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Abstract

Future magnetic recording industry needs a high-density data storage tech-
nology. However, switching the magnetization of small bits requires high
magnetic fields that cause excessive heat dissipation. Therefore, control-
ling magnetism without applying external magnetic field is an important
research topic for potential applications in data storage devices with low
power consumption. Among the different approaches being investigated,
two of them stand out, namely i) all-optical helicity dependent switching
(AO-HDS) and ii) ferroelectric control of magnetism. This thesis aims to
contribute towards a better understanding of the physical processes behinds
these effects as well as reporting new and exciting possibility for the opti-
cal and/or electric control of magnetic properties. Hence, the thesis con-
tains two differentiated chapters of results; the first devoted to AO-HDS on
ThFe alloys and the second to the electric field control of magnetism in an

archetypal Fe/BaTiO3 system.
In the first part, the scalability of the AO-HDS to small laser spot-sizes

of few microns in the ferrimagnetic ThFe alloy is investigated by spatially
resolving the magnetic contrast with photo-emission electron microscopy
(PEEM) and X-ray magnetic circular dichroism (XMCD). The results show
that the AO-HDS is a local effect within the laser spot size that occurs in the
ring-shaped region in the vicinity of thermal demagnetization. Within the
ring region, the helicity dependent switching occurs via thermally activated
domain wall motion. Further, the thesis reports on a novel effect of thick-
ness dependent inversion of the switching orientation. It addresses some of
the important questions like the role of laser heating and the microscopic
mechanism driving AO-HDS.

The second part of the thesis focuses on the electric field control of mag-
netism in an artificial multiferroic heterostructure. The sample consists of
an Fe wedge with thickness varying between 0.5 nm and 3 nm, deposited on
top of a ferroelectric and ferroelastic BaTiOs [001]-oriented single crystal
substrate. Here, the magnetic contrast is imaged via PEEM and XMCD
as a function of out-of-plane voltage. The results show the evidence of
the electric field control of superparamagnetism mediated by a ferroelastic
modification of the magnetic anisotropy. The changes in the magnetoelastic
anisotropy drive the transition from the superparamagnetic to superferro-

magnetic state at localized sample positions.






Kurzfassung

Die Herstellung zukiinftiger magnetischer Datenspeicher erfordert eine hohe
Speicherdichte mit entsprechend kleinen Bits. Das Schalten der Mag-
netisierung kleiner Strukturen benotigt jedoch starke Magnetfelder, die
einen hohen Energieverbrauch und Warmeeintrag verursachen. Daher
ist das Schalten von Magnetismus ohne Anlegen eines externen Magnet-
feldes ein wichtiges Forschungsthema fiir potentielle Anwendungen in der
Datenspeicherung mit geringem Stromverbrauch. Unter den verschiede-
nen Anséitzen, die verfolgt werden, heben sich zwei hervor, ndmlich i) rein
optisches helizitdtsabhéngiges Schalten (AO-HDS) und ii) magnetoelek-
trische Kontrolle von Magnetismus. Diese Arbeit soll zu einem besseren
Verstandnis der physikalischen Prozesse beitragen, die hinter diesen Effek-
ten stehen, sowie neue und aufregende Moglichkeiten fiir die optische und/
oder elektrische Kontrolle magnetischer Eigenschaften aufzeigen. Daher
sind die Ergebnisse dieser Arbeit in zwei Kapitel gegliedert; das erste befasst
sich mit dem helizitatsabhéngigen optischen Schalten in Eisen-Terbium
Legierungen und das zweite Kapitel widmet sich der magnetoelektrischen
Kopplung in Hybridsystemen, bestehend aus einer ferromagnetischen Eisen-

schicht welche auf ferroelektrischen Bariumtitanat gewachsen wurde.

Im ersten Kapitel wird die Skalierbarkeit des helizitatsabhangigen
optischen Schaltens in ferrimagnetischen Eisen-Terbium Legierungen
mit Laserspotgrofien im Mikrometer Bereich untersucht. Pho-
toelektronenmikroskopie (PEEM) in Kombination mit magnetischem
Rontgendichroismus (XMCD) wird verwendet um die resultierende Mag-
netisierung hochaufgelost abzubilden. Die Ergebnisse zeigen, dass he-
lizitatsabhangiges optisches Schalten ein lokaler Effekt innerhalb des
Laserspots ist, der in der ringférmigen Region in der Nahe der thermischen
Entmagnetisierung auftritt. Innerhalb der Ringregion erfolgt die Umkehr
der Magnetisierung iiber thermisch aktivierte Doménenwandbewegung.
Des Weiteren berichtet die Arbeit tiber einen neuartigen Effekt der die He-
lizitatsabhangigkeit mit zunehmender Schichtdicke umkehrt. Auch werden
wichtigen Fragen wie der Rolle thermischer Effekt oder die mikroskopische

Ursache helizitatsabhéngigen Schaltens beleuchtet.



Der zweite Teil der Arbeit konzentriert sich auf die elektrische Kontrolle
des Magnetismus in einer kiinstlichen multiferroischen Heterostruktur. Die
Probe besteht aus einem Eisen-Keil mit einer Dicke zwischen 0.5 nm und
3 nm, der auf einem ferroelektrischen und ferroelastischen Bariumtitanat
abgeschieden ist. Hier wird der magnetische Kontrast als Funktion des
elektrischen Feldes untersucht. Die Ergebnisse belegen die Moglichkeit su-
perparamagnetische Bereiche per elektrischen Feld zu steuern. Die mag-
netelektrische Kopplung erfolgt durch eine ferroelastische Modifikation der
magnetischen Anisotropie. Die Anderungen in der magnetoelastischen
Anisotropie erlauben elektrisches Schalten zwischen dem superparamag-

netischen zu dem superferromagnetischen Zustand.
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Introduction

Magnetic recording is one of the most successful data storage technologies. Magnetic
storage media encodes bits in the form of magnetic domains with magnetization being
anti-parallel for bits ‘0’ and ‘1’. The conventional method for writing the information
is by applying magnetic fields strong enough to set the desired bit to the ‘0" or ‘1’
state [1]. Significant effort has been made for increasing the storage density of such
devices by decreasing the area representing a bit. However, smaller bits have higher
coercivity and thus require higher magnetic fields to switch the magnetization. The
huge magnetic field generated by the current coil consumes enormous power. Heat
dissipation in such devices is a major problem for the data storage industry.

Controlling magnetism without applying external magnetic fields is therefore important
for the magnetic data storage devices with low power consumption. This emergent
field of research in condensed matter physics addresses, among others, magnetization
switching via spin-transfer torque [2], spin-polarized currents [3|, external electric fields
[4,5], and circularly polarized femtosecond laser pulses |6]. Recent results have shown
the possibility of controlling the magnetic anisotropy [7], magnetic domain pattern
[6], domain wall motion [8,9], critical temperatures [10,|11], exchange bias [12], spin
polarization |13], magnetic ordering [14] and established 180° magnetization switching
[15,/16] in magnetic materials without the need of magnetic fields. These pathways
offer advantages over conventional read /write heads such as high switching speed and
low heat dissipation. This thesis aims at exploring two of these alternative routes to
manipulate the magnetization in magnetic materials without applying any external
magnetic field, namely (i) via femtosecond laser pulses and (ii) by using electric fields.
A more recent data storage technology, HAMR (Heat-assisted magnetic recording),
uses laser pulses to locally heat up the magnetic sample and switch the local magne-
tization with a low magnetic field at elevated temperature. However, there are still
some problems such as synchronization of the laser and magnetic field pulses, provid-
ing an efficient heat sink, focussing the laser spot below the diffraction limit [17]. An
elegant way to get rid of magnetic fields is to use the recent discovery of all-optical
helicity dependent switching (AO-HDS), where the helicity of the circularly polarized
femtosecond laser pulses is used to deterministically switch the magnetization in fer-
rimagnetic thin films of rare-earth transition-metal (RE-TM) alloys [6]. It has been
shown that the AO-HDS is a general phenomenon occurring in a wide variety of ma-
terials ranging from RE-TM ferrimagnetic alloys, multi-layers and heterostructures to
ferromagnets [15/16]. AO-HDS is a promising candidate for future magnetic data stor-

age since it offers a low-power consumption optical control of magnetization without



the need of any external magnetic fields. However, after abundant research efforts for a
decade, some open questions remain that have inhibited the fundamental understand-
ing and the technological realization of the AO-HDS in storage devices. For instance,
the scalability of the switching process down to small laser spot sizes is poorly under-
stood. In addition, the importance of laser heating and the fundamental mechanism
behind the switching are also under debate.

The electric field contol of magnetic properties requires multiferroic systems with signif-
icant magnetoelectric (ME) coupling at room temperature |18]. Multiferroic materials
are characterized by a simultaneous presence of different ferroic long-range orders such
as magnetism and ferroelectricity. They have a great potential towards controlling the
magnetic bits with external voltage provided that the ME coupling is strong enough.
Early work searched for a single phase material possessing magnetic and ferroelectric
ordering [19]. However these are mutually exclusive properties since ferroelectrics have
empty d orbitals whereas magnetism requires partially filled d/f orbitals. Their co-
existence is only found for materials that simultaneously break space-inversion and
time-reversal symmetry [20]. In this case, the magnetoelectric coupling tends to be
rather small and the coexistence of magnetic and ferroelectric phases is observed at
temperatures far below room temperature (RT). In this context, artificial composite
multiferroics have emerged to be a promising alternative as they offer the possibility
to select the magnetic and FE components for designing heterostructures with strong
ME behavior at temperatures close and above RT. Fe and BaTiO; (BTO) are two
archetypal ferromagnetic and ferroelectric systems, respectively which received lot of
interest when Duan et al. predicted a robust magneto-electric coupling at the interface
of the Fe/BTO composite system leading to novel interface phenomena [21]. Some of
these predictions were confirmed by the experimental observation of room-temperature
magnetoelectric coupling at the Fe/BTO interface [13,22]. In addition to the ferro-
magnetic properties of thin-film heterostructures, the superparamagnetic properties of
non-interacting nanoparticles such as the blocking temperature have also been manip-
ulated by changing the magnetic anisotropy with an electric field [10]. This suggests
that for systems with interacting nanoparticles, it might be also possible to control the
transition temperature between their superparamagnetic and superferromagnetic state
by changing the magnetic anisotropy with an electric field. This electric field control
of magnetism at nanometer scale has a tremendous potential for novel non-volatile
storage media.

The first part of this thesis investigates the scalability of the helicity dependent switch-

ing process to small laser spot-sizes of few microns in ThFe. The second part of the



thesis focuses on investigating the ME coupling in an artificial multiferroic hetero-
structure consisting of an Fe wedge (0.5 — 3 nm) fabricated on a BTO [001] single
crystal substrate. With the help of element selective magnetic imaging capabilities of
XPEEM (X-ray photoemission electron microscopy), the laser and electric field induced
changes in the magnetic properties of ThFe and Fe, respectively, are examined.

The thesis is divided into five chapters. It begins with an introduction to the fundamen-
tal concepts of magnetism and ferroelectricity in Chapter 1. Chapter 2 describes the
X-ray spectroscopic techniques used in the measurements performed for this thesis. It
is followed by Chapter 3 which describes the XPEEM experimental chamber at BESSY
II. Chapter 4 deals with the motivation and the experimental results concerning the
investigation of AO-HDS in ThFe alloys. Chapter 5 describes the state-of-the-art of
experimental studies of magnetoelectric coupling in composite multiferroics and the

results on electric field control of magnetism in Fe/BTO.






Chapter 1

Fundamentals

1.1 Magnetism

The magnetic moment of an atom arises from the angular momentum of the electrons.
Classically, the orbital magnetic moment m is due to the rotation of the electrons

around the nucleus and is given by,

m =1 (1.1)
2me

where e is the electronic charge, m, is the electron mass, p, = 47 x 1077 H/m is the
permeability of vacuum and [ is the classical orbital angular momentum. In quantum
physics, spin angular momentum also contributes to the total angular momentum. The
orbital angular momentum L; and the spin angular momentum S; of an electron is
quantized. The square of orbital angular momentum and its projection along arbitrary

z-axis (direction determined by external magnetic field) are given by,

\L;|* = 1(l + 1)R? (1.2)

L.=mh  with  my=0,41,+2, ... +1 (1.3)

where [ is the orbital quantum number with [ € {0,1,2,...,(n — 1)} where n is the
principal quantum number and m; is the magnetic quantum number. The square of

spin angular momentum and its projection along the z-axis are given by

18;]? = s(s + 1)R? (1.4)



S, = msh with ms = +s (1.5)

where my is the secondary spin quantum number and s is the spin quantum number
which exists only as a half integer s = 1/2 for an electron. For an atom with more than
one electron, the spin and the orbital angular momentum is the sum of the contributions

from individual electrons.

L=> L (1.6)

S=)_5; (1.7)

The total angular momentum J is the sum of contributions from the orbital and the
spin angular momentum which is given by
J=L+S (1.8)
Similar to the spin and orbital angular momenta, the total angular momentum is also
quantized. The square of the total angular momentum is given by,
|J2=jG+1DhR*  |l—s|<j<]|l+s (1.9)

where j is the total angular momentum quantum number. The expectation value of

the total magnetic moment can be written as,

ello

Me

(<l,>4gs<s,>) = —/%B(< I, >4gs <s,>) (1.10)

< Myotal >= —

where pp is the Bohr magneton, g, is the so-called Landé g-factor, and < [, > and
< s, > are the expectation values of the z-component of the orbital and spin angular
momentum, respectively.

The spin and the orbital components of the total angular momentum are not entirely

4

independent and exhibit a ‘spin-orbit coupling’. In the classical model, this can be
intuitively understood by considering the orbital motion of an electron around the
nucleus. In a circular orbit, an electron has an orbital momentum. In the rest frame of
an electron, the nucleus revolves around the electron in a current loop. The magnetic
field generated from this loop is seen by the spin of the electron, coupling the electron’s
orbital motion with its spin. The so-called LS coupling also affects the Hund’s rules

which define the minimum energy ground state of a multi-electron system. The third



Hund’s rule is a consequence of the spin-orbit interaction. It states that the total
angular momentum J equals L + S for more than half full shell and L — S for less
than half full shell. For less than a half full shell, the lowest energy state is the one
where the spin is anti-parallel to the orbital angular momentum. For more than a half-
full shell, a parallel configuration is energetically favorable. Other interactions such as
JJ coupling occur for heavier elements where the individual total angular momentum

of electrons interact with each other.

1.2 Models for ferromagnetism

Ferromagnetism arises from a short-range ‘exchange interaction’ which enables the
neighboring magnetic moments to align with each other. The Heisenberg model of fer-
romagnetism describes the exchange interaction with a Heisenberg Hamiltonian which
is given by

Hegen = —J ) _ S8iS; (1.11)

i<j

where S; and S; are neighboring atomic spins and J is the exchange integral that
represents the strength of exchange interactions between the spins ¢ and j. This model
considers the localized nature of the electrons around the atom. An overlap between
the electronic wave functions and a correlation between the electronic spins leads to a
magnetically ordered state. However, the Heisenberg model leads to magnetic moment
values which are integer multiples of up and hence fails to explain the experimentally
observed non-integer values of magnetic moment in transition metals like Fe, Co, or
Ni. The reason behind the disagreement of this theory with experimental evidences is
that this theory is based on localized electrons around atoms and does not take into
account the itinerant electrons in metals.
This limitation is overcomed by the ‘band theory’ which suggests that the available
energy states for electrons are in the form of continuous energy bands instead of discrete
energy values. These energy bands are a consequence of the orbital interactions between
the mobile electrons in a metal.
In a non-magnetic metal, there is an equal density of states (D(Er)) of spin-up and
spin-down electrons at the Fermi level. In the presence of an internal Weiss mean field
(H = AM) the centers of gravity of the states characterized by opposite spins exhibit
an energy separation. Some of the electrons at the Fermi energy (Er) undergo a spin-
flip causing an imbalance of the so-called ‘minority band” and the ‘majority band’ with
‘spin-up’ and ‘spin-down’, respectively (Figure . The spin-up and spin-down are

defined with respect to a quantization direction which is chosen along the magnetic field



H used to align the magnetization of the sample. The number of electrons transferred
from minority to majority band are D(Er)dE/2 where §E is the energy gain per
electron. The total gain in the kinetic energy with this flip is given by
1 2
AFEy, = §D(EF)(5E) (1.12)

and is also accompanied by a decrease in the potential energy.

1
AByu = M H (1.13)

which, considering the Weiss mean internal field H = AM, can be written as
1 2
AE,y = —iAuO]M| (1.14)

The magnetization M is given by the difference in the number density of electrons
(ne) or holes (ny) in the majority (maj) and minority bands (min), defined in Figure
[1.1} according to,

M| = pup () = ) = pup (1 — ™) (1.15)
A Energy E
H
Majority band Minority band
T l Density of State D(E)
6¢E
T
Y

Figure 1.1: Schematic showing the density of states of 3d bands near Fermi level Er in
3d transition metals. Splitting of spin-up and spin-down electron states at Fermi level
giving rise to ferromagnetism.



The number density of holes in the majority and minority bands is given by
maj /, _min 1
ny  /npt"t = §(niD(EF))(5E (1.16)

where n is the total number density of electrons in both bands.
Using equation 1.15 and 1.16 in equation 1.14, the potential energy can be expressed
as

AE,; = —%AMOMQBD(EF)Q(CSEY (1.17)

The total change in energy is the sum of the contributions from kinetic and potential

energy terms and is given by

1 1
AE = Ayin + Aot = 5 D(Ep)GE) = S Aoty D(Er)* GE)? (1.18)

Defining I = pou%i\

1 1
AE = Apin + Doy = 51)(EF)(5E)2 — §ID(EF)2(5E)2

AE = %D(EF)(5E)2(1 — ID(Ep)) (1.19)

The change in energy is negative and gives rise to ferromagnetism if
ID(Ep) > 1 (1.20)

This condition is known as the Stoner criterion for ferromagnetism. Therefore, an
imbalance between spin-up and spin-down electrons gives rise to ferromagnetism in
transition metals as long as the Stoner criterion is fulfilled and there is sufficient density
of states available at the Fermi level. The Stoner model explains the experimentally
observed non-integer multiples of the value of magnetic moment for the transition

metals.

Macroscopically, a magnetic material placed in a magnetic field (H) experiences a
magnetic force and becomes magnetized. This magnetization is represented by the
magnetization vector M, which is equal to the dipole moment per unit volume and is

proportional to H.

M = xH (1.21)

where y is known as the magnetic susceptibility.



Ferromagnetic materials are characterized by a non-zero spontaneous magnetization
even in the absence of magnetic field. Unlike paramagnets and diamagnets, the mag-
netization of ferromagnets is not a linear function of magnetic field and exhibits a
hysteretic behavior (see Figure . Increasing the strength of the magnetic field
leads to an increase in the magnetization in a non-linear manner until H, where the
magnetization saturates (M).

Further increase of magnetic field has no effect on the magnetization since all the mag-
netic moments are already aligned along the magnetic field. When the field is reduced
to zero from the positive value, the material retains some remanent magnetization M,..
To obtain a zero magnetization, the magnetic field further must be driven towards
negative values. The critical field at which magnetization changes sign is known as the

coercive field H, of the ferromagnet.

M
-------- — M
MI’ |
/ I
|
. H
He[ ©

Hs

Figure 1.2: Schematic showing magnetic hysteresis loop of a ferromagnetic material.

The magnetization of a ferromagnet decreases with increasing temperature due to
competition between the ferromagnetic order and the thermal energy. At a particular
temperature known as the Curie temperature (7,), the thermal energy dominates and
the material undergoes a transition from ferromagnetic to paramagnetic behavior (see
Figure . Such a transition can be understood as a competition between thermal en-
ergy and exchange interaction favoring disorder and parallel alignment of the magnetic

moments, respectively.
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Figure 1.3: Plot showing the theoretically calculated (line) and experimentally mea-
sured (circles) saturation magnetization as a function of temperature for nickel. The
magnetization vanishes at 7. The figure is adapted from [23].

1.3 Magnetic domains

The hysteretic behavior of magnetization is due to the presence of so-called magnetic
domains. Within each domain, the local magnetization is saturated. These domains
are separated from one another by ‘domain walls’. In general, the magnetization within
different domains is not parallel. A zero macroscopic magnetization as that obtained at
H = H_ can be understood as a random orientation of magnetization in the individual
domains resulting in an average zero magnetization. At H = 0, a finite macroscopic
remanent magnetization exists because the magnetization orientation in the individual
domains does not cancel out. Above Hy, all the moments in every domain orient along

the field resulting in a saturation magnetization M.

H=0 M=0

@26

Figure 1.4: Schematic showing the magnetic domains and the spin orientations in zero
and externally applied magnetic field H.
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Ferromagnetic domains are formed as a compromise to minimize the overall energy of
the system (E.;s) which is governed by the exchange energy (E.,.), magnetostatic
energy (Ey), Zeeman energy (F.) and the anisotropy energy (Eqpis)-

Eeff = EGCEC/‘L + EZ + Ed + Eanis (122)

The different energies compete with each other to orient the magnetization of a mag-
netic material in a certain direction. The final magnetization direction is determined

by minimizing all these energy contributions described below.

1.3.1 Exchange energy

Exchange energy favors a collinear alignment of the spins. It is given by the Heisenberg
Hamiltonian discussed in the previous section and depends on the relative orientation

between the adjacent spins,
Hepen = _JZS'LS] (123)

i<j
where S; and S; are the neighboring spins. The sign of the exchange integral J gives
the type of magnetic ordering: ferromagnetic for J > 0 and antiferromagnetic for

J < 0. The exchange energy density is given by

Epen = A(Vm)? (1.24)

where m = M /M; is the magnetization unit vector and A is the exchange stiffness.

1.3.2 Magnetostatic energy

A uniformly magnetized sample generates a stray field outside the magnetic material
and a demagnetizing field within itself. The strength of magnetic field generated by a

dipole m at a distance r in space is given by

Hq(r) ! (Sr (mr) m ) (1.25)

T4\ [r [P

In general, it is very complicated to solve the exact value of demagnetization field

for a magnetic body. But for thin films with uniform saturated magnetization M,
perpendicular to the film’s plane, the demagnetization magnetic field in the film opposes
the direction of magnetization of the film and is given by Hy; = —M,/u,. Beginning

from a single domain state in Figure magnetic domains are formed to reduce the
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overall magnetic energy of the film. A competition between this magnetostatic energy

and the anisotropy define the final size and shape of the magnetic domains.

