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Introduction

1.1 History of magnetism
Magnetism has been known to the public since at least about 600 BC. Thales of
Milaetus ﬁrst describes the phenomenon as the attraction of a piece of iron by a
naturally occurring magnetite; Fe3 O4 , called loadstone. Magnetism is due to the interaction of electrically charged particles, and it is one of the fundamental forces of
nature. Magnetism is highly practical in daily life of modern industrialized society. It
is extensively used in navigation, power generation, medicine, electronics, particle accelerators, and data storage. Regardless of such an enormous wealth of applications,
the underlying physical principles of magnetic phenomena is still complex and mysterious. Even though the subject is old, huge advancements of science and technology
make magnetism one of the forefront areas of research in condensed matter physics.
It means that the development of novel approaches to the study of magnetic materials is revealing new phenomena and understanding, leading to new applications.
An example is the discovery of the giant magnetoresistance in magnetic multilayers,
leading to the Physics Nobel Prize for A. Fert and P. Grünberg (2007), and allowing
higher density magnetic recording by its application for extremely sensitive magnetic
sensors. Recently, the research in magnetism is especially triggered by the growing
demand for faster magnetic storage. It is thus essential to understand the time scale
of the magnetization dynamics and reversal processes in magnetic materials.
The conventional way to reverse the magnetization is to apply a magnetic ﬁeld
either parallel or perpendicular to the magnetization. However, the practical limita1
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tions that are connected with the generation of magnetic ﬁeld pulses, shorter than the
time scale related to the spin-orbit interaction (∼ 0.1-1 ps)1 [1, 2], and the ultimate
need for faster magnetic storage fuel the searches for new methods to control and
manipulate magnetization. Femtosecond laser pulses provide a new opportunity to
excite and probe a magnetic material in the time scale of the exchange interaction (∼
0.01-0.1 ps) (see Fig. 1.1). The demonstration of a subpicosecond demagnetization
using a short optical laser pulse by Beaurepaire et al., [3] and the emerge of the optomagnetic eﬀect [4–6] provide new prospects for the application of femtomagnetism.

Technological
demand

Science

Figure 1.1: The typical time scales in magnetism as compared to the pulses of magnetic
ﬁeld and laser. The short laser pulse is an ideal choice to manipulate magnetization within
the order of the exchange interaction time (from [7]).

1.2 Precessional dynamics and magnetization reversal
1.2.1 Magnetization reversal in ferromagnets
The interaction of a magnetic moment m with an external magnetic ﬁeld H gives rise
to a magnetic torque T:
T = m × H.
(1.1)
1 Using

the relation t =

h̄
.
E

2
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T is an axial vector which is perpendicular to both magnetic moment and ﬁeld directions. The experiment of Einstein and de Haas in 1915 revealed the relation between
magnetism and angular momentum. The angular momentum in magnetism can be
seen as identical to the angular momentum of a rotating object, as viewed in classical
mechanics. Thus, it is clear that a magnetic moment is intrinsically related to its
angular momentum L by the following relation:
m = γL,

(1.2)

where γ is the gyromagnetic ratio. Using Newton’s second law of motion L and T
have the following relation:
dL
= T = m × H.
dt
Therefore, the equation of the magnetic moment can be rewritten as:
dm
= γ(m × H).
dt

(1.3)

(1.4)

From the above equation the Larmor frequency can be derived:
ω = γH,

(1.5)

where γ is a material dependent parameter. For an electron spin |γ| ≈ 28 GHz/T. It
means that for an applied ﬁeld of 1 T an electron spin takes about 36 ps to make a
full precession around the magnetic ﬁeld. Thus, the Larmor precession frequency sets
the typical time scale for magnetization dynamics in ferromagnetic materials.
Eq. 1.3 indicates that the magnetic moment keeps precessing around the magnetic
ﬁeld. However, in reality the magnetization eventually moves towards the magnetic
ﬁeld direction and stops precessing after a certain time. Therefore, an additional
damping term should be incorporated in Eq. 1.3. The more complete magnetization
equation of motion is represented by the Landau-Lifshitz-Gilbert (LLG) equation [8,
9]:
dm
α
dm
= γ(1 + α2 )(m × Heﬀ ) +
(m ×
),
(1.6)
dt
|m|
dt
where α is the phenomenological Gilbert damping parameter and Heﬀ is the eﬀective
magnetic ﬁeld which acts on the magnetic moment. According to Eq. 1.6, the magnetization dynamics is governed by precessional motion and damping. Thus, to transfer
the magnetic moment from one stable conﬁguration to another, it takes a time of
about 0.1-1 nanosecond. A typical trajectory of conventional magnetization reversal
by a magnetic ﬁeld which is applied antiparallel to the magnetization is shown in
Fig. 1.2(a). This reversal time is rather slow for the current demand for a faster
data storage device. Another alternative to have a faster magnetization reversal in
3
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a)

H

b)

H

Figure 1.2: (a) Precessional switching of the magnetization by an external magnetic ﬁeld
when it is applied antiparallel to the magnetization. (b) Faster magnetization reversal can
be achieved when the pulsed magnetic ﬁeld is applied perpendicular to the magnetization
during half of the precessional period.

ferromagnets is to apply a pulse of external magnetic ﬁeld which is perpendicular
to the magnetization [1, 10] during half of the precessional period (see Fig. 1.2(b)).
After the precessional dynamics is initiated and once the magnetization sees the other
local minimum, the applied magnetic ﬁeld can be removed; thus the magnetization
will relax to the opposite direction and stays there because of the damping. In this
conﬁguration, magnetization reversal can occur within half of the precessional period,
the fastest way via precessional switching.
In both magnetization reversal processes described above, the angular momentum
of a magnetic moment remains a fundamental barrier for instantaneous reversal of the
moment. Thus, a system with a very small angular momentum is a suitable candidate
for a faster magnetization reversal.

1.2.2 Precessional dynamics in multisublattice magnets
Antiferromagnets
In the most general form antiferromagnets are assumed to have identical spin moments
that are aligned antiparallel and consequently they have a zero net magnetization and
zero total angular momentum at a temperature of absolute zero. The antiferromagnetic precession frequency in the absence of an external magnetic ﬁeld is given as
follows [11, 12]:

ω = γ HA (HA + 2Hexch ),
(1.7)
4
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where HA is the anisotropy ﬁeld and Hexch is the exchange ﬁeld. Because of the
fact that the frequency of the antiferromagnetic precession is related to the exchange
interaction and there is no net angular momentum, antiferromagnets have faster spin
dynamics compared to ferromagnets [4]. However, the absence of net magnetic moment in antiferromagnets makes them unsuitable candidate for the purpose of data
storage.
Ferrimagnets
Ferrimagnetic alloys contain at least two magnetic moments which are coupled antiparallel to each other as in the case of antiferromagnets. However, diﬀerent from
pure antiferromagnets, the sublattices have diﬀerent magnitudes of their magnetizations. Hence, one sublattice cannot compensate the magnetization of the other
sublattice, as a result there is a net magnetic moment. For instance, the equation of
motion of a two sublattice ferrimagnetic system can also be written in the form of
two coupled Landau-Lifshitz-Gilbert (LLG) equations [8, 9]:
dMi
αi
dMi
= γi (1 + αi2 )(Mi × Hieﬀ ) +
(Mi ×
),
dt
|Mi |
dt

(1.8)

where αi is the phenomenological Gilbert damping parameter, γi is the gyromagnetic
ratio, and |Mi | is the saturation magnetization of the ith sublattice (i = 1, 2). Hieﬀ
represent the total eﬀective ﬁeld, i.e., the external ﬁeld, the anisotropy ﬁeld, and the
inter-sublattice exchange coupling ﬁeld that acts on the magnetic moments of the ith
sublattice. These eﬀective ﬁelds experienced by the ﬁrst and second sublattices can
be written as:
H1eﬀ = Hext + Ha1 + λ2−1 M2 ,
(1.9)
and
H2eﬀ = Hext + Ha2 + λ2−1 M1 ,

(1.10)

where Hext is the externally applied magnetic ﬁeld, λ2−1 is the inter-sublattice exchange coupling coeﬃcient between the two sublattices, Ha1 and Ha2 are the magnetic
anisotropy ﬁelds of the ﬁrst and second sublattices, and λ2−1 M1 and λ2−1 M2 are the
exchange ﬁelds created by the ﬁrst and second sublattices, respectively.
The approximate solution of Eq. 1.8 gives two homogenous modes of spin resonance. The ﬁrst one is the ferromagnetic resonance (FMR) mode, the frequency of
which is proportional to the eﬀective magnetic ﬁeld [13]:
fFMR = γeﬀ Heﬀ ,

(1.11)

where γeﬀ is an eﬀective gyro-magnetic ratio:
γeﬀ =

M1 − M2
.
M1 /γ1 − M2 /γ2
5

(1.12)
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The eﬀective damping parameter can be written as [14]:
αeﬀ =

M1 α1 /γ1 + M2 α2 /γ2
.
M1 /γ1 − M2 /γ2

(1.13)

In addition to the known ferromagnetic resonance mode, ferrimagnets can also have
an additional high frequency exchange mode that arises due to the inter-sublattice
exchange coupling (similar to the antiferromagnetic mode). The frequency of this
mode is given by [13, 15]:
fexch = λ2−1 γ1 γ2 [M1 /γ1 − M2 /γ2 ].

(1.14)

The precessional trajectories of the magnetizations in a two sublattice ferrimagnetically coupled system are illustrated in Fig. 1.3. This schematic shows the precessional
dynamics of the two coexisting magnetic modes: the ferromagnetic and the exchange
modes. Laser pulse excitation and control of these magnetic modes will be discussed
in chapter 4.

Haeff

FMR

M1

Heff

Exchange

Hext
M2

Figure 1.3: Schematic illustration which represents the low frequency ferromagnetic mode
and the high frequency exchange mode resonance in a ferrimagnetically coupled system.

As one can see from Eqs. 1.11-1.14, the dynamics of a ferrimagnet largely depends on the relative weight of the magnetizations of the sublattices. The angular
momentum compensation point, M1 /γ1 = M2 /γ2 , has a crucial role in the magnetization dynamics. For instance, at this point the frequency of the FMR mode and
6

1.2 Precessional dynamics and magnetization reversal
eﬀective damping αeﬀ diverge due to the divergence of γeﬀ (see Eq. 1.12). These two
parameters are very essential to have a faster and ringing-free magnetization reversal.
A typical magnetization reversal in a two sublattice ferrimagnet at the angular
momentum compensation point by an external magnetic ﬁeld, applied antiparallel
to the magnetization of the dominant sublattice, is shown in Fig. 1.4. Unlike the

H

Figure 1.4: Precessional switching of the magnetization in a two sublattice ferimagnetically coupled system at the angular momentum compensation point when a magnetic
ﬁeld is applied antiparallel to the magnetization of the dominant sublattice.

trajectories in the case of a simple ferromagnet (Figs. 1.2(a)), the magnetization
trajectories in a ferrimagnet at the angular momentum compensation point has a
strongly reduced number of precessional periods (see Fig. 1.4). Thus, a ferrimagnetically coupled system which has an angular momentum compensation point is seen as
a potential candidate in order to enhance the switching speed of the magnetization.
In contrast to the Larmor frequency given by Eq. 1.5 for simple ferromagnets and
the antiferromagnetic frequency given by Eq. 1.7, for ferrimagnets it is possible to tune
the eﬀective gyromagnetic ratio (Eq. 1.12), and the eﬀective damping parameter (Eq.
1.13) and consequently the overall magnetization dynamics, by changing the relative
weight of the magnetizations of the sublattices.
7
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1.3 Control of magnetization by light
The interaction of an electromagnetic wave with a magnetic medium has been known
since the demonstration of the Faraday eﬀect back in 1845 [16]. It is possible to change
the polarization of a light beam by a magnet or magnetization. However, little was
known about the reverse process. In the following subsections we will discuss brieﬂy
some of the recent achievements in the area of magnetization dynamics.

1.3.1 Ultrashort light-induced demagnetization dynamics
In 1996, a striking result in laser-induced demagnetization was published by Beaurepaire et al., [3]. It was demonstrated that the magnetization of a Ni ﬁlm reduced
rapidly within the ﬁrst few picoseconds after being excited by a 60 fs optical laser
pulse (see in Fig. 1.5(a)). The observation of Beaurepaire was immediately conﬁrmed
by several experimental and theoretical investigations [17–27]. Despite some progress,
the microscopic mechanism for the ultrafast demagnetization is still being debated,
both experimentally [17–21] and theoretically [22, 23, 26, 27].

Figure 1.5: Laser-induced ultrafast demagnetization in a thin nickel ﬁlm using a 60 fs
laser pulse. a) The Kerr signal indicates that the magnetization reduced rapidly and
reaches its minimum within a few picoseconds. b) The numerically calculated curves of
the electronic, spin and lattice temperature using the 3T model (from [3]).

Although the characteristic time in which the pump laser pulse transfer energy
into the spin subsystem in a material is determined by the intrinsic properties of the
material itself, the used experimental technique and the temporal width of the laser
8
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pulse play the role in resolving the dynamics. For instance, in pump-probe secondharmonic generation (SHG) experiments performed on a Ni ﬁlm by Hohlfeld et al.,
a transient demagnetization reached its minimum within about 50 fs before the electrons reached their thermalization time (280 fs) [17, 21]. Starting from the electrons
thermalization time, the magnetization is related to the electronic temperature Te (t)
via M(Te (t)) and the classical equilibrium magnetization curve M(Te (t)) was shown
to be reproduced [17, 21]. The two-photon photoemission experiment by Scholl et
al., indicated that there are two diﬀerent demagnetization processes in Ni which occur within less than 1 ps and around 500 ps [18]. On the other hand, Aeschlimann
et al., conducted a spin dependent electron dynamics experiment on Co, and they
demonstrated that the life time of the photoexcited electrons from the majority-spin
is diﬀerent from that of the minority-spin [19]. Another experiment performed by
Beaurepaire et al., in CoPt3 , also provide that the ultrafast laser beam can drive
the ﬁlm from the ferromagnetic to the paramagnetic phase with a characteristic time
comparable to the pulse duration [20]. Hübner and Zhang also predicted that the
intrinsic spin dynamics of Ni occurs within about 10 fs. However, the extrinsic parameters such as the spectral-width and the laser pulse duration could slow down the
observed dynamics [22].

1.3.2 Three-temperature model (3TM)
The understanding of ultrafast laser-induced demagnetization is rather complicated.
This is because diﬀerent subsystems (heat reservoirs) participate in the process with
diﬀerent relaxation times; regardless of this, it was found that the ultrafast demagnetization process observed in ferromagnetic Ni by Beaurepaire [3] can be well described
by three temperature model, involving a three coupled diﬀerential equations which
take the interaction of the three heat reservoirs (electron, lattice, and spin) into consideration. These heat reservoirs are shown by the cartoon-like schematic in Fig. 1.6.
This model contains the following three coupled diﬀerential equations, written as
follows:
dTe
Ce
(1.15a)
= −Gel (Te − Tl ) − Ges (Te − Ts ) + P (t),
dt
Cl

dTl
= −Gel (Tl − Te ) − Gls (Tl − Ts ),
dt

(1.15b)

Cs

dTs
= −Ges (Ts − Te ) − Gls (Ts − Tl ),
dt

(1.15c)

where Ce,l,s describe the heat capacities of the electronic, lattice, and spin speciﬁc
heats, respectively. Gel,es,ls , are the electron-lattice, electron-spin, and lattice-spin
9

10

Introduction

Laser pulse

Electrons
Te
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Gel

Spins

Lattice

Ts

Tl

Gsl

Figure 1.6: A schematic illustration that represents the interactions of the heat reservoirs
in a three temperature model (3TM).

