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Basic research is like shooting an arrow into the air and,
where it lands, painting a target.

H. B. Adkins





Abstract

In this thesis, I study ultrafast dynamics in perovskite oxides using time resolved
broadband spectroscopy. I focus on the observation of coherent phonon propagation
by time resolved Brillouin scattering: following the excition of metal transducer films
with a femtosecond infrared pump pulse, coherent phonon dynamics in the GHz
frequency range are triggered. Their propagation is monitored using a delayed white
light probe pulse. The technique is illustrated on various thin films and multilayered
samples.

I apply the technique to investigate the linear and nonlinear acoustic response
in bulk SrTiO3, which displays a ferroelastic phase transition from a cubic to a
tetragonal structural phase at Ta = 105 K. In the linear regime, I observe a coupling
of the observed acoustic phonon mode to the softening optic modes describing the
phase transition. In the nonlinear regime, I find a giant slowing down of the sound
velocity in the low temperature phase that is only observable for a strain amplitude
exceeding the tetragonality of the material. It is attributed to a coupling of the high
frequency phonons to ferroelastic domain walls in the material. I propose a new
mechanism for the coupling of strain waves to the domain walls that is only effective
for high amplitude strain.

A detailed study of the phonon attenuation across a wide temperature range
shows that the phonon attenuation at low temperatures is influenced by the domain
configuration, which is determined by interface strain. Preliminary measurements
on magnetic-ferroelectric multilayers reveal that the excitation fluence needs to be
carefully controlled when dynamics at phase transitions are studied.





Kurzdarstellung

In dieser Doktorarbeit untersuche ich ultraschnelle Dynamik in perovskitischen
Oxiden mittels zeitaufgelöster optischer Spektroskopie. Der Schwerpunkt liegt dabei
auf Phononendynamik, die mithilfe von zeitaufgelöster Brillouin-Streuung sichtbar
gemacht wird: durch die Anregung einer metallischen Transducer-Schicht mit einem
ultrakurzen Anregepuls wird eine kohärente Phononendynamik im GHz Frequenzbe-
reich erzeugt. Die Ausbreitung der Schallpulse wird mit einem Weißlicht-Abfragepuls
aufgezeichnet. Diese Methode wird am Beispiel verschiedener Dünnschicht- und Über-
gitterproben illustriert.

Die Methode und das gewonnene Verständnis wende ich an, um lineare und
nichtlineare akustische Eigenschaften an einem SrTiO3-Kristall zu untersuchen. Die-
ser weist einen ferroelastischen Phasenübergang von kubischer zu tetragonaler Kris-
tallstruktur bei Ta = 105 K auf. Im linearen Regime beobachte ich eine Kopplung
der untersuchten akustischen Mode an eine weichwerdende optische Mode, welche
den Phasenübergang charakterisiert. Im nichtlinearen Regime tritt eine gigantische
Verlangsamung der Schallgeschwindigkeit unterhalb von Ta auf, wenn die induzier-
te Gitterverzerrung die Tetragonalität des Materials übersteigt. Dies kann auf eine
Kopplung der hochfrequenten akustischen Mode an ferroelastische Domänenwände
bei tiefen Temperaturen zurückgeführt werden. Ich entwickle einen neuen Mechanis-
mus, der die Kopplung der Verzerrungswelle an die Domänenwände beschreibt.

Eine detaillierte Untersuchung der Phononendämpfung in SrTiO3 über einen wei-
ten Temperaturbereich zeigt, dass diese bei tiefen Temperaturen durch die Domänen-
konfiguration beeinflusst ist. Die Domänenkonfiguration ist durch Verzerrungen an
der Kristall-Transducer Grenzfläche bestimmt. Erste Untersuchungen an magnetisch-
ferroelektrischen Übergittern zeigen, dass die Anregungsfluenz vorsichtig eingestellt
werden muss, um die Dynamik an Phasenübergängen zu untersuchen.
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1. Introduction

Atoms lose some of their individual characteristics when they merge into a solid.
Their electronic, optic and magnetic properties combine into those of a collective
system and features specific to solids arise like elasticity, electronic conduction and
magnetism. Localised excitations rapidly delocalise and new wavelike excitations
arise: lattice vibrations, electron plasma oscillations, magnetic spin waves etc. The
study of the interaction of these elementary excitations in a solid is a wide and
complex research field. An understanding of the fundamental interactions is key
for the development of new functional electronic devices. The design and improve-
ment of everyday equipment like laptops, DVD players and mobile phones crucially
depends on the fundamental understanding of electron and light interactions in semi-
conductors. Advances in the understanding of lattice vibrations has lead to valuable
technologies like ultrasound sonography, sound navigation and the improvement of
thermally insulating materials. Applications like thermoelectric devices are devel-
oping fast [Mal13]. Further promising building blocks for the development of novel
nanoelectronic devices are multiferroic materials displaying a strong coupling of the
collective electronic, lattice and magnetic degrees of freedom. The ferroic phases
display a long range order and are usually composed of domains, which display dif-
ferent orientations of the ferroic property. While the occurrence of domains is often
suppressed and the domain walls between them are considered as defects, they may
also be exploited [Par08] for functional devices. An understanding of the domain
properties and their coupling to the degrees of freedom in a solid is crucial for fully
exploiting the functionalites of multiferroic materials.

Important for the understanding of the fundamental interaction processes is the
investigation of their dynamics. For this, a versatile technique with high time resolu-
tion is required and femtosecond pump probe spectroscopy is suitable. A particular
subsystem of the solid is excited with an optical pump pulse triggering specific dy-
namics that are determined by the degrees of freedom present in the system, their
interaction mechanisms and coupling time scales. In the probing process, the dy-
namics induced by the excitation pulse are monitored by a delayed probe pulse
sensitive to particular properties of the solid. Very refined techniques have been
developed, which are sensitive to specific properties of the solid: time resolved hard
x-ray diffraction yields information about the movement of the atoms; time resolved
photoemission spectroscopy gives insight into the temporal evolution of the band
structure; Kerr spectroscopy is sensitive to the sample magnetisation. Spectroscopy
in the visible range yields information about them all. This is a great advantage
and a drawback of the technique: information about the electronic system, light
scattering from coherent and incoherent phonons and scattering from magnons are
obtained all at once and need to be carefully disentangled.

In this thesis, I observe ultrafast dynamics in different perovskite oxides using
time resolved broadband reflectivity measurements in the visible spectral range. By
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2 1. Introduction

means of an ultrashort infrared light pulse, heat is deposited in the electronic system
of metal layers and is rapidly transfered into the lattice. This leads to the fast buildup
of stress and the generation of strain pulses, i.e. coherent phonon wavepackets. In
the observation process, light is used as a tool to study the propagation of these co-
herently excited phonons by time resolved Brillouin scattering experiments. A white
light continuum allows observing a broad spectrum of phonon modes simultaneously.
In the measurements presented here, phonons in the hypersound frequency range of
50 - 80 GHz are investigated. Performing measurements on various thin film and
multilayered samples, propagating and standing phonon wavepackets are excited and
monitored using broadband detection.

In particular, phonon dynamics in the material SrTiO3 are studied across a wide
temperature range. The material displays a structural, so-called antiferrodistortive
phase transition at the transition temperature Ta = 105 K. This is accompanied by
the softening of an optic phonon mode, which induces a softening of the acoustic
branch and leads to anomalies in the acoustic behaviour at the phase transition.
Tuning the amplitude of excitation and thus the amplitude of the generated hyper-
sound pulse, linear and nonlinear effects in the elastic response of the material are
monitored. The amplitude dependent propagation velocity of the phonons yields in-
formation about the coupling of strain to a further excitation: a coupling of the high
amplitude strain pulses to domain walls in the antiferrodistortive phase of SrTiO3

is found. Furthermore, the attenuation of the coherent phonon modes is studied.
The observed temperature dependent attenuation rate allows us to draw conclusions
about dominant scattering processes in different temperature regimes. First mea-
surements on ferroic multilayers are presented, paving the way for further research
on this topic.

The thesis is organised as follows: in chapter 2, I give an introduction to the
material class of perovskites with a particular focus on the material SrTiO3 and its
structural phase transition at Ta = 105 K. The principle of phonon light scatter-
ing is introduced and I explain, how coherent phonon wavepackets are excited and
their propagation is modelled. In chapter 3, I introduce the basic concepts of the
experimental method and explain the experimental setup. Specific aspects regarding
the excitation and propagation of high amplitude wavepackets are discussed in this
chapter. In chapter 4, I illustrate time resolved phonon light scattering by apply-
ing the concepts to a thin film and multilayered samples. Oscillating features in
the transient reflectivity signal are presented and their physical origin is explained.
Limitations of the optical technique and the temporal and spectral resolution are
discussed. Chapters 5 and 6 focus on experiments related to the structural phase
transition in SrTiO3 at Ta = 105 K: in chapter 5, I display measurements of the sound
velocity in SrTiO3 as a function of temperature. In the linear coupling regime, I find
an anomaly of the acoustic properties at the phase transition in agreement with the
literature. For the nonlinear coupling, observed only for very high amplitude strain
pulses, a giant softening appears that can be explained by the coupling of strain to
domain walls. A microscopic model for this strain induced domain wall motion is
proposed. In chapter 6, I focus on the attenuation of ultrasound phonons in the
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vicinity of the phase transition. I discuss the damping of acoustic phonons above
and below the phase transition of SrTiO3 for various samples with different epitax-
ial strain conditions at the interface between transducer film and SrTiO3. Finally,
in chapter 7, I show measurements on perovskite heterostructures composed of a
magnetic and a ferroelectric material. I study, how the demagnetisation dynamics
depend on the excitation fluence. Evidence for a magneto-acoustic coupling in the
multilayers is found. The temperature dependence of the elastic properties suggests
the occurrence of a phase transition in one of the ferroic heterostructures. The re-
sults are summarised in chapter 8 and an outline for future research on the basis of
my findings is given.
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2. Background

2.1 Perovskite Oxides

In this thesis we study the dynamics in oxides that crystallise in the perovskite struc-
ture. This crystal structure has the chemical composition ABO3 and is illustrated
in the left panel of figure 2.1. The sites A are occupied by cations of the rare earth
or alkaline earth group and the B sites by transition metals [Dag08]. The fact that
many different ions can be incorporated on sites A and B is reflected by the large
variability of the tolerance factor introduced by Goldschmidt [Gol26], tG with

tG =
rA + rO√
(rA + rB)

, (2.1)

where rA, rB, and rO are the radii of the ions A, B and O. This factor is a measure
of how much the structure differs from the ideal, cubic perovskite with tG=1. The
perovskite strucure is found to be stable for a large range of tG in the interval
0.78 < tG ≤ 1.05 [Ran11]. The physics of most perovskite oxides is dominated
by the overlap of the transition metal 3d-orbitals, and the oxygen 2p-orbitals. A
small change of the orbitals may result in a transition from an insulating state to a
metallic or even superconducting phase, may switch a paramagnet to a ferromagnet
or antiferromagnet, or lead to a ferroelectric ground state at low temperatures. The
various ferroic and structural phases differ in their degrees of freedom, which show
a complex coupling behavior, as illustrated in the right panel of figure 2.1. Using
different compositions or doping levels, many functional properties can be designed
[Dag08] and incorporated in nanoelectronic devices. These materials can often be
grown epitaxially and the flexibility of the perovskite structure allows the layering

Figure 2.1: Left: Structure of a perovskite composed of atoms A,B and O (extracted
from [Kle02]). Atom B is located at the centre of the cubic unit cell and is surrounded
by an oxygen octahedron. Right: Illustration of the different degrees of freedom in a solid
and their couplings.

5



6 2. Background

Table 2.1: Collection of the most relevant ferroic and structural features of the samples
employed in this thesis. FM: ferromagnet, Ta: ferroelastic phase transition temperature,
TC: Curie temperature for ferroelectric and ferromagnetic phase transitions.

material features
SrTiO3 quantum paraelectric, structural transition, Ta = 105 K [Lyt64]
(La 0.7Sr0.3)MnO3 FM, TC = 370 K, metal [Dag01]
SrRuO3 FM, TC = 160 K, structural transition, magnetostriction [Kiy96]
(Ba0.7Sr0.3)TiO3 ferroelectric, TC ≈ 300 K, structural phase transitions [Lem96]
Pb(Zr0.2Ti0.8)O3 ferroelectric, TC = 750 K [Izy07]

of different materials. Multilayers are grown to couple the degrees of freedom of
one layer to properties of the other [Sch08]. The epitaxial strain, which originates
from the lattice mismatch of the materials, is another tunable parameter [Cao11]. It
influences the ferroic properties of the layers and thus alters their functionalities.

In this thesis, we discuss time resolved optical reflectivity measurements on thin
films and multilayers composed of the materials SrTiO3 (STO), La0.7Sr0.3MnO3

(LSMO), Ba0.7Sr0.3TiO3 (BST), SrRuO3 (SRO) and Pb(Zr0.2Ti0.8)O3 (PZT). We
particularly focus on the compound STO, which will be introduced in more detail in
the next section. A summary of the most relevant properties of the selected samples
is given in Table 2.1.

2.2 SrTiO3

SrTiO3 is a dielectric perovskite, which shows cubic structure at room temperature
and a transition into a tetragonal phase at Ta = 105 K. It is widely used as a substrate
material for the growth of perovskite thin films to create novel nanoelectronic phe-
nomena and applications. It shows various structural phase transitions [Lyt64] and
is considered a quantum paraelectric [Mül79]: the dielectric constant at high tem-
peratures shows a Curie-Weiss behaviour with TC ≈ 35 K, however, approaching TC

the behaviour deviates from the Curie-Weiss law and the dielectric constant remains
finite down to the lowest temperatures, because quantum fluctuations inhibit the
ferroelectric phase transition. Koreeda et al. claim to have found the phenomenon
of second sound, the wavelike propagation of heat, in STO [Kor07] and the existence
of a new quantum state [Mül91] is highly debated. The various structural phase
transitions and the domain pattern of STO have been subject to extensive research
[Lyt64, Shi69, Chr98, Loe10, Car07, Sal11a, Sal11b, Sco12, Sal13b]. The elastic be-
haviour of STO has been studied since the 1960s [Bel63, Kai66, Nav69, Ber69] and
has recently attracted attention due to the observation of a very high mobility of the
domain walls in the tetragonal phase [Kit00, Sco12].

In this section, we focus on the structural phase transition at Ta = 105 K and
discuss the influence of domain walls on the elastic properties of the material.
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Figure 2.2: Twodimensional projection of the STO
structure in the antiferrodistortive phase. The oxygen
octahedra in adjacent unit cells rotate by the angle ϕ
around the c-axis, perpendicular to the drawing plane
[Uno67]. The octahedra in adjacent unit cells show an
opposite sense of rotation, leading to a doubling of the
unit cell.

2.2.1 Ferroelastic Phase Transition

At Ta = 105 K STO undergoes a structural phase transition from the cubic phase
to a tetragonal low temperature phase [Lyt64, Shi69]. This phase is characterised
by a rotation of the oxygen octahedra around one of the cubic axes that results in a
slight relative tetragonal elongation along this axis, which is referred to as the c-axis.
The octahedra in neighbouring unit cells rotate in opposite directions [Uno67] as
shown in figure 2.2, which leads to a doubling of the unit cell. This phase is called
antiferrodistortive, in analogy to ferromagnetic phase transitions: the c-axis displays
a distortion , the rotation of the octahedra shows a long range order, hence the term
’ferro-’ appears, and the sense of the octahedra rotation is opposite in adjacent unit
cells, justifying the prefix ’anti-’.

The rotational motion of the oxygen octahedra is described by an optical phonon
mode that slows down or, equivalently, softens towards the phase transition [Shi69,
Koh06]. At the transition, the equilibrium angle of rotation becomes finite and in-
creases with decreasing temperature. Consequently, the oxygen octahedra, which
conserve their dimensions, occupy less space in the ab-plane and the structure expe-
riences the above mentioned small tetragonal elongation along the c-axis to ensure a
conservation of volume. Since the neighbouring unit cells display an opposite sense
of rotation or, equivalently, an opposite phase, this mode is the mode of minimum
wavelength and therefore maximum phonon wavevector at the edge of the Brillouin
zone.1 The rotational angle amounts to 2◦ [Uno67] at low temperatures and serves as
the order parameter to describe the phase transition [Mül68, Pyt69]. The tetragonal-
ity is on the order of c/a ≈ 10−4 around 100 K [Lyt64, Kia96]. The phase transition
is found to be predominantly of second order [Shi69, Slo70, Mül74, Car07].

1This point in the Brillouin zone is called the R point [Koh06].



8 2. Background

Figure 2.3: Illustration of the microscopic configuration at two different domain bound-
aries, taken from [Kal13].

2.2.2 Formation of Domains in SrTiO3

Without structural constraints, external electric fields or pressure, there is no pre-
ferred orientation of the elongated c-axis in the antiferrodistortive phase of an STO
crystal. The local orientation of the c-axis is determined by small defects and local
strain fields and domains are formed with differently oriented c-axes. Parts of the
crystal with different orientations of the c-axes are separated by domain walls. Figure
2.3 illustrates the microscopic configuration at two boundaries between differently
oriented domains. Due to the slight elongation of the c-axis, a coupling between
strain and domain orientation becomes evident: when uniaxial pressure is applied,
the c-axis is preferentially oriented perpendicular to the direction of pressure and
the formation of domains can be suppressed [Fos72, Kit00]. Since the orientation of
the tetragonal axis sensitively depends on strain fields, the domain configuration is
altered near the surface of the crystal [Sal11b] and is influenced by the presence of
a surface layer and the hereby induced strain [Loe10]. Additionally, the transition
temperature Ta shows a strong dependence on pressure: the tetragonal relaxation is
facilitated by an externally applied uniaxial pressure and the transition temperature
therefore increases significantly with externally applied pressure [Gue10].

In addition to these twin domains, a different sort of domains can be found:
antiphase domains show equal c-axis but a disrupted sense of octahedra rotation at
the domain boundary [Arz00]. These domains do not move under external pressure
[Kit00] but give rise to an anomaly of the lattice parameter c below 40 K. A ferroe-
lastic phase has been predicted within antiphase boundaries [Tag01]. In this thesis,
the presence of antiphase domains in our samples will not be further discussed.

The presence of domains in STO gives rise to anomalies in the elastic and struc-
tural properties at the antiferrodistortive transition and has lead to contradicting
results in the literature [Car07]. When properties of STO below Ta are discussed,
the presence of domains should always be considered.
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Figure 2.4: Illustration of the linear interaction be-
tween softening optic and acoustic phonon branches:
the softening optical phonon pushes down on the acous-
tic branch. Taken from [Fle71].

2.2.3 Elastic Properties at the Transition

The coupling of acoustic phonons to the soft optic mode causes anomalies of the
acoustic properties at the phase transition. Fleury [Fle71] differentiates between a
linear interaction leading to a softening of the acoustic phonon branch, and higher
order interactions that lead to phonon phonon scattering and, as a consequence, to
an increased ultrasound attenuation at the phase transition.

The linear interaction can phenomenologically be visualised in the following way:
the coupling of the optic and acoustic phonon branches leads to a mutual repulsion,
which is a common phenomenon for coupled oscillators [Nov10]. The softening optic
mode thus pushes down on the acoustic branch. This is illustrated for a zone centre
transversal soft mode in figure 2.4.

A softening of this kind due to the coupling of the acoustic branch with an optical
phonon that softens at the Brillouin zone edge has been experimentally verified for
ultrasound phonons in the MHz range [Bel63, Kai66, Reh70a, Fos72] and has more
recently also been measured for GHz, ’hypersound’ phonons [Heh96, Yam02, Nag12].
Theoretical models for the description of this effect have been proposed based on a
Landau free energy expansion [Slo70, Reh71, Fos72] or on a microscopic description
using a model hamiltonian [Nav69, Pyt70].

In addition to the described phonon phonon coupling effects, a coupling of ul-
trasound phonons to domain walls has been observed [Fos72, Kit00, Sco12]. This
coupling leads to an additional softening of the acoustic properties below the phase
transition temperature, which can be understood in the following way: under tran-
sient compressive strain generated by the ultrasound pulse, a movement of a domain
wall may lead to a transient enlargement of domains with the shorter axis along the
direction of the strain, i.e. along the direction of sound propagation, and at the same
time to a shrinking of domains with enlarged c-axis along this direction. Since the
a-axis is smaller than the c-axis, the crystal thus contracts more than it would do
without domain wall movement due to the reorientation of the c-axis in the effected
unit cells. Therefore, the domain wall movement makes the crystal appear softer,
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Figure 2.5: Temperature
dependence of the relative
Young’s modulus for different
external static stress parallel
to the dynamic stress with fre-
quency f = 11 Hz, taken
from [Kit00]. Approaching the
phase transition from above,
a rapid drop followed by a
gradual decrease of the relative
Young’s modulus is observed.

i.e. the sound velocity decreases. This effect has been termed superelastic behaviour
in the literature [Kit00].

Figure 2.5 displays the temperature dependence of the Young’s modulus for dif-
ferent externally applied stresses [Kit00], in which both softening effects, the coupling
of the acoustic branch to the soft mode and the coupling to the domain walls are ob-
servable. The sound velocity is proportional to the square root of the corresponding
elastic modulus. For longitudinal waves in an isotropic, cubic crystal it is given by
v =

√
c11/ρ [Hun07], with the density of the material ρ and the respective element of

the elastic stiffness tensor c11 that is in this case equivalent to Young’s modulus. For
the graph presented here, the temperature dependent modulus has been normalised
to its value above the phase transition. Approaching the phase transition from above,
there is a sudden decrease of the relative Young’s modulus. This is best discernible
for the highest static stress, given by the F = 4200 mN curve, since the formation of
domains is largely suppressed here and the coupling to the soft mode dominates the
behaviour. This step-like softening of the acoustic modes directly at the transition
temperature Ta is superimposed by an even larger continuous softening below Ta,
attributed to the coupling of phonons to domain walls between areas of differently
oriented c-axes. In the figure, this gradual decrease of the modulus for decreasing
temperatures can be best identified for the lowest static stress, the F = 300 mN
curve. Reducing the formation of domains by external static stess, as discussed in
section 2.2.2 above, gradually reduces this additional effect [Fos72, Kit00].