N:\‘NN/\\
,ﬁ N T Y

Figure 1.5: Schematic showing the origin of magnetic domains due to magnetostatic
energy. The figure is adapted from [23].
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1.3.3 Zeeman energy

Zeeman energy (E,) is the potential energy of a magnetized material with volume V'

and magnetization M placed within an external magnetic field H and is given by,
E, = —,uO/MHdV (1.26)

1.3.4 Anisotropy energy

Magnetic anisotropy in a ferromagnetic material preferentially orients the magnetiza-
tion along certain axes known as the easy axis of magnetization. The different sources
of anisotropy energy: magnetocrystalline anisotropy (E ), shape anisotropy (FE;) and

magnetoelastic anisotropy (E.) are discussed below.

1.3.4.1 Magnetocrystalline anisotropy

Magnetocrystalline anisotropy results from the symmetry of the crystalline lattices
and the elongated charge distribution around atoms due to the spin-orbit coupling.
In an isolated atom, the electron charge distribution is spherically symmetrical which
gives rise to an isotropic orbital angular momentum. However, in a crystal lattice,
the electrostatic potential of the lattice affects the orbital angular momentum which is
linked to the electron spin via a spin-orbit coupling. The orbital angular momentum

energetically prefers certain crystal axes over others and this asymmetry is transferred
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to the spin counterpart. Therefore, the magnetocrystalline anisotropy depends on the
crystalline symmetry and the relative orientation of magnetization and crystal axes.
For instance, in Fe with a cubic crystal, the easy axis is along [100] and the hard
axis is along [111]. In the absence of crystal symmetry as in amorphous ferromagnetic
materials, the magnetocrystalline anisotropy vanishes. However, polycrystalline films
having randomly oriented grains may exhibit small magnetocrystalline anisotropy as
the anisotropy of the individual grains averages out over macroscopic length scales. For
a single domain particle with uniaxial anisotropy, the magnetocrystalline anisotropy

energy is given by
Ex = KVsin*(0) (1.27)

1.3.4.2 Shape anisotropy

Shape anisotropy arises essentially from the demagnetization field H, (discussed in
section 1.3.2). Such long-range dipolar interactions also depend on the geometric shape
of the ferromagnetic sample. This anisotropy is particularly crucial in samples with
a characteristic shape such as thin films and nanowires which leads to a preferential
orientation of the magnetization in the plane of the film or along the long axis of the

rod, respectively.

1.3.4.3 Magnetoelastic anisotropy

A ferromagnetic material placed in a magnetic field experiences a change in its shape
or dimensions. This effect is known as magnetostriction. Conversely, if a material is
subjected to an applied stress, a change in the magnetization is observed, which is
commonly known as ‘inverse-magnetostriction’ [24]. This magnetoelastic effect from
inverse-magnetostriction is related to the magnetocrystalline anisotropy. Stress changes
the relative distance between the ions of the lattice altering the overall lattice potential.
Since the magnetization is coupled to the electrostatic lattice potential via spin-orbit
coupling, magnetoelastic anisotropy is affected via external stress.

For crystalline films, the magnetoelastic anisotropy depends on the relative orientation
of the applied strain to the crystal axes. In general, the magnetoelastic anisotropy

energy for a crystalline system is given by

Epe = Bi(afe, + ade, + a3e,) + Ba(aiagey, + asaze,, + a1ase,.,) (1.28)
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In an polycrystalline material where the grains are randomly oriented, the magne-
tostriction is isotropic. The strength of the anisotropy is given by the magnetoelastic
anisotropy constant K,,. which depends on the stress o and the magnetostriction of the
material A\;. For certain values of B; and Bs, the magnetoelastic anisotropy constant

for polycrystalline films is given by,

30\,
2

The easy-axis of the material can either be oriented perpendicular or along the direc-

Kme =

(1.29)

tion of the applied strain (e¢). For positive magnetostrictive materials (A\; > 0) under
an uniaxial tensile strain (e > 0), the magnetoelastic anisotropy orients parallel to
the direction of the strain. For the same material, a compressive strain (¢ < 0) will
orient the magnetoelastic anisotropy perpendicular to the direction of the magnetiza-
tion. Similarly, for negative magnetostrictive materials (A\; < 0), uniaxial tensile and
compressive strain orient the easy axis perpendicular and parallel to the direction of

the strain, respectively.

1.4 Domain walls

Domain walls are the regions separating magnetic domains. Within them, the mag-
netization rotates continuously from the direction of magnetization of one domain to
that of the other. The width of the domain walls depends on the exchange energy
which prefers a parallel alignment of spins and on the demagnetization energy which
prefers the formation of domains. Gradual rotation of magnetization inside a domain
wall is favorable over a sudden reversal in the magnetization because of lower exchange
energy. Below a certain exchange length, the exchange energy dominates over the

magnetostatic energy and domain wall formation does not take place. This exchange

| A
lew = I WE (130)

1.5 Superparamagnetism

length ., is given by,

where A is the exchange stiffness.

When the total size of the magnetic sample is lower than a critical value, domain

formation is not energetically favorable and the material exists in a single domain
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state [25-27]. The direction of the magnetization in this single domain state is given
by the anisotropy of the particle. An effective uniaxial anisotropy energy (FE) for an

elliptical magnetic particle with volume V' is given by

E = KVsin*(0) — pHcos(a — ) (1.31)

where K is the anisotropy constant, V' is the volume of the particle, H is the external
magnetic field, 6 is the angle between magnetic moment and easy axis and « is the
angle between the easy axis and the magnetic field. In the absence of an external
magnetic field, the two energy minima for the magnetic moment corresponding to 6 =
0° and 180° are separated by an energy barrier K'V' (see Figure [1.6)) [2§].

Below a certain particle size, the energy generated by the ambient thermal noise over-
comes the anisotropy energy barrier. In this case, the magnetization direction of the
particle fluctuates spontaneously between both directions # = 0° and 180°. This is

known as superparamagnetism [29].
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Figure 1.6: Schematic showing (a) relative orientation of easy axis, external magnetic
field H and magnetic moment m of a single domain particle and (b) angular dependence
of energy barrier in zero (solid black) and non-zero (dotted green) external magnetic
field.

The relaxation of the magnetization is described by an Arrhenius law given by
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M(t) = M, exp(—t/y) (1.32)

where M, is the initial magnetization and 7y is the Neel relaxation time between the

two flips. 7 is dependent on the energy barrier and temperature and is given by

™~ = T,exp(KV/kgT) (1.33)

where kg is the Boltzmann constant, T is temperature, and 7, is material dependent
ranging between 1072-10719 s [2§].

Assuming that the individual particles are separated from each other and have no
interaction between them, the magnetization of each particle is defined independently.
When the magnetization of a non-interacting system of superparamagnetic particles is
measured, its observed value depends on the measurement time 7, of the experimental
technique which varies from 100 s (magnetometry experiments) to 107% s (Mdssbauer
spectroscopy). If 7,, > 7y, the measured magnetization is zero as the magnetization
flips randomly during the measurement time. In this state, the particles are termed
to be in a ‘superparamagnetic’ state. If 7,,, < 7y, the magnetization of each particle
is stable within the measurement time scale and a finite magnetization is measured.
Such particles are termed to be in a ‘blocked” state. The separation between the
superparamagnetic and the blocked state is defined by the blocking-temperature T

(Tm = 7n) and is given by,

KV
B kgln(Tm /7o)

Below T}, the thermal energy is low and the magnetization of each particle is frozen

T (1.34)

with respect to the time scale of the measurement.

On applying a magnetic field, the energy barrier increases for the direction parallel to
the field while it decreases for the anti-parallel one. Consequently, the magnetization
of the particle is constrained to the magnetization direction with the lower energy as
shown in Figure[I.6, When a magnetic field is applied in a superparamagnetic state, the
magnetization orients along the magnetic field and the particles behave as a typical
paramagnet. If the magnetic field is applied while cooling below T} (field cooling),
the particles are blocked with magnetization oriented along the field direction. In
case of cooling in zero magnetic field (zero field cooling), the particles are blocked in
a random orientation with small net magnetization. On the other hand, above Ty,

superparamagnetic behavior exists with zero magnetization in the absence of magnetic

field.
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At a constant temperature T, and a typical 7,,, = 100 s, the critical volume of the

particles below which the particles exist in a superparamagnetic state is given by,

25kpT,

V.~ 1.35
R (1.35)
For a particle with constant volume V, and a typical 7,,, = 100 s, T} is given by,
KV,
T, ~ 1.36
"™ 25k (1.36)

The previous section considered a system of non-interacting particles. However, if
the particles are brought close enough, inter-particle interaction affects the macro-
scopic magnetic properties of the system. The anisotropy of the individual particles
is modified by the interaction which alters the energy barrier. The total free energy
of the interacting system is then considered a relevant parameter rather than the en-
ergy barrier of a single particle. Different types of interactions between the particles
can occur: dipolar, exchange interaction, RKKY (Rudermann-Kittel-Kasuya-Yosida)
and super-exchange [30]. It is rather difficult to comprehensively study the effect of
these interactions in real systems as the resultant effect is a convolution from different
interactions, size, shape, anisotropy axes and surface effects of the system [2§].

However, it has been observed that inter-particle interactions can induce a ‘superferro-
magnetic’ ordering in a concentrated system at a critical temperature which otherwise
would have been ‘superparamagnetic’ if the particles were non-interacting [31]. This
superferromagnetic ordering is characterized by a long-range ferromagnetic ordering
of the ‘super-spin’ of the particle alike to the microscopic coupling of spins in ferro-
magnetic systems. The inter-particle interactions induce a stronger anisotropy in the

particles which lead to magnetic ordering between them [32].

1.6 Ferrimagnets

A ferrimagnetic system is composed of two or more different ions that are antifer-
romagnetically coupled to each other. Similar to ferromagnets, they also possess a
spontaneous magnetization and 7, above which they become paramagnetic. Some ex-
amples of natural ferrimagnets include magnetite Fe;Oy, iron garnets like Y3Fe;0q9,
and mineral spinel MgAl,O,4. In this thesis, the experiments are performed on rare-
earth transition-metal (RE-TM) alloys with RE = Tb and TM = Fe where the two
sublattices of RE and TM are anti-ferromagnetically coupled to each other. Th is a RE
heavy metal with more than half filled 4f orbital and Fe is a 3d transition metal. Th

exhibits an anti-ferromagnetic coupling with Fe (Jger, < 0) as known for heavy RE-TM
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alloys . A strong coupling between nearby Fe atoms leads to an almost collinear ori-
entation of their magnetization (Jgeper > 0). Th (Jrpry > 0 ), on the other hand has a
weak exchange coupling (Jryry << Jperer) and a strong distribution of local anisotropy
resulting in a fanning cone of Th moments ,. This behaviour is shown in Fig-
ure displaying angular distribution vz, and 7, of Fe and Th moments . The
magnetization of the two individual sublattices varies with temperature. Depending
on their composition, RE-TM ferrimagnets can exhibit a magnetization compensation
temperature T, where the net magnetization of the RE and TM sublattices cancel

each other.

Figure 1.7: (a) Antiferromagnetically coupled distribution of Fe and Th moments in
amorphous TbFe film. (b) The behavior of Fe and Tb moments showing the fanning
cone. This figure is adapted from [35].

The net magnetization M, is a sum of magnetization My, and My, arising from Fe
and Tb moments, respectively. Above Ty, | Mg |>| Mrp | and the net magnetization
aligns in the direction of Fe moments. In this state, Fe is the dominant sublattice.
Similarly, below the Ty, | Mpe |<| Mrp | and Th is the dominant sublattice as the
net magnetization of the film is parallel to Th moments. The Ty, is dependent on the
composition of the alloy and the thickness of the film [35]. Therefore, by varying the
alloy composition or film thickness, one can tune the position of T, and choose the

dominant sublattice at room temperature.

1.7 Ferroelectricity

Similar to ferromagnets, ferroelectric materials exhibit a spontaneous ferroelectric po-

larization P that can be switched via external electric field E. Ferroelectrics display a
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hysteretic behavior of polarization with electric field analogous to ferromagnetic hys-
teresis as shown in Figure [1.2] with ferroelectric equivalent saturation polarization P,
remnant polarization Pgr, and coercive field E.. While ferromagnetism arises from
electron’s spin angular momentum and exchange interaction, ferroelectricity is related
to the structural symmetry of the crystal. Above a critical Curie temperature T,
ferroelectrics lose their spontaneous polarization and become paraelectric.

All ferroelectric materials are piezoelectrics like BaTiO3 (BTO) but not all piezoelectric
are ferroelectrics with quartz as counter example. The polarization of a piezoelectric

material can be written as:

P=ocd+ Ey (1.37)

where o is the stress, d is the piezoelectric constant, E is the electric field vector and
X’ is the dielectric susceptibility. An applied stress o in the crystal alters the electric
polarization as shown in Figure [1.8| and conversely, an electric field E applied to the

crystal generates strain.

l Stress 1

P+AP1

T Stress T

(a) (b)

Figure 1.8: (a) Ferroelectric crystal with zero strain and spontaneous polarization P.
(b) Stress induces a polarization AP in the ferroelectric crystal. Bright and dark circles
represent the atoms arranged in a crystal lattice. The figure is adapted from [23].

Ferroelectricity can originate from numerous sources. It can be due to lone pair as in
BiFeOs [36], due to charge ordering as in ThMnyO3 [37], geometric ferroelectricity as
in hexagonal magnetites [38] or covalent bonding between 3d transitional metal and
oxygen as in BaTiOs. Since this thesis concentrates on the control of magnetic prop-
erties of polycrystalline Fe deposited on BTO single crystal substrate, the ferroelectric
properties of BTO are described in detail.
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1.7.1 Barium Titanate

Barium Titanate is a perovskite oxide which exhibits ferroelectric, piezoelectric and
ferroelastic properties. The centrosymmetric cubic perovskite ABOj structure is shown

in Figure [1.9]

‘A: Ba

. B: Ti
® O

Figure 1.9: Schematic showing the cubic perovskite structure ABOj3 of barium titanate.

BTO has a T, of 393 K, above which it possesses a centrosymmetric cubic structure and
exhibits paraelectric properties. Below T, BTO sustains ferroelectric properties while
it undergoes multiple phase transitions (tetragonal (300 K), orthorhombic (250 K)
and rhombohedral (170 K)) causing structural changes in the unit cell as temperature
decreases (see Figure . The unit cell parameters change from: a = b =
¢ = 4.001 A in the cubic phase to ¢ = 4.035 A, a = b = 3.991 A in the tetragonal
phase to a = b = 4.018 A, ¢ = 3.987 A in the orthorhombic phase to a = b = ¢ =
4.004 A in the rhombohedral phase. Each phase transition results from a distortion
in the crystal lattice resulting in an elongation of the cell along a certain axis. Such
distortions are associated with a relative shift in the position of ions resulting in an
electric polarization along the direction of lattice elongation.

In the tetragonal phase, the Ti*+ ion is displaced in the opposite direction with respect
to the O%— ions resulting in an electric polarization due to a separation of positively
charged Ti and negatively charged O octahedron. In tetragonal phase, there are three
equivalent directions for lattice elongation (edges of a cell [100],c, [010],., and [001],.
where ‘pc’ stands for a pseudo-cubic notation) which leads to 6 possible polarization
directions. The polarization of BTO is around 0.26 C/m? at room temperature and
the lattice elongation is around 1.1% (c-a/a) [41].
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Figure 1.10: Schematic showing the structure of the unit cells of BaTiO3 as a function
of temperature. The arrows indicate the direction of the displacement of the Ti ion
and the net polarization. The figure is adapted from

The second phase transition occurs at 278 K where the BTO structure changes from
tetragonal to the orthorhombic phase . The long-axis of lattice elongation and
the polarization direction rotates from [100],. in the tetragonal phase to face diagonal
[110], in the orthorhomic phase (Figure [I.10). The third phase transition occurs at
183 K where the structure changes from orthorhombic to rhombohedral phase [40].
The polarization orients along the body diagonal [111],. in the rhombohedral phase.
For orthorhombic and rhombohedral phases, there are 12 and 8 possible polarization
directions that correspond to the face diagonals and body diagonals of the crystal,

respectively.

1.7.1.1 Ferroelectric domains

Like ferromagnets, ferroelectrics also form domains with uniformly polarized regions
which are formed as a consequence of depolarizing field to minimize the electrostatic
energy. The orientation of the ferroelectric polarization corresponds to the direction
of the elongation of the unit cell. For a BTO [001],. single crystal in the tetragonal
phase, the domain in which the polarization direction orients out-of-plane are termed
as ¢ domains corresponding to the lattice elongation along [001],./[001],.. The in-
plane domains are of two types: a; and ay with ferroelectric polarization and lattice
elongation along [010],. and [100],., respectively. The cell parameter of BTO [001],.
single crystal are: ¢ = 4.035 A, a =b = 3.991 A. A large uniaxial tensile ferroelastic
strain c-a/a = 1.1% exists along [010],. and [100],. for a; and a; domains, respectively
. The ¢ domain, on the contrary, is isotropic and does not experience any in-plane
strain.

In the tetragonal phase, three 90° domain pattern exist: a;-as, ai-¢, and as-c. The first

in-plane domain configuration a;-a» domain pattern is shown in Figure [l.11}(a). Ferro-
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electric domain walls are aligned at 45° with respect to the polarization directions of a;
and as along [TlO]pc. The polarization direction in ai-a, domains orients head-to-tail
to minimize the charge accumulation at the interface. An equivalent domain configu-
ration of a;-as can also exist with domain walls along [110],.. The second 90° domain,
the a;-¢ domain pattern comprises alternating in-plane a; and out-of-plane ¢ domains
as shown in Figure ). The domain wall orients along [100],. making an angle
of 90° with respect to both a; and ¢ polarization directions. An inclination of about
0.5° on the topography exists at the domain wall because of the mismatch between
the out-of-plane lattice parameter of a; and ¢ domains. The polarization direction in
a;-¢ domains also orients head-to-tail to minimize the charging at the domain wall.
Similar to a;-c¢ pattern, another as-c pattern is also possible where the domain wall

orients along [010],. as shown in Figure|l.11|c). Such multi-domain patterns have been
experimentally observed by several groups 45].

1.1% 1.1%
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(a)

Figure 1.11: Schematic showing the domain pattern in BaTiO3 (a) aj-as domain (b)
a;-c domain (c) ag-c in the tetragonal phase. The lower panel shows the top-view of
the structural changes at the domain wall. The red and the blue circles are Ba and Ti
ions, respectively. The black arrows represent the local polarization direction.

[100],,

Figure shows the ferroelectric domain evolution and its position (red dots) on the
corresponding hysteresis loop measuring the net macroscopic polarization with an out-
of-plane electric field for a BTO single crystal. Beginning from an ai-as pattern at the
origin (Figure [1.12(a)), the application of an out-of-plane electric voltage transforms
the domain pattern into a;-c pattern (Figure[L.12|b)). Here, the a; and a; domains ex-

perience a uniaxial compressive strain along [010],. and [100],., respectively to convert
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to the ¢ domain. Some of the ay domain convert to a; after experiencing compressive
and tensile strain along [100],. and [010],., respectively. Further increasing the voltage
decreases the a; domain fraction and the BTO eventually evolves into a full ¢ domain
(Figure[1.12(c)) [§]. On decreasing the voltage, the domain pattern does not go back to
ai-as but remains in a;-c state (Figure[L.12d)). The hysteresis loop in Figure [1.12](e)
shows the position of different domain patterns (a-d) marked by the red dots. Figure
1.12(f) shows a schematic of the different domain transformations (a; to ¢, as to ¢, and

ay to ay) after application of an out-of-plane voltage.
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Figure 1.12: Schematic showing the (a) initial a;-as FE domain pattern of BTO that
changes to (b) aj-c¢ and eventually to (c¢) ¢ domain after application of an out-of-plane
voltage. On decreasing the voltage, the domain pattern relaxes to an a;-c pattern.
(e) Hysteresis loop showing the position of different domain patterns marked by the
red dots in a macroscopic P vs E measurement. (f) Schematic showing the different
transformations (a; to ¢, as to ¢, and as to a;1) and the applied strain directions when
the aj-ay pattern in (a) converts to aj-c (b).

1.8 Multiferroicity

Multiferroics materials exhibit more than one ferroic order parameter simultaneously
. The most technologically appealing multiferroics are materials possessing mag-
netic and ferroelectric ordering with two order parameters: magnetization and electric
polarization [47]. If the magnetoelectric (ME) coupling is strong, their magnetic and
electric properties can be controlled by external electric and magnetic fields. Such

materials are extensively studied because of their immense technological potential in
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devices such as electrical transformers, sensors, data storage media and integrated cir-
cuits [48-50]. The potential application of a single material with both magnetic and
ferroelectric properties has resulted in numerous research efforts. However, the exis-
tence of magnetic and ferroelectric properties have contradictory requirements, thus
preventing the co-existence of the two ferroic orders at first sight [51]. Conventional
ferroelectric systems of transitional metals have d° electronic configuration whereas
magnetism is mediated by partially filled d orbitals. In addition, most ferroelectrics
are insulators in nature since conductive materials would result in charge flow instead
of a resultant polarization. Ferromagnets, on the other hand, are conductive due to
partially filled d orbitals. Even with these restrictions, single phase multiferroics exist
but are scarce. Coexistence of magnetism and ferroelectricity is plausible when the fer-
roic orders have different origins (Type 1 multiferroics) such as geometric ferroelectric
YMnO; [38] and lone-pair ferroelectrics BiMnOj [52]. A consequence of the different
origin for magnetic and electric ordering is a ME coupling where the transition temper-
atures do not coincide. BiFeOgj is another example of Type 1 multiferroic that posseses
multiferroicity at room temperature with ferroelectricity and anti-ferromagnetism upto
T. = 1100 K and T = 640 K, respectively [36]. Another possiblity of coexistence
arises when the ferroelectric order in a material originates via magnetism by breaking
space-inversion symmetry (Type 2 multiferroics) as observed in spiral magnets such
as TbMnOj3 [53,/54]. In general, single-phase multiferroic materials exhibit weak ME
coupling and only at low temperatures.