phenomenological coupling constants. P (t) is a heat source which originates from the
laser pulse.
What can happen in a magnetic metal after being excited by a short optical laser
pulse? To treat this question, let us consider the temporal evolution of the spins,
electrons, and phonons in the excited magnetic material. The exciting laser pulse
ﬁrst deposits its energy in the electronic subsystem. In general, an understanding
of a demagnetization process before the electrons thermalize time is not an easy
task. However, their thermalization time in metals is established within a time of
less than 500 fs [28]. After this thermalization time, the electronic subsystem can
have an average elevated temperature Te . Due to the small heat capacity of the
electrons, Te can become quite high, 1000-2000 K for a typical laser parameters
of some mJ/cm2 incident ﬂuence. The heat deposited in the electronic subsystem
is eventually redistributed to the spins and the lattice subsystems. This process
leads to an increases of the spins and lattice temperatures (Ts and Tl , respectively)
and a decrease of the electron temperature until all the subsystems are in thermal
10
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equilibrium (see the numerically calculated curves in Fig. 1.5(b)). Finally, the sample
returns to its original temperature after the laser-induced heat diﬀuses out completely
from the sample. In this work it was emphasized that the ultrafast heating of the
spin subsystem can be induced through the electron-spin coupling constant Ges [3].
Here it should be noted that the 3TM is inadequate in describing the laser-induced
demagnetization processes in a multisublattice magnet which contains at least two
antiferromagnetically coupled sublattices. We found that a four temperature model,
which is an extension of the 3TM, is suitable in describing the demagnetization processes observed in such system. This will be discussed in detail in chapter 5.
After the pioneering work of Beaurepaire, experiments of exciting and controlling
magnetization in a magnetically ordered system with short optical laser pulses have
been conducted [4–7, 18–20, 22, 25, 26, 28–30]. However, the underlying responsible
mechanism for the magnetization dynamics observed within the time scale of the
exchange interaction is still unclear and has become the subject of hot debates.
Zhang and Hübner ﬁrst suggested the cooperative process between the electric
ﬁeld of the laser beam and the spin-orbit coupling on the femtosecond time scale
to be responsible for the ultrafast demagnetization process [22, 24]. In their approach the role of the lattice degrees of freedom in the ultrafast demagnetization
process is disregarded. On the other hand, Koopmans et al., strongly argued that the
phonon-mediated Elliott-Yafet type of scattering process signiﬁcantly contributes to
the ultrafast demagnetization [26, 31]. According to their claim, the electron ﬂips its
spin by emitting or absorbing a phonon and the spin angular momentum is dissipated
into the lattice. In agreement with this work, Stamm et al., also showed that the
spin-lattice coupling which can be activated by the femtosecond laser excitation [25]
is a novel channel for dissipation of angular momentum to the lattice.
Recently, Bigot et al., claimed that the direct coupling of photons with spins, which
goes beyond the spin-orbit and spin-lattice coupling, is of relevance for the ultrafast
demagnetization [32]. Quite recently, Battiato et al., provided a new approach and
argued that the superdiﬀusive spin transport is the responsible mechanism for the
ultrafast demagnetization process, without caring about the angular momentum dissipation channel [27]. This result was supported by the experimental work of Melnikov
et al [33].
Though, the underlying microscopic mechanism for the ultrafast laser-induced
demagnetization is disputable and leave many fundamental questions unanswered,
the possibility of manipulating and controlling magnetic spins using short optical
laser pulse brings new prospects for applications. Below we will discuss some of the
remarkable results achieved in rare-earth-transition-metal (RE-TM) alloys.
11
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1.3.3 All-optical switching of magnetization
About a year ago before I started my PhD study in Nijmegen, a breakthrough experiment in a ferrimagnetic RE-TM alloy was already performed in this group [6]. By
using a single 40 fs circularly polarized laser pulse, it was shown that the magnetization can be switched in a reproducible and controllable manner. This result triggered
the curiosity to know the minimum time that a magnetic spin takes to make a full
reversal.
Later, the fastest all-optical write/read time of only 30 ps was achieved in the
same RE-TM alloy by the same group [29]. In these experiments, excitation of the
ferrimagnet by a subpicosecond laser pulse was shown to trigger a precession-free reversal within tens of picoseconds via a strongly non-equilibrium magnetic state with
no net magnetization. According to this work both the eﬃciency and the write/read
time strongly depend on systems properties, particularly in the presence of a magnetization and an angular momentum compensation temperature. From this experiment
it became also clear that the overall magnetization dynamics at (in the vicinity of)
a magnetization and an angular momentum compensation temperature is a very intriguing and a promising subject to be studied.
Very recently, it was also discovered that the sublattices of the same RE-TM alloy
reverse their magnetizations at diﬀerent time scales [30]. It was shown that, despite
the strong antiferromagnetic coupling between the sublattices, the reversal occurs via
a transient ferromagnetic-like state, where the net magnetizations of the sublattices
are temporarily aligned parallel to each other. Theoretical and computational works
which have been developed for the understanding of the spin dynamics in a two sublattice magnet [34, 35] reveal that the magnetization of the sublattices show a distinct
dynamics and a transient ferromagnetic-like state can be achieved by a combination
of heating and the exchange interaction, respectively.
Although a number of very fascinating experimental results have been reported in
RE-TM alloys [6, 29, 30], still little has been understood about the role of the intersublattice 3d-5d6s-4f exchange coupling between the TM and RE sublattices during
the laser pulse induced demagnetization process and how the laser pulse energy is
transferred between the TM and RE sublattices. It has been also mentioned that
RE-TM ferrimagnetic alloys have diﬀerent spin resonances modes. How the ultrafast
laser pulse pumps energy into these resonance modes and the roles played by them
in the reversal process is also not clear yet. Additionally, why and how does the
laser-induced demagnetization dynamics of the TM in the alloy behave diﬀerently
as compared to the pure TM? What is the role of the strong inter-sublattice 3d5d6s-4f exchange coupling between the TM and the RE sublattices in the laserinduced demagnetization dynamics of the TM components in the RE-TM alloys?
These intriguing and very fundamental questions remain unanswered so far.
12
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1.4 Aim of this thesis
As we described above, the physics of amorphous RE-TM alloys is one of the most fascinating yet most challenging subjects in modern magnetism. In this thesis, we have
investigated in detail the laser-induced spin resonances, laser-induced demagnetization, and heat-assisted magnetization reversal in GdCo(Fe) with various compositions
of cobalt, in order to answer some of the fundamental questions mentioned above.
This thesis is organized as follows: in this chapter (chapter 1) the history and
application of magnetism, the special properties of ferrimagnets compared to ferromagnets, and the interaction of a magnet with a short optical laser pulse are discussed.
The scope of the thesis is also brieﬂy described in this section of the chapter.
Chapter 2 introduces the general and speciﬁc properties of amorphous rare-earthtransition-metal alloys, especially compared to their crystalline counter parts. The
role of the amorphousness on the magnetic order and the magneto-optical properties
of various amorphous alloys are also discussed. The discussion of GdCo and GdCoFe,
studied in this thesis, will be emphasized. Chapter 3 provides the basic introduction
on the magneto-optical Faraday eﬀect and the experimental techniques that are used
in this thesis. The remaining three chapters describe the scientiﬁc results of the thesis.
Chapter 4 deals with laser-induced spin resonance modes in a Gd1−x Cox ferrimagnetic thin ﬁlm. Using a 100 fs laser pulse, the high-frequency exchange and the
low-frequency ferromagnetic spin resonance modes have been excited and detected
in a Gd1−x Cox ferrimagnetic thin ﬁlm on both sides of its angular momentum compensation composition. We have revealed ways to excite selectively, eﬃciently, and
controllably either one or both of these two coexisting magnetic modes by adjusting
the pump-laser ﬂuence, and thus the temperature of the spin reservoir, in the pumped
area of the sample as compared to its angular momentum compensation temperature.
Additionally, laser heating induced switching of the sublattices’ magnetizations by
increasing the spin temperature beyond the compensation temperature has been also
demonstrated.
In chapter 5, the 100 fs laser pulse induced demagnetization dynamics in GdCo
and GdCoFe ferrimagnetic alloys is investigated. In both alloys, two-types of demagnetization processes have been revealed which are typical for a Gd metal, i.e.,
an ultrafast demagnetization process which occurs on a subpicosecond time scale followed by an immediate re-magnetization, and then a slower demagnetization process.
Despite of the above qualitative similarities, there is a large quantitative diﬀerence in
the demagnetization behavior between GdCo and GdCoFe that can be related to the
diﬀerences in these two materials. Although the magnetism of Gd is not accessible
directly in these magneto-optical measurements, its ﬁngerprint is clearly visible on
the demagnetization dynamics of Co(Fe), as a result of the inter-sublattice 3d-5d6s4f exchange interaction between Gd and Co(Fe). The laser-induced demagnetization
features in both alloys can not be described by the conventional three temperature
13
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model (3TM). Beyond the 3TM, we propose a new phenomenological four temperature model (4TM) that describes the laser-induced demagnetization processes in
GdCo and GdCoFe. The experimental observations are well explained by this 4TM,
consisting of four coupled diﬀerential equations which take the heat ﬂow between the
diﬀerent heat baths (electrons, lattice, and 4f and 3d spins) into consideration.
Finally, chapter 6 deals with the heat-assisted magnetization reversal in GdCo
using magneto-optical imaging and pump-probe measurement techniques. The potential of the ferrimagnetic compensation points has been exploited. It is shown that
laser pulse pumping across the compensation points shows many interesting and exotic magnetization processes, such as the formation of cylindrical magnetic domains
and a subpicosecond magnetization reversal. For instance, the magnetization dynamics for an alloy composition which has a compensation temperature close to room
temperature, i.e., 79.5 %Co, shows a very fast magnetization reversal.
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CHAPTER

2

Amorphous rare-earth-transition metal compounds

2.1 Introduction
The quest to increase the density and processing speed of magnetically stored information has stimulated the search for appropriate magnetic data storage devices. In
1972 a pronounced magneto-optical eﬀect and an out of plane magnetic anisotropy
was found in amorphous ferrimagnetic rare-earth-transition metal (RE-TM) alloys [1].
Afterwards research on these alloys have been conducted at large, and they became
the media of choice for laser-induced heat assisted writing and erasing magnetic information [2–8]. This process is known as magneto-optical recording. The general
composition suitable for such application is RE1−x (Fey Co1−y )x (0< x < 1 and 0≤ y
≤ 1) [8]. In this system, the RE (Tb, Gd) and the TM (Fe, Co) spin moments are
organized in two sublattices, and they are coupled antiparallel to each other. The
amorphous nature of these alloys permits the composition to be varied continuously
until the desired requirements are met. Such ﬂexibility in composition makes them
to have tremendously varying magnetic properties.
The development of the magnetic hard disk and in particular of the GMR magnetic
sensor has lead to an exponential increase in bit density and decrease in bit size
towards the tens of nanometer scale, resulting a diminishing interest and market
for magneto-optical recording. However, the discovery of the strong opto-magnetic
eﬀect [9] in these materials plus the development of heat-assisted magnetic recording
mode combined with nano-optical methods, such as plasmonic antennas, has renewed
the interest in these magnetic RE-TM alloys.
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This chapter provides an overview of the magnetic and magneto-optical properties of the ferrimagnetic RE-TM amorphous alloys. The role of amorphousness on
their magnetic order and magnetic properties will also be assessed. Finally, a brief
discussion about the sample preparation of GdCo and GdCoFe thin ﬁlms, which are
studied in this thesis, will be provided.

2.2 Magnetic properties of the RE-TM amorphous alloys
The localized magnetic moment of a RE element is built up mainly from the deeply
buried 4f localized electrons. This localized moment induces a spin polarization on
the 5d6s conduction electrons. Thus, the 4f moments of the neighboring RE atoms
interact through 5d6s polarized spins. This indirect 4f -5d6s-4f exchange interaction
is responsible for the magnetic order in RE [10, 11]. On the other hand, the magnetic
TM
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Hc

MRE

ATM
MRE

MTM

MRE- MTM

ARE - ATM

MTM
ARE

Temperature
Figure 2.1: Temperature dependence of the spontaneous magnetizations, angular momenta and the coercive ﬁeld in two exchange coupled sublattices of rear-earth (RE) and
transition metal (TM) with unequal temperature dependences of their magnetic moments.

moment in a TM is built up from the 3d delocalized conduction electrons. In TM the
direct 3d-3d exchange interaction is responsible for the magnetic order. Bringing the
RE and the TM moments together, i.e., in the case of RE-TM alloys, gives rise to very
intriguing magnetic phenomena. Fig. 2.1 shows the typical temperature dependence
of the magnetizations, angular momenta, and coercive ﬁeld of a RE-TM system. In
20
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a RE-TM alloy, the two magnetic sublattices have their magnetizations coupled antiparallel to each other as in the case of antiferromagnets. However, diﬀerent from
pure antiferromagnets, the RE and TM sublattices have diﬀerent magnitudes of their
magnetizations, though their strong coupling lead to one TC . Hence, one sublattice cannot compensate the magnetization of the other sublattice and there is a net
magnetic moment.

TM

Figure 2.2: The spontaneous magnetization and coercive ﬁeld versus temperature for
ferrimagnetic Gd23 Fe77 and Gd24 Fe76 ﬁlms (from [4]).

Moreover, the magnetization of the RE and TM depend diﬀerently on temperature.
At low temperature the RE magnetization is larger than the TM magnetization,
but the RE magnetization decreases more rapidly with temperature. Thus, they
can compensate their magnetizations at a certain temperature, TM , where MRE =
MTM , above which the TM magnetization is larger than the RE magnetization. This
temperature is called magnetization compensation temperature (see the schematic
21
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illustration in Fig. 2.1). At TM the net magnetization of the system decreases
down to zero, and consequently the coercive ﬁeld Hc diverges. This is because Hc is
inversely proportional to the saturation magnetization, i.e., Hc ∼ Ms−1 [2, 7, 8, 12].
The temperature evolution of the coercive ﬁelds and the total magnetizations of the
ferrimagnetic Gd23 Fe77 and Gd24 Fe76 alloys are shown in Figs. 2.2(a) and 2.2(b),
respectively [4]. Here the magnetization compensation point, TM , is shown to be
highly sensitive for the variation of the composition.
Furthermore, such a system can also compensate its angular momentum, ARE
(MRE /γRE ) = AT M (MTM /γTM ), where γ is the gyromagnetic ratio, at another temperature known as the angular momentum compensation temperature TA (see the
schematic illustration in Fig. 2.1). Note that the angular momentum of a magnetic
sublattice is antiparallel to its magnetization because of the negative charge of the
electron. When the temperature increases further, the total magnetization again decreases and becomes zero at a temperature called the Curie temperature TC . This
is the transition temperature above which the ferrimagnet becomes paramagnetic. In
addition to the above mentioned properties, a ferrimagnetic alloy shows a complicated
magnetization process under a strong external magnetic ﬁeld. This process will be
presented below.

2.2.1 Ferrimagnetically coupled system in a strong magnetic ﬁeld
As was mentioned earlier, a two sublattice ferrimagnetic alloys contains two nonequivalent magnetic sublattices which are coupled antiparallel to each other. Depending on the strength of the ﬁeld, three diﬀerent regimes (I, II, III) can be distinguished [13–15]. These are illustrated schematically in Fig. 2.3. Under a magnetic
ﬁeld of up to few hundreds of Oersted, ferrimagnets act as simple ferromagnets (see
regime I). In this regime the dominating sublattice magnetization aligns parallel to
the ﬁeld whereas the magnetization of the other sublattice is aligned antiparallel to
the dominating sublattice due to the inter-sublattice exchange interaction. The maximum ﬁeld required to saturate the two sublattice magnet (to get a saturated magnetic
domain), keeping the moments antiparallel to each other, is called ferrimagnetic saturation ﬁeld.
If a suﬃciently strong magnetic ﬁeld is applied, the antiparallel alignment of the
magnetic moments in the ferrimagnet can be perturbed. Consequently, the collinear
arrangement of the moments is broken and changed to a canted state (see regime
II). The lower critical ﬁeld that is required to break the collinear coupling of the
sublattices is called spin-ﬂop ﬁeld H1 . In the absence of an anisotropy ﬁeld, H1 can
be deﬁned as [13, 14]:
H1 = −λRE-TM (MRE − MT M ),
(2.1)
where λRE-TM is the inter-sublattice exchange coupling coeﬃcient (for instance, in
amorphous GdCo alloy, λGd-Co is found in between 80 and 200 [16]). For a single22
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Figure 2.3: Illustration of magnetization process in a two sublattice ferrimagnetic material under an external magnetic ﬁeld. The moments keep their antiparallel alignment
(regime I) if the ﬁeld is less than the ferrimagnetic saturation ﬁeld (H < H1 ). Canted
ferrimagnetic state is created if the ﬁeld strength is between H1 and H2 (regime II). When
the ﬁeld is above H2 , the antiparallel alignment can be suppressed completely and a forced
ferromagnetic state will be created (regime III) [13–15].

crystalline GdCo5 a lower critical ﬁeld of 46 T was measured in a SQUID magnetometer at a temperature of 5 K [17].
When the applied magnetic ﬁeld is too strong, the canted moments are further
forced into a complete parallel alignment (see regime III). This is called a forced
ferromagnetic state [13–15], and the required critical ﬁeld to achieve this state is
called spin-ﬂip ﬁeld H2 . In the absence of the anisotropy ﬁeld, H2 can also be deﬁned
as [13, 14]:
H2 = −λRE-TM (MRE + MT M ).

(2.2)

Above H2 (typical values ∼ 200 - 400 T [17]), the magnetic moments of the two
sublattice are aligned completely parallel to the applied ﬁeld and to each other.
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2.3 Magnetic structure in the amorphous ferrimagnet
Lack of atomic ordering and the multisublattice character in ferrimagnetic amorphous
alloys make them to have complex magnetic structures [18]. The magnetic structures
of amorphous alloys can be strongly aﬀected by the lattice disorder and the local
anisotropy ﬁeld at the rare-earth site. Below we present a general overview about
the role of the above mentioned factors on the magnetic structure in the amorphous
alloys.

2.3.1 Eﬀect of amorphousness on the magnetic structure
Since magnetism is very sensitive to the lattice (atomic) ordering and the interatomic
distance, one expects a drastic change of the magnetic structure when a crystalline
ﬁlm becomes amorphous. Ferromagnetism, ferrimagnetism, and antiferromagnetism
are the known forms of magnetic order in crystalline solids (see Fig. 2.4(a)). However,
most amorphous alloys do not have these magnetic orders [6, 18–28].
Since the exchange interaction plays a very crucial role in the formation of magnetic order, we try to explain the eﬀect of atomic disorder on the exchange interaction.
The Hamiltonian that describes the exchange interaction can be approximately written as:

H=−
J(rij )Si · Sj ,
(2.3)
i,j

where Si and Sj refer to spins at diﬀerent atomic sites and J(rij ) is the exchange
integral that represents the strength of the coupling and is a function of the interatomic distance rij between the neighboring spins. Eq. 2.3 represents ferromagnetic
order if J(rij ) > 0 and antiferromagnetic order if J(rij ) < 0. rij doesn’t vary from
one atomic site to another in crystalline solids, however, it ﬂuctuates in amorphous
alloys. The ﬂuctuations of the rij leads to a distribution of magnetic parameters
such as the exchange interaction, magnitude of the magnetic moment, and the local
anisotropy [20–22]. This means that these magnetic parameters can vary from one
atomic site to another. Both the magnitude and sign of J(rij ) can be altered in some
amorphous alloys. The simultaneous presence of both ferromagnetic and antiferromagnetic exchange interactions can cause a competition between the spin directions,
which causes spin frustration [19]. In amorphous alloys, spin frustration is the most
commonly observed eﬀect [6, 18, 20, 22, 25]. The typical materials for such eﬀects are
Fe-based amorphous alloys. Fe spins are very sensitive to the environment which gives
rise to many complex magnetic structures, especially when they are in an amorphous
environment [6, 25]. For example, the spins of crystalline bcc Fe order ferromagnetically, whereas fcc Fe orders antiferromagnetically. Thus, when Fe is in an amorphous
environment, all the Fe spins cannot order ferromagnetically. It means that there is
a competition between negative and positive exchange interactions [6, 23–25]. Conse24
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Figure 2.4: Illustration of the various magnetic structures [20]. Besides the known
forms of crystalline magnetic order (ferromagnet, antiferromagnet, and ferrimagnet), new
classes of magnetic order (asperomagnet, speromagnet, and sperimagnet) are recognized
in amorphous alloys [20, 22, 29].

quently, Fe-based ferrimagnetic amorphous alloys are known by their sperimagnetic
or speromagnetic structure [6, 18, 25] (see Fig. 2.4(b)). In contrast to Fe, atomic
disorder has no signiﬁcant eﬀect on the magnetic structure of Co. Co-based amor25
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phous alloys even show higher Curie temperatures than their crystalline counter parts
[26–28]. This is because any nearest neighbor of Co atoms interact ferromagnetically
regardless of the lattice structure. This is the reason why Co is added to some Febased amorphous alloys such as GdFeCo. The addition of Co has several eﬀects: it
increases the Curie temperature, it enhances the magneto-optical signal, and it reduces the sperimagnetic structure created due the lattice disorder [6, 25]. One can
easily understand that although both Fe and Co belong to the same 3d transition,
there is fundamental diﬀerences between the Fe-based and Co-based amorphous alloys.
To summarize, in addition to the familiar forms of magnetic orders (Fig. 2.4(a)),
new classes of magnetic order are recognized in amorphous materials. These are: asperomagnetic, speromagnetic, and sperimagnetic structures [20, 22] (see the schematic
ﬁgure in Fig. 2.4(b)). Speromagnet is seen as random antiferromagnetic because the
spins are locked into random direction without correlation. The probability of a spin
to make an angle with respect to a ﬁxed direction is isotropic (see the distribution
of the magnetic moments at the bottom of Fig. 2.4(b)). As a result it has not a
spontaneous magnetization. This magnetic orders was ﬁrst found in an amorphous
ferric gel by Coey and Readman [20]. Such magnetic structure is diﬀerent from paramagnetic because of the fact that the moments in speromagnet are not ﬂuctuating in
time [30]. Asperomagnet can be considered as a random ferromagnet. In the case of
asperomagnet the spins distribution is anisotropic and consequently results in a spontaneous magnetization. When there is non-collinearity between the spins of a two
sublattice magnetic structure (random ferrimagnet) the resulting magnetic structure
is called sperimagnetic. In this case there is also a spontaneous magnetization. The
distribution of the magnetic moments for asperomagnet, speromagnet, and sperimagnet are sketched at the bottom of Fig. 2.4(b), respectively. Magnetic systems with
such magnetic orders are generally called spin glasses.
The compositional dependences of the Curie temperature for several alloys: GdCo,
GdFe, TbCo, and TbFe are shown in Fig. 2.5 (see ref. [6] and reference therein). The
TC of all alloys varies systematically with the concentration of iron and cobalt x. The
TC of GdFe and TbFe increases with increasing Fe concentration up to x ≈ 0.6, which
is understood as being due to an increase of the Fe-Fe exchange interaction as more
Fe atoms are incorporated into the alloy. However, this is not true for 0.6 < x < 1,
where a strong turndown of the TC has been observed. As it was discussed previously,
the observed decrease of TC is due to the lattice disorder eﬀect on the direct exchange
interaction between the neighboring Fe atoms. Therefore, when x > 0.6 the competing
interaction between ferromagnetism and antiferromagnetism is activated and leads to
the decrease of the TC [6]. The highest TC observed in GdFe and TbFe alloys appears
at almost the same Fe concentration observed for RE free Fe-based alloys [31, 32].
This shows that Fe indeed plays the major role for the decrease of the TC in Tb(Gd)Fe
which is plotted in Fig. 2.5. On the other hand, no such evidence was found for Co26
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Figure 2.5: The Curie temperatures for various RE-TM alloys as a function of composition. In Fe-based amorphous alloys the appearance of the canted spin conﬁgurations
(sperimagnet) largely aﬀects the Curie temperatures of the alloys (from [6] and reference therein).

TC (K)

400

300
200

100

0

0.2

0.4

x

0.6

0.8

1.0

based alloys. There is a dramatic increase of TC when the Co concentration increases.
This is due to the strong Co-Co exchange interaction. Any nearest neighbor of Co
interacts ferromagnetically regardless of the crystal structure. It is even impossible
to measure the TC of Co-based amorphous alloys with a Co concentration greater
than 70 %. The appearance of the sperimagnetic structure in Fe-based alloys can be
reduced by adding Co atoms in the alloy. It was found that the Curie temperature
of the Fe based alloys increases approximately by 7 K per atomic percent of Co [6].
This is attributed to the stronger Co-Fe exchange interaction as compared to the
Fe-Fe exchange interaction [25, 33] and the fact that the Fe-Co exchange is always
ferromagnetic.

