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"I like the scientific spirit - the holding off, the
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yond open - always gives life, thought, affection,
the whole man, a chance to try over again after a
mastake - after a wrong guess.”
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Abstract

English

The advent of femtosecond lasers has been at the origin of many discoveries in solid
state physics. In particular, in the field of magnetism it became possible to measure how
femtosecond optical demagnetization can probe the exchange interaction in ferromag-
netic metals. Laser-induced demagnetization of materials with strong magneto-elastic
coupling should lead to the release of its build-in strains, thus to the generation of
both longitudinal and shear acoustic waves. The physical mechanism is known as direct
magnetostriction, which is the property of ferromagnetic materials to change their shape
or dimensions during the process of magnetization/demagnetization. The inverse phe-
nomenon appears when an applied external stress modifies statically or dynamically the
magnetization configuration of a ferromagnet. A number of new physical phenomena are
expected to arise when an ultrafast acoustic pulse, exited by absorption of a femtosecond

laser pulse in photoacoustic transducer, is injected to a ferromagnetic sample.

In this thesis, generation of shear picosecond acoustic pulses in strongly magne-
tostrictive materials such as Terfenol is processed analytically and shown experimentally.
In case of Terfenol with strong magneto-crystalline anisotropy, laser-induced demagne-

tostriction is responsible for shear waves excitation.

First, the phenomenological model of direct magnetostriction in a Terfenol monocrys-
talline film is developed. Transversal strain generation efficiency strongly depends on
the orientation of the film magnetization. Time-resolved linear MOKE pump-probe ex-
periments show that transient laser-induced release of the magnetoelastic strains in the
films lead to the excitation of GHz longitudinal and shear acoustic waves. These results
are the first experimental observation of picosecond shear acoustic wave excitation by

laser-induced demagnetostriction mechanism.

Second, the interaction of an optically generated longitudinal acoustic wave with
the magnetization of a Terfenol thin film is reported. Arrival of the ps strain wave alters
a change of its magnetization and leads to the acoustic mode conversion. Which is an-

other pathway of shear acoustic wave generation. This effect highlight a strong coupling
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of elastic and spin subsystems in Terfenol. Hence, there are two laser-induced mecha-
nisms of the shear wave excitation in materials with strong magneto-elastic coupling: (i)
transient demagnetostriction and (ii) acoustic mode conversion. The Frequency band-
width of the generated acoustic pulses matches the demagnetization timescale and lies

in the range of several hundreds of GHz, close to 1 THz.

These experimental and theoretical results could have large impacts in several fields
of applications: Brillouin spectroscopy at GHz-THz frequencies with both longitudinal
and shear acoustic polarizations, magnetic recording with ultrafast longitudinal and

shear acoustic waves.



Résumé

Francais

L’avenement du laser femtoseconde a été a l'origine de nombreuses découvertes
dans le domaine de la physique du solide. Par exemple, dans le domaine du mag-
nétisme, il est devenu possible de mesurer comment la démagnétisation femtoseconde
peut permettre de sonder l'interaction d’échange dans les métaux ferromagnétiques.
La démagnétisation induite par le laser d’'un matériau avec un fort couplage magnéto-
élastique amene a la relaxation de ses contraintes, générant ainsi des ondes acoustiques
longitudinales et transversales. Le méchanisme physique est connu sous le nom de mag-
nétostriction directe, qui est une propriété des matériaux ferromagnétiques de changer
leur forme ou leurs dimensions lors du processus de magnétisation/démagnétisation. Le
phénomene inverse apparait lorsqu’une contraine externe appliquée modifie statique-
ment ou dynamiquement la configuration de magnétisation du matériau ferromagné-
tique. Il est attendu de la sorte qu'une impulsion acoustique ultra-rapide, generée par
absorption d’une impulsion laser femtoseconde dans un transducteur photoacoustique,

puisse modifier I'aimantation d'un échantillon ferromagnétique magnéstroctif.

Dans ce travail de these, la génération d’impulsions acoustiques picosecondes
transversales dans des matériaux fortement magnétostrictifs est traitée analytiquement
et montrée expérimentalement dans le cas d'un alliage de Terfenol. Dans le cas de ce
matériau a fort couplage magnéto-cristallin, le mécanisme de démagnétostriction induit

par laser est responsable de I'excitation d’ondes acoustiques transversales.

En premier lieu, nous avons développé un modele phénoménologique de magné-
tostriction directe dans un film monocristallin de Terfenol. L’efficacité de génération
de déformation transversale dépend fortement de I'orientation de I'aimantation du film.
Les expériences pompe-sonde linéaire MOKE résolues en temps montrent que la relax-
ation transitoire des contraintes magnéto-élastiques du film amene a ’excitation d’ondes
GHz acoustiques longitudinales et transversales. Ces résultats sont la premiere obser-
vation expérimentale de I'excitation d’ondes acoustiques transversales picoseconde par

mécanisme de démagnétostriction induit par laser.

En second lieu, nous avons analysé le processus d’interaction d’ondes acoustiques

xi



longitudinales générées optiquement avec 'aimantation d’un film mince de Terfenol.
L’onde acoustique picoseconde produit un changement de magnétisation du film et in-
duit la conversion de modes acoustiques. C’est une autre voie de génération d’ondes
acoustiques transversales que nous avons mis en évidence. Cet effet est une conséquence
du fort couplage des sous-systemes élastiques et magntiques dans le Terfenol. Par con-
séquent, il existe deux mécanismes de l'excitation des ondes transversales dans des
matériaux a fort couplage magnéto-élastique: (i) démagnétostriction induite par laser
et (ii) conversion de modes acoustiques. La gamme de fréquence des impulsions générées

est liée a I'échelle de temps de démagnétisation, qui corresponds a quelques centaines
de GHz - 1 THz.

Les résultats expérimentaux et théoriques obtenus dans le cadre de cette these
pourraient amener a des retombées applicatives importantes: spectroscopie Brillouin de
materiaux a des fréquences GHz-THz impliquant des ondes acoustiques longitudianles
mais aussi transverses, enregistrement magnetique a partir d’ondes acoustiques ultra-

rapides longitudinales et transverses.
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Introduction

Recent developments in the field of electronics have led to a drastic decrease in the
size of electronic devices. Following empiric Moore’s law [1] the number of transistors
on a single silicon chip doubles every 24 months with simultaneous chip size decrease.
Indeed, in 1971 the production standards in electronic industry were 10 pym, in 1978
-3 pm, in 1989 - 1 um, in 1997 - 0,25 um, in 2005 - 65 nm, 2014 - 14 nm, finally,
10 nm [2] in 2017. At the same time a transfer of many services and commerce on-
line, development of social networks and big data analytics demand higher data storage
capacities. Usually digitally stored data is represented by two stable states of a me-
dia, considered as numerical 0 or 1, determined by some physical effect. Modern hard
disc drives contain about Tbit/in?. They record data by magnetizing a thin film of
a ferromagnetic material, eventually, different state of magnetization represents binary
data bits. Consequently, manipulation of big amounts of data requires an increase in
writing /reading speed. There is a competition among companies and scientists in the
elaboration of new approaches in data recording. From the point of view of the perfor-
mance and non-volatily the most perspective technologies are Magnetic Random-Access
Memory (MRAM) and Spin-Transfer-Torque Magnetic Random Access Memory (STT-
MRAM). Results presented in this thesis can be utilized as an alternative approach for

the ultrafast magnetic data recording.

Advanced materials elaboration and characterization is one of the key elements
in the production of data storage devices. In particular, thin films, superlattices, nan-
oclusters, which play a crucial role in the enhancement of material’s properties: thermal
and electric conductivity, resistance to aggressive environment influences, etc. Conse-
quently, the role of their characterization methods is extremely important. Morphology,
chemical composition, electric properties of thin films can be measured by ordinary
techniques, however, generally it is difficult to test their mechanical properties. Besides,
small film thickness prohibits utilization of contact methods. On the contrary, pho-
toacoustic techniques based on transient laser pulses is a convenient tool to investigate
their mechanic properties. Use of all-optical methods provides an accurate, non-contact

and non-destructive testing of samples.

Development of coherent light sources has led to new discoveries. For example,



femtosecond fs laser systems are used to generate coherent acoustic phonons, to decrease
magnetization modulus of magnetic materials at subpicosecond timescale [3] or to switch
their magnetization [1], etc. Work of Thomsen et all [5] in 1984 started picosecond ultra-
sonic spectroscopy, which is an all-optical method to monitor mechanic properties of thin
films, multilayer samples or nano objects. Short laser pulses, called pump pulses, excite
the media. Consequently, acoustic waves in the ~10-800 GHz frequency and ~4-100 nm
wavelength ranges are generated after energy redistribution through different channels.
Subsequent time delayed laser pulse (probe) is used to monitor non-equilibrium dynam-
ics in the medium. It gathers information about the time dependent optical reflectivity,
which can be used to examine the evolution of the sample’s mechanical properties.
Thus, a set of stroboscopic images, taken with a time step of tens of femtoseconds,
forms a dynamical picture. Pump-probe techniques provide direct, time domain mea-
surement of the generated acoustics, or of other processes excited by pump pulses. In
the most general case it is limited by generation of only longitudinal acoustic waves
(LW) that propagates into the depth of the structure and reveals diagonal elements of
elastic constants tensor. In contrast, the excitation of shear acoustic waves (SW) is
prohibited because of symmetry reasons in most cases. On the contrary to longitudinal
acoustic waves, the generation of transversal or shear acoustic waves is a non trivial
task and sometimes demands complicated experimental approaches. Thus, picosecond
shear acoustic waves transducers, that don’t require sophisticated experimental config-
urations, would shed the light on the entire Brillouin zone of materials together with
longitudinal ones, that are already widely investigated. They could be utilized to study
elastic properties of different materials. At the moment, there are several techniques
to optically generate SW: thermoelasticity, inverse piezoelectricity, deformation poten-
tial mechanisms in off-axis crystals, transient gratings excitation, electrostriction, direct
piezoelectricity, ultrafast demagnetostriction [6]. Due to the nature of the particles os-
cillations in the lattice, all of these mechanisms are related to the breaking of the crystal

symmetry. Nonetheless an accessible frequency range is below 1 THz.

This work is focused on the ultrafast laser-mediated magneto-elastic mechanism
for longitudinal and shear acoustic waves generation in GHz-THz frequency range. The
conventional way to reverse the magnetization is to apply a magnetic field. However,
change of magnetization doesn’t occur if the magnetic field pulse is shorter than 2 ps.
Since the first observation of subpicosecond optical demagnetization of a ferromagnetic
Ni film [3], manipulation of magnetization at faster timescale became possible. Laser

induced demagnetization of samples with strong magneto-elastic coupling, is expected



to lead to the release of the build-in stresses and generation of both longitudinal and
shear acoustic waves in presence of a certain anisotropy of the properties of the media.
Comprehensive research of the magnetic and magneto-elastic properties of rare-earth
elements was carried out in 1960’s [7], [8], [9]. Particular interest was paid to the
heavy lanthanide metals with huge magnetic anisotropy, it resulted in the discovery of
REFes; (RE = Sm, Tb, Dy, Er, Tm) binary compounds with the strongest exchange
interaction and highest magneto-elastic coupling [10], [I1]. For example, ferromagnetic
SmFey and TbFey (Terfenol) are the alloys that possess highest magneto-crystalline
anisotropy and so-called "giant” magnetostriction coefficients A\(SmFes) = —1560-1075,
As(TbFesy) = 1750 - 107¢ (negative and positive signs correspond to the contraction or
dilation of the lattice upon an applied magnetic field). The reason of such strong mag-
netostriction is the presence of rare-earth ions with highly anisotropic 4f electrons cloud
(most extended in case of Sm and most flattened in Th). Moreover, a strong Fe — Fe
and F'e — RE exchange coupling preserves the rare-earth sublattice magnetization sta-
ble at room temperature, resulting in higher, than pure Sm or Tb, Curie temperatures.
Properties of Terfenol make it an ideal choice for the study of spin-lattice coupling via
the direct magnetostriction for GHz-THz acoustic pulses generation. Moreover, reversed
mechanism of the inverse magnetostriction after an injection of acoustic pulses into such
highly magnetostrictive compound is expected to reveal number of new physical effects.
Synthesis of rare-earth elements with high purity has been an issue because of the sim-
ilarity of their chemical properties, however, the solution was found using ion exchange
methods [12]. Now Terfenol alloy is a commercially available material with average
price that varies around 10$ per 1 g. Manufacturing of REFey; thin monocrystalline
films by molecular beam epitaxy was reported in [13], TbF e,y films with surface quality
suitable for picosecond ultrasonic experiments was fabricated in the scope of the thesis

of Mougin [11].
The major fundamental challenges, that constitute the motivation of this work

are:

1. Does laser-mediated direct magnetostriction in Terfenol lead to the generation of

longitudinal and shear acoustic pulses and, if so, in what frequency range?

2. How spin-ordered Terfenol compound behaves after an injection of laser-induced

ultrasonic pulses?



Scope of the thesis

The present thesis addresses all mentioned fundamental challenges. After a general
introduction, laser induced magnetization dynamics in metals, generation and detection
of coherent acoustic phonons and ultrafast magnetoacoustics will be overlooked in Chap-
ter 1. The proposed experimental approach is given at the end of this chapter. It is
based on the emission of strain waves after the transient change of the magnetization of

Terfenol films with strong spin-lattice coupling.

Chapter 2 starts with a description of the direct magnetostriction effect. Linear
magneto-optical pump-probe technique for the investigation of ultrafast magnetization
dynamics of Terfenol alloys is introduced. The demagnetization of Terfenol films occurs
on a two steps time scale of 71 ~ 1.5 ps and 7 ~ 15 ps due to strong spin-lattice cou-
pling. Laser excitation and subsequent demagnetization of Terfenol lead to the release
of its build-in strains, that propagate in the attached dielectric layer, which is described
by the dynamics of an elementary volume element subjected to a stress gradient in
the continuous medium. Laser-induced magneto-elastic response of the ferromagnetic
thin film is interpreted in the frame of the mechanistic approach, based on the instan-
taneous change of its free energy density by the pump pulse. Experimental results
obtained on a monocrystalline TbFes/SiOs hybrid samples emphasize the generation
of the approximately 8 ps shear acoustic pulses via transient demagnetostriction mech-
anism. Injection of GHz longitudinal strain pulse into the Terfenol film leads to the
acoustic mode conversion with efficiency of about 10 %. Landau-Lifshitz equation has
been utilized to numerically simulate an optimal experimental geometry for acoustic
mode conversion in monocrystalline Terfenol films. The out-of-plane tilt of TbFe; mag-
netization is considered to be a crucial parameter for the generation of shear acoustic

waves via demagnetostriction and mode conversion mechanisms.

Chapter 3 sums up all experimental results concerning Terfenol films presented
in this thesis. Laser-induced generation of picosecond shear strain waves and their
subsequent propagation in an attached SiO, lens demonstrates that magnetostrictive
material can be a source of GHz shear acoustic waves in a simple picosecond ultrasonics
geometry. Last section is devoted to the overview of other magnetostrictive materials,
that can be the alternative source of the GHz coherent longitudinal and shear acoustic

strain waves.



CHAPTER 1

Magnetization dynamics and acoustic
phonons

This chapter introduces the fundamental concepts of femtomagnetism, picosecond
ultrasonics and ultrafast magneto-acoustics. In the first section, we focus on the do-
main of femtomagnetism research that considers the dynamics of the magnetization of
magnetic materials induced by femtosecond laser pulses. Typical time scales vary from
several tens of femtoseconds to few picoseconds. The first experimental observation
of spin dynamics occurring on sub-picosecond timescale was made on 22 nm polycrys-
talline Ni film after its excitation by 60 fs laser pulses. This result was interpreted in
terms of the phenomenological three temperatures model (3TM). Despite the fact that
laser-induced demagnetization have been under investigation for two decades, there is
still no consensus about the common model which describes this phenomenon in all
variety of magnetic materials. Coherent magnetization dynamics follows the ultrafast
demagnetization at longer timescale and is described by the Landau-Lifshitz equation.
In addition to the common probe wavelength in the visible light range, ultraviolet, far-
infrared and x-ray probe provide information about the dynamic state of magnetization

of a magnetic material.

Coherent laser-induced lattice dynamics and mechanisms of its generation and
detection are reviewed in the second section. The main attention is focused on the

non-trivial mechanisms of generation and detection of shear acoustic pulses.

The third section is devoted to the manipulation of magnetization of magnetic
materials by GHz acoustic pulses. The possibility of an inverse interaction is consid-
ered, i.e. excitation of the strain waves after transient laser-induced demagnetization
of magnetic materials. The experimental approach proposed in this thesis is based on
the laser-induced demagnetization of highly magnetostrictive materials and subsequent
excitation of GHz longitudinal and shear acoustic pulses due to their strong spin-lattice
coupling. Physical frameworks of femtomagnetism, picosecond ultrasonics and ultra-
fast magneto-acoustics will be utilized in the interpretation of the experimental results
presented in Ch. 2 and Ch. 3.



6 CHAPTER 1. MAGNETIZATION DYNAMICS AND ACOUSTIC PHONONS

1.1 Laser-induced magnetization dynamics

The aim of this section is to introduce laser-induced magnetization dynamics,
which, in fact, consist of vast variety of effects occurring at different time and space
scales [15]. Action of femtosecond laser pulses on magnetic materials is at the core of
femtomagnetism. The ultrafast laser modification of magnetization is named femtosec-
ond demagnetization and can be divided into an incoherent and coherent contributions.
Incoherent dynamics is represented by the ultrafast drop of the remanent magnetization
from its original value. It occurs during the first ps after excitation, depending on the
materials. Out-of-equilibrium coherent precession of magnetization around the effective
field follows the incoherent dynamics during the next hundreds of ps. The demagneti-
zation effect has an important impact on the ultrafast response of Terfenol films upon
laser excitation. In particular from the point of view of the lattice dynamics during the
demagnetization /remagnetization process. A short overview of the first relevant study

implying magnetization and acoustics is given at the beginning of this section.

First observation

The first observation of the spin dynamics after laser excitation of ferromagnetic
thin films with femtosecond temporal resolution was made by Beaurepaire et al. in
1996 (see [3]). They reported the transient decrease of the remanent magnetization of

Ni films at about 50% upon fs-laser excitation (see Fig. 1.1).
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Fig. 1.1: Ultrafast release of magnetization of a 22 nm Ni film under fs laser excitation.
Fig. 1.1 shows the variation of magneto-optical Kerr rotation measured on a 22 nm

polycrystalline N¢ film after its excitation by 60 fs laser pulses. It indicates a sudden

drop of the signal amplitude, which is proportional to the magnetization, at ~ 1 ps time
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scale. This work attracted big interest in the community and triggered a vast number of
studies. A new domain called femtomagnetism emerged, which considers the influence
of femtosecond laser pulses on magnetic materials. Up to now, 1 ps demagnetization
timescale has been confirmed for all transition metals and some alloys [16]. However,
the typical timescale of laser-induced demagnetization varies with the pump fluence [17]
or temperature [13], as observed in rare-earth Th and Gd and other types of materials.
Koopmans et al [I7] reported two types of magnetization dynamics, which occurs at
different time scale: (i) the first-type is inherent to Fe, Co and Ni and their alloys,
depending on pump fluence and sample temperature. It occurs at sub-picosecond time
scale. (ii) The second-type is ascribed to the materials with weak interaction between
electron and spin subsystems. It is characterized by longer (more than 1 ps) demagneti-
zation and was reported in rare-earth Gd, ThFe alloy [19], several oxides and magnetic

semiconductors (InMnAs [20]).

1.1.1 Laser-induced demagnetization

Laser-induced dynamics in a metallic material can be described by the two- tem-
perature model (2TM) [21], where the energy distributes between the electrons T, and
the lattice T; subsystems. The presence of magnetic ordering in the material introduces
another subsystem - spin, that should also be taken into account during the energy distri-
bution. The excitation of the magnetic medium by fs-laser pulses takes it away from its
internal equilibrium state at subpicosecond timescale, so the use of thermodynamics for
the description of magnetism is not relevant. The development of a theoretical model,
which can describe ultrafast demagnetization became a challenge. Spin is conserved
in the optical transitions, hence, the pump pulse excites only the electron sub-system,
which is heated instantly to the thermalized distribution. The phenomenological three-
temperature model (3TM) was proposed (see [3] and [22]), to describe the experimental
observation of laser-induced demagnetization of ferromagnetic materials. It suggests the
energy flux between three subsystems: electrons, spins and the lattice, proportional to
the temperature differences between them and described by the following rate equations

of the electrons T, lattice T, and spins T temperatures

dT,
Ce% = P<t) - gep<Te - Tp) - ges(Te - Ts);

dT
Cs% = _ges(Ts - Te) - gsp(TS - Tp)7 (11)
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i,
dt

where C, is the electronic specific heat, C,, C, are the magnetic and lattice contribu-

Cp = _gep(Tp - Te) - gsp(Tp - TS)?

tions to the specific heat, gep, ges, and g5, are the electron-lattice, electron-spin, and
spin-lattice coupling constants. Typical timescale of the electron-electron and electron-
lattice coupling varies from several femtoseconds to some picoseconds, respectively. Di-
rect energy transfer from the electrons to the magnetic sub-system takes place via e.g.
quasi-elastic spin-flip scattering and/or can excite the spin system i.e. magnons. Indi-
rect interplay originates via phonon-mediated spin-flip mechanism. The characteristic
time scales of both effects are 100 fs and 100 ps [23] respectively. During the indirect
interaction hot electrons thermalize with the lattice to attain thermal equilibrium and

then via orbit-lattice coupling, which affects spin states of the material, see Fig 1.2.

3TM is a simple description of the energy equilibration processes. Nevertheless, it
doesn’t take into account transfer of the angular momentum, thus, omits some micro-
scopic mechanisms, that also govern magnetization dynamics. Excitation of magnetic
materials with fs laser pulses, that are shorter than the time scale of the spin-orbit inter-
action (0.1-1 ps), takes it out of the equilibrium state, where thermodynamics and static
macrospin considerations can not be applied to explain the magnetization dynamics. At
short timescale, the magnetic anisotropy and exchange interaction should be considered
as time-dependent parameters [241]. Underlying physical mechanisms remain under de-
bate. Koopmans et al [17] proposed an alternative microscopic three temperature model

(M3TM) to describe the magnetization dynamics. Unlike to the 3TM, it suggests the
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Fig. 1.2: Scheme of the interaction of a laser pulse and the spin state of a magnetic material [23].
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transfer of angular momentum to the lattice during energy distribution between hot
electrons and spins. After neglecting the spin specific heat and assuming instantaneous

thermalization of the electron gas, three coupled differential equations were obtained

dT,
Ce|Te|E - vz(k'vzjje) + gep(Tp - Te)a

dT,
de—tp = gep(Te - Tp)> (12)
dm T, mT,
e Rmi(l — m coth( 7 ),

where V., indicate derivation with respect to z coordinate, which is normal to the surface,

k is the thermal conductivity.

1.1.2 Coherent magnetization dynamics

Time-domain measurements of the photoexcited periodic precession of magneti-
zation give a quantitative information about demagnetization, anisotropy and damping

effects occurring in the excited materials. Fig. 1.3 [21] shows a schematic of the exci-

(c)
m ‘Ha_ 4mtm,

*a — 47 mf @
H

ext

Fig. 1.3: Optical excitation of coherent precession. H; = —4wm is the shape anisotropy.

tation of the precessional motion of magnetization. Initially (a) at time zero At = 0,
the magnetization is aligned along the effective field, given by the sum of the anisotropy
(H,), demagnetizing, and external fields. After (b) action of a laser pump pulse the
magnitude M and/or the anisotropy change due to heating, thereby altering the equilib-
rium orientation. (¢) The magnetization precesses around the new equilibrium direction
that is slowly restored due to the heat diffusion. The precession of a magnetic moment
]\_4> of the spin-ordered material in the external field ﬁ is described by Landau-Lifshitz

equation

oM x Heypj, (1.3)
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where 7 is the gyromagnetic ratio, po - the magnetic permeability of vacuum, ﬁeff -
the effective magnetic field. The gyromagnetic ratio of a single electron with only the

spin magnetic moment is equal to

Ve GHz
— = gsup/h ~ 28 , 1.4
o 9gshs/ T (1.4)

where pp is the Bohr magneton. The expression of the magnetization precession in
the case of magnetically homogeneous ferromagnet has the form of Eq. (1.3). In 1955
Gilbert suggested to add the damping term in the Landau-Lifshitz equation (1.3), which

is proportional to the time derivative of the magnetization M

— —

dM — n — dM

—_— = M x ﬁe M x —], 1.5
7 Yhol rfl+ ﬁ[ 7t ] (1.5)

where 7 is the damping parameter depending on the material. Equation (1.5) is named

_>

Landau-Lifshitz-Gilbert equation. It is valid in a temperature window, where |M| =

const. The Landau-Lifshitz-Bloch (LLB) equation [25] takes into account the change of

the magnitude of the magnetization vector M at high temperatures

— — — —

[M . ﬁeff] -M [M X ﬁeff] x M

ﬁ

d]\_4> — ﬁ
— = —yuo[M X Hepp] + v — Yy 7 (1.6)
dt |M|? |]\_4>|2

where a; and s are the longitudinal and transversal damping parameters [24].

1.1.3 Detection of magnetization dynamics

In practice, the study of the ultrafast magnetization dynamics is realized by the
employment of the laser pump-probe technique with a subpicosecond temporal reso-
lution. Generally, ultrafast excitation of magnetic materials doesn’t vary much with
modification of the pump wavelength. On the contrary, depending on the probe spec-
tral range, different informations about the state of magnetization can be provided.
Ultraviolet, far-infrared and x-ray spectral ranges can be used as an additional tool to

the common probe in the visible range to monitor ultrafast magnetization dynamics.

In contrast to the indirect magneto-optical methods, where the polarization rota-
tion is measured, the utilization of wultraviolet probes in combination with spin-sensitive
detectors provides a direct access to the spin distribution of the electron gas in metals.
Hence, the interpretation of time-resolved photoemission results is much more straight-

forward than in the case of TR magneto-optical experiments. The excitation of the
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magnetic material by photons with an energy larger than the work function, may re-
sult in an emission of the electrons from the surface. The spectroscopy of the emitted
spin-polarized electrons gives access to the static electronic structure of the sample, the
energy and momentum distribution of the electrons in [20], [27]. The disadvantage of
this method is the requirement of the high quality and electronic conductivity of the

sample surface.

To obtain information about the conductivity of materials it can be possible to use
a terahertz probe in the far-infrared spectral range. It is an indirect technique, which
can be sensitive to the magnetic phase transitions if the conductance of the free-electron
gas is sensitive to the magnetic order. In the case of some particular materials (most of
the antiferromagnets, some rare-earth elements [28]) it can potentially provide a direct

access to the spin state of the system.

X-ray probe too can be utilized in order to study the orientation of the magneti-
zation and antiferromagnetic vector of the materials by analogy to the magneto-optical
phenomena in the visible spectral range. However, the main advantage of the x-ray
absorption techniques is that there are relatively narrow transitions at well-defined en-
ergies of the magnetic materials so this is an elemental selectivity method. Based on
its advantages, time-resolved x-ray probe contributes to the deeper comprehension of
ultrafast laser-induced magnetization dynamics. The first x-ray absorption results with

100 fs temporal resolution were reported in [29].

Non-linear magneto-optical techniques, e.g. the magnetization-induced Second
Harmonic Generation (mSHG) is sensitive to ultrafast magnetization dynamics at sur-
faces and interfaces [30], [31]. Linear magneto-optical response, which is sensitive to the
bulk or skin-depth magnetization of spin-ordered materials is more commonly measured.
Magneto-optic Faraday effect [32] causes the rotation of the polarization of light propa-
gating through a magnetized medium, which is proportional to the angle of the applied
magnetic field. The same effect occurring at the near-surface region of several tens of
nm of a magnetic medium was called the magneto-optical Kerr effect (MOKE) [33]. The
phenomenological description of the MOKE is based on the analysis of the dielectric

tensor of the magnetic medium [3/]

1 Q. —i-Qy
E=¢c-|—1-Q, 1 i Qy
iQ, —i-Q, 1
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_>
where 6 = (Qs, Qy, Q) is the Voigt vector, proportional to the magnetization M. It

can be expressed as a product of the Voigt constant ¢ and the magnetization:
_>
6 =q-M.

Three magneto-optical geometries are distinguished depending on the orientation of the

magnetization vector M with respect to the plane of incidence of the probe beam:

1. In the polar MOKE configuration, the magnetization of the film lies perpendicularly
to the film surface and lies in the plane of incidence of the probe. The change of

probe polarization is proportional to the out-of-plane component of magnetization.

2. The longitudinal MOKE is measured at oblique incidence when the magnetization
lies on the film and is contained in the plane of incidence of the probe beam. Lin-
early polarized light incident on the surface undergoes a change of its polarization,

that is directly proportional to the in-plane component of magnetization.

3. The transversal MOKE is measured at oblique incidence if the magnetization of
the film is perpendicular to the plane of incidence and along the sample surface.
The T-MOKE depends on the second order terms in () and results in a change of

reflectivity.

There is another important difference between polar (P) and longitudinal (L)
MOKE : a relation between the polarization changes of the initially p- and s-polarized

waves as [31]:

Tps(P) = 15p(P)  1ps(L) = —1sp(L).

Therefore, by utilizing initially p- and s-polarized probe pulses, it is possible to disen-

tangle P and L contributions to the measured MOKE signal.

To conclude the section, the role of acoustic waves on the fs timescale processes
of demagnetization is usually neglected. It is suggested that phonons are involved in
this process at longer time scales of 10-100 ps during the energy exchange between hot
electrons and lattice. For materials with weak spin-lattice coupling (transition met-
als, e.g.), this assumption is correct if the magnetostriction is weak and does not play
significant role in the energy distribution. On the contrary, in highly magnetostrictive
materials (rare-earth based alloys, for example) it is expected to influence the demagne-
tization process. Recent works [35, 36], demonstrated the ultrafast demagnetization and

all-optical switching for a broad range of rare-earth-transition metals compounds with
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high magnetostriction. Owing to strong spin-orbit coupling in RE materials, the spin-
lattice relaxation channel should be taken into account for the description of ultrafast

laser-induced demagnetization events.

1.2 Coherent lattice dynamics

This section is focused on the high frequency acoustic waves in a solid medium. An
optical pump can excite different types of strain waves: longitudinal, shear, Rayleigh,
etc. In the most general case, the generation of shear or transversal waves doesn’t occur

due to symmetry reasons.

Acoustic waves in solids are periodic oscillations of the lattice, which propagate
in the material at a given velocity due to the action of elastic forces. This velocity
is often called speed of sound and depends on the material. Unlike liquid or gaseous
media where in the general case only longitudinal waves can propagate, in solids several
types of oscillations are possible: longitudinal, shear, Rayleigh waves etc. Longitudinal
phonons are periodic particle movements that does not change the shape of the elemen-
tary unit cell, only the distance between neighbor atoms, i.e the displacement of the
particles coincide with the direction of the wave propagation Fig. 1.4. It is also called
compressional waves because it produces a contraction of the media on its rise front
and a dilation after it. Transversal or shear waves also emerge along the propagation
direction, but unlike the longitudinal ones, they modify the shape of the lattice unit cell
and not the volume. Particles oscillations occur in the plane, which is perpendicular
to the direction of wave propagation. Normally both acoustic modes travel in the bulk
but have different velocities: speed of the longitudinal phonons is linked to the bulk
elasticity modulus of the material, while in the case of shear phonons it is related to
the shear elasticity modulus. An ability of the medium to maintain both longitudinal
and shear lattice oscillations permits to generate Rayleigh waves, that occur at the near
surface region of the sample, it is an ellipsoidal in-plane particle motion near the sur-
face of a solid. They combine both longitudinal and shear motions but have a lower
frequency (lower speed) and higher wavelength. All of them can be used in different
sample characterization techniques for ultrasound testing which is applied in a variety
of domains. In solids three different modes (one longitudinal and two transversals) with
mutually orthogonal displacements are possible along any propagation direction. This
work is focused on the generation of GHz longitudinal and, in particular, shear acoustic

pulses in thin ferromagnetic films and molecular crystals by means of the picosecond
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ultrasonics technique [37].
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Fig. 1.4: a) Longitudinal and b) shear acoustic waves propagating in the same direction.

1.2.1 Optical generation of coherent acoustic phonons

Among different mechanisms of acoustic wave generation, we consider only the
photoexcitation processes, which allow to generate coherent strain waves with the fre-
quency bandwidth of hundreds of GHz. Laser excitation of the sample leads to the
energy exchange between hot electrons and lattice, which occurs during the next few
picoseconds. Hence, the phonons emerge until temperatures 7, and 7}, are equilibrated,
the energy distribution occurs via the electron-phonon coupling. Since the first obser-
vation in 1984 [5], the generation of acoustic waves by ultrashort laser pulses has been
widely studied. There are several types of photoexcitation mechanisms for strain waves

with different acoustic polarizations, that are briefly reviewed elsewhere [38], [39], [10].

In the most general case, in a mechanically isotropic material, the thermoelastic
effect is responsible for the generation of longitudinal waves (LW), which are driven
by the homogeneous thermal expansion of the lattice after laser excitation [37]. No
collimated shear waves (SW)are excited in this case at all. It is a consequence of the
isotropy of thermal gradient propagating uniformly in the hemisphere away from the
heated point while transverse displacements orthogonal to this symmetrical excitation
are forbidden. In materials with broken axial symmetry, the thermoelastic mechanism
is an efficient tool for picosecond SW excitation [11]. LW and SW are coupled at the
boundaries of the medium [12], thus thermo-elastically generated plane LW under some
conditions can be converted into SW through acoustic mode conversion mechanism [13].
The break of the axial symmetry permits to overcome the symmetry restriction [39] for

the excitation of shear acoustic frequencies above few GHz.

Inverse piezoelectricity(IPE) and deformation potential(DP) are other possible
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mechanisms of generation of GHz acoustic waves. IPE and DP are observed in piezo-
electric semiconductors or insulators laser-excited above their band-gap. In these types
of materials there is a competition between these two photo-excitation mechanisms:
the inverse piezoelectric effect, linked to the screening of the built-in sample electric
fields, and the electron-hole-phonon deformation potential mechanism, related to the
modification of the interatomic electrostatic forces by the laser excitation of charges.
Laser-induced modification of the electronic distribution impacts the perturbation of
the local electrostatic equilibrium of electrons and cations. It leads to the modification
of the lattice equilibrium position and subsequent excitation of acoustic waves. Like in
thermoelasticity, in highly symmetric samples there is no SW excitation through IPE
and DP mechanisms due to symmetry considerations mentioned earlier. Laser-induced
shear acoustic waves do not emerge via any of these mechanisms, unless the samples

axial symmetry is broken [11].

Hence, the break of the axial symmetry is required to generate GHz shear acoustic
waves through thermoelastic mechanism, common for all types of materials, or inverse

piezoelectric and deformation potential mechanism, typical to the piezoelectric samples.

