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1 Motivation

The work in hand is dedicated to the experimental studies on the magnetization dy-
namics induced by picosecond strain pulses in ferromagnetic Galfenol. It is the �rst
attempt to investigate the dynamical magnetic properties of this novel functional
material considered as a prospective candidate for nanoscale applications.
The interest in magnetism dates back to ancient civilizations. Starting with the
discovery of magnetized magnetite, a natural iron oxide attracting small pieces of
iron more than 10.000 years ago, the various applications of magnetism in science
and everyday life increased rapidly. Magnetic materials are nowadays widely used in
navigation, medical science or technical data storage and sensing and actuating de-
vices [1, 2]. Popular representatives of data storage technology are magnetic memory
disks and magnetic shape memory alloys [3]. During technological progress in the last
decade operation standards and fabrication of mechanical compounds increased. In-
stead, e�cient operation- and recording speed bear a great challenge so far. To cope
with this increased rate of technological progress providing new technical achieve-
ments on a nearly monthly basis requires the frequent and fundamental research of
new materials and improved methods operating at ultrafast timescales. The focus
in the research �eld of magnetic materials is thus, drawn to ultrafast magnetization
control.
A very recently developed ferromagnetic alloy of iron and gallium called Galfenol
provides excellent and very speci�c magnetic properties [4]. The structure possesses
giant magnetostrictive parameters at low saturation �elds and a Curie temperature
exceeding 600 ◦C. Future applications of Galfenol may focus on sensor and actuator
technology for example in automobile industries [5]. In contrast to other giant mag-
netostrictive materials, Galfenol features also outstanding practical advantages. In
contrast to the giant magnetostrictive Terfenol-D, the compound of Terbium, Iron
and Dysprosium [6, 7], Galfenol does not contain any rare earth elements and is
therefore, technologically accessible. It is not brittle and the structure is easily at-
tached to various substrates. And because of the high Curie temperature Galfenol
serves as an ideal candidate for investigations at ambient temperatures.
Classical methods of magnetization modulation include the application of external
magnetic �elds and microwave radiation but they are limited in frequency and there-
fore hardly applicable for ultrafast modulation. Thus, alternatives providing ultrafast
access to magnetization dynamics are required. Recent studies include the perturba-
tion of magnetization in metal, semiconductor and dielectric ferromagnetic materials
via ultrashort light pulses [8, 9, 10, 11, 12] and external electrical �elds [13]. An al-
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1 Motivation

ternative non-destructive method is the picosecond acoustics technique which is used
to generate ultrafast strain pulses that couple to magnetic excitations in ferromag-
netic thin �lms. The concept of picosecond acoustics comprehends the generation
of ultrashort strain pulses containing coherent acoustic phonon wave packages [14].
Acoustic strain pulses cover a broad frequency range up to THz frequencies and high
amplitudes reaching 10−3 at spatial extension up to 100 nm. It is nowadays widely
used as a prodigious source to analyze structural properties and physical processes
in various materials [15, 16, 17]. The concept of ultrafast acoustics is non-destructive
[15] since the material is not heated and there is no modi�cation of the material's
electronic properties. A variety of applications of this technique includes resonant
control of the emission of microcavity laser systems [18, 19], high frequency mod-
ulation of surface plasmon-polariton resonances in plasmonic nanodevices [20] and
exciton resonances in semiconductor quantum wells [21]. Moreover, picosecond strain
induced magnetization rotation in the Mn-doped semiconductor GaAs and Ni �lms
has been realized [22, 23, 24]. Therein, strain pulses perturb the magnetic anisotropy
of the sample layer. This leads to a tilt of the magnetization out of its equilibrium
orientation resulting in a precessional motion of the layer magnetization. It is ex-
pected that this method is much more e�ective in Galfenol due to its outstanding
properties. This work is aimed at examining this assumption.

This work is organized as follows: Chapter 2 introduces the structure and char-
acteristic features of Galfenol. A brief overview of essential magnetostriction and
magnetic anisotropy parameters is given, providing the basis for all physical pro-
cesses studied in this material.
Chapter 3 is dedicated to the basics of picosecond acoustics. Ultrafast acoustic strain
pulses induced by femtosecond optical laser pulses are used as the tool to excite
magnetization modulation of the ferromagnetic layer in this study. Starting from the
theory of elasticity describing elastic wave propagation in solids this chapter provides
a condensed overview of the conversion of optical energy into longitudinal acoustic
strain in a metal transducer. The strain pulse propagation through solid media is
discussed in the linear and anharmonic regime including the formation of solitons.
The experimental realization of strain induced magnetization modulation in Galfenol
is the topic of chapter 4. First, the experimental concept will be discussed on a gen-
eral phenomenological basis. The experimental realization follows in a second part
of this chapter, introducing the required laser systems and sample environment in-
tegrated in a time-resolved pump-probe setup. Precession signals are monitored by
means of the polar magneto-optical Kerr e�ect which is explained in the last section.
Former experiments in ferromagnetic semiconductors stated the enhancement of mag-
netization tilt using shear strain instead of longitudinal strain [23]. Therefore, high
index semiconductor substrates are used to inject di�erent quasi-longitudinal and
quasi-transverse strain pulses. Before the presentation of magnetization experiments,
the di�erent propagation modes are studied in a [311]-GaAs substrate in chapter 5.

8



The magnetization precession dynamics induced by acoustic strain pulses are com-
piled in chapter 6. Di�erent samples with high and low crystallographic symmetry
are investigated in di�erent geometries regarding the external �eld. One of the main
results is the �rst observation of magnetization precession at GHz frequencies in
Galfenol at low and ambient temperatures.
The last part of this study deals with the resonant driving of the magnetization pre-
cession by localized phonons in a Galfenol acoustic nanocavity (chapter 7). The layer
is therefore embedded in an acoustic resonator with superlattice structures forming
Bragg mirrors for the selective con�nement of acoustic cavitiy modes. Magnetization
precession frequencies coinciding the resonant cavity frequencies lead to a signi�cant
enhancement of the precession dynamics.
A conclusion and outlook to the experimental studies presented in this work is found
in the last chapter.
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2 Galfenol

The novel ferromagnetic alloy of iron and gallium Fe100−xGax (Galfenol) has been
developed at the Naval Surface Warfare Center by Clark et al. in 1998 [25]. It has
been created for speci�c applications in sensor and actuator devices. This material
displays typical characteristics attributed to common ferromagnetic materials. A re-
markable feature that distinguishes Galfenol from other ferromagnetic materials is the
enhanced magnetostriction parameter measured for this material. Magnetostriction
de�nes the coupling of a structure's magnetic properties to elasticity. This relation
is enormously enhanced in Galfenol at a speci�c Ga content. Therefore, Galfenol
belongs to the group of giant magnetostrictive materials.
This chapter contains a brief discussion on the main static properties of Galfenol that
state the important physical background to the experimental studies on magnetiza-
tion modulation presented in this work.

2.1 Magnetic anisotropy

Every ferromagnetic material is characterized by a saturation magnetization M0 and
the spontaneous orientation of magnetic moments below the Curie temperature TC.
Compared to common ferromagnetic materials, Galfenol yields strong ferromagnetic
properties. The saturation magnetization and Curie temperature display very high
values of M0 = 1, 8 T and TC ≥ 600 ◦C. Below TC, magnetic properties are char-
acterized by the magnetic anisotropy - the directional dependence of magnetization.
A demonstrative example shall illustrate this intrinsic property. A cylindric slab of
iron can be magnetized much easier along the direction of its long side than along its
plane surface. This contribution to the anisotropy energy of a ferromagnetic struc-
ture is called the demagnetization- or shape anisotropy. It relates to the internal
demagnetization �eld, sensitive to the shape of the crystal. The demagnetization
�eld caused by the magnetization reads ~Hd ∝ −N ~M with N as the demagnetizing
factor determined by the outer shape. In general, a magnetically anisotropic mate-
rial displays an easy axis (EA) of magnetization meaning an energetically favourable
direction of spontaneous magnetization. The direction along which high external
magnetic �eld strength is needed to magnetize the material is called the hard axis
(HA) of magnetization. In crystalline structures with an underlying atom lattice the
term 'magneto-crystalline anisotropy' (MCA) is more speci�c, taking into account
that the directions of easy and hard magnetization axes strongly correlate with the
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2 Galfenol

crystallographic axes. MCA is an intrinsic material property caused by the spin-orbit
coupling [26]. In an early work approaching magneto-crystalline anisotropy in a cu-
bic crystal of iron, magnetization curves measured along di�erent crystallographic
axes have been presented, emphasizing the concept of easy and hard magnetization
axes [27]. Figure 2.1 presents the measured magnetization along the [100], [110] and

M
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[111]

[100]
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[100]
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[110]

Hext

M

H
ex
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Figure 2.1: Left panel: Magnetization curves of a single cubic crystal of iron depen-
dent on an external magnetic �eld Hext and on di�erent crystallographic orienta-
tions of ~M after [27]. Right panels: Illustration of easy (green), medium (orange)

and hard (red) magnetization axes and relative strength of ~Hext which has to be
applied in order to direct the magnetization along the easy (hard) magnetization
axis.

[111] crystallographic axes in dependence of the external �eld Hext. The saturation

magnetization M0 is reached for relatively low values of ~Hext along the [100] direc-
tion. This axis thus, corresponds to the easy axis of magnetization in iron while
[110] and [111] display the medium and hard magnetization axes as it is shown in
the �rst right sketch of �gure 2.1. The second sketch on the right illustrates that
the strongest �eld is required to align ~M along the [111] crystallographic direction.
This demonstration emphasizes one of the contribution to the anisotropy energy of
a crystal, the cubic MCA: In this case, the EA coincides with the equivalent main
crystallographic axes. The perpendicular or in-plane uniaxial MCA usually describes
favourable magnetization orientation along the main symmetry axis of a crystal. All
contributions to the anisotropy energy are stated in the free energy density F of a
structure. Assuming the layer to consist of a single magnetic domain the free energy
density may be expressed as the sum of the Zeeman energy, shape anisotropy and
magneto-crystalline anisotropy energies [28]. It is convenient to write F in depen-

dence of the magnetization orientation ~M = M0(mx,my,mz) wherein M0 denotes
the saturation magnetization (see �gure 2.2 for coordinate axes and orientation of
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2.1 Magnetic anisotropy
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Figure 2.2: Equilibrium position of the e�ective �eld ~Heff governed by the balancing of
the external magnetic �eld ~Hext and the magnetic anisotropy of the ferromagnetic
material. The layer magnetization ~M aligns along the direction of ~Heff .

~M). Thus, the energy landscape of a ferromagnetic thin layer in an external �eld
~Hext may be characterized as [29, 30, 31]

F (mi, ηij) = (−~m · µ0
~Hext) +

µ0

2
M0m

2
z +Kc(m

4
x +m4

y +m4
z)

+ A2η(ηxxm
2
x + ηyym

2
y + ηzzm

2
z)

+ 2A4η(ηxxm
2
ym

2
z + ηyym

2
xm

2
z + ηzzm

2
xm

2
y)

+ A′4η(ηxxm
4
x + ηyym

4
y + ηzzm

4
z)

+ A2xy(ηxymxmy + ηxzmxmz + ηyzmymz). (2.1)

The �rst two terms describe the Zeeman energy and the shape anisotropy. The
third term de�nes the cubic anisotropy energy with the cubic anisotropy parameter
Kc. The remaining contributions contain the uniaxial anisotropy terms dependent
on the strain ηij in the material. Any arti�cial strain is given by the altered spac-

ing of the lattice atoms ηij = 1
2
(∂ui
∂j

+
∂uj
∂i

) where ui,j denotes the displacement in
i, j = x, y, z. The strength of this magneto-elastic anisotropy is characterized by
the magneto-elastic anisotropy coupling coe�cients A2η, A4η, A

′
4η and A2xy. For the

Galfenol structure Kc = −25 mT indicates the magnetization orientation in-plane
in the absence of an external �eld. The magneto-elastic coe�cients read A2η = −9
T and A2xy = 5 T, whereas the values for higher order coe�cients A4η and A

′
4η are

unknown in Galfenol [32].
The derivative of F (mi, ηij) with respect to the magnetization orientation is given

by an e�ective �eld ~Heff(m) = ∇mF ( ~M). The orientation of ~Heff is therefore gov-

erned by the balancing of ~Hext and the magnetic anisotropy parameters of the layer.
The e�ective �eld is "felt" by the layer magnetization which aligns parallel to ~Heff .
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2 Galfenol

The orientations of ~Heff and ~M of a ferromagnetic layer in case of an external mag-
netic �eld applied perpendicular to the layer surface can be withdrawn from �gure
2.2. In the absence of any external magnetic �eld, the favourable orientation of the
layer magnetization i.e. the easy axes of magnetization, is determined by minimizing
the free energy function of system. Therefore, ~Heff refers to EA whereas, the hard
magnetization axis is associated with the maximum of F (mi, ηij). In the spherical

coordinate system where the orientations of the external �eld ~H and the magnetiza-
tion ~M are speci�ed by the in-plane and out-of-plane angles φ and θ as H(φH , θH)
and M(φ, θ), F states [33]

F (φ, φH , θ, θH) =
1

2
M [−2H(cos θ cos θH + sin θ sin θH cos (φ− φH)) + 4πM cos2 θ

−H2⊥ cos2 θ − 1

2
H4⊥ cos4 θ

− 1

2
H4||

1

4
(3 + cos 4φ) sin4 θ −H2|| sin

2 θ sin2 (φ− π

4
)]. (2.2)

Again, the �rst two contributions are the Zeeman term and the shape anisotropy.
The magnetic anisotropy parameters are represented by means of the cubic perpen-
dicular and cubic in-plane anisotropy �elds H4⊥ and H4||, the perpendicular uniaxial
H2⊥ and in-plane uniaxial �eld H2||. They directly relate to the anisotropy energies
as H4 = 2Kc

M
, H2⊥ = 2A2ηηzz and H2|| = A2xyηxy.

From both expressions of the energy landscape important magnetic layer properties
may be derived. The magnetic anisotropy and therefore the direction of EA (HA)
may be changed by the application of external strain to the layer. The modula-
tion e�ciency depends on the values of the magneto-elastic coupling constants and
magnetostriction parameters of the material.

2.2 Magnetostriction

The interaction of magnetization ~M and the strain ηij contributes to the free energy
density of a ferromagnetic thin layer in form of the magneto-elastic anisotropy. Two
e�ects can be characterized as a consequence of this property. The change of shape or
dimensions of a ferromagnetic material when subjected to an external magnetic �eld
is known as magnetostriction. J. Joule, �rst identi�ed the magnetostriction in bulk
iron in 1842. Later, the inverse magnetostriction e�ect or 'Villari e�ect' has been
discovered by E. Villari in 1862. Inverse magnetostriction characterizes the e�ect of
strain causing a change in the magnetic susceptibility of the ferromagnetic material
which is related to a change of the sample magnetization. The magnetostriction co-
e�cient λ is used to characterize the relative change in shape in the direction of an
applied external magnetic �eld written in terms of a change in length l, λ = ∆l/l
[34]. The fractional length change attains either positive or negative values. In case
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2.2 Magnetostriction

Fe100-xGax

Figure 2.3: (a) Room temperature magnetostriction 3/2λ100 as a function of the Ga
content in Fe100−xGax alloys [35]. (Note that the data has been measured from dif-
ferent fabrication types. Squares refer to Galfenol �lms used in this work, triangles
show results from Galfenol samples were the quenching procedure in fabrication
has been skipped.)

of λ > 0, the material expands in the direction of the applied �eld, while λ < 0 in-
dicates shrinking. The range of relative extention reaches from ∆l/l = 10−6 to 10−2

m/m (alternatively, the unit 'parts per million' (ppm) may be used). The macro-
scopic e�ect of magnetostriction originates from microscopic migration of domain
wall boundaries and the rotation and re-orientation of domain magnetic moments
with respect to an external magnetic �eld. Both processes change the energy state
of the crystal lattice, which is manifested in the change of the equilibrium distances
between atomic positions. As a result, the atoms are shifted and magnetostrictive
deformation of the lattice takes place. This type of observed magnetostriction is
anisotropic, i.e. it depends on the direction and magnitude of the magnetization ~M .
Thus, λ may be categorized as the saturation values λ100, λ010 and λ001 of the longi-
tudinal magnetostriction in [100], [010] and [001] direction. The dimensional change

of a material with magnetization ~M = (mx,my,mz) then reads:

∆l

l
=

3

2
λ100(α2

xm
2
x + α2

ym
2
y + α2

zm
2
z −

1

3
)

+ 3λ111(αxαymxmy + αxαzmxmz + αyαzmymz), (2.3)

with ~α = (αx, αy, αz) displaying the unit vector along the direction in which ∆l is
measured.
Common magnetostrictive materials include elementary ferromagnetic elements such
as Iron (Fe), Nickel (Ni) and Cobalt (Co). Maximum magnetization strains which
have been discovered in these materials range from 10 to 20 ppm [4, 36]. Giant
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2 Galfenol

magnetostrictive materials were given their names because of their characteristic en-
hanced magnetostriction. The compound of Terbium and Dysprosium Terfenol-D
displays the highest magnetostriction of λ > 1000 ppm reported so far [37]. It has
been developed at the Naval research center in 1970 by Clark et al. [7]. Initially
applicated in naval sonar systems it became a commonly used material in typical
transducer and applicator mechanics [38, 39]. However, this composition has a few
disadvantages. Due to its brittleness it is not easy to process under robust mechani-
cal conditions and a costly matter because of the rare earth metal content. Galfenol
provides the highest magnetostriction, λ = 100 − 500 ppm at low saturation �elds
[40], among materials without the content of rare earth elements but with superior
mechanical properties compared to other materials with large magnetostriction like
Terfenol-D [25, 41].
The origin of the signi�cantly enhanced magnetostriction in Galfenol is still unclear
but it is experimentally evidenced that the value depends strongly on the concentra-
tion of gallium. Figure 2.3 displays measurements of the magnetostriction component
3/2λ100 in dependence of the content of gallium. With increasing the amount of gal-
lium from zero to approx. 18 % the magnetostriction increases as x2, reaching a sharp
maximum magnetostricton peak at a chemical composition of 81 % iron and 19 %
gallium. The curve levels o� as the the concentration of gallium is increased further.
The value of maximum magnetostriction of Fe81Ga19 reaches about 3/2λ100 = 400
ppm. Compared to the magnetostriction values reached in pure ferromagnetic ele-
ments the magnetostriction in Galfenol tends to be more than 10 times higher than
especially in pure iron. This behaviour seems remarkable since the magnetostrictive
property, which is characteristic for a ferromagnetic material is ampli�ed over one
order of magnitude by doping it with non-magnetic gallium. While the exact mecha-
nism is still a matter of debate a qualitative explanation has been provided by Clark
et. al. It is assumed that the sharp magnetostriction peak at x = 19 % is attributed
to the increase of the magnetoelastic coupling, resulting from the formation of short-
range ordered gallium atom pairs along the [100] axis of the bcc structure [42, 35].
For the composition of Fe81Ga19 solute clusters of gallium atoms may act as both
elastic and magnetoelastic defects in the alloy responding to the magnetization rota-
tion. Increasing the gallium amount further, the crystallographic structure changes
and thus only a few or even no clusters which act as magnetoelastic centers remain.

