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Introduction
i Preface

Magnetic properties of materials have been exploited for centuries in various applica-
tions. These usually relied on the utilization of the macroscopic stray fields emanating
from magnetic bodies. At the beginning of the 20th century quantum physics revealed
the microscopic origin of magnetism being related to spin, a purely quantum-mechanical
property of elementary particles. For a long time, however, this fact didn’t play an im-
portant role in the applications still dominantly based on manipulation and detection
of macroscopic magnetic elements via magnetic fields. The situation has changed with
the discovery of phenomena in which the behavior of individual spins plays a crucial
role, such as the giant magnetoresistance [1]. Its utilization in hard-disk drives and
magnetic random access memories proved the application potential of spin in informa-
tion technologies and helped to establish a new research field - the spin electronics or
spintronics [2, 3].

The development of spintronics has been accelerated by the recent enormous expan-
sion of microelectronics. The semiconductor (CMOS) technology has gone through an
astonishing improvement benefiting from the development of nanofabrication processes.
However, the ultimate speed-up and downscaling of the electronic devices has brought
the technology to its physical limits [4]. The operation frequency saturated already
more than a decade ago at ≈ 3 GHz limited by the vast amount of heat generated
by shifting the charge forth and back in the billions of nano-elements. The increasing
number of transistors per chip (increasing density), following the famous Moore’s law,
thus remained the only way to significantly increase the device performance. However,
with the <10 nm feature-size in the current chips there is very little space for further
improvement.

Utilization of electron spin instead of (or together with) its charge is considered
as a promising way forward. Spin, unlike charge, is a purely quantum vectorial prop-
erty which brings in new unprecedented phenomena and functionalities. The focus of
spintronics is to utilize these effects to enable a new class of devices for information pro-
cessing and storage with superior parameters in terms of processing frequency, energy
consumption, non-volatility or radiation hardness. Spin has many favorable properties
which allow to reach this goal. It can be manipulated without the charge transport
thus allowing for much more energy efficient operation and consequently much higher
processing frequencies. Spin-based solid-state memories [5] are intrinsically non-volatile
and radiation-hard, unlike the current ‘on-chip’ fast memories. Using the same tech-
nology for nonvolatile information storage and processing would allow for their close
integration in a single chip thus eliminating the energy- and time-demanding conversion
between the electronic and magnetic technology. Moreover, spin as a quantum prop-
erty can represent not only the digital information but could be also used to realize
quantum computing.

Until recently, spintronic research has been carried out mainly in ferromagnetic ma-
terials or ferromagnet/non-magnet heterostructures, where spin has been injected from
the ferromagnet into the non-magnet. Ferromagnets (FMs) are already used in many
applications and they can be relatively easily imaged or manipulated thanks to their
non-zero macroscopic magnetization. On the other hand, the net magnetization gen-
erates long-range dipolar fields which complicate the high density integration of such
devices. Information stored in FM bits can be also destroyed when exposed to rela-
tively weak external magnetic fields. Recently, an increasing attention has been paid to
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antiferromagnetic (AF) materials [6–8], in which the direction of spin alternates at the
atomic scale such that the net magnetization is zero. This makes the magnetic order
invisible on the outside and gives antiferromagnets some very appealing properties for
spintronic applications. The absence of magnetic stray fields allows for high integration
density of AF memory bits. The stored information is secure against magnetic scanners
and robust against external magnetic fields of the order of ∼ 10 T. The exchange-field
enhanced spin-dynamics [9] allows for ultrafast information manipulation with the the-
oretical limit in THz range – typically 2 - 3 orders of magnitude faster than in FMs.
The highly reproducible multilevel resistance switching (memristor behavior) observed
in some AFs [10, 11] is favorable for realization of synaptic elements for artificial neu-
romorphic networks combining memory and logic functions [7]. Last but not least,
AFs are also more abundant in nature than ferromagnetic materials. A broad range
of metals and, unlike ferromagnets, also (topological) insulators, semiconductors and
semimetals with robust antiferromagnetic order well above room temperature is avail-
able. Nevertheless, the same favorable properties which make AFs interesting make
them also more difficult to study or control. Many of the imaging techniques require
non-zero magnetization or thick samples. Imaging of thin AF films, which are of partic-
ular interest for spintronics, is especially challenging. Similarly, the external or locally
generated magnetic fields, commonly used to manipulate FMs, are not applicable in
case of AFs. In order to efficiently couple to an antiferromagnet the magnetic field
would have to alternate its direction at the atomic scale following the staggered Néel
spin order. Generating such a field has been regarded unfeasible hindering the research
and applications of AFs. This has changed with the understanding that relativistic
spintronic effects based on spin-orbit coupling (SOC) can generate an effective mag-
netic field with the desired locally alternating direction when sending a global electrical
current through the antiferromagnet [12]. Such staggered field can manipulate AFs as
easily as a uniform magnetic field can manipulate FMs. This idea was proved in a com-
pensated collinear AF CuMnAs [10] together with a purely electrical readout of the
AF state via another SOC-based effect – anisotropic magnetoresistance. Altogether
this opens a route towards the antiferromagnetic memory and logic devices with the
described superior properties operated by the highly scalable electrical means.

ii Thesis aims and outline

For successful utilization of magnetically ordered materials in spintronic applications it
is important to study the properties of their domain structure – magnetic domains and
domain walls (DWs) – and its response to various excitations. The domain structure
can significantly affect the device performance. Moreover, magnetic domains or DWs
themselves may become the central functional elements of the technology being used to
encode information in memory [13] or logic [14] devices. Imaging and investigation of
magnetic domain structure and its dynamics is therefore important to assess the utility
of the material for spintronics. The aim of this thesis is, therefore, to develop
methods for ultrafast manipulation of magnetic nanostructures (in particu-
lar magnetic domains and domain walls) and for their detection (imaging).
Having in mind the high application potential of antiferromagnetic materi-
als we focus on methods which are, apart from ferromagnets, also applicable
to antiferromagnets, especially to thin antiferromagnetic films, which are of
particular interest for construction of spintronic devices.

In the first part of the thesis we give a theoretical background related to the research
presented in the experimental part of the work. Despite being a bit lengthy, we believe
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that the explanation originating from the elementary building blocks of magnetism
with minimum necessary inputs from external literature may be beneficial, especially
when the thesis is used as an introductory material for students, as usually done in our
department. The aim of the theoretical part is to provide a solid background so that
the thesis is useful also for readers who are not necessarily experts in the field.

In chapter 1 we first show how spin derives from the relativistic quantum theory
and we describe its basic properties and interactions. Subsequently, we introduce dif-
ferent types of magnetic order and explain how it arises from the quantum mechanical
exchange interaction between the spins. We continue by introducing the additional
interactions that contribute to the total magnetic energy of a FM or AF sample and we
show how a magnetic domain structure and domain walls arise from their competition.
In chapter 2 we focus on the response of magnetic order to nonequilibrium conditions.
We describe the different means of manipulation of magnetic states – via external
magnetic fields, current-induced spin transfer and spin-orbit torques and their optical
counterparts. Finally, we discuss the particular case of a DW propagation, induced
by both the magnetic fields and electric currents. Chapter 3 is devoted to detection
methods which can be used to image the magnetic state of a sample. Special attention
is paid to techniques which allow for detection of the AF order. Among these, we focus
on easily accessible, table-top techniques – magneto-optics and magneto-transport –
and we describe the underlying effects on a phenomenological level. In chapter 4 we
briefly describe the basic properties of the materials studied in this work – GaMnAs(P),
Fe, Mn3Sn, and CuMnAs.

The obtained experimental results are divided in 5 chapters corresponding to the
separate experimental studies performed in different materials. In chapter 5 we aim to
develop a versatile optical setup for studying spin textures with simultaneous high spa-
tial and temporal resolutions by combining the wide-field magneto-optical microscopy
and the pump-probe optical technique into one instrument. The setup performance is
tested on GaMnAs samples utilizing the second-order magneto-optical effects, which
allow in principle also to detect an AF order. In chapter 6 we study the optically driven
DW motion in a closely related material, GaMnAsP. The ultrashort circularly polar-
ized laser pulses absorbed by a DW transfer their spin angular momentum to the local
magnetization thus inducing the wall motion in a direction depending on the light po-
larization. From our results we conclude that the DW motion has an inertial character
allowing the DW to move on macroscopic distances long after the excitaion pulse is gone.
In chapter 7 we develop and characterize a device based on an optical PIN-diode design
which allows for a simple generation of ultrashort (∼10 ps) electrical pulses exciting a
magnetic film grown on top of the diode. Such short pulses are necessary for investiga-
tion of the ultrafast THz-scale AF dynamics. The last two chapters focus on developing
techniques for imaging and manipulation of AF domain structures. We study both a
non-collinear AF (Mn3Sn, chapter 8) and a collinear AF (CuMnAs, chapter 9) which
are very different regarding the material symmetries and, consequently, the relevant
phenomena which are sensitive to their AF order. To image the AF domains we scan
the sample surface with a localized laser-induced thermal gradient and detect a global
thermoelectric response. Despite the experiments in the collinear AF CuMnAs were
performed first, the interpretation of the signal due to anisotropic magneto-Seebeck ef-
fect (AMSE) has been less intuitive compared to the thermoelectric imaging of Mn3Sn
based on the anomalous Nernst effect (ANE). To introduce our new thermal scanning
method we, therefore, present the local ANE measurements on Mn3Sn films first, fol-
lowed by the AMSE measurements on CuMnAs which require a more complex data
analysis. Besides the imaging, we demonstrate in Mn3Sn a heat-assisted writing of
defined AF domain patterns using moderate magnetic fields. Manipulation of the AF
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domains in CuMnAs is achieved by spin-orbit torque pulses and for higher current
amplitudes we observe a domain shattering into a nano-fragmented state.
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janek, M. Surýnek, R. P. Campion, B. L. Gallagher, P. Němec, T. Jungwirth,
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1. Spin and magnetic order
Magnetism of solids is closely connected to the angular momentum of elementary par-
ticles from which they consist. As the magnetic moment is inversely proportional to
the particle mass, we can usually neglect the magnetic moments of atomic nuclei. The
main source of magnetic moments are electrons. The angular momentum of electron
has two contributions – the orbital motion of electron around nucleus and an intrinsic
angular momentum called spin. Spin has nothing to do with any mechanical motion.
It is an internal degree of freedom of electron (and other elementary particles) which is
introduced by quantum mechanics. As spin is the central object of spintronics we will
first look how it arises from quantum theory and describe its basic properties includ-
ing the spin-orbit coupling which is the origin of many of the effects discussed in this
thesis. Subsequently, we describe how different types of magnetic ordering arise from
the mutual interaction between the individual spins. Besides the exchange coupling,
which is responsible for the magnetic order, there are also other effects, arising from
the spin-orbit and Zeeman interactions, which may not prefer the uniform spin align-
ment. As a result of competition of all these interactions, the magnetic configurations
of macroscopic samples may become rather complex and difficult to predict. Investiga-
tion of these spin textures, which allows to understand the magnetic properties of the
studied material and which is of great importance also for practical applications, is the
main focus of this thesis.

1.1 Spin and magnetic moment

The existence of spin was indicated by the Stern-Gerlach experiment in 1922 where a ray
of silver atoms was split in two when passing through an inhomogeneous magnetic field
[15]. The even number of beams was in contradiction with the quantization of orbital
angular momentum having always an odd number of possible projections to the field
direction that are equal to integer multiples of ℏ, the reduced Planck constant. Later the
same result was obtained for hydrogen atoms in the ground state having zero orbital
momentum [16] thus proving that electron possesses an additional intrinsic angular
momentum with only two possible half-integer projections of ±ℏ/2 corresponding to the
“spin-up” and “spin-down” states. A year later Paul Dirac showed that the existence of
spin is a natural consequence of incorporating Einstein’s special relativity into quantum
mechanics [17].

The Dirac relativistic equation of motion for a particle with an eletrical charge q
and a rest mass m0 in an electromagnetic field described by vector and scalar potentials
A and ϕ, respectively, reads [18]

iℏ
∂ψ(r, t)
∂t

= (cα · (p̂ − qA) + 1qϕ+ βm0c
2)ψ(r, t), (1.1)

where p̂ = −iℏ∇ is the momentum operator, α = ( 0 σ
σ 0

), β = ( 1 0
0 −1

), 0 and 1 are
2 × 2 zero and unity matrices, σ is the vector of Pauli matrices and c is the speed
of light. The state of the particle is represented by a 4-component wavefunction ψ
which describes its internal degrees of freedom. The wavefunction can be split into two
2-component parts ψ = ( ψ+

ψ−
) where ψ+ and ψ− in non-relativistic limit correspond to

the solution in form of a particle and an antiparticle, respectively.
The existence of spin can be easily shown in the non-relativistic approximation of
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(1.1), called Pauli equation [18], which for electron (q = −e, m0 = me) reads

iℏ
∂ψ+
∂t

= ( 1
2me

(p̂ + eA)2 + µBσ · B − eϕ+mec
2)ψ+, (1.2)

where B = ∇ × A is the magnetic field corresponding to A and µB = eℏ
2me

is Bohr
magneton. Let’s first examine the first term on the right hand side with A = B

2 (−y, x, 0)
describing a constant magnetic field along z-axis. For weak fields we get [18]

1
2me

(−iℏ∇ + eA)2 ≈ −ℏ2∆
2me

− ieℏA∇
me

= −ℏ2∆
2me

+ e

2me
l̂zB, (1.3)

where l̂z is the z-component of the angular momentum operator l̂ = r̂ × p̂. We can use
Bohr model to calculate the magnetic moment associated with l̂, i.e., with the orbital
motion of electron around nucleus [19]

m̂l = 1
2

∮︂
r × Idl = −1

2er × v = − e

2me
l̂ = −gµB

l̂

ℏ
. (1.4)

Here v is the orbital velocity of electron, I is the corresponding current, and the integral
is running along the current loop. Factor g represents the ratio between the magnetic
moment in units of µB and the angular momentum in units of ℏ (here g = 1). The last
term in (1.3) now can be rewritten as

El = e

2me
l̂ · B = −m̂l · B. (1.5)

and obviously describes the energy of a magnetic dipole generated by the orbital motion
of electron in an external magnetic field. This contribution is called Zeeman energy.

The second term in Pauli equation, µBσ̂ · B, has the same Zeeman form, therefore
we can interpret it as energy of an additional intrinsic magnetic moment of electron
which we express, in analogy to (1.4), as

m̂s = −µBσ̂ = −gµB
ŝ

ℏ
, (1.6)

where we introduce the spin operator ŝ. The projection of electron magnetic moment
to the field direction was measured to be ±µB [16] which together with the separation
of the two angular momentum projections by ℏ gives a g-factor of 2 for electron spin
and (1.6) leads to the standard definition of spin operator

ŝ = ℏ
2 σ̂. (1.7)

The Pauli matrices

σ̂x =
(︄

0 1
1 0

)︄
σ̂y =

(︄
0 −i
i 0

)︄
σ̂z =

(︄
1 0
0 −1

)︄
(1.8)

together with the unity matrix 1 form a basis for the vector space of 2 × 2 Hermitian
matrices. Hermitian operators represent physical observables, that’s why the matrix
formalism based on Pauli matrices is frequently used [18].

The individual components of spin ŝi do not commute so they can’t be simultane-
ously measured. However, ŝ2 commutes with the component pointing in the quantiza-
tion direction, which is usually defined by the direction of magnetic field. Therefore,
these two operators have common eigenstates and sharp simultaeously measurable val-
ues (while the other two components are indeterminate). The eigenstates are in the
matrix formalism represented by vectors [18]

|↑⟩ =
(︄

1
0

)︄
eE↑t/iℏ |↓⟩ =

(︄
0
1

)︄
eE↓t/iℏ (1.9)
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called “spin-up” and “spin-down” with the corresponding values of spin projection ℏ/2
and −ℏ/2, respectively. E↑ = −E↓ = µBB is half of the Zeeman splitting. These
two ortogonal states form a basis and any spin state can be expressed as their linear
combination

|ψ⟩ = a|↑⟩ + b|↓⟩, (1.10)

where |⟨↑ |ψ⟩|2 = |a|2 and |⟨↓ |ψ⟩|2 = |b|2 are the probabilities of finding electron in |↑⟩
and |↓⟩ state, respectively, provided that |ψ⟩ is normalized.

Spin precession. If an electron appears in a magnetic field which does not point
along its magnetic moment there is a torque on the moment due to the Zeeman in-
teraction leading to Larmor precession. This can happen, for instance, when electrons
spin-polarized along s are injected into a ferromagnet with magnetization M ∦ s. In
the language of quantum mechanics the injected spin state |ψ⟩ is not the eigenstate
of Zeeman Hamiltonian ĤZ = µBσ̂ · B, i.e., it is not a stationary state and evolves
in time. The (stationary) eigenstates are given by (1.9) with spin pointing along and
against the magnetic field. In their basis any spin state has the form of (1.10). For
magnetic field along z and spin along x |ψ⟩ = (|↑⟩ + |↓⟩)/

√
2 and the expectation value

of magnetic moment along x is

⟨m̂x⟩ = ⟨ψ| − µBσ̂x|ψ⟩ = −µB
2 (⟨↑ |σ̂x|↓⟩ + ⟨↓ |σ̂x|↑⟩) = −µB cos Ωt, (1.11)

where Ω = 2µBB/ℏ is the Larmor frequency. Analogously we obtain ⟨m̂y⟩ = µB sin Ωt
and ⟨m̂z⟩ = 0 which corresponds to a counterclockwise precession of the magnetic
moment around the applied field. This result is in agreement with classical physics
where the evolution of the moment is given by the magnetic field-induced torque, dm

dt =
−gµB

ℏ m×B [19]. This result can be generalized also for effective magnetic fields acting
on the magnetic moment, such as magnetic anisotropy field, spin-orbit field, etc.

Spin-orbit coupling. Pauli equation (1.2), as the non-relativistic limit of the com-
plete Dirac equation (1.1), ignores some of the most interesting spintronic effects like
anisotropic magnetoresistance, spin-orbit torque, anomalous, planar, and spin Hall ef-
fects, and their thermal counterparts. These effects arise from the interraction of mov-
ing electron spin with an electric field. For a single electron the spin-orbit coupling
(SOC) can be derived from (1.1) as one of the corrections to Pauli equation in the
order v2/c2. The SOC contribution to Hamiltonian reads [20]

ĤSO = − e

2mec2 ŝ · (v̂ × E). (1.12)

This result can be understood in terms of relativistic transformation of the electromag-
netic field. If electron moves with velocity v in electric field E, this field transforms
partially to a magnetic field BSO = − 1

c2 (v × E) in the electron’s rest frame. This
magnetic field than acts on the spin magnetic moment of electron in order to align it
with the field thus minimizing the corresponding Zeeman energy, ĤSO = −m̂s ·BSO =
e
me

ŝ ·BSO = − e
2mec2 ŝ ·(v̂ ×E), where the additional factor of 1/2 in the last expression

is due to the Thomas precession of the electron’s rest frame [21].
In radially symmetric electric field (e.g., in atoms) E = −∇ϕ = −r

r
dϕ
dr and we

get [22]
ĤSO = − e

2mec2
1
r

dϕ

dr
ŝ · (r̂ × v̂) = − e

2m2
ec

2
1
r

dϕ

dr
ŝ · l̂, (1.13)

i.e., ĤSO represents the interraction energy of spin and orbital angular momenta of
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electron. This explains the term spin-orbit coupling. In the presence of SOC l̂ and ŝ
are not conserved anymore. Instead, the total angular momentum ĵ = l̂ + ŝ becomes
the constant of motion. From (1.12) we see that SOC will play the strongest role in
heavy elements, especially for the inner electrons, due to the strong electric field of the
nucleus.

Until now we restricted ourselves to magnetic properties of a single electron. In ap-
pendix A we briefly describe how the situation changes when we move to many-electron
atoms which, eventually, form a solid. We explain how the additional interactions lead
to an intraatomic coupling of the electronic angular momenta and formation of the
total atomic magnetic moments.

1.2 Magnetic order

Materials containing permanent magnetic moments can be divided into several cathe-
gories. If the interaction between neighboring moments is weak we speak about para-
magnets. In paramagnetic materials the atomic magnetic moments are disordered by
thermal fluctuations but they tend to align in an external magnetic field giving rise to
a magnetization pointing along the external field. If the coupling between the magnetic
moments is strong enough they can order spontaneously. Depending on the character
of the order we distinguish several material classes. In this thesis we investigate two
of them – ferromagnets (FMs) and antiferromagnets (AFs). In FMs all the magnetic
moments are parallel. In AFs the moments form several sublattices within which the
moments are parallel but the different sublatice magnetizations are either antiparallel
or adopt a more complex arrangement, both resulting in zero total magnetization. All
FMs and AFs are ordered only below certain critical temperature and become param-
agnetic above it.

1.2.1 Paramagnetism

Let’s first consider the ground energy level of a localized magnetic moment split by
the Zeeman interaction (∆EZ ≈ 0.1 meV for B = 1 T). The sublevels occupation is
governed by the Boltzman statistics [19]. The thermodynamic average of magnetic
moment reads

⟨m⟩ =
∑︁
imi exp(−Ei/kBT )∑︁
i exp(−Ei/kBT ) , (1.14)

where the total atomic magnetic moment m̂ = −gJµBĴ/ℏ takes projections mzi =
−gJµBmJ with the corresponding energies Ei = µ0gJµBmJH, mJ = −J,−J + 1, ..., J .
H = B/µ0 is the magnetic field strength and gJ is the Landé g-factor given by the
L, S, and J values. For small H the sublevels are almost equally occupied and ⟨m⟩ ≈ 0.
However, with increasing H (and the corresponding energy splitting) the lowest-energy
state is preferentially occupied leading to nonzero magnetization M = n⟨m⟩, where n
is the spatial density of magnetic moments. Evaluation of (1.14) gives

Mz = ngJµBJ(2J + 1
2J coth 2J + 1

2J x− 1
2J coth x

2J ) = nm0BJ(x), (1.15)

where m0 = gJµBJ is the saturated magnetic moment, BJ(x) is the Brillouin function,
and x = µ0gJµBJH/kBT . An important quantity describing the response of a magnetic
material to an external magnetic field is the magnetic susceptibility χ = M/H given
by the initial slope of the magnetization curve (1.15)

χ = M

H
= µ0ng

2
Jµ

2
BJ(J + 1)

3kBT
= C

T
, (1.16)
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where µ0 is the magnetic permeability of vacuum and C is the Curie constant. This is
the famous Curie law of paramagnetism [19].

In materials where the electrons responsible for magnetism are delocalized the energy
levels split to broad bands characterized by the density od states D(E) ∼

√
E. In an

external magnetic field the spin-up and spin-down bands shift by EZ = ±µ0µBH. The
surplus of electrons in the lower-lying spin-subband is n↑ − n↓ ≈ D(EF )µBµ0H, where
EF is the Fermi energy. The corresponding magnetization is M = (n↑ − n↓)µB, hence
the paramagnetic (Pauli) susceptibility reads [19]

χP = M

H
= µ0µ

2
BD(EF ). (1.17)

χP is temperature independent and about two orders of magnitude smaller than Curie
susceptibility (1.16) at room temperature as only the electrons close to EF respond to
the changes of external magnetic field and temperature.

1.2.2 Molecular field theory

Ferromagnets In FMs magnetic moments spontaneously align below a critical tem-
perature even in an absence of any external magnetic field giving rise to a spontaneous
magnetization the magnitude of which is, to first approximation, independent of exter-
nal magnetic field. This spontaneous alignment was originally explained in terms of a
huge internal magnetic field which is proportional to the magnetization. This is the
central idea of Weiss’s molecular field theory [19]. Later it turned out that no such field
in reality exists and that the spin alignment arises from quantum mechanical exchange
interaction. Nevertheless, Weiss’s model remains useful for understanding the basic
properties of magnetically ordered materials.

Now we can use the results derived above for paramagnets where the external
magnetic field H has to be replaced by the total internal field H i = H + HW =
H + nWM . Here HW is the Weiss’s molecular field and the proportionality factor
nW ≈ 102 − 103. The magnetization is given by (1.15) where now x = µ0gJµBJ(H +
nWM)/kBT . In zero external magnetic field we get from (1.15) for the spontaneous
magnetization Ms

Ms

M0
= BJ(x0), (1.18)

where M0 = nm0 is the saturation magnetization and x0 = µ0m0nWMs/kBT . The
expression for x0 can be rearranged to Ms/M0 = (nkBT/µ0M

2
0nW )x0 which can be

rewritten using the definition of the Curie constant (1.16) as

Ms

M0
= J + 1

3J
T

CnW
x0. (1.19)

The simultaneous solution of equations (1.18) and (1.19) is shown in Fig. 1.1 for
different magnitudes of the total angular momentum J [19].

When approaching to the critical temperature TC , x0 ∼ Ms → 0 and BJ(x0) ≈
x0(J + 1)/3J . This combined with (1.18) and (1.19) gives TC = CnW which is the
Curie temperature at which the ferromagnet reversibly looses the spontaneous align-
ment. Above TC the magnetic moments are disordered and the material behaves like
a paramagnet. From M/M0 = BJ(x) in small-x limit we get after a straightforward
algebra the paramagnetic susceptibility

χ = M

H
= C

T − TC
. (1.20)
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Figure 1.1: Temperature dependence of spontaneous magnetization. Temper-
ature dependence of the spontaneous magnetization Ms in a ferromagnet for different
magnitudes of the underlying magnetic moments described by the quantum number J
of the total atomic angular momentum. The case of J = ∞ corresponds to classical
macroscopic moments, e.g., ferromagnetic nanoparticles. [19]

The idea of molecular field can be applied also to delocalized electrons [19]. The
internal field can be again expressed as H i = H + nSM . The Pauli susceptibility in
the internal field is χP = M/(H + nSM) and, therefore, the response to the external
field gives

χ = M

H
= χP

1 − nSχP
. (1.21)

The susceptibility is enhanced by nS and diverges for nSχP → 1 when the spontaneous
order is established. This condition can be rephrased in form of Stoner criterion

IN ↑, ↓(EF ) > 1, (1.22)

where N↑, ↓(E) = D(E)/2n is the density of states per atom for one spin state and I ≈
1 eV for 3d metals. The metals which meet (1.22) become spontaneously ferromagnetic.
Among 3d elements this is the case only for Fe, Co, and Ni.

Antiferromagnets The molecular field theory can be also applied to AFs. For two
antiparallel sublatices A and B (MA = −MB) the internal fields H i

A,B = H−nWMB,A,
where nW > 0 stands for the antiferromagnetic intersublattice coupling (we neglect the
FM intrasublattice coupling) [19]. The spontaneous magnetization of each sublattice
follows the Brillouin curve |MA,B|(T ) shown in Fig. 1.1 with TC replaced by Néel
temperature TN .

Above TN , in the paramagnetic state we can use the Curie law with the internal
fields

MA,B = χH i
A,B = (C/2T )(H − nWMB,A). (1.23)

The condition for appearance of a spontaneous AF order at TN is a non-zero magne-
tization MA,B = −MB,A in zero external field H which inserted in (1.23) yields the
Néel temperature

TN = CnW /2 (1.24)
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and adding of equations (1.23) gives the suscpetibility

χ = MA +MB

H
= C

T + TN
(1.25)

which does not diverge because the effect of external field is always opposed by the AF
coupling.

(a) (b) (c)

AF PMPMFMPM

Figure 1.2: Magnetic susceptibilities of different magnetic materials. Response
of different magnetic materials to external magnetic field illustrated by the magnetic
susceptibility χ: (a) paramagnet (PM), (b) ferromagnet (FM), (c) antiferromagnet (AF).
Both FM and AF become PM above critical temperature TC (TN ).

Below TN we have to distinguish whether the field is applied along or perpendicular
to the antiferromagnetic vector L = MA−MB [19]. In the former case the susceptibility
can be expressed in the same form as the paramagnetic one, χ∥ = C∥/(T + nWC∥/2),
where C∥ = C[3J/(J + 1)]∂BJ/∂x|x0 . The response of the saturated sublattices is
zero (χ∥ → 0 for T → 0). With increasing temperature the alignment is disturbed by
thermal fluctuations and χ∥ increases, finally reaching the paramagnetic value 1/nW
at TN . When H is applied perpendicularly to L the sublattices tilt towards the field
direction. The susceptibility χ⊥ = 1/nW is temperature independent. The response of
paramagnets, FMs ,and AFs to the external magnetic field is illustrated in Fig. 1.2.

Since χ⊥ > χ∥, L should always rotate perpendicular to the applied field. If the
field is applied along a direction which is preferred by the magnetic moments (e.g., due
to magnetic anisotropy) the competition between these two preferences leads at certain
field strength to spin-flop, a transition to 90◦ rotated canted configuration.

1.2.3 Exchange interaction

Despite being able to explain the basic properties of magnetically ordered materials,
the idea of global molecular field of ≈ 100 T strength aligning the magnetic moments
is not correct. Instead, the long-range magnetic order is caused by a local electrostatic
interaction between nearby electrons in conjuction with the Pauli exclusion principle
[19]. The Pauli principle, which applies to all fermions (particles with half-integer
spin), says that two electrons can’t be simultaneously in the same quantum state. In
other words, two electrons in the same position in space have to have opposite spin, or,
electrons with the same spin avoid each other. Since the electrostatic potential energy
decreases with increasing distance between the electrons, the configuration with parallel
spins is energetically more favorable. Within an electron shell of an atom this leads to
the first Hund’s rule, i.e., filling first all the different orbitals with one particular spin
(’maximize S’) which minimizes the spatial overlap of the electronic charge and the
corresponding energy.
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Let’s consider two electrons with the same spin in states ϕ1(r1) and ϕ2(r2) where
the total wavefunction of the system is Φ(r1, r2) ∼ ϕ1(r1)ϕ2(r2). Since the electrons
are indistinguishable, the charge density −e|Φ|2 must not change when we exchange
their position, i.e., |Φ(r1, r2)| = |Φ(r2, r1)|. Because of the Pauli principle the proba-
bility of finding the electrons in the same place has to be zero |Φ(r1, r1)| = 0. These
two conditions are satisfied by an antisymetric function ΦA. The spin part of the wave-
function is symmetric spin triplet |1⟩ (S = 1) so the total wavefunction ΨI = ΦA|1⟩ is
antisymmetric. Another totally antisymmetric solution we get for electrons with op-
posite spins described by antisymmetric spin singlet |0⟩ (S = 0) and symmetric spatial
wavefunction, ΨII = ΦS |0⟩. The spatial parts of the two solutions are [23]

ΦA,S = (1/
√

2)[ϕ1(r1)ϕ2(r2) ∓ ϕ1(r2)ϕ2(r1)]. (1.26)

As already mentioned, the Coulomb interaction energy is smaller in the case of aligned
spins, EI < EII , where

EI,II = ⟨ΨI,II |Ĥ|ΨI,II⟩ =
∫︂

Φ∗
A,S

e2

4πε0|r1 − r2|
ΦA,Sdr1dr2 = ∆ ∓ J (1.27)

J =
∫︂
ϕ∗

1(r1)ϕ∗
2(r2) e2

4πε0|r1 − r2|
ϕ1(r2)ϕ2(r1)dr1dr2. (1.28)

Here ∆ is a constant energy offset and J is called exchange integral as it contains two
states with exhanged positions of the electrons. It can be easily shown that replacing
the Coulomb Hamiltonian by Ĥ = (1/4)(EII + 3EI) − (EII − EI)Ŝ1 · Ŝ2, where Ŝ1
and Ŝ2 are dimensionless spin operators of the individual electrons, gives the correct
expectation values EI,II in states ΨI,II [23]. We can omit the first term and keep only
the spin-dependent part which, using (1.27), gives the exchange Hamiltonian

Ĥex = −2J Ŝ1 · Ŝ2. (1.29)

For J > 0 the spins tend to align parallel which is the case of the mentioned intraatomic
interaction inside the electron shell. For the interaction of two electrons on neighboring
atoms the opposite (J < 0) is often true. Electrons with opposite spins can spread their
wavefunctions further towards the neighbor. The reduced localization leads, thanks to
the uncertainty principle for position and momentum ∆x∆p ≥ ℏ/2, to reduced kinetic
energy [18].

The direct exchange interaction between two magnetic atoms requires extended
electron orbitals which is the case of 3d metals. For a roughly half-filled d-shell the
AF coupling is preferred since the spin-up electron from one atom can only spread its
wavefunction if the neighoring atom has empty spin-up orbitals, i.e., if the neighboring
atom has spin-down. On the other hand, for almost empty or almost filled d-shell the
electrons can extend to empty orbitals with the same spin on the neighboring atom
which results in FM coupling. This roughly explains why Cr and Mn are AFs, while
Fe, Co, and Ni are FMs [19].

In systems where the electrons responsible for magnetism are more localized or in
diluted magnetic systems the magnetic order is explained by some kind of mediated
exchange interaction [19]. In metals the exchange betwen localized spins is mediated
via delocalized conduction (usually s-) electrons which is described by s-d model. The
isolated magnetic moment polarizes the nearby conduction electrons (parallel or an-
tiparallel to it), which in turn polarize other isolated moments leading to long-range
FM order. A similar effect is considered in systems where the magnetic atoms are far
from each other, diluted in nonmagnetic host lattice. The magnetic impurity polarizes
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the delocalized electrons (or holes) which transmit the interaction to the other mag-
netic atoms. This leads to effective coupling between the localized moments, which
can have both FM or AF character. This kind of indirect coupling is known as the
Zener’s kinetic-exchange or the RKKY interaction [24] and takes place for instance in
the case of the diluted FM semiconductors (Ga,Mn)As and (Ga,Mn)(As,P) which will
be studied in chapters 5 and 6, respectively.

Up to know we only considered parallel FM or antiparallel AF order as a result of
the exchange coupling. If the magnetic moments are arranged in triangles where each
of them experiences the same AF exchange coupling to the other two, they will not
create a collinear spin texture. If two moments in the triangle are antiparallel the third
one will be frustrated as both possible orientations it can choose will make one couple
unsatisfied (parallel). Instead, the spins will prefer a noncollinear arrangement where
the frustration is equaly distributed among all three moments and the net magnetization
is zero. In chapter 8 we investigate a representative of these noncollinear AFs, Mn3Sn.

1.3 Energetics of ferromagnets and
antiferromagnets

The energy associated with a magnetic order has two main sources – the short-range
electrostatic and long-range magnetostatic interactions. The former include exchange
and crystal-field effects. The latter are associated with an energy of the net magnetiza-
tion in a magnetic field and, therefore, are not present in AFs. The variety of different
energy contributions in combination with the general principle of energy minimization
is the root of many interesting magnetic phenomena including the existence of complex
magnetic microstructures like magnetic domains, domain walls, or skyrmions.

1.3.1 Magnetization and magnetic fields

We have shown that FMs and AFs contain one or more magnetic sublattices with a
parallel alignment of magnetic moments. We can ascribe each sublattice α the magne-
tization Mα which is the magnetic moment density in a volume V , Mα =

∑︁
V mα/V

and the net magnetization M =
∑︁
α Mα. Since we want to describe magnetic mi-

crostructures, V is a nanometer-scale volume and Mα are averaged over a microsecond
time-scale to average out the fluctuations of the microscopic moments. The distribution
of individual magnetic moments is replaced by the magnetization M(r), smoothly vary-
ing on a mesoscopic scale, which is called the continuous medium approximation [19].

Magnetic field can be generated either by electrical currents or by magnetized (M ̸=
0) bodies. In the former case the field is obtained using the Biot-Savart law. The latter
case can be transformed to the former one. Acording to Ampère, magnetized body can
be replaced in the calculation by an equivalent distribution of currents generating the
same magnetic field. In particular, magnetic field B of a single magnetic moment m is
the same as that of a tiny current loop, which expressed in polar coordinates reads [19]

Br = 2µ0m

4πr3 cos θ; Bθ = µ0m

4πr3 sin θ; Bϕ = 0. (1.30)

where the relation between the moment size and the corresponding current is m = IA,
with A being the loop area, as follows from (1.4). The field (1.30) shown in Fig. 1.3(a)
has the same form as that of an electric dipole p = qδl. That’s why, magnetic moment
is also called magnetic dipole. An electric dipole consists of two individual charges
±q separated by δl. In analogy, magnetic charges (monopoles) can be also introduced.
The total magnetic field generated by a given distribution M(r) can be calculated by a
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direct integration over the dipolar fields (1.30) of the mesoscopic elements M(r)dV or,
sometimes much easier, as the field generated by the equivalent distribution of virtual
currents or charges. These, however, do not exist in reality and the magnetic moments
arising from quantum mechanics are the real building blocks of magnetism in materials.

The non-existence of magnetic charges is expressed by one of the Maxwell’s equa-
tions, ∇·B = 0, which says that B is divergenceless, i.e., it has no sources or sinks and
the field lines are closed loops. The relation between a magnetic field and its cause, a
current density j, is expressed by another Maxwell’s equation ∇ × B = µ0j.

In the presence of magnetized material we have to take into account that j consists
of the real charge currents jc and the virtual Ampère’s currents jm associated with the
magnetization M of the medium. However, jm is not a measurable quantity. It can be
shown that jm = ∇×M [19]. Therefore, it is useful to introduce an auxiliary magnetic
field

H = B/µ0 − M (1.31)

for which the relation ∇ × H = jc contains only the real conduction currents.
The H-field is not anymore divergenceless, ∇ · H = −∇ · M . In general case when

both conduction currents and magnetized bodies are present we can split the H-field
to two separate contributions: Hc generated by the currents and Hm generated by
the magnetization. These two fields have very different properties. Hc behaves like B
(∇ · Hc = 0, ∇ × Hc = jc) and is called solenoidal field because of the closed-loop
field lines. Hm behaves like electric field E (∇ · Hm = −∇ · M , ∇ × Hm = 0) and
is called conservative field [19]. In analogy to electric field (∇ · E = ρ/ε0) we can
define the fictitious magnetic charge-density ρm = −∇ · M which is the virtual source
(sink) of Hm. In other words, the Hm-field emanates from places with nonuniform
magnetization. This is shown in Fig. 1.3 where we compare the distribution of Hm,
M , and B in a uniformly magnetized block of material in the absence of any external
magnetic field. B is continuous whereas the discontinuity of Hm is caused by the surface
magnetic charges of density ±M resulting from the discontinuity of M . The magnetic
charges are associated with a large energy and thus unwanted which is referred to as
the charge avoidance principle. This leads to a breakup of the uniform magnetization
to magnetic domains as will be discussed later.

Demagnetizing field Outside the magnet Hm and B have the same distribution
(B = µ0Hm). This outer field is called stray field. Inside the magnet Hm has the
opposite direction to M which generates it. That’s why within the volume of the
magnet Hm is called demagnetizing field, Hd.

It turns out that in a uniformly magnetized body having the shape of an ellipsoid
Hd is also uniform and given by [19]

Hd = −N M , (1.32)

where N is the demagnetizing tensor represented by a symmetric 3 × 3 matrix. For
M pointing along one of the principal axes of the ellipsoid, N has a diagonal form
(Nx,Ny,Nz) and Hd ∥ M . Moreover, only two of the diagonal elements are inde-
pendent as

∑︁
i Ni = 1. In this thesis we only investigate thin magnetic films which

represent a limit of an ellipsoid with one finite and two infinite dimensions. In such
case we can find Ni just by the symmetry. For a film in the xy-plane, N = (0, 0, 1).

1.3.2 Demagnetizing and Zeeman energy

The magnetization M(r) responds to the local magnetic field H(r) inside the magnet
which consists of the external applied field and the demagnetizing field created by the
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Figure 1.3: Relations between magnetization and magnetic fields. (a) Dipolar
magnetic field generated by a single magnetic moment m. (b) Distribution of magnetic
fields generated by a uniformly magnetized body. Field lines of B are closed loops whereas
Hm emanates from the fictitious charges associated with the discontinuous magnetization
at the top and bottom surface. The relation between the three vectors is shown in point
P inside the magnet where Hm pointing against M and B is called demagnetizing field
Hd [19].

magnetization itself, H = Hext + Hd. We will evaluate the interaction energy of the
magnet with the external and the demagnetizing field separately.

Demagnetizing energy To calculate the self-energy of the magnetized body in its
own demagnetizing field let’s consider a spherical mesoscopic spatial element having the
moment M(r)dV inside the magnet. According to (1.5), its energy in the local field
Hloc is Eloc = −µ0M · HlocdV . The local field can be expressed as Hloc = Hd + M/3,
where the demagnetizing field of the whole body is reduced by the demagnetizing field
of the spherical cavity in which the element dV resides [19]. The integration over the
whole magnet yields the total interaction energy

E = −µ0
2

∫︂
V

M · HddV − µ0
6

∫︂
V
M2dV, (1.33)

where the factor 1/2 is to prevent the double counting as each element M(r)dV con-
tributes both as a magnetic moment and as a source of the demagnetizing field. The
second integral removes the self-interaction of the element with itself which would act
to reduce the local magnetization, but is much weaker than the exchange interaction
which acts to align the moments (increase M). In other words, we expect M only to
change direction within the magnet, but the size is constant and equal to the sponta-
neous magnetization Ms, thanks to exchange. Then the second term is independent of
the distribution M(r) and we omit it in the following. The local demagnetizing energy
density then reads

ϵd = −1
2µ0M · Hd. (1.34)

Zeeman energy The energy of a magnetized body in an external magnetic field
Hext is obtained as a sum of all the elementary contributions (1.5) from the mesoscopic
moments M(r)dV . The total Zeeman energy EZ and the local energy density ϵZ read

EZ = −µ0

∫︂
V

M · HextdV, ϵZ = −µ0M · Hext. (1.35)
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1.3.3 Magnetic anisotropy energy

Magnetic anisotropy means the tendency of the magnetic moments to lie along cer-
tain directions in the material, so-called easy axes (EAs). This preference arises from
the particular arrangement of atoms in the crystal lattice and its symmetry and as
such is present both in FMs and AFs. We distinguish the intrinsic magnetocrystalline
anisotropy which reflects the symmetry of the ideal crystal lattice and the extrinsic
anisotropies induced by the applied stress or surface effects. The effect of the demagne-
tizing field in FMs, described in the previous section, is sometimes also called the shape
anisotropy as it prefers certain magnetization axis depending on the sample shape.
Magnetic anisotropy is temperature-dependent and has to vanish at the magnetic or-
dering temperature (TC or TN ) [19]. The different contributions to the total magnetic
anisotropy usually have different temperature dependencies which can be utilized to
control the EAs’ positions or to excite magnetization dynamics [25].

The crystal symmetry is imprinted in the magnetocrystalline anisotropy by the in-
teraction of the magnetic atom with the surrounding crystal-field (single-ion anisotropy)
and by the long-range interaction with the dipolar fields of the other magnetic atoms
in the lattice (two-ion anisotropy) [19].

Single-ion anisotropy The essence of the crystal-field effect is that the electrons
in the magnetic atom tend to occupy certain orbitals with an appropriate symmetry
to minimize the interaction energy with the crystal-filed. The spin-orbit coupling then
leads to the magnetic moment orientation in certain crystalographic direction.

The energy of the electrostatic interaction between the charge density ρ0(r) of
the electrons responsible for magnetism and the surrounding charge represented by the
crystal-field potential φCF (r) is Ea =

∫︁
ρ0(r)φCF (r)d3r. Both ρ0 and φCF have certain

angular symmetries and can be expanded to series in terms of spherical harmonics Y m
l .

This is called the multipole expansion. The interaction energy becomes a series [19]

Ea =
∑︂

l=0,2,4,...

∑︂
m=−n,...,n

κml A
m
l Y

m
l (θ, ϕ), (1.36)

where κml and Aml are constants associated with the charge density distribution of
the magnetic atom and with the symmetry of the crystal environment, respectively.
Usually it is enough to keep only the first few terms in the series which describe the
major symmetry features of the charge distributions.

Two-ion anisotropy Another contribution to the magnetocrystalline anisotropy
arises from the anisotropic nature of the dipole-dipole interaction. The interaction
energy of two parallel magnetic dipoles is Edip = −m1 · B21, where B21 is the dipolar
field (1.30) generated by the dipole m2 at the position of the dipole m1. The energy
is minimized when the two dipoles point along the line connecting them (head to tail
configuration). The total dipolar field acting on a single magnetic moment in a mag-
netic crystal is given by the sum of the dipolar fields from all the other dipoles and can
be expressed as Hdip = fdipM [19]. In general, fdip is a tensor which depends on the
structure of the crystal lattice. Consequently, the interaction energy of M with Hdip

depends on the orientation of M with respect to the crystal axes. In cubic crystals
fdip = 0 from symmetry but in other structures the dipole-dipole interaction may be a
significant source of magnetic anisotropy.

We will discuss the particular magnetic anisotropies of the materials studied in this
thesis in the respective chapters. Here we only give the leading terms of the anisotropy
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energy density for the most relevant cubic (ϵc) and uniaxial (ϵu) anisotropies [26]

ϵc = Kc

4 (sin2 2ϕ sin4 θ + sin2 2θ) (1.37)

ϵu = Ku sin2 ϑ, (1.38)

where θ and ϕ are the polar and azimuthal angles of magnetization measured from
the [001] and [100] crystallographic directions of the cubic crystal lattice, respectively,
and ϑ is the deviation of M from the EA of the uniaxial system. Kc and Ku are the
lowest-order cubic and uniaxial anisotropy constants. For Kc > 0 the EAs coincide
with the ⟨100⟩ axes of the cubic lattice, whereas for Kc < 0 they become the hard axes
(energy maxima) and ⟨111⟩ become the EAs. It is useful to express the anisotropy
energy in terms of an effective anisotropy field Ha which is defined as the external
magnetic field necessary to saturate the magnetization along the hard direction and is
given as Ha = 2Ka/µ0Ms, where a = c, u and Ms is the spontaneous magnetization.

Induced anisotropies Thin magnetic films, which are studied in this thesis, have
to be grown on some substrate. This leads to additional contributions to the magnetic
anisotropy given by the lattice constant mismatch between the film and substrate [27] or
by the symmetry-braking effects on the surface of the magnetic layer [27,28]. Moreover,
magnetic anisotropy can be modified by an intentional application of mechanical stress
via a piezo-electric transducer [29], as we do in chapter 5, by patterning, etc.

The strain-induced modification of magnetic anisotropy can be qualitatively under-
stood (in the case of the single-ion anisotropy) as a consequence of the crystal-field
modification caused by the lattice distortion. The change of the interatomic distance
has also effect on the two-ion anisotropy. The surface anisotropies arise from the fact
that the crystal environment in which the surface magnetic atoms reside is very differ-
ent from that inside the magnetic crystal. The surface anisotropies play a crucial role
in very thin (few nm) layers [28].

1.3.4 Exchange energy

The exchange interaction forces the magnetic moments to be parallel (in FMs) or to
keep some other alignment, e.g., antiparallel (in collinear AFs) or more complex one.
Any deviation from this arrangement will impose an energy penalty expressed in terms
of a gradient of the respective order parameter. The local exchange energy density is
derived by a Taylor expansion of the Heisenberg exchange Hamiltonian (1.29) which
yields for a FM [23]

ϵx = (A/M2
s )[(∇Mx)2 + (∇My)2 + (∇Mz)2], (1.39)

where A is the exchange stiffness constant, which relates to the exchange integral (1.28)
as A ≈ 2J S2z/a0. Here, S is the atomic spin, z is the number of atoms per unit cell,
and a0 is the lattice parameter. The total exchange energy is obtained simply by
an integration over the sample volume. Expressed in polar coordinates where Mx =
Ms sin θ cosϕ, My = Ms sin θ sinϕ, and Mz = Ms cos θ, (1.39) becomes

ϵx = A[(∇θ)2 + sin2 θ(∇ϕ)2]. (1.40)

In an equilibrium single-domain case the exchange energy can be ignored. It becomes
important whenever the spin alignment is violated, for instance, by the existence of
magnetic domain walls or by excitation of the magnetic order, e.g., via a spin-torque.
The exchange energy plays an important role especially in the dynamics of AFs where
it is responsible for the THz resonant frequencies.
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1.4 Emergence of magnetic domains and domain walls

The domain idea was a consequence of the observation that some materials showing
zero net magnetization in zero magnetic field can achieve the stauration magnetization
(µ0M ≈ 1 T) by applying only a tiny field (as low as 10−6 T). Such field would have
negligible effect on a paramagnet. The explanation is that it is a FM which consists
of regions, so-called domains, within which the magnetic moments are parallel but the
magnetizations of the different domains can point in different directions, thus averaging
out in a macroscopic sample. The strong response to the external magnetic field is given
by the fact that the field does not have to order the individual moments but only to
align the domains which can be done by an energy-efficient domain-wall motion.

The reason for the emergence of magnetic domains is basically the large demagnetiz-
ing energy (1.34) associated with a uniformly magnetized body. The general tendency
to minimize the total free energy of the magnet usually leads to the breakup of the
uniform magnetization into domains. This may lead to an increase of other energy con-
tributions, like exchange or anisotropy. The equilibrium domain structure is, therefore,
a result of the competition of the different energy terms and depends on the intrin-
sic material properties (exchange and anisotropy constants), extrinsic factors (sample
shape, size, aplied magnetic field), as well as on the history of the sample.

When looking for the magnetic configuration which minimizes or eliminates the
demagnetizing energy it is useful to use the concept of magnetic charges as a sources of
the H-field [19]. The charge density is ρm = −∇·M which becomes M ·n at a surface
of the body (n being the unit surface normal), i.e., any point at a surface of a magnet
where M is not parallel to the surface is a source of external stray field and internal
demagnetizing field Hd. In the bulk Hd may emanate from the boundaries between
the domains, so-called domain walls (DWs). The procedure to reduce the magnetic
charges and eventually eliminate them is shown in Fig. 1.4. The large demagnetizing
energy is first reduced by splitting to smaller domains and completely removed by the
90◦ rotated closure domains. In the final configuration there are no magnetic charges
as M ⊥ n at the surface and −∇ · M = 0 in each DW and, therefore, H(r) = 0
everywhere.

So far we didn’t take into account the magnetic anisotropy. The domain structure
in Fig. 1.4 (c) with 90◦ DWs would be compatible with a cubic anisotropy having EAs
along ⟨100⟩ directions. In any case, the very existence of domain walls violates both
the exchange and magnetic anisotropy. The energy cost associated with creating DWs
prevents the sample from breaking into too small domains.