The transient grating (TG) excitation technique was proposed as an alternative
approach to excite GHz shear acoustic waves [11], [15]. Due to the periodic distribution
of heat deposition, laser-induced thermoelastic effect leads to the excitation of longi-
tudinal acoustic gratings that are the superposition of two coupled longitudinal plane
acoustic waves that propagates obliquely to the sample surface. Consequently, upon
reflection at an interface, they undergo partial mode conversion into shear acoustic
gratings (SAG). Longitudinal acoustic gratings can be considered as the superposition
of two plane longitudinal acoustic waves with non-zero in-plane components of their
wavevectors k,. These plane longitudinal waves propagate obliquely and originates a
partial mode conversion into SAG after the reflection at an interface. However, there is
no experimental evidences so far for the picosecond shear acoustic waves excitation via

this technique, because of the complexity of the experimental geometry [15].

Shear wave excitation through electrostriction mechanism has been demonstrated
in the MHz frequency range in dielectrics via TG excitation by intense pulsed electric
fields. This technique is based on impulsive stimulated brillouin scattering (ISBS) de-
tected in ellipsometric scheme [16]. Optical frequency of the laser pulse is much higher
than the acoustic frequency bandwidth of any material, hence, the envelope of the

laser pulse drives the lattice motion through the electrostriction mechanism. This tech-



16 CHAPTER 1. MAGNETIZATION DYNAMICS AND ACOUSTIC PHONONS

nique remains poorly developed because of the low excitation efficiency which results in
low signal levels. To overcome this obstacle, excitation by far-infrared light with THz
frequency was suggested to match the frequency of the light source and the acoustic

frequency spectrum of the samples [0].

Magnetic counterpart of electrostriction - magnetostriction occurs in materials
with high magneto-elastic coupling. Low frequency (below ~ 100 kHz) strains gen-
eration by modulated magnetic field is already wide used in ultrasonic devises [17].
Theoretically, laser-induced demagnetisation of magnetostrictive materials at picosec-
ond timescale could permit to overcome this limit and excite acoustic pulses in the
GHz-THz frequency range. It will allow to study the spin-lattice relaxation channel
by probing generated acoustic echoes. The variation of the magnetization state of the
magnetostrictive material leads to the simultaneous change of its shape. As far as
the demagnetostriction process is expected to match the subpicosecond demagnetiza-
tion timescale of ferromagnets, laser-induced release of the magnetostrictive stresses is

expected to excite picosecond acoustic pulses with GHz frequency spectrum.

Transient laser-induced demagnetization of highly magnetostrictive materials (Ter-
fenol alloy for example) should directly enable the generation of shear waves even in
elastically isotropic medium. Thus, demagnetostriction(= demagnetization of magne-
tostrictive materials) can be an efficient alternative to all the methods listed above for
GHz shear acoustic wave generation. One of the main challenges of this thesis is to

confirm this assumption experimentally.

1.2.2 Optical detection of coherent acoustic phonons

Ultrafast lattice dynamics are generally monitored by measuring the transient
change of optical transmission AT or reflectivity AR of the photoexcited medium by
time-delayed probe pulses [5], [38]. In the case of a semi-infinite medium, the change of
the complex transient optical reflectivity Ar/r of the probe beam caused by longitudinal
wave can be expressed as

ar_ ~2iku(0) + dikon On

— L. (2,t)e? Rz, 1.7
. —m2n ), N:2(2,t)e z (1.7)

where k is the probe beam wavevector in vacuum, «(0) is the displacement of the free
surface , n is a complex refractive index of the medium, z, dn/dn, On are the direction
of propagation, the photoelastic coefficient and the strain deformation, respectively. In

reflectometry the modulus of Eq. (1.7) stands for the magnitude of the intensity of the
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Fig. 1.5: The transient reflectivity response function G(t) with different combinations of the sensitivity
coefficients A and B.

reflected beam. This technique is suitable for detection of longitudinal and, with some
additional selection rules [6], [39], shear acoustic waves. Thomsen [18] has shown that

in fact AR(t) can be expressed in the form

AR(t) = /0OQ f(2)n(z,t)dz, (1.8)

where f(z) is a sensitivity function, defined in [18], that determines how strain changes

the reflectivity response at different depth below the surface

on . 4mnz ok 4mnz
— + ——cos
O+ Grcos(

- ¢)]eiz/£> (1'9)

where ¢ is the optical skin depth of a probe beam at a wavelength A, 0 < ¢ < 7/2.

Generally f(z) is an exponentially decaying function of two terms: (i) first sine-
term A is a smooth function and (ii) the second cosine-term B which is characterized
by a sharp shape. When a short strain pulse convolutes with the first term of Eq. (1.9),
which is determined by the speed of sound in the medium and its optical constants,
it outputs a smooth shape that does not contain information about the strain profile.
However, the convolution of the second term with a sharp profile provides an integral of
the pulse shape. Hence, the sensitivity function can preserve and output the shape of
the reflectivity signal detected by a probe pulse. This shape will be different depending
on the ratio between the first A and the second B term of the Eq. (1.9).
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Fig. 1.6: Optical scheme for the detection of magneto-optical Kerr effect, identical to the optical scheme
for the detection of shear acoustic waves.

Fig. 1.5 presents both terms A and B of the sensitivity function expressed in
Eq. (1.9) for Terfenol (curves on the top row), considering different detection scenarios.
Since there is a lack of data about the complex refractive index of Terfenol alloy, we
used the data n = 2.9174, k = 3.3545 for Fe at A = 800 nm [19]. The skin depth of
the probe pulse is § = A/4rk= 19 nm. The sensitivity response corresponding to a
detection scenario of B/A = 1/3 and B/A =-1/3, to the B term approaching to zero
or the A term being very small are displayed in Fig. 1.5. The sensitivity function can
lead to many different detected shapes of the acoustic strain pulse. It is straightforward
from Eq. (1.9) that the shape of the transient reflectivity response can be defined and
determined by the ratio of two terms, and can be expressed as [5()]

_ B—x on , Ok n.on?+k*—1

U Yooy P Wt

B/A (1.10)

In the short-pulse limit, the second term B is dominant and the time derivative of the
reflectivity response determines the acoustic strain profile. The first term A plays an

important role with the time broadening of the pulse.

From the beginning of picosecond ultrasonics, longitudinal waves have been easily
detected via interferometric, deflectometric or reflectometric techniques. However, in
the case of shear acoustic waves, the detection is not always as straightforward. In 1976
Bauer et al. [51] proposed to measure the rotation of the probe polarization € rather than
AR induced by a shear acoustic wave. This detection method was called depolarized
Brillowin scattering technique. It is also referred as an ellipsometric scheme [52] or
MOKE detection, because of the identical experimental setups with MOKE detection

in femtomagnetism, see Fig 1.6.
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In such detection scheme, the polarization of the laser probe beam is analyzed
upon reflection from the surface of a sample. Hence, depolarized Brillouin or MOKE
detection scheme is a polarization dependent measurement. It consists of a half- or
a quarter- waveplate, a Wollaston polariser, which is made of two prisms cemented
together that splits an incident beam into two orthogonally polarized outputs separated
by a separation angle. A pair of photodetectors mounted on the exit of the Wollaston
prism detect the rotation or ellipticity change of the probe beam polarization. Initially
balanced to 0, the optical bridge allows to detect the differential intensity obtained from

two photodiodes, which is proportional to the rotation of polarization angle 0k
I = Ipp1 — Ippa.

Sometimes a Glan-Taylor prism is used to separate s and p polarized light. It reflects s-
component on the air-gap between two prisms and transmits purely p-polarized one. In
current experiments we used the set-up based on a Wollaston polarizer and two-channel
balanced photodiodes. In the case of an opaque substrate coated with a transparent
isotropic film the photoelastic detection analysis in the film is simplified due to the fact
that such film supports only pure shear or longitudinal polarizations. Strain propagating
along the normal of the film (z-axis) has nonzero shear components 7y = 2n,, or n; =
2n,., and a longitudinal component 73 = 7,,. These modulate the permittivity tensor

of the isotropic film [41]

Prons 0 Pyns
Ae = 0 Pions  Pyany

Puns  Pung  Puns

where Pjy, Pjo and Py = (P11 — Pi2)/2 are photoelastic tensor components [53]. The
coupling of Ae to shear strain is off diagonal and involves the suffix z, the corresponding
induced change in probe polarization depends only on the z component of the probe
light electric field. Thus, it is important to emphasize proper selectivity rules that must

be utilized for the detection of shear acoustic waves [0]:

1. Oblique optical incidence of the probe beam is mandatory for detection of the SW.
Hence, the detection efficiency is higher at greater angles of probe incidence and
reaches its maxima at 90 degrees. This condition derives from proportionality of

the shear photo-elastic term and in-plane projection of the probe wavevector.

2. Direction of the SW acoustic polarization must be perpendicular to the plane of
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Shear wave propagation plane

Fig. 1.7: Illustration of shear acoustic waves detection conditions.

incidence of the probe beam Fig. 1.7.

3. S polarized incident light is scattered to P polarized light and vice versa. SW
rotate the probe polarization, they do not induce any ellipticity at the contrary to

magnetized samples.

In summary, depolarized Brillouin scattering technique is a reliable tool to detect
shear strain waves by measuring the rotation of the probe beam polarization. Together
with the selection rules it has been utilized for the detection of shear acoustic waves in

the experimental part of the thesis.

1.3 Ultrafast magnetoacoustics

In femtomagnetism laser-generated photons are used to control the magnetization
state of a magnetic material. Another way to manipulate the magnetization at ultrafast
timescale was reported in [54] by Sherbakov et al. Injection of GHz acoustic pulses into
thin films of a ferromagnetic semiconductor at 1.6 K induces a tilt of its magnetiza-
tion ]\_/[> , that triggered coherent precession Fig. 1.8 (a). Picosecond strain pulses were
generated in a 100-nm thick Al film deposited on the back side of a GaAs substrate.
Time-resolved evolution of the Kerr rotation angle Ap(t) have been measured at differ-
ent applied magnetic fields, where t=0 corresponds to the time of arrival of the strain
pulse into the GaAs layer. Oscillations with a frequency of about 10 GHz are clearly
distinguished after t>150 ps, when the strain pulse has already traversed the ferromag-
netic layer. These oscillations are damped at about 1 ns, their frequency and amplitude
depend on the applied magnetic field. Kerr signal obtained at H=0.8 kOe, where the
low-frequency oscillations have the highest amplitude, is shown in Fig. 1.8 (b). Low

frequency oscillations are present only if a magnetic field is applied, and they vanish at
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Fig. 1.8: Key results of [54] showing strain pulse-induced Kerr angle measured at various magnetic

fields.

magnetic fields above 2.5 kOe. High frequency oscillations have an acoustic origin while
low-frequency oscillations of Ap(t) are the feature of the modulation of M, in the GaAs
layer. These oscillations appear due to the strain-induced tilt of the magnetization ./\_4> ,
followed by a coherent precession of ]\_4> around its equilibrium direction. The oscillation
frequency in the GHz range is typical for such precession, as it was further confirmed

by the ferromagnetic resonance FMR experiments.

In the last years this topic has attracted more attention in the community [55],
[56]. In [57] it was shown that quasilongitudinal and quasitransverse ultrasonic pulses
injected into a ferromagnetic (311) (Ga,Mn)As film induce dynamical shear strain in
the film, thereby modulating the magnetic anisotropy and inducing resonant preces-
sion of the magnetization at a frequency ~10 GHz. Kim et al. [58] have shown the
transient reorientation and precession of the magnetization of ferromagnetic Ni films
at room temperature by acoustic pulses. This effect is explained in terms of the three
temperature model. The equation of the strain wave propagation and magnetization
dynamics are quantitatively described by the magnetoacoustic Landau-Liftshitz-Gilbert
equation [59]. Theoretical modeling of Terfenol-D thin film in [60] shows the out-of-
plane deviation of magnetization vector followed by its precession after action of ultra-
fast acoustic pulses [(1]. Terfenol-D free energy density possesses biaxial anisotropy,
thus four in-plane energy minimum. If an out-of-plane "kick” exceeds the ~ 20-degree
threshold value, the magnetization decays into another minimum, i.e. switching occurs.
Manipulation of the magnetization by periodic excitation patterns (transient grating

spectroscopy) is another example of ultrafast spin-lattice coupling [62],[63].

In the recent decade clear evidence of interaction of acoustic pulses with the mag-
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netization state of different materials at picosecond time scale was introduced. How-
ever, emission of the acoustic pulses after ultrafast release of the magnetization upon
excitation of a magnetic sample by a femtosecond laser pulse was not studied. For
materials with low spin-lattice coupling, this inverse effect is relatively small and is
often not considered. However, generation of up to several THz longitudinal coher-
ent acoustic phonons during demagnetization of Fe/MgO films was reported [(4], what
is more important is that the lifetime of the detected acoustic pulses is comparable
with the electron and spin termalization timescale. In the case of rare-earth-iron al-
loys due to strong bulk magneto-elastic coupling and magneto-crystalline anisotropy,
generation of high frequency longitudinal and shear strain waves is expected. Ter-
fenol (ThFey) is known as one of the most magnetostrictive materials, besides, it ex-
hibits particularly large magneto-elastic anisotropy. Its magnetostrictive coefficients are
Moo = +300 x 1076, A1y = +2460 x 1076 [10], it is clear that Ajg9 < A111. Due to these
properties, Terfenol alloy is an ideal prototype to study laser-induced generation of pi-
cosecond shear acoustic pulses. Longitudinal phonons, generated by demagnetization of
the sample as well, will act on top of the thermo-elastically generated ones. Thermo-
elastic emission of the shear strains is not expected due to symmetry reasons in such
samples. Only magnetostriction can lead to shear acoustic excitation. Moreover, the
efficiency of generation of both modes is anisotropic and should depend on the initial

experimental geometry.

Hence, the study of ultrafast magnetoacoustics in materials with strong magneto-
elastic coupling such as Terfenol alloys is proposed in the present thesis. So called
“demagnetostriction” is a process of generation of the shear and longitudinal picosecond
acoustic pulses as a result of the laser-induced transient demagnetization of the mag-
netostrictive material. Fig. 1.9 gives the scope of the experimental approach utilized in

the thesis.

Thin films of non-magnetic dielectric layers with well known optical and mechani-
cal properties are deposited on top of the studied ferromagnetic Terfenol films and plays
a role as an "acoustic delay line” to study the generated strain pulses. The Laser pump-
probe experiment starts with (i) optical pumping of the ThF'es film within the optical
skin depth by an intense femtosecond laser pump pulse, which leads to (ii) the tran-
sient demagnetization of the monocrystalline Terfenol film. It results in the release of
the build-in static strains at picosecond timescale, thus longitudinal and shear acoustic
pulses emerge. Direct emission of the shear phonons with a well defined acoustic polar-

ization is a consequence of the high magneto-crystalline anisotropy of Terfenol films. (iii)
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Fig. 1.9: Experimental approach proposed in the thesis.

Next, picosecond acoustic pulses are injected into the attached dielectric layer, where
they propagate with different velocities vg and vy towards the free interface. They
get reflected at the free surface and they arrive back to the interface, where they were
initially generated, and get detected by time-delayed laser probe pulses. Thus, acoustic
waves traverse a dielectric layer twice. (iv) Unexpected longitudinal to shear and shear
to longitudinal acoustic mode conversion occurs at the interface of Terfenol upon reflec-
tion of the first acoustic wave packet into the ferromagnetic layer. Hence, the second
picosecond shear strain pulse is generated and propagates through the acoustic delay
line and so on. Since the velocities of both acoustic modes are precisely defined, the
thickness of the dielectric layer is chosen so that longitudinal and shear echoes do not

overlap in time.

In summary, ultrafast magnetoacoustics became a topic of high scientific interest
during the last decade due to the unique potential in fundamental science and industrial
applications, in the field of data storage and time resolved magnetic imaging. Notably,
the modulation of the magnetization by GHz-THz acoustic pulses or emission of picosec-

ond strain waves after laser-induced demagnetization of strongly correlated systems.

1.4 Conclusion

The physical frameworks of femtomagnetism, picosecond acoustics and ultrafast
magneto-acoustics were overviewed in the context of this work. Laser-induced magneti-
zation dynamics of magnetic materials consist of two contributions: incoherent, which
occurs at sub-picosecond time scale and the following coherent precession of magneti-

zation. Phenomenological 3TM and M3TM intuitively describe the optically-induced
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magnetization dynamics, however, a common basic model, which can be applied to all
magnetic materials is still under debates. While the precession of magnetization can
be excited by a visible pump pulse, detection in different spectral ranges by direct or

indirect techniques provide additional information about the state of magnetization.

Laser-induced generation of coherent picosecond acoustic phonons were briefly
reviewed. Excitation of longitudinal waves occurs in the general case of laser-matter
interaction in solid medium. In this chapter main attention was focused on the non-
trivial generation and detection of shear acoustic phonons. It has been shown that
depolarized Brillouin scattering technique is a reliable tool for the detection of shear
strain waves by measuring the rotation of polarization of the probe beam. Additional
selectivity rules define our experimental geometry, which will be utilized during the

experiments in the next Chapters.

Manipulation of the magnetization state of magnetic materials is possible not only
by laser pulses, but also by GHz acoustic waves. The experimental approach proposed
in this thesis is based on the inverse effect i.e. direct magnetostriction. The laser-
induced demagnetization of the strongly magnetostrictive Terfenol alloy leads to the
excitation of picosecond longitudinal and shear acoustic pulses. Study of the inverse
magnetostriction effect will be possible after the subsequent injection of ultrasonic pulses

into the ferromagnetic film.

The role of the acoustical phonons at ultrafast timescale is most of the time ne-
glected. However, it is expected to influence the demagnetization process in highly mag-
netostrictive materials (e.g. rare-earth based alloys). Regarding the strong spin-orbit
coupling of RE ions, the spin-lattice relaxation channel should be taken into account
for the description of ultrafast laser-induced demagnetization events in RE-based com-
pounds. In this scope, a study of the spin-lattice coupling in a Terfenol alloy via demag-
netostriction process at picosecond timescale is of particular interest. A phenomenolog-
ical model and the experimental results obtained on Terfenol /dielectric hybrid samples

will be presented in the next Chapter.



CHAPTER 2

Ultrafast magnetoacoustics in Terfenol

The main goal of this thesis is to study the laser-induced generation of picosecond
shear acoustic waves in materials with strong magneto-elastic coupling such as Terfenol
alloys. The following chapter introduces the phenomenological description of the direct
and inverse magnetostriction effects and gives a comparison of the magnetostriction
coefficients of different ferromagnetic materials and alloys. Laser pump-probe experi-
ments have been performed on ThFes/SiO5 bi-layered structures deposited on Sapphire
or C'aF, substrates. We have experimentally demonstrated picosecond laser-induced de-
magnetization of monocrystalline ThF'ey thin films, simultaneous generation of strain
waves, which propagate through an attached dielectric silica dioxide layer and undergo
intermode conversion from longitudinal to shear and vice versa in the skin-depth of

Terfenol.

In the first section, the electron structure and magnetism of Terbium and Iron
elements are reviewed. Large magnetostriction of Terfenol is caused by the strong
anisotropy of the bound 4f electrons of Terbium. Next, the phenomenon of direct mag-
netostriction is reviewed through semi-quantitative phenomenological and mechanistic
approaches. The observed magneto-elastic response of Terfenol thin films is interpreted
within the framework of the mechanistic formalism. Laser-induced demagnetization of
Terfenol and subsequent coherent magnetization dynamics are monitored by measuring
transient Kerr rotation Af(t) and ellipticity A¢(t). It is shown that the demagnetization
timescale of Terfenol is influenced by the strong spin-lattice coupling of Terbium. Laser
excitation of monocrystalline Terfenol films leads to the release of the build-in static
strains, which then are injected into the attached dielectric layer. Lattice dynamics
are monitored by the depolarized Brillouin scattering technique, which reveals a direct
generation of the GHz shear and longitudinal acoustic modes. Efficiency of the shear
acoustic wave excitation strongly depends on the experimental geometry, i.e. orientation
of the Terfenol magnetization. Moreover, the laser excitation of the ferromagnetic film
with strong magneto-elastic coupling leads to the generation of GHz circularly polarized

acoustic waves. In addition, we have performed numerical simulation of the shear strain
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waves excitation in polycrystalline Terfenol films.

The effect of inverse magnetostriction in Terfenol is examined in the last section
of this chapter. When the acoustic wave packet, generated by the demagnetostriction
mechanism, reaches the ferromagnetic layer after its round trip in the dielectric, it
provokes the reorientation of ]\_/_/> and modifies the magnetic anisotropy field. Hence, it
tilts ﬁef 7, which is directly coupled to the modification of the build-in static strains
via the magneto-elastic energy. It causes excitation of a secondary wave packet with
longitudinal to shear (L-S) or shear to longitudinal (S-L) modes, i.e. acoustic mode
conversion after the injection of picosecond ultrasonic pulse in highly magnetostrictive
film.

2.1 Direct magnetostriction of Terfenol thin films

Magnetostriction is a magneto-elastic phenomenon which causes a ferromagnetic
materials to change its shape or dimensions upon magnetization/demagnetization pro-
cess, i.e. it couples changes of the magnetization and mechanical deformations of a
magnetic material. Elastic degree of freedom is introduced in the system upon a change
of magnetization and vice versa - mechanical deformation induces modification of its
magnetic properties. It is a result of the interaction of the magnetic anisotropy, elas-
tic and exchange energies of the material. Two types of magnetostrictive phenomenon
should be distinguished: (i) spontaneous and (ii) Joule magnetostriction. In its turn,
there are direct and inverse Joule magnetostriction. A particular case of a ferromagnetic

Terfenol film of cubic symmetry is considered in this section.

The intrinsic spontaneous magnetostriction occurs in each domain of a magnetic
material at the temperature that is below its Curie temperature even in the absence of
an external magnetic field. It is still not well understood and often described as Invar
anomalies [05]. It has been observed in various intermetallic compounds, rare-earth
metals and rare-earth compounds. In ferromagnetic cubic materials, this distortion is of
the order of 1075 for transition metals and about 1072 for rare-earth compounds. The
difference of two orders of magnitude is explained by the strong anisotropy energies of
rare-earth metals. Hence, every domain is distorted in a spontaneous way along different
directions that results in zero total deformation. Forced or Joule magnetostriction occurs
in materials in the presence of an external magnetic field that aligns all magnetic domains
in one particular direction, so they form one single domain. This effect can be observed

at the macroscopic scale.
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Magnetoelasticity can be described by two approaches: (i) a semi quantitative phe-
nomenological, based on the Heisenberg-Weiss theory [66] and mechanistic approaches.
In [67] Heisenberg used quantum mechanics to improve and quantify the model for the
ferromagnetic system taking into account the previous work of Weiss [68]. It was demon-
strated that the "molecular field” of Weiss theory was not actually a magnetic field, but
represents the exchange energy stabilizing the parallel spin orientation. An analogous
interaction can be applied to the Terfenol system, where the spin moment can be en-
visioned as rigidly attached by strong spin-orbit coupling to the anisotropically shaped
4f electron charge cloud. A consequence of this "crystal field energy” is the tendency of
the magnetic moment to be stabilized along a particular crystalline direction due to the
electrostatic attraction or repulsion between its attached electronic charge distribution
and the neighbouring charged ions [09]. (ii) The second mechanistic approach describes
another point of view on the model of the composites macroscopic behaviour. Mag-
netostrictive materials exhibit a coupled response between their elastic and magnetic
behaviours, which occurs through a modification of the free energy density F; of the
crystal in the form,

F,=F,+F.+F, +F.,. (2.1)

It is described by the sum of several components: magneto-crystalline anisotropy Fj,
elastic F,, Zeeman F, and exchange energies F,,. In the case of ferromagnetic materials,
some contributions can be omitted: dipole-dipole energy is much lower than exchange
energy, thus its contribution to the total free energy density is neglected. Exchange
coupling between Th and Fe moments is about 300 T [70], so we presume that the
moments keep their original ferromagnetic configuration. The film thickness is assumed
to be large enough (minimum 50 nm in this work) for exhibiting the spherical symme-
try, thus surface effects can be neglected. The expression of the magneto-crystalline

anisotropy energy can be written using Taylor series expansion
Fk(mygzj) = Fa+Fme(m7€ij)7 (22)

where F}, is an anisotropy energy which represents energy required to flip magnetization
between different crystalline axes. In the case of cubic symmetry its lower order term
is expressed as

F, =K, (m%mg + m%mg + m%m%), (2.3)

where K is an anisotropy constant (K; = —7.6 MPa for TbFe, [10]), m; is a direction

%
cosines of the unit vector m, that lies along the magnetization M. F},. is the magneto-



28 CHAPTER 2. ULTRAFAST MAGNETOACOUSTICS IN TERFENOL

elastic energy and ¢;; is the deformation tensor in Cartesian system of coordinates. The

magneto-elastic energy is expressed, utilizing only the second order terms of m, as

Fme = Z Z(bij)wmymuew, (24)
] VR
where b is the tensor of magnetoelastic interaction constants (magnetoelastic constants).

The lowest term of the elastic energy has the form
1
F. = 5 Z Cijki€ijE kL (2.5)
ijkl

where ¢;j;,; are the elastic constants. The Zeeman energy which describes the potential

energy of a magnetic material in presence of an external magnetic field is
F, = —M,(mH,), (2.6)

where M, and H; are the saturation magnetization and demagnetizing fields, respec-

tively. In case of a cubic symmetry, the exchange energy has the form
1
Fop = éHerQMS((me)Z + (me)Q + (vm2)2)7 (27)

where «a is the lattice constant, H., is the phenomenological exchange field. Terfenol
crystal possesses a cubic symmetry. If its crystallographic axes [100], [010], [001] coincide
with the right handed x,y, z axes of the Cartesian coordinate system, Eq. (2.4) and
Eq. (2.5) can be simplified to

Fme = bO(Exa: + Eyy + Ezz) + bl (migxx + ngyy + ngzz)

+  ba(mymyeqy + Memycq, + mym.e,,), (2.8)

where by, by, by represent isotropic, tetragonal and rhomboidal magneto-elastic con-

stants, respectively.

1 1
Fe = _Cll(gix + Ezy + giz) + C12(<€acx{5yy + Exa€zz + gyygzz) + _044(51‘1/ + Exz + 5yz)a

2 2
(2.9)

where c11, ¢12, cua are the elastic constants of the cubic crystal, ¢;; is the elastic strain
tensor. Unlike the magneto-elastic energy, see Eq. (2.8), the elastic energy is independent
on the magnetization and introduces a positive contribution to the total free energy

density.
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The relative length change Al along an arbitrary axis at some orientation of mag-

netization (direction cosines m;) is given by
Al
]

Eq. (2.10) shows the relation between the static strain components ¢;; and the magne-
tization directions cosines m,;. These equilibrium strains minimize the sum of magneto-
elastic Eq. (2.8) and elastic Eq. (2.9) energies with respect to the strains ¢;;. They can

be written in the form,

2
— b() —b1 mi C12 b1

c11+2c2 1 —cae o (e 4 2c12) (e — 012)’

—bgmimj

(2.12)

52‘]‘ =
Ca4

The substitution of the longitudinal and shear strains of Eq. (2.11) and Eq. (2.12) into

the expression of the magnetically-induced relative length change of Eq. (2.10) results

in
Al 3 1
7 = Ao + §>\100(m§,ﬂg + mzﬁs +m2f2 — 5)
+ 3/\111(mxﬂxmyﬁy + mxﬁmmzﬁz + myﬁymzﬂz)a (213)

where A\,, A\1go, A111 are the magnetostriction constants which represents relative changes

in the material shape upon the applied external magnetic field.

Fig. 2.1 schematically depicts the forced magnetostrictive distortions of the cubic
unit cell. The constant A\, = —(by + b1/3)/(c11 + 2¢12) in Fig. 2.1 (a) describes the
pure volume magnetostriction that is isotropic and independent of the magnetization
direction. This term is often omitted in the expression 2.13. The constant Mgy ()

in Fig. 2.1 (b) is the relative deformation along [100] axis, when the magnetization lies

s

Fig. 2.1: Magnetostrictive distortions of the cubic unit cell a) A,, b) A,, ¢) A.. Dashed line represents
the material shape after application of the magnetic field.
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along this direction. The constant Aj1; (A:) in Fig. 2.1 (c) represents the rhomboidal
distortion that stands for the fractional change in length Al/l along the [111] direction,

when the magnetic field is applied along the same crystallographic direction.

—2by
A = — 2.14
100 = 3 o) (2.14)
—by
Ay = E (2.15)

The phenomenological model, which assumes an atomic origin of the anisotropic mag-
netostrictive distortion of the cubic Laves C15 compounds, was proposed by Clark [10].
According to it, the main origin of the strong magnetocrystalline anisotropy of Terfenol

alloy is an asymmetry of the Terbium 4f electron cloud.

An existence of two inequivalent tetrahedral sites of the C15 structure allows in-
ternal deformation along [111] direction. Since [111] is a diagonal of the cube, this dis-
tortion lowers the symmetry and drives an external rhombohedral deformation (Aj1141),
see Fig. 2.1 (¢). The distortion along [111] axis is described on Fig. 2.2 (a): two in-
equivalent tetrahedral sites, situated at 0,0,0 and %, 4117 i, are denoted by A(A’) and
B(B'), respectively. The material is magnetized along [111], an oblate 4 f electron cloud
(—e) lies perpendicular to the magnetization axis. Considering only the electrostatic
interaction, the closer location of the 4f electron cloud on A to atoms B’ than to B
causes an extension of the A — B bound. Its magnitude depends on the internal A — B

modulus. As a result, an increase of the distance a exceeds a small decrease in the

length b, yielding positive external magnetostriction. Potentially high Ajjgg arises from

a) | A,T[111] b) f [100]

e
b -e
a
A

B -e

b

*7’ l\/t\} B‘

B B
Fig. 2.2: Model of magnetostriction in rare-earth iron Terfenol [10] with the magnetization M aligned

along its a) [111] and b) [100] crystallographic axes. Open and broken circles denote atoms above and
below the plane of figure, respectively. The iron atoms are not shown.
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the asymmetry of the rare-earth 4 f electron shell, which is significantly shorted out due
to the high tetrahedral (43m) symmetry at the lanthanide sites. When the magnetic
field is applied along the [100] direction, 4f electron cloud becomes equidistant to all
rare earth nearest neighbors and do not allow magnetostrictively-driven internal defor-
mation via point charge electrostatic interactions. A — B bounds are equivalent, thus
symmetry remains high, see Fig. 2.2 (b), consequently the magnetostriction constant

A [100] is low.

The magnetostrictive materials can be classified in two types according to their
microstructure: (i) crystalline and (ii) amorphous. Unlike amorphous media, crystalline
magnetostrictive materials possess large saturation strains. They are represented mainly
by the metallic and rare-earth based compounds. 3d transition metals and their alloys
were among the first studied materials. They don’t exibit big magnetostriction co-
efficients by themselves. On the contrary, so-called giant magnetostrictive materials
have extremely large magnetostriction coefficients (in order of 1072 for Terbium and
Dysprosium at cryogenic temperatures). Hence, highly magnetostrictive compounds
(the magnetostrictive ferrites [71] and the RE-iron alloys [11]) have been developed on
this basis. Values of the magnetostrictive constants of 3d metals Fe, Ni; Terfenol and

Terfenol-D at room temperature are shown in Tab. 2.1 [72].

Terfenol possesses large magneto-elastic anisotropy Aij11 > Aigo. In a single crys-
tal of Terfenol, the magnetostriction strongly depends on the direction in which it is
measured or in which lies the magnetization. Therefore, its behavior will be different,
depending on the initial state of magnetization and the chosen direction (easy or dif-
ficult axis of the magnetization). There are other parameters which characterize the
magneto-elastic coupling in the magnetic medium: saturation magnetostriction coeffi-
cient \g, magneto-mechanical coupling coefficient k33, which represents the conversion
efficiency between the magnetic and elastic energies, Curie temperature 7.. They are
presented in Tab. 2.2. All of them depend on the manufacturing process and on the

direction of the polarizing magnetic field.

Material A100(107%) | Aq11(1079)
Fe +19 -18.8
Ni -46 -25
TbFeq +300 42460
Tbo,27Dyo,73Fes ~ 100 +1620

Table 2.1: Magnetocrystalline anisotropy of cubic ferromagnetic crystals.
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Material As(1076) | k33 | Tp, °C
Fe -9 0.3 770
Ni -35 | 0.3 358
Co -62 | 0.3 1130
TbFes +1753 | 0.35 438
Tbo 27 Dyo 73Fes +1100 | 0.75 380

Table 2.2: Saturation magnetostriction A\g, magneto-mechanical coupling coefficient k33 and Curie
temperature T, of some polycrystalline ferromagnetic materials [10].

Terfenol alloy possesses the strongest positive magnetostriction coefficient. Hence,
it is expected that laser-induced demagnetization of thin monocrystalline films of T0F'ey

will excite acoustic waves the most efficiently among other magnetostrictive materials.

2.1.1 Terfenol hybrid sample

The typical hybrid sample, studied in this thesis, is composed of a monocrystalline
Terfenol film coated with a fused silica dielectric layer. In-plane and out-of-plane mag-
netized ferromagnetic films were deposited with the molecular beam epitaxy technique
at Institut Jean Lamour (IJL) in the group of K. Dumesnil, see Fig. 2.3 (a) and (b).
The fabrication process of the in-plane magnetized films consists of several steps. (1120)
sapphire (Al,O3) wafer was chosen as a substrate. It was preliminary outgazed for sev-
eral hours at 1070 K, then covered by 500 A of N'b (110) buffer layer at 1070 K. A single
atomic layer of Fe was then deposited at the top at 820 K, followed by the deposition
of single crystals (110) TbFey thin films. CaF; substrates were utilized in the case of
(111) out-of-plane magnetized films in Fig. 2.3 (b). It was heated to 873 K and annealed
at the same temperature. Then 200 A of Mo buffer layer was deposited at 973 K. The
substrate was cooled to 933 K, and (111) TbFe, films were grown at this temperature
[73]. Afterwards, a capping layer of several nm thick Ti or Au was deposited on top of
the Terfenol film to prevent oxidation. Later on, in both cases, the structure was coated
with a transparent dielectric layer of SiOs, which plays a role of an "acoustic delay line”.
Si04 was favored because of its well defined optical and mechanical properties [74], [75],

[76]. Detailed samples fabrication process is described elsewhere [11].