Despite all the research efforts, the realization of a single-phase multiferroic displaying
strong and robust ME coupling with ferromagnetic ordering at room temperature is
still missing [55,56]. A promising alternative to single-phase multiferroics are artificial
multiferroic heterostructures made of two different components, one having ferroelectric
order and the other magnetic order. Unlike single-phase multiferroics, the ME coupling
between magnetic and ferroelectric orders in heterostrucrures is not intrinsic and arises
via proximity of the two materials. The strength of the ME coupling depends on
the individual components. This allows engineering of artificial multiferroic systems
with substantial ME coupling and T, close to or above room temperature. The first
multiferroic heterostructure was crafted from ferroelectric BaTiO3 and ferromagnetic
CoFey0y4 in 1972 by Van Suchtelen [57]. Thin film heterostructures are more promising
than bulk composites as the two magnetic and ferrolectric phases at the interface are
in direct contact with each other resulting in a stronger ME coupling. The potential
of the multiferroic thin films lies in the devices such as sensors, high-density storage

devices and spintronics.
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Chapter 2
X-ray spectroscopy

X-ray spectroscopy has been widely used to study thin film systems, interfaces, and het-
erostructures. Depending on the spectroscopic technique, magnetic, electronic and/or
crystallographic information can be extracted by studying the interaction between the
incident radiation and the matter. The experiments in this thesis are performed with
soft X-rays. In particular, X-ray Absorption Spectroscopy (XAS) has been used to
study chemical properties of the thin films and artificial heterostructures of ThFe and
Fe/BTO, respectively. X-ray Circular Magnetic Dichroism (XMCD) has been primarily
used to probe the magnetic contrast for investigating magnetic properties of ThFe and
Fe thin films. Section 2.1 provides a brief overview to absorption spectroscopy. The

basic principles of XAS and XMCD are discussed in section 2.2 and 2.3, respectively.

2.1 Absorption spectroscopy

The interaction between an atom and radiation is given by the Hamiltonian H,

H=Hp+Hz+V, (2.1)

where Hp, Hir and V; are the Hamiltonians of the particle, photon, and the particle-
photon interaction, respectively. Within the time-dependent perturbation theory [58],
the interaction V; can be treated as a perturbation to the Hamiltonian H, = Hp + Hg.
On absorbing a photon, the electron is excited from the initial state i to the final
state f with the corresponding eigenstate |¢;) and |¢), respectively. The absorption
cross-section o, is defined by dividing the transition probability per unit time of a
transition (from the initial state |¢;) to the final state |¢f)) by the incoming photon

flux Ipp,.
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Here, W;_, ¢ is the probability of transition per unit time from |¢;) to |¢¢), and is given
by the Fermi Golden rule,
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where the transitional operator 77, associated with V; contributing to the absorption
events, w is the frequency of the photon, and E; and E are the energies of the electron
in the state |¢;) and |¢f), respectively.

The electric dipole-approximation is used to further simplify equation 2.3. The so-called
‘dipole-selection rules’ appear when the matrix element in equation 2.3 is calculated
according to the Wigner-Eckart theorem. The dipole-selection rules restrict the allowed
electronic transitions so that the quantum numbers between the initial state |¢;) and

final state |¢¢), can only differ by,

Aj=0,+1;Al = +1,Am; =0, £1, Am, =0 (2.4)

When the photon energy hiw is equal to the E'y — Ej, the delta function term in equation
2.3 leads to a resonance in absorption. At this particular photon energy (commonly
known as the absorption edge), the absorption is maximum and corresponds to the
excitation from the initial core level electron to the final state in the valence band. The
absorption of a photon results in the formation of a core-hole which is highly unstable
with a lifetime of about 1 fs [59]. The de-excitation process of the core-hole can take
a radiative fluorescent path or a non-radiative Auger decay path. In fluorescence, a
different electron with a higher energy (in the valence band) fills the core hole and the
energy difference is emitted as electromagnetic radiation (photon). On the other hand
in Auger decay, the photon energy emitted from the filling of a core hole by a valence
electron excites a third valence (Auger) electron. While passing through the solid, the
primary Auger electrons experience multiple inelastic scattering initiating a low energy
secondary electron cascade.

Most often, instead of measuring the absorption in transmission, electron yield detec-
tion mode is used where all the electrons with different energies escaping the sample are
collected ranging from direct photoelectrons, down to low energy secondary electrons.
Depending on the type of technique and information to be extracted, either secondary,

or Auger, or direct photoelectrons are used for spectroscopy.
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2.2 X-ray absorption spectroscopy (XAS)

Within the soft X-ray energy regime, the resonant energies of L-edges of the 3d tran-
sition metals (2p to 3d transitions) and M-edges of the rare-earth metals (3d to 4f
transitions) are accessible. XAS spectra are recorded by sweeping the photon energy
in steps across the absorption edges of the element (in the sample) in consideration.
Besides element selectivity, XAS also offers information about the oxidation state and
local chemical environment by analyzing the spectral shape and peak position of the
absorbing element. Figure (a) shows an example of XAS spectra measured at the
L3 o-edge of Fe and Fe-oxides for different materials: Fe metal, FeO, Fe,O3, and a-
Fe304 [60]. The spectral features for all the four Fe compounds are different (Figure
2.1[(b)) because of their different oxidation states. This technique is extremely ad-
vantageous in probing the samples comprising different elements or a sample with a

heterogeneous spatial distribution.

Figure 2.1: (a) XAS spectra of Fe metal, FeO, Fe;O3, and a-Fe3Oy4 at L and Ly-edge.
(b) XAS spectra showing the spectral features at L3 Fe edge. The figure is adapted
from [60].

Figure (a) shows the XAS spectra of Fe recorded with two circular X-ray polarization
c+ and c— displaying the intensity as a function of the incident photon energy. The
difference in the resonance at the L3, absorption edges from the two circular X-ray
polarization plotted in the lower panel of Figure (a) is the consequence of the dichroic

effect discussed in the next section.

2.3 X-ray Magnetic Circular Dichroism (XMCD)

The phenomenon of XMCD has been widely used to study magnetic properties of mag-
netic materials. Being derived from XAS, XMCD takes advantage of spin-dependent
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absorption process of circularly polarized X-rays . Here, the term ‘dichroism’
refers to a difference in the absorption intensities by incident circularly polarized pho-
tons of opposite polarization. XMCD can be understood by so-called ‘two-step’ model
initially developed by Stohr and Wu et al. . In the first step, the photon trans-
fers its angular momentum to the electron. Circularly polarized c+ and c¢— photon
helicities impart opposite angular momentum, h and —h, respectively to the electrons.
If the excited photo-electron originates from a spin-orbit split level such as ps/s, the
angular momentum from the photon is transferred to the total angular momentum
J = L + S which is partially transferred to the spin via spin-orbit interaction [65].
The spin moment of the photo-electrons is either parallel or anti-parallel to the beam
direction depending on the helicity of the photons and the spin-orbit interaction at the
core level (for 2ps/» and 2py/; levels, the total angular momentum is given by (L + 5)
and (L — 5), respectively). Therefore, the absorption of a circularly polarized photon

by a spin-orbit split core level electron generates an internal spin-polarization.
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Figure 2.2: (a) Schematic showing normalized XAS spectra recorded by opposite cir-
cular X-ray polarization (c+ and ¢—) and the corresponding XMCD signal in the lower
panel. (b) Schematic showing excitation of core 2p electrons to the 3d valence empty
states on absorption of circularly polarized photons.

In the second step, the spin polarization is detected by the valence band of the magnetic

materials. In non-magnetic materials, the density of states for spin-up and spin-down
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states at the Fermi level is equal and the electrons excited with opposite circular he-
licity are absorbed in a similar way. Ferromagnetic materials have an imbalance of
spin-up and spin-down states at the Fermi level which defines the net magnetization.
Spin-flips in the transition are forbidden due to dipole-selction rules given in equation
2.4, implying that the spin-up and the spin-down core electrons will fill the spin-up and
spin-down valence states, respectively. Therefore, the imbalance in the valence shell
acts as a detector for the excited core electrons. The absorption intensity due to exci-
tation of spin-up/spin-down core electrons is proportional to the number of available
empty up/down valence states. The difference between the absorption intensity by two
helicities (/(c+) — I(c—)) at a particular absorption edge is directly proportional to
the imbalance between spin-up and spin-down electrons and is therefore magnetization
sensitive. For a fixed magnetization of the sample, the absorbed intensity is different
for the two opposite circular polarization of the X-ray. Conversely, for a fixed photon
polarization the absorption of the circular polarization of the X-rays is magnetization
dependent [62].

Figure 2.2(a) shows the different absorption intensities I(c+) and I(c—) for Fe Lj,-
edges. The XMCD signal is given by,

XMCD = I(c+) — I(c—) (2.5)

As observed in the lower panel of Figure (a), the XMCD signal has opposite sign
at L3 and Lo edges due to the opposite spin-orbit coupling at the two absorption
edges. XMCD is a very powerful technique which besides allowing an element selective
magnetic contrast, enables to extract the individual contribution from the orbital and
the spin components. This is carried out by applying the so-called ‘sum-rules’, initially
given by [66,/67] relate the experimentally observed features in the XMCD spectra
to the spin (m, = —2£2(S.)) and orbital (m; = —#E(L.)) component of the total
magnetic moment.
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Chapter 3

Magnetic imaging via X-ray

Photoemission Electron Microscopy

X-ray Photoemission Electron Microscopy (XPEEM) is a well-established surface sen-
sitive imaging technique that has been widely used to study magnetic systems and
their interactions [68./69]. The initial photon sources in the 1930s were mostly limited
to UV light. However, the availability of high energy synchrotron radiation in the soft
X-ray regime has facilitated this technique to become element selective. By tuning
the photon energy to the absorption edge of the element of interest, one can obtain
element selective information. The imaging in XPEEM is carried out by collecting
the low-energy secondary electrons created by the in-elastic scattering of Auger elec-
trons. The mean-free path of the secondary electrons limits the information depth of
the technique to a few nanometers below the surface. XPEEM provides a high spa-
tial resolution with magnetic contrast (by XMCD) and chemical sensitivity (by XAS)
which is extremely suitable to study magnetism in thin films and interfaces. Section
3.1 discusses the technical aspects of the imaging via XPEEM. Section 3.2 provides a
brief outlook on the various contrast mechanisms active in the imaging. Section 3.3
and 3.4 focuses on the femtosecond laser set-up and the various sample holders used
in experiments performed in this thesis, respectively. Section 3.5 discusses the data

acquisition and analysis.

3.1 Technical aspects

The space resolved spectroscopic and magnetic characterization experiments described
within this thesis were performed with the XPEEM set-up (based on an Elmitec III

instrument) stationed at the UE 49PGMa beamline at synchrotron radiation facility
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BESSY-II of the Helmholtz-Zentrum Berlin [70]. The incoming photon energy can
be varied between 80 eV to 1800 eV with a spectral resolution of approximately 10%
at 700 eV and full polarization control of photons, i.e. linear, elliptical, and circular
helicity. The photon flux obtained at the surface of the sample ranges between 10!
to 10" ph/s per 100 mA ring current. This instrument is operated in an ultra-high
vacuum chamber with a pressure of about 107'% mbar. The X-rays are incident at a
grazing angle of 16° to the sample’s surface. The X-ray beam size on the sample is
focused to about 20 pum (horizontal) x10 um (vertical).

PEEM uses secondary electrons in the electron yield for magnetic imaging and spec-
troscopy [69]. The secondary electrons originate from a shallow layer below the sample
surface and its intensity is proportional to the absorption coefficient [71]. On absorp-
tion of X-rays, the electron emission depends on the local work function, topography,
and chemistry of the sample. The emitted electrons from different regions of the sample
are passed through an electron-optical column and magnetic or electrostatic electron
lenses. A lateral electron distribution is imaged and projected on a fluorescence screen.
Figure [3.1] shows a schematic of XPEEM consisting of an electron-optical column with
an objective lens, a contrast aperture, some intermediate lenses, an energy analyzer,
a projective lens, an image intensifier and a screen. The sample is kept at a high
voltage of 10 kV close to the objective lens which is capable of accepting electrons
from a large solid angle. The electrostatic potential between the sample and the lens
accelerates the emitted electrons into the microscope. Due to chromatic aberration,
the electrons originated from a particular sample position but with different kinetic
energy might end up at different positions on the screen. The contrast aperture in the
back-focal plane of the objective lens reduces the aberration and improves the lateral
resolution by controlling the intensity of the transmission into the column. The size of
the aperture is selected according to the experiment. A small sized aperture increases
the spatial resolution but decreases the transmitted intensity. The 180° hemispherical
energy analyzer acts as a band-pass filter to select electron trajectories with a narrow
spread of kinetic energies and further reduces the chromatic aberration. The electrons
are selected with an energy resolution of less than 0.2 eV. The projective lens finally
magnifies the signal on a multi-channel plate which creates a corresponding lateral
image of the secondary photoelectron intensity on a screen. A CCD camera transfers
the obtained image to the computer for further analysis. The XPEEM at the SPEEM
station provides a high spatial resolution of about 25 nm. A picture of the PEEM set

up is shown in Figure (b).

34



(a)

/\Energy Analyzer

ﬁ % Projective lens ==
'

Contrast aperture
Objective Lens ‘
X-rays/\/\,\b
Sample Q

Ti:Sa lasel:

Screen

Figure 3.1: (a) Schematic and (b) picture showing the PEEM set-up at the SPEEM
station at BESSY-IIL.

A preparation chamber (Figure a)) is attached to the XPEEM set-up and vacuum
connected to allow the transfer of the sample to the XPEEM chamber without breaking
the vacuum. It is equipped with several evaporators where thin films can be deposited
on substrates mounted on the sample holder. The growth rate of the thin films is cali-
brated by a quartz balance prior to deposition. A schematic of the PEEM instrument
at the SPEEM station is shown in Figure [3.2(b).
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Figure 3.2: (a) Picture showing preparation chamber and (b) a schematic of the overall
PEEM instrument at the SPEEM station at BESSY-II.

3.2 Contrast mechanisms

A sample might contain topographic defects or scratches with sharp boundaries that
may affect the electron trajectories by local electrostatic micro-fields. The topographic

contrast originates from the local distortions of the accelerating field at the edges of
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geometrical structures on the sample. Parameters such as shape and size of the defect,
the acceleration field and position of the contrast aperture determine the contrast by
the topographic structures on the sample (Figure [3.3)).

Corresponding
PEEM @
image

Electron
trajectories

Surface
topographical
features

Figure 3.3: Contrast in XPEEM created by topographic structures on the sample that
induce electrostatic field distortions. The figure is adapted from .

The work function of the sample is correlated with its chemical and structural environ-
ment. In a heterogeneous sample comprising of different elements, the local contrast
of the image directly depends on whether the incident photon energy is higher/lower
than the work function of the corresponding element. Such contrast only provides
qualitative information about the chemical composition of the sample.

With the help of tunable synchrotron radiation, the photon energy can be tuned to the
absorption edges of different elements in consideration. In a chemically heterogeneous
sample, if a particular element is present /absent in a sample region, the absorption from
the particular region is higher/lower. A spatial distribution of the involved elements
can be generated by examining the sample with different photon energies.

The magnetic contrast in XPEEM is obtained by means of XMCD, i.e. by using cir-
cularly polarized X-rays. As discussed in section 2.3, for a fixed magnetization, the
absorption by a circularly polarized photon is helicity dependent. Magnetic domain
imaging is carried out by recording the ‘PEEM’ images at an absorption edge with
sizable XMCD with opposite circular helicity of X-rays (c+ and ¢—). The magnetiza-
tion is proportional to the XMCD relation given by equation 2.5. In PEEM, instead of
plotting the XMCD (equation 2.5), it is more common to plot its asymmetry in XMCD

(Axnmep) to correct for the inhomogeneity in the sample illumination. It is given by,

(3.1)

AXMCD =
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A PEEM image recorded with circularly polarized X-rays from a magnetic sample

comprises of the contrast from both magnetic (M) and non-magnetic (M) sources.

I(c—=)=1I(c—, M)+ I(c—,NM) for c— (3.2)

I(c+)=I(c+, M)+ I(c+,NM) for ¢+ (3.3)

Unlike the non-magnetic contrast, the magnetic contrast reverses with polarization.
I(c—, M) =—1I(c+, M) and  I(c—,NM) =1I(c+,NM) (3.4)

Therefore, the magnetic contrast is proportional to the difference of the images recorded

with ¢+ and ¢— while the non-magnetic contrast is proportional to the average.

I(c—) — I(c+) I(c—) + I(c+)

I(M) = 5 I(NM) = 5 (3.5)
Thus, the asymmetry in the XMCD can be rewritten as,
(M)
A = .
XMCD T(NM) (3.6)

The maximum XMCD contrast is observed when the X-ray beam is either parallel
or anti-parallel to the magnetization direction. The magnitude of the XMCD signal
is proportional to the projection of magnetization M along k, i.e. XMCD o |M|
cos(kM). The X-rays are incident to the sample at a grazing angle of 16°, resulting
in a strong sensitivity to in-plane magnetization proportional to cos(16°). The out-
of-plane magnetization has a three times smaller contrast (proportional to sin(16°))
as compared to the in-plane magnetization along the beam direction. The domains
with M1 k result in zero XMCD. In order to distinguish between the absence of
ferromagnetism and M | k, an azimuthal rotation of the sample is generally performed.
While the non-magnetic region show zero XMCD independent of the chosen azimuthal
angle, the domains with M | k change contrast according to the cosine dependence.
Within this thesis, the strength of the XMCD is displayed using the color code shown
in Figure 3.4, The blue/red color represents the component of the total magnetization
projected along the beam direction in a parallel/anti-parallel manner. For example,
Figure [3.5(a) and (b) show PEEM images recorded with ¢+ and ¢— X-ray helicity,
respectively at Fe Lg edge. The corresponding XMCD image which displays the asym-
metry given by equation 3.1 is shown in the Figure (c)
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Figure 3.4: Schematic showing the projection of in-plane magnetization along the X-ray
beam direction. The blue and the red color represents the parallel and the anti-parallel
projection along the beam.
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Figure 3.5: (a,b) Spatial photoemission intensity map or PEEM images recorded by
circular polarization of X-rays ¢+ and c—, respectively. (¢) XMCD image displaying
the normalized difference of PEEM images shown in (a) and (b).

3.3 Laser set-up

A laser with a Femtolasers Scientific XL Ti:sapphire oscillator with a central wavelength
of A = 800 nm generating pulses at 5 MHz is attached to the PEEM instrument. The
pulse duration of the pulses is around 60 fs. A pulse picker (Femtolasers Pulsfinder)
adapts the repetition rate of the laser pulses from 2.5 MHz down to a single pulse. A
neutral density filter in combination with a polarizer and a \/2 plate is used to change
the pulse intensity. A /4 plate provides circularly polarized laser pulses. The total
fluence reached to the sample is assumed to undergo a loss of approximately 50% due
to the reflections and absorption from the mirrors and lenses used in the measurement
set-up.

For pump-probe measurements, the repetition rate of the laser pulses is altered in order

to match the frequency of the electron storage ring of the synchrotron light source. The
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measurements on ThFe films were carried out in the BESSY-II single-bunch mode of
operation where the photon pulse derived from this bunch is repeated with 1.25 MHz
frequency and a time interval of 800 ns between the consecutive pulses. The laser
pulses are synchronized to the X-ray pulses by changing the repetition rate of the
pulses to 1.25 MHz. The time delay line between the X-ray and the laser pulses can
be continuously varied over 2 ns by a trombone and in further steps of 2 ns to cover
the full range of the possible delays. The time resolution is limited to about 30 ps due
to the duration of X-ray pulses.

3.4 Sample holder

Several customized sample holders developed by the SPEEM group provide a versatile
sample environment such as in/out-of-plane magnetic field, out-of-plane electric field,
and a femtosecond laser exposure [70,[73]. A wide temperature range of 42 — 600 K
is accessible with the help of an in-built liquid He cryostat and a heating element
installed in the sample holders. For the measurements performed in this thesis, two
different sample holders were used. The sample holder used for all-optical helicity
dependent switching experiments provides an integrated laser optics that focus the
laser on the back of the sample at normal incidence with a diffraction limited spot
size [73]. The schematic and the picture of the sample holder is shown in Figure [3.6{a)
and (b), respectively. The laser enters the sample holder and undergoes a reflection by
a mirror where it is focused on the sample after passing through a focussing lens. Figure
3.6{(c) shows a PEEM image recorded during laser illumination on a reference sample.
The photon energy of the laser is around 1.55 eV at 800 nm wavelength which is not
enough to excite the photoelectrons from the sample by single photon photoemission.
It is assumed that these photoelectrons originate from nonlinear processes, such as
three-photon photoemission process or collective excitation by surface plasmon. This
photoemission intensity is used to locate the laser position on the sample. A line profile
across the laser spot in Figure [3.6(d) shows that the laser spot has a Gaussian shape
and about 3 — 5um spot size (FWHM in long and short axis). The laser position with
respect to the sample is fixed, but a small tilt correction in the alignment of the sample
with the instrument allows to laterally displace the laser spot by a few microns. More

information about the sample holder can be found in [73].
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Figure 3.6: Schematic (a) and (b) a picture of the sample holder where a mirror and a
lens focus the laser light from the back side on the sample. (c¢) Direct photoemission
from the laser spot measured by PEEM. (d) Profile across line on the laser spot in (c).
The figure is adapted from [73].

The second sample holder is optimized for ferroelectric samples and is capable of simul-
taneously providing an out-of-plane electric field, an in-plane magnetic field, heating
(with a tungsten wire), and temperature control (by reading the temperature via Pt-
100 resistive sensor) [74]. Figure [3.7(a),(b) shows a picture and a schematic of the
side-view of the sample holder. A spring beneath the sample avoids the sample dam-
age by compensating for the mechanical stress generated in the ferroelastic substrate

post application of an electric voltage.
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Figure 3.7: (a) Picture and (b) schematic showing the sample holder used to mount
the ferroelastic substrates. The figure is adapted from .

