Abstract: This doctoral thesis is dedicated to the study of magnetization dynamics in
ferromagnetic semiconductor (Ga,Mn)As using magneto-optical (MO) spectroscopy methods.
The character of the magnetization dynamics after the impact of the laser pulse was
investigated under different experimental conditions in an extensive set of optimized
(Ga,Mn)As samples with Mn doping ranging from 1.5% to 14%. The thorough analysis of the
measured MO signal enabled us to develop a new method that can be used to determine the
laser pulse-induced real-space magnetization trajectory without any numerical modelling.
Moreover, the investigation of the measured MO signals allowed us to determine the basic
micromagnetic properties of (Ga,Mn)As, such as the magnetic anisotropy, the Gilbert
damping or the spin stiffness. In addition to this, we found out that the light-induced
magnetization precession can be caused by three distinct mechanisms - the sample heating
due to the energy transfer from the laser pulses, the angular momentum transfer from the
circularly polarized photons, and the influence of the non-equilibrium hole polarization
induced by the relativistic spin-orbit interaction. The first of these mechanisms is rather well
known but the two remaining ones, which are the optical analogues of the spin-transfer torque
and the spin-orbit torque, were not reported in the literature so far.
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PREFACE
Over the past few years, there has been a considerable interest and progress in investigation
and understanding of the spin-related phenomena. The majority of the research was focused
on the spin states and dynamics in magnetic metals and it led to a development of devices
with improved or completely new functionalities, which are typically based on the giant
magnetoresistance (GMR) or similar effects. These effects are used in devices such as hard
disc read heads, non-volatile memory chips or in magnetometers. However, the discovery of
the magnetic order in semiconductors has opened a new perspective for the spin-based
electronics (spintronics). For example, the incorporation of Mn ions into the conventional
GaAs semiconductor showed unprecedented features of magnetism in (Ga,Mn)As, where the
Mn atoms act as localized magnetic moments on one hand, and introduce free holes into the
system on the other hand. The high concentrations of holes give rise to a strong, so called
carrier-mediated, ferromagnetic order between the Mn spins, enabling the direct control of
magnetism by external means (optically, by electrical field, etc.). A part of (Ga,Mn)As
research is also devoted to fast manipulation of the magnetic order by ultrashort laser pulses
as it is a challenging topic with potential impact on the time scale of information manipulation
and processing.
This thesis is dedicated to the study of magnetization dynamics after the impact of the
ultrashort (femtosecond) laser pulse on (Ga,Mn)As by means of the time-resolved magnetooptical (MO) spectroscopy. The analysis of the MO signals enabled investigation of the basic
micromagnetic material properties, such as the magnetic anisotropy, Gilbert damping
parameter, or the spin stiffness. Moreover, the MO spectroscopy served us as a very useful
tool for revealing some of the predicted, yet experimentally unobserved physical phenomena.
The time-integrated MO spectroscopy was utilized in order to investigate the electronic
structure, thus the origin of the magnetic interactions in (Ga,Mn)As. This thesis can be
considered as experimental but it is also supplemented with some simple calculations that
were beneficial for the interpretation of the experimental results. The overwhelming part of
the experiments was performed in the laser laboratory of the Department of Quantum Optics
and Optoelectronics at Charles University in Prague and the smaller part in the Department of
Physics at University at Buffalo.
I have taken advantage of the possibility to write my thesis in the form of commented set of
published or submitted articles. I have chosen this form because the output of my work during
the past four years is very clearly and systematically documented in the already written
articles, which give the reader a comprehensive insight on my work. Hence, the thesis is
divided into two parts – the first part gives a general overview of the theoretical and
experimental findings in the magneto-optical research of (Ga,Mn)As. The main emphasis is
put on the description of the laser-induced magnetization dynamics, its origin and its
significance in characterizing the basic micromagnetic properties of (Ga,Mn)As. This
overview was written with respect to the results presented in the second part, given by a set of
articles in the Appendices 1 – 8.
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1. Introduction
The current electronics based on the carrier charge transport for information storage
and processing is reaching its limits due to the ongoing miniaturization of transistors.
According to the Moore’s law, the progress of complementary metal-oxide-semiconductor
(CMOS) technology has increased rapidly, i.e. the number of transistor that can be integrated
on one chip has been doubled every two years. With the advanced laser photolithography the
gate size has shrank to 20 nm and the transistor density has already reached over ~ 106/mm2
with the switching speeds up to 10 GHz [1]. The future semiconductor logic device with the
suggested 10 nm gate width will, however, face the essential energy problems, since the
projected gate-switching energy (the energy needed to switch between two logical states “0”
and “1”) in 2020 for low-standby-power and fast CMOS transistors is three orders of
magnitude larger than the theoretical minimum [1, 2]. Thus the CMOS technology is
approaching its ”dead end” not only because of the unsatisfying energy management but also
for the physical limitations on the transistor gates. In order to fulfill the increasing demands
on more powerful technologies, we need to create a new class of energy saving (non-volatile)
and high speed switching (THz) devices that would exploit new physical approaches.
Spintronics provides a possibility of utilizing the carrier spin, as an addition or alternative to
its charge, for the information transport and storage which could not only improve the
performance but also add new functionalities to the existing devices [1, 3]. The electrical and
spin properties are, however, characterized by different properties. The electrical properties
are given by carrier mobility, electrical conductivity or electrical current whereas the spin
properties are described by magnetization, magnetic resonant frequencies and spin relaxation
rates. The tools that control the electron charge and spin are also different – while the
electronic devices are manipulated by the applied voltages, the spin state is predominantly
controlled by magnetic fields. This diversity drives the need for a search of new materials in
which both approaches could be merged. Current spintronics is based mainly on
ferromagnetic (FM) metals, exploited for example in commercially successful spin valves
which are used in hard disc read heads or magnetic random memories (MRAM). Spin valves
are based on the giant/tunneling magnetoresistance principles, where the resistance magnitude
is changes by the applied magnetic field. The possibility of changing the physical properties
by electrical field is a feature of semiconductors. The biggest obstacle in smooth integration
of magnetic materials into information processing circuits is the lack of efficient control of
their magnetization. As it was previously mentioned, this is vastly achieved with external
magnetic fields which - in contrast to electric fields - cannot be applied locally. The
demonstration of ferromagnetism in diluted magnetic semiconductors (DMS) raised hopes for
applications based on single element combining the information storage capabilities of
magnetic metals with the logic functionalities of semiconductors.
DMS are alloys consisting of a non-magnetic semiconductor doped with small
percentage of magnetic impurities (most commonly Mn atoms). It was shown that such a
small doping with magnetic ions (~ several percent) will not deteriorate the optical or
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transport properties of the host and will introduce large magnetic and magneto-optical effects
[4, 5]. The extensive study of DMS and their heterostructures has started with II-IV
semiconductors, mostly CdTe and ZnSe [6, 7], but it was soon discovered that the FM order is
present only at very low temperatures (below 2 K [6]), so the research has subsequently
moved to III-V compounds. Nowadays, the most thoroughly investigated DMS is (Ga,Mn)As,
with the highest Curie temperature (TC) among all the DMS, TC ~ 190 K [8, 9]. In (Ga,Mn)As
the FM order is established by an exchange interaction between the charge carriers (holes)
and the localized Mn spins (see Chap. 2) [6]. The carrier concentration is relatively low, of the
order of 1020 to 1021 cm-3 (depending on Mn doping), as opposed to 1023 cm-3 in metals [10],
so it is possible to control the amount of carriers by external electric fields, which not only
influences the electronic properties but also the stability of ferromagnetic phase and other
magnetic properties [11]. Despite the fact that TC of (Ga,Mn)As is still far below the room
temperature and its further increase is questionable [10, 12], it has already played a crucial
role in exploring new physics, ideas and concepts in spintronics that has not been accessible
in metals. In the following paragraph we summarize some of the most interesting phenomena
that were observed in (Ga,Mn)As – some of them serve “only” as a proof of spintronic
concepts but some have stimulated a discovery of related phenomena in conventional metals
magnets, which are highly relevant for current spintronic applications [4, 10].
As already mentioned, the tunneling magnetoresistance (TMR) is one of the building
blocks of spintronics, which is currently commercially utilized for the information readout in
FM metals. The well-established growth of heterostrustructures and microfabrication
techniques in semiconductors enabled fabrication of the high quality tunnel junctions which
showed large TMR in III-V compounds as well [13, 14]. In particular, an intrinsic TMR effect
with magnetoresistance up to 100% was observed in a device containing two (Ga,Mn)As
electrodes separated by ZnSe tunneling barrier [14]. Besides the conventional two FM
electrode devices (also called the Mott devices), (Ga,Mn)As served as a key material for
observing the tunneling anisotropic magnetoresistance (TAMR) which comprise only one FM
electrode. This phenomenon originates from the spin-orbit coupling (SOC) which causes that
the conductivity depends on the orientation of the magnetization relative to the crystal axis or
the current direction, so there is no need for the reference electrode. Devices based on the
SOC are generally called the Dirac devices as the SOC was elucidated in Dirac equation [15].
The TAMR was primarily observed in (Ga,Mn)As [16] and subsequently detected in
conventional metals [17]. Another type of magnetoresistance – the Coulomb blockade
anisotropic magnetoresistance (CBAMR) – was observed in (Ga,Mn)As single electron
transistor (SET) [18]. In this effect the electron can tunnel through a tunneling barrier due to
the Coulomb blockade oscillations, which can show both positive and negative spin-valvelike characteristics depending on the SET gate voltage. This new type of magnetoresistance
should be generic to SETs fabricated in FM systems with large SOC and we note that for, e.g.
FePt FM metal this effect was predicted to be observable even at room temperature [18].
Such effect could be utilized in the next generation devices, analogous to the field effect
transistors (FET), where the spin transport and the magnetoresistance magnitude would be
controlled by a voltage applied to the gate. Another step towards a fundamentally new
information processing paradigm was again realized in (Ga,Mn)As – a monolithic read-write
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device. In this single device, the information is written as a magnetic state (“0” and “1” are
represented by two perpendicular orientations of magnetization) by current-induced switching
and readout of the state is done by means of the TAMR effect [19]. The current densities that
are needed to switch the magnetization from one state to another are on the order of ~
105 Acm-2, which is 1 to 2 orders of magnitude lower than the densities needed in metallic
memory elements [19]. Such device has a lot of technological advantages as it allows for
manufacturing the integrated circuits consisting of identical multifunctional elements, which
can be easily and cheaply produced. We finish the list of intriguing phenomena observed in
(Ga,Mn)As by mentioning the reversible control of magnetization orientation using the spinorbit magnetic field, i.e., by so called spin-orbit torque (SOT). In contrary to the spin transfer
torque (STT), where a spin polarized current induces a torque on magnetization via the
angular momentum transfer [20, 21, 22], in SOT the equilibrium orientation of magnetization
is changed by an unpolarized current due to the relativistic spin-orbit coupling [23, 24]. A
device based on the SOT principle was constructed by Chernyshov et al. [23] and performs a
non-volatile memory cell, with two states (2 bits) encoded in the magnetization direction
which is controlled by the unpolarized current passing through the device in one
crystallographic direction. The authors suggest that the functionality of the device could be
increased into 4 bits, if the current is injected in two orthogonal directions.
Despite the fact that (Ga,Mn)As is thoroughly investigated material, as could be seen
from the previous paragraph, its properties are still not understood completely. For example,
there is an ongoing debate about the character of its electronic band structure, mainly the
position of the Fermi level for Mn doping exceeding 1 % [25, 26, 27]. There is also a large
scatter in the micromagnetic parameters magnitude that seemed to be lacking any monotonous
dependence on Mn doping. This thesis is dedicated to the study of some of the basic
(Ga,Mn)As properties (electronic band structure) and parameters (anisotropy constants, spin
stiffness or Gilbert damping coefficient), employing both, the time-integrated and timeresolved magneto-optical methods. Moreover, we report on two newly discovered physical
phenomena, concretely on the optical counterparts of STT and SOT.
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2. Ferromagnetic semiconductor (Ga,Mn)As
The significance of (Ga,Mn)As can be seen from several aspects. i) The incorporation
of Mn atoms causes only a small perturbation of the GaAs host, which is the mainstream
semiconductor used in high-mobility transistors, lasers and other electronic devices.
Incorporating the FM order into this highly used semiconductor is thus very attractive. ii) The
magnetism in (Ga,Mn)As is mediated by the charge carriers (as will be discussed later in
more detail), so the magnetic properties can be controlled, in addition to magnetic, also by the
electric field. iii) Nowadays, the growth techniques and the subsequent postgrowth treatment
are well managed and the structures on the nanometer scale can be fabricated by the advanced
microfabrication methods. All these attributes, together with a potential for future
applications, motivate the extensive research of (Ga,Mn)As. This chapter is devoted to a brief
overview of its most essential properties, focusing especially on the magnetic ones.