2.3.2 Role of the anisotropy on the magnetic structure
The second consequence of lattice disorder in amorphous alloys is to introduce a
randomly varying crystal ﬁeld at the RE atomic site; amorphous alloys with non-S
state RE metals are strongly aﬀected by the random crystal ﬁeld. The strength of
the crystal ﬁeld induced anisotropy can be insigniﬁcant compared to the exchange
interaction in transition metals and in Gd (which has an S-like electronic state).
However, it can be comparable (or even dominate) with the exchange interaction in
27
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non-S state RE’s. Thus the magnetic order in such amorphous alloys is determined
by both the exchange interaction plus the anisotropy at the RE-site. As a result the
equation given in (2.3) should be modiﬁed to have a better description of the physics
in amorphous RE-TM alloys. Harris, Plischke and Zuckermann [21] have proposed
a simple model Hamiltonian which is particularly appropriate for amorphous alloys
subjected to a high magnetic anisotropy. This Hamiltonian is written as follows [21]:
H=−



J(rij )Si · Sj − D

i,j



Sz2i ,

(2.4)

i

where D is the crystal ﬁeld strength, zi is the randomly oriented local anisotropy axis
and Szi is the component along zi of the spin moment at site i. Several amorphous
RE-TM (RE = Dy, Nd, Tb; TM = Fe, Co) alloys show a sperimagnetic structure
(canted ferrimagnet) at the RE-site. It means that the spin moments of the non-S
state RE elements couple with the local randomly varying anisotropy ﬁeld. Such
canted spin conﬁguration can be presented in either one or in both sublattices. As it
was mentioned before, there is a clear distinction between Fe and Co-based amorphous
alloys. In the former case, Fe can also contribute to the sperimagnetic structure, while
in the latter the canted spin originate only from the non-S state RE site.
An alloy of Co and Gd gives an exceptionally collinear ferrimagnetic structure [22].
This is due to mainly two reasons: the ﬁrst reason is that the amorphousness has no
signiﬁcant impact on the magnetism of Co, as it was discussed earlier; it even leads to
a higher Curie temperatures (strong magnetism) [26–28]. The second reason is that
Gd with S-state electronic distribution has a negligibly small magnetic anisotropy. In
contrast to the non-S state RE’s, the locally varying anisotropy ﬁeld at the Gd site
is minimal [22]. Therefore, the Gd magnetization aligns antiparallel to the magnetization of Co via the inter-sublattice exchange interaction.

2.4 Magneto-optical properties
The out of plane magnetic anisotropy [1] and the pronounced magneto-optical eﬀects
in RE-TM alloys make them very suitable media for the study of Faraday and polar
Kerr eﬀects. Besides, these amorphous alloys are also continuous and smooth because
they do not have grains and grain boundaries. Therefore, the magneto-optical signal
in these amorphous alloys is less noisy as compared to the signal in their crystalline
counterparts. Both TM and RE sublattice can contribute to the magneto-optical
signal; however, their relative weight largely depends on the probing wavelength and
the relative concentration. The magneto-optical signal in the visible and infrared
wavelength range is mostly dominated by the 3d electrons of the TM [6, 34].
The room temperature compositional dependence of the Faraday rotation at λ =
633 nm for the above mentioned alloys are shown in Fig. 2.6 (ref. [6] and references
28

2.5 Amorphous gadolinium-cobalt Gd1−x Cox alloy

29

3.5

|θF|(107 deg/m)

3.0
2.5
Gd1-xFex

2.0

Tb1-xFex
1.5
1.0

Gd1-xCox
Tb1-xCox

0.5
0

xcomp

TbFe
GdFe

0.3

0.4

0.5

0.6

0.7

x

TbCo
GdCo

0.8

0.9

1.0

Figure 2.6: The room temperature magneto-optical response for various RE-TM alloys as
a function of composition. The Faraday rotation was measured at the λ = 633 nm. In Febased amorphous alloys the appearance of the canted spin conﬁgurations (sperimagnet)
aﬀects the magneto-optical responses of the alloys (from [6] and reference therein).

therein). The appearance of the non-collinearity for the Fe-based amorphous alloys
leads to a decrease of the magneto-optical response, where as the collinear nature
of the Co-based alloys contribute for the enhanced magneto-optical signal. Since
the absolute value of the Faraday rotation was considered, the sign change at the
compensation composition is omitted. We see that the magneto-optical properties
can be tailored by changing the composition of the alloy.

2.5 Amorphous gadolinium-cobalt Gd1−x Cox alloy
As it was discussed before, the combination of Gd with Co gives rise to the purely
collinear ferrimagnetic structure. It was also mentioned earlier that the magnetooptical response of the amorphous alloys can be highly controlled by the Co concentration. Therefore, GdCo with diﬀerent relative weight of Co and Gd is a very suitable
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material to study the fundamental physical properties and dynamics of collinear two
sublattice ferrimagnetic amorphous alloys.

2.5.1 Sample preparation
For our study, the Gd1−x Cox ﬁlms were grown by Dr. Aleš Hrabec and Dr. Laurent Ranno at Institute Néel, CNRS/UJF, Grenoble, France, using the facing-target
magnetron sputtering technique. The ﬁlms were deposited on a quartz substrate, and
have the following multilayer structure: Quartz|Ti(3nm)|Gd1−x Cox (20nm)|Ti(3nm).
Ti layers are used as buﬀer and capping layers to protect the ﬁlm from oxidation.

x (%)
Ti (3nm)
Gd1-xCox (20nm)

a)

Ti (3nm)

θF (deg)

θF (deg)

Quartz

C

b)

Figure 2.7: Side view sketch of the sample structure (a). The measured coercive ﬁeld as
a function of the Co concentration (b). The inset ﬁgures shows the magnetic hysteresis
loops on both sides of the magnetization compensation composition (x ≈ 80 %).

30

2.6 Amorphous gadolinium-cobalt-iron GdCoFe alloy
This ﬁlm has an out-of-plane magnetic anisotropy. The ﬁlm has a concentration
gradient, 1 at.% Co/mm [35] along one direction of the sample, and it has a growth
induced out-of-plane magnetic anisotropy.
The side view of the sample structure is sketched in Fig. 2.7(a). At room temperature the magnetic hysteresis loops have been measured at λ = 630 nm as a function
of cobalt concentration. The coercive ﬁelds were extracted from those hysteresis loops
at diﬀerent cobalt concentrations and are plotted in Fig. 2.7(b). As one can see from
the plot, the coercive ﬁeld largely depends on the composition of the alloy, and it
increases at a cobalt concentration x ≈ 80 %. The loops measured for x < 80 %
have inverted signs with respect to the loops measured for x > 80 %. This is clearly
demonstrated by the inset ﬁgures in Fig. 2.7(b). This sign inversion is due to the
alignment of the dominant sublattice magnetization to the external ﬁeld. It means
that for x < 80 %, Gd’s magnetization dominates and aligns parallel to the ﬁeld,
whereas for x > 80 % the Co’s magnetization gets the dominance and aligns parallel
to the ﬁeld. The sign of the hysteresis loops is inverted in both sides of the alloy
because of the fact that we are are mainly sensitive to the Co sublattice. The cobalt
concentration x ≈ 80 % is identiﬁed as the magnetization compensation composition
at room temperature.

2.6 Amorphous gadolinium-cobalt-iron GdCoFe alloy
In addition to the laser-induced demagnetization study in GdCo, the same study
has been performed in a GdCoFe ferrimagnetic alloy which is presented in chapter
5. Thus, the growing condition of the GdCoFe alloy is presented in the following
subsection.

2.6.1 Sample preparation
The Gd22 Co9.8 Fe68.2 ferrimagnetic thin ﬁlm was grown by magnetron sputtering and
was provided by Dr. A. Tsukamoto and Prof. A. Itoh at the College of Science and
Technology, Nihon University, Chiba, Japan. The ﬁlm was grown in the following multilayer structure: SiN(60nm)/Gd22 Co9.8 Fe68.2 (20nm)/ SiN(5nm)/AlTi(10nm)/glass.
The AlTi layer is used for heat sink whereas SiN was used as a buﬀer, capping and
an antireﬂection coating. In this alloy the Co and Fe sublattice magnetizations are
coupled ferromagnetically and the total magnetization of Fe and Co is coupled antiferromagnetically with that of Gd, yielding a ferrimagnetic structure. This ﬁlm also
31
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has an out-of-plane magnetic anisotropy.
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CHAPTER

3

Experimental techniques

3.1 Introduction
As the request for smaller and faster devices continually grows in industry, the desire
for appropriate experimental techniques for the characterization of such devices is also
increasing proportionally. Among the many techniques, magneto-optics is consistently
proven to be a very practical tool for research in magnetism, especially when it comes
to the local [1] and ultrafast probing and manipulation of magnetization by an optical
laser pulse [2]. This is largely triggered by the invention of ultra-short pulsed lasers [3],
which are considered as ideal tools for probing ultrafast phenomena in (magnetic)
matter. In this chapter, we introduce the linear-magneto-optical eﬀects and the main
experimental techniques that were used in this thesis for the characterization and
manipulation of spins in ferrimagnetic RE-TM amorphous alloys.

3.2 Magneto-optical eﬀects
Generally, a magneto-optical eﬀect is deﬁned as the interaction of a polarized electromagnetic wave with a material under an external magnetic ﬁeld [4]. In magnetically
ordered materials, magneto-optical eﬀects can also be observed without an external
magnetic ﬁeld. In 1845 Michael Faraday [5] demonstrated that a piece of glass becomes optically active when it is subjected to an external magnetic ﬁeld. He showed
that the polarization plane of an electromagnetic wave that is propagating in the glass
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along the ﬁeld direction is rotated by a certain angle. For instance, as illustrated in
Fig. 3.1, the polarization of a linearly polarized beam rotates and/or becomes elliptically polarized after it passes through a magnetized crystal. This discovery is termed
Faraday eﬀect and has had an enormous impact on the advancement of science and
technology. In the simpliﬁed case, the Faraday rotation angle is directly proportional
to the width of the material d traveled by the light and the applied magnetic ﬁeld
[5]. This angle can be written as:
θF = V Hd

(3.1)

where V is the Verdet constant (in SI units of radians per tesla per meter). It depends
on the medium, frequency of the light beam, and temperature.
θF = VHd

d
Faraday active medium
Elliptically polarized

Linearly polarized

H

Figure 3.1: A schematic illustrations that shows the Faraday eﬀect. A linearly polarized
light rotates and/or becomes elliptically polarized after it passes through a magnetic
crystal which is subjected to a magnetic ﬁeld H.

The plane of polarization of a wave can also be rotated if it passes through a
naturally optical active material. This phenomena is called natural optical activity.
Care should be taken in separating the Faraday eﬀect from the eﬀect of natural optical
activity. The two eﬀects are easily distinguished by their symmetry with respect to
an external magnetic ﬁeld. For instance, the natural optical activity is even in the
reversal of the magnetic ﬁeld whereas the Faraday eﬀect is odd. This is a simple
method to distinguish the two eﬀects.
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3.2.1 Faraday eﬀect
From a phenomenological point of view, the Faraday eﬀect is interpreted by the fact
that left and right circularly polarized light experience diﬀerent velocities v± = c/n±
when they propagate in a magnetic medium. The + and - refer to the right and
left circularly polarized light, respectively. Thus, the refractive indices associated
with these two polarization states are diﬀerent. Since linearly polarized light is a
superposition of left and right circularly polarized light, its plane of polarization is
rotated over an angle [4]:
ω
θF = (n+ − n− )d,
(3.2)
2c
where ω and c refer to the frequency and the speed of the light beam, respectively. In
an ideally transparent crystal (with negligibly small absorption), the above eﬀect is
known as magnetic circular birefringence. However, in a real medium the refractive
index has both a real and an imaginary part. The latter represents the absorbtion
of the light beam by the medium. The magneto-optical eﬀect due to absorbtion of
the electromagnetic wave is called magnetic circular dichroism, which is deﬁned as
the diﬀerence between the absorption of the two circularly polarized components.
The magnetic circular birefringence and the magnetic circular dichroism are interconnected by the Kramers-Kroning relations.
The index of refraction of a material has a relation to the dielectric tensor or the
optical conductivity tensor1 . Thus the magneto-optical phenomena can be described
interms of the dielectric constant [7]. For a non-magnetic and non-optically active
cubic material, the dielectric tensor ε can be written as:
⎛
⎞
εxx 0
0
ε = ⎝ 0 εyy 0 ⎠ .
(3.3)
0
0 εzz
If the above mentioned material is non-absorbing, ε should be real and fulﬁll the
following requirement:
ε = ε∗ .
(3.4)
The asterisk in the superscript (∗) indicates the complex conjugate.
What happens to the dielectric tensor of a medium in the presence of a magnetic
ﬁeld (magnetization)? With the presence of an external ﬁeld the electrons experiences the Lorenz force and consequently a Hall current can be induced. This current
introduces additional oﬀ-diagonal dielectric tensor components. Therefore, if the applied magnetic ﬁeld is along the z-axis, the dielectric tensor in the presence of a
1 In

a magnetic medium the dielectric response and the conductivity are related as follows [6]:
ε(M ) = 1 −

4πi
σ(M ).
ω
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magnetization is modiﬁed as:
⎛

εxx
ε = ⎝ −iεyx
0

iεxy
εyy
0

⎞
0
0 ⎠.
εzz

(3.5)

In case of a non-absorbing medium the tensor should be Hermitian:
εij = ε∗ji .

(3.6)

Here note that the dielectric tensor has both a real and imaginary part. Thus:
Re(εij ) = Re(εji ), Im(εij ) = −Im(εji ).

(3.7)

From Eq. 3.7 one can see that it is the imaginary part which makes the dielectric
tensor asymmetric. Therefore, in the presence of a magnetization the time reversal
symmetry is broken and the dielectric tensor should fulﬁll the following Onsagers
symmetry principle:
εxy (Mz ) = −εyx (Mz ) = εyx (−Mz ).
(3.8)

3.3 Magneto-optical eﬀect measurements
As we described earlier, the magneto-optical eﬀects are the phenomena which make
light to change its polarization after it passes through or is reﬂected from a magnetic
medium. The phenomenon when the transmitted beam is considered is called Faraday
eﬀect, whereas in case of reﬂection it is known as Kerr eﬀect. The former one is very
suitable to study bulk materials and thin ﬁlms which are transparent, whereas the
latter one is for reﬂecting samples.

3.3.1 Magneto-optical technique
Below we describe the basic working principle of a simpliﬁed magneto-optical setup
that contains a polarizer, a Wollaston prism, and a balanced-diode detector as the
main components. The schematic illustration is shown in Fig. 3.2. After the unpolarized input light (assume it propagates along the z-direction) is incident on a polarizer,
the light with a speciﬁc polarization passes through. For instance, if the linear polarizer is oriented for vertical transmission which is deﬁned as the y-axis, the beam
which has an electric ﬁeld component along the y-axis passes through the polarizer.
Thus the output of the beam that passes through the polarizer can be written by a
Jones vector as follows:

0
Eout1 =
.
(3.9)
Ey
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Figure 3.2: Schematic illustration of the working principle of a balanced-diode detector
with a Wollaston prism for the measurement of the Faraday eﬀect.

This beam passes through the magnetic sample, and it faces a change of its polarization state. Here we can consider the magnetic sample as a polarization plane rotator,
and thus we can deﬁne the rotation matrix of the sample as follows:

cos θ − sin θ
Rmagn =
.
(3.10)
sin θ
cos θ
After the beam polarization is rotated by an angle θ as a result of magneto-optical
eﬀects, the output beam will have a polarization state as given below:

− sin θ
.
(3.11)
Eout2 = Rmagn Eout1 = Ey
cos θ
The Wollaston divides the beam into s-and p-polarized beams. These beams are
detected by two photo-diodes D1 and D2 as shown by the schematic Fig. 3.2. The
rotation matrix of the Wollaston prism can also be deﬁned by Eq. 3.10. To have a
balanced intensity of the beam on the two detectors, the prism should be oriented at
45◦ with respect to the polarization of the incoming beam. Thus the rotation matrix
of the prism at this angle is given as follows:

1
1 −1
.
(3.12)
RW P = √
1 1
2
Therefore, RW P Eout2 gives two electric ﬁeld components with s-and p-polarizations.
These are written as follows:
Ey
Es = √ (cos θ + sin θ),
2

(3.13a)

Ey
Ep = √ (cos θ − sin θ).
2

(3.13b)
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The intensities corresponding to the above electric ﬁelds can be given as follows:
Is = (Es )2 =

Ey2
(cos θ + sin θ)2 ,
2

(3.14a)

Ip = (Ep )2 =

Ey2
(cos θ − sin θ)2 .
2

(3.14b)

Usually the Faraday rotation angle for ferrimagnetic metallic ﬁlms is less than one
degree. The small angle approximation of Eqs. 3.14(a) and 3.14(b) become:
Is ≈

Ey2
(1 + θ)2 ,
2

(3.15a)

Ip ≈

Ey2
(1 − θ)2 .
2

(3.15b)

The diﬀerence of the signal from the two diodes is thus:
Idif f = Is − Ip = 2Ey2 θ,

(3.16)

which is proportional to the Faraday rotation angle θ. The sum signal from the two
diodes is:
Isum = Is + Ip = Ey2 (θ2 + 1).
(3.17)
According to Eq. 3.17, it is possible to measure the quadratic Faraday rotation response from the total transmitted intensity. However, if the Faraday rotation is small,
its square value becomes very small and can be practically neglected. The ability to
measure the Faraday rotation and the total transmitted intensity of a magnetic sample simultaneously gives a plus for the balanced-diode detector over a single-diode
detector.

3.4 Time-resolved stroboscopic measurements
In order to study a dynamical event that occurs on a (sub)picosecond time scale, we
need to have excitation and probing pulses with a duration shorter than a picosecond.
For such purpose, femtosecond-time-resolved spectroscopy is seen as an appropriate
tool. In the last few decades, the study of magnetization dynamics using ultrafast time resolved techniques has brought revolutionary changes in exploring and
understanding the physics of magnetism [2, 8–13].
Below, we will discuss the femtosecond laser system that has been used for the
study of the magnetization dynamics presented in this thesis.
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• Femtosecond laser system
As shown by the schematic in Fig. 3.32 , the femtosecond laser system has ﬁve main
major parts. These are: a Millennia, a Tsunami, an Empower, a Spitﬁre Pro, and an
OPA. The Millennia generates a green continuous wave at 532 nm wavelength and
output power of 5 W from a solid-state-pumped Nd:YVO4 laser [14]. The output of
this laser is used to pump the Tsunami [15]. The Tsunami is a mode-locked laser
system and has a titanium-sapphire (Ti+3 : Al2 O3 ) as lasing crystal and generates
femtosecond pulses with a repetition rate of 82 MHz. The wavelength can be tuned
between ∼ 700 nm and ∼ 1000 nm. The Empower contains a rod of neodymiumdoped lithium yttrium ﬂuoride, i.e, Nd:YLF and an array of diode lasers. The diode
lasers pump the Nd:YLF rod. The frequency doubled 527 nm Q-switched pulses with

Figure 3.3: The femtosecond laser system that was used for the time resolved pumpprobe experiments. The Millennia provide a continuous wave which is used to pump the
Tsunami, while the Tsunami generates a pulsed laser beam with 82 MHz repetition rate.
The Spitﬁre Pro is seeded and pumped by the Tsunami and Empower, respectively.

minimum pulse duration of 100 ns and with repetition rate of 1 kHz are used to pump
the Spitﬁre Pro which is seeded by the output of the Tsunami laser. The Spitﬁre Pro
2 The schematic is taken from the PhD thesis of Kadir Vahaplar, Radboud University Nijmegen,
The Netherlands.
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contains three main internal sub-parts: These are the optical pulse stretcher, the
regenerative ampliﬁer, and the optical pulse compressor. The stretcher, that consists
of a combination of a multi-pass grating and mirror is used to stretch (decreasing
the peak power) the pulses to protect the ampliﬁer oscillator from damage. For
synchronization and control of the Pockels cells, the Spitﬁre Pro has also a Timing
and Delay Generator (TDG) device.
The stretched pulse is injected in the regenerative ampliﬁer together with the
Empower pulse by switching the ﬁrst Pockels cell. The pulses then make multiple
trips through the regenerative ampliﬁer. After the maximum gain is achieved in
the ampliﬁer, the ampliﬁed pulse is released by the second Pockels cell and directed
into the compressor to be shortened in duration. Finally, the Spitﬁre Pro provides an
output pulse energy of about 0.5 mJ per pulse with a duration of 100 fs at a repetition
rate of 1 KHz, and with a central wavelength of 805 nm.
If a diﬀerent wavelength is required, an ultrafast Optical Parametric Ampliﬁer
(OPA-800C) is a useful device to tune the wavelength. In this device we can vary the
wavelength of the laser from 300 nm - 3 μm with a duration of 100 fs. This is possible
by using nonlinear optical processes in a Barium Borate (BBO) crystal.

