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my BSc and MSc studies, and I am glad we remain in close contact and
continue to collaborate.
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and thoughtful evaluation of this thesis.

Someone once said, “A PhD is not a sprint, it is a marathon”. Over
these years, those words became more than a metaphor. I have not only
run the long race of a PhD, but also tested myself on real marathon tracks —
crossing the finish line in Rotterdam in 2023 and now preparing for another
in Eindhoven this October.

Like every marathon, a PhD requires endurance when energy is low,
perseverance when the path seems endless, and the discipline to keep mov-



iv Preface

ing forward, one step at a time. And just as a runner approaches the finish
line with a mix of exhaustion and triumph, I now reach the final stretch of
this academic race with gratitude, pride, and a profound sense of accom-
plishment. To everyone who stood by me along the way — thank you very
much. I hope you enjoy reading this thesis.

Timur
Nijmegen, 23 September 2025



Contents

1 Introduction 1
1.1 Imtroduction . . . . . . . .. ... ... 2
1.2 Magnetism . . .. .. ... 6

1.2.1 Magnetism fundamentals . . . . .. ... ... ... 6
1.2.2  Types of magnetic ordering . . . . . . ... .. ... 7
1.2.3 Magneto-electric effects . . . . .. ... ... 11
1.3 Ultrafast control over magnetization . . . . ... ... ... 15
1.4 Scopeofthethesis . .. ... ... ... ... ........ 18
References . . . . . . . . ..o 20

2 Experimental Methods 25
2.1 Imtroduction . . . . . . .. ... ... 26
2.2 Light-matter interaction . . . . . .. .. .. ... ... ... 26

2.2.1 Linear optical response from a thermodynamic per-
spective . . . ... 26
2.2.2  Second harmonic generation fundamentals . . . . . . 27

2.2.3 SHG-based approach of antiferromagnetic order imag-
ingin CroO3 . . . . . .. .. . 29

2.3 Optical pump—probe spectroscopy for ultrafast lattice and
spin dynamics . . . . ... Lo Lo 30
2.3.1 Ultrafast laser systems and pulse characterization. . 30
2.3.2 Introduction to the pump—probe technique . . . . . 32
2.4 Magneto-optical imaging of spin dynamics . . . . . . . . .. 33
2.4.1 Experimental setup for spatially resolved measurements 33
2.5 Integration of electric fields with optical measurements . . . 34

2.5.1 Electrical gating in ultrafast spin dynamics . . . . . 34



vi Contents
2.5.2  SHG imaging of antiferromagnetic domains under a

locally applied electric field in CrsO3 . . . . . . . .. 37
2.6 Conclusion . . . ... ... . ... .. 39
References . . . . . . . . . . . ... 41

3 Strongly inhomogeneous spin dynamics induced by ultra-

short laser pulses with a gradient intensity profile in mag-
netoelectric iron garnet 45
3.1 Introduction. . . . . . . ... .. .. ... ... ... 46
3.2 Experiment . .. ... ... 46
3.3 Results and discussion . . . . .. ... ... L. 48
3.4 Conclusion . . ... ... Lo oo 53
References . . . . . . . . . . .. 54

4 Electrically-gated laser-induced spin dynamics in magneto-
electric iron garnet at room temperature 57
4.1 Introduction. . . . . . . . .. ... ... 58
4.2 Sample and experimental setup . . . . . ... ... ... 58
4.3 Results and discussion . . . . .. ... ... 61
4.4 Conclusion . ... ... ... . ... 65
References . . . . . . . . . ... . 66

5 Electric field control of an antiferromagnetic domain wall
in CI‘QOg 69
5.1 Introduction . . . . . . . .. ... .. ... 70
5.2 Sample and experimental setup . . . . ... ... ... ... 71
5.3 Results and discussion . . . . .. .. .. ... L. 72
5.4 Conclusion . . . . .. ... . ... 78
5 References 79
References . . . . . . . . . . ... 79

6 Optical excitation of coherent THz dynamics of the rare-

earth lattice through resonant pumping of an f — f elec-

tronic transition in the complex perovskite DyFeO3; 81
6.1 Introduction. . . . . . .. .. ... Lo 82
6.2 Sample and scheme of the experiment . . . . ... ... .. 83

6.3 Results and discussion . . . . . . . ... ... 85



Contents vii
6.4 Conclusion . . .. ... . ... ... ... ..., 92
A Additional Data 95
A.1 Frequencies of Raman-active phonons
inDyFeOsg . . . .. .. ... o 95
References . . . . . . . .. ... ... 97
Summary 103
Samenvatting 107
Research Data Management 111
List of Publications 113
Curriculum Vitae 115






Chapter 1

Introduction

This chapter is meant to briefly introduce the subject of the thesis —
ultrafast laser-induced spin dynamics in magneto-electric media. Starting
with a very general view on the problem of the evolution of data stor-
age technology over the past decades, the chapter shows how the research
discussed in the thesis can potentially contribute to future technology. Fur-
ther, the chapter introduces the basic fundamental principles of magnetism,
including various types of magnetic ordering and methods for controlling
magnetic states. Regarding the focus of the thesis, special attention is paid
to the control of magnetism using electric fields and ultrashort pulses of
light.
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1.1 Introduction

The ability to store, retrieve, and manipulate information has driven technolog-
ical innovation for centuries, transforming societies and economies alike. From
the first mechanical systems to modern-day magnetic and electronic solutions,
data storage has evolved to meet the ever-growing demands of an increasingly
interconnected world. This growth is now fueled by revolutionary developments
in artificial intelligence (AI), big data analytics, blockchain technology, and all
other modern technologies, which have collectively contributed to an unprece-
dented surge in global information generation. Data storage began in the early
19th century with punch cards, which offered a basic but effective means of en-
coding binary information. By the mid-20th century, the advent of magnetic tape
revolutionized data management, enabling larger storage capacities and faster ac-
cess compared to punch cards. Magnetic tape became an essential element of
early computing, laying the groundwork for advancements in scientific research
and commercial data processing. This was followed by the introduction of mag-
netic disk storage, created by IBM’s groundbreaking 305 RAMAC in 1956 [1],
the first hard disk drive capable of storing 5 megabytes of data on a series of
rotating magnetic platters. The advent of hard disk drives (HDDs) marked an
essential moment in data storage history, still offering the cheapest and the most
reliable way to store information. The rise of the semiconductor industry in the
second half of the 20th century further transformed the landscape. Advances in
materials science, such as the development of silicon-based technologies, enabled
the creation of smaller, faster, and more energy-efficient devices. This progress
not only improved storage systems but also accelerated innovations in computa-
tion, forming the basis for modern data processing infrastructure. Concurrently,
flash memory and solid-state drives (SSDs) emerged. SSDs quickly gained promi-
nence in portable devices and high-performance computing applications, although
magnetic storage remained dominant in enterprise and cloud systems due to its
superior cost-to-capacity ratio.

Today, the exponential growth of information is driven by the convergence
of technologies such as Al, big data, and blockchain. AI algorithms, particularly
those in machine learning and deep learning, require colossal datasets for training
and optimization [4, 5]. This need has led to the creation of data centers hous-
ing petabytes of information, much of it stored on magnetic drives optimized for
large-scale, sequential access. Big data analytics, spanning industries from finance
to healthcare, relies on similar infrastructures to process vast quantities of struc-
tured and unstructured data. Blockchain technology, with its decentralized and
immutable ledger, introduces new challenges, as every transaction must be stored
redundantly across distributed networks, further amplifying storage requirements.
The sheer volume of data generated is astonishing. In 2025 alone, global data
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Figure 1.1: The volume of data/information created, captured, copied, and
consumed worldwide from 2010 to 2024, with forecasts from 2025 to 2028
(in zettabytes) [2].

creation was estimated to exceed 180 zettabytes (1 zettabyte = 10%! bytes!), with
projections indicating continued exponential growth (see Figure 1.1) [2]. This del-
uge has strained existing storage technologies, exposing limitations in speed, scal-
ability, and energy efficiency. Conventional magnetic switching processes, which
achieve rates of approximately one bit per nanosecond, are insufficient to meet the
demands of terahertz-scale data transmission in optical networks, which can ap-
proach rates of 100 terabytes per second [5]. Efforts to overcome these limitations
fueled interest in fundamental studies of spin dynamics triggered in magnets by
sub-nanosecond stimuli. Eventually this research direction led to the foundation
of a new research field — ultrafast magnetism — which was started by the seminal
paper of E. Beaurepaire et al. [6], followed by the discovery of ultrafast All-Optical
Switching (AOS) [7] and other mechanisms for writing magnetic bits with femto-
or picosecond laser pulses [8]. As for now, AOS reverses magnetic states up to fifty
times faster than traditional methods while achieving energy efficiencies millions
of times greater [3, 9]. An example of AOS from Ref. [3] is shown in Figure 1.2.
From the figure, one realizes the greatest disadvantage of AOS. Due to the diffrac-
tion limit of light, which restricts laser focusing to areas no smaller than hundreds
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Figure 1.2: All-optical toggle switching of magnetization in Co-substituted
iron garnet from Ref. [3]. (a) Magnetic domain pattern, where initially the
magnetization can be either in the [11-1] state (black domain) or in the [1-
11] state (white domain). Schematic illustration of the magnetic switching
between [11-1] and [1-11] in iron garnet (right panel). (b) Magneto-optical
images of Co-substituted yttrium iron garnet (YIG:Co) after illumination
with a series of pump pulses (c¢) Differential magneto-optical images ob-
tained as the difference between the images after the n-th and (n-1)-th
pump pulses. The images reveal the toggle switching. (d) Changes of the
Faraday rotation in the black domain upon excitation by a sequence of laser
pulses. Every single pulse changes the magneto-optical effect, suggesting
that the magnetization is toggled between two stable bit states. Scale bar
for all images is 30 pm.

of nanometers [10, 11] presents a significant barrier to implementing AOS at the
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Figure 1.3: Electric-field domain-wall control with a 5 pm tip of a scanning
probe microscope: the left figure corresponds to the initial domain struc-
ture; the central photograph shows the distortion of the domain structure
in the electric field of the tip electrode; the right picture is the result of the
image subtraction of the two photographs [13].

nanoscale, where modern magnetic storage devices already achieve bit sizes well
below 100 nanometers [12].

In parallel, alternative methods have been explored for high-resolution data
manipulation. One promising avenue lies in the magnetoelectric effect, a phe-
nomenon in which electric fields directly influence magnetic order [14-18]. Unlike
optical methods, which are constrained by the wavelength of light, magnetoelectric
coupling enables precise control of magnetic states at nanometer scales [8, 19, 20].
By leveraging electric fields instead of lasers, spatial resolution becomes defined
by the size of the electrodes used to apply the field [8], providing a scalable solu-
tion for nanoscale data writing. For instance, one can exploit the inhomogeneous
magneto-electric effect by positioning the sharp tip of a scanning-probe micro-
scope just nanometers above a magnetic film. The tip’s highly localized electric
field then reconfigures the micromagnetic structure, e.g., magnetic domain walls
displacement, as illustrated in Figure 1.3 [13], potentially enabling controlled,
energy-efficient writing of magnetic bits at the nanoscale. Without charge cur-
rent, there is negligible Joule heating, and nearly all input energy drives the local
magnetoelectric switch. For a bit volume of V = 20 x 20 x 10 nm? in iron garnet
under a field E ~ 100 MV /m [13, 20], the switching energy can be estimated using
the formula for the electric field energy in a dielectric medium [21]:

U=1ieye, E*V, (1.1)

using &, ~ 12.5 for yttrium iron garnet [22], the required energy to switch one bit
will be about ~ 2.2 aJ. This is more than 10° times lower than in conventional
SSDs and HDDs [23, 24]. Since ultrafast AOS alone requires ~ 26 aJ for similarly
sized bits [9], the localized electric-field assistance could make it even more energy
efficient. Moreover, a nanoscale tip confines the field to one bit, leaving neighbors
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unaffected.

This intersection of magnetic, optical, and electric technologies highlights a
general trend in the development of new physical principles for data storage, where
integration of mechanisms allows principles to maintain continuous improvement
of data storage. Heat-Assisted Magnetic Recording is the most recent example of
the success of such an approach [25].

This thesis is inspired by the idea to merge ultrafast magnetism, which enables
picosecond writing of magnetic bits, with magnetoelectric effects that allow the
writing of bits at the nanoscale. In this chapter, we briefly review the theoretical
foundations of magnetism and magnetoelectric phenomena, as well as theoreti-
cal models allowing us to describe light-matter interaction and ultrafast optical
control of magnetism.

1.2 Magnetism

Magnetic phenomena form a fundamental pillar of condensed matter physics,
emerging from the quantum interactions among atomic magnetic moments. Their
impact spans foundational principles and transformative technologies, with mag-
netic materials playing key roles in data storage, sensing, and energy conversion.
Beyond these applications, magnetic phenomena encompass diverse ordering types
and dynamic processes that continually expand our understanding of material be-
havior. The primary magnetic orders, ferromagnetism, ferrimagnetism, and anti-
ferromagnetism, discussed in detail later, are defined by the spatial arrangement
and interactions of magnetic moments. Moreover, the interplay between magnetic
and electric properties in materials with magnetoelectric coupling offers novel av-
enues for controlling magnetization.

1.2.1 Magnetism fundamentals

In classical electrodynamics, the circular motion of a charged particle naturally
produces a magnetic dipole moment, analogous to a miniature bar magnet. For a
localized current density, j(r), confined within a volume V', the overall magnetic
moment is given by

u:§/V|rxj<r>\dv. (1.2)

When one considers an electron as a classical charged particle with charge e, mass
me, and velocity v that moves in a circular orbit, its contribution to the magnetic
moment is directly linked to its orbital angular momentum as

M= %Z ei(r; X v;) (1.3)

B
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The orbital angular momentum is defined by L = m, (r x v), so that the corre-
sponding orbital magnetic moment is given by

e

Brp =— (1.4)

2me,

Here, the negative sign reflects the negative charge of the electron.

Beyond the orbital motion, electrons possess an intrinsic angular momentum
called spin, S. Quantum mechanically, the Dirac equation shows that the spin
generates its own magnetic moment:

e

Me
The total magnetic moment of an electron is the sum of these two contributions:

e

=— L+28 1.6
p= g (L+25), (16)
indicating that, per unit of angular momentum, the spin contribution is twice as
effective as the orbital one.

It is standard practice to express the magnetic moment in terms of the reduced

Planck constant 7 and the Bohr magneton, defined as

_eh
T 2m,

HB (1.7)

Thus, the total magnetic moment can be expressed as

. (L*,'fs) | (1)

Such description combining both orbital and spin contributions, forms the basis
for understanding magnetic properties from the microscopic to the macroscopic
level.

1.2.2 Types of magnetic ordering

Magnetic ordering encompasses diverse phenomena, from the parallel alignment
in ferromagnetism to the more complex interactions in ferrimagnetism and anti-
ferromagnetism. Each type offers unique properties and applications, serving as
the foundation for advanced technologies. The following sections explore these
magnetic states.
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o b1V

Figure 1.4: Three types of magnetic order, a) ferromagnetic, b) antiferro-
magnetic, c¢) ferrimagnetic ordering.

a) Ferromagnetism

Ferromagnetism is the most familiar type of magnetic ordering, found in materials
such as iron, cobalt, and nickel. In ferromagnetic materials, atomic magnetic
moments align parallel to each other, resulting in a net macroscopic magnetization
even in the absence of an external magnetic field (Figure 1.4a) [26]. This alignment
arises due to the exchange interaction, a quantum mechanical effect that minimizes
the system’s energy when moments are parallel. The exchange interaction in
ferromagnets is described by the Heisenberg Hamiltonian:

H=-Y J;Si8; (1.9)
i

where J;; is the exchange integral, and S; and S; are the spin vectors of neighboring
atoms. For ferromagnetic materials, J;; > 0, favoring parallel alignment of spins.
The net magnetization is obtained by summing the contributions of individual
spins:

M=v>"S; (1.10)
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with the gyromagnetic ratio defined as

_ 9s
2m.

(1.11)

Here, g = gg is the spin g-factor, while gy, is the orbital g-factor. As demonstrated
in (1.6) or (1.8), their ratio satisfies gs/gr, = 2.

This spontaneous magnetization persists below the material’s Curie temper-
ature (T¢). Above T, thermal fluctuations overcome the exchange interaction,
and the material transitions to a paramagnetic state.

In modern magnetism, however, ferromagnets are rarely described in terms of
quantum mechanical spins. Assuming that the exchange interaction is infinitely
strong, one can make a transition from individual spins to a macrospin - the net
magnetization. This transition forms, in fact, the cornerstone of the thermody-
namic approach for the description of magnetic phenomena [27]. Magnets, in this
approach, are described in terms of thermodynamic potentials whose terms are
expressed in terms of the net magnetization.

