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Introduction
1.1 Main interactions in magnetism
The equilibrium distribution of electrons among their allowed energy levels deﬁnes
most of the properties of condensed matter, especially magnetic ones, since electrons
possess, apart from the charge, an intrinsic magnetic moment called spin. However,
the magnetic dipole interaction either between the electron magnetic moments, arising
from charge motion, or between spin magnetic moments are not enough to establish
macroscopic magnetic properties of media. In fact, classical physics theories are
unable to account for any form of magnetism, including those with magnetic order.
Magnetism is regarded as a purely quantum mechanical eﬀect. Magnetically ordered
states, such as ferromagnetism or antiferromagnetism, arise from electron spin and
applied to them the Pauli exclusion principle. The Pauli exclusion principle is the
quantum mechanical law which states that it is impossible for two electrons of a
poly-electron atom to have the same set of the four quantum numbers (n, l, ml and
ms ). For two electrons residing in the same orbital the quantum numbers n, l, and
ml are the same, thus the ms has to be diﬀerent. It means that the electrons must
have opposite spins. It can be shown that the Coulomb interaction between the
two electrons on two orbital orthogonal states with spin sa and sb leads to two eigen
states with diﬀerent energies A ± G, where A is the energy of the Coulomb interaction
between the two electrons and G is the spin-dependent part of the energy which is
also called the exchange energy. The exchange stems from the fact that one electron
is indiscernible from another [1]. It is important to stress that this interaction has
no classical analogue and arises as the result of the quantum nature of the electrons.
In condensed matter the Hamiltonian of the exchange interaction is written in the
Heisenberg form:
Hex = −

∑
i,j

1

J Ŝi Sˆj ,

(1.1)
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Figure 1.1: Main interactions in magnetism. (a) Ferromagnetic type exchange interaction between two nearest neighbor electron states. (b) Antiferromagnetic type exchange
interaction between two nearest neighbor electron states. Gaussian shape represents a wave
function of electronic state. (c) Spin-orbit interaction.

where J is the exchange constant depending on the overlap of the wave functions
of the electrons and Ŝi , Sˆj are the spin operators at the local sites i, j of the crystal.
It is assumed that electrons are localized at a site and the crystal is isotropic. The
Heisenberg exchange interaction is limited in applicability, but it gives a good approximation in many cases. It is an adequate model for explaining the magnetic properties
of electrically insulating narrow-band ionic and covalent non-molecular solids. Thus,
in reality, in many cases the exchange interaction of a particular magnetic solid is
somewhat more sophisticated [2].
Although the exchange interaction is a purely quantum eﬀect, nonetheless, it
results in macroscopic changes in medium, like for instance ferromagnetism and antiferromagnetism. Ferromagnetism is the emergence of a spontaneous macroscopic
magnetic moment without an externally applied magnetic ﬁeld at certain critical
temperature known as Curie temperature (see Fig.1.1 (a)). The magnetization of an
ferromagnet remains constant below this temperature and the material retains a parallel alignment of the average magnetic moments when the external ﬁeld is removed.
Antiferromagnetic materials spontaneously align their magnetic moments at certain
temperature (Neel temperature) in a regular pattern with neighboring spins (on different sublattices) pointing in opposite directions (see Fig.1.1 (b)). The resulting
magnetization of an antiferromagnet is zero below the Neel temperature. Whether
the exchange interaction is ferromagnetic or antiferromagnetic depends on the sign
of the exchange integral J: positive for the ferromagnetic and negative for the antiﬀerromagnetic exchange interaction, accordingly. The exchange interaction is the
strongest interaction in magnetism.
Apart from spin-spin exchange interaction the spin of an electron can interact
with its own motion. This interaction is called spin-orbit interaction and appears as
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a relativistic correction to the Schrödinger equation. The spin-orbit interaction in
atom couples the orbital motion and direction of the spin and leads to a splitting of
the atomic energy levels. It can be shown that it has the following form:
HSO =

2µB
∂V (r)
L̂Ŝ = λL̂Ŝ,
~me ec20 · r ∂r

(1.2)

where V is the Coulomb potential of the electron in the ﬁeld of the atom, me is the
mass of the electron, e is electron charge, µB is the Bohr magneton, L̂, Ŝ are the
orbital and spin momentum operator, respectively, c0 is the speed of light. It should
be pointed out that the spin-orbit interaction increases with increasing atomic number
as ∼ Z 2 .
The spin-orbit interaction has a lot of consequences in solid state physics, but
as far as magnetic phenomena are concerned, it is one of the reason for the magnetocrystalline anisotropy (single-ion anisotropy) in magnetic solids. Magnetocrystalline
anisotropy is a dependence of the internal energy of a magnetic material on the direction of the magnetization with respect to the crystal lattice axises. The anisotropy
due to the spin-orbit interaction is determined by the interaction between the orbital
state of a magnetic ion and the surrounding crystalline ﬁeld, which set the direction
of the orbital. This ﬁeld has the symmetry of the crystal lattice. Since the orbital
(L) and spin (S) moments are coupled the energy for their diﬀerent mutual orientation is diﬀerent and in a simple way given by w = λLS| cos θ|, where λ is spin-orbit
constant[47]. It should be noted that the relativistic correction to the magnetic energy
stemming from the spin-orbit interaction (1 eV/atom-1 meV/atom) is smaller than
that of the exchange interaction (0.1 eV/atom). It should be noted that, in the case
of the rare-earth elements, the magnetic anisotropy is deﬁned by the Stark crystal
ﬁeld. Crystal ﬁeld orients the total moment J = L + S, which remained coupled by
the strong spin-orbit interaction[3, 4].
The last important energy term stems from the magnetic dipole-dipole interaction,
which is also a relativistic correction to the magnetic energy. It refers to the direct
interaction between two magnetic dipoles. It is important to point that the dipoledipole interaction contributes to the magnetocrystalline anisotropy and determine the
shape magnetic anisotropy. This interaction deﬁnes the domain structure of magnetic
solids.

µ

1.2 Optical control of magnetism
Optical control of magnetism and magnetic interactions in solids, in a broad sense,
is connected to the ability of light to aﬀect the magnetic properties of a solid state
medium. The latter is made possible by the spin-orbit interaction which constitutes
the basis of the light spin interaction [5, 6]. Photons can not interact with the electron
spins directly but they can redistribute the electrons among their energy levels, aﬀecting the orbital states which results ultimately in changes of the spin states due to the
SO interaction. This can change the macroscopic magnetization and its orientation.
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There are several ways for light to redistribute electrons. The trivial way is to
increase the electron temperature. This aﬀects all the magnetic properties of the
medium. This is the mechanism which realized, for instance, in metals. Another way is
to exploit circularly polarized light, which can transfer angular moment of the photon
to the electron spins, creating in such way, predominant directions of the electron
spins. This creates a non zero magnetization in the medium [7, 8], although the
magnetization will be small. Indeed, if the concentration of electrons is ∼ 1019 cm−3
one can estimate that the magnetization of these electrons at 100% spin orientation
to be of the order of M ∼ 0.01 emu/cm3 . This is three orders of magnitude smaller
than the magnetization in a ”bad” ferromagnet. Nevertheless, by orienting the spins
of the electrons by circularly polarized light, one can magnetize even an initially non
magnetic medium. There is no need to have an exchange interaction between the
electrons for this to occur. This technique, called conventionally optical orientation,
is widely used in classical semiconductors (GaAs, ZnTe) and their nanostructures
(quantum wells, etc.) and has lead to the ever expanding and impactful research in
semiconductor spintronics [8].
In magnetic materials, light can bring about other drastic changes of a magnetic
system. Apart from a simple heating up of the medium and the aforementioned orienting of the electron spins, light can aﬀect the quasiequilibrium exchange interaction,
the magnetic anisotropy [9] and the magnetization [10, 11]. Such abilities makes light
a primary way to excite nonequilibrium and quasiequilibrium magnetic phenomena.
Optical control of magnetism is a fundamentally important research topic with practical implications for information technology. Aiming to understand the principal
of optical control of magnetism at ultrafast time scales, which resides within several
picoseconds, one encounters the following questions: how can we track the changes in
a magnetic system induced by light if they occur? how fast can light induce changes
in a magnetic medium? Would it the aﬀect exchange and spin-orbit interactions?
Not until femtosecond pulsed lasers became widely used, it was possible to address
and try to answer the above mentioned questions. One of the ﬁrst demonstration of
the eﬀect of femtosecond laser excitation on magnetic materials was the experiment
of laser induced ultrafast demagnetization of Ni [12, 13]. The experiment showed
that light perturbs the magnetization on the time scale of 1 ps, much faster than
expected from the time of the spin lattice relaxation which was equal to ∼100 ps.
Such demagnetization was subsequently found in other transition metals and alloys.
This consequently greatly stimulated interest in ultrafast magneto-optics in metals
and eventually led to the discovery of all optical switching in ferrimagnetic rareearth transition metal alloys [14]. However the theoretical background of ultrafast all
optical switching as well as many other ultrafast magnetic phenomena are still not well
understood. One of the reason for this is the very complex electronic and magnetic
properties of metals. Free electrons, deﬁning all properties of metals, strongly interact
with lattice and each other. Moreover the band structure of metals consists of many
broad overlapping bands, making electron-electron and electron-phonon interactions
even more complex.
The situation is very diﬀerent in magnetic dielectrics and semiconductors where
the light absorption in the visible range usually is very small. It was shown and
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comprehended that in magnetic dielectrics, one can trigger, by means of femtosecond
laser pulses in the near infrared range, magnetic modes (ferromagnetic and antiferromagnetic resonances) in the region of a few GHz up to several THZ, depending on
parameters of the medium. This is made possible by the mechanism known as impulsive stimulated Raman scattering (ISRS) [15–18]. In some particular cases ISRS
is revealed as an inverse magneto-optical eﬀect [19], for instance the Inverse Faraday
eﬀect [15]. In fact, this process was ﬁrstly realized for the excitation of phonon modes
of a crystal by femtosecond laser pulses [20–23]. Thus, in magnetic insulators ISRS
is a mechanism allowing for the ultrafast optical control of magnetism. The ISRS
process utilizes a pair of photons, whose energy diﬀerence matches with that of an
elementary excitation, for instance a phonon, magnon, etc. For instance, a bandwidth
of 14 THz is obtained at a laser pulse width of 70 fs, and thus modes with frequencies
up to roughly 10 THz can be excited by such a pulse. To excite a Raman coherence, two photon energies must be present simultaneously in a pulse whose frequency
diﬀerence matches the frequency of a mode. It was recently found that employing
the ISRS mechanism it is possible to trigger optically two magnon mode [24] with
a frequency of 22 THz, which is known to be present in certain magnetic insulators
from conventional Raman spectroscopy. The important thing is that the two magnon
mode has tremendously high frequency, potentially meaning that the optical control
of magnetism is feasible at very high speed.

In most experiments the creating a Raman coherence occurs without creating an
excess of charge carriers. The eﬀectiveness of ISRS excitation of magnetic resonances
should depend on whether or not the photon energies match with that of a particular band in the medium, since a charge redistribution of this particular band may
aﬀect the magnetic properties [9]. It was shown in iron oxides compounds, one can
change the ration between the exchange and the Dzyaloshinskii Moriya interactions
via ISRS and trigger the magnetic mode [25]. It was also found that choosing the
pump wavelength is of crucial importance [18] for triggering magnetic resonances in
KNiF3 . From the one hand, choosing the pump wavelength in absorption matched
with electro-dipole transition seems to result in the absence of a pump induced signal
associated with ISRS. From the other hand, one should expect that tuning the pump
wavelength to certain resonances in the band gap may result in changing the pump
induced response [26]. Unfortunately, theory concerning the spectral dependence of
the ISRS excitation is still undeveloped and the overall knowledge about such dependence is based on scarce experimental data. It should be mentioned that there are
several experiments on measuring the spectrally resolved light induced magnetization
[10, 11], showing the light is able to magnetize a medium in a relatively narrow spectral
range, binded with bands of the magnetic ions. This shows the potential importance
of magnetics materials such as magnetic dielectrics and especially magnetic semiconductors, where one can potentially choose the eﬀect of the light on the medium. The
importance and advantage of magnetic semiconductors become even more obvious
if one takes into account the developments of the semiconductor growth techniques,
allowing control of magnetism and transport almost independently [27–29].
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1.3 Magnetic semiconductors
Optical control of magnetism in magnetic semiconductors diﬀers from that of magnetic metals and dielectrics. This is because in semiconductors one excites charge
carriers from one band to another and thus modulates conductivity, optical response
and magnetic properties. Hence the diﬀerence between magnetic semiconductors and
dielectrics resides in the diﬀerent character of the optical transition. In the case of
dielectrics, the electronic transitions which have photon energies in the visible range
are weak magnetic dipole transitions. While in the case of semiconductors these
transitions are strong electric-dipole transition. Photoexcited charge carriers in magnetic semiconductors can aﬀect the magnetic anisotropy, the magnetization and the
eﬀective exchange interaction (see Fig. 1.2).
There are several points which make optical control in magnetic semiconductors
very attractive. First, there is the possibility to use dopands in a controllable way to
modify the electronic and magnetic properties. Second one can make use of nanodesigns to aﬀect the band structure. These two features are facilitated by the profoundly
developed semiconductor growth techniques [29].
Thus, magnetic semiconductors are technologically attractive, since they potentially might allow for creating very compact devices, light and electrically controllable,
operating on a single chip made of normal and magnetic semiconductors. These ideas
drove the semiconductor spintronics research with substantial progress recently [30–
32].
Magnetic semiconductors can be divided in two classes: diluted magnetic semiconductors and stoichiometric or concentrated magnetic semiconductors (see Fig. 1.3)

1.3.1 Diluted magnetic semiconductors
Diluted magnetic semiconductors (DMS) are a wide class of materials which are characterized by the random substitution of a fraction of the original atoms by magnetic
atoms. The most common DMS are II-VI compounds (like CdTe, ZnTe, ZnSe, CdSe,
CdS, etc.), with transition metal ions (e.g. Mn, Fe or Co) substituting their original cations. There are also materials based on IV-VI (e.g. PbTe, SnTe), III-V (e.g.
GaAs, InSb, InAs GaN) crystals, and oxides (ZnO,TiO2 ). The vast variety of both
host crystals and magnetic atoms provides materials, which range from wide gap to
zero gap semiconductors, and which reveal diﬀerent types of magnetic interactions.
Several properties of these materials may be tuned by changing the concentration of
the magnetic ions [33]. The ternary nature of DMS provides the possibility of tuning
parameters such as the band gap and the lattice constant by varying the composition
of the material. A change in the concentration of the magnetic ions alters the magnitude of several magnetooptical eﬀects and inﬂuences the magnetic properties of the
material. It is possible to grow bulk crystals with structures of the form Mn1−x -IIx -VI
within the wide range of compositions of magnetic component x ≤0.7.
The tremendous amount of research into manganese-based DMS (i.e. with Mn as
the magnetic cations) has provided a good understanding of the their properties [33].
The narrow or zero gap materials, like HgMnTe, were the ﬁrst which revealed unusual
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Figure 1.2: Role of the charge carriers in magnetic semiconductors.

8

Introduction

a)

b)

Figure 1.3: Two main classes of magnetic semiconductors. (a) Diluted magnetic
semiconductors. Magnetic ions are randomly distributed among cation sites (b) Stoichiometric magnetic semiconductors. Magnetic ions reside in the crystal as cations.

transport and optical properties. The ﬁrst wide gap DMS to be studied was CdMnTe.
Many features of DMS, such as the large Zeeman splitting of the electronic bands
and the giant Faraday rotation, are induced by the exchange interaction between
the localized electrons of the d shells of the magnetic ions and the delocalized band
carrier states (of s or p origin) [33]. The s, p − d exchange interactions have the
Heisenberg form of the Hamiltonian. The fact that the s − d exchange interaction is
almost pure potential (Coulomb) exchange results in the ferromagnetic coupling of
the spins of the transition metal ions and conduction band electrons [34]. The p − d
exchange interaction, which couples the spins of the valence band electrons to that of
the magnetic ions, results mostly from hybridization and is antiferromagnetic for all
Mn, Fe or Co-based II-VI DMS.
To have ferromagnetic semiconductors complementary to the conventional ones
was considered to be important already at early stages of research, because it permits
to create nanoelectronic devices with chip integrated memory blocks. Despite the huge
research eﬀorts on the II-VI DMS and their exceeding sample quality, it appeared to
be possible to attain ferromagnetic order only at helium temperatures [35]. This left
them to be a very good model system for studying magnetic and low dimensional
phenomena [29] but not attractive for practical applications.
The discovery of ferromagnetism in III-V hosts heavily doped with Mn has launched
a new phase in diluted magnetic semiconductors research, in part because of the high
promises of III-Mn-V systems in the context of spintronics applications. The research
of III-Mn-V systems based on the known concepts of the II-Mn-VI systems. The
unique advantage of III-Mn-Vs is that the magnetic, optical and electronic eﬀects are
all interconnected. Furthermore, all these properties are sensitive to external stimuli
and can be readily modiﬁed by the application of external electric or magnetic ﬁeld
and also by illumination with light [36]. Inherent tunability of (ferro)magnetic semi-
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conductors is of high interest in view of novel magneto-optical device functionalities.
By improving growing techniques, the III-Mn-Vs system are able to reach a Curie
temperature TC ≈100 K and potentially could reach even higher ferromagnetic ordering temperatures. However, the growth process proved to be very problematic. It
is well established that in Mn-based II-VI dilute magnetic semiconductors the transition metal (TM) impurities substitute randomly cation sites in a matrix. However,
for III-Mn-V semiconductors, it appears that, depending on epitaxial growth conditions, codoping with shallow dopants, and postgrowth processing, the magnetic ions
may assume interstitial positions and/or aggregate, also with other defect centers,
which crucially aﬀects magnetic properties [37]. Furthermore no more than 10% of
manganese ions can be incorporated into a III-V matrix, making impossible to pursue
the predicted room temperature ferromagnetism [38, 39]. Despite the fact that room
temperature ferromagnetism can be attained for a few DMS systems, transport properties of the a DMS systems are drastically deteriorated in comparison with their non
magnetic counterparts. Moreover, this problem becomes even worse with increasing
the magnetic doping level which is required measure to elevate the Curie temperature.

1.3.2 Stoichiometric magnetic semiconductors
Stoichiometric magnetic semiconductors (SMS) are able to provide another insight
into magnetism as well as an alternative route toward spintronics. Recent advancements in growing techniques provided a new type of magnetic semiconductors, which
are even compatible with standard III-V semiconductors and can be grown on top
them [40, 41]. Moreover the exuberance of magnetic and optical properties of SMS
have a very large potential from fundamental point of view. SMS are an extremely
broad class, which consists of many types of magnetic semiconductors. Europium
chalcogenides historically are among the ﬁrst class of magnetic semiconductors, which
were very intensively studied [42]. It includes antiferromagnet EuTe (TN =9.8 K),
antiferro-/ferrimagnet EuSe (TN 2 =4.6 K, TC =3.6 K TN 2 =1.8 K), ferromagnet EuS
(TC =16.5 K), ferromagnet EuO (TC =77 K) [43, 44]. The known strong 5d − 4f
exchange interaction aﬀects all their physical properties and shows a tremendous
importance of the charge carriers in controlling the magnetic properties. Magnetic
semiconducting spinels are another very broad class of materials, which are very interesting from a fundamental point of view as well as for practical applications. For
instance, CdCr2 Se4 (TC =130 K) and HgCr2 Se4 (TC = 110 K), being somewhat
analogous to GaMnAs and InMnAs, show rather good transport properties. It was
shown in Ref. [45] that the hole mobility of CdCr2 Se4 is comparable with that of
the archetypal bulk semiconductor CdTe, being just two times smaller. Moreover
it was shown that CdCr2 Se4 can be grown on top of GaAs, showing their compatibility with the classical semiconductors. It was also shown that electrical injection
of spin polarized electrons from n-type CdCr2 Se4 into GaAs is indeed possible [40].
There are also several spinels which are high temperature ferromagnets, for instance
the recently reported FeBi2 Se4 [46]. There are many other classes of stoichiometric magnetic semiconductors possessing a variety of unique magnetic, transport and
optical properties. These are, for instance, other than Eu based rare-earth mono-
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holcogenides, chromium halides (CrCl3 ), some of the manganites, iridates. Thus,
stoichiometric magnetic semiconductors are very promising materials to study, which
deliver a future prospects in gaining fundamental knowledge and possibilities for new
technological applications.

1.4 Rare earth vs transition metal magnetism
The diﬀerence between magnetism in rare earth and in transition metals reveals the
substantial role of the spin-orbit interaction in magnetic phenomena. In transition
metals the crystal ﬁeld potential is much larger than that of the spin-orbit interaction
and as a result the orbital moment is partially quenched. This happens because
the crystal ﬁeld splits the orbital L states, orienting them in certain crystallographic
directions. Spin moments in transition metals, being coupled by a weak spin-orbit
interaction with orbital moments, become oriented as well [47].
In rare-earth magnets, the orbital magnetic moments remain unquenched by the
crystal ﬁeld. This is because the magnetic moments are produced by 4f electrons with
high orbital moment which are located relatively far inside the atoms, and are well
protected from the inﬂuence of the surrounding atoms. The magnetic moments in this
case originate from the total angular momentum, J, which is composed of the spin
angular momentum S and the orbital angular momentum L [47]. In these systems the
spin-orbit interaction appears to be much larger than the crystal ﬁeld interaction, S
and L are strongly coupled and the crystal ﬁeld orients the total angular momentum
J [3]. The diﬀerence between the two arbitrary classes of magnetic media, namely
rare-earth and transition metal magnets, aﬀects or may aﬀect the scenarios for the
optical control of magnetism.

1.5 Role of external magnetic field
To possibility to apply an external magnetic ﬁeld in solid state research is of tremendous importance. Superconductivity, nuclear magnetic and electronic paramagnetic
resonances, charge transport properties, spin Hall eﬀect, quantum eﬀects and so on
would not be possible without an applied magnetic ﬁeld. A magnetic ﬁeld in magnetism research is its inherent part, allowing for full characterization of magnetic
properties of solids. For instance, to establish whether a particular solid is ferromagnetic one should sweep the applied magnetic ﬁeld and measure magnetization or a
quantity proportional to it. If the solid is magnetic one should see a hysteretic behavior, provided that the strength of the magnetic ﬁeld is suﬃcient. To study the
magnetic anisotropy in a certain magnetic medium, one has to apply a magnetic ﬁeld
that is comparable with that associated with the magnetic anisotropy. One can apply
magnetic ﬁelds comparable, if it is possible, with that of the exchange interaction,
spin-orbit interaction or crystal ﬁeld. This means that the magnetic ﬁeld as well as
the temperature are external parameters which can be used to work against these
interactions, oﬀering a method to study them. In the light of the optical control
discussed above, a suﬃciently strong magnetic ﬁeld can indeed provide insights into
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the problem which otherwise would have been overlooked. I hope that I will be able
to give convincing demonstrations of this statement in the present thesis.

