increase o. Increase in a also indicates a decrease in electron
scattering time after capping. The observed small anisotropy of the damping parameter o in
Fe is also due to the anisotropic density of states n(Er) of the Fe film [17]. Ab initio
calculations show that the interfacial spin-orbit interactions modify the electronic structure
on varying the magnetization orientation, due to the anisotropy of the interfacial Fe d states
[17]. We conclude that the electronic structure of Fe atoms at the Fe/vacuum and Fe/Ag
interface plays a significant role in modifying the magnetic properties of thin Fe films.
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Slope (MT/GHz) [100] [110] [110]
5 nm Fe/GaAs (100) 0.150+0.002  0.098+0.001  0.142 +0.001
Pt/Ag/Fe/GaAs (100) 0215+0001  0.170+0.001  0.169 +0.001

Table 5-3 The slope of linear fit extracted from frequency-dependent linewidth of uncapped

and capped 5 nm Fe film measured for three different crystallographic orientations.

AHy (MT) [100] [110] [110]
5 nm Fe/GaAs (100) 0574 +0.042  1.112 +0.022 0.763 + 0.035
Pt/Ag/Fe/GaAs (100) 0253 +0.014  1.045 +0.015 0.875 + 0.008

Table 5-4 Inhomogeneous broadening AH,, of uncapped and capped sample determined by

the linear fit of frequency-dependent linewidth.

a(x 1073) [100] [110] [110]
5 nm Fe/GaAs (100) 3.94 +0.01 2.51 +0.002 3.56 + 0.001
Pt/Ag/Fe/GaAs (100) 5.23 +0.001 4.31 +0.001 4.28 +0.001

Table 5-5 Gilbert damping parameter o of uncapped and capped sample in three different

crystallographic directions.

5.5 Summary

In this chapter, an effect of Ag and Pt capping on the magnetic anisotropy, g-factor,

and damping of 5 nm Fe film grown on GaAs (100) has been investigated using FMR. The
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sample was grown, characterized, and capped in situ to prevent oxidation, which provided
access to the genuine properties of a pure Fe film. The magnetocrystalline anisotropy is
significantly changed after capping the Fe film with Ag and Pt mainly due to the suppression
of the surface contribution to the perpendicular anisotropy. The capping layer has a
negligible effect on the in-plane magnetic anisotropy (cubic and uniaxial). It was observed
that the uncapped Fe film exhibit an enhanced g-factor (~4%) in comparison to bulk Fe while
the capped film shows g-factor close to the bulk value. The enhancement of the g-factor is
due to an increased orbital moment of Fe film at the surface. The anisotropy of g-factor in
uncapped Fe film is observed which vanishes upon capping the film with Ag and Pt. Finally,
the increase in Gilbert damping of Fe film is observed after capping it with Ag and Pt. This
is attributed to the enhanced spin-orbit interaction and decrease in relaxation time after
capping a ferromagnetic layer Fe with normal metal Ag and heavy metal Pt. All these effects
are directly related to the electronic band structure of Fe atoms at the surface and interface.
Therefore, we conclude that the change in electronic structure after capping significantly
modifies the magnetic anisotropy (~78% in out-of-plane direction), g-factor (~4% in [100]

easy direction), and damping contributions (~40-70%) of Fe films after capping.
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6 Influence of substrate doping on the magnetic properties of
Pt/Ag/Fe/GaAs (110) heterostructure

In this chapter, the experimental results of the magnetic and structural characterization
of an epitaxial Pt/Ag/Fe/GaAs (110) heterostructure with different doping of the GaAs (110)
substrate (undoped, p-doped, and n-doped) is studied using ex situ ferromagnetic resonance
and in situ LEED and AES. Magnetic anisotropy, g-factor, and magnetic relaxation
parameters were determined for three different samples with a substrate doping
concentration of 107 cm™3 (undoped), 10*° cm™3 (Zn-doped), and 108 cm™3 (Si-doped).
It was found that the in-plane uniaxial magnetic anisotropy is significantly changed (10-
30%) with different doping levels in GaAs. From frequency-dependent ferromagnetic
measurements, an isotropic g-factor was found, and no dependence of g-factor on the type
of substrate doping is observed. A single relaxation channel, i.e., intrinsic Gilbert damping,
is identified by frequency-dependent resonance linewidth analysis. Along the easy direction,
the Gilbert damping is decreased by ~20% in the p-doped sample compared to the undoped
sample, while there is no change in the n-doped sample with respect to the undoped sample

within the error bar.