3.4.1 Pump-probe spectroscopy setup
As it was mentioned before, the ampliﬁed pulsed Ti:sapphire laser at 805 nm wavelength, with a pulse width of about 100 fs, has been used to investigate the laserinduced spin dynamics in ferrimagnetic amorphous alloys. The schematic of the experimental setup is shown in Fig. 3.4.
In order to perform time resolved spectroscopy, two beams are required. The
linearly polarized pulsed beam was split into two parts with unequal intensities using
a beam splitter. The one with higher intensity was focused onto the sample at a
certain angle of incidence from the sample normal. The weaker probe pulse, delayed
by a certain time t, was focused onto a smaller spot as compared to the spot size
of the pump pulse. The delay between pump and probe pulses was controlled by
a delay-line. We obtain an enormous time resolution by beneﬁtting from the high
value of the speed of light. For instance, a separation of the pump and the probe
pulses by 1 μm on the delay line gives a temporal resolution of 7 f s. The transmitted
probe pulse was detected by a balanced-diode detector after polarization analysis
by a Wollaston prism. The working principle of the balanced-diode detector with
a Wollaston prism is described in section 3.3.1. The diﬀerence signal from the two
diodes gives the Faraday rotation angle. To increase the signal-to-noise ratio, the
Faraday signal was ampliﬁed by the lock-in ampliﬁer (SR830) and integrated by the
box-car averager (SR250) which was triggered by the laser system (1kHz). The pump
pulse was chopped with a chopper which was operating at 500 Hz and this frequency
was used as reference for the lock-in detection.
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Figure 3.4: Schematic experimental setup that was used for the dynamical pump-probe
study. A beam with wavelength of 805 nm was split into a strong and weak beam by
a beam splitter. The stronger pulse is used to excite the sample and the response is
detected by the weaker beam at a controllable time delay.

The signal is usually too weak to use only one pump and one probe pulse. Therefore, the signal should be averaged over several pump and probe events. Here it is
very essential that each excitation pulse gets the same initial condition. It means
that the induced magnetization dynamics by the ﬁrst pulse should relax to the initial
condition before the arrival of the second pulse. This way we can study the time
resolved eﬀects stroboscopically. In order to secure the same initial condition for each
pump pulses, an external magnetic ﬁeld which is greater than the coercive ﬁeld of the
system was used.

3.4.2 Pump-probe microscopy setup
The magneto-optical imaging experiments were performed by a magneto-optical Faraday imaging technique using a coolsnap HQ CCD camera mounted with a 10x Mitutoyo objective lens (see Fig. 3.5). We used an ampliﬁed pulsed Ti:Sapphire laser
with 1 kHz repetition rate and pulse width of about 100 fs for excitation. Here two
diﬀerent wavelengths were used for pumping and probing. A strong pulse at 805
45
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Figure 3.5: Sketch of the time resolved magneto-optical imaging experimental setup.

nm wavelength focused onto the spot was used as excitation and a weaker 630 nm
delayed with respect to the pump was used as a probe. In contrast to the pumpprobe spectroscopy discussed above (3.4.1), the smaller area was excited by the pump
and the larger part of the sample was probed. Therefore, the magneto-optical image
shows both pumped and unpumped parts of the sample. These experiments have
been performed in the polar geometry.
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4

Femtosecond selective laser excitation of ferrimagnetic modes
in GdCo1

4.1 Introduction
As we brieﬂy discussed in the introduction of this thesis, exciting and controlling spins
in a magnetically ordered system has become a rapidly evolving area of science in the
past decade [1–10]. From the viewpoint of applications, magnetization reversal lies
at the heart of all magnetic recording and information processing technologies. Fundamentally, magnetization reversal can be seen as the transfer of a spin system over
a potential barrier separating two metastable states, corresponding to magnetization
“up” and “down”, respectively. It has been demonstrated that one of the fastest ways
to overcome this barrier and reverse the magnetization in a ferromagnetic medium is
to excite the homogeneous mode of spin precession (ferromagnetic resonance) [2, 3, 5],
resulting in a reversal via a precessional motion of spins (typically on the time scale
of 0.1-1 nanosecond). Ferrimagnetically coupled systems seem to be ideally suited
for ultrafast optical induced switching because of the high frequency exchange mode.
How does an ultrafast laser pulse pump energy into the coexisting ferromagnetic and
exchange modes, and how is this energy used to excite them? What are the roles
of these two coexisting magnetic modes and the magnetic moment and angular mo1 This

chapter is adapted from: A. Mekonnen, M. Cormier, A. V. Kimel, A. Kirilyuk, A. Hrabec,
L. Ranno, and Th. Rasing, ” Femtosecond Laser Excitation of Spin Resonances in Amorphous
Ferrimagnetic Gd1−x Cox Alloys,” Phys. Rev. Lett. 107, 117202 (2011).
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mentum compensation points in these materials? These intriguing and fundamental
questions have remained largely unanswered so far.
This chapter discusses the results of laser-induced spin dynamics in Gd1−x Cox
alloys by using an all-optical pump-probe technique. The ferrimagnetic equations
of motion and the related resonant modes of a two-sublattice magnet are described
in section 4.2. Laser excitation of both ferromagnetic and exchange modes as a
function of cobalt concentration and magnetic ﬁeld are described in 4.3. The laser
pulse excitation mechanism of the precessional modes is discussed in subsection 4.3.3.
Finally in section 4.4, we present the excitation eﬃciency of both modes when the
system is pumped across the angular momentum compensation temperature.

4.1.1 Experimental details
For this study, we used an amorphous Gd1−x Cox (78 ≤ x ≤ 85) ferrimagnetic alloy thin ﬁlm, grown by magnetron sputtering on a quartz substrate and sandwiched
in-between Ti layers: Ti(3nm)/Gd1−x Cox (20nm)/Ti(3nm), discussed in detail in
section 2.5 of chapter 2. This ﬁlm has a concentration gradient, 1 at.% Co/mm, [11]
along one direction of the sample and an out-of-plane magnetic anisotropy. In this
alloy, the two diﬀerent magnetic sublattices are coupled antiferromagnetically. Since
the Co and Gd sublattice magnetizations depend diﬀerently on temperature, they can
compensate each other at a certain temperature, TM , where MRE = MTM . Such a
system can also compensate its angular momentum, MRE /γRE = MTM /γTM , where
γ is the gyromagnetic ratio, at another temperature known as the angular momentum compensation temperature TA . Since the compensation temperatures, [12] the
magnetic anisotropies, [13] and the eﬀective damping parameters [14] depend on the
composition of the sample, this Gd1−x Cox structure gives many degrees of freedom
to investigate the inﬂuence of the multisublattice structure on its spin dynamics.
Laser-induced spin dynamics was investigated by an all-optical pump-probe experiment using an ampliﬁed pulsed Ti:sapphire laser at 805 nm wavelength, with a pulse
width of about 100 fs. For more details, see subsection 3.4.1 of chapter 3. In brief, the
pulsed beam was split into two linearly polarized parts with unequal intensities. The
stronger pump pulse was focused onto a spot with a diameter around 400 μm, and an
incidence angle about 15 ◦ from the sample normal. The weaker probe pulse, delayed
by a certain time t, was focused onto a smaller spot with a diameter around 50 μm
at normal incidence. The delay between pump and probe pulses was controlled by a
delay-line. The transmitted probe pulse was detected by a balanced-diode detector
after polarization analysis by a Wollaston prism (see the experimental schematic in
Fig. 4.1). In these experiments, the magneto-optical signal mainly comes from the
Co sublattice [15]. Unless otherwise speciﬁed, all the experiments were performed
at room temperature (i.e. far below the Curie temperature TC [16, 17] which is the
same for both sublattices [18]), under an external magnetic ﬁeld of 0.27 T applied at
50
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Figure 4.1: Schematic of the experimental set up which was used to study the laserinduced spin oscillations in GdCo under an external magnetic ﬁeld applied at θext ≈ 20 ◦ .
The ﬁrst intense laser beam was used for excitation, whereas a second weaker and delayed
beam was used as a probe. The Faraday eﬀect is detected by a balanced-diode detector.

an angle θext ≈ 20 ◦ from the sample normal, and with a pump laser ﬂuence of 10
mJ/cm2 .

4.2 Ferrimagnetic equation of motion in GdCo
The equation of motion of a two-sublattice ferrimagnetic system can be written in
the form of two coupled Landau-Lifshitz-Gilbert (LLG) equations [19, 20]:
dMi
αi
dMi
= γi (1 + αi2 )(Mi × Hieﬀ ) +
(Mi ×
),
dt
|Mi |
dt

(4.1)

where αi is the phenomenological Gilbert damping parameter, γi is the gyromagnetic
ratio, and Mi is the saturation magnetization of the ith sublattice (i = Co, Gd). The
eﬀective magnetic ﬁelds experienced by the Co and Gd sublattices can be written as:
a
HCo
eﬀ = Hext + HCo + λGd−Co MGd ,

(4.2)

a
HGd
eﬀ = Hext + HGd + λGd−Co MCo ,

(4.3)

and
where Hext is the externally applied magnetic ﬁeld, λGd−Co < 0 is the inter-sublattice
exchange coupling coeﬃcient, HaCo and HaGd are the magnetic anisotropy ﬁelds of the
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where Hext is the externally applied magnetic ﬁeld, λGd−Co < 0 is the inter-sublattice
exchange coupling coeﬃcient, HaCo and HaGd are the magnetic anisotropy ﬁelds of the
Co and Gd sublattices, and λGd−Co MCo and λGd−Co MGd are the exchange ﬁelds
created by the Co and Gd sublattices, respectively.

4.2.1 Ferrimagnetic resonance modes in GdCo
The solution of Eq. 4.1 gives two homogenous resonate frequencies of the ferrimagnetic
modes:

• Ferromagnetic resonance mode
When the applied magnetic ﬁeld is small compared to the inter-sublattice exchange
ﬁeld, the two sublattice system behaves as a simple ferromagnet (see subsection 2.2.1
of chapter 2). Thus, the magnetization vectors of the two sublattices are aligned antiparallel, and the net magnetization precesses around the net eﬀective ﬁeld Heﬀ after
it has been perturbed. Such magnetization precession mode is called ferromagnetic
resonance (FMR). The frequency of the FMR mode is given by the product of the
eﬀective magnetic ﬁeld and eﬀective gyromagnetic ratio [21]:
fFMR = γeﬀ Heﬀ = γeﬀ (Hext + Haeﬀ ),
where γeﬀ is an eﬀective gyro-magnetic ratio and
γeﬀ =

Haeﬀ

(4.4)

is the eﬀective anisotropy ﬁeld:

xMCo − (1 − x)MGd
,
xMCo /γCo − (1 − x)MGd /γGd

(4.5)

and

xMCo HaCo + (1 − x)MGd HaGd
.
xMCo − (1 − x)MGd
The eﬀective damping parameter can be written as [14]:
Haeﬀ =

αeﬀ =

xMCo αCo /γCo + (1 − x)MGd αGd /γGd
.
xMCo /γCo − (1 − x)MGd /γGd

(4.6)

(4.7)

In the above equations x denotes the Co concentration. Here we would like to stress
two important points. The ﬁrst one is the magnetization compensation composition
(MCC), where xMCo = (1-x)MGd . At this point γeﬀ goes to zero, while Haeﬀ goes to
inﬁnity. However, the product of γeﬀ and Haeﬀ turns out to be ﬁnite. Therefore, the
frequency of the ferromagnetic mode at MCC has a ﬁnite value. The second point
is the angular momentum compensation(AMC) composition, where xMCo /γCo = (1x)MGd /γGd . This point has a double-fold eﬀect on the FMR mode: i) the frequency
of the mode diverges due to the divergence of γeﬀ (see Eqs. 4.4 and 4.5), ii) αeﬀ also
diverges at AMC which leads to a fast alignment of the magnetization with the local
ﬁeld with a few number of gyrations.
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• Exchange mode
Besides the above mentioned FMR mode, the magnetizations in a ferrimagnet material
can also oscillate around the inter-sublattice exchange ﬁeld. The resonance of this
mode is activated when the magnetization vectors are no longer antiparallel. This
resonance mode is called exchange mode and its frequency is given by [21, 22]:
fexch = λGd−Co γCo γGd [xMCo /γCo − (1 − x)MGd /γGd ].

(4.8)

Because of the large value of the exchange ﬁelds, the frequency of the exchange mode,
fexch , normally falls in the THz (infrared) region. However, fexch can be brought
down to the GHz (microwave) region [23] if one works at (or in the vicinity of) the
AMC composition (Eq. 4.8). From Eqs. 4.4 and 4.8, one can see that the frequencies
of both modes depend on the relative concentrations of Co and Gd ions in the alloy.

4.3 Laser-induced magnetization precession in GdCo
Fig. 4.2 shows the laser-induced spin dynamics for the Gd20 Co80 sample composition.
We clearly see two diﬀerent dynamical features with diﬀerent oscillation periods. The
f1= 10 GHz

80 % Co

f2= 70 GHz

Figure 4.2: Optically-induced magnetic oscillations for 80 % Co. The vertical solid line
indicates zero delay between pump and probe pulses and the solid curve is a ﬁt using Eq.
4.9. The Fast Fourier Transform (FFT) spectrum of the oscillations are shown as inset.

ﬁrst one, with a short period, dominates in the ﬁrst 50 ps, followed by the second
one with a longer period. This is conﬁrmed by the Fast Fourier Transform (FFT)
spectrum of these data, shown as inset in Fig. 4.2, where two well-resolved peak
frequencies f1,2 are clearly visible at around 10 and 70 GHz, respectively.
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The time-domain data were ﬁtted with a sum of two decaying sinusoidal functions
yi (i = 1, 2):
(4.9)
yi = Ai exp(−t/τi ) sin(2πtfi ),
where Ai , τi , and fi are ﬁtting parameters. The result of the ﬁt is shown by the solid
line in Fig. 4.2 and yields f1 = 10.6±0.1 and f2 = 70.2±0.6 GHz, and τ1 = 380 and
τ2 = 20 ps, respectively. These frequencies are in good agreement with frequencies
extracted from the FFT.
To investigate the role played by the relative weight of the Gd and Co sublattice’s magnetizations on the above observed laser-induced spin oscillations, we next
performed the same dynamical study as a function of cobalt concentration.

4.3.1 Role of concentration on the precessional frequencies
The dependencies of both spin oscillations on Co-concentration are plotted in Figs.
4.3(a) and 4.3(b). The vertical solid lines in both ﬁgures show the zero delay (the
temporal overlap of pump and probe beams), and the solid curves are ﬁts using
Eq. 4.9. As it can be seen from Fig. 4.3(a), at around 81.5 % Co the oscillation
amplitude of the ﬁrst mode is reduced drastically and the phase of the oscillation is
reversed when the cobalt concentration increases. In contrast, the oscillation period
of the second mode increases as the cobalt concentration increases and reaches a
maximum at about 81.5 % Co (see the guide for the eye (slanted dash-dotted line)
in Fig. 4.3(b)). Further increase of cobalt concentration leads to a decrease of the

Figure 4.3: Optically-induced magnetic oscillations as a function of cobalt concentration
for the ﬁrst mode (a) and the second mode (b). The vertical solid lines indicate zero
delay between pump and probe pulses and the solid curves are ﬁts using functions y1,2
(Eq. 4.9) for the ﬁrst and second mode, respectively. The slanted dash-dotted lines in
Fig. b are guides to the eye that show the evolution of the second mode’s period.
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f2

f1

b)

Figure 4.4: Magnetic oscillation frequencies of the ﬁrst mode and second mode as a
function of cobalt concentration. The vertical dashed-line indicates the critical cobalt
concentration, i.e., 81.5 % Co. At this concentration the the frequency of the ﬁrst mode
(b) increases, while the frequency of the second mode (a) decreases. The solid curves in
both ﬁgures are guides to the eye.

oscillation period. The corresponding frequency values extracted from FFT spectra
of the oscillations presented in Figs. 4.3(a) and 4.3(b), are plotted in Figs. 4.4(a) and
4.4(b), respectively. At a certain Co concentration (81.5 % Co) f1 reaches a maximum
whereas f2 is at its minimum value. This is in good qualitative agreement with what is
expected at the AMC for ferromagnetic and exchange modes, respectively, accordingly
to Eqs. 4.4 and 4.8.
In order to obtain additional information to identify the observed spin modes, the
dependence of the spin dynamics on the external magnetic ﬁeld has been investigated.

4.3.2 Role of an external magnetic ﬁeld on the precessional frequencies
The eﬀect of an external magnetic ﬁeld on both oscillation modes was examined in the
region of the sample with 79.5 % Co, with the external magnetic ﬁeld applied at θext
≈ 35 ◦ . The peak frequencies as a function of the external magnetic ﬁeld are plotted
in Fig. 4.5. f1 increases linearly with the applied ﬁeld, whereas f2 does not depend on
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79.5 % Co

f2

f1

Figure 4.5: Oscillation frequencies for 79.5 % Co, as a function of the external magnetic
ﬁeld applied at θext ≈ 35 ◦ . The dash-dotted line is a ﬁt using Eq. 4.4. The frequency
of the ﬁrst mode (ﬁlled circles) depends linearly on the magnetic ﬁeld, while the second
mode (open circles) is almost independent of the ﬁeld.

magnetic ﬁeld. Again, such observations are in accordance with the behavior expected
for ferromagnetic and exchange modes, respectively (see Eqs. 4.4 and 4.8). Therefore,
f1 and f2 are identiﬁed as the frequencies of ferromagnetic and exchange resonance
modes, respectively. Accordingly, 81.5 % Co is considered as corresponding to the
composition at which the angular momentum of the system vanishes, i.e., the AMC
at room temperature.
In the following section, an explanation about the excitation mechanism of these
two coexisting magnetic modes is provided.