3.5 Data acquisition

Spectroscopy is performed in XPEEM by recording a series of PEEM images at different
photon energies in small steps of 0.2 eV across the absorption edge of the element under
consideration. All the acquired images are stacked together and are normalized with
a reference image that shows the state of the screen and is recorded beforehand in
the de-focused condition of the microscope. This normalization procedure removes the
variations in detection efficiency and the blind spots/defects of the screen from the
PEEM images. A reference defect on the sample (whose contrast is independent of
X-ray helicity) is used to correct the lateral drift within the individual images caused
by the instrument/sample environment during the measurement. From this stack of
normalized and drift corrected images, the local contrast is extracted from a selected
region of interest (see Figure . The magnitude of the contrast intensity is plotted
with the corresponding photon energy used to record the image. The local variations
in the chemical and structural environment can be studied by analyzing the shape,

size, and peak positions of the resonant absorption peaks.
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Figure 3.8: Schematic showing (a) PEEM images stacked together and the dotted
region of interest. (b) The XAS spectra extracted from a local region of interest
marked by dotted circle in (a).

Element selective XMCD is used to carry out the space-resolved magnetic imaging in
XPEEM. The photon energy is tuned to the absorption resonance of the element of
interest and the PEEM images are recorded with the opposite circular polarization
(c+ and c—) of the X-rays. Typically, 30 images with ¢+, followed by 30 images with
c— are recorded, each with 3 second exposure time. After the normalization and drift
correction of the stack, the images with ¢+ and c— are separated and averaged indi-
vidually. The XMCD image (Figure [3.5{c)) is obtained by calculating the asymmetry
between the two X-ray polarization normalized by their sum (equation 3.1). All the

data analysis is performed via Igor Pro (version 6.34).
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Chapter 4

Spatially resolved AO-HDS in TbFe
alloys

In this chapter, the phenomenon of the all-optical helicity dependent switching (AO-
HDS) is investigated using a stationary femtosecond laser spot in ThFe alloys. Section
4.1 gives an introduction to the research field of optical control of magnetization via
a femtosecond laser, with a focus on AO-HDS. Section 4.2 characterizes the magnetic
properties of ThFe samples grown with variable alloy composition and film thickness.
Section 4.3 describes the laser-induced switching in two different modes of measure-
ment: single pulse and pulse train. Section 4.4 reports on the observation of AO-HDS
in the pulse train mode and the impact of laser heating on the switching process. The
relaxation effects influencing AO-HDS after removing the laser from the sample are
discussed in section 4.5. Section 4.6 provides the magnetic field equivalent strength
of AO-HDS followed by thickness dependent measurements in section 4.7. The dy-
namic nature of laser-induced magnetization switching is described in section 4.8. The

presented results are discussed in section 4.9.

4.1 Optical control of magnetization: an overview

The interaction between light and magnetism has been studied for several decades,
but the interest in the field of femtosecond magnetism was triggered by a pioneering
experiment by Beaurepaire et al. showing sub-picosecond ultra-fast demagnetization
with a 60 fs laser pulse in Ni [75]. A phenomenological ‘three-temperature model” was
introduced which suggested that the laser-induced change in temperature can be dis-

tributed across three different reservoirs: the electron system, the spin system and the
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lattice system [75]. The motivation of the scientific community to pursue this magneto-
optical interaction was to induce magnetization switching optically. Even though the
observed demagnetization was not a magnetization switching (180° reversal), it was
shown that an external magnetic field during demagnetization could induce a complete
magnetization reversal [76-78]. However, it was accompanied by a major disadvantage

of time-varying magnetic fields to access both magnetic states.

Two different mechanisms have been proposed to explain this ultra-fast magneto-
optical interaction. The first one is based on thermal or heat-driven effects, which
account for the absorption of a photon by the magnetic material and subsequent heat
distribution amongst electrons, spins, and phonons, for instance, an ultrafast demag-
netization process by Beaurepaire et al. [75][79,[80]. The second mechanism is based on
non-thermal effects, described by an ‘optomagnetic’ mechanism based on the transfer
of angular momentum from light to magnetic material via the Inverse Faraday Effect
(IFE), microscopically functioning as a spin-flip stimulated Raman-like process [81-83].
The faraday effect is a magneto-optical phenomenon originating from the interaction
of light and magnetic materials with non-absorbing properties. Linearly polarized light
can be decomposed in equal left and right circularly polarized components: o+ and
oc—. The o+ and o— experience different refractive indices and thus propagate at a
slightly different speed in magnetic media. This causes a change in the phase difference
between o+ and o— with respect to the incoming light that leads to a rotation (known
as the Faraday rotation) of the polarization plane of the light. IFE induces an effective
static magnetization M (0) when a circularly polarized light with an oscillating electric
field and its complex conjugate (E and E*) with frequency w transmits through a

magnetic medium [84-86]. The induced magnetization is given by,

M(0) = m%[E(w) x B*(w)] (4.1)

where y is the magneto-optical susceptibility. The cross-product in equation 4.1 shows
that the magnetization M (0) is induced along k (the wave vector of the light). The o+
and o— laser helicity at a frequency w induces an equal and anti-parallel static magne-
tization. Therefore, like an externally applied magnetic field, circularly polarized light
can also generate a magnetization in a magnetic material. Kimel et al. demonstrated
that ultrashort circularly polarized femtosecond laser pulses could optically and non-
thermally excite and control the spin oscillations in a weak ferromagnet DyFeO3 [81]
by IFE as shown in Figure A sudden change in the Faraday rotation is followed
by spin oscillations which were assigned to magnetization precession due to induced

magnetic field by o+ or o—.
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Figure 4.1: Figure showing temporal evolution of the Faraday rotation in DyFeOj3 for
two circularly polarized pump pulses of opposite helicities o+ and o—. The figure is

adapted from [81].

In another experiment, a non-thermal interaction between circularly polarized laser
and ferrimagnetic GdFeCo was studied by Stanciu et al. in 2007 [83]. Here, the IFE
was understood to be an ultrafast non-thermal interaction between photon angular
momentum with the magnetic system that does not require absorption of light, based
on Raman-like coherent optical scattering process ,. The IFE was also questioned
by some groups which argued that the photon angular momentum is not enough to be
able to induce changes in the magnetization [88].

It was anticipated that the circularly polarized laser light could behave as an external
magnetic field parallel to the direction of light via IFE [81,89]. The 0+ and o— pulses
would then act as a magnetic field of anti-parallel orientations. The breakthrough oc-
curred with the discovery of all-optical helicity dependent (AO-HDS) switching when
circularly polarized femtosecond laser pulses were used to deterministically switch the
magnetic state of ferrimagnetic Gdgs Fery g Cos4 @ The switching was only observed
in a narrow window of laser fluence. The experiments were performed on an amorphous
ferrimagnetic alloy of GdFeCo with thickness 20 nm (having perpendicular magnetic
anisotropy) which is used in magnetic recording and possesses strong magneto-optical
properties. A Ti:sapphire laser with a wavelength of 800 nm, FWHM = 40 fs and repe-
tition rate of 1 kHz was swept across the alloy and imaged under a Faraday microscope.
Figure (a) shows the initial magnetic domains before laser exposure on the sample.
The dark (M ™) and bright areas (M ™) are the two out-of-plane magnetic orientations

with magnetization ‘up’ and ‘down’, respectively. The laser beam was swept from left
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to right with different laser polarization. Figure [£.2b) shows the effect of laser sweep
on magnetic domains with three different polarizations, positive circularly polarized

(0+4), linear polarized (L) and negative circularly polarized (o—) laser light.

Before exposure After exposure

300 um

Figure 4.2: (a) Initial magnetic state of the sample before laser exposure with M
(bright) and M~ (dark) regions as ‘up’ and ‘down’ magnetization orientation. (b) Do-
main pattern obtained after sweeping the laser beam with positive circularly polarized
laser (o+), linear polarized laser (L) and negative circularly polarized laser (c—), with
fluence of about 11.4 mJ/cm?. The figure is adapted from [@]

As shown in Figure £.2] the o— and o+ helicity resets the magnetic state of the
sample to M~ and M™, respectively. On the other hand, the linear polarization L
leads to a random multi-domain magnetic pattern due to demagnetization above 7, and
subsequent cooling in the absence of any magnetic field without favoring any particular
magnetic orientation. The explanation for this preferential helicity dependent switching
behavior was suggested to be a combination of two effects: the absorption of laser
energy into the magnetic system increasing the temperature close to Curie temperature
(T.) and circularly polarized light simultaneously behaving as a magnetic field for
switching the magnetization. The presence of AO-HDS was also observed in other
RE-TM ferrimagnets like ThFe and ThCo [90].

While heat-driven effects were considered unfavorable in some cases, other theoreti-
cal and experimental investigations showed that AO-HDS in GdFeCo alloy films is a
two-fold process, which consists of quenched magnetization by ultrafast laser-induced
heating within 1 ps followed by a helicity-dependent relaxation to an equilibrium state
(few tens of ps) arising from IFE [91]. However, shortly after the discovery of AO-HDS
in GdFeCo, it was demonstrated that switching via single heat pulses alone could act
as a sufficient stimulus to switch the magnetic state reversibly in GdFeCo, indepen-

dent of laser helicity . The nature of such a switching process was demonstrated
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by Radu et al. who discovered the formation of a transient ferromagnetic-like state
in the ultrafast spin reversal mechanism of antiferromagnetically coupled GdFeCo al-
loy [93]. The switching mechanism in GdFeCo is a special case and is different from
switching in other RE-TM alloys such as ThFe and ThCo. The difference arises from
the independent demagnetization dynamics of Gd and Fe sublattices on significantly
different time scales (1.5 ps for Gd sublattice and 0.3 ps for Fe sublattice) that put the
initial ferrimagnetic system into a transient ferromagnetic state. Gd has a half-filled
4f orbital and thus zero orbital angular momentum. The spin-orbit coupling is weak
in Gd-based alloys which has a significant effect on the demagnetization dynamics via
laser pulse. Figure shows the switching between ‘up’ and ‘down’ magnetization
via a sequence of five consecutive single laser pulses of linear polarization for GdFeCo

alloy. Beginning from an initial anti-parallel uniform magnetization in Figure a)

and (b), the area of the sample interacting with the laser is switched in the opposite

direction with each incoming laser pulse.

Figure 4.3: (a,b) Initial uniformly magnetized state of GdgyFegs.5Co0g 5 film with mag-
netisation ‘up’ and 'down’ respectively. (c,d) The film after an excitation with N (N
= 1, 2..5) laser pulses with linear polarisation and laser fluence of 2.3 mJ/cm?. The

figure is adapted from [92].

In a temperature dependent study of magnetization reversal by laser pulses, Hohlfeld
et. al. argued that all-optical switching is an athermal process with higher efficiency at
low temperatures . The importance of heat driven effects could not be undermined
since the switching was observed in multiple shot laser exposure which accumulates
heat on the sample . A practical implication of such thermally assisted magnetiza-
tion switching process was also proposed in HAMR (Heat-assisted magnetic recording)
technology in magnetic recording devices . To investigate the importance of heating
in the switching process, Alebrand et al. performed repetition-rate dependent experi-
ments where they measured the minimum fluence F,,;, required to switch the sample

as a function of the repetition rate of the laser . The result is shown in Figure
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4.4(a) where F,,;, decreases with the repetition rate of the laser. This observation
indicates that the higher repetition rate leads to significant heat accumulation on the
sample, thus requiring lower laser fluence to switch the sample. To disentangle the in-
terplay of heating and helicity effects, they carried out a pump-probe experiment called
o — 7 heating in GdysFege.5Cog 5. Here, the incoming laser excitation was divided into
a linearly polarized 7 pulse inducing only sample heating and a circularly polarized
o pulse introducing the helicity information with a certain time delay between them.
Figure (b) shows that switching was observed for both negative and positive time
delays and the width of the delay window (yellow region in Figure [4.4[b)) depends on
the fluence of the m-pulse. They showed that the threshold fluence for switching is not
only determined by the number of circularly polarized photons but a minimum amount
of heating is also necessary for the switching process [80]. They concluded that the

switching process could not take place entirely from non-thermal origins.
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Figure 4.4: (a) Plot showing the decreasing trend of minimum threshold fluence with
increasing repetition rate. (b) o—7 switching experiment showing switching for positive
(o arrives before 7 pulse) and negative (7 arrives before o pulse) delays. The figure is
adapted from [90].

Another approach to study the temperature-dependent efficiency of AO-HDS was car-
ried out by Hassdenteufel et al. where the temperature of the sample was increased
using an external resistor [97]. They stressed on the importance of laser-induced heating
and low-remanent magnetization of the material for observing AO-HDS. The necessity
of heat accumulation was also depicted in another study where the authors used a heat
diffusion model on large time scales of microseconds to quantify the deposited heat in
multi-shot experiments in different substrates of silicon and glass [98].

A thermally driven fundamental mechanism of magnetic circular dichroism (MCD) was

proposed by Khorsand et al. to explain the microscopic physics behind the AO-HDS

48



[99]. The MCD effect refers to the differential absorption of the laser energy depending
on the polarization of the laser and magnetic orientation of the sample. This leads to
a preferential heating of one magnetic orientation with a particular helicity. Khorsand
et al. provided quantitative explanations for the presence of an intensity window for
AO-HDS due to MCD in GdFeCo alloy. It was estimated that a dichroic effect of about
0.5 — 2% is enough to induce AO-HDS. Figure [4.5a) shows the switching probability
of the sample as a function of laser fluence for three different polarizations for a fixed
laser wavelength. As shown, the sample can be switched with all three polarization but
with different laser fluence with F,_ < Fj < F,,. Materials like GdFeCo have strong
magneto-optical properties and therefore experience different absorption for left and
right circular polarization (0+ and o—) with a particular magnetization orientation.
Thus, the difference between the threshold switching fluence F,_ and F,, as shown
in Figure 4.5| is proportional to the difference between the absorption of o+ and o—
helicity. The MCD effect is calculated in terms of the absorption of laser A, and A,_
by 0+ and o—, respectively and is given by,

MCD = 5 A+ = Ao-

TAr T A,) (4.2)
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Figure 4.5: (a) Switching probability P, as a function of laser fluence at A = 700 nm
for three different laser polarisations o+, c—and L. The inset shows the threshold laser
fluence F,, and F,_ for switching via o+ and o+, respectively. The figure is adapted
from [99).

Another major advancement occurred when it was shown that AO-HDS is rather a
general phenomenon which is not limited to selected RE-TM alloys but also observed
in a much wider variety of materials including heterostructures, multilayers and even
ferromagnets [15,[16]. This observation suggested a common origin for AO-HDS in all

such different materials. These results questioned the previous conclusions obtained

49



for ferrimagnets based on a relevant role of magnetization compensation temperature
Ty on AO-HDS as ferromagnetic systems such as Co/Pt and Co/Ni do not show any
Ty at all [16]. Therefore, the fundamental mechanism behind the switching process
was still unclear.

The phenomenon of AO-HDS is considered the most promising candidate for magneto-
optics and spintronics, offering a promising insight into a deterministic optical control
of magnetic state without applying any external magnetic field. However, even after
two decades of intensive research, there are numerous open questions in this field that
need to be addressed. Most experiments in the literature have been performed via a
laser spot size of tens to hundreds of microns. However, from an application point
of view, it is essential to study the scalability of the switching process down to small
laser spot sizes. When the laser spot size is reduced, significant dipolar field effects are
reported to play a dominant role influencing the magnetization switching process [100].
The lack of high spatial resolution imaging techniques in most of the previous studies
did not draw attention to dipole-dipole interactions which play a significant role in
switching via small laser spot sizes. The role of heat accumulation and temperature
dependence of the switching process has been explored by various publications in the
literature but an unambiguous picture to explain its importance is still missing. With
the numerous explanations for the microscopic mechanism of AO-HDS, the scientific
debate has not been conclusive. To address these critical issues, this thesis aims to
investigate the scalability of the AO-HDS process to small laser spot sizes, the role
of laser heating and temperature in magnetization reversal, influence of dipolar field
effects, and the microscopic origin of AO-HDS via in-situ experiments by means of
photoemission electron microscope (PEEM). The switching mechanism is studied by
imaging the magnetic state of the sample during the laser interaction. This way the
relaxation effects after removal of the laser exposure are minimum. With the high
spatial resolution, element selectivity and the extraordinary capability to image the
modification in the magnetization caused by the laser pulses while the laser interacts
with the sample, a comprehensive investigation of AO-HDS without any interference

from relaxation effects is performed.

4.2 Sample characterization

A series of amorphous Tb,Fe;_, (TbFe) films were fabricated by magnetron sputtering
on MgO substrates (0.5 mm thick) at room temperature. The MgO [100] substrates
were double-side polished and transparent to the laser wavelength (800 nm) used for

AO-HDS experiments. The samples were prepared by the group of Florin Radu in
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a magnetron sputtering chamber MAGGSY at Helmholtz Zentrum Berlin. The ThFe
films were grown with a Ta (5 nm) buffer layer and capped with 1.8 nm of Pt to prevent
oxidation. The fabricated samples included two alloy compositions: 22% (10, 20, 40, 60,
and 80 nm) and 30% (10,15, and 20 nm) with different thickness. In this thesis, the
samples are referred to as ThXY where X specifies the Th concentration in % (either
22 or 30), and Y specifies the thickness of ThFe magnetic alloy in nanometers.

As described in section 1.6, below(above) compensation temperature T}, the total
magnetization of the alloy orients along the Th(Fe) sublattice and hence the alloy posses
a ‘Tb(Fe) dominant’ sublattice. The T); of ferrimagnetic thin films such as ThFe can
be altered by varying the alloy composition as well as the film thickness [35}/101},102].
Above a threshold ‘effective’ Tb concentration (depending on the film thickness), the
ferrimagnetic alloy loses its magnetization at T, before it reaches T);. In such cases,
Ty does not exist and the alloy posseses a Th dominant sublattice for 7' < T, [35].
The magnetic properties and T}, of ThFe samples were characterized by Superconduct-
ing Quantum Interference Device (SQUID) magnetometry. The hysteresis loops were
measured at different temperatures up to 390 K using a SQUID-VSM with magnetic
field applied perpendicular to the sample’s surface. The hysteresis loops for Th2210,
Th2220, Th3010 and Th3020 are plotted in Figure[1.6{(a), (b), (c), and (d), respectively.
All samples exhibited a strong perpendicular magnetic anisotropy as evident by the
square shape of the hysteresis loops. The T, for the ThFe thin films between 20-30%
Tb concentration is reported to be around 380 — 400 K [35,101,{103]. From coercivity
and remanence values in Figure (a), Ty for Th2210 is found to be approximately
around 250 K where it transforms from Tb dominant sublattice below 250 K to Fe
dominant sublattice above it. Increasing the film thickness to 20 nm and above results
in Tb dominance over the entire range of temperature until it reaches 7. at 380 K
(no Tyy). For 30% concentration, the hysteresis loops for samples Th3010 and Th3020
are plotted in Figure [4.6[c) and (d), respectively. Both samples posses Th dominant

sublattice with no T},.
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Figure 4.6: Hysteresis loops in an out-of-plane configuration measured for (a) Th2210
(b) Th2220 (c) Th3010, and (d) Th3020 samples.

Prior to PEEM experiments, all the samples were ex-situ out-of-plane magnetized with
a permanent magnet in order to have a homogeneous magnetic domain state before
mounting on the sample holder. Before laser exposure, the chemical and magnetic
characterization was performed via PEEM. Figure [4.7(a) shows Fe XAS spectra with
L3 and L, absorption edges of the Th2210 sample. Similarly, the Th M; and M,
absorption edges and XAS spectra are shown in Figure [1.7(b). The XAS spectra
show the expected spectral features for both Fe L3s and Tb M;, edges confirming
a good sample quality. No sign of oxidation is observed in XAS spectra implying
that the protective capping layer on the sample is sufficient. The photon energy was
set to the resonant peak of the Fe Lj edge (707.3 eV) and the magnetic contrast of
the Fe sublattice was probed by recording a XMCD image as shown in Figure [4.7)(c).
The Tb sublattice was probed by recording the XMCD image at the photon energy
corresponding to the M absorption edge (1236.5 €V) as shown in Figure[4.7[(d). XMCD
images obtained at 707.3 eV and 1236.5 eV in Figure [£.7)(c) and (d) show magnetic
contrast of opposite sign (blue and red) as expected from the antiferromagnetic coupling
between the Fe and Tb sublattices.
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Figure 4.7: (a, b) XAS spectra showing the Fe L3, edge and Tb M54 edge for Fe and
Tb, respectively. (¢, d) XMCD image recorded at Fe L3 and Th Mj; absorption edge.
The opposite blue and red contrast signifies the antiferromagnetic coupling between Fe
and Th sublattice.

4.3 AO-HDS in different modes of measurement

The femtosecond laser can be operated in two different modes: Single pulse and Pulse
train mode. In the latter, the laser pulses illuminate the sample with a specific repe-
tition rate which can be set by the pulse picker. The effect of single pulses and pulse

trains on the magnetization of TbhFe alloy is discussed in this section.

Single pulse mode

There are different scenarios in which a single pulse can affect a uniformly magnetized
saturated sample. Below a threshold laser fluence (Case I), the laser pulse heats the
sample without any alteration in the magnetization as shown in the XMCD image in
Figure [4.8(a).

As the fluence is increased above this threshold, the laser pulse switches the magnetiza-

tion by forming a small bubble domain in the illuminated area (Case II). The formation
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of such a bubble domain is dominated by the strong dipolar field of the surrounding re-
gion with saturated magnetization. The dynamics of the bubble domain was traced by
Gierster et al. where the growth and decay of the bubble domain is resolved in a stro-
boscopic experiment [73]. In the absence of pinning centers such as defects, the bubble
domain vanishes after the laser pulse and the magnetization is unaltered. Therefore, it
is not possible to observe it in a static mode. However, it can be visualized in a pulse-
train as shown in Figure (b) where the domain collapses when the laser exposure is
stopped in Figure [4.8(c). The XMCD image in Figure [£.8b) is obtained by averaging
over the formation and collapse of the bubble domain for millions of single laser pulses,

resulting in a faint red contrast in the bubble domain.
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Figure 4.8: XMCD images recorded at Fe Ls-edge in Th3020 alloy with o+ helicity
showing (a) homogeneous out-of-plane red magnetic contrast for laser fluence below
the threshold, (b) bubble domain visualized by averaging over millions of laser pulses
in a pulse train, (c¢) uniform magnetic contrast after the collapse of bubble domain
(when the laser exposure is stopped), and (d) random multi-domain pattern after a
single laser pulse of o— helicity with high laser fluence. The red and blue magnetic
contrast represents anti-parallel out-of-plane magnetic orientations.