6.1 Introduction

Prinz and Krebs et a. [113] in 1981 first reported the epitaxial growth of single-crystal
BCC Fe on GaAs (110) with a lattice mismatch of 1.4%. They found the optimum growth
of good quality 20 nm Fe film at a substrate temperature between 175 and 225°C. Higher
substrate temperatures resulted in faceted growth with grooves along [110] direction.
However, Hollinger et al. [15] have successfully grown epitaxial Fe film on GaAs (110) at
room temperature in the thickness range of 4-64 ML. Both [15, 113] studies showed that the
growth of Fe (110) starts with the formation of 3D islands and coalescence after a few
monolayers. It has been reported that by depositing Fe at elevated temperatures (175-200°C),
the GaAs (110) surface is disrupted, and an intermixed region is formed with Fe-As-Ga
compounds at the interface [80, 114]. Films grown at lower substrate temperature have a
better Fe/GaAs interface (less alloying); however, epitaxial quality is compromised.
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Therefore to produce a good quality epitaxial Fe film without any interdiffusion at the
interface, Winking et al. [115] introduced a two-step process, where Fe is grown at 130 K
substrate temperature followed by annealing to room temperature. This process yielded 2D
layer-by-layer growth with an abrupt nonreacted heterointerface. Griinebohm et al. [116]
also predicted using DFT that Fe can be grown on GaAs (110) with an abrupt and non-

intermixed interface at higher flux and low temperature.

The magnetic measurements on Fe/GaAs (110) show that these films exhibit a
reorientation of the easy axis from the [001] to the [110] direction at room temperature
between 24-50 ML [15]. This spin-reorientation transition is due to a transition from a
perpendicular magnetic anisotropy (PMA) to an in-plane magnetic anisotropy (IPMA) with
increasing thickness. DFT calculation on ¥ ML of Fe adatoms on a free GaAs (110) surface
indicates no quenching of the magnetic moments [116]. Griinebohm et al. explain this with
the fact that the (110) surface is stoichiometric which leads to a reduction of sp:
hybridization. The DFT calculations were performed at 0 K, therefore, the interdiffusion
effect will be enlarged at finite temperatures. Ifflander et al. [117] investigated the influence
of the type of substrate doping on the Kerr signal in ultrathin Fe film grown on GaAs (110).
He found no dependence of Kerr rotation on the type of doping (n-type, p-type, and intrinsic
GaAs) in the thickness range of 2.5-2.7 ML Fe films. However, in his case, the films were
grown at low temperatures using the method proposed by Winking [115]. It is important to
know if the same independence of magnetic properties is valid for room-temperature-grown
Fe films. Therefore, we have studied the influence of doping on the magnetic properties
(anisotropy and damping) of Pt and Ag capped 5 nm Fe films grown on GaAs (110) at room

temperature using FMR.

6.2 Sample growth and structural characterization

Three samples (Pt/Ag/Fe heterostructure) with different doping of the GaAs substrate,
namely undoped, p-doped, and n-doped, were prepared with the same method described as
follows. A commercial 4 x 4 mm? GaAs (110) substrate was pre-cleaned with absolute

ethanol in an ultrasonic bath and pasted on the UHV sample holder with silver paste.
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Initially, the substrate was sputtered at an energy of 1 keV (sample current ~1 uA) with argon
partial pressure of 1 x 10~¢ mbar. The sputtering with a perpendicular incidence of beam
was carried out along with heating up to 960 K for 1 hour and then the sample was annealed
at 960 K for half an hour. The characterizations performed during and after sample
preparation is schematically shown in Figure 6.1. LEED images were taken on the clean
GaAs (110) substrate at room temperature and pressure < 7.0 x 10~° mbar. The prepared
substrate yields a well-ordered {1 x 1} surface with no surface reconstruction as expected
from (110) GaAs (Figure 6.2 a-c). The LEED image of three samples (Figure 6.2 a-c and d-
) were taken at different energies according to the best visible diffraction pattern for that
sample. However, the LEED should not depend on the doping of the substrate. A 5 nm Fe
film was grown on the prepared substrate using electron beam evaporation at room
temperature with a deposition rate of ~0.1 nm/min+10%. The pressure during deposition
was maintained at < 7.5 x 1071% mbar. The thickness of the film was monitored using a
quartz thickness monitor. Subsequently, 3 nm Ag, and 4 nm Pt, were deposited on top of the
Fe film at room temperature below 5 x 10~ mbar inside the chamber. LEED images taken
on the clean GaAs (110) substrate and 5 nm Fe film for all three samples are shown in Figure
6.2. After taking the AES spectra of the complete heterostructure (Pt/Ag/Fe/GaAs), the
sample was taken out of the chamber. The FMR measurement was carried out ex situ using
CPW setup as described in section 3.4.2. A similar procedure was followed for two more
samples with different doping of the substrate. Room temperature was maintained during

deposition as well as all the measurements.

v

Pt (4 nm) capping AES & ex situ FMR

Ag (3 nm) capping > LEED
Fe (5 nm) epitaxy » LEED
GaAs (110) substrate > LEED

Figure 6.1 Schematic of prepared sample and characterization followed during sample

preparation in situ and ex situ.
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Figure 6.2 LEED images taken in situ: (a) GaAs (110) undoped at 97 eV, (b) GaAs (110) p-
doped at 78 eV, (c) GaAs (110) n-doped at 130 eV, (d) 5 nm Fe/GaAs (110) undoped at 177
eV, (e) 5 nm Fe/GaAs (110) p-doped at 75 eV, (f) 5 nm Fe/GaAs (110) n-doped at 156 eV.