4.3.3 Excitation mechanism of the modes
With the external ﬁeld at an oblique angle, laser-induced heating causes a change in
the temperature-dependent magnetization values, and thus a sudden change in the
eﬀective magnetic ﬁelds, triggering a precessional motion of the spins. The detail of
the processes of the excitation of the ferromagnetic and exchange modes by the laser
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Figure 4.6: Schematic illustration of the excitation mechanism of the ferromagnetic and
exchange spin precession modes by an optical laser pulse with an external magnetic ﬁeld
applied at an oblique angle. Before the arrival of the pump beam, the magnetization of the
dominating sublattice align with the eﬀective ﬁeld Hoeﬀ (a). Following the excitation of the
ﬁlm by the pump beam, both the eﬀective anisotropy ﬁeld (Haeﬀ )o and the modulus of the
magnetization are reduced within few ps time scale (b). Consequently, the magnetization
Co,Gd
, which give rise to
precess around the eﬀective ﬁeld Heﬀ and the exchange ﬁelds Hexch
the FMR and exchange modes, respectively (c).

pulse are represented by simpliﬁed schematics in Figs. 4.6(a), 4.6(b), and 4.6(c).
At equilibrium, before the arrival of the pump beam, the magnetization of the
dominating sublattice is aligned along with the net eﬀective magnetic ﬁeld (Heﬀ )o
(Fig. 4.6(a)). Within a few picoseconds after the excitation (Fig. 4.6(b)), the laser
pulse induced heating reduces both the modulus of the magnetization and the eﬀective
anisotropy ﬁeld (Haeﬀ )o . Consequently, the magnetizations of both sublattices become
out of equilibrium. Then the dominating sublattice feels the modiﬁed eﬀective magnetic ﬁeld Heﬀ . This way the precession dynamics is initiated and the magnetizations
relax towards equilibrium via a precessional motion around Heﬀ (Fig. 4.6(c)). During
the precession, if the Co and Gd moments stay rigidly antiferromagnetically coupled
to each other, this gives rise to the laser-induced ferromagnetic precession of the magnetizations. Here keep in mind that an unequal action of the laser pulse light on Gd
and Co [15] and two diﬀerent precession rates (γCo = γGd ) [24, 25] induce a canting
angle between the sublattices. For instance, the angle created between the exchange
ﬁeld HCo
exch , induced by the magnetization of the Co sublattice and the magnetization
of the Gd sublattice, trigger an exchange-ﬁeld-induced torque Texch = MGd × HCo
exch
(Fig. 4.6(b)). This torque makes the magnetization of the Gd sublattice precess
around HCo
exch . The same is true for the Co sublattice. In this way, the exchange
mode is triggered.
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4.4 Excitation across the angular momentum compensation temperature
We have also performed similar measurements at room temperature, at a ﬁxed composition of 78 % Co, as a function of pump laser ﬂuence. With this composition, Gd
magnetization dominates at room temperature but the compensation temperature
can be reached by laser pulse heating.

fluence (mJ/cm2)

(a) 78 % Co

MCo

7.5

H

5.0

MGd
3.6

MGd
2.5

H

1.9
1.0

MCo

Figure 4.7: Magnetic oscillations for 78 % Co as a function of pump laser ﬂuence. The
vertical solid line indicates a zero delay between pump and probe pulses. The solid curves
are ﬁts using function y1 (Eq. 4.9), and the dotted line is a guide to the eye that shows the
evolution of the FMR mode’s period. The inset ﬁgure is the schematic that represents the
magnetization reversal under the external magnetic ﬁeld after increasing the temperature
of the sample to go above the angular momentum compensation (AMC) temperature as
result of laser pulse induced heating.

The spin oscillations, the corresponding frequencies and the resonance amplitudes
are shown in Fig. 4.7, Fig. 4.8(a), and Fig. 4.8(b), respectively. Excitation of the
ferromagnetic and exchange modes is shown to be strongly ﬂuence-dependent and
three diﬀerent regimes of excitation can be distinguished (see Fig. 4.8(b)).
When the pump laser ﬂuence is low (regime (I)) only the FMR mode is excited
and the amplitude of the spin oscillations increases with ﬂuence. When the ﬂuence
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a)
Exch

FMR

b)
Exch

FMR

Figure 4.8: a) Frequencies of the FMR (ﬁlled circles) and exchange (open circles) modes
as a function of pump laser ﬂuence, and b) resonance amplitudes of the two modes as a
function of pump-laser ﬂuence.

reaches 2.5 mJ/cm2 the laser light starts to excite the exchange mode as well, while
the amplitude of the FMR mode experiences a signiﬁcant drop (regime (II)). In this
regime the exchange and the FMR modes are excited with nearly equal amplitudes.
For the pump ﬂuence at 3.6 mJ/cm2 the frequency of the FMR mode is maximum
(Fig. 4.8(a)) while the amplitude has a minimum (Fig. 4.8(b)).
For a higher ﬂuence the phase of the oscillation corresponding to the FMR mode
is reversed (Fig. 4.7). These ﬁndings indicate that a laser-excitation with 3.6 mJ/cm2
brings the system to the AMC point: for ﬂuences beyond this, the laser excitation
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reverses the sublattices’ magnetizations, in the presence of an external ﬁeld by increasing the spin temperature beyond the compensation temperature (see the inset in Fig.
4.7). Finally, in the high-ﬂuence regime (III), the amplitude of the exchange mode
increases with laser ﬂuence, while the amplitude of the FMR mode hardly changes
(Fig. 4.8(b)).
These observations allow us to draw important conclusions about the excitation
mechanism of the FMR and exchange modes. If the sample is below its AMC temperature and the pump ﬂuence is low enough, the pump pulse brings the medium
into a state with a higher temperature but still below the compensation point. As
it has been demonstrated previously [4, 26–28], such an ultrafast heating favors the
excitation of the FMR mode (regime (I)). Our experiments also clearly show that
oscillations at the exchange frequency are not triggered in this regime. It appears
that crossing the compensation point is crucial for the excitation of the exchange
mode. Heating GdCo over the compensation point in an external magnetic ﬁeld
should result in the reversal of the sublattices magnetizations. However, it has been
recently discovered that the rare-earth and transition metal sublattices reverse their
magnetizations at substantially diﬀerent time scales [10]. Consequently, despite the
strong antiferromagnetic coupling between the sublattices, the reversal occurs via a
transient ferromagnetic-like state, where the net magnetizations of the sublattices are
temporarily aligned parallel to each other. The strong laser pulse perturbation of the
antiparallel alignment of the magnetizations can cause the creation of a larger angle
between the exchange ﬁelds and the magnetizations (Fig. 4.6(b)). Such condition
makes the exchange mode resonate with larger amplitude. Therefore, the formation
of a transient ferromagnetic-like state in the time window where spin dynamics is
initiated obviously favors the excitation of the exchange mode, while the excitation
of the FMR mode becomes less eﬀective. A proper combination of temperature and
laser ﬂuence thus allows selective excitation of either one or both of the coexisting
magnetic modes. The relevance of the exchange mode in all-optical switching has
recently been indicated in atomistic spin simulations as well [29].

4.5 Conclusions
In conclusion, using optical pulses, the high-frequency exchange and low-frequency
ferromagnetic spin resonance modes have been excited and detected in a Gd1−x Cox
ferrimagnetic thin ﬁlm on both sides of its angular momentum compensation composition. We have revealed ways to excite selectively, eﬃciently, and controllably either
one or both of these two coexisting magnetic modes by adjusting the pump-laser
ﬂuence, and thus the temperature of the spin reservoir in the pumped area of the
sample as compared to its angular momentum compensation temperature. Additionally, laser heating induced switching of the sublattices’ magnetizations by increasing
the spin temperature beyond the compensation temperature has been demonstrated.
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Such easy all-optical manipulation of the exchange mode in ferrimagnetic GdCo may
give great opportunities for the application of this system in the ﬁeld of ultrafast,
laser-controlled addressing of magnetic information.
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CHAPTER

5

Laser-induced demagnetization dynamics in multisublattice
magnets

5.1 Introduction
As it was mentioned in the introduction chapter, a pioneering work in laser-induced
demagnetization has been conducted by Beaurepaire et al. Using a 60 fs optical laser
pulse, they demonstrated an ultrafast (within about 1ps) demagnetization in a Ni
thin ﬁlm [1]. After this observation, laser-induced demagnetization research has been
conducted at large in ferromagnetic transition-metals (TM) (e.g., Co, Ni), rare-earth
(RE) metals (e.g., Gd, Tb) and their alloys (see ref. [2] and references therein).
The response of the RE magnets for optical laser pulse perturbation is diﬀerent
from the TM magnets. This is because the magnetism in the RE’s mainly originates
from the deeply buried 4f localized electrons which are almost inaccessible with optics.
In contrast, the magnetism in TM’s originates from the 3d delocalized conduction
electrons. Consequently, the interaction eﬃciency of TM’s with an optical laser pulse
is fundamentally distinct from the RE’s [3]. The above mentioned diﬀerence leads to
a distinct laser-induced demagnetization behavior between the RE and TM magnets.
For instance, it has been reported that Gd shows a three order of magnitude slower
demagnetization time [4, 5] than Co [6]. Moreover, recently it has been also shown
that Gd shows a partial ultrafast demagnetization process [7, 8] in addition to the
dominant slower part. Thus, Gd is known for its two-step process of laser-induced
demagnetization. Although a number of very fascinating experimental results have
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been reported in RE-TM alloys [9–11], less has been understood about the role of the
inter-sublattice 3d-5d6s-4f exchange coupling between the RE and TM sublattices
during the laser pulse induced demagnetization process and how the deposited laser
pulse energy is transferred between the TM and RE sublattices. Why and how does
the laser-induced demagnetization dynamics of the TM in the alloy behave diﬀerently
as compared to the pure TM? What is the role of the strong inter-sublattice 3d5d6s-4f exchange coupling in the laser-induced demagnetization dynamics of the 3d
metals? These intriguing and very fundamental questions remain poorly answered so
far. The answers to these questions will deepen our knowledge and understanding of
the magnetization dynamics in multisublattice magnets.
In this chapter, we present laser pulse induced demagnetization in Gd1−x Cox (x
≈ 78, 83, and 84 % Co, which is both below and above the room temperature compensation composition) and GdCoFe alloys by using time resolved magneto-optical
Kerr and Faraday eﬀects. A phenomenological model that qualitatively explains the
experimental observations for both alloys will also be discussed and elaborated.

5.2 Laser-induced demagnetization dynamics in GdCo
5.2.1 Experimental details
For the experiments, we used an amorphous Gd1−x Cox ferrimagnetic thin ﬁlm, grown
by a magnetron sputtering on a quartz substrate and sandwiched in between two Ti
layers: Ti(3 nm)/Gd17 Co83 (20nm)/Ti (3 nm)/quartz [12]. As described in section 2.5
of chapter 2, this ﬁlm has a concentration gradient ≈ 1 % Co /mm, along one direction
of the sample and an out-of-plane magnetic anisotropy. We used an ampliﬁed-pulsed
Ti:sapphire laser at a wavelength of 800 nm, with a repetition rate of 1 kHz and
a pulse width of about 100 fs. After splitting the beam by a beam splitter into
two linearly polarized parts (see the schematic in Fig. 5.1) with unequal power, the
stronger pump-pulse was focused to a spot diameter of around 400 μm, while the
weaker probe pulse, delayed by Δt, was focused to a smaller spot diameter which
was around 85 μm. The larger spot size of the pump over the probe beam assures
homogeneous heating in the probed area of the sample.
In this chapter, two types of measurements will be presented: 1) full hysteresis
loops have been measured by sweeping the external magnetic ﬁeld and recording the
signal at a ﬁxed pump and probe delay (results presented in subsection 5.2.2). In
these measurements, the Faraday signal was measured in the polar geometry by a
probe beam incident perpendicular to the ﬁlm surface and a magnetic ﬁeld applied at
55 ◦ from the easy axis (see Fig. 5.1). 2) Additionally, the Kerr signal was measured
for a variable pump-probe delay under a ﬁxed magnetic ﬁeld applied perpendicular to
the ﬁlm surface, the magnetization is locked along its easy direction, and the probe
beam incident at 45 ◦ from the easy axis (results presented in subsections 5.2.3 and
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Figure 5.1: Schematic of the experimental set up used to study the laser-induced demagnetization dynamics for the Faraday eﬀect presented in subsection 5.2.2. For this
geometry, the magnetic ﬁeld was applied at θext ≈ 35 ◦ and the transmitted signal was
detected, while for the results presented in subsections 5.2.3 and 5.3.2 the magnetic ﬁeld
was applied at θext ≈ 90 ◦ and the probe pulse was incident at about ≈ 45 ◦ from the
sample normal and the reﬂected signal was detected. For the Kerr geometry the above
schematic ﬁgure should be modiﬁed accordingly.

5.3.2). In both measurement geometries, the z-component of the magnetization (Mz )
was measured. All the experiments were performed at room temperature which is far
below the common TC of > 700 K for both sublattices [13–15].

5.2.2 Measurement of magneto-optical Faraday eﬀect
Faraday loops measured for 78 % Co at several ﬁxed pump probe, using a pump ﬂuence of 1.6 mJ/cm2 and 3.2 mJ/cm2 are shown in Figs. 5.2(a) and 5.2(b), respectively.
The loop obtained without pump beam is a typical loop for materials with perpendicular anisotropy (see Figs. 5.2(a) and 5.2(b)). When the delay between pump and
probe pulses is 1.3 ps, a very small amount of laser-induced demagnetization is observed for both laser ﬂuences, whereas a larger amount of demagnetization is observed
at a later time of 625 ps. One can also notice that the modulus of the magnetization
measured at -40 ps is almost the same as for the static loop. This indicates that
there is no remaining DC heating induced from the previous pulse. The experimentally observed laser-induced demagnetization is not typical for Co [6], which shows
an ultrafast laser-induced demagnetization. To get further understanding about the
demagnetization dynamics, additional measurements have been performed for 83 %
Co and 84 % Co. As shown in Figs. 5.3(a) and 5.3(b), the demagnetization processes
observed in 83 % Co and 84 % Co have certain common features with the demagne67
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Figure 5.2: Magnetic hysteresis loops measured for 78 % Co under polar Faraday geometry at diﬀerent delay between pump and probe pulses using two diﬀerent pump laser
ﬂuences a) 1.6 mJ/cm2 and b) 3.2 mJ/cm2 .

tization observed in 78 % Co. In all measurements, a partial ultrafast laser-induced
demagnetization accounts only for a small percentage of the total demagnetization. A
large demagnetization has been observed within hundreds of picoseconds. Regardless
of the common features for all measured compositions, there are some remarkable
diﬀerences between the loops measured at 78 %, 83 %, and 84 % Co. These are: i)
the signs of 78 % Co and 83 and 84 % Co hysteresis loops are opposite to each other,
ii) A larger amount of laser-induced demagnetization has been observed in Co-rich1
than in Gd-rich, and iii) the demagnetization at negative delay is increasing when
the Co concentration increases. The reason for the sign inversion of the hysteresis
loop is simple: in 78 % Co the magnetization of the Gd sublattice is larger than the
magnetization of the Co sublattice [16], whereas the reverse is true in 83 and 84 %,
thus under an external magnetic ﬁeld the direction of the Co magnetization in 78 %
Co is opposite with respect to that of the 83 % and 84 % Co samples. Thus, the sign
of the detected magnetization is reversed because the magneto-optical signal at 800
nm is mainly originating from the Co sublattice [3].
One can see that the static magneto-optical signal increases when the concentration of Co increases (see Figs. 5.2 and 5.3). Thus one can argue that the observations
ii and iii can be related to an increase of the absorption of the beam by the medium
when the concentration of Co increases.
The results found in the above experiments are in contrast to the expected trend
1 We call Co-rich if the cobalt concentration is greater than the magnetization compensation
composition (80 % Co), otherwise it is called Gd-rich.
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Fluence = 3.2 mJ/cm2

83 % Co
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84 % Co

Figure 5.3: Magnetic hysteresis loops measured in 83 and 84 % Co under polar Faraday
geometry at diﬀerent delay between pump and probe pulses using pump laser ﬂuences of
a) 1.6 mJ/cm2 and b) 3.2 mJ/cm2 .

of ultrafast laser-induced demagnetization for pure Co. This is because the maximum
laser-induced demagnetization for Co should be reached within 1-2 ps [6]. However,
what has been observed in our investigation is quite diﬀerent from this expectation.
For further investigation of the laser-induced demagnetization dynamics in GdCo
the Kerr signal was measured for a continuously varying pump-probe delay, and the
results are presented in the following section.

5.2.3 Measurement of the magnetization dynamics via the magneto-optical
Kerr eﬀect
The results of a time-resolved demagnetization measurement for 83 % Co using a
pump-laser ﬂuence of 5.3 mJ/cm2 are presented in Fig. 5.4. Since great care should
be taken to separate the real magnetization signal from the signal of optical artifacts,
the average diﬀerence between the signals measured under a positive and a negative
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magnetic ﬁeld was taken. This means that the signal contributions which are even
under reversal of the magnetic ﬁeld cancel out, while the remaining which are odd
(pure magnetic origin) add up. This pure magnetic signal is plotted in Fig. 5.4.

Mz/Ms (%)

Mz/Ms (%)

5.3 mJ/cm2

Delay (ps)

I

II

Delay (ps)
Figure 5.4: Laser-induced demagnetization dynamics for 83 % Co, a partial ultrafast
one (I) followed by an immediate recovery (re-magnetization) and a dominating slower
demagnetization part (II). The two regimes (I and II) are separated by the vertical solid
line. The ﬁlled circles in I are the extrapolation of the slower process as if the partial
ultrafast demagnetization is not present. The inset shows the zoom in of the faster
demagnetization process. The solid curves are ﬁts using a bi-exponential function, while
the vertical dotted-lines represent the zero delay of pump and probe pulses.

Surprisingly, three very distinct features have been observed. These are: i) a
partial (few %) ultrafast demagnetization process within subpicoseconds, ii) an immediate recovery (re-magnetization) in a few picoseconds, and iii) a dominating and
slower demagnetization process which occurs in hundreds of picoseconds. We classiﬁed the observed dynamics into two main regimes (regime I and regime II) (main
panel in Fig. 5.4). The data in I and II were ﬁtted separately by using bi-exponential
functions (see the solid curves in Fig. 5.4). From the ﬁtting curves, two characteristic
demagnetization time constants τdem = 726±186 fs (I) and τdem = 123±4.5 ps (II)
have been extracted, respectively. In I, the demagnetization reaches the ﬁrst maximum within about ≈ 1-2 ps; after this time the magnetization starts to recover, and
the recovery process saturates within about 5-10 ps (see the inset in Fig. 5.4). The
recovery is followed by the second slower dominating demagnetization process. The
70

5.2 Laser-induced demagnetization dynamics in GdCo

71

Mz/Ms (%)

5.3
6.0
6.6
8.0

Mz/Ms (%)

ﬁlled circles in I are the extrapolation of the slower process as if the partial ultrafast
demagnetization is not present.

Delay (ps)

Delay (ps)
Figure 5.5: Laser-induced demagnetization dynamics for 83 %Co as a function of pump
laser ﬂuences, a dominate slower demagnetization process (main panel) and a partial
ultrafast one (the inset). The vertical dotted-lines represent the zero delay of pump and
probe pulses.

Additionally, we have measured the demagnetization dynamics for the same cobalt
concentration as a function of laser ﬂuence (Fig. 5.5). For clarity the curves both in
the main panel and inset ﬁgures are oﬀset by 10 units from each other. From Fig.
5.5, one can see that the eﬃciency of all the demagnetization features increases with
increasing pump laser ﬂuence.
Below we summarize these very striking laser-induced demagnetization results
observed in GdCo:
• stoichiometrically Co is the dominant sublattice and we are mainly detecting Co
in our magneto-optical measurements; however the observed eﬀects deviate too much
from the expected demagnetization trend of pure Co, which shows a very fast demagnetization process [6].
• the magnetization recovers immediately after the partial ultrafast demagnetization
71

Laser-induced demagnetization dynamics in multisublattice
magnets

72

before the slower secondary demagnetization process starts; these three features were
never observed in demagnetization studies of pure Co.
• generally-speaking the observed demagnetization features resembles those of Gd
rather than of Co.
In order to get further insight in the laser-induced demagnetization processes
observed in GdCo, and to see whether such demagnetization features can be seen in
other RE-TM alloys or not, we performed additional measurements in GdCoFe.

5.3 Laser-induced demagnetization dynamics in GdCoFe
5.3.1 Sample
For this study, an amorphous Gd22 Co9.8 Fe68.2 ferrimagnetic thin ﬁlm, grown by magnetron sputtering was used. The ﬁlm was grown in the following multilayer structure:
SiN(60nm)/Gd22 Co9.8 (20nm)Fe68.2 / SiN(5nm)/AlTi(10nm)/glass. The AlTi layer is
used for a heat sink whereas SiN was used as a buﬀer, capping and an antireﬂection
coating. In this alloy the Co and Fe sublattice magnetizations are coupled ferromagnetically and the total magnetization of Fe and Co is coupled antiferromagnetically
with that of Gd, yielding the system end up as a ferrimagnetic structure with common
Curie temperature TC ≈ 550 K [13, 15] for the Gd and Fe(Co) sublattices. This ﬁlm
has an out-of-plane magnetic anisotropy. The addition of Co increases the magnetooptical signal and the Curie temperature of the alloy [13]. Additionally, Co plays a
great role in reducing the sperimagnetic structure formed due to the frustration of
the Fe spins when immersed in an amorphous environment [13, 17, 18].