1.6 About this thesis
In this ﬁrst chapter the basic interactions of magnetism were described, with a link to
the optical control of magnetism. In addition, the possibilities to control magnetism
optically in metals was outlined. It was explained that magnetic dielectrics and semiconductors have advantages to perform optical control of their magnetic properties.
We discussed the main diﬀerence between rare earth and transition metals magnetism
and show the role of an appreciable magnetic ﬁeld in determining the peculiarities of
ultrafast magnetization dynamics. In Chapter 2 a description of pump probe experimental technique and the setup are given. The detection with a balanced photodiodes
scheme is described.
Chapter 3 deals with the coherent laser induced magnetization dynamics in the
typical III-V diluted (In,Mn)As and stoichiometric CdCr2 Se4 magnetic semiconductors. It was found that the intrinsic randomness of the Mn2+ distribution in the
(In,Mn)As alloy as well as the possible electrostatic ﬂuctuations arising from broken bands alignment makes the eﬀective damping very large. The former leads to a
substantial contribution of the paramagnetic response and makes the damping magnetic ﬁeld dependent. We also compared the coherent magnetization dynamics of
(In,Mn)As with that of the stoichiometric ferromagnetic semiconductor CdCr2 Se4
and found that in the latter case the damping is much lower. We conclude that the
optical control of magnetism in stoichiometric magnetic semiconductors has a higher
feasibility.
Chapter 4 tackles the inﬂuence of photoexcitation by femtosecond laser pulses of
the strong exchange coupled carriers in the EuTe antiferromagnetic semiconductor.
It was found, by an analysis of the frequencies dependencies of the pump excited
precession that the excitation of electrons from the 4f to the 5d band triggers two
modes of the antiferromagnetic resonance precession. Moreover we found that a strong
4d − 5f coupling in the material leads to an isotropic magneto refraction, being a
symmetric magnetic contribution to the dielectric susceptibility. Particularly, the
isotropic magneto refraction allows to monitor the spin dynamics of one of the modes
associated with the exchange interaction, not only the 4f − 4f exchange interaction,
but, which is more important, with the 4f − 5d one. We further determined the
role of the d electron on the laser induced antiferromagnetic resonance in EuTe. We
found a static renormalization of the parameters of the antiferromagnetic resonance by
ﬁtting the frequency dependencies on magnetic ﬁeld by eigen frequencies of the AFMR
deduced from the Landau-Lifshitz equation. Furthermore we found that in the range
of magnetic ﬁelds 20-30 kG the modes undergo an enhancement of the amplitudes and
Q-factors. To address we this problem we employed a model of coupled oscillators. We
discovered that anticipated magnetic ﬁeld noncollinearity with respect to the sample
plane is not enough and one has to take into account the d−f exchange coupling. This
shows that the d-electrons aﬀects magnetization dynamics of the Eu2+ magnetization.
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In Chapter 5, aiming to study the laser induced spin dynamics in the Ising paramagnetic dielectric Tb3 Ga5 O12 , we addressed the problem of propagation eﬀects
in a thick magnetic crystal. We discovered a new way of ultrafast modulation of
the magneto-optical response based on inhomogeneities propagating with relativistic
speed through magnetic medium. Such modulation is seemingly revealed as magnetic
oscillations of the polarization rotation. However, owing to the high Verdet constant
of Tb3 Ga5 O12 , the real nature of these oscillations, being a propagating dichroic
inhomogeneity inside the sample, could be identiﬁed. We outlined that the eﬀect
should be important in other time-domain pump-probe spectroscopy studies, helping
in elucidating the real nature of magnetic excitations.
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2

Experimental techniques
In this chapter the experimental techniques employed to investigate the ultrafast
magnetization dynamics in magnetic semiconductors and dielectrics are introduced.
First, a short introduction into the pump probe technique is presented. Second,
the magneto-optical eﬀects employed in the present experimental work are discussed.
Third, the detection scheme used in the experiments is described.

2.1 Time resolved magneto-optical pump-probe techniques
Optical spectroscopy is a very powerful technique for investigating electronic, vibrational and magnetic properties of solids. Linear optical spectroscopy of solids provides
an invaluable information on many diverse aspects of condensed matter physics such
as electronic band structure, phonons, magnons, coupled phonon-plasma modes, polarons, polaritons, single-particle excitation spectra of electrons and holes and the
properties of defects, surfaces and interfaces through the techniques of absorption,
reﬂection, luminescence and light scattering spectroscopy.
In fact, optical spectroscopy possesses an additional unique strengths that makes
it a preferred technique for obtaining fundamentally new information about the nonequilibrium, nonlinear and transport properties of a medium. Optical excitation
can generate a non-equilibrium distributions of electrons, and optical spectroscopy
provides one of the best way of determining the consequences of it. Once these unique
strengths are combined with ultrafast lasers and spatial imaging techniques, ultrafast
spectroscopy becomes a powerful tool for investigating a broad range of phenomena
in condensed matter. An impressive progress has been made in ultrafast spectroscopy
since the femtosecond laser had become widely used [1].
The most common form of ultrafast spectroscopy is to measure optically induced
changes of reﬂectivity or transmissivity of a material. In its simplest form (degenerate
pump-probe spectroscopy), the output pulse train from an ultrafast laser is divided
into two. The sample under investigation is excited by one intense pulse train (pump)
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and the changes it induces in the sample are probed by the weaker second pulse train
(probe), which is suitably delayed with respect to the pump by introducing an optical
delay in its path. Some property related to the probe (e.g. reﬂectivity, absorption,
Raman scattering, luminescence) is then monitored to investigate the changes in the
sample produced by the pump as a function of the time delay between the pump and
probe. For suitably thin samples, the time resolution in pump-probe spectroscopy is
limited only by the pulse width of the laser or the jitter between the lasers, if two lasers
are used. In non-degenerate pump-probe spectroscopy, one uses two synchronized
lasers at diﬀerent wavelengths, or a laser and a synchronized white light continuum.
This increases the versatility of the technique enormously, by allowing a determination
of the induced changes at photon energies diﬀerent from that of the pump.
The pump-probe technique requires the physical process under study to be fully
repetitive. In order to observe the whole evolution of the optical response, the same
event has to be excited many times and recorded at subsequent moments. Hence, the
repetition rate between the excitation events that give rise to the dynamics of the
sample has to be signiﬁcantly slower than the characteristic relaxation times of the
system under study, so that the sample always recovers to its initial state before the
next stimulus arrives. In the case of our experiments the repetition rate of the pump
is 2 ms, which is more than enough for most dynamical processes to relax back to the
equilibrium.
Another form of a pump-probe spectroscopy is to measure the pump induced
polarization rotation of the probe, based on the Faraday or Kerr linear magnetooptical eﬀects. In case of a transmission geometry one measures the Faraday eﬀect, in
case of the reﬂection geometry one measures the Kerr eﬀect. In both cases the rotation
of the polarization is linearly proportional to the magnetization of the medium [2],
providing that the response of the medium is dominated by linear magneto-optical
eﬀects. The measured dynamics of the polarization rotation of the probe propagating
in the z direction through a sample of thickness d can be written, according to Ref. [3]:
∫

∫

+∞

θ(τ ) = α

d

Ipr (t − τ, z)M (z, t)dz,

dt
−∞

(2.1)

0

where τ is the time delay between the pump and probe pulses, α is a magnetooptical constant, which in general can depend on z and the time t. M (z, t) is the
magnetization component induced by the pump. Let us assume the simplest case
when the probe is of the form Ipr (t − τ, z) = I0 δ(t − z/vg ), with vg being the group
velocity of the probe, while the induced magnetization is M (z, t) = M0 · eiωt−ik(ω)z
and k(ω) the wave vector dispersion in a particular medium. After the integration of
Eq. 2.1 one ﬁnds:
θ(τ ) = αI0 M0 ·

ei(ω/vg −k(ω))d − 1
.
i(ω/vg − k(ω))d

(2.2)

If ω/vg − k(ω)d is a small quantity then the whole fraction in Eq. 2.2 is equal to
d. Then one ﬁnds the very well known expression for the Faraday rotation:
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θ(τ ) = αI0 M0 · d
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(2.3)

Thus, it is very important to remember that the measured signal in a pump
probe experiment is a convolution integral, being simple only in the case of relatively
thin samples. For a sample with a substantial thickness one measures not only the
magneto-optical response, but rather the phase matching between the probe and the
propagating magnetization wave.
It should be noted that by measuring both transmissivity (reﬂectivity) changes
and the Faraday (Kerr) rotations one is sensitive to both the symmetrical and the
antisymmetrical components of the dielectric susceptibility of the medium.

2.2 Magneto-optical pump-probe setup
Figure 2.1 demonstrates a simpliﬁed scheme of the experimental setup employed in
a magneto-optical pump probe experiments. First we describe the main parts of the
experimental setup, namely the magneto-optical cryostat and the laser system.

2.2.1 Magneto-optical cryostat
The split coil magnetic cryostat provides magnetic ﬁelds up to 70 kG and temperatures
down to 1.5 K. The sample resides inside a variable temperature insert (VTI) of the
cryostat and can be moved vertically and rotated around its axis to alter the direction
of the magnetic ﬁeld relative to the sample plane. Optical access to the sample is
provided via four cold inner windows made of sapphire and four outer strain free
windows made of quartz (Spectrosil B), separated from the inner ones by a vacuum
chamber. Four sided optical access provides back reﬂection, reﬂection at 45 degrees,
and transmission measurement geometries with the magnetic ﬁeld axis perpendicular
or parallel to the sample plane. The magnetic ﬁeld homogeneity is such that it changes
1% within a 10 mm sphere.
In order to change the temperature inside the VTI, pumping of helium through
the helium inlet, controlled by the needle valve, and two heaters are used. One heater
is ﬁxed to the helium inlet and another one is ﬁxed to the sample holder right above
the sample. The helium ﬂux into the VTI is regulated by the opening of the needle
valve. The temperature measured by two calibrated Allen Bradley resistors, one in the
chamber below the sample and another on the sample holder that allow for automatic
control of the sample temperature.

2.2.2 Laser-system
A spectra Physic Spitﬁre laser system was employed. The Spectra-Physics Spitﬁre
system ampliﬁes individual laser pulses that are selected from a stream of pulses
and produced by a separate, modelocked Ti:sapphire laser. Typically, an input pulse
with an energy of only a few nanojoules can be ampliﬁed to about a few millijoules.
The maximum output energy of a solid-state ampliﬁer is normally limited by the
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Figure 2.1: Simplified scheme of the experimental setup for transmission geometries. Solid and dashed lines show geometry when the magnetic ﬁeld axis is perpendicular
and parallel to the light beams, respectively. Red and blue line is for the probe and pump
pulses paths. C is the magneto-optical cryostat, allowing to vary the temperature from
1.5-300 K and the magnetic ﬁeld 0-70 kG. D is the balanced diode. Cp is the mechanical
chopper working at a frequency of 500 Hz. BS is the beam splitter. BS2 is either a beam
splitter with diﬀerent ratio of light splitting or a dichroic beam splitter if light from the OPA
is used. AM is the mirrors auto adjustable by the beam pointing system. L is lens.

2.2 Magneto-optical pump-probe setup
optical damage threshold of the crystalline material used in the system. The Spitﬁre
regenerative ampliﬁer circumvents this limitation by using chirped pulse ampliﬁcation.
This technique, originally developed for radar systems, ﬁrst temporally stretches a
pulse to reduce its peak power, then ampliﬁes it, and ﬁnally temporally recompresses
the pulse to a width close to its original duration. This results in greatly increased
peak power while avoiding optical damage to the ampliﬁer. The employed ampliﬁer
produced ≈2 mJ of energy with a pulse width of 60-70 fs, a repetition rate of 1 kHz,
and a center wavelength of 800 nm. The output beam was split into two with a
ratio of 30/70, with the 70% part being used to pump an optical parametric ampliﬁer
(OPA). The OPA allows one ideally to tune the wavelength and access the spectral
range from 300-2000 nm. A small fraction of the pump pulses at 800 nm wavelength is
used to produce a white-light continuum (WLC) in a sapphire plate. The WLC beam
and another fraction of the pump beam are focused into the pre-ampliﬁer crystal.
The pulses are timed and overlapped non-collinearly inside the nonlinear crystal,
where parametric ampliﬁcation takes place. A non-collinear geometry is used to easily
separate the ampliﬁed signal beam. The pump and signal beams are then collinearly
overlapped in the second nonlinear crystal. As a result the OPA delivers collinear and
well collimated signal and idler beams. The wavelength tuning in the pre-ampliﬁer
stage is achieved by changing the delay of the white-light pulse with respect to the
ﬁrst pump pulse. The crystal angle is also adjusted to optimize the phase-matching.
The wavelength tuning in the power-ampliﬁer is achieved by ﬁrst adjusting the preampliﬁer wavelength and then optimizing the second crystal angle and signal delay
with respect to the second pump beam. For the experiments described in this thesis
a 1000 nm wavelength from the OPA was used only. The beams at a wavelength of
800 nm and 1000 nm were equalized in their optical path and aligned along the same
optical path to enter the table with the optical cryostat. A beam stabilizing system
Aligna by TEM Messtechnik was used in order to ensure spatial stability of the laser
beams which otherwise can be undermined.

2.2.3 Optical scheme
The laser beam entering the table with the cryostat was split with a ratio of 95/5,
with the 5% portion going into the beam stabilizing system. The rest of the beam was
split by either a beam splitter or by a dichroic mirror, depending on the particular
experiment, into two beams pump and probe. The pump beam optical path was
varied by a mechanical delay stage. Depending on the designed experiment, a BBO
crystal and lenses were used to generate a second harmonic beam in either the pump
or probe beams (not shown in Fig 2.1). An achromatic half wave plate followed by
a Glan-Thompson polarizer was used to vary the intensity of the probe and pump
pulses, while a half-wave or a quarter wave plates after the polarizer allowed the
proper polarization to be chosen (see Fig. 2.1).
The pump-probe scheme typically requires a modulation of the pump, which allows
the detection of the pump induced signal of the probe. In our case the amplitude of
the pump beam is modulated by a mechanical chopper, which rotates at frequency of
500 Hz, synchronized with a laser repetition rate of 1 kHz.
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Figure 2.2: Balanced detection scheme. This detection scheme relies on the ability of
the Wollaston prism to separate in space the two orthogonally polarized components of the
incoming light beam. The intensity of each polarization component of light can be measured
by a photodiode.

Beams were focused on the sample inside the cryostat by lenses. Depending on
geometry, 400 mm or 250 mm focus distances, were used. Let us note that the
intensity of light is described throughout this thesis in terms of ﬂuence, which is
deﬁned as F = fP·S , where the energy F of the laser beam is given by the average
power P divided by the repetition rate f . The area at the denominator S is the
surface covered by the laser spot on the sample, the conventional unit of the ﬂuence
is mJ/cm2 .

2.3 Detection scheme
In our experiments the spin system is accessed via magneto-optical eﬀects, which
result in a rotation or modiﬁcation of an ellipticity of the light polarization. In
experiments described here the detection scheme with balanced photodiodes was used.

2.3 Detection scheme
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Figure 2.2 demonstrates the key elements of the balanced detection the Wollaston
prism, which splits in space the two orthogonally polarized components of the incoming beam, and two identical photodiodes (SA and SB in Fig. 2.2). In our case the
prism and the diodes are mounted on a single rotational stage, which constitutes the
home-made balanced-detector. This device provides four output channels: two for the
single diodes (SA and SB channels), one for the diﬀerence signal (SA -SB , ampliﬁed
by a factor 10) and the last one for the sum signal (SA +SB ).
The measurement of the rotation of the probe polarization is done by means of
the diﬀerence channel of the balanced detector. Let us consider a linearly polarized
light beam with electric ﬁeld component E incident on the Wollaston prism. Assume
that the electric ﬁeld of light E is at an angle α = 45◦ with respect to the optical axis
of the prism. This optical element splits the incoming beam into two. In this case
the electric ﬁelds of the two output beams read as:
(π)
(π)
EA = E sin
= E cos
= EB
(2.4)
4
4
Consequently, the signal measured by the two diodes, which is proportional to the
intensities of the two beams IA,B ∼ |EA,B |2 , is equal. Thus the diﬀerence channel
provides IA − IB = 0. If the polarization of the incoming beam is rotated over an
angle β, the electric ﬁelds of the two components become:
(π
)
EA = E sin
+β
( 4π
)
(2.5)
EB = E cos
+β
4
The signal detected by the diﬀerence channel is equal to the diﬀerence of light intensities on the two photodiods SA−B and is expressed as:
(π
)
(π
)
SA−B ∼ E 2 sin2
+ β − E 2 cos2
+ β = E 2 sin (2β)
(2.6)
4
4
Therefore, the balanced-detection scheme provides a signal proportional to the
polarization rotation angle β. Practically, if the angle β is small then detector operates
in the linear regime and from Eq. 2.6 one obtains SA−B ∼ 2βE 2 .
The electronic signals from the A+B and A-B channels of our detector are sent
to two boxcar integrators. These devices amplify the input signal in a limited time.
The window of the boxcar opens only for a few s when the probe pulse arrives at the
detector, which is achieved by synchronizing the boxcar with the repetition rate of
the laser (1 kHz). In this way we avoid ampliﬁcation of noise. The ampliﬁed output
signal is then sent to two lock-in ampliﬁers Stanford Research SR830m, which are
able to detect only the spectral components of the signal at the reference frequency.
In the pump-probe scheme the reference frequency sent to the lock-in ampliﬁers is the
frequency of the chopper modulating the pump beam (in our case 0.5 kHz). In this
way it is possible to distinguish the pump-induced eﬀects experienced by the probe
beam. The resulting signal is equivalent to the diﬀerence SA−B in the presence and
in the absence of the pump pulses.
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To calibrate the signal, the ampliﬁcations in the boxcars have to be taken into
account. For the sum channel one writes the DC components of the signal as:
DC
SA+B
∼ E 2 sin2

)
)
(π
Sbox
+ β + E 2 cos2
+ β = Eˆ2 ∼
,
4
4
AS

(π

(2.7)

where S box is the output signal of the boxcar used for the sum channel and AS is the
corresponding ampliﬁcation factor. We can now express the output of the diﬀerence
channel expressed in degrees as:
√
2 2 S Lock−in As
sin (2β) =
,
(2.8)
10
Ad
S Box
where the S Lock−in is signal read from the lock-in ampliﬁer. The pre-ampliﬁcation
factor of the A-B channel of our detector is equal to 10. The ampliﬁcation set for
the boxcar integrator is Ad . From Eq. 2.8 it is straightforward to derive the angle of
rotation of the probe polarization:
( √
)
1
2 2 Sig Lock−in As
β = arcsin
2
10
Ad
S Box
(2.9)
√
1 2 2 Sig Lock−in As
≈
2 10
Ad
S Box
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3

Laser-induced spin dynamics in a
transition metal ferromagnetic
semiconductors (In,Mn)As and
CdCr2Se4 in magnetic fields up to
70 kG1
In this chapter we report about the laser induced ferromagnetic resonance in the
diluted (In,Mn)As and stoichiometric CdCr2 Se4 ferromagnetic semiconductors, measured in magnetic ﬁelds up to 70 kG. (In,Mn)As as well as (Ga,Mn)As based heterostructures might serve as prototypes for concepts of future spintronic semiconductor
devices. Recent experiments demonstrated a possibility to control the magnetic properties in diluted ferromagnetic semiconductors optically [1] and electrically [2]. We
show that a laser pulse, besides ultrafast demagnetization, can eﬀectively excite homogeneous spin precession in these compounds at the frequencies of their ferromagnetic
resonance. Laser excitation of this resonance appears to be very ineﬀective if the applied magnetic ﬁeld is below 15 kG at 10 K. Our analysis shows that the damping of
the laser-induced spin precession is a function of magnetic ﬁeld and reaches very high
values below 15 kG. At the end of the chapter we compare the ultrafast magnetization
dynamics of the both magnetic semiconductors and show that the spin dynamics of
CdCr2 Se4 has much a smaller eﬀective damping.

1 In part adapted from: R. R. Subkhangulov, H. Munekata, Th. Rasing, and A. V. Kimel Phys.
Rev. B 89, 060402(R)
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3.1 Introduction
The discovery of ferromagnetism in III-V (In,Mn)As and (Ga,Mn)As diluted magnetic
semiconductors [3–7] (DMS) triggered many experimental and theoretical studies of
the transport, magnetic and optical phenomena in these compounds [8–10]. Particularly, the hole-mediated ferromagnetic exchange interaction [11–13] in these semiconductors led to intense discussions about feasibility to control their magnetic properties
via a modulation of the hole concentration by light, electrical bias or design in nanoand microstructures [1, 2, 7, 14–22]. Soon after the discovery, very promising experimental results on optical control of magnetism in both (In,Mn)As and (Ga,Mn)As
were achieved with low-power continuous wave excitation [1, 15, 23, 24]. These observations raised the question about the feasibility to manipulate their intrinsic magnetic properties, such as magnetization and magnetic anisotropy, in an ultrafast, i.e.,
(sub)picosecond way by means of femtosecond laser pulses. A demonstration of laser
excitation of ferromagnetic resonance (FMR) would be a clear evidence of such ultrafast laser control of magnetism. To date, the possibility of triggering spin precession,
namely optically excited FMR, was demonstrated for (Ga,Mn)As in a number of experimental works [25–29]. Recently, new approaches were implemented in order to
attain ultrafast optical control of magnetism in (Ga,Mn)As [30, 31]. Despite several
thorough studies of electron and spin dynamics triggered in (In,Mn)As by a femtosecond laser pulse [32–36], no optically excited FMR has been reported for this
ferromagnetic semiconductor until now. This led to the question about the origin of
such a distinct behavior of (Ga,Mn)As and (In,Mn)As. Here we show that the origin
of the diﬀerence is a large eﬀective damping of the magnetic precession in (In,Mn)As.
We thus provide a recipe for studying the ultrafast laser-induced magnetization dynamics in (In,Mn)As. Regarding the substantially diﬀerent electronic structures of
(Ga,Mn)As (EG ≈ 1.5 eV) and (In,Mn)As (EG ≈ 0.4 eV) one might compare them
with those of a magnetic insulator and magnetic metal, respectively. Hence our ﬁnding signiﬁcantly broadens the playground for the investigation of novel mechanisms
of ultrafast control of magnetism in ferromagnetic semiconductors.

3.2 (In,Mn)As sample properties
The In1−x Mnx As semiconductor sample [19] with a thickness of 15 nm and x ≈0.048
was grown on a 500 nm buﬀer layer of AlSb0.9 As0 .1 (indirect band gap energy is
2.2 eV) deposited on a GaAs substrate of (001) crystallographic orientation by low
temperature molecular beam epitaxy. (In,Mn)As is a direct narrow band-gap ferromagnetic semiconductor with EG ≈0.4 eV at low temperatures. Figure 3.1(a) depicts
the band-gap structure of the (In,Mn)As/Al(Sb,As) type II heterostructure. This
alignment leads to a large built-in electric ﬁeld, because of a bang-gap discontinuity,
which can retain the holes inside the magnetic layer for a long time. The SQUID
measurements shown in Fig. 3.1 conﬁrms the existence of ferromagnetic order with
the Curie temperature of about TC ≈47 K (Fig. 3.1(b)). The saturation magnetization and the coercive ﬁeld were deduced to be M =28 emu/cm3 and HC =610 G,
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Figure 3.1: Characterization of magnetic properties of the easy plane (In,Mn)As
sample by SQUID measurements. (a) Band-gap structure of the (In,Mn)As/Al(Sb,As)
type II hetero-structure. EF is the Fermy energy and EG is the band gap energy. (b)
Magnetization measured along the [110] in plane axis at a temperature of 4 K. Coercive
ﬁeld is HC ≈610 G. (c) Temperature dependence of magnetization in the [110] direction at
a magnetic ﬁeld of 20 G. Arrows show the estimated Curie temperature. Inset demonstrates
magnetization trend at higher magnetic ﬁelds when the magnetic ﬁeld is at 45◦ with respect
to the sample plane.
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respectively.
The SQUID measurements also reveal the presence of a paramagnetic contribution
to the total magnetization even below the Curie temperature (see inset of Fig. 3.1
(a)). It was also determined that the uniaxial in-plane magnetic anisotropy has its
the easy-axis along the [110] crystallographic direction in the plane of the sample.
It should be noted that the orientation of the anisotropy axis in the ferromagnetic
semiconductors (In,Mn)As and (Ga,Mn)As is given by the lattice mismatch with the
substrate. In fact, by choosing the substrate with compressive or tensile strain with
respect to the ferromagnetic layer, one can obtain a sample with in-plane or out of
plane magnetic anisotropy, respectively [19, 37–39].
The saturation magnetization measured at 1 kG allowed us to estimate the amount
of Mn2+ ions participating in the formation of the ferromagnetic order to bexef f ≈
M/(g · SM n N0 µB )=0.034, where SM n and g are the spin and the Lande g-factor of
the Mn2+ ions, accordingly; µB is the Bohr magneton; N0 = 4 · a−3
InAs is the cations
concentration in the III-V matrix with aInAs =0.6055 nm. Comparing x and xef f we
can conclude that most probably a part of the Mn2+ forms non magnetic clusters,
which points to an inhomogeneous distribution of the Mn2+ ions. It is accepted that
during low temperature molecular beam epitaxy Mn2+ can be embedded into the
zincblende lattice of III-V semiconductors as a cation (Ga3+ ,In3+ ) substitution or
as interstitial defect. The former results in substitutional Mn2+ to act as acceptor,
which provides mobile hole mediating ferromagnetic order. The latter produces a
double donor, which can decrease the hole concentration [40, 41]. We can infer that
the random Mn2+ acceptor doping distribution give rise to intrinsic local ﬂuctuations
of the magnetic properties in (In,Mn)As [42].
Since Mn2+ ions at the indium sites act as acceptors, (In,Mn)As has a p-type
conductivity, which is the conductivity determined by the holes. It was established
that only p-type samples prove to be ferromagnetic [4], which is due to the larger
exchange coupling between the holes and the Mn2+ magnetic moments. Concentration
and mobility of the holes, estimated from the low-ﬁeld Hall measurements in this
sample at room temperature, are about 1.2·1021 cm−3 and 2 cm2 /(V·s), respectively.
These estimations were done neglecting the contribution of the anomalous Hall eﬀect
[3, 43]. Such a high value of the hole concentration suggests that the sample is in
the metallic regime. In this regime the valence-band holes mediate a ferromagnetic
RKKY (Ruderman-Kittel-Kasuya-Yosida) exchange interaction between the spins of
the Mn2+ ions [11, 44, 45]. Taking into account the reduced energy scale in the narrowgap semiconductors, the mechanism incorporating impurity-band holes reported [20,
41, 46, 47] for (Ga,Mn)As would not be of close relevance in the case of our sample.