LEED images of clean GaAs (110) substrate (Figure 6.2 a-c) show a cubic (110) plane
with an aspect ratio of 1.4040.05 for all three samples. This confirms the same substrate
surface formation in all three samples with different doping. LEED images taken after film

deposition are shown in Figure 6.2 (d-f) indicating an epitaxial growth of Fe on GaAs (110).

The ratio between the diffraction spots along [001] and [110] is close to v'2, typical for BCC
Fe (110). The Fe film was capped with 3 nm of Ag and 4 nm of Pt immediately after the
LEED measurement since it is already known from previous results (chapter 4) that Fe (110)
films change magnetic properties after some hours of being in UHV at room temperature.
AES was taken from the complete heterostructure sample as shown in Figure 6.3. The
spectrum was recorded in an energy range of 30-700 eV; however, no peaks of Fe were seen
in the whole scan. Since electrons (1 keV from electron gun) can penetrate up to ~5 nm in
the film, only Pt and Ag peaks can be observed. This also confirms that the Fe film is fully
covered with Ag and Pt layers. Furthermore, no carbon peak is observed indicating a

contamination-free sample after deposition in high vacuum conditions.
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Figure 6.3 AES spectrum taken in situ after deposition of the complete sample
Pt/Ag/Fe/GaAs (110) undoped.

6.3 Magnetic anisotropy of Pt/Ag/Fe/GaAs (110) heterostructure

FMR was measured ex situ with the external magnetic field uyH applied parallel to the
film plane. Angular-dependent FMR spectra were measured at an angle step of 1° and ~13
GHz. The modulation frequency, phase, and amplitude were set to 12.10 kHz, 320° and
2 mT, respectively. The time constant and conversion time on the lock-in amplifier was set
to 40.96 ms and 81.92 ms, respectively. For angular-dependent measurement, the sample
was rotated with respect to the magnet using a goniometer. Figure 6.4 shows the result of
the complete 180° angular-dependent FMR measurement of Pt/Ag/Fe/GaAs (110) p-doped
sample taken at 12.902 GHz frequency. The grey scale corresponds to the normalized
amplitude of the microwave absorption derivative, proportional to dy"/dB. Similar results
were obtained for the other two samples (undoped and n-doped). The angular dependence
clearly shows the signal as expected for the (110) direction. The inset of Figure 6.4 shows
the schematic of (110) surface plane with three crystallographic directions of the sample (red
box). The absolute minima lie equivalently along [001] and [001] directions, so there is 180°
symmetry. The absolute minimum here indicates the easy direction of magnetization without

external field, which is independent of the position of the maxima, and the local minima
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along [110] direction denote intermediate direction. The maxima seem to be a hard direction,
but they are not. There is a slight shift from the maximum point (¢ = 54.7° is hard axis)
because of the diagonal angle in the (110) plane. The grey scale plot clearly shows a single
resonance line throughout all directions indicating good quality epitaxial Fe growth and no
intermixing of capping layer with uniform Fe film. Each individual FMR spectrum was fitted

separately using complex Lorentz function (equation 5.2) to determine the resonance field

and linewidth.
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Figure 6.4 In-plane angular-dependent ex situ FMR  measurement of
4 nm Pt/3 nm Ag/5 nm Fe/GaAs (110) p-doped sample taken at 12.902 GHz and room
temperature. The grey scale corresponds to the normalized FMR amplitude. Inset gives a

schematic representation of crystallographic directions of the (110) surface.

Figure 6.5 shows the normalized FMR spectra (open circles) and complex Lorentzian
fit using equation 5.2 (solid lines) for undoped, n-doped, and p-doped sample in three
different crystallographic directions. In order to describe a complex resonance curve with
both absorption and dispersion part, complex Lorentz function with phase factor is
appropriate. The role of eddy currents in these films is insignificant due to lower thickness
of Fe films. The eddy currents are produced in ferromagnetic materials during resonance

measurement by the microwave fields and it strongly depends on the skin depth &§. The skin
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depth is the depth from the surface of conductor at which the microwave amplitude is
decayed to 1/e of its original value.