For a ferromagnetic thin film with uniaxial perpendicular anisotropy and an ex-
ternal magnetic field applied in the plane (i.e., perpendicular to the easy axis), the
simplest thermodynamic potential, including exchange interaction, can be written
as

1
F = A(V0)? + K, sin?0 — ugM H sin 0 + §MOM§ cos? 6, (1.12)

where A is the exchange constant, K, is the uniaxial anisotropy constant (with
the anisotropy field given by Hgpn; = [2Kani/Msle,, and in our case Kqpn; = Ky,),
0 is the angle between the net magnetization M and the easy axis, M is the
saturation magnetization, H is the external magnetic field (applied in-plane, i.e.,
perpendicular to the easy axis), and pg is the vacuum permeability.

This potential captures the competition between the anisotropy energy, which
favors alignment of M along the easy axis, and the Zeeman energy, which favors
alignment with the applied field. The strong and stable magnetization of ferromag-
netic materials makes them indispensable in numerous applications, for example,
in magnetic data storage devices like hard drives and magnetic tapes, where bits
are encoded as magnetized regions [28-30].

As the essence of the net magnetization is angular momentum, spin dynam-
ics in the ferromagnet is described employing the law of conservation of angular
momentum [31, 32].

dM «
- MxH
dt Y X eff+MS

In this equation, the first term on the right-hand side represents the precessional
motion of the magnetization M around the effective magnetic field Heg, with the
gyromagnetic ratio v governing the precession frequency. The second term, which

M x (M x Heg) , (1.13)
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contains the damping parameter « and the saturation magnetization M, accounts
for the dissipation of energy, ultimately aligning M with Heg. This formulation,
derived purely from symmetry considerations, captures the essential dynamics of
spin systems in ferromagnetic materials. The effective magnetic field Heg, in
this approach, is defined as the derivative of the thermodynamic potential with
respect to the magnetization Heg = i@]-" /OM . The equilibrium orientation of the
magnetization is defined by minima of the thermodynamic potential, 0F /OM = 0.

b) Antiferromagnetism

Antiferromagnetism is a type of magnetic ordering characterized by the antipar-
allel alignment of neighboring magnetic moments (Figure 1.4b), resulting in no
net macroscopic magnetization. Discovered in the early 20th century [33], anti-
ferromagnetism has since been recognized as a fundamental magnetic state with
unique physical properties and applications distinct from those of ferromagnetic
and ferrimagnetic materials. In antiferromagnetic materials, the exchange inter-
action between neighboring spins is negative (J;; < 0), favoring antiparallel align-
ment [26, 34]. This interaction minimizes the system’s energy by aligning spins in
opposite directions, canceling the net magnetization. Therefore, in order to employ
a thermodynamic description of antiferromagnetism and spin dynamics in antifer-
romagnets, in particular, it is suggested to introduce another order parameter — the
antiferromagnetic Néel vector L. In the simplest case, an antiferromagnet is mod-
eled as two antiferromagnetically coupled ferromagnets with magnetization M
and Mg, respectively. As My = —Mg, the Néel vector, defined as L = My — Mg,
is not zero, while the net magnetization is absent M = M + Mg = 0.

Antiferromagnetic materials exhibit a critical temperature, known as the Néel
temperature (T ), below which the antiparallel spin arrangement is maintained
L # 0. Above Ty, thermal agitation disrupts the ordering, and the material
transitions to a paramagnetic state with L = 0.

c) Ferrimagnetism

Ferrimagnetism is a type of magnetic ordering characterized by the antiparallel
alignment of magnetic moments in a material’s sublattices, where the magnitudes
of these moments are unequal, resulting in a net macroscopic magnetization (Fig-
ure 1.4c) [26]. Ferrimagnetic materials combine aspects of both ferromagnetism
and antiferromagnetism, making them distinct and versatile in their magnetic
properties. The simplest model of two antiferromagnetically coupled ferromagnets
with magnetizations M 4 and Mg, as in the case of pure antiferromagnet described
above, can also be applied to ferrimagnets. In this case, Mx + Mg # 0.

The magnetic behavior of ferrimagnets is strongly temperature-dependent,
with two critical temperatures:
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1. Curie Temperature (T¢): Above this temperature, thermal agitation dis-
rupts the ordered alignment of moments, and the material becomes param-
agnetic.

2. Compensation Temperature (T,omp): In some ferrimagnets, there exists a
temperature at which the magnetizations of the sublattices are exactly equal
and opposite, resulting in zero net magnetization.

While ferrimagnetism shares similarities with both ferromagnetism and an-
tiferromagnetism, it is distinct in its net magnetization resulting from unequal
opposing moments. Unlike antiferromagnets, which exhibit no macroscopic mag-
netization, ferrimagnets can be magnetized, and their properties are more easily
tunable than those of simple ferromagnets. Far from the compensation temper-
ature, ferrimagnets can be described as ferromagnets with a net magnetization
My + Mg.

1.2.3 Magneto-electric effects

The phenomenon of magnetoelectric (ME) coupling, where magnetic and electric
properties influence one another, has intrigued scientists for over a century. The
concept was first hinted at by Pierre Curie in 1894, who suggested the symmetry
constraints required for such coupling in materials [35]. However, it was not until
the mid-20th century that these effects were formally predicted by Dzyaloshinskii
in 1959 [36] and subsequently observed experimentally by Astrov in CryOgs [37].
This groundbreaking discovery laid the foundation for a new field of study, merging
magnetism and electricity into a unified framework. Early research on magneto-
electricity was largely driven by the pursuit of fundamental physical principles;
however, practical applications were initially limited by the intrinsic weakness of
the ME coupling in naturally occurring materials. The resurgence of interest in
magnetoelectricity in the late 20th century was fueled by advancements in material
science and nanotechnology. The discovery of multiferroics, materials exhibiting
simultaneous ferroelectricity and magnetism, opened new pathways for realizing
stronger ME coupling. Composite materials, combining ferroelectric and mag-
netic phases, further expanded the possibilities by leveraging interfacial strain and
charge effects to enhance coupling efficiency.

a) Linear magnetoelectric effect

The linear ME effect is one of the most important phenomena in the field of mag-
netoelectricity, representing the simplest and most fundamental form of coupling
between electric and magnetic fields in a material. It describes a linear relationship
where an applied electric field induces a magnetization, or an applied magnetic field
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generates an electric polarization. This coupling can be expressed mathematically
as:

Pi = Otini and Mi = aijEj (1.14)

where P; is the electric polarization, H; is the magnetic field, M; is the magneti-
zation, I; is the electric field, and «;; is the linear magnetoelectric tensor. The
indices ¢ and j denote the Cartesian components, and the tensor a;; determines
the strength and symmetry of the coupling.

The occurrence of the linear ME effect is governed by the symmetry properties
of the material. A material must break both inversion symmetry (to permit elec-
tric polarization) and time-reversal symmetry (to allow magnetization) to exhibit
this effect [38]. As a result, the magnetoelectric tensor a;; is highly anisotropic
and constrained by the symmetry group of the studied material. For example,
Cr203 exhibits a diagonal o;; tensor with nonzero components along the principal
axes due to its antiferromagnetic structure and specific crystal symmetry. Other
materials, such as rare-earth orthoferrites (e.g., DyFeOgs [39]) and rare-earth iron
garnets (e.g., yttrium iron garnet [40]), have also demonstrated linear ME coupling.
The linear ME effect is described thermodynamically by adding a cross-term to
the free energy:

1
F=Fy—PE;,— pM;H; — §aijEiHj, (1.15)

where Fj is the unperturbed free energy. The last term, a;;, captures the coupling
between electric and magnetic fields. For every particular case, polarization and
magnetization of a magnetoelectric material can be found by minimization of this
free energy. Once the potential is minimized, polarization and magnetization can
be found from the relationships P; = —9F/JF; and pugM; = —0F /0H;, recovering
the linear expressions for P; and M;.

b) Quadratic magnetoelectric effect

In addition to the linear ME effect, some materials exhibit a quadratic response,
where the induced polarization or magnetization depends on the square of the
applied field [18, 41-44]. Unlike the linear case, described by the first-order tensor
ajj, the quadratic effect involves higher-order contributions. For example, the
induced polarization may include a term

P = B, H, Hy, (1.16)
and similarly, the induced magnetization can be written as

M =~ B, By, (1.17)
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where 35, and 7, are third-rank tensors characterizing the quadratic coupling
[41, 42]. This quadratic dependence implies that even in systems where the lin-
ear ME effect is symmetry-forbidden, a nonzero ME response can emerge from
quadratic interactions. This is particularly important in high-symmetry materi-
als or in those engineered to enhance second-order responses, offering alternative
routes for controlling magnetic states via electric fields.

The quadratic ME effect can be incorporated into the thermodynamic potential
by extending the free energy expansion to include quadratic field terms. In one
approach, the free energy is expressed as

1 1
F=Fo— PE; — uoM; H; — §OéijEiHj - iﬂijkEz‘Hija (1.18)

or, alternatively, if the quadratic coupling involves two electric fields under a mag-
netic field,

1 1
F = .7:0 - -PzEz - ﬂoMZHZ - §aijE¢Hj — ifyijkEiEijv (119)

Minimizing the free energy with respect to F; and H; yields additional contribu-
tions to the induced polarization and magnetization P; = —0F /OE; = Pi(linear) +
+BijkH;Hy, and M; = —0F J0H; = Mi(li“ear) + 3%k E;j E. These quadratic terms
represent the nonlinear response of the material and provide a thermodynamic
framework for understanding and quantifying the quadratic ME effect.

¢) Inhomogeneous magneto-electric effect

Among ME phenomena, the inhomogeneous magnetoelectric (IME) effect stands
out as particularly captivating; it was theoretically predicted by Baryakhrtar in
1983 [45] and later experimentally observed in 2007 [46].

The IME effect refers to the coupling between electric polarization and the
spatial gradients of the magnetization [47]. This interaction is analogous to the
flexoelectric effect [48] in dielectrics, where a strain gradient induces polarization,
but here the role of the strain gradient is played by a nonuniform magnetic order.

In magnetically ordered media with spatially modulated spin structures (such
as cycloids), the local breaking of inversion symmetry allows an electric polariza-
tion to be induced directly by the magnetic structure. In the isotropic case, the
IME energy can be expressed as

Finhve = 7P - (m(V-m)+m x (V xm)), (1.20)

where - is the flexo-magnetoelectric coupling constant and m is the unit magneti-
zation vector. For crystals with a high symmetry axis (e.g., tetragonal or hexagonal
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Figure 1.5: Spatially modulated spin structures in magnetic media. (a)
Spin helicoid: the magnetization vector m (green arrows) rotates around
the propagation vector k, yielding no net polarization (P = 0). The rota-
tion takes place in planes parallel to the yz-plane, marked by grey circles.
(b) Spin cycloid: m (green arrows) rotates within the plane defined by k.
Moving along k, the orientation of m changes continuously, forming a cy-
cloidal profile and generating a net polarization P o k x €2, where €2 is the
normal to the rotation plane (see Eq. 1.25) [47].

systems) with the z-axis as the principal direction, the invariant is often simplified
to

(1.21)

omy om,
Finh.ME = ’sz <mz > .

or MM ox

Using the expression from (1.21) and representing the magnetization unit vec-
tor in spherical coordinates, we write

m = (sinf cos ¢, sinfsin ¢, cos ). (1.22)

The IME free energy is then given by

00
inh. - Pz77 1.2
Finh.ME = 7 ¢ (1.23)

where ¢ is the coordinate along the modulation direction. Alternatively, the free
energy can be expressed as

F=~P-(kxQ), (1.24)
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with k representing the wave vector of the spatially modulated spin structure
and €2 the normal to the plane of magnetization rotation. In spatially modulated
structures, the electric polarization is determined by the cross product of k and
Q [49):

OFinh ME

szaT:’}/XekXQ, (125)

where x. denotes the electric polarizability. This expression implies that for a
helicoid (see Figure 1.5a), where the normal € does not define a unique polar
direction, the net electric polarization vanishes. In contrast, the polarization is
maximized for a spin cycloid (see Figure 1.5b), and reversing the direction of
magnetization rotation (2 — —€2) reverses the polarization (P — —P).

Thus, the IME provides a mechanism whereby nonuniform spin structures
directly induce an electric polarization. This coupling not only enriches the phe-
nomenology of multiferroics but also opens new avenues for electric-field control
of magnetic textures that we discuss in the following chapters, paving the way for
innovative applications in information storage and spintronics.

1.3 Ultrafast control over magnetization

Ultrafast magnetism is a rapidly evolving field at the interface of condensed matter
physics and laser—matter interactions, focusing on manipulating magnetic proper-
ties on femtosecond (1071° s) to picosecond (10712 s) timescales. Ultrashort laser-
induced heating can cause an ultrafast demagnetization [6] or an ultrafast change
of magnetic anisotropy [50]. Polarized light can affect the magnetization as an ef-
fective magnetic field via the inverse Faraday effect [51] or inverse Cotton-Mouton
effect [52]. Pumping specific electronic transitions can also affect interactions ex-
perienced by spins of ions in magnets [53, 54], change magnetic anisotropy [55], and
even activate magnetoelectricity [56]. Ultrafast laser excitation can even trigger a
switching of magnetization between stable states and thus write magnetic infor-
mation [7]. Various mechanisms of magnetic writing with the help of light have so
far been demonstrated, but the heat-assisted precessional mechanism seems to be
the most universal of them and could be realized in a large class of metallic [7],
semiconducting [57] or dielectric ferro- [58] and ferrimagnets [59, 60].

In this approach, a focused ultrashort laser pulse delivers a controlled thermal
load to a dielectric magnetic medium, transiently modifying its magnetocrystalline
anisotropy due to temperature changes. The laser pulse raises the material tem-
perature to near (or even above) a threshold at which the anisotropy field H,pn; (T')
is significantly reduced, while the magnetization M (T') remains relatively stable.
For example, in the iron garnet studied in Ref. [59], raising the temperature from
300 K to 330 K reduces Hgy; by roughly 45%, while M decreases by only about
10% (see Figure 1.6). This pronounced difference in thermal sensitivity creates
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a transient effective torque on the magnetization vector when an in-plane bias
magnetic field Hp is applied.

Figure 1.6: (a) Static temperature dependence of the out-of-plane mag-
netocrystalline anisotropy field H,,; and magnetization M for bismuth-
substituted yttrium iron garnet. (b) In the ground state, M aligns parallel
to the effective magnetic field — a combination of H,,; and the in-plane
bias field Hp. (c¢) A thermal load transiently reduces the anisotropy field
to H! ., triggering large-amplitude precession of M about a new effective
field primarily determined by Hp. (d) After thermal dissipation and pre-
cession, H,y; recovers, stabilizing the switched magnetization state [59].

Experimental pump—probe measurements corroborate this mechanism: when
the laser fluence is sufficiently high to transiently quench the anisotropy field, the
magnetization reverses deterministically-independent of the optical polarization
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state of the pulse. These observations confirm that the ultrafast thermal mod-
ification of the anisotropy field alone can drive magnetization reversal, thereby
paving the way for heat-assisted magnetic recording in dielectric media.