Carpenter has collected data that show a large variation of the elastic properties
below Ta [Car07]. However, all data obtained by Brillouin scattering, i.e. experiments
sensitive to GHz phonons, show only the small drop in sound velocity directly at Ta

that is attributed to the coupling to the soft mode [Heh96, Yam02, Nag12]. In
chapter 5 we will show that for very high amplitude strain waves, the coupling to
domain walls is effective even in the GHz range.
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The nonlinear interaction between the acoustic and optic branches leads to an
increased dissipation at the phase transition: the ultrasound attenuation exhibits
a singularity. This has been experimentally found for MHz phonons in the 1960s
[Kai66, Nav69, Ber69, Reh70a, Fos72] and recently also for GHz [Nag12] phonons.
Theoretical descriptions predict a criticality for the ultrasound attenuation αus of the
form αus ∝ 1/|T − Ta|η at the phase transition, with a critical exponent η ranging
from 1/3 to 3/2 [Nav69, Pyt70, Reh71].

2.2.4 Effect of Doping - (Sr,Ba)TiO3

BaTiO3 (BTO) is a material similar to STO, which does show a ferroelectric phase
transition: below TC = 120 ◦C [vHi50] the compound is ferroelectric and shows
tetragonal crystal structure. The origin of the polarisation is the displacement of the
central Ti cation within the unit cell. With increasing Sr content, the Curie temper-
ature can be lowered [vHi50], which is desired for nanoelectric devices functioning at
room temperature. Equivalently, the quantum paraelectric STO can be doped with
Ba. A ferroelectric phase is found for a minimum Ba content of x ≈ 0.035 [Lem96].
The Curie temperature increases with increasing Ba content. For our measurements
we chose a Ba content of x = 0.7, leading to a Curie temperature of the compound
of TC ≈ 300 K [Lem96]. In contrast to the widely used ferroelectric PZT, BST
has no toxic constituents and is therefore much more attractive as building block in
nanoelectronic devices.

2.3 Observing Phonons

Phonons are elementary vibrational excitations of the crystal lattice [Hun07]. One
distinguishes acoustic and optical phonons. In acoustic modes, all atoms in one
unit cell have the same phase, while in optic modes, the phase of each atom in one
unit cell may be different. In the experiments presented here, we solely observe the
propagation of coherently excited longitudinal acoustic phonons, but their behaviour
is strongly influenced by the softening of an optic mode, as discussed in section
2.2.3 above. In this section, we introduce the mechanism of time domain Brillouin
scattering and discuss further aspects that are relevant to our measurements, such
as high fluence excitation, anharmonicity effects and the attenuation of phonons.

2.3.1 Light Scattering from Phonons

In our description of phonon light scattering processes, we treat phonons as quasi-
particles with energy ~ωq and momentum ~q. In the scattering process with light,
phonons are either created or annihilated. When acoustic phonons are involved, the
process is called Brillouin scattering. Figure 2.6 illustrates the momentum conserva-
tion for the creation of a phonon. The general equations of energy and momentum
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conservation are

ω′ = ω ± ωq (2.2)

k′ = k± q , (2.3)

with frequencies ω and ω′ and wavevectors k and k′ of the incident and scattered
photon and frequency ωq and wavevector q of the scattering phonon. Here, + de-
notes the annihilation and − the creation of a phonon. Figure 2.6 illustrates this
configuration for the creation of a phonon. Since the energy of phonons is generally

Figure 2.6: Momentum conservation for
the creation of a phonon, where k and k′

are photon wavevectors, q is the phonon
wavevector and θ is the angle between in-
coming photon and phonon.

much smaller than the energy of optical light, the absolute value of the incident pho-
ton wavevector is approximately equal to the absolute value of the scattered photon
wavevector: k ≈ k′. The momentum component of the photons perpendicular to the
phonon is unaltered. The parallel component k cos θ, where θ is the angle between
incident photon and phonon, is changed by addition or subtraction of the energy and
momentum of a phonon. Figure 2.7 illustrates energy and momentum conservation
parallel to the scattering phonon: a photon with the very steep dispersion, indicated
by the solid red line, scatters off a phonon with a dispersion as indicated by the
dashed green lines. The shape of the phonon dispersion will be discussed in section
2.4 below. The phonon energy and momentum according to the phonon dispersion
relation is added to the energy and momentum of the incoming photon. The relation
between energy and momentum of the resulting, outgoing photon must again fulfill
the dispersion relation of light. Therefore, for a given photon, there are principally
two different solutions for the wavevector of the phonon involved, as indicated by
the two intersection points in the figure, and thus two possible scattering regimes
[Jus87]. In the first regime, the momentum of the scattering photon parallel to the
travelling phonon is nearly unaltered, i.e. it is scattered in forward direction, and
the transfered phonon momentum q is approximately zero:

q ≈ 0 (forward scattering) . (2.4)

The signature of this scattering regime is its occurence with approximately the same
characteristic frequency for all photons independent of wavelength. The case q ≈ 0
can be realised by acoustic phonons at the origin of the Brillouin zone, by backfolded
acoustic modes, as will be discussed in section 2.4, or by optic modes. In the second
regime, the momentum of the scattering photon parallel to the travelling phonon is
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Figure 2.7: Illustration of energy and
momentum conservation. A photon with
given energy and momentum (solid red
dispersion) can combine with a phonon
(dashed green dispersion, the shape of
the dispersion will be discussed later) to
form a new photon with approximately
the same energy and momentum (forward
scattering condition) or reversed momen-
tum (backscattering condition). The ener-
gies are not drawn to scale, the light dis-
persion is much steeper in reality.

reversed, i.e. it is scattered in backward direction. The wavevector of the scattering
phonon is thus given by

q ≈ 2kcosθ (backscattering) , (2.5)

where θ can in this case also be regarded as the internal angle of incidence of the
incoming photon with respect to the surface normal. Figure 2.8 illustrates the mo-
mentum conservation for both scattering regimes as vector diagrams. The length of
the photon wavevector is nearly unaltered, as depicted for each regime by the two
red dashed circles with nearly equal radii. The momentum component perpendicular
to the phonon remains unchanged, the component parallel to the phonon is either
nearly unchanged or reversed.

Figure 2.8: Illustration
of momentum conserva-
tion and scattering ge-
ometry. The momenta
are not drawn to scale:
the changes in k and θ
are much smaller in re-
ality.

2.3.2 Time Resolved Light Scattering from Phonons

In the previous section, we focused on the momentum selection rules for phonon
light scattering. According to equation 2.2, the energy of the scattering photon is
altered by annihilation or creation of a phonon. The relative energy shift is on the
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order of 10−4 for GHz acoustic phonons and can be resolved in the frequency domain.
Spectrally narrow, continuous wave optical light is shone onto the sample and the
energy shift of the detected scattered light is monitored.

We are using a different approach: we use spectrally broad, ultrashort light
pulses and observe the oscillation frequency of the scattering phonon in a time re-
solved measurement. By means of an ultrashort light pulse, coherent acoustic phonon
dynamics are triggered in the sample, which are afterwards monitored by a delayed
probe pulse. Thereby, high amplitude phonon wavepackets can be generated and
their propagation can be observed. The theoretical framework describing time re-
solved light scattering from coherently generated phonons has been developed by
Thomsen and Grahn [Tho86]. The excitation mechanism will be discussed in section
2.3.3 below. For the experimental details of pump probe measurements we refer the
reader to the next chapter.

Two effects modulate the light reflected from the sample with the frequency of the
scattering phonons: firstly, the phonons present in the sample periodically modulate
the optical properties of the different layers leading to a periodic modulation of the
reflection from each interface. This is presumably the dominant effect in multilayered
samples, where the optical properties are different for each individual layer.

Secondly, the light field that undergoes Brillouin scattering from a phonon inter-
feres with a static2 reference of the probe light reflected from the sample surface and
interfaces. In this case, the relative phase of the interfering signals varies with the
phase of the scattering phonon. Mathematically, the field amplitude of the static ref-
erence Ar and the time dependent field amplitude scattered off the phonons Ap(t)eiωqt

add up to yield the reflected intensity [Tho86]3

I(t) = |Ar + Ap(t)eiωqt|2 = A2
r + 2ArAp(t) cos(ωqt) + Ap(t)2 , (2.6)

where only the second term shows a periodic time dependence. The weak reflection
off the phonons is amplified by the strong reference signal. The phase of the oscil-
lation is determined by the distance the lattice distortion has propagated into the
sample and thus depends on the time delay of the pump and probe pulses [Tho86].
This latter effect allows the observation of phonons in the substrate, where there are
no interfaces from which the reflection can periodically be modulated. Figure 2.9
illustrates the interference effect.

In forward scattering, the modulation frequency is simply given by the phonon
frequency νq

νq(q ≈ 0) , (2.7)

where multiple frequencies as solutions for the equation are possible depending on
the phonon dispersion relation. In the evaluation of the experiments, we mostly
use the phonon frequency νq instead of its angular frequency ωq, since this value is
more easily conceivable. Both quantities are of course related via ωq = 2πνq. For

2The reference signal may also display a time dependence. This will be discussed in section
3.1.6 and in appendix A.2.

3A more detailed derivation will be given in the appendix.
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Figure 2.9: The light field scattering from the prop-
agating strain interferes with the static reference from
the sample surface yielding the oscillating signal in
backscattering according to equation 2.8.

backscattering, equation 2.5 implies that the periodicity of constructive interference
between reference light and scattered light is given by νq(q = 2kcosθ). For a linear
phonon dispersion 2πνq = v · q, with sound velocity v, follows from equation 2.5:

νq(q = 2kcosθ) =
v · 2k cos θ

2π
=

2vn(λ) cos θ

λ
(2.8)

=
2v
√
n(λ)2 − sin2 θext

λ
(2.9)

with the vacuum probe wavelength λ and the refractive index n(λ). In the second
line we have introduced the experimentally adjustable external angle of incidence
θext using Snell’s law.

In chapter 4 the concepts of forward and backscattering and the wavelength
dependence of the phonon oscillation frequencies will be illustrated by time resolved
reflectivity measurements on various multilayered samples.

2.3.3 Generation of Coherent Phonons

There is a vibrant debate in the community regarding the excitation mechanism of
coherent phonons. Impulsive excitation via Raman scattering is claimed to be the
dominant excitation technique [Bar99] in the low excitation regime. For high flu-
ence excitation, the displacive excitation of coherent phonons [Zei92] is found to be
dominant [Bar04]. In our case, the rapid thermal expansion of the materials imme-
diately after optical excitation leads to the generation of coherent phonons [Boj12]:
conduction electrons in the metal films absorb the optical pump light. The elec-
trons rapidly thermalise [Che06] via electron electron scattering and the energy is
subsequently coupled into the phonon system. This thermalisation process can be de-
scribed by the so-called two temperature model [Ani74] and proceeds rapidly within
about 200 femtoseconds in our materials [Kap99, Kor08, Boj12]. The subsequent
thermal expansion governed by the Grüneisen parameter launches a strain pulse,
which propagates through the sample and the substrate underneath. The generated
strain profile determines the spectrum of modes that we excite. Below we discuss the
concepts relevant for the excitation mechanism in our samples. Detailed modelling
can be found in [Sch14b].
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Electron Phonon Coupling – Two Temperature Model

In this model, the thermal equilibration of two heat baths is described by a set of
differential equations, in this case:

Ce
dTe

dt
= −Gel(Te − Tl) + Ξ(t) (2.10)

Cl
dTl

dt
= Gel(Te − Tl) , (2.11)

with the electronic and phononic heat capacities Ce and Cl, the electron-phonon
coupling constant Gel and the induced energy density Ξ(t). Heat transport out of the
excited volume is neglected. If the temperature dependence of these thermodynamic
quantities is neglected, the coupling time can be calculated, yielding [Ave02]

τel =
CeCl

Gel(Ce + Cl)
≈ Cl

Gel

. (2.12)

The approximation holds, when the heat capacity of the electrons is small compared
to the heat capacity of the lattice, Ce � Cl. Since in our materials the electron
phonon coupling is large [Kap99], the time constant for electron phonon coupling is
on the order of a few hundred femtoseconds [Kor08]. The two temperature model
can be utilised to describe the termalisation of any two thermal subsystems. We
will refer to this model in chapter 7, where the thermalisation between phonons and
magnons is discussed.

Grüneisen Concept

Grüneisen developed a phenomenological model to describe the thermal expansion
of solids. The model is based on the assumption that the relative change in phonon
frequency linearly depends on the relative change in crystal volume

δωq,j

ωq,j

= −γ δV
V

, (2.13)

where the Grüneisen parameter γ is independent of frequency, phonon wavevector
and the phonon branch j. This is only a rough estimation, which can be improved
by introducing individual Grüneisen parameters γj for each phonon branch. Using
thermodynamic identities, the Grüneisen relation is calculated [Hun07]:

αth =
γCV

3B
, (2.14)

connecting the linear thermal expansion αth of a crystal to its heat capacity per
unit volume CV and its bulk modulus B via the Grüneisen constant. This re-
lation implies that the linear thermal expansion shows the same temperature de-
pendence as the heat capacity. For the thermally induced expansion, we deduce
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∆V = V 3αth∆T = 3αthE/CV = γE/B, where E is the deposited energy in the sys-
tem. The expansion is therefore mainly determined by the excitation energy, since
B only weakly depends on temperature. In other words, in this model, the induced
expansion ∆V is independent of the starting temperature. This is an important
approximation for temperature dependent measurements, as discussed in chapters 5
to 7.

Excitation Profile

Following the induced temperature change, the heated material expands. In our
samples, stress relaxation mainly occurs at interfaces. This is due to the fact that
the probed area is usually small compared to the excited area such that in-plane
relaxation is comparatively slow. At the interfaces, there is an asymmetry in stress
between the layers. For the samples discussed in this thesis, absorbing metallic layers
and transparent dielectric layers are alternately grown. Figure 2.10 illustrates the
geometry of a typical multilayered sample. The metal layers will expand thereby

Figure 2.10: Typical structure of a multilay-
ered sample. Absorbing metallic and transpar-
ent dielectric layers are alternately grown. The
impulsively induced strain dynamics occurs in
the growth direction of the layers, i.e. in the
z-direction.

compressing the dielectric interlayers [Bar04, Her11]. At the interfaces, compressive
strain fronts are launched, which propagate into the adjacent dielectric and further
through the sample. Similarly, the inhomogeneous excitation of the layers leads to
an inhomogeneous stress profile and thus to inhomogeneous strain within the layers.
Reaching the surface, stress relaxation occurs and the compressive strain front is
turned into an expansive strain front. At the interfaces of the perovskite layers,
the reflection of the sound wave can be neglected due to the usually good acoustic
impedance matching. When the strain front starting at the layer-substrate interface
has travelled to the surface, has been reflected at the surface and travelled back
through the sample into the substrate, the stress in the metal layers has relaxed. The
metal layers have now expanded to a thickness given by their current temperature.
After this time interval, given by dt = 2d/v, with sample thickness d and sound
velocity v, there is no further coherent dynamics in the layers and the complete
strain pulse has propagated into the substrate. Such a strain pulse can also be
visualised as a phonon wavepacket. Figure 2.11 illustrates the shape of a strain
pulse generated by a single metal transducer film [Boj12a, Sch14b]. In this simple
picture, the finite penetration depth of the laser has been neglected. Depending of
the shape of the transducer, its thickness, absorption length etc., a certain spectrum
of phonons is excited. For the pulse displayed in figure 2.11 the spectrum is given
by a (sinx/x)2-function, with a maximum that is determined by the thickness d of
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st
ra
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Figure 2.11: Left: Schematic of the strain profile generated by a single metal film (com-
pare illustration in figure 2.9 for sample geometry). The finite penetration depth has been
neglected. Right: Spectrum of a bipolar strain pulse as illustrated in the left panel

the layer, qmax = 0.74π/d [Boj13]. Long excitation pulses smooth out the excitation
profile and suppress the generation of higher frequencies with ν > 1/τpulse [Boj13].

Pulse Train Excitation

The spectrum of excited phonons is determined by the shape of the transducer film,
as has been discussed above, and by the shape of the excitation pulse. When multiple
metal layers with dielectric interlayers are excited, a train of strain pulses is produced,
consisting of leading tensile and trailing compressive pulses. The resulting strain
profile for a sample with 5 double layers is illustrated in figure 2.12.

Figure 2.12: Strain pro-
file generated by a superlattice
consisting of five double layers
(compare illustration of sam-
ple geometry in figure 2.10).
The finite penetration depth
has in this case been consid-
ered. Calculated in the linear
chain model that will be intro-
duced in the next section. See
also Shayduk et al. [Sha13].

Multiple successive excitation pulses, on the other hand, result in a train of
successive bipolar strain pulses. Multiple pulses with a periodic spacing lead to a
narrowing of the excited spectrum. A constant pump pulse spacing of ∆T generates
a strain wave with fundamental frequency ν = 1/∆T [Boj13]. Figure 2.13 displays
a simulation for the excitation of a single transducer layer with one to eight subpi-
cosecond excitation pulses. The integral pump fluence, i.e. the in total deposited
energy is kept constant for all curves. Consequently, the modes that are generated in
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Figure 2.13: Simulated phonon ampli-
tude for different phonon q-vectors af-
ter excitation by multiple successive sub-
picosecond pump pulses. The gener-
ated spectrum continually sharpens, as the
number of pulsed is increased. The de-
posited energy is kept constant for all sim-
ulated curves [Boj13].

phase with all 8 pulses interfere constructively and the phonon amplitude for these
wavevectors sums up. Modes that are generated out of phase interfere destructively.
Thus, the spectrum successively sharpens with the number of excitation pulses and
a narrow excitation spectrum is formed.

2.3.4 Lattice Dynamics in a Linear Chain Model

Since the excitation spot is large compared to the propagation distance, the coherent
dynamics in our time resolved experiments are generated mainly in the growth direc-
tion of the sample layers, the z-direction, compare illustration of sample geometry
in figure 2.10. Therefore, the propagation can be modelled onedimensionally. We
choose a discrete model [Bar04, Her11, Sch14a], in which the unit cells are repre-
sented by their masses mi, which are connected by spring constants ki = miv

2
i /c

2
i .

Here, ki denotes the spring constant, vi the sound velocity and ci the lattice constant
of the ith unit cell with i =1,2,...,N , and N being the total number of unit cells in-
corporated in the model. In this simple model, only longitudinal acoustic phonons
are considered, optical phonons and transverse motion are neglected. The upper row
of figure 2.14 gives an illustration of this model. The displacements are calculated
by solving the system of N linear inhomogeneous differential equations

miẍi = −ki(xi − xi−1)− ki+1(xi − xi+1) + Fi(t) , (2.15)

with the displacement of the ith mass xi(t) = zi(t)−z0
i and the additional force Fi(t).

The induced thermal stress is assumed to be instantaneous (compare discussion
on electron phonon coupling above and fluence dependent study of the excitation
in section 3.2.2 below) and remains constant after excitation, ∆(z, t) = ∆(z)H(t)
with the Heaviside step function H(t). This force is visualised in the illustration
by introducing spacer sticks between the unit cells of the absorbing layers and the
springs at t = 0. Instantaneously, the springs are compressed and periodic dynamics
are triggered. Stress relaxation occurs at the surface. In a finite sample, all coherent
motion stops when the strain waves have reached the surfaces, leading eventually to



20 2. Background

Figure 2.14: Illustration of the dynamics in a linear chain. At t = 0, spacer sticks, illus-
trated by short black horizontal lines, are introduced at the oscillator sites of the absorbing
layer with length according to the excitation depth. The springs are instantaneously com-
pressed. This triggers a periodic expansion and contraction of the layers [Bar04]. In this
figure, T denotes the oscillation period of the superlattice, see section 2.4.1 on phonons in
multilayers.

relaxed springs and an increased distance between the masses due to the induced
heat. The induced heat is visualised by the spacer sticks in the figure, which remain
when the stress has relaxed.

Solving the differential equations by diagonalisation of the force matrix [Her11],
we obtain a solution in form of eigenvectors Ξi, which are the eigenmodes of the sys-
tem, to the eigenvalues or eigenfrequencies ωi. The time dependent displacements of
each unit cell xi, written as vector X(t), is given by the superposition of eigenmodes:

X(t) =
N∑
j=1

Ξj · Ajeiωjt . (2.16)

This yields the lattice dynamics at all times.
The model can be extended to calculate the optical response. Specifying the

complex index of refraction for each unit cell, the optical reflectivity can be calculated
in a standard optical matrix formalism [Boj12].

2.3.5 Anharmonic Effects

In a linear model, where the coupling between the atoms is described by a harmonic
potential, the imprinted strain profile does not change its shape since there is no cou-
pling between the phonon modes. In order to account for phonon damping and other
effects that involve phonon-phonon interaction such as phononic heat conduction and
thermal expansion, higher order terms of the potential need to be considered. In our
measurements we induce a very high strain level on the h range in our samples, as
will be discussed in chapter 5. Under such high strain conditions, the sound velocity
and sound attenuation of the material are considerably affected.

Figure 2.15 depicts a purely harmonic interatomic potential, shown as dashed
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Figure 2.15: Illustration of a harmonic (dashed blue
line) and an anharmonic (solid red line) interatomic
potential.

blue curve, in comparison with a potential with a third order contribution, shown as
solid red curve. One can immediately deduce that in the anharmonic case for a large
oscillation amplitude the centre of mass is shifted towards positive displacements.
In other words, for increasing temperatures, the atoms, which oscillate around their
equilibrium displacement, are continually shifted towards larger diplacements, i.e.
the crystal expands. The sound velocity, which scales with the square root of the
second derivative of the potential with respect to strain (compare equations of motion
for a spring pendulum), is constant for a purely quadratic potential and linearly
dependent on the displacement for a potential with third order contribution. This
means that for a potential of the type depicted in figure 2.15, compressive waves
propagate faster than tensile waves. For the wavepacket in figure 2.11 follows that
the leading edge travels faster than the trailing edge. Additionaly, due to the phonon
phonon coupling, higher harmonics are generated, leading to a steepening of the pulse
fronts [Mus02, Boj12a]. The anharmonicity can be incorporated in the linear chain
model, which leads to a very good agreement between simulation and experiment
[Boj12a]. Macroscopically, the anharmonicity reflects in the finite thermal expansion
and the Grüneisen parameter of a solid.

2.3.6 Attenuation of Coherent Phonons

Definition of Terms and Conversion of Units

The attenuation of ultrasound αus is defined as the reciprocal propagation length
after which the amplitude of a propagating ultrasound oscillation has decayed to
its 1/e value [Mar71]. The decay rate Γ is defined as Γ = αusv with the sound
velocity v of the corresponding phonon branch. The decay time τ of an ultrasound
phonon oscillation is then given by τ = 1/Γ. Quantities relating to the ultrasound
attenuation are thus expressed per unit distance, per unit time or by their reciprocals
in distance or time. In conventional ultrasound measurements, the attenuation of
the sound intensity instead of the sound amplitude is measured, which is typically
expressed in dB/cm. This can be converted according to 1 dB/cm =̂ 20 log10(e)
1/cm = 8.68 1/cm.