The generation of the acoustic phonons occurs in the skin depth of the Terfenol
layer, in the vicinity of the Terfenol/fused silica interface. Hence, it is important to
understand how the acoustic pulses excited in Terfenol will be transmitted into fused

silica. The acoustic impedances Z of our sample layers has been calculated to estimate
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a) b)

Fig. 2.3: Hybrid sample structure of a) in-plane and b) out-of-plane magnetized Terfenol thin films.

the acoustic reflection and transmission coefficients at different interfaces. Z is equal to

the product of the material density p and the speed of sound v
Z = pv. (2.16)

Conditions of the continuity of the stress and of the acoustic displacement across the

interface can be expressed as
1+R=T, (2.17)

(1=R)/Z\ =T/ Z,, (2.18)

where R and T are the acoustic reflection and transmission coefficients, respectively.
Zy, Zy are the acoustic impedances of the attached materials, a negative sign of R
in Eq. (2.18) means a reversal of the reflected acoustic wave polarity (compressive or
tensile), with respect to the initial one. Now reflection and transmission coefficients of

the acoustic stress at normal incidence can be expressed as

Zy — 2y
R=———, 2.19
71 7, (2.19)
275
T=—"-. 2.20
Zy + Z4 ( )
Material p,kg/m3 | v;,m/s | v, m/s Z Z,
TbFey [10], [77], [79] 9170 | 4170 | 1980 || 38 | 18.15
Si09 [74] 2196 5970 3760 13,1 | 8,256
Nb [79] 8570 5068 2092 || 43,43 | 17,93
Al,O3 [30] 3980 10000 3988 39,8 | 15.87

Table 2.3: Mechanical properties of Terfenol, SiOo, Nb, AloO3 layers.
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Since the conservation law should be satisfied (the integral of the strain should
remain the same), the transmission of strain waves through the interface depend not only
on the acoustic impedances, but also on the preserving factor equal to the ratio between
the sound velocities in the adjacent layers v;/ve. This ratio increases or decreases
the strain amplitude and shrinks or broadens its spatial profile, depending on vy ans vy
values. The reflection and transmission coefficients of the longitudinal and shear acoustic
strains at ThFey/SiOy interface were calculated using the data, listed in Tab. 2.3, and

the expression
2Z2 (%}

= 1= m(1),
ZQ + Zl]U2 1( )
where 75(t) = 0.73 -1, (t) and n2(t) = 0.4 -1, (¢) for longitudinal and shear waves, respec-

ma(t) = | (2.21)

tively'. Hence, this simple analysis shows that strain pulses transmitted to the SiO, will
be attenuated at the interface, but they preserve their sign and shape, while reflected
waves will change their polarity upon reflection. The acoustic waves generated in the
skin-depth of the Terfenol layer and propagating into the bulk will be initially trans-
mitted to the buffer Niobium layer and then to the substrate without any significant
reflection (reflection coefficients at TbhFes/Nb and Nb/Sapphire interfaces are about
0.06 for longitudinal and shear waves). So, Terbium-Niobium and Niobium-Sapphire
have almost perfect acoustic impedance matching because of the small values of strain
amplitude upon the acoustic reflection at their boundaries. Thus, acoustic pulses re-
flected backwards from the Nb/TbFe, interface will not perturb the measurements.
Moreover, the thickness of the substrate is much bigger (few mm) than the thickness
of the TbFey/Si0; structure (about 1 — 1.5 pm), so the reflection of the strain at the
free interface of sapphire can be also neglected due to the big temporal mismatch of the

acoustic waves propagation in the substrate and Si10;.

a) x [110] b)
z [001]

x [111]

Z [1-10]

~10]

Fig. 2.4: Different crystallographic orientations of a) in-plane and b) out-of-plane magnetized single
crystal Terfenol thin films.

1 Mechanical properties of Terfenol-D were used to estimate the acoustic impedance of TbFey due to the lack of data
about Terfenol in the literature.
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Fig. 2.5: Hysteresis loops of a) 50 nm, b) 300 nm thick in-plane magnetized Terfenol films. Mea-
surements were performed at room temperature. Red, blue and green curves were measured by static
MOKE.

The magnetization direction of the Terfenol film is selected by choosing a proper
substrate/buffer cut. As a consequence, the in-plane and out-of-plane magnetized Ter-
fenol films have different crystallographic orientations, see Fig. 2.4. (a) In the first case,
the magnetization lies in the yz plane of the film, while in the second one (b), it is

aligned along the normal to its surface (x axis).

In this scope, static magnetic properties of Terfenol films were studied®. These
measurements give information about the magnetic hysteresis loops, magnetic anisotropy,
orientation of magnetization, etc. The hysteresis loops of a 50 nm (see Fig. 2.5 (a)) and
a 300 nm (b) in-plane magnetized Terfenol films were measured by the static MOKE and
SQUID techniques. Measurements were performed in the longitudinal and transversal
geometries, where the external magnetic field was applied parallel to the sample plane
(along [001], [1 — 10] in-plane axes and their diagonal [1 — 11]). Rectangular shape
of the loops indicates an in-plane orientation of the magnetization vector. The coer-
cive field varies depending on the orientation of the magnetic field. Fig. 2.5 reveals
the magnetocrystalline anisotropy of the films. [001] and [110] are the hard and easy
axes, respectively. The hysteresis loops show that the saturation magnetization for the
[110] direction requires significantly lower field than for [001] one: ~0.65 T and ~2 T,

respectively.

Static magnetic properties of a 150 nm thick out-of-plane magnetized Terfenol
film were studied by the static MOKE, see Fig. 2.6. Hysteresis loops reveal [111] and
[110] directions as an easy and hard axis, respectively. A coercive field of 1.5 T was

found for out-of-plane [111] axis, similar values were found in [¢1], [32]. Hence, in-plane

2Static magnetic measurements were performed at IJL after deposition of the ferromagnetic Terfenol films.
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Fig. 2.6: Hysteresis loops of a 150 nm thick out-of-plane magnetized Terfenol film. Measurements were
performed by static MOKE at the room temperature.

magnetized films are more appropriate for the study of magneto-acoustic effects due to

lower saturation fields.

Incoherent magnetization dynamics

Study of laser-induced dynamics can be facilitated knowing the static properties
of Terfenol films from the previous subsection. Photo-induced magnetization dynamics
consists of incoherent and coherent contributions. First, laser excitation of a ferro-
magnetic Terfenol film on a non-conducting substrate is considered. The main goal
is to disentangle spin-scattering processes responsible for the transient decrease of the
Terfenol magnetization (demagnetization dynamics) and consequently determine their

timescale.

Photo-induced magnetization dynamics were studied by pump-probe technique. In-
plane magnetized sample of 300 nm ThFe,/50 nm Nb/Al,O3(1120) has been excited at
the free interface by an intense linearly polarized pump pulse (160 fs) at A, = 800 nm
wavelength. The pump-induced magnetization dynamics is monitored by a ten times less
intense time-delayed probe pulse of SHG frequency at A, = 400 nm wavelength. Pump
and probe beams are focused on the sample surface at 45 and 5 degrees with respect
to its normal. Measurements of the linear MOKE allow to monitor the laser-induced
electron-phonon scattering and evolution of the magnetic properties. The laser-induced
relative changes of the MOKE rotation A6, ellipticity Ay and the linear reflectivity
AR/R are presented in Fig. 2.7.

The magnetization dynamics during the first several picoseconds are governed by
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Fig. 2.7: Absolute variations of the a) MOKE rotation A#, b) ellipticity A and ¢) reflectivity AR/R
measured on a 300 nm ThFey sample with H=7 kOe. Pump fluence was set at 5 mJ/cm?.

the spin-flip processes. Subsequent relaxation of the magnetization occurs due to the
slow heat diffusion from the excitation region into the bulk. The first 50 ps after sam-
ple excitation are shown in Fig. 2.7 with about 200 fs resolution. It reveals two step
demagnetization process of the Terfenol film, containing ultrafast loss of the remanent
magnetization within 71 =1.5 ps timescale, observed either in MOKE rotation or el-
lipticity. It reaches a minimum at At = 1.2 ps and relaxes towards its initial state
within next 75 =40 ps. In comparison to pure transition metals with demagnetization
timescales of several hundreds of femtoseconds, relatively long demagnetization time of
1.5 ps is, however, in a good agreement with the previous observation of 3d metals-rare-
earth alloys [17], [83]. Such a long timescale is associated with the scattering events

between electron, spin and lattice subsystems and their coupling in Terfenol. Two steps
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demagnetization process is typical for the pure rare-earth metals [31] and RE based
compounds [17], [85]. An initial demagnetization occurs at 7y=1.5 ps. The characteris-
tic time constant of the second step strongly depends on the material. It is related to
the coupling strength of the 4f magnetic moments and the lattice [35]: faster demagneti-
zation occurs in materials with stronger coupling. Terbium possesses an orbital moment
of L=3 with an anisotropic 4f® orbital configuration (see Appendix B), which deter-
mines the strong spin-lattice coupling and efficiency of an angular momentum transfer
to the lattice, therefore speeding up the demagnetization. The magnetization dynam-
ics of TbhFey alloy, which consists of two sublattices, are described by two different
microscopic mechanisms at different timescales. The phenomenological M3TM, which
suggests Elliot-Yafet type spin-flip scattering in the laser mediated demagnetization, can
explain this type of behavior. Though it doesn’t take into account direct spin-lattice
coupling of 4f magnetic moments, thus, it has to be expanded to include spin-lattice

coupling and spin-orbit interaction.

Photoexcited electrons are expected to thermally equilibrate during the first 500 fs
via electron-electron scattering. According to the characteristics of the transient reflec-
tivity shown on Fig. 2.7 (c), this process is blurred by the electron and lattice subsystems
energy transfer, which occurs within first 8 ps picoseconds. Transient reflectivity AR/R
decays exponentially after the excitation and recovers to a constant value in several
hundreds of picoseconds. Subsequently, energy flows from lattice to spin subsystem in
a few picoseconds, as it is shown in Fig. 2.7 (a). Change of the electron T, and lat-
tice T} temperatures at picosecond timescale alters the magneto-optical constants of the
film [58], that explains the difference between the MOKE rotation A# and ellipticity
Ay signals.

This experimental observation, along with the previous works in [85], [30], em-
phasizes the role of the spin-lattice coupling in ultrafast demagnetization of Terfenol.
Its demagnetization timescale is much slower than that of pure transition metals (sev-
eral hundreds of femtoseconds for Fe). Unlike pure iron, which magnetic moment has
a delocalized character, the demagnetization timescale of TbFey is dominated by the
anisotropy of 4f orbital of the half-filled 4f shell of Th and exceeds 1 ps. Several spin
flips in the conduction band are required to obtain the same relative decrease of the
magnetization as in 3d Fe during the transfer of angular momentum from the spin to
the lattice subsystem [3], [29]. Hence, TbF e, is not suitable magnetic material to control
its spin state in the subpicosecond regime due to significant contribution of spin-lattice

relaxation of Th in the demagnetization process. In the case of materials with strong
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Fig. 2.8: a) Fluence dependent demagnetization of 300 nm Terfenol film measured at H=7 kOe. b)
Demagnetization amplitude as a function of pump fluence.

magneto-elastic coupling it cannot be neglected .

Pump fluence dependent measurements were performed in order to check whether
there is a threshold in the transient drop of the remanent magnetization of Terfenol
films. Fig. 2.8 (b) presents the demagnetization amplitude as a function of the pump
fluence, extracted at 5 ps time delay after the excitation. The linear distribution of the
Kerr amplitudes shows that the saturation of demagnetization is probably not reached.
The possible reason is a spatially inhomogeneous optical excitation of the thick (several
hundreds of nm) ferromagnetic film. The periodic oscillations that appear after the first
50 ps are a weak signature of the coherent magnetization precession following the laser
excitation. The pump pulse changes the magnitude of J\_/[> and /or the film anisotropy due
to heating, and alters the equilibrium orientation. The magnetization start to precess

around a new equilibrium direction that is slowly restored due to heat diffusion.

Hence, the demagnetization timescale of Terfenol films is a two-step process involv-
ing energy equilibration and angular momentum transfer between e-p, s-p subsystems.
Transient demagnetization of Terfenol is a starting point for the generation of acoustic
strain waves. Build-in strains are released right after the change of magnetization, as
a result of the magnetostrictive stresses in the material. An expected frequency band-
width of the acoustic pulses will be associated with the demagnetization timescale of
the ferromagnetic layer 7 ~ 1.5 ps (~ 600 GHz). The incoherent demagnetization of

Terfenol is followed by the coherent precession of its magnetization.
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Coherent magnetization dynamics

Coherent photo-induced magnetization dynamics were monitored by measuring the
linear MOKE. Experimental geometry is similar to the one used for the measurements
of the incoherent dynamics. An in-plane magnetized sample of 300 nm ThFes; has been
excited at the free interface by an intense linearly polarized pump pulse at A, = 800 nm
wavelength. The precession of the magnetization was monitored by a tenfold weaker
time-delayed probe pulse at A\, = 400 nm wavelength. The angle of incidence of the
pump and probe beam was 45 and 5 degrees, respectively, with respect to the surface

normal.

The linear MOKE signal includes several contributions: ultrafast demagnetization
induced by the pump pulse, coherent dynamics (precession) of magnetization and non-
magnetic effects. In our experiments, the Kerr rotation and ellipticity are defined as a
difference in rotation or ellipticity change of initially linearly polarized light for opposite
orientations of the applied field H. Detection of the probe beam polarization rotation
A0 and change of its ellipticity Ay for two orthogonal magnetic field configurations
+H allows to disentangle purely magnetic contributions on the recorded Kerr signals,
see Fig. 2.9. Arrows depict the orthogonal direction of the magnetization vector with
respect to the plane of incidence of the probe beam. H 1|, H & signifies the perpen-
dicular and parallel applied external magnetic fields of 0.7 T with respect to the film
surface. A homogeneous precession of the film magnetization is observed. It means that
all magnetic moments in the probed region precess in-phase and the exchange inter-
action between them can be omitted. The complex Fourier transform of the observed

oscillations has been performed in order to determine their frequency spectrum. Mul-



2.1. DIRECT MAGNETOSTRICTION OF TERFENOL THIN FILMS 41

tiplication by a discrete Hann window function is then used for aliasing the spectrum,
which emphasizes a 6 GHz precession frequency of the magnetization as shown in the
insets of Fig. 2.9 (a) and (b). Hence, the laser-induced periodic magnetization preces-
sion of Terfenol can be laser excited in the GHz frequency range. This conclusion will

be utilized in the discussions of the lattice dynamics in Terfenol.

Elastic energy for arbitrary direction of the crystallographic axes

Since the experimental crystallographic axes don’t correspond to [100], [010], [001],
see Fig 2.4, the modification of the elastic energy expressions for both in-plane and out-

of-plane magnetized films is required (see Appendix C).

The (2',y/, 2') coordinate system is adapted for the TbFe, thin film as in Fig. 2.4.
The counter-clockwise rotation around z axis by an angle £ is required for the in-
plane magnetized sample. The rotation matrix for transformation from (z,y, z) to the

(',y', 2') coordinate system of the thin film have the form

cosé  siné 0
R.(§) = | —sin& cosé 0
0 0 1

The contracted matrix notations of the strain tensor components ¢;; is given by

1 1
Exx Eaxy Euxz €1 586 585
Eyz Eyy Eyz| = | 366 €2 i€
yr  Cyy  Cyz 26 €2 3¢&4
1 1
€zx Ezy Ezz 5€5 &4 E3

The transformation law of the elastic constants can be written as [37]

;= M]es]M]",

v

where [c;;] is the untransformed stiffness matrix, [M], [M]” are the transformation and
transposed transformation matrices, respectively. The cubic symmetry in Terfenol re-

duce the number of independent components of the matrix [¢;;] to 3, and the transformed
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matrix of the elastic constants ¢;; of the in-plane magnetized film will follows [57]

/ / / /
¢y G Gz 00 dg
/ / / /
Cla ¢ Gz 0 0 —d
c c ch 0 0 0
, 13 13 33
0 0 0 dy O 0

0 0 0 0 ¢, 0

/ / /

where
C11 — C12 .
/I 2
= — (T — Ca4) SIn” 2¢,
€11 — C12 .
/o 2
Ciz = C12 — (T — Caa) Sin” 2¢,
/ —
C13 = C12,
C11 — C12 .
/
g = _(T — ¢y4) 8in 2€ cos 2€,
/ —
C33 = C11,
/ J—
Cag = Cyq4,
C11 — C12 .
r_ 2
Coe = Caa + (T — ¢yq) SIN” 2€.
In the case of counter-clockwise rotation around the z axis by an angle { = —7, the
elements of the stiffness matrix [¢;;] are
C11 + Ci2 C11 + Ci2
/ /
/ / / /
Ci3 = C12, c16 =0, C33 = C11, Cqq = Cya,
oo C11 — C12
66 2 *
Finally, the ¢}, in the thin film coordinates
S -
e ¢y 2 0 0 0
, Ci2 C12 C11 0 0 0
C’L] — y
0 0 0 eq O 0
0 0 0 0 Cy4 0
0O 0 0 0 0 e
L 2
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and the elastic energy written in the (2,4, 2') coordinate system using Eq. (2.5) will

have the form

1 1 1 9
F, = 5[ (2 v T 28y Y + Exra Eyry + 2€y/m/)
1 1
+ 012<2 e 2€y Y + ExraEyryr + 2601 00€ 415 + 2€y/y/élezl — 253/95/)
+ culEhg oy — 2ewweyy + 460, + 4e0,)). (2.22)

The x’ axis was chosen as being normal to the surface. Only the strain waves, which
are propagating along the 2" direction are considered, hence, €,y = €,/,» = €» = 0 and
the Eq. (2.22) can be simplified to
1 1 1

F. = 2[011(2 S 262 )+012(25m,x/ + 262 ) + caalely +422,)]. (2:23)
Eq. (2.23) describes the elastic energy density of the in-plane magnetized Terfenol film.
In the case of out-of-plane magnetized sample, analogous transformation of the crystal-
lographic axes is required. First, a clockwise rotation of £ = 7/4 angle around the z
axis is performed, so the rotation matrix will have a form similar to the previous case.

Taking into account a positive direction of rotation it can be expressed as

cosé —siné 0
R.(§) = |siné cosé 0O
0 0 1

The transformed matrix of the elastic constants c}; becomes

@)
—
)

%)
_
—

)
AR

¥

]

o o O O

0
0
0
0
0

C11—C12
0 0 s

where
, C11 + Ci2 + 2c44
Ci1 = )
2

, ci1 + 2 — 2¢c44
012 - 2 .

Second, a clockwise rotation about the ¢’ axis by an angle 7 is required in order to bring
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2 axis along the diagonal of the cube, wherein 7 = cos~'(1/+/3) and the rotation matrix
equals to
cosn 0 —sinp
Ry =10 1 0
sinn 0 cosny
Utilization of the transformation matrix of the Bond stress for clockwise rotation about
Yy axis with cosn = 1/4/3, sinn = \/ﬁ allows to find the new form of the matrix of

the elastic constants cf;

/! /! /! /!
Ci11 G2 Ci3 0 C15 0
/! /! /! /!
€12 €11 C3 0 —Ci5 0
/! /! /!
S |13 G G 0 0 0
i
/! /! /!
0 0 0 —d 0 o
where
"o C11 + C12 —+ 2044 no C11 + 5012 — 2C44
Cll - 2 J 612 - 6 )
"o C11 -+ 2012 — 2044 no C11 + 2012 + 4644
13 — 3 ) 633 - 2 )
oo Gz on + 2cyy G Gt + Cayq
15 — ’ 44 — )
3v/2 3
n 11— Ci2 +4cy
66 — 6

The z axis is normal to the sample surface and it coincides with the direction of propa-
gation of the acoustic waves. Thus, rotation about y” axis on & = 90 deg is required to
bring the expression of the elastic energy in line with the case of in-plane magnetized

sample. Bond transformation matrix for a rotation about y” is given by

cos¢ 0 siné
Ry//<€,): O ]. 0

—sin& 0 cos¢

The final expression of the elastic modulus tensor ¢;;°, reads

3Here and in the following c;; will be used instead of e} for simplicity.
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€13 Ci2 Ci13 0 —C15 0
C12 (€11 C13 0 —C15 0
C13 C13 C33 0 0 O

Cij

0 0 0 Cq4 0 —C15
—C15 Ci15 0 0 —Cy4q 0

0 0 0 —C15 0 Ce6

The expression of the elastic energy density F, for the out-of-plane magnetized films,

written in the transformed coordinate system, is

Fe

+ o+

2
5[6135:10’30’ + C12E€q/ 2/ Eyly! + C13€4107€ 22 — C15E€x/2/ €l + C12E g/ z/ Eyly!
2
Cllgy’y/ + C13Ey/y €121 — C15EyIy Exl 2/ + C13E4/ 5/ Ext gt + C13E272/Eylyy!
2 2 2
C33E 51, T C44€y1 51 — C15Ey 2/ Exty — C15E 2/ Eql + C15€0 2 Extyt — C4aE01

C15Eqy Eyl 2 + C6653@’y’]' (2.24)

The direction of the acoustic waves propagation coincides with the x’ axis, so only three

strains €,/,7, €4y, € are considered. Now, Eq. (2.24) can be simplified taking to

account €,y = €, = £, = 0, we obtain

Fe

1, o, 1 1, 1,
5[013537/3;/ - 5015(€$’$’6$’z’ + Expr€qtar — €$’z’5$’y’> - 5044595'2' + §C6G€m'y']
1 c11 + 2012 — 2044 2 C11 — C12 + 2044
= Eprpt — 25x’x’5x’z’ — Exl ! Eqly!
51 3 )€z — ( 63 ) v)
C11 — C12 + Caq c11 — C12 + 4ey
(A (ST )
11, 2,2 1 1
5[561181/1/ + gclgéx/x/ — §C446x/x/ - 3—\/§C12€$/r/€$12/ + ﬁcllgx’x’gx’z’
2 n 1 1 n 1
—0C EIII’E:E’Z’ —02C E:l,lzlgl,/ ) — ——C 8x’z’8:p’ / —0C €m/z/€z/ /
3\/§ 44 3\/5 12 Y 6\/§ 11 Y 3\/5 44 Yy
1 2 + 1 2 1 2 + 1 2 1 2 + 1 2 ] (2 25)
—C11E 7. —C19E 10 — —=C44E 11 —C11E 1,0 — —=C192E .11 —Cg4E 1ot |- .

Regrouping of the strains and the elastic constants allows to write the final expression

of the elastic energy density for the out-of-plane magnetized Terfenol films,

1 1 1 1 1
Fe = —|C 52, ) —=E gt Egt gt — ——=Epl 5 E gl — —62/ , 4+ —82/ )
6[ 11( 'z \/5 2\/§ Y 9 !z 4 z'y )
1 1 1 1 1
- Cl?(ggi’a:’ - ng’x’gx’z’ + ng’z’gx’y’ + 555/2/ — Zgi/y/)
(5e2,, +— T i 2] (2.26)
= Cyu\SE€pry T T = Ealy T T =l Ely T €y T Epry ) .
44 3 ' 3\/5 \/5 Y 9 y
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where €;; are the strains in conventional cubic coordinate system. The elastic constants
of the TbF ey are unknown, however, T'by 3 Dyg 7 Fes (Terfenol-D) possesses similar lattice

parameters, so its elastic constants probably do not differ a lot ¢;; = 14.1 x 10'° N/m?,

Cig2 — 6.48 x 1010 N/m2, Cqq4 — 4.87 % 1010 N/m2 [ ]

The expressions of the elastic energies for the in-plane Eq. (2.23) and out-of-plane
Eq. (2.26) magnetized Terfenol films were derived. The arbitrary direction of acoustic
waves propagation along the normal to the surface and the cubic symmetry of Terfenol
crystal allow to do some simplifications of the final expressions. Together with the
expressions of magneto-elastic energy densities they will be used in the determination
of the static build-in strains in the Terfenol films, which are essential for the numerical

simulations of the laser-induced strain waves amplitudes.

Magnetoelastic energy for arbitrary direction of magnetization and crystal-

lographic axes

Following the previous paragraph, the general expression for the magneto-elastic
energy density of Terfenol films with an arbitrary pointing magnetization can be ob-
tained in a same manner. Modification of the [100], [010], [001] cubic crystal crystallo-
graphic axes into experimental (in-plane [001], [1 — 10], [110] and out-of-plane [1 — 10],

[11 — 2], [111] magnetized) ones leads to the transformation of the F,. expressions®.

If the piezo-magnetic effect is absent or negligible in the sample, the magneto-
elastic energy of the cubic crystal is governed only by magnetostriction. Following [29)]
in the case of arbitrary pointing magnetization vector, which does not coincide with the
edge of ferromagnetic cubic unit cell, expression in Eq. (2.4) should be modified. For

that the transformation coefficients a;,, are introduced

€; = Z Aiv €y (2.27)

where ¢;, e, are the orthogonal unit vectors, oriented along the cube edges in the new

coordinate system. The strains ¢;; and the magnetization direction cosines m, will have

it = g QA Cy,y

vp

gij = Z(aiuaju + ajl/aw)eyua (228)

vp

the form

4Coordinate system modification is identical to the one made for elastic energy density modification.
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m; = E Ay,
v

where v is any possible combination of zx, yy, zz, xy, xz, yz. Then the magneto-elastic

energy density will be expressed as

Fme = b2 [Z m?eu + Z mim]’Ei]’] + (bl — bg) Z m?sii, (229)
) % i

where ij = xy, yz,xz. The first term in Eq. (2.29) is invariant for all directions of

the magnetization, while the second can be transformed as

Z miey; = Z Z T;,z,m,,muaw, (2.30)

vy v

[ E
Tu’u’ = TN TGy TN Ty

(2
The magneto-elastic constants by, by of a crystal with cubic symmetry are usually ex-
pressed as

bl = bll - b127 b2 = b447 (231)

where byy, by; and bys represent isotropic, tetragonal and rhomboidal magneto-elastic
stresses, respectively. In the general case, the number of independent components of
the b tensor is equal to 36. However, taking into account the dependence of the
magnetoelastic energy of Eq. (2.4) only on the direction of magnetization but not its
magnitude, this number is reduced to 30. byq, b2, byy are the matrix expressions of the
magnetoelastic constants. The relation between matrix and tensor notations for b is as
following

bijkl = bpq, lfp = 16,q = 13,
2ijkt = bpg, if p=1..6,q = 4..6.

The matrix b,, for particular crystal symmetry allows to express the magneto-elastic
energy density for any crystallographic orientation. Using Eq. (2.15) and the elastic
constants of Terfenol-D (see [38]), the magnetoelastic constants of Terfenol films can be
calculated: by = —34.29 MPa, by = —359.4 MPa. It is clear that the main contribution
to the magnetostriction of Terfenol films comes from by, which is ten times bigger than
by.

In the case of in-plane magnetized films, when its proper magnetization lies along
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[110] crystallographic axis, the magnetoelastic energy is given

1
Fre = 51(55:;:':17' (m2 +m2) + Esy/y/(mi, + ) 4 Eml 4 2my My ey )

—m2) + 2my Mgy + 2mpmaery). (2.32)

+ b2(§‘€x/m/(mi’ — mZ/) + §€y/y/ (mzl

After all modifications the magneto-elastic energy density for the out-of-plane [111]
magnetized sample will be expressed as
1

1 1
3m3,52121 + = (m2 ey + mz,ay/yr) + —(m2 e,y + mz,sx/f + 2y Q€7 )

2 6

+ ﬁ(miﬁx/z/ +2MmyMmycyy — (m§/€x/z/ + 2Mg My €42t + 2Mgr My €y + me/mzxsx/y/))

Fre = (bl - 62)[

1
2 2 2 2
—|— —(mx,szzzz + mz,gx/x/ —I— 2m$/m216x121 + my/ezlzl + mz,sy/y/ + me/mzlsy/z/)],

3
(2.33)

where by, by are the magneto-elastic constants of TbFes, m; are the direction cosines
of the magnetization vector, ¢;; are the strains in the cubic coordinate system. An
invariant term similar to the one in Eq. (2.29) is omitted. In the new coordinate system
the 2’ axis coincide with [111] direction of the external magnetic field, new 2’ and old
z axes lie in the plane. To bring the new coordinate system into line with the previous
case of in-plane magnetized sample, 2’ is considered as out-of-plane [110] axis, 2’ and y’
coincide with [111] and [112] directions, respectively. For that 90 degrees rotation of the
coordinate system was performed. Since the acoustic waves propagate along the out of

plane 2’ axis of the sample, €,y = €,y = £,» = 0 and Eq. (2.33) can be simplified to

1
Fre = (b1 = ba) [z (3, + myy + 2m2, + 2V 2mymer) +
P 2 L
—Epy \ Mgt Mgy — —=Myt MM 1 =
3 Y Y Y 3\/§

V2

g (M2, — mz, + 2\/§mx/m21)].
(2.34)

For cubic crystals of 43m, 432, m3m point groups matrix b,, in Hermann-Mauguin
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notation are expressed as [90]

b1 b1z bz 0 O
biz by bz 0 O
big b1z bi; 0 O

0 0 0 by 0
0 0 0 0 by
0 0 0 0 0 by

The transformation of the b,, matrix for in-plane magnetized sample, taking into ac-

count its coordinate system, results in

B, Yy b 00 0
By By bp 0 0 0
bio b1 by 0 0 0
0 0 0 by O 0
0 0 0 0 by O

(b11—b1o)
0 0 0 0o o ozt

pq

where
o b11 + bia + 2byy
11 - 2 )
o bi1 + b1z — 2byy

Subsequently, after utilization of Eq. (2.31), the magnetoelastic coefficients for the in-
plane magnetized film are by = 2by4, by = byy. Following the same algorithm, the matrix
b,q for out-plane-magnetized samples, taking into account its coordinate system, will

have the form

-5/13 by bl 0 —bus 0
bp by by 0 b 0
bis Dbl b3 0 0 0

"Tlo 0 0 ¥, 0 -b,
Uy W 00 b 0
00 0 by 0 B
where
Yo bi1 + b1z + 2byy W — b11 + 5b1z — 2byy
1= T ;
2 6
. bi1 + 2012 — 2byy B bi1 + 2012 + 4byy
13 — 3 ) 33 — 2 )
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b — b1y + 20y ; bin —bip + by

b = =
15 3\/5 ) 44 3 )
; bin —bip +4by
66 — 6 .

The relationship, given in Eq. (2.31), yields to

_ bi1 — 3b12 + 6byy by — bi1 — bia + by

b 6 3

The general expression of the magneto-elastic energy density for crystals with cubic
symmetry and arbitrary pointing magnetization (see Eq. (2.29)) allows to find the F,.
for the investigated Terfenol films. These expressions along with the expressions of the
elastic energy densities will be used for the determination of the static build-in strains

of the experimentally studied films in the next paragraph.

2.1.2 Demagnetostriction of Terfenol

One longitudinal and two shear build-in strains of monocrystalline TbF'e, films are
derived by minimizing the free energy density of the ferromagnetic film. The numerical
simulations of two particular sample geometries have been performed in order to find an
optimal experimental geometry for the efficient generation of picosecond shear acoustic
waves (SW). Efficiency of the SW excitation in a polycrystalline Terfenol film will be

numerically simulated in the approximation of two crystals as well.

Fig. 2.10 shows the (2/,v/, 2’) and (2*, y*, 2*) coordinate systems coupled with the

x'(110)

Fig. 2.10: Crystallographic directions and coupled coordinate systems of ThbFes and SiOs layers. The
2.y, 2" axes coincides with (110), (110), (001) crystallographic axes of Terfenol, (z*,y*, 2*) is used for
the SiO layer.
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TbFey; and Si0Oy layers, respectively. The k-vector of the pump and probe beams lies
in the plane perpendicular to the yz plane. Following [60], [91] the 2’ axis is chosen
as normal to the magnetic layer, while the ¢/, 2’ axes lie in the plane of the film. 2/,
y', 2/ axes coincide with the [110], [11]0, [001] crystallographic axes of Terfenol. The
(x,y, z) coordinate system can be obtained from the experimental one (2’4, z’) by the
clock-wise rotation around z axis on angle £. 6 denotes the out-of-plane tilt angle of the

— —
magnetisation M, ¢ is an azimuthal angle of the M projection on the 3’z plane.

Static build-in strains in Terfenol films can be obtained by minimizing the free
energy density (see Eq. (2.1)). In our approach, it is a sum of the elastic and the
magneto-elastic energies, which were estimated earlier. It is assumed that an attached
S104 layer don’t change the free energy density of T0F'e;. The necessary condition for

the existence of an extrema is

OF OF OF
=0 =0 =0 2.35
) agy/x/ Y agZ,x, Y ( )

(98 'zl

where F' = F, + F,,., F. is the elastic and F,,. is the magneto-elastic energies for a
particular crystal orientation. Expressions of the magneto-elastic static strains in the
case of in-plane magnetized sample can be found by solving three equations in Eq. (2.35),

we obtain

b m2/ + m2/ “I’ b m2/ - m2l
Exlyp! = — 1< i Y ) 2( i Y ), (236)
(11 + c12)/2 + cua

bl(mx/my/)
Egy = ———— YL 2.37
Y C11 — C12 ( )
bg(mz/mzx)
gy = — T 2.38
€ Sen (2.38)

where €,/,/ is the longitudinal and €,/,/, €./, are the shear static strains of Terfenol films,
b1, by are the magneto-elastic and ci1, ¢12, caq the elastic constants of Terfenol, m,/, m,,
m, are the direction cosines of magnetization ]\_4> . Despite of the fact that there are
two €447, €27 shear strain components, after the excitation they will propagate with
the same velocity and coincide on the experimental signal. Note that since by < by it
is mainly the shear strain .., that will drive the excitation of shear strains with an

acoustic polarization along z’.

It is straightforward to notice that for the efficient shear waves generation in the
case of in-plane magnetized films, their magnetization should be tilted out-of-plane of

%
the sample (see Eq. (2.37) - Eq. (2.38)). If M remains totally in plane one of m,/, m,,
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m, is equal to 0 and, consequently, there will be no excitation of the shear phonons.
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Fig. 2.11: Angular dependence of the longitudinal £;/,» and shear €,y €47,/ strain amplitudes on 6
out-of-plane magnetization tilt angle and ¢ - azimuthal angle of M projection on y'z’ plane of the
in-plane magnetized films.

Dependencies of the static strain amplitudes on the polar 6 and azimuthal ¢ angles
of ]\_4> , see Fig. 2.10, were numerically simulated in order to estimate influence of the ]\_4>
orientation on the shear strain waves generation efficiency (see Fig. 2.11). The amplitude
of the longitudinal e,/,» magneto-elastic strain is minimal if § = 0,7 and ¢ = +7/2 and
maximal at = 0,7 and ¢ = 0,7 and at § = 7/2 (]\_/[> is aligned parallel to the normal of
the film). On the contrary, shear strain amplitudes show different angular dependencies.

First of all, since e,/,, shear strain is defined by the b, magnetostrictive coefficient, it
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Fig. 2.12: Angular dependence of the longitudinal €,/,» and shear e/, €572 strain amplitudes on
6 = +20 degrees out-of-plane magnetization tilt angle and ¢ - azimuthal angle of M projection on 3’2’
plane of the in-plane magnetized films.

possesses b times higher amplitude compared to the €,,/, defined by b;. Any deflection
of the magnetization from its initial orientation towards the normal causes non-zero
shear strain amplitude. Maximum for the €,,, component is reached if ]\_4> is aligned
along the diagonal between [110] and [1-10] § = £7/4 ¢ = 0. If 0 = 7 /4 and ¢ = +7/4
i.e. the magnetization points at the 45 degrees with respect to the surface, amplitude
of the e,/,, strain is maximal. Tilt of the magnetization at 10 degrees with respect to
the film surface leads to the non-zero amplitude of the both shear strains, moreover,
amplitude of the e/, component will be 10 times bigger than that of the €,.,,. Hence,
out-of-plane tilt of ]\_/>[ of the initially in-plane magnetized Terfenol film is a compulsory
condition for the efficient laser-induced magneto-elastic shear waves excitation. Tilt
of the magnetization from its initial in-plane position § = +20 degrees is shown on

Fig. 2.14.