This heat-assisted precessional mechanism, enabled solely by the thermal en-
ergy delivered by ultrashort optical pulses, offers a promising pathway to sub-
nanosecond /picosecond switching [9, 61] — an essential requirement for next-generation
spintronic and magnetic memory devices. This switching speed is about three or-
ders of magnitude faster than information writing in conventional data storage
devices working at nanosecond timescales. The obvious drawback of the optical
control of magnetism is the spatial resolution of the technique, which is limited by
the size of the focused laser beam and thus cannot be much smaller than the laser
wavelength. Aiming to combine the advantages of the nanoscalable electric field
control of magnetization via the magneto-electric effect and the ultrafast writ-
ing with the help of light, it is interesting to explore peculiarities of light-matter
interaction in magneto-electric materials. This is exactly the focus of this thesis.
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1.4 Scope of the thesis

This thesis investigates ultrafast magnetism and magnetoelectric phenomena in
complex oxide materials using advanced optical, electrical, and magneto-optical
techniques. The goal of this work is to explore novel pathways for controlling spin
dynamics and magnetic states on ultrafast timescales, with potential applications
in energy-efficient spintronic and magnetic memory devices. In particular, the
work focuses on:

e Experimental Methodologies: (Chapter 2) A comprehensive suite of
techniques is developed and applied, including optical pump—probe spec-
troscopy, spatially resolved magneto—optical imaging, electrical gating, and
second harmonic generation. These methods enable probing of ultrafast
lattice and spin dynamics as well as magnetoelectric interactions with fem-
tosecond to picosecond resolution.

e Inhomogeneous Spin Dynamics in Iron Garnets: (Chapter 3) Using
ultrafast imaging, the work reveals strongly inhomogeneous spin dynamics in
epitaxial films of iron garnet excited by laser pulses with Gaussian intensity
profiles. This study highlights how local variations in thermal load and
anisotropy lead to complex spatial patterns in magnetization, a phenomenon
that could be overlooked in conventional pump-probe experiments.

e Electrical Control of Ultrafast Spin Dynamics: (Chapter 4) The chap-
ter demonstrates that an externally applied electric field can significantly
modulate the efficiency of light—spin coupling in magnetoelectric iron garnet
at room temperature. By integrating electrical gating with ultrafast optical
excitation, coherent spin waves are launched and their dynamics controlled
with electric fields orders of magnitude lower than those required in 2D
magnetic semiconductors.

e Electric Field Manipulation of Antiferromagnetic Domain Walls:
(Chapter 5) The study explores electric-field-driven motion of antiferromag-
netic domain walls in CroOg thin films. The experiments reveal that a
localized electric field can attract or repel domain walls via robust linear
magnetoelectric coupling, providing insights into potential low-energy ap-
proaches for controlling magnetic domain structures in antiferromagnets.

e Resonant Optical Excitation in Rare-Earth Perovskites: (Chapter
6) The chapter examines the optical excitation of coherent THz lattice dy-
namics in a complex perovskite (DyFeOs). The material is known for its
record-strong magneto-electric effect [39]. Resonant pumping of f—f elec-
tronic transitions in Dy>* ions is employed to drive Raman-active phonon
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modes selectively, elucidating the coupling between electronic and lattice
degrees of freedom in rare-earth orthoferrites.

e This thesis concludes with a summary of the findings and a discussion of
potential directions for future research.
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Chapter 2

Experimental Methods

This chapter presents an overview of the experimental methods used
to investigate the magnetization and phonon dynamics initiated in me-
dia by ultrashort laser pulses, electric fields, and combinations thereof.
The techniques include optical pump—probe spectroscopy, spatially resolved
magneto-optical imaging of domains in ferro- and ferrimagnets, electrical
gating, and second harmonic generation (SHG) for imaging antiferromag-
netic domains.
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2.1 Introduction

This chapter outlines the experimental setups and methodologies employed to
probe ultrafast dynamics in complex materials. The chapter is organized as follows.
First, we review the fundamentals of light-matter interaction. It is shown how
light can be sensitive to the lattice dynamics in crystals and spin dynamics in
ferro-, ferri-, and antiferromagnets. More particularly, using phenomenological
theory, we show how optical properties depend on the magnetization of a magnet,
leading to the magneto-optical Faraday effect, in particular. We further expand
the topic by showing that even in the case of an antiferromagnet with no net
magnetization, the magnetic order parameter — the antiferomagnetic Néel vector —
can be visualized using nonlinear optical techniques and the method of the Second
Harmonic Generation (SHG), in particular. Finally, we provide the details of the
configurations of the setups used in the experiments.

2.2 Light—matter interaction

Understanding how light interacts with matter is fundamental to modern optics. In
this section, we describe a unified approach that includes both linear and nonlinear
responses of a material.

2.2.1 Linear optical response from a thermodynamic per-
spective

Under the electric dipole and continuous medium approximations, the interaction
of light with matter is dominated by the coupling between the oscillating electric
field and the induced electric dipoles. In the linear optical regime, the specific
thermodynamic potential (i.e., the internal energy per unit volume) in the presence
of light can be written as

1
U= U() + 55() €ij E;Ej, (21)

where Uj is the field-independent energy, o the vacuum permittivity, F; ; the
components of the electric field, and ¢;; the dielectric permittivity tensor.

Since the medium’s response is linear, the dielectric permittivity is obtained
from the second derivative of U with respect to the electric field:

20U

— 2.2
€o aE: (9EJ ( )

Eij =
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For a non-dissipative system, ;; is Hermitian [1] (i.e., &;; = €};), and we can
represent it as a sum of symmetric (s) and antisymmetric (a) matrices:

) el (2.3)

€ij = €4 ij

with

(s) _

(s)
ij = i

;i and ¢

- @ = . (2.4)

ij
The antisymmetric component is responsible for circular birefringence and magneto-
optical effects such as the Faraday rotation [2].

In magnetically ordered materials, the optical response may also depend on
internal magnetic variables. For example, in ferromagnets the antisymmetric part
may depend linearly on the magnetization M [3]:

e (M) =X M+ (2.5)

where XE%) is a phenomenological tensor. In antiferromagnets the Néel vector L
enters the dielectric response quadratically [3]:
e L) = + X\ LiLy+ -+ (2.6)

i ijln

where sﬁ?)
Xz(fl)n is a phenomenological tensor.

The quadratic dependence in antiferromagnets suggests that their optical re-
sponse cannot be fully captured by a linear framework. To probe the inherent
nonlinearities arising from the quadratic dependence on L, higher-order genera-
tion processes, such as second harmonic generation, become essential. We will
discuss these processes and how they can be used, e.g., for antiferromagnetic do-
mains visualization, in detail in the following sections.

is the part of dielectric permittivity that does not depend on M or L,

2.2.2 Second harmonic generation fundamentals

Second harmonic generation (SHG) is a nonlinear optical process where two pho-

tons at a fundamental frequency w are effectively combined within a non-centrosymmetric
medium to produce a photon at twice the frequency (2w). To understand this pro-

cess, one can model the interaction using an ensemble of oscillators with a resonant
frequency wp. In the electric-dipole approximation, the motion of an oscillator un-

der the influence of an electric field E(t) is governed by

d*z

mog +mwiz = qE(t), (2.7)

with the driving field typically expressed as
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E(t) = B(w)e™! + E*(w)e™ ™", (2.8)

Under linear conditions, where the restoring force is simply F(z) = kx (with k =
mw3), the oscillator responds at the same frequency as the excitation. However,
if an anharmonic term is introduced into the potential energy, such as

1
W(z) = ikIZ + gx?’, (2.9)
the equation of motion is modified to
d*x 9 9
m—s + mwiz + nz® = qE(t). (2.10)

The anharmonic coefficient 7 drives a nonlinear response, which, when the system
is excited by a monochromatic wave, results in additional oscillatory components.
Specifically, the nonlinear displacement can be expressed as

T (t) = 2(0) + z(2w)e™!, (2.11)

indicating that, besides the linear response at w, the system also oscillates at 2w.
This behavior manifests itself in the induced nonlinear polarization:

Pu(t) = P(0) + P(2w)e!. (2.12)

Thus, a medium excited at frequency w not only re-emits light at the same fre-
quency but also generates light at 2w.

A thermodynamic approach further clarifies this interaction. The internal
energy of the medium in the presence of light can be expressed as

1
U= UO + §€0€ijE,Zk (w)Ej (UJ) + XijkE;k(2LU)Ej(W)Ek(w)7 (213)

where Uy is the internal energy without light, and x;;i is a polar third-rank ten-
sor representing the nonlinear susceptibility. The nonlinear polarization is then
defined thermodynamically by

ou

This approach shows that SHG arises as a direct consequence of the anhar-
monic response of the medium to an applied electric field. Moreover, in works [4-6],
it has been shown that magnetic order can also be probed by SHG, which arises
from both electric and magnetic dipole polarizations P(2w) and M (2w), respec-
tively, making SHG a highly sensitive probe of local symmetry breaking, particu-
larly useful for imaging antiferromagnetic domains, where such symmetry reduc-
tions are induced by magnetic ordering.
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2.2.3 SHG-based approach of antiferromagnetic order imag-
ing in Cry,03

Figure 2.1: (a) Antiferromagnetic domain pattern of the CraO3 sample vi-
sualized by the technique of SHG. The domains with mutually opposite an-
tiferromagnetic Néel vectors Ly (blue) and L (orange) are marked accord-
ingly. (b) The rhombohedral unit cell of CroO3 (only magnetic Cr®* ions
are shown), illustrating antiferromagnetic domains with opposite spin ar-
rangements and corresponding Néel vectors: <——<—— for Ly, and —<——4—
for L, respectively [7, 8]. The image is taken from Ref. [9].

SHG provides a powerful method for mapping antiferromagnetic domains by
leveraging its sensitivity to symmetry breaking. In centrosymmetric CroO3 above
the Néel temperature (T ), only the magnetic-dipole contribution is allowed:

M(2w) = X Bw)BE(w), (2.15)
Ho
while below T, the antiferromagnetic ordering breaks inversion symmetry, per-
mitting an additional electric-dipole contribution:
P(2w) = eguoXx E(w)E(w)L. (2.16)

Because the Néel vector L reverses under inversion, the SHG intensity using
circularly polarized light (¢ = £1) depends on both L and the polarization state.
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This interference between the magnetic- and electric-dipole contributions can be
described as

m|2
r20) ~ BYa) (P55 4 e - 222 (x5 Lo ), ()
0

where x™ and x¢ are complex tensors (xy = x’' +ix”) [6, 10].

By illuminating the sample with circularly polarized light and recording the
SHG signal (according to 2.17) with a CCD camera, antiferromagnetic domains
can be resolved with high spatial resolution and short exposure times (Figure
2.2.3). This nonlinear optical approach thus offers a direct and efficient means for
visualizing 180° antiferromagnetic domains, revealing subtle differences in domain
orientation through changes in the SHG signal [6, 9, 10].

2.3 Optical pump—probe spectroscopy for ultra-
fast lattice and spin dynamics

Optical pump-probe spectroscopy is a powerful tool for probing ultrafast dynam-
ics in solids, enabling the investigation of transient lattice vibrations and spin
processes on femtosecond to picosecond timescales. By using two laser pulses, one
to initiate non-equilibrium states in the material and another to monitor its relax-
ation, this technique provides a dynamic “movie” of the evolving optical properties.
The following sections describe the ultrafast laser system, pulse characterization,
and the pump—probe methodology employed in our experiments.

2.3.1 Ultrafast laser systems and pulse characterization

The ultrafast laser system is based on a Ti:Sapphire regenerative amplifier that
delivers linearly polarized femtosecond pulses at 1 kHz with a fundamental wave-
length of 800 nm (approximately 1.55 eV) [11, 12]. Pulse width characterization
is performed using a standard autocorrelation technique [13] to ensure the pulse
duration is maintained within the desired range of 40-50 fs. The femtosecond
pulses have a Gaussian spatial shape profile, with the highest intensity at the cen-
ter that tapers off toward the edges. This non-uniform profile leads to spatially
inhomogeneous excitation across the sample. CCD imaging of the focused pump
beam is used to capture the beam profile, and fitting the intensity distribution to
a Gaussian function yields key parameters such as the full width at half maximum
(FWHM) (Figure 2.2). For example, our pump spot in imaging experiments typi-
cally appears elliptical, tilted about 13°, with dimensions along the z- and y-axes
of approximately 119 pm and 23.5 pum, respectively. This information is critical
for correlating local laser fluence with the subsequent magneto-optical response.
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Figure 2.2: The spatial profile of the laser beam at the central wavelength
of 800 nm. Panel (b) displays the CCD image of the laser spot after sub-
tracting the background captured without the laser illumination. Panel
(a) and (c) show the intensity profiles obtained by taking cross-sections of
the image along the x- and the y-axis, respectively. Red and blue solid
lines show Gaussian fits to the corresponding data, where full-width at half
maximum (FWHM) was used as a fit parameter. The estimated FWHMs
are given on the corresponding panels.

An optical parametric amplifier (OPA) is integrated to allow continuous tun-
ing of the pump photon energy between 0.5 and 1.3 eV [14], which is essential for
selectively exciting specific resonant transitions or converting the pulse wavelength
to optimize the generation of nonlinear signals. Because the efficiency of wave-
length conversion in the OPA varies with the output wavelength [14], it is crucial
to account for these differences during power calibration. Moreover, changes in the
optical path due to wavelength conversion also can alter the laser spot size. Such
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variations are critical for wavelength-dependent measurements (e.g., in Chapter 3)
and require additional alignment, calibration, and normalization.

2.3.2 Introduction to the pump—probe technique

The pump—probe technique is a powerful method for studying ultrafast transient
processes in solids [15]. Its underlying principles resemble those used in early
motion photography, where rapid movement was captured as a sequence of still
images. A classic example is Eadweard Muybridge’s 1878 “Horse in Movement,”
which captured the fleeting motion of a galloping horse through successive snap-
shots [16].

In a similar way, a typical pump-probe experiment is designed. Each ultra-
short laser pulse is split into two parts: a more intense pulse is used as a pump,
and a weaker pulse is used as a probe. The pump pulse excites the sample, driving
it into a non-equilibrium state with altered optical properties, while the probe
pulse, delayed by a precisely controlled optical path difference, monitors the ex-
cited dynamics. The time delay between the pump and probe is determined by
the additional path length 6l of the probe, with a delay given by dl/c, where
¢ is the speed of light. For example, a 1 pum difference corresponds to a delay
of approximately 3.3 fs. By systematically varying this delay, one can capture a
“movie” of the evolving optical properties on timescales ranging from femtoseconds
to picoseconds, thus revealing details of electronic and atomic motions.

The flexibility of the pump-probe method allows the probe wavelength to
be chosen from different spectral regions, such as far-infrared [17], optical [18, 19],
ultraviolet [20], or X-ray [21]. This multi-spectral approach provides various sensi-
tivities to spin and orbital degrees of freedom, with even atomic specificity, offering
a comprehensive view of the ultrafast dynamics. Early experiments, for instance
by Knox et al. [22], demonstrated the power of this technique to monitor tran-
sient absorption and elucidate exciton lifetimes in semiconductors. The ultimate
temporal resolution is governed by the pulse duration and the precision of the
delay line, making modern ultrafast lasers and precise mechanical delay systems
essential tools in this field.

The typical scheme of our two-colored pump—probe setup (e.g., used in Chapter
6) is illustrated in Figure 2.3. In our experiments, 800 nm (1.55 eV) pulse generated
by the Ti:Sapphire amplifier is used as the pump, while the probe is provided by
the OPA output, which is tunable from 950 to 2400 nm (0.5-1.3 eV). This two-
color approach permits a collinear geometry, as a bandpass filter can effectively
block the pump light from being detected by the balance detector. By contrast,
one-color pump—probe schemes (e.g., as used in Ref. [23]) require a non-collinear
geometry to avoid pump interference with the probe detection.
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Figure 2.3: A schematic of the time-resolved pump-probe experiment in
which pump-induced rotation A# of the probe polarization plane is tracked
as a function of the pump-probe delay (At) using a Wollaston prism and
balanced Si detector. The pump pulses with tunable pump photon energy
(0.5 — 1.3 eV) are generated using an OPA.

2.4 Magneto-optical imaging of spin dynamics

The pump—probe imaging technique extends the traditional pump—probe method
by capturing both temporal and spatial dynamics. Instead of simply measuring
an averaged signal over the entire sample, pump—probe imaging records high-
resolution images at various delay times. This spatial information enables the
visualization of inhomogeneities, localized excitations, and propagating phenom-
ena, such as spin waves, domain movement, and the formation of micromag-
netic structures, that are often overlooked by conventional photodiode-based tech-
niques [20, 24-27].

2.4.1 Experimental setup for spatially resolved measure-
ments

Ultrafast magneto-optical imaging is performed using a monochrome CCD camera
(Photometrics CoolSNAP HQ). In our pump—probe configuration, an unfocused,
linearly polarized probe beam transmits through the sample, and a Glan—Taylor
polarizer placed between the sample and the CCD camera detects polarization
changes due to the Faraday effect (see Figure 2.4 for the geometry of the experi-
ment). The rotation angle, A#, is given by
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A0 =VBL, (2.18)

where V' is the Verdet constant, B is the magnetic field along the light path, and
L is the effective optical path length. The Faraday effect arises from differences
in the dielectric response (€) to right-handed (o%) and left-handed (o07) circu-
larly polarized light, caused by electronic level splitting in an external field or the
intrinsic magnetization M. To first order, this yields

Af o M. (2.19)

This measurement relies on Malus’ law, which states that the transmitted inten-
sity through the polarizer follows I = Iycos? . Even a small Faraday rotation
thus produces a measurable change in intensity, enabling sensitive detection of
magnetization variations.

2.5 Integration of electric fields with optical mea-
surements

2.5.1 [Electrical gating in ultrafast spin dynamics

Electrical gating is implemented by integrating a robust electrode configuration
with the sample mounting. An epitaxial film of magneto-electric iron garnet,
(BiLu)3(FeGa)s5012, grown on a GdzGasO12 (GGG) substrate with a (110) orien-
tation, is mounted on a plastic holder to avoid short circuits. Two stripe electrodes
are applied using silver paste — one on the top surface and one on the bottom (with
the backside electrode connected to the neutral “0” terminal via a wire). This elec-
trode geometry was also chosen to avoid short circuits. A BeCu non-magnetic tip,
connected to an ORTEC NIM high-voltage power supply (model 456), applies
voltage to the front-side electrode. Although the power supply’s working range is
0-3 kV, it was operated up to 0.5 kV in experiments with iron garnets (and up to
1.15 kV in experiments with CroO3). Voltage control is achieved either manually
or externally via a BNC cable, where a small voltage (0-6 V) is linearly scaled
to produce an output in the range of 0-1.5 kV. The output of the power supply
is routed to a custom-designed controller box, which enables simultaneous appli-
cation and measurement of the high voltage on the sample, providing real-time
feedback. For the mounting geometry of the sample, see Figure 2.5.