1.4.1 Magnetic domain walls

The exchange penalty associated with a domain wall can be easily evaluated using
(1.29) [23]. Two spins making a small angle θ have their exchange interaction energy
higher by ∆Ex ≈ J S2θ2 compared to the parallel configuration. For a DW between
two antiparallel domains the spin rotates by 180◦ over N atomic sites. Hence, θ = π/N
and the energy cost for such chain of spins is Ex = J S2π2/N . A planar wall contains
1/a2

0 such chains per unit area and the energy density associated with the domain wall
is σx = J S2π2/Na2

0.
The exchange penalty obviously vanish for N → ∞. The reason why the DW does

not unwind itself to minimize the exchange energy is the opposing magnetic anisotropy.
The magnetization has to rotate out of the easy direction inside a DW which costs an
additional energy. For the uniaxial anisotropy (1.38) the anisotropy energy penalty
for one chain of spins is Ea = a3

0
∑︁N
i=1Ku sin2 θi ≈ (Na3

0/π)
∫︁ π

0 Ku sin2 θdθ = NKua
3
0/2

which, unlike exchange, prefers thin DWs [23]. The total areal energy density associated
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Figure 1.4: Formation of magnetic domain structure. The uniform magnetiza-
tion configuration is associated with a large demagnetizing energy (a). The magnetic
field emanates from the fictitious magnetic charges. The charges of the same sign tend
to avoid each other. Splitting to smaller domains reduces the demagnetizing field (b).
Closure domains with 90◦ rotated magnetization completely eliminate all charges and the
associated demagnetizing energy (c).

with a DW reads
σDW = J S2π2

Na2
0

+ NKua0
2 . (1.41)

The fact that we can associate a surface energy density with a DW means that the
DW behaves like a soap membrane trying always to minimize its surface under given
circumstances. This elastic behavior, which is discussed in more detail in appendix
F, is the key property which enabled us to observe the effects of a DW inertia in the
experiments of chapter 6.

The equilibrium DW width is given by minimizing the total DW energy density,
i.e., by solving equation dσDW /dN = 0 which yields the DW width δDW and the
corresponding energy density σDW

δDW = a0Neq = πS
√︂

2J /Kua0 = π
√︂
A/Ku; σDW = π

√︁
AKu. (1.42)

We distinguish two basic types of DWs - the Bloch wall in which the magnetization
rotates in a plane parallel to the plane of the wall and the Néel wall in which the
magnetization rotates in a plane perpendicular to the plane of the wall [19, 26], as
shown in Fig. 1.5. The remarkable property of the Bloch wall is that the rotation
of M inside the wall does not produce any magnetic charges. Indeed, for a DW in
the yz-plane ρm = −∇ · M = −∂Mx/∂x = 0 as Mx = 0 everywhere. On the other
hand, for the Néel wall Mx = Ms sin(πx/δDW ) and the resulting charge density is
ρm = −(πMs/δDW ) cos(πx/δDW ). Therefore, in the bulk the Bloch wall is usually
preferred. On the other hand, in thin films, where M usually lies in the film plane in
order to reduce the demagnetizing energy (as in Fig. 1.5), the out-of-plane rotation of
M in a Bloch wall is energy costly and the Néel wall is preferred.

As explained above, the domain structure and properties of DWs depend mainly
on three energy terms: demagnetizing, exchange, and anisotropy energy. Since the
exchange usually does not differ so much among different materials, the key properties
are the magnetic anisotropy and the sample shape and size.

The uniaxial anisotropy constant in different materials spans over many orders
of magnitude. The low-anisotropy materials are usually called magnetically soft and
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Figure 1.5: Internal structure of magnetic domain walls. The two basic types
of DWs - (a) the Bloch wall where the magnetization rotates in the DW plane and (b)
the Néel wall where the magnetization rotates in the plane perpendicular to the DW
plane [19].

have large magnetic susceptibility (are easy to magnetize), wide DWs, and in zero
external magnetic field are in multidomain demagnetized state [23]. An example of
such material is permalloy (Ni80Fe20) with Ku = 0.15 kJ m−3, δDW = 2µm, and σDW =
10µJ m−2 [19]. The opposite extreme are the magnetically hard materials with large
magnetic anisotropy and thin DWs such as Nd2Fe14B or SmCo5 (Ku = 17.2 MJ m−3,
δDW = 2.6 nm, and σDW = 57.5 mJ m−2) [19]. These materials are hard to magnetize
or demagnetize, i.e., they tend to stay in a uniformly magnetized state even in zero
external magnetic field and, therefore, are used as permanent magnets.

The energy penalty associated with the existence of DWs prevents their formation
in very small FM particles where the demagnetizing energy associated with a uniform
magnetization state is lower than the energy of a multidomain state. The critical size
below which the particle remains single-domain is rSD ≈ 9σDW /µ0M

2
s which gives,

e.g., for CoPt: rSD ≈ 300 nm [23].
In this thesis we are interested in thin film samples. In an infinite film with an

in-plane magnetic anisotropy there is no demagnetizing field and, therefore, no energy
gain from splitting into domains. If the film has an out-of-plane magnetic anisotropy
the magnetization stays in a single-domain state provided that the anisotropy field
is larger than the demagnetizing field, i.e., Ku > µ0M

2
s /2, when any small deviation

of M from the out-of-plane direction increases energy. This condition is fulfilled for
materials with strong magnetic anisotropy or small magnetization which is the case
of the diluted magnetic semiconductor GaMnAsP studied in chapter 6. In reality the
thin-film samples are not infinite and contain defects which can be understood as local
perturbations of the free energy density. These imperfections play the key role in
the process of magnetization switching because they serve as nucleation centers for
magnetic domains. Therefore, the swiching of real thin films usually proceeds through
multidomain states.

1.4.2 Domain structure in antiferromagnets

As we have just shown, the existence of a domain structure in ferromagnets is promoted
by the demagnetizing field. The extra energy associated with DWs is balanced by the
decrease of the demagnetizing energy in a multidomain state. In antiferromagnets
the situation is very different. In zero external magnetic field, compensated AFs have
zero net magnetization and, therefore, no demagnetizing fields. Despite this, in many
AFs the existence of a domain structure was confirmed. Its origin is, however, more
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complicated and less understood.
The domain walls in AFs are governed by the same physical principles as in FMs.

The rotation of antiferromagnetically ordered spins in the boundary between two do-
mains violates the exchange which tends to unwind the wall but is opposed by the
magnetic anisotropy. The DW width and internal structure are established in order to
minimize its energy cost which is, nevertheless, nonzero.

There are different mechanisms believed to be responsible for a stable domain struc-
ture in AFs in the absence of a demagnetizing field. The presence of DWs may be ther-
modynamically favored thanks to the increased entropy [30, 31]. As the DWs are not
stabilized by the demagnetizing fields they can wander a bit around their equilibrium
positions driven by the thermal fluctuations. This increases the entropy S associated
with the wall which decreases the free energy F . The change of the free energy by
introducing a DW is ∆F = AσDW − T∆S, where A is the DW area. This mechanism
can stabilize the multidomain state (∆F < 0) provided that the DW energy is low
enough, i.e., in the case of a weak magnetic anistropy (σDW ∼

√
Ka).

It turns out that in AFs magneto-eleastic interactions play an important role. The
difference between the bulk and surface magneto-elastic strains produced at TN dur-
ing the phase transition into the AF state generates virtual “incompatibility eleastic
charges” [32] which have an anlogous effect to the magnetic charges producing the de-
magnetizing field in FMs. The minimization of the corresponding energy leads to the
formation of AF domains. Moreover, in real AFs containing lattice defects the domain
structure established at TN is also stabilized by these imperfections which pin the DWs
down.

Apart from compensated AFs there also exist AF materials where the magnetic
moments are slightly canted because of additional interactions, having a small ferro-
magnetic moment (M ̸= 0). These AFs are known as weak ferromagnets [30] and their
domain structure is usually governed, as in FMs, by the demagnetizing field, although
it’s weak.
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2. Manipulation of magnetic
order
In the previous chapter we discussed the basic properties of materials where a sponta-
neous magnetic order appears as a consequence of the quantum-mechanical exchange
interaction. The uniform magnetic state preferred by the exchange is, on the other
hand, disfavored by the long-range magnetostatic or magnetoelastic interactions. The
equilibrium magnetic configuration, which balances the different counteracting interac-
tions, corresponds to a local or the absolute minimum of the total free energy of the
magnetic body.

In this chapter we describe the response of the magnetic order to non-equilibrium
conditions when a nonzero torque acts on the magnetization exerted either by a classical
magnetic field or by effective fields originating from spin transport between different
parts of the sample or from spin-orbit interaction. The main effects resulting from
these excitations include the magnetization precession, switching, and DW motion.

We start with the Landau-Lifshitz-Gilbert equation which describes the magnetiza-
tion dynamics in general, irrespective of the nature of the excitation source - magnetic
field, electrical current, or electromagnetic radiation. We follow with a description of the
magnetic field-induced magnetization switching employing the simple Stoner-Wolfarth
model which is useful in thin-film samples and we also mention how this simple view
is affected by sample imperfections. Subsequently, we introduce the physics of the
current-induced spin transfer torque and spin-orbit torque and their optical counter-
parts. The common feature of these phenomena is that a non-equilibrium spin density
is created within a magnetically ordered material, either by injection from an external
source or directly in the magnet via the spin-orbit coupling, which is misaligned with
the local magnetization and exerts a torque on it via the exchange coupling. Finally,
we show how the magnetic field and the spin-torque effects can induce a DW motion
and we describe the basic properties of the DW dynamics.

2.1 Landau-Lifshitz-Gilbert equation

Dynamics of ferromagnets The total free energy of a sample consists of several
contributions described in section 1.3. A static magnetization configuration corresponds
to a local free energy minimum in the configuration space. When the conditions change,
e.g., when the magnitude or direction of the external magnetic field changes, the energy
landscape in the configuration space changes as well and the magnetization changes
direction in order to find the new energy minimum. The new equilibrium is a result of a
new balance found between the various energy contributions in the changed conditions.
This complicated behaviour can be described in terms of a local effective magnetic
field Heff acting on the magnetization in every point of the sample. The total free
energy density can be written simply as ϵtot = ϵd + ϵZ + ϵa + ϵx = −µ0M · Heff . If
the magnetization makes an angle ϑ with Heff the equilibrium condition ∂ϵtot/∂ϑ = 0
gives MHeff sinϑ = 0. The last expression corresponds to the cross-product of the two
vectors, i.e., we conclude that the torque exerted on the magnetization by the effective
field has to vanish in every point of the sample in equilibrium

M × Heff = 0 (2.1)
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and the effective field Heff = −(1/µ0Ms)δϵtot/δeM reads1 [19]

Heff = 2A
µ0Ms

∇2eM − 1
µ0Ms

∂ϵa
∂eM

+ Hd + Hext, (2.2)

where eM is the unit vector in the direction of magnetization. The first contribution
arises from exchange interaction and the second from magnetic anisotropy. In the
case of uniaxial anisotropy the second term corresponds to the anisotropy field, Hu =
2Ku/µ0Ms, pointing along the EA. The same is true also in the case of cubic anisotropy
for small deviations from the EAs. Equations (2.1) and (2.2) together with given
boundary conditions allow to find the equilibrium magnetic configuration, which is the
approach used by micromagnetic simulations.

Out of the equilibrium there is a nonzero torque on magnetization which equals to
the time variation of the magnetization

dM

dt = −gLµBµ0
ℏ

M × Heff , (2.3)

which is known as the Landau-Lifshitz equation [19]. Once the magnetization is out of
equilibrium this equation describes its precession around the effective field which would
last forever. In reality there are processes which dissipate the energy of the precessional
motion resulting in a damped precession with M inclining towards the direction of
Heff . These dissipative processes were taken into account via a phenomenological
damping term by Gilbert leading to the Landau-Lifshitz-Gilbert (LLG) equation [19]

dM

dt = −gLµBµ0
ℏ

M × Heff + α

Ms
M × dM

dt , (2.4)

where α is the Gilbert damping constant.
Any abrupt change in Heff will lead to the magnetization precession. This can

be a magnetic field-pulse induced, e.g., by an ultrashort electrical current pulse [33] or
an ultrafast modification of magnetic anisotropy induced by ultrashort optical pulses
[34]. In the last two decades new excitation mechanisms were discovered which are
based on spin-polarized itinerant electrons exerting a torque on the magnetization.
The spin polarization s is either delivered from an external polarizer like, e.g., a FM
element [35, 36] or a circularly polarized light beam [37, 38], or created locally via
relativistic SOC [39,40]. These effects are described by additional terms in LLG of the
form M × (M × s) (antidamping-like torque) or M × s (field-like torque) and will be
discussed later in this chapter.

Solving the LLG equation (2.4) for a given magnetic anisotropy, sample shape
(demagnetizing field), and applied magnetic field yields the ferromagnetic resonance
(FMR) frequency ωFMR of the spatially uniform magnetization precession. This fre-
quency can be determined experimentally by measuring the absorption of a microwave
radiation which is resonantly enhanced at the frequency of the Larmor precession of
the magnetic moments (FMR technique) [19]. Alternatively, the precession can be trig-
gered by the absorption of an ultrashort laser pulse and the precessional frequency is
determined from the temporal variation of the measured magneto-optical response (op-
tical FMR) [41,42]. The measured resonant frequency in turn allows to determine the
anisotropy constants Ka, the Landé g-factor gL, and the spontaneous magnetization
Ms, which represent the fingerprints of the magnetic material.

1Here δϵtot

δeM
= ( δϵtot

δeMx
, δϵtot

δeMy
, δϵtot

δeMz
) and δ stands for the functional derivative defined as δϵtot

δeMi
=

∂ϵtot

∂eMi
− ∇ ∂ϵtot

∂∇eMi
, i = x, y, z.
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The FMR frequency basically corresponds to the maximum frequency at which
the magnetization can be efficiently manipulated. For the case of uniaxial anisotropy
(1.38) of µ0Hu = 50 mT, gL = 2, and for zero external magnetic field, ωFMR =
gLµBµ0Hu/ℏ ≈ 10 GHz. This puts an upper limit on the writing-speed of memories
based on ferromagnets.

Dynamics of antiferromagnets The fundamental difference between the dynamics
of FMs and AFs is that the uniform precession of AF moments naturaly involves the
exchange interaction between the sublattices which results in a substantial increase in
the resonant frequency compared to FMs [9]. In FMs the exchange plays a role only in
the case of spatially nonuniform dynamics (spin-wave resonances) [41,43].

The dynamics of the AF moments can be described by equations having the form of
(2.4) for the individual sublattice magnetizations which are coupled via the exchange
interaction [44, 45]. The AF exchange is taken into account by adding the exchange
field Hex, which has the meaning of the molecular filed described in section 1.2.2, into
the effective field Heff (2.2). For a collinear AF with two oppositely oriented sublat-
tice magnetizations MA = −MB, the exchange field acting on the sublattice A (B)
is HA

ex = −nWMB (HB
ex = −nWMA). Any deviation of the magnetic moments from

the antiparallel configuration induces a strong exchange torque which makes the AF
dynamics generally more complex and faster compared to FMs. The antiferromag-
netic resonance (AFMR) frequency for a simple case of a collinear AF with uniaxial
magnetic anisotropy was derived in [44], ωAFMR = (gLµBµ0/ℏ)

√︁
Hu(Hu + 2Hex). For

the exchange field of 100 T (and keeping µ0Hu = 50 mT) the AF resonant frequency
ωAFMR ≈ 1 THz. The exchange enhancement factor ωAFMR/ωFMR ≈

√︁
2Hex/Hu

makes the dynamics of AFs roughly two orders of magnitude faster compared to the
anisotropy-field-driven dynamics of FMs.

The effect of moderate magnetic fields on AFs is negligible. In order to efficiently
couple to the staggered magnetic order of collinear AFs the acting field has to be
staggered as well, i.e., it has to alternate its direction on atomic scale following the
antiparallel spin texture. The difference between the effects of staggered and non-
staggered fields on AF order is explained in more detail at the end of section 2.3.1 and
in Fig. 2.4. The staggered magnetic field cannot be created by external means but an
effective field of these properties can be generated by spin polarized elecrons exerting
a torque on the AF moments [46]. The spin polarization responsible for the torque
is again either delivered from an external polarizer [47] or induced locally by various
SOC-related effects [12, 46, 48]. These effects will be discussed in more detail further
in this chapter. The AF order can be manipulated also by ultrashort optical pulses as
reviewed in [49] or utilizing the exchange-spring effect in FM-AF multilayers [50].

2.2 Manipulation by magnetic field

Magnetic fields have been used for the manipulation of magnets for centuries and still
remain the most widely employed control mechanism in the technological applications
based on FMs. In the previous section we described the GHz-scale dynamics of mag-
netization induced by changes in Heff , e.g., by applying an external magnetic field. In
this section we discuss how the magnetization switching proceeds based on the energy
considerations. We first use a simple model of magnetization reversal via coherent ro-
tation to introduce the magnetic hysteresis. After that we follow by considering a more
realistic switching process involving the effects of domain nucleation and DW motion
and pinning.
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2.2.1 Stoner-Wolfarth model

Very small magnetic particles as well as thin films stay in a single-domain state even
in the absence of external magnetic field. The critical size below which the presence of
even a single DW is energetically unfavorable is of the order of 100 nm for hard uniaxial
FMs. The magnetization reversal of such particles proceeds via coherent rotation of
magnetic moments which is described by the Stoner-Wolfarth model [19, 23, 26]. It is
the simplest analytical model which exhibits hysteresis.

The total free energy density of a uniformly magnetized ellipsoid of revolution with
a uniaxial anisotropy and EA along the symmetry axis is

ϵtot = Ku sin2 ϑ+ µ0
2 (N M) · M − µ0Hext · M , (2.5)

where ϑ is the deviation of M from the EA. The demagnetizing tensor has a diagonal
form of N = {(1 − N)/2, (1 − N)/2, N)}, N ∈ ⟨0, 1⟩, and the demagnetizing energy
can be expressed in the same form (apart from a constant term) as the uniaxial mag-
netocrystalline anisotropy, ϵd = Kd sin2 ϑ, where Kd = (1/4)µ0M

2
s (1 − 3N). When the

external magnetic field is applied at an angle ϑH > 90◦ and increased (slowly compared
to ωFMR) the magnetization will rotate following the shift of the minimum of ϵtot(ϑ)
and eventually switch (irreversibly jump to a lower energy minimum) as shown in Fig.
2.1. The energy minima are given by dϵtot/dϑ = 0 and d2ϵtot/dϑ2 > 0 conditions and
the switching occurs when d2ϵtot/dϑ2 = 0.

When the magnetic field is applied along the EA (ϑH = 180◦) the switching occurs
when the field magnitude reaches the effective anisotropy field

Hc = 2Ku +Kd

µ0Ms
. (2.6)

Hc is known as the coercive field [19]. In the general case of multi-domain switching Hc

is defined as the field needed to reduce the net magnetization or its projection to the
field direction to zero. When applying the opposite field the switching occurs for −Hc

resulting in a rectangular M-H loop, so-called hysteresis loop [see Fig. 2.1(b)]. For field
applied at an increasing angle with respect to the EA the coercive field decreases and
the hysteresis loop becomes narrower. When the field is applied along the hard axis
(ϑH = 90◦) there is no hysteresis and the magnetization smoothly rotates towards the
field direction.

The hysteresis loop appears in the field range where two minima of ϵtot(ϑ) exist
which are separated by an energy barrier. The existence of the barrier, i.e., the fact
that the system may become stuck in an energy state which is not the global energy
minimum, is the reason for the irreversible magnetic behavior [see Fig. 2.1(a)]. If the
system could ‘tunnel’ through the barrier to occupy always the global minimum, the
hysteresis would never exist. In larger samples, processes such as domain nucleation and
DW motion allow such ‘tunneling’ at high enough fields which leads to lower coercive
fields than those calculated within the Stoner-Wolfarth model [19].

The magnetization switching of perfect thin films can be also described by the
Stoner-Wolfarth model. A thin film with a perpendicular magnetic anisotropy repre-
sents the N → 1 limit of Eq. (2.5). In soft magnetic materials the magnetization
usually lies in the film plane and the demagnetizing field is zero. The magnetization
switching then proceeds via coherent rotation which is confined to the sample plane [19].

2.2.2 Effects of sample imperfections

Domain nucleation In real large enough samples the coercive field is never as large
as (2.6). The reason is the presence of defects (including the sample edges) which serve
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Figure 2.1: Stoner-Wolfarth model of magnetization switching. (a) The total
free energy density of a magnetic particle or a thin film in an increasing external field
Hext applied at an angle ϑH = 135◦ (dashed line). The magnetization direction (black
dots) follows the local energy minimum and eventually switches to the global minimum.
The curves are vertically shifted for clarity. (b) Magnetic hysteresis loops for ϑH = 90◦

(hard axis), 135◦, and 180◦ (EA). Magnetization states from (a) are indicated by dots
of corresponding color. MH is the magnetization projection to the direction of Hext,
Ha = 2(Ku +Kd)/µ0Ms.

as nucleation centers for domains. In an inhomogeneous sample the energy density (2.5)
becomes a function of position. The magnetic anisotropy may vary due to local strains
or strain relaxation in the proximity of the defects (edges), inhomogeneities in material
composition, surface properties, etc. The demagnetizing energy is also perturbed by
surface asperities, e.g., by the edge roughness of thin films. If the surface variations
are sharp enough the magnetization cannot accommodate by pointing always parallel
to the surface and the corresponding magnetic charges are sources of strong local de-
magnetizing fields [19]. These local fields are oriented against the magnetization, thus
making the external field needed to switch the magnetization lower [see Fig. 2.2(a)].

Instead of constant height of the energy barrier throughout the sample as in the
Stoner-Wolfarth model there is a distribution of barrier heights and corresponding
switching fields due to the inhomogeneity of the real sample. When a magnetic field
is applied against the magnetization of a single-domain sample (e.g. a thin film) the
switching first occurs in the places with lowest switching field where reverse domains
are nucleated. Note, that the magnetization in such places is still exchange-coupled
to the surrounding material which hinders the switching, i.e. the exchange interaction
tends to smooth the magnetic inhomogeneities [19]. Once the reverse domain exceeds
a critical size which is of the order of the domain wall width δDW in the material (1.42)
it can grow by a DW motion driven by the Zeeman energy gain.

The nucleation process is also influenced by temperature. Thermal fluctuations
allow the system to overcome energy barriers of some maximum height which scales
with its thermal energy kBT , thus effectively smearing out small variations of ϵtot(ϑ).
The anisotropy constants and spontaneous magnetization also decrease with increasing
temperature which makes the system magnetically softer with smaller coercive field.

Domain wall pinning Once a domain is nucleated, the magnetization switching can
continue via a DW motion. Since the DW energy depends on the magnetic anisotropy
and exchange stiffness, σDW ∼

√
AKa, the DW may become pinned at the sample

inhomogeneities where A and Ka differ from the bulk values. Depending on whether
σDW is smaller or larger in the defect it serves either as a trap or a barrier to the DW
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motion. The pinning is most efficient when the defect diameter is comparable to the
DW width δDW and especially for planar defects since the whole DW can lower its
energy [19].

In a simple 1D case (magnetic nanowire) with one DW the energy of the mag-
net depends only on the position of the DW along the wire. It can be expressed as
Etot = f(x)−2µ0MsHx, where f(x) represents the varying DW energy along the inho-
mogeneous wire and the second term is the Zeeman energy of the two domains in the
applied field [19]. For T = 0 the moving DW always stops in places where dEtot/dx = 0,
i.e. where f(x) has a particular slope, f ′(x) = 2µ0MsH. Incerasing H shifts a bit the
DW until it reaches the inflection point of Etot, f ′′(x) = 0, when it gets depinned and
jumps to the next pinning center with large enough slope of f . This discontinuous DW
motion, known as the Barkhausen jumps, is illustrated in Fig. 2.2(b). Hysteresis loops
of real macroscopic samples consist of many such jumps.

+++

--- +++

---

0.0 0.1 0.2 0.3 0.4

-1

0
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(a) (b)

Figure 2.2: Effect of defects on magnetization switching. (a) Local demagnetizing
fields (thin arrows) in the proximity of edge asperities which help nucleation of reverse
domains. (b) Discontinuous DW motion (Barkhausen jumps) measured in a FM nanowire
[51].

The effect of nonzero temperature is that the DW can overcome the energy barriers
with certain probability which decreases with increasing barrier height. At a given
applied field it takes some time to depin from the defect. Consequently, the hysteresis
loop is not a rigid object. It depends on how fast the field is changed – a slower sweep
gives a smaller coercive field.

2.3 Spin transfer torque

In nonmagnetic materials the electron spins are randomly oriented and don’t play any
role in the electron transport.2 On the other hand, in FMs the exchange splitting results
in a partial electron-spin polarization. In devices containing FM elements with different
magnetization orientation or in DWs, where the magnetization rotates continuously, the
spin polarization can be transferred between different parts of the device leading to a
torque on magnetization, so-called spin transfer torque (STT).

This effect was first considered by Berger as being responsible for a DW motion in
a magnetic wire excited by current pulses [52, 53]. Later the focus moved to magnetic
nanostructures consisting of FM layers separated by a nonmagnetic spacer which was
motivated by the discovery of the interlayer exchange coupling [54] and the giant mag-
netoresistance (GMR) effect [1, 55]. It turned out that the interlayer coupling may be

2In this moment we don’t take into account relativistic effects like, for instance, spin Hall effect
which lead to spin polarization even in nonmagnetic materials.
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understood as an exchange interaction mediated by the spin-polarized electrons trav-
eling across the spacer layer. In 1996 Slonczewski [35] and Berger [56] independetly
predicted that electrical current run across a FM/nonmagnetic metal (NM)/FM multi-
layer can produce a STT strong enough to switch the magnetization in one of the layers.
The experimental confirmation came soon after [36, 57] utilizing the GMR effect as a
probe of the mutual orientation of magnetization in the FM layers. Later a substantial
tunneling magnetoresistance (TMR) effect was also observed in FM/insulator(I)/FM
multilayers [58,59].

2.3.1 Physics of STT

When a spin-polarized current flows through an environment with magnetization M
which is not collinear with the current polarization s, the magnetization exerts a torque
on the itinerant spins aligning them along the local magnetization direction. The spin
current in turn exerts a torque on the magnetization which we call the STT. The
strength of STT can be calculated directly by considering the mutual precession of the
itinerant spin and magnetization in their exchange fields [60]. Alternatively, in systems
where the total spin is conserved, STT can be evaluated by determining the change in
the spin current upon interaction with the magnetization. We will use this theoretical
picture, described in [35,61,62], as it quite instructively shows the effects taking place
during the spin transfer.

The spin conservation means that the changes in M and s have to compensate
each other. In other words, the change in the spin current upon interaction with the
magnetization corresponds to the change in M , i.e. to the torque T acting on M .
When a spin current density Q flows along x-axis perpendicular to a NM/FM interface
the torque on a unit area of the interfacial magnetization is

TST = ex · (Qi + Qr − Qt), (2.7)

where the superscripts i, r, and t label the incident, reflected, and transmitted spin
current density which is defined as

Q = (ℏ2/2me) Im(ψ∗σ ⊗ ∇ψ). (2.8)

The outer product ⊗ of the spin and momentum operators makes Q a tensor having
a direction in the spin space and a direction of propagation in the real space. The
spin currents in (2.7) can be obtained directly from the definition (2.8) by inserting
an appropriate wavefunction. In appendix B we perform the calculation for the free-
electron wavefunction which is expressed as a linear combination of the FM eigenstates
| ↑⟩ and | ↓⟩. The important result is that there is no torque associated with the spin-
component parallel to M (chosen ∥ ez). The torque from the transverse (Qx ⊥ M)
spin-component is generally nonzero. There are three distinct effects that contribute
to the net spin transfer, as illustrated in Fig. 2.3(a). [61] In the following, θ is the polar
and ϕ the azimuthal angle of the incident spin, kx is the wavevector component along
the current flow in the NM and similarly k↑

x, k↓
x for the majority and minority spin

channel in the FM.
First is the spin filtering effect. The two spin components of the incident wavefunc-

tion get reflected (transmitted) with different probabilities at the NM/FM interface
due to the exchange splitting ∆Ex in the FM [different height of the energy step for
the ↑-/↓-components in the bottom panel of Fig. 2.3(a)]. Consequently, the ratio of the
↑-/↓-components (i.e. the transverse spin component) differs for the spatially separated
reflected and transmitted states which results in the discontinuity of the transverse spin
current at the interface and the corresponding torque on M .

31



The second contribution arises from a spin rotation of the reflected electrons. This
is due to the generally complex reflection amplitudes R↑, R↓ for the ↑-,↓-components
of ψ. The transverse component of the reflected spin current Qr

x is proportional to the
factor R∗

↑R↓ =
⃓⃓⃓
R∗

↑R↓
⃓⃓⃓
ei∆ϕ (see Eq. B.4), whose complex phase ∆ϕ has a meaning of

the azimuthal angle by which the electron spin rotates upon reflection. Importantly,
since the reflection amplitudes depend on the wavevector component parallel to the
NM/FM interface, electrons aproaching the interface from different angles have their
spins rotated differently. Summing over the electron ensemble efficiently averages the
reflected transverse spin component to zero.

The last effect is the spin precession of the transmitted electrons. This is caused
by the difference in kinetic energies of the majority and minority spins in the FM
because of the exchange band-splitting. This results in a phase factor of ei(k↓

x−k↑
x)x in the

transverse component of the transmitted spin current Qt
x, which describes a precession

of the transmitted spin around the z-axis as the electron propagates through the FM.
It can be understood as a spin precession in the exchange field of the magnetization
M ∥ ez. Electrons incident under different angles again acquire different precession
angles which leads to efficient dephasing of the transverse spin component at a distance
of few lattice constants.

NM FM
(a) (b)

Figure 2.3: Physics of the spin transfer torque. (a) Spin-dependent scattering at
the NM/FM interface due to the exchange band-splitting ∆Ex. Spin-filtering changes
the ↑-/↓-ratio in the electron wavefunction by predominantly transmitting majority and
reflecting minority spins. Spin rotation upon reflection and spin precession upon trans-
mission averages out the transverse spin. (b) Different torques acting on magnetization:
antidamping-like torque T ad ∼ M ×(M ×s), field-like torque T fl ∼ M ×s, and damping
T d ∼ M × (dM/dt).

Since there is almost no transverse spin current leaving the NM/FM interface,
we can conclude that it was completely absorbed by the interfacial FM layer and
transformed to the torque on the magnetization, TST . From Eq. (B.4) we get TST =
Qixxex +Qiyxey = (ℏ2kx/2me) sin θ(cosϕex + sinϕey). Thus, the torque acts always in
the direction which is given by the cross-section of the plane perpendicular to M and
the plane containing both M and s, i.e., it can be written as T ad

ST ∼ M × (M × s).
This is known as the antidamping-like (or adiabatic) STT as it points against (or along)
the damping term in the LLG equation (2.4), as shown in Fig. 2.3(b). To be precise,
the transverse components of the outgoing spin current are not completely zero and
there is also a perpendicular torque, T fl

ST ∼ M × s, known as the field-like (or non-
adiabatic) torque since the spin polarization acts as an effective field forcing M to
precess around it. The field-like torque is usually much weaker than the antidamping-
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like one. However, in FM/I/FM structures they may become comparable in strength
[62].

STT in antiferromagnets It has been shown in [47] that the antidamping-like STT
from a FM layer to an adjacent AF layer can efficiently manipulate the AF moments.
For example, in a two-sublattice collinear AF the effective field HST,j ∼ Mj × s
acting on the sublattice magnetizations Mj has the desired staggered character. The
corresponding torques TST,j ∼ Mj × HST,j tilt the sublattice magnetizations away
from the exactly antiparallel alignment thus inducing a strong exchange torques on Mj

which lead to the precession of the AF moments in the plane perpendicular to s [9,47],
as shown in Fig. 2.4(a). An ultrafast switching of the AF order via this STT-induced
precession has been predicted recently [63]. Since the STT strength is proportional
to the AF order parameter, L = MA − MB, it is expected to be the same order of
magnitude as the STT in FMs [47]. The STT is also expected to behave similarly in
more complex AFs with non-collinear spin textures [47].

A uniform (non-staggered) magnetic field (a real field or a uniform spin polarization
acting via a field-like torque) does not trigger a magnetic dynamics in AFs, unless they
have a negligible anisotropy. This case is depicted in Fig. 2.4(b). The out-of-plane uni-
form field rotates the sublattice magnetizations in the plane which does not violate the
exchange but it costs anisotropy energy. The anisotropy field Ha (along the EA) exerts
torques Ta which tilt the magnetizations out-of-plane inducing the exchange torques
Tex. These, however, point against the torques exerted by the external magnetic field
thus hampering the magnetization dynamics.

(a) (b)

Figure 2.4: Staggered and non-staggered fields in AFs. Comparison of the effect of
a staggered STT-induced effective field HST (a) and a uniform (non-staggered) external
field Hapl (b) on an AF. The staggered field tilts (torque TST ) the moments out of the
antiparallel arrangement, thus inducing a strong exchange fields Hex and torques Tex

which eventually rotate the moments within the sample plane. In (b) the uniform field
rotates the moments in the plane (torque Tapl). The deviation from the EA (anisotropy
field Ha) induces torques Ta which tilt the moments out of the plane and induce the
exchange torques Tex which, however, point against the Tapl hampering the magnetic
dynamics.

2.3.2 Optical STT

Besides the current-induced STT there exists also its optical counterpart (OSTT) where
the spin polarization is delivered by photons. Absorption of circularly polarized light
creates a population of partially spin-polarized carriers which exert STT on the mag-
netization. This effect was predicted [37] and recently observed [38] in a ferromag-
netic semiconductor GaMnAs. In this material, a high density of spin-polarized photo-
carriers can be created due to the direct band gap and optical selection rules. This
process, known as the optical orientation [64], is based on the conservation of the total
angular momentum in the electron-photon system during the optical transition. The
circularly polarized light can be viewed as consisting of photons with angular momen-
tum projection of ±ℏ (for σ± helicity) along the light propagation direction which is
transferred to the photo-excited electron-hole pair when the photon is absorbed [64].
The band structure of the GaAs host is depicted in Fig. 2.5(a) showing the heavy
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hole (HH), light hole (LH), and spin-orbit split-off (SO) bands and the conduction
band (CB). The optical transitions from HH, LH, and SO bands to CB have differ-
ent relative probabilities, as indicated by the numbers in Fig. 2.5(b). The transition
probabilities are given by the matrix elements of the dipole operator D between the
involved initial (i) and final (f) Bloch states [65], p = |⟨Jf,mf

J |D±|J i,mi
J⟩|2, where J

and mJ are the quantum numbers indicating respectively the magnitude and projection
of the angular momentum of the electron states and the index ± denotes the spin (±ℏ)
of the absorbed photon. For a photon energy Eg < ℏω < Eg + ∆SO only the transi-
tions from HH (mJ = ±3/2) and LH (mJ = ±1/2) bands are involved. Consequently,
for a given light helicity, the density of the photo-carriers of one spin orientation is
3-times larger than the density of the photo-carriers with the opposite spin orienta-
tion resulting in the spin polarization of Ps = |n↑ − n↓|/(n↑ + n↓) = 0.5 in an ideal
case [65]. In reality, due to experimental imperfections, a polarization of Ps ≈ 0.4
can be achieved [64, 65]. The optically injected spin polarization decreases and even-
tually drops to zero [65] as the photon energy approaches and surpasses the SO-CB
energy splitting (ℏω = Eg + ∆SO = 1.86 eV at T = 10 K, corresponding to a vacuum
wavelength of λ0 ≈ 670 nm) when transitions from the SO band to CB are involved.

The spin-polarized photo-carriers (spin density s) and the localized Mn moments
(magnetization M) are coupled via exchange interaction and their coupled precessional
dynamics is described by the following equations [37,38]

dM

dt = J
ℏ

M × s, (2.9a)

ds

dt = J SMncMn

ℏMs
s × M + Pn − s

τ
, (2.9b)

where J is the carrier-Mn moment exchange coupling constant, SMn = 5/2 is the Mn
moment magnitude, cMn is the Mn moment density, P is the rate per unit volume of
the optical injection of carrier spins with initial orientation given by the unit vector n,
and τ is the photo-carrier spin lifetime.

The precession period of photo-electron spin in the exchange field of the mag-
netization is ∼ 2πℏ/J SMncMn ∼ 100 fs [38]. During the precession the spin den-
sity decays mainly from two reasons - it dephases due to the exchange interaction
with the fluctuating Mn moments and the carriers themselves decay by recombina-
tion. The timescales of both these processes are on the order of tens of picoseconds in
GaMnAs [37, 38]. Consequently, the photo-electron spins with initial spin orientation
n experience many precessions before they decay with a random spin orientation. By
averaging over the whole photo-electron population there is zero net loss of the angular
momentum to the environment, i.e., the angular momentum is completely transferred
to the magnetization [37]. In the corresponding limit of τJ SMncMn/ℏ ≫ 1, we can
neglect the last term in Eq. (2.9b) which results in a steady-state spin density of
s0 ≈ (ℏP/J SMncMnMs)(n × M) which inserted into Eq. (2.9a) yields [38]

dM

dt ≈ P
SMncMnMs

M × (n × M). (2.10)

The geometry of the experiment [38] is shown in Fig. 2.5(c). The laser pulse incident
along the sample normal injects photo-electrons spin-polarized along n whose precession
around the in-plane magnetization results in an in-plane steady-state spin density which
in turn exerts a torque on M tilting it out of the sample plane. This kind of spin torque
corresponds to the antidamping-like (or adiabatic) current-induced STT, see Fig. 2.3(b)
and the adjacent discussion.
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Figure 2.5: Optical orientation and OSTT in GaMnAs. (a) Sketch of the GaAs
band structure close to the Γ-point showing the heavy hole (HH), light hole (LH), and
spin-orbit split-off (SO) valence sub-bands and conduction band (CB). The band gap
Eg = 1.52 eV and SO band splitting ∆SO = 0.34 eV at a temperature of 10 K. (b)
Schematic of the optical orientation process for circularly left (σ+) and right (σ−) polar-
ized light. The ket-vectors |J,mJ⟩ indicate the electron angular momentum in different
states and the numbers in circles are the relative probabilities of the optical transitions.
(c) OSTT induced in GaMnAs by photo-electrons optically injected with a rate P and
spin-polarization along the sample normal n. After many precessions around the mag-
netization the electron spins decay with random spin orientation (cyan arrows) and the
entire angular momentum is transferred via the steady-state spin density s0 to the mag-
netization M . (d) The same process for photo-holes. Due to their ultrashort spin lifetime
τ the hole spins rotate only small angle and decay with a well defined spin orientation
transferring most of the angular momentum to the environment. The in-plane OSTT∼ τ
is much weaker than the effect of photo-electrons. (c) and (d) taken from [38].

The situation is very different in the case of the photo-injected holes which ex-
perience a strong SOC. This limits the photo-hole spin lifetime to τ ∼ 1 − 10 fs [37]
which is considerably shorter than the hole precession period (tens of femtoseconds).
Consequently, the photo-hole spin rotates only a small angle before it decays to the
environment with still a well defined orientation. In other words most of the photo-
injected angular momentum is transferred to the environment, not to the magnetization.
This behavior is well described by the opposite limit, τJ SMncMn/ℏ ≪ 1, in which we
can neglect the cross product in Eq. (2.9b) and we get the steady-state spin density
s0 ≈ τPn and the torque on magnetization [38]

dM

dt ≈ τJ P
ℏ

M × n. (2.11)

This situation is illustrated in Fig. 2.5(d). The optical STT acting in the sample plane is
proportional to the ultrashort photo-hole spin lifetime and, therefore, the contribution
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of photo-holes to the OSTT can be neglected in GaMnAs. The spin torque of the form
(2.11) corresponds to the field-like (or non-adiabatic) STT discussed previously, see
Fig. 2.3(b) and the adjacent discussion.

The OSTT allows for an ultrafast manipulation of magnetic order, as demonstrated
in a single-domain case in [38]. When applied to inhomogeneous spin textures, this
could be useful for magnetic storage and processing [13,14]. In chapter 6 we utilized this
effect in a closely related ferromagnetic semiconductor GaMnAsP with a perpendicular
magnetic anisotropy to excite an inertial DW motion with a direction controlled by the
light helicity.

2.4 Spin-orbit torque

Recently a distinct type of spin torque has been proposed [39, 66] and experimentally
observed [40, 67, 68] which does not need any external source of the spin polarization.
It is based on the spin-orbit interaction, which couples the orbital and spin degrees
of freedom of an electron. Sending an electrical current through the material with a
strong SOC leads to a generation of non-equilibrium spin polarization which exerts a
torque on magnetization via the exchange interaction. This torque is known as the
spin-orbit torque (SOT).

2.4.1 Spin-orbit coupling in solids

As described in section 1.1, SOC arises when electron moves in an electric field giv-
ing rise to an energy contribution of the form ĤSO ∼ Ŝ · (v̂ × E). Therefore, the
strongest SOC is observed in heavy elements such as platinum where the electron or-
bital velocities are largest. In the central potential of an atom the electron motion
corresponds to a certain orbital angular momentum and the SOC Hamiltonian can be
rewritten as ĤSO ∼ Ŝ · L̂. In the case of conduction electrons which often occupy
the central-symmetric s-orbitals (L = 0) the spin-orbit energy splitting arises from a
specific symmetry breaking of the crystal structure [20,69,70].

In a crystal the electron energies form bands with energy parametrized by the
electron spin and wavevector, Eσ(k) (σ =↑ or ↓), and the SOC Hamiltonian becomes
ĤSO ∼ Ŝ · (k̂ × E). The SOC is obviously symmetric under time reversal, E↑

SO(k) =
E↓
SO(−k). In a material with spatial inversion symmetry EσSO(k) = EσSO(−k) also

applies. The two symmetries together imply E↑
SO(k) = E↓

SO(k), i.e., zero spin-orbit
band splitting [20,69,70]. In other words, the SOC requires the inversion symmetry to
be broken in order to spin-split the energy bands.

The inversion symmetry may be broken in the bulk by the crystal structure itself
(bulk inversion asymmetry, BIA) as, for instance, in the zinc-blende structure of III-
V and II-VI semiconductors [71]. In addition, the inversion symmetry is broken in
heterostructures by interfaces, asymmetric doping, internal or external electric fields,
which is known as the structural inverse asymmetry (SIA) [72]. Finally, the crystal
symmetry is also broken by defects such as impurity atoms. While BIA and SIA are
present in the whole volume or within a plane in the sample and can be described by
effective spin-orbit fields, the randomly distributed impurities act locally and manifest
themselves in spin-dependent scattering and spin-decay mechanisms.

In thin-film structures, taking into account only the in-plane electron motion, there
are two main contributions to the SOC – the Rashba [72] and Dresselhaus [71] coupling
arising from SIA and BIA, respectively. For example in (001)-grown GaAs the respec-
tive Hamiltonians are [69,70]
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ĤR = αR(−kxσy + kyσx) ĤD = βD(kxσx − kyσy), (2.12)

where αR and βD are the Rashba and Dresselhaus coupling constants that scale with
the strength of the SOC and x, y, and z are chosen along [100], [010], and [001] crystallo-
graphic directions, respectively. If we express the SOC Hamiltonian in a form analogical
to the Zeeman interaction, ĤSO = µBσ̂ · BSO, we obtain the effective spin-orbit fields

BR(k) = αR
µB

(︄
ky

−kx

)︄
BD(k) = βD

µB

(︄
kx

−ky

)︄
. (2.13)

The directions of these effective spin-orbit fields with respect to the electron k-vector
are shown in Fig. 2.6(a,b). The circle represents the electron states at the Fermi level
which take part in the transport. Generally, the SO-fields depend on the material,
growth direction, strain, or the parameters of the heterostructure leading to a rich
variety of possible field textures [69].

The effective spin-orbit fields and the spin-dependent scattering on impurities can
induce a non-equilibrium spin polarization – in the bulk of a FM or AF layer or at an
interface in a heterostructure – which will exert the spin-orbit torque on the magnetic
moments. The two underlying phenomena currently discussed as being the sources
of the spin-polarization are the inverse spin galvanic effect (ISGE) and the spin Hall
effect (SHE).

(a)

(d)

(b) (c)

(e)

+
- - +

+ -

Figure 2.6: Effective SO-fields and current-induced spin polarization. The
Rashba (a) and linear Dresselhaus (b) spin-orbit fields associated with SIA and BIA,
respectively. (c) Conduction band splitting by the Rashba SOC. (d) k-dependent spin
polarization induced by the Rashba SO-field. Symmetric equilibrium electron distribution
gives zero net spin polarization. (e) Non-equilibrium electron distribution under external
electrical field E. Net spin polarization ⟨δs⟩ is generated perpendicular to the current (j)
direction and the SIA axis (z).

2.4.2 SOT induced by the inverse spin galvanic effect

To explain the basic physics of the ISGE let’s consider a simplified model in a form of a
free-electron energy dispersion. Adding the Rashba SOC ĤR (2.12) to the free-electron
Hamiltonian gives the eigenenergies [69,70]
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E±(k) = ℏ2k2

2m∗
e

± αR |k| , (2.14)

where m∗
e is the effective electron mass. The k-dependent SO-splitting of the conduc-

tion band is shown in Fig. 2.6(c). The orientation of spin induced by the SO-field
for all electronic states at the Fermi level EF is obtained by rotation of the dispersion
curves around the energy axis and is shown in Fig. 2.6(d). The two circles correspond
to the (+) and (-) branch of the dispersion and have opposite spin textures. In equi-
librium the correlation between the electron k-vector and spin does not show on the
outside since the electrons are distributed symmetrically in the k-space, i.e., they are
moving in all directions with the same probability. When an external electric field is
applied, the electron distribution in k-space becomes asymmetric, as shown in 2.6(e),
since the electrons drift against the field. The asymmetry leads to a net spatially uni-
form non-equilibrium spin polarization in each branch which is known as the inverse
spin galvanic effect. As shown in [69], the contributions from the two branches have
different magnitudes and do not cancel out. The total non-equilibrium ISGE-induced
spin density reads [69]

⟨δs⟩ ≈ m∗
eαR

eℏEF
j × ez, (2.15)

where j is the current density injected in the xy-plane. For the Rashba SOC the induced
spin polarization points always perpendicular to the current and to the SIA axis. In
more general case, taking into account also the BIA-induced SOC, the spin polarization
direction depends on the orientation of the current with respect to the crystallographic
axes [69].

It has been realized that the ISGE mechanism in nonmagnetic material can exert
a torque on the magnetization of an adjacent FM layer via absorption of the SO-
induced spin component perpendicular to the magnetization at the interface between
the two materials [73]. In this case the SO-induced spin is transfered via the same
mechanisms as those discussed in the case of the STT in section 2.3.1, i.e., by the spin-
filter, spin-rotation, and spin-precession effects. Moreover, it turned out that the ISGE
can induce the spin polarization and the corresponding SOT also directly in a single
FM layer [39,40,66,74] and even in AFs with an appropriate crystal symmetry [10,12].

The total Hamiltonian in the presence of both the SOC and the s-d exchange
coupling between the conduction electron spins and the localized magnetic moments of
the FM reads [39,69]

Ĥ = ℏ2k2

2m∗
e

+ ĤR − Jsd
M̂

Ms
· σ̂, (2.16)

where Jsd is the s-d exchange coupling constant. The effect of the SOC in a FM
is that the equilibrium spin polarization of conduction electrons, which is parallel or
antiparallel to the in-plane oriented magnetization, gets a non-equilibrium contribution
⟨δs⟩ non-collinear with M when a current flows through the FM. This SO-induced spin
density exerts a field-like torque on M via the s-d exchange interaction [39,69]

T fl
SO ≡ µ0M × HSO = −Jsd⟨δs⟩ × M

Ms
, (2.17)

where the effective SO-field reads

HSO = Jsd⟨δs⟩
µ0Ms

= Jsdm∗
eαR

µ0eℏEFMs
j × ez. (2.18)

This result is obtained from (2.15) in the limit of a weak exchange (Jsd ≪ αRkF ) but
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the thorough calculation in [39] gives the same result also for a more realistic case of a
strong exchange (Jsd ≫ αRkF ).

Apart from the field-like SOT there exists also another torque with the antidamping-
like symmetry associated with a non-equilibrium spin polarization induced along the
z-axis. The origin of this spin component is explained in terms of the intrinsic Berry
curvature [75], the same effect considered as being the origin of the intrinsic SHE [76]. In
this picture the non-equilibrium spin density does not arise from the scattering-induced
redistribution of carriers in the k-space described above. Instead, the itinerant spins ac-
quire a z-component during their acceleration in between the scattering events [75]. The
itinerant spins initially polarized in the sample plane by the exchange interaction with
M feel a time-dependent effective field ∆Beff ∼ αREt along the y-axis when acceler-
ated by E ∥ ex which turns them towards the z-axis. Thus induced non-equilibrium
spin density then exerts via the exchange interaction a torque on the magnetization
which for the Rashba SOC has the following antidamping-like symmetry [75]

T ad
SO ∼ M × [(j × ez) × M ]. (2.19)

The antidamping-like SOT is of particular importance for the magnetic-memory appli-
cations as it acts against the equilibrium-restoring Gilbert damping during the switch-
ing process. Since the SOTs change sign with reversing the electrical current they allow
for the reversible magnetization switching.

Optical SOT An optical counterpart of the current-induced SOT has recently been
observed in the ferromagnetic semiconductor GaMnAs [25]. Here, an absorption of
a laser pulse creates an excess population of electrons and holes. Since the torque
relies on the SOC the holes which are, unlike the conduction electrons, strongly SO-
coupled play the key role in the OSOT mechanism. The photogenerated holes relax
within ∼ 100fs to the Fermi level creating a non-equilibrium excess hole density. The
increased total number of occupied hole states in the SO-coupled exchange-split valence
band can result in a non-equilibrium hole spin polarization that is misaligned with the
Mn moments. The non-equilibrium spin density exerts a torque on M untill the excess
holes recombine (∼ 10ps). A large-angle magnetization reorientation within ∼ 1ps and
a subsequent precession was reported in [25]. In contrast to the OSTT [38], which
arises from the light-magnetization angular momentum transfer, the light polarization
does not play any role in the OSOT.

Néel SOT in antiferromagnets Recently, a new kind of current-induced SOT has
been predicted to act in AFs with an appropriate symmetry which is reffered to as the
Néel spin-orbit torque (NSOT) [12]. It is a bulk effect which does not require interfacing
with other magnetic or nonmagnetic layers.