At high laser fluence above the threshold, a laser pulse causes local demagnetization
of a larger area where the dipolar fields from the surrounding film are weaker (Case
IIT) [104]. Consequently, the demagnetized area (larger than the correlation length
scales) breaks into randomly oriented magnetic domains after quenching to the base
temperature. Figure (d) shows XMCD images after illuminating the sample with
single laser pulses with high laser fluence. As observed, the initial saturated magne-
tization of the sample disintegrates into a multi-domain pattern with ‘up’ and ‘down’
out-of-plane magnetization. Further increasing the laser fluence increases the demag-
netized area formed after the single pulse (see Figure [73].
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Figure 4.9: XMCD images showing the magnetic contrast of ThFeCo film at Th Mj5-
edge after exposing the film to the single laser pulses. The same area of the sample is
excited consecutively with higher laser powers. While no change in magnetic contrast
is observed at 6 mW, the demagnetized area is formed above 8 mW which grows in
size on increasing the laser power. The figure is adapted from Gierster et al. |73].

The sample area affected by a single laser pulse also depends on the base temperature
of the sample. Figure [1.10[(a-d) show XMCD images at different base temperatures
100 K, 140 K, 260 K, and 300 K after illumination with a single pulse of constant
laser fluence. A domain marked in black defines the position of the illuminated area
with respect to the sample’s domain pattern. At a constant laser fluence, the area
of the sample affected by laser illumination increases with the base temperature of
the sample. In addition to the laser affected sample region, the individual domain
size formed after demagnetization also increases with the base temperature. Such a
difference in domain size arises because at higher base temperatures domains have
higher thermal energy kgT to overcome the magnetostatic energy. Their mobility and
the ability to form bigger domains increases with base temperature. In addition, the
threshold fluence required for magnetization switching decreases. This is because at

higher base temperatures lower threshold fluence is required to reach T..
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Figure 4.10: (a-d) XMCD images showing magnetic contrast of Th2510 recorded at Fe
Ls-edge showing random multi-domain structure after a single laser pulse, recorded at
different base temperatures of 100 K, 140 K, 260 K and 300 K respectively. The field
of view is 15 ym and 20 pm in (a,b) and (c,d), respectively. The domain marked in
black is used as a reference for all the images.

Pulse train mode

To study the switching behavior with minimum interference from the relaxation effects
after the laser exposure, the magnetization was imaged via XMCD in the pulse train
mode while the laser interacts with the sample. In this case, the magnetic contrast
probed via XMCD displays a temporal average over millions of laser pulses. Figure
[1.11](a) shows XMCD image with o+ laser helicity recorded in a pulse train mode with
a repetition rate of 2.5 MHz. The interaction between the laser and the magnetic sam-
ple can result into three different regions marked by 1, 2 and 3 in Figure .
The outermost region (marked by 3) is dominated by the dipolar fields of the surround-
ing region. The saturated red magnetic contrast of the surrounding region creates an
inverse field that puts a blue contrast in the outer ring region of the illuminated spot.
The inner-most region with white contrast marked by 1 is the ‘thermally demagne-
tized’ region where the laser has the highest intensity in a Gaussian shaped laser spot.

Here, the sample gets, at least temporarily, demagnetized with each incoming single
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pulse having a random magnetization in between consecutive pulses. Since the mag-
netic contrast in the XMCD image is a temporal average over millions of such laser
pulses, an average over a full pulse train results in a zero (white) averaged XMCD. The
thermally demagnetized region is surrounded by a ‘ring-shaped’ magnetic region (see
Figure [4.11](a)) where the helicity dependent switching is observed. This ring-shaped
region is not prominent in Figure a) because the dipolar fields for this sample
dominate at such small laser spot size. However, the ring-shaped region (marked by
2) is clearly visualized in Figure [£.11[b) which displays a difference between the two
XMCD images obtained for opposite laser helicities ((c4) — (6—)).
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Figure 4.11: (a) XMCD image in a pulse train mode with o+ helicity in ThFeCo alloy
recorded at Fe Lz-edge depicting three different regions with: (1) Thermal demagneti-
zation, (2) AO-HDS and (3) Dipolar field effects. (b) Difference between the XMCD
images of opposite laser helicities ((o+) — (0—)) displaying a ring-shaped region where
AO-HDS (marked by 2) takes place. The figure is adapted from Gierster et al.

The magnitude of the dipolar fields depends on the saturation magnetization of the
film. This can be controlled by changing the intrinsic material parameters like film
composition and film thickness or external conditions such as the base temperature.
Many experiments performed in the literature use large laser spot sizes (tens of mi-
crons) to study AO-HDS [6}[15[16[105H107] where the effect of dipolar fields has not
been significant. Dipolar fields are larger in micron-sized laser spots and could poten-
tially interfere with helicity dependent switching . Therefore, it is important to
limit their influence on AO-HDS to study the switching behavior. In the experiments
within this thesis, the contribution of dipolar fields is minimized by demagnetizing the
illuminated spot by a high laser fluence single laser pulse so to have an initial random
multi-domain state. This ensures a zero stray field from the surrounding saturated

region which otherwise would influence the switching process.
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4.4 AO-HDS occurs at the threshold of thermal de-

magnetization

The previous section identified three different characteristic regions established as a
consequence of laser interaction with a TbFe thin film in the pulse train mode. In
this section, the onset of AO-HDS and the essential conditions for an efficient helicity
dependent switching in TbFe alloy are explored. As discussed in section 4.3, a single
laser pulse above a threshold laser fluence facilitates thermal demagnetization and
creates a random multi-domain pattern on the illuminated spot. Figure [4.12(a,b)
shows a multi-domain pattern due to thermal demagnetization by single laser pulses

of opposite laser helicity (04 and o—) with a laser fluence of 6.25 mJ/cm?.

Single pulse Repitition rate 2.5MHz Repitition rate 2.5MHz
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Figure 4.12: XMCD images showing magnetic contrast in Th3010 for (a,b) single pulse
measurements with o+ and o—, (c,d) laser pulse trains applied below the threshold
power with o+ and o—, and (e,f) laser pulse trains above threshold with o+ and
o— showing thermal demagnetization (marked by 1) and AO-HDS in the ring region
(marked by 2).

Starting from a multi-domain initial state, measurements at increasing laser fluence
were performed with 2.5 MHz repetition rate to observe helicity dependent switching.
The XMCD images recorded with opposite laser helicities are shown in Figure M(C)
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and (d). At a laser fluence of 3.0 mJ/cm?, an increase in the magnetic domain size is
observed because of local heat accumulation. However, no apparent helicity dependent
switching is observed. By further increasing the laser fluence from 3.0 to 3.4 mJ/cm?,
the threshold of thermal demagnetization is surpassed at the center of the laser spot
where a region with white magnetic contrast emerged (Figure [1.12{e) and (f)). The
white region (marked by 1) in the center is correlated with the ‘thermally demagnetized’
region as also observed in Figure[d.11|(a). The preferential contrast of red/blue in Figure
4.12(e)/(f) in a ring region (surrounding the thermally demagnetized region) on the
basis of laser helicity o+ and o— is attributed to AO-HDS. Thus, AO-HDS is observed
to be a local effect within the illuminated laser spot that occurs in the vicinity of
thermal demagnetization.

To investigate how the ring region adjacent to the thermally demagnetized region is
switched by the laser, the laser helicity was flipped from o— to o+ and the changes in
the ring region were observed. The initial XMCD image was recorded with o— helicity
(Figure [.13|(a)). Thereafter, the helicity was reversed to o+ and XMCD images were
recorded continuously without changing any other parameter. Figure [£.13|(b) shows
a transient domain state whereas Figure [4.13|(c) is the final domain state recorded
with o+ helicity. After the helicity reversal, the magnetic domains change within the
timescale of the XMCD image. Changing the laser helicity causes a domain wall motion
that changes the magnetic contrast in the ring region from predominantly blue in Figure
[.13|a) to red in Figure[4.13|c). The temporal evolution of the domain wall motion can
be traced by extracting the individual PEEM frames (see Figure [1.13(b1-b3)) from the
intermediate state (Figure [£.13(b)). The white lines highlight the domain walls and
the green lines (in Figure [4.13(b2-b3)) highlight the domain wall changes with respect
to the previous image. The red domains grow at the expense of blue domains in the
ring region when helicity is flipped from o— to o+. The helicity dependent switching
in the ring region occurs via thermally activated domain wall motion.

Further, the effect of the repetition rate of the laser on the switched ring region was
investigated for a fixed laser helicity (Figure . The XMCD images were recorded
at laser repetition rate of 125 kHz and 0.125 kHz with o— laser helicity that switches
the ring region to blue. The area addressed by the laser helicity (blue ring region)
decreases as the repetition rate is reduced from 125 kHz to 0.125 kHz as shown in
Figure [4.14a) and (b), respectively. Changing the repetition rate does not affect the
energy per pulse imparted by the laser but increases the temporal distance between two
consecutive pulses thus modifying the DC heat offset established by the laser. Figure
4.14[c) shows a schematic describing the DC heat accumulation in the two extreme

cases of high and low repetition rates.
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Figure 4.13: XMCD images recorded at Fe Ls edge showing magnetic domains in
Th3010 around thermally demagnetized region when laser helicity is flipped from o—
in (a) to o+ in (b,c). (b1-b3) show PEEM images showing thermally induced domain
wall motion. White boundaries mark the magnetic domains and the green boundaries
mark the recent changes with respect to the previous image.
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Figure 4.14: XMCD images recorded at Fe L3 edge showing the modulation in the ring
region with the repetition rate (a) 125 kHz and (b) 0.125 kHz of the laser in Th3015.
(c) Schematic showing laser pulses and heat transport in two extreme scenarios of high
and low repetition rate.
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The modulation in the width of the switched ring region with repetition rate indicates
that the switching process is sensitive to the thermal energy in the ring region. To
provide an estimate of the domain mobility due to thermal energy, Figure M(a) shows
an XMCD image with magnetic domains after a single pulse at 300 K. Increasing the
temperature to 330 K without any laser exposure leads to domain wall depinning and
a significant increase in domain size as observed in Figure [£.15(b). In this case, a
mere increase by 30 K is enough for the domain walls to move around and form bigger

domains.
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Figure 4.15: (a) XMCD images recorded at Fe L3 edge showing magnetic domains after
a single laser pulse at 300 K in Th3015. (b) XMCD image showing the same region
as in (a) with larger magnetic domains as a result of increased temperature of 330 K
without any laser exposure.

The switching in the ring region is therefore understood in terms of a local heat profile
established by the repetitive pulses of the laser. Each laser pulse causes local heating
and if the next laser pulse arrives before the base temperature is reached by heat
dissipation, then a DC offset in temperature is established. This local heat profile
in the ring is dependent on the repetition rate of the laser. Figure [£.16|a) shows
a schematic of the variation of temperature at the center of the illuminated region
with each incoming pulse. Figure (b) shows this heat profile projected on the
illuminated spot. The temperature in the demagnetized region rises above T, and AO-
HDS takes place at the region where the temperature is close to T,. The local heat
profile established in the irradiated spot is expected to lower the magnetic moment and
increase the magnetic susceptibility of the sample. In such a state, a small stimulus is
enough to promote the domain wall motion which can lead to the formation of bigger

and stable domains.
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Figure 4.16: (a) Schematic showing temperature profile at the center of the laser illumi-
nated spot as a function of time (laser pulses). (b) AO-HDS and the local temperature
profile established on the sample in the pulse train mode.

In the previous studies, the switching process along a track (see Figure [1.17] (b)) where
the laser beam was swept across the sample, can be understood as a domain wall motion
[6,/16},/108]. This thesis aimed to examine the switching process via a stationary laser
spot. However, if one considers the laser sweeping scenario, the domain wall motion
observed in Figure 4.13| would lead to similar switched tracks. The magnetization
would be switched in three steps: First, the inner core of the laser pulse (which results
in thermal demagnetization for a stationary laser spot) would erase the magnetization
by forming a demagnetized state and a local heat profile around it. This would be
followed by switching in the outer ring region in accordance to the laser helicity. The
moving laser would then drag the domains in the direction of the laser beam because
of the high thermal energy in the ring. At the end of these sweeping tracks a thermally
demagnetized region with a surrounding ring structure is expected (Figure [1.17|(a)).
Such demagnetized state are also observed in numerous experiments as shown in Figure
ﬂ§|, ,. In essence, the domain wall motion plays an important role in the

formation of these switched tracks.

62



Direction of moving laser beam
——
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Figure 4.17: (a) Schematic showing the laser sweep tracks as observed in (b) which
shows the magneto-optical image after the laser is swept on the sample with polarisa-
tion: from top to bottom, right circularly polarized light o+, left circularly polarized
light 0— and linearly polarized light L. The dark and bright contrast refers to the two
out of plane anti-parallel magnetic orientations. The figure on the right is adapted

from .

AO-HDS is a local effect occurring in the vicinity of thermal demagnetization. The
role of thermal demagnetization and laser heating is therefore undeniably an important
parameter that severely affects the switching dynamics and efficiency of AO-HDS. It
is essential to explore the effect of base temperature that is an important parameter
for the total thermal energy of the sample. Two samples with different magnetic prop-
erties, Th3010 and Th3020 were investigated to study the impact of base temperature
on the AO-HDS efficiency. Since the threshold fluence for AO-HDS decreases with
increasing base temperature, the laser fluence was adapted to keep the maximum tem-
perature reached at the center of the laser spot constant and independent of the base
temperature. This was ensured by maintaining a constant spatial size of the thermally
demagnetized region as a function of temperature during each measurement. Figure
(a,b) and (c,d) show AO-HDS by laser of opposite helicities in a ring shaped region
at 300 K and 220 K respectively for Th3020. Similarly, Figure [1.18((e,f) and (g,h) show
AO-HDS by laser of opposite helicities in a ring region at 260 K and 180 K, respec-
tively, for Th3010. As shown in the figure, the efficiency of AO-HDS decreases at a
lower temperature where the contrast in the switched ring region starts to disintegrate

into random magnetic domains.
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Figure 4.18: (a,b), (c,d) XMCD images recorded at Fe L3 edge showing AO-HDS with
opposite helicities at 300 K and 220 K respectively for Th3020 film. (e,f), (g,h) XMCD
images showing AO-HDS with opposite helicities at 260 K and 180 K, respectively, for
Th3010. (i,j) Plots showing the AO-HDS efficiency as a function of base temperature
and the corresponding remanent magnetization (green axis) for Th3020 and Th3010,
respectively.

To quantify the efficiency of AO-HDS at different base temperatures, the ratio of the
difference between the length of the circumference (L) of the ring covered in blue and

red domains normalized to the total ring circumference is evaluated:

Lred - Lblue
Lred + Lblue

where L,.q and Ly, are the length of the circumference of the ring covered by red and

Efficiency = (4.3)

blue contrast, respectively. An efficiency ratio of 1(-1) would imply that the whole ring
is surrounded by red (blue) magnetization, i.e. a 100% AO-HDS efficiency. If the ratio
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is 0, this would imply a 50 —50% distribution of red and blue magnetization accounting
for a purely random switching behavior.

The temperature dependent efficiency of AO-HDS is plotted in Figure [1.1§[i) and (j)
for Th3020 and Th3010, respectively. Filled and the open squares represent opposite
laser helicities.

For pulse trains, the local heat profile around the demagnetized region is significantly
affected by the base temperature. The thermal gradient across the ring is determined
by the peak temperature reached by the laser in the center and the base temperature
of the sample. Changing the thermal gradient by the base temperature influences the
domain size and domain wall mobility. The disintegrated domains in the ring struc-
ture at low base temperatures are a consequence of higher thermal gradient. It was
argued by Hassdenteufel et al. that the materials with low remanence have higher
switching efficiency [97]. In this context, the efficiency data is compared with rema-
nent magnetization vs. temperature data measured by SQUID-VSM. The green axis
in Figure [4.18(i) and (j) shows the remanent magnetization data vs. temperature for
Th3020 and Th3010, respectively. For the Th3020 film, a reasonable agreement be-
tween the AO-HDS and remanence is observed as its remanent magnetization decreases
at a higher temperature. However, for Th3010, no clear correlation between the tem-
perature dependence of AO-HDS efficiency and remanent magnetization is observed.
This disagreement is not too surprising considering that AO-HDS occurs only in a
ring-shaped region around the demagnetized region. Inside the ring region the temper-
ature is at least temporarily just below T, after each laser pulse. Thus the remanent
magnetization at base temperature would have little impact on the switching behav-
ior. For initiating a helicity dependent switching process, a higher base temperature is

favorable as it facilitates domain wall motion.

4.5 Relaxation effects

Till now in this thesis, imaging in the pulse train measurements was carried out while
the laser was still interacting with the sample. However, in order to have a technological
application, the switched magnetic state is required to be stable even after the laser
is removed from the illuminated spot. In the presence of the laser, the switched ring
state is embedded in a local heat profile with a thermally demagnetized region in the
center. After blocking the laser exposure, the local temperature relaxes to the base
temperature of the surrounding film. This relaxation affects the switched ring region

as the domain formation takes place in a previously demagnetized spot.
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The laser exposure is obstructed by mechanically blocking the laser from illuminating
the sample. Figure depicts the relaxation effect in Th3010 sample. The red and
blue ring region (marked with black boundary) observed with o+ and o— helicities,
respectively (Figure[d.19(a,c)) are preserved (Figure[1.19(b,d)) after blocking the laser.
In addition, a random multi-domain pattern is formed as shown in Figure [£.19|(b,d)

within the previously thermally demagnetized region.
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Figure 4.19: (a,c) XMCD images recorded at Fe L3 edge showing the initial state with
pulse train laser exposure (b,d) XMCD images showing the relaxation effects after
blocking the laser in sample Th3010.

Domains established in the ring region are preserved after blocking the laser. An
abrupt blocking of the laser exposure forms small domains in the previously thermally
demagnetized region which do not have enough energy to coalesce into each other.
However, if the laser fluence is slowly decreased to zero instead of an abrupt blocking
of the illumination, the thermal energy decreases in a gradual manner allowing the
domains to drag and merge. Such an example is shown in Figure M(a) where the
inner region in the initial state is entirely switched to blue in Figure [1.20(b) after the
laser fluence has been ‘swept’ to zero. Please note that the domains highlighted by the

dotted curves in the ring region are preserved.
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In general, the relaxation effect does not hamper the domains in the switched ring re-
gion. The final state depends on the cooling time of the sample. In an abrupt cooling
process, a random multi-domain formation takes place within the demagnetized region.
A slower cooling process allows the domain walls drag to form larger switched domains.
The cooling process is directly related to the sample parameters like the thickness of
the films and heat conductivity across the sample. In addition, the magnetic proper-
ties of the sample like remanent magnetization and demagnetization energy are also

influential.

0.04

(@ (b)

Figure 4.20: (a) XMCD images recorded at Fe L3 edge showing the initial state with
pulse train laser exposure (b) XMCD images showing the relaxation effects after sweep-
ing the laser fluence to zero in sample Th3010.

4.6 Equivalent magnetic field of AO-HDS

AO-HDS switches the magnetization of the sample deterministically according to the
circular helicity of the laser pulses. Essentially, it replaces the conventional stimulus of
a magnetic field with laser helicity to control the magnetization orientation. Therefore,
it is essential to estimate the magnitude of the magnetic field required to negate the
effect of laser helicity in AO-HDS. For this purpose, PEEM measurements were carried
out in an out-of-plane DC magnetic field in the pulse train mode. Prior to every
measurement, the magnetic state was reset to a random multi-domain pattern via a
single laser pulse with high laser fluence. The DC magnetic field was applied throughout
the measurement whereas the sample was exposed to laser for merely 60 fs for each
pulse in the pulse train mode. Figure [£.21](a,b) shows XMCD images depicting AO-
HDS with preferential magnetic contrast of blue and red in the ring region with opposite
helicities 0+ and o— in zero external magnetic field. On application of +16 Oe, the

magnetic contrast in the ring region changes to blue in Figure |4.21|(c,d), irrespective
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of the laser helicity. Similarly, an opposite magnetic field of —16 Oe facilitates the
switching orientation to red in the ring region in Figure M(e,f).

Lambert et al. showed that an external magnetic field of ~ 700 Oe is required to
suppress the effect of laser helicity in a 15 nm FePtAgC granular film [16]. However,
as observed in Figure [4.21} a modest field of 16 Oe is enough to negate the effect of
laser helicity in TbFe thin films. The coercive field for Th3010 is around 3000 Oe at
room temperature. The significantly lower value of magnetic field to negate the effect
of laser helicity suggests that a small bias is required to switch the magnetization at

elevated temperatures near 7..
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Figure 4.21: (a,b), (c,d), (e,f) XMCD images recorded at Fe L3 edge showing AO-HDS
in presence of external out-of-plane magnetic field H = 0, +16 Oe ,—16 Oe, respectively
with opposite laser helicity. The application of +16 Oe/—16 Oe favors the formation of
blue/red magnetic contrast in the ring region. A single pulse is applied prior to every
measurement.