3.3 Experimental setup
The magneto-optical measurements were performed using a superconducting split
coil magneto optical cryostat. The sample was mounted inside the cryostat such that
the angle between the normal to the sample surface and the external magnetic ﬁeld
was about 45◦ (Fig. 3.2(a)). For time-resolved magneto-optical studies we employed
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Figure 3.2: (a) Experimental geometry and description of the constituting sample layers.
At some value of magnetic ﬁeld the magnetization vector will be between the vector [110] and
that of the magnetic ﬁeld. Hysteresis loops in magneto-optical Kerr polarization rotation
measurements for a small (up to 2 kG) (b) and large (up to 60 kG) (c) range of magnetic
ﬁelds at a temperature of 10 K. The wavelength is 800 nm
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60 fs laser pulses with a repetition rate of 1 kHz and a pump-probe technique in
which the intensity of the pump was about 50 times stronger than that of the probe.
The wavelength of the probe and pump pulses was set to 800 nm (photon energy
1.55 eV), which is higher than that of the band-gap. We also used pump pulses
with a wavelength of 400 nm (photon energy 3.1 eV) generated by second harmonic
generation in a Barium borate (BBO) crystal. The spot areas were kept roughly at
100-200 m2 for the probe and 400-1000 m2 for the pump. Pump ﬂuences used in
our experiment were in the range J=20-1500 J/cm2 . The angle of incidence for the
probe and pump beams were set to approximately 55◦ and 45◦ , respectively. Both
external magnetic ﬁeld H and [110] axes lie in the plane of incidence of the pump and
probe beams which both were S-polarized.
To characterize the magneto-optical response from the material, we measured the
polarization rotation ΘKerr of the probe upon reﬂection from the sample as a function
of the external magnetic ﬁeld. The results obtained in ﬁelds up to 2 kG and 60 kG
(see Fig. 3.2 (b) and (c)) show sensitivity of the magneto-optical technique to the
net magnetization of the material. The chosen experimental geometry is sensitive
to both the longitudinal and polar linear magneto-optical Kerr eﬀects (MOKE) [48]
allowing us to probe the in-plane and out-of plane magnetization components. One
can write MOKE for an arbitrary angle of light incidence in the approximation of a
thick isotropic magnetic medium with magnetization M as follow [48]:

µ

µ

θK (M) =

µ

iϵxy (M)
cos(θ0 )(mx tan(θ1 ) ± mz )
·√
,
cos(θ0 ± θ1 )
ϵxx (ϵxx − 1)

(3.1)

where ϵxx and ϵxy are the diagonal and oﬀ diagonal components of dielectric permittivity tensor, accordingly; θ0 and θ1 are the angles of incidence and refraction,
respectively; the plus/minus signs are for p and s-polarizations, respectively; mx , mz
are the direction cosines of the magnetization vector. One can see from Eq.3.1 that
at a 45◦ incidence angle of the probe one is sensitive to both the out of plane z and
the in plane x magnetization components.

3.4 Results and discussion
To investigate the laser-induced magnetization dynamics we measured the magnetooptical Kerr rotation for the probe as a function of the delay between the pump and
probe pulses. To separate the magneto-optical Kerr rotation from other phenomena,
which also may lead to a polarization rotation, we calculated the diﬀerence of the
pump induced polarization rotation measured at two magnetic ﬁelds H of opposite
signs ∆θKerr = ∆θ(+H) − ∆θ(−H). Figure 3.3 shows the dynamics of the magnetooptical Kerr rotation measured at diﬀerent temperatures in magnetic ﬁelds of 2 and
40 kG with a pump ﬂuence of 750 J/cm2 and 250 J/cm2 , respectively. It is seen
that the laser excitation leads to an ultrafast decrease of the magneto-optical signal
followed by its slow recovery (Fig 3.3 (a,b)). Such a dynamics is explained in terms
of subpicosecond laser-induced demagnetization within 100 fs and a recovery of the
net magnetic moment at the time-scale much larger than 100 ps [36]. It should be
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noted that the demagnetization time is not dependent on the pump ﬂuence while
the degree of the demagnetization does increase with increasing ﬂuence. One can
see that there is no demagnetization signal at temperatures higher than the Curie
temperature, corroborating the origin of this signal.
The data also disclose that the laser pulse at relatively high magnetic ﬁelds
(Fig. 3.3 (a)) also triggers oscillations of the magneto-optical signal. These oscillations, as it will be discussed later, are strongly damped. To disclose the origin of
these oscillations, we ﬁtted the step-like part of the measured signals with a function
similar to the one obtained earlier for a two-level system [49]. The residual of the ﬁt
was ﬁtted by the exponentially damped sine function and yields the amplitude A, the
decay time τ , and the frequency f of the oscillations.
The extracted frequency and amplitude of the oscillations are plotted in Fig. 3.3
(b,c). Note that the frequency of the oscillations measured at the ﬁeld 40 kG is close
to that expected for the paramagnetic resonance of Mn2+ spins in II-VI semiconductors [50]. It is seen that the amplitude decreases with increasing bath temperature
and vanishes above the Curie temperature. Such dependence shows that the amplitude of the oscillations follows the behavior expected for the order parameter i.e. the
net magnetization of the medium, which becomes clear by comparing Fig. 3.1 (c)
and Fig. 3.3 (c). The presence of the magneto-optical signal above the Curie temperature (see Fig. 3.3 (c)) is explained in terms of the smearing of the second order
phase transition in the external magnetic ﬁeld. Even if the sample contains paramagnetic regions which do not become ferromagnetic below TC , such a temperature
dependence clearly indicates that the observed oscillations must be associated with
the spin precession in the ferromagnetic regions rather than the paramagnetic ones.
Moreover, unlike the paramagnetic resonance, the frequency of the ferromagnetic resonance softens upon approaching the Curie temperature. Indeed an increase of the
temperature from 1.6 K to 75 K results in a slight decrease of the frequency of the
oscillations from 113 GHz to 109 GHz. All these features imply that these oscillations
are due to the optically induced ferromagnetic resonance [27] of the Mn2+ - ordered
spins in (In,Mn)As.
In order to substantiate this interpretation, measurements in magnetic ﬁelds up
to 70 kG at 10 K were performed, with a subsequent ﬁt, as discussed above, of the
obtained data. The measured traces of the signal are shown in Fig. 3.4 (a,b). The
extracted frequencies (f ) and magnetization tilt angle (∆α) of the oscillations as well
as their eﬀective damping deﬁned as γ = 1/(f · τ ) are depicted in Fig. 3.4 (c,d,e).
The frequencies obtained from the ﬁt are plotted in Fig. 3.4 (c). It is clearly seen
that the frequency of the oscillations depends linearly on the external magnetic ﬁeld.
In particular, it can be described by the formula f = gef f µB H/h which is applicable
for the case H ≫ HA . Since the magnetic anisotropy ﬁeld HA in the compound is
expected to be 2-3 kG [51], the linear dependence is not surprising. The ﬁt of the
frequency dependence on magnetic ﬁeld yields a g-factor g=1.94±0.01 . The estimated
value of the g-factor is in good agreement with those obtained from conventional FMR
measurements of (In,Mn)As and (Ga,Mn)As in the frequency domain [38, 51, 52]. The
eﬀective g-factor of the material can be treated as that for a ferrimagnet. For the
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Figure 3.3: Laser induced dynamics of the magneto-optical Kerr rotation measured at different temperatures (a) for a pump ﬂuence of 750 µJ/cm2 at H=2 kG and (b) for a pump ﬂuence of 250 µJ/cm2 at H=40 kG. (c) The frequency of the oscillations of the magneto-optical
signal as function of temperature. (d) The amplitude of the oscillations as a function
of am√
bient temperature; dots are experimental data, line is ﬁt by the formula A ∼ 1 − T /TC ,
where TC is the Curie temperature.
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FMR mode of a (In,Mn)As one can write:
gef f =

MM n − MM n x
1−x
=
,
MM n /gM n − MM n x/gh
1/gM n − x/gh

(3.2)

where gM n , gh are the g-factors of the Mn2+ and hole, accordingly; MM n is the net
magnetization of the Mn2+ ions, x is the fraction of the averaged hole magnetization
in comparison with the Mn2+ Ḋisregarding a possible partial compensation of the hole
concentration by other dopants [41] we take the hole magnetization [52] as MM n · 0.05
and the g-factor of holes as that in (Ga,Mn)As [53, 54] gh = 4 − 7. Then one gets that
gef f = 1.93 − 1.95, showing a good agreement with the measured g-factor. Thus the
decreased eﬀective g-factor is likely due to the antiferromagnetic coupling between
the spins of the free holes and the Mn2+ ions [52].
It is worth underlining that the amplitude of the FMR oscillations is rather large.
One can estimate the magnetization tilt angle ∆α to be as large as 3-4◦ , i.e. comparable with those obtained for (Ga,Mn)As [31] (see Fig. 3.4 (d)). The estimation is
made using ∆α = arctan(A/ΘKerr ), where A is the FMR amplitude extracted from
the time domain ﬁt of the oscillations in Fig. 3.4 (a,b) and ΘKerr is a measure of the
magnetization saturation obtained with the help of the static magneto-optical Kerr
eﬀect (see Fig. 3.2 (b)). Although the amplitude is large, the observation of the
oscillations is substantially hampered by the high damping γ (see Fig. 3 (d)). For
ﬁelds below 15 kG the damping is so large that an eﬀective laser excitation of the
ferromagnetic resonance hardly occurs. The damping itself was found to be 60-240
times larger than that in (Ga,Mn)As [26, 27, 29], estimated in the same manner as
in the present work. We note that most of the measurements of the ultrafast laserinduced dynamics reported for (In,Mn)As so far have been performed in the range of
magnetic ﬁelds where the eﬀective damping is large and, consequently, observation of
the ferromagnetic resonance was barely possible [35, 36].
Before explaining this ﬁeld-dependent damping of the laser-induced spin precession, ﬁrst we identify the mechanisms of the laser excitation of the ferromagnetic
resonance. To this end we performed measurements of the laser-induced dynamics for
diﬀerent polarization states of the pump pulses, shown in Fig. 3.5. One can conclude
from Fig. 3.5 that the laser-induced ferromagnetic resonance observed in experiment
is polarization independent. This points to the fact that a direct impact of light on
the magnetization, similar to that described by the inverse magneto-optical Faraday
[49], Cotton-Mouton [55] or Kerr [56] eﬀects, can be excluded. It should be mentioned
that no FMR precession was observed in the reﬂection geometry, with the magnetic
ﬁeld in the plane of the sample. Figure 3.6 demonstrates the pump induced dynamics of the magnetic signal of the Kerr rotation (∆θ(+H) − ∆θ(−H)) at 10 K, when
the magnetic ﬁeld is directed almost parallel to the sample plane. The probe beam,
besides being sensitive to the out of plane component, in this case, is also sensitive
to a small component in the plane. This means that the dynamics in Fig. 3.6 shows
a demagnetization process. The growth of the demagnetization step with magnetic
ﬁeld increase (Fig. 3.6 (b)) is likely to be associated with the presence of paramagnetic regions in the sample, discussed below. One of the possible mechanisms for the
ultrafast laser excitation of the ferromagnetic resonance is an ultrafast change of the
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Figure 3.4: (a,b) Ultrafast dynamics of the magneto-optical Kerr rotation measured for
diﬀerent magnetic ﬁelds at 10 K and a pump ﬂuence of 90 µJ/cm2 . (c) The frequency of the
oscillations as a function of the magnetic ﬁeld (dots is experimental data, solid line is linear
ﬁt). (d) Magnetization tilt angle as a function of the magnetic ﬁeld (dots) in comparison
with the simulated deviation of the equilibrium orientation of the magnetization upon full
quenching of the magnetic anisotropy (lines). (e) The damping of the oscillations as a
function of the magnetic ﬁeld.

equilibrium orientation of the magnetization. The latter is deﬁned by the minimum
of the free energy [51, 57] W , which for the studied case can be written as:
M ·H
√ (cos(θ) + sin(θ) cos(ϕ − π/4)) − 2πM 2 sin2 (θ)−
2
H2∥ M
H2⊥ M
−
cos2 (θ) −
sin2 (θ) sin2 (ϕ − π/4)−
2
2
H4∥ M
H4⊥ M
−
cos4 (θ) −
(3 + cos(4ϕ) sin(θ)),
4
16

W =−

(3.3)

where M is the magnetization, H is the external magnetic ﬁeld, H2⊥ and H4⊥ represent the ﬁelds of the perpendicular uniaxial and the cubic anisotropy, respectively;
the planar anisotropy is given by a uniaxial term H2∥ and a cubic term H4∥ ; θ, ϕ
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Figure 3.5: Pump polarization dependence of the Kerr polarization rotation of the probe at
a magnetic ﬁeld of 40 kG and a temperature of 10 K. s,p,σ+ refer to the polarization states
of the pump. The curve corresponding to the circular polarization of the pump was vertically shifted. One can see no polarization dependence of the pump induced ferromagnetic
precession.

are the angles which the magnetization forms with the out of plane z axis and the
in plane x axis, correspondingly. The in-plane anisotropy ﬁeld H2∥ reﬂects the fact
that in a zinc blende structure the [110] and [11̄0] directions are not equivalent. To
analyze the possible factors aﬀecting the equilibrium angle we omitted the terms H4⊥ ,
H2∥ and solved the two dimensional problem for the orientation of the magnetization
minimizing the energy W .
It is known that an ultrafast laser excitation of carriers in (In,Mn)As results in
an ultrafast demagnetization of the material [35, 36, 58, 59]. Such a demagnetization
aﬀects the balance between the terms in Eq. 3.3, leading to an ultrafast change of the
equilibrium orientation of the magnetization and consequently to oscillations of the
spins around the new equilibrium axis. Our experiments have indeed demonstrated
such ultrafast demagnetization of (In,Mn)As up to 90%. However, our simulations
allow us to exclude that the spin oscillations are excited due to such an ultrafast
demagnetization. Assuming that the eﬀective ﬁelds of the magnetic anisotropy are
equal to those from Ref. [38], i.e., 2 kG for the uniaxial anisotropy and 1 kG for the
cubic anisotropy, and taking the external magnetic ﬁeld to be as low as 5 kG, we

0

(a)
T=10 K
2
Fluence=0.9 mJ/cm
0.5 kG
1 kG
2 kG

-4

30 kG
-6
70 kG
0

3.5
(b)
3.0
2.5
2.0
1.5
1.0
-10 0 10 20 30 40 50 60 70
250

5 kG
10 kG

Decay time (ps)

Rotation (mdeg)

-2

Amplitude (mdeg)

Laser-induced spin dynamics in a transition metal ferromagnetic semiconductors (In,Mn)As
36
and CdCr2 Se4 in magnetic fields up to 70 kG

5 10 15 20 25 30 35
TimeDelay (ps)

(c)

200
150
100
50
-10 0 10 20 30 40 50 60 70
Magnetic field (kG)

Figure 3.6: (a) Ultrafast dynamics of the magneto-optical Kerr rotation measured at
diﬀerent in-plane magnetic ﬁelds at a temperature of 10 K and a ﬂuence of 900 µJ/cm2 . (b)
Amplitude and (c) relaxation time of the pump induced overshoot step of the signal in panel
(a). Lines are a guides to the eye.

calculated that the equilibrium orientation of the magnetization changes only over
0.5◦ upon 90% demagnetization. It should be stressed that 90% demagnetization was
not reached with a pump ﬂuence of 90 J/cm2 used in the experiments shown in
Fig. 3.4 (a,b). The observed equilibrium angle deviation becomes even less at higher
magnetic ﬁelds.
Another possible scenario of the laser exited ferromagnetic resonance might be an
ultrafast change of the magnetic anisotropy. Within the picture of the hole-mediated
ferromagnetism, magnetic anisotropy is modeled in terms of the spin-orbit coupling
in the valence band: the strength and direction of the anisotropy vary with both
the eﬀective temperature and the number of holes in the valence bands [13, 60, 61].
Hence the excitation of holes by photons with an energy higher than that of the band
gap results in an increase of both their temperature and concentration, which in turn
changes the magnetic anisotropy. Assuming that all the energy of the pump pulse is
absorbed in (In,Mn)As one can estimate that the concentration of the photogenerated
carriers is ∆n ∼ 1019 cm−3 . This, in fact, might lead to considerable changes of the
magnetic anisotropy. Suppose that the laser excitation just quenches the magnetic
anisotropy. Such a quenching changes the direction of the eﬀective ﬁeld and tilts
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the magnetization vector towards the magnetic ﬁeld according to (Eq. 3.3) and thus
triggers a magnetization precession around the new equilibrium. We calculated how
the equilibrium orientation of the magnetization in (In,Mn)As changes upon the sudden and complete quenching of both the cubic and uniaxial magnetic anisotropies in
Eq.3.3. The result is shown in Fig. 3.4 (d) by the bold dot line. Although the used
model is rather simple it gives a good qualitative, and at high ﬁelds even quantitative,
agreement with the experiment.
Finally, we discuss the possible mechanism of the disappearance of an oscillatory
magneto-optical signal in the region of low magnetic ﬁelds (H≤15 kG). The mechanism
is based on the fact that ferromagnetic and paramagnetic regions coexist in the sample
below the Curie temperature, as suggested experimentally by the present magnetooptical studies (see Fig. 3.2 (b,c), Fig. 3.4 (a,b)) and by the SQUID magnetometry
measurements (Fig. 3.1). It is also noteworthy that the demagnetization step depends
on the magnetic ﬁeld similarly to the paramagnetic magnetization (Fig 3.6 (a,b)).
The magnetic phase coexistence was reported previously [1, 3, 43, 62–64]. It is known
that the presence of impurities and inhomogeneities can open up additional channels
for magnon-magnon scattering, because of the lifting of the momentum conservation
restriction for the scattering process, thus leading to an increased eﬀective damping
of the FMR [65]. At low ﬁelds, optically excited magnons with k=0 created in the
ferromagnetic regions are scattered at the boundaries between these two regions,
which results in a damping large enough to suppress the precession motion. When
a strong magnetic ﬁeld is applied, spins in the paramagnetic regions are aligned,
giving rise to the disappearance of the boundaries between the regions, and thus a
reduction in the damping. Indeed, in our experiments, it is seen that the eﬀective
damping decreases up to a magnetic ﬁeld of 15-20 kG and hardly changes upon further
increase. The values of the magnetic ﬁeld at which the damping is saturated are in a
good agreement with the magnetic ﬁeld which aligns the paramagnetic regions in the
material (see Fig. 3.1 and Fig. 3.2 (c)).
According to [65], an increase of the eﬀective damping due to magnetically disordered regions can be described using the following equation:
−1
γpar
∼

Vpar
,
V

(3.4)

where γpar is the eﬀective damping of the magnetic oscillations and Vpar , V are the
volumes of the paramagnetic regions and sample, respectively. With Vpar scaling as
a Brillouin function, this leads to a qualitative agreement with our observations. It
should be mentioned that the three processes of uniform mode scattering, which are
slow-relaxing impurity, rapidly-relaxing impurity and valence exchange [65], can be
excluded in our case since all these processes are characterized by a strong temperature
dependence, which we did not ﬁnd in our experiments.
It is worth noting that even at high magnetic ﬁelds the observed damping of the
spin oscillations still surpasses that reported for (Ga,Mn)As [28]. The reason for such
a large damping can be due to band edge alignment of the present structure, namely a
discontinuity of the band energies at the interface called broken band alignment [66],
imposing electronic potential ﬂuctuations on charge carriers additional to the afore-
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mentioned magnetic inhomogeneities. Additionally, note that the strength of the
spin-orbit interaction is expected to be stronger for (In,Mn)As than for (Ga,Mn)As,
which may contribute to the damping. It is noteworthy that a decrease of the oscillations dephasing time due to the g-factor distribution does not play a role, since one
should assume a dispersion of the Mn2+ ions g-factor as large as 4.