For the iron-garnet experiments, the in-plane distance between the electrodes
is 1 mm. This electrodes in such a configuration produce a uniform in-plane electric
field across the pumped area, with a small out-of-plane component. By applying
up to 500 V to the BiLu:IG electrode, an in-plane electric field of approximately
0.5 MV/m is achieved. Electrostatic simulations confirm that this field is both
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Figure 2.4: Scheme of the pump-probe imaging setup. The pump pulse,
with a photon energy of 1.55 eV (800 nm wavelength), is focused into
a small spot on the sample. The probe pulse, with a photon energy of
1.90 eV (650 nm wavelength), is unfocused and propagates through the
delay line. A Glan—Taylor polarizer is mounted behind the sample before
the camera, enabling the detection of the Faraday effect for micromagnetic
structure visualization. For high-voltage experiments, an electric field is
applied using two electrodes (fabricated with silver paste) positioned on
opposite sides of the sample.

oriented in-plane and spatially homogeneous within the pumped area (see Figure
2.6). The sample is oriented so that the electric field lies along the desired in-
plane direction, while an external magnetic field is applied perpendicular to it.
This orthogonal arrangement is essential for probing the coupled dynamics of the
system. With the pump initiating spin dynamics and the probe monitoring the
response, the concurrent application of an electric field allows the capture of time-
resolved changes directly influenced by electrical gating.
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Figure 2.5: Photo of the mounted sample in the imaging setup.
(1) Plastic holder for the sample to avoid short circuits.
(

50 [28]
(7) Screw nut tip holder with a coaxial connection, connected to a high-
voltage power supply output. [29].
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Figure 2.6: Calculated electric field distribution within the iron garnet
film on a GGG substrate (central region between the regions “outside the
sample” and “Top” and “Bottom” electrodes). A voltage of 1 kV was
applied to the top electrode, while the bottom electrode was grounded.
Color represents the magnitude of the electric field in kV/m (see color bar).
Red arrows indicate the direction of the electric field. The calculation was
performed using the actual spatial dimensions of the sample and substrate.

2.5.2 SHG imaging of antiferromagnetic domains under a
locally applied electric field in Cr;03

The SHG setup for CryOg for imaging antiferromagnetic domains includes a Ti:Sapphire
regenerative amplifier providing 40 fs linearly polarized pulses at 1.55 eV (800 nm)
with a 1 kHz repetition rate. The setup is optimized for SHG measurements and
control of antiferromagnetic domains in CroO3. To increase the SHG response,
these pulses are converted to 1.03 eV (approximately 1200 nm) using an OPA,

and a quarter-wave plate adjusts the polarization to circular, enhancing the SHG
signal’s sensitivity to the antiferromagnetic domains [10]. The setup allows us to
apply electric and magnetic fields to the studied sample.

The beam is focused onto a CroO3 single crystal with a (0001) surface orienta-
tion. The generated second harmonic signal, at roughly 600 nm, is separated from
the fundamental with a bandpass filter and imaged with a high-resolution CCD
camera fitted with a micro-objective lens, achieving a spatial resolution of about
0.6 pm.

A BeCu non-magnetic tip [28] (Figure 2.9), connected to a high-voltage source
(ranging from —1.15 kV to +1.15 kV), is used to apply a localized in-plane electric
field with an inhomogeneous distribution (Figure 2.8). The connection scheme is
similar to that presented in Section 2.4.1, except that the BeCu tip now makes
direct contact with the sample.

Simultaneously, a permanent magnet supplies a uniform magnetic field of ap-
proximately 40 mT, oriented normal to the sample plane. This combined electric
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(E) and magnetic (B) field configuration modulates the magnetoelectric coupling
at the sample surface [30] and stabilizes the domain structure, facilitating detailed
studies of domain wall movement. The experimental scheme is shown in Figure
2.7, and Figure 2.9 shows a microscopic image of the tip used to apply an electric
field to the sample.

Figure 2.7: Schematic of the experimental SHG imaging setup. Circularly
polarized probe pulses at 1.03 eV (1200 nm) generate a second harmonic
signal at 600 nm, which is filtered and imaged with a high-resolution CCD
camera. A BeCu non-magnetic tip in direct contact with the sample applies
a localized electric field, while a permanent magnet provides an external
magnetic field B (40 mT). HV indicates the high-voltage source, and “0”
the neutral terminal.
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Figure 2.8: Schematic representation of the inhomogeneous distribution
of the applied electric field in a similar experiment from Ref. [31] (figure
is adapted). The electric field (dashed lines) is generated in the dielectric
region of the sample between (1) the non-magnetic tip and (2) the metal
diaphragm, which serves as the grounded electrode. The maximum field
strength occurs in (3) the surface of the film near the needle tip and rapidly
decreases within the bulk of the (4) substrate, falling near the (2) grounding
electrode. The inset illustrates the magnetization distribution in the film:
(5) an antiferromagnetic domain wall separates (6, 7) two domains with
opposite antiferromagnetic vectors L. (8) The needle contacts the sample
surface close to the domain wall.

2.6 Conclusion

The standard and slightly modified experimental techniques provide a broad selec-
tion of tools to study ultrafast laser-induced dynamics in magnetoelectric media,
writing of magnetic domains with electric field and light, as well as by combina-
tions thereof. The methods can provide access to magnetic dynamics in ferro-,
ferri-, and antiferromagnets. In particular, optical pump—probe spectroscopy pro-
vides femtosecond time resolution for capturing rapid lattice and spin dynamics,
while magneto-optical imaging yields high spatial resolution of the spin dynamics
in ferro- and ferrimagnets, where the net magnetization is not zero. Electrical gat-
ing techniques enable us to leverage magnetoelectricity and thus realize control of
magnetism with the help of electric fields. The nonlinear optical technique of Sec-
ond Harmonic Generation (SHG) is shown to provide a sensitive probe for imaging
antiferromagnetic domains. All these methods form a sufficiently powerful toolbox
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Figure 2.9: Image of the BeCu tip with a 5 pum end, used to apply an
FE-field locally to the sample. The image was captured using an optical
microscope.

for the experimental research targeted in this thesis.
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Chapter 3

Strongly inhomogeneous
spin dynamics induced by
ultrashort laser pulses with
a gradient intensity profile in
magnetoelectric iron garnet

Using ultrafast imaging of an epitaxial film of magnetoelectric iron gar-
net, we show that a femtosecond laser pulse with a Gaussian light intensity
distribution in the beam efficiently excites a strongly inhomogeneous spin
dynamics in the magnet. We argue that the mechanism responsible for ex-
citation is general for the systems with competitive magnetic anisotropies.
Overlooking this effect in pump-probe experiments may result in a dramatic
underestimation of the amplitude of the laser-induced spin dynamics, sug-
gesting that in these experiments the latter is substantially larger than it
has been believed until now.

Adapted from: T.T. Gareev, N.E. Khokhlov, L. Korber, A. V. Kimel, “Strongly inho-
mogeneous spin dynamics induced by ultrashort laser pulses with a gradient intensity
profile”, Physical Review Letters, 135, 156701 (2025).



46 Chapter 3

3.1 Introduction

The field of ultrafast magnetism aims to understand spin dynamics in magnet-
ically ordered media excited by ultrashort (sub-100 ps) stimuli. The ability to
generate and control spin waves in magnetic materials using femtosecond laser
pulses [1-8] opened up exciting opportunities for merging spintronic or magnonic
technologies with photonics [9-14]. As progress in the field of ultrafast magnetism
is predominantly driven by experimental discoveries, the pump-probe technique
has practically become the main tool in this field of research. Here we report that
using ultrafast imaging, we discovered a counterintuitive, and therefore often over-
looked, strongly inhomogeneous spin dynamics. We argue that such a dynamic can
be excited even if the laser beam has a relatively large diameter and a Gaussian
light intensity distribution. In particular, we find that the strongly inhomogeneous
magnetization oscillations on spatial scales much smaller than the pump spot orig-
inate from the different ultrafast dynamics of competing magneto-crystalline and
shape anisotropies.

3.2 Experiment

The sample is an epitaxial 1.72 ym thick film of iron garnet (BiLu)s(FeGa);012,
grown on a Gd;Gas;012 (GGG) substrate with a (110) crystallographic orienta-
tion. The saturation magnetization of the sample is 13.5 kA/m, and its out-of-
plane uniaxial anisotropy has a parameter of 194 J/m. In the experiments, an
external magnetic field B is applied in the sample plane using an electromagnet
(Figure 3.1a). We studied magnetization dynamics launched by femtosecond laser
pulses using a time-resolved pump-probe imaging technique as described in detail
elsewhere [15]. A Ti:Sapphire regenerative amplifier provides linearly polarized
45-fs laser pulses at a photon energy of 1.55eV and a 1 kHz repetition rate. The
initial pulse is divided into pump and probe parts. The pump was focused on the
sample at an incidence angle of 10°, forming an elliptical spot with minor and
major axes of 30 um and 130 pm, respectively. The intensity distribution along
the axes of the ellipse had a Gaussian shape. An optical parametric amplifier
converted the photon energy of the probe pulses to 1.9eV. The linearly polarized
probe is directed through a mechanical delay stage equipped with a retroreflector
to enable time resolution. The probe beam remained unfocused on the sample.
A Glan—Taylor polarizer placed between the sample and a CCD camera enabled
the detection of the out-of-plane magnetization component m, via the magneto-
optical (MO) Faraday effect. The resulting MO images were recorded at different
pump-probe time delays. All experiments were carried out at room temperature.
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Figure 3.1: (a) Schematics of the experimental geometry. GT - Glan-
Taylor polarizer. (b) MO snapshots of the spin dynamics at different time
moments. The contrast scale was adjusted for each snapshot individually.
The colorbar (=AM) indicates the relative deviation of the magnetization
vector with respect to the equilibrium state. The images were obtained at
a magnetic field B = 45 mT.
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3.3 Results and discussion

The used geometry, with non-collinear orientation of B and anisotropy axis, pro-
vides the excitation of magnetization dynamics due to ultrafast reduction of the
magnetocrystalline anisotropy [3, 16]. Here, we measured the excited dynamics in
a standard stroboscopic pump-probe experiment except that the detector was a
camera, not a photodiode or balanced pair of the two. As a result, a clear ring
pattern is detected at the pump-probe delay ¢ = 0.04 ns for a pump fluence of 85
mJ/cm? (Figure 3.1b). In the central area, the intensity of the MO signal is higher,
while at the edges it is lower, indicating that the m,-component has opposite signs
in these areas. At 0.6 ns the contrast is the opposite, and at 0.97 ns the contrast
is reversed again with a brighter central area. This alternating behavior continues
for longer times within the pumped area. Moreover, the number of rings in the
pattern increases progressively up to 3 ns. At the same time, the dynamics stay
within the pumped area and do not propagate outside in the form of spin waves,
as typically observed for tightly focused pumps [17-19].

To analyze the spatial-temporal evolution of the spin dynamics, we plotted the
cross section of the MO snapshots (Figure 3.2a). The resulting spatial-temporal
map demonstrates how the dynamics vary across the pump spot with the gradient
of the laser fluence. It is clearly seen that the phase shift between the central
and outer areas increases over time. To quantify the changes, we extracted the
average intensity from the central area of the spot R; with minor and major axes
of 17 pum and 42 um, respectively, and from the surrounding radial area Ry with
minor and major axes of 33 ym and 75 um, respectively (excluding the R; region).
As a result, the oscillations in Ry and Ry exhibit opposite initial phases from the
very beginning of the dynamics (Figure 3.2b). Importantly, the rings extend over
tens of micrometers within a picosecond, which suggests that the dynamics are not
driven by any propagation of magnons whose group velocities are typically three
orders of magnitude lower [20, 21]. This suggests that the magnetization experi-
ences initial torques acting in mutually opposite directions in different regions of
the pumped area, probably due to the inhomogeneous temperature profile of the
laser pulse.

To explain the initial torque distribution, we modeled the system as an en-
semble of non-interacting macrospins, neglecting any interactions between them,
such as exchange or dipolar coupling. In this approximation, the equilibrium ori-
entation of each macrospin is then determined by minimizing its magnetic energy
density, which is given by

1
F =K,sin?0 + §u0M52 cos? 0 — poM,H sin 6, (3.1)

where 6 is the polar angle of the unit magnetization vector, and K, and M are
temperature-dependent uniaxial anisotropy parameter and saturation magnetiza-
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Figure 3.2: (a) Spatial-temporal evolution of the magneto-optical contrast
in the central cross-section of the laser-excited area. (b) Magnetization
dynamics integrated over the central area of the spot Ry (ellipsis with 17
pm and 42 pm axes), over the edge area Ry (ellipsis with 33 pum and 75
pm axes, excluding Ry), and over the full pumped area Ry + Rs. The laser
fluence is 85 mJ/cm?, and B = 45 mT.
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Figure 3.3: (a) Gaussian pump temperature profile with AT = 65 K (black
line) and corresponding spatial distribution of the laser-induced torque 7 ()
(red line). (b) Gaussian pump temperature profile with AT = 55 K (black
line) and corresponding spatial distribution of 7(x) (red line). (c) Ring
pattern observed at ¢t = 0.04 ns with a laser fluence of 85 mJ/cm? and
B =45 mT. (d) Ring pattern observed at t = 0.04 ns with a laser fluence
of 74 mJ/cm? and B = 45 mT.
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tion, respectively, and H = By is the magnetic field strength (for the geometry of
the model, see Figure 3.1a). Here, we assume that the temperature dependencies
M(T) and K, (T) follow an adapted Akulov—Zener approach [22, 23]:

M,(T) = M,(0) [1 - (TTC>/ (3.2)
Kul(T) = K. (0) [1 - (TTC)B , (33)

where § = 12 following Ref. [24]. Equations (3.1)-(3.3) give the spatial distri-
bution of the initial torque 7 = —9F /96 for the Gaussian intensity profile of the
pump (Figure 3.3a, b). In fact, ring formation occurs if 7 changes the sign (Figure
3.3a). However, a more detailed analysis shows that the rings also appear in the
MO snapshots when 7 does not change sign, but there is a change in sign of its
derivative 97/9T (Figure 3.3b, d). Thus, there should be a threshold value for
pump-induced temperature changes AT for ring formation. Indeed, in the experi-
ment, M, (r) forms a ring if the laser fluence exceeds 60 mJ/cm? (Figure 3.4a), and
this is well reproduced in the simulations (Figure 3.4b). Moreover, the deviation of
the equilibrium angle Af also varies with temperature, and the threshold for ring
formation is also defined by the sign of the derivative 90/9T (Figure 3.4c). This
also means that the gradient of AT is responsible for the inhomogeneous, slow-
varying background in the detected signal (Figure 3.2b). As the model is based on
laser-induced heating as well as different temperature dependencies of the mag-
netization and the magnetic anisotropy constant, which are all quite common in
many pump-probe experiments, we argue that such strongly inhomogeneous spin
dynamics should also be commonly appearing in many pump-probe experiments.

Despite the similarity of the ring-like pattern reported here and the final mag-
netization state after single-pulse magnetization switching observed before [24-26],
our observations reveal a markedly different mechanism at the early stage of the
dynamics. In particular, the ring pattern in Figure 3.1b is formed already within
0.04 ns after laser excitation, and we also see it clearly for the integrated area
results in Figure 3.2b, while in Refs. [24, 26] laser excitation first led to a ho-
mogeneous in sign laser-induced torque, and the rings formed only afterward on
the timescale of a precession period. Thus, our finding shows an additional inho-
mogeneous torque-based mechanism behind the ring-like pattern. We note that
the observed magnetization precession and its switching in Refs. [24, 26] are two
fundamentally different processes: linear and nonlinear. To compare their ampli-
tudes, we used the MO contrast in Figure 3.1b and the value of the static MO
Faraday effect to estimate the amplitude of the local magnetization deviation from
equilibrium. For the case in Figure 3.1b, this amplitude is about 1.5°. In contrast,
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Figure 3.4: Pump fluence dependence. (a) Experimental snapshots of the
spatial distribution of the out-of-plane magnetization component m, for
different pump fluences taken at ¢ = 0.04 ns. (b) Spatial distributions of
the variation of polar angle Af calculated as direct minimization of (3.1)
for different peak values of pump-induced temperature increase AT. (c)
Calculated variation Af versus AT. Ring formation is observed if derivative
00 /0T changes its sign.

the strong anharmonic spin dynamics reported in Ref. [24] implied amplitudes well
above 10°.
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3.4 Conclusion

In conclusion, we show that spin dynamics excited in a typical pump-probe experi-
ment can be strongly inhomogeneous due to the Gaussian temperature distribution
in the laser-excited area and the resulting inhomogeneous initial torque, and this
inhomogeneity takes place on spatial scales much smaller than the pump spot size.
The inhomogeneous torque-based mechanism is also very general and could be ex-
pected in a wide variety of pump-probe experiments on magnetic materials. It
leads to a situation where probing of the whole pumped area gives a decrease in
amplitude of the detected magnetization oscillations with lifetimes smaller than
those observed in the center of the pump. Overlooking this effect in pump-probe
experiments may result in a dramatic underestimation of the spin precession pa-
rameters.
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Chapter 4

Electrically-gated
laser-induced spin dynamics
in magneto-electric iron
garnet at room temperature

Ultrafast pump-probe imaging reveals that the efficiency of optical exci-
tation of coherent spin waves in epitaxial iron garnet films can be effectively
controlled by an external electric field at room temperature. While a fem-
tosecond laser pulse alone does not excite any pronounced coherent spin
oscillations, an electrical gating with the field of 0.5 MV/m dramatically
changes the outcome in a laser-induced launching of spin waves.The effect,
demonstrated under room temperature conditions, is estimated to be or-
ders of magnitude larger than in magnetic van der Waals semiconductors
observed at 10 K. This electrical gating of laser-induced spin dynamics en-
riches opto-magnonics with a new tool and thus opens up a new avenue in
fundamental and applied magnonics research.