The recent understanding that the SOC can generate a spin-polarization locally in
certain parts of the crystal unit cell even in a material which does possess the bulk
space inversion symmetry [77] opened a way to manipulate single-layer AF samples by
an electrical current [12]. The authors of [77] consider non-magnetic materials and argue
that it is not primarily the global symmetry of the crystal lattice which determines the
ability of the material to produce the spin polarization but rather the local symmetries
of the individual lattice sites. The global symmetry decides whether the individual
contributions from the different sites average out or not.

There are three possible combinations of the global and local symmetries which
differ regarding the nature of the resulting spin polarization [77]. (i) All atomic sites
in the unit cell possess the inversion symmetry and, consequently, the lattice is also
globally inversion-symmetric. In this case neither local nor global net spin polarization
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is induced by an electrical current. In the remaining two cases at least one atomic
site lacks the inversion symmetry. At these sites a local spin polarization is induced
by current and the net spin polarization is given as the vector sum over the local
contributions. (ii) If the lattice still has a global inversion symmetry the individual
contributions from different inverse-asymmetric sites average to zero and no net spin
polarization is present. (iii) If the lattice is globally inversion-asymmetric too the
local spin polarizations will not average out and the net spin polarization appears as
discussed for the cases of BIA and SIA in the previous paragraphs.

The case (ii) is particularly interesting as it allows for a generation of staggered
effective magnetic fields in the bulk [12]. Because of the global inversion symmetry
the energy bands are doubly degenerate but the two components of the bands may
have opposite spin polarizations, each spatially localized in one of the two separate
real-space sectors which form the inversion partners. In antiferromagnets where the
spin sublattices coincide with the two inversion-partner sublattices the staggered spin
polarization acts as a staggered effective field exerting a field-like SOT on the sublattice
magnetizations, as shown in Fig. 2.7(a). Among the AF materials, this kind of symme-
try has so far been confirmed for Mn2Au (for which the NSOT was initially predicted
in [12]) and CuMnAs. In the latter material, the effect was experimentally observed
for the first time to induce a reversible switching of the AF moments [10, 78, 79] and
later the same was confirmed also in Mn2Au [11].

(b)

PM

AF

(a)

Figure 2.7: Spin-orbit torques in antiferromagnets. (a) The unit cell of AF
CuMnAs with the two magnetic sublattices being the inversion partners. Locally broken
inversion symmetry induces spatially separated staggered spin polarizations s ∼ ±ez × j
located at the two magnetic sublattices which exert the field-like Néel SOT. (b) The SHE
in a PM generating a spin current js incident on a PM/AF interface. The effective field
associated with the antidamping-like component of the SHE-induced SOT has the desired
staggered character and can manipulate the interfacial magnetic moments just like the
STT in a FM/AF structures. (a) reprinted from [10].

2.4.3 SOT induced by the spin Hall effect

In heterostructures containing PM/FM(AF) bilayers there exists an additional SO-
induced mechanism resulting in a net spin current and the corresponding SOT, known
as the spin Hall effect [80–83]. In analogy to the ordinary Hall effect (OHE), which
induces a charge current perpendicular to the driving electrical current and the applied
magnetic field, the SHE induces in the PM layer a pure spin current js (without a net
charge current) perpendicular to the driving charge current jc in zero external magnetic
field. The relation between the direction es of the spin angular momentum s forming
the spin current and the directions of js and jc is [84]
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js = αSH(es × jc), (2.20)

where the ratio between the spin and charge current, αSH , is the spin-Hall angle which
describes the sign and strength of the SHE and is related to the SO-coupling constant.

As depicted in Fig. 2.7(b), the transverse spin current is caused by a preferential
deflection of the electrons with opposite spins to opposite directions. Consequently,
there is a zero net spin density in the bulk but the opposite spin accumulations appear
at the opposite edges of the PM layer. The spin accumulation is opposed by a spin
diffusion back to the bulk of the PM resulting in a steady state spin density in the
vicinity of the sample edges [82]. If the PM is interfaced with a FM(AF) layer3 the
SHE-induced spin current incident from the PM on the interface is transformed to the
torque on the magnetic moments in the FM(AF) layer via the same mechanisms as in
the case of the STT. Recently, switching of the magnetic order via the SHE-induced
SOT has been observed in FMs [68,85] and AFs [86]. The difference between STT and
SHE-SOT is in the origin of the spin current – a separate FM layer (external polarizer)
in the case of STT and the SOC in the adjacent PM layer in the case of SHE-SOT.

The spin-dependent deflection of electrons leading to the spin accumulation is
caused by both extrinsic and intrinsic mechanisms [81]. The extrinsic ones are as-
sociated with a spin-dependent scattering from charged impurities [80]. The so-called
skew scattering [81] can be understood in a classical picture where the electric field E
produced by the impurity atom transforms partially to a magnetic field B ∼ v × E in
the electron’s rest frame. The direction of the field depends on whether the electron
deflects to the right or to the left and, therefore, the corresponding Zeeman energy is
(for a given direction of the electron spin) different in both cases. That’s why the elec-
trons with one spin preferentially scatter to the right and that with the opposite spin
deflect to the left in order to save the energy. Another scattering process called side-
jump [81] leads to a transverse shift of the electron’s position without the change of its
propagation direction. The electrons with opposite spins again experience transverse
shifts in opposite directions. After many of these jumps the electrons with opposite
spins end at the opposite edges of the sample.

The intrinsic contribution to the SHE has been theoretically studied in [76,87] and
recently reviewed in [81]. The physical picture given in [76] for a 2D electron model
system with Rashba SOC is similar to the case of the antidamping-like ISGE-induced
SOT [75]. It arises from a time dependent effective SO-field felt by the electrons
accelerated in an external electric field (applied along x-axis). Since the SO-field is
k-dependent, it changes in time as the electron moves in the k-space under the action
of the electric field. As the electron accomodates to the changing SO-field it acquires
an out-of-plane spin component with opposite directions (±z) for electrons moving in
the opposite directions (±y) perpendicular to the driving charge current [76,81].

As discussed in [88], the SHE-induced SOT has both the field-like component,
T fl
SHE ∼ M × (jc × ez), and the antidamping-like component, T ad

SHE ∼ M × [(jc ×
ez) × M ], as in the case of ISGE-induced SOT. Since both effects, SHE and ISGE, can
simultaneously appear in the HM/FM(AF) structures their separation is challenging.

3The magnetic film has to be sandwitched between two different PM layers otherwise the SHE-
induced torques acting at the two intefaces cancel out. The same holds also for the ISGE-induced
torques at the two interfaces. Therefore, the SOT structures usually contain asymmetric stack – heavy
metal(HM)/FM(AF)/normal metal(NM) – with the HM providing a strong SOC.
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2.5 Domain wall motion

As already mentioned, the magnetization switching in real magnetic samples proceeds
via a DW motion. Moreover, devices based on a DW motion in nanowires represent
a promising concept of a memory with the potential of combining non-volatility, high
capacity, and ultra-fast response [13]. DWs can be driven by various means, including
magnetic fields, light, and electrical currents. In the following, we focus on 180◦ DWs
in systems with perpendicular-to-plane uniaxial magnetic anisotropy where the DWs
have the simple Bloch or Néel character. DWs in in-plane magnetized systems have
more complex internal structure, like transverse or vortex walls, which require 2D mi-
cromagnetic simulations. Nevertheless, most of the results obtained below still remain
valid for transverse walls trated in a 1D approximation [89,90].

2.5.1 Field-induced DW motion

The magnetization dynamics in a DW driven by an external magnetic field is described
by the LLG equation (2.4). Since we expect the magnetization to change only its
direction, while |M | = Ms is constant, it is favorable to express (2.4) in spherical
coordinates [26,91]

sin θdθ
dt = −gLµB

ℏMs

δϵtot
δϕ

− α sin2θ
dϕ
dt , (2.21a)

sin θdϕ
dt = gLµB

ℏMs

δϵtot
δθ

+ α
dθ
dt , (2.21b)

where θ is the polar angle and ϕ the azimuthal angle of the magnetization, as depicted
in Fig. 2.8(a). The functional derivatives of the total free energy density represent
the effective field Heff containing the contributions from the external magnetic field,
magnetic anisotropy, demagnetizing field, and exchange stiffness.

For 180◦ DWs in materials with uniaxial magnetic anisotropy the equations (2.21)
can be solved rigorously (below a critical DW velocity), as was shown by Walker [92].
In the following, we examine the motion of a pure Bloch wall driven by an external
magnetic field applied along the EA [26]. We choose the EA along the z-axis and the
DW lying in the xz-plane moves along the y-axis, as shown in Fig. 2.8(a). In spherical
coordinates a pure Bloch wall is described by a constant azimuthal angle ϕ = 0◦ and a
transition θ = 0◦ → 180◦. The free energy density associated with the DW is

ϵtot = A(θ′ 2 + sin2θ ϕ′ 2) + sin2θ(Ku +Kd sin2ϕ) − µ0MsHext cos θ, (2.22)

where Kd = µ0M
2
s /2 and θ′ and ϕ′ are spatial derivatives of the angles along the

direction of the DW motion ( ′ =d/dy). The time derivatives in (2.21) can be expressed
via the spatial derivatives and the DW velocity, d/dt = −v d/dy. The equations of
motion (2.21) then become [26]

−v sin θ θ′ = 2gLµB
ℏMs

[A(sin2θ ϕ′)′ −Kd sin2θ sinϕ cosϕ] + α sin2θ v ϕ′, (2.23a)

−v sin θ ϕ′ = 2gLµB
ℏMs

[−Aθ′′ + sin θ cos θ(Aϕ′ 2 +Ku +Kd sin2ϕ)]

+ gLµBµ0
ℏ

Hext sin θ − α v θ′.
(2.23b)

For low enough magnetic fields there exists a solution with constant ϕ throughout the
wall (ϕ′ = 0), which describes a steady DW motion with a constant velocity. This
means that the driving and dissipation forces, represented by the last two terms in
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(2.23b), have to cancel each other. Consequently, the expression in the square brackets
equals zero and an integration gives

θ′ = sin θ
√︂

(Ku +Kd sin2ϕ)/A. (2.24)

Using this result, Eq. (2.23a) yields the relation between the DW velocity and the
constant angle ϕ describing the distortion of the Bloch wall during its motion. From
Eq. (2.23b) we then obtain the driving field Hext corresponding to this DW velocity

v = gLµBµ0
ℏ

Ms sinϕ cosϕ
√︄

A

Ku +Kd sin2ϕ
, (2.25)

Hext = αMs sinϕ cosϕ. (2.26)

The Walker’s analytical solution gives a valuable insight into the mechanism of
the field-driven DW motion [26, 92]. As depicted in Fig. 2.8(a), the applied magnetic
field induces the DW motion indirectly. The static Bloch DW produces no stray field
(ϕ = 0). The torque associated with the external magnetic field rotates the magneti-
zation inside the DW out of the wall plane (ϕ > 0) inducing a demagnetizing field. It
is this demagnetizing field which exerts the torque on the wall magnetization in the
right direction, i.e. within the xz-plane, thus causing the whole DW to move along
the y-axis. It is also directly visible from the equation of motion (2.23a) that for the
Walker’s solution (ϕ′ = 0) the only term causing θ to change is the demagnetizing one.

Figure 2.8: Field-induced DW motion. (a) Sketch of a static (dark arrows) and
a moving (light arrows) 180◦ Bloch DW in a uniaxial material with the angles θ and ϕ
describing the magnetization direction. Inset: The external magnetic field Hext applied
along the EA turns the magnetization out of the wall plane (torque Text) inducing a
demagnetizing field Hd. The corresponding torque Td rotates the magnetization in the
xz-plane causing the whole DW to move with a constant (below the WB) velocity v along
the y-direction. (b) The average DW velocity for different values of κ and α showing two
linear regimes - a steady motion below the WB and a precessional motion far above the
WB - and a complex transient regime with a negative DW mobility just above the WB.
(b) taken from [26].

The steady motion, characterized by a constant ϕ and the DW velocity (2.25), is only
possible as long as the induced demagnetizing field balances, via the damping term in
(2.23b), the driving torque of the external magnetic field. However, the demagnetizing
field cannot exceed the saturation magnetization Ms and for high enough external
fields this balance is no more possible. The critical field at which the driving torque
surpasses the counteracting demagnetizing torque is called Walker (breakdown) field.
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At this point the DW internal structure breaks down and the magnetization within
the wall starts to precess around the external magnetic field, switching periodically
between the Bloch and Néel configurations.

The peak velocity in the steady regime reaches [26]

vp = gLµBµ0
ℏ

√︄
2Aκ
µ0

f(κ), (2.27)

where κ = Ku/Kd and f(κ) =
√︁

1 + 1/κ − 1. No constant-velocity solution of (2.23)
exists beyond this point. The corresponding values of the azimuthal magnetization
angle in the DW and the driving field are [26]

sinϕp =
√︂
κf(κ), Hp = 2αKu

µ0Ms
f(κ) 4

√︃
1 + 1

κ
. (2.28)

Above the Walker breakdown (WB) the DW motion becomes irregular and is treated
numerically. The precessing magnetization causes the DW to move forth and back
following the changing direction of the demagnetizing field. Nevertheless, one can
still define an average DW velocity by averaging over the cycle of the magnetization
precession. For zero damping, the forward and backward motion of the DW would
cancel out, however, for realistic values of α the forward motion takes over. The
precessing magnetization within the DW gives rise to a net damping torque αM ×
dM/dt which increases with the precession rate (i.e. with increasing Hext) and turns
the magnetization towards the EA, thus driving the DW motion [93]. The average
velocity v̄ calculated numerically in [26] is shown in Fig. 2.8(b) for different values of
κ and α. The initial linear increase of the velocity with Hext in the steady regime is
followed by a complex transient regime with negative DW mobility µ = dv/dHext just
above the WB and by further linear increase of the average velocity in the precessional
regime far above the WB.

In the derivation above, we considered an infinite 180◦ Bloch DW in a thick sam-
ple. In such a case the only nonzero component of the demagnetizing field is the one
perpendicular to the DW plane (Nx = Nz = 0, Ny = 1,Hd = −My). For a finite DW,
e.g. for a DW in a nanowire patterned from a thin magnetic film, Nx and Nz become
nonzero and Ny = 1 − Nx − Nz is reduced. The corresponding demagnetizing field,
which is responsible for the actual DW motion, is reduced as well. Consequently, the
point of the instability of the DW internal structure, i.e. the Walker breakdown, is
reached at lower values of the driving magnetic field. As derived in [89], the Walker
field is reduced by the factor of |Ny −Nx|.

The DW motion discussed so far is known as the viscous-flow motion. According
to equation (2.25) the DW moves with a nonzero velocity for any nonzero applied
magnetic field. However, in real samples one has to take into account the DW pinning
at defects. For zero temperature the DW motion would be blocked until the field reaches
a critical value Hcrit necessary to overcome the disorder-related energy barriers. For
finite temperatures and low Hext the DW motion is thermally activated and proceeds
via the discrete Barkhausen jumps from one pinned configuration to the next, the so-
called creep motion. The creep regime is characterized by a strongly nonlinear v(Hext)
dependence [94,95]

v = v0 exp
[︃
− UC
kBT

(︃
Hcrit

Hext

)︃µ ]︃
(2.29)

which describes the DW motion sufficently below Hcrit. In the equation, v0 is a propor-
tionality constant, UC is related to the height of the disorder-induced pinning energy
barrier, and µ is a universal dynamic exponent, the value of which is given by the di-
mensionality of the system. With increasing magnetic field the creep motion smoothly
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turns into the viscous-flow motion with the linear v(Hext) dependency.

DW mass and inertia. The energy associated with a DW, given by Eq. (1.42),
changes when the DW moves. On the example of a Bloch wall driven by an external
magnetic field, which was discussed above, we see that the tilt of the wall magnetization
out of the DW-plane stores an additional demagnetizing energy, i.e., Ku is replaced by
Ku +Kd sin2 ϕ [see e.g. Eq. (2.22)] and the DW energy reads [26]

σDW = π
√︂
A(Ku +Kd sin2 ϕ) ≈ σ0

DW + π2AKd

2σ0
DW

ϕ2, (2.30)

where the last expression is obtained by a Taylor expansion of the square root and
σ0
DW = π

√
AKu is the DW energy at rest. For a weak excitation (ϕ ≪ 1) the DW

velocity (2.25) increases linearly with the magnetization tilt angle

v ≈ gLµBµ0
ℏ

Msϕ

√︄
A

Ku
, (2.31)

i.e., the DW energy increases as a square of the DW velocity, σDW = m∗v2/2. Here
we introduce, based on the analogy to the kinetic energy of a mass, the effective DW
mass m∗ [96], which follows from Eqs. (2.30) and (2.31)

m∗ =
(︃ ℏ
gLµBµ0

)︃2 Kd

AM2
s

σ0
DW . (2.32)

As in the case of massive objects, the DW mass manifests itself in inertial effects.
In particular, the torque on the DW does not result in an immediate DW motion -
there is a certain lag - and, conversely, the DW can move after the driving force is
turned off [97]. These effects are observed also when the DW motion is induced by
an electrical current [98–100]. The duration of the transient inertial motion is given
by a characteristic relaxation time of the deformed magnetization texture [101]. The
concept of the DW mass is more general and applies also to more complex spin textures
than the Bloch wall considered above. One can always define [101] the angle ϕ which is
a measure of the DW deformation during its motion and there exists a relation between
this DW deformation and the DW displacement or velocity [100–102]. The DW mass
is a measure of the DW energy increase associated with a certain deformation of the
DW internal structure.

2.5.2 Current-induced DW motion

The DWs in magnetic nanowires can be moved, besides the magnetic field, also by
an electrical current via the STT as first considered by Berger [52, 53] already a few
decades ago. However, only relatively recently the current-induced DW motion has
gained a lot of attention thanks to its applicability in spintronic memories [13] and
logic devices [14] where the STT, unlike the external magnetic field, offers a scalable
control mechanism.

In order to include the STT-related terms in the LLG equation (2.4) one can proceed
by considering the s-d model of ferromagnetism [103], where the spin current density
Q carried by the mobile s-electrons and the magnetization due to the more localized
d-electrons can be distinguished. The derivation is performed in appendix C and the
complete LLG equation amended by the STT-induced torques reads [90,103]

∂M

∂t
= −γ∗µ0M × Heff + α∗

Ms
M × ∂M

∂t
+ bj(ej · ∇)M − cj

Ms
M × (ej · ∇)M , (2.33)
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where ej is the unit vector in the direction of the electrical current flow and γ∗ and α∗

are the renormalized gyromagnetic ratio and Gilbert damping constant, respectively
(see appendix C). The amplitudes cj = βbj and bj ∼ jP of the two current-induced
torques have the units of velocity and scale with the current density j and with the
degree of the current spin polarization P . The relative strength of the two STTs is given
by β ≡ τex/τsf , where τex is the precession time of the itinerant spin in the exchange
field of the magnetization and τsf is the spin-flip relaxation time.

The physical origin of the “bj” term is well understood. As the electron spin crosses
the DW, it experiences the continuously rotating exchange field of the wall magnetiza-
tion. In the first approximation, the electron spin follows adiabatically the magnetiza-
tion direction, that’s why the “bj” term is called “adiabatic” torque [52, 90, 104]. The
divergence of the spin current induced by the inhomogeneous magnetization in turn
acts as a torque on the magnetization, as discussed in section 2.3.1. In the picture of
the spin conservation one can say that the itinerant electron spin flipped upon crossing
the DW is compensated by rotating the localized spins within the DW in the opposite
sense which leads to a shift of the whole DW in the direction of the electron flow [62].

Several different microscopic mechanisms were proposed to explain the origin of
the “cj” term such as linear momentum transfer [104] or spin-flip scattering [103,105].
This term is known as the “non-adiabatic” torque as it derives from the inability of
the electron spin to instantaneously follow the spatially varying magnetization in the
DW that leads to a certain lag [105]. Therefore, it is relevant especially for thin DWs4

and in layered structures (like spin valves and magnetic tunnel junctions) where the
magnetization changes abruptly along the current flow.

Interestingly, as pointed out in [105], when the spin-flip processes are neglected (a
pure adiabatic torque) the entire spin carried by the electrical current is transfered
to the magnetization, however, the torque corresponds to an effective field pointing
perpendicular to the EA leading only to a deformation of the DW but not to a steady
motion. On the other hand, when the spin-flip processes which do not nonserve the
total angular momentum are taken into account the resulting non-adiabatic torque
component acts analogously to a standard magnetic field pointinng along the EA, thus
moving the whole DW, as discussed in chapter 2.5.1.

Let’s assume a perfect Bloch wall in a defect-free nanowire oriented along the y-
direction, as shown in Fig. 2.9(a). In the adiabatic approximation (β = 0) the only
nonzero current-induced spin torque, TAD ∼ ∂M/∂y, points perpendicular to both the
local magnetization and the current direction and tends to rotate the wall magnetization
around the wire axis, i.e. to move the DW along the wire. While doing so, the
torque also deforms the originally stray-field-free Bloch wall and the wall magnetization
is tilted out of the wall plane [52, 102]. Consequently, the induced demagnetizing
field compensates the STT and stops the motion on a nanosecond timescale. After
switching the current off the DW restores its original profile while moving back to the
original position [102]. No steady DW motion is expected in this case until the current
magnitude reaches a threshold value [see Fig. 2.9(b)]. Similarly to the Walker field in
the previous chapter also the Walker-like threshold current corresponds to the situation
when the demagnetizing field reaches maximum and is not able to compensate the
driving torque anymore [90]. Above the threshold, the wall magnetization precesses
switching between the Bloch and Néel configurations and the DW moves along the
electron flow with an average velocity bj/(1 + α2) (far above the threshold) [89].

The intrinsic threshold current for the adiabatic DW motion turned out to be much
larger than the threshold currents observed in experiments. This discrepancy was re-

4Depending on the microscopic model the relevant length to which the DW width has to be compared
is the Fermi wavelength [104], Larmor precession length [105], or spin diffusion length [103].
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Figure 2.9: Current-induced DW motion. (a) Sketch of a 180◦ Bloch DW in
a uniaxial material driven by the STT. The directions of the adiabatic (TAD) and the
non-adiabatic (TNA) torque components generated by the electrical current density j are
indicated by arrows. (b) The average DW velocity for α = 0.02 and different values of
β in a perfect nanowire. The cusp corresponds to the Walker threshold separating the
steady and the precessional regimes of the DW motion. bW

j corresponds to the critical
current density. The data are taken from [90] where it was calculated for an in-plane
magnetized system, however, the same behavior is observed for perpendicular-to-plane
magnetized materials [106].

solved by introducing the non-adiabatic STT, [103]. This torque, TNA ∼ M ×∂M/∂y,
acts along the wire axis tilting the wall magnetization out of the wall plane in exact anal-
ogy to the action of an external magnetic field (see section 2.5.1). The STT-induced
demagnetizing field then exerts a torque which turns the magnetization around the
wire axis thus driving the DW along the wire. In contrast to the adiabatic torque, for
non-adiabatic STT there is no intrinsic threshold for the DW motion, however, in real
nanowires the defect-induced pinning cause an extrinsic threshold which is observed in
the experiments [93].5 For strong enough current density the tilt of the wall magne-
tization passes a critical point (ϕ ≈ π/4) beyond which the wall magnetization starts
to precess leading to an irregular DW motion accompanied by a change in the DW
mobility as shown in Fig. 2.9(b). Depending on the Gilbert damping α and on the
relative strengths of the adiabatic and non-adiabatic torque components, given by the
value of β, the mobility increases (β < α) or decreases (β > α) above the threshold.

The Walker-like critical current density reads [89]

jW = eM2
s γδDW

gLµBP

α

|β − α|
|Ny −Nx|, (2.34)

where δDW is the width of the moving wall which is slightly reduced compared to the
static DW width.67 When taking into account both the external magnetic field and
electrical current the DW velocity below and above the threshold can be in the 1D
model expressed as [89]

v1 = γδDW
α

(︃
Hext + cj

γδDW

)︃
and v2 = γδDWα

1 + α2

(︃
Hext + cj

γδDW

)︃
+ bj

1 + α2 (2.35)

5We note that for weak electrical currents a pinning-dominated creep DW motion is observed, as in
the previously discussed case of the field-driven DW motion.

6We take here for simplicity Ku ≫ Kd which is a good approximation for the perpendicular-to-plane
magnetized GaMnAsP studied in this thesis.

7We omit the asterisk which marks the renormalized parameters γ and α.
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respectively. The expressions illustrate what was already mentioned above, i.e., that the
non-adiabatic STT acts as an additional magnetic field with a magnitude of cj/γδDW .
The adiabatic STT can only move the DW above the Walker threshold where it becomes
the dominant driving mechanism for α ≪ 1 with a velocity v2 ≈ bj .
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3. Detection of magnetic order
Since the magnetic state of magnetically ordered systems results from a complex inter-
play of different interactions between the magnetic moments, depends on history and
sample imperfections, it is difficult to predict the domain structure. Both for research
and application purposes it is important to be able to detect or image the magnetic
state of the sample which may result from the action of one of the driving mechanisms
described in chapter 2.

Various methods have been developed to detect magnetic order. In this thesis we
focus on imaging, i.e., on methods with a spatial resolution. The basic distinction lies
in what they are sensitive to - magnetic stray fields, magnetization, lattice distortions,
etc. The first class of methods, which can detect by various means the stray fields (or
their gradients) stemming from magnetic domains (or domain walls), is represented
by the Bitter technique [26], magnetic force microscopy [26,107], or the recently devel-
oped nitrogen-vacancy(NV)-center microscopy [108,109]. More convenient are methods
which can directly sense magnetization, such as electron polarization methods [26,110]
and magneto-optical (MO) microscopy [26, 111] which is probably the most commonly
used magnetic imaging technique. Transmission electron microscopy [26] is in most
cases sensitive to the total magnetic flux density, B ∼ M + H, which deflects the
imaging electrons via the Lorentz force. Finally, there are methods sensitive to the
tiny lattice distortions caused by magnetic order, such as X-ray and neutron diffrac-
tion techniques [23, 26]. The main disadvantage of these methods is that they require
large-scale experimental facilities such as a synchrotron or a nuclear reactor.

Besides the actual interaction mechanism which leads to a visualization of mag-
netic textures, the various methods also differ in the information depth, achievable
spatial and temporal resolutions, or the acquisition scheme, i.e., whether they are par-
allel or scanning. Another important point is the sensitivity to AF order, since AFs
have recently gained a considerable attention due to their great application potential
in spintronics [6, 8]. From the methods mentioned above, neutron diffraction has been
traditionally used to study AF ordering. However, this technique requires quite large
sample volume and is, therefore, not suited for investigation of thin films or imag-
ing. Another option is to utilize the coupling between an electromagnetic radiation
and magnetic moments - the so-called magneto-optical effects [49]. In order to image
collinear compensated antiferromagnets, only the second-order MO effects, such as the
Voigt effect (or magnetic linear dichroism (MLD)), are applicable. These effects are
usually very weak in the visible or near infrared (NIR) range. On the other hand,
for certain X-ray energies the MO response is resonantly enhanced for 3d transition
metals or 4f rare earth elements [112]. This also allows for element-specific signal
detection. X-ray magnetic linear dichroism in combination with photoemission elec-
tron microscopy (XMLD-PEEM) [113] has become a well established technique capa-
ble of high-resolution imaging of compensated collinear AFs [10,11]. For completeness,
we also mention other imaging methods applicable to AFs - second harmonic genera-
tion [49, 114], spin-polarized scanning tunneling microscopy [115, 116], and NV-center
microscopy [108,109].

Apart from imaging, various spatially unresolved techniques are commonly used to
characterize magnetic samples. Among these, magnetotransport measurements repre-
sent a big class of methods which utilize the influence of magnetic state on the charge
and heat transport. These methods give an integrated information about the area
which is defined by the device contact geometry. However, even the magnetotransport
effects can be used to obtain a spatially resolved information if the driving force (e.g.
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the heat gradient) is applied locally. In chapters 8 and 9 we develop such experimental
techniques to image AF domain structures and we, therefore, introduce the underlying
magnetotransport effects in the following.

3.1 Magneto-optics

Magneto-optical imaging is based on small alterations of the polarization state of light
transmitted through or reflected from a magnetic material. These polarization changes
are directly linked to the magnetization orientation in the sample which allows for
visualization of the magnetic domain structure in a polarizing microscope [26]. De-
spite being one of the oldest magnetic imaging techniques, magneto-optics still belongs
among the most prominent ones. The main advantage of MO microscopy, when com-
pared to the more sophisticated electron, X-ray, or magnetic force microscopies, is its
simplicity and low cost while offering still good (sub-micron) spatial and excelent tem-
poral resolution [111]. These properties make MO microscopy suitable for most domain
characterization studies.

3.1.1 Magneto-optical effects

The microscopic origin of MO effects lies in the interplay between the magnetization-
induced exchange band-splitting and the spin-orbit coupling [117]. The Zeeman split-
ting may be induced also by an external magnetic field in a paramagnetic material, as
was the case of the originally observed Faraday, Kerr, or Voigt MO effects in the 19th

century [118]. MO signal may be induced also by a spin-polarized carrier population in
an otherwise nonmagnetic material. In this thesis we focus on the imaging of magnet-
ically ordered materials and in the following we introduce the basic terminology and
physics of the magnetization-induced MO effects.

It is easier to understand the MO effects which appear during transmission through
a magnetic sample. The presence of magnetization breaks the material’s symmetry and
makes it optically anisotropic, i.e., the index of refraction depends on the direction of
light propagation through that material and on the light polarization. Let’s consider
the light incidence (described by the wavevector k) along the sample normal n (k ∥ n).
We distinguish two MO geometries [118] - the Faraday geometry with magnetization
pointing along the light propagation (M ∥ k) and the Voigt geometry with M ⊥ k. In
both geometries there exist two proper light modes which are conserved during their
propagation through the magnetic medium. These two proper modes have different
complex indices of refraction, n. Consequently, in a general case, an arbitrary incoming
polarization state is changed upon transmission through the magnetic medium since
any general polarization state can be expressed as a linear combination of the two
differently transmitted proper modes.

In the Faraday geometry the two proper modes are the left- (σ+) and right-handed
(σ−) circular-polarized modes [118]. In a magnetooptical measurement the sample
is illuminated by a linearly polarized (σ0) light which can be expressed as a linear
combination of the proper modes, σ0 = (σ+ + σ−)/2. The difference in the real part
of the refractive indices, Re{n+} ̸= Re{n−}, leads to a phase shift between the two
circularly polarized components - the magnetic circular birefringence (or Faraday effect)
- which results in the rotation of the polarization plane of the linearly polarized wave
upon transmission through the sample. The difference in the imaginary part of the
refractive indices, Im{n+} ≠ Im{n−}, causes an unequal absorption of the two circular
modes - the magnetic circular dichroism - and the incident linear polarization becomes
elliptic upon transmission through the sample.
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In the Voigt geometry the two proper modes are the linearly polarized modes par-
allel (σ∥) and perpendicular (σ⊥) to the magnetization [118]. Here, the difference in
the imaginary parts of the refractive indices, Im{n∥} ̸= Im{n⊥} (the magnetic linear
dichroism), leads to the polarization plane rotation, whereas the difference in the real
parts of the refractive indices, Re{n∥} ≠ Re{n⊥} (the magnetic linear birefringence),
induces an ellipticity in the originally linear polarization. Both effects are also known
as the Voigt effect.

Analogous MO effects are observed also upon reflection of a linearly polarized light
from a magnetic sample [118]. However, in this case one cannot directly associate the
observed polarization rotation (or the induced ellipticity) with either a birefringence
or a dichroism of the circularly or linearly polarized proper modes. Both birefringence
and dichroism in general take part in the polarization rotation and both contribute to
the induced ellipticity. This is because in reflection instead of the refractive index an
amplitude reflection coefficient becomes the relevant parameter whose relation to the
refractive index is nonlinear. For perpendicular incidence of the linearly polarized wave
and M ∥ k the difference in magnitudes of the complex reflection coefficients for the
circular proper modes, |r+| ≠ |r−|, induces an ellipticity in the reflected wave while
the difference in complex phases of the reflection coefficients, arg{r+} ≠ arg{r−}, leads
to the polarization plane rotation. This effect is known as the polar Kerr effect. For
M ⊥ k, in analogy to the Voigt effect in transmission, |r∥| ≠ |r⊥| induces a polarization
rotation and arg{r∥} ≠ arg{r⊥} induces an ellipticity. Both the polar Kerr effect (PKE)
and the Voigt effect (VE) in reflection were utilized to visualize magnetic domains in
this thesis and will be described in more detail in the following. For completness we
note that for inclined light incidence to the sample another two types of Kerr effect are
observed which are sensitive to the in-plane magnetization [118] - the longitudinal Kerr
effect sensitive to the magnetization component parallel to the plane of incidence and
the transverse Kerr effect sensitive to the magnetization component perpendicular to
the plane of incidence.

The crucial difference between the effects observed in the Faraday and the Voigt
geometry is that the former are linear in magnetization M whereas the latter are
quadratic in M . Therefore, the Kerr effects change sign when M is reversed while the
Voigt effect remains unchanged, unable to distinguish the two antiparallel magnetic
states. On the other hand, the odd-in-M nature of the Kerr effect excludes its existence
in compensated collinear AFs while the Voigt effect should be still present since the
contributions from the two antiparallel sublattices do not average out.

The MO effects described above directly follow from the bulk properties of a mag-
netic material by solving the Maxwell’s equations supplemented by the material rela-
tions connecting all electric and magnetic fields in a given material. Combining these
equations we obtain the wave equation [119]

∇2E − ∇(∇ · E) = µε
∂2E

∂t2
+ µσ

∂E

∂t
, (3.1)

where ε and σ are the ac permitivity and conductivity tensors, respectively, containing
information about the magnetic properties of the sample. Both ε and σ are spec-
trally dependent and we take for simplicity µ as a scalar quantity equal to the vac-
uum permeability µ0.1 Inserting the solution in form of a plane electromagnetic wave,
E(r, t) = E0 e

−i(ωt−k·r), into the wave equation we obtain

k2E0 − k(k · E0) − ω2µ0εeffE0 = 0, (3.2)
1The effect of magnetization on optical constants through the magnetic permeability is about two

orders of magnitude smaller than its effect through the permitivity tensor at optical frequencies and
can be neglected [26].
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where we introduced the effective permitivity εeff = ε0+iσ/ω with ε0 being the vacuum
permitivity and σ containing the response of the whole system to perturbing electric
field [119]. The origin of the MO effects lies, on the phenomenological level, in the
particular dependence of σ on the magnetization which can be calculated for a given
material from its electronic band structure [119].

(b)(a)

Figure 3.1: Magneto-optical effects in reflection geometry. (a) The polar Kerr
effect is proportional to the perpendicular-to-plane magnetization component. The PKE-
induced polarization rotation is caused by a difference in the phase-shift between the right-
(E−) and left-handed (E+) circularly polarized proper modes upon reflection from the
sample. (b) The Voigt effect is proportional to the square of the in-plane magnetization
component. The corresponding polarization rotation is caused by a difference in the real
amplitude reflection coefficients of the two proper modes linearly polarized parallel (E∥)
and perpendicular (E⊥) to the magnetization. In the sketches the light propagates under
a non-zero angle of incidence just for clarity.

Polar Kerr effect. For an otherwise isotropic medium, which would be described
by a scalar permitivity, the magnetization-induced symmetry-braking makes ε a tensor
quantity which for M ∥ k ∥ n (the geometry of the PKE) being chosen along the z-axis
reads [118,119]

εeff = ε0

⎛⎜⎝ εxx εxy 0
−εxy εxx 0

0 0 εzz

⎞⎟⎠ , (3.3)

where εxy ∼ M . Inserting (3.3) into the wave equation (3.2) and using the relation
k = ωn

√
ε0µ0 we get for the electric field components

(n2 − εxx)E0x − εxyE0y = 0 (3.4a)
εxyE0x + (n2 − εxx)E0y = 0 (3.4b)

εzzE0z = 0. (3.4c)

The last equation gives E0z = 0, i.e., the solution is a transverse wave. A nontrivial
solution of the first two equations corresponds to a zero determinant which gives the
refractive indices of the two proper modes

n2
± = εxx ± iεxy. (3.5)

Inserting this result back to (3.4) yields the relation between the electric field com-
ponents, E0y = ±iE0x, which corresponds to the left- and right-handed circularly
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polarized waves. The Faraday effect in transmission geometry follows directly from
the difference in the refractive indices (3.5) [118], as already explained. In reflection
we calculate the amplitude reflection coefficients for the circular proper modes via the
Fresnel relations, r± = (1 −n±)/(1 +n±). These complex coefficients can be expressed
in an exponential form, r± = r0± exp (iα±).

To obtain the Kerr rotation θK and ellipticity ψK let’s assume a linearly polarized
incident wave whose polarization plane makes an angle βi with the x-axis. Using the
Jones matrix formalism [120] we can express the incident wave as

E0i =
(︄
E0x
E0y

)︄
∼
(︄

cosβi
sin βi

)︄
= 1

2

[︄
e−iβi

(︄
1
i

)︄
+ eiβi

(︄
1

−i

)︄]︄
. (3.6)

By multiplying the two circular proper modes by the respective reflection coefficients
we get the reflected wave

E0r ∼ 1
2

(︄
r0+ei(α+−βi) + r0−ei(α−+βi)

ir0+ei(α+−βi) − ir0−ei(α−+βi)

)︄
, (3.7)

which is in general an elliptically polarized wave. The orientation of its semi-major axis
βr and its ellipticity ψr2 can be obtained using the following relations [118]

χ ≡ E0y
E0x

tan 2β = 2Reχ
1 − |χ|2

sin 2ψ = 2Imχ
1 + |χ|2

. (3.8)

Applied to (3.7) we get after starightforward manipulations simple results for the polar
Kerr rotation and ellipticity, respectively

θK ≡ βr − βi = 1
2(α− − α+) ψK ≡ ψr = 1

2 arcsin
(︄
r2

0+ − r2
0−

r2
0+ + r2

0−

)︄
≈ 1

2

(︃
r0+
r0−

− 1
)︃
.

(3.9)

Importantly, the obtained polar Kerr rotation and ellipticity are independent of the po-
larization plane orientation βi of the incident wave which is the consequence of the axial
symmetry of the system. The approximate relation for ψK holds if the magnetization-
induced polarization changes are small, i.e. for |εxy| ≪ |εxx|. In the same approximation
one can rewrite the refractive indices (3.5) as n± ≈ √

εxx[1±(i/2)(εxy/εxx)] and express
the polar Kerr rotation and ellipticity in a unified way by a complex Kerr angle [118]

˜︁θK ≡ θK + iψK = εxy√
εxx(1 − εxx) . (3.10)

Since εxy ∼ M the Kerr effect is linear in M and switches sign when the magnetization
is reversed. The proportionality of the Kerr effect to the off-diagonal component of
the permitivity (or conductivity) tensor points to the correspondence between this
effect and the anomalous Hall effect (AHE) which arises from the odd-in-M transverse
conductivity in transport measurements [119].

Voigt effect. In the Voigt geometry, M ⊥ k ∥ n, and choosing the in-plane magne-
tization along the x-axis the permitivity tensor is obtained from (3.3) by a permutation
of indices [119]

εeff = ε0

⎛⎜⎝ εxx 0 0
0 εyy εyz
0 −εyz εyy

⎞⎟⎠ . (3.11)

2Ellipticity is defined as tanψ ≡ amin/amaj , where amaj and amin are the semi-major and semi-
minor axes of the polarization ellipse, respectively.
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After inserting the permitivity tensor into (3.2) the condition of a zero determinant
gives the refractive indices for the two proper modes

n2
∥ = εxx (3.12a)

n2
⊥ = εyy(1 + ε2

yz/ε
2
yy). (3.12b)

Solving the wave equation (3.2) with the refractive indices (3.12a) and (3.12b) gives
the electric fields E0∥ = E0x(1, 0, 0) and E0⊥ = E0y(0, 1, εyz/εyy), respectively. Since
the MO effects are weak, εyz/εyy ≪ 1, we can conclude that the proper modes in the
Voigt geometry are transverse waves linearly polarized parallel and perpendicular to
the magnetization.

The Voigt-effect-induced polarization rotation and ellipticity upon transmission
through the sample follow directly from the differences in imaginary and real parts of
the refractive indices (3.12) [118], respectively. In a reflection geometry we again obtain
the amplitude reflection coefficients using the Fresnel relations, r∥ = (1 − n∥)/(1 + n∥),
where r∥ = r0∥ exp (iα∥), and analogically for r⊥. Assuming again the incident wave

with a linear polarization of arbitrary orientation βi, the reflected wave Er = ( cosβir∥
sinβir⊥

)
and χ = tan βi(r0⊥/r0∥)ei(α⊥−α∥). Using the formulae (3.8) and under the assumption
of weak MO-induced polarization changes we obtain the Voigt rotation and ellipticity

θV ≡ βr − βi = sin 2βi
1
2

(︄
r0⊥
r0∥

− 1
)︄

ψV ≡ ψr = sin 2βi
1
2(α⊥ − α∥). (3.13)

Unlike in the case of the polar Kerr effect, the Voigt effect depends on the incident
polarization since the in-plane magnetization breaks the axial symmetry. Let’s consider
only the rotation for simplicity, i.e., r⊥/r∥ is real. Then θV can be expressed as [119]

θV ≈ n0 sin 2βi
2(n2

0 − 1)

(︄
εxx − εyy −

ε2
yz

εyy

)︄
, (3.14)

where n0 =
√︂
εeff/ε0 is the isotropic refractive index of the medium in the absence of

magnetization. Since εxx − εyy is even in magnetization due to the Onsager relations
[119] and εyz is odd in M , the Voigt effect is quadratic in M in the leading order.
Usually it is satisfied that εyz/εyy ≪ 1 and the Voigt effect is generated purely by
the difference in the diagonal components of the permitivity (or conductivity) tensor
and is, therefore, intimately linked to the anisotropic magnetoresistance (AMR) effect
observed in transport measurements [119].

3.1.2 Magneto-optical microscopy

The magnetization-dependent changes in polarization of light transmitted through or
reflected from a magnetic sample are used to visualize the magnetic domain structure
in polarizing (magneto-optical) microscopes [26,111,121]. As discussed above, the MO
effects cause a rotation of the incident linear polarization and make it slightly elliptic.
An elliptically polarized light can be converted to a linearly polarized light by a phase
compensator, e.g., a quarter-wave plate. Therefore, we will omit ellipticity and consider
only the MO-induced polarization rotation θ.

The basic idea of a polarizing microscope is to convert the light polarization changes
to light intensity changes via a polarizer (see the inset of Fig. 3.2). We distinguish
two main microscope schemes - a laser-scanning microscope [121] and a wide-field
microscope [26, 111]. In the former case, the polarization rotation is measured locally
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using a focused laser spot and the sample image is assembled from such individual
measurements performed in each point of a grid while scanning the laser spot over
the sample surface. This “serial” technique has an obvious disadvantage of a long
acquisition time. On the other hand, it is perfectly suited for using lasers benefiting
from their stability and it allows for using highly sensitive “lock-in” detection schemes
based on, e.g., an optical bridge or a photoelastic modulator.

In this thesis, we utilized the wide-field MO microscopy in which the information
from the whole viewfield is acquired in parallel. To put it simply, it is an ordinary opti-
cal microscope equipped by a couple of polarizers, as shown in Fig. 3.2. To suppress or
visualize the ellipticity additional components such as a phase compensator are needed.
To reach a high image contrast it is also important to minimize unwanted (other than
MO-induced) polarization changes in the setup caused, e.g., by a strain in the optical
components or by light scattering.

Polarizer
Analyzer

Figure 3.2: Wide-field MO microscope. Sketch of the Köhler setup for homogeneous
illumination [121]. The aperture diaphragm sets the range of the angles of incidence of the
light illuminating the sample. The field diaphragm sets the illuminated area on the sample
surface. The imaging path is shown separately for clarity. Inset: The working principle
of a MO microscope. The difference in polarization plane orientation upon reflection of a
linearly polarized light from oppositely magnetized domains is converted by an analzyer
into the difference in intensity which can be detected by a CCD camera.

The wide-field MO microscopes usually employ the Köhler illumination technique
[121] depicted in Fig. 3.2. The light source (typically an arc discharge lamp or an LED)
is first projected by the collector lens onto the aperture diaphragm whose lateral posi-
tion sets the angle of incidence of the light on the sample surface. Here it is centered
creating a symmetric light cone illuminating the sample. Under such conditions from
the Kerr effects only the polar one gives a net contribution to the polarization rotation.
To be sensitive to the in-plane magnetization via the longitudinal or transverse Kerr
effects the aperture diaphragm has to be shifted off-axis choosing the corresponding
angle of incidence of the light on the sample. Behind the second lens there is a plane
conjugated to the sample surface plane where the field diaphragm is placed selecting
which part of the sample is illuminated. After setting the linear polarization by a po-
larizer, the third lens images the light source into the back focal plane of the objective
lens which then converts each point of this image into a bunch of parallel rays illumi-
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nating the sample. This ensures a homogeneous illumination of the sample. The light
reflected from each point of the sample is then converted to a bunch of parallel rays
by the infinity-corrected objective lens, passes the compensator and analyzer and is
focused by the tube lens creating a primary image. This image may be detected by a
CCD chip or observed via an eyepiece.

The mechanism which creates an observable contrast in the MO microscope is
sketched in the inset of Fig. 3.2. The polarization plane of a linearly polarized light
reflected from the two oppositely magnetized domains gets rotated via PKE by the
same angle θ but in opposite sense. With an analyzer set perpendicular to the po-
larizer no contrast would be observable since the light from the two domains would
be quenched by the same amount. However, by rotating the analyzer by θ from that
symmetric position the light from one of the domains is totally blocked while the light
from the other domain is still partially transmitted giving the maximum contrast. In
reality, due to imperfect polarizers and depolarization effects on the optical surfaces in
the microscope [122], for any orientation of the analyzer there is always light coming
through it that is creating a non-magnetic background in the image. This leads to a
decrease of the visual contrast and to an increase of the optimal analyzer opening angle,
as shown below. The undesirable background intensity can be removed by a subtrac-
tion of a reference image taken in a state with a fixed magnetization orientation, e.g.,
in the magnetically saturated state. This subtraction procedure highlights the changes
in magnetization orientation with respect to the reference state and, consequently, it
allows to detect magnetization-induced polarization rotations of the order of 100 µrad.

To evaluate the visual contrast between differently oriented magnetic domains ob-
served in a MO microscope we choose the polarization basis given by the incident linear
polarization and the ortogonal one and we consider a small magnetization-induced po-
larization rotation θ ≪ 1 upon reflection from the sample. The electric field of the
reflected wave has a component EN along the incident electric field, which corresponds
to a regular reflection (for M = 0), and a MO-induced component EMO ∼ M or M2

along the perpendicular direction. Let’s consider two magnetic domains with opposite
out-of-plane magnetizations observed via the PKE in the Faraday geometry or two
domains with mutually ortogonal in-plane magnetizations observed via the VE in the
Voigt geometry. In both cases the polarization plane of light reflected from the two do-
mains is rotated by the same angle but in opposite sense, i.e., the electric field reflected
from the two domains is Er = EN ± EMO and θ ≈ ±EMO/EN . The light intensity
detected after reflection from the two domains and passing through an analyzer rotated
by an angle of π/2 + α from the incident polarization direction reads

I1,2 = E2
N sin2(α± θ) + I0 ≈ (EN sinα± EMO cosα)2 + I0, (3.15)

where I0 is the background intensity ‘leaking’ through the setup because of the imper-
fect polarizers and the depolarization effects [122]. The visual contrast between the
domains is defined as [26]

CMO = I1 − I2
I1 + I2

. (3.16)

The optimal orientation of the analyzer to reach the maximum contrast is given by the
condition dCMO/dα = 0 which yields [26]

tanαoptC =
√︄
E2
MO + I0
E2
N + I0

(3.17a)

CoptMO = EMOEN√︂
(E2

MO + I0)(E2
N + I0)

≈ EMO√︂
E2
MO + I0

, (3.17b)
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where the second expression in (3.17b) holds for weak depolarization I0 ≪ E2
N .

CMO is not the only important parameter. In addition, the visibility of domains
is strongly affected by a signal-to-noise ratio rSN . The main noise sources are the
shot noise resulting from the quantized nature of light, the electronic noise given by
the detection aparatus, and the noise caused by fluctuations of the light source, the
optical setup and the sample. The latter is proportional to the incident light intensity
Ii. In modern MO microscopes the image is usually captured by a CCD camera for
which the electronic noise is mainly given by the dark current and the readout noise
which are independent of Ii. In modern cameras the electronic noise is significantly
suppressed and in an ideal case the main issue is the shot noise which is propotional
to the square root of the reflected light intensity, Nshot =

√︁
(I1 + I2)/2. The relevant

signal is SMO = I1 − I2 and therfore, rSN = (I1 − I2)/
√︁

(I1 + I2)/2. The condition
drSN/dα = 0 gives the optimal angle of the analyzer to maximize rSN [26]

tanαoptSN = 4

√︄
E2
MO + I0
E2
N + I0

=
√︂

tanαoptC (3.18a)

roptSN = 4EMOEN√︂
(E2

MO + I0) +
√︂

(E2
N + I0)

≈ 4EMO, (3.18b)

where the last epression is again valid for I0 ≪ E2
N . Since α ≪ 1, αoptSN > αoptC and the

best domain visibility is obtained when turning the analyzer slightly beyond αoptC . It
is also worth noting that for I0 ≪ E2

N the crucial parameter (the figure of merit) for
the domain visibility is only the MO-induced field amplitude EMO and the background
intensity I0, not the MO rotation angle θ [26]. Since EMO increases with the incident
light intensity, MO microscopy requires powerful light sources. After setting the optimal
analyzer angle, the image rSN can be further enhanced by long exposure times and
image averaging, provided that the domain patern is static.