2.1 Magnetic order
When a magnetic Mn atom is incorporated into GaAs, it occupies the cation (Ga)
sublattice (MnGa) in the zinc-blend host structure [25, 28]. As can be seen from nominal
atomic composition of each element: [Ar]3d104s2p1 for Ga, [Ar]3d54s2 for Mn, and
[Ar]3d104s2p3 for As, MnGa not only provides a localized spin S = 5/2 due to five 3d electrons,
but also acts as an acceptor, because of the missing 4p valence electron. The concentration of
provided holes and Mn moments is crucial for establishing the FM order in the system. One
could assume that the concentration of Mn ions corresponds to the same concentration of
holes and Mn moments. This is, however, not true in the real systems, since Mn atoms can
also occupy the less energetically stable interstitial (MnI) positions (see Fig. 1), acting as
double donors and compensating the concentration of holes [28]. Moreover, the MnI also
couples antiferromagnetically to MnGa, reducing the overall magnetic moment [28]. The
number of Mn atoms that effectively contribute to the ferromagnetic order can be defined as:
Mneff = Mnsub – MnI, where Mnsub and MnI stand for substitutional and interstitial Mn atoms,
respectively [26].
Fig. 1: (Ga,Mn)As unit cell. The most energetically favorable
position of Mn atom in the GaAs host cell is in the position of
Ga (MnGa). The less common interstitial position is depicted as
MnI. [27]
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The origin of ferromagnetism in (Ga,Mn)As was studied both, theoretically and
experimentally and the proposed explanation can be found in Refs. 25, 28, 29, 30, here, only
the basic picture is given. In this elementary framework – which is still a matter of
controversy [25, 27, 31] – the ferromagnetic coupling between Mn spins is mediated by the
free carriers (holes). The strong p-d hybridization between holes and localized Mn d electrons
results into their antiferromagnetic (AF) interaction, which can be described by the exchange
parameter Jpd. The spin polarized holes transfer their AF coupling with Mn spins further into
the lattice, causing the long-range overall FM order between the localized Mn spins [28].
Experimentally, the FM in Ga1-xMnxAs is observed when the Mn doping reaches ~ 1% (x =
1% corresponds to Mn concentration of 2.2x1020 cm-3 [27]), which is well above the
equilibrium solubility limit in GaAs and therefore the non-equilibrium molecular beam
epitaxy (MBE) technique is used for the growth. The overall strength of the magnetic order is
characterized by the Curie temperature TC that is, in the simplified approach, directly
proportional to the effective Mn and hole concentrations, xeff and p, respectively [29, 30]. In
addition, TC was found to be the most simple and reliable parameter for characterizing the
quality of (Ga,Mn)As samples. The highest attainable TC leads simultaneously to layers with
maximized uniformity and minimized compensation by unintentional impurities and defects
[8, 32]. In order to produce high quality samples with the lowest concentration of defects, the
samples have to be grown and subsequently annealed under optimized conditions, which vary
for each nominal Mn doping x. For detailed description of the growth and annealing
conditions see Němec et al. [33] in Appendix 8.

2.2 Electronic band structure
In the first approximation, (Ga,Mn)As has very similar band structure to GaAs,
consisting of a conduction and valence band, where the later one is split into three sub-bands
(heavy, light and split-off bands), due to the spin-orbit interaction [34, 35]. However, the
exact electronic structure of this material is still widely discussed, lacking an unambiguous
explanation mainly for higher concentrations of Mn ions [31, 36]. The picture is clear and
well accepted only for a single Mn impurity in GaAs host structure, where it forms a separate
impurity level which is detached (~ 0.1 eV) from the top of the valence band (VB). This
impurity level is formed due to three main contributions [36]: i) long-range acceptor
hydrogenic-like potential, ii) short-range central cell potential, which is specific for a given
impurity and iii) spin-dependent hybridization of Mn d-levels with As p-levels. This single
impurity model persists only for low Mn concentrations (x ≪ 1%), where the free carrier
density is below the metal-to-insulator transition [31, 36]. In this scenario, the Fermi level
resides in a narrow impurity band (IB). For concentrations x > 1.5%, where the conductivity
increases by several orders of magnitude [33, 36] and where the material becomes a
degenerate semiconductor (i.e. with a metallic-like conductivity), two physical scenarios
exist, named the valence and impurity band, respectively [26, 31, 33, 36, 37, 38, 39, 40]. In
the VB model, the detached impurity band broadens with increasing Mn doping, and for
sufficiently screened hydrogenic-like potential, it merges into the valance band. The states at
the Fermi energy (EF) retain the p-orbital character of the host semiconductor [28, 32, 36]. On
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the other hand, the IB model predicts the persistence of the impurity band (as well as EF)
within the band gap also for the high-doped (Ga,Mn)As layers with metallic-like conduction
[26, 37, 38, 39, 40]. While the VB model is built on the tight-binding approximation
Hamiltonian, treated using the Anderson model (for magnetic impurities) and the coherent
potential approximation (for disorder) [36], the IB model lacks suitable theoretical
background and its whole framework is based only on the experimental results that contradict
the predictions of the VB model.
For further discussion about the electronic structure of (Ga,Mn)As see Chap. 3, where
the character of bands (and the related origin of FM order) is reviewed in the light of static
magneto-optical measurements (magnetic circular dichroism in particular).

2.3 Magnetic anisotropy
For typical Mn doping levels 1% - 10% in (Ga,Mn)As, the magnetocrystalline
anisotropy dominates over the shape anisotropy, that is prevailing in conventional
ferromagnets [41]. Magnetocrystalline anisotropy describes the ferromagnet energy
dependence on the magnetization orientation with respect to the crystallographic axes, and is
originating mainly from a strong spin-orbit coupling of holes in the valence band [35]. The
overall magnetic anisotropy (MA) is given by a sum of different anisotropy fields and the
external magnetic field. In (Ga,Mn)As, the MA is dominated by the cubic and uniaxial
anisotropies (in a case when no external magnetic field is applied) [41]. The cubic anisotropy
reflects the zinc-blend symmetry of the GaAs host in which [100], [010] and [001]
crystallographic directions are equivalent. However, in (Ga,Mn)As the symmetry between the
in-plane and out-out-of-plane directions is distorted, due to additional compressive strain
induced by the substrate (in the case of GaAs substrate). The cubic anisotropy is thus replaced
by the biaxial (more often called in-plane “cubic”, Kc) and the out-of-plane (Kout) anisotropies
[28, 41]. The uniaxial in-plane anisotropy (Ku) is not associated with any measurable strain in
the epilayer and is likely of the extrinsic origin (caused by the low-temperature MBE growth)
[41, 42], favoring the [-110] crystallographic direction. MA is given by a total free energy
functional F, which can be written as [41, 43]:


K

1

K c sin 2 θ  sin 2 2ϕ sin 2 θ + cos 2 θ  − K out cos 2 θ − u sin 2 θ (1 − sin 2ϕ ) −

F=M
2
4


,
− H ext [cos θ cos θ H + sin θ sin θ H cos(ϕ − ϕ H )]


(1)

where the angles ϕ (ϕH) and θ (θH) describe the orientation of magnetization (external
magnetic field Hext) from the [100] and [001] crystallographic axes, respectively. The
minimum of the free energy functional determines the equilibrium position of magnetization,
usually denoted as the easy axis (EA). It is important to remark, that the EA position is very
sensitive to the “inherent” material properties, such as the hole concentration (p) and the
magnetic moment magnitude (M) and also to the “external” conditions, such as temperature
(T) or strain, as every magnetic anisotropy component Ki is a function of p, M, T and strain
[41, 44, 45]. We note that (Ga,Mn)As is a highly disordered material, mainly because of the
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non-equilibrium low temperature growth by the MBE technique, which causes a high number
of different defects (see Chap. 2.1) [46]. This influences the number of uncompensated holes
(p) and also the magnetic moment magnitude. In order to increase the hole concentration and
the overall magnetic quality, the samples are annealed and/or etched after the growth [33, 46].
The magnitude of the magnetic anisotropies can be determined by at least three
independent methods, e.g. by the ferromagnetic resonance (FMR) [47, 48], by the
superconducting quantum interference device (SQUID) [49] or by the time-resolved magnetooptical spectroscopy. As part of this thesis is devoted to the determination of the magnetic
anisotropy constants from the time-dependent magneto-optical signal, the detailed description
of this method can be found in Chap. 6, or see Němec et al. [33] in Appendix 8.