3.5 Laser-induced spin dynamics in the ferromagnetic semiconductor CdCr2 Se4
In this section we brieﬂy discus results on the laser induced spin dynamics in another
stoichiometric ferromagnetic semiconductor CdCr2 Se4 . The chalcogenide chromium
spinel CdCr2 Se4 , is a semiconductor and single-sublattice ferromagnet with a relatively high Curie temperature TC ≈ 130 K [67]. The band gap of this ferromagnetic
semiconductor is ≈1.7 eV at room temperature. The size of the unit cell is 1.07 nm,
having 8 tetrahedrally coordinated Cd2+ ions and 16 octahedrally coordinated Cr3+
ions. Octahedral Cr3+ ions reside on one of the four diagonal [111] axis, which is
three fold axis.
Its magnetic system is formed by trivalent 3d chromium ions Cr3+ , which have
three uncoupled electrons in a t2g orbital with a total spin S=3/2 and orbital momentum L=3, a very small anisotropy and a g-factor equal to 2. The Cr3+ ions can
change their valence by doping or vacancy defects. The selenium vacancies, which
lead to the appearance of Cr2+ ions on the octahedral sites, are predominant among
the CdCr2 Se4 , structure defects. Donor doping increases the number of Cr2+ ions
and acceptor doping results in the formation of Cr4+ ions. The optical and magnetic
properties have been intensively studied [68], yielding a relative good understanding
of this material. The reported rather high photomagnetic eﬀects [69–72] as well as
the good transport properties [73] of CdCr2 Se4 make it attractive for studying the
problem of optical control of magnetism. Here we study a polycrystalline ﬁlm of a
CdCr2 Se4 spinel with a thickness of 200 nm, grown by deposition of Cd, Cr and Se
in vacuum on a borosilicate glass substrate at a temperature of 250 C◦ . Afterward
the sample was annealed at a temperature of 450 C◦ for two hours in vacuum.
Figure 3.7 (a) shows the magnetic ﬁeld dependence of the transient Faraday rotation of the probe polarization at 10 K. The sample was excited by the pump at a
wavelength of 400 nm and a ﬂuence of 300 J/cm2 . The magnetic ﬁeld was applied
at 10◦ away from the plane of the sample to induce an out of plane component of
the magnetization. One can immediately see that the damping of the resonance is
much lower in CdCr2 Se4 that in (In,Mn)As. Figures 3.7 (b,c) show the frequency and
amplitude of the ferromagnetic spin precession, respectively, extracted from the FFT
spectra of the measured dependencies in Fig. 3.7 (a). One sees that the FMR frequency linearly depends on the applied magnetic ﬁeld with a g-factor 2, conﬁrming a
low anisotropy ﬁeld reported in literature [74]. To corroborate the statement that the
observed oscillations are due to laser induced FMR, we measured the temperature dependence of the pump induced polarization rotation at a magnetic ﬁeld of 10 kG. The
temperature dependence of the signal is shown in Fig. 3.8. One descries a decrease
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Figure 3.7: Laser induced ferromagnetic spin precession in a CdCr2 Se4 film.
(a) Magnetic ﬁeld dependence of the pump induced probe polarization rotation at 10 K.
Magnetic ﬁeld was directed 10◦ away from the in-plane orientation. Pump was set at the
wavelength 400 nm and had a ﬂuence of 300 µJ/cm2 . (b,c) Frequency and amplitude of the
laser induced ferromagnetic precession, respectively, extracted from FFT spectra.

of the amplitude of the oscillations with increasing temperature up to TC =130 K.
One should notice that the Faraday rotation signal also show a step, forming within
the ﬁrst 10 ps, which is found to negligibly decrease with temperature increase. This
indicates that the step signal is not solely due to ultrafast demagnetization but rather
dominated by electronic population changes. It was previously reported that the ultrafast demagnetization of CdCr2 Se4 is roughly 20% at 300 J/cm2 [75]. We found
that this ﬁgure matches reasonably well with the 10% estimated from our measurements. It is striking that the FFT amplitude of the FMR weakly depends on the
magnetic ﬁeld (see Fig. 3.7).
To compare the damping of both ferromagnetic semiconductors quantitatively, we
ﬁt the eﬀective damping with the following formula: γ = γ0 + a/H β . We found the
exponent β to be 1.7 and 0.7 for (In,Mn)As and CdCr2 Se4 , respectively. This clearly
supports stronger damping in the former, as stated. Thus, one sees that the homogeneous magnetization precession dissipates less energy in the case of CdCr2 Se4 , which
is more suitable for the optical excitation of ferromagnetic resonance. The reason why
this occurs probably resides in the intrinsic properties of the this semiconductor such
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Figure 3.8: Temperature dependence of FMR precession in a CdCr2 Se4 film (a)
Pump induced Faraday rotation traces for a set of temperatures at a magnetic ﬁeld of 10 kG.
(b,c) Frequency and amplitude from the FFT spectra of the FMR precession as a function
of the bath temperature.

as a small spin-orbit coupling and more homogeneity of sample. The mechanism of
the pump induced FMR precession in the case of the CdCr2 Se4 spinel with a pump
wavelength at 400 nm, is likely due to a quenching of the magnetic anisotropy, as
in the case of (In,Mn)As. Such interpretation is underpinned by the independence
of the FMR signal on pump polarization. We measured the pump polarization dependence of the pump induced Faraday rotation signal at a ﬁeld of 10 kG and a
temperature of 10 K. We discovered that the phase of the FMR precession depends
on the polarization of the pump as soon as its wavelength is tuned to the 3p − 3d
transition, which corresponds to an excitation of the Cr3+ ion inside the band gap.
One sees in Figure 3.9 that when the pump wavelength is at 1 m the pump induced
FMR precession becomes dependent on the pump helicity. In particular, the phase
of the oscillations depends on the pump helicity. However if the wavelength is tuned
to 400 nm, which corresponds to pumping deep into the band gap, no dependence
of the FMR on circular polarization of the pump was found. It was previously reported [69, 71, 76] that the photomagnetic eﬀect in chromium spinels is revealed only
in a narrow spectral range. The occurrence of the pump helicity dependent signal
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Figure 3.9: Laser induced FMR precession as a function of the pump polarization
for a CdCr2 Se4 film. Sum and diﬀerence of the signals triggered by the pump with the
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implies that the FMR precession is not only induced by a thermal ultrafast quench of
the magnetic anisotropy but also presumably via an optical orientation of the spins.
Indeed numerous spectroscopic studies showed that inside the band-gap with energy
1.7-1.8 eV [77–80] there are transitions into the 3d-band of Cr3+ ion from the valence
band. Further experiments to elucidate this interesting results are required.

3.6 Conclusions
To conclude, we performed systematic studies of the laser-induced magnetization dynamics in (In,Mn)As at temperatures down to 1.6 K and in magnetic ﬁelds up to
70 kG. Laser induced ferromagnetic spin precession was observed and it was found
that the eﬀective damping of the magnetic oscillations in (In,Mn)As is much larger
than that in (Ga,Mn)As. A strong magnetic ﬁeld dependence of the eﬀective damping
was discovered, which is attributed to the compositional randomness resulting from
the presence of paramagnetic regions even below the Curie temperature. The latter
hampers the ultrafast laser excitation of the ferromagnetic resonance in this ferromagnetic semiconductor and can explain the observed magnetic ﬁeld dependence of
the eﬀective damping. We found that the ferromagnetic semiconductor CdCr2 Se4
belonging to the class of spinel magnetic semiconductors is more promising for optical control of magnetism. The conclusion is based on the results from the present
magneto-optical measurements, showing a much smaller damping of the homogeneous
ferromagnetic resonance precession in comparison with (In,Mn)As. Fundamentally,
this fact allows for reliable experimental attempts to control the magnetization by
light. For instance, one can establish the role of the charge carriers coupled by the
exchange interaction with local spins. Recent advancement in sample growth showed
that spinels can be epitaxially grown on Si [81]. Particularly, CdCr2 Se4 can be grown
on GaAs [82], enhancing its potential practical applicability.
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Chapter

4

All-optical manipulation and probing
of the d-f exchange interaction in
EuTe1
Understanding spin dynamics in magnetic materials is a cornerstone for high-speed
spintronics and magnetic recording [1]. Femtosecond laser excitation has been shown
to trigger a novel type of magnetisation dynamics during which not only spins [2, 3],
but also the energies of the spin-orbit [4, 5] and the exchange interactions [6–10]
become time-dependent quantities. Although monitoring of the spin-orbit interaction
is possible using X-ray techniques [11], femtosecond optical probing of the dynamics
of the exchange interaction has been an experimental challenge. Here, we suggest an
experimental approach to probe the ultrafast dynamics of the exchange interaction
by optical means, employing the isotropic magneto-refractive eﬀect. Performing time
resolved measurements of this eﬀect in antiferromagnetic EuTe we succeeded to reveal
the dynamics of the d − f exchange interaction induced by a femtosecond laser pulse.
In particular, we demonstrate that the ultrafast fast dynamics of the d − f exchange
interaction, between conduction band electrons and lattice spins in EuTe, can be
accessed by using an all-optical technique. Our results reveal the time evolution of
the d − f exchange interaction induced by a femtosecond laser pulse. Speciﬁcally, by
monitoring the time resolved dynamics of the reﬂectivity changes and Kerr rotation of
a weak light pulse reﬂected from the surface of the sample, it is shown that an intense
femtosecond light pulse with photon energies higher than that of the bandgap, triggers
spin waves in EuTe. The laser-induced spin waves modulate the d − f exchange
interaction, and cause the bandgap to oscillate with an amplitude reaching 1 meV,
at frequencies up to tens of GHz. The ability to control and monitor the dynamics
1 In part adapted from: R. R. Subkhangulov, A. B. Henriques, P. H. O. Rappl, E. Abramof, Th.
Rasing and A. V. Kimel, Scientific Reports 4, 4368 (2014)
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of the exchange energy with our all-optical technique opens up new opportunities for
the manipulation of magnetism at ultrafast time-scales. Additionally we show the
role of the d-electrons in laser induced spin dynamics in EuTe.

4.1 Magnetic and optical properties of antiferromagnetic semiconductor EuTe

µ

We studied EuTe single crystals with thicknesses of 1 and 4 m grown by molecularbeam epitaxy on a (111)-oriented BaF2 substrate. The EuTe layer was capped with
a 40-nm-thick BaF2 protective layer and the high sample quality was conﬁrmed by
x-ray analysis [13] and previous spectroscopic measurements [14–16].
The magnetic properties of EuTe are governed by the spins of Eu2+ ions forming
8
S7/2 multiplet with zero orbital momentum. The Eu2+ ions an antiferromagnetically
coupled by the superexchange interaction via Te2+ [12, 17, 18]. EuTe has a type-II,
MnO, antiferromagnetic structure below the Neel temperature TN = 9.6 K and a
rock salt crystal structure[19], which is shown in Fig. 4.1 (a). The spins of Eu2+ are
parallel within the {111} f cc crystallographic planes and the adjacent planes have
alternating spin orientation. The four equivalent {111} planes form the so-called Tdomains. Additional weak in-plane anisotropy favors spin alignment in any of the
three equivalent [112̄] azimuths, forming the S-domains [19, 20]. The corresponding
eﬀective out-of-plane and in-plane anisotropy ﬁelds are equal to HA ≈ 8 kG [21] and
Ha ≈ 10 G, accordingly[20, 22, 23].
An external magnetic ﬁeld H of about HSF ≈ 1 kG causes a spin-ﬂop phase transition [20], i.e. creating a state with the orientation of the antiferromagnetic vector
L = M1 − M2 , with M, M2 being magnetization vectors of sublattices, orthogonal
to the external magnetic ﬁeld. Increasing the magnetic ﬁeld further (with the magnetic ﬁeld vector H in the (111) plane) causes a canting of the antiferromagnetically
coupled spins, followed by the complete parallel spin alignment at the magnetic ﬁeld
HC ≈72.2 kG [19], called the spin-ﬂip transition. It should be mentioned that the
saturation magnetization[19] of EuTe is rather substantial and equal to 4πMs =11 kG.
Thus one has to keep in mind that if the external magnetic ﬁeld H is applied out of
the plane then the critical ﬁeld HC is increased by the amount of the demagnetizing
ﬁeld [21].
The optical properties of the compound are dominated by the electric-dipole transitions from a strongly localized 4f 7 state of the Eu2+ ion, to a relatively narrow
5d(t2g ) conduction band [12, 24]. The electric-dipole transitions 4f 7 → 4f 6 5d dominates absorption of light in the compound with an absorption coeﬃcient equal to
α ∼104 cm−1 . This transition forms the band gap of EuTe, which is Eg =2.2-2.3 eV.
[15] The crystal ﬁeld splits the 5d states in two 5d(t2g ) and 5d(eg ), with the 5d(t2g )
being the lowest one (see Fig. 4.1 (b)). It is worth mentioning that in EuTe the value
of the d − f exchange interaction Ed−f =130 meV exceeds the value of the f − f
exchange interaction Ef −f =1 meV. Such a strong d − f exchange interaction, being
a unique feature of europium halcogenides, should lead to a considerable inﬂuence of
the photo excited d-electrons on the local magnetic Eu2+ ion spins.

4.1 Antiferromagnetic semiconductor EuTe
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Figure 4.1: Crystal structure and band gap structure of EuTe (a) Crystal structure
of EuTe. Arrows indicate the direction [112̄] of the spins of Eu2+ ion in the (111) plane. (b)
Band gap structure [12] of EuTe without magnetic ﬁeld. The valence and conduction bands
are formed by 4f and 5d states of Eu2+ , respectively. Blue and red arrows represent the
photon energies of the pump and probe beams, respectively.
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4.2 d − f exchange interaction in EuTe
As show in Fig. 4.2 (a), an electron in the 4f 6 5d(t2g ) conduction band is characterized
by a strong ferromagnetic d − f exchange interaction [17, 18, 25] with the Eu2+ ions.
The ferromagnetic d − f interaction competes with the antiferromagnetic superexchange so that a photo-excitation of electrons from the 4f 7 state into the 5d(t2g )
band modiﬁes the eﬀective exchange interaction in EuTe, exerting a torque on the
sublattice magnetizations (Fig. 4.2 (a)). The d − f exchange energy operator [12] is
given by:
∑
Jdf (r − Rα ) Sα · σ(r)
(4.1)
Hdf = −
α

where r and Rα are the radius vectors of the d-electron and the αth-ion, respectively;
σ(r) is the spin operator for the electron, Sα is the spin of Eu2+ ; J(r − Rα ) are
exchange functions. It was shown in the mean ﬁeld approximation [12, 26] that Hdf
leads to an indirect ferromagnetic exchange interaction of the two magnetic sublattices
mediated by the d-electrons:
∑
Hdf =
Jdf (Rαβ )Sα Sβ .
(4.2)
αβ

Finally one derives the space averaged energy of d − f exchange interaction, assuming that the d-electron spin is aligned symmetrically in respect with each magnetic
sublattice, and energy of the band gap as function of canting angle[12, 14, 26]:
EG (H, T ) = EG (0) − Jdf S cos2 θ/2,

(4.3)

where Jdf = 36 meV is the d − f exchange energy, S=7/2, θ is the canting angle
between the spins of the two antiferromagnetically coupled sublattices (Fig. 4.2 (a))
and EG (0) is the electronic band gap energy. Hence the energy of the band gap
depends on the canting angle θ, the equilibrium value of which is varied continuously
with applied magnetic ﬁeld, from θ = π (at H=1 kG, when the band gap is maximum)
to θ = 0 (at H > HC (45◦ ) ≈ 80 kG, when the band gap saturates at a minimum
value) [27, 28] (Fig. 4.2 (b)). The dependence of the band gap energy in EuTe was
conﬁrmed by numerous experimental data [12, 25]. Moreover, it was shown that upon
introducing Gd3+ ions and making a special heterostructure the overall compound
can become ferromagnetic [29].
Consequently, an optical excitation of EuTe across the band gap may trigger
dynamics of the ion spins by means of a sudden torque on the lattice spins, produced
by the change in the d − f exchange interaction. The optically triggered dynamics of
the lattice spins will modulate the bandgap through the d − f exchange interaction,
which can be monitored through the isotropic magneto-refractive eﬀect.

4.2 d − f exchange interaction in EuTe
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Figure 4.2: Schematic representation of the interplay between optical and magnetic properties in EuTe. (a) Excitation of an electron from the half-ﬁlled 4f to the
5d(t2g ) band of Eu2+ induces the d − f exchange interaction, which competes with the f − f
exchange interaction between the Eu2+ spins (S = 7/2), and causes a canting of the latter;
(b) The magnetic ﬁeld-induced changes of the canting angle between the sublattices magnetization vectors from θ = π at H=0 kG to θ = 0 at H > HC (in the experiment with the
magnetic ﬁeld vector at 45◦ to the sample plane, HC (45◦ )=80 kG). A canting of the Eu2+
spins reduces the d − f exchange energy and decreases the band-gap.
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4.3 Phenomenological description of probing and control of exchange interaction with light
Here we show how light with a photon energy tuned to the a electric dipole transition may lead to the generation of magnons in antiferromagnet. This means that a
laser electric ﬁeld at an optical frequency generates magnetic dipoles in the ground
multiplet relying on Raman selection rules. It was shown already that, by means
of ultrafast laser pulses in the non dissipative regime, one can trigger magnons via
impulsive stimulated Raman scattering described in the Introduction section. These
are manifestation of the inverse Faraday and inverse Cotton-Mouton eﬀects [30, 31].
To begin with, we write the dielectric susceptibility for the antiferromagnet which can
be expressed in the following form [23, 32]:
∆ϵij (M, L) = ifijk Mk + gijkn Mk Mn + hijkn Lk Ln + δij M 2 ,

(4.4)

where the ﬁrst term describes the Faraday eﬀect and magnetic circular dichroism, the
second and the third terms describe the magnetic linear birefringence and dichroism
(Cotton-Mouton eﬀect) and the fourth term represents the isotropic magnetic refraction (IMR) eﬀect [23, 33, 34], with δij is a constant multiplied by the identity matrix.
The ﬁrst two terms were extensively discussed in the literature [35] and give rise to the
mentioned inverse magneto-optical eﬀects. The last term leads to a quadratic dependence of the refractive index on the sample magnetization and will be discussed below.
The microscopic cause of this term is the exchange interaction between the spins of
the localized electrons in the 4f state with the spin of the photoexcited electron in the
5d band in europium chalcogenides. The connection between the light and the spin
system via the exchange interaction of the excited electron with the neighboring ions
was shown to induced two-magnon scattering of light in an antiferromagnet [32, 36].
However, as was shown by Demokritov et al. [23] in antiferromagnetic systems with
considerable canting between the magnetic sublattices one magnon scattering is also
eﬀective.
To link the IMR eﬀect with magnon generation, we consider a very simpliﬁed
model of two ions with spins Sα and Sβ , having each just two orbital states. Every
orbital has twofold spin degeneracy. Let ϕα0 , ϕβ0 to be the ground states of the
α, β ions and ϕαµ , ϕβν to be their excited states. It is assumed that the ground
state exchange interaction is smaller than that of excited and ground state orbital.
The matrix element of the light-spin interaction via the electric-dipole transition, in
third order of perturbation theory with the Hamiltonian of the interaction as Hint =
−e(E1 + E2 )(r1 + r2 ) + e2 /|r1 − r2 | was shown [23] to be written as:



r1 ↔ r2 
∑  ⟨ϕα0 |eEj r1 |ϕαµ ⟩ Jµ0 ⟨ϕαµ |eEi r1 |ϕα0 ⟩
Mαβ =
+  α ↔ β  Sα Sβ , (4.5)


(Eµ − ~ω1 )(Eµ − ~Ω − ~ω2 )
µν
µ↔ν
where ϕα0 , ϕβ0 and ϕαµ , ϕβν are the ground and excited states of the ions (α and
β), respectively. ~Ω is a magnon energy and ω1 , ω2 are the optical frequency of the
light electric waves E1 and E2 , accordingly. The second term in brackets represents

4.4 Experimental technique
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other terms contributing to the process, which can be obtained by changing variables
and indices by those indicated in the brackets. Jµ0 is the exchange integral between
the electrons in excited state µ of ion α and the total spin of the ground state of the
neighboring ion β is written as:
Jµ0 = ⟨ϕαµ (r2 )ϕβ0 (r1 )|e2 /|r1 − r2 |ϕαµ (r1 )ϕβ0 (r2 )⟩ .

(4.6)

It should be mentioned that the quantization axis of the excited state coincides with
that of the ground state. Equation 4.5 can be rewritten by summation of the matrix
element Mαβ over all pairs of ions in a simple looking way:
∑
A(Ei Ej )(Sα Sβ ),
(4.7)
H=
αβ

where A depends on the exchange constant:
(
)}
∑{
α↔β
A≈
e2 (Eµ − ~ω)−2 | ⟨ϕαµ |r|ϕα0 ⟩ |2 Jµ0 +
µ↔ν

(4.8)

µν

From Eq.4.7 one can see that light can have a direct eﬀect on the Heisenberg exchange
interaction in this relatively simple model. It can be shown that this term, assuming
a considerable canting angle of antiferromagnetic spins, leads to both one- and two
magnon interaction. Thereby, photo excitation of electrons across the electric dipole
transition leads to excitation of magnons. Phenomenologically, it can be shown that
the contribution to the dielectric permittivity arising from the term 4.7 is written as:
εij =

∑
∂2H
=
α
Jαβ Sα · Sβ ,
ij
∂Ei ∂Ej∗

(4.9)

α,β

where Ei and Ej∗ are the i - and complex conjugated j-components of the electric
ﬁeld of light, Sα and Sβ are the spins of the α-th and β-th ions, Jαβ are exchange
constants and αij is a phenomenological parameter. Equation 4.9 is the isotropic
magneto-refractive eﬀect [23, 34, 37] i.e., a dependence of the refractive index on the
magnetization of the medium. The calculation described above demonstrates only the
in principle feasibility of light scattering with emission or absorption of one magnon in
the pure exchange approximation. In real compounds, the scattering picture is much
more complicated. Several levels can participate in the electrodipole transitions or
can be split by spin-orbit interaction.
Equation 4.9 shows that by measuring the time-dependent changes of the magnetorefractive eﬀect one can monitor the d−f exchange interaction, hence it can be used as
a tool to access experimentally the dynamics of the exchange interaction in materials
such as EuTe where the IMR is pronounced.

4.4 Experimental technique
The magneto-optical experiments were performed in the range of temperatures 1.530 K in a gaseous helium atmosphere and magnetic ﬁelds of 0-70 kG. The sample was
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Figure 4.3: Geometry of the experiment. Large gray arrows M,L are equilibrium
orientation of the magnetic and antiferromagnetic vectors of EuTe, respectively. Colored
arrows showed instantaneous excited orientations of the M,L vectors. The circles at the tips
of the vectors represent dynamics trajectories of the vectors after the laser excitation (see
explanation below). θH is the angle between the magnetic ﬁeld vector and the x axis.

mounted inside a superconducting split coils magnet cryostat in a strain-free fashion.
Two magnetic ﬁeld geometries were studied: the magnetic ﬁeld axis was at θH =0◦
and 45◦ degree angle to the sample (111) plane (see Fig. 4.3). We employed timeresolved pump-and-probe techniques using a Ti:sapphire laser with a 1 kHz repetition
rate. The EuTe was excited with an intense 300±50 fs laser (pump) pulse, and we
probed with another, much less intense, 60±5 fs laser pulse. Pump ﬂuence (I) did not
exceed F=200 J/cm2 . By varying the delay between the pump and probe pulses, we
were able to study the evolution of the optically induced reﬂectivity and polarization
changes with sub-picosecond temporal resolution. The central photon energy of the
probe pulse was chosen at hνprobe =1.55 eV, while that for the pump was set to
hνpump =3.1 eV. Photon energies of the probe and pump pulses with respect to the
band gap of EuTe are shown in Fig. 4.1(b). Absorption of the light at hνpump was
reported [24] to be as large as 105 cm−1 , while at hνprobe it is [15] as large as 103 cm−1 .
In the geometry θH =45◦ , the incidence angle of the pump beam was 45◦ to the sample
normal, while that of the probe beam was 55◦ . In the geometry θH =0◦ the pump
was at normal incidence, while for the probe the incidence angle was about 5◦ away
from the normal. The geometry of the experiment is shown in Fig. 4.3. In one set of
the measurements the rotation of the polarization plane and the reﬂectivity changes
of the probe beam were measured by means of measuring the diﬀerence and sum
channel signals of the balanced photo-detector, respectively. Signals were detected
with lockin ampliﬁers, using the repetition rate of the pump pulses as the reference
frequency and calibrated by the measured DC signal from the balanced detector.
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4.5 Experimental results in the oblique geometry of the external
magnetic field
To characterize the magneto-optical properties of EuTe, we measured the polarization
rotation and intensity of the probe beam 800 nm reﬂected from the sample as a
function of an applied magnetic ﬁeld (Fig. 4.4 (a,b)). The magnetic ﬁeld vector and
the probe beam incidence were at an angle of 45◦ to the (111) EuTe crystal plane.
The probe beam was s-polarized. The reﬂected intensity of the beam at 800 nm was
found to depend quadratically on the applied magnetic ﬁeld and changes on 15% by
increasing the ﬁeld from 0 to 60 kG (see Fig. 4.4(b)). This change is in a very good
agreement with the explained isotropic magneto refraction (IMR) eﬀect. To estimate
the changes in the refractive index associated with the IMR eﬀect, one should take
into account that there are reﬂections from the ﬁrst (He/EuTe) and second boundary
(EuTe/BaF2 ) of the sample, since the light at a wavelength of 800 nm has a very low
absorption coeﬃcient. By taking this into account and taking the refractive index at
800 nm to be 2.5 we calculated the Fresnel formulas using the real part of the refractive
index for the transmission and reﬂection of the light. The ﬁnal reﬂection was a
multiplication of three factors transmission through the He/EuTe boundary, reﬂection
from the EuTe/BaF2 boundary and transmission through the EuTe/He boundary.
The change of the refractive index, corresponding to a 15% change in the reﬂected
intensity of the s-polarized probe, is equal to ∆nIM R =0.06, which is comparable with
the previously reported estimate equal to ∆nIM R =0.05 [23]. Figure 4.4 (a) shows
how the angle of the light polarization rotation depends on the magnetic ﬁeld for two
temperatures of 1.8 K and 8 K. It is seen that the polarization rotation nonlinearly
depends on the magnetic ﬁeld, which correlates with the quadratic dependence of
the Faraday rotation on magnetic ﬁeld observed previously [15]. A pure parabolic
dependence was found in the reﬂection geometry for θH =0◦ .
In order to investigate the laser-induced band-gap dynamics in EuTe, we measured
the laser induced reﬂectivity changes using an optical time-resolved pump probe technique. The central photon energy of the 300 fs pump pulse was set to 3.1 eV and
the ﬂuence was set to F ∼ 50 µJ/cm2 . The pump promotes electrons from the 4f 7
band far into the conduction band formed by 5d and 6s states [12] with an estimated
concentration of ∼ 1017 − 1018 cm−3 (see Fig. 4.1 (b)). According to previous measurements, it takes approximately 1-2 ns for these electrons to radiatively recombine
back into the 4f 7 state [28, 38]. The central photon energy of the 60 fs probe pulse
was chosen at 1.55 eV where the reﬂectivity is predominantly deﬁned by the electrodipole transition between the 4f 7 and 4f 6 5d(t2g ) states. It can be shown that if the
energy of the probe photons is lower than the band gap energy, the dynamics of the
reﬂectivity is dominated by the band gap dynamics (see appendix A). Meanwhile, the
band gap dynamics is associated with the d − f exchange energy dynamics
It is seen from Fig. 4.4(c) that at low magnetic ﬁelds optical excitation of EuTe
leads to a rapid change (within 1-5 ps) of the reﬂectivity signal followed by a slow decay
on a time-scale of a few 100 ps. It should be noted that both the time scales strongly
depend on the applied magnetic ﬁeld. To stress this fact we extracted the time
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Figure 4.4: Laser-induced dynamics of reflectivity changes and polarization rotation in EuTe (a) Polarization rotation of the reﬂected light at the wavelength λ=800 nm as
a function of the applied magnetic ﬁeld with θH =45◦ measured at two temperatures 1.7 K
and 8 K. (b) Reﬂectivity change in the applied magnetic ﬁeld with θH =45◦ measured at
8 K. Arrows demonstrate alignment of the two antiferromagnetic sublattices in the external
magnetic ﬁeld. (c) Temporal proﬁles of the reﬂectivity changes in the sample triggered by
a 300 fs pump pulse with a ﬂuence of F ∼ 50 µJ/cm2 at the temperature T=1.8 K for
the range of magnetic ﬁelds 1-70 kG. (d) Temporal proﬁles of probe polarization rotation
measured at the same conditions as the reﬂectivity data. The measurements were carried
out for a single polarity of the magnetic ﬁeld. The probe pulse has linear polarization.
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Figure 4.5: Magnetic field dependence of the characteristic times in the reflectivity changes in the oblique geometry (a) Time constant of the abrupt change of
reﬂectivity triggered by the pump pulse as a function of magnetic ﬁeld. (b) Time constant
of the recovery of reﬂectivity signal as function of the magnetic ﬁeld. Inset speciﬁes the part
of the signal associated with the time constant. Experiments were performed at T=1.8 K
with a pump ﬂuence F ∼ 50 µJ/cm2 .