WO Lo

(6.1)

where ¢ is the electrical conductivity and u,- = 1 + y is the relative permeability. For typical
transition metals, & is in the range of one micron if excited with 10 GHz. With increasing
microwave frequency, the skin depth decreases as seen from equation 6.1. Also, it depends
on the susceptibility of the ferromagnets which further increases during FMR experiments.

This in turn lowers the skin depth in our case.
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Figure 6.5 FMR spectra of Pt/Ag/Fe/GaAs (110) undoped, n-doped, and p-doped sample in
three different crystallographic directions. The solid line represents complex Lorentzian fit

to the experimental data.

Figure 6.6 shows the angular-dependent resonance field curve for undoped, n-doped,
and p-doped samples and their fit (solid lines) using the energy density described by equation

2.19. The fitting was performed assuming a constant magnetization M = 1600 kA/m and
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g-factor g = 2.09. Frequency used during measurement was inserted in the fitting program
i.e.,, 13.086, 12.937, and 12.903 GHz for undoped, n-doped, and p-doped samples,
respectively. The angle between uniaxial in-plane and cubic direction was set to § = 90°.

The anisotropy parameters determined from the fitting are given in Table 6-1.

It has been discussed that a spin reorientation takes place in Fe films grown in GaAs
(110) in the ultrathin limit. The critical thickness at which the transition of easy axis from
[110] to [001] direction occurs is dependent on the sample preparation, especially the growth
temperature [15]. In our case, the easy axis lies at [001] in-plane direction, indicating that
the film thickness is above the critical thickness for transition. This behavior explains the
existence of two competing anisotropy energies in the film which favors alignment of
magnetization along different crystal axes. Therefore, the energy density equation used to fit
angular dependent resonance data includes the superposition of in-plane cubic and uniaxial

anisotropies.

Sample Ky (x 10*J/m®) K, (x 10°J/m3) K4 (x 10*J/m?)
undoped 2.41+0.03 1.43+0.10 3.47 +£0.04
p-doped 1.58 +0.03 1.50 + 0.05 3.25+0.03
n-doped 2.15+£0.04 1.31+0.1 3.49 £ 0.07

Table 6-1 Room temperature anisotropy parameters of Pt/Ag/Fe/GaAs (110) undoped, p-
doped, and n-doped samples determined by fitting angular dependent resonance field using

equation 2.19.
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Figure 6.6 Angular-dependent resonance field of Pt/Ag/Fe/GaAs (110) undoped, n-doped,
and p-doped sample. The solid line shows the best fit to the data according to equation 2.19

yielding anisotropy parameters tabulated in Table 6-1.

We have obtained a significant change in the in-plane uniaxial anisotropy K, with
doping the substrate (see Table 6-1). The magnetocrystalline anisotropy mainly arises from
spin-orbit interaction that couples the magnetic moment of the electron to the crystal lattice
[37]. Therefore, the shift of uniaxial anisotropy can be either due to a change in crystal
structure or spin moment. Theoretical studies have shown that doping can effectively
modulate magnetic anisotropy [118]. DFT calculations reveal that the chemical potential
shift associated with the doping is responsible for the reduced magnetic anisotropy by
decreasing the energy gain from the spin-orbit induced band splitting [118]. In our case, the
interface-driven spin-orbit coupling in Fe film will be modified by the electron or hole
doping in GaAs, altering the electronic structure (bands) of Fe at the Fe/GaAs interface and
resulting in the change of magnetic anisotropy in three samples. However, theoretical
calculations are needed to verify this scenario. The change in cubic anisotropy K, and out-
of-plane anisotropy K,, is negligible within the error bar. This is because the crystal
structure of Fe film in all three samples is the same. We have confirmed this also with LEED

measurements where the ratio of lattice length remains the same for all three samples.
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6.4 Magnetic relaxation (Gilbert damping)

Now we turn to frequency-dependent measurement results. Figure 6.7 shows the
frequency-dependent resonance field for all three samples with the magnetic field applied
parallel to [001], [111], and [110] directions in the film plane. The measurements were
performed ex situ in the range of 1-40 GHz at room temperature. Fitting the resonance curve
using dispersion relation equations (2.20) and (2.21) reveals an isotropic g-factor of 2.08 +
0.05 for all three samples. This indicates the same spin to orbital moment ratio y; /us = 0.04
for all samples. As already discussed in section 5.3, the capping layer suppresses the surface

states of the Fe film, and this leads to the bulk-like g-factor.