2.4 (Ga,Mn)As samples used in this thesis
All the experimental results presented in this thesis (see Appendices 1 – 8) were
obtained on the set of Ga1-xMnxAs samples, which are summarized in Table 1. The samples
were grown at the Institute of Physics of the Academy of Sciences in Prague by the nonequilibrium MBE method. All the samples were of very high-quality, with relatively high Mn
doping, spanning the range from x = 1.5% to 14%. The details about the growth and postgrowth treatment can be found in Ref. 33 (see Appendix 8). All samples are in-plane magnets
in which the biaxial anisotropy is competing with the uniaxial. In the lowest Mn doping (x =
1.5%), the biaxial anisotropy dominates and the EA lies in the [100] or [010] crystallographic
direction. With increasing Mn concentration, the uniaxial anisotropy starts being comparable
with the biaxial, shifting the EA towards the [-110] direction. The uniaxial anisotropy
dominates for x > 9% and the EA is aligned with [-110] crystallographic direction. The
samples show increasing magnetic moment MS, TC and p with increasing Mn concentration
[33].
sample
F010
F007
F002
F016
E101
F020
D071
E115
E122
F056

x (%)
1.5
2.5
3
3.8
4.5
5.2
7
7
9
14

d (nm)
20
20
20
20
19
20
50
20
20
20

TC (K)
29
60
77
96
111
132
150
159
179
182

MS (emu/cm3)
8.9
11.5
16.2
24.7
27.8
333
47.4
51.0
63.7
78.1

p (1021 cm-3)
0.15
0.66
1.03
1.08
1.41
1.55
1.81

Table 1: Table summarizing the basic characteristics of the Ga1-xMnxAs samples used in this thesis: x is the
nominal Mn doping, d is the film thickness, TC is the Curie temperature, MS is the saturated magnetic moment
and p is the hole concentration.
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3. Static magneto-optics in (Ga,Mn)As
The interconnection between the magnetic, electric and optical effects in (Ga,Mn)As,
together with the direct gap band structure, make this FM semiconductor an ideal system for
investigating its basic properties by the optical spectroscopy. Moreover, in the presence of the
ferromagnetic order, the spin degeneracy of the conductance and valence bands is removed
(in analogy with the Zeeman splitting) [44], which gives rise to an appearance of the
magneto-optical (MO) effects [50, 51, 52]. MO spectroscopy is extremely beneficial as it
enables to study the electronic structure of DMS and it provides an insight into the exchange
mechanism between the holes and the local magnetic moments. Moreover, the MO
spectroscopy enables to discriminate between the intrinsic (induced by the Mn moments) and
extrinsic (induced by the impurities or defects) origin of the FM phase [31, 53], so it is very
convenient to use it as a complementary technique to the standard magnetization
measurement techniques like SQUID. The most common MO effects, which are typically
employed for the investigation of (Ga,Mn)As properties, are described in the following
section.
The term "MO effects" comprises a large number of phenomena where the interaction
of polarized light with a magnetized medium leads to a change of polarization state of the
incident light [54]. The polarized light can be represented in orthogonal basis as a sum of two
linear (s and p) or circular (σ + and σ -) polarizations. The MO interactions lead to a change of
the complex index of refraction (    ) for two orthogonal polarizations and,
consequently, the polarization of transmitted/reflected light is rotated and/or the ellipticity is
changed. The polarization changes induced by the real part of the index of refraction cause a
magnetic birefringence, whereas the imaginary part causes a magnetic dichroism [54]. Both
effects are complementary and appear simultaneously because of the Kramers–Kronig
relations between n and k.
MO effects can be sorted on the basis of the geometry between the incident light
propagation (k) and the orientation of magnetization (M). In the case of normal incidence,
with k parallel to M, the energy levels are split into doublets (known as the longitudinal
Zeeman effect) and the transitions between the spin-split levels and the ground state occur for
σ + or σ – [55]. The MO effects that appear in this configuration are odd functions of
magnetization, i.e. they change sign when the magnetization orientation is reversed and they
are proportional to the magnetization magnitude. These effects are also generally called as the
first order MO effects. For k perpendicular to M, the energy levels are split into triplets
(known as the transversal Zeeman effect) and the middle and peripheral levels correspond to s
and p linear polarizations, respectively [55]. The effects occurring in this geometry are even
(quadratic) functions of magnetization, i.e. their sign is not changed when the magnetization
direction is reversed and they are proportional to magnetization square. The effects in this
geometry are also called as the second order or quadratic MO effects.
Since this thesis is focused on the study of (Ga,Mn)As properties by MO effects, the
ones used in our experiments – the magnetic circular/linear dichroism and birefringence – are
8

briefly introduced. For simplicity, the transmission geometry and the normal incidence of
light are considered in the following section.
Magnetic circular dichroism (MCD) is caused by a different absorption coefficient for σ +
and σ – circularly polarized light when k is parallel to M. For linearly polarized incident light,
M induces a change in the amplitude ratio between σ + and σ –, which causes the rise of
ellipticity (see Fig. 2a). The spectral dependence of MCD is essential for revealing the
magnetic nature (i.e. antiferromagnetic or ferromagnetic) of the exchange interaction between
the local Mn moments and the free carriers in (Ga,Mn)As [31, 32, 39]. Due to this feature, the
MCD spectra were extensively studied in samples with different Mn doping and carrier
concentrations, see e.g. Refs. 26, 32, 37, 53. The huge amount of the experimental results led
to a dichotomy in the electronic band structure of (Ga,Mn)As, forming two competing
theories – the VB and IB models (see Chap. 2.2). The IB model is promoted because of the
observed rigidity of the near-band gap feature in the MCD spectra with increasing doping [26,
37], supported by the red-shift of the peak in the infrared (IR) absorption [38]. However, it
was later shown by Jungwirth et al. (see Ref. 32 in Appendix 1), that this trend is not generic,
as the blue-shift of the sharp MCD spectral feature at the band-gap energy (as well as the IR
absorption peak) with increasing Mn doping was observed, in accordance with the predictions
of the VB model with the AF p-d interaction. Despite the yet unsolved question about the
character of the band structure in (Ga,Mn)As, the MCD spectroscopy proved to be a powerful
tool for investigation of the intrinsic nature of FM in DMS.

Fig. 2: Schematic illustration of magnetic circular dichroism (a), magnetic circular birefringence (b), magnetic
linear dichroism (c) and magnetic linear birefringence (d). Ex and Ey are the x and y components of the incident
light polarization E which is subsequently decomposed into two orthogonal polarizations (OP) in the given basis.
The polarization of the transmitted light is changed after passing through the magnetized sample and the new
polarization is depicted as E’(with the E’x and E’y components). M represents the direction of magnetization and
it is parallel to the incoming light direction (k) in (a) and (b) and perpendicular to k in (c) and (d).

Magnetic circular birefringence (MCB) is a complementary effect to MCD, which is induced
by a different index of refraction for σ + and σ –. The difference in the refraction indices
causes a phase shift between these two orthogonal polarizations, which in turn leads to
rotation of the light polarization plane (see Fig. 2b). This effect is more commonly called the
Polar Faraday or Kerr effect in transmission or reflection geometry, respectively. The static
Polar Kerr effect (PKE) is widely used MO effect that is well established for probing the
magnetic arrangement, FM interactions or the mechanisms of the magnetization reversals [53,
56, 57]. In addition, PKE is an AC-analogy to the anomalous Hall effect (AHE), as it is
9

directly proportional to the transversal component of conductivity (σxy), and can thus
supplement the AHE measurements in the finite-frequency domain [53, 58]. PKE is also
extensively used in the time-resolved MO measurements for observing the out-of-plane
component of the magnetization dynamics, see e.g. Refs. 59, 60, 61 and the references
therein.
Magnetic linear dichroism (MLD) is detected in a geometry when k is perpendicular to M
and is caused by a difference in the absorption coefficient for s and p polarizations, resulting
into rotation of the linearly polarized light (see Fig. 2c). This effect was found to be very
small in conventional metals and was typically omitted in the studies of their MO properties
[54, 62, 63]. In (Ga,Mn)As, however, a “giant” MLD signal was discovered recently [52, 64].
Its magnitude is spectrally dependent and it was found that it can even exceed the magnitude
of PKE in some spectral regions, see e.g. Tesařová et al. in Refs. 65 and 66 (Appendices 2
and 5, respectively). Analogously to PKE, it can be perceived as the finite-frequency
extension of the anisotropic magneto-resistance (AMR), and thus it can be exploited in
elucidating the unclear origin of the AMR [67]. It was also shown that MLD is very valuable
for a reconstruction of the real-space magnetization dynamics as it provides the access to the
in-plane component of magnetization. For further analysis of the MLD see Chap. 4 or
Tesařová et al. [66] in Appendix 5.
Magnetic linear birefringence (MLB) is a complementary effect to MLD. It is caused by a
different index of refraction for s and p polarizations, which shifts their mutual phase and,
consequently, it leads to the light elliptically change (see Fig. 2d).
It is important to note that such a simple and elegant division of the MO effects, based
on the real and imaginary part of the complex index of refraction, is possible only in the
transmission geometry. Although the manifestation of these effects stays the same in the
reflection geometry, their origin might differ in such extent, that the change of the absorption
and refraction index cannot be strictly separated [68]. In this thesis, all the mentioned MO
effects were used mainly in the reflection geometry as an experimental tool for studying the
manifestation of the FM order under different conditions, and, therefore, the exact origin of
these MO effects was not of the fundamental importance.
In the following part of this thesis, we will show how the presented MO effects can be
exploited in determining the basic material properties by other means than just the
conventional measurements of the hysteresis loops or the MO spectra. The MO effects will be
used in the time-resolved pump and probe spectroscopy (see Appendix 9) to study the
magnetization dynamics. We show that this technique is not only favorable for determining
the essential material parameters of (Ga,Mn)As but it also enabled us to reveal some new and
intriguing physical phenomena in this material system.
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4. Laser-induced precession of magnetization
The ever-increasing demand for speeding up the information storage and processing in
the magnetic media leads to an intense research in fast manipulation of the magnetization
state. While the transistor-based electronics is currently working in a few gigahertz clockspeed regime (~ 300 ps), the storage on magnetic hard discs, where the information is stored
in magnetized domains (logic states “0” and “1” represent two different magnetization
orientations), requires few nanoseconds, creating so called the ultrafast technology gap [69].
One of the alternatives to the magnetic field-induced magnetization switching is the current
induced torque (CIT; also known as the spin transfer torque) [15]. The magnetization
manipulation by CIT originates from the angular momentum transfer, where the magnetic
layer orientation is flipped due to the angular momentum carried by the spin polarized current
(see Chap. 5.2). The time scale of such CIT induced magnetization switching is on the order
of several hundred picoseconds [70]. However, the observation of subpicosecond
demagnetization by 60 fs laser pulses (in Ni films) [71] has opened a new perspective of the
ultrafast magnetization manipulation by means of optics. Pumping the magnetic system with
the optical laser pulses strongly disturbs the equilibrium between the lattice, carriers and
magnetization [69, 72] and leads to several quasi-equilibrium dynamical processes that can
provide insight into the strength and timescale of various microscopic interactions [72], or can
reveal some new photoinduced phenomena, as will be discussed in more detail in Chap. 5.
The aim of the following chapters is to elucidate one of such dynamical processes –
the laser pulse-induced magnetization precession – and to demonstrate the strength of the MO
spectroscopy in determination of the real-space magnetization trajectory and in investigation
of the basic material properties of (Ga,Mn)As. Moreover, we show how this experimental
technique can be exploited in revealing new physical phenomena.