These properties of ultrasound phonons with certain wavevector q and frequency
νq should not be confused with the average properties of phonons that contribute
to the macroscopic thermal properties of the material. We refer to these ’average
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thermal phonons’ with overlined symbols to indicate the thermal average. The mean
free path l of thermal phonons is, in analogy to the kinetic theory of gases, related
to the thermal conductivity κ of a solid according to

κ = CVvDl/3 = CVv
2
Dτ/3 , (2.17)

with the heat capacity per unit volume CV and the Debye velocity vD that is in-
troduced in the Debye model to calculate the phonon heat capacity and is given by
v3

D = 3(v−3
l + 2v−3

t )−1 [Hun07], where vl and vt are the longitudinal and the trans-
verse sound velocities of the solid. The mean free path is expressed as l = vDτ , with
the average decay time of thermal phonons τ . In contrast to this average that gives
no specific information about the phonon modes that contribute to thermal conduc-
tion, Brillouin scattering gives direct access to the frequency and attenuation rate of
specific phonon modes with polarisation and wavevector chosen in the experiment.

In time domain Brillouin scattering, the time dependent amplitude and phase
of the propagating phonons is observed via the interference of the light scattered
from the phonons with a static reference signal, as explained in section 2.3.2 and as
derived by Thomsen et al. [Tho86]. The temporal behaviour of the detected signal
thus reflects the dynamics of the sound amplitude and is directly described by the
properties defined above. When time domain signals are compared to signals ob-
tained in the frequency domain, a correct conversion of units needs to be performed.
Converting the time dependent amplitude from equation 2.6 into frequency domain
by a Fourier transformation, we obtain the complex spectral amplitude

A(ω) =
1√
2π

∫ ∞
−∞

a0Θ(t)e−t/τ cos(ωqt)e
−iωtdt

=
a0√
8π

[
1

i(ω − ωq) + 1/τ
+

1

i(ω + ωq) + 1/τ

]
≈ a0√

8π

[
1

i(ω − ωq) + 1/τ

]
, (2.18)

where the approximation holds close to the resonance frequency. In frequency
domain Brillouin scattering, however, the intensity of light scattered off the phonons
is monitored. Similarly, in x-ray diffraction experiments the scattered intensity,
which is proportional to the spectral phonon amplitude squared, is observed [Sha13].
The spectral intensity is given by

I(ω) = |A(ω)|2 ∝ 1

(ω − ωq)2 + (1/τ)2
, (2.19)

with 1/τ = ∆ωHWHM, the half width at half maximum of the thus obtained Lorentzian
lineshape. When the intensity is measured as a function of frequency ν instead of an-
gular frequency ω, a coordinate transform has to be performed and the half width at
half maximum in the frequency domain corresponds to ∆νHWHM = ∆ωHWHM/2π =
1/2πτ [Dem10].
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There may be various processes that contribute to the ultrasound attenuation:
scattering from thermal phonons, scattering from defects, surface or interface scat-
tering or scattering from domain walls. When these processes are independent, the
damping rates add up [Car61]:

τ−1
tot = τ−1

ph + τ−1
D + τ−1

DW + ... , (2.20)

with total decay time τtot, decay time due to phonon phonon scattering τph, scattering
from defects τD, scattering from domain walls τDW etc.

Interaction of Sound Waves with Thermal Phonons

There have been two different approaches to the modelling of ultrasonic attenuation
due to phonon phonon scattering. Landau and Rumer developed a microscopic the-
ory, in which the ultrasound phonons are regarded as a beam of low energy phonons
scattering with a bath of thermal phonons [Lan37]. In the simplest calculation, only
three phonon processes are considered. Selection rules have to be fulfilled that guar-
antee energy and momentum conservation. With decreasing decay time of thermal
phonons, the energy and momentum uncertainties of the phonons increase. The en-
ergy uncertainty is connected with the average lifetime of the thermal phonons via
the uncertainty relation ∆E ≈ ~/τ . When the energy uncertainty becomes com-
parable to the energy of the ultrasound phonon, it becomes difficult to apply the
selection rules in the calculations. The theory is thus useful for ~ωq � ~/τ , yielding
the condition ωqτ � 1, for the angular frequency ωq of ultrasound phonons. The
Landau Rumer approach thus proves useful for high ultrasound frequencies and low
temperatures, where collisions are scarce.

In the other approach developed by Akhieser [Akh39] and extended by Woodruff
and Ehrenreich [Woo61], the sound wave is treated macroscopically: the strain aris-
ing from the sound waves acts as a driving force on the system of thermal phonons,
leading to a nonthermal occupation of phonon modes. The system returns to equilib-
rium by subsequent collision processes. The damping rate according to the Akhiezer
formalism for ωqτ � 1, where the average mean free path of the thermal phonons is
small compared to the wavelength of the sound wave, can be expressed as [Woo61]

Γ =
γ2CVTτω

2
q

3ρv2
=

3α2
thBTτω

2
q

CV

, (2.21)

with Grüneisen parameter γ = 3αB/CV as introduced in the discussion of coherent
phonon generation in section 2.3.3 above, linear thermal expansion αth, bulk modulus
B, temperature T , mean thermal phonon decay time τ , density ρ, ultrasound phonon
angular frequency ωq and heat capacity per unit volume CV. A counterintuitive
implication of this relation is that in this phonon phonon scattering regime ultrasound
phonons live longer, when the lifetime of thermal phonons is reduced, for example
by defect scattering. This has been observed by several groups [Böm60, Kel67] and
has also been studied in detail theoretically [Mar68].
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In the intermediate regime, for ωτ ≈ 1, the Akhiezer formalism also yields a
prediction for the ultrasound attenuation. The mechanism then yields a frequency
independent contribution to the attenuation [Böm60, Dal09, Maz13].

2.4 Thin Film and Multilayered Structures

There are various reasons for the use of multilayered structures. The most obvious
is firstly the possibility of coupling the functionalities of different layers to build
functional devices (see introduction of perovskites in section 2.1). Secondly, mul-
tilayers are used to tailor the optical and acoustic properties of a sample. In this
way, phonon [Huy06] and photon [Huy08, LK11] cavities can be fabricated and the
generation and detection mechanisms can thus be enhanced [LK07]. Using a multi-
layer transducer for the excitation of coherent phonons, the excitation profile can be
shaped [Bar98, Huy08, PW09, Her12a, Boj13, Sha13] and suitable superlattices for
detection can be designed [Tri07, PW09, PW12]. Thirdly, a motivation for the use
of multilayers is that a fast lattice response is generated for thin individual films: the
timescale of an induced structural motion is given by d/v for a sample thickness d
and sound velocity v. Some signals, however, are enhanced for thicker layers. Thus,
the stacking of multiple thin films and interlayers yields an equally fast response as
for a thin film, but a signal strength as in a thicker sample. This has for example
been successfully applied for the development of an ultrafast Bragg switch for the
shortening of x-ray pulses [Her10].

The theoretical framework for time resolved phonon light scattering developed
by Thomsen et al. [Tho86] has been extended to multilayer samples by Matsuda and
Wright [Mat02].

2.4.1 Phonons in Multilayers

Due to the periodicity in a crystalline structure, the dynamic properties of phonons
and other quasiparticles are described in reciprocal space, i.e. within the first Bril-
louin zone. In a superlattice, where different materials are stacked periodically,
an artificial, larger periodicity is introduced, which reduces the size of the Bril-
louin zone. This backfolding of phonons has first been studied by Colvard et al.
[Col80] using Raman scattering techniques and later also using time resolved meth-
ods [Yam94, Bar98, Miz99, Bar99]. The backfolding is schematically illustrated in
figure 2.16, where the Brillouin zone that originally extended to q = π/a0 with the
lattice constant a0 is now reduced to q = π/dSL with the superlattice period dSL.
Phonons with a wavevector larger than π/dSL are ’backfolded’ into the smaller so-
called mini-Brillouin zone. The acoustic dispersion of an infinite superlattice can
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Figure 2.16: Schematic of the acoustic phonon dis-
persion in a superlattice [Bar04]: the acoustic branch
is backfolded at the artificial boundary of the mini-
Brillouin zone at q = π/dSL.

analytically be calculated using the formula [Ryt56]

cos(qdSL) = cos

[
2πν

(
d1

v1

+
d2

v2

)]
− 1

2

(
|ρ1v1 − ρ2v2|
(ρ1v1ρ2v2)1/2

)2

·

sin

(
2πνd1

v1

)
sin

(
2πνd2

v2

)
, (2.22)

where d1 and d2 are the thicknesses of the individual layers with superlattice
periodicity dSL = d1 + d2, v1 and v2 are the sound velocities and ρ1 and ρ2 the
densities of material 1 and 2. Since the cosine is a periodic function, its value does
not change when multiples of 2π are added to the argument. We find cos(qdSL) =
cos(qdSL ± n2π) = cos((q ± nG)dSL), meaning that the periodicity is given by the
reciprocal lattice vector G with G = 2π/dSL. Furthermore, the function is symmetric
with respect to q = 0. Thus, in a simple picture, the size of the Brillouin zone that
originally extended to π/a0, is reduced to π/dSL when the larger periodicity dSL is
introduced. Points in the Brillouin zone beyond q = π/dSL can be displaced by
multiples of the reciprocal lattice vector G = 2π/dSL in order to fit into the mini-
Brillouin zone. Graphically this means that the acoustic phonon branch is backfolded
into the mini-zone. Additionally, a gap in the dispersion curve opens at the edge
of the mini-zone, scaling with the acoustic mismatch of the materials, as specified
by the second term in equation 2.22 [Jus86]. When the acoustic mismatch is small,
the energy gap at the edge of the Brillouin zone can be neglected and equation 2.22
simplifies to

cos(qdSL) = cos

[
2πν

(
d1

v1

+
d2

v2

)]
= cos(ωdSL/vSL) (2.23)

with the average sound velocity in the superlatice vSL, given by

vSL =
v1v2

d1v2/dSL + d2v1/dSL

. (2.24)
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These dispersion relations only hold for infinitely large superlattices. In a finite
superlattice, the curves are broadenend due to the finite lifetime of the superlattice
modes.

When coherent phonon dynamics are excited in a superlattice, due to the spa-
tial periodicity the phonon wavevector q = G is preferentially generated. For the
frequency of this superlattice oscillations we thus find ωSL = vSLG or equivallently
for the period tSL of superlattice oscillations tSL = dSL/v.

The concept of phonons in superlattices is applied and further discussed in chap-
ter 4.
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3.1 Time Resolved Pump Probe Spectroscopy

Typical periodic lattice oscillations for the multilayers investigated in this thesis are
on the timescale of a few picoseconds. Electron phonon coupling in our materials
happens on the hundred femtosecond timescale. In order to observe dynamics on such
a short timescale, we need an excitation impulse that is short enough to trigger the
coherent motion and a probing process with sufficiently short exposure time. Both
prerequisites are met by a stroboscopic optical technique: an ultrashort light pulse,
referred to as pump pulse, generates dynamics in the sample. A second pulse, the
probe pulse, which has a certain temporal delay with respect to the excitation pulse,
is used to monitor the changes of the sample response at this particular temporal
delay. Changing the delay by varying the relative distance travelled by the pulses, a
whole range of temporal delays can be sampled. Thus, the temporal evolution of the
properties of interest can be measured. The temporal resolution of the measurement
is determined by the temporal width of the pump and probe pulses. An important
prerequesite for this subsequent scanning of the temporal range is the reproducibility
of the induced dynamics.

Self-modelocked laser systems in the picosecond pulse duration were discovered
in the 1980s [Mou86] and were further improved to obtain pulse widths in the 10
fs range for optical frequencies [Sti95]. Even shorter timescales in the attosecond
range can be obtained by generating higher harmonics of the laser pulse [Pau01].
Subpicosecond resolution is obtained not only in the visible frequency range but for
a very broad spectral range with terahertz [Bea02] to x-ray pulses [Ser02]. In the
probe process, the optical properties of the material can be evaluated, photoemis-
sion spectroscopy gives information about the electronic states of the system [Sto04]
and x-ray diffraction directly monitors the lattice motion [Ris97]. Techniques, in
which changes of the polarisation of the probe are detected, give information about
the magnetic state of the system [Bea96]. Locally resolved techniques have been
developed, which combine temporal resolution with high spatial resolution [Kor14b].
Experiments are performed at lab-based tabletop setups or at large facilities such as
synchrotrons or free electron lasers.

In this section, we introduce the experimental setup used throughout this thesis
and discuss the relevant excitation and detection mechanisms in our samples. We
focus on time resolved optical reflectivity measurements and on the observation of
phonon dynamics with time resolved Brillouin scattering.

3.1.1 Measurement Setup

In Figure 3.1 we give an illustration of the different components employed in our
experiments. A commercially available amplified titanium sapphire laser system

27
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generates pulses of about 140 fs pulse duration with 795 nm central wavelength at
a repetition rate of 5 kHz. These are each split into a strong pump pulse to excite
dynamics in the sample and a weak probe pulse with which the induced dynamics
are monitored. The probe pulse contains approximately 1% of the total energy. It
is important to keep the probe energy low, such that the changes in the sample in-
duced by the probe pulse can be neglected. In order to generate a variable temporal
delay between pump and probe pulses, the pump is directed across a delay stage.
The delay between pump and probe pulses is varied by moving the stage and hence
increasing or decreasing the path length of the pump pulse with respect to the probe
pulse. To give an example, an additional delay of 100 ps for the probe pulse with
respect to the pump pulse is generated by decreasing the path length of the pump
pulse by 3 cm. This is achieved by moving the stage by 1.5 cm. In order to measure
several probe wavelengths simultaneously, a white light continuum is generated by
focussing the probe into a sapphire or yttrium aluminum garnet crystal [Bra09], as
further discussed below. The light reflected from the sample is detected in a fibre
optic spectrometer. The sample is mounted in a closed cycle cryostat to allow for

Figure 3.1: Schematic of the experimental setup employed for the measurements pre-
sented in this thesis.

temperature dependent measurements. In order to minimise the vibrations originat-
ing from the expander of the cryogenic unit, the unit containig the sample holder is
mechanically decoupled. The chamber between both units is flooded with helium,
which acts as a heat exchange gas and allows to reach temperatures of approximately
20 K at the sample holder. A temperature sensor is mounted to the sample holder
close to the sample. The temperature is controlled using a second temperature sensor
close to the built-in heater. It is important to note that the absolute temperature
has not been calibrated and may vary slightly for each measurement, depending on
the placement of the temperature sensor and the excitation fluence.

The absorbing layers in our samples (i.e. LSMO and SRO) are excited with
a fluence of about 1 – 50 mJ/cm2. The spot sizes of pump and probe pulses are
determined by a CCD camera. The probe diameter typically amounts to 60 µm, the
pump diameter is usually set at least 3 times larger. Since both pulses pass the same
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focus lens, a telescope in both beam paths allows regulating the dimension of the
focus for each beam seperately. This way, a minimum spot size of the probe and a
larger spot size of the pump on the sample can be adjusted. The pump fluence is
calculated by the incident pulse energy and pump spot size, taking also the angle
of incidence into acount. The incident pulse energy can be adjusted by rotating the
polarisation of the pump beam with a waveplate before it passes through a linear
polariser. The losses due to the cryostat window have to be taken into account for
a correct determination of the pump fluence.

In principle, the q-range observable with visible light in backscattering, as in-
troduced in section 2.3.1, can be tuned via the incident angle. However, for simple
reflection geometry, the maximum internal angle obtained for a typical refractive
index of approximately n = 2.4 is 24◦, according to Snell’s law. This leads to a
deviation of cos θ in equation 2.5 from the maximum value obtained for normal in-
cidence of cos θ = 1 of about 10 %. Larger internal angles, needed for varying the
observable bandwidth more substantially, can be obtained by placing a glass prism
onto the sample surface, thus making use of the so-called Kretschmann geometry
[Kre71]. Polarisers and waveplates can be placed in the beam paths to set the inci-
dent polarisation of each pulse.

We evaluate the normalised change in optical reflectivity in order to minimise
the impact of slow intensity fluctuations in the probe pulse

∆R(t)

R0

=
R(t)−R0

R0

, (3.1)

where R(t) is the time dependent detected intensity reflected from the pumped sam-
ple and R0 is the detected intensity reflected of the unpumped sample.

The integration time of the spectrometer is typically set to about 2 ms, thus
averaging approximately 10 pulses for each recorded data point. A chopper set to
a frequency of 125 Hz periodically blocks the pump beam such that every 8 ms
pumped and unpumped reflectivity spectra are recorded. Zero time delay is either
determined by frequency resolved optical gating, as will be discussed below, or else
by the steepest slope in the rising edge of the recorded reflectivity signal, which
originates in the heating of the electronic system in the metal layers.

3.1.2 Broadband Detection

For probing with a broad light spectrum, a white light continuum is generated.
The small fraction of the laser beam that has been split off for probing is focussed
into an optically nonlinear transparent medium. For a certain intensity level, self-
focussing of the beam sets in and the high energy density results in the generation
of a white light filament [Bro99]. The ongoing processes are complicated and not
well understood, however, a stable continuum can be generated and used for optical
spectroscopy. The generated spectrum depends on the bandgap of the material used
for the generation process. Sapphire is frequently used for the generation of white
light. For more light in the near infrared, we also use an yttrium aluminum garnet
crystal [Bra09].
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Frequency Resolved Optical Gating (FROG)

Since all wavelengths experience a different dispersion in the generating material and
subsequent optical elements, such as lenses and polarisers, they arrive at different
times at the sample, the white light pulse is ’chirped’. The arrival time for each
wavelength can be determined by frequency resolved optical gating [Tre93]: the p-
polarised white light beam, to which we will here refer as signal pulse, is focussed
into a glass plate. The transmitted light passes through an analysing polariser,
which is adjusted such that the transmission is minimised, i.e. to transmit only s-
polarised light. The pump pulse, acting as a gate pulse, is turned by a waveplate to a
polarisation of about 45◦ to the incident white light and also focussed into the glass
plate. When both pulses overlap, they interact due to the optical nonlinearity of the
material. The third order susceptibility χ(3) induces a fraction of s-polarised light in
the signal that can now pass the analyser and is detected in the spectrometer. The
gate pulse with a pulse length of about 140 fs cuts out the slice of wavelengths that
is present at the particular time.
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Figure 3.2: Left: FROG, measured time dependence of the arrival of different wavelengths
in the white light pulse. Right: cut through the FROG measurement at λ = 500 nm and
gaussian fit with a full width at half maximum of 230 fs yielding a temporal duration of
the 500 nm component of approximately 200 fs, [Gol14b] assuming a pulselength of the
non-optimised infrared gate pulse of 150 fs.

Figure 3.2 displays a typical FROG measurement for our setup. The white light
pulse covers a wavelength range from just above 400 nm to approximately 840 nm.
In this measurement, it extends over as much as eight picosesonds. The pulse length
for each wavelength is estimated to amount to approximately 200 fs. The uncertainty
in the determination of zero time delay is determined by the uncertainty of the fit
and is usually much smaller than the width of the crosscorrelated pulse. In order
to ensure the correct value for zero time delay in our measurements and the right
temporal dynamics, the FROG measurement has to be taken into account in the
evaluation of the time resolved data.
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3.1.3 Typical Measurements: Transient Reflectivity Changes

In figure 3.3 we display a typical time resolved signal for an arbitrarily chosen probe
wavelength. The normalised change in the optical reflectivity is zero before t = 0.
At t = 0 the electronic system is rapidly heated. This leads to an instantaneous
change in optical reflectivity that is positive in this measurement. Subsequently, the

Figure 3.3: Typical time dependent re-
flectivity signal for an arbitrary probe
wavelength. The measurement was taken
on an SRO-STO superlattice, which will be
discussed in section 3.2.2 below.

heat is coupled into the lattice leading to a relaxation of the response. In the figure,
the reflectivity decreases on a timescale of about 200 fs. Simultaneously, the strain
starts propagating through the sample and the oscillations due to scattering of the
light from coherent phonons, as explained in section 2.3.2 above, build up. In the
evaluation of our data, we cut off the instantaneous electronic response and evaluate
the subsequent dynamics. When phonon oscillations are studied, we subtract the
thermalisation background obtained by smoothing the measured data in order to
obtain only the oscillations. The oscillation features will be discussed in more detail
in the next chapter. On the nanosecond to microsecond timescale, thermalisation
effects lead to a gradual decay of the induced reflectivity change back to the value
before excitation. Thermalisation effects due to phonon magnon coupling will be
discussed in chapter 7.

3.1.4 Wavelength Dependent Aspects

Wavelength Dependent Excitation

In the experiments discussed in this thesis, metal layers are excited and trigger the
subsequent coherent and incoherent dynamics, see section 2.3.3 on coherent phonon
generation. For this intraband excitation process, the excitation wavelength is irrel-
evant. In principle it is possible to coherently excite phonon modes also by impulsive
Raman or infrared excitation. In the latter case, the excitation wavelength has to
be tuned to the energy of the phonon mode to be excited [Rin07, För11].
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Wavelength Dependent Probing

Wavelength selective probing is used for several reasons. The electronic configura-
tion may be altered after excitation, which is best probed by certain characteristic
wavelengths. In manganites, the formation of quasiparticles, the so-called polarons,
is evidenced by the observation of the polaron peak in the near infrared and its tem-
poral evolution yields information about the conduction process, compare section
7.1 on fluence dependent demagnetisation dynamics in manganites. In the case of
selective excitation of certain phonon wavevectors, the probe process needs to be sen-
sitive to these generated phonons and thus certain photon wavevectors for probing
are desired.

3.1.5 Implications of Detection Scheme – Resolution and Apparent Damp-
ing of Coherent Phonons

The wavelength resolution of the spectrometer employed is about 0.6 nm. Differenti-
ating the relation E = hc/λ with respect to λ we find that the energy resolution ∆E
given by ∆E = hc∆λ/λ2, with Planck’s constant h and speed of light c, amounts to
typically 2 meV. This corresponds to a frequency of 0.5 THz or an oscillation period
of about 2 ps. Frequencies lower than this can only be resolved in the temporal
domain, while higher frequencies can also be resolved spectrally, if the spectrum is
appropriately narrowed [Gol14a]. The temporal resolution, on the other hand, is
given by the pulse duration. The spectrum of an ultrashort pulse of high inten-
sity can artificially be broadened by noncollinear parametric optical amplification
leading to a pulse duration of about 30 femtoseconds, thus increasing the temporal
resolution.