It is worth to mention here that following the dependencies of the strain ampli-
tude on the magnetization directions (see Eq. (2.36) - Eq. (2.38)), coherent precession
of the magnetization of Terfenol film leads to the continuous change of its static strains,
which in fact is a coupling of pure spin and pure elastic waves. This coupling manifest

itself as a coupled magneto-elastic wave propagating in the ferromagnetic medium. In
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ferromagnet with cubic symmetry and magnetized to saturation along the [100] axis,
there are three normal waves: right-handed circularly polarized magneto-elastic wave,
left-handed circularly polarized magneto-elastic and longitudinal pure elastic wave [92].
Regarding a non-homogeneous shear wave excitation efficiency with the 6 and ¢ angles
in the in-plane magnetized Terfenol films, excited magneto-elastic waves most probably
will have elliptical acoustic polarization. Since the frequency bandwidth of the mag-
netization precession of Terfenol films lies in the GHz range, potentially it can be a
source of picosecond circularly (elliptically) polarized acoustic waves, which are of great
interest for applications in picosecond ultrasonics and femtomagnetism. For example,
the excitation of the magnetization precession of a ferromagnetic film could be highly

efficient with circularly polarized acoustic waves laser-induced in a Terfenol layer.

The static strains for the out-of-plane magnetized films can be found in a similar
way by minimizing their free energy density. They can be expressed as
(by — b2)(3m2, 4+ m2 + 2m?2, + 2v/2 - mgm.)

Exlg! = s 2.39
ci1 — (c12 4+ caa)/3 (2.39)

C2(by — b)) (1/3 - mamy — 2/3V/2 - mym)
(c11+c12)/4 + caa
A(by = by)(1/v/2 - m2 +1/3 - mym.)

EZ/ ;) = — . 241
! €11 + C12 + Caa ( )

: (2.40)

€y/x

The numerical simulations of the angular dependence of static strain amplitudes
Eq. (2.39) - Eq. (2.41) on the magnetization direction in case of the out-of-plane magne-
tized Terfenol film are presented on Fig. 2.13. Unlike the in-plane magnetized film (see
Fig. 2.11), two shear components €,/,/, €,7,» show more complex angular dependence of
their amplitudes on the angles # and ¢. If ]\_4> remains in its original out-of-plane position
(0 = 7/2 and ¢ = 0), trains will have opposite sign, which can result in reduction of
the total shear strain detection efficiency. This unfavorable situation can be excluded
by tuning the azimuthal angle of the magnetization to ¢ = m. Moreover, the value of
the SW amplitude will be ~2 times higher than in case of the maximal shear amplitude
in the in-plane magnetized film. Asymmetry of the strain amplitudes with respect to
the axis § = 7/2 can be explained by the more complex crystal orientation during the
deposition process and the magneto-crystalline anisotropy of Terfenol. The amplitude
of the longitudinal strain €,/,» (top sketch) reaches its maximum if § = /4 deg and
significantly modulated with a change of the angle ¢. Tilt of the magnetization from its

initial out-of-plane position # = 90 4+ 20 degrees is shown on Fig. 2.14. Unlike in-plane
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magnetized films (see Fig. 2.14), tilt at 6 = 90 £ 20 degrees doesn’t result into the equal

shear strain amplitude.

According to the simulations, several conclusions about the experimental geometry
should be made before proceeding to the time-resolved measurements of the acoustic
waves excitation. (i) In the case of the in-plane magnetized films, efficiency of the
shear waves excitation increases with a simultaneous tilt of its magnetization towards
the normal to the surface. The maximum is reached if § = +m/4 with respect to the
normal of the film and +¢ = 7/4. (ii) Due to the strong difference in magnetoelastic

constants of Terfenol (by > b;), amplitude of the €,/,/ is 5 times lower than that of the

9, rad

9, rad

9, rad

Cb, rad

Fig. 2.13: Angular dependence of longitudinal €,/,» and shear €,/,/, €.,/ strain amplitudes on 6 out-
of-plane tilt angle in polycrystalline Terfenol film.
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Fig. 2.14: Angular dependence of the longitudinal e,/,» and shear e/, €;7,/ strain aﬂplitudes on
0 = /2 £ 20 degrees out-of-normal magnetization tilt angle and ¢ - azimuthal angle of M projection
on 32" plane of the out-of-plane magnetized films.

g4 strain. Hence, detection of the SW with acoustic polarization along 2z’ direction is
favored. (iii) In the case of the out-of-plane magnetized films, the amplitudes of the S
strain components shows complex angular dependence. Amplitude of the e/, and ./,
strains is strongly modulated by orientation of ]\_/[> i.e. polar 0, and azimuthal ¢ angles.
Moreover, a tilt of the magnetization towards the easy [112] axis induces the higher shear
wave amplitude than the tilt towards [110]. Unlike the out-of plane magnetized film,
where the laser-induced longitudinal strain will be always excited if the magnetization
remains in its initial position, in the case of the in-plane magnetized film amplitude
of the longitudinal strain is strongly depend on tilt of ./\_4> from its original orientation.
Hence, shear waves can be laser-excited in the out-of-plane magnetized Terfenol films
with slight in-plane reorientation of their magnetization. However, a full control over
]\_/[> of the in-plane magnetized films is required in order to effectively generate the shear

waves by the laser-induced demagnetostriction mechanism.

Polycrystalline Terfenol film

The efficiency of shear strain waves excitation in a polycrystalline Terfenol film is

expected to be lower than in monocrystalline samples due to their significantly lower



2.1. DIRECT MAGNETOSTRICTION OF TERFENOL THIN FILMS o7

magnetocrystalline anisotropy [93]. It is a result of the random crystals orientation after
deposition. Joule magnetostriction of polycrystalline materials is often characterized by
As coefficient (A\s(TbFey) = +1.75-1073). Tt is based on the estimation of average mag-
netostriction coefficient in homogeneously distributed monocrystalline crystals. From
the point of view of picosecond ultrasonics it is not the best choice. Sound velocity is
anisotropic in the majority of metals, thus propagation of the acoustic pulse will be dis-
turbed due to the random orientation of the grains and grain-boundary scattering [94].
Furthermore, it should result in significant time-broadening of the acoustic pulse. If
the grain size is comparable to the film thickness, the sound velocity will be different
depending on the regions of the film and will be defined by the dominant orientation of

the grains in a particular region.

It is problematic to estimate the efficiency of the acoustic strain wave generation
in polycrystalline films. Considering a polycrystalline film a set of simple monocrystals
with random orientations, the determination of the strains can be established in an
extreme case, consisting only of two crystals with defined orientation. Laser generation
of the shear wave depends on a total amplitude of the static strain. Let’s assume two
crystal orientations, which correspond to the in-plane [001], [110], [110] and [110], [112],
[111] and out-of-plane magnetized crystals, described before. In this simplified case the

total build-in strains will have form

b1(m2 4+ m2) + by(m2 —m2) (by — by)(3m2, + m + 2m2 + 2v/2 - mym.)

y
Exla! = — )
(c11 + c12)/2 + cua c11 — (c12+c44)/3

(2.42)
Eya = _bl(mx/my/) 4 2(51 — bg)(l/g C Mg My — 2/3\/§ : my/mz/)7 (243)
€11 — C12 ((e11 4 c12) /4 + caa)
bQ(mx’mz’) 4(b1 - 62)(1/\/§ ) mz’ + 1/3 ’ mﬁ?’mz')
gzll.l = — — . (244)
2¢44 C11 + C12 + Cay

The numerical simulation of the angular dependence of the static shear strain
amplitudes in a polycrystalline model of Terfenol film (see Eq. (2.43) - Eq. (2.44)) on
the angles 6 and ¢, i.e. tilt of its magnetization from an initial orientation (polar 6
and azimuthal ¢ angles) is presented on Fig. 2.15. Two shear components €, €,/
show different angular dependence of their amplitude on 6 and ¢. It is straightforward
that the generation of the shear strain occurs if the magnetization of the film is tilted
at some degree out-of-plane or out-of-normal of the sample. Moreover, if ]\_/[> is tilted

— _
at 0 = m/2 with ¢ = 0 (M is aligned with [112] crystallographic axis) from its initial
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Fig. 2.15: Angular dependence of longitudinal ,/,» and shear €,/,/, €47,/ strain amplitudes on 6 out-
of-plane tilt angle in polycrystalline Terfenol film.

orientation, amplitudes of two shear strain will have 0 amplitude which results in non-
efficient excitation of shear strains. However, tilt at = /4 with ¢ = 7 (]\_/[> is aligned
with [110] crystallographic axis) results in maximal shear wave amplitude, which reaches
50 % of the longitudinal wave amplitude. Ultimately, excitation efficiency of the shear
strain wave packet increases if magnetization of polycrystalline film is tilted towards its
normal. Moreover, in-plane projection of the magnetization vector also has a significant

impact in the total shear strain generation efficiency.

Polycrystalline Terfenol film has been modeled in the approximation of two crys-

tals with different crystallographic orientations. The efficiency of the shear acoustic
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waves generation was estimated based on the numerical simulation of its static strain
amplitudes. In our simple model the optical excitation of the shear acoustic waves is
efficient if the magnetization of the film isn’t aligned in plane or along the normal of the
film. With omitted boundary effects their amplitudes will be comparable with strain
amplitudes in case of a monocrystalline sample. However real polycrystalline Terfenol
film will be an unfavorable prototype to study generation of the picosecond SW. Prop-
agation of the strain waves in the attached semi-infinite fused silica layer is discussed in

the following paragraph.

2.1.3 Lattice dynamics

An analytical study of the acoustic waves propagation in the attached fused silica
layer is performed using the expressions of the static build-in strains of Terfenol films
and knowing its demagnetization timescale. Due to the acoustic impedance of the sam-
ple layers (see Sec. 2.1.1), acoustic phonons excited in the skin depth of Terfenol and
reflected from the TbFey/Nb interface are not considered. An analytical processing in-
volves a solution of the acoustic wave propagation equation in the semi-infinite isotropic
layer, using Sommerfeld boundary conditions. It allows to find a set of equations, which
are determined by the transforms u;(0,w) of the acoustically-driven surface displace-
ments. Next, the resolution of the thermal diffusion equation allows to find the surface
displacement u;(0,t). Finally, the dynamical strains €;(x, t) are derived from the surface

displacement following [39].

The analytical development starts with the fundamental principle of the dynamics
of an elementary volume subjected to a stress gradient in a continuous medium. In
agreement with Einstein summation indices, Newton’s second law can be written as

82ui . Gaij
ot? N 8:15]-’

0 (2.45)

where u; is a particle displacement vector, p is the density of the medium and o;; is the
stress tensor.

u; = upr + ur (2.46)

where u)s, ur are the displacements induced by the magnetostriction and thermal ex-
pansion, respectively. Propagation of plane acoustic wave is considered along the x

direction, consequently all partial derivatives propagating along y and z are omitted.
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Thus, only the terms j = x remains in Eq. (2.45).

32u¢ . 80’@/
o2 Oz’

p (2.47)

where 0, are components of the elastic stress tensor and the coordinate axes of the
ferromagnetic layer i = 2/,1/, 2" and of the dielectric layer i = x*,y* 2*. Thermal
expansion of the material induced by a thermoelastic process introduces an additional
term in the expression of the stress tensor. In the first order of the perturbation, it
is proportional to the variation of energy density induced by the laser heating. The

expression of elastic stress tensor is given

I+ 51']' 0Fme
— BuciinT,
> e, BriCijri

1+ 6;; O(Fe + Fine)
O;; =
J 2 85ij

— BrcijuT = cijrcn +

(2.48)

where ¢;j1; is a tensor of the elastic constants, By is a tensor of the thermal dilatation
and 7' is a change of the temperature, associated with the laser heating. In the following,

we will use the thermoelastic tensor B;;, which is equal to

Bij = Cijklﬁk:k (249)

The last two terms in the expression Eq. (2.48) present a source of the elastic
waves excitation: (i) laser-induced modification of the magneto-elastic energy density
and (ii) the optical heating. Expression of the magneto-elastic energy density of the
in-plane magnetized Terfenol films, when its proper magnetization lies along [110] crys-

tallographic axis is given

F,.= b1(§€zlwl (mi, + le) + me/myfsx/y/) + b2(§5x’x’(mi/ — mz,) + me/mzxezxxz).

(2.50)

Change of the temperature causes the stresses, which propagate towards positive
and negative directions of z. Longitudinal oq(2',t) and shear magneto-elastic stresses

oo(2',t), o3(2’,t) of the ferromagnetic layer are equal to

o aFme o aFme aFme

O'y/x/ O_Z’:C’

(2.51)

Ogly!

8590/,;/ ’ 881,/1/ ’ 65,2’1:’ '

Now, total source magnetoelastic stresses can be expressed as
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Foe b b
Oply) = a@sz/x/ — BT = El(mi, + mi,) + g(mi, — mi,) — 11 BT,
1 Fme
Oyrgt = 58 e 0 = bymym,y, (2.52)
1, Fine
! — = —O:b 2! 2.
o 5 8€Z/x/ 211 110

It is important to notice that only longitudinal stress o1, has a thermo-elastic
contribution, therefore it will be excited upon both laser-induced demagnetostriction and
thermal expansion of the lattice. On the contrary, o9 and o3; can be excited only by the
ultrafast release of the magnetoelastic strains. Laser-induced direct magnetostriction is
assumed as the main mechanism of the shear elastic waves excitation in Terfenol. In
this simplified model a linear character of magneto-elastic constants b; evolution upon
the laser heating is adopted.

b; = bjo — A;AT, (2.53)

where ¢ = 1,2, A; are the linearising coefficients, AT is a film temperature gradient.
Temperature-induced change of Terfenol magnetostriction coefficient Ap1y], which de-
fines the by (see Eq. (2.15)°) follows the lowest order single-ion expression Apqy (1) =
A1) (0)T5 2t (m)], see [97].

We assume that laser-induced demagnetization only decreases magnetization mod-
ulus of Terfenol film, but not its orientation. The A; coefficient defines the slope of the
b; change with the laser heating. A, can be found from the Fig. 2.16 and it is equal to
-2.6 MPa/K. A; is assumed to have ten times smaller value -0.24 MPa/K.

At the picosecond timescale the thermal diffusion can be neglected in the absorbing
medium itself and in the isotropic dielectric material where the thermal diffusion rates
are lower. Boundary conditions, which take into account the continuity of the normal

components of mechanical stress on the boundaries, can be expressed as

Oprgr (2" = 0,1) = o (2’ = 0,1), (2.54)

5Temperature dependence of the cq4 elastic constant is neglected.
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Ope (25 =0,t) = 0w (2’ =0,1), (2.55)
Oy (@ =0,t) = =0y (2’ =0,1), (2.56)
g (2" =0,t) = —uy (2’ =0,1), (2.57)
Uy (2" = 0,t) = uy (2" = 0,1), (2.58)
Uy (2* = 0,t) = —uy (2 = 0,1t), (2.59)

Negative sign in Eq. (2.56) - Eq. (2.59) arise from the convention of propagation
direction, see Fig. 2.10. It is straightforward to calculate £;,/(z*,t) following the [39)].
The magnetoelastic dynamical strains for ¢t — z/v > 0 can be found by solving the
equations of motion of the stress in the isotropic medium with boundary conditions

Eq. (2.54) - Eq. (2.59):

aF Bewy v
Exar (2", 1) = Tcpv—l*@fp(—vl@(t — " /vf)), (2.60)
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Fig. 2.16: Temperature dependence of a) TbFey and b)DyFe; magnetostriction coefficients Aj111,
Afoo], respectively [95].
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* @Fﬁx/ Y2 Vi1 * [ %
Epry (1) = Tczv—t*exp(—vﬂa(t —x* [v))), (2.61)
* O-/Fﬁa:’z’fy?) (&) % %
6m/z/(x ,t) = Tcpv—zkexp(—UtQOé(t — X /Ut )), (262)
where the sound velocities in Terfenol and fused silica layers are v; = \/¢;/p, vf =

\/¢i/p*, respectively. F'is the laser fluence, « is the coefficient of optical absorption of
Terfenol at 800 nm. The RE Fe; compounds are nearly elastically isotropic (¢ 2 ¢2),

thus in case of Terfenol vy ~ V.

Buar = —(pv} + prop)) 7!, (2.63)

Buy = —(pviy + proavy) ™, (2.64)

Barer = —(pUy + pupvy) ™, (2.65)

= = sl (4 i)+ Aa(m? — )] — [Bu], (266)
Yo = —Aimgmy, (2.67)

”Ys = —Asmgm,. (2.68)

Eq. (2.60) - Eq. (2.62) present the expressions of the longitudinal and shear strains

propagating in the dielectric fused silica. The first term of Eq. (2.60) - Eq. (2.62)

( CMFBI/Z-’YJ'
2pcp

and represents the propagation of the strain. The preserving factor v; /v increases or

) shows the strain amplitude, while the last one depends on the time delay

decreases the strain amplitude in case of shrinking or broadening of its spatial profile.
Two terms of Eq. (2.66) are related to the magneto-elastic and thermo-elastic strain
waves generation. Thermo-elastic term is absent in case of 7, and 73 because of the

magneto-elastic origin of the shear waves excitation in Terfenol films.

Due to the thermo-elastic contribution total longitudinal €,.,/(z*, ) strain, see
Fig. 2.17 (a), has ~10 times bigger amplitude than the purely magneto-elastic longi-
tudinal strain induced by demagnetostriction (b). Fig. 2.18 presents the spatial profile
of magneto-elastic €,/ (z*,t) and e,,(z*, t) shear strains after propagation in 400 nm
(Ts¢ ~ 110 ps) of SiO, with magnetization tilted at 45 deg (a), 10 deg (b), 5 deg (c)
out-of-plane of the in-plane magnetized film. The amplitude of the €,/ (z*,¢) increases
with the increase of the ]\7 tilt angle. The strain profiles show transient jump of the

amplitude on their rising front (travel time of longitudinal and shear strains is set at
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Parameter, units Value
Optical absorption coefficient of TbFey o, m™! 5.26-107
Density of Terfenol p, kg/m? 9170
Density of the fused silica p*, kg/m?> 2196
Specific heat of Terfenol ¢, J/kgK 350
Thermal dilatation coefficient of Terfenol 3, K ! 1.18-107°
Elastic constant of Terfenol c¢11, N/m? 117-10°
Shear wave velocity in Terfenol, vy1, nm/ps 1.87
Shear wave velocity in fused silica, v, nm/ps 3.7
Longitudinal wave velocity in Terfenol, v;, nm/ps 4.17
Longitudinal wave velocity in fused silica, v], nm/ps 5.9

Table 2.4: Terfenol hybrid sample mechanical parameters.

T ~ 70 ps), and exponential decay on the back front. Frequency spectrum of the longi-
tudinal (see the inset of Fig. 2.17 (a) and shear pulses (see the inset of Fig. 2.18) (a) is

similar.

Spatial profiles of longitudinal €./, (2*, t) and shear ,/./(x*, t) strains at § = 45 deg
and 6 = 5 deg are presented on the Fig. 2.19 (a) and (b), respectively. Ratio of the lon-
gitudinal €,,/(x*,t) Ay and shear .,/ (z*,t) Ag strain amplitudes is defined as Ay /Ag.
It is equal to ~3 if magnetization of the film is tilted at 5 degrees out of its plane, see
Fig. 2.17 (d). However, it can be reduced down to ~0.6 in case of the § = 45 degrees,

see Fig. 2.17 (c). Parameters utilized in simulations are listed in Tab. 2.1.3

Thereby, the laser-induced demagnetization of the Terfenol films on the timescale
of several picoseconds leads to the excitation of the wave packet of two strain waves

with different acoustic polarization but similar frequency content, which is in order of

4
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Fig. 2.17: Spatial profile of a) total c¢11811 # 0 longitudinal €./, (2*,t) strain and b) purely magneto-
elastic ¢11311 = 0, see Eq. (2.66) at At ~ 65 ps. Laser pump fluence is set on F=5mJ/cm?.
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Fig. 2.18: Spatial profile of magneto-elastic e,/ (2*,t) and e,./(2*,t) shear strains (blue and red
curves, respectively) at At ~ 110 ps and a) § = 45 deg, ¢ = 45 deg, b) 6 = 5 deg, ¢ = 45 deg, b)
0 = 10 deg, ¢ = 45 deg. Laser pump fluence is set on F=5mJ/cm?.

hundreds of GHz. Amplitudes of the longitudinal and shear strain waves are strongly
modulated depending on out-of-plane tilt of the film magnetization, which is an essential

condition for the efficient generation of the GHz shear acoustic pulses.
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Fig. 2.19: Spatial profiles of longitudinal €.,/ (z*,t) and shear €,/,-(x*,t) strains at a) 6 = 45 deg and
b) 8 = 5 deg. Ratio of the longitudinal A;, and shear Ag strain amplitudes at c) 8 = 45 deg and d)
0 =5 deg.
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2.2 Experimental study of laser-induced dynamics in Terfenol

hybrid samples

Laser-induced dynamics of the Terfenol thin films were investigated by employ-

ing a time-resolved laser pump-probe spectroscopy techniques. Fig. 2.20 presents the

Fig. 2.20: Experimental geometry of the time-resolved laser pump-probe spectroscopy of Terfenol thin
films.

experimental geometry. A sample is mounted on a non-magnetic stage under a static
magnetic field of H~ 7-8 kOe, which is pointing along the normal of the sample. It is
laser excited by a 160 fs intense pump pulse at A = 800 nm, focused onto the ferromag-
netic film with a spot size of ~ 100 pgm, which is two times larger than the spot size of
the probe beam. Ten times less intense time-delayed probe pulses at A = 800(400) nm
wavelength were focused at the surface at an incident angle of several tens of degrees
with respect to its normal, and monitored the time-resolved response of the material
after its excitation. The time resolution is limited by the duration of the laser pulse.

An example of transient reflectivity signal AR/R is presented in Fig. 2.21.

Laser pump pulses excite a 300 nm thick TbFe, film at At = 0. Upon both
thermoelastic transient heating and ultrafast release of the magnetostrictive strains,
acoustic waves are excited in the surrounding SiO, layer of thickness d = 775 nm.
These strain waves are detected while propagating back and forth in the SiO, layer
by a time-delayed probe pulse at 800 nm in Fig. 2.21 (a) or at 400 nm Fig. 2.21 (b)
wavelengths at an incident angle of 30 degrees, with respect to the normal of the
surface. Since 400 nm compared to 800 nm probe wavelength favors the detection of
the longitudinal Brillouin scattering oscillations in SiOs (that has been observed earlier
n [96]) that disturb the measurement of the acoustic echoes, the probe light at 800 nm

wavelength is preferable for further measurements of the acoustic pulses.
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Fig. 2.21 depicts a two steps response at different time scales. The rapid increase
of the relative amplitude AR at At = 0, which is proportional to the pump fluence,
it corresponds to the laser heating of the electrons and lattice, and the following slow
relaxation during the next ~1 ns. Coherent oscillations on the top of thermal dynamics
are associated with inelastic Brillouin scattering of the probe light from the propagating
acoustic waves. In fact it is a result of the multiple interferences between the probe
beam reflected from the TbF'e;/SiO, interface and the secondary beams, reflected from
the strain pulse, propagating in the dielectric. This effect is often referred as Brillouin
scattering [07]. Features centered at 350 ps and 650 ps after the excitation correspond to
the time of longitudinal pulse round trip in the dielectric layer. The frequency spectrum
in the inset of Fig. 2.21, obtained by numerical Fourier transform, reveals the presence
of coherent longitudinal phonons, their frequencies are related to the probe wavelength
A, the SiO; refractive index n, to the Si0Oy longitudinal speed of sound v and to the
back-scattering angle 6 through the relationship v = (2 n vy cosf)/\. The sudden
change of the Brillouin scattering oscillations, that appears at 180 ps and 530 ps after
excitation comes from the Fabry-Perot cavity effect, that occurs as a result of the free
S104 interface displacement at the arrival of the longitudinal pulse. The presence of
the shear pulses is hidden by the strong longitudinal Brillouin oscillations, caused by
the longitudinal acoustic waves and can’t be distinguished. Hence, utilization of the
transient reflectivity detection scheme is not an appropriate way to detect propagating

shear acoustic waves.

Fig. 2.22 (a) shows the time resolved signals obtained by detection via the MOKE

/depolarized Brillouin scattering technique at two out-of-plane magnetic field orienta-
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Fig. 2.21: Time-resolved Brillouin scattering of the probe light at a) A = 800 nm, b) A = 400 nm probe
wavelength of a 300 nm thick TbFes; with in-plane static magnetization coated with a 775 nm thick
Si04 layer. The inset shows the frequency spectrum of the signal.
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Fig. 2.22: a) Transient time resolved pump-probe MOKE signals recorded in a 300 nm ThFey/775 nm
S10- multi-layer sample of in-plane static magnetization at two out-of-plane DC magnetic field ori-
entations +H=7 kOe. b) Differential signal +H — (—H) reveals the presence of longitudinal (L) and
shear (S) acoustic echoes.

tions £H. The differential signal calculated by subtracting both signals at £ H allows
to filter out the non-magnetic part. The magneto-optical Kerr response in Fig. 2.22 (b)
reveals several acoustic echoes with L longitudinal or S shear acoustic polarizations on
top of the demagnetization background. Their arrival time can be estimated knowing
the thickness of 775 nm and velocities v; = 5.9 nm/ps and vy = 3.7 nm/ps of the acous-
tic waves in the Si0O, film. Moreover, the acoustic waves are partially reflected at the
free interface of silica and the subsequent propagation of the pulse back and forth in
Si0s layer provides observation of corresponding echoes at increasing travel time after
excitation. The amplitudes of the echoes decrease as the result of acoustic attenua-
tion and partial transmission through the sample interfaces. Three longitudinal echoes
(centered at 350 ps, 650 ps, 950 ps after generation and separated by 2d/1; ~ 300 ps)
are clearly distinguished, showing expected 7 phase difference from one to another. It
is explained considering the acoustic impedances and the sign upon reflection at each
interface, described in the beginning of this section. The echoes centered at ~ 450 ps
and at ~ 800 ps can be clearly distinguished and attributed after estimation of their
arrival time to shear acoustic pulses, that agrees with the expected time of shear acous-
tic waves propagation in the silica layer. The first one of ~ 10 ps duration evidences
the ultrafast release of magnetostriction which is the only possible mechanism of shear
generation in the present sample [39]. However, the time of arrival of the second pulse
doesn’t correspond to the double round-trip of the first shear echo in the silica acoustic

delay line. Its time arrival corresponds to a longitudinal round trip time plus a shear
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Fig. 2.23: a) Transient time resolved MOKE signals recorded in a 300 nm ThFe5/1000 nm Si0s multi-
layer sample of in-plane static magnetization at two out-of-plane magnetic field orientations +H=7 kOe.
b) Differential signal +H — (—H) shows the presence of longitudinal (L) and shear (S) acoustic echoes.

round trip time in the silica layer. It reveals that acoustic mode conversion of the first
longitudinal pulse at 350 ps into a shear pulse happens upon the acoustic reflection at
the ThFey/SiOy interface. The ratio of amplitudes of the first longitudinal and the
first shear echoes is approximately A;;/A;s ~ 5. Since the first shear echo is 5 times
weaker than the longitudinal echo, we can neglect the shear to longitudinal mode con-
version. Since the ratio of the laser spot size at the sample surface to the film thickness
is significantly greater than 1, the so called acoustic diffraction effect which can excite
GHz shear acoustic waves at interfaces does not contribute to the first echoes profile.
The first shear echo proves the efficient demagnetostriction effect. The different ratio
of ~ 5 times between first L and S acoustic echoes can also arise from the different
photoelastic constants or magneto-optic coefficients involved in the generation in each
case. The slight asymmetry in the measured pulse shapes is explained by a detection
process and by mixed electron and thermal diffusion events during the ultrafast laser

generation process. The attenuation of the L. and S waves are different as well.

The same experiment was performed in order to double-check this result, but this
time on a sample with a thicker dielectric layer. Fig. 2.23 (a) presents the measured
laser-induced dynamics of a 300 nm ThFe; film attached to a thicker 1000 nm layer of
S10,. The time response is detected via the depolarized Brillouin scattering technique
at two out-of-plane magnetic field orientations =H. The differential magneto-optical
Kerr response in Fig. 2.22 (b) reveals L longitudinal and S shear acoustic echoes on top
of the demagnetization background. Their arrival time correspond to the velocities of L
and S strain waves in the 1000 nm fused silica layer. We observe longer acoustic delay

time of the measured echoes that agrees with the thicker SiO, thickness.
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Fig. 2.24: Differential signal +H — (—H) of Fig. 2.23with subtracted background highlighting the
excitation of shear acoustic echoes (S) and (L-S) in a 300 nm ThFe3/1000 nm SiO2 sample.

Features, centered at ~ 380 ps, ~ 760 ps, ~ 1130 ps, ~ 1550 ps and separated by
2d /9, ~ 370 ps are the echoes of the longitudinal pulses traveling back and forth in the
dielectric layer, they show alternating 7w phase shifts as a result of acoustic reflections at
the interfaces. Echoes centered at ~ 555 ps, ~ 935 ps, ~ 1310 ps can be distinguished
as shear acoustic pulses from the estimation of their arrival time, which fits the expected
time of for shear waves propagation in the fused silica layer. Acoustic echoes arrival time
is used to estimate the actual thickness of the SiOy layer, in fact it is equal to 1110 nm.
The generation mechanisms of the first 1S and two subsequent L-S, 2L-S pulses are
different, as in the previous sample: (i) demagnetostriction and (ii) mode conversion,
respectively. The arrival time of the third shear echo (2L-S) corresponds to the round
trip of the shear acoustic pulse, generated by a mode conversion of the 2L strain. Since
the generation mechanism of the 1S pulse in case of two samples is the same and the
only difference between them is the thickness of the dielectric layer, we observe a longer
duration of the pulse ~ 13 ps in the 1000 nm sample in comparison with ~ 10 ps
in the 775 nm sample that evidences the acoustic broadening of the GHz transversal
waves in Si0;. The propagation of an ultrasonic pulse through a medium results in
its broadening due to the homogeneous acoustic attenuation and other inhomogeneous
pulse broadening mechanisms. The measured time duration of the longitudinal (1L, 2L)
and shear (1S, 2S) acoustic echoes detected after propagation in SiO; layers of different
thicknesses confirms this effect, see Tab. 2.5 where the thickness of the dielectric layer

is displayed in the first column.

The duration of an echo that propagated through a thinner acoustic delay line is
shorter and, thus closer to its initial duration governed by the excitation process. Hence,

the thickness of the acoustic delay line should be as thin as possible. However, due to the
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ratio of the longitudinal and shear sound velocities in the silica dioxide, which is equal
to vr/vs = 1.5865 there can be time overlapping of the 1S and 2L echoes in thinner
films. The sample covered with a 350 nm thick layer of Si0,, studied in the scope of the
present thesis, still allows to distinguish several echoes of different acoustic polarizations
on the experimental signals but the time separation of the longitudinal and shear echoes
is more efficient for thicker films with the disadvantage of higher acoustic attenuation.
Utilization of different types of acoustic delay lines is possible by deposition of other
dielectric materials with different ratio of longitudinal and shear sound velocities (for

example, ZnO v /vg = 2.228).

The quite thick 300 nm Terfenol film prevents uniform laser demagnetization, since
the optical skin depth in the metal of about ~ 20 nm is way more thinner than the total
thickness. Hence, we have studied thinner magnetostrictive films were studied. Laser-
induced dynamics of a 50 nm ThFey/ 700 nm SiOy sample were measured in order to
check if the efficiency of generation is improved with a decrease of the magnetostrictive
layer thickness. Unfortunately only longitudinal echoes were detected in thin Terfenol
layers with no indication of shear waves, see Fig. 2.25. A possible explanation for that
is the poor quality of the ferromagnetic layer with internal structural inhomogeneities

and high roughness in the case of thinner films.

The same type of time-resolved pump-probe experiments were performed on a
300 nm ThFey/ 20 nm Mo/CaF, structure with an out-of-plane static magnetization,
covered by 700 nm of dielectric silica layer. A magnetic field of H=7 kOe was applied
along the sample surface in order to tilt the magnetization towards in plane. Fig. 2.26
shows the differential £H time resolved Kerr signal. By analogy to Fig. 2.22 (b) it
reveals several L longitudinal and S shear acoustic echoes on top of a demagnetization
background in the transient Kerr signal. The echoes centered at 300 ps and at 450 ps can
be assigned as longitudinal and shear acoustic pulses after estimation of their arrival time
which fits the expected time of flight for shear acoustic waves propagating in 1400 nm of
silica. Due to the strong saturation field (~ 1.5 T'), which exceeds our available applied

static field of 7 kQe, the tilt of ]\_/[> is not efficient. Therefore the efficiency of the shear

1L, ps | 1S, ps | 2L, ps | 28, ps
500 nm 11 9 14 18
775 nm 12 9 18 20
1000 nm 13 12 20 24

Table 2.5: Time broadening of the acoustic echoes as a function of Si0O, thickness.



72 CHAPTER 2. ULTRAFAST MAGNETOACOUSTICS IN TERFENOL

a) b
47 0
:5 .
. +H o)
© ®
c 2 ~ 2t
o c
S S
g 3
< of e 4t
5 £
4 -H g
_2 _6 N
-4 200 400 600 800 1000
Time delay, ps
-4 L L L L L L . L L L L L n
0 200 400 600 800 1000 8 0 200 400 600 800 1000
Time delay, ps Time delay, ps

Fig. 2.25: a) Transient time resolved pump-probe MOKE signals recorded in a 50 nm TbhFes /700 nm
5109 multi-layer sample of in-plane static magnetization at two out-of-plane magnetic field orientations
+H. b) Differential signal +H — (—H) with subtracted background reveals only the presence of
longitudinal acoustic waves generated in the 50 nm Terfenol layer.

strain excitation is low. Hence, further experiments will be performed on the in-plane

magnetized samples.

Despite the transient demagnetization of the film, there are no signatures of laser-
induced magnetization precession on the experimental curves in Fig. 2.22. On the other
hand, the samples uncovered by 570, shows strong coherent magnetization dynamics
at about 6 GHz, see Fig. 2.9. We believe that the lack of signal can be explained by the
detection of a much smaller polar contribution to TR-MOKE.