4.1 Magnetization dynamics observed by MO spectroscopy
The impact of a strong laser pulse induces a change of the equilibrium conditions
between the reservoirs of spins, free carriers and phonons in the (Ga,Mn)As sample [73].
Because the magnetic properties of (Ga,Mn)As are strongly dependent on the interaction
between the spins and charge carriers, the impact of the laser pulse induces a precession of
magnetization (even if no external magnetic field is applied), which can be detected as an
oscillatory MO signal. In (Ga,Mn)As the oscillatory motion of magnetization was for the first
time observed in 2005 by Oiwa et al. [74]. Since then, the photoinduced magnetization
dynamics in (Ga,Mn)As have been studied by many different groups, see e.g. Refs. 59, 60, 61,
75, 76 77, 78.
In these studies the observed MO signals were found to be independent of the excitation
polarization, at least for time delays > 100 ps as can be seen from Fig. 3a. This indicated that
the detected MO signal (rotation of the light polarization plane ∆θ) – that reflects the
oscillations of FM coupled Mn spins – was not connected with the light angular momentum
11

transfer. The magnetic origin of the measured MO signal was further investigated by
Tesařová et al. in Ref. 79 (see Appendix 3), where the pump-induced change of rotation (∆θ)
and ellipticity (∆η) were measured simultaneously (see Fig. 3b).
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Fig. 3: MO signals measured as a function of time delay between pump and probe laser pulses. a) Dynamics of
the probing light polarization rotation ∆θ measured for two circular pump polarizations (σ + and σ -). b)
Polarization-independent part, (σ + + σ -)/2, of the rotation (∆θ) and ellipticity (∆η) (points) measured under
identical conditions. The solid line corresponds to the fit by a damped harmonic function:  Δ  








 2Δ  Φ     , where A = 82 µrad, tG = 145 ps, f = 196.6 GHz, Φ = 59˚, C = -42 µrad, tp = 700
ps. Experimental data were taken for (Ga,Mn)As with 3% Mn concentration, at T = 15 K and with no external
magnetic field applied. 80 fs pulses from the Ti:sapphire laser were tuned to 1.63 eV with pump intensity
46 µJcm-2.

The data show similar behavior from time delays > 10 ps, confirming the FM origin of the
measured MO signal at longer time scales and suggesting the non-magnetic (so-called optical)
contribution right after the impact of the laser pulse [79, 80]. From the numerous
experimental observations, it was concluded that the magnetization oscillations are caused by
the laser-induced change of the magnetic anisotropy (MA), see e.g. Refs. 59, 76, 78. Since the
MA is a function of p, T and strain, their slight photo-induced change influences the overall
MA, thus the EA position of magnetization (see Chap. 2.3). However, the exact mechanisms
of the anisotropy change remains an open question, where both the thermal (change in the
sample temperature) and the non-thermal (change in the carrier concentration) origin of the
MA change was considered [59, 61, 77]. The magnetization dynamics were investigated as a
function of temperature [59, 61, 76, 78, 81], excitation intensities [24, 59, 61, 76, 78] and
energies [80], carrier concentrations [24, 61, 78] or thermal annealing [61], but the
experimental observations obtained by different groups led to ambiguous interpretations of
the magnetization dynamics origin [24, 61, 76, 77]. We note that the diversity may come from
the distinct quality of the studied samples. As mentioned above (in Chap. 2.3), (Ga,Mn)As is
a highly disordered material system and its magnetic properties depend on various parameters,
such as growth conditions, film thickness, post-growth treatment and so on. All these factors
may lead to different observations of the magnetization dynamics, even at similar
experimental conditions. The latest studies of Tesařová et al. in Ref. 24 (see Appendix 7) on a
high quality samples suggest, that in principle, both mechanisms (thermal and non-thermal)
are present and are not easily distinguishable. It was shown, that at lower excitation intensities
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(I < 70 µJcm-2), the thermal mechanism prevails, but for higher intensities, the temperature
increase is saturated and the magnetization dynamics is dominated by the non-thermal effects
(see Chapter 5 for detailed discussion). Nevertheless, it was also found that the impact of the
laser pulse does not always lead to the precession of magnetization (see Appendix 4) [82]. In
samples with strong uniaxial (i.e. the EA oriented in [-110] crystallographic direction), or
cubic anisotropy (i.e. the EA oriented in [100] or [010] crystallographic direction), no
magnetization oscillations were observed – at least for the excitation intensities I < 28 µJcm-2
– as the impact of the laser pulse is not sufficient to reorient the equilibrium EA position. It
was concluded that the laser-induced change of the EA, which triggers the magnetization
dynamics, can be observed only in samples where the cubic and uniaxial anisotropies are
“comparable”, so that the equilibrium EA is oriented between [010] and [-110]
crystallographic directions. Moreover, it was shown that the MA has a strong influence not
only on the precessional frequency (as will be discussed in Chap. 6), but also on the amplitude
of the oscillations, as observed by Tesařová et al. in Ref. 82 (see Appendix 4 for further
details).
The measured data of magnetization precession can be phenomenologically fitted by a
sum of damped harmonic function and a non-oscillatory pulse-like background function [59,
60, 66]:


Δ    2Δ  Φ
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(2)

where A and C are the amplitudes of the harmonic and pulse-like functions, respectively, f is
the frequency of precessing Mn spins, Φ is an initial phase, tG is the Gilbert damping time
(see Chap. 6), and tp is the damping time of the pulse-like function. As seen from Fig. 3b, only
the quasi-equilibrium part of the MO signal, reflecting the precessional motion of
magnetization, can be fitted well by Eq. 2. In fact, this formula describes a phenomenological
model, in which the MO signal can be decomposed into the damped magnetization
oscillations around the quasi-equilibrium EA and the laser-induced tilt of the equilibrium EA
position [Supplementary material in 21, 82].
The situation can be in more detail described as the following: Before the impact of the laser
pulse, the magnetization is aligned with the equilibrium EA, given by the free energy
minimum (see Fig. 4a and Eq. 1 in Chap. 2.3). The impact of the laser pulse changes the
overall MA, which leads to the shift of the EA (Fig. 4b). At this moment, the instant position
of magnetization and the EA are not aligned, so the magnetization starts to approach the
transient EA position by an oscillatory motion, which can be perceived as the precession of
magnetization around some inherent effective magnetic field [77, 81]. As the laser-induced
changes are decaying, the transient EA is returning to its equilibrium position and the
precession of magnetization is damped by the Gilbert damping at the same time (Fig. 4c).
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Fig. 4: Schematic illustration of the pulse-induced precession of magnetization. a) In equilibrium, the
magnetization is aligned with the EA position, which lies in the sample plane at the angle ϕ0 from the [100]
crystallographic direction. b) The impact of a strong laser pulse induces a transient change of the MA, which
leads to the reorientation of the easy axis and subsequently to the precession of magnetization. c) The
recombination of the photoinduced carriers and the heat dissipation slowly restore the equilibrium conditions,
making the EA return to its original position. Simultaneously, the magnetization precession in damped by the
Gilbert damping. [43]

The anisotropy-dependent precession of magnetization can be of a practical use as it
can be controlled by external means – either optically by another laser pulse [60], or
electrically by a piezo-transducer [21]. The electrical control by piezo-stressing allows the
manipulation of the overall strain in the sample, which enables either to enhance or
completely suppress the magnetization dynamics, see Ref. 21 in Appendix 6. We note that the
laser-induced magnetization precessions can be also used for determination of the basic
properties of (Ga,Mn)As, such as the MA constants Ki, the Gilbert damping constant α, or the
spin stiffness parameter D (as will be discussed in detail in the Chap. 6) – in a way rather
similar to ferromagnetic resonance experiments [FMR]. Before proceeding to such specific
characteristics of (Ga,Mn)As, let’s have a closer look at the real-space magnetization
trajectory after the impact of the laser pulse.

4.2 Real-space magnetization dynamics
MO spectroscopy is a very powerful tool for the investigation of the magnetization
trajectory in the real space as it reflects both the in-plane and out-of-plane motion of
magnetization sensed by MLD and PKE, respectively. In order to separate these two
contributions in the measured MO signals, their distinct polarization dependences can be used
as will be demonstrated in the following sections. The polarization dependence of PKE and
MLD will be derived first for the static MO signals and, subsequently, it will be applied to the
analytical model of magnetization dynamics described by Eq. 2. We stress that the detailed
understanding of the measured dynamical MO signal, together with the polarization
dependence of PKE and MLD, enables to perform a full quantitative 3D reconstruction of the
magnetization precessional motion without any numerical modeling.
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4.2.1 Polarization dependence of static MO signal
As mentioned in Chap. 3, there are four different MO effects that can change the
polarization state of light when reflected from the magnetized media (taking just the reflection
geometry with small angles of incidence into account). In the following discussion, the
polarization dependence of only two of them, causing the rotation of the light polarization
plane, will be investigated – PKE (sensitive to out-of-plane projection of M) and MLD
(sensitive to in-plane projection of M), but the obtained results can be also applied for MCD
and MLB, causing the light ellipticity change. In general, the orientation of magnetization can
be characterized by the polar and azimuthal angles ϕ0 and θ0, respectively (see Fig. 5a for the
angle definition). In the case of PKE, the rotation of light polarization (∆β) is proportional to
the projection of magnetization to the direction of light propagation and it is insensitive the
incident polarization orientation (see Figs. 5b and 2b):
∆
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 # $   %
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(3)

where PPKE is the corresponding MO coefficient of the sample, which can be measured when
the magnetization is oriented by a strong external magnetic field out of the sample plane (θ0 =
0˚).