Adapted from: T.T. Gareev, N.E. Khokhlov, L. Kérber, A. P. Pyatakov, A. V. Kimel
“Ultrafast electrically-gated laser-induced spin dynamics in magneto-electric iron garnet
at room temperature”, arXiv preprint arXiv:2506.20366 (2025).
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4.1 Introduction

The ability to excite and control spin waves in magnets with the help of light
opens up opportunities for the integration of spintronic or magnonic technologies
with photonics and thus stimulates the development of novel opto-spintronic and
opto-magnonic devices [1]. One of the main challenges in the field is a mismatch
between the length-scales of a targeted device in spintronics or magnonics with
bit sizes on the order of ~100 nm and the telecom wavelength of ~1 pm. For
instance, using light in these technologies for controlling spins would require to
focus light into a spot much smaller than the wavelength of light, which is quite
challenging [2, 3], though in principle achievable, e.g., in HAMR (Heat-Assisted
Magnetic Recording) devices [4] or by using plasmonic antennas [5]. Another
possible approach to overcome this limitation is electric gating of optically induced
spin excitations, which facilitates optical control of spins with spatial resolution
defined by the area of the applied electric field [6]. Finding a material with the
strongest effect of the electric field on light-spin coupling has become one of the
challenges in modern magneto-electric research. Recently, it was argued that 2D
magnetic semiconductors provide an ideal platform for electric manipulation of
magnetization [7] It was shown that at low-temperature conditions (7' = 10 K),
applying an electric field on the order of GV/m can control an optically excited
spin wave. Here, using ultrafast imaging, we show that in an iron garnet epitaxial
film, similar effects can be achieved at room temperature while applying electric
fields 10® times lower.

4.2 Sample and experimental setup

An epitaxial film of iron garnet (BiLu)3(FeGa);012 (BiLu:IG) with a thickness of
1.72 pm was grown on a GdsGazO12 (GGG) substrate with (110)-crystallographic
orientation. The sample’s magnetic parameters are M, = 13.5 kA/m and K, =
194 J/m~1.

In the experiments, an external magnetic field B is applied in the sample
plane with an electromagnet (top inset of Figure 4.1). The sample becomes in a
monodomain state at B = £10 mT (Figure 4.1). To apply the in-plane electric
field E, we placed two stripe electrodes: one on top of the garnet film and the
second on the bottom of the GGG substrate. The electrodes were created with
silver paste and oriented in a way that the applied fields E and B are orthogonal.
The distance between the electrodes is 0.5 mm. Applying a voltage in the range
of 0-500 V, we generated an electric field with a strength up to 0.5 MV /m. In the
model we also consider that because of the electrode mounting geometry, a small
electric field component along the z-axis is present. Its impact is assumed to be
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about two orders of magnitude lower than that along the y-axis. All experiments
are performed at an ambient temperature of 295K.

Magneto-optical static measurements of the Faraday rotation angle ¢ with
E-field reveal changes in the hysteresis loop (bottom inset in Figure 4.1). Upon
application of the field, the hysteresis loop shrinks. The measurements reveal that
the E-field works as an effective magnetic field with in-plane orientation.

To investigate magnetization dynamics, we performed time-resolved pump-
probe imaging experiments [8, 9]. A Ti:Sapphire regenerative amplifier was a
source of linearly polarized 45 fs laser pulses at a photon energy of 1.55eV with
the repetition rate of the pulses of 1 kHz. The pulses are split into two parts —
pump and probe. The most intense pulse was used to pump, and the less intense
pulse was used to probe the spin dynamics. The linearly polarized pump is focused
on the sample at an incidence angle of 10° in an elliptical spot having minor and
major axes of 30 pum and 130 um, respectively. The probe pulse is converted to 1.9
eV with an optical parametric amplifier. Then, the unfocused linearly polarized
probe is used for visualization of magnetization dynamics with a mechanical delay
stage. The Glan-Taylor polarizer is placed behind the sample in front of the CCD
camera, which is used to visualize the changes in the out-of-plane magnetization
component m, via the Faraday effect (for a detailed scheme of the experiment, see
Ref. [9]).
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Figure 4.1: Magneto-optical measurements of Faraday rotation angle
of the probe showing the hysteresis loop without (black curve) and with
an applied electric field to the sample (orange curve). Top left: scheme of
the experiment. Bottom right: The maximum amplitude of the Faraday
rotation angle as a function of the applied electric field. The red curve is a
guideline to the eyes.
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Figure 4.2: (a, b) Time-resolved magneto-optical images of electric field-
controlled laser-induced spin dynamics. The images were captured at dif-
ferent moments in time without (a) and with (b) an applied electric field.
A magnetic field of B = 30mT was applied in all experiments. The laser
fluence was 36 mJ/cm?.

4.3 Results and discussion

In the pump-probe experiments, we capture magneto-optical images at different
moments in time, both without and with an applied E-field, as shown in Figure
4.2a and Figure 4.2b, respectively. No pronounced spin dynamics is observed at
E = 0 (Figure 4.2a): after the initial overlap at 0.04ns, a decrease in magneto-
optical contrast is observed in the pumped area. At 0.81 ns, a change in phase
is clearly observed. At 2.23 ns, the formation of a ring-like pattern is detected.
However, this feature disappeared at 2.27 ns. Finally, at 7.69 ns, no m, dynamics
is detected. In contrast, pronounced oscillations appear when an E-field is applied
(Figure 4.2b): at 0.04 ns, the magneto-optical snapshot closely resembles the
picture at £ = 0. At 0.81 ns, m, changes sign, similar to the case of E = 0,
but with a significantly larger amplitude. At 2.23 ns, the formation of the ring-
like pattern is more pronounced, with the opposite variation of m, in the central
region and at the edges of the area exposed to the laser. At 7.69 ns, multiple
rings are present. To gain more insights into the E-dependent spin dynamics, we
quantify the dynamics of the averaged intensity in the central area of the spot
and plot the deduced numbers as a function of time delay (Figure 4.3). These
data clearly demonstrate that the application of an electric field enables to trigger
magnetization oscillations at 0.6 GHz. At the same time, no pronounced signal is
observed with no electric field, i.e., when F = 0.

To explain the experimental observation of the effect of the E-field on the
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Figure 4.3:  Magnetization dynamics extracted from the time-resolved
magneto-optical images without (black) and with applied electric field E =
0.5 MV /m (orange). A magnetic field was applied in the plane of the sample
(B = 30 mT). The laser fluence was 36 mJ/cm?. Note that the two sets of
traces are offset relative to each other.

spin dynamics we solve the Landau-Lifshitz-Gilbert (LLG) equation [10, 11]. The
geometry of the model is present in Figure 4.1 (top left).
dm 0% ary
—_— = X Beff — ———
dt 1ta2™ S QR
where |m| = 1 is the unit magnetization vector, « is the gyromagnetic ratio, and
« is the (dimensionless) Gilbert damping parameter. The effective field

2v |E|? 2K,
7]\25' (m-ey)m, + M:f(m-ez)mz (4.2)

m x (m x Beg), (4.1)

Beff - Bext e, +
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includes the external magnetic field Beyt, the magnetization saturation My, the
magneto-electric coefficient v, and the effective anisotropy Keg = Kuni — poMs/2,
where the uniaxial perpendicular magnetic anisotropy (K i) is combined with the
shape anisotropy (treated in the local dipole-dipole approximation). The E-field is
introduced as a quadratic ME term in a similar way as in [12]. We assume that the
laser-induced spin dynamics arises from heating by the laser pulse, which changes
the magneto-crystalline anisotropy and the magnetization saturation parameter
according to the Akulov-Zener law [9, 13-15].

For LLG modeling, we select parameters close to the magnetic parameters
of the sample: M (0 K) = 24 kA/m, K,(0 K) = 290 J/m~!, and T = 400 K.
The magnetic parameter 8 = 12 for the adapted Akulov-Zener law [13, 14] was
taken from [15]. The temperature change in the model is set to AT = 20 K. The
magnetoelectric constant was set to v = 5-1071* J/(m-V?), which is of the same
order as the values reported in the literature [12].

We present numerical simulations of the time-resolved magnetization compo-
nent m, under E-fields ranging from 0 to 1.5 MV /m, as shown in Figure 4.4a.
While at zero applied electric field, the oscillations have a very small amplitude; an
increase of the field results in first an increase and then a decrease of the amplitude
with a maximum approaching 1 MV/m. From the comparison of the calculated
magnetization trajectories (Figure 4.4b), it is evident that the oscillation ampli-
tude increases, reaching a maximum with the applied field up to £ =~ 1.07 MV /m
(dark orange curve in Figure 4.4c). In Figure 4.4a, b, we also observe that the
oscillation frequency gradually decreases as the applied electric field increases from
0 to 1 MV/m. Upon reaching a minimum, the frequency starts to increase again
(E =1.15 MV/m). At this point, the equilibrium m, component decreases as the
system approaches saturation (black curve in Figure 4.4c). Beyond this threshold,
further increases in the E-field lead to a rapid collapse of m., causing the spin
dynamics to vanish.

The simulations show good agreement with the experimental results, although
the range of electric fields accessible in the experiments was limited by the con-
straints of the setup [Experiment: Figure 4.1 (bottom right — static), Figure 4.3
(dynamics); Theory: Figure 4.4c (black curve — static), Figure 4.4a (dynamics)].

The modeling parameters differ slightly from the experimental values because the exact
temperature dependence of the magnetic parameters is unknown. Therefore, we use zero-
temperature estimates extrapolated via the adapted Akulov-Zener law [13-15], which
yield values representative for T' ~ 0 K. These values provide a reasonable approximation
for modeling the magnetization dynamics triggered by ultrafast laser heating. Addition-
ally, real materials like iron garnet films often exhibit more complex anisotropy contribu-
tions (e.g., orthorhombic and cubic terms), which are also temperature-dependent, that
are not included in the simplified uniaxial model used here. The chosen parameters cap-
ture the key qualitative features of the magnetization dynamics and allow us to describe
and predict the effect of the electric field on it.
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Figure 4.4: (a) Numerically calculated dynamics of the normal component
of the magnetization m, with and without an applied electric field. The dy-
namics are triggered as a result of ultrafast heating leading to different dy-
namics of magneto-crystalline anisotropy and magnetization, as explained
in Ref. [9]. (b) 3D-trajectory of the magnetization vector M at equilibrium
position under applied electric field (black curve). The E-field was applied
in the range 0 — 1.5 MV /m. Trajectories of the magnetization vector M
after pump excitation under applied electric fields (0 MV /m, 1 MV /m, 1.1
MV/m, and 1.15 MV/m) are shown as spirals on the unit sphere, with
colors ranging from dark gold to gold. Red arrows show the direction of
the changes M under applied electric field in the equilibrium position. (c)
Calculated normal component of the equilibrium magnetization m, (black
curve) and the amplitude of the laser-induced spin oscillations as a function
of applied electric field (dark yellow curve).
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4.4 Conclusion

We demonstrate a mechanism allowing an effective control of the efficiency of
light-spin coupling in magnets. Applying an electric field of the order of MV /m,
we enable an optical excitation of coherent spin waves in an epitaxial film of
iron garnet. Such an electrical gating facilitates a spatial control of optically
excited spin dynamics with a spatial resolution well-below the diffraction limit
when coherent spin waves are excited by light only in the areas where the electric
field is applied. We argue that this effect relies on a universal mechanism, which
must be present in many other materials where electric-field-induced magnetic
anisotropy is strong. The finding practically shows that electric field is a new
degree of freedom for fundamental and applied research in the fields of ultrafast
magnetism, opto-spintronics, and opto-magnonics. We demonstrate that electric-
field control in iron garnets is substantially more efficient and flexible than in 2D
van der Waals magnets and similar systems [7]. In contrast, achieving comparable
effects in CroGesTeg requires electric fields several orders of magnitude higher and
cryogenic conditions (T" = 10 K) [7].

In addition, apart from the dominant quadratic response, engineered asym-
metry in iron garnets may yield a linear ME contribution [16, 17], while naturally
occurring inhomogeneous ME effects could be exploited [18-20]. These effects
open new possibilities for enhancing electric control of spin dynamics in magnetic
materials with magnetoelectric properties, making them promising systems for
continued study of magnetoelectric phenomena and laser-induced spin dynamics.
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Chapter 5

Electric field control of an
antlferromagnetlc domain

wall in Cro0O5

In this chapter we investigate the electric-field-driven motion of antifer-
romagnetic domain walls in thin CroO3 films. By positioning a localized tip
within a single domain, we observe that applying electric fields of opposite
polarities attracts or repels the domain wall, respectively. This behavior,
significantly stronger than similar effects in yttrium iron garnet, demon-
strates the robust magneto-electric coupling in CroO3. Measurements of
the magneto-electric response at various temperatures reveal domain-wall
hysteresis loops, providing insights into the dynamics and control mech-
anisms of antiferromagnetic domain walls for energy-efficient spintronics
applications.
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5.1 Introduction

Magnetoelectric (ME) materials, where magnetization can be induced by applying
an electric field or an electric voltage can be generated by an applied magnetic field,
are pivotal in the advancement of low-energy spintronic devices and information
storage technologies. This coupling between magnetism and electricity in media
allows, in particular, nanoscale control of magnetic domains and topological spin
textures [1, 2].

Antiferromagnetic (AFM) materials, particularly those exhibiting the ME ef-
fect, are of significant interest due to their potential for ultrafast spin dynamics
and rapid domain wall (DW) motion. Developing methods to control and detect
domain patterns in AFMs and eventually learn how to build an AFM memory has
been among the main topics in the booming field of AFM spintronics [3, 4].

Chromium(III) oxide (Cre03) is a prototypical ME AFM with a Néel tem-
perature Ty = 307.6 K [5]. Its crystal structure belongs to the R3c space group,
featuring spins aligned along the c-axis. The linear ME effect in CroOg was first
predicted by Dzyaloshinskii [6] and experimentally confirmed by Astrov [5]. Re-
cent advancements have demonstrated the ability to control AFM domains in
Cr203 thin films using electric fields [7]. This control is achieved through the
ME effect, where an applied electric field induces a magnetic response, leading to
DW motion. Such manipulation is crucial for developing AFM spintronic devices,
where information is recorded by applying electric fields [8, 9]. Despite decades of
fundamental studies of magnetoelectricity in CrsQOg, the regimes allowing writing
information on the AFM by applying an electric field have not been discussed yet.

In this chapter, we investigate the ME response of AFM DWs in CryO3. By
applying electric fields via a localized tip, we observed either attraction or repulsion
of DWs, demonstrating a robust ME coupling. Tuning the temperature of the
AFM, we have found a regime allowing us to write AFM bits with an electric field.
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5.2 Sample and experimental setup

We used a single crystal of CroO3 commercially available from MaTecK with a
(0001) surface orientation. The crystal has dimensions 5x5x0.5 mm?. The (0001)
surfaces of the crystal were polished with roughness < 0.01 gm. The sample was in
DC electric E- and magnetic B-fields, applied with a tip and permanent magnet,
respectively (for details, see Chapter 2, Experimental Methods). A B-field of
magnitude 40 mT is applied along the normal to the sample plane. An E-field is
applied with a BeCu non-magnetic tip, wired to a high-voltage (HV) source with
an output voltage U in the range of —1.15 kV to +1.15 kV. The sample is glued
onto a copper plate with a 2 mm hole in the center using silver paste. The plate
is connected to the neutral terminal of the HV source and placed on the heater to
tune the sample’s temperature 7' in the range from 298 K to 306.5 K.