Various processes determine the decay time of an observed phonon oscillation.
Firstly, the optical penetration depth determines the depth to which phonons or other
quasiparticles can be optically detected. Secondly, the thickness of a layered sample
determines how long the excited phonons are present in the layers and thus, how long
a superlattice oscillation maximally lives, as discussed in section 2.4. Thirdly, for
phonons observed in backscattering, multiple processes lead to an apparent decay.
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Figure 3.4: Calculated dephasing time
∆t of the phonon signal observed in
backscattering originating from the aver-
aging over a certain spectral width. The
averaging leads to a dephasing of the
phonons detected and thus to an apparent
damping of the signal. Period calculated
for λ = 500 nm and normal incidence.
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Figure 3.5: Dephasing time ∆t due to the noncollinearity of the probe beam. Left:
beating period as a function of incident angle for a focal length of 200 mm. Right: beating
period as function of focal length for an external incident angle of 45◦.

This apparent decay is imposed by the limited spectral resolution of the setup and
originates in the wavelength dependence of the phonon oscillation period, leading to
a dephasing of the oscillations. With the optical wavelength λ we are sensitive to
phonons with frequency ν = 2vncosθ/λ, as given by equation 2.8. Differentiating
with respect to λ, but ignoring the wavelength dependence of n in the derivation,
we deduce ∆ν = 2vn(λ)cosθ∆λ/λ2 or ∆t = λ2/2vn(λ)cosθ∆λ. The averaging of
phonons with slightly different frequencies leads to a dephasing of the scattered sig-
nal given by the time interval ∆t. Thus, the averaging over a certain spectral width
may lead to an apparent faster decay of the phonons. In Figure 3.4 we plot the
dephasing time ∆t as a function of the averaged wavelength range. Finally, the non-
collinearity angle, under which the phonons are observed, also leads to a dephasing
of the oscillations. For a beam diameter on the lens of dlens and a focal length of f ,
the maximum noncollinearity angle, ∆θext, under which the photons hit the sample
is according to linear optics given by ∆θext = arctan(dlens

2f
). Differentiating equation

2.9 with respect to θext, we obtain ∆t = λ
√
n2 − sin2 θext/2v sin θext cos θext∆θext.

Figure 3.5 displays the estimated damping time of the observed oscillations de-
pendent on the incident angle and, for a given incident angle, dependent on the focal
length of the lens. In this estimation, we describe the beam path according to linear
optics. In reality, the gaussian pulse has a beam waist [Rul05], in which the beam is
collinear. Therefore, the divergence at the sample can be expected to be smaller than
estimated and the apparent damping due to the noncollinearity of the probe pulse
should be even smaller in reality. In our setup we have observed phonon oscillations
with a decay time of more than 5 ns in a DyScO3 sample at an incident angle of
θext ≈ 35◦. The phonon oscillations discussed in this thesis exhibit a decay time of 1
ns or less. Therefore we have experimentally proven that the observed decay times
are intrinsic and not limited by our experimental setup.
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3.1.6 Normalisation of Coherent Phonon Amplitude

According to equation 2.6, the detected time dependent signal is given as Iq(t) =
A2

r + 2ArAq(t) cos(ωqt) + Aq(t)
2, where Ar is the static reference amplitude of the

reflected light field and Aq(t) is the time dependent light amplitude reflected from
the phonons. However, in most experiments, the reflection from the sample surface,
Ar, is not static but displays a time dependence due to thermalisation effects. This
can be accounted for by introducing a normalisation according to

Aq(t) cos(ωqt) ∝

(
∆R
R0

)
HP√(

∆R
R0

)
LP

+ 1

, (3.2)

where
(

∆R
R0

)
HP

and
(

∆R
R0

)
LP

are the signal intensities obtained by highpass and low-

pass filtering, respectively: in the highpass filtering process, we obtain the time de-
pendent oscillation around zero, in the lowpass filtering we obtain the slowly varying
background that is subtracted from the data to obtain the highpass phonon signal.
For a derivation of the relation see appendix A.2. When the relative gradual change
in reflectivity is small in comparison to 1, this normalisation can be omitted. This
is usually the case if the sample is probed from the front side, where typical relative
changes in sample reflectivity amount to less than 0.2 in our fluence range. However,
when the sample is probed from the backside and the reflection from the substrate
to air interface is blocked, the relative change in reflectivity can become larger than
1 and the normalisation scheme becomes important for a correct determination of
the phonon attenuation.

3.2 High Fluence Excitation

While the signal to noise level in our measurements is similar to measurements with
non-amplified laser pulses at higher repetition rates, high fluence excitation allows
us to observe nonlinear effects that are not accessible with lower excitation fluences.
We observe a strain dependence of the sound velocity due to the anharmonicity of
the atomic interaction potential and other nonlinear effects that will be discussed
below.

3.2.1 Effects of Anharmonicity

As discussed in section 2.3.5, the anharmonicity of the interatomic potential leads
to different sound velocities for the compressive and tensile components of the strain
pulse. The wavepackets that we coherently excite are generally composed of a leading
compressive and a trailing tensile strain front, as explained in section 2.3.3. For high
excitation levels, the presence of different sound velocities leads to a beating of the
phonon oscillation observed via backscattering. This can be expressed by the formula
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νbeating = ∆v2n(λ)cos(β)/λ . (3.3)

In figure 3.6 we display high fluence data for three selected probe wavelengths at room
temperature. A more detailed study of the anharmonicity effect on the sound velocity
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Figure 3.6: Transient reflec-
tivity change at room tem-
perature for high excitation
fluences, plotted for differ-
ent probe wavelengths. The
curves are shifted vertically for
clarity.

in STO and a comparison to linear chain model calculations can be found in [Boj12a].
The measurements were performed on an STO substrate with a 37 nm thick LSMO
transducer. The raw data are cut shortly after the electron phonon equilibration and
the slowly varying thermalisation background is subtracted. The remaining signal
oscillates at the frequency given by equation 2.8. In addition, the signal oscillations
are modulated by a slow, wavelength dependent beating, as described by equation
3.3. This beating is attributed to the difference ∆v of the sound velocities present in
the material [Mus02, Boj12a, Sha13]. In this case, for large amplitude strain in STO
at room temperature, the sound velocity for compressive strain is larger than that for
tensile strain. This interpretation is supported by calculations using an anharmonic
linear chain model [Boj12a] and by time resolved x-ray diffraction experiments using
acoustic pulse trains generated by a superlattice transducer [Sha13].

3.2.2 Fluence Dependent Excitation of Coherent Phonons

As mentioned before, we assume an instantaneous thermalisation of electrons and
phonons and subsequent generation of coherent phonons in our model. This is a rea-
sonable approximation for most of our measurements, however, it is not completely
correct. Figure 3.7 displays optical reflectivity transients on a sample consisting of
10 double layers of 13 nm STO and 7.5 nm SRO. The measurements were taken at
room temperature for different excitation fluences. A function of the form

fA,B,C,ϕ0(t) = A cos(ωqt− ϕ0) +Dt+ C (3.4)

was fitted to the data, with fit parameters A,C,D and ϕ0 and oscillation frequency
ωq, which was either kept fixed for all fluences or adjusted freely for each fluence,
making no difference for the obtained result. The phase shift with respect to a perfect
cosine in femtoseconds, δt, is determined via ωqδt− ϕ0 = 0, yielding δt = ϕ0/ωq. In
the left panel of figure 3.8 we display δt extracted for different excitation fluences as
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Figure 3.7: Transient reflectivity signal
for the SRO/STO superlattice for four dif-
ferent excitation fluences.
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Figure 3.8: Left: fluence dependent delay of the oscillation onset for the optical data (open
blue circles) and x-ray measurements (open grey squares). The error bars were determined
by the deviation of results determined for the same fluence in different measurement series
for the optical data and by the error of the fit for the x-ray data. Right: oscillation
amplitude as a function of excitation fluence. Published in [Boj12].

full blue circles. Also shown is the temporal delay of the oscillation onset observed
in x-ray diffraction experiments on the same sample as grey open squares. Since the
exact phase of the oscillation observed optically depends on probe wavelength and is
thus somewhat arbitrary [Boj12], the temporal shift for the optical data should be
interpreted as relative shift only. For the x-ray experiments, however, the absolute
phase of the oscillation can reliably be determined. The evaluated δt for the optical
data has been offset in the figure to agree with the x-ray data. For high excitation
fluence, the delay time determined via x-ray diffraction becomes negligible and the
oscillation resembles an exact cosine. For lower excitation, the onset of the oscillation
is delayed: for the lowest measured fluence, the oscillation sets in approximately 130
fs later than for the highest fluence, as observed by x-ray and optical measurements.
The faster onset for high excitation can presumably be attributed to a contribution of
the instantaneous electronic stress to the buildup of the coherent phonon oscillations
that dominates for high excitation fluences: before the energy is coupled into the
lattice, the hot electrons induce an expansion of the metal. For lower excitation, the
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energy is first transferred into the lattice, before the oscillation generated by phonon
mediated stress sets in. Therefore, the onset of the oscillation is delayed by the
electron phonon coupling time for low excitation fluences [Boj12]. In the right panel
of figure 3.8, we display the extracted fluence dependence of the oscillation amplitude,
the fitparameter A, which shows a linear dependence on excitation fluence. The
amplitude of the coherent phonon oscillations scales linearly with excitation fluence.
Thus, independent of the microscopic generation process, the oscillation amplitude
linearly depends on the energy deposited in the material.
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4. Observation of Phonon Dynamics in Thin

Film and Multilayered Samples

In this chapter, we illustrate the concepts introduced above. We use broadband time
domain Brillouin scattering to observe coherently generated phonon modes in bulk
and nanolayered samples. We discuss measurements of phonon dynamics in three
different samples, as summarised in Table 4.1: (a) a 37 nm LSMO transducer film on
an STO substrate, (b) an LSMO/BST superlattice with 15 double layers of 21 nm
period and (c) an SRO/STO superlattice with 5 double layers of 140 nm period. The
samples were prepared on STO substrates using pulsed laser deposition [Vre08a].

Table 4.1: Details of selected samples. Acronyms: interlayer (IL), amount of double
layers (# DL), thin film (TF), superlattice (SL). The layer thicknesses were checked by
static x-ray diffraction.

Nr. type metal dielectric IL # DL substrate
(a) TF LSMO, 37 nm STO (100)
(b) SL LSMO, 7.3 nm BST, 13.7 nm 15 STO (100)
(c) SL SRO, 13 nm STO, 127 nm 5 STO (100)

4.1 Reflectivity Transients

In figure 4.1 we show contourplots of the wavelength dependent transient optical
reflectivity for the three different samples. The instantaneous electronic response
and slow thermalisation effects have been subtracted. Sample (a) shows oscillations
that are well described by equation 2.8. In this sample, the single LSMO layer
expands and launches a bipolar strain pulse into the STO substrate underneath.
Because of the good acoustic impedance matching between layer and substrate, the
strain wave has completely entered the substrate when the strain front starting from
the film-substrate interface has traveled to the sample surface, has been reflected
and returned through the film into the substrate, as discussed in section 2.3.3. Thus,
after about dt = 2dTF/vLSMO ∼ 12 ps, where dTF is the thickness of the film and
vLSMO is the sound velocity in the film, as listed in table 4.2, there are no further
coherent dynamics in the metal film [Boj12a].

We have therefore cut off the first 12 ps from our data and only display the
dynamics in the bulk STO underneath. For sample (b) in figure 4.1(b), we also
observe these probe wavelength dependent oscillations according to equation 2.8.
Here, we focus on the first 100 ps of the dynamics, in which the excited pulse train
is still present in the superlattice. In this comparatively short time window (for
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Figure 4.1: Broadband time resloved reflectivity data at room temperature for different
samples. Colour code: ∆R/R0 [a.u.], slowly varying background subtracted. (a) Thin
LSMO layer on bulk STO, (b) LSMO-BST superlattice with 21 nm period, (c) SRO-STO
superlattice with 140 nm period. The time scales are different in each panel. The geome-
tries of the samples are schematically shown above each graph. In all graphs, the wave-
length dependent oscillation period of the travelling phonon, seen via phonon backscat-
tering, is clearly visible. In (b) and (c) the standing SL phonon showing a wavelength
independent oscillation frequency, as observed via forward scattering is also discernible.
Note the different temporal windows shown in the graphs.

Table 4.2: Sound velociteis applied in the calculations in [nm/ps], vb and vc denote the
average sound velocities in the superlattices for samples (b) and (c) according to equation
2.24.

vSTO, layer vLSMO vBST vSRO vSTO, substrate vb vc

7.8 6.5 5.1 6.3 8 5.5 7.6

comparison: in figure 4.1(a), 600 ps are displayed), these appear as slow oscillations
with a period of 10-20 ps, depending on probe wavelength. In addition, we observe
the wavelength independent, forward scattering signature, that has been conceptually
introduced in section 2.3 of the standing superlattice oscillation with period tSL =
dSL/vb ∼ 3 ps, using the appropriate spatial period dSL = 21 nm and the average
sound velocity in the superlattice of vb ≈ 5.5 nm/ps. For sample (c) forward- and
backscattering signals have similar periods. The sample is designed such that the
energy of the standing superlattice phonon approximately coincides with the energy
of the longitudinal acoustic phonon in the centre of the frequency window, where
Brillouin scattering is observable by visible light. Thus, the wavelength independent
oscillation and the oscillation dependent on wavelength are superimposed, leading to
the complicated pattern in figure 4.1(c).

In the superlattices discussed here, the dynamics in the layers are actually much
shorter than dt = 2dSL/vSL. The reason is that the overall thickness of the absorbing
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Figure 4.2: (a)-(c) Calculated dispersion relations for the three samples according to
equation 2.22. (a) Single layer, simple acoustic dispersion (black thick dashed line). (b)
Superlattice with small periodicity, the acoustic dispersion (black thick dashed line) is
backfolded at Brillouin zone edge π/dSL = 140µm−1 (not shown), yielding the superlattice
dispersion (black thin dashed line) with additional branches. The frequency of the q ≈ 0
superlattice mode is indicated as thin dotted horizontal line (see main text). (c) Super-
lattice with periodicity of 140 nm. The acoustic dispersion (black thick dashed line) is
backfolded at the Brillouin zone edge π/dSL = 23µm−1, yielding the SL-dispersion (black
thin dashed line). The first zone scheme can be extended by adding a reciprocal lattice
vector GSL = 2π/dSL yielding the dispersion relation in the second Brillouin zone (blue
dash-dotted line). The q ≈ 0 superlattice mode again indicated as thin dotted horizon-
tal line. The optically observable q-range in backscattering is indicated by the rainbow
coloured region in each plot. (d)-(f) Corresponding occupation of the excited modes as
calculated in the linear chain model (introduced in section 2.3.4).

layers is large compared to the penetration depth of the pump light in these ma-
terials. In sample (b), the thickness of the metal amounts to 110 nm. In LSMO
the penetration depth for 795 nm light is 65 nm. This means that only about 20 %
of the pump and probe light reach the lowest absorbing layer. It is therefore much
more weakly excited than the top layer and contributes less to the detected signal.
In sample (c) the metal layers are thinner, but at the same time the penetration
depth is smaller and amounts to 44 nm in the metal. This means that only about
40 % of the pump and probe energies reach the lowest absorbing layer. Thus, most
of the coherent dynamics in the superlattices have ceased, once the most dominant
strain front starting at the surface has passed into the substrate. This happens after
about 57 ps for sample (b) and after about 92 ps for sample (c).

4.2 Calculated Dispersion Relations

The dispersion curves of our samples calculated according to equation 2.22 and the
parameters in Tables 4.1 and 4.2, are shown in Figure 4.2 (a)-(c). In (a) the linear
acoustic dispersion of the acoustic phonon branch in bulk STO is displayed. The
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q-range accessible in our experiment via backscattering is indicated by the rainbow
coloured region. In sample (b) the stacking of LSMO and BST layers with period
dSL results in a reduction of the Brillouin zone and leads thus to the backfolding of
all phonon branches, as here shown for the observed longitudinal acoustic phonon
branch. The frequency of the q ≈ 0 superlattice phonon is visible for all probe wave-
lengths via forwardscattering and is therefore indicated as thin dashed horizontal
line1 although the q-value on the axis only holds for phonons observed in backscat-
tering. Figure 4.2(c) shows the dispersion curve of the even larger superlattice (140
nm period) with yet smaller Brillouin zone. In this case, the q-range accessible by
our probe technique via backscattering lies outside of the first Brillouin zone and we
show an extended zone scheme, indicated as blue dash-dotted line, where multiples
of the reciprocal lattice vector GSL are added to each point in the mini-Brillouin
zone. Again, the q ≈ 0 phonon observable for all probe wavelengths is indicated as
thin dashed line. In this superlattice, nearly the whole q-range of the mini-Brillouin
zone lies in the visible spectrum if a reciprocal lattice vector is added to each point.
This is possible if the detectable phonon bandwidth ∆q = qmin − qmax amounts to
at least the maximum wavevector in the Brillouin zone π/dSL, qmin and qmax being
the minimum and maximum detectable phonon wavevector in backscattering. If one
octave is covered in probe bandwidth as approximately in our case: qmax ≈ 2qmin, it
follows that ∆q ≈ qmin. Thus, the whole q-range of the Brillouin zone can in principle
be covered with one octave if qmin > π/dSL.

The occupation of each mode, i.e. the number of phonons in each mode, can
be calculated analytically using a linear chain model [Sch14a, Her11]. We again
chose the layer parameters according to Tables 4.1 and 4.2 and built a substrate
composed of 5000 unit cells underneath. We assume an instantaneous heating and
subsequent rapid expansion of the absorbing metal layers, as explained in section
2.3.3. Since no anharmonic effects are included in the calculations, the obtained
results scale linearly with the excitation fluence. The results for the samples are
shown in Figure 4.2 (d)-(f). In (d), a broad spectrum of modes is excited around
q ≈ π/dTF, with film thickness dTF [Boj13], as explained in section 2.3.3 on coherent
phonon generation. In the superlattices, panels (e) and (f), modes around q = GSL

are dominantly excited, which are backfolded to q = 0, as explained in section 2.4.1
on phonons in multilayers.

4.3 Measured Dispersion Relations

In the following, we compare the calculations with our measurements. Figure 4.3 (a)-

1The maximum detected phonon frequency in our experiments is ν ≈ 0.25 THz via forward
scattering (compare figure 4.2 (b)), higher orders are too weakly excited to be detected. If the
phonon dispersion is assumed to be flat at the intersection (compare illustration of energy and
momentum conservation in figure 2.7 (a)), the change in photon wavevector, and therefore q of the
detected phonon, amounts to 0.006 µm−1 and is by far too small to be displayed in the graph.
This underlines that q ≈ 0 is indeed a reasonable approximation for forward scattering in these
experiments.
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Figure 4.3: Fourier transform of data in Figure 4.1 for the three different samples. wave-
length axis has been converted to phonon wavevector for backscattering, calculations are
overlaid. Colour code: Fourier amplitude [a.u.].

(c) shows temporal Fourier transforms of the original data from figure 4.1 performed
for each wavelength as contourplots.2 The wavelength axis has been converted to
display the phonon wavevector q = 4πn(λ) cos(θ)/λ for backscattering and the axes
were interchanged to display the phonon frequency as a function of wavevector. The
results of the calculations are overlaid. In (a), we find the linear acoustic dispersion
of bulk STO. In figure 4.3 (b) we observe the linear dispersion of the acoustic branch,
traces of the first and second backfolded branches and the wavelength independent
signature of the q ≈ 0 superlattice oscillation via forward scattering. The occupation
number shown in figure 4.2 (e) reveals, why the wavelength independent oscillations
dominate the signal: in this sample, the backfolded phonon modes observed via
backscattering are only weakly excited. Figure 4.3 (c) shows the diamond shape
dispersion curve according to the extended zone scheme (compare Figure 4.2 (c)).
Here, the forward scattering signal is nearly invisible. In the vicinity of q = nGSL

many modes are populated, as shown in figure 4.2 (f). These can be observed by
the white light probe in backscattering and dominate the signal. For intermediate
wavevectors, q ≈ 2n+1

2
, there is a minimum in the occupation, indicated in figure 4.2

by the red arrow. The location of this minimum depends on the phase between the
leading compressive and the trailing tensile part of the propagating strain profile,
which has been illustrated in figure 2.12, leading to destructive interference for a
certain frequency.

The differences between theory and experiment, e.g. the intensity just below and
above the first backfolded zone centre mode for sample (c), might be due to sample
inhomogeneities particularly at the sample surface or anharmonic effects that lead
to changes in the spectrum of excited modes [Boj13]. Additionally, the relative
intensities of the frequencies in the Fourier transforms depend on the length of the
time window chosen for the transform and the high pass filtering that was performed

2A quantitative wavevector dependent comparison between experimental results and calcula-
tions cannot easily be performed for the superlattices, as explained in appendix A.1.
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Figure 4.4: Occupation of modes for sample
(b) as a function of mode eigenfrequency (top
axis, in THz) and assigned number (bottom
axis) given by the calculation. The peaks are
at mode number 76, 160 and 168.

in order to extract the oscillations. The width of the individual peaks may lead to
an interference of forward and backscattered light, which might be the reason for the
asymmetry of the forward scattered peak for sample (b). Furthermore, the intensity
detected for each q-vector also depends on the optical properties of the samples, how
these change with strain and thus on the sample structure.

4.4 Eigenmodes of the Superlattice

In this and the following section, we mainly discuss features for sample (b), but most
observations can be generalised and hold for other superlattices as well. We focus
on sample (b), since some of the findings will be relevant for further measurements
on this sample, which will be discussed in chapter 7.

For a given sample geometry and number of unit cells, N , incorporated in the
linear chain model, we obtain N eigenmodes of the system. In figure 4.4 we again
display the calculated occupation of eigenmodes for sample (b) from figure 4.2 (e)
as a function of oscillation frequency (top axis) and additionally as a function of
assigned eigenmode number (bottom axis), where the calculated eigenmode with
lowest frequency is counted as ’one’ and the eigenmode with highest frequency is
counted as ’N ’. Some modes are highly populated. The modes with highest phonon
population, i.e. the peaks in the graph correspond to eigenmodes 76, 160 and 168.
In figure 4.5, we plot the modes that are highly excited as solid lines and those that
are more weakly excited as dashed lines. The vertical lines indicate the interfaces
between the LSMO and BST layers and between LSMO and substrate STO. Mode
76 is the eigenmode with a spatial period of half the superlattice period, i.e. every
second layer of the same material shows an equal strain condition. Furthermore, the
mode displays a decay of the strain amplitude from surface to substrate. Mode 160
and 168 have the same period as the superlattice. Mode 160 displays a decay in
strain amplitude from surface to substrate while mode 168 displays a node at the
surface and the interface to the substrate.