3.1.3 Dynamic magneto-optical measurements

Combination of MO effects with ultrashort laser pulses allows to study an evolution of a
magnetization state with a sub-picosecond resolution directly in the time domain [123].
In the so-called pump-probe experiment the sample is first excited by a strong (pump)
laser pulse which temporarily modifies its properties - both magnetic (magnetization
magnitude and direction) and optical (nonmagnetic refractive index). With a certain
time delay a weaker (probe) laser pulse interacts with the excited material whose mod-
ified properties imprint into the probe pulse properties - intensity and polarization.
This process is repeated at a MHz repetition rate of the pulsed laser for a given time-
delay and the probe pulses are averaged by a detector to build up a sufficiently strong
signal. By an analysis of the detected probe light the state of the sample at the par-
ticular time-delay after the excitation can be infered and by changing the time-delay a
temporal evolution the sample state is straightforwardly obtained.

During the measurement, the pump beam is periodically modulated (e.g. by an
optical chopper). Consequently, the probe signal measured at the modulation frequency
corresponds to the pump-induced changes in the probe pulses, which are mediated by
the perturbed sample state. In other words, the relative change of the probe properties
with respect to the reference sample state (without excitation) is measured. The pump-
probe method is inherently immune against certain experimental artifacts present in
a single-beam (static) experiment since the signal arises only from the area where the
pump- and probe-beam foci overlap, i.e., only from the excited sample.
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The pump-probe technique has become particularly successful in semiconductors
[124]. The relative change in intensity of the probe pulses is caused by the changes in
occupation of the electronic bands induced by an absorption of the pump pulse and
gives information about the photo-excited carrier dynamics [125, 126]. The relative
change in polarization of the probe pulses is linked via the MO effects to the pump-
induced magnetization (or carrier spin) dynamics [127, 128]. Since the different MO
effects, which are sensitive to different magnetization spatial components, have different
properties the measured MO signal can be decomposed to the individual contributions
and the pump-induced magnetization-vector motion can be traced in 3D at a sub-ps
timescale [129].

3.2 Magnetotransport effects

The presence of an external magnetic field (or magnetization) in a material modifies its
transport properties and we speak about ordinary (or anomalous) magnetotransport
effects [19,130]. Depending on the nature of the driving force, we distinguish the spin-
electronic effects, where the carrier transport is induced by an electric field, and the
spin-caloritronic effects [130], where the carriers are driven by a thermal gradient. The
magnetotransport effects may be also classified based on the experimental geometry
(let’s restrict ourselves only to thin magnetic films). In the Hall geometry, the mag-
netization M is perpendicular to the film plane in which the driving force is applied
and the resulting anomalous transport is induced in the film plane in a direction per-
pendicular to the driving force. This is the case of, e.g., anomalous Hall [131,132] and
Nernst [130] effects. If magnetization lies in the sample plane, it induces a difference
between the transport in the direction parallel and perpendicular to M . This results
in the anisotropic magnetoresistance [19] and anisotropic magneto-thermopower [130].

3.2.1 Spin-electronic effects

When an electric field E is applied in a conductive material, the resulting current
density j is given by the Ohm’s law

j = σ̂E, (3.19)

where the electrical conductivity tensor σ̂ is the inverse of the resistivity tensor, ρ̂ ≡
σ̂−1. In an otherwise isotropic material, which would be described by scalar ρ and σ,
the presence of magnetic induction B (and/or magnetization M) and the spin-orbit
coupling breaks the symmetry [132]. This results in non-zero off-diagonal elements of ρ̂
and σ̂, which manifests itself as the Hall effect, and in the inequivalence of the diagonal
elements, which is the cause of the anisotropic magnetoresistance.

Anomalous Hall effect (AHE). For a cubic lattice system and B ∥ M pointing
along z-axis the resistivity tensor reads [132]

ρ̂ =

⎛⎜⎝ ρxx −ρH 0
ρH ρxx 0
0 0 ρzz

⎞⎟⎠ . (3.20)

Here, ρH is the transverse (or Hall) resistivity comprising the magnetic field-induced
(ordinary) part ρOH and the magnetization-induced (extraordinary or anomalous) part
ρAH . In a magnetically saturated state, M = Ms, the total Hall resistivity can be
expressed as [132]

ρH = ρOH + ρAH = R0B +RAµ0Ms, (3.21)
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where R0 and RA are the ordinary and anomalous Hall coefficients, respectively, and
B = µ0Hext for a thin film.3 The ordinary and anomalous contributions to the Hall
resistivity can be distinguished by measuring its dependence on magnetic field. For
high enough fields, in a magnetically saturated state, only the OHE contributes to
the resistivity change with a slope proportional to R0. Extrapolation of this linear
dependence to B = 0 gives the anomalous resistivity, as shown in Fig. 3.3(d).

The OHE is caused by the Lorentz force which deflects the itinerant carriers in a
direction that is perpendicular to the applied electric and magnetic fields [19]. The
carriers accumulate at the sample edge resulting in a transverse (Hall) voltage, as
depicted in Fig. 3.3(a). In section 2.4.3 we already introduced the spin Hall effect [81]
which arises from the SOC-induced deflection of carriers with opposite spins to the
opposite transverse directions. In a non-magnetic material, where the carriers are
not spin-polarized, this effect results in opposite spin accumulations on the opposite
sample edges which is not accompanied by any charge imbalance [see Fig. 3.3(b)].
The anomalous Hall effect arises in FMs from the very same physical processes as those
leading to the SHE in PMs, namely the skew scattering, the side-jump, and the intrinsic
effects [76, 80, 81] [see section 2.4.3]. In a FM, the carriers which form the electrical
current have their spins preferentially oriented in one direction and the spin-dependent
carrier deflection thus results in both the spin and charge accumulation on the sample

(a) (b) (c)

(f) (e) (d)

Figure 3.3: The Hall effects and anisotropic magnetoresistance. (a) Ordinary
Hall effect, caused by the Lorentz force, induces a transverse voltage but no spin accu-
mulation. (b) Spin Hall effect in a PM, induced by a spin-dependent deflection of charge
carriers, results in a transverse spin accumulation but no voltage. (c) Anomalous Hall
effect in a FM, induced by the same mechanisms as SHE, results in both transverse spin
and charge accumulations. (d) Hysteretic dependence of the total resistivity on mag-
netic field allows to separate the (always present) linear OHE contribution from AHE in
FMs. (e) Longitudinal (Vl) and transverse (Vt) anisotropic magnetoresistance caused by
the difference in the material’s resistivity along and perpendicular to magnetization. (f)
Dependence of Vl and Vt on the magnetization orientation relative to the current direction.

3The experimentally relevant (applied) field is the magnetic intensity Hext. On the other hand, for
OHE, the magnetic flux density B = µ0(Hext + Hd + M) is relevant. However, for a perpendicularly
magnetized thin film the demagnetizing field Hd = −M , i.e., B = µ0Hext.
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edges, as depicted in Fig. 3.3(c).
The AHE, generated by the off-diagonal resistivity (conductivity) tensor elements,

share the same origin with the MO polar Kerr effect described in section 3.1.1. In
this correspondence, the electrical current direction in AHE plays the role of the
light linear polarization direction in PKE. Both effects are directly proportional to
the perpendicular-to-plane component of magnetization [cf. Eqs. (3.10) and (3.21)]. In
the case of PKE this allows for an imaging of magnetic domains with a light wavelength-
limited spatial resolution [see section 3.1.2]. AHE lacks the spatial resolution but can
be utilized to determine the position of a single DW in a cross-shaped device (Hall
cross) with a nanometer-scale precision, as demonstrated in [132] and summarized in
appendix F.

Anisotropic magnetoresistance (AMR). In the case of an in-plane magnetized
material (e.g., for M along the x-axis), the resistivity tensor is obtained from Eq. (3.20)
by a permutation of indices (as was done with permitivity to derive the Voigt effect,
see section 3.1.1). The resistivity becomes anisotropic within the sample plane due to
the inequivalence ρxx ̸= ρyy. In the following we adopt, in analogy to the VE, the
notation ρ∥ and ρ⊥ instead of ρxx and ρyy for the resistivities in the directions parallel
and perpendicular to M , respectively. When the magnetization is rotated within the
sample plane, the resistivity measured in the direction of the current flow follows a
harmonic dependence on the angle φ between the direction of M and the current [19]

ρl = ρ0 + ∆ρ
2 cos 2φ, (3.22)

which is known as the longitudinal AMR [see Figs. 3.3(e, f)]. Here, ρ0 = (ρ∥ + ρ⊥)/2
is the average resistivity and ∆ρ = ρ∥ − ρ⊥ is the resistivity anisotropy.

In a Hall-cross geometry AMR also gives rise to a φ-dependent voltage measured on
the transverse contacts. The transverse resistivity follows the same dependence, which
is just shifted in φ by π/4 [19]

ρt = ∆ρ
2 sin 2φ. (3.23)

This effect is known as the transverse AMR or the planar Hall effect [see Figs. 3.3(e,
f)].

As already mentioned, AMR is related to the MO Voigt effect. There, the difference
in reflection of the optical wave components polarized parallel and perpendicular to
M leads to the polarization rotation, i.e., to induction of a wave component that
is polarized perpendicular to the incident wave. This is analogous to the transverse
AMR where an electric field component (voltage) transverse to the current flow is
induced. Both effects share the same angular dependence with maximum magnitude
and opposite signs for φ = βi = ±π/4 [cf. Eqs. (3.23) and (3.13)]. The longitudinal
AMR corresponds directly to the definition of the VE, i.e., to the difference in the
reflection for the parallel and perpendicular polarization, if we exchange the reflection
coefficients with the resistivities for the parallel and perpendicular current. The VE
could be in principle also measured as the difference of the reflected intensities of light
polarized parallel and perpendicular to M , however, this technique is less sensitive
than the detection of the polarization rotation.

The disadvantage of AMR for determination of the magnetization direction is that
this effect is, like the VE, even in M , i.e., it cannot distinguish antiparallel magnetic
states in a FM. This, however, becomes an advantage when it comes to AFs. Unlike
AHE, AMR is present in compensated collinear AFs, such as CuMnAs [10]. Moreover,
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it has been demonstrated recently that a second-order AMR effect allows to distinguish
the AF states with antiparallel Néel vectors [133].

3.2.2 Spin-caloritronic effects

Besides the electric field, carrier transport can be induced also by a temperature gra-
dient. In a conductor, the temperature broadening of the Fermi-Dirac distribution
function in the hot region is accompanied by a diffusion of the hot electrons and holes
towards the cold region (see Fig. B1 in Ref. [130]). Since the conductivity is energy-
dependent in the vicinity of the Fermi level (e.g., larger for electrons than for holes)
the heat current is accompanied also by a nonzero charge current. This is the essence
of the Seebeck effect.

Generally, the relationship between the local driving forces - the electric field E =
−∇ϕ (electrical potential gradient) and the temperature gradient ∇T - and the induced
heat (jQ) and charge (jc) currents can be expressed as [130](︄

E
jQ

)︄
=
(︄

1/σ S
Π κ

)︄(︄
jc

−∇T

)︄
, (3.24)

where σ and κ are the electrical and thermal conductivities and S and Π are the
Seebeck and Peltier coefficients, respectively. Provided that the conductivity variation
in the vicinity of the Fermi energy EF is linear on the scale of the thermal energy kBT ,
i.e. (kBT )2|(∂2σ(E)/∂E2)|EF

| ≪ σ(EF )/(π2/3e2), the Seebeck coefficient is obtained
as [130]

S = −π2k2
BT

3e
∂

∂E
ln σ(E)|EF

. (3.25)

In the presence of magnetization and SOC, the conductivity and, consequently, the
Seebeck coefficient become anisotropic due to the broken symmetry, i.e., the Seebeck
coefficient can be expressed in the form of a matrix analogous to (3.20) [134]. For
magnetic moments along in-plane x-axis we have [cf. Eq. (3.11)]

Ŝ =

⎛⎜⎝ S∥ 0 0
0 S⊥ −SN
0 SN S⊥

⎞⎟⎠ . (3.26)

The off-diagonal matrix elements (SN ) induce the anomalous Nernst effect (ANE) -
the thermal equivalent to AHE - and the unequal diagonal matrix elements (S∥ ̸= S⊥)
lead to the anisotropic magneto-Seebeck effect (AMSE) - the thermal equivalent to
AMR [134].

Anomalous Nernst effect (ANE). The Nernst voltage can be expressed in a form
analogous to Eq. (3.21) comprising the ordinary (magnetic field-dependent, ONE)
and anomalous (magnetization-dependent, ANE) contribution. The description and
geometries of ONE and ANE are identical to those depicted in Figs. 3.3(a) and (c),
respectively, with the electrical current density jc replaced by temperature gradient
∇T . The linear dependence of ANE on the magnetization component perpendicular to
∇T and the voltage measurement direction (VANE ∼ Ms|∇T | sinφ) can be utilized to
determine the magnetization direction or a DW position in a FM sample [51,135,136].
Here, ANE has a major advantage, compared to AHE, that the thermal gradient can
be applied also perpendicular to a simple magnetic bar, i.e., it is not limited to cross-
bar structures. Such ANE measurement using side heaters along a magnetic bar with
perpendicular-to-plane magnetic anisotropy allowed us to determine the position of a
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single DW in the bar with ≲ 20 nm precision [51]. Moreover, one can even apply the
temperature gradient in the direction perpendicular to the sample plane, which allows
to detect in-plane magnetization [137]. We utilized this geometry in the experiments
on imaging of the domain structure in a non-collinear AF Mn3Sn which are presented
in chapter 8. In this material the linear-in-M efects, such as PKE, AHE, and ANE, are
present due to the non-collinear spin arrangement [138].

Anisotropic magneto-Seebeck effect (AMSE). The magnetization-induced
anisotropy manifests itself also as a difference between the Seebeck coefficients in cases
of magnetization pointing parallel and perpendicular to the heat gradient [134]. In
analogy to AMR, the electromotive forces generated in logitudinal (parallel to ∇T )
and transverse (perpendicular to ∇T ) directions when magnetization is rotated in the
sample plane follow the same harmonic dependencies [cf. Eqs. (3.22) and (3.23)]

El = −(S0 + ∆S
2 cos 2φ)|∇T | Et = −∆S

2 sin 2φ|∇T |, (3.27)

where S0 = (S∥ + S⊥)/2 and ∆S = S∥ − S⊥ and φ describes the angle between M
and ∇T . This effect is called the anisotropic magneto-Seebeck effect (AMSE) or, al-
ternatively, anisotropic magneto-thermopower [134,139]. The transverse AMSE is also
known as the planar Nernst effect [140]. As a thermal analogue to the VE and AMR,
AMSE should be also present in compensated collinear AFs, such as CuMnAs. This,
and the possibility to apply easily local thermal gradients via focussed electromagnetic
radiation [136], motivated us to the development of an AMSE-based imaging method
which allowed us to visualize the domain structure of CuMnAs in a table-top exper-
iment. The imaging method and its application to CuMnAs is presented in chapter
9.
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4. Studied materials
4.1 (Ga,Mn)As and (Ga,Mn)(As,P)

Standard ferromagnets are usually metals, such as transition metal FMs (Fe, Co, Ni,
and their compounds), reaching often high TC . In these materials the exchange inter-
action couples the magnetic atoms directly. The metallic behaviour is useful for data
storage but problematic for utilization in logic applications. From this point of view, di-
luted magnetic semiconductors (DMSs) represent an attractive material class since they
show ferromagnetic properties which are tunable by doping, external electric fields [141],
or illumination [142] thanks to their semiconducting nature. (Ga,Mn)As [143, 144] is
the most prominent and best explored representative of the DMS class.

Despite being limited by the low ordering temperature (TC ≲ 190 K), (Ga,Mn)As
has become a test-bed material for new spintronic effects [25,38] as well as for develop-
ing proof-of-principle spintronic devices [145]. This is due to the unique combination
of robust and tunable ferromagnetism, direct band gap, and strong spin-orbit inter-
action. In the experiments described in this thesis, we utilized mainly two properties
of (Ga,Mn)As and (Ga,Mn)(As,P) - the extraordinarily strong second-order MO re-
sponse [146] (chapter 5) and, conversely, the strong response of the magnetism to a
circularly polarized light observed as the optical STT [38] (chapter 6). In the following,
most of the information about (Ga,Mn)As is true also for (Ga,Mn)(As,P) [147], which
differs mainly in the magnetic anisotropy (MA), as discussed at the end of this section.

Ga1−xMnxAs is derived from the well-understood semiconductor GaAs with a zinc-
blende crystal structure in which a small fraction (≈ 1–10 %) of the gallium atoms is
replaced by manganese, as illustrated in Fig. 4.1(a). The Mn atoms deliver permanent
magnetic moments (spin S = 5/2) due to the half-filled d-shell and, at the same time,
they serve as acceptors providing one free hole per atom due to the missing p-electron.
The nature of the ferromagnetic coupling in (Ga,Mn)As [24, 144] is illustrated in Fig.
4.1(b-d). Pure manganese itself would be antiferromagnetic, however, when diluted in
(Ga,Mn)As the individual Mn atoms are too far from each other and the short-range
direct exchange is not strong enough to align the moments (b). The holes introduced
into the material are antiferromagnetically exchange-coupled to the localized Mn spins.
The holes in close proximity to a given Mn atom align their spin antiparallel to that
Mn 5/2-spin. Conversely, the Mn spins that overlap with the spatially extended hole
wavefunction tend to align antiparallel to its spin, i.e., parallel to each other (c). For
large enough hole density the parallel alignment of the Mn moments spreads to the
whole crystal (d). This kind of indirect carrier-mediated exchange is known as the
Zener’s kinetic-exchange interaction [24].

In order to prevent formation of the thermodynamically more stable MnAs inclu-
sions, (Ga,Mn)As is prepared by a molecular beam epitaxy at a relatively low temper-
ature (≈ 250◦C) [148]. Consequently, the epitaxial layers contain a significant density
of point defects [144]. The most common ones are the manganese intersticials (MnI)
and the anti-site defects (AsGa) shown in Fig. 4.1(a). Both defects serve as double
donors compensating two free holes per atom. Since the strength of the FM coupling
in (Ga,Mn)As scales with the hole density these defects are highly undesired. Moreover,
the magnetic moments of MnI align antiparallel to the moments of the Mn atoms at
the cation lattice-sites reducing the total magnetization.

It turned out that the carrier density and TC of the material can be significantly
increased by a proper post-growth thermal treatment [144]. Annealing at relatively
low temperatures causes MnI difusion towards the free surface of the (Ga,Mn)As layer
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where it gets pasivated by oxidation. By careful optimization of the synthesis and an-
nealing procedures for layers with different Mn content, as performed in [148], the hole
compensation by defects can be completely suppressed. Consequently, clear dependen-
cies of transport and magnetic parameters, such as the hole density, the saturation
magnetization, TC , or the MA on the Mn content were observed for this high-quality
sample series [41].

(a) (b) (c)

(d)

Ga Ga

As

Mn

As

IMn

Figure 4.1: Crystal structure and ferromagnetism of (Ga,Mn)As and
(Ga,Mn)(As,P). (a) Zinc-blende crystal structure of (Ga,Mn)As derived from the GaAs
host lattice by replacing part of the Ga atoms with manganese. The most frequent de-
fects, Mn intersticials (MnI) and anti-site defects (AsGa), are shown. In (Ga,Mn)(As,P)
additionally part of the As atoms is replaced with phosphorus. (b) - (d) Onset of the
carrier mediated ferromagnetism with increasing density of the free holes. The direct
exchange between the localized Mn spins (arrows) is not enough to polarize the material
(b). The Mn spins in a proximity of a partially delocalized hole (circle) tend to polarize
antiparallel to its spin, i.e. parallel to each other (c). If the hole density is high enough
the polarized clusters overlap and the FM order spreads to the entire crystal (d). (a) -
(d) reproduced from [144].

The magnetic anisotropies of (Ga,Mn)As [27,41] and (Ga,Mn)(As,P) [42] have been
extensively studied both theoretically and experimentally. Three main intrinsic contri-
butions have been identified. First, it is the cubic MA reflecting the symmetry of the
host zinc-blende crystal structure and given by (1.37) with the EAs along [100], [010],
and [001] directions. The second contribution arises due to the strain induced in the
magnetic epilayer by the lattice-mismatched GaAs substrate. Incorporation of a sub-
stantial amount of manganese leads to a slight increase of the in-plane lattice constant
compared to the pure GaAs whereas adding phosphorus has the opposite effect. The
resulting compressive strain [in (Ga,Mn)As] / tensile strain [in (Ga,Mn)(As,P)] adds
an energy contribution of ϵout = −Kout cos2 θ, where Kout < 0 ([001] hard axis) for
(Ga,Mn)As and Kout > 0 ([001] EA) for (Ga,Mn)(As,P). Finally the third contribution,
known as the effective shear strain, introduces an inequivalency between the in-plane
[110] and [1̄10] directions giving a contribution of ϵsh = (Ksh/2) sin2 θ(sin 2ϕ− 1). In a
typical case Ksh > 0, i.e., [1̄10] is preferred. Furthermore, as has been shown in [41], the
in-plane MA of the Ga1−xMnxAs epilayers can be smoothly tuned by the sample com-
position since the cubic MA decreases with increasing x while the uniaxial contribution
Ksh remains constant.

4.2 Fe/GaAs [28]

A combination of ferromagnetic and semiconducting material properties represents one
of the possible ways to new functionalities of electronic devices. The realisation of this
goal in form of DMSs, such as GaMnAs, is hindered by the low Curie temperature of
these materials. Another option is to utilize hybride structures where the ferromagnetic
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and semiconducting properties are spatially separated. Here, Fe/GaAs heterostructure
represents the ‘obvious’ choice. Iron is one of the best explored ferromagnets with a
robust spin order (TC = 770◦C in bulk), high spin polarization and large magnetization
(µ0Ms = 2.15 T at room temperature in bulk). On the other hand, GaAs is the most
widely used and best explored III-V semiconducting substrate, which is well lattice-
matched to Fe. Bellow TC , Fe adopts a bcc crystal structure with lattice constant
almost precisely matching half of the zinc-blende GaAs lattice parameter. This allows
for good epitaxial growth of Fe on GaAs with four Fe bcc cells growing on top of one
GaAs unit cell.

In this work we study ultrathin (≈ 2 nm) Fe epitaxial films grown on (001)-oriented
GaAs multilayer with varying doping in order to form a PIN diode below the ferromag-
net. The Fe growth on GaAs(001) is known to be accompanied by many surface-related
effects that can result in significantly altered properties of the Fe thin film compared to
the bulk crystal. Processes such as substrate surface reconstruction, substrate atoms
segregation and outdiffusion, and intermixed interface compound formation take place,
which can affect the Fe magnetic moment magnitude, the lattice constant (and the
related strain), the magnetic anisotropy, etc. In bulk, the iron MA is dominated by the
first-order cubic contribution with the corresponding easy, intermediate, and hard axes
along ⟨100⟩, ⟨110⟩, and ⟨111⟩ directions, respectively. In thin Fe films the strong de-
magnetizing field (∼ 2 T) makes the MA easy-plane with a weaker in-plane anisotropy
of the order of ∼ 10 mT. The cubic energy minima along [100] and [010] are preserved
with an additional energy contribution of uniaxial form (EA ∥ [110]) induced by the
surface effects. This kind of uniaxial MA preferring either [110] or [11̄0] moment ori-
entation is quite common in magnetic films grown on zinc-blende substrates such as
GaAs or GaP (e.g., in GaMnAs/GaAs EA ∥ [11̄0] [41], in CuMnAs/GaP EA ∥ [110]
of GaP [149]). In Fe/GaAs(001) the uniaxial anisotropy constant is inversely propor-
tional to the film thickness [for films thicker than ∼ 8 monolayers (ML)] which points
to the surface origin of this anisotropy component. Among the effects discussed as the
possible origins of the magnetic inequivalency between [110] and [11̄0] directions are
the particular orientation of the Fe-As bonds, which dominate the Fe/GaAs interface
formation, or the anisotropic strain or strain relaxation along these two directions.

Since the uniaxial MA, which dominates in the ultrathin Fe films, weakens with
increasing thickness of the film, there is a crossover from uniaxial to biaxial anisotropy
that eventually converges to pure cubic MA for thick Fe films. This is accompanied
by splitting of the ‘uniaxial’ EA to two EAs which turn from [110] towards [100] and
[010] directions with increasing film thickness. According to the published results, the
splitting point occurs for thickness of ∼ 25 ML. Our ≈ 2 nm (14 ML) thin films should,
therefore, have a single EA along [110] direction. This is, however, not the case and
our films exhibit a biaxial MA, as we discuss in detail in Appendix D.

4.3 Mn3Sn

Antiferromagnetic semimetal Mn3Sn is a prominent representative of non-collinear AFs
with a triangular spin arrangement. The non-trivial spin texture gives these AF mate-
rials some very appealing properties that are usually considered as being limited only to
ferromagnets. In FMs, the net magnetization gives rise to the linear MO effects (Fara-
day and Kerr effects), anomalous Hall and Nernst effects and to the spin-polarized
charge currents. These effects are crucial for investigation of FMs and their practical
applications. On the other hand, the typical AFs with a collinear compensated spin
structure possess a high symmetry which not only leads to the zero magnetization but
also prohibits the aforementioned phenomena. This makes the investigation and control
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of these AF materials particularly difficult.
The recent understanding that the anomalous electron velocity, which is responsible

for AHE, ANE, MO Kerr effect (MOKE), etc., arises from non-vanishing Berry cur-
vature in the k-space [131, 150] has led to predictions [151–153] that these phenomena
could be present also in fully compensated AFs, provided that certain symmetries are
broken in these materials. The non-collinear triangular spin lattice of Mn3Sn meets
these symmetry criteria and large anomalous transport and MO effects were indeed
observed in this material in zero magnetic field: AHE [154], ANE [138], MOKE [155].
Mn3Sn has been also intensively studied with regard to its unusual band structure con-
taining so-called Weyl points [138,152,156–159]. These singular topological features in
principle allow for significant enhancement of the magnetotransport response.

The unit cell of Mn3Sn is depicted in Fig. 4.2(a). It crystallizes in a hexagonal
structure with P63/mmc space group [160]. The Mn atoms are arranged in layers (two
in each unit cell) parallel to the basal plane. In each Mn layer the atoms are arranged
in a kagome-type lattice which can be seen as composed of Mn hexagons surrounding
the Sn atoms or triangles filling the space between the Sn atoms.

(b)

Mn Sn

z=0

1
z= /2

(a)

Figure 4.2: Crystal and magnetic structures of Mn3Sn. (a) The crystallographic
unit cell of Mn3Sn. Atoms in different basal planes (z = 0, 1/2) are distinguished by
different colours. (b) Kagome-type Mn lattice in the Mn3Sn film plane with magnetic
moments indicated by arrows – the neighboring moments make an angle of 120◦. Each Mn
moment has its local EA parallel to the in-plane direction towards its nearest-neighbor
Sn sites. Moments on the corresponding Mn atoms in the neighboring kagome planes are
parallel to each other. Reproduced from [154].

The non-collinear spin texture within each Mn kagome plane, which is shown in
Fig. 4.2(b), is a result of a geometrical frustration [19]. The triangular lattice doesn’t
allow the antiferromagnetically coupled spins to simultaneously minimize energies of
all the mutual exchange interactions. In the case of collinear arrangement, two from
the three spins forming the triangle can allign antiparallel, however, the third one is
frustrated as it would be always parallel to one of the two neighbors. As a result, the
three spins allign within the kagome plane at 120◦ with respect to each other, which is
the energetically most favourable solution. The spin configuration shown in Fig. 4.2(b)
was experimentally confirmed in bulk crystals [161], however, several alternative spin
arrangements in the basal plane have been discussed as candidates for the ground state
[162–165]. The anisotropy of the three magnetic sublattices partly cancels out [161]
which allows for the experimental manipulation of the antiferromagnetic order. In the
spin configuration shown in Fig. 4.2(b), only one of the spins points along its local EA,
which is given by the direction towards its in-plane nearest-neighbor Sn atoms [166].
The tendency of the other two spins to align with their local EAs distorts the perfect
120◦ angles between the spins in the triangle and gives rise to a small uncompensated
magnetic moment of ∼ 0.002µB per Mn atom [161, 166]. This moment allows for
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manipulation of the AF spin texture by moderate magnetic fields but is not the origin
of the anomalous electron velocity and the consequent effects.

The Mn3Sn epitaxial thin films for our experiments were grown by ultra-high vac-
uum magnetron sputtering on MgO(111) single crystal substrates with a 5 nm Ru buffer
layer [160]. The 50 nm thick Mn3Sn layer was grown by cosputtering at room temper-
ature and subsequently the stack was annealed at 300◦ C in situ for 10 minutes and
capped with 3 nm of Al to prevent oxidation (see the Methods section in [167] for de-
tails). The normal of the Mn3Sn thin film coincides with the [0001] crystallographic
direction, i.e., the Mn kagome planes and triangular spin texture are parallel to the film
plane. The film Néel temperature is 420 K, the same as reported for bulk crystals [161].
We, therefore, assume for our films the same spin texture as shown in Fig. 4.2(b).

4.4 CuMnAs

CuMnAs is a fully compensated collinear antiferromagnet which was first prepared
by direct synthesis from the constituent elements [168, 169]. These bulk crystals had
orthorombic structure and the AF ordering survived up to ∼ 350 K. Later, CuMnAs
was grown also by molecular beam epitaxy in form of thin films on various substrates
including GaAs, GaP, and Si [78, 170]. These films have a tetragonal crystal structure
which is shown in Fig. 4.3(a). Mn atoms are arranged in layers parallel to the film
plane with spins ferromagnetically coupled within each layer and with two adjacent
Mn planes coupled antiferromagnetically [171]. The two adjacent Mn planes belong
to opposite magnetic sublattices A and B. In zero external magnetic field, the two
sublattices exactly compensate each other, MA = −MB, i.e., CuMnAs has no net
magnetic moment. Most explored are films grown on GaP, which exhibit in-plane
magnetic anisotropy that is either uniaxial (EA ∥ [010], typically in thinner layers with
a thickness of ∼ 10 nm) or biaxial (EAs ∥ [110] and [11̄0], in thicker layers with a typical
thickness of ∼ 50 nm) [149,172,173].1 However, a recent comprehensive MO study [174]
has shown that the magnetic anisotropy of CuMnAs may not be governed exclusively
by the film thickness. In addition, the anisotropy may be affected by device patterning.
The Néel temperature of a 500 nm thick CuMnAs layer was determined by a neutron
diffraction as (480 ± 5) K [172], however, as shown by MO experiments [149, 174], TN
may be lower for very thin (∼ 10 nm) films.

The tetragonal CuMnAs lattice possesses a combined PT symmetry, i.e., it is invari-
ant under time reversal combined with another spatial transformation, such as inversion
[the inversion center is indicated by the yellow ball in Fig. 4.3(a)]. Consequently, phe-
nomena that are odd under time reversal, such as AHE and its thermoelectric and
optical counterparts, ANE and MOKE, have to vanish [153]. This significantly nar-
rows the spectrum of available techniques sensitive to the AF order in CuMnAs thin
films. From the transport and optical methods, only the effects originating from the
symmetric part of conductivity tensor remain. This includes AMR which is again ac-
companied by thermoelectric and optical counterparts – anisotropic magneto-Seebeck
effect, Voigt effect (VE), and X-ray magnetic linear dichroism (XMLD).

The crystal symmetry restricts also excitation (control) mechanisms. In particular,
electrical currents in CuMnAs are not globally spin polarized and, consequently, an
antiferromagnetic version of metallic or tunneling junctions [AF/NM(I)/AF] showing
GMR (TMR) and STT switching analogous to that in FM-based structures is not
possible [153]. Furthermore, since CuMnAs is fully compensated, it is also insensitive
to moderate magnetic fields. This can be circumvented by utilizing an exchange bias

1These are CuMnAs crystal directions. Note that the CuMnAs unit cell is 45◦ rotated with respect
to that of the GaP substrate, i.e., [100]CuMnAs ∥ [110]GaP [170].
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from an adjacent FM film. In [175], the AF order in CuMnAs/Fe stack could be
manipulated with magnetic fields as weak as ∼ 0.1 T. However, this was only possible
due to the very small thickness of the CuMnAs film (∼ 5 nm).

The specific symmetry of CuMnAs crystal lattice has also positive consequences.
The full lattice is centrosymmetric, however, it can be divided into two sublattices,
which, individually, have broken inversion symmetry and form inversion partners.
These two sublattices coincide with the two magnetic sublattices. As a consequence,
when an electric current flows along the Mn planes, it becomes spin polarized locally
with opposite polarization on the two sublattices, so that the net spin polarization
is zero [12]. The staggered spin polarization acts as an effective magnetic field that
alternates between the Mn planes and, therefore, allows for a highly efficient manipula-
tion of the Néel spin order of CuMnAs (see Fig. 2.4 and the Néel SOT in section 2.4.2).

(a) (b)

(c)

Figure 4.3: Crystal structure and electrical switching of CuMnAs. (a) CuMnAs
crystal structure and AF ordering. The full crystal is centrosymmetric (the inversion
center is marked by yellow ball), however, the individual magnetic sublattices have broken
inversion symmetry and form inversion partners. (b) XMLD-PEEM images and (c)
AMR detection of a reversible 90◦ reorientation of CuMnAs AF order by NSOT pulses of
alternating polarity. Reproduced from [10,173].

The current pulse-induced NSOT-based switching of the Néel vector predicted
in [12] was confirmed by experiments in CuMnAs films [10,173], where a 90◦ reorienta-
tion of magnetic moments was detected via AMR. The latter is even in magnetization,
hence it cannot distinguish magnetic states with opposite Néel vectors. However, the
second-order AMR allows to detect also a 180◦ Néel vector reversal upon reversing the
polarity of the writing current [133]. Néel vector switching by electrical pulses of lengths
in the range from ms down to sub-ns and even by pulses of THz radiation (∼ 1 ps dura-
tion) was achieved [79] and a prototype memory device with NSOT writing and AMR
readout was demonstrated [78]. The domain structure of CuMnAs and its modification
by the current pulses was visualized by a combination of XMLD and photoelectron
emission microscopy (XMLD-PEEM) [10,173]. This technique is powerful but requires
an expensive experimental infrastructure – a synchrotron. A more available probe of
the AF order is provided by the MO effects in the optical wavelength range. The lin-
ear MO effects, such as MOKE, vanish in CuMnAs [153], however, the second-order
Voigt effect proved to be very useful as it allows to determine the Néel temperature
and the magnetic anisotropy of the thin films [149] in a table-top experiment. So far,
imaging of the CuMnAs domains via the VE has not been successful. In chapter 9
we focus on the thermoelectric counterpart of AMR and VE (XMLD), which is the
anisotropic magneto-Seebeck effect. We demonstrate that this effect combined with a
locally generated heat gradient can be used to image the CuMnAs domain structure.
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5. Voigt effect-based MO
microscope integrated in a
pump-probe setup
MO phenomena represent a perfect tool for an investigation of magnetization patterns
and their dynamics thanks to the ability to create ultrashort photon pulses and focus
them into a small volume. The temporal resolution, given mainly by the laser pulse
duration, is essentially limited by the oscillation period of the optical field (≈2 fs in
visible range) and the achievable spatial resolution is given by the light wavelength in
far-field applications and can even reach tens of nanometers in near-field measurements.
High spatial resolution is necessary for an investigation of the nano-scale magnetic tex-
tures, such as magnetic domains, DWs, and spin waves, which represent the functional
elements of spintronic devices [13, 14], which themselves have typically micrometer-
scale dimensions. The picosecond-scale temporal resolution is needed to understand
the behavior of these micro-magnetic objects and their response to various excitation
mechanisms.

Simultaneous high temporal and spatial resolutions can be achieved in a pump-
probe experiment if the laser pulses are focused on a sample surface using an objective
lens with a high numerical aperture. The time- and spatially-resolved maps of the MO
response are assembled from the individual local pump-probe measurements by chang-
ing the pump-probe delay and the laser spots positions on the sample surface. The
latter is accomplished either by moving the sample with a piezo-positioner [127] or by
tilting the incoming laser beams with respect to the objective optical axis [128]. In any
case, this is an extremely time-consuming measurement. Another option is a strobo-
scopic wide-field imaging where the probe pulses are used to image tha sample surface
for a given time-delay which is then continuously varied. However, this technique is
much more complicated to implement [176].

In many cases, however, the high temporal and spatial resolutions do not have to
be really simultaneous. The approach, we decided to follow, is to use a wide-field MO
microscope to quickly assess the sample magnetic properties and their (in)homogeneity
over a large area and identify the regions of interest which can be subsequently in-
vestigated by the local MO pump-probe technique integrated in the MO microscope.
This solution allows to obtain both the spatially- and time-resolved information at
reasonable measurement times.

In the following, we first describe in detail the optical setup integrating the wide-field
MO microscope with the spatilly-resolved pump-probe functionality. Subsequently, a
sensitivity of the MO microscope to in-plane magnetized domains through the Voigt ef-
fect is verified. Finally, we demonstrate the utility of the combined spatial and temporal
resolutions in our setup by investigation of a (Ga,Mn)As sample attached to a piezoelec-
tric transducer, which allows to apply a voltage-controlled strain. The strain-induced
modification of magnetic anisotropy [27,29] proved to be a promising feature for spin-
tronic applications since it allows for, e.g., an electrical control of a DW mobility [106]
or magnetization precession [38]. However, samples glued to a piezoelectric transducer
usually show rather inhomogeneous properties due to an inhomogeneous transfer of
strain between the piezo-stack and the sample [177]. We show that the MO microscope
can easily distinguish sample regions with a different effect of the piezo-stressor on the
magnetic anisotropy and the pump-probe measurements performed in these preselected
areas show also significant differences in the local magnetization dynamics.
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The results presented in this chapter were published in [178]. The spatially-resolved
pump-probe MO setup was constructed by L. Nádvorńık [179] while the author of
this thesis assembled the Voigt effect-based wide-field MO microscope, integrated both
setups together, and performed all the presented experiments.

5.1 Description of the experimental setup

Our experimental setup is sketched in Fig. 5.1. It consists of two parts - the wide-
field MO microscope and the spatially-resolved pump-probe setup - which can be used
independently as well as in conjuction benefiting from the specific advantages of these
two distinct methods.

Pump-probe setup with a high spatial resolution. As a source of the ultrashort
laser pulses we used a Ti:sapphire laser (Spectra Physics, Mai Tai HP) generating
linearly polarized pulses of ≈ 100 fs duration and ≈ 10 nm spectral width at a repetition
rate of 80 MHz. The central wavelength of the laser pulses is continuously tunable in
the range of 690–1040 nm. Each laser pulse is split by a polarizing beamsplitter (PBS)
into a strong pump pulse and a weaker probe pulse. The division of the laser power
between the pump and probe arm of the setup is controlled by a half-wave plate (HWP)
placed in front of the beamsplitter. An additional HWP is used in each arm that in
a combination with a polarizer (Pol.), which is used to define the linear polarization
of the beams, allows to set the required intensities of the pump and probe beams
independently.1 The pump beam is periodically interrupted by an optical chopper at
a frequency of ≈ 2 kHz and is guided through an optical delay line, which allows to
set the time-delay of the probe pulses with respect to the pump pulses in the range of
-0.5–3.5 ns.

Since the pump and probe beams spatially overlap in the detection part of the setup
they have to be spectrally separated. This is accomplished by two different dielectric
edge filters F1 and F2 placed in the pump and probe arms, respectively. The F1
filter transmits only the short-wavelength and F2 only the long-wavelength part of the
original pulse spectrum. To match the maximum of the MO response of our samples
[see Fig. 5.2(d)] we tuned the laser to a central wavelength of 774 nm and used F1
(Thorlabs, NF785-33) and F2 (Thorlabs, FBH780-10) leading to a spectral separation
of ≈ 9 nm between the pump and probe pulses.2 The additional filters F2 placed in
front of the detectors block the scattered pump photons, which improves significantly
the signal-to-noise ratio of the measured pump-probe traces. More details about the
spectral filtering technique may be found in [180].

After spectral filtering, the pump beam is reflected towards the sample by a piezo-
controlled mirror (Newport, AGM100D) which sets precisely the direction of the beam
propagation with respect to the objective optical axis and, consequently, the pump
laser spot position on the sample surface. Both laser beams pass a series of polariza-
tion components [polarizer, half-, and quarter-wave plate (QWP)] which set the desired
polarization state - linear polarization in the case of the probe beam and linear or cir-
cular polarization in the case of the pump beam.3 Subsequently, the pump and probe
beams are merged by a beamsplitter (BS) and focused by an objective lens [Mitutoyo

1Instead of the HWP, a gradient neutral density filter could be alternatively used in each arm to set
the beams intensities.

2Other combinations of central laser wavelength and filters can be used to cover different spectral
regions.

3We usually measure two pump-probe traces with opposite handedness of the circular polarization of
the pump pulses and calculate their average (difference) to identify the helicity-independent (dependent)
parts of the signal which may correspond to different excitation mechanisms [38].
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Plan Apo 20, with a numerical aperture of 0.42] on the sample surface where they form
spots of ≈ 1.6µm diameter. The objective lens is attached to a 3D piezo-positioner
(Newport, non-magnetic version of NPXYZ100SG-D) which allows for a precise focus-
ing and the laser spots positioning. The pump-probe separation on the sample surface,
which is achieved by the pump beam tilting, is limited by the objective input aperture
and in our case can exceed 20µm. However, for separations larger than 10µm the
optical aberations in the objective lens cause the laser spot distortion [179].

The sample is placed in an optical cryostat (Advanced Research Systems, temper-
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Figure 5.1: Pump-probe experimental setup with a high spatial resolution
combined with a wide-field MO microscope. Pump-probe experiment: Each pulse
emitted by a femtosecond (fs) laser is divided into pump and probe pulses by a polarizing
beam splitter (PBS) with an intensity ratio set by a half-wave plate (HWP). Another
pair of HWP and polarizer (Pol.) is used to set the intensity in each beam. Filters F1
and F2 are used to spectrally separate the pump and probe beams. Sets of polarizer,
half-, and quarter-wave plate (QWP) define the polarization of pump and probe pulses
which are then merged by a beam splitter (BS), with a variable mutual time delay set by
a delay line, and focused on the sample (S) by an objective lens. The sample is placed
in an optical cryostat between the poles of an electromagnet. Beams reflected from the
sample are directed by BS 2 towards an optical-bridge detection system where the pump
pulses are suppressed by filters F2. MO microscope: HWP and polarizer are used to set
intensity and vertical (s) polarization of light emitted by a continuous-wave (CW) laser. A
laser speckle reducer (LSR) suppresses interference effects due to the laser coherence. The
optical system creates a symmetric light cone illuminating the sample, and the reflected
light is guided by an optional flip-mirror through an analyzer to a CCD camera.

71



ature range of 10–800 K) between the poles of an electromagnet (Walker Scientific,
model HV-4H) which allows to apply up to 600 mT field. The probe pulses reflected
from the sample are collimated by the objective lens and propagate, with the flip-mirror
lowered, towards the so-called optical bridge [181] which allows for a sensitive detec-
tion of the pump-induced polarization rotation. Here, the probe beam is split by a
polarizing beamsplitter in two beams detected separately by a couple of photodiodes
(D). The electronic signals from the two detectors are added (for a transient reflectiv-
ity measurement) and subtracted (for a transient polarization rotation measurement),
amplified, and processed by lock-in amplifiers, which extract the signal modulated at
the chopper frequency. Prior to the actual measurement, with the pump beam blocked,
the difference signal is set to zero by rotating the HWP placed in front of the PBS in
the optical bridge. This represents the reference state without the sample excitation.
When the pump beam is unblocked, the sample magnetic state changes which causes
(via the MO effects) a rotation of the polarization plane of the probe pulses reflected
from the sample. The resulting non-zero difference signal is directly proportional to
the pump-induced polarization rotation angle θ [181].

Voigt effect-based wide-field MO microscope. The usual construction and
general working principle of a MO microscope were described in section 3.1.2. In
our setup we made a few modifications: we used a coherent imaging light source,
a simpler illumination path, and, most importantly, we utilized a second-order MO
effect - the Voigt effect (VE). The second-order MO effects are only rarely used to
investigate FMs, since they are usually weaker and more difficult to separate from
magnetization-independent optical signals than the linear effects, such as the Kerr
effects. The situation is very different in collinear AFs where the linear MO effects
vanish and the Voigt effect remains the only applicable MO probe.

The MO microscope setup integrated in the previously described pump-probe setup
is depicted in Fig. 5.1. As an illumination source we used a Ti:sapphire continuous-wave
(CW) laser (Spectra Physics, model 3900S) which can be tuned in the range of 700–
1000 nm. The continuous spectral tunability of the illumination source is very useful
to optimize the microscope MO sensitivity for a given sample, as we show in section
5.2, and allows to use the microscope for an investigation of various material systems
with MO response located in different spectral regions. Additional advantages of a laser
compared to the traditional incoherent light sources are a high illumination intensity
and a high stability, both desired in MO microscopy. The downside of coherent light
sources when used for illumination purposes is the presence of interference effects and,
consequently, an inhomogeneous illumination - the so-called speckles. To suppress the
interference effects we used a laser speckle reducer (Optotune, model LSR-3005-24D-
VIS) which disrupts the laser light coherence. It consists of a diffuser moving at a high
frequency relative to another static diffuser which, in combination with a sufficiently
long integration time of the image detector, effectively averages out the the speckle
pattern.

The divergent light beam from the despeckler is first collimated and the desired
linear polarization is set by a polarizer (Thorlabs, LPNIR 100-MP). The light intensity
can be continuously tuned by rotating the HWP placed in front of the polarizer. The
beam is then reflected by a 50:50 beamsplitter towards the objective lens while being
focused to its back focal plane. The light reflected from the sample is collimated by the
objective lens, passes through an analyzer (the same as the polarizer), and is focused
onto the sensor of a high-speed CCD camera (Allied Vision Tech, model Prosilica GX
1050).

Since we are interested in imaging of magnetic domains via the Voigt effect which
is strongest at normal light incidence, all the optical components are centered to the
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common optical axis and, consequently, the objective lens creates a symmetric light
cone illuminating the sample. Moreover, in this geometry the contributions from the
longitudinal and transverse Kerr effects, which are also sensitive to in-plane magneti-
zation, average to zero, which helps to proove the pure Voigt effect sensitivity of the
MO microscope in case of the in-plane magnetized samples. The axial geometry also
allows us to simplify a bit the Köhler illumination scheme (see Fig. 3.2) by omitting
one of the lenses since we don’t need the aperture diaphragm to set an oblique light
incidence. Another advantage of the setup with a perpendicular light incidence on the
sample is that we don’t need an objective lens with a large numerical aperture. Such
lenses have very short working distances and small input apertures which limits consid-
erably the maximum achievable pump-probe spatial separation on the sample surface,
as explained above. Finally, since the polar Kerr effect (PKE) also gives maximum
response for perpendicular light incidence, our MO microscope can be used for imaging
both the in-plane magnetized materials (via the VE) and the perpendicular-to-plane
magnetized materials (via the PKE) without any change in its settings when switching
between these two cases.

In our setup, the linear polarization of light illuminating the sample is set by the
polarizer to be either horizontal (p-polarization) or vertical (s-polarization). For other
orientations of the incident linear polarization, the beamsplitters cause a significant
phase shift between the s- and p-component of the wave resulting in a strong light
ellipticity and substantially lower visual contrast between the magnetic domains.

As explained in section 3.1.2, the optimal orientation of the analyzer to reach the
maximum visual contrast and signal-to-noise ratio is strongly affected by the depolar-
ization effects in the microscope. In our setup, the optimal setting is 3–5◦ off the crossed
position (with respect to the polarizer). Using the differential method, subtracting a
reference image taken in the magnetically saturated state, our MO microscope is able
to register polarization rotations as small as 100µrad.

Modification of the setup for other experiments in this thesis. The basic
experimental scheme described above, which combines focused laser beams and wide-
field (MO) imaging, was used, with certain modifications, throughout this thesis in
all presented experiments. In chapter 6 we used the MO microscope to monitor the
DW position in the perpendicular-to-plane magnetized GaMnAsP (via the PKE) and
one femtosecond laser beam was used to excite the DW motion. In chapter 7 we used
the spatially resolved pump-probe setup to characterize the laser-induced picosecond
electrical current pulses and the microscope was used to image the sample topography
(without the MO sensitivity) and to set the laser spots positions in the investigated
device. In chapters 8 and 9 the femtosecond laser beam was replaced by a CW laser
beam focused on the sample surface where it generated a localized thermal gradient
and the magneto-thermoelectric response was registered on the voltage contacts of the
device. The microscope was again used to image the device topography and align it
with the scanning laser beam.

5.2 Verification of the Voigt effect-related microscope sen-
sitivity

In this section, we demonstrate that our MO microscope is indeed sensitive to in-
plane magnetization textures via the Voigt effect. As a test material we used the
diluted ferromagnetic semiconductor (Ga,Mn)As which shows an extraordinarily strong
second-order MO response [146, 182]. In this material, the competing in-plane biaxial
and uniaxial magnetic anisotropy components (described in section 4.1) result in two
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EAs making an angle ξ, see Fig. 5.2(a) and appendix E. In a multidomain state, with
magnetizations pointing, e.g., in the easy directions 1 and 2 [see Fig. 5.2(a)], the visual
contrast between such domains is proportional to the difference in the VE-induced
polarization plane rotation of the light reflected from those two domains [182]

∆β(EA1) − ∆β(EA2) = 2P V E cos 2(γ − βi) sin ξ. (5.1)

Here P V E = θV {βi = π/4} (see the left formula in 3.13) is the spectrally dependent MO
coefficient describing the strength of the VE. The angles βi and γ, both measured from
the [100] crystallographic direction, denote the polarization plane orientation of the
illuminating linearly polarized light and the easy axes bisector orientation, respectively
[see Fig. 5.2(a)]. From equation 5.1 it is clear that the maximum contrast between the
domains magnetized along different EAs is observed when the incident light is linearly
polarized along the EAs’ bisector or perpendicular to it, as illustrated in Fig. 5.2(a).
Moreover, the MO contrast is maximized in samples with mutually perpendicular EAs,
i.e., with ξ = 90◦. In our test 20 nm thick Ga1−xMnxAs epilayer grown on GaAs
with x ≈ 0.03 the EAs are tilted by ≈ 15◦ towards the [1̄10] axis due to the uniaxial
anisotropy contribution [41], resulting in ξ ≈ 60◦ [see Fig. 5.2(a)]. All the presented
experiments were performed at a temperature of 15 K far below the sample Curie
temperature of 77 K [41]. The external magnetic field HEXT was applied in the sample
plane along either [110] or [1̄1̄0] direction which correspond to positive and negative
fields, respectively, as depicted in Fig. 5.2(a).