constants of the abrupt changes (overshooting) and recovery parts of the reﬂectivity
∆R/R by performing a double exponential ﬁt (as it was performed in the previous
chapter) and plot the values of both time scales as a function of magnetic ﬁeld in
Fig. 4.5. As one can see the overshooting time constant linearly depends on the
applied magnetic ﬁeld, while the recovery time constant quadratically depends on
the ﬁeld. The fast time scale may originate from a polaron formation associated
with the d − f exchange interaction, expected to be present in EuTe [38–42]. The
origin of the ﬁeld dependent time scale remained unclear. To further investigate this
problem more experimental work should be done. Apart from the ﬁeld dependent
time scales in magnetic ﬁelds above 30 kG, pronounced oscillations are clearly resolved
in the ∆R/R signal. The oscillations and the step-like signal of the photo-induced
reﬂectivity changes vanish, when the magnetic ﬁeld approaches 70 kG. This value of
the magnetic ﬁeld is close to that of the critical ﬁeld HC =80 kG, when all the magnetic
moments of Eu2+ are aligned along the ﬁeld. Upon such alignment the d-electrons
can no longer exert a torque on the magnetic ion moments and thus signal triggered
by the d-electrons should vanish. Hence, the strong dependence of the reﬂectivity
changes on magnetic ﬁeld implies that the observed signal is due to the dynamics of
the energy of the d − f exchange interaction (see Eq.4.3). In order to conﬁrm this
hypothesis, we focus our discussion on the origin of the oscillations in the reﬂectivity
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Figure 4.6: Modes of antiferromagnetic EuTe triggered by fs laser pulses for the
oblique geometry (a) FFT spectra of the reﬂectivity signal in Fig. 4.4 (c). (b) FFT spectra
of the polarization rotation signal of Fig. 4.4 (d). (c) Frequencies of quasi-antiferromagnetic
(q-AFMR) and quasi-ferromagnetic (q-FMR) modes in the geometry of the magnetic ﬁeld
θH =45◦ . Dots represent the frequencies extracted from the experimental data. Hexagons
show frequencies extracted from the reﬂectivity data. Lines show the ﬁts deduced from the
solution of the Landau-Lifshitz equation (see in text). The amplitudes of the oscillations
in both the polarization rotation and reﬂectivity changes are analyzed Apendix B. Shaded
regions show the range of magnetic ﬁelds where the two modes are mixed.

4.6 Experimental results for in-plane magnetic field geometry
signal. In order to track their origin we also performed time-resolved measurements
of the polarization rotation of the probe pulse upon reﬂection from EuTe (Fig. 4.4
(d)). Note that in the geometry of the experiment (magnetic ﬁeld vector at 45◦ to
the sample plane) shown in Fig. 4.3, the measured signal of the polarization rotation
is proportional to a linear combination of the in-plane and out-of-plane components
of the net magnetic moment.
By performing a fast Fourier transform (FFT) of the laser-induced reﬂectivity
and polarization rotation one can trace changes in the observed frequencies of the
oscillations with magnetic ﬁeld. The corresponding FFT spectra are shown in Fig. 4.6
(a) and Fig. 4.6 (b), respectively. In order to achieve a good frequency resolution,
prior to perform the FFT, we subtract from all signals the exponential relaxation
contributions in the same manner as it is described in the previous chapter. It is
seen that, in general, the spectra contain two frequencies. The frequencies deduced
from the spectra are plotted in Fig. 4.6 (c) as a function of applied magnetic ﬁeld for
θH =45◦ magnetic ﬁeld geometry.

4.6 Experimental results for in-plane magnetic field geometry
To clarify and establish the overall picture of the modes in EuTe we measured the
pump induced probe reﬂectivity changes and polarization rotation as function of the
applied magnetic ﬁeld, using the in-plane geometry θH =0◦ , (Fig. 4.7(a,b)) at a temperature of 1.7 K and a pump ﬂuence of F=0.2 mJ/cm2 . One can notice that the
oscillations, which depends on magnetic ﬁeld, are present in the reﬂectivity changes
signal for this ﬁeld geometry as well. The frequency and amplitude of the oscillations
in the polarization rotation change noticeably with increasing ﬁeld. The oscillations
only exist in the range of applied magnetic ﬁelds above 2 kG and below 70 kG. Moreover, it is very striking that in the range of magnetic ﬁelds of 20-30 kG the polarization
rotation signal undergoes a tremendous enhancement.
To proceed with the analysis, we ﬁrst extract the modes frequencies by taking
the fast Fourier transform from the initial signals. Figure 4.8 (b) (spheres) depicts
the frequencies of the two magnetic modes extracted by means of the FFT of the
signal in Fig. 4.7(a). We also include the frequencies of the oscillations retrieved from
the reﬂectivity changes signal (see pentagons in Fig. 4.7(b)) as it was done in the
preceding section. It is very clear from Fig. 4.8 (a) that the frequencies found in the
reﬂectivity signal matches perfectly with only one mode observed in the polarization
rotation.
We found that the times of the overshooting in both the reﬂectivity and polarization rotation at the in-plane geometry of the magnetic ﬁeld are shorter than in
the θH =45◦ geometry. Figure 4.9 (a) demonstrates the overshooting time in both
the reﬂectivity and polarization rotation as a function of magnetic ﬁeld. One sees
that the overshooting time in the reﬂectivity signal increases from 1 to 1.6 ps with
increasing magnetic ﬁeld, which diﬀers from the behavior found for the oblique geometry of the magnetic ﬁeld (see Fig. 4.5 (a)). We found that the relaxation time in
the reﬂectivity signal for the in-plane geometry depends similarly on magnetic ﬁeld
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Figure 4.7: Modes of EuTe triggered by fs laser pulses for the in-plane geometry
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(a) Frequencies of the AFMR modes extracted from the FFT spectra of the experimental
signal (spheres) and their ﬁt obtained from the eigen frequencies of the Landau-Lifshitz
equation for the easy plane antiferromagnet with the energy potential as in Eq. 4.12 (lines).
Frequencies extracted from the pump induced reﬂectivity changes of the probe represented
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Figure 4.9: Magnetic field dependence of time scales in the laser induced dynamics in the in-plane geometry. Panel (a) demonstrates the overshooting times; panel
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The temperature of the sample was 1.7 K.

as in the oblique geometry shown in Fig. 4.5 (b) but this relaxation time increases
from 60 ps to only 160 ps. The diﬀerence between the times in the two geometries
can be due to the diﬀerence of the measured magnetization components. In the case
of the oblique geometry, the out-of-plane component of the magnetization likely dominates the magneto-optical response of the probe. Figure 4.9 (b) demonstrates that
the amplitudes of the overshooting in both the polarization rotation and reﬂectivity
are sensitive to the mode crossing.
To analyze the region of magnetic ﬁelds where the modes cross we extracted from
the FFT and from the ﬁt in time domain the amplitudes and the Q-factors of the
modes, accordingly, and plotted them as a function of magnetic ﬁeld in Fig. 4.9 (b,c).
The Q-factor represents the number of oscillation periods within the decay time of
the oscillations and is deﬁned as Q = τ f , where τ is the exponential life time of
the oscillations and f is the frequency of the oscillations, respectively. One clearly
sees an enhancement of both in the range of magnetic ﬁelds 20-30 kG. Figure 4.9 (b)
demonstrates that the amplitudes of the overshooting in both polarization rotation
and reﬂectivity are sensitive to the mode crossing. The enhancement of the modes will
be described and analyzed in the corresponding section after establishing the origin
of the modes.
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4.7 Properties of laser induced AFMR
In this section we analyze the properties of the magnetic precession shown in Fig. 4.7
(b). It is apparent that the geometry with the applied magnetic ﬁeld in the plane of
the sample is pure in the sense that the magnetic modes are not mixed. Thus the
analysis of the symmetry properties of the signal will be done in this geometry.
Figures 4.10(a-c) show the pump induced oscillations of the probe polarization
rotation for diﬀerent experimental conditions for the 4 m thick sample. It is to
be noted that the oscillations were only observed at temperatures below TN =9.8 K,
conﬁrming their antiferromagnetic origin (see Appendix A). One sees that the Q-factor
of these oscillations is extremely high. One can see in Fig. 4.10 (a) that the phase of the
dynamics does not depend on the helicity of circular polarization (neither on the linear
polarization) of the pump, in accordance with the proposed excitation mechanism
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[23, 43, 44]. Note that impulsive stimulated Raman scattering [30, 31, 45, 46] is
typically characterized by a strong dependence on the pump polarization as well
as being usually more eﬀective in the spectral range characterized by small light
absorption [47]. Hence this mechanism is hardly applicable in the present case.
It was found that a phase inversion of the oscillations by ≈180◦ occurs with rotating the probe linear polarization by 90◦ from perpendicular to parallel with respect
to the magnetic ﬁeld. Figure 4.10 (b) demonstrates this fact at a magnetic ﬁeld of
25 kG. We analyzed also the probe polarization dependence at 40 kG for the polarization rotation (Fig. 4.11 (a,b)) and reﬂectivity changes (Fig. 4.11 (c)). In particular,
Fig. 4.11 (a,b) shows that the polarization rotation signal strongly depends on the
probe linear polarization, whereas the reﬂectivity changes do not depend on the probe
polarization. Such a dependence implies that the symmetrical part of the dielectric
susceptibility tensor was predominantly probed in the experiment [31]. To explain the
probe polarization dependence, one can write the symmetrical part of the dielectric
permittivity tensor [21] with respect to the magnetic vectors M, H, L which reads as:
ϵij (M, L) = βijpq Lp Lq + +γijpq Mp Mq + δijpq Hp Mq ,

(4.10)

In this expression the ﬁrst term is the contribution from the antiferromagnetic
vector, the second is the contribution from the magnetizations, the third is the mixed
contribution of the magnetization and the magnetic ﬁeld. From Fig. 4.10(e) it is seen
that the pump induced oscillatory signal changes phase on ≈180◦ upon switching the
polarity of the magnetic ﬁeld from +20 kG to -20 kG. Such an inversion corroborates
the fact that the oscillations are of magnetic origin. Furthermore, the pump induced
magnetic signal is given by a variation of the light-matter interaction energy with
respect to the magnetic vectors M, L and reads as
∂(ϵij (M, L)Ei Ej∗ )
∂W
=
= (γijp Mp + δijp Hp )Ei Ej∗
∂M
∂M
∂(ϵij (M, L)Ei Ej∗ )
∂W
=
= (βijp Lp ))Ei Ej∗
∂L
∂L

(4.11)

Equations 4.11 consist of ﬁeld dependent and ﬁeld independent terms. Thus,
we can conclude that the observed oscillatory signal in the polarization rotation,
which inverses its phase with magnetic ﬁeld, should be due to the total magnetization
variation. This variation is given by the second and the third term in Eq. 4.10. The
second term is due to the isotropic magneto-refractive eﬀect. It was not established
whether the third term is eﬀective in the experiment at all.
As shown in the previous chapter, the reﬂectivity change in EuTe is sensitive to the
IMR eﬀect. In the present magnetic ﬁeld geometry one sees from Fig. 4.11 (c) that
the phase of the oscillations in the reﬂectivity changes does not depend on the probe
polarization, strongly conﬁrming that the IMR eﬀect is probed in the reﬂectivity
changes.
It is worthwhile mentioning that at low magnetic ﬁelds a contribution to the
polarization rotation signal with the phase being independent on magnetic ﬁeld was
also observed. This contribution stems from the magnetic linear birefringence, given

4.7 Properties of laser induced AFMR

67

2

s-probe

0
-2
-4

0

50

Rotation (mdeg)

100

150

200

300

Sum

0
-2
-4

Difference

q-FMR

q-AFMR

50

-6

100 150
f (GHz)

0

50

(c)
0.0
-0.2
-0.4
-0.6
-0.8
-1.0
-1.2
-1.4

250

Time Delay (ps)

(b)

∆R/R %

T=1.8 K
B=40 kG

p-probe

Amplitude

Rotation (mdeg)

(a)

100

150

200

250

300

Time Delay (ps)

Difference
Sum
T=1.8 K
B=40 kG
0

50
100
Time Delay (ps)

150

Figure 4.11: Probe polarization dependence. (a) Dynamics of the polarization rotation for s and p polarizations of the probe. (b) Sum and diﬀerence of the polarization rotation
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by the ﬁrst term in Eq. 4.10. Indeed at low magnetic ﬁelds (≤ 10 kG) we found the
phase change with magnetic ﬁeld polarity to be much less than 180◦ , indicating the
prevailing of the ﬁrst term in Eq. 4.10 with respect to the second and the third ones.
This behavior is expected since the length of the antiferromagnetic vector increases
with a decrease of the magnetic ﬁeld. An increase of the antiferromagnetic vector
results in an increase of the magnetic linear birefringence contribution to the signal,
which is consistent with the reported behavior in Heisenberg antiferromagnets [31, 47].

4.8 AFMR modes of antiferromagnet
To identify the oscillations observed in the dynamics of the polarization rotation and
possibly link them with the d − f exchange interaction, we analyzed the magnetization dynamics of the two antiferromagnetically coupled sublattices in EuTe. To this
end we exploited the Landau-Lifshitz equation formalism for the easy plane antiferromagnets [48, 49]. The geometry of the problem is the one depicted in Fig. 4.3. In
the molecular ﬁeld approximation and at an external magnetic ﬁeld greater than the
spin-ﬂop ﬁeld Hsf =1 kG [22], the total energy of the magnetic system governing the
spin arrangement in EuTe is given by [21, 49]:
W=

HC 2
HA
m −m·H+
(m2z + l2z ),
2
2

(4.12)

Here the ﬁrst, second and third terms represent the exchange, Zeeman, and outof-plane anisotropy energy densities, respectively. Vectors m = (M1 + M2 )/2M0
and l = (M1 − M2 )/2M0 are the total normalized magnetization and normalized
antiferromagnetic vector, respectively. Both vectors are connected by the expressions
ml = 0 and m + l = 1. The small anisotropy in the basis plane was neglected, since it
is only important at magnetic ﬁelds below the spin-ﬂop transition. We did not take
demagnetizing ﬁelds into account, because it was shown [23] that the demagnetizing
ﬁeld just increases the parameter HC . One has to notice that an anisotropy term proportional to mz is also included, since the magnetization can reach saturation values
at the experimental conditions, which is not common for typical antiferromagnets. To
determine the eigen frequencies, one should solve the Landau-Lifshitz equation (LLE)
for m and l:
(
)

∂m
∂W
∂W


=
γ
×
m
+
×
l
 ∂t
∂m
∂l
(
),

∂l
∂W
∂W


=γ
×l+
×m
∂t
∂m
∂l

(4.13)

where γ=2.8 GHz/kG is the gyromagnetic ratio. According to [49], the equilibrium
state of the easy plane antiferromagnet corresponds to the magnetization vector m
to be parallel to the external magnetic ﬁeld, which is aligned in the xz plane. The
antiferromagnetic vector l resides in the plane of the sample along the y direction
and orthogonal to the vector m. From the minimum of the energy potential given by
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Eq. 4.12 one derives the amplitude of the magnetization vector as:
m=

H
,
HC + HA · sin(θH )

(4.14)

One can see that in the case of a magnetic ﬁeld laying in the plane of the sample
θH =0◦ , the equilibrium position is written in an especially simple way:
√
(4.15)
m0 = m0x = H/HC l0 = l0y = 1 − H 2 /HC2 ey ,
where ey is the unity vector in the y direction.
One can note that, in √
the case of the θH =45◦ geometry, the eﬀective critical
ﬁeld is equal to HC + HA / 2. This means that the ﬁeld aligning the magnetization
parallel to its direction, is bigger than HC . In fact, the eﬀective critical ﬁeld should
be even bigger because of the additional term associated with the demagnetizing ﬁeld
[21]. Hence, one sees that the oblique geometry has a more complicated equilibrium
condition and is much more diﬃcult to analyze. Thus we ﬁrst proceed with the
analysis of the simple geometry θH =0◦ and then we discuss the oblique geometry.
To ﬁnd the eigen frequencies of the system, using Eq. 4.14, one should substitute
the equilibrium state m0 + m = {m0x + mx , my , m0z + mz }, l0 + l = {lx , l0y + ly , lz }
into the LLE (Eq. 4.13) and linearize the equation. This mean to leave in Eq. 4.13
only the linear components of the vectors m and l. Having accomplished that one
ﬁnds the set of equations in the form:
( )
( )
ṁ
m
= Â ·
,
(4.16)
l
l̇
where Â is an equation matrix and ṁ, l̇ are the time derivative vectors of m, l. Matrix
Â permits one to determine the eigen frequencies. In the general case Â, reads as:
ṁx
ṁy
ṁz
l˙x

= − (H − HA m0 ) sin θH · my + HA l0 · lz
=(H − HA m0 ) sin θH · mx + (H + HA m0 ) cos θH · mz
=H cos θH · my
=(HC + HA )l0 · mz + (HC m0 − H + HA m0 ) sin θH · ly

(4.17)

l˙y = − (HC m0 − H + HA m0 ) sin θH · lx + (HC m0 − H − HA m0 ) cos θH · lz
l˙z = − HC l0 · mx + (HC m0 − H) cos θH · ly
To ﬁnd a solution for the in-plane magnetic ﬁeld geometry we set θH =0◦ and
substitute Eq. 4.15 in Eq. 4.17. Then the expressions for the AFMR frequencies of
the modes become rather simple:
√
HA
ωF =γH · 1 +
HC
√
(4.18)
(
)
H2
ωAF =γ HC HA · 1 − 2
HC
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Thus, there are two pure AFMR modes. The quasi-ferromagnetic (q-FMR) mode
is characterized by an oscillation of the mz , my , lx components. The quasi-antiferromagnetic
(q-AFMR) mode, is characterized by an oscillation of the lz , ly , mx components. In
the q-FMR mode the net magnetization vector m = m1 + m2 precesses around the
applied ﬁeld, but the canting angle θ and the magnitude of the net magnetization remains constant. In the q-AFMR mode the angle θ and the magnetization m oscillate,
whereas the direction of m remains nearly constant.
Exploiting Eq. 4.18 we ﬁtted the experimental set of data shown in Fig. 4.8 (a)
using just two parameters HC , HA and found an excellent agreement between the
model and the measured frequencies for the parameters HC =70.2 kG and HA =11 kG.
The agreement demonstrates that the femtosecond laser excitation of the electrons in
EuTe does trigger both the q-AFMR and q-FMR modes. Interestingly, by ﬁtting the
frequency dependence on the magnetic ﬁeld for the 1 m sample measured at the same
experimental conditions we obtained almost the same ﬁt parameters. These values
are noticeably diﬀerent from those reported in AFMR static spectroscopy studies for
bulk EuTe [20, 22]. This deviation will be discussed in a separate section.
Having understood the behavior of the modes in the in-plane geometry we now can
analyze the θH =45◦ geometry (angle between magnetic ﬁeld vector and [111] is 45 degree). In this geometry the two AFMR modes are mixed: both the direction of the net
magnetization and the canting angle change during precession. Rigorously speaking,
the above description of the q-FMR and q-AFMR modes is only applicable in limiting
cases when the external magnetic ﬁeld is H << HC /2 or/and H >> HC /2. Nevertheless also for convenience in the oblique geometry of the ﬁeld, the low-frequency
mode will be referred to as the quasi-antiferromagnetic mode (q-AFMR), while the
high frequency mode will be referred to as the quasi-ferromagnetic mode (q-FMR).
We ﬁtted the experimental data in the oblique geometry (see solid lines in Fig. 4.6
(c)) with the frequencies extracted from Eq. 4.17 and obtained a very good agreement between the model and experiment. One can see that the mode dependence on
magnetic ﬁeld is diﬀerent. Such a variation of the frequency dependence on magnetic
ﬁeld with changing magnetic ﬁeld geometry is in total accordance with the behavior
of the AFMR modes in an easy plane antiferromagnet [48].
One expects that upon the phase transition from the AF state to the paramagnetic
state no AFMR oscillations should be present in the signal, which was indeed observed
in the experiment shown in Fig. 4.12. One sees that upon crossing the phase transition
temperature TN =9.8 K, the oscillations associated with the antiferromagnetic order
vanish. This experimental fact strongly corroborates that the observed oscillations
are laser induced AFMR precession.
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Figure 4.12: Temperature dependence of the laser induced spin dynamics in
EuTe. The measurements were performed in the oblique ﬁeld geometry θH =45◦ with magnitude of the ﬁeld (a) H=10 kG and (b) H=30 kG. Pump ﬂuences in both measurements were
200 µJ/cm2 . In panel (a) the diﬀerence between the two opposite polarities of the magnetic
ﬁeld is plotted. In panel (b) the data for a single magnetic ﬁeld polarity are shown.