The demagnetization timescale of Terfenol films is of paramount interest for fur-
ther understanding of time duration of the laser generated strain pulses. It was already
measured in the previous section with uncovered Terfenol films. Fluence-resolved mea-
surements were performed on 300 nm in-plane magnetized TbhFes films, covered with

1000 nm of fused silica, to determine its characteristic demagnetization timescale as a
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Fig. 2.26: Time resolved Kerr signal recorded for a 300 nm ThFe5 /700 nm SiOy sample structure with
out-of-plane static magnetization, at two in-plane magnetic field orientations +H.
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Fig. 2.27: a) Laser-induced variation of time resolved Kerr signals recorded in a 300 nm TbFes /1000 nm
5105 multi-layer sample of in-plane static magnetization at two out-of-plane magnetic field orientations
+H, as a function of pump fluence. b) Differential signals +H — (—H) obtained at different pump
fluences.

function of laser pump fluence. Fig. 2.27 (a) presents time- and fluence-resolved MOKE
rotation signals detected with two orthogonal orientations of the magnetic field + H
applied along the normal to the sample. Differential signals +H — (—H) reveal the
presence of a first longitudinal and shear echoes centered at 380 ps and 555 ps, respec-
tively, see Fig. 2.27 (b), as well as their pump fluence dependence in the 0-8 mJ/cm?
range. Presence of low-frequency longitudinal Brillouin oscillations on Fig. 2.27 (a)
indicate the depolarization of the probe light upon reflection at the Terfenol surface.
Differential signals +H — (—H ), which are sensitive only to the effects of magnetic origin

confirms non-magnetic nature of the longitudinal Brillouin oscillations.

The first 40 ps following the laser excitation at At = 0 ps are depicted on

Fig. 2.28 (a). It reveals two steps of the film demagnetization at different time scales:
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Fig. 2.28: a) Zoom of the ultrafast laser demagnetization of Fig. 2.26 b) during the first 30 ps after
laser excitation. b) Demagnetization peak amplitude as a function of pump fluence.
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Fig. 2.29: Time-profiles of the a) longitudinal and b) shear acoustic echoes of Fig. 2.26 as a function of
pump fluence. The insets show a maximal relative amplitudes change as a function of pump fluence.

(i) ultrafast loss of the remanent magnetization of Terfenol 7 ~ 1.5 ps and (ii) the
second longer step, which was also observed on the uncovered sample and reported for
other rare-earth-based alloys in [17]. It confirms that the deposition of the dielectric
layer doesn’t influence the demagnetization time scale of the ferromagnetic film. Besides
that, the release of Terfenol static strains, occurring simultaneously with its demagne-
tization generates acoustic waves of several picoseconds time duration. Fig. 2.28 (b)
shows the maximum of demagnetization amplitude as a function of pump fluence, ex-
tracted around 3 ps time delay (the position of the peak slightly shifts with fluence).
Note, that the pump power is given in logarithmic scale. The inset depicts the signal
amplitude evolution as a function of pump fluence at At = 38 ps. A linear distribution
of the demagnetization amplitudes evidences linear dependence of dynamics at fluences

in the 0 - 8 mJ/cm? range.

Fig. 2.29 shows the temporal profiles of the a) longitudinal and b) shear acoustic
echoes as a function of laser pump fluence. The evolution of longitudinal echo amplitudes
at its maximal value follows the same law as the demagnetization at early time delay,
see Fig. 2.28 (b). It means that the contribution of the thermoelastic mechanism, which
is linear with laser fluence, to the total L strain amplitude is dominant as compared to
the magneto-elastic contribution. This result is relevant with our numerical simulations
presented on Fig. 2.17. The ratio of the amplitudes A;s/A;; is about 1/10. The
evolution of the shear echo amplitudes also obeys the same rule. Echoes duration of
T ~ 12 ps were measured at their FWHM. It is important to have in mind that the
timescale 77, and 75 of the detected echoes doesn’t represent the time duration of
the acoustic pulses excited by laser-induced demagnetization of Terfenol. There are

several reasons for that: (i) the pulses propagate through 2 pm (round trip in 1000 nm)
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thick Si05 layer and get damped and broaden; (ii) in fact, measured signal represents
a convolution of the sensitivity function [18] with the acoustic strain profile, which is
initially assumed to have a unipolar shape. Thus, it is mostly the sensitivity function
that determines the final shape of the detected echo, i.e. how strain, propagating into

the depth of the material contributes to the rotation of the probe polarization.

Optical detection of the magneto-acoustic pulse

Detection of the acoustic strain after its double propagation in the dielectric layer
occurs in the skin depth of the Terfenol film, which is described by an exponentially
decaying function. Consequently, the duration of the detected acoustic echo is a con-
volution of the acoustic strain spatial profile (~ exp(—awv;(t — x/v;))) with the spatial
profile of the optical detection function (~ exp(—2jw(ni/c)z)). The unipolar strain
pulse propagates in SiOy towards the interface, see Fig. 2.30 (1). The optical signal
is the convolution of the strain profile with the spatial profile of the optical detection
function. (2) The detected dynamics do not carry an accurate and straightforward mea-
sure of the strain profile, because of the spatial limitation of the optical detection area.
The measured signals accurately describes the true temporal strain profile only if the
detection zone is represented by a Dirac function d(z). Otherwise, the real duration of
the acoustic pulses generated by demagnetostriction can be found by performing the

deconvolution of the detection zone profile with the strain spatial profile.

A simplified approximation for the description of the optical detection of the strain

pulses consist of assuming that time-resolved measured signals can be described by the

TbFe2 SiO2

Detection zone

@ @

Strain pulse

S
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Fig. 2.30: Detection of the acoustic pulses in the skin depth of the Terfenol film.
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Fig. 2.31: a) Simulations of the acoustic strain time profile ~ exp~®?i* and b) of the detected acoustic
echo time profile.

following expression

R(t) ~ /0 = e de (2.69)

Ui

where, 7(t — =) is the acoustic strain and exp™®? is spatial profile of the optical pen-

etration depth, i.e. simplified sensitivity function. Due to the spatial limitation of the
optical detection area Eq. (2.69) is non-zero between x = 0 and = = v;t. Assuming that

the strain follows an exponent in the form exp "% it can be modified as

v;t . z . , vt o
R(t) ~ / exp—a Ul(t-i-;i) eXp_a Ty — eXp—a Uit/ eXp—(a +a*)z dx
0 0

epr(o/Jra*)z

—2(a + a*)

— eXp_a/”it git = exp_o‘/”it(exp_(al+a*)m -1)/ — 2(0/ + a”).

(2.70)

The numerical simulation of Eq. (2.70) is described in Fig. 2.31. The optical detection
of the acoustic strain with ~ 1 ps time duration in the skin depth of Terfenol leads to

the broadening of its time profile up to ~ 2 ps, see Fig. 2.31 (b).

The sensitivity function presented in [18] describes the change in reflectivity correct
to the first order in strain. In the present case, the acoustic echoes are detected via
polarization dependent measurements. Hence, unlike [13], detection is magneto-optical
rather than photo-elastic. In magneto-optical detection there are several sensitivity
functions, that can be found following [31]. We can assume that the physical content
of the sensitivity function is identical with [18], in the sense that the acoustic waves are
detected in the optical skin depth of the magnetic layer. It is hard to estimate the real
sensitivity function of Terfenol due to the indeterminate position of its magnetization

and lack of data about its optical and magneto-optical properties. However, since the
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time duration of the acoustic pulse is relatively short, the sensitivity function doesn’t
play the crucial role in determination of the detected echo shape. The reconstruction
model, presented in this section gives an idea about real time constants of the strain

pulses.

The optical excitation of the 300 nm thick ThFey film results in the generation
of longitudinal and shear strain waves, that propagate in the attached 1000 nm of
S104. The propagation of the strain through 2 pum of dielectric layer causes spatial and
temporal broadening of its profile. High frequencies will be more attenuated compared
to lower components of the frequency spectrum, this leads to the increase of the rise front
time duration. Acoustic waves are detected as echoes in the differential signal +H —
(—H) with subtracted background, as it is presented in Fig. 2.24. The first longitudinal
acoustic echo is depicted in Fig. 2.32 (a). Fig. 2.32 (b) gives a graphical representation
of Terfenol simplified sensitivity function exp(—azx), see Eq. (2.69). The parameters
used in its determination are k = 3.3545 at the probe wavelength of A = 800 nm [19].
Fig. 2.32 (c) shows the temporal profile of the first laser-induced longitudinal acoustic
pulse (1L) in the 300 nm thick ThFey film that we use in the model that assumes a
linear rising front to account for the laser demagnetization, followed by a sharp decay.
The time duration of the acoustic pulse in the model measured at FWHM is equal to
~ 8.0 0.1 ps. The temporal profile of the unipolar laser-induced longitudinal acoustic
pulse is presented in Fig. 2.32 (c). Pulse shape was chosen so that its convolution with
sensitivity function of Terfenol best describes the measured acoustical echo temporal
profile. In Fig. 2.32 (d) differential signal +H — (—H) with subtracted background
(blue solid line) is superimposed with the convolution of two functions presented in
Fig. 2.32 (b) and Fig. 2.32 (c).

The same analysis was performed to reveal the temporal profile of the first shear
pulse (1S). It is depicted in Fig. 2.33 (a). Fig. 2.33 (b) gives a graphical representation
of the Terfenol sensitivity function exp(—ax), which is identical to the one used for
the reconstruction of the longitudinal pulse. The temporal profile of the unipolar laser-
induced shear strain, used in our model is presented in Fig. 2.33 (c)®. Its time duration
measured at FWHM is equal to ~ 8.0 & 0.1 ps. Complex Fourier transform has been
performed in order to reveal the frequency spectrum of the pulse, see the inset. In
Fig. 2.33 (d) differential signal +H — (—H) with subtracted background (blue solid
line) is superimposed with the convolution of two functions, presented in Fig. 2.33 (b)
and Fig. 2.33 (c).

6In practice peak will have smoother shape at the maximal amplitude values.
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Magneto-optical detection of the acoustic pulses can be presented as a reaction of
magnetization on arrival of the strain acoustic pulses. Equations of magnetic perturba-
tion from the acoustic strains in the (2,9, z’) coordinate system can be expressed as in

supplementary material of [60]

dmy
Z; = 2?\2 2K, (3m2, +m2 — 2m2 )mym. + Ky(m2, —m2)(m2 — m2, + 2m?2 )mym.
+ bl(4gw*y*mx/ — Q(gz*m* + Eyryr — ng*z*)my/)mzl
+  ba(eyrormapmy — 2€m*z*m§, — Epra My Myt + 2650 2m )] (2.71)
dm.,
;nty = —2?\2 2K (m2 + 3m2 — 2m2 ) mym + Ky(m?, —m?,)(mb, —m?, — 2m2 )mgm.
+ 2b1 (E:x*x* ml” + &Ty*y* ml” — 2(€Z*Z*m$/ —|— E:x*y*my/>)mzl
+  by(2e,emZ — 25y*z*m§, + Egrar Mg My — Eyr e Mgt My — 26 g2 My My )|, (2.72)
dmz’ YL

p 7 [2K1(m§, — m2)mgm, + 2K2(m§, — m2)mgmym? — 2by(gey- (M2, — mzl)

+ bo(Eprpr MMy — Eyr e MMy — Egr e MMy — gy*z*my/mzf) — Mpom my],

(2.73)

where v, = v/(1+ a?), my, m,/, m, in the right hand side of this dynamical equations
are the initial magnetization direction cosines. Only the waves propagating along the
normal to the surface are considered i.e. ey-y« = €,+,+ = 4=« = 0, that allows some
simplifications in Eq. (2.71) - Eq. (2.73):

dmy
Z; = 2?\2 [—201€ %3+ My My — Do gran My My 4 Ab1E e e Mgy
—  2bgegezem + 2byegeamii], (2.74)
dmy/ . YL
ity V. [2b1 3 g Mg 4 AD1E gr e My Myr — 2D9E o o My My (2.75)
dmz/ YL 2 2
ek E[bygw*x*mx/my/ — 2b1€py= My — M) — bagyerr M), (2.76)

The probe beam normally incident to the surface is sensitive to the m, component
%
of M. Oblique incidence provides an access to the detection of in-plane magnetization

(my, my). Detection of laser-induced dynamics in transversal MOKE configuration
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Fig. 2.34: a) Transient time resolved pump-probe MOKE signals recorded in a 300 nm ThFey/775 nm
5105 multi-layer sample of in-plane static magnetization at two out-of-plane magnetic field orientations
+H. b) Differential signal + H — (—H) with subtracted background (the inset) reveals only the presence
of longitudinal acoustic waves generated in the 300 nm Terfenol layer. Probe of 400 nm wavelength is
normal incident to the surface.

with different probe polarization (s, p) allow to distinguish only one particular in-plane
component from the left part of Eq. (2.75) and Eq. (2.76). The time-resolved Kerr sig-
nals obtained with normally incident probe show mainly the detection of longitudinal
acoustic waves only, see Fig 2.34. Thus the contribution of the longitudinal strain to
the variation of dm, /dt is bigger than that of the transversal pulse. Shear detection
sensitivity increases with the angle of incidence of the probe with respect to the nor-
mal [11]. Hence, arrival of the shear strain to the Terfenol alters mostly the in-plane

ﬁ
projections of the M.
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Fig. 2.35: a) Transient time resolved reflectivity signals recorded in a 300 nm TbFe2/1000 nm SiO-
multi-layer sample of in-plane static magnetization at two out-of-plane magnetic field orientations +H.
b) Differential signal +H — (—H ) with subtracted background (the inset). P-polarized probe beam with
800 nm wavelength is obliquely incident to the surface. The inset shows the detection of longitudinal
echoes.
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Fig. 2.35 presents the time resolved differential reflectivity recorded at +H in
a 300 nm ThFey/1000 nm SiO; multi-layer sample. In the current case, p-polarized
probe monitors the change of % (projection of ]\_4> on the y experimental axis). Detec-
tion of only longitudinal echoes evidences that shear strain e,-,-, associated with low
magneto-elastic coefficient by in Eq. (2.75) doesn’t have a significant influence to the

d?ty/ evolution. Therefore, the measurements of the shear echoes should be performed

in longitudinal MOKE configuration.

Since the experimental schemes of MOKE (magneto-optic detection) and depo-
larized Brillouin scattering (photo-elastic detection) are identical, it is problematic to
distinguish and optimize the proper detection mechanism. Moreover, the final experi-
mental curves are represented by a difference of two time-resolved signal detected with
two opposite orientations of the magnetic field £H (in order to filter a non-magnetic im-
pact to the signal). In practice it means that the sign of some magnetoelastic strains will
be changed during the magnetic field reversal, following direction of the applied field.
Furthermore, one has to be careful considering a differential signal (+H - (-)H), because
if the strain doesn’t change its sign at +H, it is not detected by photo-elastic effect.
Unlike longitudinal pulse, shear strains change their signs during the generation (see,
expressions Eq. (2.36) - Eq. (2.38)), hence, they can be detected by the photo-elastic
effect at oblique incidence of the probe. If the strain preserves its sign during the rever-
sal of the magnetic filed +H, it can be detected by magneto-optic detection. Tab. 2.2
summaries data about the detection mechanisms, following Eq. (2.71) - Eq. (2.73).

Magneto-optic detection | Photo-elastic detection

€42+ (Longitudinal)
€z+y+ (Shear)
€4+ 2~ (Shear)

Table 2.6: Detection of the magneto-elastic strains.

Magnetostrictive anisotropy of Terfenol films

The theoretical analysis of the build-in static strain amplitudes has emphasized the
crucial importance of the initial magnetization orientation with respect to the crystallo-
graphic axes, see Eq. (2.37) and Eq. (2.38). The amplitude of the shear strains generated
through demagnetostriction reaches its maxima when ]\_4> is tilted at 6 = 45 degrees out
of its initial position. In order to check this theoretical result experimentally, we have

performed several measurements at different angles of the applied external magnetic
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field. Fig. 2.36 shows the sample and magnetic field geometry used in the experiment.

MOKE data were recorded with a static magnetic field of H., =7 kOe applied along
the plane that contains the normal to the surface and the crystallographic orientation
[110]. Each pair of MOKE data were recorded for different pairs of £ angles by discrete
steps of 45 degrees. The differential time-resolved MOKE signals were calculated for
each pair of £ angles that correspond to two opposite orientations of the magnetic field
vector :l:ﬁ, ie. £ and £ + 180 degrees. The differential MOKE data obtained with a
300 nm Terfenol film, covered with 775 nm thick SiOs, reveal several acoustic echoes
of longitudinal or shear acoustic polarization on top of a demagnetization background.
Fig. 2.37 show an increase of the shear echo amplitude from 0 % to 19 %, which follows
the reorientation of ]\_/[> . Indeed, it is relevant with the analytical model of Eq. (2.37)
and Eq. (2.38). Since the measurements of the echo amplitudes can be disturbed by
experimental artifacts, such as beam pointing stability during the magnetic field reori-
entation, the ratio of the shear Ag and longitudinal A; echoes amplitudes is utilized in
Tab. 2.7 in order to weight the generation efficiency at different ¢ orientations. Ag/Ap

is insensitive to optical artifacts.

If the magnetization remains in the plane of the film or aligned along its normal,
one of the direction cosines m,/, m,,, m. will be equal to 0, which results in the gener-
ation of longitudinal strain pulses only as evidenced in Fig. 2.37 (c¢). On the contrary,
the excitation of the shear strain occurs if the magnetization is tilted out-of-plane of
the surface. However, there is no obvious variation in Ag/A; ratio when H is tilted
from 0 to 45 degrees, which is expected from the theoretical model. In fact, the ap-
plied magnetic field is probably not strong enough to tilt substantially ]\_4> at 45 degrees
out-of-plane. The applied magnetic field of 700 mT slightly tilts the magnetization out-
of-plane without a strong difference between 0 and 45 degrees. The magnitude of the

shear generation could be enhanced by application of stronger magnetic fields.

The strong magnetocrystalline anisotropy of the thick TbFes films (K; = —760 -

y'[1-10]
90°

Z'[001]

X'[110] ~

Fig. 2.36: Geometry of the sample orientation and magnetic field orientation.
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Fig. 2.37: Differential time resolved MOKE data recorded at different applied magnetic field orientations
along a) the normal of the sample surface £ = 0 &+ 180 degrees, b) tilted at £ = 45 + 180 degrees, ¢)
in plane of the sample & = 90 4+ 180 degrees, d) tilted at £ = 135 4+ 180 degrees.

10~* Pa) [10] was confirmed by our measurements of the static MOKE, as shown in
Fig. 2.5. For thin films with in-plane magnetization, the magnetic orientations [001],
[110] are defined as magnetically hard and easy axes. In case of out-of-plane magnetized
thin films, static MOKE measurements have revealed [112] and [110] directions as easy
and hard axes, respectively. The strong magnetocrystalline anisotropy is in fact con-
nected to the magnetostrictive anisotropy. In such samples with huge magnetostrictive
anisotropy for which Aj1; >> Ao (see Tab. 2.1), the release of the shear strains along
the crystallographic axis with stronger magnetostrictive constant should increase the
efficiency of shear excitation due to the rhomboidal lattice distortion along the [111]
direction (see Fig. 2.1). We have performed experiments to reveal the magnetostrictive

anisotropy by varying the in-plane orientation ¢ (defined in Fig. 2.10) of the ThFe,

Tilt angle, deg | 0 | 45 90 135
As/AL, % 19 119 | —/— | 12

Table 2.7: Ratio of the longitudinal to shear echo amplitudes as a function of the magnetic field
orientation.
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Fig. 2.38: Time resolved variation of the MOKE signal recorded with a 300 nm TbFes sample covered
with a 775 nm thick SiOs layer from two orthogonally applied magnetic field. a) Differential signal
+H — (—H) and b) subtracted baseline.

crystal with respect to the probe plane of incidence. Time-resolved MOKE dynamics of
in-plane magnetized 300 nm Terfenol films, covered with a 775 nm thick Si0O, layer, were
monitored at different in-plane crystallographic orientations ¢. Fig. 2.38 (a) presents
the differential MOKE signal obtained for two applied magnetic fields +H — (—H) at
¢ = 0 degree and Fig. 2.38 (b) emphasizes the acoustic echoes. A set of pump-probe
differential MOKE experiments were performed at different in-plane crystallographic
orientations ¢ and magnetic field orientations £. For each data, we have extracted the
ratio of the detected shear (S) and longitudinal acoustic (1L) echoes. In Tab. 2.8, the
columns [1-10], [001], [1-11] indicate the crystallographic axis perpendicular to the op-
tical plane of incidence, while the left column denotes the magnetic field orientation
€. The amplitude ratios Ag/AL were calculated in order to minimize the experimental
artifacts. The [1-11] direction is expected to coincide with the axis of strong magne-
tostriction of Terfenol (A1;; = 2460 - 1075 > Ao = 300 - 1079), consequently, the shear
strains released after the laser demagnetization of the film, must have the highest am-
plitudes. Indeed, at some field orientation of & = 45 degrees, Tab. 2.8 shows that the
ratio of amplitudes is the highest, but there is no clear difference among the data. Un-
fortunately, the laser-induced excitation of the picosecond shear strain waves in Terfenol
films does not evidence the strong magnetostrictive anisotropy. This is probably due to
the fact that the static magnetic field is not strong enough to force the magnetization

along different crystallographic orientations in our experiment.
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[1-10] ¢ = 0 deg | [001] ¢ = 90 deg | [1-11] ¢ = 45 deg
¢ = 90 deg (H along the normal) 11 % 12 % 8.4 %
¢ = 45 deg (H along the diagonal) 10 % 8.8 % 14 %
¢ = 135 deg (H along the diagonal) 8 % 8.8 % 12 %

Table 2.8: Ratio of the first shear and longitudinal (Ag/Ay) echoes amplitudes as a function of the
initially in-plane magnetized crystal orientation ¢ and of the magnetic field orientation &.

2.3 Magnetostrictive mode conversion in Terfenol thin films

As evidenced in the experimental results that has revealed the so called L-S shear
acoustic pulses, see for example Fig. 2.38 at 800 ps time delay, the injection of picosecond
longitudinal strain pulses in magnetostrictive Terfenol films lead to the partial conversion
of the longitudinal strain pulse into a shear strain pulse upon reflection at the interface.
This mode conversion phenomenon is a surface effect of magnetostrictive origin, it could
be an alternative approach for the excitation of shear acoustic waves in Terfenol. In fact
the longitudinal strain pulse modifies the magnetic anisotropy field and tilts H.ss that
causes the reorientation of ]\_J> , which is no longer aligned along H.;;. In the Landau-
Lifshitz model of Eq. (1.3), the direction and the magnitude of H.ss are determined
by the free energy density of the film F, which includes the magneto-elastic energy
density term F,., see Eq. (2.79) and Eq. (2.80). It provides a direct coupling of the
acoustic strain and orientation of the magnetization of the film. Since initially ]\_4> is
tilted out-of-plane of the sample at some degree, change of of its orientation is coupled
to the generation of shear wave, as in the demagnetostriction process described in the
previous section Sec. 2.1. In this section, we present the analytical model describing the
magnetization and magnetostrictive response following the injection of a longitudinal

strain pulse in a Terfenol layer.

The inverse magnetostriction mechanism for shear acoustic mode conversion in the
hybrid Terfenol sample is sketched in Fig. 2.39. The longitudinal acoustic strain e, (x, t),
initially laser generated at the ferromagnetic layer, is injected back after its round trip in
the acoustic delay line in the Terfenol layer where it modifies the free energy density F
of Terfenol. It results in the excitation from mode-conversion at the interface of a shear
strain e7_g(x,t) transmitted in the SiOs layer. This peculiar inverse magnetostriction
mechanism is a route for inter-mode acoustic conversion in Terfenol hybrid sample and
an alternative pathway for ultrafast shear acoustic waves generation. In the following,

the analytical theory and numerical simulations were performed in order to determine
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Fig. 2.39: Shear wave generation by acoustic mode conversion process in TbFey films. The shape of
the acoustic strains is arbitrary.

the efficiency of this mode conversion mechanism.

The magnetization of magnetic and magnetostrictive materials can be manipulated

by acoustic pulses at picosecond timescale (see Sec. 1.3). This inverse magnetostriction
%

effect is described by the Landau-Lifshitz equation, which predicts the rotation of M in

response to the acoustic perturbation.

omt
—_— = —’)/[Lom X ﬁeff, (277)
ot

where 7, 1o are the gyromagnetic ratio and magnetic permeability of vacuum, respec-
tively. 7t is the unit magnetization vector of the TbhFe, layer, ﬁeff is the effective
magnetic field of Terfenol. The projections on the coordinate axes of Eq. (2.77) can be

expressed as

8mx/

815 - _/VMO(my’ﬁeffz’ - mz’ﬁeffy’)y
Oy i i

ot = _’%UO(mz’ ef fa! — My effz’)a (278)
6mzl

ot vt Heg gy =y Hegpor).

The effective magnetic field ﬁe 7 1s equal to

1 oF
I oMy Omy

(2.79)

where M, F' are the saturation of magnetization and the free energy density of Terfenol,
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respectively. The free energy density can be written in the form
F=F,+F,.+F,, (2.80)

where F,,, F,.., [, are magnetic, magneto-elastic and elastic energy densities of the
ferromagnetic film. F, will be omitted in the further considerations, since it gives a zero

contribution into expression Eq. (2.79)
Foo— K(m2m2 2.2 2,2 M ﬁ—% Mo ar 2 9281
m = K(mgmy, +mym; +mim?) — poMoHm' + ?( oM )", (2.81)

where M is the magnetic anisotropy constant, Hz is the external DC magnetic field.
The first term of Eq. (2.81) corresponds to the energy of magnetic anisotropy in the
(x,y, z) system of coordinates. Second and third therm are Zeeman and dipole-dipole
energies, respectively. Transition from the arbitrary coordinate system (z,y,z) to the

experimental system (z',y/, z’) take the form

My \/Lé cos & % siné 0 My
my | = —siné  cos§¢ 0 My (2.82)
my, 0 0 1 m

My = cosEMy + sinmyy,
my = —sin&my + cosEmyy, (2.83)
m, = Mm,.

Thus, if £ = 7/4, the energy of the magnetic anisotropy F, in Eq. (2.81) should be

modified accordingly, we obtain

2 2 2 2
b, = K(mimi + mzmi +mym?) = K((gmx’ - gmy’)Q X (\/T_m:v’ + \/T_my’)2
2 2 2
F Py = L, 4 (Lo — Lo o)
2 2 2
1
= K(Z(mi/ — mlz//)Q ‘l’ mi/m? + mz/mi). (284)

Substitution of Eq. (2.84) into the expression of the magnetic energy density of Eq. (2.81)

results in
_>
,—m2)? +mimi +mimi) — soMoHm! + %(Momx/)Q. (2.85)

Eq. (2.85) describes the final expression of the magnetic energy for the in-plane mag-
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netized Terfenol film. Now, since all contributions to the free energy density F' are
determined, the effective magnetic field of Eq. (2.79) can be estimated (F. elastic en-
ergy density has a zero contribution to H.yy, so its impact will be neglected). But first,

the direction of the external field should be defined.

Fig. 2.40 depicts the orientation of the applied DC magnetic field with respect to
the (2,1, 2') axes. & is a polar angle between ﬁ and the surface of the film. v is an

azimuthal angle between the projection of H on y'z" plane and the 3y’ axis.

The magneto-elastic energy density F,,. was described in the previous section (see
Sec. 2.1) and have form of Eq. (2.8). Substitution of the expression of the magneto-elastic
and magnetic energy densities of Terfenol (see Eq. (2.8) and Eq. (2.85), respectively)

into Eq. (2.79) with projection on the ', ¢/, 2" axes results in

K
Heprr = — (m?, — mx/mz, + 2mpm?) + Hsiné — Momy
oMo
by

by
Myt E gl gt —+ 2m 1Exly! ) — — My Ext oyt + zmzlgxlzl N 286
MOMO( veay) MOMO( ) ( )

K
Hefpy = ol (mz, — mym?, + 2m,m?2) + Hcosécosip
by

b b
/LoM() /«LOMO

(my/gx/x/ + 2m$/€$/y/) — my’£z’z’7 (287)

2K
Hefle = - (mi, + mz/)mz/ —+ HCOSfSinw —
to Mo

MMyt Ept 51« (288)

The last two terms of Eq. (2.86) and Eq. (2.87) and the last term in Eq. (2.88) repre-
sent the contribution of the magneto-elastic energy density to the effective field H.s

5 X[110]

| "1-
21004 bty Y

TbFe

Fig. 2.40: Orientation of the external magnetic field H with respect to the crystallographic directions
of the TbF ey film.
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and directly couple strain and magnetization of Terfenol. Primarily, only the first lon-
gitudinal strain pulse €,+,-° incident on the ferromagnetic film is considered. Further,
excitation of the shear strain waves is considered in reaction to the reorientation of ]\7 .
The magnetization projection on the experimental coordinate system can be assumed
to follow

m; = my + my - exp(j(wt — k'), (2.89)

where 1 = 2/, y/, 2/, k; is the acoustic wavevector of the longitudinal wave and m;
is the perturbation of the magnetization induced by the acoustic pulse. The acoustic

displacement u, along the normal of the sample x’ is expressed in a similar way
Uy = Ugrg - exp(j(wt — k). (2.90)

Eq. (2.90) corresponds to the longitudinal wave (1L) incident on the Terfenol film.
Eq. (2.89) and Eq. (2.90) are substituted into the system of Eq. (2.78). The transformed

system will have the form

ATy = 7, (2.91)

where A is the matrix, Tiio is the unit magnetization vector induced by the acoustic

wave.

Mmygro
o = | myo |, (2.92)

mzro

v =1|u]l, (2.93)

All A12 A13
A = | Ay Ay Ay |- (2.94)
A31 A32 A33

The elements of the vector ﬁ and matrix A are

_ymYm,

U, =
1 M,

(bl - b2)um’07

8Sign * means the longitudinal strain pulse propagating in the SiO2 layer towards the ThFes film.
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. ym%m?,
Uy = =k 2 (by = b,
0
27vbym?®m?,
Uy = —jhy 202
3 M, 0
6K
A= —jw Mgmx,mglmz,,
K 0 02 02 02 :
Ay = y,uo(MOMO m(3mgr — 2m% + 3my;) — H cosEsiny),
K 0 02 02 02
Az = ’Wo(u m,, (3mg +mgr — 6m2) + H cos € cos 1)),
0o
K
Ay = ’yuo(ﬂ 7 mg,(—3m§3 — 3m2,2 + 2m§,2) + m. My + H cos& cos 1)),
0Vl
6K
AQQ = —jw — vﬁmg,mglmgl,
0

o

Km?,
Ass = Y110/ . Bt (%2 — 3m% 4 6m%) — Hsin& +m M),

oMo
Ay = ol (m — 3m2) — H cos € costs — iy My)
= m,,(my; — 3mgy;) — H cos & cosp —my, M),
31 = YHo oM\ x y Vo
2K o 02 02 : o
Aszy = o mg,(3my; —myr) + Hsin§ —mg, M),
po My
A= —jw.

The coefficients U; depend on the direction cosines of magnetization mg,, my,, m?, and
on the magnetoelastic constants by, by of the Terfenol film. The coefficients A;; depend
on the direction cosines of magnetization but also on the orientation of the external
field H with respect to the axes of the film, via the &, ¢ angles. Two special cases
are considered in order to simplify the calculations: the external magnetic field is tilted
out-of-plane of the sample in (i) 2’y plane, thus, m¢% = 0, ¢¥» = 0 and in the (ii) 2’2’

plane, thus, mg, = 0,¢ = 7/2 (see Fig. 2.40).

In the first case, where ﬁ points in the arbitrary direction between 2z’ [110] out-

of-plane and y' [1 — 10] in-plane axes, the coefficients U;, A;; are equal to
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Ay = 0, Ay = —Jjw,

Km?, :
Ay = %uo(—lu 2 (1m0 + 3mz,2) — Hsin& +mS M),

7 —3mS%) — Hcos& — my, Mo).

The coeficients A3y, Ass are not modified. In the second particular case, where ﬁ points
in the arbitrary direction between 2z’ [110] out-of-plane and z’ [001] in-plane axes with
my, = 0,9 = 7/2, the coefficients U;, A;; are equal to

ybom2,m?,

U =0, U,=jk (b1 + b2)Upyp, Us=0.

0

Ay = —jw, Aiz3=0,

Arg =y m? (3m27 — 2m%?) — H cos €),
12 0<M0M0 ( ) )
A22 = —jw,
K o 02 02 o
Agr = ypio( m(—=3my +2m?) + H cos& +m2, M),
tro Mo
K o 02 02 : o
Agz = ypo( mg,(—ml; + 6m2) — Hsin& + mg, M),
to Mo

Az =0, Ags = —jw,

2K
Asy = ———m2% + Hsin& —m® Mo).
32 = Yo( oMo 0)

The perturbed magnetization vector my,, M40, M., can be found utilising the Cramer’s
rule (for the first particular case of m? = 0, ¢» = 0). The solutions of Eq. (2.91) will

take the form
A;

K:

where A is the Cramer’s determinant of the matrix A and A; is the determinant of

(2.95)

Mmi, =

the matrix obtained by replacing the ¢ column of the matrix A by the vector 7 The
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Cramer’s determinant is equal to

—jw 0 Alg
A = 0 —jw Ax|= Jw(w?® + Az Aszs) + jwAizAs, (2.96)
Aszi Az —jw

we introduced a coefficient wy to express the determinant in a more compact with
w]% = —A23A32 - A13A31. (297)

This coefficient is related to the magnetization precession. By taking to account Eq. (2.97),

the Cramer’s determinant can be expressed as
A = ju(w® —w}). (2.98)

The determinants Ay, Ag, As results in

0 0 A
A1 = 0 —jw A23 = AlngUg = UJAlgUg}Ux/O, (299)
U3 A32 —jw
where o]
Ykibam?2,m?2,
Ug = — 242 2.100
3 MO ( )
—jw 0 A
AZ = 0 0 A23 = AngUJUg = CLJAQ?)U;/U:C/O, (2101)
Az Us —jw
—jw 0 0
Ay = | 0 —jw 0|=-wUs;=jwlUsumy,. (2.102)
Az A Us

The Cramer’s determinant A of the matrix A and the determinants A; allow to calculate

the m;,, which are equal to

1
o — A T 7 o5 o\ Uxlo, 2.103
m oy ( )
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Ny AsUl
P S et WY 2.104
My A j(w?— wj%)u ( )
1
may, =28 WU (2.105)

A w?— c,u]%

Eq. (2.103) - Eq. (2.105) denote the expressions of the perturbed unit magnetization
vector in projection on the experimental coordinate axes. The boundary conditions,
which take into account the continuity of the normal components of the mechanical

stress at the Terfenol /fused silica interface, are

y  Ogry = —Ogryr (2106)

x'=0

z*=0

(2.107)

Uyt

z'=0 =0 /=0

Eq. (2.106) can be expressed using the parameters of the TbFe; and SiO, films
and from Eq. (2.52) in the form

5’uz/ 1 9 9 9 5 i} aux*
@] ox' + é(bl(mxl + my/) + bZ(mx/ — my/)) o = 011% o)’ (2108)
3u ’ . au .
Ct1 al’y, + blmx/my/ o = —Cy axy* x*:O, (2109)
8u / au
= bymym — o 511
Ct2 BXY + Oamym o Chy Dok oo ( 0)

The displacements w,/, w7, Uz, Uys, U« can be expressed by taking into account
the incident and reflected waves at the Terfenol /fused silica interface, for the longitudinal
displacement u,,. The two media are depicted as a half spaces separated by the interface,
see Fig. 2.41, u,,, ul,” denote the incident and reflected longitudinal displacements in
Si0,. ug, is, thus, the initial longitudinal acoustic wave that is injected in Terfenol and
entails mode conversion. It is partially transmitted to the ThF'e; layer and is denoted

as u, in the ferromagnetic film.