The superposition of eigenmodes leads to the spatial profile of the excitation as
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Figure 4.5: Eigenmodes of sample (b). The solid lines represent modes that are highly
excited, the dashed lines represent modes that are only little excited. The vertical grey
lines indicate the interfaces between metal and dielectric. The metal is the thinner layer in
the superlattice. Left: modes 74, 76 and 78 from figure 4.4 (from bottom to top). Right:
modes 156, 160, 164 and 168 (from bottom to top).
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Figure 4.6: Strain profile 1 ps after exci-
tation calculated from the eigenmodes of the
system.

displayed in figure 4.6 for a time delay of 1 ps: the metal layers are highly strained
but the strain already starts propagating into the dielectric interlayers and the sub-
strate. For all delays, the corresponding strain profile in layer and substrate can be
calculated from the eigenmodes. In the harmonic model, the modes themselves and
their occupation stay constant for all times, only their relative phases vary with time.
Constructive and destructive interference of the modes leads to the propagation of
the phonon wavepacket (see also [Sha13, Sch14b]).

4.5 Temporal Evolution of the Spectrum

When the phonon wavepacket has passed the superlattice and propagates into the
substrate, the previously backfolded branches of the phonon dispersion unfold [Tri08,
Sha13] and the acoustic dispersion in bulk STO is retrieved. This is shown in figure
4.7 for sample (b), the thin LSMO/STO superlattice. In the left graph, the Fourier
transform of the first 57 ps is shown as a contourplot. Within 57 ps, the strain front
starting at the surface of the sample has mostly traversed the superlattice and has
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Figure 4.7: Left: Fourier transform of the first 57 ps of the time resolved reflectivity data
measured at 50 K. Right: Fourier transform of the temporal window from 55 to 112 ps.
A notable change in slope of the acoustic branch is detected. The sound velocity in the
superlattice is about 5% larger than at room temperature, as will be discussed in section
7. Colour code: Fourier amplitude [a.u.].
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Figure 4.8: Fourier transform of the
time resolved reflectivity data of the first
450 ps from sample (c), where the first
150 ps have been cut out (temporal trace
not shown), calculated dispersion overlaid.
Colour code: Fourier amplitude [a.u.].

propagated into the substrate. As discussed above, the strain front starting at the
metal-substrate interface is small: only about 20 % of the excitation fluence reaches
the bottom layer of the superlattice since the excitation depth of LSMO for 795
nm light amounts to 65 nm. Thus, after about 57 ps the coherent dynamics have
mostly propagated into the substrate. In the right graph, the Fourier transform
of a temporal window with the same length of 57 ps but starting at a delay of 55
ps is displayed. For this time interval, the backfolded branches have vanished and
the dispersion of acoustic phonons in bulk STO is obtained. The theoretical curve
is represented by the red dashed line in the right graph. The dispersion in STO is
notably steeper than the lowest branch of the superlattice dispersion, shown as black
dashed line, due to the higher sound velocity in STO, as listed in table 4.2.

Similarly, in figure 4.8, we display the Fourier transform of the measured first
450 ps for sample (c), i.e. the the SRO/STO superlattice with large periodicity,
where the first 150 picoseconds with dynamics still present in the superlattice have
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been cut out. In this sample, sound traverses the superlattice within about 90 ps.
The light reaching the lowest absorbing layer amounts to about 40 % of the intensity
at the top layer, as calculated using the optical penetration depth of SRO of 45
nm for 795 nm light. The dynamics in the first 180 picoseconds and their Fourier
transform have already been displayed in figures 4.1 and 4.3 above. The amplitude
is now modulated in agreement with the simulations shown in figure 4.2 (f): there
is no intensity below 0.05 THz, a minimum around 0.06 THz and no intensity above
0.07 THz. In comparison to the calculations, the occupation is shifted to slightly
higher frequencies due to the anharmonic coupling: for the leading compressive part
(compare illustration of strain profile in figure 2.12), each of the five components
travels with slightly different velocity. The distance between the five components
decreases, such that the fundamental frequency is shifted towards higher frequencies.
The same effect happens for the trailing tensile part of the wavepacket. Additionally,
the slope of the acoustic branch is slightly increased in comparison to figure 4.3 (c)
but this is not as clearly visible as for sample (b), since the superlattice consists
mostly of STO rendering a sound velocity in the superlattice only slightly smaller
than in the bulk, as listed in table 4.2.

For sample (b) we investigate the time dependence of the obtained spectrum in
more detail. In figure 4.9 we show the Fourier transforms of 57 ps long temporal
windows, each shifted by 5 ps with respect to the previous. The relative intensities of
the upper and lower branches change substantially with time: the lower backfolded
branch decreases in intensity and increases again for the last window displayed while
the intensity of the upper backfolded branch continuously decreases. Additionally,
in the two upper panels, there is a slight curvature of the forward scattering feature
that decreases for later times.

This effect is more pronounced at low temperatures, as displayed in figure 4.10,
now for 35 ps temporal windows and measurements taken at 50 K. For the first
Fourier transform, the upper backfolded branch and the forward scattering feature
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cannot be distinguished. Since the transformed temporal window is very short, the
obtained Fourier peaks are broad. This may lead to an interference of light at the
detector that originates from separate physical processes, i.e. the interference of
forward and backscattering signals. Thus, for the short time window, in which the
coherent dynamics are present in the superlattice, the interpretation of the spectra
is difficult. We will come back to this observation in chapter 7, where temperature
dependent measurements are performed on this sample.



5. Coupling of Acoustic Phonons to Domain

Walls in SrTiO3

In this chapter, we discuss the elastic behaviour of STO studied by time domain Bril-
louin scattering. We start in the regime of linear response and extend our measure-
ments into the regime of nonlinear sound propagation. The amplitude of the strain
pulses has been calibrated using ultrafast x-ray diffraction [Boj12a, Sch12a, Sch14b].
When the hypersound strain amplitude exceeds ∼ 0.1%, we observe a giant reduction
of the sound velocity below Ta, similar to the superelastic behaviour observed for low
frequency strain that has been introduced in section 2.2.3. Our experiments suggest
that this phenomenon occurs for GHz sound only when the strain amplitude is large
enough to establish a new mechanism for coupling to the domain walls, which will
be proposed below.

We mainly discuss experimental data obtained from a 37 nm thick LSMO trans-
ducer grown by pulsed laser deposition onto a single-crystalline (100)-STO substrate
(CrysTec, Berlin, miscut angle of 0.1◦ [Vre08b]), to which we will refer as sample
L37. Several similar samples have been measured in order to verify the conclusions,
as will be discussed below. Table 5.1 summarises details of the samples studied and
assigns individual labels to facilitate the discussion.

5.1 Temperature Dependence of the Sound Velocity

The elastic properties of STO show an anomalous behaviour at the antiferrodis-
tortive phase transition at Ta, as already mentioned in section 2.2.3. In figure 5.1
we exemplarily show the time resolved optical reflectivity data measured in STO
at T = 130 K with sample L37 for a probe wavelength of λ = 528 nm, after the
smoothed background originating from the electronic response has been subtracted.
The oscillations are observed via backscattering and display a wavelength dependent
oscillation period according to formula 2.8. Sample L37 is identical to sample (a)
in chapter 4 and wavelength dependent oscillations measured at room temperature

Table 5.1: Samples discussed in this and the following chapter. We use STO substrates
with various transducer films of the materials LSMO and SRO. Labels are assigned to
simplify the discussion.

label transducer material transducer thickness substrate material
L37 LSMO 37 nm STO (100)
L100 (La0.825Sr0.175)MnO3 100 nm STO (100)
L20 (SrMnO3)2/(LaMnO3)4 20 nm STO (100)
S15 SRO 15 nm STO (100)
S70 SRO 70 nm STO (100)

49
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Figure 5.1: Time resolved reflectivity data for sample L37 measured T = 130 K and
an excitation fluence of approximately 14 mJ/cm2 shown as blue curve. The curve was
measured for a central probe wavelength of λ = 528 nm corresponding to q ≈ 54, 6 µm−1,
averaged over 2.5 nm to obtain a smooth curve. A fit according to equation 5.1 is overlaid
in red. The fit yields a phonon oscillation frequency ωq = (2π/14.14) ps−1 and damping
time τ = 470 ps.

were shown in figure 4.1 (a). We have fitted a damped cosine function of the form

fA,ωq ,ϕ0,τ,C(t) = A cos(ωqt+ ϕ0)e−t/τ + C (5.1)

to the oscillations, using the oscillation amplitude A, angular phonon frequency ωq,
phase ϕ0, damping time τ and offset C as fit parameters. The obtained fit has been
overlaid to the data in figure 5.1. The measurements were performed at different
temperatures.

0 50 100 150 200 250 300
7.8

7.9

8

8.1

S
ou

nd
 V

el
oc

ity
 [n

m
/p

s]

Temperature [K]

 

 

L37, 14mJ/cm2

S15, 20mJ/cm2

Figure 5.2: Obtained sound
velocities in STO for two dif-
ferent transducer films. Red
symbols: 37 nm LSMO trans-
ducer (sample L37), black: 15
nm SRO transducer (sample
S15). For excitation fluence
see legend.

In figure 5.2 we display the temperature dependence of the sound velocity as
extracted from the fits and using equation 2.8. Results are shown for sample L37,
indicated by the red open symbols, and for sample S15, indicated by the black open
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Figure 5.3: Time resolved reflectivity data for L37, measured at T = 300 K (upper panel)
and at T = 25 K (lower panel) and two different strain amplitudes evaluated at λ = 528
nm (q = 54.6µm−1, ν ≈ 71 GHz). The high strain level was obtained by an excitation
fluence of approximately 45 mJ/cm2, the low strain level with a fluence of approximately
15 mJ/cm2. The curves are shifted vertically for clarity.

symbols. Approaching the phase transition temperature Ta from above, we note
a sudden drop of the sound velocity that amounts to approximately 3%. This is
in quantitative agreement with the literature [Nag12, Kai66] and originates from
the coupling of the strain wave to the antiferrodistortive soft mode describing the
transition [Bel63, Kai66, Fle71, Nav69, Pyt70, Reh70a, Fos72].

5.2 Nonlinear Effects I: Anharmonicity

The anharmonicity of the interatomic potential of STO leads for high strain ampli-
tudes to the occurence of two sound velocities, as discussed in section 3.2.1. These
are observed in the optical reflectivity response as a beating of the phonon oscillation.
In the upper panel of figure 5.3, we display time dependent optical reflectivity data
of L37, measured at T = 300 K for two different excitation levels. The amplitude of
the generated sound pulse in STO has been calibrated by measuring the maximum
expansion of the LSMO film after 6 ps using ultrafast x-ray diffraction with 200 fs
time resolution [Boj12a] and deducing the strain in the STO via the ratio of the
sound velocities [Bel63, Ren07, Boj12a]. For low excitation levels (lower curve), the
signal is modulated by the phonon frequency observed via backscattering, as given
by equation 2.8. For high excitation level (upper curve), a beating frequency is ob-
served that can be explained according to equation 3.3: due to the high amplitude
of the strain wave, the anharmonicity of the interatomic potential can no longer be
neglected: the leading compressive strain front of the bipolar strain pulse travels
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Figure 5.4: Calculated sound velocity for sample L37 for all measured phonon wavevec-
tors at two different temperatures and 60 mJ/cm2 excitation fluence. The plot has been
obtained by Fourier-transforming the time dependent data and calculating the sound ve-
locity from the oscillation frequency according to equation 2.8. The time dependent data
was smoothed over 2 nm and 5 ps. The colourcode denotes the amplitude of the corre-
sponding sound velocity [a.u.] as explained in the text. Further evaluation is performed
for q = 54.6 µm−1 indicated here as red dashed line.

faster than the trailing tensile strain front. Both sound velocities are detected in our
experiment. A detailed analysis of this effect at room temperature can be found in
[Boj12a].

5.3 Nonlinear Effects II: Coupling to Domain Walls

In the lower panel of figure 5.3, we show the same measurement as shown in the
upper panel peformed in the antiferrodistoritve phase at T = 25 K. For small strain
amplitudes, the temporal traces are similar to the ones recorded at room tempera-
ture. In the case of high excitation level, however, the beating frequency is much
higher at low temperature. Additionally, the oscillations are damped out faster than
at room temperature.

Instead of performing a fit with two damped cosine functions, we now perform
a temporal Fourier transform for all wavelengths of the time dependent curves and
compute the sound velocity from the determined frequencies according to equation
2.8. The small temperature dependence of the refractive index [Rös13] is hereby
neglected. Thus obtained ’sound velocity distributions’ are shown for two temper-
atures in figure 5.4 and reflect the fact that there is more than one sound velocity
detected in the measurements. We find two peaks of the sound velocity distribu-
tion for most wavevectors. At room temperature we only observe one single peak
for lower wavevectors for the following reason: the difference in sound velocities
for the compressive and tensile strain fronts amounts to approximately 0.15 nm/ps.
According to the linear phonon dispersion we can calculate a beating frequency of
∆ν = ∆vq/2π ≈ 0.9 GHz for q = 40 µm−1, yielding a beating period of about 1.1
ns for this wavelength. Within this interval the phonons are damped, compare the
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Figure 5.5: Left: sound velocity distribution extracted from the Fourier transform of
the transient reflectivity data shown in figure 5.3, for 0.18 % strain amplitude in STO
at selected temperatures generated by excitation of an LSMO transducer (sample L37).
Right: extracted maxima from the sound velocity distribution as a function of temperature,
for high and low strain amplitudes.

temporal trace shown in figure 5.1.
The left panel of figure 5.5 shows the sound velocity distribution for high exci-

tation level at 4 different temperatures computed from the the signal at λ = 528
nm (ν ≈ 70 GHz, q = 54.6 µm−1). Directly at the phase transition the phonon
attenuation increases, leading to a broader Fourier peak. Therefore, at T = 105 K
we solely observe one broad peak in the sound velocity distribution. The observed
damping of the phonon modes will be discussed in detail in the next chapter. The
right panel of figure 5.5 collects the maxima of the sound velocity distributions for
high excitation level, shown as full red circles, as a function of temperature in com-
parison to the results for low excitation level, shown as open red circles, that have
already been shown in figure 5.2. In the nonlinear regime and at temperatures above
Ta, the observed splitting is symmetric, and can be explained by the anharmonicity
of the interatomic potential, as discussed in the previous section. Below Ta, a giant
reduction of the sound velocity is observed that exceeds the symmetric splitting and
cannot be explained by anharmonicity alone [Hac10, Vis94]: third order anharmonic-
ity can only account for changes in sound velocity that are linear in strain and thus
leads to a splitting in sound velocity that is symmetric around zero strain [Boj12a].
In order to explain the asymmetry in the splitting as observed, a potential with a
significant contribution of at least fourth order would be necessary. Theoretical cal-
culations of the second and third order elastic constants show that the third order
term exhibits an anomaly directly at the phase transition, similar to the second order
term. There is, however, no evidence for a change between high and low temperature
phases further away from the transition [Vis94]. Calculations studying the pressure
dependence of the elastic constants [Hac10] only find a small change in the third
order anharmonicity between the cubic and the tetragonal phases: the dependence
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Figure 5.6: Calculated sound velocity for sample S15 for all measured phonon wavevectors
measured at two different temperatures and an excitation fluence of 60 mJ/cm2. The
colourcode denotes the amplitude of the corresponding sound velocity as explained in the
text. Colour code: velocity distribution [a.u.].

of the elastic constants on pressure is linear in both phases, i.e. there is no sign of
a fourth order contribution. The difference in gradient between the phases, i.e. the
difference in magnitude of the third order contribution between the phases, is small.
These calculations show no evidence for an anisotropy of the higher order elastic
constants that might explain the observed sound velocity splitting.

The reduction in sound velocity found here, is comparable to the superelastic
softening of the elastic constants in STO, which has so far only been found for
lower frequency phonons in the Hz to MHz regime and is attributed to the coupling
of phonons to domain walls [Fos72, Kit00, Sco12, Sch11, Sch12b]. The effect was
thought to be impossible for high frequencies [Sch11, Sch12b, Kit00]. It is accompa-
nied by an increased damping, which is observed for the low temperature high strain
data in figure 5.3. The scattering of the data at low T in figures 5.5 and 5.2 might be
due to additional phase transitions discussed in the literature [Lyt64, Kit00, Sco12].
We will come back to this feature in the next chapter.

5.3.1 Suppression of Domain Formation

We support our interpretation that the giant softening for large amplitude GHz strain
waves originates from the coupling to domain walls by repeating the experiments for
similar samples with different epitaxial strain conditions: we used STO samples with
15 nm and 70 nm thick SRO transducer films (S15 and S70) and 20, 37 and 90 nm
thick LSMO films (L20, L37, L100). While LSMO has a slightly smaller lattice
constant in bulk of aLSMO = 3.876 Å [Mar96] than STO, with aSTO = 3.905 Å
[Eom92], SRO has slightly larger bulk lattice constant, aSRO = 3.93 Å [Eom92].
Hence, SRO transducers lead to tensile strain at the interface. This supports the
alignment of the elongated c-axis parallel to the interface. It suppresses the formation
of domains with the elongated tetragonal c-axis parallel to the direction of the strain
pulse traveling perpendicular to the surface in a similar way as observed for static
external stress [Fos72, Kit00, Cha70]. Estimating the size of this effect, we find that
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Figure 5.7: Left: sound velocity distribution for different temperatures for the sample
S15 averaged for q = 50 − 57 µm−1. Right: extracted sound velocities as in figure 5.5
with the values measured for S15 included as black circles. Open circles again denote low
excitation and full circles denote high excitation level.

the lattice mismatch between SRO and STO amounts to 6 ·10−3. A uniaxial pressure
of 1 MPa, on the other hand, which reduces the superelastic effect by several tens
of percent [Kit00], corresponds at room temperature [Bel63] to an induced strain of
3 · 10−6 and is hence orders of magnitude smaller than the lattice mismatch in our
experiment. Therefore, the strain at the interface is sufficient to expect an in-plane
alignment of the c-axis.

In contrast, x-ray diffraction measurements on STO with a thin YBa2Cu3O7 top
layer suggest that a transducer with a smaller lattice constant, similar to LSMO,
leads to mixed domains with the c-axis aligned either parallel or perpendicular to
the surface within the first micrometers of the STO substrate [Loe10].

In figure 5.6 we present the extracted sound velocity distributions for two different
temperatures measured for a sample with a 15 nm SRO transducer (sample S15) for
high excitation level. The excitation fluence for these measurements was chosen such
that the difference in detected sound velocities at room temperature is in agreement
with the one obtained for high excitation level for sample L37. We thus expect
that the difference in leading and trailing strain amplitude is the same as in the
measurements for L37 and should therefore amount to approximately 0.18 %. At
low temperature we observe a dominant peak around v = 8.2 nm/ps and a small
contribution to the sound velocity just below v = 8 nm/ps. We have no concise
explanation, why the peak at lower sound velocity shows such low intensity (compare
also simulations and measurements in [Boj12a]).

In the left panel of figure 5.7, we display the extracted sound velocity distribution
for S15 obtained at high excitation level and four different temperatures for q =
54, 6 µm−1. In the right panel we compare the extracted sound velocities for the four
temperatures, shown as black full circles with the results for low excitation level,
shown as black open circles, in comparison to the previous results for L37, shown
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Figure 5.8: Extracted sound velocity for all measured wavevectors in the sample. Mea-
surements were performed on samples L20, L100 and S70 with an excitation fluence of 55,
46 and 20 mJ/cm2, respectively, and the strain should amount to approximately 0.18%.
On the left side we display measurements for room temperature, on the right side for low
temperature around T = 30 K. Colour code: velocity distribution [a.u.].

again as red circles. For large strain amplitudes the data obtained from S15 are
in accord with the results for L37 only for temperatures above Ta. Below Ta, the
sound velocity exhibits a small splitting with respect to the value observed for low
excitation, similar to the one observed above Ta.

In figure 5.8 we present data recorded for the samples L20, L100 and S70 at room
temperature and at approximately 30 K in the antiferrodistortive phase. Again, the
excitation fluence was chosen such that the difference in detected sound velocities at
300 K was equal to the difference detected for L37. The general trend is confirmed:
at low temperatures, there is a significant peak in the sound velocity distribution
around 7 nm/ps for samples with LSMO transducers, while for the sample with the
SRO transducer we do not observe this peak. The experiments with SRO tranducers
suggest that the alignment of the c-axis relative to the sample surface removes the
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Figure 5.9: Fluence dependence of the coupling of strain to domain walls. Left: Mea-
surements on sample L37 at 25 K. An average over all wavevectors was performed to
obtain the plot. Right: Measurements on sample L100 at 30 K. Due to the high noise
level in the measurements, compare figure 5.8, the evaluation has been performed only at
q ≈ 45− 50 µm.

coupling of large amplitude GHz strain to the domain walls.

5.3.2 Fluence Dependence of the Coupling

In figure 5.9 we display the distribution of sound velocities extracted from the time
domain Brillouin scattering experiments at low temperatures for three different ex-
citation levels. The left panel displays data for sample L37 and the right panel data
for sample L100 that is of much lower quality but shows the same trend: for L37, we
observe that the peak at higher sound velocities shifts linearly with increasing strain
towards higher values, as would be expected for an elastic potential with significant
contribution of third order [Boj12a]. The peak at lower sound velocities does not
show a continuous shift with increasing fluence as would be the effect of an anhar-
monic potential. It emerges only at high strain levels and its weight increases when
the strain is increased. This observation is supported by the data for sample L100
in the right panel, although this data shows a lower signal to noise level. This effect
cannot be explained by taking only an anharmonic lattice potential into account and
supports our interpretation that the coupling to domain walls induces the observed
giant softening of the GHz acoustic phonons for samples with LSMO transducer.