4.7 Thickness dependent magnetization reversal in
AO-HDS

To study the sample thickness dependence of AO-HDS efficiency, switching experiments
were performed on two thin films of same alloy composition (30% Tb) but with different
film thickness (10 nm and 20 nm): Th3010 and Th3020. Both samples were exposed
to laser pulses with a repetition rate of 2.5 MHz. Figure 4.22 shows XMCD images
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showing the switched ring region in pulse train mode for Th3020 (a,b) and Th3010
(c,d) by opposite circular laser helicities 0+ and o—. The switching orientation in the
ring region for o+(o—) reverses from mostly red(blue) (Figure [£.22(a,b)) to mostly
blue(red) (Figure [1.22)c,d)) as the film thickness is increased from 10 nm to 20 nm.
This inversion of the switching orientation with film thickness is a novel observation and
has not been reported before. For a better understanding of this intriguing thickness
dependence, the switching behavior was investigated for samples with a different Tb
concentration of 22%: Tb2210, Tbh2220, Th2240, Th2260 and Th2280 which have
different film thickness and thus different magnetic properties. As shown in Figure[4.23],
the switching orientation with a particular laser helicity (0+) inverts at a threshold

film thickness between 10 and 20 nm.
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Figure 4.22: (a,b) XMCD images recorded at Fe L edge depicting AO-HDS for 20 nm
thick film of Th3010 illuminated by o+ and o— respectively. (c,d) XMCD images
depicting AO-HDS for 10 nm thick film of Th3020 illuminated by o+ and o—, respec-
tively.

The observed thickness dependent inversion is independent of alloy composition since
the same inversion of switching orientation was also observed for samples with 22% Tb
concentration. Despite the variance in the dominant sublattice at room temperature,
Ty, magnitude of remanent magnetization and coercivity, the switching direction seems

to only depend on the film thickness.
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Figure 4.23: (a-d) XMCD images recorded at Fe Lz edge depicting AO-HDS illuminated
by o+ for samples Th2210, Th2220, Th2240, and Th2280 respectively. The switching
orientation with a particular helicity inverts above a threshold film thickness between

10 and 20 nm.

Figure enlists all the investigated samples with variable thicknesses and their

respective switched directions with o+ laser helicity measured at the Fe L3-edge. This

shows a clear inversion in switching orientation depending only on film thickness. It

is indeed remarkable that a clear switching in the ring region in films with thickness

as high as 80 nm is observed even though the demagnetization energy is expected to

increase in thicker films.
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Figure 4.24: The table shows the switching direction for different samples measured at
Fe L3 edge for a fixed laser helicity o+.
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To investigate the origin of the thickness dependent behavior, the magnetization de-
pendent changes on transmission (7") and reflectivity (R) for TbFe samples at room
temperature were measured by a separate laser experiment. The individual contri-
bution of transmission and reflectivity in ThFe samples are plotted as a function of
film thickness in Figure [4.25 The resulting total MCD effect is calculated in terms
of absorbed laser energy by subtracting the reflected and transmitted parts from the
total incoming intensity. Although the MCD is expected to be higher for thinner films,
the total MCD signal decreases as a function of the film thickness. The laser fluence
in the PEEM experiments was much higher than that in reflectivity measurements.
Therefore, near T, the variation of MCD with film thickness might differ in AO-HDS.

45+ 40.010
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35 4 0.008

30

- 0.006
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10+ 4 0.002

Reflectance, Transmittance (%)

T T T 0.000
10 20 30 40

Thickness (nm)

Figure 4.25: Plot showing the measured reflectivity, transmission and asymmetry in
absorbed laser power for opposite magnetization due to total MCD effect as function
of sample thickness.

4.8 Space-time-resolved AO-HDS

To study the dynamics of the switching mechanism, space and time-resolved pump-
probe measurements were performed. The laser pulses were synchronized with X-ray
pulses and XMCD images were recorded as a function of time delay between laser
and X-ray pulse. The laser was operated at a repetition rate of 1.25 MHz where the
duration between two consecutive pulses is 800 ns. Figure [4.26] shows XMCD images
recorded at negative and positive time delays at two temperatures 350 K and 300 K in

an out-of-plane magnetic field of 10 Oe and zero field, respectively.
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Figure 4.26: (a,b) XMCD images recorded at Fe L3 edge at a time delay of —1.33 ns
and 0.66 ns between laser and X-ray pulse at 350 K in the presence of an out-of-plane
magnetic field of 10 Oe in Th3015. (c,d) XMCD images recorded at time delay of
—1.33 ns and 0.66 ns between laser and X-ray pulse at 300 K in zero magnetic field.
(e) Plot showing the time evolution of magnetic contrast in the bubble domain in (a,b).

At an elevated base temperature of 350 K, the magnetic susceptibility is significantly
larger and the ThFe film orients in a weak external field of only 10 Oe. Local de-
magnetization by each laser pulse leads to the formation of a magnetic bubble domain
which is unstable and collapses over time. Figure (a,b) displays the evolution of
magnetic contrast in this bubble domain as the laser pulse arrives on the sample. The
local magnetization dynamics can be followed as the bubble domain grows and reduces
in size with time. The magnetic contrast inside the illuminated sample spot (extracted
from the XMCD image) is plotted as a function of the time delay in Figure [1.26{e).
The size of the bubble domain increases as soon as the laser pulse arrives and then
decreases substantially within few nanoseconds. However, the magnetization has not
recovered completely even after 800 ns as the bubble domain is still observed ( Figure
1.26(a)). At 300 K (see Figure [£.26{c,d)), beginning from a multi-domain state, no
visible variation in magnetic contrast around the thermally demagnetized region is ob-
served. This is because the stochastic nature of the switching behavior does not allow
to observe any changes in a time-resolved experiment. Once the inner demagnetized
region and the local heat profile in the ring are established, the domains in the ring
switch via domain wall motion. These large domains in the ring region become stable
and further laser pulses only demagnetize a small part of the ring near T, which is

extremely difficult to be observed in such an experiment.
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Since the changes near the thermally demagnetized region were too small to be detected
in the stroboscopic experiment, another experiment was performed to overcome this
limitation. Figure [£.27|(a) shows the initial magnetic state in the pulse train mode
(red switched magnetization in the ring region) by o— laser helicity. Thereafter, the
laser helicity was switched back and forth every 3 seconds while recording about 400
PEEM images with fixed X-ray polarization (c+) to improve the statistics. The PEEM
images recorded with o+ and o— were extracted separately and averaged. Figure
4.27(b) shows the difference between the average of 200 PEEM images of o+ and
o— each. The contrast in Figure M(b) represents the average changes between the
magnetization of the sample illuminated by c— and o+. As observed in Figure (b),
the magnetic changes are limited to a narrow ring around the demagnetized region and
the maximum intensity is concentrated at the domain walls as highlighted by the arrows
in Figure [4.27(a,b). By comparing the dotted ring between (b) and the XMCD image
of (a), it is evident that the width of the active region in Figure [4.27|(b) is significantly
smaller than that of the ring region where AO-HDS takes place in Figure a).
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Figure 4.27: (a) XMCD image of Th2260 recorded at Fe L3 edge showing AO-HDS in
pulse train mode with red ring region illuminated by o— laser helicity. (b) Average
difference between PEEM images (acquired with fixed X-ray polarization) recorded
with laser light of opposite helicities c— and o+4.

The outcome of the experiment can be explained by a combination of MCD and ther-
mally activated domain wall motion. Consider the schematic shown in Figure a)
which shows a switching scenario similar to Figure ). Due to MCD, the blue

orientation absorbs more energy than red by o— helicity. Consequently, the blue orien-
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tation heats up to a higher temperature near 7T, and gets preferentially demagnetized
and (Figure [4.28(b)) making the red orientation more stable. The blue orientation
switches stochastically to red or in other words, the red domain grows at the expense
of blue domains (Figure [£.2§]a)). When the sample is illuminated by o+ helicity, the
red orientation absorbs more energy than blue and is more demagnetized as shown in
Figure [£.2§(d) and now the blue domain grows at the expense of red (Figure 4.28(c)).
The repeated inversion of helicity back and forth from o— to o+ results in the domain
wall motion only near the red-blue domain boundary. The difference image in Figure
4.28|(e) represents the changes occurred in the domains with repeated helicity flipping.
The highest contrast at the red-blue domain boundary represents the domain wall mo-
tion and is limited to a narrow width indicating that MCD induced switching only
occurs in the vicinity of a thermally demagnetized region (near T,). The faint contrast
in the narrow ring in Figure M(e) is proportional to the MCD effect in the sample.
Figure proves that the helicity information is only transmitted near 7T..
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Figure 4.28: Schematic showing (a,c) XMCD image when the sample is illuminated
by o— and o+ laser helicity, respectively. (b,d) Magnetization vs. Temperature curve
showing the selective demagnetization of blue and red domain orientation by c— and
o+ laser helicity, respectively due to MCD effect. (e) Average difference between
PEEM images (acquired with fixed X-ray polarization) recorded with laser light of
opposite helicities c— and o+.
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4.9 Discussion

As shown in section 4.4, the phenomenon of AO-HDS is a local effect within a stationary
laser spot occurring in a ring-shaped region in the vicinity of thermal demagnetization.
The switching in the ring region takes place by thermally activated domain wall mo-
tion. One domain orientation expands at the expense of the other determined by the
laser helicity. The width of the switched ring region addressed by the laser can be
manipulated by changing the repetition rate of the laser. Such modulations of the size
of the switched area by changing the repetition rate could potentially offer a great
advantage in switching smaller bit sizes for technological applications.

The switching is essentially a stochastic process that can only take place near T, where
the magnetic susceptibility of the sample is drastically reduced. The local heat profile
established in the ring region facilitates the switching by thermally activated domain
wall motion. The thermal gradient across the ring also influences the width of the
switched ring structures. In this context, heat conductivity across the sample is also
influential. The importance of thermal energy has also been highlighted in a recent
study [109] where magnetic domain changes of Co in response to femtosecond laser
pulses have been considered as a process of laser-induced de-pinning and thermally
activated domain wall motion. In another study, the switching in ferrimagnets like
TbCo has been depicted as a ‘two-step’ process using Hall probe measurements where
the first step leads to helicity independent multi-domain formation in 1 ms followed by
helicity dependent gradual re-magnetization within 100 ms [108]. While the importance
of T,. and laser heating was always a matter of debate, the experimental evidence from
the high-resolution data in this thesis provides an unambiguous picture for the necessity
to reach T..

It has been argued that the helicity dependent switching is dependent on the remanent
magnetization and the domain-size given by the film thickness [35,97,/105]. Figure m
shows that AO-HDS is observed for a wide range of thickness ranging from 10 — 80 nm.
The claims about the criterion of low remanent magnetization and domain size are
misleading because the measurements are convoluted with the relaxation effects after
the laser is removed from the sample [97,/105]. Parameters like remanent magnetiza-
tion and domain-size are dependent on the film thickness and demagnetization energy
which only matters when the laser exposure to the sample is stopped. However for a
stationary laser spot, the helicity dependent switched domains in the ring region are
stable as observed in Figure irrespective of the film thickness. In this context,
the measurements performed in this thesis provide a clear picture about the relevant

parameters responsible for an efficient switching process.
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Section 4.7 showed that the switching orientation with a particular laser helicity in-
verts at a threshold film thickness. There have been studies claiming that the switching
direction in ferrimagnets depends on the magnetic orientation of an individual sublat-
tice rather than the total magnetization of the film [110]. In essence, they argue that
the laser helicity interacts with the individual Fe sublattice and orients its magnetic
orientation. This is indeed true if the samples with different dominant sublattices and
constant film thickness like in previous studies (Thb3010 and Th2210) are compared. In
both films, a particular laser helicity switches the Fe sublattice in the same direction.
In such experiments, an additional thickness dependence should also be considered as
the switching orientation depends on the film thickness. The inversion of the switch-
ing direction at a threshold film thickness has not been observed so far and is rather
surprising. It most likely indicates the presence of two competing mechanisms with dif-
ferent dependence on thickness that contributes to AO-HDS. The two most discussed
and debated fundamental explanations given for AO-HDS are Inverse Faraday Effect
(IFE) effect and Magnetic Circular Dichroism (MCD).

The theory of IFE was formulated for transparent crystals with small notable dissipa-
tion. However, the primary interest for applications lies in ferromagnetic metallic thin
films where the thermal effects are significant and cannot be neglected. Although IFE
has been proposed as the microscopic mechanism for AO-HDS in ferromagnetic metals,
a complete theory for IFE in metallic films is still missing [111-115]. The theoretical
models of IFE either do not include or do not explain the implications of dissipative
systems such as metallic thin films. In addition, the strength and the duration of the
magnetic field pulse generated by laser light to be able to switch the magnetization are
still under debate [81,/91}/115}/116]. The values vary from 0.1 — 20 T for the amplitude
and 0.1 ps to several ps for the duration of the magnetic field pulse [117]. Figure [£.21]
showed that the magnitude of the magnetic field to negate the effect of laser helicity
in the switching process is about 16 Oe. The direct transfer of angular momentum
from the light to the magnetic system by IFE is expected to be most effective near T,.
Even if it is possible to generate enough momentum for switching near 7., IFE alone
is incapable of explaining the thickness dependent inversion of the switching orienta-
tion as observed in Figure The angular momentum generated by a particular
laser helicity should switch the magnetization in a similar way independent of the film
thickness.

The MCD effect refers to the preferential demagnetization of one magnetization orien-
tation at temperatures close to T, due to a small magnetization dependent difference in
the absorption cross section [99,|118/119]. Figure shows a schematic of the MCD

effect. The laser increases the local temperature of the sample close to T, leading to a
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significant decrease in the magnetic anisotropy. The black domain (M down) absorbs
more laser energy than the white domain (M up) by a particular helicity via MCD.
In this case, the preferentially demagnetized black domain is less stable than the white
domain because of its higher temperature. Thus, the black domain has a higher prob-
ability to switch to a white domain. Similarly, opposite laser helicity preferentially
demagnetizes the white domain.

The MCD effect is anticipated to drive AO-HDS only near T,.. The necessity of being
near T, and the resulting thermally demagnetized region are evident by our exper-
imental observation of AO-HDS which takes place only in the ring surrounding the
thermally demagnetized region. Moreover, the switching is observed to be stochas-
tic and cumulative in nature. Our observation of stochastic switching mediated by
thermally activated domain wall motion in the ring region further favors the MCD
as underlying microscopic mechanism. Consequently, single pulse helicity dependent
switching has not been observed yet in any of the ferrimagnetic or ferromagnetic mate-
rial except GdFeCo where switching is driven by formation of a transient ferromagnetic
state due different demagnetization timescales of the Gd and Fe sublattices [93].

(6)]

(b)

Figure 4.29: Schematic showing helicity dependent switching with multiple laser pulses.
The figure is adapted from . (b) Magnetization vs temperature curve showing
selective demagnetization of black (down) magnetization orientations due to the MCD
effect.

In the light of the results showing the thickness dependent inversion of switching orien-
tation, understanding AO-HDS via MCD is crucial. MCD is understood by preferential
demagnetization of one magnetic orientation close to T,. This effect is based on a local
variation of the absorption cross section by MCD which reduces as the film thickness in-
creases. MCD in absorption is expected to be maximum in thinner films with thickness
less than the absorption length of the laser. In thicker films, most of the laser power is

absorbed by the TbFe film and the deposited laser energy begins to match the intensity
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profile of the laser and no longer vary with the orientation of magnetic domains. With
differential absorption via MCD, no AO-HDS is expected for the thickness above the
absorption length of the laser.

Our observation of AO-HDS up to 80 nm thick TbFe films (Figure [4.23(d)) (which is
well above the absorption length of the laser (~ 20 nm)) is intriguing. In addition,
the novel behavior of inversion of switching orientation with a particular helicity at a
threshold film thickness is observed (Figure . Conventionally only the ab-
sorption effects are considered in MCD. However, MCD affects not only the absorption
but also the local reflectivity of the sample. Reflectivity also changes with the magne-
tization direction in the presence of MCD. It increases with the film thickness and is
opposite to the above mentioned MCD effect in absorption.

The total MCD effect as observed in Figure was almost zero for thin films and
increased with thickness. However, the MCD signal does not change the sign below ab-
sorption length of the laser (~ 20 nm). This is because the absorption and reflectivity
have opposite sign and almost compensate each other for thin films. In thicker films,
the magnetization dependent changes in reflectivity dominate, as the contributions of
the absorption to the MCD effect vanishes. Unfortunately, the conditions between
reflectivity and the PEEM measurements could not be matched in terms of the laser
fluence and temperature gradients. But the observed trend indicates that the contribu-
tions of reflectivity to the MCD effect might be responsible for AO-HDS in the thicker
ThFe films. The reversed helicity dependence in 10 nm thick films suggests a second
mechanism that dominates below the attenuation length of laser light. This could be
the enhanced contributions of absorption to the resulting MCD effect even though no
sign reversal in the resulting total MCD effect is observed.

The results shown in Figure further strengthen the claim for MCD as a microscopic
mechanism. It has been shown that the MCD effect of 0.5-2% is enough to initiate a
helicity dependent switching [99}/119]. Therefore a small preference set by an external
magnetic field should suffice to negate the helicity dependent switching mediated by
MCD effect near T..
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Chapter 5

Control of magnetism via electric
field in Fe/BaTiOg

This chapter describes the voltage induced changes in the local magnetic anisotropy
and magnetic domain pattern of a wedge shaped Fe film with variable thickness de-
posited on a ferroelectric (FE) BaTiO3[001],. (BTO) single crystal substrate. The first
section 5.1 provides a brief overview of the state-of-the-art of electric field manipulation
of magnetism in artificial multiferroic heterostructures. Section 5.2 characterizes the
chemical, magnetic, and structural properties of the as-grown Fe wedge sample on a
BTO single crystal. With the help of XPEEM and XMCD, section 5.3 discusses the
evolution of magnetic domain patterns in response to an external out-of-plane volt-
age close to room temperature. Section 5.4 shows that electric field switches on the
long-range ferromagnetic ordering at localized sample locations for which any mag-
netic ordering was previously absent. This key observation is associated to an electric
field induced superparamagnetic to superferromagnetic transition which is discussed in
Section 5.5.

5.1 Overview

Electric field control of magnetism in multiferroic materials has attracted significant in-
terest in the past few years driven by its enormous potential for application in low-power
spintronics, voltage-driven non-volatile memory, and microwave devices |18}/120-124].
While a large magnetoelectric (ME) coupling at room-temperature in single phase mul-
tiferroic materials is difficult to realize, artificial multiferroic heterostructures remain
the target materials for applications as the T, of the magnetic and ferroelectric compo-

nents can be selected by chosing the appropriate compounds. In thin film heterostruc-
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tures, the ME effect can take place via different mechanisms at the interface [18,/122] in-
volving a modulation of carrier density in the ferromagnetic (FM) component [125126],
strain mediated ME coupling [7,/127], exchange-bias coupling |128|, and orbital recon-
struction [21,|129]. With these mechanisms, the manipulation of magnetic properties
such as the magnetic domain structure, magnetic anisotropy, critical temperatures for
phase transitions, and spin-polarization have been reported [8.|11}13}130].

The magnetic properties of itinerant FM materials are largely influenced by the den-
sity of the itinerant electrons. On application of an external electric voltage, charge
carriers accumulate or deplete at the interface between the ferroelectric and the ferro-
magnetic thin film. This leads to a modification of the magnetic exchange interaction
in the FM film. Such effects have been observed in metallic ferromagnetic films, dilute
magnetic semiconductors and magnetic oxides [13}/21,22[131H134]. The control of mag-
netism by changing the charge carrier density in a ferromagnetic and ferroelectric oxide
heterostructure was first observed in LaggSrgoMnO3/Pb[Zrg2Tips]O5 (LSMO/PZT)
heterostructures [125]. Figure shows a magnetic hysteresis loop showing the mod-
ulation of the LSMO magnetization as the PZT polarization switches with an external
electric field [125]. Another example of an electric field induced change in magnetic
properties was observed in FePt thin films [132] where a liquid electrolyte was used
to apply a high electric field at the surface of the magnetic film. On application of
electric voltage, a 4.5% coercivity change was observed and attributed to a change in

the number of unpaired d electrons.
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Figure 5.1: Magnetoelectric hysteresis curve at 100 K showing the magnetic response

of the PZT/LSMO heterostructure as a function of the external electric field. The
figure is adapted from [125].
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A recent theoretical prediction argued that ME coupling in Fe/BTO heterostructures
could originate via electronic hybridization between Ti and Fe atoms [21]. Atomic
displacement at the interface caused by ferroelectric polarization changes the overlap
between the atomic orbitals which consequently affects its magnetic properties at the
interface. Such interfacial ME coupling lead to the electric field control of spin polariza-
tion of Fe (the difference between the density of states of the majority and minority spin
carriers at Fermi level) at its interface with BTO [13] in a Fe/BTO/Lag 7510.33MnO3
heterostructure where Fe and LSMO acted as the two electrodes and BTO as the fer-
roelectric tunnel barrier [13]. The authors observed that the spin polarization lead to
a change in the tunnel magnetoresistance between the two magnetic layers. Similar
results were obtained in Co/BTO/LSMO heterostructures [22]. In another study, the
magnetism at the oxidized interface of Fe/BTO was controlled by changing the cation
displacements in BTO on applying electric voltage [129]. Similar interface effects were
predicted for Fe;04/BTO and Co,MnSi/BTO interfaces [135}/136].

Strain mediated ME coupling has been one of the most efficient mechanisms to observe
large ME coupling effects at room temperature. Ferroelastic behavior of ferroelectric
substrates can impose strain on the magnetic thin film deposited on top. Applica-
tion of an electric field alters the strain state of the ferroelectric substrate which is
transferred to the ferromagnetic thin film via inverse magnetostriction. The electrical
and magnetic components are hence coupled via magnetoelastic interaction. Strain
in the ferromagnetic film can change the magnetic properties such as magnetoelastic
anisotropy, coercive field, and magnetic domains [137]. Piezoelectric materials exhibit
a linear strain in response to external electric fields. Volatile piezo strain-induced mag-
netic changes have been observed in Lag 7519 3sMnO3z (LSMO) /Pb(Mnj /3Nby/3)0.72-Tio.25
O3 (PMN-PT) heterostructures [127]. The magnetization of LSMO varies according to
the characteristic ‘butterfly-loop’ in response to the electric field which merely traces
the piezo-strain dependence on the electric field (see Figure .

The electric field applied across BTO in FeRh/BTO heterostructures was used to drive
the FeRh film through AFM-FM phase transition close to room temperature [138,
139]. The effect was associated with strain transfer from the ferroelectric substrate to
the ferromagnetic film changing the unit cell parameter of FeRh which controls the

AFM/FM transition temperature of the system.
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Figure 5.2: The in-plane magnetization (M) of a LSMO thin film grown on single
crystal PMN-PT [001] with external electric field (E) applied across the PMN-PT
substrate. The arrows show the direction of the electric field sequence. The figure is
adapted from [127].