The AFM domain structure of CryOgs is visualized using the Second Har-
monic Generation (SHG) technique, following the method as described by Fiebig
et al. [10, 11] and in Chapter 2. The pulse spot on the sample has a diameter of
about 1 mm. The second harmonic of the probe generated on the sample surface
passes the band-pass filter and is captured by a CCD camera with a micro-objective
lens. As a result, the AFM domains are visualized with a spatial resolution of 0.6
pm [Figure 5.1(a, b)]. We found the sample in a stable two-domain state with a
single DW at room temperature.

The hysteresis loop measurement protocol is the following:

1. The high voltage is set to +1150 V, ensuring that the DW is attached to
the tip at 298 K.

2. The voltage is lowered to 0 V and the polarity of the HV source is reversed.
3. The voltage is swept from -50 V to -1150 V and back with steps of 50 V.

4. The polarity is switched to positive and is swept from +50 V to +1150 V
and back.

SHG images are taken on steps 3-4 with a voltage step of 50 V.
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5.3 Results and discussion

Figure 5.1: AFM domains in CryO3 visualized with the help of SHG.
The black stripe in the upper part of the images is the tip (marked by
the orange long-dashed line) with positive + (panel a) and negative —
(panel b) electric potential. The domain wall is highlighted with a green
dashed line for better visibility. The darker AFM domain corresponds to
one orientation of the AFM vector L and is labeled as L;. The brighter
AFM domain corresponds to the opposite orientation of L and is labeled as
L,. The positive potential attracts the DW (see panel a), while the negative
potential repels it (see panel b). The difference image between panel a and
panel b, shown in panel ¢, shows AFM domain wall displacement under
opposite electric field polarities. The measurements were done at room
temperature T = 298 K, in a magnetic field B = +40 mT and with an
applied electric field £ = +1.15 kV.

The simultaneous application of F and B fields sets the DW in motion. In
particular, the applied positive E-field (U > 0) attracts the DW toward the tip,
while a negative E-field (U < 0) repels it, when the tip is placed within the
bright domain and B > 0 [Figure 5.1(a, b)]. Applying electric fields of opposite
polarities in different parts of the sample, we found, for instance, a regime shown
in Figure 5.2, where the DW is quite obviously pinned, presumably by the two
defects indicated by two arrows in the image. The DW under the electric field can
be thus modeled as a string stretched between these two defects [Figure 5.1(a,
b)]. In this regime, we managed to achieve DW displacement up to 40 pum. The
displacement strongly depends on T'.

To evaluate this temperature dependence, we measured the tip-DW distance
D as a function of the voltage between the sample and the tip U at different
temperatures 7. As a result, the function D(U) shows a hysteresis-like behavior
(Figure 5.3). The measured loops have several features in the attraction and
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Figure 5.2: Full-sized SHG snapshot. Arrows indicate two defects pinning
a DW: a spot burned with a femtosecond laser pulse and a natural crack
in the crystal.

repulsion regimes, with a strong dependence on temperature. First, the attraction
part of the loops has two steps close to the voltage U = +1.15 kV at 298K <
T < 303K. Next, the second step vanishes for 303K < T < 306K, and the
loop span tends to zero in this temperature range. However, at T = 306.5 K and
U = +1.1 kV, the DW jumps to the tip, forming a “bulb” and losing the features
of a stretched string (see snapshots in Figure 5.5). Finally, in the repulsion part
of the loops, D monotonically increases and eventually reaches its maximum with
U. At the same time, the displacement D decreases as the sample temperature T'
approaches the Néel point Ty .

Such an AFM writing is explained as a result of ME coupling in CroOg. Due
to the coupling, the scalar product E- B breaks the degeneracy between two AFM
domains with opposite Néel vectors. In fact, it makes one of the AFM more
energetically preferable. Changing the polarity of B and thus the sign of E - B
can lead to attraction-repulsion behavior of the DW while the voltage U stays
the same. It is worth noting that for a ferrimagnetic Néel-type DW in similar
experiments with a non-homogeneous E-field [12-15], attraction or repulsion to
the tip is also demonstrated. But in this case the DW should be attracted by
the tip at E - B > 0, regardless on which side of the DW the tip is placed (see
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Figure 5.3:  Tip-DW distance D as a function of voltage for different
temperatures. B = +40 mT.

also Figure 1.3). To exclude this inhomogeneous ME effect, also called the flexo-
ME effect [16], we rotated the sample by 180° around the normal of the sample
and repeated the experiments when the tip is placed in the dark domain. This
set of experiments demonstrates the same behavior of the DW as in the previous
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experiment: E-B > 0 leads to expansion of the dark domain, and E-B < 0 leads
to expansion of the bright domain, regardless on which side of the DW the tip
is. Thus, the motion of AFM DWs in CryO3 very much agrees with the behavior
expected for the linear ME, while the flexo-ME can be excluded.

Figure 5.4: Temperature dependence of the hysteresis loop amplitude at
a fixed voltage: (a) blue at U = -0.5 kV, (b) red at U = +0.5 kV. (c)
Derivative of the hysteresis loop amplitude with respect to temperature for
(c) blue at U = -0.5 kV, (d) red at U = +0.5 kV. B = +40 mT.

To gain deeper insights into the temperature-dependent data, we analyzed the
asymmetry in the left and right sections of the D(U) hysteresis loops across all
temperature regimes. Specifically, we plotted the hysteresis loop height, D(T'), as
a function of temperature when the voltage was fixed (£0.5kV), and examined the
temperature derivative dD/dT to highlight anomalies in the temperature behavior
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of the loop (Figure 5.4).

As shown in Figure 5.4a, applying a voltage of —0.5kV (blue curve), the hys-
teresis loop height increases in the first regime (298 K < T' < 303 K), as indicated
by a positive temperature derivative dD/dT (Figure 5.4b). In the second regime
(303K < T < 306K), the height of the hysteresis loop begins to shrink, and this
trend continues up to the third regime (7" =~ 306.5 K).

For positive applied voltage of +0.5kV (red curve, Figure 5.4), the behavior
is more complex. In the first regime (298K < 7' < 300K), the loop height also
increases. During the second regime (301 K < 7' < 306 K), similar to the case of the
negative voltage U < 0, the loop begins to shrink. However, in the third regime
(T = 306.5K), e.g., near T, the hysteresis loop height increases dramatically,
differing sharply from the behavior observed under negative polarity.

To phenomenologically explain the observed DW behavior in the third regime
(close to the Néel temperature), we introduce the concept of DW surface tension
[17, 18]. The surface tension of a magnetic DW is one of the primary forces
governing micromagnetism and acts to suppress the spontaneous nucleation of
magnetic structures. In its simplest form, the surface tension of the DW can be
expressed as 0 ~ VAK, where A is the exchange stiffness and K is the magnetic
anisotropy parameter [18]. As the temperature approaches the Néel point (7" —
Tn), the material undergoes a transition to the paramagnetic state, and both A
and K tend to zero. Consequently, the surface tension ¢ also vanishes (o = 0).
The behavior of the DW near Ty in the experiment (Figure 5.5) indicates that its
surface tension drastically decreases near the critical point. The signature of it is
the shape of the DW: at T' > 306.4 K the DW represents a bulb shape at |[U| > 0
[Figure 5.5(a,c)], not a “string”-shape (Figure 5.1).

To explore the AFM DW behavior in more detail, we performed experiments
with a moving tip while applying an electric field. At 7" = 306.4 K, moving the
tip under an applied voltage (U = —1.15 kV) results in a clear displacement of
the DW [Figure 5.5(a)]. However, once the electric field is switched off (U =0 V),
the DW returns to its initial position [Figure 5.5(b)], indicating that the surface
tension is still nonzero (o # 0). When the temperature is increased by only 0.1 K
to T' = 306.5 K, closer to the Néel temperature, the DW behaves differently. In
this case, the DW surface tension vanishes (o = 0), allowing the tip to “draw” a
stable domain pattern with reversed orientation of the Néel vector under the same
electric field conditions [Figure 5.5(c)]. Even after turning off the electric field,
the drawn pattern remains preserved [Figure 5.5(d)]. These observations indicate
that AFM bits can potentially be written by locally applying an electric field near
the Néel temperature, where the domain wall surface tension vanishes.

We also investigated how changes in the polarity of the magnetic field affect
DW motion. When both the electric field and the magnetic field have positive
polarity, the DW is attracted, resulting in the growth of the dark domain. When
the polarity of the electric field is reversed (negative) while the magnetic field
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Figure 5.5: AFM domains imaged via SHG under applied electric fields
at 306.4 K (a, b) and 306.5 K (c, d). The orange dashed line indicates the
tip position; orange arrows (a, ¢) show its movement. The green dashed
line marks the AFM DW. Domains with opposite orientations of the AFM
vector L are labeled as Ly and L. DW shape during (U = —1.15 kV) (a)
and after (U = 0 V) (b) E-field-induced displacement. (¢) DW configura-
tion after tip movement at 306.5 K with U = —1.15 kV. (d) After switching
off the field, the drawn L; pattern remains. In the region marked “*7, L
persists, while the surrounding area has switched to L. A magnetic field
of B =440 mT is applied in-plane of the sample.

remains positive, the DW is repelled, leading to the growth of the bright domain.
Conversely, when the polarity of the magnetic field is switched to negative, the
AFM DW exhibits the opposite behavior. Specifically, with a positive electric field
and a negative magnetic field, the DW is repelled, and the bright domain grows.
For a negative electric field and a negative magnetic field, the DW is attracted,
resulting in the growth of the dark domain. No displacement of the DW is observed
in the absence of a magnetic field. A summary of these results is provided in Table
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5.1. This behavior is consistent with the expectations of the linear ME mechanism,
which predicts domain wall displacement proportional to the scalar product E - B.

E>0 E=0 E <0

B >0 | Dark domain grows | No movement | Bright domain grows

B=0 No movement No movement No movement

B < 0 | Bright domain grows | No movement | Dark domain grows

Table 5.1: Behavior of AFM domains in a combination of E and B fields.

This effect is significantly stronger compared to similar effects observed in
yttrium iron garnet (YIG), where DW motion is driven by the inhomogeneous
ME effect [12, 13, 19, 20].

5.4 Conclusion

In this chapter, we demonstrated that AFM DWs in CryO3 can be effectively
controlled by a localized electric field in the presence of a magnetic field. We
observed that the sign of the scalar product E - B determines whether the DW
is attracted or repelled by the tip. This displacement behavior is fully consistent
with the predictions of the linear ME effect.

Temperature-dependent measurements revealed three distinct regimes of do-
main wall dynamics, with the most remarkable behavior occurring close to the
Néel temperature T. In this regime, the domain wall is no longer restored to its
initial position after switching off the electric field. Instead, stable writing of anti-
ferromagnetic domains becomes possible by moving the tip — effectively enabling
direct patterning of AFM bits with high spatial resolution.

The demonstrated mechanism operates without relying on current-driven pro-
cesses, making it a potentially highly energy-efficient approach for manipulating
AFM domains in next-generation spintronic devices.
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Chapter 6

Optical excitation of
coherent THz dynamics of

the rare—earth lattice,
hrough resonant pumping

of an f — f electronic
transition in the complex
perovskite DyFeO;

Resonant pumping of the electronic f — f transitions in the orbital mul-
tiplet of Dy3* ions in the complex perovskite DyFeOs is shown to impul-
sively launch THz lattice dynamics corresponding to the By, phonon mode,
which is dominated by the motion of Dy3*-ions. The findings, supported
by symmetry analysis and DFT calculations, not only provide a novel route
for highly selective excitation of the RE crystal lattices but also establish
important relationships between the symmetry of the electronic and lattice
excitations in complex oxides.

Adapted from: T.T. Gareev, A. Sasani, D.I. Khusyainov, E. Bousquet, Z.V. Gareeva,
A.V. Kimel, and D. Afanasiev, “Optical Excitation of Coherent THz Dynamics of the
Rare-Earth Lattice through Resonant Pumping of f — f Electronic Transition in a Com-
plex Perovskite DyFeOs”, Physical Review Letters, 133, 246901 (2024).
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6.1 Introduction

Optical control of crystal lattices using femtosecond pulses of light has gained sig-
nificant attention as an efficient way for controlling and probing functional prop-
erties of various macroscopic ordered phases of matter on an ultrafast timescale.
Various mechanisms for optical driving of ultrafast lattice excitations, both in the
form of acoustic and optical phonons, have been recently proposed and imple-
mented. These mechanisms include excitation of phonons through laser-induced
heating [1-3], impulsive stimulated Raman scattering (ISRS) [4-6], displacive ex-
citations facilitated by the electronic deformation potential [7], photostriction [§],
direct driving in multiferroics [9], as well as recently discovered resonant ionic
Raman scattering [10]. Application of optically generated lattice distortions to
ordered phases has recently led to such spectacular phenomena as ultrafast demag-
netization [11, 12], lattice-driven switching of spins [13] and ferroelectric polariza-
tions [14, 15], metal-insulator phase transitions [16, 17] as well as the generation
of transient ferroelectricity [18-20], magnetism [21, 22], and even superconduc-
tivity up to room temperature [23]. Furthermore, recent theory anticipates that
the optical driving of phonons can lead to the emergence of magnetization even
in materials with no existing spin structure, an effect called dynamic multiferroic-
ity [24-26].

Rare-earth (RE) perovskites (RMO3, R3*=rare-earth, M3 =transition metal
ion) offer a remarkable opportunity to explore the relationships between struc-
tural, transport, and magnetic properties [27-29]. In these compounds, the size
and interionic spacing of the RE ions are crucial in determining key properties
such as metallicity and Jahn-Teller orbital ordering as well as overall stability
of the perovskite unit cell [30]. Many magnetic properties of RMOj3 are primar-
ily controlled by an electronic structure of the R3* ion and its interaction with
the local crystalline environment. This is particularly evident in RE orthoferrites
(RFeO3), where the anisotropic exchange interaction between R3T and Fe?* spins
not only sets up the magnetic single-ion anisotropy of the latter but also triggers
spontaneous spin-reorientation phase transitions and, in some cases, a surge of the
magnetoelectric coupling [26-29, 31].

Among all the RE orthoferrites, DyFeOgs stands out as a multiferroic [21, 32—
36] in which, at temperatures below the magnetic ordering of the Dy3* spins (<4
K), the electronic configuration of the Dy®* ions promotes lattice distortions, lead-
ing to the emergence of a multiferroic state hosting exotic hybridized spin-lattice
excitations named electromagnons [37]. Here we explore how resonant pumping of
electronic transitions in the Dy3™ ions, and thus effective changes of the electronic
configuration of the ions, can impulsively excite lattice dynamics on the picosecond
time scale. Continuously varying the pump photon energy across various electronic
excitations of the Dy3* ions [38], we identify one electronic excitation responsible
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for the excitation of a pair of THz frequency phonons that are dominated by the
Dy3* ions. Our findings, supported by a theoretical description, suggest that op-
tical perturbation of the electronic states of the RE ion is considered as a primary
source of the light-driven coherent dynamics of the RE lattice.

6.2 Sample and scheme of the experiment

DyFeOg3 crystallizes in a distorted perovskite structure having orthorhombic space
group Pnma with four formulae and therefore twenty atoms per unit cell, see
Figure 6.1a. The structure is characterized by rotations and tilts of the FeOg
octahedra and the location of Dy?*t ions in sites of low point group symmetry
Cs. Two independent sets of phonons, Raman- and infrared-active, represent
the elementary excitations of the centrosymmetric DyFeOgs lattice. The Raman-
active optical phonons of the DyFeOs have Ay, Bi4, Bag, and B3, symmetries
and frequencies spread over the 3.40 — 19.17 THz range [39]. The infrared-active
phonons have By,, B, and Bs, symmetries and frequencies spread over the 2.54 —
19.55 THz range [40]. While the high-frequency phonons (>9 THz) are dominated
by the vibrations of the light mass O%~ ions, the low-frequency phonons (<6 THz)
are dominated by vibrations of the heavy mass Dy3" ions [38].

The interaction between near-infrared and visible light and DyFeOgs is gov-
erned by electronic excitations of Fe?* and Dy37 ions, known as d — d and f — f
transitions, respectively. When these transitions are optically stimulated, elec-
trons undergo shifts within their respective d- and f-orbitals. The optical ab-
sorption spectrum of DyFeQs, depicted in Figure 6.1b, reveals that Fe3' ions
exhibit two weak and broad absorption d — d bands at photon energies of 1.2 and
1.8 €V [30, 32, 41]. These absorptions are accompanied by many significantly nar-
rower spectral lines, corresponding to localized atomic-like f — f orbital transitions
of the Dy3T ions [38].