Ultimately, the analytical expressions of the surface acoustic displacements take

the form
. /
Uy = Uyoexp(j(wt — kpa')), (2.111)
Uy = Uyrpexp(j(wt — kpx')). (2.112)
9Sign ”-” at ug, is referred to the laser generation of the longitudinal strain displacement in ThFes, which is then

reflected from the free interface of the SiO2 layer and propagates along the negative direction of the z axis.
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SiO, Y

ubs

U

Fig. 2.41: Incident and reflected strain waves at the SiO2/TbFes interface along the x direction.

Upe = uf, exp(j(wt — kjax)) 4+ u,, exp(j(wt + kjax)), (2.113)
Uy = Uyso €Xp(J(wt — kjax)), (2.114)
Uzs = Uyso €XP(J(wt — kjz%)). (2.115)

and reflected u

Eq. (2.113) describes an analytical expressions of the incident u_,, teo

acoustic displacement at the ThFey/SiO, interface. It can be rewritten in the compact

form
Ui = Uy + Ugyos (2.116)

where u_,,,u}, are the incident and reflected amplitudes components, respectively.
The displacements of Eq. (2.108) - Eq. (2.110) can be expressed using Eq. (2.111) -
Eq. (2.115). It allows to express the imaginary part of Eq. (2.108) - Eq. (2.110) in the

first order, relatively to the m;, components

1
—jkiciug + §(b1(2mg,mx/o + 2m2,my/o) + by (2m2 Mgy — 2m2,my/0)) = —jkic (ul,, — u.,),
(2.117)
— jkacnuy, + by(mdmy, + mg,mmro) = iy (— 7k Uysos (2.118)
—  JkpCupty, + bg(mg,mz/o + mglmw/o) = (= JK3 ) Uszno- (2.119)

Taking into account m? = 0,1 = 0, Eq. (2.117) - Eq. (2.119) follows

+ —

Gkicitgre — (by =+ bo)m g, — (by — bz)mg,mylo = jkici (Uyyy — Upo)s

(2.120)
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Gkacaty, — bi(mdmy, + mg,mmlo) = Jk3Chylyso, (2.121)

JkoCiotlrg — bgmg,mzlo = Jk3C14Uzo- (2.122)

The amplitude of the displacement u,,, transmitted into the ThbFes layer can be deter-

mined using the boundary condition Eq. (2.107)

Upro = —(uf,, + ug,,),
(U210 ) | (2.123)
jklcluz’o - (bl + bQ)mglm:c’o - (bl - b2)m2’my’0 = ]ki‘cﬁ (u;r*o —u

Tr*x0/"*

The amplitude of the longitudinal displacement u}, , reflected from the TbFey/SiO;
interface can be found from Eq. (2.123)

Uiy = —(Uato + U)- (2.124)

Next it is substituted in Eq. (2.120)

Im = jkiciug, — (b1 + ba)mymar, — (b — ba)my,my,
= Jkici(—uwo — 2ug,,). (2.125)
The displacement u,/, can be obtained from Eq. (2.125) by taking into account Eq. (2.103)
and Eq. (2.104)

Tr*x0?

Ugro(FRicy + GkTC)) — (b1 + ba)mOmyr, — (by — bQ)mg,my/o = —2jkiclu

. % % A13U1 A23U1 ok ok
Umloj(]{?lCl + klcll) - (bl + bQ)mg,W—_i)J%)ux/O — (bl — bQ)mS,W—_i)]%)uxro = —2jklcnum*o,
(i + kiciy) (W? = wi) + Uz ((by + ba)mg Ayz) 4 (b1 — ba)my), Ags)] e
Ugro T =) = —25kiC1U0,
f
Ugro = — 2hich, (o = wj)u,, (2.126)

(/{ZZCZ + k:fc“{l)(uﬂ - w]%) + Ug}[(bl + bg)mg/Am) + (bl - b2)m2/14.23] .

Replacement of the wave vector k; = w/v;, k¥ = w/vf and by introducing E = U3 [(b; +
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bo)m2, Ars + (by — bg)mZ/Agg] in Eq. (2.126), allow to express it in a more compact form

—2611 (w2

vile/vi+ ey /i) (@? —wf) + Efw’

- w]%)u;*o

(2.127)

uiE’O —_=

To find the shear displacements wu,, and u«, we transform Eq. (2.121) and Eq. (2.122)
by taking into account the boundary conditions, presented in Eq. (2.107). We can
rewrite Eq. (2.121) and Eq. (2.122) in the form

Fhicityo — bi(mymyo 4+ miymae) = —jk5 ity (2.128)

—jkCitzro — bymOimar, = jk3C Uz (2.129)

Ultimately, the shear displacements in the SO, layer w,+, and u,«, are deduced

by (Mm%, +mmy,
Uyro = 1 Ve T )7 (2.130)
J(kuca + ksciy)

bam?,m,
J(kiacer + k3ciy)

Uyry = — (2.131)
The unit magnetization vector my, in Eq. (2.130) and Eq. (2.131) is expressed in
Eq. (2.103) - Eq. (2.105). It results in

. bl(mg/Azg +m2,A13)U?}

Uyrg = Uy’ o, 2.132
V0= Ghen 1 Kjein) (o — ) (2.152)

bym?,wU3
—— T, (2.133)
J(kracra + k3ciy) (w? — Wf)

Eq. (2.132) and Eq. (2.133) couples an incident longitudinal displacement wu,, with
emitted shear displacements -, and w,«,. Substitution of u,, from Eq. (2.127) with
ki = w/vg, kiy = w/vgy, k3 = w/vl into Eq. (2.132) and Eq. (2.133) allows to determine
two acoustically-induced shear surface displacements,

2by (Mg Ags 4+ my), A13)Us ¢yt

Uy = o (2.134
V0 = len on & R (el + e fol) (R — ) B 23

2bom?2, U3 ¢y e,
Jlew/ve + cia/vs)[vi(a/v + ¢y /i) (W? — w}) + E/w]

uz*o = —

(2.135)
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Equations Eq. (2.134) and Eq. (2.135) establish the relationship between the shear strain
components of the displacements w,+,, .+, and the incident longitudinal wave wu_.,. It
means that the shear strain waves can be excited via acoustic mode conversion of the
longitudinal pulse at the interface of Terfenol/dielectric and vice a versa. The expres-
sion describing the propagation of the longitudinal strain wave in the Si0Oy medium was
derived in Sec. 2.1.3. The problem can be simplified by assuming a stepwise tempera-
ture rise at At = 0, that leads to a longitudinal component of the displacement u_.,,

described by the relation
Uy o(t) = Ag(1 — exp(—uvat))H (t), (2.136)

where Ay is the amplitude of the injected acoustic strain, H(t) is the Heaviside function.
Since the displacements in Eq. (2.134) and Eq. (2.135) are presented in the frequency

domain, a Fourier transform of Eq. (2.136) should be performed. It has the form

u;*o(w):/ Oou;*o(t)e:vp(jwt)dt. (2.137)

o0

Substitution of the displacement u,.,(¢) from Eq. (2.136) into the Fourier transform
Eq. (2.137) gives

o (@) = Ao[m - jiw]. (2.138)
The second term 1/jw, that corresponds to the static strain, will be neglected in the
further analysis. The time dependence of 1,+,, u.+, can be obtained by an inverse Fourier
transform of the Eq. (2.134) and Eq. (2.135), respectively. To do this, first, Eq. (2.134)
and Eq. (2.135) should be expressed taking into account the dependence of the coeffi-

cients E, U; on the frequency w,

Dlu_*
vy = L0 , 2.139
Uy DQ(U)2 — WJQc) + B* ( )
Dsu_. w
Uyroy = — £0 , 2.140
H(DA? — ) 1 ) (2140
where the parameters D, - D3 are equal to
2b1(m?% Asg + m? A13)ci U3
cer/vn + iy /U3
Dy = vi(c /v + ci/v7), (2.142)
2b0m2,Uscy
Dy = 1 Us e . (2.143)

_Ctg/’l)tz + ¢y /Us
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Us = 2ybamg,my,

UlMo
The longitudinal displacement in the frequency domain of Eq. (2.138) is substituted in
Eq. (2.139), Eq. (2.140), that results in

(2.144)

Dy
w0 = Ap - - , 2.145
“y O (Dy(w? — w3) + E*)(jw — via) ( )
Dgw
o = A - = . ) 2.146
e T D =) + B (e — ia) 2410
The inverse Fourier transforms of u,«, and u.-, are defined as follows
1 [t
uyrolt) = 5 / e w) exp(—just)du, (2.147)
1 [t
Uyo(t) = 2—/ Uyo(w) exp(—jwt)dw. (2.148)
m —00

The inverse Fourier transform of Eq. (2.145) and Eq. (2.146), respectively, will take the

form . ( )
1 > exp(—jwt)dw
Uyt :—AD/ : : 9.149
olt) 21 0T | o (Da(w? — w3) + E*)(jw — via) ( )
1 oo w exp(—jwt)dw
o(t) = —AgD - . 2.150
uzot) o 00 /_Oo (Da(w? — w}) + E*) (jw — ua) ( )

Integration of the rational functions in the complex plane requires utilization of the
method of residues. It is a powerful tool to calculate the integrals of complex rational
functions. The integration path forms a closed curve surrounding the poles of the
function. Zeroes of the denominators (poles of the function) are imaginary and real
numbers. In order to determine the poles, finding the solutions of the following equation
is required

(D2 (w® — w}) + E*) (jw — var) = 0. (2.151)
Replacement of w]% with w;‘? permits to disregard the E* term by assuming,

E*
*2 2
=wi— —. 2.152
Wy =Wy X ( )

Consequently, a simplified form of Eq. (2.151) is
(W? — W) (jw — var) = 0. (2.153)

It is straightforward to note that the poles of the function are w = £ w;k? and w =
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—juia. There are two poles on the real axis and one on the imaginary axis, as it is

displayed on Fig. 2.42.

Fig. 2.42: Integration circuit in the complex plane.

Two possible cases are assumed: (i) if w}iQ > ( then the solution with poles w =
+ w;;2 will take form of oscillations. (ii) If w;‘? < 0, then the solution will take form
of the hyperbolic functions. Hence, only the case where w;‘? > (0 will be considered as

more physical. Integration of the integral presented in Eq. (2.149) will have the form

/+°° exp(—jwt)dw 1 /+°° exp(—jwt)dw B
o (Da(w? —wi) + E)(jw —ua) Dy ) o (W2 —wj)+ E)(jw—ua)

L ey« exp(jeft) |, ep(—aut) |

e * . * * (5, % R Xl * =

D, 2(-wi) (U (~w}i) —ua)  2wi(jw; —via) (J(au)? — wi?)

1 exp(—auyt) . exp(jwit) exp(—jwit) 1 ) exp(—auyt)

Dy (ua)? +wi? J 2wi(jw} + o) 2wi(jw; — va) Dy (ua)? +wy?
7T(exp(jw}'ét) — exp(—jwjt) ay, B exp(jwit) — exp(—jwit) 1 | =

2j Wi (W + (aur)?) 2 wi + (va)?

1 exp(—aut) — 5 cos(wit

~or p(—a )2 2 i, Y _sin(wi)]. (2.154)
D, (via)? + W} wi((uia)? + wi?)

In fact, this integral represents the propagative term of the shear displacement. Its full
expression is found by substitution of Eq. (2.154) into Eq. (2.149)

Dy

exp(—aut) — 3 cos(wit) v sin(wit)
uy*o(t> - AOE[ 2 ! /

(via)? 4 wi? 2w ((0@)? + wi?)

| (2.155)
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The integral in Eq. (2.150) was calculated in a similar way

/JFOO wexp(—jwt)dw 1 /+°° w exp(—jwt)dw
ceo (Da(w? =W} + E¥)(jw —ua)  Da ) o (W —w})(jw —va)
1 _—wiexp(jwit)  wjexp(—jwit) |_o .W(—javl) exp(—avlt)) _

—\—J7 - - ;
Dg( J [QW;(]W; +ua)  2wi(jw; — va) j(=(au)? — wi?))

1 o U exp(—aut) . exp(jwit) exp(—jwit) |
R 7T—* Jm L - <k =
D, (via)? 4+ wi? 2(jwi +ua)  20w; —ua)
1 vaexp(—aut) . sin(wit)wi + vacos(wit)
—[—or _
D, (va0)? + w}"? (va)? + w;‘cQ
1 via(exp(—aut) — g cos(wit))  wisin(wit)
LN 21 s il (2.156)
Dy (via)? + W} (via)? + wi?)
Substitution of Eq. (2.156) into Eq. (2.150) results in
Dj oy exp(—aut) — 3 cos(wjt) w} sin(wjt)
Usno(t) = Ao+ [— 2 %2 2 x2\1°
D, (via)? + W} 2((va)? + wi?)
(2.157)

where Ay is the amplitude of the incident longitudinal acoustic displacement.

The displacements u,,(t) and wu,«,(t) expressed in Eq. (2.155) and Eq. (2.157),
respectively, are valid at the fused silica/Terfenol interface x* = 0. To find the analytical
expression of the dynamical displacements away from the interface x* > 0, the time
should be introduced in Eq. (2.157) following the relation At =t — 2*/vj, where v is
velocity of the shear strain in the SiO, layer. Ultimately, Eq. (2.155), Eq. (2.157) valid

for z* > 0, will be expressed as

e (21 ) = Ao& . [exp(—avz(t — o)) - 5 cos(wi(t — ) wvasin(wi(t - 5—2))]
o Dr (ve)? + o wi((0r0)? +wp?)

(2.158)

o (271 1) = Ao& . [_owl exp(—auv(t — F5)) — 5 cos(wi(t — i5)) . wi sin(wi(t u;))]'
2 ) Do (vja)? + w;iQ 2((ua)? + w;z)

(2.159)

Eq. (2.158) and Eq. (2.159) are the analytical expressions of the shear acoustic dis-
placements. Subsequently, shear strains can be calculated with the help of the following

expressions
1 Ouyy»

Sy T S

(2", 1), (2.160)
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Fig. 2.43: €.+, shear strain spatial profile. Inset shows its frequency spectrum and oscillations during
the first 70 ps.

1(9uz*< % t)
Egipr = = x*t).
2 Oz*

The analytical expression of the shear strains generated by mode conversion in Terfenol

and injected into the SiO, layer can be found from Eq. (2.158) and Eq. (2.159) and will

(2.161)

have the form

. D, [Oz’Ul exp(—auv;(t — UQ)) wf sin(w}(t — 3—2)) vjaw} cos(wi(t — 3—2))]
v 00D, (va)? 4+ w 2w ((v@)? + wi?)
4g D, auiexp(—auv(t— U;)) wf sm(wf(t ﬁ—g)) v cos(wi(t — %))
B 2’U2D2[ ()2 + T 2((ne)? + wi?) ]
D1 v x*
=A . — t—
— Wt——)) — Wt — — 2.162
o o5t = ) = 5o st = ) (2162)
D5 (va)? *
Trz* — —A - t— —
IS 0 2U2D2 [(’UZ(X) + w;2] [GXP( OéUl( U; ))
* % *2 *
Yo * z Wy * x
— t— — — t— — 2.163
L sin(wit — D)+ gl eestwit - D)) (2169
where A is the amplitude of the incident longitudinal acoustic displacement. v] =

V¢ /pr and vy = \/c},/p* are the longitudinal and shear acoustic wave velocities in

the Si0O, film. Dy, Dy, Ds, w}? are parameters that depend on the direction cosines

of the magnetization m,.

the magnetization m, and m,.

The parameter ~; is also defined by the direction cosines of

It has a non-zero contribution to the amplitudes and

is maximal if the magnetization is tilted at 90 degrees out-of-plane of the film.
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Fig. 2.44: €./, shear strain amplitude as a function of acoustic delay line material.

Eq. (2.162) and Eq. (2.163) can be presented as the product of two factors. The
first term denotes the amplitude of the strain, while the second is the propagative term
(exp term). If the longitudinal acoustic pulse with an amplitude in order of 1073 ex-
cite the ferromagnetic film, the shear wave with amplitude 10™% emerges. Fig. 2.43
presents a simulation of the e+« shear strain profile, excited by an incident longitu-
dinal pulse. Initial out-of-plane tilt angle of magnetization was set to § = w/4. The
frequency bandwidth of the pulse lies in order of several hundreds of GHz, see inset of
Fig. 2.43. The low frequency oscillations (in order of tens of GHz) are associated to the

[— v sin(wj(t — 5—;)) TR . cos(w(t — 7=))] term of Eq. (2.162) and contribute to the

z
2ua 2(vja)? v}

total frequency spectrum of the pulse.

Amplitudes of the excited shear strains upon mode conversion depend on the
material properties of the transparent film as well. Fig. 2.44 depicts the e,+, shear
strain spatial profile as a function of the attached material. It is found that the strain
amplitude is 1.5, 2.5 and 3 times higher in the case of S1Oy in comparison with SnQO,,
CaF, and TiO, films, respectively. The reason for that is the acoustic impedance
mismatch between the attached layers. The smaller acoustic reflection of the incident
longitudinal wave at the interface leads to the more efficient mode conversion in Terfenol,
i.e. higher amplitude of the L pulse transmitted through the interface causes more
efficient excitation of the shear acoustic pulse. Indeed, coefficient of the longitudinal
wave acoustic reflection for fused silica is equal to 27 %, 33 % for SnO,, 65 % for
CalFy, 66 % for TiO,. This estimates are confirmed by the detected 1L and 2L echoes
propagated through 1000 nm thick acoustic delay line, see the amplitudes of the 1L and
2L echoes in Fig. 2.24. The measured ratio 2S/1L is equal to 28 %, which is in a good

agreement with the calculated value.
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In comparison with the laser-induced shear pulses, generated by demagnetostric-
tion of Terfenol (see Eq. (2.61) and Eq. (2.62)), the expressions of the acoustically-
induced shear waves (see Eq. (2.162) and Eq. (2.163)) reveal two additional oscillatory
sin and cos terms, associated with the frequency w}. During the analysis it was sug-

gested that its value is always positive w}z > ( and equal to

E* Ul[(bl — bg)mO/Alg + (bl — bz)mO/Agg,]
*2 — 2 — —A A . A A . 3 T y
Wy Wi D, 234132 134131 ot (Cl/Ul T CT1/UT)
= —92 0[(—ng' (—m% — 3m2%7 + 6m2%) — Hcosé +m2 M)
,U'OMO T Y z T
2Km¢e, Kmb,
X 2 (3m% — m27) + Hcosé — m® My) + (—=L(3m2 + m® — 6m??) — HcosEcos
(e (Bmi? = m2) + Hoos€ = miy My) + (b (mif -+ mif = 6m2) = Heoséeost)
2K
X ( 7’17,",(m;;,2 — 3m%%) — Hcosécosth — my, Mo)]

poMo Y
_ 27k:lb2mg,m;, (b1 — b2)mg,A13 + (b1 — bz)mZ/Agg]
Movi(ci/v + iy /v7)

: (2.164)

where v, M, are the gyromagnetic ratio and the saturation magnetization. The fre-

o
Yy

the arrival of the longitudinal pulse at the ferromagnetic film, to the orientation of the

quency wj is defined by the direction cosines of magnetization mg,, my,, m?, prior to
external magnetic field H with respect to the plane of the film (values of polar £ and
azimuthal v angles). Thus, the longitudinal wave is coupled with the precession of
the magnetization. Indeed, injection of planar strain waves into the magnetostrictive
thin film induce precession of its magnetization vector [9%8], [57]. Dependence of the
static strain amplitudes on the orientation of magnetization (see Eq. (2.36) - Eq. (2.38))
shows that coherent precession of magnetization will cause a time dependent modulation

of the strains. This amplitudes variation can be considered as circularly (elliptically)

TbF62
sio,

Fig. 2.45: Laser-induced generation of circularly polarized magneto-acoustic wave in the Terfenol.
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polarized magneto-acoustic waves, i.e. two superposed plane waves of sinusoidal form
lying in perpendicular planes (along y" and 2" axes) and shifted in phase by 7/2. This
circularly polarized wave propagates in the ferromagnetic film (along the z’ axis), as
it is described in [92] and it will be partially transmitted into the attached dielectric
layer (see Fig. 2.45). Its frequency w (see inset of Fig. 2.43) will be associated with the

frequency of magnetization precession wy from w = 2 - wy.

The amplitudes of the acoustically-induced shear strains from mode conversion
in Eq. (2.162) and Eq. (2.163) include the amplitude of the incident L strain pulse

multiplied by some coefficient in the form

1 D1 (¥
Eply = —Egrgr * — , 2.165
v D, [Ug((vla)Q + w;ﬁz)] ( )
1 D5 via
Eglyl = — T Epxgpx * T . 2.166
2 D, [U§((Ula)2 + w;ﬁz)] ( )

The terms D /Ds - [1/v;((viar)? +w3?)] and Ds/Ds- [vja/vs((vie)® +wj?)] are lower that
1 at all orientations of ]\_4> . Together with factor 0.5 it indicates that the amplitude of
the acoustically-induced shear waves will be lower than the amplitude of the incident
longitudinal wave. The efficiency of the acoustic mode conversion can be estimated by

taking the amplitudes ratio of the incident longitudinal strain and the emitted shear

strain,
Sx/y/ Dl
= , 2.167
Epra 2Dyv5((via)? + wi?) ( )
Exlyl ngloz
= : 2.168
. 2Dyu3((vi)? + wi?) ( )

The ratios Dy /Dy and D3/Ds in Eq. (2.167) and Eq. (2.168), respectively, take the form

Dy dybybactymGme, (mg, Ags + myg) Ags) (2.169)
Dy~ uiMo(ca/va + i fv3) [Vt (afu+ ¢ fo)] '
Ds _ 4Vb1meZ/CT1(mg’)2 (2.170)

Dy uM(ciafve + ciyfvs)[vi(afv + ¢ Jop)]

where m¢,, m?, are the direction cosines of magnetization in the experimental crystal-

y
lographic axes. Aj3, Ass coefficients depend on the gyromagnetic ratio ~, magnetic
permeability of vacuum i, saturation magnetization My, magnetic anisotropy constant

K of Terfenol, mg,, my,, m?, and on the orientation of the applied magnetic field H with



2.3. MAGNETOSTRICTIVE MODE CONVERSION IN TERFENOL THIN FILMS 105

a) b)
9
2 . © 25
g o - .
< 7 6—20 <;' 20 6—45
~
(%] ~
N6 &
< <
o s 15 1
k) o
o, ©
%3 10 |
7))
S 3 )
©
=)
= 2 = 5
ol =
S
E 1 IS
< <
0 . . . 0 . . .
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400

Propagation distance, nm Propagation distance, nm

Fig. 2.46: Ratio of the emitted shear with the incident longitudinal strain amplitudes at At ~ 100 ps
and for a tilt angle of magnetic field H=7 kOe equal to a) § = 20 deg, b) 6 = 45 deg.

respect to the plane of the film (values of polar ¢ and azimuthal ¢ angles),

ng’ 2 2 2
Az = yuo( (3my; +my, — 6m2) + HcosEcosy), (2.171)
fo Mo
Km;’ 02 02 02 o
Ay = IWO(M Y (=mgr + 3my; +6m7) — Hcos§ + mg, My). (2.172)
oMo

The contribution of £ and v angles to the final amplitudes is small, so it can

o

be neglected. On the contrary, mg,, mg

,, m%, parameters play the main role in the
determination of the amplitude of the acoustic strains. Analytical analysis of Eq. (2.167)
and Eq. (2.168) shows that the ratio varies from 0.1 % up to 20 % and strongly depends
on the initial orientation of magnetization and there is no shear waves generation if the
magnetization remains in the plane of the film or tilted at 8 = 90 degrees out of its
plane. The maximum value of the amplitudes ratio will be reached if ]\7 is tilted at
0 = 45 degrees out-of-plane of the film. Fig. 2.46 depicts the numerical simulations at
the time delay between the pump and probe pulses set at At = 100 ps and at two tilt
angles of magnetization (a) # = 20 degrees and (b) § = 45 degrees. The parameters

used for the numerical analysis of the acoustic mode conversion efficiency in Terfenol

films are listed in Tab. 2.3.

In fact, the same conditions apply as for the demagnetostriction mechanism: the

initial magnetization vector needs to be tilted out of the film plane.

The final analytical expressions of the shear strains generated from mode con-
version mechanism in the Terfenol film and propagating in the attached layer of fused
silica are described in Eq. (2.162) and Eq. (2.163). They emphasize a strong coupling of

elastic and spin subsystems in Terfenol and confirm that the inverse magnetostriction
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Terfenol [74], [77], [78], [95] Fused silica [74]
Parameter, units Value Parameter, units Value
Optical absorption coefficient o, m™! 5.26-107 Shear wave velocity vi, nm/ps 3.7
Shear wave velocity v1, nm/ps 1.87 Longitudinal wave velocity vy, nm/ps 5.9
Shear wave velocity v, nm/ps 1.87 Elastic constant ¢f;, N/m? 75 -10°
Longitudinal wave velocity v;, nm/ps 4.17 Elastic constant ¢j,, N/m? 22.5 -10°
Elastic constant cy1, N/m? 38.1 -10° General
Elastic constant ¢y, N/m? 48.4 -10° | Saturation magnetic field My, kg/s%-A 0.65
Elastic constant ¢;, N/m? 117 -10° | External magnetic field H, kg/s%- A 0.7
Magneto-elastic constant by, N/m? -34.29 -10% | Gyromagnetic ratio v, rad/T - s 1.76 -10**
Magneto-elastic constant by, N/m? -359.4 -10% | Magnetic permeability jg, N/A? 47 1077
Magnetic anisotropy constant K, N/m? | -3.85 -10°

Table 2.9: Simulation parameters of the mode conversion efficiency in Terfenol.

mechanism is responsible for the generation of 1L-S shear acoustic pulses. The arrival

time of the 1L-S shear echoes on the measured signals confirms this experimentally.
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Fig. 2.47: Generation of the shear strain wave via the L-S acoustic mode conversion in a) 300 nm
TbFes /775 nm SiO9 and ¢) 300 nm TbFes/1000 nm SiOy samples.
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Fig. 2.48: a) Time profiles of the first longitudinal (1L) and the two shear (S and 1L-S) echoes, generated
in a 300 nm thick ThFes film and after propagation through 1000 nm of SiO, layer. b) The second
longitudinal (2L) and the second shear 1L-S echoes time profiles.

Fig. 2.47 emphasizes the 11-S detected shear echoes in hybrid sample of 300 nm
TbFey /775 nm SiOy and in a 300 nm TbF'e5 /1000 nm SiOy sample, centered at 7;,_g ~
800 ps and 7_g ~ 900 ps, respectively. An echo centered at mo;_ g ~ 1300 ps is
generated by a mode conversion of the 2L strain pulse at the dielectric/ferromagnetic
interface. Ratio of amplitude of the Ay, g/Asp and Ap_g/A;p is equal to ~1/15.
Fig. 2.47 (a) and (c) shows the differential —H + H signal of the magnetic origin, it
reveals the generation/detection of two shear echoes S and 1L-S. Fig. 2.47 (b) and (d)
depicts the same signal, starting from time delay of At > 100 ps, with subtracted slow

remagnetization background.

The first longitudinal (1L) and the two shear (S and 1L-S) echoes time profiles,
extracted from Fig. 2.47 (d) are depicted on Fig. 2.48 (a). The efficiency of mode
conversion in this film is ~5%. Increase of the out-of-plane magnetization tilt angle
0 should enhance it up to ~20% as in Fig. 2.46. Different time duration of the shear
echoes (~ 14 ps and ~ 23 ps) is explained by the difference in the mechanisms of their
excitation. 1S is excited by laser-induced demagnetostriction (its time profile matches
the time profile of the similarly excited first longitudinal echo ~ 14 ps), while 1L-
S is generated by mode conversion of acoustic pulse and is broader due to acoustic
attenuation. Fig. 2.48 (b) shows temporal profiles of the second longitudinal (2L) and
the second shear 1L-S echoes. According to timescale of the detected echoes, shear
strain is slightly more damped during the propagation in dielectric layer compared to
longitudinal strain. Fig. 2.49 (a) shows the temporal profile of the 1L-S shear acoustic
echo, excited by mode-conversion as a function of laser pump fluence. Evolution of 1L-S

echo amplitude at its maximal value perfectly matches with evolution of the 1L echo
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amplitude, see Fig. 2.29 (a). It means that L-S excitation efficiency (mode-conversion
efficiency) is linear with 1L strain amplitude. This result is relevant with numerical

simulations presented in this section. Ratio of the amplitudes A, gs/A; is about 1/15.

In summary, the excitation of highly magnetostrictive Terfenol films by normally
incident picosecond longitudinal strain pulses leads to acoustic mode conversion and,
consequently, to the generation of shear acoustic waves. The amplitude of these shear
strains are strongly modulated by the out-of-plane tilt angle of the film magnetization,

which is an essential condition for the efficient mode conversion in Terfenol films.

2.4 Conclusion

Ultrafast laser-induced demagnetization and coherent magnetization dynamics of
TbFey has been studied using time-resolved linear MOKE technique. The demagneti-
zation timescale of the Terfenol films is influenced by the strong spin-lattice coupling of
the RE Terbium and matches with the time duration of the excited acoustic pulses. It
is dominated by the anisotropy of 4f states of the half-filled 4f shell of Th and exceeds
1 ps. Hence, the role of acoustic phonons cannot be neglected during the demagne-
tization process in case of materials with strong magneto-elastic coupling, due to the
significant contribution of the spin-lattice relaxation channel in the laser-induced de-
magnetization. Expected frequency bandwidth of the acoustic pulses is associated with

the demagnetization timescale of the ferromagnetic layer 73 ~ 1.5 ps (650 GHz). Ex-
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Fig. 2.49: a) Time-profile of the L-S shear acoustic echo of Fig. 2.47 (d) as a function of pump fluence.
The insets show a maximal relative amplitudes change as a function of pump fluence. b) Maximal echo
amplitude as a function of pump fluence. Solid line is a fit of 1L echo fluence-resolved amplitude, see
Fig. 2.29 (a).
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pressions of the build-in static strains of Terfenol films were derived by minimizing their
free energy density F', which is assumed to be a sum of the elastic F, and magneto-
elastic F},. energies contributions. Numerical simulations of static strain amplitudes
in monocrystalline and polycrystalline Terfenol films have been performed in order to
determine an optimal experimental geometry. The phenomenological model of the de-
magnetostriction mechanism for shear waves generation is based on the fundamental
principle of the dynamics of an elementary volume subjected into a stress gradient in
a continuous medium has been developed. Measurements of time-resolved depolarized
Brillouin scattering reveal the laser-induced excitation of picosecond shear waves via
ultrafast demagnetostriction in Terfenol films and subsequent propagation of the strains
in the attached Si0, layer. The frequency bandwidth of the generated strain pulses lies
in the order of hundreds of GHz. Shear waves excitation efficiency depends on the out-
of-plane tilt of the film magnetization ]\_4> . 0 = 7 /4 tilt is found to be an optimum angle
for efficient shear waves excitation in the studied samples, while longitudinal strain is

generated upon both laser-induced demagnetostriction and thermo-elastic mechanisms.

Furthermore, an inverse magnetostriction effect of Terfenol also causes excitation
of picosecond shear waves. Injection of ultrasonic acoustic pulses into ThbFey thin films
leads to the magneto-acoustic inter-mode conversion from longitudinal to shear and
vice versa. Unlike other mechanisms of acoustic mode conversion, observed in non-
magnetostrictive materials, it doesn’t require utilization of sophisticated experimental
techniques or crystals with "broken axial symmetry” for the generation of GHz shear
waves. However, application of the strong external magnetic field is required in order to
increase the efficiency of the SW excitation. It can be increased by a careful selection of
an acoustic transducer that could inject high amplitude longitudinal strain pulses in Ter-
fenol film without any significant acoustic reflection. An analytical model, based on the
Landau-Lifshitz equations, and numerical simulations were utilized to find an optimal
experimental geometry for the magneto-acoustic mode conversion in monocrystalline

Terfenol films.

Results presented in this chapter demonstrate the first experimental observation of
picosecond shear acoustic waves, generated via laser-induced demagnetostriction mecha-
nism. They can be extrapolated to other materials with strong magneto-elastic coupling
to optically excite GHz shear waves. Prototype samples of Terfenol films, studied in this
thesis, show an efficient generation of shear strain waves, despite of the requirement of
strong magnetic field to control their magnetization. Magnetic fields exceeding 1 T are

needed to increase the amplitudes of the excited shear waves.






CHAPTER 3

Summary and outlook

This chapter summaries all the results presented in this thesis. Upon laser exci-
tation of Terfenol films, both picosecond longitudinal and shear strain pulses emerge,
as result of direct magnetostriction effect. Their frequency bandwidth is associated
with the demagnetization time scale of the ferromagnetic layer and lies in the order of
hundreds of GHz. It is strongly influenced by the presence of rare-earth ions and con-
sists of two steps: an initial demagnetization of 7, = 1.5 ps occurs at non-equilibrium
timescale before the equilibration of excited electrons and lattice and doesn’t depend on
the spin-lattice coupling. However, the characteristic time constant of the second step
79 = 40 ps strongly depends on the material. It is linked with the coupling strength of
the 4f magnetic moments of Tbh and the lattice. The amplitude of the released acoustic
pulses is determined by the static build-in strains, which depend on the orientation of
the magnetization of the Terfenol film. For efficient excitation of shear acoustic waves,
the out-of-plane tilt angle of magnetization should be equal to § = w/4. The generation
of longitudinal acoustic waves occurs mainly from the thermo-elastic mechanism, so in
this case, the orientation of the magnetization is not a crucial parameter. Acoustic
echoes are detected after their propagation in the attached transparent acoustic delay
line, with well known mechanical and optical properties. Laser-induced generation of
picosecond shear strain waves and their subsequent propagation in the attached trans-
parent Si0- layer demonstrates that strongly magnetostrictive materials can be a source

of GHz shear acoustic waves in a simple picosecond ultrasonics geometry.

3.1 Demagnetostriction and inverse magnetostriction in Ter-

fenol thin films

Laser induced magneto-elastic generation of picosecond shear acoustic pulses in
highly magnetostrictive Terfenol films has been studied using linear time-resolved optical
spectroscopy techniques. Experimental results highlight several laser-induced effects

occurring in highly magnetostrictive ferromagnetic films.