A non-volatile 90° switching of the magnetization direction associated to a ferroelastic
change of magnetic anisotropy was observed in Ni/BTO heterostructures where the
magnetic easy axis rotated from in-plane to out-of-plane of the sample [140]. The
magnetic easy axis of the Co layer in a Co/PMN-PT heterostructure was reversibly
rotated by 90° when the polarization of the PMN-PT was changed by applying electric
fields of £8 kV /cm [141]. In the same study, a reversible 180° rotation of the easy axis
was observed under an electric field of £5 kV/cm and a small field of 0.5 mT.

In a recent study, the local magnetic anisotropy was manipulated via ME coupling
in a CoFe/BTO heterostructure where an electric field was used to change the strain
state of the ferroelectric BTO substrate [§]. Figure [p.3|a) shows the commonly known
ai-ay ferroelastic domain pattern of the BT O which was magnetoelastically imprinted
via partial strain transfer on the CoFe film during growth. The application of electric
voltage induced changes in the local strain state of BTO domains (a;-as to a;-¢ domain
pattern) which via inverse magnetostriction changed the magnetic domain pattern of
the CoFe film (see Figure[5.3|(b). Strain mediated ME coupling was also used in another
study to reversibly move the magnetic domain walls in an epitaxial Fe film grown on
top of a BTO substrate [9].
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c-domain . a;-domain

Figure 5.3: FE and FM domain structure of BTO and CoFe film (a) after growth and
(b) after applying electric field. The images are recorded via Kerr microscopy. The
figure is adapted from [§].

Changes of magnetic properties in response to electric field have been widely observed
in bulk and thin film heterostructures. Electric field control of magnetic anisotropy
has been recently extended to Ni nanoparticles on PMN-PT substrate . It has
been shown that the superparamagnetism in non-interacting Ni nanoparticles coupled
to PMN-PT substrate can be manipulated by applying an external electric field .
The application of electric field modifies the strain state of the nanoparticles and con-
sequently changes the magnetoelastic anisotropy. Since the blocking temperature T
of a superparamagnetic system depend on the total magnetic anisotropy (see section
1.5), ferroelastic control of the T is feasible. Within this study, the authors show that
the T), of the Ni nanoparticles shifts by approximately 40 K under the application of
an out-of-plane voltage to the ferroelectric substrate (see Figure .
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Figure 5.4: Zero field magnetization curves as a function of temperature measured in y
direction in (a) unpoled and (b) poled PMN-PT crystal state, respectively. The figure
is adapted from .
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These results suggest that an electric field control of the critical temperature Tp sepa-
rating superparamagnetic behavior from superspin-glass or superferromagnetic behav-
ior, in the case of weakly or strongly interacting nanoparticles, is also possible. This
is because similar to T}, Tp also depends on the magnetic anisotropy which can be
controlled by ferroelastical means [28,29]. In order to explore such a possibility, a
polycrystalline Fe wedge with variable thickness is grown on BTO to identify a thick-
ness for which superparamagnetic behavior is present close to room temperature. With
the help of XPEEM and XMCD, the electric field induced changes in the superpara-

magnetic properties are spatially resolved at low Fe thickness.

5.2 Sample growth and characterization

The Fe/BTO heterostructure was in-situ fabricated via electron-beam deposition. An
Fe wedge was deposited on a single crystal BaTiO3 (BTO) substrate [001]-oriented
(0.5 mm single side polished from SurfaceNet GmbH) in a pressure of about 10~ mbar.
The deposition rate (1 A/min) was calibrated via a quartz balance prior to the film
deposition. The deposition was carried out at 300 K where the BTO crystal is within
the tetragonal phase. A blade was used to cover approximately half of the sample
during deposition of 2.5 nm of Fe. After that the blade was removed and further
0.5 nm of Fe were deposited uniformly over the substrate. Hence the film thickness
varied from 0.5 nm at the thinner side of the wedge to 3 nm at the thicker side. Due to
the distance between the blade and the sample, the thickness change beneath the blade
is not abrupt and a wedge is grown where the thickness of the film varies smoothly
within a small lateral distance of about 20 pym. A cross-section of the obtained film
is schematically shown in Figure [5.5] After deposition, the sample was transferred to
the XPEEM chamber for chemical and magnetic characterization without breaking the
vacuum. The initial characterization after growth was followed by deposition of a 3 nm
Al layer on top and remounting the sample holder to ensure electrical conductivity for
the application of electric voltage. The XPEEM measurements after applying voltage
were performed at 320 K.
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Figure 5.5: Schematic showing the cross-section of the Fe/BTO sample. The dimen-
sions in the figure are not scaled.

Spatially resolved spectroscopic analysis of the as-grown Fe wedge/BTO was performed
via XAS using XPEEM. The L, absorption edges of Fe and Ti were used to visualize
the local element distribution on the sample. It was carried out by recording images
with photon energies tuned to the resonant peak values (edge) and off the edge (pre-
edge) for Fe and Ti. A normalized edge/pre-edge image displaying the local distribution
of Fe on the sample is shown in Figure5.6{a). A similar edge/pre-edge image in Figure
(b) shows the local distribution of Ti across the wedge. The measurement was
carried out with linearly polarized X-rays so the magnetic contrast does not interfere
with the recorded intensity. Line profiles showing the normalized intensity along the
green and yellow dotted arrows marked in Figure [5.6(a) and (b) are shown in Figures
m(c) and (d), respectively. The wedge-shaped profile of the Fe is evident from Figure
B.6|(c) where the thickness of the wedge (¢p.) varies along the [100],. direction of BTO
from 0.5 nm to 3 nm. Elsewhere, the Fe thickness is constant, either ‘thin’ (0.5 nm) or
‘thick’ (3 nm). The opposite gradient of intensity of Ti across the wedge as compared
to that of Fe is due to the Ti signal attenuation as the Fe thickness on top increases.
Local spectroscopic information on the wedge can be obtained by selecting a region
of interest. XAS spectra for Fe and Ti extracted at the thickest and the thinnest Fe
regions (marked by 1 and 2 in Figure [5.6(a,b)) are shown in Figure [5.6(e) and (f),
respectively. XAS spectra for Fe on the wedge (1) display the absorption resonances
at 707.3 eV and 721 eV corresponding to L3 and Lo edges, respectively. XAS spectra
for Ti on the wedge (1) recorded between 450-485 eV displays the characteristic four
spectral feautes of Ti*t [142].
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Figure 5.6: Normalized edge/pre-edge images showing local distribution of (a) Fe and
(b) Ti on the wedge. Line profiles at the (c) Fe and (c) Ti edges along the green and
yellow dotted lines marked in (a) and (b), respectively. XAS spectra of (e) Fe and (f)
Ti at two different positions: 1 (On wedge) and 2 (Off wedge) marked in (a) and (b),
respectively.

The shape and the intensity of the XAS spectra can provide important information
about the local environment of the measured elements. No change of the Ti Ls,
XAS spectral shape was observed across the Fe wedge region within the experimental
resolution. In contrast, the Fe Ls, XAS curves do change as the Fe thickness varies
(Figure 5.7(a)). The evolution is best resolved in the Ly-edge spectral region (Figure
b)) where changes in the oxidation state of Fe have larger impact in the spectral
shape . The thickest Fe regions (fgp. ~ 3 nm) show a spectrum akin to that of
bulk metallic Fe . As the thickness of Fe is reduced, characteristic spectral features
of FeO, emerge and develop, being most prominent at the minimum Fe thickness
of 0.5 nm. The increasing sensitivity to the Fe/BTO interfaces while reducing ¢z
highlights the presence of a FeO, layer at the interface between the film and the BTO
substrate in agreement with previous reports ,.
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Figure 5.7: (a) XAS spectra of Fe for different thicknesses of Fe across the wedge. (b)
Normalized Fe Lo-edge XAS intensity showing the oxidized nature of the interface at
low Fe thickness.

The magnetic characterization of the as-grown sample was carried out via PEEM with
XMCD as magnetic contrast mechanism. Figure [5.§|a) shows an XMCD image (of the
same area as in Figure[5.6|(a,b)) recorded at Fe Ls-edge (707.3 eV) showing a relatively
sharp transition between regions showing zero XMCD contrast (white) and those with
non-zero XMCD (blue/red). Figure[5.8|(b) shows a plot where the line profile of XMCD
intensity across the wedge is compared with the thickness profile of Fe along the line
shown in Figure [5.8(a) (same line as that in Figure [5.6{(a,b)). The critical thickness
of the Fe film (¢t£*) where the transition from magnetic to non-magnetic regime takes

place is 1.3 nm.
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Figure 5.8: (a) XMCD image of the same area as in Figure (a,b) obtained at the Fe
Ls-edge. (b) Fe thickness and XMCD line profiles along the line marked in (a).

To investigate the structure of the film, scanning transmission electron microscopy
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(STEM) measurements were performed (in Laboratoire SPMS, CentraleSupélec, Uni-
versité Paris Saclay, France) after electric field measurements in PEEM. A STEM
high-angle annular dark field (HAADF) image (Figure [5.9(a)), obtained on a section
within the region of maximum Fe thickness (f ~ 3 nm) shows a continuous and rela-
tively smooth Fe layer separated from the BTO substrate by an approximately 2 nm
thick interlayer. Superimposing element maps generated by energy dispersive X-ray
(EDX) spectroscopy onto the HAADF image reveals that while the Fe layer is relatively
pure, the interlayer contains substantial amounts of Al, Fe and O, and traces of Ba and
Ti [Figure p.9(b)]. A fourier transform image (inset of Figure [5.9(a)) of the Fe region
shows that Fe is polycrystalline and exhibits crystal planes whose spacing of 2.03 A

corresponds well to the [011]-planes of the bee structure of pure Fe.

Figure 5.9: (a) HAADF-STEM image of the hetero-structure. From top to bottom: Al
capping layer, metallic Fe layer, Fe/BTO interfacial layer, BTO substrate. Inset: fast
fourier transform of the region of the Fe layer marked by a red rectangle. (b) EDX
maps of selected elements (Fe, Al, Ba, Ti, O), superimposed on the HAADF image of
panel (a).

The interlayer is likely to be due to sample damaging during the preparation of the
cross-section for STEM measurements [144]. This has been confirmed by STEM mea-
surements of similar samples. The polycrystalline nature of the film is intrinsic to the
sample. The focused ion beam (FIB) preparation of the cross-section cannot induce
the polycrystalline nature in the Fe film. On the contrary, it might induce alignment
of the crystal along the FIB direction .

Figure [p.10(a) and (b) shows a magnified region of the Fe/BTO cross-section dis-
playing the EDX map of Fe superimposed on HAADF image and the corresponding
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HAADF-STEM image, respectively. The grain size is of the order of 3—4 nm at thicker
cross-section as shown by the grains marked in Figure [5.10(b). With the decreasing
film thickness, the grain size is expected to decrease. If the grains are non-interacting, a
superparamagnetic behavior would be expected as the critical thickness for Fe nanopar-

ticles to become superparamagnetic is about 9 nm [145,(146].

Figure 5.10: (a) High resolution EDX image of Fe. (b) HAADF-STEM image of the
same region as in (a) highlighting two grains with white boundary.

5.3 Electric field control of magnetic domain pat-

tern of Fe

The magnetic domain configuration of the as-deposited Fe wedge in Figure (a)
displays no visible imprint from the underlying ferroelectric BTO domain structure.
This suggests a low strain transfer (below 10%) from BTO to Fe during growth because
of the low deposition rate (0.1 A/min), in agreement with Streubel et al. [147]. The
strain transfer from BTO to a magnetic film is known to be more efficient during
thermal cycling as compared to that during growth [148]. Hence, the sample was cooled
down to 60 K and heated back to 320 K to induce strain transfer. Figure[5.11j(a) shows
the initial magnetic state of the sample after thermal cycle prior to electric poling at a
different sample position than that in Figure [5.§]a). It is evident from Figure [5.11}(a)
that the phase transitions of BTO altered the FE domain state of BTO which imprints
on the Fe film via inverse magnetostriction. A striped white-blue domain pattern with
domain walls oriented along [110],. is now visible within the magnetic (thick) side of

the wedge.

89



On application of electric voltage V=+74 V, the imprinted striped pattern on Fe
became clearly defined as shown in Figure M(b) However, after holding the voltage
for some time, new domains with all-blue and all-white XMCD contrast and domain
walls along [100],. were observed in Figure [5.11)(c). Increasing the voltage to +170 V
leads to three kinds of magnetic domain patterns with domain walls oriented along
[100],. (Figure [p.11[d)). The FM domains observed in Figure [5.11f(d) are labeled as
a, B and v according to their magnetic contrast and domain walls. The magnetic
regions with domain walls along [100],. and homogeneous XMCD contrast in Figure
5.11(d) have been labeled a and 8 depending on whether the magnetic contrast is
white (XMCD ~ 0) or blue (XMCD > 0), respectively. Regions for which the former
magnetic imprint has not changed (alternating white-blue striped domains with domain
wall along [110],.) at V = +170 V, have been labeled as 7. On increasing the voltage
from +74 V to +170 V, these «, 3, v regions of Fe move and occasionally interchange.
This suggests that the magnetization of the Fe film is dominated by the magnetoelastic
anisotropy which changes its magnetic easy axis according to the applied voltage. The
fact that the v pattern needs some time to be modified at +74 V to «, ( is likely to
be related to the presence of defects leading to a pinning of the domain walls [42].

V=+74V V=+170V

b) © (d

XMCD 0.10 0.05 0.00 -0.05 -0.10
A —

Figure 5.11: XMCD images of the Fe wedge at (a) 0 V (b,c) +74 V (d) 4170 V
out-of-plane electric voltage.

The white contrast (XMCD ~ 0) in a and some of the 7 regions lack the magnetic
sensitivity because of the orthogonal magnetization to the incoming beam direction
(M 1 k). Hence, the magnetization direction is resolved by azimuthally rotating the
sample. Figure shows the XMCD images obtained as a function of azimuthal
angle ¢ at +170 V. The region with lower ¢z, displays white (XMCD ~ 0) contrast
independent of ¢ confirming the absence of long-range ferromagnetism. Within the
a region, as ¢ is increased from 0° to 90°, the zero (white) XMCD contrast (Fig-
ure [5.12|(a)) changes to alternating positive (blue) XMCD and negative (red) XMCD
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(Figure |5.12(b)), highlighting that the magnetization M of the « regions alternates
along [010],. and [010],. as shown by the black arrows in Figure (b) Within the
v regions, the zero (white) XMCD changed to positive (blue) as ¢ is increased from
0° to 90°, while the positive (blue) XMCD changed to almost zero (reddish white)
implying that the magnetization in the striped pattern of the 7 region is along [100],.
and [010],. within the blue and white stripes, respectively. Within the 3 regions, the
positive (blue) XMCD changed to almost zero (white) as ¢ is increased from 0° to 90°
indicating that the magnetization within these regions is oriented along [100],.. As
all the magnetic components are along [100],. or [010],., an azimuthal rotation of 45°
(k || [110],.) allows to observe the magnetic contrast for all the magnetic regions as

magnetization along [100],. or [010],. have a non-zero projection along [110],..

T e e 2R

100],,

o

...............

(@) (b) (c)

XMCD 0.10 0.05 0.00 -0.05 -0.10
oVl —
Figure 5.12: XMCD images of the Fe wedge at +170 V at different azimuthal rotation
angles (a) 0° (b) 90° (c) 45°.

The azimuthal dependent XMCD analysis allows to conclude that the magnetization
direction within the domains at zero voltage in Figure |5.11{(a) points alternately along
[010],. (white stripes) and [100],. directions (blue regions). This domain orientation
after the thermal cycle (th) is an indirect manifestation of an underlying ferroelastic al’-
ath ,, or purely ¢ , texture resulting from the inverse magnetostriction
effect, governed by the magnetoelastic coupling [150]. The application of V = +74 V
leads to a clearly defined domain pattern (Figure [5.11|(b)) and finally to a new domain
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pattern with domain walls along [100],. (Figure[5.11{c)). As the new FM domain walls
along [100],. resemble FE a;-c walls (see section 1.7.1.1), the presence of pure ¢! FE
domain after thermal excursion can be excluded. Hence, it is concluded that the BTO
FE domain pattern after thermal excursion was a‘-a4* which transformed to a}-c"
pattern after applying voltage. Despite the thickness gradient of Fe, no noticeable
dependence of the new magnetic domain pattern on the Fe thickness is seen along

[100],..

5.4 Extension of the long-range ferromagnetic or-

der towards lower Fe thickness

A local extension of the long-range FM behavior towards lower tp. is observed for 3
regions only. This is clearly seen in Figure [5.13(a) at V=+150 V where the red line
marks the original position of the onset of long-range FM for the wedge at V.= 0 V.
The increase in the XMCD signal only over the S region is visualized in Figure (b)
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Figure 5.13: (a) XMCD image at V= +150 V highlighting the extension of the long-
range FM behavior to low t¢p. across the marked black arrow. (b) A line plot across
the dashed line shown in (a). The line plot is correlated with the o, § and v regions
schematically.

No information can be obtained about the extension of long-range FM at « regions
since at azimuthal angle ¢ = 0°, there is no sensitivity to the magnetization direction
(M L k) for a. Therefore, the azimuthal angle of the sample was rotated from to 0° in
Figure[5.14f(a) to 45° in Figure [5.14(b,c) to have access to magnetization of « regions.
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No extension was observed at « regions (Figure|5.14{b,c). The extension of the FM for
B regions only towards lower tp. was reproduced when the voltage was further cycled
from +170 V (Figure [5.14|b)) to —170 V (Figure [5.14{(c) and Figure [A.1fc)). The
position of the extended regions is highlighted by the black arrows in Figure M(c)

The appearance of extended FM regions on application of electric voltage at the
regions is visualized in Figure [.15(a). It shows a 2-D plot of XMCD profile (along
horizontal axis) across a red dashed line marked in Figure [5.14|c) as a function of
electric voltage (along vertical axis). At a fixed electric voltage (given by the vertical
axis), the horizontal axis corresponds to the XMCD intensity variations across the
line. It is clearly observed that the blue magnetic region extends towards the right
direction on increasing the voltage from 0 V to —170 V. Figure b) compares the
XMCD profile across the dashed red line in Figure [5.14(c) at 0 V and —170 V. The
long-range FM behavior extends to about 1.3 pum towards [100],.. Considering that
the Fe thickness changes by 2.5 nm in about 25 ym (Figure[5.§(b)), the increase of FM

by 1.3 um corresponds to a decrease in the critical thickness for FM (t£M) of about
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Figure 5.14: XMCD images of the Fe wedge at 4170 V at azimuthal angles of (a) 0°
and (b) 45°. (c¢) XMCD image at —170 V of the same region as in (b). The black
arrows in (c) highlight the position of the extended FM regions.
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Figure 5.15: (a) 2-D plot showing the XMCD intensity profile across the red dashed
line marked in Figure [5.14|c) as a function of different V (vertical axis). (b) Line
profiles at V=0 V and V=—170 V showing the extension of the XMCD as the voltage
is increased from 0 V to —170 V.

To understand the physical phenomenon behind the electric field induced extension
of long-range FM towards lower tp. observed only at [ regions, it is necessary to
investigate the history and the evolution of the strain state of 5 regions and possible
correlation with the FE strain state of the BTO substrate. Given the initial BTO FE
domain state after growth of the Fe film and the magnetostrictive nature of the Fe film
(see Appendix section A.1), a differential strain (DS) model (see Appendix section A.2)
can explain the rotation of the local magnetization as a function of electric voltage in
terms of changes in the magnetoelastic anisotropy. Thus, the strain history of £ regions
and its evolution with electric voltage can be mapped. From the FM domain evolution
in response to a voltage cycle from +170 V to —170 V, the sign of magnetostriction is
inferred to be positive (see Appendix section A.1).

During growth, BTO can exist either in the aj-ay, ai-c or as-c state (see section 1.7.1.1).
The experimentally observed coexistence of o, S, and v regions on Fe can only be
explained by the presence of the af"-¢?" FE BTO domain pattern under the Fe film at
growth (gr) time. The deduction is discussed in Appendix section A.2 for the sake of
simplicity. Therefore, the initial a{"-c9" BTO pattern after growth transforms to a'-
af" post thermal cycle (th) (Figure[5.11j(a)) and a}-¢" post electric poling (V) (Figure
5.11{(d)). From the DS model, the strain history of 8 regions (beginning from growth
to post thermal cycle to post electric poling) and the corresponding underlying FE
domain state can be deduced. The [ region can originate from the following different

paths:
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(1) FE: af”  —alt-alh — v

FM: no-imprint - ~ —f

(2) FE: af” —al-ah —al —

FM: no-imprint - v — a —f

This implies that the 3 regions develop in regions with an underlying ¢V FE domain
which were af" FE domains at growth time. Such af" — ¢ transitions induce a
uniaxial compressive strain of about 1% along [010],. (also discussed in section 1.7.1)
which is completely transferred to the Fe film. In contrast, Fe corresponding to o and
v regions originate from ¢?" domains at growth time and do not experience any strain

at high voltage as compared to that at growth time (see Appendix Figure A.2).

5.5 Discussion

Our results show that the onset of a long-range FM order extends towards the lower Fe
thickness at localized sample position after applying an external electric voltage. The
analysis of XMCD contrast with the voltage has allowed to empirically determine the
sign of the magnetostriction constant (Appendix section A.1) and deduce the associated
FE domain history of BTO. With the help of the differential-strain analysis (Appendix
section A.2) which takes into account the local strain transfer from BTO to Fe film,
the voltage induced magnetoelastic modulation of FM in Fe can be explained. Our
analysis highlights a direct correlation between the long-range FM regions and their
local strain history. Electric field induced extension of long-range FM order takes place
only for the regions which experience a local uniaxial compression of 1.1% along [010],.
as compared to the unstrained state at the growth time.