Fig. 5: a) Definition of the polar angle ϕ0 and azimuthal angle θ0, that determine the position of magnetization M
in the sample. b) Rotation of light polarization plane ∆β due to PKE, which is proportional to the out-of plane
orientation of magnetization. PKE does not depend on the incident light polarization β. c) Rotation of the light
polarization plane ∆β due to MLD, which is sensitive to in-plane position of M and depends on the incident light
polarization orientation β; ∆βMLD = PMLDsin2(ϕ0 - β). The incident polarizations are labeled E and the
transmitted/reflected polarizations are labeled E’ in b) and c), respectively.

In the case of MLD, the rotation of light polarization is proportional to the projection of
magnetization to the direction perpendicular to light propagation (see Fig. 2c) and it strongly
depends on the incident polarization orientation β. The polarization dependence of the MLD
can be analytically calculated using the trigonometric relation between the magnetization
orientation in the sample plane, given by the angle ϕ0, and the incident and reflected light
polarizations, given by the angles β and β’ (see Fig. 5c and Ref. 65 in Appendix 2 for more
details):
Δ ()*   # $   %()* +2 ,' $ -,
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(4)

where PMLD is the MO coefficient defined as %()*  0.5 1∥ /14 $ 1 and 1∥ (14 ) describes the
reflection coefficients for light polarized parallel (perpendicular) to magnetization orientation,
respectively. Eq. 4 shows, that the polarization rotation ∆β due to MLD is maximized when
the angle between M and the incident polarization orientation is ±45˚. In this case ∆β is given
solely by PMLD, thus this geometry is also used in order to determine the magnitude of PMLD
(the position of magnetization is fixed by a strong magnetic field). On the other hand, ∆β is
zero when the incident polarization is parallel or perpendicular to M (i.e., ϕ0 – β = 0˚ or 90˚,
respectively). In more general case, when the magnetization is not oriented in the sample
plane, but has an arbitrary orientation given by ϕ0 and θ0, the polarization rotation due to
MLD can be written as:

Δ ()*  %()* 6 &' +2 ,' $ -,

(5)

The overall rotation of light polarization is given by the sum of PKE and MLD contributions
∆βPKE and ∆βMLD, respectively:
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It is important to note that since PKE is a first-order MO effect, PPKE is directly proportional
to magnetization magnitude M0 (provided that M is oriented along the direction of light
propagation). On the other hand, MLD is a second-order MO effect (or quadratic MO, see
Chap. 3) and thus the PMLD depends quadratically on M0, i.e. PMLD ~ '6 (provided that M is
oriented perpendicular to the direction of light propagation).

4.2.2 Dynamical MO signal in (Ga,Mn)As and its polarization dependence
As mentioned above, the impact of the laser pulse modifies the anisotropy of the
sample, which shifts the equilibrium position of the EA, that subsequently leads to the
precession of magnetization. The oscillatory motion of magnetization can be detected as a
dynamical MO signal δMO that is strongly dependent on the incident light polarization, see
Tesařová et al. [66] in Appendix 5. To express this explicitly, the analytical formula
describing the magnetization dynamics (Eq. 2) can be rewritten in the following form:
:
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where the meaning of the particular components remain the same as in Eq. 2. Moreover, the
polarization dependence of the oscillatory and pulse-function amplitude [A(β) and C(β)]
enables more thorough insight into the character of the magnetization dynamics and a direct
determination of the EA position.
Firstly, the pulse-like function in δMO signal describes the transient non-oscillatory
change of the static MO signal MOstat. In fact, in this signal there are two contributions that
are reflecting different origin of the magnetization dynamics. The first one reflects the
magnetization dynamics due to the tilt of the equilibrium EA position, which can be described
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as a derivative of Eq. 6 with respect to small change of ϕ and θ. The second one is connected
with the laser-induced change of the magnetization magnitude (demagnetization), due to the
laser-induced heating of the sample, and can be also obtained from the derivative of Eq. 6
with respect to magnetization change (through the dependence of PPKE and PMLD on the
magnetization magnitude). Taking into account that all the samples investigated in this thesis
are in-plane magnets, i.e. θ0 = 90˚, we obtain the following expression for the measured pulselike function amplitude C(β):
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where the first two terms on the right-hand side correspondent to Ctilt(β) and the last term
corresponds to Cdemag(β). δϕqe and δθqe describe the transient in-plane and out-of-plane tilt of
the EA position and δM/M0 describes the reduction of the magnetization magnitude (relative
to the equilibrium value M0). Eqation 8 is of high importance as it directly determines whether
the magnetization precession is triggered by the in-plane or out-of-plane tilt of the EA. In the
case of the in-plane tilt of the EA, the polarization dependence of Ctilt is given by the cos-like
harmonic function. On the other hand, if the EA is tilted out-of plane, Ctilt does not depend on
the incident light polarization β. In the case when the EA is tilted in a general direction, Ctilt
depends harmonically on β, but there is an offset in the polarization dependence. Moreover,
fitting the polarization dependence C(β) by Eq. 8 enables to quantify the EA tilt, see Tesařová
et al. [66] in Appendix 5.
The oscillatory function in δMO signal describes the precessional motion of magnetization
around the transient EA position and it naturally consists of the in-plane and out-of-plane
contributions sensed by MLD and PKE, respectively. The oscillatory function amplitude A(β)
can be thus written is the form:
   E+()* -6  +
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where AMLD(β) describes the β-dependent MO amplitude due to the in-plane motion of
magnetization and APKE is the out-of plane contribution of the precessional amplitude which
does not depend on β. The analytical formula for AMLD and APKE can be obtained from Eq. 6 as
its derivative with respect to in-plane and out-of-plane angles ϕ and θ. Moreover, if we
consider that the initial amplitude of the oscillations is approximately equal to the EA tilt δϕeq
and δθeq, the overall oscillatory amplitude is given as:
   FG:,B? %()* 2 2 ,' $ H  +$&B? %
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The polarization dependence of the oscillatory amplitude is crucial for determining the
equilibrium position of the EA in the sample plane, ϕ0 (and thus the magnetization position
before the impact of the laser pulse). ϕ0 corresponds to the polarization orientation where the
dependence AMLD(β) shows the maximum (see also Fig. 11b below). This conclusion is
obvious from the fact, that AMLD(β) describes the change of the static MO signal ∆βMLD, which
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is the strongest when the incident polarization is aligned parallel (or perpendicular) with the
magnetization position, i.e. β = ϕ0 (or β = ϕ0 ± 90˚), see Tesařová et al. [66] in Appendix 5.

4.2.3 Reconstruction of magnetization real-space trajectory
The detailed understanding of the time-dependent MO signal enables to perform a
quantitative reconstruction of the magnetization real-space trajectory directly from the
measured MO signals without assuming any theoretical model or any fitting parameter. As
was already mentioned, prior to the impact of the laser pulse, the magnetization is aligned
with the EA position (described by ϕ0 and θ0). The impact of the pump pulse disturbs the
equilibrium conditions in the sample and leads to the magnetization precession, which is
detected by the time-delayed probe pulses. The instantaneous position of the magnetization
can be described by the polar and azimuthal angles ϕ and θ:
, Δ   ,'  :, Δ ,

(11a)
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where δϕ(∆t) and δθ(∆t) describe the time-dependent in-plane and out-of-plane movement of
magnetization, respectively. The magnetization dynamics changes the static MO signal MOstat
and the measured MO signal can be thus expressed in terms of the instantaneous
magnetization position as a derivative of Eq. 6 with respect to ϕ, θ and M0:
:

Δ ,  

$:& Δ %

!"

 :, Δ %()* 2 2 ,' $   ( %()* 2 2 ,' $ ,
C(
D

(12)

where the first two terms are connected with the oscillatory movement of magnetization and
the last term is connected with the demagnetization. We note that Eq. 12 is derived for the inplane position of the EA, which is the case for all the (Ga,Mn)As samples measured in this
thesis. The polarization dependence of the measured MO signal δMO(∆t, β) enables to
separate the in-plane and out-of-plane motions of the magnetization, sensed by MLD (which
is sensitive to β) and PKE (which is not sensitive to β), respectively. It is apparent from Eq. 12
that the in-plane motion of magnetization can obtained as a linear combination of the MO
signals measured for β = ϕ0 and ϕ0 – 90˚ because the in-plane motion of magnetization is
maximal and exactly opposite for β = ϕ0 and ϕ0 – 90˚ and the demagnetization does not
contribute to the measured signal for these angles β. Consequently,
:, Δ   +:
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Similarly, the out-of-plane motion and the demagnetization can be calculated for β = ϕ0 – 45˚
and ϕ0 – 135˚, where the contribution due to the in-plane motion δϕ does not contribute and
the demagnetization terms are exactly opposite:
:& Δ   $+:
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We note, that also other linear combinations of the δMO(∆t, β) are in principle possible in
order to obtain δϕ(∆t), δθ(∆t) and δM(∆t)/M0. However, the presented Eqs. 13, 14 and 15 are
the most simple and straightforwardly describe the magnetization dynamics after the impact
of the laser pulse. In any case, the quantitative reconstruction of the in-plane and the out-ofplane real-space magnetization trajectory depends solely on the signals δMO, which are
measured for different probe polarizations β, and on the magnitude of the MO coefficients
PMLD and PPKE, which are determined independently in the static MO experiments (see Chap.
4.2.1). The examples of the magnetization dynamics calculated by this procedure can be
found in Refs. [66] (see Appendix 5), [21] (see Appendix 6) and [24] (see Appendix 7).
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5. Origin of magnetization precession
As pointed out in the previous chapter, the origin of the light-induced precession of
magnetization in (Ga,Mn)As is a widely discussed issue, where two distinct mechanism of
MA change – the thermal and the non-thermal – are considered to be responsible for this
phenomenon [59, 61, 74, 76, 77]. The non-thermal origin was firstly suggested by Oiwa et al.
[74] and subsequently followed by Hashimoto et al. [77]. The authors claimed that the
variation of the MA is driven by the generation, cooling and subsequent annihilation of the
photo-generated holes. They estimated the relative increase in the hole concentration to be ~
0.01% for the excitation fluence of ~ 3 µJcm-2 [77]. On the other hand, Qi et al. [61] observed
the magnetization precession for similar light intensities (~ 1 – 10 µJcm-2) but it was ascribed
to the transient change of temperature because its relative change was found to be 3 – 4 orders
of magnitude larger than the hole concentration change. A new light into this issue is brought
by the recent paper of Tesařová et al. [24] (see Appendix 7), which represents a thorough
study of light-induced magnetization dynamics for a broad range of excitation intensities (~ 7
– 260 µJcm-2). It is shown that, in principle, both mechanisms can lead to magnetization
dynamics. Moreover, it is possible to separate the thermal and the non-thermal mechanisms
by the real-space magnetization trajectory reconstruction (see Chap. 4) and to quantify the
experimental conditions for which either of the mechanisms dominates.
In this chapter we discuss the thermal and the non-thermal origin of the oscillatory
motion of magnetization in detail. In addition, we describe two distinct non-thermal
mechanisms that can lead to magnetization precession.