111
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1. Laser-induced demagnetostriction of Terfenol film leads to the generation of lon-
gitudinal and shear acoustic strains with up to 1 THz frequency bandwidth. The
amplitudes of the pulses depend on the orientation of the film magnetization. They
reach their maximum values when ]\7 is tilted at 45 degrees out-of-plane of the film.
A magnetic field of about 2 T would be required to tilt sufficiently the magnetiza-

tion of Terfenol, to reach the maximum shear wave generation efficiency.

2. Injection of the ultrashort longitudinal strain pulses into Terfenol films causes
acoustic mode conversion, which occurs at the interface. It is another mechanism

of picosecond shear waves excitation in Terfenol from inverse magnetostriciton.

Each effect can be discussed separately from each other, their theoretical analysis
led to a self-consistent model, which describes the coupling of the magnetic and elastic
subsystems in Terfenol thin films and confirms magneto-elastic mechanisms of GHz shear
strain waves generation in materials with strong magneto-elastic coupling. This model
can be applied to other magnetic materials with weaker coupling with lower saturation
fields. The analytical description will be similar to that given in this thesis, taking into

account their crystal symmetries.

Influence of Terfenol thickness on the shear waves generation efficiency

TbFes samples with different thickness were investigated in order to optimize
different parameters of the films that can affect the ultrasonic measurements: roughness,
island effects, etc. Terfenol films of 30 nm, 50 nm, 100 nm, 150 nm, 300 nm and 500 nm
were fabricated in order to compare the efficiency of the shear waves excitation as a

function of TbFey thickness. The experimental results are summarized in the Tab. 3.1.

Magnetic anisotropy of thick films is more important than that of the thin ones.
The optical penetration depth of pump pulse in Terfenol at A = 800 nm is equal to
d = A/4rk = 19 nm, thus the laser absorption is more or less homogeneous only in

thin films (10-30 nm). It leads to the uniform demagnetization of the film, which

TbFes (10-30 nm) | ThFes (50-500 nm)

Demagnetization

In-plane magnetization anisotropy

Roughness

Table 3.1: Summary of sample properties with different Terfenol thickness.
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Fig. 3.1: AFM image of the 50 nm thick Terfenol film surface. The Terfenol growth of thin films is of
island type.

is a preferential situation for the shear waves excitation, since the surrounding non-

demagnetized regions don’t influence demagnetized film volume.

The magnetic anisotropy of thick films is more important than that of thin films.
Thick films have similar properties than bulk Terfenol crystals, on the contrary to thin
films. However, since the optical penetration depth of the pump pulse in Terfenol at
A = 800 nm is equal to 6 = A/4wrk = 19 nm, the laser absorption is more or less
homogeneous only in thin films (10-30 nm). The disadvantage of thick films is that the
demagnetization of the film is not uniform, which is not a preferential situation for the
shear waves excitation, since the surrounding non-demagnetized regions influence the

demagnetization of the laser heated region.

Ideally, the roughness of the Terfenol surface should be less than 1 nm to prevent
acoustic attenuation and diffusion across the interface. The generation of shear acoustic
pulses was observed only in thick (150 nm, 300 nm, 500 nm) films with minimized
roughness compared to thin films in the range 10-30 nm. The surface quality of thinner
films with structural inhomogeneity and/or big roughness, which is about 4 nm', see
Fig. 3.1, prevent efficient excitation of shear acoustic waves. Hence, all qualitative and
quantitative studies, presented in this thesis, were performed on samples with thick

Terfenol layers of thickness greater than 150 nm.

3.2 Terfenol thin films as shear waves transducers

Generation of shear strain waves in Terfenol thin films through demagnetostriction
and mode conversion mechanisms was shown theoretically and confirmed experimentally
in Chapter 2. Based on these results, time-resolved picosecond ultrasonics experiments

were performed in order to demonstrate a possible application for Terfenol films as GHz

LAFM measurements were performed at IJL after deposition of the ferromagnetic films.
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Fig. 3.2: Experimental pump-probe geometry with a lens of arbitrary radius. The liquid is squeezed in
between the Terfenol sample and the lens.

shear acoustic wave transducers. Fig. 3.2 displays the experimental pump-probe geom-
etry to utilize shear strain waves generated in Terfenol thin films for the measurement

of the viscoelastic properties of liquids at GHz-THz frequencies.

A plano-convex lens made of fused silica was used to squeeze liquid glycerol in
between a 300 nm thick Terfenol film and the curved lens surface, as depicted in Fig. 3.2.
The thickness of the lens is much greater than that of the ferromagnetic layer and can be
considered as semi-infinite. Since the mechanical and optical properties of the SiOs lens
are well known, it is used as a propagation and detection medium for the acoustic waves.
The sample was excited with an intense pump pulse of 150 fs duration at A = 800 nm
central wavelength. The spot size was ~ 100 pm that is two times larger than the probe
spot. Ten times weaker time-delayed second harmonic probe pulse (A = 400 nm) was
used to monitor time-resolved dynamics of the sample. The angle of incidence of the
pump pulse was ~70 degrees. The time-resolved response of the sample was detected
through Brillouin scattering with time-delayed probe pulses. Its angle of incidence was
45 degrees with respect to the normal of the surface. Fig. 3.3 shows an example of the

experimental signal.

Upon ultrafast laser excitation at At = 0 time delay, coherent oscillations of
acoustic nature are clearly visible couple of nanoseconds on top of a slow thermal back-
ground, see Fig. 3.3. To determine the frequency content of the oscillations, we have
performed Fast Fourier transform of the signal. Inset of Fig. 3.3 shows the presence
of two acoustic modes, propagating in the bulk of the lens: stronger and weaker at
42.5 GHz and 23.5 GHz, that correspond to longitudinal and shear strain waves with v,

v, sound velocities, respectively. The detected Brillouin frequencies are related to the
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Fig. 3.3: Time resolved depolarized Brillouin scattering signal recorded at room temperature. The
frequency spectrum shown in inset reveals the photo-excitation of GHz longitudinal and shear coherent
acoustic waves.

probe wavelength A, the longitudinal v; or shear v, sound velocities, the Si0, refractive

index n and to the back-scattering angle # through

v=2nvcosf/\. (3.1)

The experimental results presented in Fig. 3.3 confirm the applicability of Terfenol
thin films as shear acoustic waves transducers. Terfenol can be utilized to investigate
the mechanical properties of different materials at high frequencies, such as liquids
squeezed up to several molecular layers between the ferromagnetic film and a lens.
With a such device, bulk and shear elastic modulus of liquids at GHz frequencies can
be determined [99],[100]. Moreover, the efficiency of the shear acoustic wave generation
can be increased by applying a strong out-of-plane magnetic fields in order to tilt the

Terfenol magnetization from its initial quasi in-plane orientation Sec. 2.1.2.

3.3 Other magnetostrictive materials

Magnetostrictive thin films

Terfenol-D (Tb,Dy,_,Fes).

Highly magnetostrictive ternary compound Terfenol-D (Ajj11) = +1620-107°) with
cubic structure and epitaxially grown in the (110) direction on a lattice-mismatched sap-

phire substrate induces built-in static strains, similar to that of Terfenol films [60]. Laser
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induced magnetoelastic excitation of the shear strains is expected to be as efficient as it
is in Terfenol films. However, similarly with Terfenol, the high saturation magnetization

(oM ~ 1 T) of the alloy makes the control over its magnetization a difficult task.
Galfenol (Feyg_.Gayg).

Magnetostriction of pure Fe is very low (Ajgo) = +19 x 107°) [72], however when
some fraction of Iron atoms is replaced by non-magnetic atoms of Gallium, the resulting
magnetostrictive coefficient %)\[100] increases up to 12 times (+400 -107%) [101]. In adi-
tion, the saturation magnetization of the component remains relatively low ~0.1 T [102],
with a Curie temperature of T, = 973 K. There is a general consensus that the strong
magnetostrictive response of Galfenol results from the Ga-induced tetragonal distortion
in the atomic arrangement. Galfenol thin films already have been used in studies related
to ultrafast inverse magnetostriction [103]. Epitaxially grown single crystal Galfenol thin
films with very smooth surface (roughness lower than 1 nm) can be utilized to study
the excitation of picosecond shear waves by laser-induced demagnetostriction. In this
case an analytical analysis of the strain generation will be similar to that given in this
thesis due to bcee-like crystal structure of the alloy. The main advantages of Galfenol
compound are its high magnetostriction at low saturation field and potentially high

quality of the film surfaces.
Nanostructured multi-layer films.

Magnetically-induced variation of the Rayleigh and shear horizontal waves velocity
in 200 nm thick 20x7bCo02(5 nm)/FeCo(5 nm) nanostructured uni-axial thin films was
recently studied theoretically and experimentally [104]. The variations of the elastic
properties in the optimized magnetostrictive film with cubic symmetry can be higher
than 20%. At the same time, the saturation magnetization of the supperlattice is
about ~0.2 T. It is assumed, that optical excitation of such multi-layer films will lead
to the generation of picosecond shear acoustic waves via ultrafast demagnetostriction

mechanism.

Spin-crossover molecular crystals

Laser-induced coherent lattice dynamics of Fe!l(phen)y(NCS)y and Fe(PM —
AzA)o(NCS), crystals are studied in Appendix A. These molecular crystals are char-
acterized by a temperature-guided spin phase (PT) transition, causing their structural

reorganization, in particular, an elongation of the Fe-ligand distance. Due to the col-
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lective effect occurring between the molecules of the crystal, the laser excitation leads
to the generation of coherent acoustic phonons, which is affected by the phase tran-
sition. Hence, it is possible to monitor the temperature-induced PT via picosecond
ultrasonics measurements. Moreover, in order to reveal non-thermal laser-induced gen-
eration mechanisms of picosecond acoustic phonons in these crystals, we have performed
temperature-resolved pump-probe measurements. The evolution of the optical and me-
chanical properties of Fe(PM —AzA)y(NCS), molecular crystals were monitored across
the spin phase transition. Significant modification of the phase of coherent Brillouin os-
cillations highlights a profound change in the laser-induced non-thermal mechanism of
acoustic phonons excitation. These type of materials can be an alternative source of

GHz coherent longitudinal and, due to their structural anisotropy, shear acoustic waves.

3.4 Conclusion

Future studies could be dedicated to (i) the investigation of direct magnetostric-
tion mechanism of picosecond shear waves generation in materials with lower coercive
fields compared to Terfenol, to pull ]\_J> more easily towards 7/4 and (ii) inverse magne-
tostriction effect in highly magnetostrictive materials, which is a promising approach in

the view of ultrafast magnetic recording.






General conclusion

The present thesis is focused on the study of ultrafast shear acoustic waves excita-
tion via laser-induced demagnetization of highly magnetostrictive Terfenol films. It has
been experimentally studied using time-resolved linear optical spectroscopy techniques,
in particular MOKE and Brillouin scattering. We have found a quantitative agreement

between the experimental results and the developed analytical model.

The elastic properties of Terfenol thin films greatly depend on the magnetic state
and on the direction of an applied magnetic field due to the strong coupling of its elastic
and magnetic subsystems. Irradiation of highly magnetostrictive films with femtosec-
ond laser pulses leads to the release of their built-in strains, i.e. demagnetostriction -
laser-induced generation of the picosecond acoustic pulses. We derived the expressions
of the built-in static strains in case of in-plane and out-of-plane magnetized Terfenol
films. Numerical simulations of the static strain amplitudes in monocrystalline and
polycrystalline Terfenol films have been performed in order to determine the optimal
experimental geometry. The excitation efficiency of the shear strains depends on the
tilt of the film magnetization ]\_4> out-of its initial orientation. An out-of-plane tilt angle
0 = 7/4 is found to be an optimal angle for efficient shear acoustic wave excitation in the
studied samples, while longitudinal acoustic strains are excited upon both laser-induced
demagnetostriction and thermo-elastic generation mechanisms. Laser-mediated direct
magnetostriction in Terfenol leads to the excitation of longitudinal and shear acous-
tic pulses, which propagate in the attached SiOs layer. The frequency bandwidth of
the excited strains is associated with the ferromagnetic film demagnetization timescale.
Like other rare-earth based alloys, Terfenol shows a relatively slow drop of the rema-
nent magnetization, which lies in order of 7, ~ 1.5 ps. The frequency bandwidth of the

generated strain pulses lies in the order of hundreds of GHz.

Injection of ultrafast longitudinal acoustic pulses into highly magnetostrictive Ter-
fenol films leads to acoustic mode conversion mediated by inverse magnetostriction. This
phenomenon is considered as a surface effect, and represents an alternative approach for
the excitation of shear acoustic waves in Terfenol. When ultrafast longitudinal strain
pulses reaches the ferromagnetic layer, they modify the magnetic anisotropy field and

_>
tilts H.z¢, that causes the reorientation of M, which is no longer aligned with H.ss. The

119
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direction and value of H. s are determined by the free energy density of the film /', which
includes the magneto-elastic energy density term F),.. It provides a direct coupling of
the strain and orientation of the film magnetization. Consequently, the developed an-
alytical model of acoustic mode conversion in Terfenol, based on the Landau-Lifshitz
equation, describes the response of its magnetization on the acoustic excitation. The
efficiency of the acoustic mode conversion from longitudinal to shear pulse in Terfenol
films depends on the orientation of its magnetization and on the acoustic properties of
the attached transparent layer. Eventually, it can be optimized and reach up to 20 %

efficiency.

The most important factor that modulate the efficiency of the shear acoustic
waves excitation in Terfenol is the out-of-plane tilt of the film magnetization. Results,
presented in this thesis, demonstrate the first experimental observation of picosecond
shear acoustic waves, generated via laser-induced magneto-elastic mechanism (demag-
netostriction) and via magnetostrictive mode conversion. These results can be applied
to study the magneto-elastic coupling of other materials to optically excite GHz shear
acoustic waves. These type of samples can be utilized as ultrasonic shear acoustic waves
transducers to probe the mechanical properties of attached media in the entire Bril-
louin zone and in the frequency range of several hundreds of GHz. Moreover, they can
be considered as an alternative approach for ultrafast magnetic data recording with

longitudinal and shear picosecond acoustic waves.
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Spin-crossover molecular systems

Study of spin crossover (SCO) molecular crystals by means of picosecond ultra-
sonics is presented. SCO phenomenon is often referred to spin transition effect. It
occurs in metal complexes whose spin state can be modified by the variation of external
conditions: temperature [105], pressure, laser-excitation [100], etc. While such systems
have been already studied with different techniques [105, , , ], there is a short-
age of information about the interplay between magnetization, crystal deformation and
excitation of coherent acoustic phonons, which clearly deserves further experimental

investigations.

All-optical non-thermal generation of GHz longitudinal and shear coherent acous-
tic waves in Fell(phen)y(NCS)y and Fe(PM — AzA)y(NCS), molecular crystals is
reported. The detection occurs via the ultrafast Brillouin spectroscopy technique. The
crystals are composed of interacting molecules with central element (Fe) and its environ-
ment, that gives rise to collective transformations: laser-induced ferroelectric structural
ordering [110], metal-insulator transitions [I 1], reversible spin state change [112]. The
molecules possesses highly asymmetric structures, thus, have directional intermolecular
forces of different nature acting on the crystal [113], that leads to anisotropy of its optical
and/or mechanical properties, which is generally hard to study. However, temperature-
guided evolution of the optical and mechanical properties of a Fe(PM — AzA)y(NCS),

prototype crystal can be monitored by time-resolved Brillouin spectroscopy.

Spin-crossover effect and the ligand field

Fe*t, Fe3t and Co** ions play the main role in molecular crystals, where spin
crossover switching has been observed. Spin-crossover phenomenon is described by
the considerations of the ligand field theory. In the case of a transition metal systems
with 5 electrons in the d-shell that has an octahedral environment, the theory predicts a
splitting of the d orbitals with ¢y, and e, levels and two possible electronic ground states.

Hence the effect of spin-crossover transitions can be considered as a distribution of the

121
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electrons between LS & HS states. In LS state electrons populate only the ¢35, bonding
orbitals. Unlikely, the high spin state electrons populate both ¢y, and antibonding
orbitals obeying the Hund’s rules. Change of the population of e,, which is facing the
ligand, and opposing change of t,,, affecting electron back-donation from metal ion
to vacant 7* ligand orbital, modifies metal-ligand distance, consequently originating
structural reorganization of the molecule. Switching from LS to HS state in Fe!! and
Fe'l compounds elongates the Fe-ligand distance, inversely, going from the HS to LS
shrinks it. Typical Fe — N distance R in Fe!l compounds is ~ 2 A and varies on

~ 0.1 A under spin state transition [105].

In ligand field theory Al depends inversely on the fifth power on metal-ligand
distance [, thus each molecule experiences a change in ligand field strength under spin
state evolution, Arg = 1.6Agg [111]. Hence, modification of the metal-ligand distance
Al of a single molecule leads to the change of its potential energy density AFE, which
causes a change of the material properties. SCO effect has a molecular origin, but since
one crystal consists of numerous molecules, its properties and their evolution through the
spin-state transition, depend on the interacting forces between them. Existence of the
intermolecular interaction in a crystal causes the cooperative effect, which determines
the abruptness of the spin-crossover hysteresis (see [105]). It means that materials with
strong cooperative effect has sharper hysteresis (xs or nyg) across the transition. Molar

fraction of HS state molecules can be calculated following the expression

xuT — (xuT)rs
xuT)as — (xuT) s’

nHS:<

where T" and x5, are the absolute temperature and molar magnetic susceptibility, respec-
tively. In the “lattice expansion and elastic interaction model”, the difference in volume
between LS and HS states is assumed to cause a long-range elastic deformation, which
leads to the cooperative spin-transition mechanism [!11]. Thus, switching of the spin
state of SCO material strongly modifies its shape and volume. Photoexcited coherent
acoustic phonons allow to monitor their properties during transition of the spin state

by a non-contact all-optical method.

Coherent lattice dynamics of the spin-crossover molecular crystals

Coherent lattice dynamics of Fe'!(phen)o(NCS)y and Fe(PM — AzA)y(NCS),
spin-crossover molecular complexes is studied by means of ultrafast pump-probe tech-

nique. The possibility of light excitation of coherent acoustic phonons in a variety
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of materials is known for a long time [, |, however, at the contrary to longitu-
dinal acoustic waves, the photoexcitation of shear waves is always a challenging task
(Sec. 1.2.1). The following results reveal the photoexcitation of shear acoustic waves in
a simple manner and shed light on the interplay between molecular magnetization and
elastic parameters in a spin-crossover compound as well as on the fundamental aspects
of microscopic structural evolution under phase transition that occurs at temperature

step-like change and probed with transient laser pump-probe reflectivity measurements.

Optical switching of the molecular magnetic phase between low-spin and high-spin
states in d*-d” transition metals complexes [116] triggered new perspectives in the future
applications of spin-crossover compounds. For example, in optically controlled memories
or molecular switching devices [117]. This phenomenon originates from the existence of
two configurations for the metallic ion characterized by different spin states. The term
"spin crossover” is commonly applied for metal complexes, mainly based on iron, cobalt,
nickel and manganese. In the field of photo-induced phase transitions with molecular
crystals, the role of coherent optical phonons has been long under scrutiny, whereas
that of acoustic phonons and lattice deformations, has not benefited from the same
surge of effort. It is of great importance from the fundamental point of view, as well
as for the control of non-volatile information and energy storage, to further explore the
acoustic phonons pathway for the persistence of the photo-induced states. A promising
approach is the stabilization of non-equilibrium macroscopic states from coherent crystal

deformation and propagating acoustic waves coupled to the order parameter field.

Photogeneration and detection of high frequency acoustic phonons in [Fe!!(phen),
(NC'S)3] (phen=1,10-phenanthroline) and [F'e(PM—AzA)o(NCS)s] (cis-bis(thiocyanato)
bis [(N-2’-pyridylmethylene) - 4 - (phenylazo)aniline]) prototypical spin-crossover com-
pound is reported. These crystals are among the most studied Fe!! SCO systems due to
the significant structural changes during the phase transition [1 18], [I19]. Time-resolved
Brillouin spectroscopy reveals excitation of coherent longitudinal and shear picosecond
acoustic phonons in both compounds. A non-thermal mechanism of the stain waves gen-
eration is modified by the temperature-guided spin phase transition. Moreover, strain
spectroscopic ellipsometry measurements unfold both real and imaginary parts of AzA

crystal refractive index along a, b, ¢ crystal axis at 400 nm and 800 nm wavelength.

The Fe'l(phen)o(NCS)y SCO complex consists of neutral Fe!!(phen)o(NCS),
molecules within the orthorhombic Py,; Z = 4 cell. In the single [Fe!! (phen)y(NCS),]

molecule, the Fe!! is surrounded by four N atoms belonging to 1,10 — phenanthrolines
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and two N atoms of NC'S™ groups. The compound shows a thermally induced phase
transition from the LS phase to the HS phase at T' = 176K, that is accompanied by
a volume expansion, reflecting the elongation of Fe — N bond distances by 0.10 —
0.20 A [120]. The Fe(PM — AzA)y(NCS), (AzA) molecular crystal belongs to the
monoclinic space group P2/, with one molecule as asymmetric unit and not coplanar
phenyl rings. The experiments were performed on a parallelepipedic 2 x 0.5 x 0.5 mm3
single crystal, with a smooth, black colour and macroscopic surfaces [107]. An SEM
image of the typical AzA single crystal is given on Fig. A 1 in order to provide an

insight of the topography of its surfaces.

SEl 5k \
IMMM - Le Mans = 2-240.

Fig. A 1: Image of a AzA spin-crossover molecular crystal taken by scanning electron microscope
(SEM). The electron beam with energy of 5 keV was focused on the sample, zoom in is x50, scale bar
is 500 pm.

The top plane depicts the [110] crystallographic plane of the crystal and was
usually used as the reference surface for the pump-probe measurements. Due to the
large optical density of the crystals, the pump-probe reflectivity measurements were
performed at their front side (see Fig A. 2). A femtosecond Ti-Sapphire Coherent
RegA 9000 regenerative amplifier was a source of the pump and probe pulses. It is
operating at the central wavelength of 800 nm at a repetition rate of 250 kHz. The
400 nm pump pulses of 160 fs time duration were focused on the [110] surface of the
crystal with a Gaussian spatial profile of FWHM ~150 ym. The time delayed 800 nm
probe of tenfold much weaker energy, was tightly focused on ~100 pm spot, at 30 degree
oblique incidence on the [110] surface normal of the crystal and spatially overlapped with
the pump spot. The reflected probe beam was directed to a balanced photodiode to
measure the transient differential reflectivity AR(t) as a function of time delay between
pump and probe beams. Upon absorption of the 400 nm pump pulse over the optical

skin depth of the crystal, the light energy is partially converted into mechanical that
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drives the excitation of bipolar acoustic pulses propagating away from the free interface
Fig. A 2. Then the time delayed probe pulse is inelastically scattered by this acoustic
pulses travelling into a crystal, hence interferometric Brillouin scattering oscillations
are measured. A precise temperature control was achieved by use of a continuous flow

cryostat.

Cryocooler

\\

Nitrogen
gas flow

Sample

Probe

Fig. A 2: Sketch of the experimental set-up. A laser pump pulse photoexcites the molecular crystal
sample, which is situated under continuous nitrogen flow for temperature control. Propagation of the
photoexcited bipolar acoustic pulse is detected by a time-delayed optical probe pulse.

Coherent acoustic phonons in [Fell(phen)y(NCS)s]

Experiments were performed at room temperature, where the sample possesses
100% of paramagnetic HS state (S = 2,ty54€,2). Fig. A 3 shows the generation of
coherent acoustic phonons in the spin-crossover molecular crystal [Fe!f(phen)y(NC'S)s]
(FePhen) (a). On Fig. A 3 (b) they are detected with help of the time resolved reflectivity
AR/R measurement unfolding Brillouin scattering oscillations. The inset reveals the
Brillouin frequency spectrum of the measured transient reflectivity during the first ns

after the excitation.

As in any Brillouin scattering process, the frequencies v, vy of these oscillations
are related to the ultrasound velocities v;, vy in the material (probe light is scattered
on propagating acoustic strain), to the probe wavelength A, refractive index n of the

medium and to the back-scattering angle 6 through the expression
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Fig. A 3: (a) Structure of the [Fe!! (phen)s(NCS)s] compound. (b) Laser-induced Brillouin scattering
oscillations in a crystal recorded at 280 K. The inset shows the frequency spectrum of the signal.

v=2nwvcosl/\ (A1)

Since the ultrasonic velocities vy, v, of longitudinal and shear acoustic phonons are
different, the corresponding Brillouin frequencies can be distinguished from each other
in the frequency spectrum. Two peaks centred at ~5.5 GHz and ~11.3 GHz correspond
to the shear and longitudinal modes, respectively. When laser pulse illuminates the
crystal, it partially transfers its optical energy to the local rise of the lattice temperature
AT. That leads to its subsequent expansion and generation of the elastic strains, which
propagate in the bulk and significantly modulates optical reflectivity of the crystal. Due

to the strong mechanical anisotropy of the crystal both acoustic modes are generated.

Coherent acoustic phonons in [Fe(PM — AzA)y(NCS)s)

The same type of pump-probe experiment were performed to study the genera-
tion of acoustic phonons in Fe(PM — AzA)y(NCS), single crystals (Fig. A 4 (a) at
the room temperature. Fig. A 4 (b) shows the activation of the coherent picosecond
strain waves, which are detected using transient reflectivity signal AR/R. Oscillations
are damped after At ~750 ps, the inset shows the Brillouin frequency spectrum of the
measured reflectivity signal during the first 800 ps. Oscillations expected at ~5.5 GHz
and ~11.3 GHz correspond to longitudinal and shear phonons. Detection of the longi-
tudinal acoustic waves can be performed with the help of interferometric, deflectometric

or reflectometric techniques. The reflectometric detection technique is sensitive to any
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Fig. A 4: a) Structure of the [Fe(PM — AzA)3(NCS)s] compound. b) Example of a transient
reflectivity signal recorded at 280 K. The inset shows the frequency spectrum of the signal.

phenomenon that modifies the optical properties of the material such as pressure or
change in density following the longitudinal acoustic phonons. In general shear acoustic
waves do not modify the density of the isotropic materials, the reflectometric detection
technique, which measures the change of the probe intensity is not sensitive to shear
acoustic phonons. The alternative approach is to measure the rotation of the probe
beam polarization, which is caused by shear phonons only, rather than reflectometry.
In the case of AzA, which is a highly anisotropic crystal, the well-established rules for
the detection of shear acoustic phonons in isotropic materials are still relevant. Fig. A 5
compares the experimental curves, detected by reflectometry and depolarized Brillouin
scattering detection techniques. The frequency spectrum, shown on Fig. A 5 (b) and
Fig. A 5 (d), evidences the enhancement of the detected shear amplitude in case of de-
polarized Brillouin scattering, which agrees well with the general rules for shear acoustic

detection.

Fig. A 5 (a) shows an example of the experimental result obtained in depolarized
detection configuration, Fig. A 5 (c) depicts the transient reflectivity experimental curve
recorded from the same crystal. Frequency spectrum of both signals is highlighted on
Fig. A 5 (b) and (d), respectively. Higher frequency oscillations of ~11.3 GHz are lon-
gitudinal phonons, shear nature of lower frequency coherent oscillations of ~5.5 GHz
is confirmed by depolarized detection technique. It is clear that this technique is more
sensible for the detection of shear waves due to the higher longitudinal /shear frequency
amplitude ratio Ay /Ag, 0.83 to 2.21 in depolarized and reflectivity detection configura-

tion respectively.

Longitudinal and shear acoustic phonons can be laser-excited in the mechanically
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Fig. A 5: Kerr signal amplitude (a) and its frequency spectrum (b). Derivative of the transient
reflectivity signal (¢) and its frequency spectrum (d) measered at room temperature on [Fe(PM —
AzA)2(NCS)2] compound.

anisotropic SCO molecular crystals. They can be detected with the transient reflec-
tivity and/or depolarized Brillouin scattering techniques. However, the polarization
dependent measurements are more preferential for shear wave detection rather than the
measurement of AR/R. Variation of the shear acoustic wave sensitivity between reflec-
tometry and depolarized Brillouin scattering techniques is a confirmation of the acoustic
nature of the observed oscillations. Measurement of depolarized Brillouin scattering will

be utilized for further phase-dependent experiments.

Evolution of the mechanical properties across the phase transition

The evolution of the mechanical properties of Fe(PM — AzA)y(NCS)y crystal
across the temperature-guided phase transition was studied using time-dependent de-
polarized Brillouin scattering technique. Since the material experiences a strong shape
modification during the electronic transition from one spin state to another, propagation

of the acoustic phonons will be detected differently upon the change of refractive index.



APPENDIX A

129

a) b)
1.34 0.135 ——
o ~
133} N 0.13 ~ o ki
[ ' —o — [ ] nll . i ’ G\ ) k“
o 132) o~ o Lo Linear fit L o125 - - Linear fit
2 13 - _° c Ne
o | ~ _ o 012 ~
> 13 ® ™~ o ° o 2 - ~
B ~ o ° 0 0.115 — ° o
© 1291 ~ © — LN
5 ~ T o ¢ o —
@ '2F Pump ~ x Pump e —
1271 A =400 nm o 0105t A =400 nm .
126 0.1 L ‘ ‘ ‘ ‘
100 150 200 250 300 100 150 200 250 300
Temperature, K Temperature, K
C) d)
1.35 0.08 m
c °n, 0.075| © EL
1.34 ~ —
X e N 007t @ K, ®
) .' ) . . o _°
s e - - Linear fit S o06s||- - Linearfit| °
£ 133 A 0\ 2" /
£ o006
g 3 Jo = % 0.055 o
© 0.05
‘D 131 e\ °-_ o E o Pr_obe
14 Probe N~ g- A =800 nm
0.04
13 1 A=800nm ¢ 0o _ o
o 0.035 o~ — +~—~ o o
1.29 L= ‘ ‘ ‘ ‘ 0.03 L= ‘ ‘ ‘ o
100 150 200 250 300 100 150 200 250 300
Temperature, K Temperature, K
Fig. A 6: Temperature dependencies of the (a) Real n and (b) imaginary k parts of the refractive

index of AzA molecular crystals at 400 nm pump wavelength. (¢) Real n and (d) imaginary k parts of
the refractive index of AzA molecular crystals at 800 nm probe wavelength. The data were obtained at
different crystal temperatures across the spin crossover temperature and for two different polarizations
parallel || or perpendicular L to the optical plane of incidence.

The expression v = 2 n vcosf/A shows a coupling of the real part of the refraction
index n with the frequency of the ultrasonic pulses. The modification of the optical
absorption, related to the imaginary part of n, leads to the modulation of the ampli-
tude. Hence, temperature-resolved white light optical ellipsometry were conducted to

disclose temperature and wavelength dependencies of the complex refractive index of

Fe(PM — AzA)2(NCS), crystal.

The extracted refractive index at 400 nm and 800 nm pump and probe wavelengths
is displayed on Fig. A 6. The ellipsometry measurements were performed at five different
orientations of the crystals, the temperature control was achieved using a continuous

flow cryostat.

The calculations of the real n and imaginary k part of the optical index in the
Mueller matrix were performed using the analytical 4x4 matrix algorithm from Schu-

bert [121], derived from the 4x4 matrix formalism of Berreman [122]. The conventions
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Fig. A 7: a) Smooth thermal spin-crossover transition characterized by the magnetic susceptibility,
recorded across the LS to HS transition temperature of AzA molecular crystal [105]. b) Modification
of the crystal reflectivity, measured at 800 nm, follows LS to HS transition.

|| and L used as a subscript for the indexes notations on Fig. A 6, refer to the probe
polarization either parallel || or perpendicular L to the plane of its incidence, which

contains the ¢ axis of the AzA crystal.

A slight decrease of the real part n of the index of refraction at increasing temper-
atures is consistent with the fact that the material density decreases at higher temper-
ature. The imaginary part k& of the refractive index, doesn’t show a strong modification
at different temperatures. One can notice a strong discrepancy between 400 nm and
800 nm wavelengths which emphasizes that AzA can be considered as opaque at the
pump wavelength and semi-transparent at the probe wavelength. So the complex re-
fractive index does not change significantly with temperature see Fig. A 6. Moreover,
one can notice a difference in the refraction index for parallel || or perpendicular L light
polarizations that is related to the optical anisotropy of the compound. This study will
be used for the subsequent determination of the generation mechanism, which dominates

the excitation of acoustic phonons.

Thermal spin-crossover transition of AzA molecular crystal with a spin crossover
temperature of T3 /5 ~180 K can be monitored experimentally from the measurement of
the magnetic susceptibility x,, and the product x,, 7" [105] by SQUID magnetometry,
which gives direct information on the spin state (see Fig. A 7 (a). The experiments have
been conducted at different temperatures ranging from 50 K, where AzA spin states are
almost 100 % diamagneticaly low spin (LS), up to 293 K, where crystal possess 100 %
paramagnetic high-spin states (HS). Temperature step changes of 10 K were performed

with a short working distance (~ 1 mm) continuous nitrogen flow cryostat. The crystal
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Fig. A 8: Transient reflectivity signals recorded in the LS and HS states. The frequency spectrum of the
LS and HS Brillouin oscillations, presented in the inset, shows the photoexcitation of both longitudinal
and shear acoustic phonons.

undergoes wide transition with a very small hysteresis of 6 K: T.(!) = 186 K, T.(1)
= 192 K, which was previously reported in [123]. Fig. A 7 (b) shows the same kind
of behaviour on the static measurement of reflectivity change at 800 nm wavelength.
It confirms the modulation of the complex index of refraction across the temperature-
guided LS to HS transition. It confirms that the optical response at 800 nm is sensitive
to the structural reorganization of the crystal and gives a complementary signature of
the SCO effect.

Measurements of time-resolved transient reflectivity of AzA were performed in
between 300 K and 100 K, where the crystal possesses quasi-pure high and low spin
states. The optical excitation of the both longitudinal and shear acoustic strain waves

with different ultrasonic velocities v;, v leads to the two distinct Brillouin frequencies.

Fig. A 8 shows an example of such time domain Brillouin scattering light modula-
tion recorded at different temperatures. The periodic oscillations of 6 GHz and 12 GHz
(see the inset) are detected right after pump excitation at zero time delay [124]. The
shear acoustic nature of the 6 GHz frequency has been previously confirmed by de-
polarized Brillouin scattering measurements. For each recorded time domain Brillouin
scattering signal in the 100 — 300 K temperature range, the change of reflectivity has

been numerically fitted in the form of a damped sinusoidal function

AR ~ A-exp(—t/7)sin(2mvt + ¢). (A2)

The frequency v, the damping time 7, the amplitude A, and the phase ¢ for each
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Fig. A 9: Time domain Brillouin scattering results obtained for vertically polarized pump and probe
beams versus crystal temperature. Brillouin frequency (a), related speeds of sound (b), relaxation time
(¢), and attenuation length (d) of the acoustic modes.

longitudinal and shear acoustic mode were extracted from the fit within a given time

delay t.