The studied sample is a c-cut of DyFeOgs single crystal having a thickness
of about 100 pm. To study the effect of the optical excitation on the lattice
dynamics, we carried out a time-resolved pump-probe experiment in which the
sample was excited using a strong pump pulse and the subsequent lattice dynamics
were tracked using a time-delayed weak probe pulse, see Figure 2.3 in Chapter
2. Our light source was a Ti:Sapphire regenerative amplifier, producing linearly
polarized ultrashort (At ~ 50 fs) laser pulses at a photon energy of 1.55 eV and a
repetition rate of 1 kHz. To acquire the possibility of tuning the photon energy of
the pump pulses and thus to be able to selectively address both f — f resonances
of Dy3* ions and d — d resonances of Fe3t ions, we employed a commercially
available (TOPAS, Light Conversion) optical parametric amplifier (OPA). This
allowed continuous tuning of the pump photon energy in the range of 0.5 — 1.3 eV.
To track the dynamics of the crystalline lattice, we used linearly polarized probe
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Figure 6.1: (a) A schematic showing an orthorhombic unit cell of DyFeOs.
The grey, red, and blue spheres represent oxygen, dysprosium, and iron
atoms, respectively. The inset exemplifies a pseudocubic unit cell of
DyFeO3. Crystallographic axes and their directions are indicated by ar-
rows a, b, and c. (b) Absorption spectrum of DyFeOg in the near-infrared
and visible spectral ranges. The relevant absorption lines corresponding to
the d—d (°A1y — 1T, and °Ay, — 1Toy) and f— f (6H15/2 — 6H11/2 and
6H15/2 — 6H9/2) transitions of the Fe?* and Dy3* ions, respectively, are
marked on the graph.
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pulses at the photon energy of 1.55 eV. These pulses are time-delayed with the help
of a mechanical delay line and enable measurements of the rotation of the probe
polarization plane Af as a function of the pump-probe time delay. The rotation
reflects the pump-induced changes to the linear birefringence and was shown to
be sensitive to the intrinsically anisotropic dynamics of phonons [42-44].

6.3 Results and discussion

Figure 6.2a shows the time-resolved traces of the ultrafast coherent dynamics of
the pump-induced polarization rotation Af measured in DyFeOg for a broad range
of temperatures 7" from 10 K to 300 K. It is seen that the waveforms in Figure 6.2a
have a rather complex form with a clear beating pattern. To reveal the spectral
content of the measured signals, we performed a Fast Fourier Transform (FFT)
which exposes two distinct spectral modes at frequencies of f; = 4.27 THz and
f2 = 4.93 THz and comparable amplitudes at low 7' = 10 K. Figure 6.2b shows that
the frequencies of these modes do not change significantly with 7T'. In contrast, their
amplitudes, while remain measurable up to the room temperature, demonstrate a
significant and mode dependent suppression upon temperature increase. We also
observed pump-induced coherent spin dynamics at a much lower frequency of 0.19
THz, corresponding to one of the spin precession modes, see Figure 6.3. This
frequency aligns well with previously reported values [45].

To establish the origin of the observed modes we performed ab-initio density-
functional theory (DFT) calculations of the lattice dynamics in DyFeOg (for de-
tails see [46]). The results show that the frequencies of the observed oscillations
f1 and f5 closely match those corresponding to the Raman active phonons having
A, and By, symmetries, respectively (Appendix A.1, Table A.1). Their eigen-
modes are shown in Figure 6.4, where one can see that both are dominated by
the antiphase dynamics of the adjacent Dy3t ions. The orthorhombic Pnma
structure exhibits 24 Raman-active vibrational modes [39, 47], including A, and
By, as observed in our experiments. The optical pump pulse, with a bandwidth
Af = (At)~! ~ 20 THz, can induce coherent dynamics of these modes through
the Impulsive Stimulated Raman Scattering (ISRS) process [4-6]. To investigate
whether this Raman-type generation mechanism is responsible for exciting coher-
ent lattice dynamics, we carried out a pump polarization study [4]. Such approach
allows to access the efficiency of the optical phonon excitation and can be directly
compared to the selection rules provided by the Raman polarizability tensors. In
Figure 6.5, we demonstrate that the orientation of the pump polarization plane
significantly influences the amplitudes of the phonon modes. The A, mode reaches
its maximum amplitude when the pump angle aligns with the crystallographic a
and b axes (Figure 6.5a). In contrast, the By, mode exhibits maximum amplitude
when the pump polarization angle « is approximately at 45 degrees relative to the
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Figure 6.2: (a) Time-resolved rotation of the probe polarization plane Af
showing dynamics of coherent phonons excited by an ultrashort laser pump
pulse across a broad range of temperatures from 10 K to 300 K. The pump
is linearly polarized with a phonon energy hv = 0.9 eV and fluence of about
1 mJ/ecm?. (b) Fast Fourier Transforms (FFTs) of the corresponding time
traces that reveal two distinct peaks at frequencies f; = 4.27 THz and
fo =4.93 THz.

crystallographic axes (Figure 6.5b).

Femtosecond pulses of light are known to drive coherent dynamics of opti-
cal phonons through a process known as Impulsive Stimulated Raman Scattering
(ISRS) [44]. This excitation mechanism does not necessarily rely on specific opti-
cal resonances. Consequently, it is largely independent of the energy of the driving
phonon, enabling excitation to occur even within the optical transparency region
of a medium. The only condition is that the pulse duration is short compared to
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Figure 6.3: Fast Fourier Transform (FFT) of the time trace from the pump-
probe experiment from Figure 6.1a at the temperature 10 K, including the
quasi-AFM mode at approximately 0.19 THz. The amplitude of the quasi-
AFM mode is about 70 % lower compared to the amplitudes of the 4.27
THz and 4.93 THz modes. The pump photon energy is 0.71 ¢V, and the
probe photon energy is 1.55 eV. The fluence of the pump is approximately
1 mJ/em?. Top inset: schematic representation of the corresponding spin
precession.
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Figure 6.4: Eigenvectors of the (a) A4 and (b) By, phonon modes excited by
the pump pulse. The magnitude of the atomic displacements is qualitatively
described by the length of the yellow arrows. a and b are crystallographic
axes of DyFeOs.

the characteristic periods of the lattice vibrations.
Following the approach similar to the one in Ref. [4], the equation of motion
for the lattice reads:

Q+9°Q = F(t), (6.1)
where @ is a generalized coordinate of a phonon mode oscillating at angular fre-
quency 2, and F' is a driving force that can be expressed as:

F = E;R;;E; (6.2)

E; ; are the electric field components of the pump pulse along the i- and j- crystal
axes, and R;; is a Raman polarizability tensor of the considered phonon mode.

The first A, phonon mode observed in our experiments is characterized by the
Raman polarizability tensor, that reads [48]:

R(Ag) = (6.3)

o o e
o o O
o O o

where a, b, and ¢ are phenomenological parameters.
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Figure 6.5: Amplitude of the pump-excited coherent A, (a) and By, (b)
phonon modes for various orientations of the pump polarization planes. For
(a) the shade region denotes fitted polarization dependence with respect to
Raman selection rules for this mode (formula 6.5, 2 = 1.69). For (b) the
shade region is a guide to the eye. For all the measurements the polarization
angle of the probe pulse is set to 45° relative to the a-crystal axis. The sign
“+” and “-” plotted along the lobes of the dependencies indicate the relative
phase of the observed oscillations. All the measurements are performed at
a temperature of 80 K.

The electric field E of the linearly polarized pump pulses incident along the
z-crystal axis can be expressed as follows:

E=(E, E, E.)=(Eycosa, Eysine,0), (6.4)

FEy is the amplitude of the electric field component of light, « is the angle the
pump polarization forms with the crystallographic z-axis. One can see that the
driving force F'(A4,) leading to excitation of the A, mode reads:

b
F(Ay) = aE; + bE; + cE? = aEj(cos” o + — sin a) (6.5)
‘ : a
showing that the optical excitation A, strongly depends on the orientation of the

pump polarization plane relative to the crystal axes, i.e. following Raman selec-
tion rules. Fitting the experimentally observed polarization dependence shown in
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Figure 6.5a to Eq. 6.5 gives good agreement between experiment and theory when
3 = 1.69, see Figure 6.5a. This agreement suggests ISRS as a possible mechanism

for the coherent excitation of the A, phonon mode.
The second Ba, phonon mode observed in our experiments is characterized by
the Raman polarizability tensor, that reads [48]:

0 0 e
R(Byy) =10 0 0, (6.6)
e 0 0

where e is a phenomenological parameter. One can see that the driving force
F(Byg) leading to excitation of the Bs, mode reads:

F(Bygy) =2eE,Ez=0 (6.7)

implying that the By, phonon mode cannot be excited in the geometry of our
experiment as Fz = 0.

While the Raman polarizability tensor of the Pnma space group effectively
characterizes the polarization dependence of the fully symmetric A, mode, it falls
short in describing the By, mode. In our experimental geometry, the Raman
selection rules prohibit the excitation of this mode. This discrepancy suggests
that the symmetry of the undisturbed crystal lattice of DyFeOs is insufficient
to describe the optical excitation of the By, mode, and some other mechanisms,
different from the conventional Raman scattering should be at play.

To investigate the actual mechanism behind the optical excitation of the Ba,
phonon mode and its relation to the orbital state of the Dy>* ions we next studied
the efficiency of the By, phonon excitation as a function of the pump photon
energy hv. To achieve this goal we measure its amplitude as a function of hv
across a pair of low-energy electronic transitions within the manifold of orbital
states of Dy3+ ions: 6H15/2%6H11/2 (h’U = 0.73 eV) and 6H15/2%6H9/2 (hv =1
eV) [38]. The energy of these transitions lies right below the lowest energy of the
d—d orbital excitations of the Fe?* ions 6A1g—>4T19 and 6Alg—>4T29 (Figure 6.1b)
[38, 49], and thus not only affords to single out excitation of the RE ions from their
transition metal counterpart but also offers the possibility of comparing efficiencies
of the considered f — f resonances. Figure 6.6a shows that the amplitude of the
phonon oscillations peaks when hv = 0.69 eV closely matching the energy of the
6H15/2—>6H11/2 transitions. We also find that the amplitude of the excited phonon
mode scales linearly with the fluence of the pump pulse, Figure 6.6b. Although the
amplitude of the By; mode remains finite, no peak is observed when the energy of
the pump photon matches the 6H15/2—>6H9/2 transition, even so, the absorption
line corresponding to this transition is an order of magnitude stronger than that of
the ®H,5 /QHGHH /2 transition. Moreover, increasing hv towards the even stronger
6A19—>4T19 orbital d — d transition of Fe?t ions does not lead to any pronounced
enhancement of the phonon amplitude.
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Figure 6.6: (a) The amplitude of the optically excited By phonon mode as
a function of the pump photon energy hv. The solid line is a guide to the
eye. The shadow background is the optical absorption spectrum of DyFeOg
in the infrared spectral range. The pump spot size was constant during the
measurements, and the fluence was about 1 mJ/cm?. The absorption peaks
are marked with the corresponding f — f and d — d electronic transitions
of the Dy*" and Fe®T ions, respectively. (b) The amplitude of the Bag
phonon mode scales linearly with the fluence of the pump pulse. Pump
photon energy is 0.69 eV. All measurements were done at a temperature of
80 K.

To unveil the microscopic mechanism behind coherent excitation of the RE
lattice in DyFeO3 and the role of the 6H15/2%6H11/2 transition, we consider the
ground and excited electronic states of the Dy®* ions using the Clebsch-Gordan
coefficients (for details, see [46]). The coefficients are normally used to describe
the 4 f electronic configuration of the RE ions in terms of total angular momentum
eigenstates. These eigenstates have the form |L; Mp;S; Mg >, where L = )", 1;
and S =) . s; are the sum over orbital [ and s spin angular momenta of the indi-
vidual 4f electrons on the RE site, M and M are orbital and spin angular mo-
menta along the quantization axis, respectively. The 5H; 5 /2 ground state of Dy3+
ions can be presented by a single eigenstate |5;5;5/2;5/2 >, schematically shown
in Figure 6.7. The SHy; /2 excited state of Dy?*t can be represented by a linear
combination of the three individual eigenstates |5;5;5/2;1/2 >, |5;4;5/2;3/2 >,
and |5;3;5/2;5/2 >:
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6H11/2 = 3\/?|5;5;5/2; 1/2 > —6\/T|5;4; 5/2;3/2 > +\/ﬁ5;3; 5/2;5/2 >
91 91 91

(6.8)
where the multipliers in front of the states are the Clebsch—Gordan coefficients,
which have the meaning of a probability amplitude. The change in spin angu-
lar momentum AMg does not impact the spatial charge distribution of the RE
electronic wavefunctions. Consequently, transition to the |5;5;5/2;1/2 > state, al-
though characterized by the highest probability, cannot launch the lattice dynam-
ics. Hence, our focus lies on orbital states that involve a change in the projection of
the angular momentum AM/,. Equation 6.8 illustrates that transitions to the last
two excited total angular momentum states, |5;4;5/2;3/2 > and [5;3;5/2;5/2 >,
result in AM;, =1 and AM;, = 2, respectively.

Remarkably, these transitions can be elucidated by a shift in the orbital state
of a single electron in a 4f° configuration of Dy3T ion and can be conveniently
described using a single spherical harmonic Y}, where [ represents the electron’s
angular momentum and m its projection. We first highlight the case of AM =
1, as it is characterized by a larger Clebsch-Gordan coefficient and thus higher
transition probability. In this scenario the electron wavefunction undergoes a
transformation from Y33 —Y as depicted in Figure 6.7a. Analysis reveals that
such a change in electronic symmetry facilitates a lattice distortion leading to
an excitation of phonons characterized by the Bs,, Ba, symmetries (for detailed
information, see [46]). These findings suggest that the impulsive excitation of
the Bg, phonon, as observed in our experiment, is governed by a coherent lattice
distortion emergent in response to the optically induced change in the projection
of angular momentum of the Dy>* ions.

It is also interesting to consider the case of AM = 2, facilitated by two distinct
Y3 =Yg and Y3 —Y} single-electron transitions. The symmetry analysis (see [46])
shows that such electronic perturbation might trigger a lattice distortion leading
to the excitation of complementary symmetry A, and Bi, phonons. While this
transition is characterized by a smaller probability, it demonstrates a possibility
of resonant optical excitation of the A, phonon mode.

6.4 Conclusion

To conclude, we have shown that in DyFeOgs optical pumping using femtosec-
ond pulses of light excites coherent THz dynamics of A, and Bsg phonon modes
dominated by the vibrations of the sublattice of the Dy3T ions. We demonstrate
a strong coupling between the optical excitation of the By, mode and the elec-
tronic f — f transition from the 6H15/2 to 6H11/2 state in Dy37 ions. Our findings,
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Figure 6.7: The energy levels diagram illustrates optical transitions (de-
picted by red arrows) that entail a change in the projection of the angu-
lar momentum (AM},) within the total angular momentum eigenstates of
Dy3* ions with a 4f° electronic configuration. The small black arrows
indicate the spins of individual electrons. (a) The single-electron transi-
tion from the ground |5;5;5/2;5/2 > to |5;4;5/2;3/2 > excited state is
accompanied by AMp = 1. The available change in the electronic wave-
function Y33—Y is shown below. (b) The single-electron transition from
the ground [5;5;5/2;5/2 > to |5;4;5/2;3/2 > excited state is accompa-
nied by AMp = 2. The available changes in the electronic wavefunctions
Y3 =Yg and Y —Y? are shown below.

supported by quantum mechanical Clebsch-Gordan formalism and symmetry anal-
ysis, reveal that the dominant mechanism of excitation of the mode is due to a
transition to a total angular momentum eigenstate denoted as |5;4;5/2;3/2 >.
This transition induces a change in the projection of Dy?t orbital momentum
(AM;, = 1), concomitant with a coherent lattice distortion leading to the emis-
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sion of the By, coherent phonon. Although the excitation of the fully symmetric
A, mode can be sufficiently explained by an off-resonant ISRS process, our theory
suggests that resonance enhancement is possible when the energy of the pump
photon pulse aligns with the 5H;; /2%6H11 /2 transition. The showcased control
of crystal lattices via resonant pumping of electronic f — f transitions not only
enhances our understanding of electron-phonon coupling in complex compounds
but also extends the optical control of crystal lattices beyond the recently demon-
strated resonant pumping of the complementary d — d transitions [3, 50, 51]. The
demonstrated control of the RE lattice can be effectively employed to manipulate
coupled electric and magnetic order parameters in the ordered phases of type-II
multiferroics, where ferroelectric lattice distortions and net electric polarization
are directly linked to the RE spin ordering [34, 52, 53]. The optically induced lat-
tice distortions can be employed to impact RE spin-ordering, potentially activate
coherent electromagnons, or interact with them. Moreover, the discovered inter-
play between the symmetry of optically excited RE orbital states and their lattice
modes offers a promising method for time-resolved probing of multiferroicity in
RE-based compounds. In particular, coherent phonon spectroscopy demonstrated
here could help detect the dynamic signatures of multiferroicity, marked by the
loss of center inversion and thus noticeable changes in the phonon spectrum.
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Appendix A

Additional Data

A.1 Frequencies of Raman-active phonons
in DyFeQOj;

Table A1 presents the frequencies of Raman-active modes, obtained through ab-
initio density-functional theory (DFT) calculations of the lattice dynamics in
DyFeO3 (col. 1). These results are compared to our experimental pump-probe
data (col. 2), as well as Raman scattering experiments (col. 3) and previous ab-
initio DFT studies (col. 4) done by Weber et al. [39]. The considered phonon
modes are highlighted in red. For detailes of the DFT calculations see [46].