To verify that the MO contrast observed in our microscope originates from the
VE, we performed in-plane magnetic field sweeps and extracted MO hysteresis loops
from the images captured by the microscope. For this measurement we selected a
region on the sample surface where no domain structure was visible at zero magnetic
field, i.e., which was in a single-domain state. During the measurement the magnetic
field was changed in small steps from negative to positive fields and back with the
microscope taking an image of the sample in each step (without any subtraction of the
reference image). Each image was processed in the following way. A sufficiently large
homogeneously bright area in the image was chosen (the same for all images) and the
pixel gray-scale intensities were averaged within this area giving a single intensity value
for each image. As a result we obtain the dependence of the image intensity on HEXT ,
i.e., a hysteresis loop. The field sweep was repeated 6 times and the measured loops
were averaged and shifted vertically to zero (to remove the non-magnetic background
in the images).

In Fig. 5.2(b) we show the hysteresis loop measured in a large range of fields - the
so-called major hysteresis loop. The measured hysteresis loop is even in magnetic field
which implies that the underlying MO effect is even in magnetization, as expected in the
case of VE. Moreover, the hysteresis loop is quite similar to those measured previously
via this MO effect in an analogous sample (see Fig. 1 in Ref. [183]). From the measured
hysteresis loop we can infer how the magnetization direction changes during the field
sweep [183]. The four step-like changes in the MO signal correspond to switching
events when the magnetization reorients abruptly, via a DW running quickly over the
imaged area. Between the switching events magnetization points in a direction which
corresponds to a local magnetic energy minimum (see appendix E). Provided that the
applied field is much weaker than the magnetic anisotropy fields (HEXT ≪ Hc, Hu),
these energy minima correspond to the easy directions 1–4 depicted in Fig. 5.2(a). On
the other hand, for HEXT > Hc, Hu the magnetization points close to the external field
direction. Therefore, during the field sweep from negative to positive saturation and
back the magnetization goes through the sequence [1̄1̄0] → 1 ⇒ 2 ⇒ 3EXT → [110] →
3 ⇒ 4 ⇒ 1EXT → [1̄1̄0] [see Fig. 5.2(a)], where → denotes a gradual M reorientation
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and ⇒ an abrupt switching and the index EXT denotes the easy direction strongly
modified by HEXT . The smaller change of the MO signal when switching in larger field
compared to the switching in lower field confirms that the magnetization does not switch
to EA during the switching event in the higher field. The slope in the major hysteresis
curve is partially caused by the gradual M reorientation in large fields. However, most
of the slope is an experimental artifact caused by a magnetic field-induced drag on the
objective lens along the focusing direction, which results in a small variation of the
light intensity reaching the CCD camera. Since the lens motion is reproducible, once
characterized, it can be compensated by the piezo-positioner.
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Figure 5.2: Magneto-optical properties of the test (Ga,Mn)As sample. (a) The
implemented experimental geometry. The thin black arrows (numbered 1–4) indicate the
magnetization easy directions in the sample. The orientations of the laser light polariza-
tion plane and the EAs’ bisector are described by angles βi and γ, respectively. Here, we
choose βi = γ to maximize the MO contrast. Before the hysteresis loop measurements,
the sample was saturated by µ0HEXT = −600 mT along the [1̄1̄0] direction. The green
arrow along the direction “1” represents the magnetization state in the majority of the
sample when HEXT is reduced to zero. In certain parts of the sample, however, the mag-
netization is oriented along the direction “4”, as indicated by the white arrow (see text
for details). (b) and (c) Major and minor hysteresis loops, respectively, measured by the
MO microscope via the Voigt effect. Numbers represent the magnetization states depicted
in (a), and arrows indicate the direction of the magnetic field change. (d) Independently
measured spectral dependence of the Voigt effect magnitude (line) and MO contrast CMO

(points) calculated from images taken by the MO microscope using Eq. 3.16.

In principle, states with M along the easy directions 1 and 3 (or 2 and 4) are
indistinguishable by the VE, however, they can be identified based on the magnetic
field direction and history. Since we apply the magnetic field at the same angle with
respect to both EAs [see Fig. 5.2(a)], both states M ∥1 and M ∥4 could be populated
when reducing HEXT from the negative saturation to zero. However, we only observed
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a single-domain state M ∥1,4 probably because of a slight misalignment of HEXT from
the [1̄1̄0] direction towards the [1̄10] direction.

In Fig. 5.2(c) we show the minor hysteresis loop measured in a smaller field-range
which corresponds to the magnetization addressing only two of the easy directions [183]
in the sequence 1 ⇒ 2 ⇒ 1.

In order to further evidence that the source of the MO contrast is the VE we
performed the domain imaging at different photon energies. In Fig. 5.2(d) we compare
the obtained spectral dependence of CMO, calculated from the domain images captured
by the MO microscope using equation 3.16 (points), and the spectrum of the VE-
induced polarization rotation measured previously in this sample [119, 182] (line). As
immediately apparent, both quantities show very similar spectral dependence.5 Since
the MO contrast is largest around 1.60 eV, we keep this photon energy for the rest of
the experiments performed on this sample.

In a majority of the studied (Ga,Mn)As sample the domain imaging was complicated
by a fast switching between the different single-domain states (1–4). Therefore, it
was easier to perform the imaging close to the sample edges where a high density of
structural defects acting as DW-pinning centers slows down the magnetization switching
and the multi-domain magnetic pattern is stabilized in certain field-range. Fig. 5.3(a)
shows a topography image of a sample region where there are several scratches present
on the sample surface and Fig. 5.3(b) shows a MO image of the same area, where the
VE-induced light polarization changes are highlighted. The MO image was obtained
by a differential technique. First, a reference image was taken with HEXT = 25 mT
applied, then the field was switched to −25 mT and a second image was captured from
which the reference image was finally subtracted. The result of the subtraction, shown
in Fig. 5.3(b), highlights the changes in M direction in different parts of the sample
when switching HEXT from 25 mT to −25 mT. The magnetic domain pattern clearly
follows the distribution of the structural defects on the sample surface.

We observe three different intensity levels, marked I, II, and X in Fig. 5.3(b).
This might be confusing at first sight, since there are only two EAs corresponding
to two different VE-induced polarization rotations. However, this observation can be
easily explained. In Figs. 5.3(c)–(e) we plot the minor hysteresis loops extracted
from the image regions I, II, and X, respectively. Far away from the scratches - in
the dark regions labeled I in Fig. 5.3(b) - the material behaves the same as in the
sample parts without visible defects [cf. Figs. 5.2(c) and 5.3(c)], i.e., the magne-
tization is switching between the easy directions 1 and 2 with the coercive field of
µ0H12 = −µ0H21 = 4.6 ± 0.2 mT. On the other hand, closer to the scratches - in the
bright regions labeled II in Fig. 5.3(b) - the hysteresis loop is inverted which implies
that the magnetization is switching between the easy directions 4 and 3 (with a slightly
higher coercive field of µ0H43 = −µ0H34 = 5.4 ± 0.2 mT). The most probable expla-
nation of why the magnetization points in the easy direction 4 (instead of 1) in the
vicinity of the structural defects when HEXT is reduced from the negative saturation
to zero is the defect-induced strain which modifies locally the (Ga,Mn)As magnetic
anisotropy. As discussed in detail in appendix E the strain contributes a uniaxial term
to the magnetic anisotropy [27] which results in a spatially-dependent reorientation of
the EAs by a few degrees. This could be sufficient for the magnetization to choose the
easy direction 4 in our case, when HEXT is applied very close to the highly symmet-
rical direction [1̄1̄0] [see Fig. 5.2(a)]. Finally, in the regions labeled X in Fig. 5.3(b),

4The zero-field state of M ∥1 was confirmed by an additional experiment, which is not shown here,
where HEXT was applied ≈ 6◦ off the direction [1̄1̄0] towards the direction [11̄0], which favors M ∥ 4
state instead.

5The deviation at the lowest energy is probably caused by a decreased quantum efficiency of the
CCD sensor in this spectral range, which was affecting the observed MO contrast.
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which are directly adjacent to the scratches, no change in the detected MO signal is
observed in the studied field-range. Most probably, the 20 nm thick (Ga,Mn)As film is
missing in these areas because of the mechanical damage. Alternatively, the film could
be still present but its magnetic anisotropy is so severely changed by the strain that
the magnetization doesn’t switch in the field-range of ±25 mT (see appendix E).
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Figure 5.3: Imaging of the sample around surface imperfections. (a) An image
showing the position of several defects on the sample surface. (b) A MO image of the same
area at −25 mT (with a reference image taken at 25 mT). (c)–(e) Minor hysteresis loops
extracted from regions marked as I, II, and X in (b). Numbers represent the magnetization
states depicted in Fig. 5.2(a).

5.3 Investigation of a piezo-induced strain inhomogeneity

The manipulation of magnetic anisotropy [29, 106, 184] or spin polarized carriers [185,
186] via a controlled strain application is a promising concept which could find an
application in spintronic devices. An elegant way to induce the strain is to attach the
investigated sample to a piezoelectric transducer (PZT), which allows for a voltage-
control of the strain magnitude in a wide temperature range [177,187]. This technique
has been successfuly utilized in (Ga,Mn)As for an in situ electrical control of magnetic
anisotropy [29], DW mobility [106], and led to the discovery of the optical STT [38]. On
the other hand, there are several experimental difficulties. Besides the voltage-tunable
strain (typically of 5·10−4 for 150 V applied [177,187]) there is also a strain induced by
the difference in a thermal contraction of the sample and stressor during the sample
cooling, which can be even larger. Moreover, the samples attached to a PZT are known
to have rather inhomogeneous magnetic properties due to the inhomogeneous transfer
of the strain from the piezo-stack through the glue to the investigated sample [177].

In the previous section we observed domain patterns that tightly followed the surface
imperfections, which was ascribed to the defect-related spatial variation of the magnetic
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anisotropy in the film. This correspondence between the strain and magnetic patterns
could be utilized in the hybrid magnetic/PZT structures mentioned above to assess the
(in)homogeneity of the strain transfer to the magnetic film.

To demonstarte this, we used a 20 nm thick Ga1−xMnxAs film with x ≈ 0.038
(ξ ≈ 53◦, TC = 96 K) grown on a GaAs substrate that was polished down to 200µm
and attached by the Epotek glue to an uniaxial PZT (Piezomechanik GmbH, part no.
PSt 150/2×3/7). [177] All measurements were performed at a temperature of 15 K and
with a voltage of −150 V applied to the piezo-stressor (unless stated differently). Both
the fs-laser (for pump-probe measurements) and the CW laser (for the MO imaging)
were tuned to 774 nm to maximize the MO signal due to the VE in this epilayer [119].
The pump and probe fluences were set to 200µJ cm−2 and 40µJ cm−2, respectively.

In Fig. 5.4(a) we show an optical image of a selected region on the sample surface
with depicted crystallographic directions, EAs (of a bare epilayer without the piezo-
stressor attached), and the directions of the voltage-controlled strain and the magnetic
field HEXT . Apart from a crack, there is no structure visible on the sample surface.
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Figure 5.4: Visualization of magnetic inhomogeneity of the (Ga,Mn)As sam-
ple attached to a piezoelectric transducer. (a) An optical image of the sample
surface with the EAs of the bare unstrained (Ga,Mn)As epilayer depicted by the black
lines labeled “1” to “4”. The directions of the applied magnetic field HEXT and the
bias-dependent PZT-induced strain are indicated by arrows. The squares labeled A and
B border the regions chosen for subsequent hysteresis and pump-probe measurements
presented in Fig. 5.5. (b)–(d) Images captured by the MO microscope at different ap-
plied magnetic fields (with a reference image taken at −30 mT) showing differences in
the magnetization switching process in the regions located right and left from the crack.
The imaging was preformed with a voltage of −150 V applied to the PZT, however, no
significant effect of the voltage was observed.
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However, MO imaging during a magnetic field sweep reveals two regions - located right
and left from the crack - with a very distinct behavior, as shown in Figs. 5.4(b)–(d).
While on the right side we do not register any changes in the MO signal during the
field sweep, on the left side we observe a changing pattern which reflects the process of
magnetization swiching between different EAs via a DW motion.

We take a closer look at the differences between the two studied regions in Fig. 5.5.
In panel (a) we show two hysteresis loops extracted from the MO microscope images
taken during the field sweep by averaging the signal within the two square-shaped
areas labeled A and B in Fig. 5.4(a). In case of a zero strain one of the EAs is close
to the applied magnetic field direction [see Fig. 5.4(a)] and a magnetization switching
by 180◦ directly between the easy directions 1 and 3 is expected (see appendix E for
details). Since the two antiparallel magnetization states cannot be distinguished by
the even-in-M Voigt effect we do not register this switching in region B. Consequently,
the observation of the MO signal variation, which reflects the magnetization switching
to the other EA, and, in particular, the fact that the magnetization switching appears
before the direction of HEXT is reversed, is a clear signature of a significant srain-
induced modification of the magnetic anisotropy in region A [see Figs. E.1(c) and (d)
and the adjacent discussion in appendix E]. Therefore, the MO microscope allows us
to distinguish, via imaging the differences in the magnetization switching process, the
sample parts where the epilayer magnetic anisotropy was significantly altered by the
attached PZT (part A) and where it was not (part B). The strain mainly originates in
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Figure 5.5: Comparison of the magnetization switching and dynamics ob-
served in regions A and B depicted in Fig. 5.4(a). (a) Magnetic hysteresis loops
measured by the MO microscope in regions A and B. (b) and (c) MO pump-probe traces,
which reflect the magnetization precession triggered by the pump-induced transient mod-
ification of magnetic anisotropy, measured for three different values of HEXT in regions
B and A, respectively (points). Lines are fits by a damped harmonic function. (d) The
change of the precessional signal observed in region A with the voltage applied to the
PZT for HEXT = 4 mT. No effect of the PZT-voltage was observed in region B.
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our case from the thermal contraction mismatch since we do not observe any effect of
the applied piezo-voltage on the MO images.

Besides the differences in the magnetization switching, regions A and B show also
significantly different laser-induced ultrafast magnetization dynamics, as illustrated by
the pump-probe traces in Figs. 5.5(b) and (c). In this experiment, absorption of
the pump laser pulse heats the material up which temporarily modifies the magnetic
anisotropy (EAs’ positions) and, subsequently, the reoriented anisotropy field exerts a
torque on the magnetization and induces its precession [25]. The precessional frequency
is directly connected with the sample magnetic anisotropy [41]. On a longer timescale
the heat dissipation leads to a return of the EA to its equilibrium direction and the
magnetization precession is suppressed by the Gilbert damping. The presented pump-
probe traces show the helicity-independent part of the MO signal obtained as an average
of the curves measured with circularly right and left polarized pump pulses. In region
B [see Fig. 5.5(b)] the magnetization precession is almost independent of HEXT apart
from a slight increase of the precessional frequency. This observation is in accord with
the expected minor modification of the magnetic energy density minimum width by
HEXT applied close to the easy direction [see Fig. E.1(b) in appendix E]. Moreover,
we have not observed any changes in the pump-probe traces when varying the voltage
applied to the PZT which further confirms that the strain is not transferred properly
from the PZT to the sample in region B. On the other hand, in region A [see Fig. 5.5(c)]
we observe quite significant dependence of the magnetization precession on HEXT . This
is consistent with the more pronounced variation of the energy density minimum profile
with HEXT expected in the case of the strain-modified magnetic anisotropy [see Fig.
E.1(d) in appendix E]. Moreover, the magnetization precession in region A is affected by
the voltage applied to the PZT [see Fig. 5.5(d)]. The voltage effect is, however, rather
small confirming the dominant influence of the sample/stressor thermal contraction
mismatch in our sample.

5.4 Conclusion and outlook

We implemented an experimental scheme combining a pump-probe setup with subpi-
cosecond temporal and micrometer spatial resolutions and a wide-field MO microscope
sensitive to both in-plane and perpendicular-to-plane magnetized materials via the
Voigt effect and polar Kerr effect, respectively. This combined setup proved to be able
to obtain both spatially and time-resolved information about the sample in a reason-
able measurement time. The wide-field MO microscope is ideally suited for a rapid
inspection of spatially inhomogeneous samples which can be followed by dynamical
pump-probe MO experiments in the pre-selected sample parts. The optical setup is
very flexible and, with only minor modifications, can be used to a broad variety of
experiments - it was utilized in most of the measurements presented in this thesis in-
cluding imaging of a magnetic domain structure in FMs, non-collinear, and collinear
AFs.

The VE-related sensitivity of our MO microscope was verified using a sample of
in-plane magnetized diluted ferromagnetic semiconductor (Ga,Mn)As. Here we ob-
served a correspondence between the observed magnetic pattern and the distribution of
structural defects which was attributed to the local defect-related strain-induced mod-
ification of magnetic anisotropy. The sensitivity of the MO microscope to the strain
distribution in the sample was utilized to investigate the (in)homogeneity of magnetic
properties of a (Ga,Mn)As sample attached to a piezo-electric transducer. The MO
imaging allowed us to identify the sample parts where the magnetic anisotropy of the
epilayer was significantly modified by the applied strain and where it was not.
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The manipulation of magnetic properties via a controlled strain application is es-
pecially appealing for antiferromagnetic spintronics [6, 184] due to the strong effect of
magneto-elastic coupling in AFs [32, 188] and the insensitivity of AFs to conventional
control mechanisms, such as an external magnetic field [6]. Besides the limited means
of control, AFs are also notoriously difficult to detect. The established methods, such as
XMLD-PEEM or neutron diffraction, require large-scale experimental facilities. There-
fore, table-top MO detection techniques that allow for both high temporal and spatial
resolutions attract significant attention nowadays [49]. The quadratic MO effects have
been mostly overlooked in FMs since they are usually considerably weaker compared
to linear-in-M effects, and it is more difficult to separate them from magnetization-
independent optical signals [119]. In AFs, however, the situation is markedly different.
In compensated collinear AFs the linear-in-M MO response from the two antiparallel
magnetic sublattices averages to zero and the Voigt effect gives the lowest-order nonzero
MO response [49].

An example of a fully compensated collinear AF that have been intensively stud-
ied recently is CuMnAs (see section 4.4). In this material, the electric control of its
magnetic state via the Néel SOT (see section 2.4.2) and a proof-of-principle magnetic
memory based on this mechanism have been demonstrated [10, 78]. The pump-probe
MO experiments have shown that VE can be utilized to investigate the ultrafast mag-
netic dynamics and to determine the EAs’ positions in thin CuMnAs films [149]. This
suggests that VE could be, in principle, also used to image the antiferromagnetic do-
main structure of CuMnAs. However, the preliminary experiments on MO imaging of
CuMnAs films have not been successful yet. The main problem seems to be a combina-
tion of a weak MO signal and the presence of additional sources of the light polarization
changes, such as structural imperfections. Separation of the MO signal from these non-
magnetic signals - an easy task in FMs where the magnetization can be simply reversed
by a magnetic field - is much more complicated in AFs. Eventually, this separation
might be accomplished by using the temperature and/or spectral dependence of the
Voigt effect, which is markedly different from that of, e.g., structural defect-induced
polarization changes. This is an open space for future studies.
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6. Inertial domain wall motion
driven by the optical spin
transfer torque
Recently, the physics of magnetic domain wall motion has become a subject of a renewed
interest due to the possible utilization of DWs as information carriers in nonvolatile
information storage and processing devices [13, 14]. There, an external magnetic field
or electrical spin transfer torque pulses are used to drive the DWs, as introduced in
sections 2.5.1 and 2.5.2. The external torque acts immediately on the DW, however,
it is the torque-induced deformation of the wall spin texture that leads to the DW
displacement. The timescale, at which the DW structure is modified, depends on the
material parameters and the DW type and it lies typically in a nanosecond range [101].
The same timescale governs the DW structure relaxation (accompanied by a transient
wall motion) after the excitation torque is switched off [98]. These inertial effects might
negatively affect the ability of precise positioning of the DWs in the memory or logic
devices and pose a limit on their operation frequency. Therefore, a massless DW motion
with the DW following immediately and precisely the driving force is highly desired in
case of the ns-range field and current pulses [189].

Recently, it has been shown that, besides the magnetic field and electrical current
pulses, also circularly polarized light pulses can be used to manipulate magnetic or-
der [37, 38]. The underlying effect, known as the optical spin transfer torque, consists
in a transfer of the spin angular momentum of the absorbed photons to the magne-
tization (see section 2.3.2). As such, this effect acts on an ultrashort timescale, as
observed in [38]. That experiment was performed in an in-plane magnetized ferromag-
netic semiconductor GaMnAs where the OSTT from a 300-fs-long laser pulse induced
a coherent precession of the uniform magnetization with a picosecond-scale onset. Sub-
sequently, we demonstrated in a closely related material with perpendicular-to-plane
EA, GaMnAsP, that OSTT can also induce a DW motion with a direction controlled
by the helicity of the circularly polarized light [190].

The principal idea of the OSTT-driven DW motion is schematically shown in Fig.
6.1(a). The OSTT induced by photo-electrons in the in-plane magnetized GaMnAs tilts
the magnetization out of the sample plane [see Eq. (2.10), Fig. 2.5(c), and the adjacent
discussion]. The torque is obviously zero within a domain of the perpendicular-to-plane
magnetized GaMnAsP at a normal light incidence since n ∥ M . Inside a domain wall,
however, the magnetization rotates between the two antiparallel states, i.e., it has a
non-zero in-plane component and, therefore, the torque on the wall magnetization is
non-zero. The OSTT-induced out-of-plane tilt of the wall magnetization as well as
the direction of the resulting DW motion is opposite for opposite light helicities [190].
Since the OSTT is acting only inside the DW the optical excitation process is naturally
self-aligned.

In [190] we proved the basic idea of the OSTT-induced DW motion by MO imaging
of the final position of a DW excited by a train of ultrashort σ±-polarized laser pulses in
a simple magnetic bar device. This experiment did not give any information about the
temporal characteristics of the excited DW dynamics. In the case of current-induced
DW motion it was observed that for very short (∼ 1 ns) current pulses, that are shorter
than the DW relaxation time, the inertial effects start to dominate over the direct STT-
driven motion [100]. In our case of the optical spin injection, the torque is restricted
even to much shorter timescale, limited by the picosecond-scale spin-lifetime of the
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photo-carriers. In such case, the direct STT-induced DW motion is expected to be
negligible and the DW inertia becomes vital for a macroscopic DW displacement in the
regime of ultrashort optical excitation.

In order to explore the dynamics of the OSTT-induced DW motion we fabricated
more sophisticated devices where the optically excited DW moves in an artificial geo-
metrical pinning potential. These experiments combined with micromagnetic simula-
tions have shown that the DW excited by an ultrashort OSTT pulse indeed moves at
timescales orders of magnitude longer than is the duration of the pulse itself proving
the crucial role of a DW inertia in the light-helicity-controlled DW motion.

The experiments presented in this chapter were published in [191].

6.1 Experimental geometry and elastic DW pinning

Our experiments were performed in a ferromagnetic semiconductor GaMnAsP with
perpendicular-to-plane magnetic easy axis [147]. This material has favourable prop-
erties for observing the optical spin-transfer effects. The direct bandgap of the GaAs
host allows for optical generation of a high density of photo-carriers, which are spin-
polarized due to the optical selection rules [see Figs. 2.5(a,b)] and exert a torque on
the magnetization via a strong exchange interaction. At the same time, a strong spin-
orbit coupling results in a significant contribution of the non-adiabatic STT to the DW
motion in GaMnAsP [106, 192]. The non-adiabatic STT plays a crucial role in the
DW motion since it allows for a non-zero DW mobility at low current densities (see
section 2.5.2). The low density of magnetic moments in GaMnAsP, when compared to
the conventional dense-moment metal ferromagnets, results also in comparatively low
excitation densities required for the manipulation of its magnetic order [106,193]. Last
but not least, the field-, current-, or light-controlled magnetic state of the GaMnAsP
devices can be easily monitored optically thanks to a strong MO response [42,129,146].
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Figure 6.1: OSTT-driven domain wall motion - basic idea and device geometry.
(a) Photo-electron spin density sz injected by normally incident circularly polarized laser
pulses exerts a torque on the in-plane magnetization inside a Bloch wall. The OSTT-
induced out-of-plane magnetization tilt and the resulting DW displacement are opposite
for the opposite light helicities σ±. (b) Sketch of the device geometry and a differential
MO image of the selected area. The DWs are generated by an Oersted field of a current
pulse IN sent through a golden wire (yellow). Magnetic field BA applied along the EA
moves the DW to the cross where it gets pinned at the entrance corners. The DW position
within the cross can be monitored by sending a current ID through the main channel and
measuring the Hall voltage VH .
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The experimental devices were fabricated by electron-beam litography from a 25-
nm-thick Ga0.94Mn0.06As0.91P0.09 epilayer grown by low-temperature molecular beam
epitaxy on GaAs substrate. The Curie temperature of the annealed ferromagnetic
film is 115 K. The device geometry together with a MO micrograph of a selected re-
gion is shown in Fig. 6.1(b). The 4µm-wide horizontal GaMnAsP channel contains
two symmetric Hall crosses and widens towards the external electrical contacts. The
yellow-highlighted golden wire above the GaMnAsP bar, from which it is electrically
isolated, serves for DW nucleation. A current pulse IN sent through the nucleation
wire creates the Oersted magnetic field which reverses the magnetization below the
wire, thus creating two DWs. When an external out-of-plane magnetic field BA is ap-
plied, which is stronger than the propagation field BPR (∼ 0.1 mT in our film), the right
DW propagates towards the cross. At the cross-entrance corners the DW gets pinned
due to geometrical reasons and its position can be monitored by sending the current ID
along the magnetic bar and measuring the Hall voltage VH on the transverse contacts.
(For details on the geometrical pinning and Hall detection of the DW position see the
appendix F.) The nucleated domain, extending from the nucleation wire to the first
cross, appears as a dark region in the MO micrograph in Fig. 6.1(b).

The DW nucleated in the GaMnAsP bar patterned along (110) crystallographic
direction has the simple Bloch structure [106]. Magnetic field-driven propagation of
such DWs in crossbar structures patterned from perpendicular-to-plane magnetized FM
thin films was studied in [132]. The DW shape and propagation through the structure
is a result of a competition between the DW-related energy and Zeeman energy of the
nucleated domain. The former is proportional to the DW length and the latter to the
area of the nucleated domain. In an infinite film, the energetically most favourable
solution is a circular domain since in such case DW of minimum length borders domain
of maximum area. In a straight bar, the DW is straight and perpendicular to the
bar axis and can propagate freely1 in either direction along the bar depending on the
applied field polarity since any DW displacement conserves the DW length.

When the DW reaches the cross entrance it has to increase its length in order to
propagate further, as illustrated in Fig. 6.2(a). The energetically optimal shape of
the DW is again part of a circle. The DW stays pinned at the cross-entrance corners
and its curvature increases, due to the increasing magnetic field BA, until the DW
center reaches center of the cross (half-circle DW). This magnetic field-driven DW
expansion is analogous to the inflation of a two-dimensional soap bubble. The DW
stretching costs more energy than is the Zeeman gain which results in a virtual restoring
field BR that opposes the applied magnetic field BA. The restoring field strength
depends on the position of the expanding DW [see Fig. 6.3(d)] and reaches its maximum
Bmax
R = 2σDW /Msw when the DW reaches the cross center being a half-circle with

diameter equal to the bar width w. Here, Ms is the saturation magnetization and
σDW = π

√
AKu is the DW energy per unit area with A being the exchange stiffness

and Ku the effective out-of-plane magnetic anisotropy constant. The DW is released
from the cross-entrance corners as soon as the applied field exceeds Bmax

R +BPR, and
expands further as in an infinite film. (For details see appendix F.)

In our experiments, we employed the combined MO-microscope & pump-probe op-
tical setup, introduced in chapter 5, supplemented by an electrical detection via anoma-
lous Hall effect. As a light source in the MO microscope we used a green (λ = 525 nm)
LED instead of the near-IR CW laser and we utilized the polar Kerr effect to moni-
tor the DW position in the device. Applicability of this technique is independent of

1Here we only assume a ‘friction’ from evenly distributed defects whose effect on the DW propagation
is described by a coercive intrinsic propagation field BP R, which is considered to be everywhere the
same. We don’t take into account the pinning effects due to the device boundary roughness.
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Figure 6.2: Soap-bubble-like domain wall expansion. (a) Schematic illustration of
a magnetic field-driven soap-bubble-like expansion of an elastic DW in a symmetric cross
structure. The DW stays connected to the cross-entrance corners until it reaches the cross
center (red half-circle) when it gets depinned (see appendix F for details). (b) Polar Kerr
image of a DW geometrically pinned in a 6µm-wide crossbar device at BA = 0.25 mT
and (c) image of the same DW after BA has been switched off. (d) Image obtained
as the difference of (b) and (c) highlighting the change in the DW shape and position
upon removing the magnetic field - the originally round DW bent inside the cross shrinks
elastically back into a straight line.

the DW position, however, its resolution is rather low (≈ 1µm). On the other hand,
sensitivity of the electrical detection is restricted only to the cross area where it, how-
ever, offers nanometer-scale resolution [132]. Therefore, we used MO microscopy in
the OSTT-driven DW motion experiments to detect the DW depinning from the cross
entrance, after which the DW is usually displaced by µm-scale distances. The electrical
AHE-based method was used to proove the elastic behavior of a DW pinned at the
cross entrance. Due to the energy minimization the propagation of the DW in our
2-dimensional cross structure is well defined and can be described by a single position
variable (position of the DW center) and there exists unambiguous relation between
this coordinate and the measured Hall voltage (see appendix F).

First, we proove the elastic response of a DW geometrically pinned at the cross
entrance and verify the applicability of the bubble-like DW propagation model by
investigating magnetic field-driven DW motion, without optical excitation. In Fig.
6.2(b) we show a differential Kerr image of a DW pinned at the entrance corners of
a 6µm-wide crossbar device with a field BA = 0.25 mT applied. As one can see, the
DW has a round shape bending inside the cross due to the applied magnetic field.
Fig. 6.2(c) shows the same DW after the field has been switched off. Without the
applied field pressure the DW is pushed back to the cross entrance by the restoring
field. To highlight the change in the DW position and shape between (b) and (c),
we show in Fig. 6.2(d) the difference of the two Kerr images. The observed behavior
is in accordance with the soap-bubble-like model of DW propagation through a cross
structure, as described above and in appendix F. Moreover, the symmetric arc shape
of the DW, which becomes almost straight after the external field is removed, indicates
that the DW pinning due to local defects, expressed in terms of the propagation field
BPR, is considerably weaker than the geometrical pinning, given by the maximum
restoring field Bmax

R .
To evidence further the elastic nature of the geometrically pinned DWs in our

devices, we applied a unidirectional periodic magnetic field BA = B0| sin(ωt)| in a
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Figure 6.3: Elastic response of a geometrically pinned DW. (a) Change of the Hall
resistance measured in a 4µm-wide cross during excitation with a unidirectional periodic
field BA = B0| sin(ωt)| with B0 = 0.2 mT (green) and 0.3 mT (blue) plotted relative to
the maximum Hall signal due to the saturating field BA = 1.3 mT· sin(ωt) (black). (b)
Normalized Hall signal as a function of the DW position within the cross predicted by
the bubble-model (see appendix F). The DW positions corresponding to different Hall
signal levels in (a) are indicated by arrows. (c) DW depinning fields B0

DP = Bmax
R +BP R

measured in crossbars of different widths showing the inverse proportionality Bmax
R ∼ 1/w

predicted by the bubble-model. The error bars correspond to the s.d. derived from 10
individual measurements and the dashed line is a linear fit. (d) Dependence of the effective
field opposing the DW propagation in a 4µm-wide cross based on the Bmax

R and BP R

values obtained from (c). The pinning barrier is lowered by the applied field BA.

4µm-wide cross and monitored the DW position via the Hall voltage measurement.
Change of the Hall resistance for a period of T = 2π/ω = 20 s and field amplitudes of
B0 = 0.2 mT (green) and 0.3 mT (blue) is shown in Fig. 6.3(a) together with the Hall
response to an alternating field BA = 1.3 mT· sin(ωt) (black). The latter field is strong
enough to switch completely magnetization in the whole cross device between the two
antiparallel states, i.e., it corresponds to the maximum achievable Hall signal variation.
Normalization of the data to this reference allows us to directly relate the Hall signal to
the DW displacement [see Fig. 6.3(b) and appendix F]. The DW positions infered from
the Hall measurement are in good agreement with the prediction of the bubble-model.
The DW displacement approximately doubles when the field amplitude B0 is increased
from 0.2 mT to 0.3 mT. In both cases, the DW elastically shrinks back when the field
reduces to zero, as documented by the residual Hall signal of ≈ 0.1 which corresponds to
a straight DW at the cross entrance. These results are consistent with the previous MO
observations in Figs. 6.2(b)-(d), of a DW approaching the cross center and shrinking

87



back to a flat line in similar field range. Moreover, the continuous periodic Hall signal
indicates a smooth DW motion which is not significantly affected by pinning at local
material imperfections.

The DW propagation in the cross structure is opposed by both the propagation
field BPR (local pinning at defects) and the restoring field BR (geometrical pinning at
cross-entrance corners). In order to depin from the cross entrance the DW has to pass
the cross center, i.e., it has to overcome the full height of the repulsive barrier due to the
geometrical pinning, Bmax

R [see Fig. 6.3(d)]. The depinning field B0
DP , which is defined

as the minimum external magnetic field necessary to release the DW from the cross
entrance, is, therefore, given as B0

DP = Bmax
R + BPR. According to the bubble-model,

Bmax
R = 2π

√
AKu/Msw and B0

DP should be, therefore, also proportional to the inverse
bar width with an offset given by BPR. In Fig. 6.3(c) we show the depinning fields
measured in crossbar devices with w = 2, 4, and 6µm. We get a perfect agreement
with the theory, which confirms the applicability of the bubble-like DW propagation
model in our structures. From a linear fit of the data and from the independently
measured [106] effective perpendicular anisotropy, Ku = 1.2 kJ m−3, and saturation
magnetization, Ms = 18 kA m−1, we obtain the exchange stiffness of A = 50 fJ m−1,
which is a reasonable value for our GaMnAsP film. In agreement with the previous
observations, the pinning on local imperfections is weak, BPR = 0.12 mT, compared to
the geometrical pinning, Bmax

R = 0.18–0.54 mT.

6.2 Inertial DW motion driven by circularly polarized
laser pulses

In the following, we exploit the above described elastic behavior of a DW geometrically
pinned in the cross structure to proove the significant contribution of inertial effects
in the OSTT-induced DW motion. Moreover, since the DW can be depinned from the
cross either by external magnetic field BA > B0

DP or by the OSTT from the circularly
polarized laser pulses (LPs), we can calibrate the strength of the OSTT by combining
the laser excitation with a field BA ≤ B0

DP . The principal idea of our experiment is
to utilize the elastic restoring force that acts continuously within the entire cross area
against the DW propagation driven by the individual ultrashort (∼ 100 fs) LPs. The
photo-generated electrons can transfer their spin to the wall magnetization only during
their short recombination-limited lifetime of ∼ 10 ps, which is three orders of magnitude
shorter than the temporal separation between the consecutive LPs (12.5 ns).

The experiments were performed at a sample temperature of 90 K and using LPs
with a wavelength of 750 nm, which excite the electrons slightly above the bottom
of the GaAs conduction band. When circularly polarized LPs are used, the photo-
electrons become spin-polarized with the degree of polarization approaching the maxi-
mum achievable value of 50% [64]. The excited area, given by the Gaussian laser spot
of ≈ 1.5µm FWHM, is much larger than the DW width of δDW = π

√︁
A/Ku ≈ 20 nm

in our GaMnAsP film. During the low-temperature measurement, the direct align-
ing of the laser spot on top of the DW with a nanometer precision is impossible
due to the vibrations induced by the operation of the closed-cycle cryostat and by
the temperature-related sample drift (both reaching amplitudes of 0.1–1µm). To cir-
cumvent this difficulty, we employed the following measurement procedure, which is
sketched in Fig. 6.4(a). First, a straight DW is positioned at the cross entrance. Then,
the laser spot is placed in the input bar (between the nucleation area and the cross),
10µm away from the pinned DW and an external out-of-plane magnetic field BA such
that B0

DP (≈ +0.4 mT) > BA > −BPR (≈ −0.1 mT) is applied. In this field range
the DW remains pinned at the cross entrance without the laser irradiation - it cannot
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Figure 6.4: Laser-induced helicity-dependent DW depinning. (a) Sketch of the
experimental procedure. The DW geometrically pinned at the cross entrance is excited by
a focused laser spot that is swept at a rate of ∼2µm/ms along the bar from the ‘start’ to
the ‘stop’ position located ≈10µm left and right from the initial DW position. During the
sweep, a constant magnetic fieldBA (B0

DP > BA > −BP R) is applied to adjust the pinning
barrier height. After the sweep, the DW position is infered from AHE measurement and
MO imaging. If the DW is still pinned at the cross entrance, the pinning barrier is lowered
by increasing BA by +0.025 mT and the sweep is repeated. By stepwise increasing BA,
the depinning field BDP is identified as the lowest BA required to depin optically the
DW. (b) Depinning fields mesured for circular left (σ+), right (σ−), and linear (σ0) LP
polarizations as a function of the LP energy density. Each datapoint is obtained as an
average from 5 independent BDP measurements and the error bars correspond to the
maximum scatter of the measured BDP values around the corresponding mean values.
(c) Differential MO image of the final domain configuration after the DW was optically
depinned from the cross with an additional field B0

DP > BA > BP R applied - the DW
gets pinned at the second cross entrance, which was not irradiated. (d) The final domain
configuration after the DW was depinned by σ+-polarized LPs in zero magnetic field -
the DW stops at the final irradiated spot.

traverse the cross due to the geometrical pinning barrier and it also cannot move back
into the input bar due to BPR. The laser spot is then linearly swept for 20µm along
the bar crossing the DW at a velocity of ∼ 2µm/ms. During the sweep, ∼ 10, 000
ultrashort LPs separated by 12.5 ns expose the DW. Since the sample drift and most
of the vibrations of higher spatial amplitude are slower than the sweep rate, we can
consider the sample as being static during the spatial overlap of the DW with the laser
spot. The applied procedure therefore allows for a reproducible optical excitation of
the DW with always roughly the same number of pulses with a Gaussian profile of the
local intensity at the DW location from the consecutive LPs. After the laser sweep,
we check the DW position with the MO microscope and, if the DW was not depinned,
we repeat the sweep with a slightly higher magnetic field BA. The external field serves
here to adjust the height of the effective energy barrier due to the geometrical pinning
[see Fig. 6.3(d)]. The lowest magnetic field BA, at which the laser beam depins the
DW from the cross entrance, is called the depinning field BDP (with B0

DP being the
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depinning field without the laser irradiation).
The depinning fields, obtained by the above described measurement procedure, are

shown in Fig. 6.4(b) for LPs with circular left (σ+), right (σ−), and linear (σ0) polar-
ization as a function of the laser-pulse energy density. First, we recognize a reduction
of BDP with increasing LP energy density for all three light polarizations. In the case
of linear polarization, that is, in the absence of the OSTT, we ascribe the reduction of
BDP (σ0) fully to the LP-induced sample heating. Since the DW energy σDW ∼

√
AKu

decreases with increasing temperature, the DW is attracted to the laser-induced hot
spot. Importantly, this effect alone is not strong enough to drive the DW through the
cross, since we do not observe DW depinning without applying the additional magnetic
field BA > 0 up to the highest LP energy densities used in our experiments of more
than ∼ 30 mJ cm−2. The saturation of BDP (σ0) observed for LP energy densities larger
than ∼ 20 mJ cm−2 indicates that the laser-induced sample heating does not increase
anymore. We ascribe this behavior to the saturation of the photo-generated carrier
density at very high light intensities.

In the case of circularly polarized LPs, an additional driving force acts on the DW
due to the OSTT, whose direction should depend on the light helicity. Indeed, in
the entire range of LP energy densities - from zero to saturation - we observe that
BDP (σ+) < BDP (σ0) < BDP (σ−) for the positive magnetization orientation of the
nucleated domain [such as in Fig. 6.1(b)]. In the case of σ+-polarized LPs with large
enough energy density (above 12 mJ cm−2) we observe a DW depinning without the
help of the external magnetic field BA, and even with a small negative BA applied that
opposes the DW expansion. For the σ−-polarized LPs and the same initial domain con-
figuration, we do not observe the DW depinning at zero applied magnetic field up to the
highest LP energy densities. Instead, BDP (σ−) saturates again above ∼ 20 mJ cm−2.
The difference between the saturation values of BDP (σ−) and BDP (σ0) is attributed
to the effect of the OSTT acting against the DW expansion for σ− laser polarization.

The differential MO image in Fig. 6.4(c) shows the final magnetic configuration
after the DW was released from the cross entrance by the laser pulses in conjuction
with a positive magnetic field BA applied, such that B0

DP > BA > BPR. In such case,
the DW after depinning from the irradiated cross continues in propagation along the
bar, driven by BA > BPR, until it gets pinned at the entrance of the second cross,
which was not irradiated during the laser sweep. In Fig. 6.4(d) we show the final
domain configuration after the DW was depinned by σ+-polarized LPs at zero applied
magnetic field. In this case, the DW is depinned and driven by the laser beam, due
to the combined action of heating and OSTT, and stops at the end-point of the laser
sweep.

From the results presented in Fig. 6.4, we can conclude that for the given initial
domain configuration, the OSTT from σ+(σ−)-polarized laser pulses assists (opposes)
the DW depinning. The experiments confirm, that only the σ+-polarized LPs can
drive the DW over the maximum of the geometrical pinning barrier in the cross center.
Considering the ultrashort ∼ 100 fs LPs time-separated by ∼ 10 ns, the OSTT can drive
the DW across the w/2 = 2µm distance to the top of the pinning barrier only if the DW
moves also during substantial part of the dark period in between two successive LPs,
i.e., only if the DW is driven by its inertia. The DW depinning without inertia would
require unrealistically high DW velocity of more than ∼ 1 km s−1 that is even higher
than the maximum magnon velocity in our GaMnAsP film. In the absence of inertia
and taking into account the observed and calculated Walker breakdown velocities of
∼ 10 m s−1 [106], the DW displacement during the short ∼ 100 fs illumination or ∼ 10 ps
photo-electron spin lifetime would be too small and the wall would be driven back to
the cross entrance by the repulsive restoring field BR before arrival of the next optical
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pulse and the DW would never depin from the cross.
This conclusion was confirmed by micromagnetic simulations using the Landau-

Lifshitz-Bloch formalism performed by our colleagues, which can be found in our pub-
lication [191]. The simulations show that during the photo-electron spin lifetime the
DW internal structure is severely deformed by the OSTT from the spin-polarized photo-
electrons. After they recombine (∼ 10 ps), the DW propagates forward for most of the
dark period between the successive LPs, self-propelled by the processes of return of
the DW structure to the unperturbed one. These processes stand behind of what we
call the DW inertia, in agreement with what was observed in the case of current-driven
inertial DW motion [100].

To verify our interpretation, we repeated the experiments with the inverted initial
domain configuration, i.e., with the negative magnetization orientation (−MN

z ) of the
nucleated domain. In this case, the OSTT should act in the opposite direction. Indeed,
as shown in Fig. 6.5, we observe the opposite helicity dependency of the depinning
field for the opposite initial magnetic configurations. The consistency found between
BDP (σ+(−),+MN

z ) ≈ −BDP (σ−(+),−MN
z ) and BDP (σ0,+MN

z ) ≈ −BDP (σ0,−MN
z )

confirms the OSTT mechanism and the high reproducibility of our measurements.
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Figure 6.5: Helicity-dependent DW depinning at inverted domain configu-
ration. Depinning field BDP as a function of the LP energy density in a 4µm-wide
cross for circularly left (σ+), right (σ−), and linearly (σ0) polarized LPs for positive (a)
and negative (b) magnetization orientation of the nucleated domain. The laser-induced
temperature increase is estimated from the comparison between BDP (σ0, T = 90 K) and
BDP (0, T ) dependencies and plotted at the top of the graph.

6.3 Exclusion of helicity-dependent heating effects

As mentioned above, the helicity-dependent OSTT-induced driving force on the DW
is unavoidably combined with the helicity-independent effect of the laser heating. The
latter always attracts the DW to the center of the laser-induced hot spot. In order
to estimate the laser-induced temperature increase, we compared two complementary
measurements - the dependence of BDP on the energy density of σ0-polarized LPs at a
constant base temperature of 90 K and the dependence of BDP on the base temperature
without the laser irradiation. We found that up to the highest LP energy density of
35 mJ cm−2 used in our measurements, the temperature at the irradiated spot does not
exceed the Curie temperature of our GaMnAsP film of 115 K.
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An ordinary absorption of the laser light leads to a central-symmetric temperature
profile that results from the Gaussian intensity distribution of the laser beam and the
DW is attracted to the center of the hot spot. In a ferromagnet, we have to, however,
take into account also the magnetization-dependent absorption of circularly polarized
light due to the magnetic circular dichroism (MCD, see section 3.1.1) that leads to a
helicity-dependent heating effect. If a DW is illuminated, the unequal absorption of
the two domains results in a temperature gradient across the DW, which acts as an
effective magnetic field pushing the DW towards the hotter domain. The direction of
the temperature gradient, and the corresponding force on the DW, is opposite for the
opposite initial magnetic configurations [(a) and (b) in Fig. 6.5] and also for opposite
LP helicities. In the following, we discuss the contribution of this MCD-induced force
to the observed helicity-dependent DW depinning in our cross-devices.

First of all, at the wavelength of 750 nm used in our experiments only ∼ 4 % of
the incident light is absorbed in the 25 nm thin magnetic film. The rest is absorbed
in the GaAs substrate with no dependence on the helicity. Moreover, MCD is a very
weak MO effect leading to typical ellipticity magnitudes of ∼ 10−3, i.e., the diffrence
in absorption between the two oppositely magnetized domains is of the same order of
magnitude.

Another argument supporting the OSTT as the dominant mechanism responsi-
ble for the helicity-dependent DW depinning is the spectral dependence of BDP pre-
sented in Fig. 6.6. The measurement was performed in a 4µm-wide cross at a base
temperature of 75 K. We show separately the helicity-independent (a, c) and helicity-
dependent (b, d) part of the measured data obtained as [BDP (σ−) +BDP (σ+)]/2 and
BDP (σ−) − BDP (σ+), respectively. The dependencies of BDP on the LP energy den-
sity at different excitation wavelengths show qualitatively the same behavior - a rapid
decrease of BDP due to the helicity-independent heating [Fig. 6.6(a)] accompanied by
an increase of the helicity-dependent BDP component [Fig. 6.6(b)]. In Fig. 6.6(c) and
(d) we show the spectral dependence of the helicity-independent and helicity-dependent
BDP components, respectively, measured at a fixed LP energy density of 7 mJ cm−2.
The heating effect in (c) increases (decreasing BDP ) with the decreasing wavelength,
which is consistent with the increasing absorption coefficient. The wavelength depen-
dence of BDP (σ−) − BDP (σ+) in (d) is consistent with the expected spectral depen-
dence of the OSTT strength, since the maximum spin polarization of the photo-carriers
is achieved at the wavelength corresponding to the band-gap energy (≈ 825 nm). For
shorter wavelengths, the spin polarization (and consequently the OSTT) is strongly re-
duced by the transitions from the spin-orbit split-off band, while MCD is still present.
For longer wavelengths, the spin density (and the OSTT) decreases due to the reduced
absorption, in agreement with our observations.

The decisive argument against the MCD was given by the following experiment,
which allowed us to identify the direction and estimate the magnitude of the MCD-
induced temperature gradient across the DW. In the experiment, we monitor the four-
point resistance of a uniformly magnetized 18µm-long bar section between the two
crosses of a 6µm-wide crossbar device while illuminating the bar center by circularly
polarized LPs with a certain helicity. We employ a simple resistor network model
to relate the total resistance RT of the entire bar with the local resistance Rsq of
the illuminated area, which gives us information about the local temperature due to
the known R(T ) dependence of our GaMnAsP film. By comparing the temperature
increase due to the σ+ and σ−-polarized LPs we obtain directly the measure of the
MCD-induced laser heating.

The resistor network model is sketched in Fig. 6.7(a). The 18×6µm bar is divided
into 9×3 = 27 squares of 2×2µm size. Only the central square is illuminated having a
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Figure 6.6: Spectral dependence of the DW depinning field. Dependence of
the helicity-independent (a) and helicity-dependent (b) components of BDP on the LP
energy density obtained for various laser wavelengths as an average and difference of the
measurements with σ− and σ+ circularly polarized LPs. The experiments were performed
in a 4µm-wide cross at a base temperature of 75 K. The average BDP indicates the
reduction of the geometrical pinning due to the helicity-independent laser heating while
the BDP difference scales with the OSTT. The spectral dependence of the average (c)
and differential (d) BDP at a fixed LP energy density of 7 mJ cm−2. The former reflects
the increasing absorption at shorter wavelengths. The helicity-dependent DW depinning
in (d) is consistent with the expected OSTT spectral profile.

resistance RLsq. The other 26 squares remain in darkness with resistances RDsq. First, we
have to express the relevant resistance variation within the irradiated spot Rsq (which
can be compared to the known R(T ) dependence) using the measurable quantities, i.e.,
the total resistance of the entire bar RT with the laser spot on (RLT ) and off (RDT ). In
the resistor network, one of the nine squares of the central stripe is illuminated with the
overall resistance R1 = 8RDsq + RLsq and the two dark side stripes have the resistances
R0 = 9RDsq. The three stripes in parallel have, therefore, total resistance RDT = R0/3 in
darkness and RLT = (R0R1)/(2R1 +R0) with the central square irradiated. Combining
these relations one can express the resistance ratio ∆(T ) ≡ RLsq(T )/RDsq of the irradi-
ated and non-irradiated square by the total bar resistances, ∆(T ) ≈ 27RLT /RDT − 26,
where the approximation is valid for ∆ close to 1. In this range, the measured R(T ) de-
pendence of our GaMnAsP film is approximately linear and can be inversely expressed
as T = [α(∆ − 1) + 90] K, where the slope α ≈ 235.