The extracted frequency and the damping coefficient of the measured Brillouin
oscillations are depicted in Fig. A 9 (a) and (c), respectively. The temperature evolu-
tion of the AzA refraction index led to the calculated acoustic speed Fig. A 9 (b) and
acoustic attenuation length Fig. A 9 (d) of the longitudinal and shear acoustic modes
across T1/2. The huge ~ 15 % Brillouin frequency decrease for both acoustic modes,
governed by Eq. (A1), is consistent with the expected temperature modification of both
real part of the refractive index and the acoustic speed which should decrease with de-
crease of the material density at higher temperature. Based on the ellipsometric results
shown in Fig. A 6, which confirm a slight variation of the optical index of refraction
only of a few percent at different temperatures. The huge 15 % change in Brillouin
frequency is caused by a pronounced change in both longitudinal and shear acoustic
speed. According to Eq. (Al) and the measured real part n; of the index of refraction
at the probe wavelength for vertically polarized light on Fig. A 6, we have calculated the
change in Brillouin frequency to extract the variation in longitudinal and shear acoustic
velocities with temperature. The results displayed in Fig. A 9 (b) confirm the substan-

tial change in the acoustic speed, in the range of 10 %, which emphasizes the giant
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change in mechanical properties of the material across the spin crossover temperature.
This intrinsic softening of the material at increasing temperature across 77, is coupled
to a substantial isostructural modification of the lattice parameters, such as the unit
cell volume which is reduced by a large amount of ~ 3 % [105, 125]. As a comparison
with highly magnetostrictives ferromagnetic compounds such as Terfenol [60] which is
the foremost highest magnetostrictive alloy with a change of the unit cell volume by
an amount of 0.1 % upon modification of the magnetization vector, the change in AzA
lattice parameters in the order of few percent reveals the strong spin-lattice coupling
in these atypical materials. The pronounced spin-lattice coupling in such compounds
surely influence the coherent phonon generation. However, in our case of weak laser
pump energy per pulse at 400 nm wavelength, we believe that the laser mediated LS —
HS switching, which could elongate the F'e — N bond within 160 fs, is not as efficient

at this particular wavelength than at 800 nm laser pump wavelength.

The evolution of the damping coefficients with the temperature change is dis-
played in Fig. A 9 (c¢). It is related to the imaginary part of the refractive index k
at the probe wavelength and to the intrinsic acoustic attenuation. Damping of the
Brillouin oscillations in Fig. A 9 (c) exhibits a maximum at the spin-crossover tem-
perature Tj/o, at the contrary to the imaginary part &, of the optical index at the
probe wavelength that evolves smoothly across T}/2, see Fig. A 6 (d). It means that
the damping is mainly of acoustic contribution. It is associated with an expression
f(t) = sin(wt) exp(—I't) = sin(wt) exp(—pFt) exp(—awt), where I' is an experimentally
measured lifetime of the phonons. A change of the lifetime can occur for two reasons:
change of 3, which represents the anharmonicity of the lattice (phonon-phonon collision)
or modification of the penetration depth of the probe beam into the crystal, which is
governed by the term « = 47k, /\. From the measured k, at the probe wavelength, we
have processed the measured damping of the Brillouin oscillations 7, in order to extract

the acoustic attenuation length I' from the straightforward calculation
1/T'=1/ur —1/¢, (A3)

where v is the longitudinal or shear acoustic speed and £ = A\/4wk, is the optical
penetration depth. The result of the calculation of the acoustic attenuation length for
both acoustic modes, longitudinal and shear, is displayed on Fig. A 9 (d). The remark-
able minimum damping measured in Fig. A 9 (c) is confirmed to be an exacerbation
of the acoustic attenuation across the spin-phase crossover transition. However, the

phenomenon is reverse from the well-known structural a-relaxation which has been ev-
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idenced in glass forming liquids across the T, glass transition temperature [126]. The
acoustic wave propagates at longer distances at the spin-crossover temperature which
indicates that the structural modification of the lattice and the statistical growth or
disappearance of the LS/HS states does not perturb the acoustic phonons propagation,
vice versa, the acoustic phonons propagation is facilitated during the spin crossover

transition.
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Fig. A 10: (a) Ratio between the longitudinal and shear Brillouin amplitudes for different pump
polarizations. Red dots correspond to horizontally polarized pump, green to vertically polarized pump,
as sketched in (b).

Several mechanisms are involved in the laser-driven lattice motion of the AzA
crystal: (i) thermoelastic mechanism which is linked to the transient thermal dilation of
the lattice following the temperature rise due to pump laser absorption, and two non-
thermal mechanisms, (ii) the spin-lattice coupling mechanism and (iii) the deformation
potential mechanism [6]. The temperature evolution of the Brillouin amplitudes and
Brillouin phases at two different pump polarizations (horizontal (H) and vertical (V)
polarizations) displayed in Fig. A 10 gather crucial information on the photoacoustic
excitation process. The fact that the optical index of refraction (see Fig. A 6) do not
vary significantly with temperature warrant that the measured Brillouin amplitude and
phase is mainly sensitive to the excitation mechanisms and not to the detection process
through a modification of the acousto-optic coefficients with temperature. Since the
measurement of the Brillouin amplitude can suffer from experimental artifacts, such as
beam pointing stability during sample heating or cooling, we have chosen to further
process the longitudinal A; and shear Ag Brillouin amplitudes data by taking the ratio
of both amplitudes, defined as Ay /Ag, not biased by optical artefacts. This simple
procedure highlights a discrepancy in Fig. A 10 (a) between H and V pump polariza-

tions which can’t be assigned to the thermoelastic mechanism. In fact, as indicated by
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the difference in optical absorption coeflicients k, and kj at the pump wavelength (see
Fig. A 6), the laser induced temperature rise in such anisotropic crystals depends on the
pump polarization. However, taking the ratio of both amplitudes modes is a proper way
to conveniently remove the temperature rise contribution in the thermoelastic process
of the acoustic excitation, which is identical for either longitudinal or shear acoustic
modes. Therefore the gap between the amplitude ratio in Fig. A 10 (a) with H or V
polarizations is assigned to a non-thermal mechanism, either spin-lattice coupling or
deformation potential mechanism. One possible explanation of the observed amplitude
jump would be the anisotropy in deformation potential mechanism. The latter should
be considered as tensorial in such crystal with different diagonal and non-diagonal co-
efficients referring to preferential electronic excitations of the ligands by horizontally or
vertically polarized pump pulses, with some similarities with [127] that demonstrates the
wide range of electronic excitations of organic molecules that can drive coherent lattice
phonon excitation. In addition to the electron deformation potential mechanism, we
can’t neglect the spin-lattice coupling anisotropy which is known to be highly sensitive

to the pump polarization [30], [128].
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Fig. A 11: Extracted time domain Brillouin phase for horizontally (a) and vertically (b) polarized
pump beams of both longitudinal and shear acoustic modes in AzA compound at different crystal
temperatures. The SQUID curve matches the Brillouin phase evolution across T} ;.

Another striking feature of an interplay of several photoacoustic mechanisms is
revealed by the Brillouin phase change in Fig. A 11 (a) and Fig. A 11 (b) with H or V
pump polarizations. Once again, if we assume that the slight change with temperature of
the optical refraction index is irrelevant for the interpretation of our experimental obser-
vations, the substantial phase jump in the range of 0.6 radians of both longitudinal and
shear Brillouin signals across the spin-crossover transition highlights a profound change

in the laser-induced mechanism for acoustic phonons excitation. Based on [129], the
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phase change, which matches the evolution of the magnetic susceptibility of Fig. A 7 (a),
can be attributed as a change in the acoustic excitation process through the contribu-
tion of the spin-lattice mechanism that vanishes once the compound reaches 100% HS
spin state where the laser-induced evanescence of the spin-lattice coupling. However,
as stated previously, the ultrafast release of the spin-lattice coupling is probably not
the most efficient at this pump wavelength and energy. Therefore, we can’t rule out
the deformation potential mechanism as a relevant mechanism in the process of laser
excitation of coherent acoustic phonons in AzA. The observation of a phase jump of
about 0.2 radians in Fig. A 11 (b) between longitudinal and shear excitation points to

a non-thermal mechanism of acoustic excitation sensitive to the pump polarization, see

Fig. A 11 (a).

Temperature-resolved Brillouin phase of the bipolar acoustic pulse, generated by a
thermo-elastic mechanism and travelling in the AzA compound was extracted from the
numerical simulation. It is based on the model of the bi-polar acoustic pulse propagation
in a semi-infinite medium. In our experiments a time-delayed probe beam with 800 nm
wavelength monitors the transient change of reflectivity of the crystal. It occurs due to

the strain propagating in material, that changes its complex refraction index [15].

on . 0k
An(zat) - (8_77 +- 8_77)7733(Zat)7 (A4)

where n and k are the real and imaginary part of the complex index of refraction. The
temperature-induced change of the complex index of refraction of AzA molecular crystal
doesn’t lead to the significant change of the Brillouin phase, see Fig. A 12. Thus, the
deformation field can not be simply described by an optical absorption. Another type

of dynamic comes into play: structural relaxation, heat diffusion, etc. Hence, this is
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Fig. A 12: Simulation of the temperature-dependent time domain Brillouin phase of the acoustic pulse,
propagating in AzA compound. Dots are the simulated phase, dashed line is a linear fit.
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a confirmation of the assumption, that the process of generation of acoustic phonons
changes during the temperature-guided phase transition. More likely, an efficiency of
the one of the process of excitation increases due to the structural reorganization of
crystal, which gives rise to the change of the Brillouin phase. From the other hand,
change of the imaginary part of refractive index 0k/0n in Eq. (A4), which is related to
the change of absorption coefficient, can also contribute to the modulation of the phase.

This can be a signature of the detection modulation.

In summary, two photoexcited spin-crossover molecular crystals were investigated
by time-resolved optical pump-probe technique. Our experimental results can invoke
that most probably two non-thermal mechanisms of equivalent efficiency are involved
together in the complex photoacoustic excitation process in AzA molecular crystals,
with different efficiencies (amplitudes) and characteristic times (phases). Due to their
structural anisotropy, such crystals may be used as efficient GHz shear waves transduc-
ers. In light of further research in the field of magnetic storage devices, investigation of
spin-lattice coupling of the studied materials can be used as an interesting alternative
to the present prototypes. Variable compositions of molecular crystals allow to tune
their properties, it can be applied for creation of shear acoustic waves transducers with
higher frequency bandwidth. Besides that, investigation of thin films based on molecular

crystals may give rise to new unexpected effects.

The optical excitation of spin-crossover [Fe!! (phen)o( NCS)s|, [Fe(PM—AzA)y(NCS)s]
molecular crystals leads to the inelastic Brillouin scattering of the probe light from the
generated acoustic strains, propagating in the bulk. Experimental results evidence a
non-thermal excitation of GHz acoustic phonons in [Fe(PM — AzA)y(NCS),| across
the temperature-guided spin-crossover phase transition, which could have spin-lattice
and/or deformation potential origin. Furthermore, our results highlight the versatile
and efficient generation of ultrashort shear acoustic phonons for future investigations of
viscoelastic properties of materials such as liquids [130], glasses [99, |, mixed multi-
ferroics, correlated electron systems and magnetic materials. Other types of anisotropic
molecular crystals can be utilized for further study in the field of picosecond ultrasonics.
Indeed, knowledge of the spin-elastic coupling in spin-crossover molecular crystals will
be crucial for the design of multifunctional molecular devices. Preliminary results of
time-resolved Brillouin scattering in [Fe!! (phen)o(NCS)s] (FePhen) crystal prove their
suitability for picosecond ultrasonic studies by photoexcited gigahertz acoustic phonons.
Moreover, fabrication of thin films, based on molecular crystals [131], [132] leads to the

elaboration of potentially more efficient GHz shear waves transducers.
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Electron structure and magnetism of Terbium (Tb) and Iron (Fe)

The electron structure and magnetism of two elements, Terbium and Iron, are
presented with an eye to provide a better understanding of the laser-induced ultrafast
dynamics of their alloy. Relation between Tb and Fe electronic structure and their

magnetism is given.

Terbium (Tb)

Terbium (Th) is one of the lanthanide metals with atomic numbers of 57 through
71 (from lanthanum La to lutetium Lu). These elements, together with the chemically
similar scandium (Sc) and yttrium (YY), are collectively named the rare earth elements.
Its atomic weight is equal to 158.9254 g-mol™!. Tb is a heavy lanthanide metal with
[Xe]6s24f9 electron configuration. Where mostly f electrons (among 65 electrons of
Tb atom) determine its magnetic properties due to their highly anisotropic electronic
shell. 97 % of the magnetic moment of Th is carried by 4f electrons, the other 3 % -
by 5d conduction electrons. Spin-orbit interactions of Th ions is much stronger than
the crystalline electric field that makes it ferromagnetic [133]. The 4f electron cloud
is not spherical (oblate in form), which results in great magnetostriction (see Fig. 2.2).
An oblate distribution of electrons links a rocking of the atomic magnetic moment
directly to the lattice vibrations and vice versa. With a half filled 4f shell Tb possesses
a magnetic moment equal to 9.34 ;, per atom [131]. 4f wave functions are strongly
localized and have small overlap with the corresponding wave functions in neighboring
atoms, hence, direct interaction between 4f moments is weak. So magnetic ordering of
Tb is mainly caused by an indirect exchange interaction or RKKY interaction [135],
which is typical for lanthanides [136]. Assuming an atomic origin of magnetism, the
magnetic properties of the material are determined by a spin-orbit interaction in atom,
thus, by the quantity @ = —gyugJ, where —g; is the Landé spectroscopic g-factor,
1p is the Bohr magneton, J is a resultant total angular momentum. While the spin
quantum number decreases with the fulfillment of 4f shell in lanthanide metals, the

orbital quantum number increases [137]. Tb™ total orbit and spin angular momentums
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Fig. B 1: a) Hexagonal close packed (hcp) crystal structure of Terbium (atoms size is arbitrary) and
b) its unit cell with lattice parameters.

are equal L = S = 3, thus, the resultant total angular momentum is J = 6.

Terbium is ferromagnetic at low temperatures, but becomes antiferromagnetic at
221 K and has a Neel temperature of 229 K. In the antiferromagnetic state, spins have a
helical arrangement, the vectors rotating about ¢ axis with the twist angle between layers
varying from 18.5 degrees at 221 K to 20.5 degrees at 229 K [135]. Fig. B 1 presents
hep crystal symmetry of Terbium with a=3.604 A, c=5.698 A [139] lattice parameters.
Rare-earth Terbium was fused with 3d transition metals, Iron in particular, in order to
increase its Curie temperature and, consequently, preserve the strong magnetostriction

of alloy at room temperature.

Iron (Fe)

The highest magnetostriction at room temperature was found in an alloy of Ter-
bium and Iron (T0Fey). Iron (Fe) is a 3d ferromagnetic metal of the first transition
series with atomic number of 26. It is a silver-grey metal (group VIII in the periodic
table) and represents an example of allotropy in a metal. There are at least four al-
lotropic forms of iron, known as «,~y,d and ¢ as a function of pressure and temperature.

Its electronic shell structure is [Ar)3d%4s? with atomic mass of 55.85 g-mol™'. It has

Fig. B 2: Body-centered cubic crystal structure of Iron (atoms size is arbitrary).
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body-centered cubic (bce) crystal symmetry Fig. B 2 with lattice parameters equal to
a=0b=c=286.65 pm and a = = = 90° [05].

Fe has spherical electron shells and does not show great magnetostriction on its
own, but possesses a strong exchange interactions leading to high Curie temperature
Te(Fe) = 700° C, so it remains ferromagnetic at room temperatures. Unlike rare-earth
metals, the magnetism of Fe is defined by itinerant 3d electrons near the Fermi level.
Fet? total orbit and spin angular momentums are equal L = S = 2, resulting in total

angular momentum of J = 4.
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Fabrication of Terfenol films is a complex process. It is rare when the crystal-
lographic axes of the deposited film coincide with the [100], [010], [001] axes of the
elementary cubic cell. Therefore, the transformation of the right handed z,y, z coordi-

nate system into the experimental one z/,3/, 2’ is required.

Transformation of the coordinate system

Fig. C 1 shows the Cartesian coordinate systems (x, y, z) and (x’, y’, z’) adopted
for the TbFey layer. Following [91], the 2" axis is set as normal to the surface of the
film, while the 3/, 2" axes lie in its plane. The 2/, y/, 2’ directions coincide with the [110],
[110], [001] crystallographic axis, respectively. The (x, y, z) coordinate system can be
obtained from the (2/,y/, ') by rotating a right-hand screw along the positive z direction

at an angle &.

+ Z,Z,[100]

X [110] y, [010]

X, [100]

Fig. C 1: Transformation from a right handed x,y, z coordinate system that coincide with the crys-
tallographic axes [100], [010], [001] into z’,%/, 2’ that coincide with [110], [110], [001] directions, from a
rotation around z axis with an angle .

In case of an out-of-plane magnetized film, the magnetization coincide with the
[111] crystallographic direction. Fig. C 2 describes the transformation of the coordinate

system for an out-of-plane magnetized sample.

By analogy with the previous case, the crystallographic coordinate system (2, 1/, 2’)
can be obtained from the initial (x,y, z) one by a rotation about z axis, using the right-

hand rule, see Fig.C 2 (a). It sets the 2/, ¥/ axes along the face diagonals of the initial
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a) x Z, Z, [100] b)

Y

Kiggl/”fit‘sﬁfﬁ1m 7
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Fig. C 2: Transformation from right handed x,y, z coordinate system that coincide with crystallo-
graphic axes [100], [010], [001] to the experimental ones z’,y’, 2’ coupled with Terfenol film crystallo-
graphic directions [110], [112], [111]. a) Clockwise rotation around z axis with an angle £, b) rotation
around ¥’ axis with an angle 7.

cubic unit cell. Next, a clockwise rotation around y’ axis with an angle 7 is required
in order to bring the 2’ axis along the diagonal of the cube in Fig.C 2 (b), wherein
n = cos~'(1/4/3). Since the direction of propagation of the acoustic waves in the in-
plane magnetized sample coincide with the z axis, a rotation about y” on £ = 90 deg is

required to set the x direction as normal to the surface of the out-of-plane magnetized

film.

Thus, in case of both experimental geometries, the acoustic waves will propagate

along the normal to the surface of the film, which coincide with x axis.
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The experimental set-up depicted in Fig. D 1 for time-resolved MOKE and Bril-
louin spectroscopy has been built. It is based on the laser pump-probe technique, which
utilizes an intense laser pulse to excite the sample and a weaker probe pulse to monitor
its response. It allows to switch between one side pump-probe to back-pump front-
probe schemes. Automatized magneto-optical measurements with different geometries
and pump fluence-resolved measurements are possible due to the implementation of

several motorized stages.

Amplified laser system gy 1 260 kHz,

Beam splitter
150fs P M

N2 plate

Detector
Delay line

«StarGate»

Fig. D 1: Experimental set-up. Abbreviations: M - mirror, L - lens, AOM - acousto-optic modulator.

Femtosecond laser system. A 800 nm femtosecond laser pump pulse excites the sample,
while a femtosecond time-delayed 800 nm or 400 nm probe monitors the response of
the material. In our experimental set-up the delay between pump and probe pulses
allows to perform time-resolved ultrasonic experiments with a resolution of 150 fs. It
is controlled by a mechanical delay line, that changes the length of the optical path of
the pump beam. It is modulated by an acousto-optic modulator (AOM) at 50 kHz,
which is synchronized with a lock-in amplifier. To produce 400 nm probe laser pulses,

the fundamental beam passes through a nonlinear optical crystal made of Beta Barium
Borate (BBO).
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The key element of the experimental set-up for pump-probe spectroscopy exper-
iments (Fig. D 1) is the amplified laser system (laser system in Fig. D 1). It is based
on a Coherent MIRA 900s oscillator pumped by a continuous Verdi 5W pump diode
laser. The gain medium of this laser is a titanium doped sapphire (Ti:Sapphire) crystal.
The output of the system is injected in a Coherent RegA 9000 femtosecond mode-locked
Ti:Sapphire amplifier, pumped by a continuous Verd: 12W pump diode laser. The sys-
tem generates 150 fs pulses with 6 uJ energy per pulse at a repetition rate of 250 kHz
and at the fundamental wavelength of 800 nm. Typical diameters of pump and probe
spot are 100 um and 50 pm, respectively. Typical pump and probe fluences used during

experiments are 5 mJ/cm? and 0.1-0.5 mJ/cm?, respectively.

Acousto-optic modulator. To increase the signal-to-noise ratio (SNR), the intensity of
the pump beam is modulated at a given frequency. In our set-up, the acousto-optic
modulator is used to modulate the pump beam at 50 kHz. AOM is a device that deflects
a normally incident laser beam at the Bragg’s angle due to ultrasonic waves propagating
in the AOM cell. It is much faster than typical mechanical choppers. When an electric
current is applied to the piezoelectric transducer of the AOM modulator, it induces
sound waves in the crystal (usually quartz or T'eO;). These moving periodic acoustic
waves of expansion and compression change the index of refraction in the crystal and
incoming laser light scatters on this periodic structure. The light deflection angle is
the Bragg angle (6p) and is related to the refractive index n of the medium, the A, A

wavelengths of incident light and of the ultrasound as

sin(0p) = me (D1)

The diffraction from a sinusoidal acoustic modulation signal results in m = 0, &1 diffrac-
tion orders. The beam of m = 0 order is not diffracted, and the angle between m = +1
orders is 20, which is about 3 degrees for 800 nm. A modulation frequency of 50 kHz of
the standing acoustic waves in the AOM cell is used to implement synchronous detection
with a Lock-In amplifier. In an ideal case, the modulation rate is 100%, in practice, the
intensity, diffracted into a zero order can be varied between 15% to 95% of the input
light intensity. At the same time the intensity of the first order can be varied between
0% and 95%.

Delay line. The optical delay line allows to perform computer-controlled variation of

the optical path length with a required time step. It includes a linear DC servo stage
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which ensures precise and fast motion, a hollow retroreflector and a controller. The time
delay 7; between the probe and the modulated pump beam is performed by moving the
retroreflector along the stage. The delay line provides a 30 cm total spatial delay. The
optical path of one of the beams is fixed, while the second one is modified by the delay
line. If the retroreflector is moved of a distance [, the optical path of the corresponding
beam will change of 2[, hence, the time delay will be equal to 7 = 2[/c. In total, the

delay line of 30 cm length, provides 2 ns time delay for time-resolved measurements.

Photodetector. The photodetector collects the photons reflected (or transmitted through)
from the sample. A 8 mm gain balanced photoreceiver by Newfocus which operate at
400-1070 nm spectral range was used. The balanced detection is ensured by a pair of
two silicon photodiodes. It detects the variation of the optical signals sent on the two

photodiods.

Lock-In amplifier. It is a type of amplifier that can extract a signal from an extremely
noisy background. The signal amplitudes presented in this work are in the order of
~ 1077 — 1073, so the Lock-In amplifier was utilized. Depending on the dynamic re-
serve of the instrument, signals up to 1 million times smaller than noise components,
potentially fairly close by in frequency, can still be reliably detected. Recovering signals
at low signal-to-noise (SNR) ratios requires a strong, clean reference signal at the same
frequency as the received signal. Hence, the lock-in measurements are performed with
a reference frequency. In our set-up the pump beam intensity was modulated at a fixed
frequency of 50 kHz, provided by the AOM. The lock-in filters and amplifies the signal

from the photodetector at this reference frequency.

1 T DC magnetic field set-up Terfenol films have large coercitivity, so strong magnetic
fields of about H = 10 kOe are required to manipulate its magnetization. Moreover,
it has been shown that the efficiency of generation of the shear waves depend on the
out-of-plane tilt of its magnetization, so even higher values of H are necessary in order

to efficiently tilt the magnetization.

In general, in the laboratory conditions, such a strong magnetic field is produced
by electromagnets. Such magnets have their advantages: they are easy to operate, we
can vary the magnitude of the applied field and it is easy to change their polarity. How-
ever, they are not convenient for some lab applications: they are heavy, big dimensions,

expensive and tend to produce wide magnetic fields which can interfere with the equip-
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ment close to it. Thus, it was necessary to find an acceptable alternative. Solution
was found based on magnetic lenses, which are passive devices that (in analogy with
optics) focus or concentrate the static magnetic field. They can be based on super-
conductor, or DC meta-materials, static magnets pyramids or cones to achieve a static
magnetic field enhancement in a closed free space region. A perpendicular field super-
imposition produces higher magnetic fields on the axis, than the remanent field of the
integral components separately. To a first approximation a field strength of the static
magnet field decreases inversely with the distance from the surface of the active coil or
the magnet. Hence, a conventional closed DC magnetic lens can be used to achieve an
enhancement of the DC magnetic field in the free space region only at relatively short
distances (~ 1 c¢m). Electric and magnetic fields are decoupled in the case of static
fields, so to describe the magnetic lens only the permeability is required. To simplify
the problem, two dimensional case is considered: geometrical shape of its elements may
vary between cones, cylinders, etc. In our case it is rectangular with height h and thick-
ness (length along the center axis direction) d. The magnetic permeability of the lens

can be expressed as:

= pesech(g - ),

where fi. is the permeability of the lens, g determines the slope of gradual changes of the
permeability in the x direction. Larger g means that the permeability decreases faster

from the middle point to the edge of the lens, sech(x) is the hyperbolic secant function.

Fig. D 2 presents our home-made "Magnetic Stargate” set-up (valorisation in-

dustrielle SATT du "Magnetic Stargate”), which is based on permanent nickel-plated

Fig. D 2: 1 T DC magnetic system.
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neodymium magnet pyramids and cubes. It is the most widely used type of permanent
magnets. It is made from an alloy of neodymium, iron and boron (NdyFe4B), their
greater strength and durability (lose less than 1-2% of its magnetization in 10 years)
allow the use of smaller and lighter magnets for a given application. Several pyramids
can be installed (2, 4) to gain in the total field amplitude. Several pairs of magnetic
lenses, comprising an adjustable amount of magnets, installed so that each set is aligned
along one axis produce a greater magnetic field in the region between them. However,
a resulting field in the center of the poles has a non-homogeneous pattern and varies
from 700 mT closer to borders of the last magnets to 1 T in the middle. It can be
characterized by a constant radial gradient (analytical function of the radial distance).
The sample is fixed on the end of a non-magnetic rod. Often it is needed to reverse or
modulate the magnetic field in-plane or out-of-plane of the sample. So, two magnetic
lenses were installed on the ball-bearing frame, which allows to rotate the whole mag-
netic structure on 360 degrees, thereby to create a direction modulated magnetic field.
It opens access to the field orientation dependent measurements. Ball-bearing frame is
made of steal, thus, field lines are spreading inside of it, entering the wide end of the

pyramid, which confines the field and guides it to the top of the magnetic lens.

To modulate the magnetic field direction in a controlled way, a common frame was
connected with a rotation motor, which provides a field direction modulation at high
frequency. The frequency range is variable, depending on the type of motor. Maximal
modulation frequency of 20 Hz was achieved with available 12 W motor. Water cool-
ing of the motor was added to ensure the stability of the modulation frequency. The
set-up can be modified to apply out-of-plane field to the sample, which is necessary
for the demagnetostriction experiments. One- and two-sides pump-probe experiment

configurations can be performed with the set-up.

Higher frequency range of modulation can be reached by fixing the position of
the magnetic field and rotating the sample. In this case sample is fixed on a motor
axis, which is situated in between the static magnetic field. A modulation frequency of
125 Hz can be reached depending on the motor. However, this experimental geometry
is not reliable due to the problems with the overlap of the beams during the high speed

rotation.
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The double modulation technique used for the shear waves detection in Terfenol
film is reported in this section. Along this thesis, the non-magnetic part of the ex-
perimental signals measured by linear time-resolved MOKE was filtered by taking the
difference of two magneto-optical signals, measured for opposite directions of the ex-
ternal magnetic field +H — (—H). An alternative approach is based on the double
modulation technique, which, in the general case, utilizes two reference frequencies to

filter non-magnetic signal.

Double modulation technique for shear waves detection

The double-modulation (DM) sampling technique based on acousto-optic and me-
chanical modulations was utilized as an alternative experimental approach for ultrafast
transient MOKE measurements. It combines an effect of high frequency acousto-optic
modulation, which eliminates most of the low frequency noise, and low frequency me-
chanical modulation of the magnetic field, which filters a non-magnetic part of the
signal. DM is a convenient technique for the detection of acoustic echoes in Terfenol

hybrid samples. Its sensitivity is comparable to that of classical pump-probe scheme.

In the DM measurements the pump beam was modulated by an acousto-optic
modulator at the frequency of f,,.q1 = 50 kHz in a form of a square wave. Mechanical
low-frequency modulation of the magnetic field applied to the sample at a frequency of
fmoa2 = 20 Hz was achieved using a ball-bearing frame conjugated by a common base
with the rotation engine (see Appendix D). The signal was optically detected by two
balanced photodiodes, connected to the first high-frequency lock-in amplifier, which
filters the signal at 50 kHz with a time constant of less than 1 ms. Signal from the
first lock-in amplifier was processed by a second lock-in operating at the 2 f,,,q mode
frequency. Thereby, DM allows to detect only the magnetic response free from the low

frequency noise.

Signals detected using depolarized Brillouin scattering technique are presented in
Fig. E 1. After photoexcitation of the ThFes layer of 300 nm thickness by a laser pump

pulse, the acoustic waves are generated upon both thermoelastic transient heating and
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Fig. E 1: Time resolved (blue) differential MOKE signal and (red) double modulation signal show the
same type of dynamics.

ultrafast release of magnetostriction mechanisms and launched in the surrounding SO,
(d = 775 nm) layer. These acoustic waves are detected by a time delayed probe pulse of
400 nm wavelength at an incident angle of 30 degrees with respect to the surface normal
while propagating back and forth in the Si0O,. External magnetic field of 700 mT is
applied along the normal of the sample surface. MOKE detection ensures filtering of the
nonmagnetic components to the rotation of the probe polarization. Differential magneto-
optical Kerr response (blue curve) reveals several acoustic echoes with L longitudinal or
S shear acoustic polarization on top of the demagnetization background of the transient
MOKE signal. The signal, detected by the double modulation technique (red curve),
reveals the same response. It confirms that this type of detection is also suitable for
magneto-acoustic experiments with Terfenol films. However, linear MOKE detection
technique is preferable, in terms of signal to noise ratio. More scans of the experimental
curves are required to obtain comparable signal to noise ratio via double modulation

detection.
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Magnéto-acoustique ultra-rapide dans les matériaux magnétostrictif

Résumé

Avec I'avénement du laser femtoseconde il est devenu
possible de mesurer comment la démagnétisation femtoseconde
peut permettre de sonder linteraction d’échange dans les
métaux ferromagnétiques. La démagnétisation induite par le
laser d’'un matériau avec un fort couplage magnéto-élastique
améne a la relaxation de ses contraintes, générant ainsi des
ondes acoustiques longitudinales et transversales.

Dans ce travail de thése, la génération d’impulsions
acoustiques picosecondes transversales par le mécanisme de
démagnétostriction dans des matériaux fortement
magnétostrictifs est traitée analytiquement et montrée
expérimentalement dans le cas d’'un alliage de Terfenol. En
premier lieu, nous avons développé un modéle
phénoménologique de magnétostriction directe dans un film
monocristallin de Terfenol. Les expériences pompe-sonde
linéaire MOKE résolues en temps montrent que la relaxation
transitoire des contraintes magnéto-élastiques du film améne a
I'excitation dondes GHz acoustiques longitudinales et
transversales. Ces résultats sont la premiere observation
expérimentale de I'excitation d’'ondes acoustiques transversales
picoseconde par mécanisme de démagnétostriction induit par
laser.

En second lieu, nous avons analysé le processus
d’interaction d'ondes acoustiques longitudinales générées
optiquement avec l'aimantation d’un film mince de Terfenol.
L’'onde acoustique picoseconde produit un changement de
magnétisation du film et induit la conversion de modes
acoustiques. C’est une autre voie de génération d'ondes
acoustiques transversales que nous avons mis en évidence. Par
conséquent, il existe deux mécanismes de I'excitation des ondes
transversales dans des matériaux a fort couplage magnéto-
élastique: (i) démagnétostriction induite par laser et (ii)
conversion de modes acoustiques. La gamme de fréquence des
impulsions générées est lice a Iéchelle de temps de
démagnétisation, qui corresponds a quelques centaines de GHz
- 1 THz. Les résultats expérimentaux et théoriques obtenus dans
le cadre de cette these pourraient amener a des retombées
applicatives importantes: spectroscopie Brillouin de matériaux a
des fréquences GHz-THz impliquant des ondes acoustiques
longitudinales mais aussi transverses, enregistrement
magnétique a partir d'ondes acoustiques ultrarapides
longitudinales et transverses.

Mots clés

Magnéto-acoustique ultrarapide, génération magnéto-
élastique, magnétostriction directe / inverse, ondes
picosecondes transversales.

Abstract

With the advent of femtosecond lasers it became
possible to measure how femtosecond optical
demagnetization can probe the exchange interaction in
ferromagnetic metals. Laser-induced demagnetization of
materials with strong magneto-elastic coupling should lead to
the release of its build-in strains, thus to the generation of
both longitudinal and shear acoustic waves.

In this thesis, generation of shear picosecond
acoustic pulses in strongly magnetostrictive materials such
as Terfenol is processed analytically and shown
experimentally. In case of Terfenol with strong magneto-
crystalline anisotropy, laser induced demagnetostriction is
responsible for shear waves excitation. First, the
phenomenological model of direct magnetostriction in a
Terfenol monocrystalline film is developed. Transversal strain
generation efficiency strongly depends on the orientation of
the film magnetization. Time-resolved linear MOKE pump-
probe experiments show that transient laser-induced release
of the magnetoelastic strains in the films lead to the excitation
of GHz longitudinal and shear acoustic waves. These results
are the first experimental observation of picosecond shear
acoustic wave excitation by laser-induced demagnetostriction
mechanism.

Second, the interaction of an optically generated
longitudinal acoustic wave with the magnetization of a
Terfenol thin film is reported. Arrival of the ps strain wave
alters a change of its magnetization and leads to the acoustic
mode conversion. Which is another pathway of shear
acoustic wave generation. This effect highlight a strong
coupling of elastic and spin subsystems in Terfenol. Hence,
there are two laser induced mechanisms of the shear wave
excitation in materials with strong magneto elastic coupling:
(i) transient demagnetostriction and (ii) acoustic mode
conversion. The frequency bandwidth of the generated
acoustic pulses matches the demagnetization timescale and
lies in the range of several hundreds of GHz, close to 1 THz.
These experimental and theoretical results could have large
impacts in several fields of applications: Brillouin
spectroscopy at GHz-THz frequencies with both longitudinal
and shear acoustic polarizations, magnetic recording with
ultrafast longitudinal and shear acoustic waves.

Key Words
Ultrafast magneto-acoustics, magneto-elastic

generation, direct / inverse magnetostriction, picosecond
shear waves.
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