2.3 Structure and growth

Pure iron crystallizes in the α−Fe structure with an underlying body-centered-cubic
(bcc) lattice structure. Due to comparable sizes of iron and gallium atoms, a few
positions of the iron atoms are randomly substituted by gallium atoms in Galfenol
as it is schematically shown in �gure 2.4. Therefore, the type of alloy is called sub-
stitutional. Gallium has a great solubility in iron. To combine both elements to a
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2.3 Structure and growth

Figure 2.4: Crystallographic structure of Galfenol (Fe81Ga19): A body centered cubic
crystal lattice of iron (black dots) with random substitutions of gallium atoms (grey
dots).

single-phase solid solution, pure gallium and iron ingots are inserted into alumina
crucibles and heated above 1600 ◦C. After crystal growth the ingots are annealed
at 1000 ◦C for three days before cutting out oriented single crystal discs from the
slabs. The samples are then furnace cooled and reheated to 800 ◦C. After this heat
treatment the samples are rapidly quenched in cooled water [35, 43]. From this bulk
material thin layers of nm thickness can be deposited on substrate wafers by DC
magnetron sputtering. In this physical vapour deposition technique accelerated Ar-
gon ions from a plasma source sputter atoms from the bulk Galfenol (sputter target)
which are deposited on the substrate. Another option to deposit nm Galfenol �lms
on a substrate is the method of molecular beam epitaxy (MBE), an ultra high vac-
uum evaporation technique for the deposition of single crystals [44]. Galfenol thin
�lms grown on GaAs substrates by MBE reveal a small lattice mismatch between the
sample and substrate crystals. This leads to a cubic anisotropy of the �lm. Moreover,
an in-plane uniaxial anisotropy term is con�rmed for this composition [45]. Magne-
tostriction coe�cients yielded in Galfenol thin �lms are as large as in bulk single
crystal material [45]. The bcc-like crystal structure of Fe81Ga19 is con�rmed by X-
ray di�raction measurements [35]. Depending on the gallium content in Galfenol the
material crystallizes in di�erent crystallographic structures. For gallium concentra-
tions higher than 20 % ordered D03 or B2 crystallographic structures may form [46].
If the amount of gallium is below 20 % the disordered bcc-crystallographic lattice is
obtained at room temperature (see �gure 2.4). Unit cells with gallium substitutions
appear rectangular rather than cubic as in the remaining iron cells. Small congrega-
tions of these stretched cells appear like "raisins in a cake" especially for a regime of
18 % to 20 % of gallium content [6] leading to speci�c magnetic properties of Galfenol
discussed in the last section.
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3 Basics of picosecond acoustics

The application of strain as a powerful tool in order to change the magnetic properties
of a ferromagnetic structure has been already demonstrated in some works [22, 23].
Especially in Galfenol, the e�ect of strain on the magnetic properties is expected to be
large due to the enhanced magnetostriction. The modulation of the static magnetic
states in Galfenol has been recently demonstrated in a couple of experimental studies
involving non-volatile strain-mediated electrical control of magnetization [47] and
electrically induced magnetization reversal processes [48]. The studies reported in the
present work enhance this approach by scaling the strain-governed manipulation in
Galfenol down to nanometers and up to GHz frequencies. The dynamical modulation
of magnetization in thin Galfenol �lms is realized by means of ultrashort strain pulses.
The basics of the generation and detection of ultrashort strain pulses in solids has
been developed by Thomsen et al. in 1984-1986 [14, 49]. In an opaque material the
energy of a femtosecond laser pulse can be converted into a strain pulse. This pulse
consists of lattice vibrations that form a coherent wave package of acoustic phonons
propagating at sound velocity in the material. Typical frequencies of phonons in the
picosecond strain pulse lie in the GHz and sub-THz range. Since the development,
picosecond acoustics signi�cantly extend acoustic diagnostics and microscopy, which
have been limited by the frequencies of several GHz and thus, in resolution. The same
extension is expected in conventional magneto-acoustics [50] by applying picosecond
acoustic methods to strain-sensitive magnetic materials.
This chapter gives a brief introduction to principles of picosecond acoustics and
general methods of the excitation and generation mechanism of ultrashort strain
pulses. In section 3.1, the origins of stress will be introduced within the theoretical
background of elasticity. The fundamentals of the generation of acoustic strain pulses
will be discussed in section 3.2, followed by section 3.3 where the linear and nonlinear
properties of strain pulse propagation will be reviewed.

3.1 Particle displacement and strain

An arbitrary particle at an equilibrium position de�nded as ~r = (x, y, z) may be
shifted to the position ~r′. The displacement ~u is written as

~u = ~r
′ − ~r. (3.1)

19



3 Basics of picosecond acoustics

In order to describe the deformation of a material it is convenient to consider the
relative distance between two particles. This distance before and after deformation
may be given as dl =

√
dx2 + dy2 + dz2 and dl′ =

√
dx′2 + dy′2 + dz′2 with the

relation of the corresponding connecting vectors d~r and d~r′ = d~r+d~u. It follows that

dl2 = dr2
i (3.2)

for the initial length and

dl
′2 = (dri + dui)

2 = dl2 + 2ηijdridrj (3.3)

for the deformation, wherein ηij denotes the elastic strain tensor components:

ηij =
1

2

(
∂ui
∂rj

+
∂uj
∂ri

+
∂uj
∂ri

∂ui
∂rj

)
. (3.4)

In soft and elastic materials like for example rubber high displacement gradients
are reached. Solid crystalline materials are rigid that, in order to avoid permanent
deformation, the static displacement gradient is limited to the range of 10−4 − 10−3

[51]. For displacement derivatives in this range the second order term in equation
(3.4) is negligible. Thus the strain tensor components for small deformations reduce
to:

ηij =
1

2

(
∂ui
∂rj

+
∂uj
∂ri

)
. (3.5)

The complete strain tensor η is written as:

η =

ηxx ηxy ηxz
ηyx ηyy ηyz
ηzx ηzy ηzz

 (3.6)

=


∂ux
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1
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(
∂uz
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+ ∂ux
∂z

)
1
2

(
∂uz
∂y

+ ∂uy
∂z

)
∂uz
∂z

 . (3.7)

Diagonal elements represent volume compression or tension of the material while o�-
diagonal elements represent shear strains.

Each in�nitesimal volume element ∆V of the material is exposed to inner body
forces dF = σdf by surrounding volume elements. It is de�ned by σ, the symmetric
stress tensor with the dimension of pressure and df denoting a surface element. In
the limiting case of long phonon wavelength compared to the lattice constants, the
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3.2 Strain pulse generation

discrete atomic structure becomes negligible. In terms of the continuous displace-
ment �eld u and the mass density ρ(r) (depending on the atomic mass and volume
of the unit cell) this relation turns into

ρ
∂2ui
∂t2

(r, t) =
∑
j

∂

∂rj
σij(r), (3.8)

the well known Hook's Law [52]. Strain is induced when a body is stressed. This
implies a linear relation between stress σ and strain η:

σij = Cijklηkl. (3.9)

Both quantities are coupled by Cijkl, the fourth-order tensor of elastic constants.
Inserting this relation in (3.8), leads to

ρ
∂2

∂t2
ui(r, t) =

∑
jkl

Cijkl
∂2

∂rk∂rl
uj(r, t), (3.10)

the wave equation as a function of the displacement u(r, t). The optical excitation of
picosecond strain pulses in thin metal �lms leading to the displacement �eld described
by the dynamics above, will be theoretically explained in the following section.

3.2 Strain pulse generation

A sub-picosecond light pulse incident on a thin opaque �lm is absorbed at the sur-
face. The light absorption leads to a thermal stress which results in an acoustic
strain pulse launched into the material [49]. The generation method considered in
the following refers to the excitation of picosecond strain pulses in a thin metal �lm
deposited on a GaAs substrate as this is the option of strain pulse generation relevant
to the experiments in this work.
Figure 3.1 provides a general overview of the geometrical con�guration for the

acoustic strain pulse generation. A thin metal �lm (aluminum) of thickness d de-
posited on the surface of a semiconductor (GaAs) substrate serves as an opto-elastic
transducer1. A laser pulse of sub-picosecond duration and energy Q incident on the
surface of the metal �lm along the z direction illuminates the area Ã. Assuming Ã
to be large compared to the thickness d and ζ, the penetration depth of the light,
the total energy deposited per unit volume reads

W (z) = (1−R)
Q

Ãζ
exp

(
z

ζ

)
, (3.11)

1Aluminum/GaAs is one possible choice from a variety of transducer/substrate combinations
currently in use for strain pulse generation [53, 54].
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Figure 3.1: Scheme of the strain pulse generation in a thin metal �lm deposited on a
semiconductor substrate.

with R denoting the back-re�ection coe�cient of the light at the metal surface. The
heating of the �lm is indicated by a temperature rise ∆T (z) = W (z)/C̃v wherein C̃v
denotes the speci�c heat of the material. Thus, Hook's Law (3.9) is expanded by the
in�uence of the isotropic thermal stress:

σij = Cijklηkl − 3Bα̃∆T (z), (3.12)

with α̃ denoting the linear expansion coe�cient and B the bulk modulus. Thus,
the only motion can be considered to be parallel to z (see �g. 3.1). Therefore, the
only non-vanishing component of the elastic strain tensor is ηzz and the stress-strain
relation (3.12) remains

σzz = 3B
(1− v)

(1 + v)
ηzz − 3Bα̃∆T (z), (3.13)

with v being the Poisson's ratio. Thus, the equations of motion to solve (3.10) read:

ρ
∂2uz
∂t2

=
∂σzz
∂z

, (3.14)

ηzz =
∂uz
∂z

. (3.15)

with uz de�ning the displacement along the z direction. A solution under the condi-
tions of zero initial strain and σzz = 0 at the open surface has the form

ηzz(z, t) = (1−R)
Qα

AζC̃v

1 + v

1− v

(
e(−z/ζ)(1− 1

2
e−νt/ζ)− 1

2
e−(z−νt)/ζsgn(z − νt)

)
.

(3.16)

This expression describes a bipolar strain pulse consisting of a wave package of co-
herent acoustic phonons. The strain pulse propagates at longitudinal speed of sound
ν in the material along the z direction involving a discontinuity at z = νt. The width
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3.2 Strain pulse generation

of the strain pulse is given by the penetration depth ζ. The �rst part includes the
time independent strain due to the thermal expansion near the surface where the
energy is absorbed. The pulse pro�le includes a compressive part where ηzz < 0 and
a tensile part with ηzz > 0. So far, the discussed strain pulse pro�le is an approxima-
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Figure 3.2: Bipolar strain pulse pro�le ηzz(z, t) after excitation in a thin metal trans-
ducer at a propagation distance z larger than the penetration depth but still near
the surface.

tion. For strain pulses observed in the experiments additional e�ects such as thermal
conductivity and electron di�usion that modulate the shape of ηzz(z, t) have to be
considered. When the light pulse is absorbed, a thin layer of hot electrons is produced
near the �lm surface. The energy of these hot electrons is not instantaneously trans-
ferred to the lattice system but the electrons di�use into the �lm before losing their
energy to the lattice via phonon emission. A detailed theoretical model of the process
of electron di�usion in form of a two-temperature model can be found in Ref. [55].
These e�ects lead to a broadening of the shape of ηzz(z, t) and the discontinuity is
smoothed out. The result is a shape which is modeled by the derivative of a Gaussian
function [55, 53] as shown in �gure 3.2. With respect to the topics of this work, the
strain characteristics apparent from equation (3.16) adequately describe the pro�le
of the strain pulse. Inclusion of the e�ects of electron- and thermal di�usion mainly
lead to smoothing and stretching of the strain pulse shape.

After being launched, the strain pulse ηzz(z, t) propagates towards the interface be-
tween the metal �lm and the substrate. Due to the mismatch of acoustic impedances
at the interface, the strain pulse is partially re�ected at the discontinuity and propa-
gates back into the metal �lm while the other part is transmitted into the substrate.
The back-traveling pulse in the metal �lm is re�ected at the open surface. The tem-
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3 Basics of picosecond acoustics

poral evolution of ηzz(z, t) injected into the substrate is shown in 3.3 a). It displays
the main bipolar pulse shape with a compressive part followed by tensile part followed
by a ringing with a smaller amplitude. This tail originates from the back-traveling
strain pulse re�ected at the open surface. The typical amplitude of ηzz(z, t) may
reach 10−3 with a duration of 100 ps.
The nonlinear properties of acoustic wave propagation at higher amplitudes and after
propagation distances of more than 10µm will be discussed in the next section. In
this case the approximation for ηzz(z, t) is no longer valid and anharmonic properties
have to be taken into account.

3.3 Formation of solitons

The limits of linear elasticity are reached when the strain pulse amplitude is close to
10−3. Anharmonic wave propagation with non-linear dispersion may result. Elastic
nonlinearities can have strong e�ects on the propagation of acoustic waves in media.
Under these circumstances picosecond acoustic solitons may form at propagation dis-
tances about z = 50 µm in GaAs, see for example Ref. [56]. A soliton is known as a
stable wave packet, the result of the balancing between non-linearity and dispersion
in the material propagating faster than sound velocity. A �rst experimental obser-
vation of solitonic wave propagation in Si, MgO and sapphire can be found in [57].
Theoretically described by solutions of the Korteweg-de-Vries equation, solitons have
been demonstrated in a lot of physical systems [58, 59].
At this point, the wave equation governing the anharmonic propagation of the acous-
tic strain pulse over long distances is derived. Furthermore, the e�ect of the formation
of solitons on the time evolution of ηzz(z, t) in a GaAs substrate will be examined.
Taking into account nonlinearities, the wave equation (3.10) for a longitudinal wave
with displacement in direction of the wave propagation is modi�ed to

ρ0
∂2uz
∂t2

=

(
C2 + C3

∂uz
∂z

)
∂2uz
∂z2

. (3.17)

C2 and C3 are combinations of the second and third order elastic constants of tensor
Cijkl. Further details on the values of the coe�cients are given in [57]. The non-linear
dispersion relation due to the �nite spacing of lattice atoms which have to be taken
into account for very short wavelengths may be given as

ω = ck − γ′k3 + ..., (3.18)

wherein c = (C2/ρ0)1/2 and γ′ is a constant [57]. As a consequence, equation (3.17)
has to be extended in order to receive the dispersion relation given above:

ρ0
∂2uz
∂t2

=

(
C2 + C3

∂uz
∂z

)
∂2uz
∂z2

+ 2ρ0cγ
′∂

4uz
∂z4

. (3.19)
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3.3 Formation of solitons

Instead of using the displacement uz, the wave equation will be considered in terms
of the strain ηzz = ∂uzz

∂z
[eq. (3.15)] in the following. The derivative of (3.19) with

respect to z thus yields

ρ0
∂2ηzz
∂t2

= C2
∂2ηzz
∂z2

+ C3
∂

∂z

(
ηzz

∂ηzz
∂z

)
+ 2ρ0cγ

′∂
4ηzz
∂z4

. (3.20)

Comparison of this equation of motion of η with an equation of the Korteweg-de-Vries
form

∂ηzz
∂t

= −B1
∂ηzz
∂z
−B2ηzz

∂ηzz
∂z
−B3

∂3ηzz
∂z3

, (3.21)

shows that with the right relation between B1, B2 and B3 and the constants C2, C3

and γ′ the solutions of (3.21) are also solutions of the wave equation (3.20).
Figure 3.3 shows the strain pulse pro�le and the corresponding frequency spectra for
di�erent strain pulse amplitudes after the pulse has traveled a propagation distance
of 110 µm in a GaAs substrate. The calculation data based on solutions of eq.
(3.20) has been provided by P. Capel1. Panel (a) displays ηzz(z, t) at an amplitude
of 4 · 10−5. The temporal pro�le shows that the strain excitation is still in the linear
regime. The corresponding frequency spectrum (right panel (d)) covers frequencies in
the subteraherz range. As the amplitude of ηzz(z, t) increases nonlinearities come into
play and the wave propagation becomes anharmonic at long travel distances. Due to
the increase of velocity the compressive (negative) part of the strain propagates fast
while the tensile (positive) part slows down. Thus, a formation of a N-shaped pulse
can be obtained as shown in �gure 3.3 (b). As a consequence of the sharpening of the
N-shape function higher frequency components reaching up to several THz appear
(plot (e)). Because of dispersion, the velocity of these high frequency components is
slowed down. A balancing of the anharmonicity and dispersion leads to the formation
of acoustic solitons traveling faster than the longitudinal wave and which can be
observed as a trail of oscillations in the leading edge of the time evolution of ηzz(z, t)
at a propagation distance z = 110 µm and strain amplitudes of 4 · 10−4 and 8 · 10−4

(see 3.3 (b) and (c), respectively). Although the main solitonic characteristics are
successfully described by the Korteweg-de-Vries equation, the behavior of solitons
is still a matter of intensive research but beyond the scope of this work. Due to
remarkable spatial and temporal dimensions down to a few nm and ps, acoustic
solitons are supposed to �nd application in alternative studies of the optical response
of nanostructures [21].

1P. van Capel, Universiteit Utrecht, Netherlands
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Figure 3.3: Left panels (a)-(c): Temporal evolution of ηz(z, t) at a propagation dis-
tance of z = 110 µm and strain amplitudes of 4 · 10−5, 4 · 10−4 and 8 · 10−4. Right
panels (d)-(f): Corresponding frequency spectra of ηz(z, t), Calculations based on
the Korteweg-de-Vries equation [56], data provided by P. Capel.
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4 Experimental concept

The parameters of picosecond strain pulses in combination with the properties of
Galfenol described in the previous chapters allow the realization of ultrafast strain-
induced modulation of magnetization. This chapter presents the experimental re-
alization of such a modulation. This chapter is devided into two parts. The �rst
part introduces to the physical basis of the expected coherent response of the mag-
netization on the ultrafast acoustic impact in a phenomenological way. The second
part is dedicated to the certain experimental realization used for the studies in this
work. Since the results of the studies presented here have been prepared in a mostly
experimental work, some important issues of experimental techniques are not only
an integral part of this thesis but also essential for the entire insight into the work.
Because strain-induced signals in ferromagnetic thin �lms are measured in the time
domain, special attention is drawn to the used laser system and to the detection
scheme in which the probe laser light intensity and polarization is monitored.