Such a strain-induced decrease in the critical thickness resulting from an application of
voltage could be interpreted as a ferroelastic modulation of 7. In this case, the non-
magnetic region (at 320 K) in the vicinity of t5 = 1.3 nm would become ferromagnetic
on application of a compressive strain. In order to explore this possibility, additional
temperature-dependent XMCD measurements were performed on a similar Fe wedge
deposited on BTO. The results described in Appendix section A.3 provide evidence
that a change of T, of about 50 K would be necessary to produce the observed change
in the critical thickness (AtEM) by 1A. Although voltage induced changes of T, of

similar order have been observed in other materials [138], bce Fe does not show such
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behavior. Both theoretical and experimental results highlight that T, for bee Fe barely
changes under pressure [151-154]. Therefore, in our case, an electric field induced
change of T, due to 1.1% uniaxial compression cannot explain the observed extension
of FM regions to lower tp,.

At this point, we recall the nano-polycrystalline nature of the Fe film, as well as the
fact that, surprisingly, the long-range FM ordering for the as-grown film is absent
close to room temperature for Fe thicknesses below 1.3 nm. This suggests that at
low Fe thickness, the film is composed of nanocrystals behaving as superparamagnetic
nanoparticles with blocking temperature T, below that of the experiment (320 K).
While the onset of FM close to room temperature for ultra-thin and highly-ordered
coherent epitaxial films is approximately one atomic monolayer [155,156], superparam-
agnetic behavior of nanoparticles has been previously reported for Fe films above this
thickness resulting from Volmer-Weber type island growth [157,[158]. At low coverages,
such type of growth leads to a random nucleation and expansion of unconnected Fe
nano-islands which become superparamagnetic due to their size. In this context, Kim
et al. recently reported that the blocking temperature T, of non-interacting super-
paramagnetic Ni nanoparticles deposited on BTO can be increased by 40 K due to
an electric field induced compression [10]. This result was associated with the electric
field induced change of magnetoelastic anisotropy leading to an increase of the energy
barrier between energetically equivalent magnetization directions. This prevented the
time-dependent flip of the ‘super-spin’ of the nanoparticles and fixed its magnetization
along a certain direction.

An electric modification of T; as reported by Kim et al. cannot explain our results.
Within this scenario, an increase of T}, implies ‘blocking’ of spins of nanoparticles along
a given direction defined by the magnetic anisotropy. These are the two energetically
equivalent possibilities with anti-parallel magnetizations. If such a ‘blocked’ state was
imaged by XPEEM, the XMCD signal of an assembly of ‘blocked’ nanoparticles would
average to zero as the spatial resolution of PEEM (30 nm) is much larger than the grain
size (< 3 nm). In contrast, we observe that the long-range FM order appears on ap-
plying voltage, suggesting an interaction between the nanoparticles. Such observation
is typical for nanoparticle systems with non-zero inter-particle interactions which un-
dergo a superparamagnetic-superferromagnetic transition at a transition temperature
Tp. For T' > Tp the system is superparamagnetic. For T' < T'p, the inter-grain inter-
actions are strong enough to dominate the thermal energy aligning the super-spins of
nanoparticles along a given direction defined by the anisotropy and form a so-called su-

perferromagnetic state [31,32,(159-165]. Similar to T}, Tp is also dependent on the local
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anisotropy of the nanoparticles. An electric field induced modification of magnetoelas-
tic anisotropy can drive the transition from superparamagnetic to superferromagnetic
state [32].

Therefore, we conclude that the observed increase of critical thickness for long-range
FM only at 8 regions is due to electric field induced modification of magnetoelastic
anisotropy that leads to a local superparamagnetic-superferromagnetic transition. The
ferroelastic modulation of magnetic anisotropy leads to an increase of T of about 50 K
above 320 K. This novel observation of electric field induced local superparamagnetic to
superferromagnetic transition near room temperature in a nanoscale magnetic material
opens exciting possibilities for an electric field control of magnetism and exploitation

of the ME coupling for new storage devices.
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Chapter 6
Summary

Controlling magnetism without applying magnetic fields is an important topic of re-
search owing to its foreseen applications in spintronics and magnetic data storage with
low-power consumption. Several approaches are currently being investigated. Within
this thesis, two major routes are explored namely, optical control of magnetism via
femtosecond laser pulses and electric field control of magnetism.

The first part of the thesis deals with investigating all-optical helicity dependent switch-
ing (AO-HDS) in a ferrimagnetic ThFe alloy. Here, the magnetization can be switched
deterministically using the helicity of a circularly polarized femtosecond laser beam im-
pinging the sample. The recent experimental work showed that AO-HDS is a general
phenomenon which is not limited to rare-earth-transition metal ferrimagnetic alloys
and is also observed in ferromagnetic materials. However, the fundamental mechanism
of the switching mechanism is not clear and is currently under debate. In this thesis,
the scalability of AO-HDS is investigated by a small laser spot size of few microns. The
questions such as the role of heating and the microscopic mechanism behind AO-HDS
are investigated in TbFe alloy by photoemission electron microscopy (PEEM) employ-
ing X-ray magnetic circular dichroism (XMCD) as the magnetic contrast mechanism.
The experiments reported within this thesis have been carried out in a continuous pulse
train mode of the laser to minimize the relaxation effects which appear in experiments
when the magnetic domain state is imaged after the laser is switched off.

The space-resolved experiments show that the central region within the laser spot size
gets thermally demagnetized. The AO-HDS is observed to be a local effect within the
laser spot size that occurs in a ring region surrounding the inner thermally demagne-
tized region. The magnetic domains within this ring region switch stochastically via
thermally activated domain wall motion. A thermal gradient established in the ring

region assists the switching process which can be influenced by the repetition rate of
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the laser and the base temperature of the sample. Therefore, the local heat accumula-
tion, thermal gradient, and heat conductivity across the sample influence the switching
process.

A novel thickness dependent behavior of the switching orientation by a particular
laser helicity has been reported. The results show that the magnetization orientation
resulting from the interaction between the ThFe alloy and the laser, not only depend on
the laser helicity but also on the film thickness. Therefore, above a threshold thickness
between 10 nm and 20 nm, the switching orientation inverts for the same laser helicity.
This effect does not depend on the alloy composition or any other magnetic parameter.
Although this thickness dependence indicates a presence of two competing microscopic
mechanisms contributing to AO-HDS, the laser helicity flipping experiments indicated
that the magnetic circular dichroism (MCD) by the laser is able to explain the observed
switching in thicker films. The results show that helicity dependent information is
transmitted through a narrow ring at the periphery of the inner demagnetized region
where one of the magnetic orientation preferentially absorbs more energy.

All-optical helicity dependent switching via a femtosecond laser without applying mag-
netic field offers a clear path for controlled 180° magnetization reversal with low power
consumption in magnetic devices. The thesis contributes towards increasing the basic
understanding of magnetization switching in AO-HDS by imaging the magnetic con-
trast with high resolution while the laser interacts with the sample. The results on
the importance of attained T, and the magnetic circular dichroism as a microscopic
mechanism provide a clearer picture about the fundamentals of AO-HDS, which would
help towards the realization of this phenomenon in practical applications.

The second part of the thesis addresses the electric field control of superparamagnetism
in an artificial multiferroic heterostructure. Control of magnetic properties by means
of electric fields has been an emergent field of research within the last years. Electric
field control of magnetic anisotropy, magnetic ordering, and magnetic transition tem-
peratures have recently been reported in thin film heterostructure. At the nanoscale,
the blocking temperature of a superparamagnetic system of nanoparticles has been
manipulated by ferroelastic means via a magnetoelastic modification of the magnetic
anisotropy. To this respect, it is possible to control the transition temperature sep-
arating the superparamagnetic-superferromagnetic regimes as it also depends on the
magnetic anisotropy. To explore this possibility, a polycrystalline Fe film is grown by
means of electron beam evaporation onto a ferroelectric and ferroelastic (FE) BaTiO3
(BTO) substrate. The Fe film is deposited in a wedge-shape with its thickness varying

between 0.5 — 3 nm within a lateral distance of approximately 20 pm. The magnetic
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domain state and its evolution with temperature and voltage applied to the FE sub-
strate are spatially resolved by means of PEEM and XMCD as the magnetic contrast
mechanism. A wedge sample allows identification of the threshold thickness below
which the film is superparamagnetic close to room temperature. The critical thickness
for long-range ferromagnetic ordering is observed to be around 1.3 nm.

It is known that the magnetic domain configuration of the FM film relies on the strain
imposed by the underlying FE BTO substrate via inverse magnetostriction. Any local
modification of the strain state of BT O, induced either by a temperature cycling or a
voltage application, has a direct impact on the magnetic ordering of the FM film as the
magnetoelastic contribution to the total magnetic anisotropy is affected. The XMCD
vs voltage data shows local rotations of the magnetization by + 90° associated to
ferroelastic induced changes of the magnetic anisotropy for Fe thickness above 1.3 nm.
These results highlight that the magnetization orientation in the polycrystalline film
is dominated by the magnetoelastic anisotropy.

For Fe thickness below 1.3 nm, the application of large out-of-plane voltages to the FE
BTO substrate leads to a spontaneous formation of long-range FM ordering at some
particular sample positions (in the vicinity of the threshold thickness below 1.3 nm
where FM ordering was previously absent. A differential strain analysis of the XMCD
vs voltage data allows tracking of the strain history of these regions. The analysis
shows that the Fe in these regions experiences a local uniaxial compression of about
1.1% as compared to an almost unstrained state at the growth time. The absence of
FM ordering in these regions, prior to the voltage application, suggests that at low
Fe coverages the film consists of islands which behave superparamagnetically close to
room temperature, similar to as observed for example for Fe deposited on MgO. In
addition, the spontaneous formation of long-range FM ordering within these regions
points to strong inter-particle interactions. The local ferroelastic compression on these
areas locally enhances the magnetoelastic anisotropy. This increases the energy barrier
for magnetization flip of the superparamagnetic particles allowing the nanoparticles to
fix their magnetization along the electric field-induced magnetoelastic anisotropy. The
strong inter-particle interactions allow a collinear alignment of the magnetization for
all the nanoparticle, resulting in a superferromagnetic state. Effectively, the electric
field induces a superparamagnetic to superferromagnetic transition by increasing the
transition temperature by about 50 K.

The electric field induced strain has been widely used to alter the magnetic properties
of multiferroic composite materials. However, controlling the magnetism of nanoscale
particles can also play a role in the technological functionality. Today, the superparam-

agnetic limit is an issue for the data storage industry because the magnetization in the
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nanometer-sized grains oscillates due to the thermal energy. However, superparamag-
netic limit of the nanoparticles can be turned into an advantage if the magnetization
direction can be switched by electric field induced changes of the magnetic anisotropy.
Such a prospect represents a rather unexplored dimension in magnetoelectric coupling
and has a potential for novel magnetization switching behavior on a nanoscale close to
room temperature.

In summary, the thesis investigated two major paths for magnetization control without
applying any external magnetic fields. The results increase the understanding towards
the physical mechanism behind AO-HDS and show novel magnetoelectric phenomena
at nanoscale which might pave the way for the implementation of these effects in novel

spintronic and/or magnetic devices.
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Appendix A

A.1 Sign of magnetostriction

The easy axis of a positive magnetostrictive material aligns perpendicular/parallel
to the direction of compressive/tensile stress as shown schematically in Figure
A.1j(a). Similarly, the easy axis of a negative magnetostrictive material aligns par-
allel/perpendicular to the direction of compressive/tensile stress as shown in Figure
K3b).

In order to identify the sign of magnetostriction, the behavior of «, 3, and v was
recorded during a voltage cycle from 4170 V to —170 V. Figure (a—c) shows XMCD
images recorded at electric voltage +170 V, 0 V, and —170 V at an azimuthal angle of
45° where all in-plane components of magnetization are accessible. The XMCD image
at +170 V in Figure [A.T|(a) shows three types of regions: a with alternating red and
blue stripes and magnetization along [010],. and [010],., 8 with homogeneous blue
contrast and magnetization along [100],. and v with striped pattern resembling the
original a$-a$ and magnetization alternating along [100],. and [010],.. By decreasing
the voltage to 0 V, the relative fraction of a regions within the field of view increases.
It decreases again as the voltage is cycled to —170 V (Figure [A.I|(b,c)). Such voltage
dependence is typical for a; domains suggesting that the FE domains underlying «
regions are a; domains. Therefore, the white and the blue stripes observed in Figure
5.11|(b) are correlated with underlying a; and as FE domains, respectively.

The direction of the magnetization in « regions (a; FE domains underneath) is along
[010],. with FM domain wall along [100],. coinciding with the FE domain wall. It is
well known that the long axis of the FE a; domain is oriented perpendicular to the a;-c¢
domain wall boundary [45]. Therefore, the long axis of the a; domain is along [010],.
which is parallel to the magnetization direction of o regions. Since the magnetization
in the «a region is parallel to the uniaxial stress axis of underlying a; domains, Fe

exhibits a positive magnetostriction.
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Figure A.1: XMCD images of the Fe wedge at (a) +170 V (b) 0 V (¢) —170 V at 45°
azimuthal angle.

A.2 Differential-strain transfer analysis

The differential strain (DS) model predicts the induced magnetic anisotropy and the
direction of the magnetic easy axis by analyzing the accumulated strain in the Fe film
due to changes in the strain state of the BTO. This model has been previously used to
predict the domain state of a CoFe thin film deposited on BTO .

The differential strain (DS) in BTO FE domains can be expressed as €279 which
is difference between the strain along two orthogonal [010],. and [100],. axes. For
instance, the €79 in BTO for FE a4, as and ¢ domains is +1.1%, -1.1% and 0%,
respectively. During the growth (gr) of FM film, a part of this DS is transferred to the
FM film. When FE BTO domain changes in response to external stimuli (temperature
change or voltage), the Fe film on top experiences this dlfferentlal strain change AeBPT0
with respect to BTO growth strain. The differential strain € in FM layer at any
instant depends on the DS transmitted at growth and the change in the DS of BTO with
respect to growth time, i.e. €M = ¢, €X'+ 5 AePTO where d,, is the strain transfer
at the growth time and ¢ is strain transfer due to other stimulus like temperature
change or voltage. The total DS in the FM film €™ determines the modulation in the
imprinted magnetic domain pattern of the FM film, as the magnetoelastic anisotropy

K, is given by

K, o< )\ (6010 6100 ) x \e'M (A.1)

where )\ is the magnetostriction. Therefore a strain change in BTO can induce a strain
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transfer in the Fe film altering the magnetoelastic anisotropy. If the magnetoelastic
anisotropy dominates over other sources of anisotropy, a rotation of magnetization is
observed in the Fe film [149]. The magnetic easy axis or the magnetic anisotropy in
the Fe film is thus determined by the sign of the accumulated differential strain. For
positive magnetostriction of Fe, & > 0 and €™ < 0 orient the magnetic easy axis
along [010],. and [100],., respectively.

The strain changes in BTO are fully or partially transferred to the FM film depending
on the source of the strain: sample growth (gr), temperature change (th), or voltage
(V). The strain transfer during growth is between 0 to 10%, above which an imprint
of BTO domains on Fe is expected. For our case, a strain transfer of d, = 10%
is considered at growth time [8,/148]. The strain transfer during thermal cycle and
application of voltage is much more efficient and is considered to be § = 100% [8}/14§].
With a;-ay as the initial state for BTO during Fe film growth, only two kind of FM
regions (5 and ) are expected after application of the voltage [147,(149]. Hence, af -
a3’ state cannot explain the coexistence of three kinds of FM regions («, 3, and ).
Therefore, at growth time, BTO is either in a a;-c or as-¢ FE domain state. As the
domain walls are oriented along [100],. after application of electric voltage in Figure
5.11{(d), it is deduced that the BTO possessed an initial a;-c state.

Using the proper notation for different sources of strain transfer, the BTO converted
from af"-c9" during growth to al"-al* after the thermal cycle and to a}’-c¢" after applica-
tion of the voltage. The FE domain pattern and the corresponding FM domain pattern
during growth, after thermal cycle and after applying voltage are shown schematically
in Figure The grey and blue color in the FM domain pattern represent the direc-
tion of the induced magnetization along the [100],. and [010],. axes in the Fe film. The
numbers in the brackets in the FE and FM domain state depict the DS €57¢ and €V,
respectively. The direction (either [100],. or [010],.) and the magnitude of the strain
in the Fe and BTO are depicted schematically on the right side of the corresponding
FM and FE domain state.
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Figure A.2: Schematic showing FE and the corresponding imprinted FM domain pat-
terns (a,d) at growth (b,e) after temperature cycle and (c,f) after applying voltage. The
FE domain pattern evolves from af"-c9" to a'*-al* after temperature cycle to a} -¢" after

applying voltage.

The initial " domain of BTO and the corresponding FM domain state is shown
in Figure a). No imprint is expected in the Fe film on top of a ¢#" domain as
it is isotropic. After the thermal cycle, the ¢ domain converts to a!-a* domains
as shown in the top FE pattern in Figure (b) The FM region over a!* and af’
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experiences a tensile strain of 1.1% along [010],. and [100],., respectively. Therefore,
the magnetization in regions above a!"* and all* orients along [010],. and [100],. for a
positive Fe magnetostriction. On application of voltage, the a{"-a" FE state in Figure
[A.2b) convert to a-c” in Figure[A.2|c). Beginning from a ¢/ at growth time, the
following transitions (marked in Figure take place:

e (i) — (i-a)
FE: ¢9" — a'h-af — ¢
In this case, the strain introduced after the thermal cycle is removed after apply-
ing the voltage and Fe becomes isotropic. It is expected that the magnetization
direction will not change with respect to (i) as the magnetization is already
aligned along easy axis, thus preserving the white-blue contrast or so-called ~

pattern.

e (i) — (i-b)
FE: ¢9" — al-al* — af
The FM regions over new a} domains experience tensile strain of 1.1% along
[010],, irrespective of whether they originate from a!* or af'. With €™ = +1.1%,
the magnetic anisotropy of Fe is expected to orient along [010],. resulting in a

homogeneous white XMCD contrast, i.e. « region.

The initial af" domain of BTO after growth and the corresponding FM domain state
is shown in Figure [A.2(d). The a{" BTO domain experiences a tensile strain of 1.1%
along [010],.. After the thermal cycle, the a" domain converts to ai"-a%* domains as
shown in FE pattern in Figure [A.2e). The FM region over a{" experiences a tensile
strain of 0.1% along [010],.. The FM regions over ai experience a compressive strain
of 1% along [010] and a tensile strain of 1.1% along [100],., i.e €™ = -2.1% . Therefore,
the magnetization in FM regions above ai and ai* orients along [010],. and [100],.,
respectively for a positive Fe magnetostriction (see Appendix section A.1 for the sign
of magnetostriction). On application of voltage, the a!'-a%* FE state in Figure[A.2|e)

converts to a} -¢" as shown in Figure[A.2|f). The following transitions (marked in the
Figure [A.2)) take place:

e (ii) — (ii-a)
FE: af" — alt-af — ¥
The Fe on top of the new ¢V domains is compressed by 1% along [010],. irre-
spective of whether they originate from a!* or a4*. The magnetic anisotropy is
expected to orient along [100],. because of the €™ = -1.0%. In this case a blue

XMCD contrast, i.e. 3 region is expected.
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e (ii) — (ii-b)
FE: af" — a't-a¥ — aV
The FM regions over new a} domains experience a small tensile strain of 0.1%
irrespective of whether they originate from al® or af*. The e = +0.1% is
expected to orient the magnetic anisotropy along [010],. which would show a

white XMCD contrast, i.e. a region.

Further increasing the voltage should convert the remaining a!” domains to ¢ domains
(also discussed in section 1.7.1.1). Such domain transformation is depicted in Figure

A.3l The following transitions take place:

o (i-b)— (i-b-1)
FE: ¢" — a't-alt — a} — ¢
The Fe on top of the new ¢ domains is compressed by 1.1% along [010],,. irrespec-
tive of their origin from of ai" or a" and become isotropic. With €™ = 0%, the
magnetic anisotropy remains along [010],. preserving the previous homogeneous

white XMCD contrast, i.e. « region.

e (ii-b) — (ii-b-1)
FE: af" — a!'-al} — a} — ¢V
The FM regions over new ¢” domains experience a compressive strain of 1.1%

along [010],. irrespective of their origin from of al® or af*. The magnetic

M

anisotropy orients along [010],. due to €™ = -1.0%, showing a homogeneous

blue XMCD contrast, i.e. § region.

The differential strain model predicts the coexistence of all three types of FM regions,
i.e. a, B and 7 as experimentally observed in Figure .11} At large voltage, the o and
~ regions are correlated to ¢ domains originating from ¢?" domains at growth time.
The 3 regions are correlated to ¢ domains originating from af" domains at growth
time. Consequently, the g regions experience a significant compressive strain along

[010],. at large voltage unlike o and 7 regions.
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Figure A.3: Schematic showing FE and the corresponding imprinted FM domain pat-
terns (a,b) (same as Figure [A.2]c,f)) after applying voltage and (b,d) after increasing
voltage. The FE domain pattern evolves from a}-c" to a complete ¢ domain state
after increasing the voltage.
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A.3 Temperature dependent displacement of criti-

cal thickness

In order to quantify the change in the T, necessary to decrease the critical thickness
by 1 A, temperature dependent XMCD measurements have been performed on an
Fe wedge film on BTO, similar to the sample which showed an electric field induced
modification of t£M. Figure[A.4{(a) and (b) show the XMCD images recorded at 80 K
and 340 K, respectively. Increasing the temperature from 80 K to 340 K (260 K change)
leads to an extension of the FM region by approximately 1 pm which is associated to
a decrease of 5! by approximately 5 A. Hence, if an electric-field induced change of
T. can explain the experimental observation of a decrease in t5 of about 1 A, such a

change should correspond to an increase of T, of about 50 K.

80 K 340 K

— 0.05
— 0.00

— -0.05

(a) (b)

Figure A.4: XMCD image of Fe wedge deposited on top of BTO recorded at (a)
80 K and (b) 340 K. The green and the black line in (a) and (b) mark the onset of
ferromagnetic order at 80 K and 340 K, respectively. As observed by comparing the
green and black lines in (b), the onset of the ferromagnetism is shifted by 1um which
corresponds to a change in the critical thickness by 5 A. Therefore, change in the
critical thickness of 1 A would correspond to a change in T, by about 50 K.
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