5.1 Thermal origin
The impact of the laser pulse on (Ga,Mn)As sample (with the photon energy
exceeding the energy of the band gap; Eg ~ 1.5 eV) leads to an instant generation of the
electron-hole pairs, where the concentration of the photoinduced holes (δp) and electrons (δne)
is equal. The scattering processes among the carriers build up a hot carrier Fermi-Dirac
distribution on the sub-picosecond time scale [61]. Subsequently, the carriers recombine nonradiatively (because of the high concentration of the non-radiative recombination centers
caused by the low-temperature growth by MBE; see Chap. 2.3) which increases the density of
phonons due to the carrier-phonon interactions. The initial carrier energy is thus transferred to
the lattice, resulting into a local increase of the temperature within a few picoseconds [59, 79].
The accumulated heat than diffuses from the illuminated area towards the equilibrium
conditions on the time scale of hundreds of picoseconds [24]. The temperature raise time can
be obtained directly from the differential reflectivity measurements (∆R/R) that provide
information about the photo-injected carrier concentration and life-time (electrons in
particular) [83], see Fig. 6a. The schematic picture of the temperature increase (δT) is
depicted in Fig. 6b.
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Fig. 6: a) Dynamics of the pump pulse-induced change of the sample reflectivity measured for (Ga,Mn)As
sample with 3% Mn doping and the pump intensity I = 42 µJcm-2. The reflectivity dynamics provide the
information about the laser-induced carrier concentration (amplitude of the ∆R/R) and lifetime (defined as a time
where the reflectivity amplitude decreases to 1/e). b) Schematic illustration of the laser-induced change of the
electron concentration (δne) and the subsequent temperature increase (δT) from the equilibrium temperature T0
after the impact of the femtosecond laser pulse (red peak). The dynamics of δne is obtained from the measured
transient reflectivity data shown in a) where the corresponding lifetime is ~ 20 ps.

The magnetic anisotropy constants are strongly dependent on the magnetization magnitude the uniaxial anisotropy scales with magnetization magnitude as M2 while the biaxial
component scales as M4. Consequently, when the temperature of the sample is increased (i.e.,
when the magnetization magnitude is decreased), the biaxial anisotropy is reduced more than
the uniaxial one, causing the shift of the EA towards the [-110] crystallographic direction [41,
46]. The character of the subsequent magnetization precession around the new quasiequilibrium EA position is unambiguously described – by the Landau-Lifshitz-Gilbert
equation (LLG, see Chap. 6) – enabling the initial tilt of the magnetization only towards the
[00-1] crystallographic direction. An estimate of the temperature increase δT can be done
from the magnetization precession frequencies, as their magnitude reflects the temperature
dependent magnetocrystalline anisotropies (see Chap. 6). Figure 7a shows the precession
frequency (f) dependence on the sample temperature, measured for low excitation intensity I =
7 µJcm-2, and on the excitation intensity for low sample temperature T = 15 K. The
temperature increase δT as a function of the intensity can be deduced from the comparison of
these two dependencies (f(T) and f(I)) and is shown in Fig. 7b.
It is obvious from Fig. 7b that δT gets saturated around I = 70 µJcm-2, but the character of the
magnetization precession does not remain the same and changes dramatically for I >
70 µJcm-2. More specifically, the initial tilt of the magnetization reverses towards [001]
crystallographic direction for excitation intensities I > 70 µJcm-2 (see Tesařová et al. [24] in
Appendix 7), which is not possible in the case of thermally-induced magnetization precession.
Fig. 7b also shows that despite the saturated temperature increase, the hole concentration (δp)
increases further with the increasing laser intensity [24]. We note, that δp and its intensity
dependence can be calculated from the energy absorbed from the laser light (assuming the
absorption coefficient of GaAs) and the intensity dependence of the ∆R/R amplitude (since δp
= δne after the impact of the laser pulse). The thermally inaccessible tilts of magnetization for
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I > 70 µJcm-2, together with the increasing carrier concentration points to a distinct, nonthermal mechanism of the magnetization precession.
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Fig. 7: a) Frequency of the magnetization precession as a function of the temperature (for I0 = 7 µJcm-2) and the
excitation intensity (at sample temperature T = 15 K). b) The intensity dependence of the temperature increase
(δT) and the excess hole concentration (δp) after the impact of the laser light. Experimental data were taken for
(Ga,Mn)As sample with 3% Mn concentration.

5.2 Non-thermal origin
The non-thermal processes that lead to magnetization precession are caused by the
photo-induced carriers and can be divided, regarding the polarization of the excitation light,
into two groups – the polarization independent and the polarization dependent ones. In the
later ones, the circularly polarized light generates carriers with the defined spin orientation
[34] and the subsequent magnetization precession is caused by a transfer of the spin angular
momentum from the photo-carriers to the magnetization. This effect, known as the optical
spin transfer torque (OSST), was theoretically predicted several years ago [84], but it was
experimentally observed only recently (by Němec et al. [21], see Appendix 6). On the other
hand, the polarization independent processes can be observed for any polarization of light
(i.e., also for the linearly polarized light). In this case, the magnetization precession occurs as
a result of the carrier spin polarization caused by the relativistic spin-orbit coupling (SOC)
among the photo-induced carriers in the spin-split energy band. The effect is called the optical
spin-orbit torque (OSOT) and was for the first time ever observed by Tesařová et al. in [24]
(see Appendix 7). Both of these non-thermal processes are described in more detail in the
following sections.

5.2.1 Optical spin-orbit torque
The current induced spin-orbit torques (SOT), that were recently observed in
(Ga,Mn)As, opened a new possibilities for further technological development, such as the
extension of the operational capabilities in the electronic devices, or the unprecedented
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characterizing techniques in material research [23, 85]. The OSOT is its optical analogue and
it enables studying the magnetization-related phenomena on the time scales which are orders
of magnitudes shorter than in the current induced SOT. This effect is based on the EA
reorientation due to the optically induced change of the carrier concentration (holes in
particular, since the electrons are weakly spin-orbit coupled) [24]. However, the reorientation
of the EA and the subsequent initial tilt of magnetization can be in the opposite direction than
in the case of the thermal mechanism, i.e. EA rotates towards the [010] and the magnetization
tilts towards [001] crystallographic directions, respectively (compare with the thermal
mechanism in Chap. 5.1). We note that the distinct character of magnetization dynamics,
which can be determined from the analysis of magnetization real-space trajectory (described
in Chap. 4), represents a straightforward method how to distinguish between the thermal and
the non-thermal origin of magnetization precession. Such a simplified picture of the nonthermally induced oscillations of magnetization are in agreement with the theoretical
calculations (based on the k.p kinetic exchange Hamiltonian) of the hole-concentration
dependent EA position [41], but the detailed understanding of this effect requires more
rigorous explanation, based on the SOC in the valance band.
Fig. 8: Schematic illustration of the cross section of the Fermi
volume in (Ga,Mn)As in the k-space. Non-zero magnetization
(red arrow) leads to the anisotropic splitting of the valence
bands into four subbands, two heavy (HH) and light (LH)
holes bands. The direction of the hole spin orientation in
different states on the Fermi surface is indicated by the
orange arrows. [25]

Figure 8 shows the (Ga,Mn)As valance band (VB), where the magnetization leads to the
anisotropic splitting of the VB into four bands – the spin-split heavy (HH) and light (LH)
holes bands, respectively [25]. The SOC causes the change of the expected spin orientation
along the top of the Fermi surface, which is essential for the occurrence of the magnetization
torque and can be described as following. The impact of the linearly polarized laser light
induces a non-equilibrium hole population. Since the angular momentum of light is zero, there
is no momentum that could be transferred into the system, so the excited holes are not spinpolarized. However, the subsequent relaxation towards the spin-split Fermi sea of the
equilibrium holes produces a non-equilibrium spin polarization, which is misaligned with the
magnetization orientation. This photo-hole polarization can be perceived as an effective
magnetic field that exerts a torque on the magnetization via the kinetic exchange coupling and
leads to magnetization precession. It is important to note that in the case of no SOC, the only
polarization that the holes could acquire would be parallel with magnetization orientation,
which would exclude the existence of the torque. Despite the relatively simple physical origin
of the OSOT, its quantitative description, involving the estimate of the hole polarization, is a
23
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rather challenging problem. The exact theoretical treatment is complicated by the vast number
of the non-equilibrium processes on the time scale of 10 – 100 femtoseconds after the impact
of the laser pulse, that can influence the spin hole polarization before it is determined by the
SOC. However, in the first approximation, the spin polarization of holes can be associated
with the magnetic anisotropy field Han [24]. In this approximation, the misalignment of the
magnetization and the hole polarization has the same physical origin as the dependence of the
magnetic EA orientation of the hole density [41].
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Fig. 9 Computed in-plane angular dependence of the free energy functional F (with respect to the energy along
the crystallographic direction [100]) a) and the magnetic anisotropy field Han,ϕ = -δF/δϕ b) in (Ga,Mn)As for
different hole concentrations p0. Inset: Dependence of the easy axis position on the concentration of holes.
[Supplementary material in 24]