5.3.2 Laser-ﬂuence dependence demagnetization
Under the same experimental conditions as the experiments on GdCo presented in
section 5.2.3, we studied the laser-induced demagnetization in Gd22 Co9.8 Fe68.2 . Fig.
5.6 shows the demagnetization obtained as a function of pump laser ﬂuence. For
clarity the curves are oﬀset by 10 units from each other in both ﬁgs. 5.6(a) and
5.6(b). Generally, an ultrfast laser-induced demagnetization process is observed in
GdCoFe which is consistent with previous studies [19, 20], and this process increases
with the increase of a pump laser ﬂuence. On the other hand, in agreement with the
demagnetization study in GdCo, the ultrafast demagnetization is accompanied by
a recovery of the magnetization before a slower secondary demagnetization process
follows (see Fig. 5.6(b)). However, the demagnetization processes in GdCoFe is
dominated by the ultrafast process unlike in GdCo. Regardless of this, the trend of
demagnetization in GdCoFe is qualitatively the same as in GdCo.
These new experimental observations raise a few fundamental questions: 1) Why
are there three features of demagnetization processes in GdCo and GdCoFe? 2) What
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Figure 5.6: Laser-induced demagnetization measurement in Gd22 Co9.8 Fe68.2 as a function of pump laser ﬂuences, shorter (a) and (b) longer time scales. The vertical dottedlines in both ﬁgures represent the zero delay of pump and probe pulses.

is the mechanism of the immediate partly recovery of magnetization before the secondary slower demagnetization process sets in? 3) What are the main diﬀerences
between GdCo and GdCoFe which lead to the observable dissimilarities in their demagnetization properties?
In order to answer all these questions we propose a general phenomenological
model for a RE-TM ferrimagnet consisting out of coupled magnetic sublattices. But
before treating our new model, we ﬁrst describe the ineﬃciency of the already existing three temperature model (3TM), which was described in chapter 1, to explain
the demagnetization dynamics in ferrimagnetically coupled multisublattice systems.
Modeling the laser-induced demagnetization dynamics of a ferrimagnetically coupled
system with the three temperature model is not suﬃcient to describe the properties
of the demagnetization process because of the following reasons: i) the RE and TM
sublattices have diﬀerent magnetic speciﬁc heats [21], ii) the RE and TM sublattices
have diﬀerent coupling eﬃciencies with the perturbing optical laser pulse [3], and iii)
the RE and TM sublattices possess distinct laser-induced dynamics [11]. Because of
the above mentioned factors, assigning one common spin subsystem (heat reservoir)
for the two sublattices is not realistic.
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Because of the above mentioned factors, we propose a new, simple, but very insightful phenomenological four temperature model (4TM) that describes the laserinduced demagnetization processes in GdCo and GdCoFe.

5.4 Four temperature model (4TM)
The reasons why a 4TM is just suﬃcient to describe the laser-induced demagnetization
in GdCo are: 1) the 3d and 5d6s electrons can be treated as a single electronic reservoir
because of strong coulomb interactions between them, 2) the spin reservoirs of Co
and Gd are considered as two diﬀerent spin subsystems because of the diﬀerences
between the RE and TM sublattices mentioned in subsection 5.3.2. Note that the
4f and 5d6s spins are treated as a single spin subsystem (assigned simply as 4f spin
reservoir) because they are also coupled strongly via an intra-atomic 4f -5d6s exchange
interaction (94 meV (≈ 44 fs) [22]), 3) the lattice is considered as a common fourth
heat reservoir. Therefore, we end up with four diﬀerent heat reservoirs as shown by
the cartoon-like schematic in Fig. 5.7.

Laser pulse

Electrons

Te

Lattice

Co

Tl

Gd
4f spins

3d spins

TsGd

TsCo

Figure 5.7: A cartoon-like schematic illustration that represents the interactions of the
heat reservoirs in a four temperature model (4TM).

The 4TM can be represented by four-coupled-diﬀerential equations, that describe
the heat ﬂow between the heat reservoirs (electrons, lattice, and two spins heat reser74
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voirs (Fig. 5.7)) that are written as follows:
Ce (Te )

Cl (Tl )

CsCo (TsCo )

CsGd (TsGd )

dT e
Co
= −Gel (Te − Tl ) − GCo
es (Te − Ts )
dt
Gd
−GGd
es (Te − Ts ) + P (t),
dTl
Co
= −Gel (Tl − Te ) − GCo
ls (Tl − Ts )
dt
Gd
−GGd
ls (Tl − Ts ),

dTsCo
Co
Co
Co
= −GCo
es (Ts − Te ) − Gls (Ts − Tl )
dt
−GGd−Co
(TsCo − TsGd ),
ss

dTsGd
Gd
Gd
− Te ) − GGd
− Tl )
= −GGd
es (Ts
ls (Ts
dt
−GGd−Co
(TsGd − TsCo ),
ss

where Ce and Cl are the electronic and lattice speciﬁc heats and CCo,Gd
are the spin
s
Co,Gd
speciﬁc heats of the Co and Gd sublattices. Gel , and Ges
are electron-lattice,
Co,Gd
and GGd−Co
are spin-lattice
electron-spin (of Co and Gd) coupling constants. Gls
ss
(of Co and Gd) and spin-spin (between Co and Gd sublattices) coupling constants.
P (t) is a heat source which originates from the laser pulse.

5.4.1 Numerical calculation for GdCo
In the numerical calculation, the speciﬁc heat of the lattice Cl = 3x106 J/m3 K was
taken as constant. This is a good approximation since the lattice temperature Tl
during the experiment is greater than the Debye temperature of the alloy (θD ) [23].
The speciﬁc heat of electrons is directly proportional to the electronic temperature
Ce (Te ) = γ Te . Since Co is the dominant sublattice in the alloy, we take the proportionality constant of cobalt as γ = 714 J/m3 K2 [24]. The room temperature magnetic
5
3
speciﬁc heats of the Co and Gd spins are taken as CCo
s (300 K) = 0.6x10 J/m K, and
Gd
5
3
Cs (300 K) = 0.25x10 J/m K [21]. We used a laser pulse P (t) with a 100 fs full
width at half maximum FWHM and with peak power density of 2.5x1021 W/m3 as a
heat source applied only to the electronic subsystem.
For the Co sublattice the following coupling constant which are very typical values
17
for 3d transition metals [1] were used: Gel = 8x1017 W/m3 K, GCo
es = 0.14x10
3
Co
16
3
W/m K, Gls = 0.3x10 W/m K. The coupling constants of the Gd sublattice were
chosen based on the following facts: i) The interaction strength of the Gd sublattice
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with the perturbing laser pulse is weaker than that of Co, ii) Gd with 4f spins which
have a spherical electron orbital distribution lacks a direct communication route with
the laser pulse excited 3d electrons and with the common lattice. Thus, the 4f
spins of Gd are much more isolated from the rest of the heat baths than their 3d
counterparts in Co. Taking this into consideration, weaker coupling constants are used
15
15
for the Gd sublattice. These are: GGd
W/m3 K, GGd
W/m3 K
es = 0.6x10
ls = 0.3x10
(these parameters were chosen by considering the experimental demagnetization time
constants of pure Gd [8]). Note that the 4f spins can interact indirectly with the
3d spins of Co through an inter-sublattice 3d-5d6s-4f exchange interaction which is
responsible for the ferrimagnetism of the system. Therefore, a spin-spin coupling
Gd−Co
constant between the Co and Gd sublattices of Gss
= 0.64x1016 W/m3 K was
used.
Using all the above parameters the four coupled diﬀerential equations have been
calculated using a diﬀerential equation solver which is based on the Runge-Kutta
method2 and the result is plotted in Fig. 5.8(a).
From this calculation, we see that the electronic temperature Te reaches about
830 K (not shown) within a time of about 80 fs, while TsCo,Gd and Tl remain close to
room temperature. The heat deposited in the electronic subsystem is gradually redistributed to the spins and the lattice subsystems. This process leads to an increases of
the spins and lattice temperatures and a decrease of the electron temperature until all
the subsystems are in thermal equilibrium. The lattice and the electronic subsystem
reach thermal equilibrium within ≈ 2 ps. However, an extraordinary dynamical feature is observed in the spin temperature of Co TsCo (t) between 2 and 10 ps. Following
this, the two spin subsystems reach thermal equilibrium with each other and with the
rest subsystems at a much later time (≈ 40 ps). As was done for the experiments,
the temperature dynamics of the Co spin TsCo (t) is discussed in three time windows:
i) at subpicosecond (t1 < 1 ps), ii) within a few picoseconds (1ps < t2 < 3 ps), and
iii) within tens of picoseconds (t3 > 3 ps).
Within t1 < 1 ps, the temperature of the Co spin reservoir TsCo (t1 ) rapidly increases. It shows that the Co spin subsystem is trying to be in equilibrium with the
other two reservoirs (electron, lattice). In this regime, one can argue that the dynamics of TsCo (t1 ) is largely inﬂuenced by the electronic temperature. It means that Co is
strongly coupled to the electron subsystem. Therefore, an ultrafast laser-induced demagnetization process occurs within this time. Note that, within t1 the temperature
of the Gd spin reservoir TsGd (t1 ) is still very close to room temperature (the spins of
Gd are much colder than the Co spins).
Within t2 , the temperature of the electronic subsystem decreases and reaches a
quasi-equilibrium state with the phonon reservoir. In this time interval, a strange dip
has been observed in the curve of TsCo (t2 ) (Fig. 5.8(a)). It indicates that there is a
2 This is a numerical analysis method that used to solve diﬀerential equation. It was developed
by two German mathematician named C. Runge and M. W. Kutta.
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Figure 5.8: a) Evolution of the heat reservoirs temperatures (Te , Tl , TsCo , and TsGd )
in GdCo using the 4TM following the heating of the electronic subsystem by a laser
pulse (heat source) P (t) with a peak power density 2.5x1021 W/m3 . b) Calculated
Co and Gd demagnetization after mapping the spin temperature into the corresponding
magnetization curves by a Bloch T 3/2 law.

heat ﬂow from the Co sites to Gd (from the hotter bath to the colder one). This is
because the two sublattices are coupled via a spin-spin coupling constant. Finally for
t3 > 3 ps, we see that the spin temperature of Gd is increasing steadily. The Co spin
temperature is again increasing, and a thermal equilibrium is reached with all heat
baths at about 40 ps.
The next point to be addressed is the laser-induced demagnetization of Co and
Gd. To get a qualitative picture of the evolution of the magnetization as a function
of time; the temperature of the spin subsystems is mapped onto the magnetization
by a simple Bloch T 3/2 law. That is: M (T )/M (Troom ) = (1 − (T /TC )3/2 ). We used
a TC ≈ 900 K for 83 %Co [13, 14]. The normalized magnetizations of the Co and Gd
sublattices were calculated and are plotted in Fig. 5.8(b). There is good qualitative
agreement between these numerically calculated curve and the experiment (for clarity
see the dash-dotted line in Fig. 5.9(b)).
Additionally, a calculation was performed by neglecting the role of the Gd subsysGd
tem (putting GGd−Co
= GGd
ss
es = Gls = 0); thus the 4TM is reduced to the 3TM. The
temporal evolution of the temperatures of the heat reservoirs for the reduced 3TM
are plotted in Fig. 5.9(a). These are very typical curves for pure 3d metals [6, 25].
In this case there is no dip in the spin temperature of Co.
The magnetization curve estimated from the 3TM and 4TM are plotted in Fig.
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Figure 5.9: a) Evolution of the heat reservoirs temperatures (Te , Tl , TsCo ) in pure Co
using the 3TM following the heating of the electronic subsystem by a laser pulse (heat
source) P (t) with a peak power density 2.5x1021 W/m3 . b) The calculated demagnetization after mapping the spin temperature into the corresponding magnetization curves
by a Bloch T 3/2 law is shown by the solid line. The demagnetization estimated from the
4TM in GdCo is also shown by the dash-dotted and dotted lines for Co and Gd sublattices,
respectively.

5.9(b). The one corresponding to the 3TM (solid line in Fig. 5.9(b)) is showing a
typical laser-induced demagnetization process observed for pure 3d transition metals [6, 25]. However, the demagnetization process calculated from the 4TM shows
qualitatively the same feature as our experiments. Therefore, from both the model
and the experiment, one can certainly conclude that the Gd sublattice is responsible
for the odd feature of laser-induced demagnetization in GdCo.

5.4.2 Role of the inter-sublattice exchange coupling in GdCo
In order to investigate the role of the inter-sublattice exchange coupling between the
Co and Gd sublattices, the calculations shown in Figs. 5.10(a-f) were done using
various spin-spin coupling constants by keeping all the other parameters ﬁxed.
Figs. 5.10(a-f) show the normalized magnetization curves for both Co and Gd sublattices. The trend of the demagnetization from a weakly coupled case (Fig. 5.10(a))
to a strongly coupled case (Fig. 5.10(f)) were investigated. Fig. 5.10(a) shows that
the two sublattices are almost independent, and Co shows the known typical laser
induced demagnetization curve. It means that the presence of Gd does not play a
role in the demagnetization properties of Co when the coupling between them is too
weak. However, when the coupling between the two sublattices is getting stronger, we
see clearly that the demagnetization curve of the Co sublattice deviates from the nor78
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Figure 5.10: Numerically calculated demagnetization curves for various spin-spin coupling
constants using the 4TM, following the heating of the electronic subsystem by a laser
pulse (heat source) P (t) with a peak power density 2.5x1021 W/m3 . Coupling constants
.
for this calculation were the same as in Fig. 5.8 except GGd−Co
ss

mal trend. Finally (in the strongly coupled case (Fig. 5.10(f))), the two sublattices
behave as one sublattice and the demagnetization curves are almost indistinguishable. In agrement with our work (strongly coupled case), an element speciﬁc study of
Gd/Fe multilayer by Bartelt et al., demonstrated that the strong coupling between
Gd 5d and Fe 3d states leads to a simultaneous demagnetization of both layers [26].
From the above calculations it is clear that the inter-sublattice exchange coupling
between Co and Gd plays a signiﬁcant role for the experimentally observed demagnetization features.

5.4.3 Numerical calculation for GdCoFe
To calculate the demagnetization features observed in GdCoFe, we have used the
same parameters as in the case of GdCo except GGd−Co
. In this case, weaker spinss
16
3
spin (GGd−Fe
=
0.16x10
W/m
K)
coupling
constant
was
used. The calculated result
ss
is shown in Fig. 5.11(a). Here we see a similar trend as in Fig. 5.8(a). Using the same
79

Laser-induced demagnetization dynamics in multisublattice
magnets

80
a)

b)

Te
Tl
TsFe
TsGd

MFe
MGd

Delay (ps)

Delay (ps)

Figure 5.11: a) Evolution of the heat reservoirs temperatures (Te , Tl , TsF e , and TsGd ) in
GdCoFe, following the heating of the electronic subsystem by a laser pulse (heat source)
P (t) with a peak power density 2.5x1021 W/m3 . The spin-spin coupling constant used
Gd−Fe
= 0.16x1016 W/m3 K. b) The calculated demagnetization after mapping
was: Gss
the spin temperature into the corresponding magnetization curves by a Bloch T 3/2 law
(see the inset for clarity).

Bloch T 3/2 law (we used TC of GdCoFe ≈ 550 K [15]) the magnetization curves for the
two sublattices (in this case for the Fe and Gd) are plotted in Fig. 5.11(b) (see the inset
for clarity). The numerical results of Fig. 5.11(a) can be explained in the same manner
as those of Fig. 5.8(a). This calculation fairly describes the experimentally observed
demagnetization features in GdCoFe. Therefore, the proposed 4TM qualitatively
describes the laser-induced demagnetization for GdCo and GdCoFe on an equal basis.

5.5 Discussion
The 4TM and the experimentally observed laser-induced demagnetization data show
a very good qualitative agreement for both alloys. The laser-induced demagnetization
features observed in GdCo are qualitatively the same as the demagnetization features
in GdCoFe. Regardless of the qualitative similarities, there is a large quantitative
diﬀerence in the demagnetization behavior between GdCo and GdCoFe. Although
these alloys are related and categorized in the same family of amorphous alloys, there
are considerable diﬀerences between them. For amorphous alloys, the Curie temperature largely depends on the composition of the alloys. However, when GdCoFe and
GdCo are compared, in general the former has a lower Curie temperature than those
of GdCo [13]. Lower Curie temperature means that the inter-sublattice exchange
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interaction (spin-spin coupling constant) in GdCoFe is weaker than GdCo which can
be responsible for the dominate ultrafast laser-induced demagnetization dynamics in
GdCoFe. Besides this, the eﬀect of lattice disorder (amorphousness) has an enormous eﬀect on the magnetic structure of GdCoFe. It is known that the Fe spins
are very sensitive for the environment (more information is provided in chapter 2).
For example, the spins of crystalline bcc Fe order ferromagnetically, whereas those of
fcc Fe order antiferromagnetically. Thus, when Fe is in an amorphous environment
all Fe spins can not be ordered ferromagnetically and there can be ferromagnetic
and antiferomagnetic phases depending on the number of nearest neighbor atoms.
It means that there is competition between negative and positive exchange interactions [13, 18]. Consequently, Fe based ferrimagnetic amorphous alloys are known by
their sperimagnetic structure (canted ferrimagnet) (see Fig. 5.12(b)) [13, 17, 18].
Some data illustrating this structure is shown in section 2.3 of chapter 2. Thus, the
spins of Fe in GdCoFe are not collinear with Gd. It is known that a spin frustrated
material has a higher magneto-resistance [27, 28]. The higher magneto-resistance reﬂects the existence of eﬃcient electron-spin coupling which could be possibly the case
in GdCoFe. Thus, the non-collinear spin structure in GdCoFe may also contribute
for the accelerated ultrafast laser-induced demagnetization process which is observed
in GdCoFe. However, the amorphous environment has no signiﬁcant eﬀect on the
magnetic structure of GdCo. Every nearest Co spins interact ferromagnetically. A
purely collinear spin structure is expected in GdCo (see schematic in Fig. 5.12(a)).
Therefore, these fundamental diﬀerences between GdCo and GdCoFe could lead to
Collinear magnetic order

a)

GdCo

Sperimagnetic order
GdCoFe

b)

Fe
Co
Gd

Figure 5.12: Schematic that represents the expected magnetic structure in amorphous
ferrimagnetic alloys. a) Highly collinear magnetic order is expected in GdCo, b) whereas
a sperimagnetsim is expected in GdCoFe.

the observed diﬀerences in their demagnetization processes.
Both the modeling and the experimental investigations reported here allow us
to better understand the underlying mechanisms of laser-induced demagnetization
81
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dynamics in ferrimagnetically coupled alloys such as GdCo and GdCoFe. From our
ﬁndings we can draw important conclusions about the diﬀerent time regimes which
play a role in the laser-induced demagnetization processes in GdCo and GdCoFe.
These are: i) the electronic temperature dominating regime, ii) an inter-sublattice
exchange interaction dominating regime, and iii) the equilibration regime. In the ﬁrst
regime, we showed that the Co(Fe) spin reservoir is strongly coupled with the hot
electron heat baths, which resulted in the ultrafast laser-induced demagnetization. In
this time window the coupling between Co(Fe) spins and Gd spins is less eﬃcient. But
in the second regime, when the electronic temperature cools down, the inter-sublattice
exchange interaction between Co(Fe) and Gd starts determining the laser-induced
demagnetization dynamics. Here, although Gd is not probed directly with magnetooptics, its ﬁngerprint has been clearly seen in the dynamics of Co(Fe) through the
inter-sublattice 3d-5d6s-4f exchange interaction. This is the driving force behind
an immediate re-magnetization after a partial ultrafast demagnetization. The intersublattice 3d-5d6s-4f exchange interaction serves as a thermal coupling between baths
of Co(Fe) and Gd spins. As a result, Gd forces the itinerant magnet Co(Fe) to behave
as a Heisenberg magnet. In the last regime, the equilibration processes with all the
baths starts determining the dynamics. The temperature of the spin subsystems
increases to become in equilibrium with the rest of the baths; because of this, a
second slower laser-induced demagnetization process is observed.