4.1 Principles of ultrafast magnetization

manipulation induced by picosecond strain

pulses

The experimental study of strain induced magnetization modulation investigated in
this work, is based on the injection of optically generated picosecond strain pulses
into the ferromagnetic layer which disturb the magneto-crystalline anisotropy of the
material. This ultrafast acoustic method has been recently reported for the ferromag-
netic semiconductor GaMnAs [22, 23]. In contrast, electrical and optical methods of
magnetization control have also been demonstrated by optical heating, increasing of
the carrier density or via application of electric �elds [60, 61, 62, 63]. These appli-
cations have disadvantages as the generation of nonequilibrium carriers and thermal
phonons limiting operation speeds and the frequency ranges.
To provide an easy access to the general phenomenological approach of strain in-

duced magnetization modulation discussed here the following conditions shown in
�gure 4.1 are used. The sample structure contains a metal transducer for strain
pulse generation (see section 3.2) evaporated on one side of a GaAs substrate and
the ferromagnetic layer on the opposite side of the substrate. Figure 4.1 only dis-
plays the GaAs substrate and the Galfenol layer on top. An external magnetic �eld
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Figure 4.1: Schematic demonstration of strain-induced magnetization modulation in
a thin ferromagnetic layer grown on a GaAs substrate. An external magnetic �eld
~Hext is applied along the z-direction normal to the sample surface: a) At static

conditions, the equilibrium orientation of the e�ective �eld ~Heff governs the direc-
tion of the layer magnetization ~M which aligns parallel to ~Heff . (b) Magnetization

precession of ~M around ~Heff after injection of the strain pulse ηzz.

~Hext of moderate strength is oriented along the ~z direction1 i.e. normal to the sam-
ple surface. The layer magnetization aligns parallel to the e�ective �eld ~Heff , that
is governed by the balancing of the external �eld ~Hext and the intrinsic magnetic
anisotropy determined by the ferromagnetic layer parameters [see �gure 4.1 a)].
A picosecond strain pulse generated in the metal transducer opposite to the ferro-
magnetic �lm propagates through the intermediate GaAs substrate towards the �lm.
Reaching the ferromagnetic layer, the strain pulses changes the magnetic anisotropy
[see eq. (2.1)] by coupling of the external strain to the magneto-elastic parameters,

and thus, changing the direction of ~Heff out of its equilibrium position which was
governed by ~Hext and the magnetic anisotropy under static (unstrained) conditions.

This short but intense impact on ~Heff results in a precessional motion of ~M around
~Heff [see �gure 4.1 b)] . Due to the �nite duration of the strain pulse inside the layer,

the direction of ~Heff changes continuously while the strain pulse propagates through
the �lm. Thus, the precessional motion of ~M follows a variable position of ~Heff lead-
ing to a trajectory which is not easy to trace. But, the magnetization tilt e�ciency
is assumed to be governed by the material-dependent strength of the magneto-elastic
coupling parameters A2η, A4η and A2xy in eq. (2.1) relating to the coupling of exter-

1Several experiments reported in this thesis have been performed at di�erent orientations of
~Hext, either directed normal to the sample surface or in-plane (see chapters about experimental
results). But in order to provide a structured overview of the relevant physical method at this point

the shown concept is restricted to the application of ~Hext perpendicular to the sample surface.
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4.2 Experimental realization

nal longitudinal or shear strain to the magnetization. When the strain pulse has left
the layer, ~Heff changes back to its equilibrium position while ~M remains precessing
until it �nally relaxes back to the equilibrium state. The magnetization precession
dynamics governed by the strain- and thus, time-dependent e�ective �eld ~Heff(t) can
be described by the Landau-Lifshitz-Gilbert equation [26]. Whereas the derivative of
the free energy density F derived in chapter 2.1 determines value and direction of
~Heff . Thus, the equation of motion of the magnetization is given by [64]

1

γ

d ~M

dt
= − ~M × ~Heff( ~M, t)− G

(γM0)2

[
~M × d ~M

dt

]
, (4.1)

with the gyromagnetic ratio γ = gµB/h̄ and µB as the Bohr magneton. The sec-
ond term takes into account the precession damping of the magnetization with G
denoting the Gilbert damping parameter. The frequency of the resonant magnetiza-
tion precession (Ferromagnetic resonant frequency, FMR) dependent on the applied
external �eld can be obtained from [45, 65]:(

ω

γ

)2

=
1

M2 sin2(θ0)

[
∂2F

∂θ2∂φ2

∂2F

∂θ2
−
(
∂2F

∂θ∂φ

)2
]
, (4.2)

wherein ω de�nes the resonant angular frequency. θ and φ denote the polar and
in-plane azimuthal angles of the magnetization direction [see �gure 4.1] which corre-
sponds to the minimum of the free energy density, ∂F

∂θ
and ∂F

∂φ
at equilibrium. The

damping parameter is neglected for simplicity.

4.2 Experimental realization

This section provides a general overview of the experimental setup used to carry
out the experiments presented in this study. The focus lies on the time resolved
pump-probe technique with respect to important technical key features relevant to
the strain pulse generation, signal detection and measurement. A detailed plot of the
experimental setup is shown in �gure 4.2. Speci�c modi�cations of a few technical
parts of the setup will be highlighted in the chapters later on when it is required.
The experimental setup is built around three major components, a high energy laser
system, a bath cryostat equipped with superconducting magnets and a detection sys-
tem.
For the generation of ultrafast acoustic strain pulses a femtosecond laser system which
is able to generate high energy pulses in the µJ range is used. Thereby, excitation
densities up to 40 mJ/cm2 in front of the metal transducer on the backside of the sam-
ple can be realized. The laser system provided by Coherent consists of a regenerative
ampli�er (RegA 9000 ) which ampli�es MHz-pulses supplied by a Titanium-Sapphire
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Figure 4.2: General experimental realization. Red lines: Optical path ways of the
pump (thick lines) and the probe (thin lines) beams of λ = 800 nm wavelength
generated in the RegA-laser-system. Components of the electronic synchronization
and data acquisition are coloured in light grey. Optical components for beam
polarization and focusing: BS (Beam Splitter), GF (Grey Filter), FS (Focusing
lens), λ/2 (half-wave plate), Glan (Glan-Taylor prism).

(Ti:Sa) laser (Vitesse Duo). This so called seed-laser, pumped by an integrated
Neodymium-Vanadate-(Nd : YVO4)-laser, produces sub-100 fs laser pulses at a rep-
etition rate of 80 MHz and a wavelength of λ = 800 nm. The Vitesse-output beam
with an averaged power of 200 mW is injected into the RegA-cavity. An injected
seed pulse from the Vitesse laser passes through the RegA cavity until it is coupled
out. The active medium, also a Ti:Sa crystal, inside the RegA cavity is pumped by
an external diode-pumped Neodymium-Vanadate(Nd : YVO4) continuous wave laser
(λ = 532 nm). To the bene�t of a higher pulse power up to 4 µJ the repetition rate
of the RegA output pulses is lower than the repetition rate of the seed-laser. The
average output power of the RegA-cavity is about 1, 0 W at a repetition rate of 200
kHz. Single pulses provide a radial distribution close to a Gaussian shape.
The laser beam that leaves the cavity is split into two perpendicular beams by a Beam
Splitter (BS, �gure 4.2). 90 % of the beam passes through the beam cube without
being re�ected. This main part, called pump beam in a time resolved pump-probe
scheme is used to excite the acoustic strain pulses in the metal transducer deposited
on the GaAs substrate at the sample backside. The spot size is 100 µm (full width at
half maximum of the Gaussian-shaped radial power distribution) in front of the metal
transducer. The excited strain pulse travels through the GaAs substrate and reaches
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the ferromagnetic �lm after certain propagation times of 20 to 30 ns. Magnetization
modulation signals from the Galfenol �lm are probed opposite to the transducer side
where the strain pulse is excited. Therefore, the probe beam, about 10 % of the
RegA output, is re�ected at 90◦ in the beam splitter in front of the RegA system and
used for the detection of the measurement signals at the sample surface. In order to
temporally align the incidence of the strain pulse arrival and the probe at the sample
the probe beam has to travel an extended optical path way calculated to the time
the strain pulse needs to travel through the substrate to the ferromagnetic �lm. This
is realized by a �xed delay line (retro-re�ector) in the probe beam way.The probe
beam is linearly polarized by a Glan-Taylor prism (and a preceding λ/2−plate) and
then focused onto the sample surface by a focusing lens with a spot size of 50 µm in
diameter. A variable delay line (Aerotech) integrated in the pump beam way varies
the time delay between strain excitation and detection thus providing time-resolved
measurements in a detection time window covering 4 ns at a temporal resolution of
0, 1 ps.
The investigated sample structure is mounted in a bath cryostat (Oxford Instruments)
which allows measurements Helium temperatures down to a few K. Additionally, the
cryostat is equipped with superconducting magnet split coils generating magnetic
�elds up to µ0Hext = 7 T in perpendicular ( ~Hext⊥~z) and in-plane ( ~Hext||~z) geometry.
Measurements that require high external magnetic �elds at ambient temperatures
become possible through integrated heating elements in the cryostat warming up the
sample chamber up to room temperature. The sample may be manually rotated
around its vertical, horizontal and around its azimuthal axis in order to ensure per-
fect alignment of the back re�ected probe beam along the optical axis of the setup.
The modulation of the re�ected probe pulse is monitored throughout the following
detection scheme. The detector apparatus consists of a balanced photoreceiver with
two silicon photodiodes (Nirvana, New Focus). The physical background of two dif-
ferent types of signal detection based on monitoring the (i) intensity via one single
diode and (ii) the polarization rotation of the re�ected probe beam via a balanced
scheme will be introduced in the section below.
Additional electronics are used to minimize the e�ect of external noise sources and to
improve the signal to noise ratio. The frequency of the pump beam is modulated by
a mechanical chopper (Stanford Research). This reference signal is multiplied with
the measured signal from the balanced detector diodes in a Lock-In ampli�er. Con-
tributions from signal components with frequencies beyond the reference frequency
are suppressed. The Lock-In transmits the output signal locked to the reference
frequency to a computer where the measurement data is acquired.
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4.3 Monitoring of strain induced magnetization

modulation

The signal detection is based on the measurement of the modulation of the probe
light intensity I(t) and polarization ∆ψ(t) as a function of the time delay between
the pump and probe beam. After re�ection from the sample surface, the probe beam
is directed to the detection system consisting of a set of polarization optics in front of
the balanced photo detector. To set the polarization plane, the beam travels through
a λ/2 wave plate and a Glan-Taylor polarizing prism afterwards. The Glan-Taylor
prism splits the incoming beam ray in a part which is transmitted straight ahead
and the other part de�ected in the prism. Both beams of perpendicular polarization
are directed to the photodiodes of the detector (see �gure 4.2). The laser intensity
on the diodes is altered by the λ/2 wave plate in front of the polarizer by rotation of
the polarization orientation of the probe beam.
To monitor the intensity signal, the whole intensity of the re�ected probe beam is
directed to only one photodiode by rotation of the λ/2 wave plate. The second diode
is blocked. Thereby, the intensity modulation of the probe is monitored which pro-
vides characteristic features of the strain pulse propagation inside the sample. This
detection scheme based on the elasto-optical e�ect leads to a typical interference sig-
nal that will be examined more detailed in section 5.2.

The polarization rotation of the re�ected probe light is monitored by means of the
polar Magneto-optical Kerr e�ect. In a balanced detection scheme the two orthogo-
nally polarized beam rays components leaving the Glan-Taylor polarizer are balanced
to equal intensities onto the photodiodes. The magneto-optical Kerr e�ect (MOKE)
or 'Kerr rotation' is analogous to the well-known Faraday e�ect describing the rota-
tion of the polarization plane of light propagating through a crystal in an external
magnetic �eld. Instead, the MOKE describes the rotation of the polarization plane
of light re�ected from a magnetic surface. While the Faraday e�ect is restricted to
transparent media, the MOKE can be measured from any magnetized smooth surface
[66]. Di�erent con�gurations of the MOKE, dependent on the orientation of the sam-
ple magnetization, are distinguished. The description given here is restricted to the
discussion of the polar MOKE which is monitored when the magnetization is oriented
normal to the surface. A detailed macroscopic description of the MOKE is based on
the dielectric tensor theory that can be found in Ref. [67]. Microscopically, the cou-
pling between the electric �eld of the light and the magnetization originates from the
spin-orbit interaction [68]. While the detailed analysis may be found elsewhere, the
MOKE may be also illustrated in a phenomenological approach using the intuitive
picture of a Lorentz force acting on perturbed electrons. Figure 4.3 displays a sketch
of the polar MOKE geometry with arbitrary orientation of the sample magnetiza-
tion displaying the Mz component normal to the surface. ~EI indicates the vector
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Figure 4.3: Scheme of the polar magneto-optical Kerr e�ect: The magnetization ~M
with arbitrary orientation displays a Mz component normal to the sample surface.
~EI denotes the electric �eld vector of the probe light incident on the sample surface.
The regularly re�ected electric �eld amplitude is ~ER. ~K results from the changed
direction of electron oscillation induced by the Lorentz force ~vL. The new direction
of the rotated ~ER is illustrated as the dashed vector. The Kerr rotation angle is
de�ned as ΘK and the angle of the incident light beam is given by Θ0.

of the polarization plane of the incident light given by the electric �eld component
and ~ER the regular electric �eld component of the emerging light which initially has
the same polarization direction as ~EI. The linearly polarized light beam incident on
the surface induces electrons to oscillate parallel to the light polarization plane. The
Lorentz force v~L acting perpendicular to the initial oscillation and the magnetization
direction induces an additional component that changes the direction of the oscilla-
tory motion of electrons denoted by ~K. As a result, the plane of the emerged light
~ER rotates. The new direction of the polarization plane of ~ER is illustrated as the
dashed vector in �gure 4.3. At normal incidence Θ0 = 0 as realized in the reported
experiments the polar MOKE has the strongest e�ect while other magneto-optical
con�gurations may be neglected.
In essence, the strain induced changes of the magnetization component Mz normal
to the sample surface may be monitored by means of the polar MOKE. Thereby, the
rotation of the polarization plane of the re�ected probe beam de�ned as the Kerr
angle ΘK relates directly to changes of Mz.
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high-index GaAs

In chapter 3 the general overview of the method to generate picosecond strain pulses
has been given. While only longitudinal (compressive) strain pulse has been consid-
ered before, the described technique may be also used for the generation of picosecond
shear strain pulses. Shear strain pulses are assumed to manipulate the layer magne-
tization of nanometer �lms more e�ectively, because, contrary to longitudinal pulses,
they contain a strain component in the �lm plane. They also may provide a bet-
ter spatial resolution due to the lower sound velocity. Until now, the generation of
picosecond shear strain pulses remains challenging. In general, the reduction of the
system's symmetry is required for the generation [69]. This is realized by a strain
pulse propagating along the low-symmetry direction of a crystal lattice. This concept
has been approved in several works [69, 70, 71, 72], but with the signal detection and
strain pulse generation at the same side of the sample. In this work, a low-symmetry
[311]-GaAs substrate is used to ful�l the broken-symmetry condition. But as shown
in the experimental setup in the previous chapter, the detection of the strain pulse
at the substrate surface is realized opposite to the strain generation at the sample
backside. The methods of investigation is the picosecond acoustic interferometry in-
troduced by Thomsen et al. [49]. In addition to this traditional technique based on
the detection of the intensity modulation of the re�ected probe pulse, the method
of method of picosecond acoustic polarimetry is introduced in this chapter, which
utilizes the modulation of the probe pulse polarization. This provides a much better
sensitivity in detection of shear strain pulses. As a result, it is shown that both
compressive and shear pulses may be generated and separately detected in such a
scheme.
This chapter �rst introduces to the physical basics of the generation of shear strain
pulses in a low-symmetry GaAs structure. Then the principle of monitoring the
strain propagation by picosecond opto-acoustic interferometry and polarimetry will
be discussed. Finally, the results will be presented together with model calculations
of the strain-induced signals, substantiating the experimental �ndings.
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5 Picosecond strain pulses in high-index GaAs

5.1 Acoustic modes in low symmetry systems

By now, the principles of strain pulse generation and propagation has been considered
only for longitudinal acoustic (LA) phonons. But beside the longitudinal excitation
mode also transverse acoustic (TA) phonons can be generated by the methods of
picosecond acoustics. The di�erent acoustic modes are sketched in a simple model in

qtransverseqlongitudinal

Figure 5.1: Schematic illustration of longitudinal and transverse lattice displacement.
Equilibrium positions of the lattice atoms are displayed as black dots and displaced
lattice atoms as circles.

�gure 5.1. In case of LA phonons, the lattice displacement occurs along the propaga-
tion direction of the acoustic wave, denoted by the wave vector q. In the TA mode,
the lattice atoms are displaced perpendicular to q. The propagation and detection
depends on the symmetry conditions of the substrate the strain pulse is propagating
through. The excitation of TA strain requires a reduction of the system symmetry
[69]. In case of high-symmetry conditions, that means, the lattice structure grown
along the high-symmetry axes ([100], [010], [001], [111]), and a large laser excitation
spot, only pure longitudinal acoustic modes are excited [22]. The lattice distortions
along the strain pulse propagation direction contain only longitudinal components.
One option to break the symmetry is to reduce the symmetry of the lattice struc-
ture. Therefore, so-called high-index substrates are used. In these structures the
plane of the crystal is oriented at an oblique angle to the main crystallographic axes.
Figure 5.2 illustrates the sample geometry of a high-index [311]-GaAs substrate with
respect to the orientation of the crystallographic axes as it is used in the samples
in this work. Acoustic strain pulses propagating in this structure contain mixed
modes of compressive and shear strain components. They are called quasi longitudi-
nal (qLA) and quasi transverse acoustic (qTA) strain pulses. The detailed injection
and detection characteristics in the experimental scheme will be shown in section 5.3.
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[011]
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Figure 5.2: Illustration of
the sample geometry
of a high-index [311]-
GaAs substrate with
the orientation of the
crystallographic axes
[73].