Phonon mode DFT, THz Our experiment, THz Experiment [39], THz DFT Ref. [39], THz

Chapter 6

A, (1) 3.21 - 3.39 3.35
A, (2) 3.99 4.27 + 0.01 4.20 4.21
A, (3) 7.46 - 7.82 7.85
A, (4) 9.83 - 10.22 9.95
A, (5) 12.23 - 12.65 12.65
A, (6) 12.23 - 12.50 12.46
Ay (7) 12.98 - 12.65 12.65
A, (8) 14.39 - 14.87 14.69
By, (1) 4.07 - - 4.04
By (2) 7.35 - - 7.49
By, (3) 10.58 - 10.82 10.76
By (4) 12.56 - 12.80 12.80
By (5) 17.72 - - 17.78
By (1) 3.21 - 3.33 3.27
By (2) 4.65 4.93 + 0.08 4.89 4.88
By (3) 8.93 - 9.74 9.32
By (4) 10.43 - - 10.52
By (5) 14.21 - 14.81 14.45
By, (6) 15.80 - - 16.01
By (7) 18.29 - 18.70 18.35
By, (1) 3.60 - - 3.69
Bsy (2) 9.20 - - 9.32
Bs, (3) 12.50 - 12.98 12.71
Bsg (4) 13.64 - 14.21 13.79
By (5) 19.10 - 19.16 19.10

96

Table A.1: Frequencies of Raman-active phonons in DyFeOs.
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Summary

Controlling the magnetic state of materials with the lowest possible en-
ergy consumption and at the fastest achievable time scale is among the
grand challenges in modern condensed matter physics. At a time when
sustainable, energy-efficient technologies are increasingly in demand, our
work presents a novel pathway to harness ultrafast phenomena that have
the potential to revolutionize data storage and spintronic devices. We ex-
ploit femtosecond laser pulses and electrical gating to steer both spin and
lattice dynamics along non-equilibrium trajectories that remain largely un-
explored.

In Chapter 1, we introduce the fundamental principles underlying
magnetism, detailing the role of spin and orbital contributions to the mag-
netic moment as well as the various magnetic orders — ferromagnetic, an-
tiferromagnetic, and ferrimagnetic — that form the basis of current stor-
age technologies. Special attention is given to the magnetoelectric effect,
wherein electric fields are shown to influence magnetic order. By operating
on timescales that are much shorter than those associated with conven-
tional atomic and spin motions, ultrashort laser pulses allow us to excite
magnetic systems into strongly non-equilibrium states, opening new routes
for switching magnetic states.

Chapter 2 describes the state-of-the-art experimental techniques de-
veloped in this work. Our approach combines ultrafast pump-probe spec-
troscopy, spatially resolved magneto-optical imaging, and electrical gating
to probe and control the dynamics of magnetic and lattice degrees of free-
dom. The detailed discussion encompasses the fundamentals of light-matter
interaction, covering both linear and nonlinear regimes, such as those in-
volving Second Harmonic Generation (SHG), that are crucial for detecting
subtle magnetic order even in systems lacking a net moment.

In Chapter 3, we report our first striking observation in an iron garnet
film. A femtosecond laser pulse with a Gaussian intensity profile is found to
trigger strongly inhomogeneous spin dynamics. Ultrafast imaging reveals
ring-like magneto-optical patterns and localized phase shifts within the ex-
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cited region. Analysis shows that these spatial variations arise from local
gradients in temperature and magnetic anisotropy, resulting in differential
torques within the pumped area. This finding suggests that conventional
pump-probe experiments might underestimate the full scale of laser-induced
spin dynamics if spatial variations are not taken into account.

Chapter 4 extends our investigation by introducing electrical gating
to the ultrafast optical methodology. Experiments on an iron garnet film at
room temperature demonstrate that an externally applied electric field (on
the order of 0.5 MV /m) can dramatically enhance the excitation of coher-
ent spin waves. Time-resolved magneto-optical imaging, corroborated by
numerical simulations using the Landau—Lifshitz—Gilbert equation, reveals
that the electric field serves as a tuning parameter for the light—spin cou-
pling. Importantly, electrical gating allows for spatial control defined by
the electrode geometry, thereby overcoming the inherent diffraction limit
of optical excitation that can be potentially used for Electrically Assisted
All-Optical Switching.

In Chapter 5, the focus shifts to antiferromagnetic systems, where op-
erating frequencies can reach the THz regime — about 1000 times faster than
those of conventional data storage devices operating in the GHz range. We
investigate the electric-field-driven motion of domain walls in CryOg thin
films. By employing Second Harmonic Generation imaging combined with
a localized high-voltage tip, we show that the application of an electric field
leads to reproducible attraction or repulsion of the domain walls, contin-
gent on the polarity of the applied field. Temperature-dependent hysteresis
loops further reveal that the dynamics of domain wall displacement are
highly sensitive near the Néel temperature. This chapter not only validates
the robustness of the magnetoelectric coupling in CroOgs but also provides
important insights for the development of antiferromagnetic memory de-
vices.

Finally, Chapter 6 investigates the resonant optical excitation of ter-
ahertz (THz) lattice dynamics in the rare-earth perovskite DyFeOs — a
material known for exhibiting one of the strongest magnetoelectric effects.
By selectively pumping the f — f electronic transitions in Dy®* ions, we
show that it is possible to impulsively launch coherent THz phonon modes,
specifically those with A, and Ba, symmetries. Detailed pump-probe mea-
surements, supported by Fast Fourier Transform analysis and corroborated
by density-functional theory (DFT) calculations, reveal that the excitation
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mechanism is intimately linked to a change in the orbital angular momen-
tum of Dy3* ions. This mechanism offers a promising route for extending
optical control of crystal lattices and manipulating coupled spin-lattice phe-
nomena in multiferroic materials.

In summary, our work demonstrates that merging ultrafast optical exci-
tation with electrical gating enables probing and controlling magnetization
and lattice vibrations in complex oxides with unprecedented speed and spa-
tial precision — paving the way for faster, more energy-efficient spintronic,
data-storage, and multiferroic devices.

Outlook

While femtosecond laser pulses have long been known to trigger magneti-
zation dynamics, and electric fields have independently been used to con-
trol magnetization in magneto-electric materials, the combined use of both
stimuli has remained largely unexplored. In this thesis, we demonstrated
that electric fields and ultrafast optical excitation can indeed be applied
together to manipulate spin dynamics.

This combination opens a new pathway for overcoming the diffraction
limit in ultrafast all-optical switching. Our numerical simulations based on
the Landau-Lifshitz-Gilbert equation for iron garnets (Chapter 4) reveal
that an optimized light—spin coupling regime can be achieved by adjust-
ing the applied electric field. This suggests that ultrafast electric-field-
assisted all-optical switching is experimentally feasible. Achieving this will
require developing alternative electrode geometries that support higher field
strengths — for example, by reducing the distance between electrodes. Such
advancements would not only improve switching efficiency but also enable
nanoscale spatial control, as the switched region would be defined by elec-
trode size — bypassing the optical diffraction limit. This could allow nucle-
ation of topological spin textures, such as magnetic vortices or skyrmions,*
opening new avenues for spin-based logic and memory devices.

Furthermore, our results on antiferromagnetic CroO3 show that local-
ized electric fields can precisely control domain wall motion and enable
stable domain writing. Since ultrashort laser pulses are also capable of ex-

*Vélez, S. et al. Nat. Nanotechnol. 17, 834-841 (2022). https://doi.org/10.1038/
s41565-022-01144-x
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citing THz spin modes in antiferromagnets, combining optical and electric
stimuli potentially offers a powerful mechanism for controlling magnetic
order in antiferromagnets at sub-picosecond timescales.

Together, these results point toward a strategy where electric and op-
tical control are combined to enable ultrafast, nanoscale manipulation of
magnetic states, offering a faster and more energy-efficient approach to
magnetization control.



Samenvatting

Het beheersen van de magnetische toestand van materialen met het
laagst mogelijke energieverbruik en in de snelst haalbare tijdschaal is een
van de grote uitdagingen in de moderne gecondenseerde materie fysica. Nu
duurzame, energiezuinige technologieén steeds meer worden gevraagd, biedt
ons werk een nieuw pad om ultrasnelle fenomenen te benutten die het po-
tentieel hebben om datastorage en spintronica radicaal te veranderen. We
benutten femtoseconde laserpulsen en elektrische gating om zowel spin- als
rooster dynamica langs niet-evenwichts trajecten te sturen die nog groten-
deels onontdekt zijn.

In Hoofdstuk 1 introduceren we de fundamentele principes van mag-
netisme, met details over de rol van spin- en orbitaalbijdragen aan het mag-
netische moment, en de verschillende magnetische orden — ferromagnetisch,
antiferromagnetisch en ferrimagetisch — die de basis vormen van huidige
opslagtechnologieén. We besteden speciale aandacht aan het magneto-
elektrisch effect, waarbij elektrische velden de magnetische ordening beinvloeden.
Door te opereren op tijdschalen die veel korter zijn dan die van conven-
tionele atomaire en spinbewegingen, kunnen ultrakorte laserpulsen mag-
netische systemen in sterk niet-evenwichtstoestanden brengen en zo nieuwe
routes voor het schakelen van magnetische toestanden openen.

Hoofdstuk 2 beschrijft de experimentele top technieken die in dit
werk zijn ontwikkeld. Onze aanpak combineert ultrasnelle pump-probe-
spectroscopie, ruimtelijk geresolveerde magneto-optische beeldvorming en
elektrische gating om de dynamica van magnetische en rooster vrijheids-
graden te onderzoeken en te beheersen. De gedetailleerde bespreking omvat
de basis van licht-materie-interactie, zowel in de lineaire als de niet-lineaire
regimes, zoals bij Second Harmonic Generation (SHG), die cruciaal zijn
voor het opsporen van subtiele magnetische orden, zelfs in systemen zon-
der netto moment.

In Hoofdstuk 3 rapporteren we onze eerste opvallende waarneming
in een ijzer garnetfilm. Een femtoseconde laserpuls met een Gaussiaanse
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intensiteits profiel blijkt sterke inhomogene spin dynamica teweeg te bren-
gen. Ultrafast beeldvorming onthult ringachtige magneto-optische patro-
nen en gelokaliseerde fasedraaiingen binnen het geaktiveerde gebied. Anal-
yse toont aan dat deze ruimtelijke variaties voortkomen uit lokale gradi-
enten in temperatuur en magnetische anisotropie, wat resulteert in differ-
entiéle krachten binnen het gepompte gebied. Deze bevinding suggereert
dat conventionele pump-probe-experimenten mogelijk de volledige omvang
van laser-geinduceerde spin dynamica onderschatten als ruimtelijke vari-
aties niet in aanmerking worden genomen.

In Hoofdstuk 4 breiden we ons onderzoek uit door elektrische gating
toe te voegen aan de ultrasnelle optische methodiek. Experimenten op een
ijzer garnetfilm bij kamertemperatuur tonen aan dat een extern aangelegd
elektrisch veld (van ongeveer 0.5 MV/m) de excitatie van coherente spin
golven dramatisch kan versterken. Tijd geresolveerde magneto-optische
beeldvorming, ondersteund door numerieke simulaties met de Landau—
Lifshitz—Gilbert vergelijking, laten zien dat het elektrische veld fungeert als
stem knop voor de licht-spin koppeling. Belangrijk is dat elektrische gating
ruimtelijke controle mogelijk maakt via de elektrode geometrie, waarmee de
inherente diffractie grens van optische excitatie kan worden overwonnen—
potentieel bruikbaar voor Electrically Assisted All-Optical Switching.

In Hoofdstuk 5 verschuift de focus naar antiferromagnetische syste-
men, waar bedrijfs frequenties de THz-regio kunnen bereiken—ongeveer 1000
keer sneller dan conventionele opslag apparaten in de GHz-range. We on-
derzoeken het door elektrische velden aangedreven bewegings gedrag van
domein wanden in CraOs-dunne films. Met behulp van SHG-beeldvorming
gecombineerd met een gelokaliseerde hgoge- spanningstip tonen we aan dat
het aanleggen van een elektrisch veld leidt tot repeteerbare aantrekking of
afstoting van de domeinwanden, afhankelijk van de veld polariteit. Tem-
peratuurafhankelijke hysterese lussen onthullen verder dat de dynamica van
domeinwand verplaatsing zeer gevoelig zijn rond de Néel-temperatuur. Dit
hoofdstuk valideert niet alleen de robuustheid van de magneto-elektrische
koppeling in CroO3, maar geeft ook belangrijke inzichten voor de ontwikke-
ling van antiferromagnetische geheugensystemen.

Ten slotte onderzoekt Hoofdstuk 6 de resonante optische excitatie
van terahertz (THz) rooster dynamica in het zeldzame-aarde perovskiet
DyFeOs—een materiaal dat bekendstaat om een van de sterkste magneto-
elektrische effecten. Door selectief de f-f elektronische overgangen in Dy3+-
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ionen te pompen, laten we zien dat het mogelijk is om impulsgewijs coher-
ente THz-fononmodi te lanceren, met name die van A4- en Byg-symmetrieén.
Gedetailleerde pump—probe-metingen, ondersteund door Fast Fourier Trans-
form analyse en bekrachtigd door density-functional theory (DFT) berekenin-
gen, onthullen dat het excitatiemechanisme nauw samenhangt met een ve-
randering in de orbitaal momentumcomponent van Dy3*-ionen. Dit mech-
anisme biedt een veelbelovende route om optische controle over kristalroost-
ers en gekoppelde spin—rooster fenomenen in multiferroische materialen uit
te breiden.

Samenvattend toont ons werk aan dat het samenvoegen van ultrasnelle
optische excitatie met elektrische gating het mogelijk maakt om magneti-
satie en rooster trillingen in complexe oxiden te onderzoeken en te be-
heersen met ongeévenaarde snelheid en ruimtelijke precisie—en zo de weg vri-
jmaakt voor snellere, energiezuinigere spintronische, data-opslag- en multi-
ferroische apparaten.

Vooruitzicht

Hoewel femtoseconde laserpulsen al lang bekendstaan om magnetisatie dy-
namica te triggeren en elektrische velden onafthankelijk worden gebruikt om
magnetisatie in magneto-elektrische materialen te beheersen, is het gecom-
bineerde gebruik van beide stimuli grotendeels onontgonnen gebleven. In
dit proefschrift hebben we aangetoond dat elektrische velden en ultrasnelle
optische excitatie samen kunnen worden toegepast om spin dynamica te
manipuleren.

Deze combinatie opent een nieuw pad om de diffractie grens in ul-
trasnel all-optical switching te overwinnen. Onze numerieke simulaties
op basis van de Landau-Lifshitz—Gilbert-vergelijking voor ijzer garnetten
(Hoofdstuk 4) laten zien dat een optimaal licht—spin koppelingsregime
kan worden bereikt door het aangelegde elektrische veld bij te stellen. Dit
suggereert dat ultrasnel elektrisch ondersteund all-optical switching exper-
imenteel haalbaar is. Om dit te realiseren, moeten alternatieve elektrode
geometrieén worden ontwikkeld die hogere veldsterkten ondersteunen, bij
voorbeeld, door de afstand tussen de elektroden te verkleinen. Dergelijke
verbeteringen zouden niet alleen de switching efficiéntie verhogen, maar ook
nanoschaal ruimtelijke controle mogelijk maken, aangezien het geschakelde
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gebied wordt bepaald door de grootte van de elektrode—waardoor de optis-
che diffractie grens wordt omzeild. Dit zou de nucleatie van topologische
spin structuren, zoals magnetische vortexen of skyrmions,” mogelijk maken
en zo nieuwe wegen openen voor spingebaseerde logica en geheugenappa-
raten.

Bovendien tonen onze resultaten op antiferromagnetisch CroO3 aan
dat gelokaliseerde elektrische velden domein wand beweging precies kun-
nen beheersen en stabiel domeinschrijven mogelijk maken. Aangezien ul-
trakorte laserpulsen ook THz-spinmodi in antiferromagneten kunnen ex-
citéren, biedt de combinatie van optische en elektrische stimuli potentieel
een krachtig mechanisme om magnetische ordening in antiferromagneten
op sub-picoseconde tijdschalen te beheersen.

Gezamenlijk wijzen deze bevindingen op een strategie waarbij elek-
trische en optische controle worden gecombineerd om ultrasnelle, nanoschaal-
manipulatie van magnetische toestanden mogelijk te maken—en zo een snellere
en energiezuinigere benadering van magnetisatie beheersing te bieden.

*Vélez, S. et al. Nat. Nanotechnol. 17, 834-841 (2022).
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