5.6 Conclusions
In conclusion, using an all-optical pump-probe time resolved magneto-optical Kerr
eﬀect experiment, the demagnetization dynamics of the two sublattice GdCo and
GdCoFe ferrimagnetic alloys was investigated. In both alloys, two-types of demagnetization processes have been revealed which are typical for Gd, i.e., an ultrafast
demagnetization process which occurs on a subpicosecond time scale followed by an
immediate re-magnetization, and then a much slower demagnetization process with
a time constant of hundreds of picoseconds. Although the magnetism of Gd is not
directly accessible in these magneto-optical measurements, its ﬁngerprint is clearly
visible on the demagnetization dynamics of Co, as a result of the inter-sublattice 3d5d6s-4f exchange interaction. The laser-induced demagnetization features in both
alloys can not be described by the conventional three temperature model (3TM). Beyond the 3TM, we propose a new phenomenological four temperature model (4TM)
that describes the laser-induced demagnetization processes in both GdCo and GdCoFe
alloys. The 4TM consisting of four coupled diﬀerential equations which take the heat
ﬂow between the diﬀerent heat baths (electrons, lattice, and 4f and 3d spins) into consideration. These results form a major step forward in understanding the responsible
mechanism for the laser pulse induced demagnetization processes in ferrimagnetically
coupled multisublattice systems.
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6

Heat-assisted magnetization reversal in GdCo

6.1 Introduction
Laser-induced magnetization reversal in amorphous rare-earth-transition-metal (RETM) ferrimagnetic alloys is getting considerable attention because of its great potential for heat assisted magnetic recording. A combination of ultra-short laser pulses,
which are considered as an ideal tool for fastest manipulation of a magnetic bit [1],
and a pronounced magneto-optical eﬀect in amorphous RE-TM alloys, which are the
most suited candidates for heat assisted magneto-optic recording devices [2], create
an alternative approach to the ever increasing demands of modern data-storage.
Recently, it has been found that short-optical laser pulses are an extremely suitable
tool to control magnetization reversal processes in RE-TM alloys. It was shown
that the all-optical magnetization reversal eﬃciency and the ”write/read” time in
RE-TM alloys largely depend on their chemical composition, which determines the
relative weights of the two sublattices involved [1]. In these alloys, a large variety
of thermomagnetic properties such as coercive ﬁeld, eﬀective-anisotropy (exchange)
ﬁeld, saturation magnetization, angular momentum (magnetization) compensation
temperature and Curie temperature depend on the relative weight of the RE and
TM magnetic ions, i.e., the composition of the alloy [3–6]. All the above mentioned
magnetic properties play a very decisive role in magnetization reversal, either directly
or indirectly.
In this chapter, both quasi-static and dynamical laser pulse induced magnetization
reversal under an external magnetic ﬁeld in a sputtered ferrimagnetic Gd1−x Cox thin
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ﬁlm with a properly tailored composition gradient over the ﬁlm will be discussed.
This chapter is organized as follows: the quasi-static magnetization properties
of GdCo, including magnetization reversal under an external magnetic ﬁeld, will be
explained in sections 6.3 and 6.4. The rest, including subsection 6.4.2, will be about
the dynamical magnetization properties of the alloy.

6.2 Experimental details
The material studied in this chapter is the amorphous ferrimagnetic alloy Gd1−x Cox
which was grown by magnetron sputtering (see section 2.5 of chapter 2 for further
information). The sample structure was Quartz/Ti(3 nm)/Gd1−x Cox (20 nm)/Ti(3
nm); with a lateral gradient of 1 at.% Co/mm [7]. The Ti layers serve as buﬀer and
capping layers to protect the ﬁlm. The magneto-optical imaging experiments were
performed by a magneto-optical Faraday imaging technique using a Coolsnap HQ
CCD-Photometrics camera mounted with Mitutoyo objective lens which has a 10x
magniﬁcation. We used an ampliﬁed pulsed Ti:Sapphire laser with 1 kHz repetition
rate and a pulse width of about 100 fs. A strong pulse at 805 nm wavelength was used
as excitation and a weaker, 630 nm pulse delayed with respect to the pump, was used
as a probe. A white-light source was also used for the experiment presented in section
6.3 (Fig. 6.1 (b)). These experiments were performed in a polar geometry so that
the z-component of the magnetization was detected (for the experimental schematic
see chapter 3 subsection 3.4.2). Additionally, pump-probe stroboscopic measurements
were performed using the same laser system (in this case a weaker 805 nm probe beam
was used) and the signal was detected by a balanced-diode detector after polarization
analysis by a Wollaston prism.
Unless otherwise speciﬁed, all the experiments were performed at room temperature under an external magnetic ﬁeld applied at an angle ≈ 65o from the sample
normal and the sample had a compensation temperature above room temperature.
Note that in our experiments, the magneto-optical signal of GdCo mainly originates
from the Co 3d moment. This is because the 4f moments of Gd are deeply buried
with a potential energy of about -8.4 eV [8] while the used photon energy is ≈ 1.5 eV.

6.3 Compensation surface in Gd1−x Cox
The Gd1−x Cox ﬁlms have a uniaxial perpendicular anisotropy [7, 9] which makes the
magnetization to be perpendicular to the ﬁlm surface at room temperature. The
nearest neighbor Co-Co exchange interaction leads to a ferromagnetic order of Co
spins (as seen in the schematic in Fig. 6.1a(II)), whereas the Gd spins tend to align
antiparallel with Co via the strong inter-sublattice 3d-5d6s-4f exchange interaction.
As a result the magnetization M, which is given by the vectorial sum of the magneti88
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zations of the Gd and Co sublattices (MCo + MGd ), is oriented out of plane at room
temperature. Thus, M in the Gd-rich is antiparallel with respect to M in the Co-rich
region (see the schematic in Fig. 6.1a(II)).

M
M
M
M

Figure 6.1: Magnetic domain walls and magnetic compensation surface in Gd1−x Cox
ferrimagnetic ﬁlm. (a) Schematic that shows the formation of magnetic domain walls
and a compensation surface by magnetic ﬁeld (III and IV) and the divergence of the
coercive ﬁeld (I) as one approaches the compensation surface. II represents the magnetic
structure in the as grown sample. (b) Room temperature quasi-static Faraday images
using a white-light source in polar geometry under a perpendicular applied magnetic ﬁeld.

Fig. 6.1(b) shows quasi-static magneto-optical images taken using a white-light
source as a function of an external magnetic ﬁeld Happ applied perpendicular to the
ﬁlm surface. One can see that the Gd1−x Cox alloy shows a very interesting behavior
under the application of a magnetic ﬁeld. For instance, when H1 is applied in an
upward direction, M in both regions (Gd-rich and Co-rich) tend to align along the
ﬁeld direction as shown by the schematic in Fig. 6.1a(III). The magneto-optical
images show an opposite contrast at the two sides of the ﬁlm. When M is ordered
with Happ , the Co magnetization in the Co-rich region is ordered oppositely with
respect to the Co magnetization in the Gd-rich region. The fact that mainly the Co
89
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sublattice magnetization [8] is detected in this measurement, leads to the opposite
contrast in the magneto-optical images at both sides of the ﬁlm.
When the magnetic ﬁeld direction is reversed to -H2 , the opposite situation of the
previous geometry has been observed. Since the coercivity of the ﬁlm is inversely
proportional to the saturation magnetization Hc ∼ Ms−1 [6, 9–11], Hc diverges as one
approaches the magnetization compensation point (where Ms vanishes). In this context, when Happ = Hc , the ﬁeld cannot align M anymore and at this point a magnetic
domain wall is created (see vertical solid lines in Fig. 6.1(b) and the schematics in
Fig. 6.1a(III and IV)). The region between these domain walls is called compensation
zone, and its width can be controlled by the strength of the external magnetic ﬁeld.
The higher the ﬁeld the narrower the compensation zone.
Further increasing of the magnetic ﬁeld to H3 leads to an expansion of the white
magnetic domain towards the left, and it expands from left to right when the ﬁeld
is reversed to -H4 . No more expansion of magnetic domains is observed when the
ﬁeld is increased further. It means that the magnetic ﬁeld cannot push the domain
from both sides. It indicates that the total magnetization of the system vanishes:
Ms ≈ 0. Thus at Ms ≈ 0 a special 180 ◦ magnetization compensation wall [12, 13],
which separates two domains with the same direction of M, is created and expands
through the ﬁlm thickness and divides the ﬁlm into sublayers [14]. Since the wall has
a 2D nature, it can be named a compensation surface (plane). This plane cannot
be displaced under a magnetic ﬁeld unless the strength of the applied ﬁeld is greater
than the spin-ﬂop transition ﬁeld. However, a variation of temperature can cause
the compensation surface to move because of the diﬀerent temperature dependence
of the sublattices’ magnetizations. In Gd1−x Cox such compensation surface occurs at
room temperature for about 80 % Co. Therefore, at this composition of the alloy, the
demagnetization (stray) ﬁeld is low because Ms ≈ 0, while the magnetization of Co
which is measured optically is non zero and points perpendicular to the ﬁlm surface.
At this composition the total angular momentum of the system is also closes to zero,
which plays a very crucial role for a fast ringing-free magnetization reversal as a result
of a laser pulse induced heating.

6.4 Femtosecond laser pulse-heating and magnetization reversal
6.4.1 Laser pulse-heat assisted magnetization reversal
To study the magnetization reversal under a weak magnetic ﬁeld, by reducing the
coercivity of the excited part of the ﬁlm locally by pump laser-induced heating, quasistatic magneto-optical Faraday images have been measured for 78 % Co as a function
of laser ﬂuences under a ﬁxed magnetic ﬁeld as shown in Fig. 6.2. The strength of the
applied ﬁeld (100 Oe) is less than the coercive ﬁeld of the ﬁlm at room temperature
(Happ < Hc room ). First, a strong positive magnetic ﬁeld was applied along the easy
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axis and was removed after a metastable magnetic state has been created. Here the
white magnetic domain represents the magnetization (of Co) up while the dark magnetic domain represents magnetization down. Now we see two diﬀerent magnetic ﬁeld
conﬁgurations: when Happ is along and opposite to the direction of the metastably
created magnetization, as shown in Fig. 6.2(A) and Fig. 6.2(B), respectively.
In (A), no magnetization reversal is observed by the pump laser pulse induced
heating, except the appearance of some demagnetized state at higher ﬂuences, and the
initial condition has been restored when the pump laser pulse was blocked. However,
a clear ﬂuence dependence magnetization reversal has been observed in (B).
Laser fluence (mJ/cm2)
0.7

Happ

Happ

1.3

1.8

2.4

3.0

pump-off

Ms

Mi

Ms

Mi
180 μm

Figure 6.2: Role of laser pulse induced heating on magnetization reversal under weak
magnetic ﬁeld in two conﬁgurations: when the applied ﬁeld is along the magnetization
direction (A) and when it is opposite to the magnetization (B) Faraday images were
taken in steady-state (long after excitation ∼ 1ms). B shows thermomagnetically reversed
magnetic domains as a result of the pump laser pulse induced heating.

The observed situations in these two magnetic conﬁgurations can be explained
qualitatively by the schematic sketched in Fig. 6.3(a). In (A), when the ﬁlm is
excited by the pump laser pulse, the coercive ﬁeld shrinks, and the system cools down
under positive ﬁeld and thus the initial condition has been recovered because Happ is
along Mi .
In (B) Happ is opposite to Mi , but for ﬂuences ≤ 0.7 mJ/cm2 the ﬁeld is too
weak to reverse the magnetization at room temperature, and the metastable magnetic
state is still stable. A small reversed magnetic domain can be seen at the center
of the exited area when the ﬂuence was increased to 1.3 mJ/cm2 . It implies that
the center of the excited area has a higher temperature as a result of laser-induced
heating and consequently, the coercive ﬁeld is more reduced, and the applied magnetic
ﬁeld reverses the magnetization (since it is applied opposite to the magnetization).
We see that the area of the reversed domain increases when the pump-laser ﬂuence
increases further. Additionally, an asymmetry in switching has been seen at 1.8 and
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a)

b)

M

M

M

Hc
Happ

B

A

Figure 6.3: a) A qualitative description of the thermomagnetic reversal of magnetization
induced by pump laser pulse for diﬀerent values of magnetic ﬁeld in steady-state (long
after excitation ∼ 1ms). b) shows local written thermomagnetic domain.

2.4 mJ/cm2 . This can be due to inhomogeneities of the ﬁlm. The laser pulse with
higher ﬂuence induces a more uniform heating and leads to a homogeneous switching.
This switched state is stable at room temperature without magnetic ﬁeld (see the last
image in the second row of Fig. 6.2 (B)).
In the above experiments, for all used laser ﬂuences, the Gd sublattice magnetization is dominating over the Co sublattice magnetization and thus the Gd magnetization was aligned with the applied magnetic ﬁeld all the time. A very interesting
though complicated magnetization reversal scenario has been observed when a higher
pump-laser ﬂuence was used, which increased the system temperature to go beyond
the magnetization compensation temperature TM . In that case the Co sublattice
magnetization temporarily dominates that of Gd, and as long as the temperature of
the excited area is greater than TM , the Co magnetization stays aligned with the
magnetic ﬁeld. Therefore, under an external magnetic ﬁeld, laser excitation reverses
the sublattices magnetizations by increasing the temperature above TM . A more rigorous investigation of the role played by the magnetic ﬁeld and laser pulse induced
heating for 78 % Co after pumping the system over TM at steady state is presented
below.

6.4.2 Magnetization reversal across compensation points
In this experiment, we used a ﬁxed laser ﬂuence of 7 mJ/cm2 , which is suﬃcient to
drive the system’s temperature above TM [15], and the magnetic ﬁeld was varied from
530 Oe to -530 Oe. As shown in Fig. 6.4(a), the Faraday magneto-optical images
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show a complex magnetization reversal process.
Depending on the strength of the applied magnetic ﬁeld, we distinguish two main
cases (see Fig. 6.4(b)): (I and IV) when the applied magnetic ﬁeld Happ is greater
than both the room temperature coercive ﬁeld Hroom
and the coercive ﬁeld of the
c
pumped part of the ﬁlm Hpumped
(Hpumped
< Hroom
≤ Happ ); and (II and III) when
c
c
c
Hpumped
< Happ < Hroom
.
c
c
Initially, (before laser pulse excitation) the Gd sublattice magnetization is dominating over that of Co, thus the Gd magnetization is aligned with Happ . After
the pump-pulse excitation of the ﬁlm, the pump pulse induced heating increases the
temperature of the pumped area of the ﬁlm to go beyond TM . As a result the Co
sublattice magnetization becomes larger than Gd’s and stays aligned with Happ as
long as the temperature is beyond TM . However, when the system cools down, the
magnetization of the Gd sublattice will dominate again and consequently, re-align
with the ﬁeld when the condition Happ > Hroom
is fulﬁlled (I and IV). Thus in this
c
condition the initial magnetization state is recovered.
In II and III as long as T > TM the Co magnetization aligns with the ﬁeld since
Happ > Hpumped
. However, when the ﬁlm cools down while Co is along the magnetic
c
ﬁeld direction and it remains there because the applied ﬁeld is not suﬃcient to bring
the system to the initial conditions. Therefore, the initial state is not recovered, and
opposite situations with that of I and IV are created.
The averaged magnetizations were extracted within an area of 100 μm2 from two
diﬀerent excited parts of the ﬁlm. The ﬁrst one is from the center of the excited
area (a1) and the second one is close to the edge of the excited area (b1), (shown
by two small squares on the ﬁrst image in Fig. 6.4(a) (the sizes of the squares
are exaggerated for clarity)). Fig. 6.4(b) shows the dependence of the averaged
normalized magnetizations on an external magnetic ﬁeld. The M-H curves observed
in Fig. 6.4(b) indicates that the temperature of the pumped area of the ﬁlm indeed
increases beyond TM . This result is in good agreement with a previous study on
amorphous GdFeCo alloys [16].
There is minor diﬀerence between the magnitude of the magnetizations that were
extracted from a1 and b1. This is because of the following two reasons: i) the magnetic
ﬁeld was applied at an oblique angle and ii) spatial dependence of the laser induced
heating due to a gaussian laser beam proﬁle. In our experimental conﬁguration, the
out of plane magnetization component (z-component) is detected experimentally. The
projection of the magnetization along the z-axis is determined by the competition
of the strength of the out of plane anisotropy ﬁeld and by the externally applied
magnetic ﬁeld. The weaker the anisotropy ﬁeld (which possibly occurs at the center
of the pumped area (a1)), the more the magnetization is pulled towards the inplane
direction by the magnetic ﬁeld. Therefore, the z-component of the magnetization will
be reduced (see the ﬁlled circles in Fig. 6.4(b)). However, towards the edge of the
pumped area (b1), which has lower laser pulse induced heating than the center, the
93
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Figure 6.4: a) Laser pulse induced magnetization reversal after increasing the excited
part of the ﬁlm’s temperature to go beyond the magnetization compensation temperature
under diﬀerent magnetic ﬁelds. b) The normalized z-component of the magnetization
extracted from the images (see the ﬁrst image in Fig. 6.4(a)) as a function of magnetic
ﬁeld. The magnetization extracted from the center (ﬁlled circles) and from the perimeter
(open circles) of the excited area.

anisotropy ﬁeld is stronger and thus the magnetization is pulled more towards the
out-of plane direction which led to a larger z-component (see the open circles in Fig.
6.4(b)).
Within narrow magnetic ﬁeld ranges (between regime II and III) a ”ring-like” magnetic structure which depends on magnetic ﬁeld has been observed (see Fig. 6.4(a)).
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In the following section, we investigate further the time evolution of this magnetic
structure so as to get insight about its origin and its time evolution.

6.5 Time resolved magnetization reversal
6.5.1 Creation of compensation cylindrical magnetic domains
Fig. 6.5 shows time resolved magneto-optical images at diﬀerent laser ﬂuences at
various delays of pump and probe pulses. The experiment was performed under an
external magnetic ﬁeld. The strength of the applied ﬁeld Happ is smaller than the
room temperature coercive ﬁeld of the ﬁlm Hroom
and its direction is opposite to the
c
black domain (Co magnetization down). For a pump laser ﬂuence of 3.4 mJ/cm2 and 6
Delay < 0

110 ps

176 ps

243 ps

377 ps

510 ps

643 ps

777 ps

910 ps

1 ns

2

3.4 mJ/cm

6.0 mJ/cm2

8.5 mJ/cm2

174 μm

Figure 6.5: The creation of cylindrical-like magnetic domains as a result of pumping
across the magnetization compensation temperature TM as a function of pump probe
delay and pump laser ﬂuences.

mJ/cm2 one can see that at delays shorter than 110 ps (not shown here), no clear laserinduced-eﬀect was observed, which is in agreement with the slow demagnetization
process presented in chapter 5. For a ﬂuence of 3.4 mJ/cm2 , between 110 ps and 243
ps a gray magnetic domain is visible, which is related to a demagnetized state. At 377
ps domains around the edge of the excited area start to reverse from magnetization
down to magnetization up and a very clearly reversed magnetic domain leaving the
center as it was is seen at a delay time of 510 ps. As the pump-probe delay increases
further, at the center of the excited area, another reversed white domain starts to
nucleate. Here we clearly see that the black magnetic domain is pushed outwards and
ﬁnally ends up as a ring.
At that stage, a long lived (> 1 ns) reversed white magnetic domain is located at
the center of the excited part of the ﬁlm. This domain is surrounded by a black ring
which is surrounded again by a white one.
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Similar trends have been observed for the higher laser ﬂuences (6 and 8.5 mJ/cm2 )
but the higher the ﬂuence the faster the process is and the larger the created domain.
We even see a small eﬀect at the center of the pumped area at negative delay for
the ﬂuence of 8.5 mJ/cm2 which can be due to the reduction of the coercive ﬁeld
below the externally applied magnetic ﬁeld due to the accumulation of DC heating
as a result, the magnetic ﬁeld can reverse the magnetization at negative delay. The
qualitative explanation for the experimental observation is sketched in Figs. 6.6(a-c).
Due to a radial evolution of the coercivity across the excited part of the ﬁlm
following a gaussian laser pulse induced heating, we can separate the excited area of
the ﬁlm in to four diﬀerent regimes.
Intensity

a)
A

B C

D

d1
d2
d3

Figure 6.6: Qualitative explanation of the formation of the cylindrical magnetic domains.
a) Shows the size of the internal cylindrical magnetic domain as a function of pump
laser ﬂuence. The compensation surface moves outwards when the pump laser ﬂuence
increases. b) The orientation of the magnetization in the cylindrical magnetic domain. c)
The radial variation of the coercive ﬁeld, due to the gaussian laser pulse induced heating,
across the irradiated area.