In order to avoid any small changes in the laser-spot position and intensity, we
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measure the resistance with a fixed LP polarization while simultaneously switching pe-
riodically the magnetization between the two opposite saturations ±Mz at a frequency
of 0.2 Hz. We use a sensitive double lock-in technique. The first lock-in amplifier mea-
sures the 4-point resistance in response to an altenating probe current (f = 123 Hz).
After subtracting an offset, the output is multiplied by 100 and fed into the second
lock-in amplifier, which extracts the resistance variation due to the alternating mag-
netization. As a result, we obtain δRM = RLT (+Mz) − RLT (−Mz). Finally, the MCD-
related local temperature difference between the two oppositely magnetized states is
δT = T (+Mz) −T (−Mz) = α[∆(+Mz) − ∆(−Mz)] ≈ 27αδRM/RDT with RDT = 1244Ω.
In Fig. 6.7(b) we show the temperature difference δT within the irradiated spot be-
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Figure 6.7: MCD-induced temperature variations. (a) Sketch of the resistor
network model used to relate the measured variations of the overall bar resistance to the
local temperature variations within the LP-irradiated spot. (b) Temperature difference
between the oppositely magnetized domains at a base temperature of 90 K and for a
LP energy density of 10 mJ cm−2 for different LP polarizations. The LP-polarization
state is controlled by seting the quarter-wave plate rotation angle ϕ. A constant offset
is subtracted from all datapoints. The error bars correspond to the standard deviation
of the detected resistance variation. (c) Difference between the temperature variations
measured with σ+ and σ− circular polarizations as a function of the LP energy density at
different base temperatures. The MCD-induced heating effect disappears above the Curie
temperature of 115 K.

tween the states with positive and negative magnetization orientations for different LP
polarizations and fixed LP energy density of 10 mJ cm−2. The polarization is varied
by rotating a quarter-wave plate (angle ϕ).2 As expected for MCD-related heating, we
find the largest temperature variations for the circular polarizations (σ±). In addition,
in Fig. 6.7(c) we show the difference between the δT values obtained for σ+ and σ−

circular polarizations as a function of the LP energy density. As is obvious from the
data measured at different base temperatures, the heating effect is indeed related to
the magnetic order, since it disappears above the Curie temperature of the material of

2The discrepancy between the measured and the expected cos(2ϕ) dependence is caused by un-
intentional polarization changes in the beamsplitters BS1 and BS2 in our setup (see Fig. 5.1). σ±

correspond to circular polarizations incident on the sample.
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115 K.
From the data of Fig. 6.7(b), we conclude that at the base temperature of 90 K the

MCD-induced temperature difference is ≈ +(−)0.2 K for the circular σ+(σ−) LP po-
larizations. Hence, the σ+(σ−)-irradiated film with positive (negative) magnetization
becomes hotter than the film with negative (positive) magnetization orientation. In the
DW depinning experiments presented in Fig. 6.4, we first saturate the sample in a nega-
tive magnetic field and then nucleate a domain with positive magnetization orientation.
Consequently, the DW pinned at the cross entrance has a positive magnetization on the
left (in the input bar) and negative magnetization on the right (inside the cross). When
heated with σ+(σ−)-polarized LPs the left (right) domain becomes hotter attracting
the DW. In other words, the MCD-induced temperature gradient opposes (assists) the
DW depinning for σ+(σ−)-polarized LPs in contradiction to what is observed. We can,
therefore, exclude MCD as the effect responsible for the helicity-dependent DW motion
in our experiments.

6.4 Conclusion

We have studied the DW motion driven by ultrashort circularly polarized laser pulses
in a thin-film crossbar device patterned from a diluted ferromagnetic semiconductor
GaMnAsP. We identified two main effects contributing to the DW displacement - the
helicity-independent heating from the LPs, which always attracts the DW to the center
of the laser spot, and the helicity-dependent driving force from the optical spin transfer
torque. The latter effect acts only within the DW where the magnetization has a
nonzero in-plane component. The torque from the spin-polarized photo-electrons tilts
the wall magnetization out of the sample plane, thus driving the whole DW along the
bar with a direction depending on the LP helicity.

The main finding of our experiments is the inertial character of the OSTT-induced
DW motion. To proove that, we utilized the special feature of our crossbar devices
where a DW propagating along the bar gets pinned at the entrance corners of the cross
due to geometrical reasons. In order to propagate further, driven by a magnetic field
or laser pulses, the DW has to increase its length, which costs energy. This can be
expressed in terms of a virtual restoring field opposing the DW propagation within the
entire cross area. If the DW would move only during the ∼ 100 fs duration of the LP
or during the ∼ 10 ps spin lifetime of the photo-electrons it would be driven back to
the cross entrance by the restoring field before arrival of the next LP which comes in
∼ 10 ns. However, we observed the DW depinning from the cross for one helicity of
the circularly polarized LPs. This is only possible, if the DW moves forward during a
significant part of the dark period in between the successive LPs. This conclusion was
confirmed by micromagnetic simulations performed by our colleagues, which show that
during the photo-electron spin lifetime the DW internal structure is severely deformed
by the OSTT. After the spin-polarized photo-electrons recombine (∼ 10 ps), the DW
propagates forward, self-propelled by the processes of return of the DW structure to
the unperturbed one, for most of the dark period between the successive LPs (∼ 10 ns).

To confirm the OSTT origin of the helicity-dependent DW propagation in our de-
vices, we performed several control experiments. We repeated the DW depinning exper-
iments with the inverted initial domain configuration and, in agreement with the OSTT
mechanism, we observed that the direction of the induced DW motion inverts as well.
We studied the spectral dependency of the helicity-dependent DW depinning, which
agrees with the expected spectral profile of the OSTT strength. Finally, we excluded the
MCD-induced temperature gradient as the effect responsible for the helicity-dependent
DW response by a direct measurement of the laser-induced temperature variations in
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the magnetic film.
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7. Ultrafast current pulses in a
vertical (anti)ferromagnet-
photodiode heterostructure
In the previous chapter we studied the domain wall dynamics induced in a ferromag-
net by ultrashort optical pulses. We benefited from the unique properties of the DMS
GaMnAs where spin-polarized carriers can be generated by light absorption [64]. The
spin transfer torque exerted by the photo-injected spin polarization can manipulate the
magnetization on a picosecond timescale [38]. Nevertheless, the subsequent magneti-
zation dynamics is still limited by the GHz-range resonance frequency in ferromagnets,
resulting in nanosecond magnetization switching times. Therefore, for a research to-
wards faster electronics it is more promising to apply these ultrashort excitation mech-
anisms to antiferromagnetic materials, which exhibit the exchange-enhanced magnetic
dynamics with resonant frequencies in the THz range [9, 44]. An increasing num-
ber of experiments demonstrating an electrical control of the AF order have appeared
recently [10, 173, 194, 195]. Néel vector reorientation via the relativistic NSOT mech-
anism [12] was achieved in a collinear AF CuMnAs using electrical current pulses of
lengths ranging from ms down to ∼ 0.25 ns [78] and even by picosecond pulses of THz
radiation [79]. From a broader perspective, to deliver ultrashort current pulses with
a duration τ ≲ 100 ps, photoconductive switches placed in a close proximity to the
investigated device are a standard solution, since the high-frequency components of the
current pulse become increasingly attenuated during their propagation from a distant
external source.

The photoconductive switches usually use a lateral design of the Auston type [196,
197]. These devices consist of two metallic electrodes separated by a semiconducting
gap with a short (∼ 1 ps) carrier lifetime. Absorption of an ultrashort laser pulse
makes the gap temporarily conductive producing a picosecond current pulse. The non-
trivial lateral geometry brings several difficulties and, therefore, for certain purposes
it may be beneficial to use a vertical design where the investigated magnetic film is
deposited directly on top of a photodiode switch. An example of such a device is a
Schottky diode where the built-in electric field associated with the Schottky barrier
accelerates the photo-carriers resulting in a short current pulse entering the magnetic
metalic electrode of the diode [33, 198, 199]. The advantage of the vertical design is
that the whole illuminated area is excited simultaneously and in the same way, i.e.,
with the same profile of the electrical pulse (except for the effects connected with
the Gaussian profile of the laser excitation). An important geometrical property of
the layered vertical structure is the direct planar contact of the magnetic film with
the current pulse source. This is crucial when applying spin-polarized current pulses
since the injected spin polarization typically penetrates only a short distance into the
magnetic material. This also makes the effect of the spin-polarized current confined
only to the well-defined illuminated area and this excited area can be easily changed by
moving the laser spot over the device surface. Furthermore, due to the direct contact,
the onset of the current pulse in the entire illuminated area should be almost immediate,
comparable to the optical pulse onset. Finally, from an application point of view, the
vertical switches are easily scalable, unlike the lateral ones, which require quite a lot of
space in the horizontal direction.

In this chapter, we introduce another variant of the vertical photoconductive switch
design that is based on a PIN diode. The active part of the structure – the depleted
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layer – is much thicker in the PIN diode compared to the Schottky diode, which allows
to collect more photo-generated charge and thus produce more powerful current pulses.
We first characterized the duration and amplitude of the current pulses generated op-
tically in our devices. Subsequently, we studied the propagation of the current pulses
through the structure by observing the effects of the current pulse-induced Oersted
magnetic field on the magnetization of an iron layer deposited on top of the diode.
Finally, we replaced the iron film by an antiferromagnetic CuMnAs film. This modi-
fied device exhibited very similar characteristics of the generated current pulses as the
previous one which demonstrated that the PIN diode-based photo-switch design is gen-
erally applicable and can be used to deliver picosecond current pulses to a broad variety
of conductive magnetic materials that can be grown on a semiconducting substrate. In
particular, we show that the estimated current densities achievable with the PIN diode
are comparable to those required for manipulation of the antiferromagnetic Néel vector
in CuMnAs via NSOT [10,78,173,194,195].

The results presented in this chapter are currently being prepared for publication.

7.1 The device structure and characterization of the photo-
current pulses

In Fig. 7.1(a) we show a sketch of our GaAs PIN diode grown on top of a semi-insulating
GaAs substrate. On top of the diode (on the n-layer) a thin (2 nm ≈ 14 ML) ferromag-
netic iron film is deposited and protected by an aluminum-oxide layer. The GaAs diode
consists of a 670 nm thick carbon-doped (nC = 2 × 1018 cm−3) p-layer, a 1000 nm thick
intrinsic layer, and three silicon-doped n-layers with a dopant concentration gradu-
ally increasing towards the diode surface: 150 nm thick layer (nSi = 1 × 1017 cm−3),
15 nm thick layer (nSi ramping from 1 × 1017 to 5 × 1018 cm−3), and 15 nm thick layer
(nSi = 5 × 1018 cm−3). The micrograph in Fig. 7.1(b) shows the lateral structure of
our device. The PIN/FM stack was patterned into a Corbino disc with a diameter
of 100µm. The circular golden contact (yellow) connects the magnetic film (brown),
which is separated from the rest of the layer by a trench (black). The contact to the
bottom p-layer is outside of the displayed image.

The built-in electric field E, which is mostly located in the intrinsic layer of the
diode, can be tuned by applying an additional external voltage bias between the top
and bottom golden contacts. The VI characteristics of our diode measured in darkness
[see Fig. 7.1(c)] shows that we can apply a large reverse bias with a negligible leakage
current. Unlike in the case of the Schottky diode [33], in our PIN/Fe structure we
can apply also a relatively large forward bias. The reason is most probably that in
our device there is also a Schottky barrier present between the uppermost n-doped
GaAs layer and the metallic Fe film. Polarities of the two junctions are opposite, i.e.,
when the PIN diode is connected with forward polarity [(-) on Fe and (+) on p-GaAs],
the Schottky junction has reverse polarity, which is preventing large currents. The
possibility to reverse the current polarity and to apply larger forward biasses without
destroying the device was important for identification of the effects of the photocurrent
pulse on magnetization in the adjacent iron film.

In order to produce ultrashort electrical current pulses, the PIN/Fe structure is
illuminated by a focused femtosecond laser beam. Absorption of the laser pulse in the
µm-thick intrinsic layer creates electron-hole pairs which are immediately separated by
the large internal electric field and accelerated towards the opposite electrodes creating
an ultrashort current pulse, as schematically shown in Fig. 7.1(a). The advantage of
the vertical photodiode design, compared to the Auston-type lateral switch, is that
the photocurrent pulse can excite any place in the disc (selected by the position of
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the laser spot) in the same way. Furthermore, thanks to the optical selection rules
(i.e., the unequal optical transition probabilities for spin-up and spin-down electrons)
in GaAs [64], the current pulses generated in the PIN diode are spin polarized when
circularly polarized laser pulses of suitable photon energy are used. The photo-carrier
spin is oriented along the laser propagation direction with a polarity given by the light
helicity. The maximum theoretical spin polarization of 50% is reached when only the
transitions from heavy- and light-hole bands to the conduction band are involved, i.e.,
for Eg < ℏω < Eg + ∆SO [see Fig. 2.5(a)]. Here, Eg ≈ 1.52 eV is the band gap energy
and ∆SO ≈ 0.34 eV is the separation of the spin-orbit split-off band from the heavy-
and light-hole bands in the center of the Brillouin zone (values at T = 15 K). In real
samples, the spin polarization reaches the maximum of ≈ 40% for photon energies
slightly above Eg and quickly drops with increasing energy [65]. All experiments in our
Fe/GaAs structures were performed using a laser wavelength of ≈ 800 nm (≈ 1.55 eV)
at a temperature of 15 K.

Figure 7.1: Photo-generation of current pulses in Fe/GaAs diode structure.
(a) GaAs PIN diode structure with a thin Fe film on top connected in reverse polarity.
After an impact of a laser pulse, a cloud of electron-hole pairs is generated. The electrons
and holes are separated by the strong electric field E in the intrinsic layer and accelerated
towards the opposite electrodes creating a short current pulse. A second laser pulse can
probe the excited charge and spin dynamics with a time delay. (b) Lateral structure of the
photodiode. Fe/GaAs Corbino disc (brown) is isolated by a trench (black). The Fe film is
connected by a golden round contact (yellow), which bridges the trench. The contact to
the bottom p-GaAs electrode is outside of the displayed image. (c) VI characteristics of
the diode in darkness. Inset: VI curves under illumination by a single femtosecond laser
beam. Nonlinear dependence of the photocurrent on the laser fluence is observed.

To study the electron spin and magnetization dynamics excited in the diode we
employed a pump-probe MO technique. We used two different pump-probe setups.
First, it is a simpler setup with two separate lenses used for focusing of the laser
beams incident on the sample and for collimation of the probe beam reflected from
the sample. The laser is tuned to a wavelength of 800 nm and the pump and probe
beams are focused to a spot size of ≈ 25µm (FWHM). The average pump power
of 60 mW and the pulse repetition rate of 80 MHz result in the laser fluence (pulse
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energy density) of ≈ 0.1 mJ/cm2. The probe power is set to 10% of the pump power.
Later, we switched to the pump-probe setup described in chapter 5, which is equipped
with a microscope objective providing a high spatial resolution (FWHM ≈ 1.5µm). In
this case, the laser central wavelength is tuned to 798 nm and we use spectral filters
NF808-34 in the pump beam, FB810-10 in the probe beam, and FBH810-10 in the
optical bridge (all from Thorlabs) to spectrally separate the pump and probe beams
and suppress the noise from the pump photons in the detection system. The resulting
central wavelengths of the pump and probe beams are 794 nm and 804 nm, respectively.
The pulse repetition frequency is decreased to 8 MHz by a pulse picker and the used
pump laser power of 230µW corresponds to a fluence of ≈ 1 mJ/cm2. The probe
power is set to 10 – 20% of the pump power. The higher probe/pump power ratio was
necessary in some measurements to reach a good signal-to-noise ratio with the weak
probe beam (the probe beam power was of the order of ∼ 10µW). Further in the text,
we will always identify the setup used in the individual measurements by mentioning
the laser spot size of either 1.5 or 25µm.

Besides the measurements of spin and magnetization dynamics, we used the same
optical setup combined with an electrical measurement also for an evaluation of the
basic parameters of the ultrashort electrical current pulses generated in our photodiode
by the femtosecond laser pulses. For this purpose, we performed photocurrent corre-
lation measurements [200]. This technique is sensitive to the nonlinear component of
the response of the photodiode, i.e., to the mutual interaction between two consecu-
tive photo-generated current pulses. It allows to measure the duration of the temporal
overlap of the two current pulses and, since they are identical, the duration of a single
current pulse [200–202]. The nonlinear response of the investigated system to the op-
tical stimulus is necessary for the correlation technique to work [202]. The nonlinear
behavior of our photodiode is clearly apparent from the VI characteristics shown in
the inset of Fig. 7.1(c), which were measured with a single laser beam focused to a
1.5µm wide spot in the center of the Corbino disc. The individual curves were mea-
sured with the laser fluency increasing in constant steps of 0.45 mJ/cm2. However, the
measured photocurrent increases sub-linearly, which indicates a decreasing charge col-
lection efficiency with an increasing photo-carrier density. This is caused mainly by the
interplay between the internal electric field and the photo-generated charge [200, 201],
as explained below.

The photocurrent correlation measurement was carried out in the following way. We
set the intensity and polarization of the two laser pulses to be equal, i.e., we performed
a “pump-pump” experiment. The measured quantity was a time-averaged photocurrent
generated in the diode, which was measured by a sensitive ampere-meter as a function of
the time delay between the two identical laser pulses. After the impact of the first laser
pulse, the photo-generated electron-hole pairs are separated in the strong electric field
present in the intrinsic part of the PIN diode and accelerated in the vertical direction
towards the opposite electrodes, thus creating a short current pulse [see Fig. 7.1(a)].
The presence of the photo-carriers created by the first laser pulse influences both the
material properties (e.g., via saturation of absorption) and the diode properties (e.g.,
by screening of the electric field) until the photo-carriers are removed from the diode
by the electric field. The absorption of the second laser pulse is decreased because of
the saturation and the electric field, which is weakened by the screening effect, makes
the electrical transport slower, which means that more photo-carriers can recombine
before reaching the electrodes. Both these effects decrease the total charge which can
be transported out of the diode per one pair of laser pulses and, therefore, the average
photocurrent measured in the stroboscopic pump-pump experiment is also decreased.
As the influence of the first pulse on the second pulse increases with decreasing time
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delay between the pulses, a decrease of the average photocurrent is expected around
zero time delay.

The photocurrent correlation curves measured in the Fe/GaAs Corbino device for
different external biases applied both in the forward and reverse polarities are shown
in Fig. 7.2(a). The photocurrent Iph is plotted relative to its value for zero time delay,
δIph ≡ Iph − Iph(∆t = 0). In this measurement, the two laser beams were focused to
≈ 1.5µm spot size and overlapped in the middle of the Corbino disc. As expected, the
photocurrent is reduced around the zero time delay. Note that in our convention, the
current is negative for reverse (negative) bias and positive for forward (positive) bias,
i.e., both in the forward and reverse case, the average photocurrent drops in absolute
value for small time delays.
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V-2.5

V-5
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V5

(b)(a)

(c)

Figure 7.2: Characterization of ultrashort photocurrent pulses. (a) Photo-
current correlation measurement. Time-averaged photocurrent is measured as a function
of the mutual delay ∆t between two identical laser pulses for different applied biases. The
photocurrent is plotted relative to its value for ∆t = 0. The measured data (points) are
fitted (lines) by a single- and double-exponential model for reverse and forward biases,
respectively. (b) Bias dependence of the decay time τp and the peak current Ipeak of
the current pulse extracted by fitting from (a). (c) Transient reflectivity measured in
a pump-probe experiment for different applied biases suggesting a ∼ 1 ps onset of the
current pulse. The laser spot size was 1.5µm in all measurements.

The interpretation of the measured correlation signal is not straightforward. The
theoretical analyses performed by Brorson et al. [203] and Jacobsen et al. [201] link the
temporal profile of a single photocurrent pulse to the profile of the time-averaged corre-
lation signal. In their case of a lateral Auston switch, the double-exponential profile of
the correlation signal reflects the exponential decay of the photocarriers (and the corre-
sponding photocurrent) via trapping and recombination. In [33], an exponential decay
of the photocurrent pulse in a Schottky diode is infered from time-resolved reflectivity
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measurements. As shown in Fig. 7.2(a), the photocurrent correlation data from our
PIN diode can be fitted well by a single-exponential model, Iph = I0+Ip exp(−|∆t|/τp),
for larger reverse biases. Here, I0 is an offset that corresponds to a dark current plus
the photocurrent for well separated pump pulses, Ip is the photocurrent drop by bring-
ing the two pump pulses together in time, i.e., it is a measure of the nonlinearity of
the system, and τp corresponds to the decay time of the photocurrent pulse. For a low
or zero bias, the electric field screening is more pronounced, which might explain the
distorted correlation curve. However, based on the aforementioned theoretical analyses,
we assume that also in this case the decay time of the photocurrent correlation reflects
the duration of the underlying ultrashort photocurrent pulses.

In the case of forward bias, the photocurrent correlation obviously contains an ad-
ditional component with opposite polarity, i.e., a component which corresponds to an
effect increasing the photocurrent with decreasing time delay. We ascribe this con-
tribution to the effect of heating. Each laser pulse absorbed in the diode heats the
semiconductor, which temporarily increases its conductivity and, therefore, the for-
ward current supplied by the external electrical source (we apply a constant voltage).
Since the conductivity of an intrinsic semiconductor increases super-linearly with tem-
perature, σ ∼ exp(−Eg/2kBT ), the closer the two laser pulses are in time, the larger
is the temperature increase and correspondingly larger is the average current flowing
through the diode. We took into account the heating effect by adding a second ex-
ponential term ∼ exp(−|∆t|/τH) to the fitting function, where τH corresponds to the
time-scale at which the pulse-induced heat is dissipated from the illuminated spot.

The decay times τp determined by the fitting procedure are shown in Fig. 7.2(b) as a
function of the applied bias. The decay time decreases rapidly with increasing reverse
bias and saturates at ≈ 25 ps for biases larger than −5 V. This is expected, as the
stronger electric field depletes the photo-generated charge faster. In the case of forward
bias, similarly short pulses can be created. For the heating-related time constant we
obtain from fitting τH = 210 ± 30 ps. Based on the dark current measured in an
independent experiment, the repetition rate of the laser pulses, and taking into account
the single-exponential decay of the current pulse, we also estimated the peak current
Ipeak flowing during the pulse, as shown in Fig. 7.2(b). We note that the measured
decay time is mainly limited by the RC time-constant of the Corbino disc. Therefore,
shorter and stronger current pulses are expected in devices of smaller diameter.

In fact, as was pointed out by Jacobsen et al. [201], the photocurrent correlation
does not necessarily correspond directly to the current pulse decay. It reflects rather
generally the time needed to recharge the photoconductive switch. In the case of
long carrier lifetime, the photocurrent correlation may not resolve the initial rapid
charge dynamics before it is slowed down by the charge separation-induced electric
field screening. Taking into account the large electric field in the intrinsic layer of our
diode (up to 15 V/µm), the first portion of the photocarriers should, indeed, enter the
electrodes on a subpicosecond timescale. The rapid separation is followed by a rapid
deceleration of the charge due to the screening effect. This initial stage is then followed
by a slower depletion of the structure and restoration of the internal electric field. This
recharging of the switch is visualized by the photocurrent correlation measurement.
Therefore, the electrical pulse parameters shown in Fig. 7.2(b) correspond only to an
upper (lower) bound of the pulse duration (amplitude). This picture of a rapid initial
charge dynamics followed by a slower recharging of the device was confirmed also by a
simulation of the charge propagation in our diode. However, as the simulation was not
performed by the author of this work, these results are not included in this thesis.

A suitable tool to capture the initial pulse dynamics would be a terahertz spec-
troscopy, which is sensitive directly to the electric field change in the diode and which
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could, therefore, resolve the onset of the screening [201]. However, an indication of the
rapid current onset is also given by reflectivity measurements. As already mentioned,
in the seminal work utilizing a Schottky diode to generate short current pulses [33],
the pulse duration was infered from a transient reflectivity which is associated with
the transient photo-generated charge. In Fig. 7.2(c) we show the reflectivity of our
PIN diode measured in the pump-probe experiment with the 1.5µm laser spots. The
‘0A’ curve corresponds to conditions when the built-in electric field of the diode was
exactly compensated by the applied forward bias (zero average photocurrent). In this
case, we observed only a relatively slow increase of the transient reflectivity. In con-
trast, for a reverse bias we observed a rapid (∆t ≲ 1 ps) increase of the signal followed
by a similar slow signal build-up. Moreover, the initial step in the reflectivity was
increasing with the applied bias and had opposite sign for opposite bias polarity. A
plausible explanation is that this initial signal, which responded to the applied bias,
reflected the process of charge separation in the diode, i.e., the onset of the current
pulse. The action of the applied bias on such an ultrashort timescale can be explained
by the Franz-Keldysh effect (FKE) [204, 205]. Before the impact of the pump laser
pulse, the strong electric field present in the intrinsic region of the diode modifies the
band energies and, consequently, also the absorption (and reflectivity) spectrum. For
photon energies exceeding the band gap (which is our case) FKE causes an oscillatory
modulation of the reflectivity spectrum and these oscillations change with the strength
of the electric field. The separation of the photo-generated electron-hole pairs causes a
rapid decrease of the local electric field and, consequently, a change in the FKE-induced
modulation of the reflectivity, which is observed as the ultrafast change in the transient
reflectivity.

7.2 Current pulse-induced dynamics of Fe magnetization

After characterizing the photocurrent pulses generated in the PIN diode by femtosecond
laser pulses, we performed a set of pump-probe MO experiments studying the magne-
tization dynamics excited by the current pulses in the iron layer. The static magnetic
properties of the iron film were studied by a SQUID magnetometer and magneto-
optical methods (see appendix D). The magnetization is confined in the sample plane
by a strong demagnetizing field (∼ 2 T). In the film plane, two magnetic easy axes were
identified forming an angle of approximately ±32◦ with the [110] crystal axis.

There are several different mechanisms that could excite the Fe magnetization dy-
namics in our sample structure. An interesting possibility would be the direct spin
transfer from the laser-pulse-induced spin-polarized current pulse to the magnetization.
This hybride photocurrent-induced spin transfer torque would manifest itself as a light
helicity-dependent precession of the Fe magnetization. However, no helicity-dependent
oscillatory MO signal was detected that would originate from the Fe film. On the other
hand, we observed a clear helicity-dependent precession of the photo-electron spins in
GaAs, as expected due to the optical orientation. Therefore, we conclude that the
spin-polarized carriers generated in the GaAs diode by circularly polarized laser pulses
either do not maintain their polarization when crossing the interface to Fe, or their
spin-polarization is not sufficient to overcome the large demagnetizing field of the iron
film. The magnetization precession, we observed, was helicity-independent and, as we
show below, was triggered by the Oersted field of the short photocurrent pulse. We
utilized this effect of the current on the magnetization to understand the propagation of
the current pulse through the 3D Corbino structure. We found that the initial vertical
current flowing in the laser-illuminated column in the diode is followed by a lateral
current propagating through the electrode towards the ring contact [see Fig. 7.1(a)].
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In Fig. 7.3 we show the results obtained in the case when the pump and probe laser
spots were separated by 9µm (with a spot size of 1.5µm) along [1̄10] direction [see
Fig. 7.3(a)]. The linearly polarized pump laser pulses were focused to the middle of
the Corbino disc. No external magnetic field was applied during this measurement. In
Fig. 7.3(b) we show the pump-probe MO traces measured for different applied biases.
The oscillatory signal originates from the precession of magnetization in the iron layer,
as confirmed by studying the dependence of the precessional frequency on the external
magnetic field strength (see appendix D). The measured MO signal corresponds to the
prependicular-to-plane component of the magnetization precession detected, via the
polar Kerr effect, as a rotation of the polarization plane of the linearly polarized probe
pulses. As one can directly see, the precessional phase is opposite for curves measured
with reverse and forward applied bias, respectively. The parameters of the oscillatory
signal were determined by a fitting using a damped harmonic function (for the time-
delay ∆t larger than 100 ps)

MO signal = A exp(−∆t/τD) sin(2πf∆t− δ) + P4, (7.1)

where P4 is a 4th-order polynomial used to remove the background which is not related
to the magnetization precession. The amplitude A and phase δ of the oscillatory signal
are shown in Fig. 7.3(c) as a function of the applied bias. The phase change of 180◦

when changing the bias polarity is a strong indication that the excitation mechanism
is closely related to the current pulse generated in the diode. In [33, 198, 199] it was
observed that a photocurrent pulse generated in a Schottky diode can excite magne-
tization precession via the related Oersted magnetic field. The vertical current pulse
generates an in-plane magnetic field circulating around the pump laser spot [see Fig.
7.3(a)]. In our PIN diode, the current polarity and, therefore, the polarity of the Oer-
sted field is inverted for forward biases larger than ≈ 0.7 V. This leads to the opposite
initial tilt of the magnetization and, consequently, to the opposite phase of the preces-
sion. The observed increase of the precessional amplitude with increasing reverse bias is
also consistent with the suggested excitation mechanism. As shown in Fig. 7.2(b), the
amplitude of the photo-generated current pulse (and the corresponding Oersted-field
pulse) increases with increasing reverse bias, which makes the initial magnetization tilt
larger.

In [33, 198] it was observed that the precessional amplitude was almost zero when
the pump and probe laser spots were overlapped. In such case, the axis of the solenoidal
Oersted field is probed and all contributions to the MO signal within the probe laser
spot average out. We performed the pump-probe measurements with the overlapped
laser spots in the setup with 25µm spot size under 10 V reverse bias. Thanks to the
lithographically defined lateral structure of our device, we were able to observe also the
effects of the current pulse propagation in the lateral direction. In Fig. 7.4(a) we show
a sketch of the Corbino disc with three measurement spots indicated by the red circles
(marked ‘b’, ‘c’, and ‘d’) and in Fig. 7.4(e) we plot the corresponding pump-probe
traces measured in these places. When the laser spots are placed in the center of the
disc, the precessional amplitude is almost zero. In contrast, when the laser spots are
moved by 30µm away from the center, the precession appears with opposite phase for
displacement along [110] and [1̄1̄0] directions. In Fig. 7.4(f) we show the precessional
phase and amplitude extracted from the pump-probe curves by fitting with formula
(7.1) for several positions along the [110] axis. The amplitude increases with increasing
distance from the disc center and the phase changes by 180◦ within ±15µm around
the disc center and remains constant in larger distances. The range in which the phase
changes corresponds to the laser spot size.

These observations can be explained when taking into account the lateral current
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Figure 7.3: Magnetization dynamics induced by the vertical current pulse.
(a) Sketch of the horizontally circulating Oersted magnetic field induced by the vertical
current pulse which is generated by an absorption of the pump laser pulse in the biased
diode. The direction of the photo-electron (e−) motion is indicated for the case of reverse
bias. Switching the bias polarity inverts the direction of the photocurrent and the corre-
sponding Oersted field acting on magnetization within the displaced probe laser spot. (b)
Magnetization precession induced by the Oersted field within the probe spot measured
via the polar Kerr effect. The curves obtained for different biases are vertically shifted
for clarity. (c) Bias dependence of the precessional phase δ and amplitude A extracted
from (b) by fitting to formula (7.1). In these measurements we used the laser spot size of
1.5µm.

pulse flowing in the Fe/n-GaAs electrode and the circular symmetry of our device. The
lateral current distribution for the three investigated places in the disc is indicated by
the arrows in Fig. 7.4(a). When the laser spots are placed in the center of the Corbino
disc (position ‘b’), the lateral current density is the same in all directions towards the
golden ring-contact. The lateral current flowing partially in the n-GaAs layer generates
again horizontal Oersted magnetic field in the iron layer which circulates around the
center of the laser spots [see Fig. 7.4(b)]. However, thanks to the laser spots position
in the center of the circular symmetry, the Oersted field (and consequently also the
precessional MO signal) generated within the probe spot averages out. On the other
hand, when the laser spots are moved out of the disc center (positions ‘c’ and ‘d’), the
lateral current density is largest in the direction of the displacement since the distance
to the golden contact is shortest in this direction [see Figs. 7.4(c, d)]. In this case,
the Oersted fields (and consequently the precessional MO signal) generated within the
probe laser spot do not average out even when the two laser spots are overlapped.
When the laser spots are displaced in the opposite direction, the lateral current (and
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Figure 7.4: Magnetization dynamics induced by the lateral current pulse.
(a) Sketch of the Corbino disc with three positions (marked ‘b’–‘d’) investigated by the
overlapped pump and probe laser spots. The dominating directions of the lateral photo-
electron flow (e−) in the top electrode are indicated by arrows (−10 V bias applied).
The iron magnetization points in one of the easy axes (EAs) indicated by the dashed
lines. (b)–(d) Distribution of the lateral photo-electron flow (blue radial arrows) and the
corresponding Oersted fields induced in the iron film (black circulating arrows) within the
probe laser spot for positions ‘b’–‘d’ in (a). The direction of the average Oersted field H
is shown. (e) Magnetization precession induced by the Oersted fields in positions ‘b’–‘d’
measured via the PKE. The curves are vertically shifted for clarity. (f) The precessional
phase δ and amplitude A as a function of the laser spots position in the Corbino disc
extracted from (e) by fitting to formula (7.1). In these measurements we used the laser
spot size of 25µm.

the corresponding Oersted field) switches sign and the magnetization is tilted in the
opposite direction, which results in the opposite phase of the precessional MO signal.
The increase of the precessional amplitude with increasing displacement of the laser
spots from the disc center is caused by the increasing imbalance between the lateral
currents flowing in the direction of the displacement and against it. This increasing
imbalance means that the average Oersted field within the probe laser spot increases
as well and the initial magnetization tilt is larger.

To further confirm our interpretation, we performed experiments in external mag-
netic field. First, with the overlapped laser spots displaced by 30µm from the disc
center along [110] axis [position ‘b’ in Fig. 7.5(a)], we applied an external magnetic
field along [1̄10] axis. As shown in Fig. 7.5(d), the magnetization precession amplitude
quickly decreases as the magnetic field magnitude exceeds the anisotropy fields. For
µ0Hext ≳ 150 mT, the magnetization points along the [1̄10] axis, i.e., along the Oersted
magnetic field generated in position ‘b’ by the lateral current pulse, which then exerts
no torque on magnetization [see Fig. 7.5(b)]. When shifting the laser spots along [1̄10]
axis (to position ‘c’), we can restore the magnetization precession, as the Oersted field
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and magnetization are no more parallel [see Fig. 7.5(c)]. In this position, we recorded
the magnetization precession as a function of the external magnetic field applied along
[1̄10] axis. The precessional phases extracted by fitting with formula (7.1) are shown
in Fig. 7.5(e). We observe a phase change of ≈ 180◦ when switching the magnetiza-
tion orientation by external field, as the oppositely oriented magnetization is excited
in opposite out-of-plane direction. We note that such phase change is not compatible
with the magnetization precession induced by a laser heating-related modification of
the magnetic anisotropy [199], which is an independent confirmation that the magneti-
zation dynamics is triggered by the ultrashort photocurrent pulse and not directly by
the original laser pulse. The precessional phase also changes by ≈ 180◦ when changing
the bias polarity, which is caused by the change of the current pulse direction, as in the
case of the separated laser spots [cf. Fig. 7.3(c)].

Finally, we note that in the case illustrated in Fig. 7.3, when the pump laser spot
was placed in the middle of the disc and the probe spot was displaced by 9µm, both
contributions to the Oersted field were present. However, the Oersted field generated
by the lateral current points always against the Oersted field generated by the vertical
current and, therefore, it only partially compensates its magnitude while not changing
its symmetry.
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Figure 7.5: The effect of external magnetic field. (a) Sketch of the Corbino disc
with two positions (marked ‘b’ and ‘c’) investigated by the pump-probe method with
overlapped laser spots. The dominating directions of the pump-induced lateral photo-
electron flow (e−) are indicated by arrows. The magnetic EAs are indicated by dashed
lines and the external magnetic field Hext is applied along the [1̄10] crystal axis. (b)–(c)
Distribution of the lateral photo-electron flow (blue radial arrows) and the corresponding
Oersted fields induced in the iron film (black circulating arrows) within the probe laser
spot for positions ‘b’ and ‘c’ in (a). The magnetization points along Hext for Hext ≳
150 mT. (d) The magnetization precession induced by the Oersted fields in positions ‘b’
and ‘c’ under external magnetic field and 10 V reverse bias. The curves are vertically
shifted for clarity. (e) Dependence of the precessional phase δ on Hext in position ‘c’ for
opposite bias polarities. Laser spot size of 25µm was used in these measurements.
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7.3 Photocurrent pulses in PIN/CuMnAs structure

In the previous sections we studied the current transients generated in a PIN/Fe pho-
todiode, where we utilized the effect of the current-induced Oersted field on the iron
magnetization to trace the current propagation in the 3D structure. The Oersted field-
pulses might be used to manipulate non-collinear AFs, such as Mn3Sn studied in chapter
8, but not for collinear AFs, such as CuMnAs studied in chapter 9, which are insensi-
tive to moderate magnetic fields. The current pulse itself, however, can manipulate the
staggered Néel order directly via spin torques [12,47]. The current-induced Néel vector
switching was observed in CuMnAs [10, 78, 173, 194] and Mn2Au [195] using current
densities of ∼ 1010–1012 A/m2. Taking into account the laser spot size of 1.5µm and
the lower bound of the peak current ∼ 100 mA generated in our photodiode, we get
in the laser-illuminated column a current density of ∼ 4 × 1010 A/m2. If this current
was fed into a CuMnAs bar of 50 nm thickness and 1µm width, we would even reach a
current density of ∼ 2 × 1012 A/m2, which is enough for the switching experiments in
CuMnAs, even if the current pulse gets a bit longer due to dispersion.

To confirm the principal compatibility of our photodiode structure with CuMnAs,
we characterized the photocurrent pulses generated in a PIN/CuMnAs Corbino device.
In this case, the composition of the n-GaAs multilayer was different, from bottom to
top: 10 nm thick layer (nSi = 5 × 1017 cm−3), 15 nm thick layer (nSi ramping from
5 × 1017 to 5 × 1018 cm−3), and 15 nm thick layer (nSi = 5 × 1018 cm−3). The 50 nm
thick CuMnAs epilayer grown on top of the n-GaAs electrode was protected by capping
with Al. The diameter of the Corbino disc was 50µm. In Fig. 7.6(a) we show the VI
characteristics of the PIN/CuMnAs diode at different temperatures. With increasing
temperature the diode opens at a lower reverse bias, which is due to the increasing
conductivity of the intrinsic GaAs layer. We also see that in forward polarity the
current sets on at ∼ 1–1.5 V, which is a value typical for GaAs and much lower than
what we measured in the PIN/Fe structure [c.f. Figs. 7.6(a) and 7.1(c)]. This indicates
that there is a thinner or no Schottky barrier between CuMnAs and n-GaAs.

To characterize the photocurrent pulse length, we used again the correlation tech-
nique in the pump-probe setup with 1.5µm laser spot size. The correlation data mea-
sured at 32 K with a laser fluence of 0.9 mJ/cm2 for different biases are shown in Fig.
7.6(b) (points) and fitted by a mono-exponential decay model (lines). We observe qual-
itatively the same behavior as in the PIN/Fe structure, i.e., decreasing photocurrent
pulse duration with increasing reverse bias. The pulse decay times obtained by fitting
the correlation curves measured at 32 K are shown in Fig. 7.6(c). The values measured
with the laser fluence of 1.4 mJ/cm2 are very similar to those obtained in the PIN/Fe
device for a similar fluence of 1 mJ/cm2 [c.f. Figs. 7.6(c) and 7.2(b)]. For the fluence
of 1.4 mJ/cm2 we also show the peak photocurrent Ipeak, which was estimated based
on the measured time-averaged photocurrent, the pulse repetition frequency, and the
expected mono-exponential pulse decay. As expected, Ipeak increases with increasing
reverse bias and its values are comparable with those obtained for the PIN/Fe structure.

Besides the bias dependence of the photocurrent pulse length, we studied in this
device also the effect of laser fluence. As is apparent from Fig. 7.6(c), the pulses
become shorter (longer) for lower (higher) fluence. This can be explained in terms of
screening of the internal electric field in the diode by the photo-injected carriers. Larger
laser fluence produces more carriers but the amount of charge consumed to screen the
electric field is the same (given by the applied bias). The rest of the photo-induced
charge is drained away slowly by the weakened electric field. Therefore, it takes longer
to deplete the overall larger number of carriers injected by stronger laser pulses. In Fig.
7.6(d) we plot the photocurrent pulse decay time and the estimated peak photocurrent
as a function of the laser fluence for different applied biases. Interestingly, for a low
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Figure 7.6: Characterization of PIN/CuMnAs photodiode. (a) VI characteristics
measured in darkness at different temperatures. Inset: Photocurrent pulse duration as a
function of temperature (fluence 3.6 mJ/cm2, bias −10 V). (b) Photocurrent correlation
curves measured at 32 K for different biases (fluence 0.9 mJ/cm2). (c) Bias dependence
of the photocurrent pulse decay time τp for different laser fluences. For the fluence of
1.4 mJ/cm2, the estimated peak photocurrent Ipeak is also shown. For a given fluence,
the pulses become shorter and stronger with increasing reverse bias due to the stronger
internal electric field in the diode. (d) The photocurrent pulse decay time and the es-
timated peak photocurrent as a function of laser fluence for different biases. For a low
bias of −2.5 V, the pulse length increases with the laser fluence due to the effect of charge
screening while the pulse amplitude remains roughly the same. For larger biases, the pulse
length tends to saturate while its amplitude increases. The laser spot size was 1.5µm in
all measurements.

fluence of 0.45 mJ/cm2 we generate very short current pulses (∼ 15 ps) even for a weak
bias of −2.5 V and the pulse length does not decrease much with increasing bias. With
increasing laser fluence, the pulse length scales linearly for −2.5 V but tends to saturate
for larger biases. Consequently, while for −2.5 V the pulse peak current remains roughly
the same, for larger biases the peak current increases with the laser fluence. Therefore,
we conclude that despite the stronger screening effect, it is better to use larger laser
fluences to produce strong current pulses.

Finally, we note that the photocurrent pulse length also increases with temperature,
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as shown in the inset of Fig. 7.6(a) for the laser fluence of 3.6 mJ/cm2 and −10 V bias
applied. However, the increase in pulse duration is only from 35 ps at 32 K to 41 ps at
room temperature.

7.4 Conclusion

In this chapter, we presented a vertical photo-conductive switch structure in form of
a PIN diode patterned into a Corbino disc. A femtosecond laser pulse absorbed in
the intrinsic layer of the diode creates electron-hole pairs which are separated by the
internal electric field and accelerated towards the opposite electrodes, thus producing
a short current pulse. We characterized the photocurrent pulses generated in our PIN
diodes in terms of their duration and amplitude and studied the pulse propagation
through the 3D diode structure. Our final goal is to use these current pulses to excite,
in an ultrafast manner, a magnetic film deposited on top of the n-layer of the diode.
In particular, we aim on antiferromagnetic materials, which exhibit a THz-scale spin
dynamics and which have been shown to respond to a current pulse excitation. We
first investigated the current pulses generated in a GaAs-PIN/Fe(2 nm) Corbino device
of 100µm diameter. The photocurrent pulse duration was infered, using a correlation
technique, from a mutual interaction of two consecutive current pulses during their
temporal overlap. We observed a rapid decrease of the current pulse decay time with
increasing reverse bias and its saturation at ∼ 25 ps for biases larger than ∼ −5 V. The
estimated pulse peak current reaches ∼ 100 mA for −10 V. The measured decay time is
mainly limited by the RC time-constant of the Corbino disc, which would be reduced
in devices with a smaller diameter. Moreover, the photocurrent correlation method is
primarily sensitive to the recharging time of the photoconductive switch and may not
resolve the rapid charge dynamics that is expected to be present before the separated
photo-charge starts to screen the internal electric field in the diode. Therefore, the
measured pulse duration (amplitude) should be rather understood as an upper (lower)
bound value. In fact, an indication of the ultrafast (∼ 1 ps) onset of the photocurrent
pulse was observed experimentally as the bias-dependent transient reflectivity.

After characterizing the photocurrent pulses, we studied their effect on the iron
magnetization in a pump-probe experiment. The photo-carriers generated in GaAs
by circularly polarized pump laser pulses were spin-polarized, as confirmed by the ob-
served pump-helicity-dependent photo-electron precession in GaAs. The corresponding
current pulses should have been also spin-polarized, however, we did not observe any
effect of this spin polarization on the dynamics of the iron magnetization. Instead,
we found that the iron magnetization precession was pump-helicity-independent and
its phase was shifted by 180◦ when switching the photocurrent polarity or flipping the
magnetization. This clearly indicates that the magnetization precession was induced
by the Oersted field of the current pulses and it rules out the direct effect of the laser
pulses on the magnetization via, e.g., a temperature-dependent magnetic anisotropy.
Besides the Oersted field produced by the photocurrent flowing vertically in the illumi-
nated column in the diode, we also observed the magnetization precession for the case
of overlapped pump and probe laser spots. This was due to a lateral current flowing in
the Fe/n-GaAs electrode after the initial vertical current flow.

The estimated peak current densities of the pulses generated in the PIN diode
of ≳ 4 × 1010A/m2 for the vertical current injected into the magnetic film (or even
of the order of 1012A/m2 if fed into a thin-film bar device) are comparable with the
current densities used to switch the Néel vector in collinear AFs CuMnAs and Mn2Au.
Moreover, the implemented current pulse generation by femtosecond laser pulses is
naturally compatible with time-resolved measurements. Therefore, a photocurrent-
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pump/optical-probe measurement is an example of a possible future experiment that
could elucidate the process of Néel vector switching in CuMnAs. To demonstrate the
possible applicability of our PIN diode structure to the investigation of AF materials,
we characterized also the current pulses generated in a GaAs-PIN/CuMnAs(50 nm)
Corbino device of 50µm diameter. We observed qualitatively and also quantitatively
similar results as in the PIN/Fe device regarding the pulse duration and its dependence
on the applied bias. We also observed that the current pulses become longer with
increasing laser power which is due to charge screening effects. Applying a sufficiently
strong reverse bias can, however, significantly compress the current pulses and these
high-power/high-bias conditions lead to the largest current densities.

For envisioned experiments, it is also necessary to have a suitable imaging tech-
nique to observe the possible domain changes induced by the current pulses in the
AF film. Therefore, in the following two chapters, we focus on developing imaging
methods sensitive to antiferromagnets. We begin with a description of the experiments
performed in a non-collinear AF, Mn3Sn, which still shares certain properties with FMs.
In particular, it can be controlled by moderate magnetic fields and it also allows for
a broad spectrum of readout mechanisms. Finally, we present the results obtained in
the collinear compensated AF CuMnAs, whose imaging is much more challenging due
to its insensitivity to external magnetic fields and the high material symmetry, which
restricts significantly the possible detection mechanisms.
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8. Imaging and writing of
magnetic domains in a
non-collinear antiferromagnet
The non-collinear AFs with a triangular spin arrangement, such as Mn3Ir, Mn3Ge, or
Mn3Sn, have gained a lot of attention recently due to their unique properties combining
certain characteristics typical for FMs [151, 153] with the advantages of compensated
AF state [6–8]. In this chapter, we study a prominent representative of this material
class, the Weyl semimetal Mn3Sn.

In this material, the Mn atoms are arranged in a planar kagome-type lattice with
magnetic moments residing in the apices of equilateral triangles. Due to geometrical
frustration of the antiferromagnetic interactions in the Mn triangle, the moments adopt
a non-collinear arrangement making an angle of 120◦ with respect to each other within
each kagome plane [see Figs. 8.1(a) and (b) and for details section 4.3]. The spins
in the triangle are, however, not perfectly compensated. The unsatisfied anisotropy
energy in the inverse triangular spin structure causes a slight tilt of the moments from
the perfect 120◦ alignment, which results in a tiny net magnetization of the order
of ∼ 0.002µB/Mn [161, 166]. This uncompensated moment allows for a control of
the AF state by moderate magnetic fields ∼ 10 mT [155]. On the other hand, the net
moment is small enough so that it produces negligible stray fields. Moreover, due to the
antiferromagnetic coupling, these materials still possess the high-frequency exchange-
enhanced spin dynamics [45].

Another important consequence of the non-collinear spin texture is the lowered
material symmetry. The ‘traditional’ compensated collinear AFs, such as CuMnAs,
typically possess the combined PT symmetry – they are invariant under time reversal
combined with another spatial transformation, such as translation or inversion. This
symmetry prohibits, in linear response, the effects that are odd under time (spin)
reversal [153], i.e., the anomalous Hall effect and its counterparts – the anomalous
Nernst effect and MO Kerr and Faraday effects. This significantly reduces the portfolio
of available detection methods sensitive to the AF order. The aforementioned effects
are generally present in FMs, which all break the PT symmetry. As have been revealed
recently, however, the net magnetization is not necessary for these effects to be present;
it is enough to break the PT symmetry of the system [151]. This can happen even in an
AF material – an example is the class of triangular non-collinear AFs, including Mn3Sn
[152]. These predictions have been confirmed recently by experimental observations of
the large AHE [154], ANE [138], and MOKE [155] with magnitudes comparable to FMs
despite the vanishingly small magnetization in Mn3Sn.

The same symmetry considerations that were given above for charge currents (in-
cluding AHE) can be applied also to spin currents [153]. Many of the key spintronic
effects and applications are based on spin polarized currents in FMs – for example, the
giant and the tunneling magnetoresistance (GMR, TMR) and the spin transfer torque
(STT). In the ‘traditional’ PT-symmetric collinear AFs, the electrical current is not
globally spin-polarized due to the same symmetry arguments that exclude AHE. As
shown in [153] however, the broken PT-symmetry in the non-collinear AFs allows for
spin currents that are odd under time reversal (in analogy to AHE) and, consequently,
electrical current in these materials can be spin-polarized.