5.2 Opto-acoustic interferometry

The optical detection of strain pulses is based on the elasto-optical e�ect. In case of a
GaAs substrate it describes the acousto-optical coupling of the absorbed light in the
near surface region of the sample and the strain pulse propagating inside. The strain
pulse injected into the GaAs substrate perturbs the dielectric permittivity of the
structure, leading to a change in the material's refractive index n. This is manifested
in a change of re�ectivity of the probe light. The change of the refractive index ∆n
is given by [49]

∆n(z, t) =
∂n

∂η
η(z, t). (5.1)

The calculation of the change in the probe light re�ectivity ∆R(t) is based on the
solution of the Maxwell equations inside the �lm for a variation of the optical prop-
erties in z [49]:

∆R(t) ∝ cos

(
4πnνt

λ
− δ
)
e−z/ζ . (5.2)

Here, λ denotes the probe beam wavelength, ν the strain pulse propagation velocity
of either qLA or qTA strain pulses, n = 3, 6 the refractive index of GaAs and δ terms
a phase shift. The probe light incident on the sample surface is partly re�ected from
the surface and partly absorbed in the sample with a certain penetration depth. As
the strain pulse travels towards the surface the transmitted part of the probe beam
will be re�ected from the discontinuity caused by the strain pulse [74] as it can be
seen from the descriptive model �gure 5.3. Both, the beam re�ected from the sample
surface and the part re�ected from the discontinuity interfere with each other leading
to a time dependent spectrum of intensity oscillations. The corresponding oscillation
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GaAs-substrate

ns

probe
II

IR1

IR2

Al

ns ns' nHe

z

strain
pulse

Figure 5.3: Generation of Brillouin oscillations of the re�ected probe beam. ns and
nHe denote the di�erent refractive indices of the GaAs substrate and the cryogenic
(Helium) environment of the sample in the sample chamber. ns′ is the modulated
substrate refractive index due to the propagating strain pulse.

frequency1 is calculated from

f =
2νn

λ
, (5.3)

as the probe hits the sample under normal incidence, which is the case in all exper-
iments reported in this thesis. The strain-modulated re�ectivity is detected by the
intensity modulation scheme described in section 4.3.

5.3 Experiment

A general overview of the experimental setup and technical essentials used for the
studies is given in chapter 4. At this point, the attention should be drawn to the
experimental modi�cations relevant to the investigation of qLA and qTA strain pulses
in a high-index [311]-GaAs substrate. The sample consists of a 100 µm thick GaAs
substrate cut along the [311] crystallographic axes. One side is covered with a 100
nm Aluminum �lm serving as the opto-elastical transducer. A scheme providing the
currently discussed sample structure with experimental geometry is shown in �gure
5.4. The optical axis z is set along the [311] direction of the GaAs substrate. The
experiment is carried out at cryogenic temperatures (5− 10 K). A femtosecond laser
pulse serving as the pump beam is focused onto the Aluminum �lm. The local spot
diameter on the transducer surface is 100 µm at full width at half maximum (FWHM)
of the Gaussian shaped radial power distribution of the output laser beam. Here,
excitation densities of W = 4 mJ/cm2 are reached [75]. According to the picosecond

1The intensity oscillations are also called Brillouin oscillations because of the analogous calcu-
lation of the frequency shift in Brillouin scattering experiments.
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Figure 5.4: Experimental scheme of the propagation and detection of qLA and qTA
strain pulses in [311]-GaAs. Pump and probe beam are split from the same laser
source and directed onto the sample from opposite sides.

acoustics generation fundamentals demonstrated in chapter 3, a LA strain pulse is
launched into the Aluminum �lm and propagates towards the opposite side of the
�lm. The initial strain pulse launched into the Aluminum �lm is purely longitudinal
propagating at the sound velocity νLA = 6, 3 km/s. The bipolar strain pro�le can be
approximated by the derivative of a Gaussian function [76]:

η0(t− z/νLA) =
√
eηmax

zz

(t− z/νLA)

τ
· exp (−(t− z/νLA)2

2τ 2
). (5.4)

The parameter τ de�nes the characteristic strain pulse duration and and e denotes
the base of the natural logarithm. ηmax

zz gives the maximum value of the ηzz compo-
nent along the propagation direction z. It may be determined in dependence of the
applied pump powerW as ηmax

zz = aW ·W with the coe�cient aW ≈ 10−4 cm2/mJ [21].
Figure 5.5 (a) displays the calculated temporal pro�le of the initial LA strain pulse
η0(t) generated in the Aluminum �lm. The LA pulse travels through the isotropic
transducer towards the interface of the transducer and the acoustically anisotropic
[311]-GaAs substrate. The propagation of pure LA modes is not allowed along the
[311] direction of the high index substrate. But contrary, mixed modes of qLA, qTA
and a pure TA mode with di�erent sound velocities νqLA = 5, 1 km/s, νqTA = 2, 9
km/s and νTA = 3, 5 km/s [77] exist. Both qLA and qTA modes propagating in
the substrate contain a shear component. Because of the continuity of the strain at
the aluminum/GaAs interface this shear mode is also required in the aluminum �lm.
Together with the initial LA pulse, the TA pulse travels through the aluminum �lm
towards the open surface where they are re�ected and propagate back through the
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Figure 5.5: Temporal pro�les of (a) the pure LA strain pulse η0(t) launched into the
Aluminum transducer, (b) the qLA strain pulse ηqLA and (c) the qTA strain pulse
ηqTA propagating along the [311] crystallographic direction in the GaAs substrate.

�lm towards the aluminum/GaAs interface with their individual sound velocities. At
the interface both modes again contribute to the qLA and qTA pulses injected into the
[311]-GaAs substrate. The unit displacement vectors of the di�erent permitted polar-

izations in the [311]-GaAs read ~eqLA =
(
u0, 0,

√
1− u2

0

)
, ~eqTA =

(√
1− u2

0, 0,−u0

)
and ~eTA = (0, 1, 0) with u0 = 0, 165 [77]. The mixed character of the qLA and qTA
modes each consisting of LA and TA modes is obvious. They are both coupled to the
pure longitudinal strain pulse initially generated in the Aluminum �lm. Since there
is no coupling between the pure TA mode in [311]-GaAs and the initial LA mode, the
pure TA strain pulse is not excited in the [311]-GaAs substrate. The related strain
pulse components of the excited qLA and qTA strain pulses may be given as

ηpzz(t, z) = epzηp(t− z/νp), (5.5)

ηpxz(t, z) =
1

2
epxηp(t− z/νp) (5.6)

with p = qLA, qTA and ηp(t− z/νp) describing the temporal evolution of the strain
pulses determined by the initial strain pulse. The calculated temporal pro�les of the
qLA and qTA strain pulses in the GaAs-substrate ηqLA and ηqTA are plotted in �gure
5.5 (b) and (c)1. The amplitude of the longitudinal component of the qLA strain
pulse reaches 2, 8 · 10−4. Both pro�les display irregular additional features appearing
as a tail in each signal. These features originate from the multiple re�ections of
the LA and TA strain pulses in the Aluminum transducer. The resulting temporal
evolution governing the qLA strain pulse pro�le is determined by the initial pure LA
pulse. In contrast, the qTA pro�le displays a much more mixed character result-
ing from a contribution of the shear component. The amplitude of the qTA strain

1Numerical calculations have been provided by T. Linnik, National Academy of Sciences of
Ukraine, Kiev, Ukraine in [75].
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pulse is approx. 1 · 10−4 and 3 times smaller than the amplitude of the qLA pulse.
Although, both acoustic modes are created simultaneously in one strain pulse the
propagation of qLA and qTA pulses is separated in time because of their di�erent
sound velocities.
For the detection, a linearly polarized probe beam is focused to a spot of 50 µm-
diameter at the substrate surface opposite to the metal transducer spatially over-
lapping with the pump beam spot. Due to the traveling time of the excited strain
pulse the optical path way of the probe beam is adjusted by a retro-re�ector in order
to ensure temporal overlap of the strain pulse arriving time and the probe beam.
Additionally, this path delay has to be adjusted related to the smaller sound velocity
of the qTA strain pulse trailing the preceding qLA pulse in the substrate. From the
di�erence in the traveling times the separated detection of the modes is ensured by
the adjustment of the probe path way. For the sub-picosecond time resolution of
each measurement a variable delay line is implemented in the pump beam path (see
chapter 4).
In the experiments the modulation of the re�ected probe pulse intensity ∆I(t)/I0 and
the strain induced rotation of probe polarization plane ∆ψ(t) is measured. The in-
tensity signal from the strain pulse I(t) is normalized to the re�ected probe intensity
I0 in absence of the strain pulse. The intensity of the re�ected probe light is directed
to one single photodiode of the balanced detector (see chapter 4). The traveling qLA
and qTA strain pulses change the dielectric permittivity of the substrate so that the
material becomes optically anisotropic [78]. Therefore, the signal detection depends
on the polarization plane of the re�ected probe beam. To monitor the strain induced
rotation of the probe polarization plane the re�ected probe beam is split into two
orthogonally s− and p−polarized beams which are focused to both photodiodes (see
chapter 4) in order to record the di�erential signal. Both signals are measured for
di�erent polarization orientations ψ0 = 0, π

4
, π

2
, 3π

4
of the probe beam incident on the

sample surface.

5.4 Theoretical analysis

This section provides an overview of the theoretical description1 of the re�ected probe
intensity and polarization rotation characteristics. It substantiates the discussion of
experimental results in the next section. All calculations are based on the assumption
that the shape of the propagating strain pulse is constant and the strain is static.
Propagating qLA and qTA pulses change the optical properties by perturbing the
dielectric permittivity tensor ε of the GaAs substrate due to the elasto-optical e�ect
[79]. The modi�cation of the permittivity components εij due to strain is given by

δεij(t, z) = ε20pijklηkl(t,z) (5.7)

1The theoretical framework sketched here, is provided in Ref. [75] in more details.
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5 Picosecond strain pulses in high-index GaAs

wherein ε0 is the unperturbed dielectric permittivity and pijkl are the components
of the photo-elastic tensor written in the [311]-coordinate system. Two components
ηxz(t, z), ηzz(t, z) 6= 0 exist for the chosen geometry resulting in two permittivity
components δεxx(t, z) and δεyy(t, z) with non-zero values. In high index substrates
these deviations are not equal in value leading to optical anisotropy of the structure.
The Maxwell equations with standard boundary conditions yield an expression for
the amplitude of the electric �eld modulation in the re�ected light wave δE according
to

δE =
ik2

0

(k + k0)

∫ 0

−∞
dz′e−ikz

′
[δεjx(t, z

′)E0
x(z
′) + δεjy(t, z

′)E0
y ], j = x, y (5.8)

with

E0
x,R = cosψ0[exp(−ik0z

′) +REM exp(ik0z
′)],

E0
x,T = cosψ0TEM exp(−ik0z

′),

E0
y,R = sinψ0[exp(−ik0z

′) +REM exp(ik0z
′)],

E0
y,T = sinψ0TEM exp(−ik0z

′), (5.9)

(5.10)

for z′ > 0 and z′ < 0 respectively. ψ0 denotes the angle between the incident light
polarization and the x-axis, REM and TEM are the complex re�ection and transmission
coe�cients. The complex wave number of the light is given by k = nk0 + iγ in the
substrate and k = 2π/γ in vacuum with 2γ denoting the absorption coe�cient. From
equation (5.8) the expressions for the relative strain induced perturbation of the
re�ected probe-pulse intensity and the polarization plane rotation can be extracted:

∆I(t)

I0

∝ Re

{∫ 0

−∞
dz exp (−2ikz) [δεxx(t, z) + δεyy(t, z) + [δεxx(t, z)− δεyy(t, z)] cos 2ψ0]

}
.

(5.11)

and

∆ψ(t) ∝ Re

{∫ 0

−∞
dz exp (−2ikz)[δεyy(t, z)− δεxx(t, z)].

}
(5.12)

Using the known parameters for the photoelastic constants in GaAs allows for the
direct expressions for the dielectric permittivity perturbations [80] dependent on
both, ηxz and ηzz:

δεxx(t, z) + δεyy(t, z) = −7, 6ηxz(t, z) + 29ηzz(t, z), (5.13)

δεxx(t, z)− δεyy(t, z) = 2, 9ηxz(t, z) + 1, 8ηzz(t, z). (5.14)
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The solutions of eq. (5.11) and eq. (5.12) using eqs. (5.13) and (5.14) lead to the
form

∆IqLA(t)

I0

= [28− 1, 5 cos (2ψ0)]QqLA(t),

∆IqTA(t)

I0

= [−8, 5 + 1, 7 cos (2ψ0)]QqTA(t), (5.15)

for the intensity modulation and

∆ψqLA(t) = 0, 75 sin (2ψ0)QqLA(t),

∆ψqTA(t) = −0, 85 sin (2ψ0)QqTA(t), (5.16)

for the rotation of polarization. The functionsQqLA andQqTA yield the absolute value
and phase of the spectral amplitude at the Brillouin frequencies fqLA and fqTA. The
pre-factors in eq. (5.15) and eq. (5.16) determine the angular dependencies of the
detected signals. For ψ0 = π/2 corresponding to the prope pulse orientation parallel
to the [2̄33] or [01̄1] direction the polarization rotation signal should be zero whereas
maximal signal amplitudes should be reached at ψ0 = (2n+ 1)π/4, n = 0, 1, 2... .

The probe pulse intensity signal ∆I(t)
I0

is minimal for ψ0 = 0, π and reach maximum
values for ψ0 = π/2, 3π/2 whereas the angle dependence is presumed to be much
weaker as expected for polarization rotation measurements (compare eq. (5.15)).

5.5 Results and discussion

Figure 5.6 (a) and (b) show the intensity modulation ∆I/I0 of the re�ected probe
beam for qLA and qTA strain pulse excitation. The time window is limited to the
range when the signals are observed. t = 0 corresponds to the time when the pump
pulse hits the the aluminum transducer. Both signals show pronounced sinusoidal
Brillouin oscillations with a symmetric envelope function. The maximum amplitude
in both signals corresponds to the time when the center of the strain pulse traveling
from the Aluminum transducer reaches the open GaAs substrate surface. At the
substrate/air interface, the strain pulse is re�ected with a phase shift of π/2 and
propagates back into the material. The overall time duration of the signals is gov-
erned by the penetration depth (ca. 2 µm) of the probe light and the time the strain
pulse needs to propagate towards the open GaAs surface and back into the substrate
within the penetration depth. The total time duration of the signal corresponding to
the qTA strain pulse is nearly twice longer than the qLA signal duration due to the
slower qTA strain propagation velocity. The frequency spectra calculated from both
signals are displayed in �gure in the insets. The Brillouin frequencies are centered
around 46 GHz for qLA and 27 GHz for qTA excitations. From these frequency
spectra, the sound velocities for both acoustic modes can be extracted from equation
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Figure 5.6: Panel (a) and (b): Intensity modulation signals ∆IqLA(t)/I0 and
∆IqTA(t)/I0 measured for the propagation of qLA and qTA strain pulses. Panel
(c) and (d): Theoretically calculated intensity signals for both qLA and qTA.

(5.3) yielding νqLA = 5, 2 km/s and νqTA = 2, 8 km/s. They are in good agreement
with values found in literature [77]. Therefore, the correspondence of each signal
shown in �gure 5.6 to one speci�c acoustic mode (i.e. qLA or qTA) evidences the
isolated detection. The amplitude of the qLA intensity modulation signal appears
to be about �ve times larger than the amplitude of the qTA oscillations. The pan-
els (c) and (d) show the Intensity signals ∆IqLA(t)/I0 and ∆IqTA(t)/I0 calculated
theoretically using the functions (5.15). For both acoustic modes, the theoretically
determined curves are in good accordance with the experimentally measured signals.
The experimental data for ∆IqLA(t)/I0 shows several peculiarities featuring narrow
peaks and dips around t = 19, 6 ps which may be attributed to non-linear e�ects like
the formation and propagation of solitons accompanying the propagation of the com-
pressive strain pulse. The e�ect of soliton formation to the strain pulse dynamics is
omitted in the theoretical calculations. The calculated intensity modulation in equa-
tion (5.15) predicts a weak dependence of ∆I(t)/I0 on ψ0 through the anisotropic
polarization-dependent term. Therefore, polarization rotation measurements have
also been performed in the single diode scheme, monitoring the intensity signal for
di�erent probe polarization angles. The maximal intensity modulation should be
detected for ψ0 = π/2 or ψ0 = 3π/2. Measurements revealed a maximal amplitude
changes in ∆I(t)/I0 at di�erent angles less than 2 · 10−5I0. Therefore, the in�uence
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Figure 5.7: Change of the polarization angle ∆ψ(t) measured at di�erent propagation
delays for qLA and qTA strain pulses. Calculated signals for ∆ΨqLA (c) and ∆ΨqTA

of the polarization rotation on the intensity modulation cannot be resolved in the
detection system.

Measurements in the balanced detection scheme provide the modulation of the probe
polarization plane for di�erent delays according to qLA and qTA modes. Data plots
are shown in �gure 5.7 (a) and (b) for qLA and qTA respectively. The signals show
the similar oscillatory behaviour as observed in the intensity modulation measure-
ments. Both plots show Brillouin oscillations at fqLA = 46 GHz and fqTA = 27 GHz
with a signal envelope attributed to the penetration depth of the probe light. Here,
the laser light is directed to both diodes. Consequently, the signal to noise ratio
is improved because of the subtracted background compared to the measurements
in the single diode mode. This has a large impact on the pronouncing of the qTA
signal. The polarimetric signal amplitudes of qTA and qLA lie in the same order of
magnitude.

In order to investigate the polarimetric signals in dependence of the probe polar-
ization angles, �gure 5.8 presents an overview of polarization rotation measurements
at di�erent ψ for both acoustic modes. The probe polarization axis parallel to the
crystallographic direction of [2̄33] of the [311]-GaAs structure has been chosen as
the reference polarization angle ψ0. Starting from this con�guration it is convenient
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Figure 5.8: Polarimetric Brillouin oscillation signals ∆ψ(t) for di�erent orientations
of the probe polarization plane measured for qLA (Plot (a)) and qTA (Plot (b))
strain pulses separately.

either to turn the sample around its azimuthal axis or to rotate the polarization
plane of the probe beam before incident on the sample surface. In the experimental
results presented in �gure 5.8 the polarization rotation of the probe beam has been
measured for four di�erent polarization angles ψ0 = 0(≡ [2̄33]), π/4, π/2(≡ [01̄1])
and 3π/4. The Brillouin scattering signals for qLA and qTA are hardly observed for
the probe polarization plane parallel to the [01̄1] and the [2̄33] crystallographic axes
of the [311]-GaAs substrate. For both intermediate alignments of the polarization
plane pronounced signal amplitudes are observed which are of the same magnitude
for both acoustic modes. These results assume a strong dependency of the polarimet-
ric signal on the orientation of the probe polarization plane as it has been predicted
in the theoretical calculation of eq. (5.16), in the last section.