These are: when Happ is less than the coercivity of the excited area (Happ <
Hpumped
(regimes A and C)), and when Happ is greater than the coercivity of the exc
cited area (Happ > Hpumped
(regimes B and D)). For the laser ﬂuence of 3.4 mJ/cm2 ,
c
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the pump-laser-induced heating in a time delay shorter than 110 ps is not suﬃcient
to reduce the coercivity of the pumped area below the applied ﬁeld, therefore the
magnetization stays as the initial state (regime A). However, when the pump laser
pulse induced heating increases in time, which indeed conﬁrms that the system is absorbing heat very slowly, the magnetization around the edge of the beams gets aligned
with the magnetic ﬁeld (regime B). But the center stays as it was (black magnetic
domain) because the temperature of this region is heated towards TM (towards C),
and thus the coercivity of the system diverges and can be greater than Happ . Later
at about 777 ps, a white domain starts to nucleate at the center of the pumped area
which indicates that the temperature of this region has increased beyond TM (regime
D), and the coercivity also decreases, therefore the magnetic ﬁeld can reveres the
magnetization.

The higher the laser ﬂuence the larger the created magnetic domain, which can be
explained by the gaussian laser beam proﬁle, as shown in Fig. 6.6(a). The diameter
of the internal circular domain d increase accordingly with the pump ﬂuences and
therefore the compensation surface moves outwards. Additionally, when the laser
ﬂuence increases, the contrast of the inner circular domain reduces. This is due to
the fact that since the center is heated quite high, the eﬀective anisotropy ﬁeld is
getting weaker and the net magnetization is pulled towards the applied magnetic ﬁeld
direction as was explained in section 6.4.2 and results in a small z-component of the
magnetization.

We see that a complicated magnetic domain structure is created as a result of
heating across TM . The created magnetic domain can be seen as a cylindrical magnetic domain surrounded by a compensated magnetic domain (compensation surface)
(regime C in Fig. 6.6(b)), which is the most likely magnetic structure to be created once the system temperature is increased beyond TM . In the past, Chaudhari
et al., [2] pointed out that Gd-Co and Gd-Fe amorphous ferrimagnetic alloys with
uniaxial magnetic anisotropy can support bubble (cylindrical) magnetic domains. It
is also known that the main requirements for the formation of the bubble magnetic
domains are: the ﬁlm must have a uniaxial anisotropy [2, 17, 18] which is perpendicular to the ﬁlm surface and the quality factor q = Ku /2πM 2s should be greater than
unity. This means that the uniaxial anisotropy energy constant (Ku ) should be larger
than the demagnetizing energy (2πM 2s ). This criterion is energetically very favorable
in the studied alloy in the vicinity of the magnetization compensation point [17, 18],
where the demagnetization energy is almost zero and the quality factor becomes very
large. The magnetic domains that are observed in our experiment are diﬀerent from
the ordinary bubble domains because of the appearance of the compensation surface.
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6.5.2 Subpicosecond magnetization reversal

ΔMz (arb. unit)

Until now, we studied GdCo with 78 % Co, which has a magnetization compensation
temperature far above room temperature, which is not an ideal choice for fast magnetization reversal. Starting at room temperature, we can increase the temperature
of the excited area of the ﬁlm to go beyond the compensation points (as we discussed
in the previous sections) and reverse the magnetization under an external ﬁeld. However, there are a few disadvantages: being far from the compensation point, it means
that we have to deposit a lot of laser pulse-energy in order to cross the compensation
temperature, and besides the observed laser-induced dynamics is very slow.
a) 0.4 mJ/cm2

b) 0.6 mJ/cm2

0.403 kOe

0.403 kOe

0.403 kOe

-0.403 kOe

-0.403 kOe

-0.403 kOe

d) 1.8 mJ/cm2

ΔMz (arb. unit)

c) 1.2 mJ/cm2

e) 2.4 mJ/cm2

0.403 kOe

f) 4.8 mJ/cm2

0.403 kOe

-0.403 kOe

-0.403 kOe

0.403 kOe
-0.403 kOe

Figure 6.7: Laser pulse induced magnetization reversal as a function of laser pulse ﬂuence
for 79.5 % Co. The magnetization reverses within a picosecond for the pump laser ﬂuence
of 4.8 mJ/cm2 .
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To cross the compensation temperature with lower pump energy and reverse the
magnetization more eﬃciently, it is important for the initial temperature to be close
to the compensation temperature. Therefore, we need to have a system whose magnetization compensation temperature is very close to but still above room temperature.
For this purpose, we choose a composition of about 79.5 % Co and the laser-induced
magnetization dynamics was investigated under a static magnetic ﬁeld ± 0.403 kOe
applied along the easy axis. The results are plotted in Fig. 6.7.
Fig. 6.7(a-f) shows the time-resolved Faraday signal for 79.5 % Co at various
ﬂuences. The signal measured for both positive and negative ﬁelds is plotted. At
low laser ﬂuences (0.4 and 0.6 mJ/cm2 ) the dynamics has a very small transient like
change followed by a dominating secondary process. A very interesting dynamics is
observed at the laser ﬂuence of 1.2 mJ/cm2 . At this ﬂuence the dynamics is opposite to
that measured at 0.4 mJ/cm2 , as if the external magnetic ﬁeld is reversed. When the
ﬂuence increases to 2.4 mJ/cm2 , the magnetizations curves of the two opposite ﬁelds
cross each other at about 40 ps and at longer times the magnetization tries to restore
to the initial state. Further increase of the laser ﬂuence to 4.8 mJ/cm2 , leads to a
transient like magnetization reversal and the magnetization grows further in opposite
direction. At lower laser ﬂuences (≤ 0.6 mJ/cm2 ) the Gd sublattice magnetization
is dominant and is aligned with Happ , whereas in the intermediate ﬂuence regime
(between 0.6 mJ/cm2 and 1.2 mJ/cm2 ), there is a partial compensation because the
Co magnetization is becoming the larger in some part of the probed area. Therefore,
we measured a superposition of magnetization up and magnetization down. Further
increase of the laser ﬂuence favors the dominance of the Co magnetization and a
transient-like magnetization reversal. According to this measurement we conclude
that GdCo with compensation temperature close to room temperature can be an ideal
medium for ultrafast magnetization reversal, and its reversal speed can be controlled
by the pump laser ﬂuence.

6.6 Conclusions
In conclusion, using magneto-optical imaging and pump-probe measurement techniques, both quasi-static and dynamical magnetization reversal has been investigated
in amorphous ferrimagnetic GdCo alloys. The potential of ferrimagnetic compensation points have been exploited. We showed that laser pulse pumping across the
compensation points shows many interesting and exotic magnetization processes, from
the formation of cylindrical magnetic domains to a subpicosecond magnetization reversal. As a result of the decrease of the total angular momentum, which is the
bottleneck for fast magnetization reversal in the case of simple ferromagnets, a very
fast and precession-free magnetization reversal has been demonstrated.
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Summary

Magnetism ﬁnds many applications in modern industrialized society. It is and has
been extensively used in navigation, power generation, medicine, electronics, particle accelerators, and data storage. Despite this enormous wealth of applications,
the underlying physical principles of magnetic phenomena is still complex and not
fully understood. Although the subject is old, huge advancements of science and
technology over the past 30 years make magnetism one of the hottest areas of research in condensed matter physics. This development can be characterized by two
words: “smaller” and “faster”. The development of novel approaches to the study of
magnetic materials is revealing new phenomena and understanding, leading to new
prospects. A clear example is the study of the properties of the nanostructured magnetic materials, which led to the discovery of the giant magnetoresistance and the
subsequent Physics Nobel Prize for A. Fert and P. Grünberg in 2007. Quite recently,
the research in magnetism is especially fueled by the increasing demand for faster and
more dense magnetic storage. It is therefore crucial to understand the time scale of
the magnetization dynamics and reversal processes in magnetic materials.
The traditional way to switch the magnetization is to apply a magnetic ﬁeld.
However, the practical limitations that are connected with the generation of magnetic
ﬁeld pulses, shorter than the spin-orbit interaction (∼ 0.1-1 ps), and the ultimate need
for faster magnetic storage have triggered searches for new methods to control and
manipulate magnetization. Femtosecond laser pulses provide a new opportunity to
excite and probe a magnetic material on the time scale of the exchange interaction.
In this thesis, we investigated the magnetization dynamics in amorphous rareearth-transition-metal alloys. Chapter 2 describes the general and speciﬁc properties
of amorphous rare-earth-transition-metal alloys, especially in comparison with their
crystalline counter parts. The eﬀect of the amorphousness on the magnetic order
and the magneto-optical properties of various amorphous alloys are also described.
In addition we show how one can use the concentration of the rare-earth elements
to tune the magnetic properties of these alloys. In particular, one can achieve a
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situation where the magnetizations of the two sublattices exactly cancel each other
(magnetization compensation point).
Chapter 3 gives a brief introduction on the magneto-optical Faraday eﬀect and the
experimental techniques that were used in this thesis. The remaining three chapters
describe the scientiﬁc results of the thesis and are organized as follows:
In chapter 4, we showed that using 100 fs laser pulse, the high-frequency exchange
and low-frequency ferromagnetic spin resonance mode can be excited and detected
in a Gd1−x Cox ferrimagnetic thin ﬁlm on both sides of its angular momentum compensation composition. We demonstrated ways to excite selectively, eﬃciently, and
controllably either one or both of these two coexisting magnetic modes by adjusting
the deposited laser pulse energy, and thus the temperature of the spin reservoir in
the pumped area of the sample as compared to its angular momentum compensation
temperature. Additionally, laser heating induced switching of the sublattices’ magnetizations by increasing the spin temperature beyond the compensation temperature
has been demonstrated.
In chapter 5, the 100 fs laser-induced demagnetization dynamics in GdCo and
GdCoFe ferrimagnetic alloys was investigated. In both alloys, two-types of demagnetization processes have been revealed which are unique for a Gd metal, i.e., an
ultrafast demagnetization process which occurs on a subpicosecond time scale followed by an immediate re-magnetization, and then a slower demagnetization process.
Although the magnetism of Gd is not accessible directly in these magneto-optical
measurements, we showed that its ﬁngerprint is clearly visible on the demagnetization dynamics of Co(Fe), as a result of the inter-sublattice 3d-5d6s-4f exchange
interaction between the Gd and Co(Fe) sublattices. The laser-induced demagnetization features in both alloys can not be described by the existing conventional three
temperature model (3TM). Beyond the 3TM, we proposed a new phenomenological
four temperature model (4TM) that describes the laser-induced demagnetization processes in GdCo and GdCoFe. The experimental observations are well explained by
this 4TM, consisting of four coupled diﬀerential equations which take the heat ﬂow
between the diﬀerent heat baths (electrons, lattice, and 4f and 3d spins) into consideration. The inter-sublattice 3d-5d6s-4f exchange interaction serves as a thermal
coupler between the Co(Fe) and Gd spins heat reservoirs. According to our model
and the experimental results, we deduce that the re-magnetization process before the
slower demagnetization sets in is due to the transfer of heat from the hot Co(Fe)
spin heat reservoir to the cold Gd spin heat reservoir. As a result, Gd forces the
itinerant magnet Co(Fe) to behave as a Heisenberg magnet. These results form a
major step forward in understanding the responsible mechanism for the laser-induced
demagnetization processes in ferrimagnetically coupled multisublattice systems.
Finally, in chapter 6 we described the heat-assisted magnetization reversal processes in GdCo using magneto-optical imaging and pump-probe measurement techniques. The potential of the ferrimagnetic compensation points was exploited. We
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show that laser pulse pumping across the compensation points shows many interesting and exotic magnetization processes, such as the formation of cylindrical magnetic
domains and a subpicosecond magnetization reversal. For instance, the magnetization dynamics for an alloy composition which has a compensation temperature close
to room temperature, i.e., 79.5 %Co, shows a very fast magnetization reversal.
In ferrimagnetically coupled systems such as in GdCo the total angular momentum, which is the bottleneck for fast magnetization reversal in the case of simple
ferromagnets, can be controlled by varying the relative weight of the Gd and Co
sublattices (concentration). The reduction of the total angular momentum plus the
easy all-optical manipulation of the high frequency exchange mode in ferrimagnetic
GdCo, can lead to a very fast and precession-free magnetization reversal. This could
provide great opportunities for the application of this system in the ﬁeld of ultrafast,
laser-controlled writing of magnetic information.
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Samenvatting

Magnetisme vindt bijzonder veel toepassingen in het dagelijks leven van de moderne gendustrialiseerde samenleving. Het wordt uitvoerig gebruikt voor navigatie,
het opwekken van energie, medicijnen, elektronica, deeltjesversnellers en data opslag.
Ondanks de enorme rijkdom aan toepassingen zijn de onderliggende fysische principes
complex en nog steeds niet volledig begrepen. Hoewel het onderwerp al oud is, maken
de grote vorderingen in wetenschap en technologie magnetisme tot een van de speerpunten in het onderzoek van de vaste stof fysica. Deze ontwikkelingen kunnen worden
gekarakteriseerd met twee woorden: kleiner en sneller. De ontwikkeling van nieuwe
benaderingen van de studie van magnetisme onthult steeds weer nieuwe fenomenen
en begrip, die weer aanleiding geeft tot nieuwe perspectieven. Een mooi voorbeeld
is de ontdekking van het “Giant Magneto Resistance” eﬀect in nanogestructureerde
magnetische materialen, welke heeft geleid tot de Nobelprijs Natuurkunde voor A.
Fert en P. Grünberg.
Recent wordt het onderzoek in magnetisme in het bijzonder gedreven door de
steeds toenemende vraag naar snellere magnetische data opslag bij hogere dichtheden.
Het is daarom cruciaal om de tijdschaal van magnetisatie dynamica en magnetisatieomkering in magnetische materialen te begrijpen. De traditionele manier om magnetisatie te schakelen is door het aanleggen van een magnetisch veld. Echter, de
praktische beperkingen die zijn verbonden aan het generen van gepulste magnetische
velden korter dan de spin-baan koppeling ( 0.1-1ps) en de ultieme noodzaak voor
snellere magnetische data opslag stimuleren de zoektocht naar nieuwe methodes voor
het controleren en manipuleren van magnetisatie. Femtoseconde laser pulsen bieden
een nieuwe mogelijkheid voor het exciteren en detecteren van magnetische materialen
op de tijdschaal van de exchange interactie.
In dit proefschrift hebben we de magnetisatie dynamica in amorfe zeldzame-aardeovergangsmetaal legeringen bestudeerd. Hoofdstuk 2 beschrijft in het algemeen de
speciﬁeke eigenschappen van amorfe zeldzame-aarde-overgangsmetaal legeringen en
de verschillen met hun kristallijne tegenhangers in het bijzonder. Het eﬀect van
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de amorﬁciteit op de magnetische orde en de magneto-optische eigenschappen van
verschillende legeringen wordt eveneens beschreven. Tenslotte laten we zien hoe de
magnetische eigenschappen kunnen worden gevarieerd met behulp van de concentratie
van de zeldzame aarde component, waarbij zelfs een situatie kan worden gecreëerd
waarin de magnetisaties van de beide subroosters elkaar precies opheﬀen (magnetisatie
compensatie punt). Hoofdstuk 3 geeft een korte introductie over het magneto-optische
Faraday eﬀect en de experimentele technieken die worden gebruikt in dit proefschrift.
De resterende drie hoofdstukken beschrijven de wetenschappelijke resultaten van het
proefschrift en zijn als volgt georganiseerd.
In hoofdstuk 4 tonen we aan dat, gebruikmakend van 100 fs laser pulsen, de
hoog-frequente exchange mode en laag-frequente spin resonantie mode kunnen worden
geëxciteerd en gedetecteerd in een Gd1−x Cox ferrimagnetisch dunne ﬁlm aan beide
kanten van de draai-impulsmoment compensatie compositie. We hebben manieren
ontdekt om selectief en eﬀectief een of beide van deze twee naast elkaar bestaande
magnetische oscillatie modes te exciteren. Dit kan worder gecontroleerd met de geabsorbeerde laserpuls energie en daarmee de temperatuur van het spin reservoir in het
gexciteerde gebied van het sample ten opzichte van de draai-impuls compensatie temperatuur. Daarnaast is omkering van de subrooster magnetisatie aangetoond door
met laser-geinduceerde verwarming de spin temperatuur te verhogen van onder tot
boven de compensatie temperatuur.
In hoofdstuk 5 wordt de met 100 fs laserpulsen genduceerde demagnetisatie dynamica onderzocht van GdCo en GdFeCo ferrimagnetische legeringen. In beide legeringen zijn twee type demagnetisatie processen waargenomen die uniek zijn voor het
Gd metaal. Het betreft een ultrasnelle demagnetisatie proces dat plaatsvindt op de
picoseconde tijdschaal en wordt gevolgd door een onmiddellijke remagnetisatie, en een
tweede langzamer demagnetisatie proces. Hoewel het magnetisme van Gd niet direct
toegankelijk is voor de gebruikte magneto-optische technieken, hebben we aangetoond
dat de vingerafdruk ervan duidelijk zichtbaar is in de demagnetisatie dynamica van het
wel waargenomen Co(Fe), als gevolg van de inter-subrooster 3d-5d6s-4f exchange interactie tussen de Gd en Co(Fe) subroosters. Deze laser-geinduceerde demagnetisatie
eigenschappen kunnen niet worden beschreven met het bestaande conventionele 3temperatuur model (3TM). We stellen een nieuwe fenomenologische vier-temperatuur
model (4TM) voor dat verder gaat dan het 3TM en de laser-geinduceerde demagnetisatie processen in GdCo en GdCoFe beschrijft. De experimentele observaties kunnen
goed verklaard worden met dit 4TM, dat bestaat uit vier gekoppelde diﬀerentiaal
vergelijkingen die de warmte overdracht tussen de verschillende warmte reservoirs
(elektronen, rooster, 4f en 3d spins) in rekening brengt. Op basis van het model en
onze experimentele resultaten deduceren we dat het remagnetisatie proces dat vooraf
gaat aan de langzamere demagnetisatie komt door de warmte overdracht tussen het
hete Co(Fe) spin-warmte reservoir naar het koude Gd spin-warmte reservoir. Hierdoor
wordt de itinerante Co(Fe) magneet door Gd geforceerd om zich te gedragen als een
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Heisenberg magneet. Deze resultaten vormen een grote stap voorwaarts in het begrip van het mechanisme verantwoordelijk voor de lasergeı̈nduceerde demagnetisatie
processen in ferrimagnetisch gekoppelde multisubrooster systemen.
Tenslotte beschrijven we in hoofdstuk 6 de warmte-geassisteerde magnetisatieomkeringsprocessen in GdCo met magneto-optische en pump-probe meettechnieken.
Hierbij is het potentieel van de ferrimagnetische compensatie punten gebruikt. We tonen aan dat laserpuls genduceerde verwarming over de compensatie punten vele interessante en exotische magnetische processen laat zien, zoals de vorming van cilindrische
magnetische domeinen en subpicoseconde magnetisatie omkering. Bijvoorbeeld laat
de magnetisatie dynamica voor een legeringscompositie die een compensatie temperatuur dichtbij kamertemperatuur heeft, dit is 79.5% Co, hele snelle magnetisatie omkering zien. Het totale draai-impuls moment, wat het belangrijkste obstakel vormt voor
snelle magnetisatie omkering in eenvoudige ferromagneten, kan in ferrimagnetisch
gekoppelde systemen zoals GdCo gecontroleerd worden door het veranderen van het
relatieve gewicht van de Gd en Co subroosters (concentratie). Het verkleinen van het
totale draai-impuls moment samen met een eenvoudige volledig-optische manipulatie
van de hoog-frequente exchange mode in ferrimagnetisch GdCo, kan leiden tot hele
snelle en precessie-vrije magnetisatie omkering. Dit kan enorme kansen bieden voor de
toepassing van dit systeem in het veld van ultrasnelle, laser-gecontroleerde schrijven
van magnetische informatie.
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