To determine the magnetic relaxation, FMR linewidth as a function of frequency has
been analyzed. Figure 6.8 shows the frequency-dependent linewidth of all three samples in
[001], [111], and [110] directions. The solid lines are linear fits to the data. The peak-to-peak
linewidth versus frequency curve in the complete frequency range (1-40 GHz) gives linear
behavior described by intrinsic or viscous damping and inhomogeneous broadening. The
non-linearities are also present at the lower magnetic field due to the dragging effect where
the magnetization angle varies with the applied field. The Gilbert damping term leading to a
frequency-dependent peak-to-peak linewidth can be described by equation 2.25. AH,
(inhomogeneous broadening) can arise from sample imperfection such as mosaicity and
defects. In our case, the hole or electron doping can significantly affect the inhomogeneity
present in the sample leading to different AH, in different samples. Table 6-3 gives the value
of AH,, calculated from linear fit of frequency-dependent linewidth (Figure 6.8). It has been
found that the inhomogeneous linewidth broadening can be angular-dependent or anisotropic
in ferromagnetic thin films [119, 120]. The reason for that is explained by angular dispersion

of the induced uniaxial magnetic anisotropy.
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Figure 6.7 Frequency-dependent resonance field of Pt(4 nm)/Ag(3 nm)/Fe(5 nm)

heterostructure grown on undoped, p-doped, and n-doped GaAs (110) substrate measured
in-plane in (a) [001] easy, (b) [111] hard, and (c) [110] intermediate direction. The error bar

for all data points is smaller than the symbol size.

Slope (MT/GHz) [001] [111] [110]
undoped 0.153 £ 0.001 0.080 £ 0.001 0.150 + 0.002
p-doped 0.123 £ 0.002 0.135 £ 0.001 0.136 + 0.001
n-doped 0.149 £ 0.001 0.1534 + 0.0002 0.155 + 0.001

Table 6-2 The slope of the linear fit of the frequency-dependent linewidth of Pt/Ag/Fe/GaAs
(110) undoped, n-doped, and p-doped samples measured for three different crystallographic

orientations (Figure 6.8).
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AHy (MT) [001] [111] [110]
undoped 1.563 + 0.001 4.4 +0.03 4.421 +0.059
p-doped 2.070 £ 0.065 0.7+£0.02 0.701 £ 0.034
n-doped 1.328 + 0.026 0.5+ 0.007 2.284 +0.036

Table 6-3 Inhomogeneous broadening AH,, of Pt/Ag/Fe/GaAs (110) undoped, n-doped, and

p-doped samples determined by the linear fit of frequency-dependent linewidth.

The Gilbert damping parameter o calculated from a linear fit of frequency-dependent
linewidth using equation 5.4 is tabulated in Table 6-4. The anisotropic damping behavior in
our samples is also correlated with the in-plane uniaxial anisotropy field and the density of
states [17, 18]. The obtained a values for capped Fe films is close to bulk Gilbert damping
for Fe film au, = (3.7+0.2) x 1073, The doping of the substrate has no direct
relationship with the Gilbert damping parameter of the Fe film. However, it is known from
Kambersky [50, 51] that the Gilbert damping in metals due to spin-orbit coupling is
dependent on interband and intraband scattering mechanisms. For the interband scattering
mechanism, magnetization dynamics can excite electron-hole pairs across different bands
resulting in resistivity-like Gilbert damping. Its magnitude scales with the inverse of electron
momentum scattering time t,, i.e., increased electronic scattering results in higher damping
[121]. On the contrary, the intraband scattering mechanism is understood through the
breathing Fermi surface model [122], where electron-hole pairs are excited in the same band,
yielding conductivity-like Gilbert damping. It scales directly with z,; i.e., reduced electronic
scattering results in higher damping. All these effects at the Fe/GaAs interface due to
different doping concentrations in GaAs can modify the Gilbert damping of the whole
sample. Although this mechanism can explain the effect, detailed measurements and
modelling is required to exactly find the origin of the observed change due to substrate

doping.
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Figure 6.8 Frequency-dependent peak-to-peak linewidth (open circles) and its linear fit
(solid line) of Fe/GaAs (110) undoped, p-doped, and n-doped sample in (a) [001] direction,
(b) [111] direction, and (c) [110] direction.

a(x 1073) [001] [111] [110]
undoped 3.86 £ 0.05 2.02 +0.05 3.78 £ 0.05
p-doped 3.10 £0.05 3.40 £ 0.05 3.43 £ 0.05
n-doped 3.76 £ 0.05 3.87 £0.05 3.90 + 0.05

Table 6-4 Gilbert damping parameter of Pt/Ag/Fe/GaAs (110) undoped, n-doped, and p-

doped samples in three different crystallographic directions.
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6.5 Summary