5.3.3 Microscopic Picture of Ultrafast Strain Induced Domain Wall Mo-
tion

In figure 5.10 a schematic representation of a domain wall in STO on the basis
of recent literature [Hon13, Kal13] is shown. In the wall, dislocations as the one
displayed in the centre of each panel, may appear. These are called ’kinks’ in the
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Figure 5.10: a) Schematic of the STO crystal in the tetragonal phase near a kink in a
domain wall according to literature [Kal13, Hon13, Sal11a, Sal13b]. Tetragonal distortion
and twinning angle are exaggerated. The gray shaded area highlights the strain field near
the kink. (a) Black line: domain wall with kink. Grey rectangles: unit cell of tetragonal
phase. Details of this unit cells are shown with oxygen octahedra as enlarged insets.
For slow vertical expansion the kink would move along the black arrow. (b) Snapshot
for ultrafast uniaxial expansive strain along kph (red arrow) with amplitude exceeding
the original tetragonal distortion. No contraction perpendicular to kph can occur for this
timescale. Blue arrows: compressive forces that counteract the external uniaxial expansion.
For a detialed discussion see main text.

literature.
The gray shaded region visualises the strain field in the crystal in the vicinity

of a kink in the domain wall as observed in simulations [Sal11a, Sal13b]. In the
following we call the region, where the long c-axis is perpendicular to kph, on the
upper left side of the domain wall ’A’. The region on the lower right with the c-
axis oriented along kph is addressed as ’B’. For a slow and small expansion of the
crystal the domain wall travels by moving the kink parallel to the wall along the thin
black arrow [Sal11a, Kit00]. This increases the size of domains with the c-axis along
kph and decreases region A. In total, the crystal is expanded more along kph than
without domain wall motion. The crystal appears to be softer, i.e. it has a reduced
sound velocity. This process requires a contraction of the crystal perpendicular to the
applied stress by the Poisson effect and additionally due to the decreasing number
of unit cells with the long c-axis perpendicular to the stress. For a homogeneous
expansion over the diameter dL = 100µm, given by the laser excited area, the in-
plane contraction would take place on a timescale exceeding τ ≈ dL/vs ≈ 12 ns,
determined by the time it takes to relax the strain at the sound velocity vs. This
restricts the superelastic regime to the 80 MHz range on a 100 µm length scale. For
GHz phonons or picosecond strain pulses in the linear regime, domain wall motion
is fully suppressed [Sch11, Sch12b], as is seen in the measurements for low strain
amplitude in figures 5.5 and 5.7.

In the nonlinear regime, we propose the following mechanism: the transducer
with thickness d generates strain waves with wavevector kph perpendicular to the
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sample surface. The fundamental wavelength λph = 2π/kph 6 2d of the strain wave
is limited by the thickness d or the optical penetration depth ξ of the exciting light
in the transducer. The strain fronts are plane waves since for the spot size of the
exciting laser light holds dL = 100 µm � d. We first discuss the effect on domain
wall motion induced by the expansive part of the bipolar strain pulse. Strain with
an amplitude of 0.18 % much larger than the tetragonal distortion [Lyt64, Uno67]
([c − a]/a = 5 · 10−4) leads to expanded tetragonal unit cells in region A with the
longer unit cell axis now parallel to kph, as schematically shown by the solid grey
rectangle in figure 5.10(b). The memory of the original c-axis orientation is rapidly
lost since the thermal oxygen octahedra-tilt motion is fast compared to the duration
of the passing strain pulse [Koh06]. These expanded unit cells in A want to contract
in all three dimensions in order to recover their original volume, which is indicated by
the dotted grey rectangle. Within the domains all stresses are balanced by adjacent
unit cells. In region B the unit cells feel compressive stress (blue arrows) only along
kph. Thus, at the domain wall the stress perpendicular to kph is unbalanced and
leads to a motion of the domain wall and the connected strain fields such that region
B increases. The reverse effect would be expected for the compressive part of the
strain pulse. However, since space is required for the atoms at the domain boundary
to rearrange, the coupling is mainly observed for tensile strain.

As follows from the discussion above, complex microscopic dynamics are involved.
The moving domain walls do not separate domains in their equilibrium structure, but
rather domains of the crystal with tetragonal non-equilibrium strain. The increased
damping of the sound wave and the superelastic effect are intimately connected to
propagation of non-equilibrium strain fields around kinks in the domain walls. The
importance of lattice inhomogeneities for the propagation of strain waves is empha-
sised in related experiments: in ferroelectric Pb(Zr0.2Ti0.8)O3 we have observed by
time resolved x-ray diffraction that the sign, amplitude and frequency of the strain
pulses alter the interaction with domain boundaries and dislocations [Sch13a]. Sim-
ilar dependences on the frequency and amplitude of the applied strains are reported
for the velocity of ferroelastic [Har04] and ferroelectric [Lis09] domain wall motion.

The considerable additional softening at 70 GHz indicates that the domain walls
propagate a substantial fraction of the domain size D ≈ 100 nm [Chr98] within a
half period τ of the sound wave. Therefore the domain wall velocity must be on the
order of the sound velocity. Computer simulations on the terahertz timescale have
indicated kink-propagation velocities exceeding the sound velocity [Sal13b]. Our 12%
reduction in sound velocity for 70 GHz large amplitude strain compares to a 50%
reduction of Young’s modulus measured at 10 Hz [Kit00], i.e. we observe about half
the softening effect.
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6. Attenuation of Phonons in SrTiO3

In this chapter we discuss the damping of coherently excited longitudinal acoustic
phonons in STO determined at different temperatures. We present high amplitude
single pulse excitation and lower amplitude pulse train excitation experiments, com-
pare the results to the literature and to results obtained by a collaborating group
using frequency domain Brillouin scattering. We discuss the attenuation mechanisms
involved for the different temperature regimes with a particular focus on the attenua-
tion at and below the phase transition. Table 6.1 gives an overview over the samples
discussed and the experimental techniques applied.

6.1 Observed Damping by Time Resolved Brillouin Scatter-
ing

6.1.1 Single Pulse Excitation

In figure 6.1 we display the temperature dependent damping rate extracted from fits
as shown in figure 5.1 in the previous chapter. Approaching the phase transition
from above, the damping increases steeply by a factor of approximately five within
10 K of the phase transition. On the low temperature side of the transition, the

0 100 200 300

2

4

6

8

10

Temperature [K]

D
am

pi
ng

 R
at

e 
[G

H
z] L37

Figure 6.1: Temperature dependent
damping rate Γ = 1/τ for the time resolved
measurements performed for 14 mJ/cm2

excitation fluence and single pulse exci-
tation, evaluated for λ = 528 nm, q =
54.6 µm−1 averaged over approximately
∆λ = 2.5 nm. The averaging does not
affect the evaluated attenuation rates, as
estimated in section 3.1.5 above.

Table 6.1: Types of measurements performed and list of samples used in the measure-
ments. The samples are labelled according to the transducer material and the thickness of
the transducer layer following the labels assigned in table 5.1. For the pulse train excitation
the integral fluence is set to 20 mJ/cm2, yielding a fluence per pulse of 20/8 mJ/cm2 =
2.5 mJ/cm2.

measurement technique samples used
single pulse, 14 mJ/cm2 L37, S15
pulse train excitation, 20/8 mJ/cm2 L37, S15
frequency domain S15, bare STO (100)

61
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damping falls off close towards the room temperature value within about 15 K. This
decrease is more gentle than the rise. At low temperatures, around T = 35 K another
small increase of the damping rate is observed.

6.1.2 Excitation with a Train of Pump Pulses

Since the anharmonicity of the interatomic potential enables the coupling of different
phonon modes, as explained in section 2.3.5, high excitation levels lead to more
coherent and incoherent scattering effects and thus to an increased damping of the
excited mode. This was proven in measurements discussed in [Her12b]. In order
to quantify the influence of the lattice anharmonicity, we performed measurements
with a train of excitation pulses. This way, we obtain a high occupation of the
selected mode while the amplitude of each strain pulse is very low. We expect that
the damping rate at room temperature decreases in comparison to the single pulse
measurements. The influence of the lattice anharmonicity at the phase transition
and at lower temperatures is hereby also studied.

We use a train of eight equally spaced pump pulses, excited with an overall
fluence comparable to the fluence in the single pulse measurements discussed above.
The occupation of the selected mode is thus kept high and a good signal to noise
ratio for this mode is obtained, as explained in section 2.3.3. The fluence per pulse
was thus about an eighth of the fluence in the single pulse measurements, leading to
smaller strain per pulse and a reduction of the effect caused by the anharmonicity of
the coupling potential. Each pulse had a length of approximately 7 ps and the pulse
spacing was around 15 ps. The length of the pulses leads to a suppression of higher
frequencies and thus to a sine-like excitation. A small frequency window around
q = 52 µm−1 is highly populated while other excited modes interfere destructively,
as discussed in section 2.3.3. The length of the excitation pulses suppresses the
generation of higher harmonics. For these measurements, the sample was pumped
and probed from the backside. This way, the attenuation of the probe light that
twice traverses the transducer when probing from the front side, is avoided. The
reflection originating from the backside to air interface was blocked, which minimises
the constant background in the detector. The relative change in reflectivity thus
obtained amounts to 100% or more and the time dependent normalisation of the
phonon oscillation amplitude discussed in 3.1.6 is performed in order to obtain the
correct time dependent amplitude of the oscillations.

In figure 6.2 we display the obtained damping rates in STO for a sample with
LSMO transducer (L37) in the left panel and for a sample with SRO transducer (S15)
in the right panel. The results were in this case obtained by calculating windowed
Fourier transforms for short time intervals, integrating over the spectrum of the
excited pulse and fitting a damped exponential to the obtained time dependent data
points.

At the phase transition, the results resemble the ones shown in figure 6.1, diplayed
in the left panel as open red circles. At room temperature the damping rate for the
single pulse measurement is higher than for the multipulse measurement, while below
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Figure 6.2: Temperature dependence of the evaluated damping in SrTiO3 measured
with multipulse excitation for q ≈ 52 nm−1. Errorbars are given by the uncertainty of
the fits. Integral excitation fluence Ftot ≈ 20 mJ/cm2. Left: measurements performed
on the sample with 37 nm LSMO transducer (L37), full red circles in comparison with
results obtained by the single pulse measurements, open red circles. Right: measurements
performed on a sample with 15 nm SRO transducer (S15).

the phase transition it is lower for the single pulse measurement. The maximum
damping rate, which is observed directly at the phase transition, is higher for sample
S15 than for sample S37. However, for the measurements on sample L37, there are
less datapoints on the high temperature side, which makes the exact localisation of
the phase transition temperature and thus the estimation of the maximum damping
rate difficult.

6.1.3 Results from the Literature

Only recently, the first measurement of attenuation for longitudinal acoustic phonons
in the GHz range was published by Nagakubo et al. [Nag12]. The results are dis-
played in figure 6.3 as full blue triangle. In these measurements, a 17 nm thick plat-
inum film was deposited on the STO (100) surface as transducer. The measurements
were performed with 800 nm pump light of approximately 16 µJ/cm2 excitation flu-
ence at 80 MHz repetition rate. The probing was performed at λ = 400 nm under
normal incidence. These measurements were performed with a non-amplified fem-
tosecond laser pulse. This means that the excitation fluence was about 3 orders of
magnitude smaller than in our measurements, but the repetion rate was more than
4 orders of magnitude higher. Therefore, the signal to noise ratio was comparable to
our experiment, but the effect of the anharmonic phonon phonon coupling is largely
suppressed. The attenuation given in the article in 1/cm is multiplied by the ap-
proximate sound velocity in order to obtain the damping rate Γ, which is plotted in
the figure. For a comparison with our data measured at q = 52 µm−1, the results are
scaled down by a factor of (q/qLit)

2 = (52/80)2, according to the Akhiezer model,
which has been introduced in section 2.3.6, where Γ(q) ∝ q2. The validity of this
theory is discussed in section 6.3 below. The scaled damping rates, which can now
be compared to our measured values, are displayed in the figures as open blue trian-
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Figure 6.3: Temperature dependent
damping rate Γ = 1/τ for the time resolved
measurements performed for 16 µJ/cm2

excitation fluence, evaluated for λ = 400
nm, q ≈ 80µm−1, shown as full trian-
gles [Nag12]. The results were scaled with
(q/qLit)

2 for a direct comparison with our
pulse train measurements on L37 from fig-
ure 6.2, shown as red circles.

gles. Also shown are the pulse train excitation results measured on sample L37 for
comparison. At room temperature the measured damping rates agree, at and below
the phase transition, our measurements yield a higher attenuation.

6.2 Frequency Resolved Brillouin Scattering

Our hypothesis that the damping rate of the highly excited coherent modes depends
on excitation level, lead to the comparison of our data with results obtained in the
frequency domain. We here display unpublished results from A. Koreeda measured
by frequency resolved Brillouin scattering on sample S15 and on a bare STO sample
[Kor14a]. In contrast to our experiments, where the decay rate of highly excited
coherent modes is detected, these measurements yield the linewidth and thus the
damping rate of thermally excited phonons.

A high resolution, offset-stabilised tandem Fabry-Pérot interferometer [Kor11]
was used to resolve the small frequency shift in the scattered light. The resolution
of the instrument given as instrumental half width was 0.27 GHz. Probe light of λ
= 532 nm was detected under an angle of 180◦ ± 2◦, yielding a wavevector of the
observed phonons of 58 µm−1. In the evaluation a Fano function [Fan61] was fitted
to the data to account for a slight assymmetry in the line shape:1

fA,b,νq ,Γ,C(ν) = A
(b+ ν−νq

Γ
)2

1 + (ν−νq
Γ

)2
+ C , (6.1)

with amplitude A, asymmetry parameter b that goes to zero for a symmetric curve,
central frequency νq, width Γ and constant offset C. The Fano function was convo-
luted with the resolution function to account for the finite resolution of the setup.
Γ corresponds to the half width at half maximum of a Lorentzian curve. Since this
curve is fitted as a function of frequency, rather than angular frequency, the extracted
value is multiplied by a factor of 2π to yield a result equivalent to the damping rate
1/τ from the time resolved data, as derived in section 2.3.6. The results for sample

1The asymmetry stems from an interference with the quasielastic central peak [Kor06], a phe-
nomenon that we do not discuss here.
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Figure 6.4: Left: temperature dependent damping rate Γ = 1/τ for frequency resolved
measurements performed for λ = 532 nm, q = 58µm−1 on sample S15 (open black squares),
and on a bare STO sample (green asterisks). Right: comparison with time resolved mea-
surements from figures 6.1, 6.2 and 6.3.

S15 are shown in the left panel of figure 6.4 as black open squares. Furthermore,
we display frequency resolved measurements performed on a bare sample for com-
parison, shown as green asterisks in the left panel of figure 6.4. For both samples,
the results are in good agreement. The bare sample was measured down to lower
temperatures and a splitting of the Brillouin peak was observed around 40 K. These
two peaks exhibit slightly different widths, leading to two different damping rates for
each temperature in this low temperature region. In the right panel we compare the
damping rates obtained for the frequency resolved data with the results obtained by
time domain scattering and the results from the literature [Nag12].

The measured damping rates agree for sample S15, the platinum covered sample
from the literature and the bare sample. However, below the phase transition the
measurements on L37 show higher damping rates than found for all other samples.
Directly at Ta ≈ 105 K, the measured damping rates are different for each measure-
ment. The highest attenuation is found for time resolved pulse train excitation on
sample S15.

6.3 Interpretation of Measured Damping Rates

Above, we showed results for the ultrasonic attenuation of GHz phonons measured
by time resolved as well as frequency resolved phonon light scattering. The obtained
damping rates agree qualitatively: they display a steep increase of attenuation at the
phase transition. This increase of attenuation is notably steeper above than below
the phase transition. There are, however, differences in the results that depend
on the transducer material, excitation fluence and measurement technique. The
transducer material influences the domain configuration at the surface, as discussed
in the previous chapter. High fluence, single pulse excitation yields a higher damping
rate at room temperature than low fluence single pulse or pulse train excitation
measurements. Finally, the measurement technique determines, whether the phonons
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Figure 6.5: Decay rate τ−1 of thermal phonons and mean free path l estimated according
to the relation κ = 1

3CVv
2
Dτ and literature values as cited in the main text.

are observed in the bulk or close to the surface: for the time resolved measurements,
phonons are generated by a transducer at the sample surface. In our measurements
they are damped out within approximately 1 ns at room temperature and within
about 100 ps at the phase transition. With the sound velocity of STO of v ≈ 8
nm/ps (as measured in chapter 5), we estimate a propagation distance of less than 10
µm at room temperature and less than 1 µm at the phase transition. The frequency
resoved technique, on the other hand, probes the thermal population of incoherent
phonons. Since the absorption of optical light in bulk STO is negligible below the
direct bandgap of 3.75 eV [vBe01], phonons across the whole depth of the sample
contribute to the scattering signal. Thus, the comparison of the results obtained by
these two techniques allows us to compare the different sound attenuation properties
of the bulk and the surface of the samples.

For the discussion of the attenuation mechanisms relevant at the different tem-
perature regimes, we first determine the relevant phonon phonon scattering regime.
For the Akhiezer mechanism (introduced in section 2.3.6) to be valid, the condition
ωq � τ−1 needs to be fulfilled, where ωq is the frequency of the observed phonon
mode and τ is the average lifetime of a thermal phonons. We estimate the parame-
ters τ and the mean free path l from literature values. These are calculated from the
macroscopic thermal properties of the material using κ = 1

3
CVv

2
Dτ (equation 2.17 in

section 2.3.6 on sound attenuation). We use the thermal conductivity from Suemune
[Sue65], the molar heat capacity measured by Durán et al. [Dur08], the unit cell
volume according to Loetzsch et al. [Loe10] and the Debye velocity using values
measured by Bell and Rupprecht [Bel63]. The estimated values are displayed in fig-
ure 6.5. We find an average decay rate of thermal phonons in STO of about τ−1 ≈ 2.5
THz at room temperature. The macroscopic parameters vary smoothly across the
phase transition and we find τ−1 ≈ 300 GHz at 50 K. Below 50 K the values for CV

are not precise enough to yield a reliable estimation. Thus, for the phonons investi-
gated in this work with frequencies of about 50 to 80 GHz, the Akhiezer formalism
explained in section 2.21 describes the attenuation due to phonon phonon scattering
across the whole temperature range.
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extracted damping rate for pulse train ex-
citation. From the linear and second order
polynomial degression we find a zero flu-
ence damping rate of approximately 0.82
GHz and 0.52 GHz, respectively, corre-
sponding to decay times of 1.2 and 1.9 ns,
respectively.

6.3.1 Damping at Room Temperature

For high temperatures the measurements performed with a train of exciting pump
pulses exhibit a lower damping rate than found for the single pulse excitation mea-
surements presented in figure 6.1. This is caused by the anharmonicity of the in-
teratomic potential that plays an increasing role with increasing excitation level, as
explained in section 2.3.5. This has been proven in a fluence dependent series of
measurements, as shown in figure 6.6: decreasing the integrated excitation fluence in
the pulse train excitation measurements, the damping rate decreases. The extrap-
olation to zero excitation fluence suggests a decay time τ between 1.2 and 1.9 ns,
dependent on the fitting function.

According to the Akhiezer model, the damping rate is given by

Γ =
γ2CVTτω

2
q

3ρv2
=

3α2
thBTτω

2
q

CV

, (6.2)

and has been introduced in section 2.3.6. Using the values above and the linear
thermal expansion α and bulk modulus B extracted from deLigny and Richet [deL96]
and Fischer et al. [Fis93], respectively, the damping rate is estimated. In figure
6.7 we compare the results with the estimated theroretical curve, shown as grey
dashed line, results for MHz phonons from the literature [Nav69] and time resolved
measurements that have been performed using x-ray diffraction [Her12b, Sha13]. The
experimental results agree nicely with the estimations across the whole wavevector
range. Thus we conclude that the Akhiezer model is indeed valid to describe the
phonon attenuation at room temperature. In particular, we find that ultrasound
or hypersound measurements yield the same attenuation rate as measurements that
sample the thermal population of phonons.

Deviations in the determined scattering rates that cannot be explained by the
excitation amplitude, for example the low damping rates obtained by x-ray diffrac-
tion measurements on a multilayered sample (black crosses in the figure [Sha13])
and the results given for two different samples by Nava et al., most likely originate
in a systematic deviation of the evaluation procedure or reflect the uncertainty of
the measurements. Defect scattering should not dominate at these high tempera-
tures, since the thermal conductivity continually decreases in this temperature region
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Figure 6.7: Comparison of the observed damping rates at room temperature for various
samples and with different measurement techniques with theoretical and literature values.
X-ray data according to Herzog et al., using pulse train excitation [Her12b], and Shayduk
et al., exciting a superlattice of 5 double layers (sample (c) from chapter 4, the profile
is displayed in figure 2.12) [Sha13]. Literature data taken from Nava et al. [Nav69] and
Nagakubo et al. [Nag12]. The theoretical estimation was performed according to the
Akhiezer model and literature data as explained in the text.

[Sue65], such that phonon phonon scattering can be expected to dominate the sat-
tering processes of thermal phonons. Since defect scattering increases proportionally
to ω4

q [Hun07],2 it is not likely that the GHz phonons with much lower frequency
than the average thermal phonon with frequency of approximately 6 THz, given by
the thermal energy kBT at room temperature, should be affected by defects at room
temperature.

6.3.2 Damping at the Phase Transition

The observed damping of phonons in STO as a function of temperature behaves
similarly for all measurements: the increase of the damping rate at the high temper-
ature side of the transition is steeper than at the low temperature side. This is in
agreement with observations by Rehwald [Reh71] but in contrast to observations by
Fossheim and Berre [Fos72]. In particular, there is no systematic difference in the
attenuation rate measured for high excitation fluence in comparison to low excitation
fluence and the effect of the lattice anharmonicity on the phonon attenuation can be
neglected.

In order to quantify the increase of the phonon attenuation at Ta for our mea-
surements and give a better comparison with the results from the literature, we have
evaluated the critical exponent η for our measured curves.

2This proportionality holds for scattering centres much smaller than the phonon wavelength
[Hun07] and is analogous to Rayleigh scattering of light.
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Figure 6.8: Doubly-logarithmic plot of
the determined damping rates in the sin-
gle pulse measurement evaluated at q =
54.6 µm−1 as a function of reduced temper-
ature |T − Ta|. Above as well as below the
phase transition the data points are well
described by a linear relation within about
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Table 6.2: Critical exponent and phase transition temperatures obtained by fitting func-
tion 6.3 to the data. For the pulse train excitation the integral fluence is again given by
20 mJ/cm2, yielding a per pulse fluence of 10/8 mJ/cm2 = 1.25 mJ/cm2.

technique sample Ta [K] η′ η
single pulse, 15 mJ/cm2 L37 106 ± 2 0.4 ± 0.2 0.7 ± 0.25
pulse train, 20/8 mJ/cm2 L37 108 0.2 ± 0.1

S15 103.5 ± 0.7 0.3 ± 0.2 0.7 ± 0.4
frequency resolved S15 101 ± 0.1 0.25 ± 0.05 0.75± 0.05

bare STO 101.5 ± 0.5 0.4 ± 0.2 0.7 ± 0.3

We have fitted a function of the form

fA,B,η′,η,Ta(T ) = A ·H(Ta − T )|T − Ta|−η
′
+B ·H(T − Ta)|T − Ta|−η (6.3)

with H(T ) the Heaviside step function, amplitudes A and B and critical exponents η′

and η below and above the phase transition, respectively, to the data. In figure 6.8 we
show a doubly-logarithmic plot of the damping rate for the single pulse measurement
on L37 from figure 6.1, as a function of the reduced temperature |T − Ta|, together
with the fit of the critical exponnents. In table 6.2 we summarise the results found
for the different measurements presented.