The broad variety of available spintronic phenomena that can be used for electri-
cal or optical readout (AHE, ANE, MOKE), including the potentially large GMR or
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TMR signals in AF spin valves, combined with the multiple ways of control (moderate
magnetic fields, STT) and with the vanishingly small stray fields and ultrafast AF spin
dynamics make non-collinear AFs, such as Mn3Sn, an attractive material class for future
spintronic research. Imaging and writing of the AF domains is of central importance
not only for potential applications but also for investigation of the underlying spintronic
phenomena. Preparation of a well-defined domain pattern and imaging of its response
to current excitation is required to confirm experimentally the effect of STT on the
non-collinear AF domain walls [153]. Imaging of magnetic domains in Mn3Sn has been
realized by MOKE recently [155]. This method has, however, certain limitations which
we discuss in more detail at the end of this chapter. In particular, in [155] the domain
imaging was realized using the polar Kerr effect upon reflection from the (21̄1̄0) plane
of a bulk single crystal. This is, however, not possible in [0001]-grown thin films, which
are of interest for spintronic applications. We developed an imaging technique which
utilizes locally generated laser-induced heat currents flowing perpendicular to the film
plane to probe the in-plane triangular spin structure via anomalous Nernst effect. In
addition to imaging, we demonstrated the ability to write a well-defined domain pattern
into the antiferromagnet at room temperature by employing the heat-assisted magnetic
recording technique.

The experimental results presented in this chapter were published in [167].

8.1 Scanning thermal gradient microscopy

Experimental devices and measurement setup. The 50 nm thick Mn3Sn epi-
taxial film was processed by optical litography into 5µm wide Hall bars that were
typically oriented along the [21̄1̄0] crystallographic direction of Mn3Sn. An example
of the experimental device and the measurement geometry are shown in Fig. 8.1(d).
We employed the optical setup described in chapter 5 with slight modifications – the
wide-field microscope with a green (λ = 525 nm) LED source was used to image the
sample (without the MO sensitivity) and to align the device with the focused scanning
laser beam that was used for the actual magnetic imaging. For this purpose, we used
a CW laser (which was used in chapter 5 as a source for the wide-field MO imaging)
which was fed into the ‘pump’ arm of the setup instead of the fs-beam. The laser was
tuned to a wavelength of 800 nm with a power of 10 mW and focused to a spotsize of
1.5µm (FWHM). The sample was placed in an optical cryostat, which allowed us to
study the whole temperature range in which Mn3Sn is antiferromagnetic (TN = 420 K),
and a magnetic field of up to 0.5 T could be applied along the x-axis (perpendicular
to the Hall bar). During the imaging experiment, we scanned the laser spot across
the device (by moving the objective lens with the 3D piezo-positioner) in an x-y grid
with a stepsize of 0.5µm. For each position of the laser spot on the sample surface,
we measured the global thermo-voltage ensuing on the longitudinal voltage contacts of
the Hall bar (along the y-axis) due to the perpendicular-to-plane oriented laser-induced
thermal gradient, see Fig. 8.1(c). During the measurement, the laser beam was mod-
ulated by an optical chopper at a frequency of 1.7 kHz and the laser heating-related
thermo-voltage was extracted from the detected and amplified signal by a lock-in am-
plifier. As shown in Fig. 8.1(e), the spatially resolved thermoelectric response reveals a
clear contrast. In the following, we confirm that these spatial maps correspond to the
antiferromagnetic domain structure of Mn3Sn.

Anomalous Hall and Nernst effects in Mn3Sn. The anomalous Hall effect arises
from the antisymmetric dissipationless part of the conductivity (resistivity) tensor σ̂
( ρ̂ ) (see section 3.2.1). The antisymmetric Hall conductivity tensor σ̂H can be replaced
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Figure 8.1: Spin order of Mn3Sn and the imaging technique. (a) Hexagonal
crystal structure of Mn3Sn with Mn atoms forming kagome lattice consisting of equilat-
eral triangles in planes perpendicular to the c-axis. (b) Mn triangles from two adjacent
kagome planes (purple and grey) viewed along the c-axis. The antiferromagnetic chiral
spin structure is characterized by a pseudovector g. Two antiparallel configurations are
shown that generate opposite ANE response. (c) Schematics of the scanning thermal
gradient microscopy. The laser-induced local thermal gradient produces a global thermo-
voltage VT that reflects the local magnetic properties in the irradiated spot. By scanning
the laser spot over the sample surface an image of the domain strucuture is obtained. (d)
Micrograph of the experimental Hall bar device. Magnetic field B is applied perpendicu-
lar to the bar and longitudinal thermo-voltage VT ∼ ∇T × g is recorded. (e) An example
of the spatially resolved thermo-voltage response measured in the highlighted area in (b)
at room temperature and in zero magnetic field. The contrast corresponds to the domain
structure of Mn3Sn.

by a corresponding Hall pseudovector g [206, 207] and the AHE-related part of the
Ohm’s law, jH = σ̂HE, can be rewritten as jH = g × E. Here jH is the Hall current,
E is the applied electric field, g ≡ (σzy, σxz, σyx), and σij are the antisymmetric Hall
conductivity components. The anomalous magnetotransport plane (the plane in which
the electric fields or currents are applied and recorded) is then perpendicular to g.
According to the Mott’s relation (3.25), the anomalous Nernst effect has the same
symmetry as AHE with the electric field E replaced by a thermal gradient ∇T , i.e., for
the Nernst voltage we obtain

VANE ∼ ∇T × g. (8.1)

The axial vector g is odd under time reversal and has also the same spatial symmetry
properties as the magnetic dipole moment [207], which gives rise to the net magneti-
zation in FMs. The orientation of the g-vector is determined by the non-collinear spin
structure as shown in Fig. 8.1(b) for two opposite domains. The symmetry properties
of the g-vector also result in a tendency of the material to develop a net magnetic
moment along the g-vector. However, as has been proven by both theory [151, 153]
and experiment [138, 150, 154], this tiny uncompensated moment is not the origin of
the large anomalous magnetotransport signals observed in Mn3Sn.
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As demonstrated in [138] for a bulk Mn3Sn crystal, the anomalous Nernst effect is
strongly anisotropic in this material. No ANE response was observed when applying the
thermal gradient within the kagome plane, while for ∇T ∥ [0001] a large ANE voltage
was measured perpendicular to the applied magnetic field with almost no anisotropy
when rotating the moments within the kagome plane. In our experiment, the focused
laser heats up the sample surface producing both an in-plane and a perpendicular-to-
plane temperature gradient. The former is radially symmetric and averages out (within
a domain). Therefore, only the out-of-plane (z-direction) thermal gradient gives a net
contribution to the measured signal. From the anomalous Nernst symmetry [see Eq.
(8.1)], the largest VANE is measured along the direction that is perpendicular to the
g-vector of the magnetic texture. Since our bar is oriented along y-axis, we apply the
magnetic field along the x-axis [see Fig. 8.1(d)] and the measured thermo-voltage signal
is determined by the projection of the g-vector onto the x-axis. The particular value
of VANE measured for a position (x, y) of the laser spot on the sample thus reflects the
corresponding local orientation of the g-vector in the irradiated area, i.e., the contrast
observed in the laser scans corresponds to the AF domain structure of Mn3Sn.

Spatial resolution. The resolution of our imaging technique is given by the lateral
extent of the out-of-plane laser-induced heat gradient. The laser beam has a Gaus-
sian intensity profile with a FWHM of 1.5µm at the sample surface. Consequently,
the measured thermo-voltage maps correspond to a convolution of the actual domain
distribution with the Gaussian profile of ∇T . In situations when the sample breaks
into multiple domains with sizes smaller than the laser spot size, the contributions to
VANE from the differently oriented domains within the laser-generated hotspot partly
cancel out resulting in weaker signals. As shown later, this is observed for example
during a field-induced magnetic reversal of the film (Fig. 8.3) or when cooling the
sample in zero field from above TN when a random multidomain state establishes [Fig.
8.2(a), (b)]. A significant improvement of the imaging resolution could be achieved by
replacing the far-field laser heating, whose confinement is intrinsically limited by the
light wavelength, by some kind of near-field approach, such as the scanning near-field
optical microscopy [208, 209]. This technique utilizes a metal-coated tip of an atomic
force microscope placed in a close proximity to the sample surface to focus the inci-
dent laser power into a spot size given by the tip apex diameter, i.e., it would allow to
reach a resolution of ∼ 10 nm [210]. For a given bar width, the highly confined thermal
gradient in the near-field approach would generate smaller thermo-voltage, however,
considering the large response (∼ 1µV) observed in our experiments, the signal should
be still detectable.

8.2 Imaging of the AF domain structure of Mn3Sn

In this section we confirm by studying the magnetic-field and temperature dependence
of the thermo-voltage images that we indeed probe the AF order of Mn3Sn. The first
hint that the images are related to the magnetic order is that the measured VANE pat-
terns respond to magnetic field. We note that thin Mn3Sn films have been observed to
show a substantially larger coercivity compared to bulk crystals [211, 212]. The high-
est magnetic field available in our experimental setup is 0.5 T, which is not enough to
reverse the spin structure in our Mn3Sn films at temperatures below ∼ 350 K, as docu-
mented in Figs. 8.2(a), (b) by the comparison of VANE maps with ±0.5 T applied. At a
temperature of 375 K, we notice slight variations in the measured pattern depending on
the field polarity, which correspond to switching of the domains with the lowest coer-
civity [see Figs. 8.2(c), (d)]. Upon heating the sample up by another 25 K, we observe
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a complete reversal of the signal polarity with the field polarity in the entire sample, as
shown in Figs. 8.2(e), (f). We also notice an increase in the signal magnitude compared
to the fragmented domain state at lower temperatures despite we are approaching the
Néel temperature. Therefore, at the temperature of 400 K the material becomes soft
enough so that the magnetic field of 0.5 T is sufficient to reorient the g-vector in most of
the AF domains. While the magnetic response of the thermo-voltage pattern changes
drastically between 350 K and 400 K, the net magnetic moment detected by SQUID
magnetometry remains unchanged, which allows us to exclude ferromagnet-like phases
appearing at higher temperatures. We note that the actual sample temperature within
the 10 mW laser spot may be a bit higher than the base temperature of the cryostat
cold finger, however, it remains still safely below TN = 420 K, since the signal remains
almost unchanged and strong when the measurement is repeated in zero field.

(a) (b) (c) (d) (e)

350 K

(f)
-0.5 T 0.5 T

375 K
-0.5 T 0.5 T

400 K
-0.5 T 0.5 T

Figure 8.2: Effect of temperature on magnetic switching. Comparison of the
thermovoltage maps recorded with an external magnetic field of 0.5 T applied along −x
and +x direction at different temperatures: (a) and (b) Up to 350 K no effect of the
field on the domain pattern is observed. (c) and (d) At 375 K slight differences appear
corresponding to switching of the domains with the lowest coercivity. (e) and (f) At 400 K
most of the domains follow the external magnetic field. On the other hand, no change in
the net magnetic moment is observed between 350 K and 400 K by SQUID magnetometry.

In order to further explore the effect of magnetic field on the Mn3Sn domain struc-
ture, we performed a complete magnetic field sweep along the x-axis. The field was
changed in steps and in each step a thermo-voltage map was recorded in a constant
field. The obtained images presented in Fig. 8.3(a) show rather complex reversal pro-
cess proceeding gradually through a multidomain fragmented state. In Fig. 8.3(b), we
plot the thermo-voltage ⟨VANE⟩ averaged over the entire bar segment displayed in Fig.
8.3(a) as a function of the external magnetic field. We obtain a global magnetic hystere-
sis loop with a clear saturation, coercivity and remanence. The thermo-voltage changes
sign upon magnetic field reversal, i.e., the responsible magneto-thermoelectric effect is
odd under spin reversal, as is the case of ANE. The measured magneto-thermoelectric
response clearly cannot be explained by the ordinary Nernst effect, that is linear in
magnetic field and does not exhibit hysteresis. Instead, the detected thermo-voltage
maps must be connected to the AF order of Mn3Sn. In our thin films, we observe larger
coercive fields compared to the bulk Mn3Sn crystals [138, 155]. This can be due to a
larger anisotropy, but it could be caused also by stronger pinning at local imperfections,
such as grain boundaries, dislocations, local strain variations, etc.
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Figure 8.3: Magnetic field-induced reversal of Mn3Sn domain structure. (a)
A series of thermo-voltage scans measured during a magnetic field sweep along the x-
axis at 400 K with 10 mW laser power. A complex magnetic reversal proceeding through
multidomain states is observed. (b) Net thermo-voltage signal ⟨VANE⟩, obtained by
averaging over the entire imaged area, plotted as a function of the applied magnetic field.
A clear hysteresis with saturation and remanence is obtained. The red line is a guide
for the eye. (c) Analogous measurement performed with the magnetic field swept along
the voltage detection direction (the experimental geometry is shown in the inset). No
hysteresis is observed as expected for the ANE symmetry.

An additional argument that supports the ANE origin of the measured signal comes
from the measurement performed at 400 K but with magnetic field applied along the
bar, i.e., along the voltage detection direction. As shown in Fig. 8.3(c), in this geometry
we observe no hysteresis, as one would expect from the ANE symmetry (8.1). This
supports the notion that the detected thermo-voltage corresponds to the component
of the g-vector that is perpendicular to the voltage detection direction. The uniform
constant background, which is observed in both geometries [Figs. 8.3(b) and (c)], is
related to the magnetic order of Mn3Sn as it disappears above TN [see the inset in
Fig. 8.4(f)]. It might originate from the ordinary magneto-Seebeck effect (the thermal
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counterpart to ordinary magnetoresistance) or parts of the sample are not possible to
be polarized even at 400 K.

An independent confirmation that the spatial contrast in the measured thermo-
voltage maps corresponds to the AF domain structure of Mn3Sn is given by the evolu-
tion of the measured signal with temperature. We performed the magneto-thermoelectric
imaging in a temperature range of 17–430 K with the results summarized in Fig. 8.4.
First, the sample was cooled down to 17 K in zero magnetic field, then the tempera-
ture was increased in steps and in each step a VANE map was recorded. The whole
experiment was performed in zero magnetic field, which explains the lower magnitude
of VANE at 400 K compared to the polarized state [cf. Figs. 8.3(b) and 8.4(f)]. VANE
scans at several temperatures are shown in Figs. 8.4(a)–(e). Apart from a slight image
distorsion, which is caused by a sample position drift because of an imperfect tem-
perature equalization, we observe a similar domain patterns with changing intensity.
We again extracted the average signal ⟨VANE⟩ at each temperature and plotted its
temperature dependence in Fig. 8.4(f) (red points). We observe a smooth variation
of the signal magnitude with temperature with maximum in the vicinity of 150 K, in
perfect agreement with the temperature dependence of the anomalous Nernst response
observed in bulk Mn3Sn crystals [138], which is reproduced in Fig. 8.4(f) (blue line).
Above TN = 420 K, the thermo-voltage signal vanishes completely, as documented by
the magnetic field sweep with B perpendicular to the bar performed at 430 K, which is
shown in the inset of Fig. 8.4(f). Note that we did not detect in our thin film samples
any sign of presence of a spin glass phase with a large ferromagnetic moment along [0001]
direction that was observed in as-grown bulk Mn3Sn crystals below 50 K [154,162]. Its
absence might be caused by the different magnetic anisotropy of thin films [213].

Estimate of the ANE strength. Our measurements do not give directly a quan-
titative information about the ANE magnitude. The latter is described by the off-
diagonal Seebeck tensor component SN and the ANE-induced electric field reads Ey =
SN∇Tz (see section 3.2.2). The reason is that, unlike in the case of conventional in-
plane thermal gradients, which can be calibrated via local temperature measurements,
no thermometry below the film can be performed. We can, however, utilize a different
magnetic film with known SN to calibrate the perpendicular-to-plane temperature gra-
dient in our setup and, consequently, use this information to estimate the ANE magni-
tude in our Mn3Sn films. We used a 50 nm thick epitaxial film of the ferromagnetic Weyl
semimetal Co2MnGa with SN ≈ 2µV/K [214] deposited on the same substrate and hav-
ing also the same capping layer as our Mn3Sn films. The Co2MnGa film was patterned
into a 45µm wide Hall bar, which we scanned with the laser spot and recorded the
VANE maps under exactly the same conditions as in the case of the Mn3Sn films. The
FM film can be fully polarized by the 0.5 T field yielding VANE ≈ ±0.09µV for ∓0.5 T.
Taking into account the d ≈ 1µm extension of the laser-induced hotspot and the bar
width w we get the thermally induced electric field of Ey ≈ (w/d)VANE/d ≈ 4µV/µm.
From this we obtain the temperature gradient of ∇Tz = Ey/SN ≈ 2K/µm at 300 K
base temperature and for a laser power of 10 mW, which is in good agreement with
laser-induced thermal gradients reported elsewhere [137]. Applying this value to our
Mn3Sn data, we finally obtain an estimate of the ANE magnitude in our AF films,
SN = Ey/∇Tz ≈ 2µV/K at room temperature.1 This value is a bit higher than those
reported in the case of bulk crystals, 0.6µV/K [138], which could be due to the more
localized detection or higher degree of domain polarization in our measurements. Our

1The different widths of the Co2MnGa and Mn3Sn Hall bars were taken into account by considering
a simple model of parallel resistances as described, for example, in the Supplementary Information
of [137].
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Figure 8.4: Temperature dependence of the ANE response. (a)–(e) Thermo-
voltage scans measured with 10 mW laser power at different temperatures showing similar
magnetic patterns with changing magnitude of the signal. Slight image distorsion is caused
by the sample drift due to thermal strains in the setup. (f) Average thermo-voltage signal
⟨VANE⟩ extracted from scans performed in a temperature range of 17–430 K (red points)
compared to the temperature dependence of ANE measured in bulk Mn3Sn crystal (blue
line, reproduced from [138]). The excellent agreement confirms the ANE origin of our
thermo-voltage signal. Inset: The average ANE signal measured with a magnetic field
swept perpendicular to the voltage detection direction [same geometry as in Fig. 8.3(b)]
at 430 K (above the Néel temperature of Mn3Sn).

estimate also depends on the precision of determination of ∇Tz and Ey which both
have uncertainties.

8.3 Heat-assisted writing of domains

The ability to intentionally write defined domain patterns in antiferromagnets is crucial
not only for practical applications of these materials [13], but also for investigation of
effects such as spin transfer torque [153], domain wall motion, or giant magnetoresis-
tance [215]. In Fig. 8.5 we demonstrate that magnetic domains can be intentionally
written in our Mn3Sn thin films at room temperature using a heat-assisted magnetic
recording procedure [216,217] combining a high-power laser heating and external mag-
netic fields.

We performed a series of write/read experiments at 300 K where writing of a domain
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in a selected region in the bar (marked by dashed boxes in Fig. 8.5) by a focused high-
power (50 mW) laser beam with ±0.5 T field applied was followed by mapping of the
VANE response in the entire bar via the same laser beam with low power (10 mW). In the
series of measurements, we first initiated the entire bar by scanning it with the 50 mW
laser spot and +0.5 T magnetic field applied along the x-axis. The subsequent imaging
scan with low-power laser spot is displayed in Fig. 8.5(a) showing a uniform magnetic
state. In the next step, we exposed to the high-power laser only the area enclosed by
the dashed line in Fig. 8.5(b) with −0.5 T applied, which resulted in a corresponding
domain pattern with g-vector reversed only in the exposed area. In Fig. 8.5(c), an area
containing parts with both positive and negative VANE (opposite g-vector orientations)
was exposed again with +0.5 T applied resulting in a uniform negative VANE . From
this we can conclude that the resulting state is not affected by the preceeeding state
(i.e., we do not observe a toggle switching) but it is exclusively defined by the external
magnetic field direction applied during the laser exposure. Figures 8.5(d) and (e) show
analogous situations like (c) and (b), respectively, with the opposite field polarity.

(a) (b) (c) (d) (e)
+0.5 T +0.5 T +0.5 T-0.5 T-0.5 T

Figure 8.5: Heat-assisted writing of domains. Series of write/read laser scans at
room temperature. Domain writing in the area enclosed by the dashed line with 50 mW
laser power and 0.25µm step is followed by imaging of the entire bar with 10 mW laser
power and 0.5µm step. Magnetic field of ±0.5 T is applied during writing as indicated on
top. (a) First, the whole bar is written with +0.5 T applied. (b) Subsequently a reversed
domain is written in −0.5 T field. (c) Writing in a sample region that was previously
written with the same field polarity causes no change (bottom part of the dashed box). A
new domain is only written in region where the field was reversed from last writing (upper
part of the box). (d) Analogous situation as in (c) with opposite magnetic configuration
and field direction. (e) Analogous to (b) with opposite magnetic configuration and field
direction.

We note that to write a homogeneous, fully polarized magnetic state at room tem-
perature it was necessary not only to increase the laser power to 50 mW but we also had
to decrease the scanning step-size during the exposure from 0.5µm used for imaging to
0.25µm. With the smaller step, each position was exposed to the 1.5µm laser spot for
longer time, which allowed to increase the local temperature high enough (∼ 400 K) to
polarize the AF spin texture with a 0.5 T field. For practical reasons, we kept the mag-
netic field applied also during the imaging scans since large changes in field magnitude
result in sample missalignment in our setup. However, from the previous experiments
we know that the ±0.5 T field has no effect on the domain pattern at temperatures up
to ∼ 350 K [see Figs. 8.2(a) and (b)] even when combined with the imaging laser power
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of 10 mW. The domain structure is only altered in places exposed to the high-power
laser heating. To test the stability of the domain pattern written in our scanning-
thermal-gradient setup in extreme conditions, we exposed it to a field of 6 T along
x-axis in a superconducting magnet. The thermo-voltage maps recorded before and
after application of this strong magnetic field are compared in Fig. 8.6 showing no
difference. This confirms that our Mn3Sn films exhibit an interesting combination of
an easy room temperature writability and a robustness against large magnetic fields.

before 6T

(a)

after 6T

(b)

Figure 8.6: Insensitivity of written domains to large magnetic fields. The do-
main pattern written by the heat-assisted technique was exposed to an in-plane magnetic
field of 6T perpendicular to the bar direction at room temperature. The domain images
acquired before (a) and after (b) the field application show now change in the domain
structure.

8.4 Comparison to magneto-optical imaging

The three intimately related effects that have been recently observed to have large
magnitudes in Mn3Sn and that are sensitive to its magnetic order – AHE, ANE, and
MOKE – differ in their suitability for spatially resolved studies of domain structure in
epitaxial thin films. The latter are typicaly grown with the Mn kagome planes parallel
to the film plane [160]. In this geometry, AHE cannot be utilized since one would have
to apply the electric current perpendicular to the sample plane. On the other hand,
as we demonstrated above, ANE is perfectly suited for this task, since the out-of-plane
thermal gradient can be easily applied locally, e.g., via a focused laser beam. Polar
MOKE was recently utilized to image the Mn3Sn magnetic domains on (21̄1̄0) plane of
a bulk crystal [155]. In [218], spatially unresolved measurements utilizing longitudinal
MOKE were performed also in reflection from (0001) plane of a bulk Mn3Sn crystal.
Therefore, longitudinal MOKE could be, in principle, used for imaging of the domain
structure also in the case of our epitaxial films.

Balk et al. in their study [218] performed simultaneously AHE and MOKE mea-
surements on a bulk single crystal and observed substantial differences in coercive fields
and phase transition temperatures infered from the two sets of data. The reason is that
MOKE is only surface sensitive, while AHE probes the full thickness of the crystal be-
tween the electrical contacts. The MOKE probing depth is limited by the penetration
depth of light into the investigated material, which in case of metals is only ∼ 20 nm.
For example, the light intensity decreases by a factor of 1/e in the depth of 16 nm in
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Mn, 10 nm in Sn, and 19 nm in Fe [219, 220], neglecting reflections at interfaces and
interference effects. In the case of our scanning magneto-thermoelectric imaging, the
signal is generated by a nonzero thermal gradient oriented perpendicular to the sample
plane. The focused laser beam creates a hotspot at the sample surface and the heat
flows into the sample towards the heat sink – the substrate of a thin film or the sam-
ple holder in the case of a bulk crystal. The thermal gradient can be still large in a
depth of several 100 nm or even several microns, i.e., from the perspective of thin films
our imaging method is bulk sensitive. The surface sensitivity of MOKE is particularly
limiting in the case of thin films that are often part of a multilayer stack (either with
a capping layer or as a functional bilayer with a heavy metal or ferromagnets). Our
scanning thermal gradient microscopy also can, unlike MOKE, easily access burried
layers below several nanometers of Pt or another heavy metal.

Another difference between magneto-optical and magneto-thermoelectric imaging is
a spectral dependency of MO response which differs for different materials. Moreover,
MOKE suffers from reflections on surfaces in multilayers and interference effects. The
latter also affects the spectral dependence of MO signal and, therefore, it can substan-
tially complicate comparison of results even from different samples of the same material,
which differ in thickness or presence of additional layers in the stack. In contrast, the
magneto-thermoelectric microscopy is obviously not sensitive to any interferences and
allows for direct comparison of the magneto-thermoelectric coefficients of different ma-
terials. The necessity to control and precisely measure light polarization at different
wavelengths also makes the MO imaging setup more complex. Moreover, in the case of
antiferromagnets it is challenging to obtain the MO spectra at all, if there is no means
of reliable control of the AF order which would allow to separate the MO signal from
nonmagnetic contributions and artifacts.

8.5 Conclusion

In this chapter, we studied thin epitaxial films of Mn3Sn, a prime representative of
non-collinear antiferromagnets with triangular spin structure. These materials are of
particular interest for spintronics since they combine the superior characteristics of
AFs, such as negligible stray fields and THz-scale spin dynamics, with properties typ-
ical rather for FMs, which substantially broadens the spectrum of available control
mechanisms (magnetic fields, STT) and detection methods (AHE, ANE, MOKE, etc.).
We demonstrated that the AF domain structure of Mn3Sn can be visualized using a
scanning thermal gradient imaging method that combines a localized perpendicular-to-
plane temperature gradient induced by a focused laser beam with a global measurement
of the ensuing thermo-voltage signal. By studying the magnetic-field and temperature
dependences of the recorded spatial maps and by examining the symmetries of the
generated signal, we confirmed that the measured spatial contrast corresponds to the
AF domain structure of Mn3Sn that is visualized via anomalous Nernst effect. Further-
more, we demonstrated that domain patterns can be written in the antiferromagnet ‘at
will’ using a local laser heating combined with moderate magnetic fields (±0.5 T). We
confirmed that at room temperature and below (and in the absence of laser heating)
the written domain pattern remains insensitive to magnetic fields up to 6 T. Such a
combination of easy room temperature writability, robustness against large magnetic
fields, and absence of perturbing stray fields is particularly interesting for potential
high-density non-volatile memory applications. Besides the application potential, the
ability to prepare a defined domain configuration and detect its changes is a key prereq-
uisite for studying the intriguing physics of non-collinear AFs with spatial resolution,
such as spin transfer torque-induced domain wall motion or domain wall-related mag-
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netoresistance.
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9. Imaging and manipulation of
domain structure in a
compensated collinear
antiferromagnet
In the previous chapter, we made use of the special symmetry properties of non-collinear
triangular AFs, which allow for presence of a strong magnetotransport and magneto-
optical response via time reversal-odd effects, such as AHE, ANE, and MOKE. The
small net magnetic moment induced by the geometrical frustration in the triangular
lattice also allowed for a simple manipulation of the AF order by an external magnetic
field. On the other hand, in fully compensated collinear AFs, such as CuMnAs, the
net magnetic moment is strictly zero (unless a strong magnetic field is applied), i.e.,
they cannot be manipulated by moderate magnetic fields. Due to the higher symmetry,
electrical currents in collinear AFs are not globally spin-polarized [153], i.e., the spin
transfer torque and GMR (TMR) effects, on which the current spintronic memory
applications in FMs are based, are not present. Moreover, the PT symmetry excludes
the aforementioned time reversal-odd detection mechanisms [153]. All these restrictions
make the collinear AF order particularly difficult to detect and control.

CuMnAs is a prime representative of the class of compensated collinear AFs [170].
The breakthrough demonstration in this material [10] of the previously predicted [12]
all-electrical control and readout of the AF state via relativistic NSOT and AMR ef-
fects represents an important step towards antiferromagnetic spintronic applications.
However, as shown in the case of AF-insulator/heavy-metal bilayers [221–223], relying
only on the spatially integrating resistive readout may lead to incorrect interpreta-
tions, since the electrical switching signal can be strongly affected by non-magnetic
contributions. In order to elucidate the physical mechanisms of the magnetic switching
and disentangle the possible non-magnetic signals a direct microscopic imaging of the
domain states prior and after the electrical- or optical-pulse excitation is needed.

Microscopy techniques sensitive to the compensated collinear AF order are rare.
A well experimentally established imaging technique is the photoelectron emission mi-
croscopy where the magnetic contrast is generated by X-ray magnetic linear dichroism
(XMLD-PEEM) [113]. This method has been used to visualize the electrically induced
switching of AF domains in CuMnAs, Mn2Au, or NiO [10, 86, 173, 194, 195, 224]. In
CuMnAs, the NSOT-induced switching of the Néel vector observed via XMLD-PEEM
was directly linked to changes in the corresponding electrical readout signal due to
AMR [173,194]. A 90◦ reorientation of the Néel vector was evidenced by XMLD-PEEM
imaging for orthogonal current pulses [10,194] or, via domain wall motion, when revers-
ing the current polarity [173]. The major drawback of this powerful imaging technique
is that it requires a large-scale experimental infrastructure – a synchrotron. For a rou-
tine imaging of large sample sets more accessible laboratory techniques are needed. An
example of such an approach is the NV-diamond magnetometry [225,226]. Here a single
spin of an NV-center in a dimond nanocrystal attached to a scanning tip is used to de-
tect magnetic stray fields emanating from a magnetic sample. Therefore, this technique
is indirect and the domain structure itself is infered by theoretical modeling. More-
over, in the case of antiferromagnets, the signal is generated only by uncompensated
magnetic moments, e.g., at interfaces.

In this chapter, we present a simple table-top microscopy technique that is sensitive
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directly to the Néel vector of the compensated collinear antiferromagnet, probes the
full thickness of the magnetic film, and can reach a spatial resolution comparable to
those of XMLD-PEEM or NV-magnetometry. The method is based on a detection of
an anisotropic magneto-Seebeck response generated by a local laser-induced thermal
gradient in the vicinity of inhomogeneous magnetic textures, e.g., domain walls. We
first confirmed that our imaging technique is indeed sensitive to the collinear AF order
by imaging a thin CuMnAs film and comparing the results to images obtained by the es-
tablished XMLD-PEEM technique. Subsequently, we used our magneto-thermoelectric
imaging setup to visualize changes in the domain configuration due to a 90◦ NSOT-
induced switching of the Néel vector in biaxial CuMnAs films. For higher current pulse
amplitudes, we observed a distinct switching mechanism which leads to a shattering
of the originally µm-sized domains into a metastable fragmented state decaying back
into the original domain pattern on macroscopic time-scales. This finding helped to
explain the previously observed decay of large resistive switching signals [227] in terms
of relaxation of the nano-fragmented domain configuration towards the original do-
main pattern, in agreement with the independenly performed imaging via NV-center
magnetometry [226].

All XMLD-PEEM images presented in this chapter were not obtained by the author
of this work and serve only for a comparison to the magneto-thermoelectric imaging
technique. The following experimental results together with additional near-field mea-
surements (not performed by the author of this thesis) are currently submitted for
publication [228].

9.1 The magneto-thermoelectric imaging method and its
verification

We first describe the basic working principle of our newly developed microscopy imag-
ing technique and we verify its sensitivity to the compensated collinear AF order by
comparing its results to XMLD-PEEM images obtained in a thin CuMnAs film. All
experiments were performed at room temperature. The optical setup of our magneto-
thermoelectric microscope is the same as that used to image Mn3Sn domains in the
previous chapter. Therefore, we focus here on explaining the differences between the
two imaging techniques we used for Mn3Sn and CuMnAs.

As mentioned above, the time reversal-odd ANE used in the case of Mn3Sn is not
present in CuMnAs. Here, we are left only with time reversal-even effects, such as
AMR, MO Voigt effect (or XMLD), and anisotropic magneto-Seebeck effect (AMSE).
The latter effect is a thermal counterpart to AMR and XMLD, which have already
successfully been used as probes of the AF order in CuMnAs. The geometry of AMSE
is fundamentally different from that of ANE. While ANE is sensitive to the magneti-
zation (or g-vector) component perpendicular to the plane containing the driving heat
current and the generated electromotive force [see Eq. (8.1)], AMSE is sensitive to
the Néel vector projection onto this plane. Therefore, in a CuMnAs thin film with its
staggered magnetic moments oriented parallel to the film plane, the in-plane thermal
gradients will contribute to the signal, in contrast to the case of ANE in Mn3Sn, where
the perpendicular-to-plane thermal gradient was relevant. The electromotive forces
generated by AMSE in longitudinal (parallel to ∇T ) and transverse (perpendicular to
∇T ) directions follow harmonic dependencies (3.27) on the angle between the directions
of the temperature gradient and the Néel vector (see section 3.2.2).

The temperature gradient is in our case produced locally by a CW laser beam
focused onto the sample surface, as shown in Fig. 9.1(a). We use a near-infrared laser
with a wavelength of 800 nm and power of 1–5 mW focused into a Gaussian spot with
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Figure 9.1: Basic working principle and verification of the imaging method.
(a) Schematic illustration of the magneto-thermoelectric imaging of a collinear antifer-
romagnet. The local laser-induced in-plane thermal gradient generates a global voltage
signal via AMSE when an inhomogeneous AF texture is present (here a 90◦ DW) within
the laser-induced hot-spot. The whole image is assembled from the individual local mea-
surements as the laser beam is scanned over the sample. (b) Optical micrograph of four
5µm wide bars patterned from a 45 nm thick CuMnAs epilayer along the [100], [110],
[010], and [11̄0] crystal axes and (c) comparison of the AMSE and XMLD-PEEM images
obtained in these bars. For the AMSE imaging a laser power of 1 mW was used.

a FWHM of 1.5µm. Due to the radial symmetry of the laser beam, the in-plane heat
gradients are also radially symmetric and within a single magnetic domain the thermo-
voltage generated due to ∇T will be always precisely compensated by an opposite
voltage contribution due to −∇T on the opposite side of the hotspot. Therefore, a net
thermo-voltage can be generated only if there is an inhomogeneous magnetic texture
present within the extension of the thermal gradient. This can be a domain wall, as
depicted in Fig. 9.1(a). Here, a 90◦ DW separates two domains with different Seebeck
coefficients, which is due to their different Néel vector direction with respect to any
given ∇T direction. Since we can only detect the thermo-voltage along the CuMnAs
bar direction, we can simplify the explanation by taking into account only the thermal
gradient components ±∇T along the bar. (Other couples of ±∇T along all other axes
will contribute in proportion to their projection on the bar direction.) If there is a
DW present within the laser-induced hot-spot, ∇T is predominantly generated in one
domain and −∇T in the neighboring domain, with the maximum assymetry for the
laser spot center being just on top of the DW. Due to different Seebeck coefficients,
the oppositely directed voltage contributions from the two domains do not have equal
magnitude and a net thermo-voltage is measured on the device terminals. When the
laser spot is scanned across the DW a characteristic unipolar feature with a shape
following from the laser intensity profile is measured, as shown in the bottom part of
Fig. 9.1(a). For an opposite domain configuration, voltage of opposite polarity would
be measured. Spatially resolved images of the domain pattern are again assembled
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from the individual thermo-voltage measurements for different positions of the laser
spot, as it is scanned over the investigated device. The sensitivity of AMSE microscopy
to domain walls represents another fundamental distinction from the ANE microscopy,
which is sensitive to the homogeneous magnetic texture within domains.

In Fig. 9.1(b), we show an optical micrograph of four 50µm long and 5µm wide bar
devices patterned from a 45 nm thick CuMnAs epitaxial film grown on GaP substrate
[173]. The bars are oriented along the main CuMnAs crystal axes – [100], [110], [010],
and [11̄0]. Maps of the AMSE-generated thermo-voltage VT measured in these four
bars by our laser-scanning technique are compared in Fig. 9.1(c) to XMLD-PEEM
images of the same devices taken with X-ray polarization along [11̄0] crystal axis.
Here, the light (dark) areas correspond to AF domains with the Néel vector pointing
parallel (perpendicular) to the X-ray polarization [173]. Two domain populations with
orthogonal Néel vectors are observed in agreement with the biaxial in-plane magnetic
anisotropy that usually dominates in thicker CuMnAs films. The 90◦ domain walls
separating these orthogonal domains are visualized by the positive (red) or negative
(blue) thermo-voltage signals. Both techniques show analogous structures composed
of µm-sized domains in all four bars. The domain walls are preferentially oriented
along one of the ⟨110⟩ directions, following the in-plane cubic symmetry of CuMnAs.
Therefore, DWs are mostly alligned at 45◦ (90◦) with respect to the voltage detection
direction in [100], [010] ([110], [11̄0])-oriented bars.

The analogous overall structure of the AMSE and XMLD-PEEM images confirms
that the thermo-voltage signal originates predominantly from the CuMnAs antiferro-
magnetic texture and the corresponding anisotropy in the Seebeck response. Quantita-
tive differences between the spatial patterns obtained by the two microscopy techniques
can be explained by their different spatial resolution and probing depth. The lateral
resolution of the XMLD-PEEM in the metallic CuMnAs is ∼ 50 nm while the resolu-
tion of the AMSE-microscopy is given by the lateral extension of the thermal gradient,
which is in our setup generated by a far-field illumination with a 1.5µm wide Gaussian
laser spot. The depth sensitivity of the XMLD-PEEM is limited only to a few-nm thin
surface layer of the sample from which the photo-emited electrons can be detected. On
the other hand, the magneto-thermoelectric technique probes the full thickness of our
45 nm thick CuMnAs film since a large lateral temperature gradient exists throughout
the whole film thickness due to a substantial laser penetration depth and the following
heat dissipation. Finally, we note that in the described experiment, the AMSE imag-
ing was preformed about 10 days after the XMLD-PEEM measurements. Since the
domain structure in CuMnAs is not absolutely rigid at room temperature, this could
also contribute to the observed differences in the obtained images.

9.2 Imaging of a reversible current-induced switching

In previous studies on biaxial CuMnAs films [173, 194] it has been shown that the
current pulse-induced domain pattern variations observed by XMLD-PEEM are ac-
companied by corresponding resistance variations due to AMR and possibly also DW
resistance [227]. In the previous section we correlated the images obtained by our scan-
ning magneto-thermoelectric technique to XMLD-PEEM images. To further evidence
that the detected thermoelectric signal is indeed of magnetic origin, we performed si-
multaneous AMSE imaging and resistance measurements in response to current-pulse
excitations.

In these experiments we used devices in form of a symmetric Hall cross, which allow
measuring of the thermo-voltage responses along two perpendicular directions. The
devices were patterned from nominally the same 45 nm thick CuMnAs/GaP epilayer as
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Figure 9.2: Correlation between domain pattern and resistance variations
due to current-pulse excitation. (a) Electron microscopy image of a 5µm wide
crossbar structure with the measurement geometry. Trains of 6 current pulses of density
|jp| = 9.6×1010 A/m2, 20 ms duration, and either positive or negative polarity are applied
along the vertical channel. Subsequently a longitudinal resistance R∥ is measured in a
4-point geometry and thermoelectric signals along both channels are recorded within
the area enclosed by the yellow dashed line. (b) AMSE maps measured via the vertical
voltage contacts after 7 trains of positive pulses were applied (#10) followed by 10 trains of
negative pulses (#20). (c) AMSE maps obtained by simultaneous detection of the thermo-
voltage ensuing along the horizontal bar. The laser power used for the AMSE imaging
was 5 mW. (d) Corresponding variation of the longitudinal resistance. Red (blue) data
points correspond to measurements after positive (negative) pulse trains were applied.
Inset: Reversible and reproducible resistance variations. Current polarity is switched
after application of 60 individual pulses.

the bars studied in section 9.1. We first show the results obtained in a 5µm wide cross
device. The experimental geometry is depicted in Fig. 9.2(a). The thermo-voltages
along the vertical V V

T = V V
T (+)−V V

T (−) and horizontal V H
T = V H

T (+)−V H
T (−) channel

are simultaneously recorded while the laser spot is scanned over the central crossbar
area, which is enclosed by the yellow dashed line. Trains of 6 electrical current pulses
of magnitude |jp| = 9.6 × 1010 A/m2 and duration τp = 20 ms were sent through the
vertical channel with either positive or negative polarity (red and blue arrows). Figs.
9.2(b) and (c) show the thermo-voltage maps recorded at the vertical and horizontal
contacts, respectively, after a positive pulse train (#10) and negative pulse train (#20)
was applied. The vertical (horizontal) thermoelectric signal is detected only when the
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laser spot illuminates the the vertical (horizontal) bar. The measurements reveal a
complex microscopic domain structure. Closer look at Figs. 9.2(b) and (c) shows that
after the polarity of the current pulses was reversed (cf. #10 and #20), variations
in the thermoelectric signal occur along the entire vertical channel (along which the
current was applied) whereas the signal in the horizontal channel is modified only in
the central cross area where the two channels overlap. This observation is consistent
with the current pulse-induced switching of the microscopic domain structure since the
thermoelectric signal variations are observed only in areas where the current density of
the applied pulse is large enough to induce the switching.

The simultaneously performed electrical resistance measurements are displayed in
Fig. 9.2(d). The resistance R∥ was measured in a 4-point geometry along the vertical
channel immediately after a pulse train was applied. The red (blue) points correspond
to resistance values measured after application of positive (negative) pulses. We observe
that the modifications of the AMSE maps in Figs. 9.2(b) and (c), which are due to the
current pulse-induced domain switching in the current carrying bar, are accompanied
with variations in R∥. The resistance changes reversibly and reproducibly when switch-
ing the current pulse polarity, as shown in the inset of Fig. 9.2(d). This is consistent
with the NSOT switching mechanism that was identified in the previous studies via
XMLD-PEEM [173, 194] using similar current pulse magnitudes. Note, however, that
the observed resistance variation of up to 4% is larger than what is expected from AMR
due to the 90◦ Néel vector reorientation in the domains [173,229]. The resistance signal
therefore contains a significant contribution of distinct origin, which will be discussed
later.

To further evidence the reversible and reproducible domain switching controlled
by the polarity of the current pulse-induced NSOT, we performed additional experi-
ments in a 10µm wide crossbar device. The experimental geometry remains the same
as in Fig. 9.2(a); the only difference is a bit lower current density of the pulses of
|jp| = 8 × 1010 A/m2. We first apply 6 positive current pulses along the vertical bar.
The subsequent AMSE imaging reveals the domain pattern shown in Fig. 9.3(a). We
continue by applying 6 negative pulses, which results in the substantially modified do-
main pattern shown in Fig. 9.3(b). Finally, we send 3 positive pulses, which lead to an
‘intermediate’ state [Fig. 9.3(c)], and another 3 positive pulses almost precisely recover
the original state [cf. Figs. 9.3(d) and (a)]. The observed arc-shaped features located
at the upper or lower entrance of the cross strongly resemble the domain configurations
we studied in chapter 6 in ferromagnetic crossbar structures. There, a DW remained
pinned at the cross-entrance corners and adopted a bubble-like shape in order to min-
imize its energy in the geometrically restricted cross structure. We assume now the
same domain configuration in the CuMnAs cross and perform a numerical simulation
of the resulting thermo-voltage response expected at the vertical and horizontal con-
tacts (the simulation was not performed by the author of this thesis). The simulation
results are shown in Fig. 9.3(e) and compared to the measured data. We observe a
good qualitative agreement between the simulated and measured AMSE maps. Since
the thermo-voltage magnitude scales with the projection of the DW normal on the
detection direction, the central part of the DW is sensed by the vertical contacts while
the DW parts adjacent to the corners are sensed mostly by the horizontal contacts.
Thus, the crossbar geometry provides complementary information via the perpendic-
ular voltage probes and allows for a better reconstruction of the domain pattern. On
the other hand, it also suffers from geometrical artifacts in the vicinity of the corners
as can be seen both in the experiment and simulation – the red/blue spots near the
bottom corners in Figs. 9.3(a) and (e).

In the experiments we have discussed so far, the current-induced NSOT switching
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Figure 9.3: Reversible and reproducible current-induced domain switching.
Maps of the AMSE response detected via vertical (V V

T ) and horizontal (V H
T ) voltage

contacts of a 10µm wide symmetrical crossbar device using a laser power of 5 mW. The
measurement geometry is identical to that used in Fig. 9.2. (a) AMSE scans obtained
after applying 6 positive current pulses of density |jp| = 8×1010 A/m2 and 20 ms duration
along the vertical channel. (b) AMSE maps after applying 6 pulses of the same strength
and negative polarity, (c) after another 3 positive pulses, and (d) after additional 3
positive pulses. (e) Numerical simulation of the AMSE response for the depicted domain
configuration and taking into account the experimental conditions: laser spot FWHM
of 1.5µm, 5 mW laser power (50% absorbed in CuMnAs film), AMSE amplitude ∆S =
4µV/K, and thermal conductivities of 200 (75) W/(K m) for CuMnAs (GaP).

of the Néel vector in µm-sized domains has led to reversible and reproducible changes
in the domain pattern controlled by polarity of the electrical current pulses. In this
case, when sending more pulses of a constant polarity we usually observe an increase of
intensity of the observed features. This might be explained by a growth of the domains
preferred by the Néel spin-orbit field of the current pulse and consequently by a smaller
effect of signal averaging by our micron-size laser spot. After switching the current
polarity, we can reverse the process and finally restore the original domain configuration
(see Figs. 9.2 and 9.3). The situation dramatically changes when applying just a bit
stronger current pulses. In Figs. 9.4(a) and (b) we compare the AMSE maps measured
in a 5µm wide bar before and after application of a current pulse with a magnitude of
|jp| = 1.3 × 1011 A/m2. The pulse causes a substantial decrease of the image contrast
with the main features absent within the bar. We attribute the reduced contrast to
shattering of the originally µm-sized domains to a fragmented multidomain state with
sub-micron feature sizes. Consequently, the thermoelectric signal generated by the
multiple domains present within the extension of the laser-induced thermal gradient
mostly averages out resulting in a smeared image. At both ends of the bar, where it
widens towards the electrical contacts, the original domain pattern remains unaffected
by the current pulse. This is due to the larger cross-section and correspondingly lower
current density, which falls below the threshold for domain shattering. In Figs. 9.4(d)–
(f) we show for comparison XMLD-PEEM images obtained in a similar CuMnAs film
for similar pulse amplitudes. In a virgin state, the crossbar device contains micron-
scale domains [Fig. 9.4(d)] which break into number of tiny domains after application
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Figure 9.4: Current pulse-induced domain shattering. (a) AMSE map of a 5µm
wide bar device obtained prior to any electrical current pulse. (b) After application of
a current pulse of density |jp| = 1.3 × 1011 A/m2 and 2 ms duration the thermoelectric
image contrast almost dissappears. This is attributed to a shattering of the originally
µm-sized domains into a nano-fragmented domain state with domains much smaller than
the spatial resolution of our far-field imaging technique. (c) Domain pattern closely
resembling that of the virgin sample is restored in the image acquired one week after the
current pulse application. All measurements were performed with a laser power of 5 mW.
(d)–(f) XMLD-PEEM images obtained in a similar CuMnAs film prior to any current
pulse (d), just after the pulse of density |jp| = 1.2 × 1011 A/m2 (e), and 4 hours after the
pulse (f).

of a current pulse of |jp| ∼ 1.2 × 1011 A/m2 along the vertical direction [Fig. 9.4(e)].
This is consistent with the AMSE image in Fig. 9.4(b), together with the observation
that the domain fragmentation is most pronounced where the current density is largest,
which is for a crossbar structure in the regions where current enters and exits the cross.
No changes are observed in the horizontal cross entrances where the current density is
low. Formation of the nano-fragmented domain states in CuMnAs has been studied
very recently by simultaneous XMLD-PEEM and NV-center imaging [226, 227] and
associated with pulse-heating of the system close to the Néel temperature. Simultaneous
resistance measurements revealed GMR-level variations of 10–100%, which exceeds by
1–2 orders of magnitude the AMR signals due to the NSOT-induced 90◦ Néel vector
switching in the unshattered micron-size domains [227].

In Fig. 9.4(f) the XMLD-PEEM imaging is repeated after 4 hours from the pulse
application. Slight changes of the domain pattern are observed but without any ob-
vious trend. Our easily accessible table-top microscopy technique allows us to explore
the relaxation of the metastable fragmented states over long time-scales. Fig. 9.4(c)
shows the AMSE map of our bar device after 1 week from the current-induced domain
shattering. Remarkably, a domain pattern with micron-size features very similar to
the original one present prior the pulsing is restored [cf. Figs. 9.4(a) and (c)]. This
observation is in agreement with the recent NV-magnetometry results [226] and points
to the presence of nucleation and pinning centers in the CuMnAs film that define the
equlibrium state towards which the fragmented domain structure relaxes.

Finally, we note that the vanishing AMSE contrast in Fig. 9.4(b) and its re-
appearance in Fig. 9.4(c) gives also an additional confirmation that the thermoelectric
signal we measure indeed mostly originates from the AF texture of CuMnAs. Any
potential non-magnetic contributions from defects would probably not be affected by
the current pulse and, even more importantly, would not re-appear anymore.
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9.3 Magnetic anisotropy evaluation via transverse magneto-
Seebeck effect

In the previous section we studied thicker (45 nm) CuMnAs epilayers which usually
exhibit biaxial magnetic anisotropy. In such case the AMSE signal is mostly generated
in the vicinity of 90◦ domain walls. Due to the imbalance between the electromotive
forces generated by the two adjacent domains with different Seebeck coefficients a net
voltage is detected at the device terminals. The DW presence is required to break the
radial symmetry of the laser-induced thermal gradient, but the net signal is generated
within the domains, i.e., within the micron-size area covered by the laser spot. The
situation is different in the case of 180◦ DWs. There is no imbalance between the
domains with opposite Néel vectors (AMSE is even under spin reversal) and the net
thermoelectric signal is generated only within the thin domain wall, whose Seebeck
coefficient differs from that of both adjacent domains. Consequently, the AMSE signal
due to a 180◦ DW should be much weaker than that produced by a 90◦ DW. Hence,
for imaging uniaxial CuMnAs samples, which contain only 180◦ DWs, using a more
tightly focused scanning hot-spot is highly desired. This was achieved by employing
a scattering-type scanning near-field optical microscope [208, 209] providing a spatial
resolution of the order of ∼ 10 nm. These high-resolution measurements were not
performed by the author of this thesis and can be found in [228]. Here we show that
the low-resolution far-field AMSE imaging can still provide valuable information about
the film’s magnetic anisotropy even when it cannot resolve the individual domain walls.