4.9 Excitation mechanism of AFMR
As seen from Fig. 4.2 (a), the q-AFMR mode can be excited by means of the laserinduced changes of the exchange interaction. Particularly, the excitation of electrons
into the 5d band creates an instantaneous change of the total exchange interaction
between the Eu2+ spins, as shown in Section 4.2, which alters the canting angle.
Analysis of the polarization dependence has shown that the phase of the AFMR oscillations does not depend on neither linear nor circular polarization of the pump, as
shown in Fig. 4.10. Knowing also that there is strong light absorption at the photon
energy of the pump we can aﬃrm the excitation mechanism to be due to the photo
induced change in the 5d − 4f exchange interaction. Note that an instantaneous rise
of the temperature cannot trigger the q-AFMR mode since this would result in an
incoherent excitation. It was checked that the excitation of the AFMR depends linearly on the pump ﬂuence up to F =0.5 mJ/cm2 . Figure 4.13 demonstrates the pump
ﬂuence dependence of the polarization rotation at a magnetic ﬁeld of 5 kG at 1.7 K.
At higher ﬂuences a saturation of the oscillation amplitude was found (Fig. 4.13),
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48

Figure 4.13: Pump fluence dependence of the AFMR modes. (a) Time domain
signal of probe polarization rotation for a number of pump ﬂuences measured at a magnetic
ﬁeld of 5 kG and a temperature of 1.7 K. (b) Amplitudes of the oscillations (q-FMR mode)
and exponential contribution to the signal. (c) Damping and the period of the oscillations.
To determine these parameters a ﬁtting model being a sum of a damp sine and exponential
function was employed.

which can be linked to an absorption saturation.
The mechanism associated with the excitation of the 5d electrons cannot account
for the triggering of the q-FMR mode, because it requires a torque perpendicular
to the total magnetization m, while the d − f exchange torque is directed along
m. We note that contrary to Ref. [50], the oscillations at the q-FMR frequency are
observed also when the ﬁeld was applied in the plane of the sample (see Figs. 4.7,4.8).
It means that a change of the anisotropy caused by a laser-induced heating cannot
explain the observed oscillations, since the quench of the in plane anisotropy with
the magnetization being in plane, does not exert a torque. We suggest that the qFMR can be excited by a photo-induced change in the magnetic anisotropy in EuTe.
The possible origins of this photoinduced anisotropy changes will be discussed in the
following section.
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4.10 Deviation of the AFMR parameters
In order to understand the photoexcitation mechanism of the two AFMR modes we
compared the parameters HC and HA found in the ﬁt with those found in literature.
One can see that both the parameters systematically deviate from the literature ones.
We found that the exchange parameter HC is lower, while the anisotropy parameter
HA is higher than those in the literature [19, 20, 22]. We ﬁrst consider the parameter
of the exchange interaction between the magnetic sublattices HC . The parameter
HC =70.2 kG is less than the reported ones HC0 ≈72.2 kG [19, 20, 22], which for the
particular samples studied here can be even higher [13]. To address this deviation,
we ﬁrst check the contributions which may alter this parameter. From the general
derivation of an easy plane antiferromagnet equilibrium state [21, 49], one ﬁnds: HC =
HC0 + HA sin θH + 4πNz M , where the last term represents the demagnetizing ﬁeld.
It is seen that a non-collinearity of the magnetic ﬁeld, if it is present, should increase
HC , but one can see that HC , in fact, is decreased. Hence, the causes by which this
parameter is decreased can be due to either the pump induced heating or due to an
increase of the d − f exchange interaction as a result of the increased concentration of
the d-electrons. We analyzed the temperature eﬀect on the frequencies of the modes
in Appendix C and found that, indeed, ambient temperature and pump ﬂuence have
the same eﬀect on the q-AFMR frequency. One can see from Fig. 4.17 that, with
the increase of the temperature and pump ﬂuence, the frequency of the q-AFMR
decreases, while that of the q-FMR remains practically unchanged. Using this data
we assess the temperature increase from pump at a ﬂuence of 0.2-0.25 mJ/cm2 to be
as large as 0.4 K. From this estimate and Fig. 4.17 (Appendix C) one can see that an
increase in temperature on 0.4 K was found to be not enough to explain the decrease
of HC . Thus, we conclude that HC , being characteristic of the antiferromagnetic
exchange does decrease by admixing of the d − f ferromagnetic one.
The anisotropy parameter HA from the ﬁt was found to be larger than that found
in literature HA0 =8 kG [19–22]. The reason why this parameter is larger can be
attributed to the photoinduced strain. This was deduced by a careful analysis of the
absorption and emission spectra. It was found that the light emission spectrum is red
shifted with respect to the absorption spectrum in EuTe by ∼340 meV (giant Stokes
shift) [28, 40, 51, 52]. This shift was ascribed to be due to a local lattice compression
created by the d-electrons the magnetic excitons excited by the pump which tend to
locally compress the lattice via the d−f exchange interaction. This photoinduced distortion might indeed elevate the magnetic anisotropy. However, an exact theoretical
model of this photoinduced distortion was not yet established [28]. We further notice
that the photoexcited increase of the anisotropy parameter can explain the excitation
of the q-FMR mode via the excitation of the d-electrons. By assuming just a change
in the exchange energy one can not trigger the q-FMR mode. It should be noted
that the stress induced by the substrate is expected to be a small for 4 m sample.
By taking earlier results on the phase diagram of EuTe at applied hydrostatic stress
[53, 54], we estimated that the changes in the lattice constant of EuTe required to
yield such anisotropy changes are as large as 11%. Such changes in the lattice constant of EuTe would induce a ferromagnetic phase transition, which is not the case.
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Moreover the lattice mismatch between the BaF2 substrate and EuTe is just 6.4% and
it is expected to be even less since the substrate stress relaxes upon the growth of the
sample. Thus, we assume that the deviation of the magnetic anisotropy parameter
is due to photoinduced changes. The notion of the photoinduced changes is further
corroborated by recent time resolved measurements of pump-induced changes in the
structural and magnetic x-ray diﬀraction peaks [55] in EuTe ﬁlms. The authors found
that photoexcitation with pump pulses with a wavelength of 400 nm changes position
and intensity of the both peaks on a picosecond time scale. By analyzing this data the
authors concluded that photoinduced strain was the case. Therefore we can resume
that photoexcitation electrons from the 4f to the 5d band not only decreases the antiﬀeromagnetic f − f exchange ﬁeld by admixing the quasi-equilibrium ferromagnetic
d − f exchange interaction, but also causes the formation of magnetic excitons and local distortions of the lattice by d-electrons, which increases the anisotropy parameter
HA . These changes eventually trigger both AFMR modes in EuTe.

4.11 Discussion of the oscillations in the reflectivity changes
Now we turn our attention to the oscillations observed in the reﬂectivity changes.
Having discussed the AFMR modes one can readily notice from Fig. 4.8 (a) that,
although a femtosecond laser pulse triggers both modes of the antiferromagnetic resonance, the reﬂectivity oscillates mainly at the frequency of the q-AFMR mode (shown
by pentagons in the ﬁgure). As it was described, the q-AFMR mode is associated
with periodic changes of the canting angle and thus with the energy of the d − f
interaction, whereas for the q-FMR mode the canting angle remains nearly constant.
Hence the observed temporal behavior of the reﬂectivity is an excellent demonstration
of the fact that the time-resolved reﬂectivity measurements reveal the dynamics of the
d−f exchange energy in the material. It is noteworthy that in the case of the θH =45◦
geometry, the oscillations in the reﬂectivity signals are also observed (see hexagons in
Fig. 4.6 (c)) and occur at two frequencies in the range of ﬁelds from 10-30 kG, which
is due to the strong mixing of the two AFMR modes in the vicinity of HC /2. The
ﬁeld range of the two modes mixing is minimal when the magnetic ﬁeld is in the plane
(111) of the sample. In this case the oscillations in the reﬂectivity change occur at a
single frequency associated with the pure q-AFMR mode (see pentagons in Fig. 4.8
(a)).
At a magnetic ﬁeld H=55 kG, the amplitude of the oscillations in the reﬂectivity
reaches ∆R/R(55 kG) ∼ 5 · 10−4 ( deduced from Fig. 4.4 (c)). From this value we
can estimate the dynamic modulation of the band gap. From Fig. 4.4 (b) one ﬁnds
the value of the reﬂectivity changes at a temperature of 8 K upon changing magnetic
ﬁeld from 0 to 60 kG. This change is as large as (R(0 kG) − R(60 kG))/(R(0 kG) ·
DC)|(T = 8 K) = 15%. Knowing that the d − f band gap red shift at 1.7 K at
full magnetic sublattices alignment (at 80 kG) is ∆Edf =130 meV [28, 43], one can
roughly estimate the amplitude of the band gap modulation to be ∆EG ≈ ∆Edf ·
∆R/R(55 kG)/0.15 ≈ 0.5 meV. According to Eq. 4.3, such a change in the bandgap corresponds to a canting of the spins of up to ∆θRef l ∼ 1◦ . One can estimate
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the static polarization rotation value as ∼1.5◦ in a magnetic ﬁeld of 60 kG (see in
Fig. 4.4 (a)) and the total amplitude of the AFMR oscillations seen in the experiment
at a magnetic ﬁeld of 55 kG as 0.01◦ shown in Fig. 4.4 (d). Then one can ﬁnd the
sublattices canting angle estimated from the polarization rotation to be roughly equal
to ∆θRot ∼ 1◦ . The reasonable agreement between these two rough but independent
estimates demonstrates that the model connecting the magneto-refractive eﬀect to
the dynamics of the d − f exchange interaction is robust and thus likely valid.

4.12 Modeling of the mode enhancement
Now we turn our attention to the mode enhancement observed in the polarization
rotation in the case of the in plane geometry. Figures 4.8 (b,c) demonstrate the
amplitudes of the modes and their Q-factors as a function of applied magnetic ﬁeld.
The Q factor is determined as Qi = fi · τi , where fi and τi are the frequency and
the life time of a particular mode, extracted from the time domain ﬁt by the damped
sine functions. It is striking that a strong enhancement of the amplitudes and Qfactors takes place for magnetic ﬁelds of 20-25 kG. At these ﬁelds the two modes of
the antiferromagnetic resonance are close in frequency. It is noteworthy that such a
situation is only possible for an easy plane antiferromagnet at relatively high magnetic
ﬁelds. This ﬁeld can be found from Eq. 4.18 by taking ωF = ωAF . One can see
that the amplitude enhancement is 12 and 19 times for the q-FMR and q-AFMR
modes, respectively. The enhancement of the mode amplitudes implies an interaction
between the AFMR modes, and thus according to the avoiding crossing principle, the
frequencies of the interacting modes should be anticrossed. A similar dependence was
seen in the case of the EuTe sample with a thickness of 1 m in the same experimental
conditions.
It is also discernible that the amplitudes of the initial changes in both signals have
an enhancement (see shaded area in Fig. 4.9 (b) in the range of magnetic ﬁelds of
20-30 kG. To obtain these time constants and amplitudes in both signals we used the
error function ﬁt in the vicinity of the temporal overlap of the pump and probe pulses.
The dependence of these rapid changes on magnetic ﬁeld points on a dependence of
the excitation mechanism on applied magnetic ﬁeld. Since the excitation mechanism
is due to the light induced d − f exchange interaction, it is not surprising for the
time of the initial changes to depend on magnetic ﬁeld, because the energy of the
d − f exchange interaction depends on the canting angle between sublattices, which
in turn depends on magnetic ﬁeld. This time in particularly, can be relevant for the
determination of the creation time of a magnetic polaron [41, 56].
To ascertain the mode coupling we solved the Landau-Lifshitz equation for an
arbitrary angle θH (see Appendix C in the previous chapter) between the magnetic
ﬁeld and the plane of the sample and found terms which produce the mode coupling
in an easy plane antiferromagnet. We found that the mode coupling parameter is the
angle θH between the magnetic ﬁeld and the plane of the sample. Note that the same
term was also invoked for the explanation of the modes behavior close to their crossing
in the easy plane antiferromagnet MnCO3 [57]. By premises, this angle θH is small
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and we can substitute a small coupling parameter into the set of Eqs 4.17. Afterwards
we rewrite Eqs 4.17 into a set of coupled second order diﬀerential equations written
as:
α · H 2 · l˙z
m̈z + ωF2 · mz =
− 2γF · ṁz
(4.19)
HC l0
¨lz + ω 2 · lz = −α · HC l0 · ṁz − 2γAF · l˙z
(4.20)
AF
Here ωF and ωAF are the frequencies of the q-FMR and q-AFMR modes, respectively; γF and γAF are phenomenological damping parameters of the q-FMR and
q-AFMR modes, respectively; α = sin(θ) is the coupling parameter. The coupling
terms connect the magnetization components in two orthogonal directions mx , my . l0
is the equilibrium value of the antiferromagnetic vector.
From the inset in Fig. 4.8 (a) the maximum possible anticrossing gap of the two
modes in the experiment is estimated to be ≈5 GHz. We picked the angle θH such
that the anticrossing gap would be equal to 5 GHz in the model. This allows us to ﬁx
the coupling parameter in Eq.4.20 at α ≈0.05, corresponding to an angle between the
applied magnetic ﬁeld and the sample plane of 3◦ (α = sin(3π/180)). By assuming
an impulsive excitation of the modes by the pump, we analyzed the magnetic ﬁeld
dependence of amplitudes of the two modes in the frequency domain in the vicinity
of the mode anticrossing as function of the two mode damping parameters γF and
γAF . The result is shown in Fig. 4.14, where (a,c) the amplitudes of the q-FMR mode
and (b,d) the amplitudes of the q-AFMR mode are plotted. One can discern in Fig.
4.14 that the modes indeed undergo an amplitude enhancement, which constitutes
just 1.5-2.5 times for the q-FMR and 6-15 for the q-AFMR modes. The ﬁelds at
which the enhancement takes place, matches well with the experimental data. One
can also see from Fig. 4.14 (a,c) that at certain parameters γF and γAF one can also
obtain an attenuation of the q-FMR mode, which is not realized in the experiments.
Thus one can conclude that the model based on the interaction of the two modes by
means of a small angle noncollinearity between the sample plane and the magnetic
ﬁeld axis underestimates the amplitude enhancement of the AFMR modes. Moreover
this model does not account for the observed enhancement of the Q-factors of the
AFMR modes. It has to be noted that increasing the noncollinearity angle further
did not result in a better agreement nor is justiﬁed.
We discovered that this shortcoming can be mended if one introduces the photo
excited d-electrons into the model. It should be pointed out that an inﬂuence of
the exchange coupled electrons in an antiferromagnetic semiconductor on the ampliﬁcation of spin waves was demonstrated theoretically in Ref. [58] but was hardly
experimentally addressed. It was shown in a number of works concerning europium
chalcogenides [12, 25, 39–41] that the d-electron dynamics can be explained well in
the adiabatic approximation, which leads solely to a renormalization of the static parameters. Indeed we have shown that the estimated ﬁt parameters from the dynamic
experiments HC = 70.2 kG and HA = 11 kG, diﬀer signiﬁcantly from those well found
in static measurements [20, 22, 23] indicating the presence of a renormalization. To
include the d-electrons into the spin dynamics of the antiﬀerromagnet we incorporated the Onsager equation ṅ = −∂W/∂n for the concentration of the photo excited
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Figure 4.14: Numerical modeling of the amplitude of the AFMR modes as function of magnetic field. The amplitude enhancement of the q-FMR and q-AFMR modes,
respectively, as a function of magnetic ﬁeld (a,b) for ﬁxed γAF =0.1 with varying γF and
(c,d) for ﬁxed γF =0.1 with varying γAF . Parameters HC =70 kG, HA =11 kG and α=0.05
from Fig.4.8 were used in the modeling.
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electrons, taking the expression for the free energy as:
W = A/2 · n2 + ΛHC M0 (1 − δ · n)mx

(4.21)

It is clear that the d-electrons give rise to a change of the exchange parameter, which
can be written in the following form: HC = HC0 (1 − δn). Using this parameter the
LLE Eqs. 4.17 and Eqs. 4.20 have to be rewritten. Then adding the Onsager equation
one obtains:
α · H 2 · l˙z
m3
− δn 20 − 2γF · ṁz
HC l0
l0
2
¨lz + ω 2 · lz = −α · HC l0 · ṁz + δ ṅ Hm0 − 2γAF · l˙z
AF
L0
∂W
δ · Λm0 ˙
ṅ = −
= −n/τ −
· lz ,
∂n
l0
m̈z + ωF2 · mz =

(4.22)

where n is the dynamic concentration of the d-electrons, δ is the part of the delectrons renormalizing the antiferromagnetic exchange interaction, τ is the relaxation
time of the d-electron population, which typically is of the order of 1 ns, Λ is a
phenomenological parameter. By varying the parameters δ and Λ we obtained a
considerable enhancement of the amplitudes and Q-factors of both modes. Figure
4.15 demonstrates the results of the model described by Eqs. 4.22, with the new
parameters δ=0.5, Λ=0.8 τ =1. This ﬁgure shows a very good qualitative agreement
of the model with the experiment.
We found that the values which the parameters can be equal to are limited by
the two following reasons. First, the parameters have to preserve the frequency gap
unperturbed to keep the smallness of the coupling. Second, the parameters should
give an enhancement in a speciﬁc range of the ﬁeld. Taking these considerations into
account we established that 0 ≤ δ ≤ 1 and 0 ≤ Λ. Therefore the d-electrons inﬂuence
the internal resonance by enhancing further the amplitude of the AFMR modes as
well as their Q-factors.

4.13 Conclusion
In conclusion, we studied the photoinduced spin dynamics of the easy plane antiferromagnetic semiconductor EuTe in the range of temperatures and magnetic ﬁelds,
where the antiferromagnetic phase exists.
1) We demonstrated that the isotropic magneto-refractive eﬀect can be used to
manipulate and probe the dynamics of the d − f exchange interaction in EuTe. One
should note that the exchange energy in Eq 4.3 is proportional to the exchange constant and therefore the inverse magneto-refractive eﬀect can be a direct measure of the
d − f exchange constant, provided that one has a suﬃcient time resolution. This new
technique could also be used to investigate the dynamics of the exchange interaction
in other materials. Obviously, probing the magneto-refraction originating from the
d − f transitions one should be able to examine the dynamics of the exchange energy
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in other rare-earth compounds. In magnetic materials with superexchange interaction
one can probe the strength of the interaction in the spectral range where the magnetorefraction is dominated by charge transfer transitions [59]. The magneto-refractive
eﬀect in the far-infrared spectral range is known to serve as a measure of magnetoresistance [37], being thus a time-resolved probe of the strength of the exchange
interaction between electrons in the conduction band and the localized lattice spins.
Our work paves a novel path for investigating time-resolved magnetism of systems in
which the exchange interaction is a function of time.
2) We studied the photoinduced spin dynamics of the easy plane antiferromagnetic
semiconductor EuTe in the range of temperatures and magnetic ﬁelds, where the
modes of antiferromagnetic resonance are a close in frequency. The modes exhibit a
strong enhancement of their amplitude and damping in the range of magnetic ﬁelds
(H=20-25 kG), where their frequencies are close ωF ≈ ωAF , a unique situation which
can be realized in an easy-plane antiferromagnet. We argue that the enhancement
can be due to a combination of two eﬀects. The ﬁrst one is the eﬀect of the internal
resonance of weakly coupled oscillators. The second eﬀect is an inﬂuence of the delectrons on the internal resonance, leading to an even larger enhancement of the
amplitudes and Q-factors of the modes in the region of the internal resonance. The
role of the d-electrons is manifold: they trigger both modes of the AFMR precession,
renormalize the static value of the exchange and anisotropy energies and enhance the
coupling between the AFMR modes.

4.14 Appendix A. Link between ∆R/R signal and band gap
dynamics.
Time-resolved reﬂectivity measurements can serve as a good probe of the band-gap dynamics. Carrier photo-excitation by an ultrashort optical pulse should induce changes
in the reﬂectivity (∆R/R). ∆R/R is proportional to a sum of changes of the real (∆εr )
and imaginary (∆εi ) parts of the dielectric permittivity: [60]
∆R/R = βr ∆εr + βi ∆εi

(4.23)

where βr and βi are the Seraphin coeﬃcients. If the energy of the probe pulse is well
below the EuTe band gap energy, the absorption coeﬃcient is vanishingly small[15]
(less than 0.01 m−1 ). In this case we may assume that the probe reﬂectivity at
such an energy is mainly deﬁned by the real part of the dielectric permittivity, i.e.
2
∆R/R ∼ ∆εR , where εR = φ/(EG
− E 2 ), φ characterizes the oscillator strength of
the interband transition, and E is the energy of the probe photon. Consequently, a
change of εR caused by a small external stimulus can be directly linked to changes of
either φ or EG , respectively:

µ

∆R/R ∼ ∆εR =

∆φ
2φ EG
−
2 ∆EG .
2
2
−E
(EG − E 2 )

2
EG

(4.24)

Whether the photo-induced reﬂectivity is deﬁned by changes of φ or EG can be
clariﬁed with the help of measurements of the reﬂectivity as a function of magnetic
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Figure 4.16: Amplitudes of the oscillations in the polarization rotation and
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rotation (black dots) and reﬂectivity (red dots). Lines represent ﬁt using Eq. 4.28,4.30 in
the present text

.
ﬁeld. From Ref. [27] one can conclude that the oscillator strength of the interband
transition is insensitive to the magnitude of the magnetic ﬁeld. Additionally, it is
known that application of an external magnetic ﬁeld eﬀectively reduces the EuTe
band-gap due to a reduction of the energy of the d − f exchange interaction[18] (see
Fig. 4.2 (b) and Eq. 4.3). Thus the ﬁeld dependent part of the dynamics of the
reﬂectivity must be fully due to the dynamics of the energy of the d − f exchange
interaction, ∆EG , contributing to the band gap energy EG :
∆R/R ∼ −2φ

EG
2
(EG

2 ∆EG .

− E2)

(4.25)

4.15 Appendix B. Amplitudes of observed oscillations
To understand how the amplitudes of the oscillations observed in our experiment (see
Fig.4.4 (c),(d) in the main text) depend on magnetization we analyzed the amplitude
of the oscillations in the reﬂectivity and polarization rotation measurements. As
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shown above, the reﬂectivity dynamics is expected to represent the dynamics of the
d − f exchange energy. The dynamics of the polarization rotation is, indeed, that of
the magneto-optical Kerr eﬀect, which is determined by the temporal evolution of the
net magnetization. To obtain the changes of the d − f exchange energy depending on
the changes of the canting angle, one should diﬀerentiate Eq. 4.3 with respect to the
canting angle θ:
θ
θ
∆Edf = Jdf S cos sin ∆θ
(4.26)
2
2
Combining this expression with cos θ/2 = H/HC one obtains:
√
H
H2
∆Edf = Jdf S
1 − 2 ∆θ
(4.27)
HC
HC
This expression represents the changes of the d − f exchange energy as a result of the
changes in the canting angle between the Eu2+ ions spins. Therefore the amplitude
of the reﬂectivity oscillations will be given by:
√
H
H2
A∆R ∼
1− 2
(4.28)
HC
HC
Polarization rotation is a measure of the orientation of the net magnetization. Therefore, the oscillations of the polarization rotation are due to magnetization oscillations.
The amplitude of the magnetization oscillations can be derived in the same manner by
expressing the net magnetization as a function of the canting angle M = 2M0 cos θ/2:
√
H2
∆M = −2M0 1 − 2 ∆θ
(4.29)
HC
where M0 is the magnetization of one sublattice. Consequently, the amplitude of the
polarization rotation will be written as:
√
H2
AKerr ∼ 2M0 1 − 2
(4.30)
HC
The equations 4.28 and 4.30 show that the ﬁeld dependencies of the oscillation amplitudes in the reﬂectivity and the polarization rotation signal are distinctively diﬀerent.
This was indeed observed in our experiment (see Fig. 4.4 (c,d) in the main text) and
shown in Fig.4.16. A reasonable agreement is attained.