Figure 9a shows the in-plane dependence of the free energy functional F (see Chap. 2.3) in
(Ga,Mn)As calculated for the different hole concentrations, where the minimum of F
represents the equilibrium EA position (shown in the Inset). The impact of the laser pulse
causes an increase of the hole concentration δp (with respect to hole concentration p0 in dark),
which leads to the in-plane movement of the EA and, consequently to the misalignment of the
EA position and the magnetization orientation. These changes of the magnetic order give rise
to the appearance of Han (Han,θ = -∂F/∂θ and Han,φ = -∂F/∂φ, see Ref. 24), which is non-zero in
the plane of the sample (see Fig. 9b). The sign of the calculated Han is consistent with the
sense of the initial magnetization tilt observed in the experiments. The detailed derivation of
the Han, together with the additional analysis of the magnetization trajectory can be found in
Ref. 24 (see Appendix 7).
5.2.2 Optical spin-transfer torque
The optical spin-transfer torque (OSTT) represents another non-thermal effect
responsible for the magnetization dynamics after the impact of the laser light. Similarly to the
OSOT, the magnetization oscillations are caused by the spin-momentum transfer from the
carriers to the magnetization via the exchange coupling. The main difference between these
two effects is that in the case of OSTT, the carriers acquire their spin polarization directly
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from the circularly polarized light (and thus no SOC is needed for observing this effect). The
detailed theoretical description of OSTT is given in Ref. 21 (see Appendix 6) and only a brief
summary of this effect will be given here.
The circularly polarized light generates the spin-polarized carriers (δne = δp < p0),
where the carrier spin orientation (n) is parallel with the direction of the incident light and
perpendicular to magnetization orientation (in the case of typical, compressively strained
(Ga,Mn)As samples with the in-plane equilibrium position of M), see Fig. 10. The appearance
of the OSTT is conditioned by the relatively long spin lifetime of the photo-injected carriers
[21] and only the photo-electrons spin lifetime of ~ 10 ps, which is given mainly by the
interaction with Mn moments and by the electron recombination time, is sufficient to exert a
torque on magnetization. The spin lifetime of holes is dominated by the strong SOC and it is
estimated to be ~ 1 - 10 fs [84] which is not enough to cause the OSTT [21], so we will omit
holes in further discussion.
Fig. 10: Schematic illustration of the optical spin
transfer torque. The circularly polarized light generates
the carrier spin polarization, where the initial orientation
of spins (n) is parallel with the incident light direction
and perpendicular to magnetization (M). The steadystate component of the injected spin density (s0) is
oriented in the sample plane, perpendicular to M, and
exerts a torque on the magnetization vector M.

Right after the impact of the circularly polarized light, the orientation of the generated spins
(n) is given by the propagation direction and by helicity of the circular polarization. However,
the exchange field produced by the Mn moment yields the electron spins precession around
the magnetization vector (M), with the precessing period ~ 100 fs [84]. As the electron spin
lifetime highly exceeds this precession period, the spins precess many times before they relax.
In this regime, the steady-state spin density (s0) is oriented in the plane of the sample, but
perpendicular to M, and exerts a torque on the magnetization vector, which leads to the
subsequent precession of magnetization. It is important to note, that the OSTT starts to act
during the laser pulse impact (when the electrons with a concentration δne are photoinjected)
and fades away within the electron spin lifetime (~ picoseconds). However, the magnetization
precession persists up to several nanoseconds. The influence of OSTT is, therefore, most
clearly observable in the initial phase of the detected MO signal, see Ref. 21 in Appendix 6
for the measured magnetization trajectories.
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6. Determination of micromagnetic parameters
The magnetic properties of any ferromagnetic material are described by the
micromagnetic parameters, such as the magnetic anisotropy constants, spin stiffness or the
Gilbert damping parameter. There are many different experimental methods that have been
developed in order to measure these micromagnetic parameters. In particular, the
ferromagnetic resonance (FMR), SQUID magnetometry or the magneto-transport
measurements belong among the most commonly used ones [46, 47, 86]. However, it was
shown recently by Němec et al. [33] (see Appendix 8) that the time-resolved MO
spectroscopy can be also exploited in the investigation of the mentioned micromagnetic
parameters of the ferromagnet. Moreover, this technique can overcome some of the
limitations (e.g., the spatial resolution, the separation of the inhomogeneous contribution to
the resonance linewidth, …) of the other experimental techniques [33, 82]. The aim of this
chapter is to demonstrate the ability of this powerful technique to deduce all the
micromagnetic parameters from a single MO pump-and-probe experiment.
Before proceeding to the determination of the anisotropy constants Ki, the Gilbert
damping parameter α and the spin stiffness constant D, the analytical description of
magnetization dynamics has to be performed as it forms the basis of the whole experimental
method. The magnetization dynamics after the impact of the laser pulse can by described by
the Landau-Lifshitz-Gilbert (LLG) equation:
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where γ = (gµB)/ћ is the gyromagnetic ratio with Landé g-factor g = 2 and Bohr magneton µB,
Heff is the effective magnetic field, α is the Gilbert damping constant and Ms is the saturated
magnetization. Since the MO spectroscopy is sensitive both to the in-plane and out-of-plane
positions of magnetization, it is convenient to rewrite the LLG equation into the spherical
coordinates, characterized by the polar θ and azimuthal ϕ angles, respectively [43]:
>(U
>8

>X
>8

>c
>8

 0,

$

$

(17)
Y

Z[T\ (U
Y

`

(18)

T∙`

(19)

]^ ∙   7<aXb,

Z[T\ (U 7<aX

] $ 7<aXb,

where A = dF/dθ and B = dF/dϕ are the derivatives of the free energy functional F (see Eq. 1
in Chap. 2.3) with respect to θ and ϕ, respectively. For small deviations δθ and δϕ from their
equilibrium values θ0 and ϕ0, the solution of Eqs. 18 and 19 can be written in the form θ(t) =
θ0 + δθ(t) and ϕ(t) = ϕ0 + δϕ(t) as [Supplementary in 33, 43]:
&   &'  X  8/8  2  ΦX ,
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where the constants Aθ (Aϕ) and Φθ (Φϕ) describe the initial amplitude and phase of θ (ϕ),
respectively. For the typical geometry for the pump-and-probe experiment in (Ga,Mn)As with
the in-plane position of magnetization (θ0 = 90˚) and the external magnetic field applied also
in-plane (θH = 90˚), the precession frequency and the damping time are given (assuming the
relatively slow precession damping; α2 = 0) [Supplementary in 33]:
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As seen from Eq. 22, the magnetization oscillation frequency reflects the sensitivity to the
magnetic anisotropy of the material (described by the magnetic anisotropy constants Ki). This
well-known fact is the basic principle of the FMR technique [47, 48] and will be also
exploited in the time-resolved MO method (see Chap. 6.1). Equation 23 shows that the Gilbert
damping time, which is measured experimentally (see Chap. 4.1), depends not only on the
Gilbert damping parameter α, but also on the anisotropy constants and the mutual orientation
of the external magnetic field and the magnetization. We note that the dependence of α on Ki
was omitted in the previous publications [76, 77, 78] which may be the reason of the large
scatter in the reported values of α.

6.1 Magnetic anisotropy constants
The dependence of the oscillation frequency on the magnetic anisotropy and on the
external magnetic field magnitude and orientation enables the direct calculation of the
anisotropy constants Ki from the measured time-resolved MO signal. In particular, for a
sufficiently strong magnetic field, which aligns the magnetization into its direction (i.e., ϕ =
ϕH), the following equations can be used to fit the obtained precession frequencies:
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for Hext along the [110] crystallographic direction (i.e. ϕH = π/4), or
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for Hext along the [010] crystallographic direction (i.e. ϕH = π/2), or
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for Hext along the [-110] crystallographic direction (i.e. ϕH = 3π/4).
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In principle, only three precession frequencies in one magnetic field orientation are
needed to obtain all three anisotropy constants Kc, Ku and Kout. However, the precision of the
magnetic anisotropy determination can be increased when measuring the f(Hext) dependence
for at least two different orientations of Hext as shown in Fig. 11a.
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Fig. 11: a) Dependence of the magnetization precession frequency f on the external magnetic field Hext applied
along the [010] and [110] crystallographic directions; the red lines are the fits by Eqs. 24 and 25, respectively,
with Kc = 31 mT, Ku = 27.5 mT and Kout = -190 mT. b) Probe polarization dependence of the oscillatory
amplitude A obtained by fitting the measured MO signals by Eq. 7. The red line is the fit by Eq. 10 and the blue
vertical arrow depicts the obtained equilibrium easy axis position ϕ0 ≈ 120˚. The measurements were performed
in (Ga,Mn)As sample with 5.2% Mn concentration at the base temperature of 15 K.

The precision can be increased even further when the EA position of magnetization is
known. In (Ga,Mn)As samples with the in-plane magnetization orientation, the position of the
EA is given by the relative magnitude of Kc and Ku and, therefore, the knowledge of the EA
position enables the direct determination of the ratio Kc/Ku. As mention in Chap. 4.2.2, the
equilibrium position of the EA can be determined from the amplitude of the time-resolved
MO signals when the magnetization dynamics are measured for the different orientations of
the linearly polarized probe pulses β, see Fig. 11b.

6.2 Gilbert damping parameter α
The Gilbert damping constant α can be obtained from the numerical modeling of the
measured MO data. In the first step, the time-dependent deviations of the spherical angles
[δθ(t), δϕ(t)] from their equilibrium values θ0 and ϕ0 are computed by the LLG equation (Eqs.
18 and 19), using the determined anisotropy constants Ki. In the second step it is calculated
how such changes of θ and ϕ modify the static MO response of the sample MOstat, which is
the measured signal represented by Eq. 12 in Chap. 4.2.3. The data can be reliably modeled
from the time delays ~ 100 ps when the quasi-equilibrium precession of magnetization is
established. The only parameters in this modeling procedure are the Gilbert damping
coefficient α, the initial deviation of the spherical angles from the corresponding equilibrium
positions and the parameters describing the in-plane movement of the easy axis and the
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demagnetization signal, which are apparent as the non-oscillatory signal in the measured
magnetization dynamics (see Eq. 2 in Chap. 4.1). We note that the magnitude of the initial
deviation of the spherical angles, calculated in the model, is strongly dependent on the input
value of the static MO coefficients PPKE and PMLD. However, the values of the MO
coefficients, which are always measured with some precision, has no influence on the
determined value of α. Applying this modeling procedure, the dependence of α on the
external magnetic field Hext or on the oscillation frequency f can be obtained, respectively (see
Fig. 4 in Appendix 8).
In contrast to the theoretical predictions that α does not depend on the oscillation
frequency [87], we observed experimentally that in (Ga,Mn)As α decreases monotonously
with increasing oscillation frequency [33] and saturates for f > 15 GHz [33], which is in
accord with the results reported for other ferromagnetic materials [88, 89]. The most probable
explanation of this effect was given by Walowski et al. in Ref. 88, where it was assumed that
in the low field range (low precession frequency) the small magnetization inhomogeneities
can be build, meaning that the magnetization is not fully aligned with Hext but forms ripples.
Consequently, the measured MO signal, which detects sample properties averaged over the
laser spot size, experiences apparent oscillation damping α, because the magnetic properties
(i.e. the precession frequencies) are slightly different within the spot size. On the other hand,
for stronger external fields the sample is fully homogeneous and, therefore, the precession
damping is not dependent on the applied field. It was found that for (Ga,Mn)As samples the
frequency-independent Gilbert damping is strongly dependent on the Mn concentration and it
decreases systematically from 0.1 to 0.01 when the nominal Mn concentration increases from
2% to 9% [33] (see Fig. 4b in Appendix 8).