We utilize the fact that when the laser spot is positioned on the edge of the mag-
netic bar, the induced thermal gradient is not radially symmetric anymore; the heat
flow into the bar is not balanced by the opposite heat flow and a net thermal gradient
perpendicular to the bar direction occurs, as shown in Fig. 9.5(a). In such case a
net thermoelectric signal is generated even by a homogeneous magnetic texture, i.e.,
in a single domain state. Since the voltage detection direction is perpendicular to the
induced temperature gradient, it is only the transverse AMSE which can generate a
measurable signal by deflecting the thermally induced charge flow. Therefore, only
domains whose Néel vector is neither parallel nor perpendicular to the bar edge will
generate the thermoelectric signal and the maximum signals of opposite signs are ob-
tained for the angles of ±45◦ between the Néel vector and the bar edge. Moreover,
since the direction of the temperature gradient reverses when moving the laser spot to
the opposite edge of the bar, signals of opposite sign are expected at the opposite bar
edges, as shown by the orange and green curves in Fig. 9.5(a)]. Presence of a 180◦

DW will appear as a weak feature of opposite sign (due to the 90◦ rotated Néel vector
in the middle of the wall) or only as a local decrease of the signal magnitude due to
spatial averaging of the signal.

In thin CuMnAs films, the EAs may be oriented along [110] and [11̄0] crystal direc-
tions (observed in biaxial layers), or along one of the cubic axes [100] or [010] (observed
in uniaxial layers) [149, 172–174]. In Fig. 9.5(b) we show all qualitatively different
domain configurations that can appear if we restrict the Néel vector orientations to
these crystal axes. Configurations (I) and (III) are found in biaxial samples. In (I)
the transverse AMSE signal is generated from the domains and switches sign at each
90◦ DW. The light green and orange curves show the effect of spatial averaging for a
denser packing of the DWs – the signal would eventually disappear for domains sig-
nificantly smaller than the laser spot. In (III) the signal is generated only from the
DWs resulting in weak isolated features which would average to zero for high density
of DWs. The configurations (II) and (IV) are expected in uniaxial samples. In (II) the
transverse AMSE acts within domains and appears as more or less constant signals of
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Figure 9.5: Transverse magneto-Seebeck effect in uniaxial CuMnAs films.
(a) Schematic illustration of the transverse AMSE that induces opposite thermoelectric
signals (V tr

T ) at the opposite edges of a CuMnAs bar due to the asymmetric in-plane
temperature gradient. The maximum signal is expected for the Néel vector oriented at
±45◦ with respect to the bar edge. (b) Possible magnetic configurations (green domains,
blue DWs) in biaxial and uniaxial CuMnAs films and the expected V tr

T signals along the
opposite bar edges (green and orange curves). The dark-color curves correspond to the
DW spacing in the sketch, the light-color curves show the effect of signal spatial averaging
for a denser packing of DWs. (c) AMSE map measured in a 2.5µm wide bar patterned
from a 20 nm thin CuMnAs film along the [11̄0] crystal direction and (d) AMSE map of
the bar patterned along the [100] direction. Comparison of (b) with (c) and (d) yields
uniaxial magnetic anisotropy with EA either along [100] or [010] direction. The AMSE
imaging was performed with a laser power of 1.4 mW.

opposite sign along the two bar edges. High density of 180◦ DWs would only lead to
a slight decrease of the signal magnitude provided that the domain’s diameter is still
significantly larger than the DW width. Finally, in (IV) the signal is only generated in
the DWs leading again only to weak signals, as in (III).

In Fig. 9.5(c) we show the AMSE scan of a 2.5µm wide bar device patterned from
a 20 nm thin CuMnAs/GaP epilayer along the [11̄0] crystal direction. We observe clear
monopolar features that follow the two bar edges and have opposite signs on the two
sides. The shift of the image colors towards red (blue) close to the left (right) end of
the bar is due to an additional thermoelectric signal that arises from the asymmetric
heat flow along the bar axis close to the bar widening; more heat flows out of the bar
than in, breaking additionally the circular symmetry of temperature gradient. Fig.
9.5(d) shows for comparison the AMSE map obtained in a bar that is 45◦ rotated with
respect to the previous one. Here, no signs of color imbalance between the two bar edges
can be seen. Both observations of Figs. 9.5(c) and (d) can only be explained when
assuming a uniaxial magnetic anisotropy with EA either along [100] or [010] crystal
directions of CuMnAs. This points to configuration (II) for Fig. 9.5(c) and (IV) for
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Fig. 9.5(d). Note that configurations with all Néel vectors rotated by 90◦ would fit
equally well. This ambiguity of the actual orientation of magnetic domains could be
resolved when the sign of the differential Seebeck coefficient ∆S would be known. The
uniaxial anisotropy of the 20 nm thin CuMnAs film from Fig. 9.5 was confirmed by the
high-resolution near-field imaging and the 180◦ DWs were directly observed [228].

Finally, we note that besides the 45 nm thick biaxial CuMnAs film studied in sec-
tions 9.1 and 9.2 we performed the AMSE imaging on devices prepared from several
other wafers with similar film thicknesses. In one of them we observed the same be-
havior as in Fig. 9.5, which indicates uniaxial magnetic anisotropy also in this thicker
CuMnAs layer. Certain indication that the magnetic anisotropy of CuMnAs may not
be governed exclusively by the film thickness was given in a recent comprehensive
magneto-optical study performed in a wide range of CuMnAs films [174]. This study,
however, used a pump-probe MO technique, which gives reliable results only in case
of a very strong magnetic anisotropy, as discussed in [230]. This is usually not the
case in CuMnAs and heating from the strong pump pulse (∼ 100 K temperature rise)
significantly modifies the magnetic anisotropy measured by the delayed probe pulse.
Our method, on the other hand, allows to evaluate the magnetic anisotropy of CuMnAs
films in equilibrium, since the temperature rise due to the CW laser beam si roughly
1 K/mW [228].

9.4 Conclusion

In this chapter, we studied thin epitaxial films of the compensated collinear antiferro-
magnet CuMnAs. This material has many appealing properties that make it interesting
for applications in spintronics. On the other hand, it is very difficult to study since it
produces no magnetic stray fields, it is insensitive to moderate magnetic fields, and,
due to its high symmetry, many of the spintronic effects that are routinely used for
manipulation and detection of ferromagnetic order are forbiden in CuMnAs. We de-
mostrated that spin-caloritronics provides a simple means of imaging of the AF domain
structure of CuMnAs in a table-top experimental setup. We utilized a CW laser fo-
cused onto the surface of a CuMnAs bar device to produce a localized in-plane thermal
gradient. If there is a magnetic domain wall present within the laser-induced hot-spot,
it produces a net voltage on the device terminals via the anisotropic magneto-Seebeck
effect, i.e., due to the varying Seebeck coefficient corresponding to the local Néel vector
orientation. By scanning the laser spot across the device and measuring the ensuing
thermo-voltage in each position, one obtains an image of the magnetic domain pattern.
The AMSE microscopy technique can be applied to any conductive antiferromagnet
with sufficiently strong thermoelectric response. It is not limited to either uncompen-
sated AFs, which still produce detectable magnetic stray fields, or to systems with a
complex symmetry-breaking spin order, such as non-collinear AFs. Since AMSE is even
under spin reversal, it is present also in collinear compensated antiferromagnets.

To confirm that our imaging technique is indeed sensitive to the collinear AF or-
der, we performed the AMSE scanning in a CuMnAs film with a biaxial magnetic
anisotropy and compared our results to images obtained by the established synchrotron-
based XMLD-PEEM technique. Both measurements have shown similar patterns of
micron-size domains with a preferential DW orientation determined by the underlying
CuMnAs square lattice. To evidence further the magnetic origin of the measured ther-
moelectric signal, we performed electrical switching experiments in crossbar devices.
We observed reversible and reproducible changes in the AMSE images accompanied by
corresponding changes in the device resistance in response to electrical current pulses
of ∼ 9×1010 A/m2 magnitude and varying polarity. Analogous correlation between the
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variations in the device resistance and in the domain pattern was previously observed
for similar current magnitudes via XMLD-PEEM [173, 194]. The observed current-
induced magnetic switching is explained in terms of the Néel vector reorientation in
micron-scale domains that is induced by the Néel spin-orbit torque [12] acting on the
staggered magnetic moments. Apart from this mechanism, we observed also a distinct
process. By increasing the current pulse magnitude by ∼ 40 % the AMSE image con-
trast almost completely disappeared. This is ascribed to a shattering of the originally
µm-sized domains into a nano-fragmented domain state [226, 227] with domains much
smaller than the extension of the laser-induced thermal gradient. We were able to
observe also the subsequent relaxation of the fragmented domain state back to micron-
scale domains with a spatial ditribution closely resembling the original one that was
present prior applying the current pulse. This hints to the presence of pinning and
nucleation centers in the AF film that determine the equilibrium domain configuration.

Finally, we have shown that the AMSE imaging can be used to evaluate the magnetic
anisotropy of thin CuMnAs films. We utilized the asymmetric temperature gradient
generated by the laser beam when illuminating the edge of the CuMnAs bar device.
Here, the transverse AMSE produces characteristic constant-signal features of opposite
sign along the opposite bar edges provided that the sample has a uniaxial magnetic
anisotropy with EA making an angle distinct from 0◦ or 90◦ with respect to the bar
direction. We demonstrated this idea on an example of a 20 nm thin CuMnAs/GaP
epilayer where we found a uniaxial anisotropy with EA oriented either along [100] or
[010] crystal axis. The uniaxial anisotropy of this particular film was later confirmed
by high-resolution near-field thermoelectric measurements [228]. The EA orientation
along one of the cubic axes of CuMnAs is in agreement with previous XMLD-PEEM
and MO measurements in uniaxial samples [149,172].
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Conclusion
The aim of this work was to develop methods for an ultrafast manipulation of mag-
netic domains and domain walls and for a detection (imaging) of the resulting magnetic
states. Studying properties of these magnetic textures and their response to various
excitation mechanisms is of great importance not only because they have, in general,
significant influence on the operation of spintronic devices, but also because of the
possible direct utilization of magnetic domains and domain walls as information car-
riers in memory and logic devices. We focused on thin magnetic films, which are of
particular interest for spintronic applications, and on excitation and detection tech-
niques which are, apart from ferromagnets, also applicable to antiferromagnets. Due
to the strong inter-sublattice exchange coupling and the lack of net magnetization,
and the corresponding stray fields, spintronic devices based on AFs promise to reach
orders of magnitude faster operation and higher integration densities than their FM
counterparts. Practical utilization of these appealing properties of AFs have long time
been hindered by the lack of suitable control and detection methods. This is, however,
changing now rapidly and this thesis gives its contribution to these efforts.

The starting point was a construction of a versatile experimental setup combining a
MO pump-probe scheme, which provides subpicosecond temporal and micrometer spa-
tial resolutions for local measurements, and a wide-field MO microscope, which allows
for a real-time imaging of both out-of-plane and in-plane polarized magnetic patterns
via the polar Kerr and Voigt effects, respectively. We demonstrated the Voigt effect-
based MO imaging on FM GaMnAs samples. The wide-field MO microscope proved to
be especially useful for a rapid inspection of spatially inhomogeneous samples, which
can be followed by dynamical pump-probe MO measurements in the preselected sam-
ple parts. In a test GaMnAs sample attached to a piezoelectric transducer, we were
able to visualize the inhomogeneous strain distribution via its effect on the magnetic
domain structure and magnetization dynamics. This ability is especially appealing for
AF spintronics, where the controlled strain application is considered as one of the pos-
sible means of control due to the strong magneto-eleastic coupling in AFs and their
insensitivity to conventional control mechanisms. Since the Voigt effect is even in mag-
netization, it should be, in principle, present also in collinear AFs. Separation of the
weak MO signals from the non-magnetic background is, however, much more difficult
in AFs and our preliminary experiments on MO imaging of the collinear AF CuMnAs
have not been successful yet. Nevertheless, the presented optical setup is very flexi-
ble and, with only minor modifications, it allowed us to apply distinct excitation and
detection techniques and to achieve successful domain imaging in a broad variety of
material systems, namely in FMs and both non-collinear and collinear AFs, including
CuMnAs.

From the ferromagnetic systems, we studied the DMS GaMnAsP. In this mate-
rial, we observed a DW motion driven by femtosecond circularly polarized laser pulses
with the DW propagation direction controlled by the laser helicity. This effect was
attributed to the OSTT from the spin-polarized photo-electrons which tilted the wall
magnetization out of the sample plane, thus driving the whole DW along the magnetic
bar. The main finding of our experiments is the inertial character of the OSTT-induced
DW motion. To proove that, we studied the DW propagation through a cross-shaped
structure where the DW motion was opposed by a restoring force induced by the device
geometry. Taking into account the limited DW propagation velocity, our observation
that the OSTT-driven DW could pass the cross area can only be explained if the DW
moved forward during a significant part of the dark period in between the successive
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laser pulses, i.e., if the DW motion was driven by its inertia. This picture was confirmed
by micromagnetic simulations which revealed the microscopic nature of the inertia be-
ing related to deformation of the DW internal structure.

In chapter 7, we continued in the exploration of ultrafast excitation mechanisms
with the focus on antiferromagnetic materials. Among the control mechanisms appli-
cable to AFs, electrical currents represent the best choice from the application point
of view due to the simplicity and scalability of this approach. For the exploration of
the THz-scale spin dynamics of AFs, the current pulses have to be correspondingly
short. We developed a photoconductive switch based on a vertical GaAs PIN-diode
structure patterned into a Corbino disc, which is capable of generating picosecond cur-
rent pulses. Here, a femtosecond laser pulse absorbed in the intrinsic region of the
diode is converted into an ultrashort photocurrent pulse, which excites a magnetic film
deposited directly on the n-GaAs electrode. We used a 2 nm thin iron film and, to
demonstrate the applicability of the design to the relevant AF materials, also a 50 nm
thick CuMnAs film. The photocurrent pulses were characterized using a double-pulse
correlation technique. Both devices have shown very similar characteristics – a rapid
decrease of the current pulse decay time with an increasing reverse bias and its satura-
tion at ∼ 20 ps for biases larger than ∼ −5 V. The effect of the current pulse-induced
Oersted field on the iron magnetization was utilized to trace the current propagation in
the Corbino device. The current initially flowing vertically in the illuminated region of
the diode enters the Fe/n-GaAs electrode and continues in lateral direction towards the
external contact. The estimated peak current density of ∼ 4 × 1010A/m2 entering the
magnetic film, or even ≳ 1012A/m2 if the pulse was fed into a typical lateral microbar
device, should be sufficient to induce the Néel vector switching in CuMnAs. Moreover,
as indicated by transient reflectivity data and confirmed by numerical simulations, the
initial rapid (≲ 1 ps) onset of the current terminated by the charge screening effects
is associated with even shorter photocurrent pulse and larger current densities. This
initial rapid charge dynamics is, however, not resolved by the correlation measurement
due to a long carrier lifetime in our GaAs diode.

The last two chapters were devoted to the development of easily accessible table-
top imaging techniques applicable to thin AF films. For this purpose we modified the
experimental setup described in chapter 5. The fs-laser beam was replaced by a CW-
laser beam that was used to generate a localized temperature gradient in a magnetic
bar device. The presence of AF domains or domain walls manifests itself via magneto-
thermoelectric effects as a voltage that can be detected on the device terminals. The
domain image was assembled from the individual local thermoelectric measurements
by scanning the focused laser beam over the sample surface. We first presented the
results obtained in the simpler case of a non-collinear AF, Mn3Sn, which still shares
certain properties with FMs. In particular, it can be controlled by moderate mag-
netic fields and its symmetry-breaking structure also allows for a broad spectrum of
readout mechanisms. By studying the magnetic-field and temperature dependence of
the recorded thermovoltage maps and by examining the symmetries of the detected
signal, we confirmed that the measured spatial contrast corresponds to the AF do-
main structure of Mn3Sn that is visualized via anomalous Nernst effect induced by a
perpendicular-to-plane component of the laser-induced temperature gradient. Further-
more, we demonstrated that the same experimental scheme can be used also to write
magnetic domains in the antiferromagnet at room temperature. Increasing the imaging
laser power by a factor of ∼ 5 combined with moderate magnetic fields (±0.5 T) allowed
us to write magnetic patterns ‘at will’, which remained insensitive to magnetic fields
up to 6 T at room temperature and below. Such a combination of easy room temper-
ature writability, robustness against large magnetic fields, and absence of perturbing
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stray fields is particularly interesting for potential high-density non-volatile memory
applications.

Finally, we described our experiments performed in the collinear AF CuMnAs,
whose investigation is much more challenging due to the high material symmetry which
restricts significantly the possible control and detection mechanisms. In particular,
CuMnAs does not respond to moderate magnetic fields and the odd-in-M effects, such
as ANE, are zero by symmetry. To image the CuMnAs domain structure, we em-
ployed the anisotropic magneto-Seebeck effect, which is the thermoelectric counterpart
to AMR and XMLD that were used to study CuMnAs previously. In this case, an
in-plane thermal gradient is needed. However, since the laser-induced temperature
gradient is radially symmetric, an inhomogeneous magnetic texture is required within
the laser-induced hotspot to break the symmetry and generate nonzero thermovolt-
age. Therefore, in CuMnAs we imaged magnetic domain walls instead of domains. To
confirm that our imaging technique is indeed sensitive to the collinear AF order, we
compared our results obtained in biaxial CuMnAs samples to XMLD-PEEM images
with a good qualitative agreement between both techniques. The magnetic origin of
our thermoelectric signal was further evidenced by electrical switching experiments.
We observed reversible and reproducible changes in the AMSE images accompanied
by corresponding changes in the device resistance in response to current pulses of
∼ 9 × 1010 A/m2 magnitude and alternating polarity. These variations were explained
in terms of 90◦ Néel vector reorientation via NSOT in micron-size domains. A slight
increase in the current density resulted in a complete loss of the AMSE image con-
trast. This was attributed to a shattering of the macroscopic domain pattern into a
fragmented state with nano-scale domains, which cannot be resolved by our ∼ 1µm
laser spot. Interestingly, at a time-scale of days, the domain pattern relaxed back to-
wards the original distribution of the micron-size domains present prior application of
the current pulse. This hints to the presence of pinning and nucleation centers in the
AF film that determine the equilibrium domain configuration. Finally, we also demon-
strated that the AMSE imaging can be used for a simple evaluation of the magnetic
anisotropy of CuMnAs films. Uniaxial anisotropy manifests itself via transverse AMSE
as characteristic unipolar signals along the edges of the magnetic bar.

The next step in a future research is, naturally, to combine the developed excitation
and imaging techniques in one experiment and try to image the domain changes induced
in CuMnAs by the ultrashort photocurrent pulses generated in the PIN-diode switch.
Moreover, the current pulse generation by femtosecond laser pulses is naturally com-
patible with time-resolved measurements. A photocurrent-pump/optical-probe mea-
surement is, therefore, an example of a possible future experiment that could shed light
on the time-scales of Néel vector switching process in CuMnAs.
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mobility, stability and Walker breakdown in magnetic nanowires. Europhysics
Letters 78, 57007 (2007).

[90] Thiaville, A., Nakatani, Y., Miltat, J. & Suzuki, Y. Micromagnetic understanding
of current-driven domain wall motion in patterned nanowires. Europhysics Letters
69, 990–996 (2005).

[91] Miltat, J., Albuquerque, G. & Thiaville, A. , in Spin Dynamics in Confined
Magnetic Structures I, edited by B. Hillebrands & K. Ounadjela (Springer, Berlin,
2002), Chap. 1.

[92] Walker, L. R.: unpublished, reported in J. F. Dillon Jr., Domains and Domain
Walls, in Magnetism, Vol. III, edited by G. T. Rado & H. Suhl (Academic Press,
New York, 1963), p. 450–454.

[93] Beach, G. S. D., Tsoi, M. & Erskine, J. L. Current-induced domain wall motion.
Journal of Magnetism and Magnetic Materials 320, 1272–1281 (2008).

[94] Lemerle, S. et al. Domain Wall Creep in an Ising Ultrathin Magnetic Film.
Physical Review Letters 80, 849–852 (1998).

[95] Metaxas, P. J. et al. Creep and Flow Regimes of Magnetic Domain-Wall Motion
in Ultrathin Pt/Co/Pt Films with Perpendicular Anisotropy. Physical Review
Letters 99, 217208 (2007).
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Trojánek, and T. Jungwirth. Enhancement of the spin Hall voltage in a reverse-
biased planar p-n junction. Physical Review B 94, 075306 (2016).

9. V. Saidl, M. Brajer, L. Horák, H. Reichlová, K. Výborný, M. Veis, T. Janda,
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Appendices
A From single electron to solid

The starting point is the hydrogen-like atom [18], i.e., a configuration where a sin-
gle electron moves in the central-symmetric electrical potential of a nucleus having Z
protons and a charge of q = Ze. The stationary electron states are the eigenstates
of Hamiltonian ĤH = − ℏ2

2me
∆ − 1

4πϵ0
Ze2

r having in spherical coordinates the form
ψnlm = Rnl(r)Ylm(θ, φ), where Rnl are central-symmetric functions and Ylm are spher-
ical harmonics specified by the quantum numbers n, l, and m. In central-symmetric
potential l̂ is a constant of motion and Ĥ, l̂2, and l̂z all commute. Consequently, Ylm
are also eigenfunctions of l̂2 and l̂z and we can ascribe each electron state ψnlm a spe-
cific value of the orbital angular momentum: l̂2 = ℏ2l(l + 1) with l = 0, 1, ..., n − 1,
and l̂z = ℏm with m = 0,±1, ...,±l. Here we have chosen z-axis as the quantization
direction. The principal quantum number n ∈ N specifies the energy En = −1RyZ2

n2 ,
where 1Ry ≈ 13.6 eV. Each state ψnlm has a specific spatial distribution of electronic
charge ρ(r) = e|ψnlm(r)|2, known as an orbital. The orbitals are named as nxm, where
x = s, p, d, f stands for l = 0, 1, 2, 3. At the energy level n there are n2 orbitals and
each orbital can accomodate two electrons with opposite spin. This additional degree
of freedom is described by fourth quantum number ms = ±1/2.

The situation in real atoms with many electrons is considerably more complicated.
Despite the large number of electrons the total atomic magnetic moments are of similar
size as that of a single electron. This can be roughly understood in terms of energy
minimization when filling the single-electron states described above. Filling only the
states with one particular spin orientation would require occupying higher energy levels
to accomodate all electrons.

The single-electron states are no longer the eigenstates of many-electron atom.
We have to take into account the additional Coulomb repulsion between the electrons
[19]. The Hamiltonian becomes Ĥ0 =

∑︁
i ĤHi +

∑︁
i<j e

2/4πϵ0|ri − rj |, where the
first sum represents the kinetic and potential energy of each individual electron in the
central potential of the nucleus and the second sum accounts for all the electron-electron
Coulomb interactions. Such system is too complex to solve analytically. Instead, an
approximation is used in which each electron is assumed to move in a central potential
created by the nucleus and the other electrons. The total wavefunction of the system is
constructed from the single-electron functions which are varied in an iterative process in
order to minimize the energy of the system. This is known as the Hartree-Fock method.
The potentials experienced by electrons are not simple Coulomb wells anymore and,
consequently, the degeneracy of energy of the states with the same principal quantum
number n but different orbital number l is lifted.

The central-symmetric potential considered above is only an approximation. The
residual angular part of the Coulomb interaction between the electrons leads to the
coupling of all individual orbital and spin angular momenta giving rise to the total
orbital and spin angular momenta L̂ =

∑︁
l̂i and Ŝ =

∑︁
ŝi where only the partially

filled electron shells contribute [19]. Consequently, the states available for given n and
l group to several terms XJ (X = S, P,D, F for L = 0, 1, 2, 3) described by the new
quantum numbers L and S (mL =

∑︁
mli = −L,−L + 1, ..., L and mS =

∑︁
msi =

−S,−S + 1, ..., S). The energy splitting between the terms is of the order of 1 eV.
Adding the spin-orbit coupling ĤSO ∼ L̂ · Ŝ between the total spin and orbital

angular momenta then splits the terms into multiplets 2S+1XJ [19] described also by
the additional quantum number J of total angular momentum Ĵ = L̂ + Ŝ, where
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|L − S| ≤ J ≤ L + S. The SOC-induced energy splitting ∆ESO ≲ 0.1 eV for most of
the 3d ions. The lowest-energy multiplet is determined by Hund’s rules. For example,
for manganese, which is present in several materials studied in this thesis, the ground
state of Mn2+ ion is 6S5/2 with the corresponding magnetic moment of 5µB.

The final step is to bring the atoms together to create a solid where the atomic
states are influenced by the electrostatic interaction with the neighboring atoms. The
effect of the surrounding charge is described by the crystal-field potential φCF (r) acting
on the electronic charge distribution ρ0(r) of the magnetic atom with the interaction
Hamiltonian ĤCF =

∫︁
ρ0(r)φCF (r)d3r [19]. Obviously, the crystal field has the largest

effect on the surface electron shells which are directly exposed to the surrounding
charge. If these outer electrons are responsible for the atomic magnetic moments,
as it is in the case of 3d transition-metal elements, the character of magnetism can
be very different depending on the crystal environment. In this case the crystal-field
effect is stronger than the spin-orbit coupling and has to be taken into account first.
The description of magnetism then depends on whether the electrons responsible for
magnetic moments are localized or delocalized. The former is the case for the insulating
ionic compounds such as Fe2O3 whereas the latter applies for metals.

In conclusion, the additional interactions lead to an intraatomic coupling of elec-
tronic angular momenta and the total atomic magnetic moments are described by
quantum numbers J,mJ . In magnetic metals the magnetic moments are carried by de-
localized electrons. In magnetism we are concerned with the energy scales comparable
to the thermal energy. At ambient temperature (kBT ≈ 25 meV) electrons usually oc-
cupy only the ground state of Ĥ0+ĤCF and its sublevels resulting from the interactions
with electric (ĤSO) and magnetic (ĤZ) fields, which produce a splitting ∆E ≲ 0.1 eV.

B STT at a normal-metal/ferromagnet interface [35, 61,
62]

The conduction electron incident on the NM/FM interface has the Fermi kinetic energy
EF = ℏ2k2

F /2me where the wavevector consists of a longitudinal and a perpendicular
component, k = (kx, q). At the interface there is a spin-dependent potential energy step
[see Fig. 2.3(a)] given by the exchange splitting ∆Ex in the FM where the wavevectors
(kinetic energies) become also spin-dependent, k↑

F > k↓
F . The quantization axis is given

by the direction of M , here chosen along z. The free-electron wavefunction for the
incident, reflected, and transmitted electron can be expressed as a linear combination
of the FM eigenstates of (1.10) form

ψi = (cos θ2e
−iϕ/2|↑⟩ + sin θ

2e
iϕ/2|↓⟩)eikxxeiq·R,

ψr = (cos θ2e
−iϕ/2R↑|↑⟩ + sin θ

2e
iϕ/2R↓|↓⟩)e−ikxxeiq·R,

ψt = (cos θ2e
−iϕ/2T↑e

ik↑
xx|↑⟩ + sin θ

2e
iϕ/2T↓e

ik↓
xx|↓⟩)eiq·R,

(B.1)

where θ and ϕ are the polar and azimuthal angles defining the incident spin orientation
and R is the perpendicular position vector, r = (x,R). R↑ (T↑) and R↓ (T↓) are the
reflection (transmission) amplitudes for the majority and minority electrons, respec-
tively. These coeficients are given by the matching conditions for the wavefunctions
and their derivatives at the interface (x = 0)

Tσ(q) = 2kx(q)
kx(q) + kσx(q) Rσ(q) = kx(q) − kσx(q)

kx(q) + kσx(q) , (B.2)
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where σ is ↑ or ↓, kx(q) =
√︂
k2
F − q2 is real, and kσx(q) =

√︂
(kσF )2 − q2 becomes imagi-

nary for q2 > (kσF )2. The reflection and transmission probabilities

T σ(q) = kσx(q)
kx(q) |Tσ(q)|2 Rσ(q) = |Rσ(q)|2 (B.3)

satisfy T σ(q) + Rσ(q) = 1. Finally, inserting (B.1) into (2.8) yields the incident, re-
flected, and transmitted spin current densities

Qi
x = ℏ2kx

2me

⎛⎜⎝ sin θ cosϕ
sin θ sinϕ

cos θ

⎞⎟⎠ Qr
x = −ℏ2|kx|

2me

⎛⎜⎝
1
2 sin θRe(R∗

↑R↓e
iϕ)

1
2 sin θ Im(R∗

↑R↓e
iϕ)

cos2 θ
2 |R↑|2 − sin2 θ

2 |R↓|2

⎞⎟⎠

Qt
x = ℏ2

2me

⎛⎜⎜⎝
k↑

x+k↓
x

4 sin θRe(T ∗
↑ T↓e

iϕei∆kx)
k↑

x+k↓
x

4 sin θ Im(T ∗
↑ T↓e

iϕei∆kx)
k↑
x cos2 θ

2 |T↑|2 − k↓
x sin2 θ

2 |T↓|2

⎞⎟⎟⎠ ,
(B.4)

where ∆k = k↓
x−k↑

x. The spin currents flow perpendicular to the NM/FM interface and
represent the directions of the itinerant electron spin before and after the interaction
with magnetization. Using (B.3) one can easily show that Qizx + Qrzx − Qtzx = 0, i.e.,
there is no torque associated with the spin-component parallel to M . The torque from
the transverse (Qx ⊥ M) spin-component is generally nonzero.

C Derivation of current-induced STTs on magnetization

The starting point is the spin continuity equation for the itinerant electron spin density
s [61, 103]

∂s

∂t
+ ∇ · Q = − 1

τexMs
s × M − δs

τsf
, (C.1)

where τex = ℏ/SJex, S being the dimensionless spin of the d-electrons and Jex the
exchange constant. s, M , Q, and δs are in general spatially and time-dependent. The
left-hand side of the equation resembles the well-known particle (charge) continuity
equation which is in the case of spin augmented by the two terms on the right-hand
side. These correspond to the exchange torque from the inhomogeneous magnetization
and to the spin decay which is described in the relaxation time approximation with τsf
being the spin-flip relaxation time [103].

The itinerant spin density can be separated into two terms [103]

s(r, t) = s0(r, t) + δs(r, t) = n0
M(r, t)
Ms

+ δs(r, t), (C.2)

where n0 is the local equilibrium spin density which points parallel to the magnetiza-
tion. The first term represents the adiabatic spin density which instantaneously follows
the local magnetization. It is reasonable to assume that this contribution describes
approximately the itinerant spin dynamics. Since the magnetization dynamics is slow
compared to that of the conduction electron spins, these can adiabatically adjust to
the magnetization. The second term represents the deviation from the adiabatic spin
dynamics.

In similar sense one can separate also the spin current density [103]

Q(r, t) = Q0(r, t) + δQ(r, t) = −µBP

e
j ⊗ M(r, t)

Ms
+ δQ(r, t), (C.3)
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where the dimensionless P = (σ↑−σ↓)/(σ↑+σ↓) describes the degree of the spin current
polarization [231] (σ↑,↓ being the spin-dependent conductivity) and j is the charge
current density. The first term corresponds to the current spin-polarized along the local
magnetization. The nonequilibrium contribution is, within the semiclassical transport
theory, generated by a diffusion of the nonequilibrium spin density, δQ = −D0∇δs,
where D0 is the diffusion constant [103]. For smoothly varying magnetization textures
(wide enough DWs) this term can be neglected. Since we only consider the linear
response of δs to j and ∂M/∂t we also neglect ∂δs/∂t which is already of higher
order [103].

Inserting (C.2) and (C.3) into (C.1) allows, after a straightforward algebra, to ex-
press the nonequilibrium spin density induced by the electrical current j and the mag-
netization change ∂M/∂t

δs = τex
1 + β2

[︃
−βn0
Ms

∂M

∂t
− n0
M2
s

M × ∂M

∂t
+ µBPβ

eMs
(j · ∇)M + µBP

eM2
s

M × (j · ∇)M
]︃
,

(C.4)

where β = τex/τsf . As is obvious, the nonequilibrium spin density is generated by
both the spatial and temporal variation of the magnetization. The nonequilibrium spin
density δs, which is misaligned with the magnetization, in turn exerts an exchange
torque on M , T = −(1/τexMs)M × δs. Using the expression (C.4) this yields the
torque which has to be added on the right-hand side of the LLG equation (2.4).1 The
two terms proportional to ∂M/∂t can be merged with the damping term in the LLG
equation and with the term on the left-hand side of the LLG equation. This leads
to a renormalization of the gyromagnetic ratio γ = gLµB/ℏ and the Gilbert damping
constant α in (2.4). We can finally write the LLG equation including the current-
induced torques as [90,103]

∂M

∂t
= −γ∗µ0M × Heff + α∗

Ms
M × ∂M

∂t
+ bj(ej · ∇)M − cj

Ms
M × (ej · ∇)M , (C.5)

where ej ≡ j/|j| and the renormalized parameters are γ∗ = γ/(1 + η) and α∗ =
(α + βη)/(1 + η) with η = n0/[Ms(1 + β2)]. The amplitudes of the current-induced
torques, bj = gLPjµB/[2eMs(1 + β2)(1 + η)] and cj = βbj , have the units of velocity.

D Magnetic anisotropy of the studied Fe/GaAs epilayer

Magnetization in our thin (2 nm ≈ 14 ML) iron film grown on GaAs(001) lies in the
sample plane because of the strong (≈ 2 T) demagnetizing field. The in-plane magnetic
anisotropy of the film was characterized by a SQUID magnetometer. The M(H) de-
pendencies measured along three different crystallographic directions are shown in Fig.
D.1(a). By fitting the data to the theoretical expressions given in [232] we identified an
uniaxial anisotropy component with easy axis (EA) along [110] direction and anisotropy
field of µ0Hu = −13 ± 3 mT and a cubic component with EAs along [100] and [010] di-
rections and anisotropy field of µ0Hc = 30±6 mT. This is quite unusual as in very thin
films (≲ 25 ML) usually the uniaxial anisotropy dominates [28]. A possible explanation
is the influence of interfaces. It is known that the cubic anisotropy has both surface
and volume contributions while the uniaxial one originates purely from the interfaces
(both Fe/GaAs and Fe/cap). The surface anisotropies are very sensitive to the surface

1In the two terms which are not proportional to β we utilize the fact that the magnetization has a
constant magnitude and, therefore, any change of M is perpendicular to M , which implies M × (M ×
dM/dt) = −M2

s dM/dt and M × [M × (ej · ∇)M ] = −M2
s (ej · ∇)M .
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eff
a

s

Figure D.1: Magnetic characterization of the Fe/GaAs epilayer. (a) Magneti-
zation components along different crystallographic directions measured by SQUID mag-
netometry. EA position close to [010] axis indicates a strong cubic contribution to the
magnetic anisotropy. (b) Magnetization precession frequency measured as a function of
the magnetic field strength in a pump-probe MO experiment (points). Fit (curve) by
formula (D.2) yields magnetic parameter values typical for iron.

quality, termination of the substrate, material of the capping layer or possible mixing
of iron with these materials at the interfaces. These surface effects become increasingly
important with decreasing thickness of the iron layer and can significantly modify the
overall magnetic anisotropy in very thin films.

In an independent magneto-optical pump-probe experiment we measured the mag-
netization precession frequency as a function of the external magnetic field applied
along [1̄10] direction. For fields larger than ≈ 150 mT, the magnetization points in the
field direction and the precessional frequency follows the Kittel formula [42]

f = gLµBµ0
h

√︂
(Hext +M eff

s +Hc + 2Hu)(Hext − 2Hc + 2Hu), (D.1)

where Hext is the magnitude of the external magnetic field and Hc and Hu are the
anisotropy fields corresponding to the in-plane cubic and uniaxial contributions, respec-
tively. M eff

s = Ms − 2Hout contains the contributions from the shape anisotropy (de-
magnetizing field) and the out-of-plane uniaxial anisotropy. While in the first bracket
the material anisotropy fields do not play an important role (it is dominated by the
demagnetizing field µ0Ms ≈ 2 T), in the second bracket Hc and Hu have a significant
influence. Therefore, we define the effective anisotropy field Heff

a = Hc − Hu and the
fitting formula reduces to

f = gLµBµ0
h

√︂
(Hext +M eff

s +Heff
a + 3Hu)(Hext − 2Heff

a ). (D.2)

Because the fitting procedure is almost insensitive to the precise value of Hu in the first
bracket we set µ0Hu = −13 mT, as measured by SQUID. The fitted MO data are shown
in Fig. D.1(b) together with the determined parameters. The g-factor of 2.1 exactly
fits the values reported in literature for iron [233] confirming that the oscillatory MO
signal, we measure, corresponds to the precession of iron magnetization. The effective
anisotropy field µ0H

eff
a = 36 ± 4 mT also corresponds very well to the value obtained

by SQUID (µ0Hc−µ0Hu = 43±9 mT). Finally, the value of the effective magnetization
M eff
s = Ms − 2Hout = 1.67 ± 0.25 T for the typical value of Hout = 235 mT [28] gives

µ0Ms = 2.14 T which exactly fits the saturation magnetization of bulk iron [28].
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E The effect of strain on the magnetic energy density of
(Ga,Mn)As

As mentioned in section 4.1, the in-plane magnetic anisotropy of a bare (Ga,Mn)As
epilayer grown on a GaAs substrate consists of two contributions - cubic and uniaxial
- whose competition results in two EAs inclining towards the [1̄10] crystallographic
direction with increasing Mn content and temperature [25, 41]. In the presence of an
externally applied uniaxial strain, the sample magnetic anisotropy is modified by an
additional uniaxial contribution [27]. Within the single-domain Stoner-Wolfarth model
(see section 2.2.1) the magnetization switching takes place when the energy barrier
between two neighboring energy minima disappears due to the applied magnetic field.
The total magnetic energy density has the following dependence [27,29] on the in-plane
magnetization direction ϕ:

ϵtot = µ0Ms

2

[︃
Hc

4 sin2 2ϕ− Hu

2 (1 − sin 2ϕ) −HS cos2(ϕ− δ) −HEXT cos(ϕ− ϕH)
]︃
.

(E.1)

Here Ms is the saturation magnetization, Hc, Hu, and HS are the effective anisotropy
fields arising from the cubic, uniaxial, and strain-induced contributions to the total
magnetic anisotropy, respectively, and HEXT is the external magnetic field magnitude.
Angle ϕH denotes the magnetic field direction, and δ is the angle at which the strain-
induced energy minimum is located (all angles are measured with respect to the [100]
in-plane crystallographic direction). In the case of strain applied along one of the main
crystal axes ([100], [010], [110], and [1̄10]), the respective easy direction δ coincides with
the strain direction. However, this does not have to be the case for a strain applied in
a general direction [27] and, therefore, we treat δ as an unknown parameter.

Our test Ga1−xMnxAs/GaAs/PZT stack contains a 20 nm thick epilayer with x ≈
0.038, where µ0Hc = 47 mT and µ0Hu = 28 mT [41]. Fig. E.1(a) shows the angular
dependence of the resulting magnetic anisotropy that can be characterized by four easy
directions: “3” (ϕ = 108◦), “2” (ϕ = 161◦), “1” (ϕ = 288◦), and “4” (ϕ = 341◦).
If the external magnetic field HEXT is applied close to one of the easy directions
(in our case, ϕH = 112◦ is close to the direction “3” located at 108◦), the magnetic
anisotropy will change with HEXT , as depicted in Fig. E.1(b). In particular, if the
magnetization is rotated to the easy direction “3” by an application of large positive
HEXT , it will remain in this state until sufficiently strong HEXT of opposite polarity is
applied, when the magnetization switching to the opposite magnetic state “1” occurs.
We note that the simple Stoner-Wolfarth model of magnetization switching does not
take into account the presence of defects which can serve as low-energy nucleation
centers for the magnetization reversal process (see section 2.2.2). Once the reversed
domain is nucleated, the switching process can continue via a DW motion that will
decrease the value of HEXT required to achieve the magnetization switching.

In the presence of a mechanical strain - induced, e.g., by a piezo-electric transducer
- the magnetic field-induced magnetization switching can be considerably different.
In Fig. E.1(c), we show how the energy density profile of the magnetic anisotropy
around the easy direction “3” changes with the direction δ of the strain-induced uniaxial
anisotropy (with a magnitude µ0HS = 8 mT). In Fig. E.1(d), we demonstrate that for
δ = 180◦, for example, the switching from state “3” can occur even before the polarity of
HEXT is changed, which is consistent with the experimental data shown in Fig. 5.5(a).
However, as there exist several possible combinations of HS and δ that predict a rather
similar behavior with HEXT , Fig. E.1(d) should be regarded solely as a qualitative
explanation of the data in Fig. 5.5(a).
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Figure E.1: Magnetic energy density in unstrained and strained (Ga,Mn)As
sample. (a) Angular dependence of cubic (ϵc), uniaxial (ϵu), and total (ϵc +ϵu) magnetic
anisotropy energy density in a bare (unstrained) Ga1−xMnxAs epilayer with x ≈ 0.038,
where µ0Hc = 47 mT and µ0Hu = 28 mT. The positions of the easy directions 1–4 shown
in Fig. 5.4(a) are depicted by vertical arrows. (b) Change of the magnetic anisotropy
shown in (a) by HEXT applied in the direction depicted by a vertical dashed line both
for positive (ϕH = 112◦) and negative (ϕH = 292◦) fields. (c) Modification of the
magnetic anisotropy around easy direction “3” by the strain-induced uniaxial anisotropy
of µ0HS = 8 mT pointing in different directions δ. (d) Same as (b) for the case when the
strain-induced anisotropy with µ0HS = 8 mT and δ = 180◦ is also included.

F Elastic DW expansion, geometrical pinning, and Hall
detection of a DW position

Bubble model of DW propagation. In the following we introduce a simpli-
fied model of DW propagation in geometrically restricted structures fabricated from
perpendicular-to-plane magnetized FM thin films. This model, described in [132], con-
tains several approximations. First, we neglect the magnetic charges resulting from the
curvature of the domain wall, which is well justified if the radius r of the DW curva-
ture is much larger than the DW width δDW . This is safely fulfilled in our case since
r ≳ 1µm and δDW ∼ 10 nm. Second, we do not take into account inhomogeneities of
the demagnetizing field. These appear inside the DW and in close proximity of the
structure edges (at distances of the order of the film thickness). As shown in [132]
the effects on DW structure and total magnetic energy density are small and should
not influence significantly the DW pinning at the cross-entrance corners. Third, we
neglect the DW ‘friction’ due to the edge rouhness of the patterned structure. Finally,
we assume uniform distribution of structural defects, inhomogeneities, etc. in the mag-
netic film, whose effect on the DW propagation can be described by a coercive intrinsic
propagation field HPR which is considered to be everywhere the same.

171



Under the above assumptions, the DW shape and propagation is given only by
competition of the DW energy EDW = σDW tl and the Zeeman energy of the reversed
domain in the applied magnetic field HA, EZ = −µ0MsHAtS. Here, σDW = π

√
AKu

is the DW energy per unit area (see section 1.4.1) with A being the exchange stiffness
and Ku the effective out-of-plane anisotropy constant, t is the magnetic layer thickness,
l is the DW length, and S is the area of the reversed domain. This DW propagation
model is also known as the bubble model since it represents an exact analogy, in 2D,
to a 3D soap bubble, where it is the internal air pressure (analog of the magnetic field
strength) competing with the surface tension of the bubble (analog of the DW areal
energy density). This competition results in spherical shape of the bubble and, in
the 2D case, in circular shape of the magnetic domain. In other words, for a given air
volume (domain area), i.e., for a given pressure (Zeeman energy) a boundary of spherical
(circular) shape has the minimum area (length) and, consequently, the minimum energy.

Let’s first consider an infinite magnetic film where a circular domain of radius r
expands due to the applied magnetic field. If the DW moves by dq (here q = r)
the Zeeman energy decreases by −dEZ = µ0MsHAt(∂S/∂q)dq and the wall energy
increases by dEDW = σDW t(∂l/∂q)dq. In equilibrium

dEtot
dq = σDW t

dl
dq − µ0MsHAt

dS
dq = 2πrtµ0Ms(HR −HA) = 0, (F.1)

which gives a relation between the applied field and the corresponding stable domain
size. The applied field is opposed by a virtual restoring field HR originating from the
‘bubble’ surface tension, HR = σDW /(rµ0Ms).

Now we take into account the geometrical restrictions in our symmetrical crossbar
device of width w. DW nucleated in a straight bar is straight and perpendicular to
the bar edges [position A in Fig. F.1(a)]. When an out-of-plane magnetic field HA

is applied in a direction that favours the left domain, the DW will move to right for
HA > HPR until it reaches the cross entrance (position B). In order to propagate
further the DW has to increase its length which is accompanied by energy increase.
As HA is increased, the DW stays pinned at the cross-entrance corners and bends into
the cross keeping a shape of a circle arc with decreasing radius. The Zeeman energy
gain by enlarging the left domain is smaller than the energy cost of the stretched DW,
which results in a virtual restoring field HR opposing the DW expansion.

Due to the simple circular shape of the DW, its position in the structure can be
described by a single coordinate q - position of the DW center (intersection of the
DW and the bar axis). Propagation of the real arc-shaped DW in the 2D structure
in the field HA is thus effectively reduced to a 1D problem of a virtual straight DW
with a position corresponding to the center of the real wall and propagating in the
total field HA − HR. Between the positions B and C in Fig. F.1(a) the DW length is
expressed as l = 2r arcsin(w/2r). The area of the reversed magnetization left from the
DW (hatched) is given as S = r2[arcsin(w/2r) − (w/2r)

√︁
1 − (w/2r)2]. The radius r

decreases from ∞ to w/2 as the DW moves from q = −w/2 (position B) to q = 0 (C),
where q is measured from the cross center and its relation to r is given by

q = r − w/2 −
√︂
r2 − (w/2)2. (F.2)

The equilibrium position of the wall for a given applied field is again given by the
condition dEtot/dq = 0 which yields

(σDW − µ0MsH
eq
A r)t

2
√︁
r2 − (w/2)2 arcsin(w/2r) − w√︁

r2 − (w/2)2 − r
= 0. (F.3)
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In equilibrium the external magnetic field Heq
A is exactly balanced by the restoring field

HR , i.e., from the first bracket of Eq. (F.3) we get

HR = Heq
A = σDW

µ0Msr
. (F.4)

This together with the relation (F.2) gives the dependence of the restoring field on the
DW position q in the cross between the points B and C which is plot in Fig. F.1(b). The
restoring field reaches its maximum Hmax

R = σDW /Msw in position C, when the DW
center reaches center of the cross with the curvature diameter equal to the bar width.
Beyond this point the cross-entrance corners do not influence the DW propagation any
more and the domain expands further as in an infinite film (keeping a semi-circular
shape) until it reaches the output corners of the cross (position D). In this region HR

follows the same dependence as that deduced from Eq. (F.1) which expressed by the
coordinate q of the cross reads

HR = σDW
µ0Ms(q + w/2) . (F.5)

When reaching the output corners the DW can minimize its energy by splitting to
three DWs in the individual output arms of the cross with each DW straight and
perpendicular to the local bar axis. Further propagation of the DWs is again free in
the output arms opposed only by the propagation field HPR.

AHE detection of magnetic configurations. The anomalous Hall effect is sensi-
tive to the perpendicular-to-plane component of magnetization in the cross area. For
the opposite saturated magnetic states it gives a voltage of the same magnitude and op-
posite sign. When a DW is present in the cross, the measured Hall voltage lies between
these two extreme values. From the bubble model we know how the DW propagates
through the cross structure, i.e., for each position q we know the corresponding magne-
tization distribution M(x, y) within the cross area and we can calculate the Hall voltage
generated by such configuration at the transverse contacts. The resulting dependence
VH(q) can be used, in the opposite way, to deduce the magnetization configuration
(DW position) in the cross from the measured Hall voltage.

Wall-Position Wall-Position

)2

2

Figure F.1: Bubble-like DW propagation in crossbar structure. (a) Several
consecutive positions of a DW during its propagation through a symmetric Hall cross and
(b) the corresponding virtual restoring field HR originating from the DW surface energy
opposing the DW propagation. The wall remains pinned at the cross-entrance corners
until its center reaches the cross center. At this point HR reaches its maximum and the
DW is released. The figure is reproduced from [132].
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In a simplified model where the current density is uniform and restricted only to
one of the bars, the device would be sensitive only to the magnetization in the central
cross area with each point of the central square contributing equally to the overall Hall
voltage. This is not the case in reality, since the current density is nonuniform and is not
restricted only to the current-carrying bar but it enters also the transverse arms of the
cross. Consequently, not only the central square but also the arms contribute to the Hall
voltage and the contributions from different places in the cross structure to the overall
Hall signal are not equal. One can find a sensitivity distribution function [132, 234]
which relates the magnetization in a given point (x, y) to the Hall signal. This function
is plot in Fig. F.2(a) for a symmetrical cross. The maximum sensitivity is obtained in
the central area of the cross and is quite uniform.

Combining the sensitivity distribution function with the magnetization distribution
M(x, y) and integrating over the whole cross structure gives the Hall voltage [132].

Wall-Position

0

0.5

1

(a) (b)

(c)

Figure F.2: Sensitivity distribution function and AHE response to a DW prop-
agating through a Hall cross. (a) Sensitivity distribution function of a symmetrical
Hall cross. In oder to emphasize the structure of the sensitivity function the gray scale is
chosen such that both the maximum and minimum values are white and the middle value
of 0.5 corresponds to black. The maximum value is obtained in the cross center. (b)
Several consecutive positions of a DW during its propagation through the cross structure
and (c) the corresponding normalized Hall signal obtained as an integral of the sensitivity
distribution from (a) combined with the magnetization distribution from (b). The bubble
model is able to describe the DW propagation up to the stage ‘e’. Beyond this point the
DW splits into three individual straight DWs in the output arms (see the inset) with the
Hall signal given by the dashed line. The figure is reproduced from [132].
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Figs. F.2(b) and (c) show several consecutive positions of a DW propagating through
a crossbar device and the corresponding normalized Hall signal. The onset of the Hall
signal (0–0.15) corresponds to the DW propagation in the input arm of the cross. The
largest sensitivity to the DW displacement is obtained in the central square of the
cross (between configurations ‘b’ and ‘e’). The bubble model is unable to describe the
DW transformation between the stage ‘e’ and the final configuration with the three
individual straight DWs in the output arms (see the inset sketch) which corresponds
to the final part of the signal (0.85–1, dashed line).
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