5.6 Conclusion

This chapter provided an overview of the generation and detection of quasi-longitudinal
and quasi-transverse acoustic strain pulses in a high-index [311]-GaAs substrate
within the scope of picosecond acoustics.
Low symmetry substrates allow the simultaneous generation of qLA and qTA strain
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pulses induced by femtosecond laser pulses by means of a metallic opto-acoustic trans-
ducer. Due to their di�erent sound velocities the acoustic modes segregate during
propagation through the substrate. Thus, probing the interferometric signal oppo-
site to the strain pulse excitation the separated detection of both modes is realized.
The monitored intensity modulation ∆IqLA(t)/I0 and ∆IqTA(t)/I0 of the re�ected
probe beam at di�erent time delays corresponding to the propagation time of qLA
and qTA strain pulses yield Brillouin oscillations. The lower amplitude of the qTA
signal may mainly be attributed to the weaker excitation of the qTA strain pulse that
may be extracted from the temporal strain pulse pro�les ηqLA,qTA(t, z) in �gure 5.5
(c). The sensitivity of the qTA pulse detection is improved by using the polarimetric
technique. This balanced detection scheme provides a more pronounced detection
of especially qTA strain pulses due to the improved signal to noise ratio (see �gure
5.7). The strong dependence of the polarimetric signal on the probe polarization
plane as shown in �gure 5.8 illustrates the optical anisotropy of the GaAs structure
induced by the strain pulse. A detailed theoretical examination of ∆ψqLA and ∆ψqTA

found in Ref. [75] determines the angular dependencies of the polarization rotation
signals. The solutions based on numerical calculations of the Maxwell equations
predict the absence of signals when the probe polarization plane is parallel to the
[2̄33] and [01̄1] crystallographic axes and strong Brillouin oscillations for intermedi-
ate orientations. These theoretical results are in accordance with the experimental
observations. The excitation and increase of the qTA strain pulse induced interfer-
ometric and polarimetric signals allows for extended investigations of magnetization
modulation experiments in ferromagnetic materials, shown in the following chapters
of this work.
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6 Strain-induced magnetization

modulation in nanometer

Galfenol �lms

This chapter provides a detailed presentation of the main experimental results of this
work regarding the strain-governed magnetization modulation in nanometer Galfenol
�lms. Recently, the strain-induced magnetization precession on picosecond time
scales has been demonstrated in the semiconductor GaAs doped with Manganese
atoms [22, 23] and detailed theoretical modeling of this e�ect has been provided by
T. Linnik et al. in Ref. [29]. However, beside technical limitations, the GaMnAs
structure implicates obvious disadvantages: due to its rather low Curie temperature
of 60 K, experiments are restricted to cryogenic temperatures. Moreover, the sat-
uration magnetization of approx. 10 mT in GaMnAs is rather low, and thus, the
resulting dynamical e�ects are extremely weak for possible applications. With the
development of giant magnetostrictive materials like Galfenol, that combines strong
ferromagnetic properties with large magnetostriction coe�cients, the coupling of ex-
ternal strain to the magnetic anisotropy is assumed to result in much stronger e�ects
even at the picosecond time scales. Furthermore, displaying a Curie temperature up
to 600 ◦C Galfenol is suitable for experimental investigation at room temperature
and therefore, a promising structure in the view of future applications.
This chapter starts with the characterization of the relevant experimental properties
of the sample structures under study. In the second section, the �rst demonstration
of magnetization precession induced by LA strain pulses in high symmetry Galfenol
samples at cryogenic temperatures will be presented. Dynamical signals measured in
samples with di�erent thicknesses will be compared, followed by the demonstration
of spin wave excitations. In the following section, the excitation of magnetization
precession will be extended via application of shear strain pulses in a high index
[311]-Galfenol sample. The discussion and analysis of the experimental results is
supported by the theoretical formalism established in [28]. Lastly, it will be shown
that the magnetization modulation by means of picosecond acoustics in a thin ferro-
magnetic Galfenol layer can also be monitored at ambient temperatures.
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Figure 6.1: Crystal symmetry conditions of both di�erent sample compositions used:
The structure of both 20 nm and 100 nm Galfenol �lms deposited on 100 µm thick
[001]−GaAs substrate displays the EA of magnetization in the (001)-layer plane
directed between the main crystallographic axes [100] and [110] (left). The EA of
the 100 nm Galfenol layer grown on [311]-GaAs is oriented along the [01̄1] lattice
direction (right).

6.1 Sample characterization

This section provides a condensed overview of all relevant experimental properties
of the ferromagnetic samples under study. Beside the metrics and composition the
focus will be on illustration of structural and magnetic characteristics. The Fe81Ga19

layers are grown by DC magnetron sputtering from a composite target onto the GaAs
substrates as shown in chapter 2.3. Detailed X-ray di�raction studies reveal that the
samples can be described by a mosaic model in which the �lm is formed from Galfenol
crystallites, each with a cubic crystal structure, but randomly oriented. The mean
size of the mosaic blocks of about (4.5± 0.5) nm and the root-mean square misorien-
tation of the blocks is (7± 2) degrees. This small misorientation angle of the mosaic
blocks leads to magnetic properties close to those observed for single crystal �lms,
including a bulk-like magnetostriction and cubic magnetocrystalline anisotropy [45].
Three samples with di�erent structural symmetry conditions are used for the exper-
iments. Two samples are grown on [001]-GaAs: One layer of Fe81Ga19 with 100 nm
thickness is coated with a 2 nm aluminum cap in order to protect the material from
oxidation. The other layer on a [001]-GaAs substrate has a thickness of 20 nm and a
cap of 120 nm SiO2 on top. The silicon dioxide cover is fabricated onto the ultra thin
layer in order to shift the open surface where the strain pulse amplitude vanishes to
zero.
The third sample structure is composed of a 100 nm Fe81Ga19 layer grown on a high-
index [311]-GaAs substrate. Just like the 100 nm FeGa on [001]-GaAs sample the
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6.2 Magnetization precession induced by longitudinal strain pulses

layer is also covered with a 2 nm aluminum cap for reasons of corroding processes.
Figure 6.1 demonstrates the underlying crystallographic axes and the orientation of
the easy magnetization axes of the di�erent sample structures. (The abbreviated sam-
ple labels are de�ned as [001]-GaAs-substrate + Galfenol-�lm ≡ [001]-FeGa/Galfenol
and [311]-GaAs-substrate + Galfenol-�lm ≡ [311]-FeGa/Galfenol in the following.)
The magnetic anisotropy parameters of the Galfenol �lms has been determined exper-
imentally with a superconducting quantum interference device (SQUID)1. All samples
display the easy axes of magnetization (EA) in the layer plane. Both Galfenol layers
on the [001]-GaAs substrate reveal an in-plane anisotropy i.e. a superposition of a
cubic term setting the [100]/[010] direction as the energetically favourable axis and an
uniaxial term favouring the [110] direction [81],[82]. For the Galfenol �lm deposited
on the [311]-GaAs substrate the easy axis coincides with the [01̄1] direction [83].
The saturation magnetization of the ferromagnetic �lms is determined by steady
state magnetization curves under static conditions to µ0M0 = 1, 8 T. The value of
µ0M0 is used in the following to norm the magnetization precession signals. The
underlying GaAs substrates have a thickness of 100 µm. Opposite to the Galfenol
�lm, a 100 nm thick aluminum transducer is evaporated on every GaAs substrate.
The total size of each sample cut out from a wafer is about 5x5 mm.

6.2 Magnetization precession induced by

longitudinal strain pulses

A �rst demonstration of picosecond strain induced high frequency magnetization pre-
cession will be presented in the two high symmetry Fe81Ga19 �lms of 100 nm and 20
nm thickness. By means of intensity signals and magneto-optical Kerr measurements
the e�ect of longitudinal strain pulses on the ferromagnetic layer will be characterized
in regard to the phenomenological approach of magnetization excitation given in sec-
tion 4.1. During the fabrication process of the Galfenol wafer, the edges are clamped
to holders, so that some de�ned spots of the wafer remain galfenol-free. The details of
the experimental setup used for the measurements reported here, have been already
discussed in section 4.2. All experiments are carried out at cryogenic temperatures
up to 20 K. An optical pump beam with an excitation density of 20 mJ/cm2 is inci-
dent on the surface of the aluminum transducer opposite to the Galfenol �lm. The
injected strain pulse propagates through the GaAs substrate towards the Galfenol
�lm. The launched strain pulse has pure longitudinal (LA) polarization and propa-
gates at a sound velocity of νGaAs,LA = 4, 8 km/s through the [001]-GaAs-substrate.
The ferromagnetic Galfenol layer is reached after a corresponding propagation time
of 21 nm. The probe beam incident on the Galfenol �lm surface has an excitation

1All Galfenol samples with structural characterization have been provided by A. Rushforth,
University of Nottingham, Nottingham
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6 Strain-induced magnetization modulation in nanometer Galfenol �lms

density of 20 µJ/cm2. After being re�ected from the �lm surface the probe light is
directed to the detection scheme. In order to check the technical alignment of the
experimental setup intensity signals measured from a GaAs substrate which have
been already discussed in chapter 5 have been reproduced from measurements at the
galfenol-free surface spots (which display only the underlying GaAs substrate) from
the [001]-FeGa samples before starting the investigation of the Galfenol �lm. Similar
Brillouin signals have been obtained from these spots as plotted in �gure 5.6 (a).
The intensity signal ∆I(t)/I0 of the re�ected probe beam measured from the Galfenol
�lm is shown in �gure 6.2 (a) for a long time interval and in the inset as a zoom-in.
The signal displays a broad dip with a time duration of approx. 100 ps. t = 0 de�nes
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Figure 6.2: (a): Intensity signal ∆I(t)/I0 of the re�ected probe beam displayed for a
time range of 3 ns and zoomed into a ps time window. (b): Kerr rotation signal
of the [001]-FeGa sample measured at an external magnetic �eld of µ0Hext =
2, 1 T (Hext||z). ∆Mz is normalized to the saturation magnetization M0. The
corresponding frequency spectrum may be extracted from the inset.

the time when the strain pulse has reached the Galfenol layer. Unlike the intensity
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6.2 Magnetization precession induced by longitudinal strain pulses

signals measured from GaAs spots the re�ected probe intensity from the Galfenol �lm
shows no Brillouin oscillations. The absence of the Brillouin signal mainly results
from the very narrow absorption length of the laser light in the material. Never-
theless, ∆I(t)/I0 allows extracting information about the temporal evolution of the
strain pulse. The duration of the acoustic wave packet in the Galfenol layer may
be determined from the layer thickness dFeGa, the sound velocity of the longitudi-
nal acoustic wave νLA and twice the spatial strain pulse length of approx 40 ps to
t = dFeGa

νLA
+80 ps = 100 ps. This time range �ts well to the measured time duration of

∆I(t)/I0. This evidences that the measured intensity signal is a result of the e�ect
of the propagating strain pulse. The signal also displays contributions from possible
electron relaxation phenomena and thermal e�ects [49, 84]. The signal duration also
serves as a reference of the time range in which strain pulse induced signals are com-
mensurable. It is independent of the external magnetic �eld.

The discussion of a typical Kerr rotation signal from the [001]-FeGa sample shall
emphasize the concept of magnetization modulation induced by picosecond strain
pulses discussed in chapter 4.1 phenomenologically. Figure 6.2 (b) shows the polar-
ization rotation of the re�ected probe beam measured in the balanced diode system
by means of the magneto-optical Kerr rotation (see chapter 4, section 4.3) at an
external �eld of 2,1 T applied parallel to the z-direction. The Kerr rotation an-
gle θK, meaning the angle of the rotation of the re�ected probe polarization away
from its initial polarization direction relates directly to changes of the component
Mz = M cos (θ) of the layer magnetization ~M . Thus, the relative amplitude of the
measured magnetization curves presented in this thesis is given by ∆Mz(t), normal-
ized to the saturation magnetization M0.
Ignoring detail features of the signal by now, the focus should �rst be drawn to the
pronounced and long lasting oscillations governing the time evolution of ∆Mz/M0.
No signal is observed until the strain pulse hits the layer at t = 0. An oscillatory
motion builds up when the strain pulse hits the layer. The maximum signal ampli-
tude reaches approx 0, 5 % of the saturation magnetization. The oscillations last for
several ns until the motion damps. The signal remains much longer than the strain
pulse duration in the layer itself and is also still present when the strain pulse has
left the layer already. This is convincing by comparison of the signal durations in
(a) and (b) where the intensity signal duration is indicated by dashed vertical (red)
lines. The inset of plot 6.2 (b) displays the corresponding frequency spectrum of
the oscillations with a frequency maximum around 9 GHz. This frequency value �ts
well to typical results found in Ferromagnetic Resonance (FMR) experiments from
Fe81Ga19 structures [45, 85]. Therefore, this �rst observation of long lasting oscil-
lations is indeed attributed to magnetization precession in the Galfenol layer. To
ensure that the observed signal is not a result of the heat pulse (the �ux of inco-
herent phonons) generated in the heated Aluminum �lm together with the coherent
strain pulse generation a simple check of the experimental setup is done: Monitoring
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6 Strain-induced magnetization modulation in nanometer Galfenol �lms

the Kerr rotation signal when the overlap of the pump and probe laser spots from the
opposite sides is slightly shifted, the signal disappears. If the tilt in magnetization
would be induced by the incoherent heat pulse the coherent signal should be still
observable even when both laser spots do not coincide completely due to the broad
isotropic propagation of the heat pulse [86].
In the following, the spectrum of magnetization precession will be investigated for
various external magnetic �eld strengths. Figure 6.3 (a) depicts polarization ro-
tation signals of the [001]-FeGa sample measured at external magnetic �elds with
�eld orientation parallel to the ~z-direction and values for µ0Hext ranging from zero
to 2, 7 T. The pump laser excitation density for the LA strain pulse excitation is
W = 20 mJ/cm2. At zero �eld almost no signal is observable. In this case the layer
magnetization lies in the layer plane. In the range of 0 < µ0Hext < 1, 8 T, precession
signals with time durations not longer than 1 ns appear. Between 1,9 and 2,4 T long
lasting magnetization precession signals with increased time durations of several ns
are observable. Exceeding 2, 4 T the MOKE signal vanishes. For such high �elds
the e�ective �eld ~Heff is aligned almost parallel to ~Hext and the modulation of Mz

is no longer resolvable. Therefore, the tilting e�ect of the acoustic strain pulse on
the magnetization followed by the precessional motion is monitored in the range of
0 < Hext < 2, 4 T when ~Heff is oriented along an intermediate direction between two
extrema of the magnetic free energy. After the strain pulse hits the Galfenol layer
it changes the parameters of the magnetic anisotropy via magneto-elastic coupling.
Thus, the e�ective �eld ~Heff is tilted from its initial equilibrium orientation and sub-
sequently, ~M starts to precess around the new orientation of ~Heff . This condition is
ful�lled for external �eld strengths large enough to turn ~Heff away from the in-plane
direction of the EA. The limit of �eld strength is reached when µ0Hext is too high so
that ~Heff is aligned almost parallel to the direction of ~Hext. The maximum precession
amplitude of ∆Mz(t)/M0 in dependence of µ0Hext is plotted in �gure 6.3 (b). The
largest signal amplitude is reached at an intermediate �eld strength of µ0Hext = 2, 1
T. Moreover, the precession signals at 1, 8 < µ0Hext < 2, 4 T display pronounced
beatings in the oscillatory motion. The beating seen in the time domain of magneti-
zation modulation of these signals re�ects in each corresponding frequency spectrum
plotted in �gure 6.3 (c). Each spectrum shows two spectral lines with a frequency
splitting of 2 GHz. The appearance of the beating is attributed to the excitation of
spin wave modes. By now, a uniform magnetization precession has been assumed.
This corresponds to a collective coherent precession of the parallel aligned layer spins.
Considering a minimal misorientation between neighbouring spins extended over a
long range larger than the lattice constant forms an excited state of wave character
called spin wave. As the parallel coherent precession of all spins in phase is referred
to the ground state, the propagating disturbance in the magnetic order of the ferro-
magnetic structure represents the excited state of a spin wave mode also known as
magnons in the picture of quasi particles. The �rst demonstration of spin wave exci-
tation in a ferromagnetic GaMnAs structure via picosecond acoustics can be found
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Figure 6.3: (a): Strain pulse induced changes of Mz measured at various external
magnetic �elds ranging from µ0Hext = 0 T to µ0Hext = 2, 7 T in the [001]-FeGa
sample. (b): Maximum signal amplitude of ∆Mz(t)/M0 in dependence of µ0Hext.
(c): Corresponding frequency spectra calculated for the signals from 1,8 to 2,4

T. (d): Fundamental precession frequency (squares) plotted as a function of ~Hext.
Solid and dashed red lines: Theoretically calculated frequency dependence.

55



6 Strain-induced magnetization modulation in nanometer Galfenol �lms

0 , 0 0 , 5 1 , 0 1 , 5 2 , 0 2 , 5 3 , 0 3 , 5
- 0 , 3
- 0 , 2
- 0 , 1
0 , 0
0 , 1
0 , 2
0 , 3
0 , 4
0 , 5

5 1 0 1 5 2 0

 

 
∆M

z/M
0 (%

)

t  ( n s )

µ 0 H e x t  =  2 , 0  T

f  ( G H z )

 
 

 

 

Figure 6.4: Kerr rotation
signal measured from the
ultra thin [001]-FeGa 20
nm thick �lm in an ex-
ternal �eld of µ0Hext = 2
T oriented parallel to the
~z axis. The frequency
spectrum is shown in the
inset.

in an earlier work [87]. The basic condition to excite spin wave modes via picosec-
ond acoustics is the matching of the spatial pro�le of the spin wave and the spectral
component of the strain pulse at the same frequency, given by their spatial overlap
integral. Thus, the excitation e�ciency varies with the �lm thickness which is modu-
lated by the propagating strain pulse. In the magnetization modulation experiments
in GaMnAs it has been shown that spin waves may be excited selectively when the
broad phonon spectrum of the strain pulse matches the spin waves frequencies. The
frequency spectrum and the initial phase of the spin wave excitations depend on the
magnetic boundary conditions meaning the spin properties at the sample interfaces.
These might be expressed by the surface magnetic energy but still a matter of debate
for Galfenol and therefore, beyond the scope of this work. Precession dynamics at
external �elds lower than 1, 8 T display no frequency splitting. The absence of spin
waves here is of an arti�cial nature because the signals in the time domain are very
short and the frequency pattern therefore, hardly to resolve. Figure 6.3 (d) displays
the frequency spectrum (squares) of the fundamental mode in dependence of Hext

yielded from magnetization precession curves in �gure 6.3 (a). Dashed and solid
red curves refer to a theoretical calculation of the spectrum which will be discussed
later. The measurement points reveal a rather complicated relation of the frequency
on the external �eld. The maximum precession frequency of 14 GHz is reached at
µ0Hext = 2, 4 T.