In this chapter, the effect of substrate doping on the magnetic anisotropy, g-factor, and
damping of 5 nm capped Fe film grown on GaAs (110) has been investigated using FMR.
The samples (4 nm Pt/3 nm Ag/5 nm Fe/GaAs) were grown insitu using MBE and
characterized using ex situ FMR. A quantitative shift of magnetic properties has been
observed in the doped sample as compared to the undoped sample. However, the actual
origin or reason behind the observed effect is not clear. The magnetocrystalline anisotropy
varies significantly with the doping of the substrate (10-30%) which might be due to the shift
of Fermi level at the interface resulting in a change of the electronic structure of the Fe
interface. The Gilbert damping parameter is also increased or decreased in the doped sample

which can be due to interfacial spin-orbit interaction.
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7 Conclusion and outlook

This thesis deals with the growth and characterization of Fe films grown on GaAs
(100) and GaAs (110) substrate. In situ LEED, AES, and FMR techniques in UHV were
utilized to extract the structural and magnetic properties of Fe films. The first goal of the
thesis was to study the magnetic anisotropy in Fe films grown on GaAs (110) and (100)
under high vacuum environment as a function of time. As a second goal, the influence of
capping layer on the magnetic anisotropy, g-factor, and Gilbert damping of Fe/GaAs (100)
was determined. Finally, the effect of substrate doping on the magnetic properties of
Pt/Ag/Fe/GaAs (110) has been studied. The g-factor and Gilbert damping were determined
using in situ frequency-dependent FMR measurements. For this purpose, the in situ FMR

setup has been upgraded with a 40 GHz microwave short within the scope of this thesis.

The time-dependence of magnetic properties of Fe films grown on GaAs (110) and
GaAs (100) was investigated using in situ FMR. Uncapped Fe films of different thicknesses
were grown and measured at room temperature under UHV conditions. The results of
Fe/GaAs (110) and Fe/GaAs (100) were compared regarding magnetic stability under UHV.
After deposition in UHV, a continual variation of magnetocrystalline anisotropy was
observed for Fe/GaAs (110) kept in a vacuum with time, while Fe/GaAs (100) shows a
constant anisotropy over several hours. The transition speed of anisotropy change in
Fe/GaAs (110) depends on the thickness of the Fe film. It was found that the morphological
relaxation of the film surface results in a change of surface/interface anisotropy of 4 nm
Fe/GaAs (110). Yet this transition is very slow and lasts over 6 days. The rapid change during
the initial 24 hours leads to an unusual sign reversal of in-plane uniaxial anisotropy [72].
However, the transition for films with the lower thickness (1 and 2 nm) was found to be
faster than for the 4 nm film. This could be due to the quick stabilization of crystal symmetry
after deposition and the strong interface effect. Unlike Fe (110), Fe/GaAs (100) shows a
negligible shift of anisotropy over several hours. The uniform growth is responsible for
magnetic stability in Fe (100) film.
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The structural and magnetic property of Fe film is significantly affected by the surface
reconstruction of GaAs surface [16, 30]. Based on the comparison of the results of 4 nm
Fe/GaAs (110) with 4 nm Fe/GaAs (100), the following conclusions have been made:

e Feon GaAs (110) with no surface reconstruction gives 3D island growth resulting in
a rough film. On the contrary, Fe on GaAs (100) with a surface reconstruction
{1 x 6} gives layer-by-layer growth leading to a smooth film.

e Fe/GaAs (100) is magnetically more stable in time than Fe/GaAs (110) under UHV
conditions at room temperature.

e The structural and morphological changes at the film surface are directly correlated

to the magnetic anisotropy of Fe (110) film.

This time-dependent results allow to choose a suitable heterostructure for spintronic

application where the magnetic anisotropy can be tuned with time.

Furthermore, the effect of the Pt/Ag capping layer on the magnetic anisotropy, g-
factor, and Gilbert damping on 5 nm Fe film grown on GaAs (100) has been investigated
using in situ FMR. In situ setup allows the characterization with or without a capping layer
on the same film without breaking the vacuum. This gives a good comparison with the least
possible oxidation. Depending on the surface reconstruction of GaAs (100) [83], the in-plane
cubic and uniaxial anisotropy vary. It was demonstrated that the capping layer has an
insignificant effect on the in-plane anisotropy while showing a considerable reduction of
~78% in the out-of-plane anisotropy. This is due to the change of the surface states of Fe
film after capping.

An enhanced g-factor was observed for uncapped Fe films because of the increased
orbital moment at the surface. The enhanced orbital moment is attributed to the increased
electron localization at the surface due to reduced symmetry. However, these surface states
are delocalized by Ag capping resulting in a reduction of Fe moment leading to bulk-like g-
factor (g = 2.09). The intrinsic Gilbert damping parameter was also found to be dependent
on the capping layer. The capping of non-magnetic metal Ag and a heavy metal Pt leads to
an increase of the Gilbert damping term. This increase is attributed to the enhanced spin-

orbit coupling and decrease in the relaxation rate at the interface. The remarked effects of
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the capping layer on the magnetic anisotropy, g-factor, and damping parameter are directly
correlated to the significant shift in the electronic band structure of Fe film at the surface and

interface of the heterostructure.