The results agree within the accuracy of the fits. Above the phase transition,
they are in agreement with the results found for MHz phonons in the literature,
where a critical exponent between 0.9 and 1.2 was reported [Nav69] within 30 K of
the transition. However, the values of the critical exponents obtained from our mea-
surements disagree with the previously reported values below the phase transition,
where experimental values not lower than 0.8 [Reh71] have been allocated within 0.1
K of the transition. For this measurement, the temperature resolution was much
higher than than in our experiments. In the theoretical treatment, values as low as
0.5 [Pyt70] and 1/3 in the tetragonal phase [Reh71] have been predicted, depending
on the dispersion model applied [Reh71] or on the attenuation properties of the soft
mode [Pyt70]. The attenuation of the soft mode does not depend on the frequency of
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the ultrasound phonon. Since we present the first evaluation of the critical exponent
at the antiferroelastic phase transition of STO for GHz phonons, we conclude that
the critical exponent of the attenuation is lower for GHz than for MHz phonons.
Our evaluation assigns the same critical exponents in the bulk as at surface and we
conclude that the character of the transition is the same at the surface and in the
bulk.

We do not interpret the variation in Ta determined by the fits. The phase tran-
sition temperature is known to depend on the defect density due to the growth
technique [Fos85], to differ from surface to bulk [Sal11b] and was found to show a
hysteresis [Lyt64]. Furthermore, the determination of the sample temperature may
not be exact and varies for the different techniques. Particularly for the time re-
solved measurements, we expect a temperature gradient between irradiated sample
surface and thermometer [Nag12]. This might differ from day to day operation, de-
pending on the coupling of the sample and thermometer to the heat bath and their
relative localisation on the sample holder. The difference in the maximum measured
attenuation rate may be explained by the finite temperature spacing ∆T for the
various measurements and the high sensitivity of the damping rate on temperature
at the phase transition. For the pulse train excitation data presented in figure 6.2,
measurements on S15 were performed with temperature steps of ∆T = 1 K close to
the phase transition. For the measurement on L37, temperature steps of ∆T = 2 K
were performed above the transition point but the spacing was ∆T = 1 K below the
transition. Since the damping rate diverges at the phase transition, the difference of
the maximum value of approximately 5 GHz is most likely due to this effect.

However, a dependence of the maximum attenuation rate at the phase transition
on the sample quality has been observed in the literature: Fossheim and Berre [Fos72]
found for ultrasound measurements in the 1970s a pressure dependence not only
of the transition temperature but also of the maximum attenuation at the phase
transition. The authors attribute the higher attenuation and concomitant increase of
Ta with increasing pressure to an improved quality of the samples due to the reduction
of domain walls. The same group found a dependence of the maximum attenuation on
the growth mechanism when comparing measurements on Verneuil-grown and flux-
grown samples [Fos85]. A detailed explanation of this effect has not been given. The
high attenuation rate found for sample S15 in the pulse train measurements at the
phase transition might thus be explained by the partial alignment of the elongated
c-axis along the transducer-substrate interface that was discussed in the previous
chapter. This alignment reduces the formation of domains along the direction of
sound propagation and thus leads to an improved quality of the crystal along this
direction in the low temperature phase. For further interpretation of this feature, the
damping rate at the phase transition should be measured with smaller temperature
steps.

The inelastic coupling of the strain waves to domain walls in STO, as discussed
in chapter 5, cannot account for the variation in damping at the phase transition,
since it dominates only in the case of high excitation level.
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Figure 6.9: Comparison of the obtained damping rates at T = 80 K with literature values
obtained by Rehwald [Reh70b].

6.3.3 Damping at Low Temperatures

For the lowest temperatures investigated, several new features appear: in the time
resolved measurements on the sample with LSMO transducer, the attenuation at
low temperatures does not decrease as much as found in all other measurements but
stays at a level considerably higher than at room temperature. For this sample a
scattering of the evaluated damping rates for temperatures around T = 40 K is also
observed. In the same temperature region, the frequency resolved measurements in
figure 6.4 display a splitting in the observed sound velocity and damping rates. We
will first discuss the plateau-like behaviour of the damping observed in sample L37
and then comment on the anomalies at low temperatures.

Plateau Behaviour for Sample L37 below T = 60 K

Presuming that the domain structure is different for the samples with different trans-
ducer layers, as discussed in chapter 5, this suggests that the effect, which is only
observed for sample L37, is associated with domains. Although we exclude the in-
elastic scattering from domain walls that has been discussed in chapter 5, since it
only appears for very high excitation level, the elastic scattering of phonons from dif-
ferently oriented domains may lead to an attenuation of the coherent phonons. In the
literature, scattering from domain walls was found to contribute to the ultrasound
attenuation below the phase transition temperature [Fos72].

In figure 6.9 we display a comparison of our hypersound measurements performed
at T = 80 K in comparison to literature values for phonons in the MHz regime from
Rehwald [Reh70b]. For temperature lower than T = 80 K no values are found in
the literature for phonons in the MHz regime. In contrast to the attenuation rates
at room temperature, the literature data in the MHz range cannot be extrapolated
according to a q2 dependence to yield the damping rates for the GHz phonons.
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Figure 6.10: Wavevector dependent damping rate. Extracted for sample L37 for different
temperatures and for S15 at 25 K. This time an average over approximately 8 nm has been
performed in order to obtain a stable fit.

In figure 6.10 we display the results of wavevector dependent fits for the single
pulse excitation measurements from figure 6.1 for various temperatures. For T = 50
K and T = 40 K we find a q2 dependence of the attenuation rate. For a com-
parison, we have also displayed the wavevector dependent damping rates for higher
temperatures at which the the attenuation displays a wavevector dependence slightly
higher than given by an exponent of 2. At these temperatures the damping rates are
lowest and the attenuation due to the anharmonic phonon phonon coupling domi-
nates, leading to a wavevector dependence that deviates from the prediction by the
Akhiezer model and is not subject of our discussion.

For a scattering of ultrasound phonons from platelets and grain boundaries, a
q2-dependence of the attenuation rate was predicted for large platelet size in compar-
ison to the phonon wavelength [Tur74, Kle94], which was experimentally supported
[Ma13]. Thus, the experimentally detected wavevector dependence is in agreement
with the proposed elastic domain wall scattering for domains with a lateral dimension
larger than the wavelength of the ultrasound phonons, which amounts to approxi-
mately 100 to 200 nanometers. Also shown is the evaluation for sample S15 for
measurements at T = 25 K. The data scatter more due to a lower signal to noise
level but a q2 dependence is found as well. Unfortunately, from the wavevector de-
pendence of the attenuation, we cannot distinquish the regimes – the phonon phonon
scattering regime according to the Akhiezer model and the domain wall scattering
regime, since both are charecterised by a damping rate following a q2 dependence.
Only the observed magnitude and the assumed domain configuration in the samples
gives evidence for the dominant scattering process. In the frequency resolved mea-
surements, this plateau-like scattering contribution is not found. The domain size is
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known to be coarser in the bulk than close to the surface [Chr98, Buc99]. Therefore,
in the frequency resolved measurements, the density of domain walls, from which
the hypersound phonons scatter, can be expected to be smaller, leading to a larger
free path of the GHz phonons. From the damping rates at T = 50 K in figure 6.4,
we estimate a free path of GHz phonons at the surface of approximately 2 µm and
in the bulk of approximately 8 µm.

For a transverse acoustic phonon mode along (110) in STO, the q-dependence
was found to be linear instead of quadratic [Kor14a]. This means that the Akhiezer
model is no longer dominant for transverse modes in this frequency and temperature
region.

Anomalies below T ≈ 40 K

Anomalies at this phase transition have been observed extensively and the origin is
highly debated. The transition to an orthorhombic state [Lyt64], the appearance of
a novel coherent quantum state [Mül91], the appearance of second sound [Heh95,
Kor07] possible increased scattering due to the crossing of the ferroelastic soft mode
with the ferroelectric soft mode [Sco95], the formation of polar clusters [Kit00], a
ferroelectric phase within ferroelastic twin walls [Sco12, Sal13a] or the appearance
of antiphase domain walls [Arz00] and a possible ferroelectric polarisation within
these [Tag01] are held responsible for the various anomalies observed in experiments
around this temperature. The anomalies were found to be related to a high density
of dislocations [Arz03].

From our measurements we conclude that the anomalous increase of the damping
rate at low temperatures is related to domains since it appears for the measurements
on L37 while it is not present in S15, where we do not expect domain boundaries
in the direction of sound propagation. In some measurements, an anomaly in the
elastic compliance is observed around this temperature region [Sor69, Nes92, Kit00].
Our measurements of the linear sound velocity presented in figure 5.2 do not support
this finding. However, for the high amplitude strain waves, presented in figure 5.5,
a scattering of the observed sound velocity at low temperatures was also observed.

This interpretation is supported by the frequency resolved measurements display-
ing a splitting in the sound velocity, which might be explained by the presence of
domains in the sample with differing acoustic behaviour. This parallels an observed
energy splitting for transverse acoustic modes observed via Brillouin scattering in
the 300 GHz regime by Courtens et al. [Cou93].
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7. Dynamics in Magnetic Multilayers

In this chapter we show preliminary measurements on magnetic multilayers. They
represent an outlook for a future focus of the research group on magnetic samples
and magnetisation dynamics, employing magnetic scanning near field microscopy
and time resolved magneto-optical Kerr measurements.

The samples discussed in the chapter are superlattices that mimick multiferroic
behaviour: ferromagnetic, metallic LSMO is alternately grown with ferroelectric,
insulating PZT or BST layers. The samples are listed in table 7.1. Sample II in
this chapter is identical to sample (b) in chapter 4. There is a wide research field
exploring the coupling of ferroelectric and ferromagnetic properties in composite
systems, see Ma et al. for an overview [Ma11]. Of particular interest for applications
are their switching behaviour and the ultrafast dynamics of the ferroic properties.
First we investigate the fluence dependent demagnetisation behaviour in an LSMO-
PZT superlattice, sample I. In these measurements we focus on thermalisation effects
on the hundred picosecond timescale. In the second part we discuss the appearance of
slow oscillations in the optical reflectivity of magnetic superlattices and their possible
origin in magneto-elastic coupling. The effect is illustrated with data recorded on
the LSMO-BST superlattice, sample II. In the third part of this chapter, we observe
fast phonon oscillations and investigate the acoustic properties of sample II across a
wide temprature range.

7.1 Fluence Dependent Demagnetisation in Manganites

In this section, we discuss how the excitation with high fluences may influence the
temperature dependence of the properties under investigation. The measurements
are performed on the LSMO-PZT superlattice, sample I. When an absorbing material
is heated by a pump pulse with a fluence of several mJ/cm2, first the electrons are
heated to a temperature of several tenthousand Kelvins [Lin08]. After fast electron-
electron and subsequent electron-phonon equilibration, the electron-phonon system
is heated by several hundred Kelvins. This transient change in sample temperature
has to be taken into account when thermodynamic quantities, which are normally

Table 7.1: Details of the superlattices selected for this chapter. Each superlattice is grown
on an STO(100) substrate. The bulk Curie temperatures for the ferromagnetic (LSMO)
and ferroelectric (PZT, BST) phase transitions (compare collection of material properties
in table 2.1) are listed.

Nr. metal TC bulk dielectric IL TC bulk # DL
I LSMO, 5.4 nm 370 K PZT, 5.3 nm 750 K 15
II1 LSMO, 7.3 nm 370 K BST, 13.7 nm 300 K 15
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Figure 7.1: Phase diagram
of lanthanum mangan-
ite doped with strontium,
(La1−xSrx)MnO3 [Dag01].
There are several magnetic
and electronic phases. PM:
paramagnetic metal, AFM:
antiferromagnetic metal, FM:
ferromagnetic metal, PI:
paramagnetic insulator, FI:
ferromagnetic insulator, CI:
spin canted insulator. TC:
Curie temperature, TN: Néel
Temperature.

defined in thermal equilibrium, are evaluated. Particularly at phase transitions many
parameters have a very sensitive dependence on temperature. Equilibrium properties
are thus better studied using non-amplified pulses with smaller excitation energy
but higher repetition rate, yielding a comparable signal to noise ratio. However, for
certain pump or probe techniques, e.g. if an optical parametric amplifier is employed
for tuning the wavelength for excitation and/or for probing, or when x-ray pulses are
used as probe, high excitation fluences are necessary even if equilibrium porperties
are studied.

The measurements presented here were inspired by the results on ultrafast mag-
netostriction in strontium ruthenate [Kor08], where the change in optical reflectivity
as well as the observed striction on the subpicosecond timescale were found to show
a temperature dependence proportional to the magnetisation squared M(T )2. In
a manganite, however, the reflectivity changes accompanying the magnetic phase
transition are reported to resemble the derivative of the magnetisation with respect
to temperature, dM/dT [Hir05]. In the following, we therefore discuss the changes
in optical reflectivity and their fluence dependence in a manganite sample.

7.1.1 Introduction to Manganites

Manganites crystallise in the perovskite structure (see introduction of perovskites
in section 2.1) and have the composition (AxA

′
1−x)MnO3, with the transition metal

site occupied by manganese. These materials show very rich phase diagrams and
an interesting interplay of the different degrees of freedom: the effect of colossal
magnetoresistance found in manganites [Cha93, Jin94] shows the interplay of charge
and spin systems while the formation of polarons [Ter97] reveals an intimate relation
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0                             150                           300

Figure 7.2: Left: electric resistivity of bulk LSMO [Qui98]. Right: static reflectivity of
bulk LSMO [Oki97]. While for photon energies around ≈ 0.1 eV the reflectivity decreases
with increasing temperature, for higher energies around ≈ 1 eV the effect is reversed:
the reflectivity increases with increasing temperature. In the visible, this effect is most
pronounced at the red end of the spectrum.

between charge and lattice degrees of freedom. Depending on doping elements and
level, a large variety of electronic and magnetic phases are found. In figure 7.1 we
display the phase diagram of Sr-doped lanthanum manganites. Depending on doping
level and temperature, the material may be insulating or metallic and display a
paramagnetic, ferromagnetic, antiferromagntic or canted spin state.

We concentrate on Sr-doped lanthanum manganites (La1−xSrx)MnO3 with dop-
ing level x = 0.3, showing a ferromagnetic to paramagnetic phase transition and
metallic but strongly temperature dependent conductivity. Since the spectral weight
over the entire frequency spectrum is conserved, the decrease in conductivity with
increasing temperature is accompanied by a spectral weight transfer [Lob00b] from
low energies and intraband transitions at E < 1 eV, to interband transitions above
E = 1 eV. The lowest of these interband transitions are the orbital transitions from
O 2p to Mn 3d [Oki97].

In figure 7.2 we display measured temperature dependent resisitivity (left panel)
and static reflectivity (right panel) from the literature [Qui98, Oki97] for a bulk
LSMO sample with Sr-doping of x = 0.3. While the temperature is decreased, the
resistivity decreases. The decrease in resisitivity is accompanied by a decrease of the
plasma frequency. The plasma frequency specifies at which frequency the metallic
reflectivity drops and the material becomes transparent. A high conductivity is ac-
companied with high reflectivity up to high frequencies, low conductivity leads to
a decrease of reflectivity already at lower frequencies. While the intraband conduc-
tivity decreases with decreasing conductivity, the interband conductivity is gaining
importance and the reflectivity for intermediate photon energies (E > 0.5 eV) in-
creases. In the visible region the induced change in reflectivity is most pronounced
at the red end of the spectrum. Information about the magnetic state of manganites
can thus be obtained optically by either performing experiments that are directly
sensitive to the magnetisation of the sample, exploiting for example the magneto-
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Figure 7.3: Time resolved change in optical reflectivity for λ = 814 nm, measured at
different base temperatures. The delayed reflectivity increase that will further be evaluated
is indicated with black dashed arrows.

optical Kerr effect for time resolved measurements in the visible region [Oga05], or
else by optical spectroscopy, thus learning about the electronic states of the mate-
rial, as has been done by several groups [Lob00a, Hir05]. These experiments reveal a
comparatively slow demagnetisation of manganites on the order of several hundreds
of picoseconds. For comparison: ultrafast demagnetisation in the sub-ps range has
been found in an experiment on nickel by Beaurepaire et al. [Bea96] and has later
been observed in many other metals, see [Kir10] for an overview.

7.1.2 Time Resolved Reflectivity Changes

In this section we show measurements on sample I, which consists of 15 double
layers of PZT (5.4 nm) and LSMO (5.3 nm) on an STO substrate [Vre08b]. PZT is a
tetragonal, displacement-type ferroelectric below 750 K [Izy07]. The ferromagnetic
Curie temperature of the LSMO layers was measured to amount to TC = 320 K
[Vre08b].

In figure 7.3 we display the time resolved change in optical reflectivity recorded
for different starting temperatures of the sample evaluated for the probe wavelength
λ = 814 nm. We notice a delayed increase in reflectivity that only appears in the
low temperature ferromagnetic phase. Since the demagnetisation in manganites is
known to take several hundreds of picoseconds [Oga05], we assign this signature to
the demagnetisation in our sample.

Figure 7.4 displays the time dependent relative change in optical reflectivity
after electron-phonon equilibration for different probe wavelengths measured at two
temperatures. The delayed increase in reflectivity is most pronounced in the near
infrared, as expected from static measurements shown in the right panel of figure
7.2. In the following, we therefore concentrate on reflectivity changes for probe light
with λ = 814 nm, since the effect seems to be most notable in the near infrared.



7.1. Fluence Dependent Demagnetisation in Manganites 79

Time [ps]

λ 
[n

m
]

 

 

T = 300 K

100 200 300 400
450

500

550

600

650

700

750

−0.02

−0.01

0

0.01

0.02

Time [ps]

λ 
[n

m
]

T = 25 K

 

 

100 200 300 400
450

500

550

600

650

700

750

−0.1

−0.05

0

0.05

0.1

0.15

0.2

Figure 7.4: Measured change in optical reflectivity in the visible part of the spectrum
after electron-phonon equilibration. Left: T=300 K, the sample shows only a gradual, very
small change in reflectivity. Right: T=25 K there is a delayed increase in reflectivity that
is most pronounced at the red end of the spectrum.

7.1.3 Temperature Dependent Signatures in the Measurements

In the left panel of figure 7.5 we show the evaluated relative change in reflectivity
between the minimum after the electronic peak and the delayed maximum, i.e. the
increase in reflectivity after phonon equilibration for λ = 814 nm and different start-
ing temperatures. The high fluence data display a gradual decrease of reflectivity
change with increasing temperature, whereas the low fluence data exhibit a peak in
change of reflectivity just below the phase transition temperature of TC = 320 K.

We have fitted an exponential rise of the form

fA,τrise,C(t) = −Ae−t/τrise + C (7.1)

with amplitude A, rise time τrise and offset C to the data. The right panel of figure 7.5
displays the result of the fits to the delayed rise of the reflectivity. For low excitation
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Figure 7.5: Left: evaluated increase of reflectivity after electron-phonon equilibration,
evaluated at λ = 814 nm for different temperatures. Right: equilibration time obtained by
fitting an exponential to the delayed rise of figure 7.4 for λ = 814 nm.
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Figure 7.6: Remnant reflectivity increase
before zero time delay i.e. 200 µs after
excitation. The presented data have been
evaluated at λ = 770 nm.

fluence the equilibration time peaks at the phase transition. For the data measured
at high excitation fluence, there is no trend in the temperature dependence of the
rise time. For the low excitation fluence, the observed feature becomes very small
above the phase transition and no stable fit could be obtained.

This slowing down of the equilibration time at the phase transition observed for
low excitation fluence, is also manifested in the following observation: evaluating
the remnant change in optical reflectivity before zero time delay [Lob00b], which is
t = 200 µs after excitation for our 5 kHz laser system, we observe an increase of the
reflectivity compared to the unpumped value. The temperature dependence of this
effect yields a maximum below the phase transition, as shown in figure 7.6, meaning
that the flow of heat into the heat bath is delayed close to TC. This is only seen for
high excitation level, as shown in the figure. For low excitation fluence, this remnant
increase was too small for an evaluation.

7.1.4 Estimated Changes of the Magnetisation

Let us now estimate the temperature dependent changes of the sample magnetisa-
tion. With given absorption length [Qui98, Oki95] and heat capacity [Khl00], the
instantaneous temperature increase for different starting temperatures can be esti-
mated for different excitation fluences, as shown in the left panel of figure 7.7. For
this estimation we assume that the energy is instantaneously deposited in the bath
of electrons, phonons and spins, as if they were in thermal equilibrium. We neglect
that while the magnetic system slowly equilibrates with the electron-phonon system,
some energy is already lost due to heat diffusion. With constant excitation fluence,
the estimated temperature increase decreases, since the overall heat capacity contin-
ually increases with increasing temperature. At the phase transition there is a small
ripple in each curve. It appears, where the heat capacity of the magnetic system has
its maximum.

In the right panel of figure 7.7 we display the temperature dependent magnetisa-
tion as measured for the sample [Vre08b] as black dash-dotted line. We also display
the estimated temperature changes according to the left panel for a starting tem-
perature of about 20 K as arrows for high (black dash-dotted arrow) and low (blue
arrow) excitation level. For low excitation level, we also display the estimated tem-
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Figure 7.7: Left: calculated average temperature increase of the LSMO layers after
excitation with different pump fluences, using the heat capacity measured by Khlopkin
et al. [Khl00]. Blue curve: F=1.5 mJ/cm2, left temperature axis, black dash-dotted
curve: F=15 mJ/cm2, right temperature axis. Right: measured temperature dependence
of the magnetisation according to [Vre08b] as black dash-dotted line. The derivative of the
magnetisation with respect to temperature, dM/dT is shown as blue curve. This curve
displays a similar Temperature dependence as the heat capacity of the magnetic system.

perature increase just below the phase transition temperature. We find that for the
high excitation fluence of 15 mJ/cm2, the film is always excited into the paramag-
netic phase. For the lower excitation fluence of 1.5 mJ/cm2, however, the estimated
induced temperature increase is smaller, particularly at the phase transition. For
low excitation fluence, only at starting temperatures close to the phase transition we
expect to induce a complete demagnetisation. With the known temperature depen-
dence of the magnetisation, the induced change in magnetisation can be estimated:
we integrate the calculated derivative of the magnetisation from the right panel of fig-
ure 7.7 (shwon as blue line) over the calculated induced temperature change for two

different excitation fluences according to the left panel, ∆M =
∫ T+∆T

T
(dM/dT )dT .