Next, the magnetization modulation in the ultrathin (20 nm) Galfenol �lm grown
on [001]-GaAs will be examined. The Kerr rotation signal in dependence of the time
delay between pump and probe in an external magnetic �eld of 2, 0 T oriented parallel
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Figure 6.5: Sketch of the strain
induced magnetization preces-
sion of ~M around ~Heff at the in-
plane orientation of ( ~Hext⊥~z).

to the ~z-axis is plotted in �gure 6.4. The measurement has been taken at the same
excitation density for pump and prove as in the 100 nm �lm. The time evolution
provides an even larger decay time longer than 3ns compared to the 100 nm sample.
In the corresponding frequency spectrum plotted in the inset of �gure 6.4 only one
narrow spectral line is observable. A single fundamental spin wave mode is assumed
to be excited in this ultrathin �lm. Due to the �lm thickness of only 20 nm the
dynamical strain pulse is supposed to be almost constant inside the layer. Thus, the
spatial overlap of the higher spin wave modes modulated along the z-direction and
the strain pulse frequency components becomes negligible. Excited spin wave modes
are therefore not generated in this sample.
To this point, the magnetization modulation in the [001]-FeGa layer has been

excited in an external �eld applied parallel to the ~z axis, perpendicular to the sample
surface ( ~Hext||z). Magnetization modulation experiments may also be performed
in a di�erent geometrical arrangement when the external magnetic �eld is applied
parallel to the layer plane i.e. in-plane and perpendicular to the ~z axis ( ~Hext⊥z). A
sketch of the sample orientation and axes de�nition given in �gure 6.5 shall illustrate
the concept of magnetization modulation in this experimental geometry. Here, ~Hext

is aligned parallel to the [100] symmetry axis of the layer. The resulting e�ective

�eld ~Heff , the sum of the intrinsic magnetic anisotropy �eld and external �eld ~Hext,
orientates in the layer plane. The strain pulse arriving at the interface to the layer
tilts ~Heff maintaining its in-plane orientation. In this geometry, several magnetization
precession signals ∆Mz(t)/M0 have been recorded and are displayed in �gure 6.6 (a).

The signals are measured for ~Hext⊥~z ( ~Hext||[100]) at �eld strengths varying from 0
to 500 mT. The longest signal duration of t ≈ 450 ps is observed at µ0Hext = 300
mT. Plot (b) shows the precession frequency dependence on Hext for this in-plane
geometry. The frequency increases continuously with the ramped external �eld until
maximum values of 30−35 GHz are reached. Comparing the �eld dependences of the
precession frequencies yielded for both, the perpendicular and in-plane orientation of
~Hext, twice higher precession frequencies and a totally di�erent pattern of the spectral
peak positions is observed at in-plane geometry. In section 6.4, a detailed discussion
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Figure 6.6: (a) Magnetization precession signals ∆Mz(t)/M0 measured at an in-plane

orientation of the external �eld ~Hext||[100]. (b) Corresponding fundamental fre-
quency lines in dependence of the external �eld strength (squares).

based on theoretical calculations of the precession frequency behaviour will underline
these experimental results.

6.3 Magnetization modulation induced by shear

strain pulses

In the last section, magnetization excitation in thin Galfenol layers grown on [001]-
GaAs substrates by longitudinal acoustic strain pulses has been successfully con-
�rmed. The observed magnetization precession frequencies reach values up to 15
GHz (30 GHz) at an external �eld orientation normal to the sample surface (parallel
to the layer plane). In the following, the acoustic excitation will be extended to
shear strain pulses. Due to the underlying low-symmetry substrate [311]-GaAs both
quasi longitudinal and quasi transverse acoustic strain pulses are used to induce mag-
netization modulation in the Galfenol layer. The qLA and qTA modes injected in
the high-index [311]-GaAs substrate propagate at the sound velocities of νqLA = 5, 1
km/s and νqTA = 2, 9 km/s with the corresponding propagation times of 20 ns and 35
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Figure 6.7: (a) and (b): Kerr rotation signals ∆Mz(t)/M0 measured at di�erent time
delays corresponding to acoustic qTA (a) and qLA (b) excitation modes in an ex-
ternal �eld of H = 1, 8 T parallel to the ~z-direction (Insets show the corresponding
frequency spectra). (c): Positions of the fundamental precession frequency line
(squares) in dependence of µ0Hext with �eld orientation parallel to ~z.

ns respectively. The di�erent sound velocities allow the easy distinction of the e�ects
caused by either qLA or qTA modes by adjusting the delay times in the experimental
setup. The �rst magnetization precession signals ∆Mz(t)/M0 from this structure are
measured under the same experimental conditions as in the high-symmetry sample
at perpendicular geometry ~Hext||~z, with ~z being the [311] crystallographic axis of the
sample and the pump excitation density of W = 20 mJ/cm2. Figure 6.7 (a) and (b)
exhibit typical polarization rotation signals ∆Mz/M0 measured from excitation with
qLA and qTA pulses at an external magnetic �eld of µ0Hext = 1, 8 T. A comparison
of the signal amplitudes states the same order of magnitude for both measurements
but the signal amplitude measured from the qTA excitation is about twice larger than
for qLA. The signal amplitude from the Kerr signal induced by qTA strain pulses
reaches 0, 7% of the saturation magnetization. The duration of the oscillations lasts
for several nanoseconds, similar to the decay times measured from the high symme-
try sample. As it has already been shown for the Galfenol �lm grown on the high
symmetry [001]-GaAs substrate beatings in the observed Kerr rotation signals in the
low symmetry structure �nd expression in the formation of high energy spin wave
modes.
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Figure 6.8: Maximum magnetization precession amplitude ∆Mz,max/M0 for qLA (a)
and qTA (b) dependent on the excitation densityW of the pump laser light incident
on the aluminum transducer.

Several MOKE signals induced by qLA and qTA strain pulses have been recorded for
various external �elds oriented perpendicular to the sample surface. Figure 6.7 (c)
depicts the frequency dependence on µ0Hext (squares) for the case of the ∆Mz(t)/M0

signals induced by qTA strain pulses1. The relation of the spectral frequency position
on µ0Hext is similar to the frequency dependence observed in the [001]-FeGa sample

[�gure 6.3 (d)] for the perpendicular �eld orientation ~Hext||~z. The following passage
is dedicated to the question how the precession amplitude ∆Mz/M0 is in�uenced by
the excitation density of the pump laser. From chapter 3 it is known that the strain
pulse amplitude launched into the GaAs substrate increases proportional to the raised
laser power up to a certain regime before anharmonic propagation has to be consid-
ered. The precession amplitude of the magnetization signals should depend on the
laser power due to the coupling of the strain to the magnetocrystalline anisotropy.
The magnetization modulation signal ∆Mz/M0 for a �xed external magnetic �eld
µHext = 1, 9 T has been recorded in dependence of various excitation densities
W [mJ/cm2] depending on the spot size and power of the RegA laser light inci-
dent on the aluminum transducer on the backside of the sample. The measurements
have been performed for the di�erent time delays corresponding to the propagation
times of qLA and qTA strain pulses. The maximum signal amplitude of ∆Mz/M0 in
dependence of the excitation density can be withdrawn from �gure 6.8 (a) for qLA
and in 6.8 (b) for qTA excitation. W is varied from 5 mJ/cm2 to maximum values
≤ 24 mJ/cm2 via a Grey Filter attenuating the pump beam in front of the cryostat.

1The frequency dependence on µ0Hext from the [311]-Galfenol sample has been analyzed for
both, the qLA and qTA induced precession signals. As they show the same frequency behaviour the
frequency plots presented in this chapter are restricted to qTA measurements for reasons of clarity.
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6.3 Magnetization modulation induced by shear strain pulses
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Figure 6.9: Sketch of the [311]-
Galfenol sample with in-plane
orientation of ~Hext||[2̄33].

For excitation densities up to W = 15 mJ/cm2 the signal amplitude of ∆Mz/M0

increases almost linearly with increasing W for both acoustic modes. In the case of
the qLA strain pulse injected into the Galfenol �lm, the maximum signal amplitude
converges asymptotically until it reaches saturation values at 20 mJ/cm2 when the
laser power is increased further. The relation between the precession amplitude and
the injected strain is non-linear. A di�erent behaviour is observed when qTA strain
pulses are injected. The magnetization precession signal amplitude increases linearly
with increasing W thus indicating an excitation e�ciency which remains constant
for both low and very high laser excitation densities. The application of higher ex-
citation densities is technically limited by the laser properties and the resistiveness/
durability of the metal transducer. Nevertheless, in the case of magnetization pre-
cession induced by qTA strain pulses these technical limitations seem to be the only
challenging factors that have to be hurdled in order to reach higher signal amplitudes.
In the limits of the given technical setup this pump-power series shown here already
indicate that acoustic energy is much more e�ciently supplied to the ferromagnetic
layer by using qTA phonons.
With increasing laser excitation power anharmonic strain pulse propagation has to
be considered as discussed in section 3.3. It has been shown that in the non-linear
wave propagation regime the strain pulse displays high amplitudes and a frequency
spectrum, also shifted to higher values. In the case of the precession signals induced
by qLA strain pulses it is observed that, the spectral density of the strain pulse does
no longer cover the characteristic layer magnetization excitation frequency at high
laser powers. Therefore, exceeding the limit ofW ≈ 20 mJ/cm2 the signal amplitude
is not increased any further. This limiting e�ect of the solitonic wave propagation
is not observed for qTA induced precession signals. Nevertheless, these assumptions
have to be manifested in more elaborated studies in this direction and nuanced anal-
ysis of the di�erent soliton formation for qLA and qTA strain pulses is required.
The last part of this section is devoted to the magnetization modulation of the [311]-
FeGa sample in the in-plane geometry. To provide an easy access to the geometrical
conditions, analogous to the in-plane measurements from the [001]-FeGa sample, the
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6 Strain-induced magnetization modulation in nanometer Galfenol �lms

magnetization modulation concept for ~Hext⊥~z is sketched in �gure 6.9. The orien-
tation of the external �eld vector is parallel to the [2̄33] crystallographic direction.
The subsequent precession of magnetization is exemplarily shown in �gure 6.10 for
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Figure 6.10: Magnetization modulation signals ∆Mz/M0 as a function of the time
delay measured for various external magnetic �elds. (a): Signals induced by qLA
strain pulses, (b): Signals induced by qTA strain pulses.

excitation with qLA [plot (a)] and qTA [plot (b)] strain pulses for various µ0Hext

ranging from 0 to 800 mT. It is the slot of external �elds where the measured sig-
nals reach maximum oscillation amplitudes at largest decay times. Analogous to the
previous measurements in ~Hext||~z geometry the oscillatory motion shows beatings of
di�erent frequencies in the time domain and split spectral lines in the corresponding
FFT spectra resulting from spin wave excitations. The larger the external �eld, the
faster the oscillatory motion damps out. The largest decay time of approx. 700 ps is
observed at external �elds around µ0Hext = 300 mT. The Gilbert damping term in
the Landau-Lifshitz-Gilbert equation (4.1) re�ects the intrinsic damping of the mag-
netization motion and can be estimated to G ≈ 3×109 s−1. Similar results have been
reported in FMR studies in ultra thin �lms of iron [26]. The precession frequency
dependence on µ0Hext from magnetization signals induced by qTA pulses is shown
in �gure 6.11 as squared data points. As observed in the high symmetry [001]-FeGa

sample and ~Hext⊥~z geometry, the frequency dependence from the modulation of the
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Figure 6.11: Precession
frequency depen-
dence on the exter-
nal magnetic �eld
oriented parallel
to the layer plane
( ~Hext⊥~z) for qTA
induced magneti-
zation modulation
in the [311]-FeGa
sample (squares).

high-index structure yields a similar pattern. The precession frequency seems to in-
crease almost linearly with increasing magnetic �eld. The maximum value reaches
45 GHz at µ0Hext ≈ 800 mT and is the largest precession frequency value observed
in the magnetization modulation experiments reported here. Compared to the max-
imum frequencies gained from the magnetization modulation in ~Hext||~z geometry,
the precession frequency is three times larger. A detailed discussion with theoret-
ical analysis of the frequency dependence for both sample structures and di�erent
geometries will be presented in the next section.

6.4 Theoretical discussion

This section is devoted to the more elaborated analysis of the magnetization pre-
cession frequencies provided in the picosecond magneto-acoustic measurements from
both, the [001]- and the [311]-Galfenol layers. An overview of the theoretical analysis
of strain induced magnetization precession presented in [29] shall underline experi-
mental �ndings.
The fundamental precession frequency dependence on the external magnetic �eld ob-
served from experimental data has already been discussed for both samples and dif-
ferent geometries in the previous sections. To provide a better overview, the di�erent
measurement plots are rearranged together in �gure 6.12. Measurement points are il-
lustrated as black symbols. Plot (a) provides the spectral peak positions at the �eld

orientation ~Hext||~z i.e. parallel to the [001] axis measured from the [001]-Galfenol

sample. The same �eld orientation applied to the [311]-Galfenol layer ( ~Hext||[311]
axis) refers to the data set shown in (b). The plots (c) and (d) present the frequency
maxima achieved from the [001]- and [311]-structures at in-plane external �eld orien-
tation. Comparing the results of both di�erent samples reveal similar trends in the
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6 Strain-induced magnetization modulation in nanometer Galfenol �lms

�eld dependence. The ~Hext||~z �eld orientation provides a rather complicated relation
of the frequency on Hext with maximum frequencies up to 14 GHz. In contrast, for
the in-plane geometry, the frequencies seem to increase linearly with increasing mag-
netic �eld, leading to maximum frequencies of 40 to 45 GHz.
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Figure 6.12: Fundamental precession frequency plotted as a function of the applied
external magnetic �eld (squares) for both sample structures. (a) and (b): per-

pendicular geometry ~Hext||[001] [[001]-Galfenol (a)] and ~Hext||[311] [[311]-Galfenol

(b)]. (c) and (d): In-plane geometry ~Hext⊥~z for the [001]- (c) and [311]-Galfenol

structure (d). Solid lines show the dependence of the frequencies on µ0Hext ( ~Hext

exactly parallel to ~z) calculated from a theoretical approach derived in [29]. Dotted

lines display the frequency dependence for ~Hext forming an angle of 1, 8◦ with the
~z axis.

The theory of strain induced magnetization precession discussed here, has been ini-
tially developed for a [001]-GaMnAs structure in Ref. [29] but may be analogously
transferred to [311] ferromagnetic thin �lms as Galfenol. The free energy density of
a ferromagnetic thin layer grown on a [311] semiconducting substrate introduced in
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6.4 Theoretical discussion

(2.1) may be rewritten as [23], [29]

F = Fm(mi, ηij) +
1

2
µ0M0m

2
z − (~m · µ0

~Hext) (6.1)

with the shape anisotropy or demagnetization (2nd term), the Zeeman energy (3rd
term) and the magneto-crystalline anisotropy terms

Fm(mi, ηij) = Kc[m
4
x +m4

y +m4
z] + A2η[ηxxm

2
x + ηyym

2
y + ηzzm

2
z] (6.2)

+ A2xy[ηxymxmy + ηxzmxmz + ηyzmymz] + A4⊥ηzzmxmy. (6.3)

The coe�cient Kc denotes the cubic anisotropy �eld while A2η and A2xy provide
the magneto-elastic coe�cients. An additional coe�cient A4⊥ηzzmxmy describes the
strength of a lower-order in-plane magneto-elastic coupling in Galfenol. The equi-
librium orientation of the magnetization ~M is determined by the minimum of F ,
depending on the balance between all terms contributing to the free energy density.
In order to determine the magnetization direction it is convenient to change to the
spherical coordinate system. As ~M may be regarded as uniform wherein all mag-
netic moments are aligned parallel with an average magnetization per unit volume, a
single-domain model of ~M is considered. The time dependent modulation of ~M given
by the Landau-Lifshitz-Gilbert equation (4.1) in the spherical coordinates θ and φ
states [88]

∂θ

∂t
= − γ

sin θ

∂F

∂φ
, (6.4)

∂φ

∂t
=

γ

sin θ

∂F

∂θ
. (6.5)

Acoustic strain pulses change θ and φ by small deviations ∆θ and ∆φ. These small
e�ects on the angles may be expressed throughout the linear approximation of the
time dependent angular changes1

∂∆φ

∂t
=

γ

sin θ0

[Fθθ∆θ + Fθφ∆φ+ Fθηzzηzz(z, t)], (6.6)

∂∆θ

∂t
= − γ

sin θ0

[Fφφ∆φ+ Fφθ∆θ + Fφηzzηzz(z, t)] (6.7)

where Fij = ∂2Fm

∂i∂j
(i, j = θ, φ, ηzz(z, t)) calculated at the equilibrium conditions θ0,

φ0 corresponding to the static orientation of ~M at given ~Hext. From this equation,

1Both expressions are derived for high symmetry conditions with longitudinal strain ηzz but
may be extended to low symmetry conditions. The results and discussion are analogous in both
cases.
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6 Strain-induced magnetization modulation in nanometer Galfenol �lms

e�ective rates of the modulation induced by strain may be de�ned as

fφ =
γ

sin θ0

Fθηzz ∝ −A · γ cos θ0 (6.8)

fθ = − γ

sin θ0

Fφηzz ∝ −B · γ sin3 θ0 sin 4φ0 (6.9)

with A and B dependent on the magneto-elastic coe�cients. fφ and fθ govern the

amplitude and direction and thereby the e�ciency of the tilt of ~Heff induced by
ηzz(z, t) for a given static orientation of ~M [29]. This means that the rates represent
a torque acting on the magnetization. Moreover, equations (6.8) and (6.9) state that

a change of ~Heff in θ results in a torque acting on ~M only in φ, whereas the tilt of ~Heff

in φ results in a torque on ~M in θ. The geometrical relation of the tilted ~Heff and the
e�ective precession rates fθ and fφ is sketched in �gure 6.13. Vanishing values for the
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Figure 6.13: Illustration of the tilting rates fθ and fφ. (a): The equilibrium orienta-

tion of ~M . (b) and (c): Tilt of ~Heff in θ out of the layer plane (b) [or in φ (c)] and

the torque fφ [fθ] acting on ~M .

e�ective rates indicate that ~Heff is not tilted by any strain pulse so no magnetization
dynamics is observed. The magnetization precession frequency ω0 depending on the
static orientation of ~M can be calculated as

ω0 =
γ

sin θ0

√
FθθFφφ − F 2

θφ (6.10)

analogous to the ferromagnetic resonant frequency obtained in (4.2). The precession
rates fφ, fθ, modulation frequency ω0 and the maximum magnetization amplitudes
∆Mz,max can be examined by numerical calculations1 for (i) a perpendicular exter-

nal magnetic �eld ~Hext||~z and (ii) an in-plane orientation of external magnetic �eld
~Hext⊥~z [29]. A short overview of the results with respect to the main correlations
shall sustain the analysis of experimental measured data.
(i) Because fθ = 0 when φ = 0, the tilting of ~Heff is determined by fφ. The stronger

1The theoretical background shortly traced here is extracted from a more detailed discussion
which is found in Ref. [29]
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6.4 Theoretical discussion

the magnetization is turned away from the in-plane easy axis by ~Hext, the response
of ~Heff on the induced strain pulse increases. |fφ| increases almost linearly until the

magnetization rapidly turns towards the direction of ~Hext in the case when the ori-
entation of ~Heff is almost parallel to ~Hext. Contrary, the precession frequency value
ω0 decreases with increasing Hext. Thus, the averaged precession amplitude ∆Mz,max

is governed by the balancing of both competing evolutions of ω0 and fφ. Therefore,
the maximum amplitude of ∆Mz,max is found at an intermediate �eld of Hext. This
has been experimentally con�rmed and shown for the maximum ∆Mz(t)/M0 signal
dependence on Hext in the [001]-FeGa �lm (see �gure 6.3 (c)).