In addition, the effect of doping GaAs substrate on the magnetic anisotropy, g-factor,
and Gilbert damping of Pt/Ag/Fe/GaAs (110) heterostructure was studied. For this purpose,
the samples were deposited in UHV using MBE and measured ex situ using CPW setup,
which allows for measurements in the frequency range of 1-40 GHz. The determined
anisotropy constants, g-factor, and Gilbert damping parameter o have been quantitatively
explained. A notable change in all the parameters except the g-factor was found. Isotropic
bulk-like g-factor was found for all samples regardless of doping. The mechanism leading
to this change in magnetic properties by substrate doping is not clear yet. We propose that
the doping in GaAs induces a chemical potential shift of the Fermi level resulting in the
modification of spin-orbit coupling at the Fe/GaAs interface, which affects the magnetic

properties such as anisotropy and Gilbert damping.

Our investigation provides quantitative information of magnetic anisotropy, g-factor,
and intrinsic Gilbert damping parameter o of Fe film grown in GaAs (110) and GaAs (100)
as a function of time, capping, and substrate doping. The role of surface morphology and
growth mode in magnetic anisotropy is quantified. The impact of interfacial spin-orbit
coupling on the magnetic relaxation mechanism is identified. Moreover, an in situ
frequency-dependent FMR measurement over a wide range of frequencies (7-40 GHz) on
Fe film is presented for the first time. These results are important not only as fundamental
information on such heterostructures which can be utilized to understand the aging of thin
films under UHV conditions but also for applications in spintronic devices. The present
investigation allows one to compare the magnetic anisotropy and damping on two surface

orientations of GaAs.

For further studies, we propose a complete thickness-dependent investigation with
capping in steps, e.g., 1,2,3,4 nm Ag and 1,3,5 nm Pt. The angular and frequency-dependent
FMR measurement at each step will provide detailed information about how the magnetic
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anisotropy, g-factor, and damping is varying with capping layers. It would also be interesting
to look into the results with an insulating or ferromagnetic capping. Furthermore, theoretical
calculations (band structure) on these heterostructures will explain the mechanism behind
the observed effect. This will also provide a better understanding of physical phenomena

occurring at the FM/SC interface.
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8 Appendix

8.1 Magnetocrystalline anisotropy of Fe films

The observed magnetic anisotropy in Fe films grown on semiconductor substrates
particularly Fe/GaAs (001) is a point of intense scientific discussion till now for the device
application. Therefore, it is of high interest to understand the different contributions to the
magnetocrystalline anisotropy as a function of thickness, temperature, roughness, substrate
reconstruction, and capping layer. The main focus of this section is to quantitatively review
the magnetic anisotropy parameters from published literature and compare them with the
observed values in this thesis. The systematic approach will allow magnetism researchers to
easily find various anisotropy contributions present in Fe films and compare as well as

analyze them with respect to related systems.

The thickness dependence of magnetic properties in Fe film grown on GaAs is known
since Xu et al. [28] showed that the ferromagnetism evolves with increasing thickness in Fe
film in three phases (nonmagnetic phase for the initial 3%2 MLs, a short-range-ordered
superparamagnetic phase, and a ferromagnetic phase above ~ 5 ML). The thickness
dependence of magnetic anisotropy in Fe/GaAs samples is also well understood now after
several experimental observations [15, 16, 20, 29, 35, 123, 124] using MOKE, FMR, and
BLS. The two main contributions to the magnetocrystalline anisotropy in Fe/GaAs i.e., in-

plane uniaxial anisotropy and four-fold cubic anisotropy varies in the opposite direction with
increasing film thickness. The effective four-fold cubic anisotropy K7 ” is largest for a bulk
Fe while it approaches zero or eventually turns negative in the ultrathin limit of Fe film. On
the other hand, the effective uniaxial anisotropy K;{ T shows a strong increase with

decreasing thickness. The effective cubic anisotropy is a collective contribution from
effective volume and interfaces having opposite signs. The critical thickness at which the in-
plane reorientation of four-fold easy and hard axis occurs tX° gives the proportional relation

between effective interface and volume contributions [125]:
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(8.1)

On the contrary, the in-plane uniaxial anisotropy contribution is a purely interfacial character

l
(Kze{ o = 0). Due to its interface/surface sensitivity, the uniaxial anisotropy is significantly

affected by the substrate preparation/surface reconstruction and substrate/film or
film/capping interface. Table 8-1 gives the in-plane uniaxial and cubic anisotropy constant
values for Fe film grown on GaAs (both (100) and (110) orientation) determined by various
groups in the past and its comparison with this work. The difference in the sign of K,; comes
from different definitions of the free energy density function equation used to fit the angular
dependent resonance field data (this work used equation 2.18 and equation 2.19). The
percentage change in the cubic and uniaxial anisotropy increases with decreasing thickness
of Fe film due to strong surface/interface effect particularly in Fe/GaAs (100) samples where
the surface reconstruction of GaAs plays an important role in manipulating the in-plane
uniaxial anisotropy. Other capping layers e.g. Au [106, 124], Cu [126] also showed a

dramatic reduction of uniaxial anisotropy energy.