4.16 Appendix C. Temperature and fluence dependencies of the
AFMR frequencies
To reveal how large the steady state heat from the pump beam is, we performed studies
of the ﬂuence and temperature dependencies of the AFMR frequencies at a magnetic
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Figure 4.17: (a) Pump ﬂuence dependence of the frequencies of the antiferromagnetic
resonance at a magnetic ﬁeld of 30 kG and a temperature of 1.8 K. Green spheres represent
the unknown mode. (b) Temperature dependence of the frequencies of the antiferromagnetic
resonance at a pump ﬂuence of 0.25 mJ/cm2 and a magnetic ﬁeld of 30 kG. The temperature
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extracted from resistivity measurements in Ref. [19]. The pump wavelength was 400 nm.
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ﬁeld of 30 kG. One can see from Fig. 4.17 (b) that with an increase of temperature the
frequency of the q-AFMR decreases, while that of the q-FMR remains practically the
same. A decrease of the q-AFMR frequency with an increase of ambient temperature
is expected, since this frequency depends on the sublattices exchange interaction
(HC ). This exchange parameter decreases with temperature increase [19, 61]. We
found that the dependence of the q-AFMR frequency on temperature can be well
ﬁtted by the same law ωAF = ω(0)(1 − T /TN )3/2 as was reported earlier for EuTe
[19]. Figure 4.17 (a) shows the pump ﬂuence dependence of both frequencies at 1.8 K.
One can see that only the frequency of the q-AFMR mode decreases upon an increase
of the pump ﬂuence, while the q-FMR frequency is practically independent on the
ﬂuence. By comparing this dependence with the temperature dependence at 30 kG
and a pump ﬂuence of 0.25 mJ/cm2 (see Fig. 4.17), one can see that the static heating
from the pump was not large. Indeed, it is seen from the frequency decrease of the
q-AFMR mode that the eﬀect of a ﬂuence of 2 mJ/cm2 is comparable with an increase
of the temperature up to 4 K. By assuming a linear and monotonic increase of the qAFMR frequency with the temperature in the small range of temperature 1-3 K, one
ﬁnd a slope of 2.5 GHz/K; meanwhile the slope of the frequency with changing pump
ﬂuence can be estimated to be as 3.5 GHz/mW. This mean that in most experiments
presented in this chapter the pump induced heating no more than 0.4 K.
From the static measurements of the resistivity in bulk EuTe shown in the inset of
Fig. 4.17 (b), we found that HC ≈70 kG at a temperature of 1.8 K [19]. However, it
was reported [13] that for the samples used in our experiment, the Neel temperature is
slightly higher (TN =9.9 K) and thus HC at 0 K is also higher than 72.2 kG (see inset
in Fig. 4.17 (b)). Since HC characterizing the antiferromagnetic exchange between
Eu2+ is proportional to the Neel temperature, we can estimate the value HC at 1.8 K
for the our sample to be HC =72.8 kG. Laser pump excitation of electrons should
change the total exchange interaction between the magnetic sublattices, since this
change is the ultimate reason why the q-AFMR mode is being triggered coherently.
Thus we can conclude that, although the observed decreased value of HC is a mixed
eﬀect of pump excitation of the d-electrons and the pumping of heat, it occurs that
the renormalization of the f − f antiferromagnetic exchange by the d electrons via
the ferromagnetic d − f exchange indeed takes place.
We now consider the nature of the unknown mode observed at high pump ﬂuences.
One can discern that at pump ﬂuence ≈1 mJ/cm2 a new mode emerges with a frequency higher than that of the q-FMR. From Fig. 4.17 (b) one can deduced that the
unknown mode in the spectrum is not due to a temperature eﬀect. From theoretical
considerations [39–41, 62] and experimental observations [42] such a new mode can be
explained in terms of a magnetic polaron formation. In the region where a magnetic
polaron is being formed, the total magnetization of Eu2+ oscillates around the total
ﬁeld, being the sum of the external and the eﬀective d − f exchange ﬁelds. From
the frequency of 96 GHz of the new mode at 2 mW we can estimate the total ﬁeld
being equal to 34 kG, which means that the magnitude of the d − f exchange ﬁeld
was equal to 4 kG. This value is reasonable and has the same order of magnitude as
the renormalization of the HC parameter.
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Chapter

5

Ultrafast magneto-optical
modulation by an optical
inhomogeneity propagating with
relativistic speed1
5.1 Introduction
In today’s science and technology the Faraday rotation serves as a powerful tool for
probing magnetism as well as underlies the basic operational principles of magnetooptical modulators. Understanding the mechanisms allowing for a modulation of the
magneto-optical response at THz frequencies may have far reaching consequences for
the recently emerging ﬁeld of ultrafast magnetism [1, 2] and the future development
of ultrafast Faraday modulators. Here we suggest a conceptually new approach for
an ultrafast tunable magneto-optical modulation with the help optical inhomogeneity
[3] propagating from the surface of a medium with relativistic speed. Using terbium
gallium garnet (Tb3 Ga5 O12 ) we demonstrate the feasibility of such a magneto-optical
modulation with a frequency up to 1.1 THz, continuously tunable with the help of an
external magnetic ﬁeld. Besides the novel concept for ultrafast magneto-optical polarization modulation, our ﬁndings clearly demonstrate the importance of accounting for
propagation eﬀects in the interpretation of pump-probe magneto-optical experiments.

1 In part adapted from: R. R. Subkhangulov, R. V. Mikhaylovskiy, A. K. Zvezdin, V. V. Kruglyak,
Th. Rasing and A. V. Kimel, submitted
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Figure 5.1: THz modulation of the light polarization in magneto-optical media by a propagating optical inhomogeneity. A linearly polarized optical wave (blue
beam) passing through a magneto-optical crystal along the direction of the bias magnetic
ﬁeld B0 experiences a constant Faraday polarization rotation Θ0 . However, the presence
of a propagating linearly dichroic inhomogeneity inside the crystal makes the Faraday effect time dependent. Depending on the location of the inhomogeneity the light polarization
experiences periodic changes measured by the balanced detector.

5.2 Proposal for an ultrafast magneto-optical modulation
The magneto-optical Faraday eﬀect, observed as a rotation of the polarization plane
of light upon propagation through a magnetized medium, played a crucial role in the
elucidation of the electromagnetic nature of light [4]. For light propagating along
the z axis through a homogeneous and isotropic medium the Faraday polarization
rotation Θ0 is deﬁned as:
παMz (B0 )
Θ0 = d ·
,
(5.1)
λn0
where d is the eﬀective travel distance of light inside the medium, λ is the wavelength
of light in vacuum, n0 is the refractive index at this wavelength, Mz is the magnetization along the z-axis and α is a magneto-optical constant which depends on the
spin-orbit interaction in the medium. Usually the strength of the Faraday eﬀect is
characterized by the Verdet constant deﬁned as V = πα · Mz (B0 · λ · n0 )−1 , where B0
is the applied magnetic ﬁeld, so that Θ0 = d · V · B0 .
If the magneto-optical medium is not optically homogeneous along the z direction
but contains a local change of the complex refractive index ñ = n + iκ, the Faraday

5.3 Experimental setup and sample

Figure 5.2: Geometry of the experiment and electronic structure of the Tb3+ .
(a) Experimental geometry. External magnetic ﬁeld B0 is along the [111] crystal axis. Probe
incidence is along the normal to the sample ([111] direction), while the pump incidence angle
is 5 degrees away from the normal. (b) Electronic band structure of the Tb3+ ion [11] and
photon energies of the pump and probe together with the electronic transitions within the
ground-state multiplet 7 F6 of the Tb3+ ion. Γi represents states [11] of the local group
symmetry D2 .

eﬀect can be enhanced [5, 6]. If the inhomogeneity moves, the magneto-optical Faraday eﬀect varies in time. Consider a magneto-optical medium in an external magnetic
ﬁeld placed between a polarizer and a Wollaston prism coupled with a pair of balanced
photodiodes (Fig. 5.1). Assume that an optical inhomogeneity has been generated at
the surface and propagates into the bulk of the medium with the velocity v. This can
cause a polarization modulation of the output signal at the frequency Ω deﬁned by v.
The role of the moving inhomogeneity can be played, for instance, by acoustic solitons
[7–10]. However, in this case the frequency Ω is determined by the speed of sound and
resides in the GHz range. Here we suggest an ultrafast magneto-optical modulation
of the light polarization by means of an optical inhomogeneity which moves through
the medium with a relativistic speed v.

5.3 Experimental setup and sample
In order to detect such ultrafast polarization modulation, we performed time-resolved
magneto-optical studies in the transmission Faraday geometry (magnetic ﬁeld B0 applied along the normal to the sample surface) sketched in Fig. 5.2 (a). We employed
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Figure 5.3: Experimental observation of the ultrafast polarization modulation.
Typical temporal response of the pump induced polarization rotation (a) and transmissivity
changes (b) of the probe with a wavelength of 0.4 µm at a magnetic ﬁeld of 10 kG and a
temperature of 1.7 K. Arrows show the limited time window ∆τ of the observed oscillations.
(c) Temporal evolution of the pump induced probe polarization (Faraday) rotation for the
range of magnetic ﬁelds of 0.1-70 kG and at a temperature of 1.7 K with a probe wavelength
of 0.4 µm. The pump was linearly polarized and had a ﬂuence of F =10 mJ/cm2
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a Ti:sapphire regenerative ampliﬁer laser system with a pulse width of 70 fs and a
repetition rate of 1 kHz. The incident pump and probe pulses were linearly polarized by Glan-Thompson polarizers. The relative orientation of the pump and probe
polarization planes was controlled by half-wave plates.
The magneto-optical measurements were performed on a single crystal plate of undoped Tb3 Ga5 O12 cut perpendicularly to the (111)-plane with the thickness L=1 mm.
Tb3 Ga5 O12 is a magneto-optical paramagnetic medium which is characterized by one
of the highest Faraday rotations [12] and a high transparency in the visible spectral
range [11, 13]. Therefore Tb3 Ga5 O12 is a building block of most magneto-optical modulators and optical isolators. The scheme of the electronic structure of the Tb3+ ion
and the states of the ground-state multiplet 7 F6 in Tb3 Ga5 O12 have been thoroughly
studied [11] and are shown schematically in Fig. 5.2 (b).
The sample was mounted in a superconducting split coil magneto-optical cryostat
providing magnetic ﬁelds up to 70 kG and temperatures down to 1.7 K. The experiment was carried out in the transmission geometry with the magnetic ﬁeld applied
parallel to the [111] direction of the crystal. By changing the time delay between
the pump and probe pulses, the pump induced polarization rotation and the transmissivity changes of the probe beam were measured. The probe beam incidence was
along the sample normal. The incidence angle of the pump pulse was about 5 degrees
away from the normal (Fig. 5.2 (a)). Spot diameters of both beams were kept approximately at a size of 200 m. In one set of the measurements, the rotation of the
polarization plane and the transmissivity changes of the probe beam were measured
by means of a pair of balanced photo diodes. The signals were detected using a lock-in
technique with the laser repetition rate as the reference frequency.
By pumping the sample with linearly polarized pulses with a pulse duration
∆=70 fs and a photon energy of 1.54 eV, we investigated the temporal evolution
of the Faraday polarization rotation with the help of weak probe pulses. The photon
energies of the probe pulse were 1.24 eV, 2.48 eV and 3.1 eV (see all photon energies
with respect to the electronic structure in Fig. 5.2 (b)).

µ

5.4 Experimental results
5.4.1 Typical time dependence
A typical time dependence of the pump induced Faraday rotation and transmissivity
changes of the probe at a magnetic ﬁeld of 10 kG and a temperature of 1.7 K is
presented in Fig. 5.3 (a,b). It is seen from Fig. 5.3 (a) that the pump induced signal
reveals high frequency oscillations which persist only in a limited time window: at a
time delay ∆τ =13 ps the signal is abruptly quenched. The oscillatory signal was only
observed in the Faraday rotation signal and not in the transmissivity changes, as can
be judged from Fig. 5.3 (b). This dynamics of the Faraday rotation was measured for
diﬀerent magnetic ﬁelds at a temperature of 1.7 K (Fig. 5.3 (c)). The abrupt quench
at the time delay of ∆τ =13 ps was observed at any magnetic ﬁeld. One can see that
the oscillation dynamics is mostly dominated by oscillations, the frequency of which
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Figure 5.4: Frequency spectrum of the signal. The frequency spectrum obtained from
the signal shown in Fig. 5.3 (b). Arrows show crystal ﬁeld mode of Tb3+

varies from 0.1 THz to 1.1 THz with increasing the magnetic ﬁeld from 100 G to
70 kG (Fig. 5.3 (c), Fig. 5.4). It should be mentioned that the pump probe temporal
overlap lasts ≈1.5 ps which can be found from Fig. 5.3 (a,b). However the overlap
time does not deﬁne the time resolution of the present experiment, since a number of
phonon lines were observed at frequencies higher than 5 THz.
One can also notice another mode which, at a ﬁeld of 1.5 kG, has a frequency of
1.34 THz. This second mode is attributed to the crystal ﬁeld (CF) resonance [17–
21], being the pump induced coherence between the lowest quasi-doublet and the ﬁrst
excited state of the ground-state multiplet 7 F6 of the Tb3+ ion [11] (Fig. 5.2 (b)). The
pronounced oscillations however cannot be assigned to any of the transitions within
the ground-state multiplet of the Tb3+ ion [11, 14, 22].
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the frequency of the modulation. The dashed line represents the slope corresponding to
gef f = 55 of the linear part of the curve.
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5.4.2 Magnetic and temperature dependencies
Figures 5.5 and 5.6 summarize the temperature and magnetic ﬁeld dependencies for
the frequency of the strongest mode. From the magnetic ﬁeld dependence it is seen
that the frequency scales as the sample magnetization. It is remarkable that if these
oscillations were originating from a spin resonance, such frequency tunability would
correspond to an enormously large eﬀective g-factor geﬀ = 55. This is much larger
than the g-factor of the paramagnetic resonance in Tb3+ ions [14, 21]. Moreover,
from Fig. 5.5 it can be inferred that the frequency shows a completely diﬀerent behavior from that of the crystal ﬁeld resonance [14, 15]. In Fig. 5.6 the temperature
dependence of the oscillation frequency measured at a magnetic ﬁeld of 30 kG shows
a strong decrease from 1.1 THz to 0.1 THz upon a temperature increase from 1.7 K
to 100 K. If the modulation frequency is proportional to the magnetization, it has to
follow the Currie-Weiss law, i.e. be inversely proportional to the ambient temperature. A linear ﬁt of the inverse frequency as a function of temperature (inset in Fig.
5.6) yielded the Currie-Weiss parameter ΘCW = −8.2 K, which matches well with
that reported earlier [22]. All these observations prove a linear dependence between
the frequency of the oscillations and the net magnetization of the medium. As the
medium has no magnetic order the existence of a mode with its frequency depending
on the net magnetization is a paradox.

5.4.3 Paramagnetic resonance mode
Before describing the observed signal any further we would like ﬁrst to discuss the magnetic modes, which were observed in terbium gallium garnet. By pumping Tb3 Ga5 O12
with circularly polarized laser pulses the paramagnetic resonance (PMR) precession
of the Tb3+ ions can be also excited. This mode corresponds to the pump induced
coherence within the lowest quasi-doublet Tb3+ of the 7 F6 via impulsive stimulated
Raman scattering. This mode was excited optically in Ref. [21] and its THz response was analyzed. Figure 5.8 (a) demonstrates time traces of the pump induced
probe polarization rotation signal in a magnetic ﬁeld. We found that the PMR signal
changes its phase with changing the helicity of the pump. Moreover, we observed
no ultrafast oscillations described above when the pump is circularly polarized. The
PMR signal decays exponentially within a time of roughly 70 ps and did not exhibit
any abrupt quench at ∆τ =13 ps as the signal in the previous section. One can see
from Fig. 5.8 (b) that the paramagnetic resonance mode frequency is dependent differently on magnetic ﬁeld in comparison with the ultrafast oscillations introduced in
previous section. We ﬁtted the√frequency of the paramagnetic resonance mode with
the following formula νP M R = ∆2 + (µB · gP M R H/h)2 , where ∆ is the crystal ﬁeld
splitting of the lowest quasi-doublets of the non-Kramers ion Tb3+ , µB is the Bohr
magneton, h is the Planck constant. The obtained g-factor of the paramagnetic mode
was found from the ﬁt of the experimental data to be gPMR =7.5, which matches with
that reported earlier [14, 21].
It should be noted that amplitude of the paramagnetic mode was found to decrease as B−2
with increasing magnetic ﬁeld. This decrease with magnetic ﬁeld
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Figure 5.8: Paramagnetic resonance mode of Tb3+ . (a) Temporal evolution of the
probe Faraday rotation for diﬀerent magnetic ﬁelds at 1.7 K. The dynamics was triggered by
circularly polarized pump pulses having a ﬂuence of I=10 mJ/cm2 . The shaded area marked
with the double arrow is the time window ∆τ =13 ps where the ultrafast polarization mode
exists. (b) The frequency of the paramagnetic resonance mode and the ultrafast polarization
modulation as function of applied magnetic ﬁeld at 1.7 K and a probe wavelength of 0.4 µm.
(c) Temperature dependence of paramagnetic resonance oscillations at a magnetic ﬁeld of
5 kG. (d) The amplitude and the frequency of the paramagnetic resonance mode extracted
from the FFT spectra of the time domain signal. Line are guides to the eye.
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can be explained qualitatively by taking into account the complex crystal lattice
of Tb3 Ga5 O12 Ṫhe magnetic moments of Tb+3 in the garnet structure form six different sublattices and the magnetic moment of an ion has its local axes oriented in
three orthogonal directions, producing a multiaxis paramagnet with an orientation
dependent response [23]. For instance, the static magnetization and thermal conductivity of Tb3 Ga5 O12 measured in a magnetic ﬁeld manifest the anticipated anisotropy
[15, 24]. Thus, in a magnetic ﬁeld every sublattice is directed along the eﬀective magnetic ﬁeld the direction of which is determined by the Ising axis of the sublattice and
the external magnetic ﬁeld [23]. Every Tb+3 sublattice has a projection on the external magnetic ﬁeld direction [111]. This projection increases with increasing magnetic
ﬁeld. The pump pulse can be represented as a pulse of magnetic ﬁeld and is aligned,
according to the experimental geometry, along [111]. The pump induced torque acts
on the transversal components of the Tb+3 magnetic moments, which decrease with
increasing magnetic ﬁeld. This explains the behavior of the amplitude as function of
applied magnetic ﬁeld.
We also checked that the PMR has a diﬀerent temperature dependence in comparison with that for the oscillations at the unexpectedly high frequency. It is seen
in Fig. 5.8 (c,d) that the amplitude of the PMR mode decreases with increasing
temperature and completely vanishes above 30 K. Meanwhile, the frequency of the
unknown mode noticeably decreases with increasing the temperature.

5.4.4 Probe wavelength dependence
To reveal the origin of the observed ultrafast modulation of the Faraday rotation we
measured its frequency at several probe wavelengths (Fig. 5.7). As a result, the oscillations frequency at a magnetic ﬁeld of 30 kG was observed to decrease from 1 THz to
0.25 THz with increasing the probe wavelength λprobe from 0.4 m to 1 m. It should
be emphasized that, typically, for the laser induced magnetic resonances such dependence is not observed,like for the paramagnetic resonance described in the previous
section. The observation of the strong probe wavelength dependence suggests that
the origin of the oscillations could be a propagating optical inhomogeneity induced
by the pump pulse. In that case the pump induced oscillations should be quenched
as soon as the time delay between the pump and the probe becomes so long that
the probe pulse cannot catch up with the pump induced inhomogeneity any longer.
Taking into account the group refractive index ng ∼ 2 in Tb3 Ga5 O12 for the visible
and near infra-red spectral ranges from Ref. [13], we estimated the speed v of the
inhomogeneity using the quench time ∆τ =13 ps as the maximum time delay at which
the probe can still interact with the inhomogeneity (see for details Appendix A):

µ

v=

L
≈ 5 · 107 m/s,
∆τ + L · ng /c0

µ

(5.2)

where c0 is speed of light in vacuum. The group velocities of the pump and probe
pulses are c0 /ng ∼ 1.5 · 108 m/s, meaning that the inhomogeneity has an electromagnetic origin and propagates slower than the optical pulses in the medium.

5.5 Description of the ultrafast modulation
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5.5 Description of the ultrafast modulation
The eﬀect of an inhomogeneity on the probe is conveniently represented in terms of
conventional optical components. Assume one of the simplest cases, when the optical
inhomogeneity induced by the linearly polarized pump acts on the probe as a thin
plate with linear dichroism. In the experiment the modulation was induced only
by a linear, and not circular, polarization of the pump, as seen from Fig. 5.8. The
axis of this dichroic plate is set by the direction of the pump polarization. If the
inhomogeneity moves with the speed v, the transient magneto-optical response in our
experiment should oscillate at the frequency Ω (see derivation in Appendix A) given
by:
(
)
2π · αMz
c0 · v
Ω=
(5.3)
·
λn0
c0 − n0 · v
The dependence of the frequency on the net magnetization given by Eq. 5.3 is in
perfect agreement with our observations (Fig. 5.5,5.6). Moreover, having estimated
the speed of the inhomogeneity, we calculated, using Eq.5.3, the Verdet constant
corresponding to the frequencies of the Faraday modulation at a ﬁeld of 10 kG (see
Appendix B) and plotted them in the inset of Fig. 5.7. It is seen that the estimated
values are in excellent agreement with those reported earlier [13, 16] (see line in inset
of Fig. 5.7 and Appendix B).
Our model accounting for the propagation (Fig. 5.1) of the optical inhomogeneity
anticipates a sinusoidal form of the signal for a probe polarization aligned along one
of the dichroic axes of the inhomogeneity (see derivation in Appendix A):
Is − Ip
∼ ∆l · (η1 cos(ϕ) − η2 sin(ϕ)) · sin(Ω · τ )
Is + Ip

(5.4)

Here τ is the delay time between the pump and probe pulses, ηi is the pump induced
absorption coeﬃcient along the i dichroic axis, ∆l is the thickness of the dichroic
inhomogeneity, ϕ is the angle between the linear polarization of the pump and the
incoming probe. The orientation of the dichroic axes depends on the orientation of
the pump linear polarization. One notices from Eq.5.4 that the signal should have
a peculiar pump polarization dependence, which was indeed experimentally observed
(see the section Pump polarization dependence of the signal). Note that while
the described Faraday modulation suﬀers the abrupt quench at ∆τ =13 ps, the low
frequency paramagnetic precession of Tb3+ , only excited by the circularly polarized
pump, was observed at much longer time delays exceeding time ∆τ =13 ps (see Paramagnetic resonance mode section). This clearly indicates the diﬀerent origins of the
polarization modulation and the paramagnetic resonance in the medium.

5.6 Pump polarization dependence of the ultrafast modulation
signal and the crystal field mode of Tb3+
Figure 5.10 (a,b) shows the dependence of the ultrafast polarization modulation oscillations on the pump linear polarization at a magnetic ﬁeld of 35 kG and a temperature
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of 1.7 K. The pump polarization was altered by an achromatic half-wave plate. It is
striking that the amplitude of the signal remains practically unchanged upon changing the pump polarization, which is shown in Fig. 5.10 (a,b). We ﬁtted the observed
signal in time domain in the form a sin(ωt + ϕ) and extracted the parameters a, ϕ,
where ϕ is an arbitrary phase of the oscillations. By decomposing the observed signal
in the form a(ΘLP ) cos(ϕ) − b(ΘLP ) sin(ϕ), one can reveal that the signal has cosine
and sine contributions. This ﬁnding matches well with the prediction of the model
(see Eqs. 5.4 5.17). The experimental dependence of the phase of the oscillations due
to the optical inhomogeneity on pump polarization shows that the direction of the
dichroic axes are deﬁned by pump. Furthermore it is seen from Fig. 5.8 that only a
linear polarization of the pump is able to generate the optical inhomogeneity.
As shown in Fig. 5.3 (b) at low magnetic ﬁeld (below 2 kG) one can see the
domination of the crystal ﬁeld resonance mentioned earlier in the text. The mode
is induced via impulsive stimulated Raman scattering [20, 32]. We investigated the
pump polarization dependence of the CF mode at the magnetic ﬁeld of 1 kG and a
temperature of 1.7 K. One can check in Fig. 5.10(c,d) that the phase of the oscillations associated with the CF mode does depend on the pump linear polarization as
one would expect for the excitation mechanism involved. What is surprising however,
is that the CF mode has rather similar dependences on the linear polarization of the
pump, implying a link between the two types of magnetic oscillations. In particular, the pump polarization dependence of the CF mode has also the two harmonic
contributions as the signal of the polarization modulation by optical inhomogeneity,
written as a(ΘLP ) cos(ϕ) − b(ΘLP ) sin(ϕ). Moreover, the amplitude of the CF mode
does not depend on the polarization of the pump.

5.7 Possible origin of the optical inhomogeneity
All experimental observations indicate and support the claim that the observed oscillations are indeed due to an ultrafast light polarization modulation by a propagating
inhomogeneity. The inhomogeneity propagates with a relativistic speed and thus
should be of electromagnetic origin. Note that the speed of the inhomogeneity is
considerably smaller than that of the optical pulses. Indeed, the group refractive index which can be associated with the optical inhomogeneity is equal to ng (inh) = 6,
while that for the pulses in optical range and for the THz range were reported to
be roughly equal to 2 (see inset in Fig. 5.9 (b)) and 3.5 [21]. Then we conclude
that to attain such speed we have to assume that the inhomogeneity interacts with
the medium and might be of polaritonic origin [26]. We found that the amplitude
of the modulation depends linearly on pump ﬂuence as shown in Fig. 5.9. Hence,
since at the wavelength of the pump there are no states as shown in Fig. 5.2 (b), we
can discard the possibility that the inhomogeneity is due to an electronic excitation
with photon energy higher than that of the pump photons (e.g. the 5 D4 multiplet of
Tb3+ in Fig. 5.2 (b)). The speed of the inhomogeneity cannot be attributed to an
anomalously decreased group velocity of the pump since at the pump photon energy
no substantial dispersion of the refraction coeﬃcient is expected (see inset in Fig. 5.9
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(b) and Ref. [13]). The nonlinear contribution to the refractive index at a ﬂuence of
100 mJ/cm2 for Tb3 Ga5 O12 is found to be ∆n ≈0.005. It should be indicated that
the frequency of the oscillations is totally independent on the pump ﬂuence in the
range 0-50 mJ/cm2 , as shown in Fig. 5.9 (a), what allows one to exclude the pump
pulse as a source of the inhomogeneity, since according to Eq. 5.3 the frequency of
modulations does depend on the velocity as shown in Fig. 5.9 (b).