(ii) At in-plane geometry the tilt of ~Heff is determined only by fθ because fφ vanishes

for θ = 0 [compare eqs. (6.8) and (6.9)]. The strain pulse tilts ~Heff only in the layer

plane. The tilt e�ciency |fθ| decreases with increasing �eld Hext because ~M is tilted
towards the hard axis of the layer. In contrast to a perpendicular Hext ω0 continu-
ously increases with the external �eld to higher values than calculated for (i) because
the value of Heff is larger for in-plane geometry. The behaviour of the maximum
amplitude of the precession dynamics ∆Mz,max is comparable to the result for the
perpendicular geometry discussed in (i). As before, the dependence is governed by
the tilting sensitivity of Heff and the precession frequency. ∆Mz,max reaches maxi-
mum values at low external �elds and decreases continuously when Hext is increased
which can be observed experimentally from the magnetization dynamics shown in
�gure 6.10. The �eld dependence of ∆Mz,max decreases asymptotically because no
instant �ipping to a hard axis occurs. Ref. [29] may be considered for more details.
The solid red curves in each plot of �gure 6.12 display the magnetic �eld dependence
of the frequency calculated according to the theoretical approach above concerning
the di�erent geometries. Therein, the expression for the free energy density (6.3) is
used to calculate the precession frequency (6.10) at di�erent external magnetic �elds.
The parameters enter the calculation as the saturation magnetization µ0M0 = 1, 8 T,
perpendicular uniaxial anisotropy �eldH2⊥ = 100 T, cubic anisotropy �eldKc = −25
mT, in-plane uniaxial anisotropy �eld H2|| = −20 mT, the magneto-elastic coe�-
cients A2η = −9 T and A2xy = 5 T and the lower-order in-plane magneto elastic
coe�cient A4⊥ = 1 T [32].

For the ~Hext||~z geometry the calculation assumes the alignment of Hext being strictly
parallel to the ~z axis for both structural symmetries. As presumed from �gure 6.12
(a) and (b) the theoretically gained frequency dependences di�er remarkably from
the experimental data. An additional dotted curve is calculated from the same the-
oretical approach but for a slight angle deviation of the ~Hext orientation from the
~z axis about 1, 8◦. In this case the theoretically modeled frequency dependence on
magnetic �eld �ts the experimental data very well indicating a slight misalignment in
the direction of the external magnetic �eld in the experimental setup. The existence
of two local minima resolvable especially in the theoretical calculation is attributed
to the strong saturation magnetization µ0M0 and in-plane uniaxial anisotropy pa-
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6 Strain-induced magnetization modulation in nanometer Galfenol �lms

rameter H2|| of Galfenol. Usually, ferromagnetic materials like pure iron or GaMnAs
display a single minimum of the frequency dependent on Hext as it has been explained
in (i). Only the polar angle θ is modi�ed by the external �eld, resulting in one single
minimum of the frequency. In Galfenol, φ is not zero but very small. Thus, both the
polar θ and azimuthal angle φ are modi�ed by ~Hext emerging in two local minima
seen in the dependence of the fundamental frequency [see �gure 6.12 (a) and (b)].
The magnetic �eld dependence observed from the Kerr rotation measurements in the
in-plane Hext⊥z (�gure 6.12 (c) and (d)) geometry has been also calculated theoreti-
cally from the same values for the free energy parameters as in the case Hext||z. The
red solid theory curve is in good agreement with the experimental data.

In conclusion, three main factors are assumed to govern the amplitude of the strain
induced magnetization precession [29, 23]. First, the general frequency matching
condition plays an important role. In order to excite magnetization modulation at
frequencies characteristic for the Galfenol layer the spectral density of the strain
pulse has to cover the frequencies of magnetic excitations. The broad spectra for
the LA, qLA and qTA pulses are centered in the GHz range thus matching typi-
cal ferromagnetic resonance frequencies found in Galfenol thin layers. Second, the
precession signal amplitude is determined by the competition of the tilt sensitivity
of the e�ective magnetic �eld ~Heff given by the precession rates fθ and fφ and the
dependence of the precession frequency on Hext. Experimentally, the maximum pre-
cession frequencies are reached for an in-plane orientation of ~Hext [�gure 6.12 (c) and
(d)] where the frequency converges asymptotically to 30 − 35 GHz (40 − 45 GHz).
Theoretical considerations above state that while ω0 is increasing with Hext, the tilt
e�ciency of Heff and therefore the torque acting on ~M decreases to zero. Therefore,
maximum precession amplitudes are observed at intermediate external �elds. The
third factor is the synchronization condition which is ful�lled when the time interval
the strain pulse needs to propagate through the magnetic layer forward and backward
matches the period of the magnetic spin precession [23, 29].All three factors govern

the complicated precession trajectory of ~M .

6.5 Room-temperature measurements

After the magnetization modulation induced by ultrafast acoustic strain pulses in
thin Galfenol layers has been discussed in detail, this section aims at utilizing a very
important feature of the Galfenol structure: The ability to perform experiments at
ambient temperatures. All experiments have been carried out at cryogenic temper-
atures of 4 to 10K to avoid the attenuation of the high frequency components of
the strain pulse. Thereby, magnetization modulation amplitudes of ∆Mz/M0 = 0, 7
% are reached. At higher temperatures, the dominant attenuation mechanism for
an acoustic strain pulse through a GaAs substrate is the anharmonic interaction
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6.5 Room-temperature measurements

with the bath of thermal phonons [89]. Although the physical concept of strain in-
duced magnetization modulation has been successfully realized in Galfenol, heading
towards realistic applications in technology requires structures performing at room-
temperatures. As the Curie temperature of Galfenol exceeds 600 ◦C it serves as an
ideal candidate for investigations at room temperature. As before, the experiments
are carried out in a cryostat in order to be able to utilize the superconducting mag-
netic split coils of the system. The sample is �rst heated up from the cryogenic to
near room temperatures and then the temperature is controlled to a constant value
automatically. The dependence of the intensity I(t) of the re�ected probe beam on
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Figure 6.14: Time-dependence of the intensity I(t) of the re�ected probe beam mea-
sured at low temperatures (20 K, black curve) and near room temperature (270
K, red curve) from the [311] sample.

the time delay for the [311]-FeGa sample measured near room temperature (270 K)
is shown in �gure 6.14. The plot also contains the corresponding signal measured
at cryogenic temperature. From the comparison of both signals one can observe a
shift of the whole signal at 270 K in time. The strain pulse needs a longer time to
propagate through the GaAs substrate because of the thermal expansion of the layer
and due to the lower strain pulse velocity at higher temperatures. Possible prop-
agation distances are also lowered at ambient conditions due to strong attenuation
mechanisms related to the strain pulse interaction with thermal phonons [90]. The
temporal evolution of the z-component of the magnetization measured through the
polar magneto-optical Kerr e�ect for both [001] and [311] samples and in di�erent
experimental geometries near room temperature are depicted in �gure 6.15. The left
panel exhibits Kerr signals induced by LA, qLA and qTA strain pulses in ~Hext||~z ge-
ometry at 2, 2 T and 1, 9 T where maximum decay times were observed at cryogenic
temperatures. As a �rst impression the signals are comparable to those measured
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Figure 6.15: Magnetization precession signals ∆Mz/M0 in dependence of the time
delay measured for Galfenol �lms grown on [001] and [311]-GaAs substrates at

270K: (a) Orientation of the external magnetic �eld ~Hext normal to the sample

surface ( ~Hext||~z). (b) In-plane orientation of ~Hext. Both panels display excitation
of magnetization modulation by LA ([001]FeGa sample), qLA and qTA ([311]-FeGa
sample).

at low temperatures. Although, the signals at 270 K appear to be noisier (most
likely due to Helium circulation) the duration of the oscillations is almost as long as
obtained at lower temperatures. The signal amplitude is a bit lower reachingh about
0, 3% of the saturation magnetization. The fundamental precession frequency of 10
GHz (not displayed) is comparable to the frequencies measured before. Additionally,
the Kerr rotation signals display beatings of the oscillatory motion indicating the
excitation of several spin wave modes contributing to the frequency spectrum. The
right panel of �gure 6.15 displays the time evolution of ∆Mz(t)/M0 in ~Hext⊥~z geome-
try with di�erent time delay settings corresonding to LA, qLA and qTA modes. The
plot depicts measurements at µ0Hext = 100 mT. The highest precession frequency
measured in the in-plane geometry is nearly 30 GHz which is also comparable to the
results at cryogenic temperatures.
In conclusion, the investigations presented in this section are one of the most impor-
tant results of the experiment reported in this thesis. Acoustic strain pulse induced

70



6.6 Conclusion

high-frequency magnetization modulation of a thin ferromagnetic layer has been re-
alized at ambient temperatures. So far, magnetization modulation induced by ultra-
fast acoustics has been reported in several structures only at cryogenic temperatures
[22, 23] or close to room temperatures but with rather low precession frequencies
[24]. The possibility to modulate the magnetization by strain pulses in Galfenol at
sub-THz frequencies and ambient temperatures establishes the material as a promis-
ing candidate for future applications in information and communication technology
actually approaching the enhancement of data storage and operating speeds.

6.6 Conclusion

In this chapter, it has successfully been shown that the conversion of acoustic en-
ergy into magnetic excitation leads to high frequency magnetization precession in
nanometer layers of ferromagnetic Galfenol. The �rst observation of pure LA strain
induced magnetization modulation in Galfenol �lms grown on high symmetry [001]-
GaAs substrates reveal precessional motion at decay times up to 3 ns and precession
frequencies in the GHz range comparable to typical FMR measurements from these
structures [45]. The corresponding spectral density displays several frequency lines
due to the excitation of higher spin wave modes.
In a low symmetry sample with an underlying [311]-GaAs substrate qLA and qTA
strain pulses are launched and the magnetization modulation in the Galfenol layer
has been measured at di�erent time delays corresponding to each acoustic mode. The
maximum precession amplitude that has been measured in these experiments relates
to the magnetization excitation by qTA phonons. By means of the magneto-optical
Kerr e�ect the z component of ~M perpendicular to the sample surface is monitored.
Maximum amplitude values reach ∆Mz,max = 0, 7 % of the saturation magnetization.
Due to the shape anisotropy, the in-plane component ∆My is expected to reveal

higher amplitudes up to 2 % of M0 at in-plane orientation of ~Hext and 100 mT. The
corresponding absolute amplitude of µ0∆My = 40 mT is higher than tilting ampli-
tudes yielded in similar experiments so far [23, 24]. Pump power series have shown
that in principle higher precession amplitudes induced by qTA strain may be acces-
sible in the studied Galfenol �lm. A linearly enhanced maximum signal amplitude
∆Mz,max with increased pump excitation density assumes that the signal amplitude
is primarily limited by technical parameters such as laser power and damage factors
of the aluminum transducer. The largest precession frequencies up to 45 GHz are
reached at in-plane geometry. The results are in good accordance with typical fre-
quencies measured in FMR experiments in Galfenol.
Since Galfenol with it's giant magnetostrictive properties is supposed to be an auspi-
cious material for future magnetization control in many technical applications, mag-
netization modulation experiments at ambient temperatures is highly appreciated to
open the way for application-oriented science. Therefore, both Galfenol structures
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6 Strain-induced magnetization modulation in nanometer Galfenol �lms

[001]-FeGa and [311]-FeGa have been investigated at 270 K. Beside smaller atten-
uation e�ects the results gained at cryogenic temperatures have been reproduced.
Precession frequencies up to 30 GHz have been observed in in-plane geometrical ori-
entation as well as long signal lifetimes up to 3 ns in ~Hext||~z geometry are comparable
to ∆Mz(t)/M0 signals at low temperatures.
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7 Resonant driving of

magnetization precession by

localized phonons in an acoustic

cavity

This chapter presents the resonant modulation of the strain-induced magnetization
dynamics in Galfenol by localized phonon modes in an underlying phonon cavity.
Expanding the concept of magnetization precession in ferromagnetic materials on pi-
cosecond time scales leads to the novel exploration of magnetic resonance phenomena
on similar time and spatial scales. Although, the resonant driving and monitoring of
magnetization is widely exploited nowadays and has become, for example, an estab-
lished branch of clinical technology and science [91] and a hot topic in the research
�eld of Nuclear Magnetic Resonance (NMR) quantum computing [92]. Common
techniques operating at magnetic resonance frequencies in the GHz and THz regime
are usually scanned by microwave techniques [93, 94]. Nevertheless, high speed oper-
ation times down to picosecond time scales remain challenging so far. Via application
of picosecond strain pulses to a high magnetostrictive ferromagnetic layer magneti-
zation dynamics on picosecond timescales at precession frequencies up to 45 GHz
have been successfully demonstrated in chapter 6. In the following, it will be shown
how this precession dynamics may be signi�cantly enhanced by the interaction of the
magnetic resonance with localized phonon modes in an acoustic cavity.
In this chapter, �rst, the sample structure composed of the previously characterized
Galfenol �lm embedded in a phononic Fabry-Perot cavity will be introduced, followed
by an overview of the experimental conditions of the measurement setup. Afterwards
the experimental �ndings and the discussion of results will be presented.

7.1 Sample characterization

A Galfenol layer with chemical composition of Fe81Ga19 and 59 nm thickness covered
with a 5 nm thick GaAs cap is deposited on a system of two Superlattices (SLs)
forming acoustic Bragg mirrors. The SLs are grown on a semi-insulating [001]-GaAs
substrate of 100 µm thickness via molecular beam epitaxy. A sketch of the studied
sample structure is given in �gure 7.1 (a). Each superlattice consists of two di�erent
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Figure 7.1: (a): Sample structure containing two superlattice structures SL1 and
SL2 of 10 GaAs/AlAs bi-layers epitaxially grown on a [001]-GaAs substrate and
a Fe81Ga19 �lm on top. (b) Zoomed sketch of the SL system. Phonon dispersion
relation curves associated with the two di�erent superlattices SL1 (c) and SL2 (d).
fR1, fR2 and fR3 indicate the frequency of the phonon cavity resonances.

semiconductor materials GaAs and AlAs deposited alternately on each other forming
a periodic bi-layer of 10 periods in the growth direction. The layer interfaces are
plane perpendicular to the z axis. The thickness of the GaAs/AlAs period is 59/71
nm for the SL1 and 42/49 nm for the SL2 structure. Beside intensive research of
electronic quantum states and optical transport properties in SL structures acoustic
characteristics have been investigated. These multilayer structures serve as so-called
nanophononic Bragg mirrors: Because of the di�erent acoustical impedances of the
two semiconducting materials a propagating longitudinal acoustic phonon wave with
wavelength λLA undergoes Bragg re�ections in case the Bragg condition mλLA =
2D cos θ′ is ful�lled [95, 96]. Here, D is the SL period D = dGaAs + dAlAs, m the
re�ection order and θ′ denotes the angle between the phonon wave vector and the z
axis normal to the sample surface. In case of the experimental geometry θ = 0◦ and
the Bragg condition reduces to mλLA = 2D for zero incidence. As the phonon wave
vector is given by q = 2π/λLA, phonons with q = mπ/D are re�ected and do not
propagate through the SL. The phonon dispersion is folded into the �rst Brillouin
zone de�ned by −π/D ≤ q ≤ π/D. The selective re�ection of phonon modes yield
frequency gaps (i.e. phononic stop bands) in the reduced phonon dispersion relation.