Another important contribution to the magnetocrystalline anisotropy in Fe/GaAs
system is out-of-plane magnetic anisotropy. This is again a combination of volume and
interface/surface contribution and has a thickness dependence. The total effective out-of-

plane anisotropy of an Fe film grown on GaAs can be described as:

Fe/GaAs cap/Fe
K + K

eff _ reffvol 21 21
K =K 7+ -

(8.2)

The volume contribution to the perpendicular uniaxial anisotropy Kj, mainly
originates from the in-plane stress or out-of-plane strain caused by vertical lattice parameter
enhancement in the Fe film grown on GaAs (100). However, the surface/interface Ki%
contribution comes essentially from Fe/vacuum or Fe/capping interface where the spin-orbit

interaction is strongly enhanced or reduced [90]. Therefore, the capping layer significantly
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modifies the uniaxial out-of-plane anisotropy K, observed in this work as well as previous

studies as tabulated in Table 8-1.

The temperature dependence of magnetic anisotropy and its correlation with the
magnetization was investigated by Zakeri et al. [127]. The Callen-Callen model [40]

describes the temperature dependence of anisotropy coefficients and the magnetization by

equation (2.11). The temperature dependence of perpendicular magnetic anisotropy Kzeff IS
directly correlated to the temperature dependence of perpendicular strain component in Fe

films according to:

3
KZIVJI_LE (T) = E Bye, (T)

(8.3)

where B, is the magneto-elastic coupling constant of the Fe film and €, is the perpendicular

strain component.

The roughness in the film surface or interface coming from the surface reconstruction
of GaAs substrate can induce in-plane magnetic anisotropy. The theory behind the observed
roughness-induced anisotropy in ferromagnetic films was explained by Arias et. al. [128].
The surface modulation in the thin films results in fluctuation of the magnetization direction,
thus generating stray dipolar fields. This dipolar mechanism is responsible for roughness-
induced anisotropy [128] and has been used to tune the in-plane uniaxial anisotropy in Fe
film [129]. A detailed discussion on the calculation of different contributions of spin-orbit
and dipolar anisotropy in smooth, rough, and real films can be found in the appendix section
of [19].
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Sample Frequency GaAs Fe K3y Ky Ref
(GHz) Orientation/ (nm) (x10*] (x10%
reconstruction /m3) /m3)
Fe-bulk 4.2 [130]
(30 ML) F& 9.3 {4 x 6} 4.3 -0.4 4.7 [90]
(100)
(10 ML) F¢& 9.3 {4 x 6} 1.4 5.5 1.5 [90]
(100)
(34.8 ML) Fe 13 {4 x 6},{1 x 6} 5 1.3 3.5 This
(100) work
(2 ML) 9.3 {4 x 6} 4.3 -0.4 4.6 [90]
Ag/F& (100)
(2 ML) 9.3 {4 x 6} 2.9 -0.5 3.8 [65]
Ag/F& (100)
(9.8 ML) 13 {4 x 6},{1 x 6} 5 1.3 3.1 This
Ag/Fe (100) work
(20 ML) {4 x 6} 4.7 2.6 3.05 [124]
Au/Fe§ (100)

(30 ML) F& 93 (110) 6.08 -0.78 3.2 [131]
(49.3 ML) Fe 12.88 (110) 10 1.71 4.05 [36]
(19.7 ML) Fe 13.05 (110) 4 1.25 3.57 This

work
(28.8 ML) (110) 4 2.4 2.0 [35]
Fet
(26.9 ML) 9.5 (110) 6.08 1.8 3.1 [131]
Ag/Fe
(14.7 ML) 13.08 (110) 5 2.3 3.6 This
Ag/Fe work

Table 8-1 Magnetocrystalline anisotropy of Fe film grown on GaAs measured at RT. All the
samples mentioned were grown at RT. The thickness and energy unit conversion are as
follows: for Fe (100) 1 ML = 1.435 A, for Fe (110) 1 ML = 2.029 A, for Ag 1 ML =
2.0425 A, 1 x 10% J/m® = 7.4 peV/atom, 1] /m3 = 10 erg/cm?3.

*Different definition of free energy was used which yields opposite signs.

8Anisotropy was determined using MOKE.

1 The sample was measured using BLS.
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