Thus we have to deduce that the propagating inhomogeneity is likely to correspond
to excitations at energies lower than that of the pump photons. Such excitations could
have been triggered via a process of stimulated Raman scattering [30–33]. This mechanism suggests that the frequencies of the excitations cannot exceed the bandwidth
of the laser pulse 1/∆ ∼14 THz. However, the inhomogeneity in this case should
propagate with the speed of the pump and the probe would not be able to catch
up with the inhomogeneity at any delay time after the overlap. By analyzing the
solutions of the wave equation for electric ﬁeld of the pump with the magnetization
source, which depends linearly on the pump ﬂuence, we found that apart from the
electric ﬁeld moving with the pump pulse, there is another solution corresponding to
a broadband electromagnetic ﬁeld propagating from the surface of the crystal. As
was shown in Refs. [36, 37] the intense femtosecond laser pulse creates a broad band
transition THz radiation via optical rectiﬁcation, which then can propagate from the
surface of the crystal into the bulk with a velocity smaller than that of the pump
(velocity corresponding to the THz radiation). This broadband THz radiation might
interact with the excitations in the crystal by which the optical inhomogeneity might
be formed [3, 26].

To identify the excitation involved in the formation of the optical inhomogeneity,
we measured the pump polarization dependences which are shown in Fig. 5.10. One
can deduce from the dependence of the polarization modulation on the pump linear
polarization in Fig. 5.10 (a,b) that the inhomogeneity has two axes and resembles the
Cotton-Mouton eﬀect, which also was conﬁrmed by our model in Eq. 5.17. It is known
that in rare-earth garnets the eﬀects of optical anisotropy, such as the Cotton-Mouton
eﬀect, is deﬁned by the quadrupole moment of the rare earth ion [34, 35]. In the case of
Tb3+ ion in Tb3 Ga5 O12 with non-zero orbital moment, the quadrupole polarizability
was found theoretically to be the highest among the paramagnetic rare earth garnets
[35]. One can further deduce, by comparing the pump polarization dependencies of
both the oscillations due to propagating inhomogeneity and the CF mode, that both
are very similar and, thereby, likely to have a common nature. It should be further
added that the both types of oscillations have the same symmetry with respect to
the sign of the applied magnetic ﬁeld. Namely, the signals have odd (Sig(+B)-Sig(B)) and even (Sig(+B)+Sig(-B)) parts with respect to the magnetic ﬁeld. Thereby,
it seems very plausible that the broadband THz radiation can indeed couple with
the crystal-ﬁeld resonance, forming the optical inhomogeneity, which locally forms a
linear dichroic region for the probe pulse.

5.8 Conclusions
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5.8 Conclusions
In conclusion, we have demonstrated a conceptually new approach for ultrafast modulation of the magneto-optical response of the magnetic media. It is based on a optical
inhomogeneity propagating through the medium with a relativistic speed of 5·107 m/s.
The method allowed us to achieve modulation frequencies up to 1.1 THz, continuously
tunable with the help of an external magnetic ﬁeld and with an amplitude of 5·10−4
of the transmitted probe intensity. Apart from the Faraday rotation modulated here,
a similar concept can be employed for the modulation of other linear and non-linear
magneto-optical eﬀects [38]. It is worth emphasizing that the modulation depth can
be increased by either intense THz pulses or Kerr non-linearities caused by counter
propagating pump and probe pulses.
Finally, we note that pump-probe magneto-optical experiments are one of the
main tools in the rapidly developing but also often controversial research area of ultrafast magnetism [39–41]. The eﬀects of propagation reported here manifests itself
as oscillations of the Faraday rotation, the frequency of which is a linear function of
the net magnetization. As a result, these oscillations can be mistakenly assigned to
a collective mode of a spin excitation. Therefore our work has also important implications for the correct interpretations of pump-probe magneto-optical experiments in
transparent media.

5.9 Appendix A. Theoretical formalism for the possible mechanism of the magneto-optical modulation
To derive the ultrafast Faraday modulation signal introduced in the manuscript we
made use of a simple model accounting for the probe beam propagating through a
medium in which an inhomogeneity moves with a relativistic speed. The probe beam
gains an additional polarization rotation from the linear dichroism of the inhomogeneity. The extent of this gain depends on the orientation of the probe polarization
with respect to the dichroism axes of inhomogeneity. This inhomogeneity propagates
from the surface into the crystal with a relativistic speed v, that is lower than that
of both the pump and probe pulses in the medium (Fig. 5.1). Consider the case of
a positive delay, when the probe beam follows the pump. The generated polariton is
located in the space between them. Let the coordinate z0 = 0 to be the entry face
and z1 = L = 1 mm the exit face of the crystal. Electromagnetic waves are polarized
in the (x, y) plane. The probe travels to a given point inside the crystal within a time
of ∆t = z · ng /c0 , where c0 /ng is the group velocity of the probe.
The polarization modulation is only observed when the probe catches up with
the optical inhomogeneity inside the crystal. The time delay when this can occur is
derived by setting the meeting point at zm = ∆t · c0 /ng as:
v · (τ + ∆τm ) = zm = ∆τm · c0 /ng ,

(5.5)
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which yields:
∆τm =

vτ
,
c0 /ng − v

(5.6)

To determine the form of the signal we apply the Jones matrices formalism. We
can represent the crystal by three Jones matrices: the polarization rotation before
the inhomogeneity, the linear dichroism inside the inhomogeneity, the polarization
rotation after the inhomogeneity. The entering electric ﬁeld of the probe is linearly
polarized at an angle θ to the dichroic axis, which direction is deﬁned by the pump
polarization ϕ and assumed to be preserved upon propagation:
(
)
cos(θ)
(−(1/2)w2 ·t2 +ikz−iωt)
Einc = e
· E0 ·
=
sin(θ)
(
)
(5.7)
cos(θ)
= G(t, z) ·
,
sin(θ)
where E0 is the amplitude of the optical wave, ω and k are the optical frequency and
wave vector, respectively. The Verdet constant of the material is V at the wavelength
of the probe. If the probe wave, which overlaps with the inhomogeneity at point zm ,
propagates along the applied magnetic ﬁeld B0 , the John matrix can be written:
(
)
cos(V B0 zm ) sin(V B0 zm )
M̂1 =
(5.8)
− sin(V B0 zm ) cos(V B0 zm )
( −∆lη cos(ϕ)
)
1
e
0
M̂2 =
(5.9)
0
e−∆lη2 sin(ϕ)
(
)
cos(V B0 (L − zm )) sin(V B0 (L − zm ))
M̂3 =
(5.10)
− sin(V B0 (L − zm )) cos(V B0 (L − zm ))
where η1 , η2 are dichroic constants, ∆l is the thickness of the inhomogeneity. Since
a constant probe polarization rotation is balanced during the detection of the pump
induced signal, we have to introduce rotational matrices to compensate for the constant contribution V BL + θ; the Wollaston prism of the balance detector rotates the
probe polarization over the angle π/4. One can write the following Jones matrices:
(
)
cos(V B0 L − θ) − sin(V B0 L − θ)
Ŵc =
(5.11)
sin(V B0 L − θ) cos(V B0 L − θ)
(
)
cos(π/4) sin(π/4)
Ŵ =
(5.12)
− sin(π/4) cos(π/4)
The transmitted electric ﬁeld of the probe then reads as:
Et = Ŵ Ŵc M̂3 M̂2 M̂1 E0

(5.13)

In the experiment, the balanced diode detection scheme of measuring the polarization
rotation is realized and therefore the total transmitted intensity is decomposed in two
orthogonal polarization components as ∆I = IA − IB , where IA , IB are time averaged

5.10 Appendix B. The Verdet constant calculation
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intensities. Only the signal at the frequency of the pump modulation (fmod =500 Hz)
is measured, which is the modulation introduced by the optical inhomogeneity. The
diﬀerential instantaneous intensity for orthogonal polarizations of the transmitted
wave without the time and spatial part G(t, z) is written as:
∆i = (Etx )2 − (Ety )2 =
= ∆l · (η1 cos(ϕ) − η2 sin(ϕ)) · sin(Ω · τ − 2θ),

(5.14)

where Ω is the modulation frequency, which, after substitution of zm = ∆τm · c0 /ng
and using Eq.5.6, is given by:
Ω = 2πf = 2V B0 · (vc0 )/(c0 − v · ng ).
To obtain the total diﬀerential intensity signal one has to integrate Eq.5.14:
∫ ∞
e 2 dt
∆I/I0 =
∆i · G(t)

(5.15)

(5.16)

−∞

Equation 5.16 is the desired signal of the probe polarization modulation. The integration limits of this integral has to be split by the ∆τ delay time when the inhomogeneity
reaches the second boundary of the crystal. By performing the integration one ﬁnds
the observed signal form:
∆I/I0 = ∆l · (η1 cos(ϕ) − η2 sin(ϕ)) · sin (Ω · τ − 2θ) ×
√
π
×
(erf(w · τ ) + erf(w · (∆τ − τ ))),
2

(5.17)

where erf(t) is the error function. The sum of the error functions constitutes the
observed time window ∆τ of the signal.

5.10 Appendix B. The Verdet constant calculation
Equation 5.17 permits one to estimate the Verdet constant from our measurements:
V =

2πf · (c0 − v · ng )
.
2B0 · c0 · v

(5.18)

Using the estimated value of the speed v (Eq.5.2) of the inhomogeneity and the
corresponding frequencies at a magnetic ﬁeld of 10 kG for the wavelengths of the
probe of 0.4 m, 0.5 m, and 1 m, we calculated the Verdet constant (see inset of
Fig. 5.7). To compare the calculated values of the Verdet constant V we used the
formula for the wavelength dependence of V from Ref. [13]:

µ

µ

µ

V =

C
+ V0 ,
λ2 − λ20

(5.19)

where C is a proportionality factor, λ0 is the band-gap wavelength, V0 is an oﬀset
value. We used the Currie-Weiss law to recalculate the parameter C at the temperature of 300 K from Ref. [13] for a temperature of 1.7 K in our experiment. Fixing
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Figure 5.10: Dependence of the polarization modulation on the angle of linear polarization
of the pump. (a) Pump-probe time trace of the polarization modulation signal for diﬀerent
angles of the pump polarization at a magnetic ﬁeld of 35 kG and a temperature of 1.7 K.
(b) The two amplitude contributions of the decomposed signal as a function of the angle of
the linear pump polarization. The signal is deﬁned as a(ΘLP ) cos(ϕ) − b(ΘLP ) sin(ϕ). (c)
Pump-probe time trace of the crystal-ﬁeld mode of Tb3+ (see Fig.5.2 (b)) for diﬀerent angles
of the pump polarization at a magnetic ﬁeld of 1 kG and a temperature of 1.7 K. (d) The
two amplitude contributions of the decomposed signal as a function of the angle of the linear
pump polarization. The signal is deﬁned as a(ΘLP ) cos(ϕ) − b(ΘLP ) sin(ϕ).

References
the value E at the temperature of 1.7 K and assuming λ0 to be independent of temperature we ﬁtted the experimentally calculated Verdet constants from Eq. 5.18 by
Eq. 5.19. The result of the ﬁt in the inset of Fig. 5.7 demonstrates a very good
quantitative agreement.
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Summary and Outlook
One of the goals of the present Thesis was to investigate the ultrafast magnetization
dynamics in magnetic semiconductors upon photo excitation of charge carriers. Another goal was to tackle the problem of the laser pulse propagation in thick magnetic
insulators by means of time resolved magneto-optical spectroscopy. In magnetic semiconductors we found that a femtosecond laser pulse can: 1) Trigger ferromagnetic
resonance in the gigahertz range and demagnetize within 100 fs the ferromagnetic
semiconductors (In,Mn)As and CdCr2 Se4 ; 2) Trigger two modes of antiferromagnetic
resonance in the antiferromagnetic semiconductor EuTe.
We can distinguish two types of magnetic semiconductors: diluted and stoichiometric. The former are the conventional semiconductors, like GaAs, InAs etc, with
a small amount of cations being replaced by the transition metal ions of Mn, Fe,
Co etc. The percentage of the replaced cations usually does not exceed ten percent.
The main idea of the diluted magnetic semiconductors is to combine semiconducting
and magnetic properties in one compound with a possibility to create low dimensional
magnetic nanostructures. The combination would allow for a new type of information
devices, capable of processing and storing information on a single chip. However, so
far its progress is hindered by the growth properties, the intrinsic randomness of the
alloys, which prevents the realization of room temperature ferromagnetism in diluted
magnetic semiconductors. Moreover, the situation occurs to become even worse by
the tremendously deteriorated transport properties with increasing magnetic doping.
These setbacks leave the diluted magnetic semiconductors to be only good model
systems, important for fundamental research.
The stoichiometric semiconductors diﬀer from the diluted ones in several respects.
First, the magnetic ions are distributed in accordance with the symmetry of the crystal. Second, these semiconductors appear in a variety of crystal structures. Third,
they can consist not only of transition metals but also of rare earth ions, what results
in diﬀerent magnetic properties. Some of the stoichiometric magnetic semiconductors can have ferromagnetic order well above room temperature; some of them have
transport properties comparable with the diluted magnetic semiconductors. In these
respects they might be a very good alternative to the diluted magnetic semiconductors
in future semiconductor spintronics. Thus, they should be more studied to achieve
new prospects and insights.
In the present Thesis we studied diluted ferromagnetic (In,Mn)As, stoichiometric
ferromagnetic CdCr2 Se4 and antiferromagnetic EuTe semiconductors with the help of
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time resolved optical spectroscopy. We found that in (In,Mn)As excitation of charge
carriers results in demagnetization of the sample with the subsequent triggering of
the ferromagnetic resonance mode of the Mn2+ ions. We found that the ferromagnetic
resonance is strongly damped and is barely distinguishable at magnetic ﬁelds below
7.5 kG. However, the ferromagnetic resonance is less damped at higher magnetic ﬁelds.
We explained this fact in terms of the existence of paramagnetic regions in the sample
at temperatures well below the Curie temperature, which leads us to the conclusion
that the sample is very inhomogeneous. We compared the ultrafast spin dynamics
of (In,Mn)As with that of the stoichiometric ferromagnetic semiconductor CdCr2 Se4 .
We found that in the CdCr2 Se4 case the damping of the ferromagnetic precession
was much lower than in (In,Mn)As, despite of the fact that the (In,Mn)As structure
is grown by molecular beam epitaxy, the method normally delivering higher sample
quality. This comparison already shows that stoichiometric semiconductors have a
certain advantage for the optical control of magnetization. Additionally, we found
that by tuning the photon energy of the pump to the p − d electronic transition one
can control the phase of the ferromagnetic resonance precession. Further experiments
on wavelength dependence should give more insight.
By analyzing the laser induced spin dynamics in the antiferromagnetic EuTe semiconductor, we discovered the versatile role of the photexcited electrons in the conduction d-band on the properties of the laser induced antiferromagnetic resonance of
Eu2+ ions. We demonstrated that the strong d − f exchange interaction in EuTe
has several consequences which aﬀects the ultrafast magnetization dynamics in our
experiments. First, we found a strong isotropic magneto-refractive eﬀect, which can
be used to manipulate and probe the dynamics of the d − f exchange interaction in
EuTe. We argue that the inverse magneto-refractive eﬀect can be a direct measure
of the d − f exchange constant, provided that one has a suﬃcient time resolution.
Second, we show that the d − f exchange interaction leads to renormalization of the
parameters of the antiferromagnetic resonance, which correlates with the fact that
the photoexcitation triggers both modes of the antiferromagnetic resonance. Third,
we discovered that the presence of the d − f exchange interaction leads to unusual
enhancements of the amplitudes and Q-factors of the AFMR modes.
Finally, we addressed the problem of laser pulses propagation in a thick paramagnetic terbium gallium garnet and demonstrated a conceptually new approach for
ultrafast modulation of the magneto-optical response of magnetic media. The modulation is based on an optical inhomogeneity moving with relativistic speed in the
medium through which the probe pulse propagates. The analysis shows that the inhomogeneity has properties of a linear dichroic plate. Since the polarization of the
probe rotates along the length of the crystal, the position of the inhomogeneity in
the crystal determines the amount of additional polarization rotation which the probe
acquires. Our work has also important implications for the correct interpretations of
pump-probe magneto-optical experiments in transparent media. The discovered eﬀect
can be employed as a tool to study propagation of laser pulses in other transparent
magnetic dielectrics in future experiments.

Samenvatting
Een van de doelen beschreven in dit proefschrift was om de ultrasnelle magnetisatie
dynamica in magnetische halfgeleiders bij foto excitatie van ladingsdragers te onderzoeken. Een ander doel was het probleem van laserpuls propagatie in dikke magnetische isolatoren aan te pakken door middel van tijdsopgeloste magneto-optische
spectroscopie. We hebben gevonden dat in magnetische halfgeleiders een femtoseconde laser puls verschillende eﬀecten kan geven, namelijk: 1) Het lanceren van de
ferromagnetische resonantie in het gigahertz frequentie bereik en het demagnetiseren
van de ferromagneten (In,Mn)As en CdCr2 Se4 binnen 100 femtoseconden; 2) Het
lanceren van twee antiferromagnetische resonanties in de antiferromagneet EuTe.
We kunnen twee soorten van magnetische halfgeleiders onderscheiden: verdunde en
stoichiometrische. De eerste zijn de conventionele halfgeleiders zoals GaAs, InAs etc,
waarvan een kleine hoeveelheid van de kationen zijn vervangen door overgangsmetaal
ionen van Mn, Fe, Co etc. De mate waarin de kationen worden vervangen is gewoonlijk niet meer dan tien procent. Het belangrijkste idee van een verdunde magnetische
halfgeleiders is om halfgeleidende en magnetische eigenschappen te combineren in één
verbinding met een mogelijkheid om laag-dimensionale magnetische nanostructuren
te maken. De combinatie kan resulteren in een nieuwe manier van informatie verwerking, waarbij het verwerken en opslaan van informatie op een enkele chip plaats
vindt. Echter, tot nu toe wordt de voortgang belemmerd door de groei eigenschappen
van de halfgeleiders: de intrinsieke wanorde van de legeringen voorkomt de realisatie van kamertemperatuur ferromagnetisme in verdunde magnetische halfgeleiders.
Bovendien wordt de situatie nog erger door de afnemende elektrische transporteigenschappen met toenemende magnetische doping. Deze tegenslagen maken de verdunde
magnetische halfgeleiders alleen geschikt als goede modelsystemen voor fundamenteel
onderzoek.
De stoichiometrische halfgeleiders verschillen van de verdunde in verschillende
opzichten. Ten eerste, worden de magnetische ionen verdeeld op een manier bepaald
door de symmetrie van de halfgeleider structuur. Ten tweede kunnen deze halfgeleiders verschillende kristalstructuren hebben. Ten derde kan de magnetische doping niet
alleen uit overgangsmetalen bestaan, maar ook uit zeldzame aarde-ionen, wat resulteert in meer diverse magnetische eigenschappen. Sommige van de stoichiometrische
magnetische halfgeleiders kunnen ferromagnetische orde ruim boven kamertemperatuur hebben en sommigen hebben transporteigenschappen vergelijkbaar met de verdunde magnetische halfgeleiders. In dit opzicht kunnen stoichiometrische halfgeleiders
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een zeer goed alternatief vormen voor de verdunde magnetische halfgeleiders in de
toekomstige halfgeleider spintronica. Daarom is het interessant om deze halfgeleiders
te bestuderen om zo tot nieuwe perspectieven en inzichten te kunnen komen.
In dit proefschrift onderzochten we verdunde ferromagnetische (In,Mn)As, stoichiometrische ferromagnetisch CdCr2 Se4 en antiferromagnetische EuTe halfgeleiders
met behulp van tijdsopgeloste optische spectroscopie. We vonden dat de excitatie
van ladingsdragers in (In,Mn)As leidt tot demagnetisatie in deze materialen met
daaropvolgende activering van ferromagnetische resonantie van de Mn2+ ionen. We
vonden dat de ferromagnetische resonantie sterk gedempt is en nauwelijks te detecteren is bij een magnetische veld sterkte beneden 7,5 kG. Echter, de ferromagnetische resonantie heeft minder demping bij sterkere magneetvelden. Dit hebben
wij kunnen verklaren door het feit dat er paramagnetische gebieden in het materiaal aanwezig zijn bij temperaturen onder de Curie temperatuur, waardoor we kunnen
concluderen dat het materiaal erg inhomogeen is. We vergeleken de ultrasnelle spindynamica van (In, Mn)As met die van de stoichiometrische ferromagnetische halfgeleider
CdCr2 Se4 . We ontdekten dat de demping van de ferromagnetische precessie gemeten
bij CdCr2 Se4 veel lager is dan in (In,Mn)As, ondanks het feit dat de (In,Mn)As structuur is gegroeid met moleculaire bundel epitaxie, een methode die normaal een hogere
kwaliteit van het materiaal oplevert. Deze vergelijking toont aan dat stoichiometrische
halfgeleiders een voordeel hebben voor de optische controle van magnetisatie. Bovendien vonden we dat door het afstemmen van de fotonenergie van de pomp op de p − d
elektronische overgang, de fase van de ferromagnetische resonantie precessie geregeld
kan worden. Verdere experimenten met golﬂengteafhankelijkheid kan meer inzicht
geven.
Door het analyseren van de laser geı̈nduceerde spindynamica in de antiferromagnetische EuTe halfgeleider, ontdekten wij de veelzijdige rol van foto-geëxciteerde elektronen in de d -geleidingsband met betrekking tot de eigenschappen van de laser
geı̈nduceerde antiferromagnetische resonantie van de Eu 2+ -ionen. We hebben aangetoond dat de sterke d − f uitwisselingsinteractie in EuTe een aantal gevolgen heeft
die de ultrasnelle magnetisatie dynamica en dus onze experimenten beı̈nvloedt. Ten
eerste, vonden we een sterke isotrope magneto-refractie eﬀect, dat kan worden gebruikt voor het manipuleren en waarnemen van de dynamika van de d − f uitwisselingsinteractie in EuTe. We stellen dat het inverse magneto-refractie eﬀect een directe
maat van de d − f uitwisselingsconstante kan zijn, op voorwaarde dat men voldoende
tijdsresolutie heeft. Ten tweede laten we zien dat de d − f uitwisselingsinteractie
leidt tot renormalisatie van de parameters van de antiferromagnetische resonantie,
wat samenhangt met het feit dat de foto-excitatie beide modes van de antiferromagnetische resonantie initieert. Ten derde, ontdekten wij dat de aanwezigheid van de
d − f uitwisselingsinteractie leidt tot ongebruikelijke verhogingen van de amplitudes
en Q-factoren van de AFMR modes. We hebben het probleem van laserpuls propagatie in een dikke paramagnetische terbium gallium-granaat mineraal bestudeerd en
een conceptueel nieuwe aanpak voor ultrasnelle modulatie van de magneto-optische
respons van magnetische media aangetoond. De modulatie is gebaseerd op een optische inhomogeniteit die met relativistische snelheid door het medium beweegt waarin
een probe puls (een zwakke laser puls) zich voortplant. Uit de analyse blijkt dat de
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inhomogeniteit eigenschappen heeft van een lineaire dichroı̈sche plaat. Aangezien de
polarisatie van de probe puls roteert over de lengte van het kristal, bepaald de positie van de inhomogeniteit in het kristal de hoeveelheid extra polarisatierotatie die de
probe puls krijgt. Ons werk heeft ook belangrijke gevolgen voor de juiste interpretatie
van magneto-optische experimenten in transparante media. Het ontdekte eﬀect kan
worden gebruikt als een manier om de voortplanting van laserpulsen te bestuderen in
andere transparante magnetische diëlektrica in toekomstige experimenten.
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