74



7.1 Sample characterization

A calculation model to derive the dispersion relation is shown in [97]. Therein, the
center of the mth-frequency gap is calculated after

f =
m

2

1

(dGaAs/sGaAs + dAlAs/sAlAs)
, (7.1)

with sGaAs, sAlAs as the sound velocities of the LA phonon wave in each layer1. The
propagation of phonon modes is impossible in these frequency intervals. Phonons
with frequencies di�erent from these gaps are transmitted through the SL whereas
phonons with frequencies matching the gap frequencies are re�ected. The phonon
spectrum and stop bands are experimentally investigated by Raman-scattering and
in phonon transmission spectroscopy studies [98, 96]. Because of this frequency se-
lective property superlattice structures �nd application as phonon �lters [99]. The
transmission rate of the propagating phonons through a SL may be determined
from the transfer-matrix formalism generally used for the calculation of the prop-
agation of electromagnetic or acoustic waves through a periodically stacked medium
[100, 101, 97]. In this approach, the acoustic properties of each semiconductor layer
are expressed in terms of a characteristic matrix. The whole stack of individual lay-
ers can be represented as an equivalent layer matrix that is the product of the single
characteristic matrices of the single layers. From this representation, the transmission
and re�ection coe�cients are derived. The frequency dependence on the transmis-
sion rate yield pronounced dips centered around frequencies that satisfy the Bragg
condition thus, leading to zero transmission corresponding to the stop bands. The
phonon dispersion relations are shown in �gure 7.1 (c) and (d) as black curves for
both superlattices SL1 and SL2. Because of the chosen nm thickness of the SL peri-
ods, the phononic stop bands are localized in the GHz range at 20 GHz (SL1) and
around 28 GHz (SL2).
The studied Galfenol layer is sandwiched between two phononic mirrors: The top
mirror is the open surface and the other one, the SL1 or SL2 superlattice below.
These components together form an acoustic planar Fabry-Perot resonator which
con�nes sound in the sub-THz regime. The Galfenol �lm serves as the resonator
cavity. Note that, as the SL2 mirror is grown below the SL1 mirror, SL1 is counted
as a part of the cavity as well from the viewpoint of the SL2 mirror. This acoustic
nanocavity is equivalent to optical Fabry-Perot resonators constituted of semiconduc-
tor microcavities between distributed Bragg re�ectors for photon con�nement used
in experiments enhancing photonic lifetimes [102, 103]. The acoustic cavity under
study possesses a discrete spectrum of frequency resonances fRi, depending on the
cavity size and the acoustic wavelength. The calculation of the phonon resonances
can be found in [101]. For the given structure the resonance frequencies fR1 = 20, 0
GHz, fR2 = 28, 0 GHz and fR3 = 29, 5 GHz are indicated as horizontal lines in

1Note that, because of the high symmetry structure of the sample, transverse acoustic strain
pulses are not generated.
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7 Resonant driving of magnetization precession by localized phonons in an acoustic cavity

the SL dispersion relations in �gure 7.1 (c) and (d). All cavity frequencies fall into
the frequency gaps corresponding to SL1 (fR1) and SL2 (fR2 and fR3) respectively.
Therefore, a cavity mode with a frequency in the SL stop band may be con�ned in
the acoustic resonator.

7.2 Experimental conditions

The experimental realization of the resonant driving of magnetization dynamics by
injecting acoustic strain pulses is based on the same time-resolved pump-probe tech-
nique as it has been used in the previous experiments reported in this work. But,
in contrast to the previous experiments, the strain pulse excitation and the probing
is realized from the same side, on the Galfenol layer surface wherein the Galfenol
material itself serves as the opto-elasitcal transducer. The experimental settings are
schematically shown in �gure 7.2. Besides, all other technical settings and equipment
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Figure 7.2: Experimental scheme of the magnetization excitation and probing of the
MOKE from the Galfenol layer deposited on a GaAs/AlAs-SL system.

remain the same and can be looked up in chapter 4.2. The Galfenol layer is excited
by optical pump pulses with an excitation density of W ≈ 10 mJ/cm2. Analogous
to the previous measurements the changes in the magnetization component ∆Mz of
~M are monitored throughout the polar magneto-optical Kerr e�ect. Therefore, a
probe pulse of W ≈ 20 µJ/cm2 energy is applied at the sample surface overlapping
the pump laser spot. The re�ected probe beam is directed to the balanced detec-
tion scheme. The sample is mounted in the bath cryostat where measurements at
various temperatures up to ambient conditions and at di�erent external magnetic
�elds are facilitated. All results shown in the next section are measured at 170 K
and ~Hext applied parallel to the [100] crystallographic axis in the layer plane, close to
the easy magnetization axis [47, 45]. Acoustic strain pulses induced by femtosecond
laser pulses change the magnetic anisotropy parameters of the Galfenol layer, leading
to magnetization precession as shown in the previous chapter. The frequency of the
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following magnetization precession can be driven by ~Hext into the regime of the stop
band frequencies of the SLs. The monitored signals and physical concept will be
discussed in the next section.

7.3 Results and discussion

As the aim of this study is to investigate the interaction of resonant cavity phonons
with magnetic excitation in the Galfenol layer it is worthwhile to start with mea-
surements of the magnetization precession ∆Mz(t)/M0 at frequencies fM which are
expected to match the resonator modes fRi. Therefore, three magnetization preces-
sion signals from the Galfenol layer, measured by means of the polar MOKE, are
compared in �gure 7.3. The black magnetization curves are measured for 100 and
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Figure 7.3: Time evolution of the ∆Mz(t)/M0 dynamics in the 59 nm Galfenol �lm
deposited on a SL system, measured at di�erent external magnetic �elds µ0Hext.

250 mT showing decay times of the oscillatory motion around 500 ps. The signal
characteristics are in full coincidence with the results obtained from the pure Galfenol
samples at in-plane geometry (see chapter 6 and [45]). Instead, the signal measured
at 190 T (red curve) displays a long-living oscillatory tail with an increased lifetime
to more than 2 ns. The decay time is four times larger than the precession lifetime
in the previous experiment. Additionally, several ∆Mz(t)/M0 data plots have been
recorded for external �eld strengths between 100 mT to 300 mT with a step of 10
mT and 20 mT. The corresponding frequency spectra of the magnetization rotation
signals are pooled in �gure 7.4. Each spectrum contains two frequency peaks. The
spectral line indicated by the dashed red vertical line f1 remains localized and is cen-
tered around f1 = 20, 5 GHz. The spectral position of the lower peak fM moves to
higher values with increasing µ0Hext. The linear �t of the frequency fM in dependence
of µ0Hext is plotted in �gure 7.5 (a) in a range of 100− 670 mT. Symbols represent
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Figure 7.4: (a) Frequency spectra of the corresponding magnetization precession sig-
nals ∆Mz(t)/M0 monitored for various external magnetic �elds µ0Hext ranging
from 100 to 300 mT with steps of 10− 20 mT. Each curve displays two frequency
peaks - the lower one indicated as fM and a localized mode de�ned as f1.

experimental data points whereas the solid curve is the linear �t of the data. Com-
paring this frequency dependence of fM to the precession frequency spectra obtained
in the pure [001]-Galfenol layer (see �gure 6.12 (c)) emphasizes that fM corresponds
to the magnetization precession frequency in the Galfenol layer deposited on the SL
system. Horizontal dashed lines in �gure 7.5 (a) indicate the values of the calculated
cavity phonon frequencies fRi. The intersections of fRi with the frequency curve fM
refer to the corresponding external �elds µ0HRi at the cavity resonance condition.
Figure 7.5 (b) depicts the amplitude of the localized spectral line f1 dependent on
µ0Hext as symbols. The data is �tted by a Gaussian distribution (dotted curve). The
maximum frequency amplitude is observed between 180 and 190 mT. The dashed
vertical line indicated the external �eld µ0HR1 corresponding to the resonance fre-
quency fR1.
Following conclusions can be drawn from the study so far. The magnetization preces-
sion induced by picosecond strain pulses is signi�cantly enhanced when the precession
frequency coincides with the lowest resonant cavity mode: fM ≈ fR1. The concept of
resonant driving of the magnetization dynamics by localized cavity phonons mani-
fests on the one hand in an increased life time of the oscillatory motion of ∆Mz(t)/M0

(�gure 7.3) when the resonance condition fM = fR1 is ful�lled. On the other hand,
the amplitude of the spectral line f1 associated with the localized cavity mode in the
frequency domain reaches a maximum at HR1.
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Figure 7.5: (a) Spectral position of the frequency mode fM (symbols) obtained from
precession signals ∆Mz(t)/M0 at external �elds up to 670 mT (with solid line as
linear �t). Dashed horizontal lines fR1, fR2 and fR3 indicate the cavity modes of
the acoustic resonator with the corresponding �elds µ0HRi as solid vertical lines.
(b) Spectral amplitude dependence of the frequency f1 on µ0Hext (symbols) and
Gaussian �t of the experimental data points (dotted curve).

These observations of the enhanced magnetization precession in the Galfenol cavity
may be explained as follows. The thermal expansion of the Galfenol layer when a
femtosecond optical pump pulse is applied to the sample surface leads to the injection
of an picosecond strain pulse containing a broad spectrum of acoustic phonons. The
broad acoustic wave packet excites free magnetization precession in the Galfenol �lm.
In the single Galfenol �lm the precessional motion decays within 700 ps [�gure 6.10
(a)] [24, 104]. The strain pulse leaves the layer within a time range of ≈ 50 ps. The
phonon modes with frequencies corresponding to the stop bands of the SLs f = fRi

remain localized in the �lm because the transmission of these modes through the
acoustic cavity is suppressed by the mirroring e�ect of the SLs. The corresponding
decay time τ̃R1 for the cavity containing SL1 as one Bragg mirror can be calculated
to τ̃R1 ≈ 10 ns. Compared to the signal decay times observed from the free mag-
netization precession in this geometry the lifetime of the localized cavity modes is
two orders of magnitude larger. Within this time τ̃R1, the localized phonons are as-
sumed to drive the magnetization precession in case that the precession frequency is
close to the resonance phonon frequency, fM = fR1 (or in terms of the corresponding
resonance �eld Hext = HR1). This resonant driving process related to the resonance
condition is clearly observed in �gure 7.3 by the enhancement of the decay time of
the oscillatory signal tail. As the magnetization precession frequency of the layer lin-
early depends on the external magnetic �eld the precession is moved out of resonance
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Figure 7.6: (a) Strain induced magnetization precession signals measured at µ0Hext =
300, 500 (black curves) and 400 mT (red curve) are plotted for a time window of
0 ≤ t ≤ 2, 5 ns. (b) Time evolution of the long-living signal ∆Mz(t)/M0 at
µ0Hext = 400 from plot (a) recorded in a time range up to 6 ns.

when µ0Hext is set to higher or lower values and Hext 6= HR1 which can be obtained
from extremely shorter decay times of the ∆Mz(t)/M0 magnetization signals.

From �gure 7.5 (a) external magnetic �elds HR2 and HR3 located around 400 mT
are indicated from the intersections of the frequency dependence on µ0Hext and the
cavity frequencies fR2 and fR3. The acoustic Fabry-Perot resonator limited by the
Galfenol/air interface and the SL2 on the opposite side embodies the Galfenol layer
and the SL1 structure as the resonator cavity as SL2 is positioned below SL1. Figure
7.6 (a) presents the MOKE signal ∆Mz(t)/M0 measured at µ0Hext = 300, 400 and
500 mT. The maximum signal amplitude and -duration is recorded at an external
�eld of 400 mT. Figure 7.6 (b) displays the time evolution of ∆Mz(t)/M0 monitored
at 400 mT in an extended time range. The decay time of the long living signal tail
reaches 6 ns. Pronounced beatings in the time evolution signal suggest several fre-
quencies in the FFT spectrum. The spectral density is shown for the corresponding
precession signals at µ0Hext = 300, 400 and 500 mT in �gure 7.7 and displays several
peaks with vertical lines indicating the maximum amplitude of the both most pro-
nounced frequency peaks f2 = 28, 4 GHz and f3 = 30, 0 GHz. These values match the
calculated resonance frequencies fR2 = 28, 0 GHz and fR3 = 29, 5 GHz corresponding
to the cavity limited by the open FeGa surface and the Bragg mirror SL2. The fre-
quency of the spectral lines seems to be independent of Hext whereas the amplitude
of f2 and f3 is rather low at 300 and 500 mT, yielding a pronounced maximum at
400 mT. This value of the external �eld �ts well to the resonance condition where
Hext = HR2, HR3 indicated by the intersections of fR2 and fR3 with the precession
frequency curve in �gure 7.5 (a) between 370 mT and 420 mT. Thus, driving the
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magnetization precession frequency into resonance with the cavity phonon frequen-
cies reveals an immense increase of the precession lifetime and spectral amplitude
manifesting the physical concept of the interaction of localized cavity phonons with
the magnetization precession of the layer in each SL. The frequency spectrum of the
cavity can be con�rmed from theoretical modulations and is shown in the inset of
�gure 7.7 [105, 101]. The main peaks located at 20 GHz and at 28−30 GHz coincide
with the experimental observed spectrum. Both, the experimental and calculated
spectra contain additional frequency peaks with lower amplitudes around f2 and f3

independent of Hext. These features are attributed to the �nite length of the super-
lattice.
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Figure 7.7: Frequency spectra derived from ∆Mz(t)/M0 signals at 100, 300 and 500
mT. Dashed vertical lines f2 and f3 illustrate the maximum frequency amplitudes
from the precession measurements. The inset shows the frequency spectrum yielded
from theoretical calculations [105, 101].

The resonant driving of magnetization precession by coherent phonons has been
shown for frequencies corresponding to localized longitudinal acoustic phonon modes.
Resonance e�ects on fM from frequencies of localized transverse phonon modes are
not observed in this structure. The plausible reason is that the optical pump pulse
does not excite shear strain corresponding to TA phonons because of the high sym-
metry conditions of the sample structure [69, 72].
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7.4 Conclusion

In this chapter a novel technique to enhance the magnetization modulation of a
thin ferromagnetic layer induced by picosecond strain pulses resonantly via coherent
phonons in the GHz regime has been introduced. Therefore, a Galfenol layer has
been inserted into an acoustic cavity forming a Fabry-Perot resonator with the open
surface at one side and two superlattice structures at the opposite side of the Galfenol
layer serving as phonon mirrors framing the cavity. Both superlattices consist of al-
ternating stacking of nm layers of GaAs and AlAs. The transmission of acoustic
phonons through the resonator, which are generated in the Galfenol �lm by means of
the picosecond acoustics technique, is restricted due to selective frequency �ltering
governed by SL-characteristic stop bands. Thus, coherent phonons with frequencies
that fall into the forbidden gaps remain con�ned in the acoustic cavity. These phonon
modes interact with the magnetization excitation of the frequency fM matching the
stop band frequency. This enables an increase of the magnetization precession life-
time up to 6 ns. The magnetization precession is driven into resonance fM = fRi by
scanning through the external magnetic �eld centered around the resonance condition
Hext = HRi. The resonant driving of magnetization modulation has experimentally
been demonstrated for both SL structures providing di�erent resonance frequencies.
Following the challenging technological task of e�cient control of magnetic excitation
at ultrahigh speed the discussed resonant driving phenomenon utilizing picosecond
acoustics opens a new direction outperforming disadvantages of traditional methods
in the research �eld of magnetization resonance phenomena. Further development of
the reported experimental approach addresses an ardent topic in ultrafast ferromag-
netism: The generation of LA and TA strain pulses from magnetization precession
dynamics. Formally, the idea describes the inversion of the reported magnetization
modulation experiments based on the Villari e�ect thus, speaking of a magnetostric-
tion e�ect. By exciting magnetization in a ferromagnetic layer it is possible to yield
magneto-elastic waves from the coupling of magnetic excitation and acoustic phonons
as it has been shown for microwave application [106]. In contrast, this method re-
ported here does not require any external resonators, it can be scaled down to the
nanometers and thus, it belongs to the important issues in the �eld of nanomag-
netism.
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In conclusion, the e�ective modulation of the magnetization induced by picosec-
ond strain pulses in a ferromagnetic nanometer Galfenol layer has been successfully
demonstrated. Among the group of recently developed giant magnetostrictive ma-
terials Galfenol provides outstanding physical and technical properties making it
suitable for ultrafast magnetization control experiments. In this work, this material
is combined with the method of picosecond acoustics, a powerful tool to manipulate
magnetic properties. The principle of strain induced magnetization modulation is
based on the inverse magnetostriction or Villari e�ect. The equilibrium direction of
magnetization oriented along the e�ective �eld ~Heff in a ferromagnetic layer subject
to an external magnetic �eld is governed by the direction and orientation of the
applied ~Hext and the magnetic anisotropy parameters. The picosecond strain pulse
generated by femtosecond light pulses couples to the magneto-crystalline anisotropy
of the ferromagnetic layer changing the orientation of ~Heff . The magnetization is
tilted out of the equilibrium direction and remains precessing around ~Heff .
In preliminary studies discussed in chapter 5 the propagation and detection char-
acteristics of picosecond strain pulses in a low symmetry GaAs substrate has been
analyzed. The strain pulse contains qLA and qTA phonons modes segregating in
time due to their di�erent sound velocities. The separated detection of qLA and
qTA pulses is realized in intensity modulation and polarization rotation measure-
ments [45, 85].
Various magnetization modulation experiments performed in di�erent geometries and
sample structures have been presented in chapter 6. The �rst obervation of strain
induced precession signals ∆Mz/M0 monitored by means of the polar MOKE has
been realized in high symmetry [001]-Galfenol samples at cryogenic temperatures.
Precession decay times up to 3 ns and precession frequencies in the GHz range are
in very good agreement with results from ferromagnetic-resonance experiments in
Galfenol. This �rst part demonstrates the e�cient conversion of picosecond strain
into magnetization control in Galfenol. Moreover, the detection of several spin wave
modes in the frequency domain of the ∆Mz(t)/M0 signals has opened the way for
future detailed investigation in this direction. The excitation of a single spin wave
mode at a speci�c frequency may �nd application in spin current control in spintronic
devices, for example [107]. Common techniques such as the microwave excitation of
single spin waves are limited to ns timescales and sub-micrometer dimensions [108].
The experiments reported in this work show that these issues may be improved by
ultrafast magnetization manipulation in Galfenol structures scaled down to nanome-
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ter sizes.
Extending the experiment to qTA strain pulses by the use of a high index [311]-
Galfenol structure reveals higher magnetization precession amplitudes at values as-
suming to reach 2 % of the saturation magnetization for the in-plane magnetization
component. This relates to 40 mT which is higher than tilting amplitudes reported
so far from similar experiments [22, 23]. The highest precession frequencies reach 40
GHz for magnetization signals induced by qTA strain pulses at in-plane orientation
of the external magnetic �eld. It has been shown that the precession amplitude in-
duced by qTA pulses is only limited by technical issues as the applied laser power.
Overcoming technical limitations may lead to the ultrafast complete switching of
magnetic states required in spin logic devices for example. Due to the high Curie
temperature of Galfenol, magnetization dynamics have also been investigated at am-
bient temperatures. The observed results are very similar to the previous �ndings at
cryogenic temperatures.
The magnetization modulation in Galfenol is signi�cantly enhanced, by inserting
the ferromagnetic layer into a an acoustic Fabry-Perot resonator. This experimental
study has been the topic of chapter 7. A Galfenol layer is deposited on a system of
two superlattices serving as acoustic Bragg mirrors. The second mirror is given by the
open Galfenol surface. Phonons with frequencies corresponding to the superlattice
stop bands are con�ned in the acoustic cavity. Tuning the magnetization precession
frequency by the external �eld into resonance with the localized cavity modes reveals
high amplitude precession signals with enormously increased decay times up to 6 ns.
This resonant driving phenomenon may supersede traditional methods of microwave
radiation [93, 94]. Since the optical generation of coherent monochromatic phonons
may be extended to THz frequencies [109] the resonant driving of magnetization dis-
playing resonances at higher frequencies for example in antiferromagnetic structures
may be realized.
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