6.3 Spin stiffness
The spin stiffness, which describes the exchange energy associated with the twist of
the spins, is one of the most important material parameters that characterize the magnetic
properties of a ferromagnet. So far, the spin stiffness in (Ga,Mn)As was typically obtained
from the measurements of the spin precession modes by the FMR technique [90, 91]. The
precession modes represent the spin wave resonances (SWRs, also known as magnons) that
are selectively amplified by fulfilling the boundary conditions of the thin FM film (see e.g.
Ref. 43 for detailed discussion). In FMR the SWRs are investigated in the frequency-domain,
where they manifest as the multiple absorption peaks in the spectra. However, the SWRs can
be also studied in the time-domain by the time-resolved MO spectroscopy [33, 92], where
they are apparent as the additional frequencies (fn) that are larger than that of the uniform
magnetization precession (f0), see Fig. 5 in Appendix 8. For the external magnetic field Hext
applied in the sample plane, the angular frequency of the n-th SWR mode fn is given [33, 92]:
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where ∆Hn = H0 – Hn is the shift of the resonant field for the higher index n spin wave modes
with respect to the uniform precession mode n = 0. For the magnetically homogeneous films,
the value of ∆Hn is given by the Kittel relation [90]:
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where D is the exchange spin stiffness constant, µB is the Bohr magneton, g is the Lande gfactor and L is the thickness of the magnetic film. This equation is of high importance as it
enables an evaluation of the spin stiffness D from the field differences ∆Hn that can be
obtained from the measured frequency spacing of the individual modes (see Eq. 27). It is
important to emphasize that Eq. 28 is only valid for the magnetically homogenous films, i.e.
for films where the (Ga,Mn)As layer thickness does not exceed ~ 50 nm [32, 33, 43].
Let’s now proceed to the exact procedure how the spin stiffness parameter D can be
obtained from the time-resolved MO signal. For this purpose, the detection of at least one
additional SWR, together with the uniform precessional mode n = 0, is inevitable, but the
more SWRs are detected the more precise determination of D can be performed. We note that
multiple SWRs can be observed in thick (Ga,Mn)As samples (L ≥ 50 nm) [43, 90], but not all
of them could be ascribed to Kittel modes, most probably because of the magnetic
inhomogeneity of the magnetic layer [43]. Consequently, it is a rather delicate task to evaluate
the value of D because the measurement has to be performed on a thick enough film to
observe a multiple SWRs but thin enough to prevent its magnetic inhomogeneity. In
magnetically homogeneous (Ga,Mn)As samples (L ≤ 50 nm) we observed three SWRs at
most [33, 43]. We note that the most precise procedure how the precession frequencies fn can
be evaluated from the measured MO data is from the Fourier spectra of the oscillatory part of
the MO signals. The values Hn can be obtained from the measured dependencies fn(Hext) - for
a sufficiently high Hext, the equilibrium position of the EA is aligned with Hext (i.e., ϕ = ϕH)
and the measured fn(Hext) dependencies can be fitted by Eq. 27 for each n, obtaining the only
unknown parameter ∆Hn. Finally, the spin stiffness coefficient D can be determined from Eq.
28.
We used this method in the optimized set of (Ga,Mn)As samples and we observed that
the spin stiffness parameter D is a weakly increasing function of the Mn doping, with the
values of D between 2 and 3 meVnm2 for the studied samples with the nominal Mn doping
from 3.8% to 9%, see Ref. 33 in Appendix 8, where all the results are summarized.
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CONCLUSIONS
The ferromagnetic semiconductor (Ga,Mn)As is a very interesting material for the
spintronics. Not only it is a material where the proof-of-concept spintronic devices can be
realized, but it is also a good model material where new physical phenomena can be
discovered and thoroughly studied, and the gained knowledge can be subsequently transferred
to conventional room-temperature ferromagnetic metals. The aim of this doctoral thesis was
to investigate the magnetic properties of (Ga,Mn)As. We focused mainly on the
magnetization dynamics induced by the impact of the ultrashort laser pulses, because the
ultrafast manipulation with the magnetic order is of high importance for future envisioned
spintronic devices.
We studied an extensive set of high quality (Ga,Mn)As samples with Mn doping
ranging from 1.5% to 14%. Using the time-resolved magneto-optical (MO) spectroscopy we
observed the laser-induced precession of magnetization in all the samples, except in those
with the lowest and the highest Mn concentration, where the magnetic anisotropy was too
strong to be significantly influenced by the impact of the laser pulse. We used the magnetic
anisotropy-related precession of magnetization as a spectroscopic method for evaluation of all
the basic micromagnetic parameters of (Ga,Mn)As – the magnetic anisotropy constants, the
Gilbert damping coefficient, and the spin stiffness – from one single set of experimental data.
We found a clear monotonous dependence of these parameters on Mn doping, i.e., on the hole
concentration and magnetization magnitude, which can be of practical use in the material
property engineering.
Moreover, the detailed analysis of the measured MO signals enabled us to establish a
new experimental method that can be used for a determination of the real-space magnetization
trajectory without any numerical modeling. This real-space magnetization dynamics
contributed significantly to our understanding of the mechanism of the laser-induced
magnetization dynamics. In particular, we revealed that it can be either of thermal or of nonthermal origin, depending on the light intensity and polarization state. The understanding of
these mechanisms enabled us to identify two new physical phenomena – the optical spin
transfer torque and the optical spin-orbit torque, which were theoretically predicted but so far
experimentally unobserved. Both these effects can have a large impact on the basic research
towards the development of the future spintronic applications because they act on a timescale
that is several orders of magnitude shorter than in the case of their current-induced
counterparts.
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LIST OF ABBREVIATIONS
DMS

diluted magnetic semiconductor

EA

easy axis

FM

ferromagnetic

FMR

ferromagnetic resonance

IB

impurity band

MA

magnetocrystalline anisotropy

MBE

molecular beam epitaxy

MCD

magnetic circular dichroism

MLD

magnetic linear dichroism

MO

magneto-optical

OSTT

optical spin transfer torque

OSOT

optical spin-orbit torque

PKE

polar Kerr effect

SOC

spin-orbit coupling

SQUID

superconducting quantum interference device

SWR

spin wave resonance

TMR

tunneling magnetoresistance

VB

valance band

39

LIST OF IMPORTANT SYMBOLS
α

Gilbert damping constant

EF

Fermi energy

F

free energy functional

g

Lande g-factor

γ

gyromagnetic ratio

Hext

external magnetic field

Kc

cubic anisotropy

Ku

uniaxial anisotropy

Kout

out-of-plane anisotropy

µB

Bohr magneton

p

hole concentration

TC

Curie temperature

T

temperature
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APPENDIX 9

Experimental setup for the time-resolved MO spectroscopy measurements
All the time-resolved measurements presented in this thesis were done in the
experimental setup described in Fig. A9.1. The titan-sapphire laser was used to generate
ultrashort laser pulses (width of the pulse ~ 200 fs) with a repetition rate of 82 MHz. The laser
system can be tuned in the spectral range of 720 – 1050 nm, but we typically used the
wavelength λ = 760 nm (phonon energy hν = 1.63 eV) which is sufficient to excite
(Ga,Mn)As above the band gap. The laser pulses were divided by the beam splitter into two
parts – the stronger pump pulse and the weaker probe pulse. The pump pulse was timedelayed by a computer-controlled delay line with respect to the probe pulse. The intensity of
the laser pulses was individually adjusted in both arms by the neutral density filters. The
polarization state was controlled by the polarizers and the wave plates (half and quarter wave
plates), where the pump pulses were typically circularly polarized and the probe pulses were
polarized linearly. The laser beams were focused on the sample in a near normal incidence
geometry (the angles of incidence, measured from the normal of the sample, for pump and
probe beams were 3º and 9º, respectively). The samples were glued on the cold finger (by a
silver paste which enabled a good thermal conductivity) of a closed-cycle cryostat. The
samples were typically cooled down to 15 K. The samples were placed between the poles of
the electromagnet, which could generate a magnetic field (Hext) up to ~ 600 mT.
After reflection from the sample, the probe pulses were analyzed in the optical bridge
(while the reflected pump beam was blocked). The basic principle of the optical bridge is, that
the linear polarization of the probe beam is divided by a polarizing beam splitter into s- and porthogonal polarizations (usually a half wave plate is placed in front of the beam splitter that
can be used to adjust an equal intensities of the s- and p- polarized beams). Each of the
polarizations is deflected into different arms of the optical bridge where they are separately
detected by photodiodes. The output signals from the photodiods are transferred to differential
preamplifiers where the sum and the difference from the individual signals are computed.
These differential and sum signals are further amplified and both are processed by the lock-in
amplifiers, that were synchronized to the reference signal from the optical chopper. The
chopper was placed in the pump beam, so the detected signal reflects only the magnetooptical signal changes induced by the pump pulses.
The sum signal provides information about the pump-induced reflectivity change of
the sample ∆R(t) that can by expressed as [93]:
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where R0 is the static reflectivity of the sample, ∆Ip (∆Is) is the pump-induced change of the
intensity in the p- (s-) polarized arm of the optical bridge with respect to intensities without

the pump pulse ' ( '7 ).
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The difference signal is related to the pump-induced rotation of the polarization plane ∆θ (or
to the pump-induced ellipticity, if a quarter wave plate is placed in front of the half wave plate
in the optical bridge) that can be expressed as [93]:
Δ&  
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Fig. A9.1: Experimental setup for the time-resolved MO measurements. The meaning of the abbreviations is the
following: BS – beam splitter, DL – delay line, CH – chopper, NDF – neutral density filter, P – polarizer, λ/2 –
half wave plate, λ/4 – quarter wave plate, L – lens, S – sample, Hext – external magnetic field generated between
the poles of the electromagnet, DET A (B) – silicon detectors, A-B, A+B – differential preamplifiers, AMP –
preamplifier, lock-in 1 (2) – phase sensitive lock-in amplifier.
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