The results are shown in figure 7.8 for the two excitation fluences.
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Figure 7.8: Estimated change in mag-
netisation following the temperature in-
crease according to figure 7.7 for two dif-
ferent pump fluences using the magnetisa-
tion curve measured for the sample by Vre-
joiu et al. [Vre08b], displayed in the right
panel of figure 7.7.

For high excitation fluences the induced change in magnetisation is equal to the
static magnetisation at the starting temperature and the curve therefore resembles
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the temperature dependent magnetisation curve, similar to the M(T )2 dependence
observed by Korff et al.[Kor08]. For low excitation fluence and thus smaller tem-
perature changes, the induced change in magnetisation resembles the derivative of
the magnetisation curve. For infinitively small temperature changes measured e.g.
with unamplified laser pulses at high repetition rates, the change in magnetisation
equals the derivative of the magnetisation curve, see for example the measurements
of Hirobe et al. [Hir05].

Using the two temperature model, which has been introduced in section 2.3.3,
the equilibration time of two interacting heat baths is given by the relation

τ12 =
C1C2

G12(C1 + C2)
≈ C1

G12

, (7.2)

where the approximation holds when the heat capacity C1 of one system is small
compared to the other C2. In LSMO, the heat capacity of the spin system maximally
amounts to about 20 % of the total heat capacity [Khl00]. The coupling constant
G12 usually does not change much with temperature. Therefore, in equilibrium, the
equilibration time should scale with the heat capacity of the spin system and should
peak at the phase transition temperature. This slowing down of the dynamics at
the phase transition is known as the critical slowing down effect [Kis00], appearing
at second order phase transitions according to Landau theory of phase transitions
[Fli10].

With the above observations, we have found an explanation, why the evaluated
features observed in transient optical reflectivity show qualitatively different tem-
perature dependence depending on excitation fluence. For high excitation fluence,
the sample is always pumped into the paramagnetic state and the feature related
to the magnetisation decreases with increasing starting temperature following the
curve of the magnetisation. For low excitation, the induced change in magnetisation
is maximum just below the phase transition, since the dependence of the magneti-
sation on temperature is largest here (compare left panel of figure 7.5 with figure
7.8). The phonon-magnon equilibration time is largest just below the phase transi-
tion temperature because at this point the magnon heat capacity is largest, compare
formula 7.2. Therefore, for low fluence excitation, the observed rise of the reflectivity
is slowest just below the phase transition, as shown in the right panel of figure 7.5.
For high excitation, this ’bottleneck’ of the equilibration at the phase transition is
always passed, slowing down the equilibration for all temperatures. Similarly, the
heat flow out of the magnetic system into the phononic heat bath after excitation
is delayed maximally just below the phase transition, which leads to a maximum
increase of remnant reflectivity change before the arrival of the next pulse, i.e. 200
µs after excitation, that peaks below TC.

Summarising, we have measured the temperature dependent change in optical
reflectivity of an LSMO sample. We have performed measurements at different tem-
peratures and two different excitation fluences. We focused on the slow increase of
the reflectivity that we attribute to the change in magnetic and electronic properties
of the material. We found that the temperature dependence of the discussed features
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resembles the temperature dependence of the magnetisation for high excitation flu-
ences whereas for low excitation fluences, it resembles its derivative. These measure-
ments emphasise that the level of excitation and the induced transient temperature
increase of a material have to be considered when the temperature dependence of
material properties are evaluated and interpreted.

7.2 Slow Reflectivity Oscillations in Magnetic Multilayers

7.2.1 Spectroscopic Evidence for Ferromagnetic Phase in (La,Sr)MnO3-
(Ba,Sr)TiO3 Multilayer

The slow change in infrared reflectivity attributed to the demagnetisation of LSMO,
as discussed in the last section, was observed for several thin film or multilayered
samples comprising LSMO layers. However, the LSMO-BST multilayer, sample II,
does not show the reported slow dynamics on the several hundred ps timescale.
As shown in figure 7.9, the time resolved reflectivity signal for this sample relaxes
very slowly back to zero after the electron phonon equilibration. An evaluation as
presented in the previous section cannot be performed for this sample. In contrast,

0 100 200 300 400 500 600
0

0.01

0.02

0.03

0.04

0.05

0.06

Time Delay [ps]

∆ 
R

 / 
R

0

 

 
54 K
200 K
230 K
250 K
260 K
270 K
280 K
300 K
330 K
360 K

Figure 7.9: Time resolved transient reflectivity signal for sample II, evaluated at λ = 770
nm. The excitation fluences was F ≈ 40 mJ/cm2.

at low temperatures an oscillation sets in, which was not observed in other LSMO
samples. We do not know the origin of this oscillation but we speculate that it
appears due to the coupling of the induced strain to the magnetisation in the sample
The effect will be dicsussed in the next section.

Although the spectroscopic response is different to other manganite samples,
a magnetisation should be present also in this sample: the ferromagnetic Curie
temperature of LSMO samples was found to decrease with decreasing layer thickness,
but the ferromagnetic order was found to be stable down to a layer thickness of 2 unit
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cells [Zie12]. In particular, the LSMO layers in sample II are thicker than in sample
I above, for which a ferromagnetic phase below TC = 320 K was found. However, if
the Sr-doping does not exactly amount to x = 0.3, or if it varies locally in the layers,
an antiferromagnetic phase or a ferromagnetic insulating phase might arise, as can
be inferred from the phase diagram in figure 7.1. This might lead to a different
reflectivity response upon changes in the temperature of the magnetic system. It
is furthermore possible that the coupling to the ferroelectric BST layers alters the
magnetic dynamics in the LSMO layers. To clarify the magnetic properties of the
sample, magnetic characterisation needs to be performed.

7.2.2 Slow Reflectivity Oscillations Observed in Magnetic Multilayers

In contrast to the measurements on sample I presented above, a slow oscillation on the
several hundred ps time scale was found for low temperatures in the time resolved
reflectivity measurements on sample II, as shown in figure 7.9 for T = 54 K. We
believe that the oscillations are associated with processes in the ferromagnetic phase,
because they never appeared above TC and we are not aware of other dynamics in the
sample with a period on this timescale. Slow oscillations with a comparable period
were found for a superlattice with 30 double layers of STO (9 nm) and SRO (5 nm)
below the Curie Temperature of TC = 160 K. The oscillation period was independent
of the probe wavelength and excitation fluence.2 The feature was independent of
temperature but it was not reproducible for subsequent cooling cycles.

We suggest the following origin of the observed oscillation: the induced strain
may alter the magnetic anisotropy of the sample. This will transiently alter the
orientation of the sample magnetisation. When the strain has passed the sample,
the resulting magnetisation will start precessing around the original orientation of
the magnetic anisotropy, which can be observed via the transverse magneto-optical
Kerr effect.

In thin films, there is a preferential orientation of the magnetisation due to the
competition between shape anisotropy and magnetocrystalline anisotropy [Stö06]:
for very thin films, the magnetocrystalline anisotropy, which strongly depends on
stress or epitaxial growth, dominates and the magnetisation is oriented out-of-plane.
For layers of intermediate thickness, the shape anisotropy dominates and the mag-
netisation is oriented in-plane. For Ca-doped lanthanum manganite films of 25 nm
thickness, the magnetisation was found to point out-of-plane for a growth on LaAlO3

substrates ond in-plane for a growth on STO substrates [Nat99] and we conclude that
for manganites films with a thicknes of about 10 nm, both orientations are possi-
ble depending on the strain conditions. The thickness dependence of the magnetic
anisotropy in LSMO films was studied in [Per11].

Inducing a strain pulse, the magnetocrystalline anisotropy may change size and
the resulting anisotropy and thus the preferred orientation of the magnetisation may
change direction. Whenever the magnetisation does not point into the direction of
the effective magnetic field, which is in this case dominated by the anisotropy field, a

2The fluence dependence was only measured for the SRO-STO sample.
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precessional motion around the field direction sets in [Stö06] and the magnetisation
changes its orientation. The motion is damped, dragging the magnetisation slowly
into the direction of the field. After the strain pulse has passed the magnetic layers,
there will be a remnant change of the magnetisation orientation compared to the
former equilibrium value, if the mechanism explained above has been effective. The
magnetisation precesses around the resulting anisotropy field that is determined by
the current temperature in the layers and may differ slighty from the orientation
before excitation. The effect has been studied on (GaMn)As films with and without
the influence of an external magnetic field [Sch10, The10, Lin11, Bom12].

Although we are not directly sensitive to magnetisation changes in our measure-
ments, we propose that we detect in-plane changes of the sample magnetisation via
the transverse magneto-optical Kerr effect. Hereby, the in-plane magnetisation leads
to a change in intensity of the reflected in-plane polarised light of the probe pulse
[Hub98], which is thus detected as an intensity modulation in our experiments.

The proposed effect only occurs, when the anisotropy field changes direction
due to the induced strain. This can be found when the magnetisation is initially
pointing neither in-plane nor out-of-plane but is tilted with respect to the surface
plane. In this case, the strain pulse transiently alters the delicate balance between
shape anisotropy and magnetocrystalline anisotropy. The effect can also occur when
the anisotropy field points in-plane or out-of-plane and the strain pulse is sufficient
to alter the direction of the anisotropy field. In any case, very specific conditions
regarding the magnetic anisotropy and its strain dependence need to be fulfilled for
this effect to occur. We suggest that these conditions were accidentially fulfilled for
those samples, for which the oscillations were observed, while they were not fulfilled
for most other samples studied.

For the measurements on sample II shown in figure 7.9, the oscillations do not
appear for a start temperature of 200 K, although the Curie temperature can be
expected to lie close to room temperature for this sample [Zie12]. However, the
stated start temperature is not accurate, as discussed in section 3.1.1, and the tran-
sient heating of the magnetic system propably destroys the magnetisation before the
oscillation sets in: the excitation fluence of F ≈ 40 mJ/cm2 was very high in this
measurement, leading to a large temperature gradient between the sample surface
and the temperature sensor and a possibly large discrepancy between stated temper-
ature in the figure and actual temperature in the sample. Since the overall induced
temperature change for this excitation fluence most likely exceeds 600 K (compare
estimations in figure 7.7) for all starting temperatures, the magnetic order is prob-
ably destroyed before the oscillation sets in for starting temperatures of 200 K or
higher, even though the demagnetisation is slow in manganites. Thus we concluded
that the slow oscillation is related to the ferromagnetic phase, although it is not
visible at 200 K for this excitation fluence.

Since we did not apply an external magnetic field, we have no control over the
domain configuration. For repeated cooling cycles the domain configuration probably
varies and it will be different for different spots on the sample. In the measurements
an average over the probed volume is obtained and we propose that the domain
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configuration changes for each cooling cycle. Therefore, the observed feature is not
reproducible for different cooling cycles.

For a more solid interpretation of the observed oscillation, the magnitude of the
oscillation feature should be studied dependent on the polaristion of the probe light.
Alternatively, but more difficult to achieve, the dependence of this effect on the
direction of an externally applied field and its magnitude can be studied.

7.3 Temperature Dependent Sound Velocity of a Ferroic
Heterostructure

In comparison to the sample discussed above, where the dielectric interlayer shows
the ferroelectric phase transition for bulk at around 750 K, the Curie temperature
for BST is close to room temperature and is therefore more easily accessible in
experiments. For LSMO-BST heterostructures a large magnetoelectric coupling was
found [Mar12] making them attractive for applications.

7.3.1 Temperature dependent sound velocity

In this section, we focus on the dynamics in the LSMO-BST superlattice in the first
approximately 35 picoseconds after excitation, in which the coherent excitation is
still present in the superlattice. The dependence of the observed spectrum on the
length of the observational window has already been discussed in section 4.5. In
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Figure 7.10: Transient reflectivity
change for λ = 575 nm and different tem-
peratures, measured for an excitation flu-
ence of F = 30 mJ/cm2. The data have
been shifted on the time axis to ensure a
comparable phase at zero time delay.

figure 7.10 we display the time resloved reflectivity signal (background subtracted),
obtained at λ = 575 nm for different temperatures. The curves were shifted in time
to ensure approximately equal phases for early times. For each temperature, the
temporal behaviour of the signal is different. Taking the Fourier transform for each
temperature, we obtain two dominant peaks in the spectrum, as shown in figure 7.11
for four different temperatures. The temporal windows from which the transforms
are generated are each approximately 35 ps wide. We fitted gaussian curves of the
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form

fA1,A2,σ1,σ2,νq1,νq2(t) =
A1

2πσ1

exp

(
(ν − νq1)2

2σ2
1

)
+
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2πσ2
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(ν − νq2)2

2σ2
2

)
(7.3)

to the spectral peaks, where A1,2 are the Fourier amplitudes, σ1,2 the widths and νq1,q2
the frequencies of the peaks. The fits yield a good agreement with the data. The
fit results are overlaid in the contourplots of figure 7.11 as black lines. We average
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Figure 7.11: Fourier transform of the time resolved reflectivity signal at different tem-
peratures. The peaks in the Fourier transforms are fitted with Gaussian functions and the
results are shown in the figures as black lines.

the obtained fits for each temperature over those wavelengths, for which reliable
fits were obtained for all measured temperatures. The wavelengths, for which the
averages were obtained, correspond3 to q ranging from 39 to 44 µm−1. The results
are displayed in the left panel of figure 7.12. The errorbars represent the standard
deviation obtained by the averaging over several wavelengths. We note a gradual
decrease of the oscillation frequency with increasing temperature and a maximum
around 210 K.

In order to determine the sound velocity in the sample, we first need to as-
sign the observed peaks to the expected peaks according to the dispersion relation.

3In this presentation, the wavevector displayed is only valid for backscattering phonons, as
discussed above. The averaging has been perormed over those probe wavelengths that correspond
to q ranging from 39 to 44 µm−1 in backscattering.
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Figure 7.12: Left: frequency of the most intense peak evaluated for different temper-
atures, q averaged from 39 to 44 µm−1. Right: comparison of fits obtained at various
temperatures for short temporal windows with two data sets with large temporal windows.

From the oscillation period observed in forward scattering, the sound velocity can
unambiguously be determined under the assumption of a temperature independent
layer thickness: v = dSLν, as derived in section 2.4.1 on phonons in multilayers.
For the backscattering branches the wavlength dependent refractive index has to
be estimated for each temperature in order to extract the correct sound velocity.
Therefore, it is not possible to accurately compute the sound velocity from the peaks
observed in backscattering. Surprisingly, all branches display a dependence of oscil-
lation frequency on wavelength or wavevector, so it is not straightforward to assign
the peaks to points in the dispersion relation. Because of the temporal changes in
the spectrum discussed above, we cannot be sure that the most intense peak, for
which the temperature dependent average was calculated, always corresponds to the
forward scattering branch that we are most interested in. The right panel of figure
7.12 displays the obtained frequencies for all temperatures in comparison to longer
measurements obtained at 50 and 300 K, where the time window was long enough to
cover all the coherent dynamics in the superlattice (for the data of the measurement
at room temperature see figures 4.1 and 4.3 in chapter 4). For these two measure-
ments, the branches could unambiguously be assigned. For the measurement taken
at 50 K, a good fit was obtained even for the third peak corresponding to the upper
backfolded branch.

The results for the longer measurements excellently agree with the ones obtained
for shorter times for the forward scattering branch. This supports the conclusion
that the most intense peak evaluated corresponds for all temperatures to the peak
observed in forward scattering for those wavevectors, for which the average was
obtained.

Since the amplitude in the optical experiments sensitively depends on the probe
wavlength and the optical constants at the given temperature, we do not discuss this
fitresult for the optical data.
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7.3.2 Time Resolved X-ray Diffraction Data

In addition to the data presented above, time resolved x-ray diffraction measurements
have been performed on the sample at differend temperatures by Schick [Sch13b].
The layers in the superlattice periodically expand and contract. Therefore, the enve-
lope functions of the superlattice Bragg reflections originating from the layer thick-
nesses, periodically shift towards and away from each other. Peaks that originate
from the superlattice periodicity periodically change intensity [Her12c].

The time dependent relative intensity of the Bragg peak labelled as ’SL-1’ [Sch13b]
was evaluated fitting a damped cosine to the data. The results of the fits are dis-
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Figure 7.13: Left: temperature dependent frequency of the superlattice oscillation. Right:
temperature dependent amplitude of the oscillation.

played in figure 7.13. The period gradually increases with increasing temperature.
Interestingly, the amplitude of the lattice oscillations increases as the temperature is
decreased and displays a peak around T = 200 K.

7.3.3 Comparison of Results

In figure 7.14 we compare the extracted frequencies from the all-optical and x-ray
experiments. The oscillation determined in the x-ray measurements should be identi-
cal to the one observed all-optically in forward scattering. However, for all measure-
ments on this sample, the frequency of the superlattice oscillation determined in the
optical experiments is higher than theoretically expected, shown as green diamond
in the figure, and is asymetrically shifted towards the upper backfolded branch, as
has already been seen in figures 4.3, 4.7, 4.9 and 4.10. In chapter 4, this asym-
metry was explained by a possible interference between the forward scattered and
the backscattered light. The presented optical measurements were taken at lower
excitation fluence. However, a possible fluence dependence of the sound velocity can
be excluded, since no fluence dependence of the oscillation frequency was found in
the optical measurements. Another possible explanation for different oscillation fre-
quencies in both experiments could be a slightly different layer thickness. This is a
possible explanation since the x-ray measurements were performed on a different part
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of the sample and a gradient of layer thicknesses across the sample is possible. How-
ever, because the peak observed in forward scattering in the optical measurements is
not located centrally between the two backfolded branches, the proposed interference
effect or another unknown measurement artifact in the optical experiment, are the
most plausible explanation for the difference in frequencies detected optically and
via x-ray diffraction. Both techniques find a gradual hardening of the superlattice
towards lower temperatures and and anomaly around 200 K – observed in the fre-
quency for the optical experiments and in the amplitude for the x-ray diffraction
measurements.

7.3.4 Interpretation of Results – Phase Transition in (Ba,Sr)TiO3

We do at the moment not know the origin of the observed anomalies, but there are
several arguments that suggest a structural transition in BST, which may account
for the observed effects. In the literature, a change in sound velocity of about 8%
in BTO between 300 K and 600 K, across the ferroelectric phase transition around
400 K [Ko08] was found. This is fairly large compared to e.g. a maximum change in
sound velocity of STO at the phase transition of less than 4 %. In the measurement
presented here, we observe a change in superlattice sound velocity of about 5% across
the whole temperature range. If we assume that the changes only take place in BST,
which constitutes about 65% of the superlattice, the changes in BST sound velocity
amount to 7-8% and thus agrees with the sound velocity change found in BTO.
We do not expect any sound velocity changes in LSMO since we have performed
similar measurements with sample I, the LSMO/PZT superlattice, and observed
no temperature dependence of the superlattice oscillation frequency. Furthermore,
we are not aware of reports on changes of the acoustic properties in LSMO in the
literature. A change in sound velocity has only been found for Ca-doped lanthanum
manganite, (La,Ca)MnO3, at the transition to a charge ordered phase [Ram96].

The change of oscillation amplitude observed in the x-ray experiments and the
small peak of the oscillation frequency from the optical measurements might originate
from a phase transition in the strained BST layers. Calculations imply that the
ferroelectric phase transition with a structural transition from cubic to tetragonal
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for bulk BST is observed at around 300 K [Shi06]. Due to the epitaxial strain in
the layers, the transition temperature for the ferroelectric transition is expected to
shift towards higher values [Shi09]. There are, however additional structural phase
transitions in BST at lower temperatures [Shi06], where the transition temperature
also shows a strong dependence on the epitaxial strain. A hardening of the material
would be accompanied by an increase of the oscillation amplitude. However, at the
structural transition rather a softening of the material is expected.4

In order to interpret the observed effects, additional measurements should be
performed. For a better intrepretation of the results obtained so far, further struc-
tural information on the static structure at different temperatures is needed. A
better signal to noise level, obtained by increasing the number of averages, and a
longer measurement window for the x-ray measurements can improve the results.
More reliable results could also be obtained by using a longer superlattice with equal
periodicity but thinner metallic layers. This would increase the lifetime of the super-
lattice oscillation and decrease the widths of the forward and backscattering Fourier
peaks, possibly overcoming the interference effect in the optical data.

Summarising, we have observed a gradual hardening of the LSMO-BST superlat-
tice on cooling from 300 K to about 50 K. Additionally, we have found an anomaly in
the results at around 200 K, which is an indication for a structural phase transition
in the BST layers.

4At displacive, second order structural phase transitions, a soft mode is observed [Sco74, Fle76],
which leads to a softening of the acoustic properties of the material.
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8. Summary and Outlook

In this work, I have presented a thorough investigation of ultrafast dynamics in per-
ovskite oxides using femtosecond optical spectroscopy. I focused on the observation
of coherent phonon dynamics in various nanolayered samples observed by time re-
solved Brillouin scattering. The investigations were performed at and below ferroic
phase transitions and revealed fundamental insight into the coupling of the involved
collective excitations.

Coherent phonons were generated using optically excited metal layers as trans-
ducers. As an illustration of the technique, I explained specific periodic features in
the time resolved data measured on various thin film and multilayered samples.

The central topic of the thesis is the investigation of phonon dynamics in SrTiO3

in the vicinity of and below the ferroelastic phase transition at Ta = 105 K. I eval-
uated the acoustic sound velocity for various strain amplitudes. Approaching the
phase transition from above, a sudden drop in the sound velocity at the phase tran-
sition was found for small strain amplitudes. This result is in agreement with ob-
servations in the literature and can be attributed to the coupling of phonons to the
ferroleastic soft mode describing the transition. For very high excitation fluences,
when the unit cells are compressed beyond their tetragonal distortion, an even larger
softening was observed and attributed to the coupling of phonons to ferroelastic
domain walls. I proposed a new mechanism that enables the coupling of the high
amplitude GHz strain waves to the ferroelastic domain walls. This conclusion was
strongly supported by experiments on samples with two different transducer mate-
rials. These lead to different domain configurations in SrTiO3 in the vicinity of the
interface.

Phonon attenuation in SrTiO3 was investigated across a wide temperature range
and a steep increase of the attenuation was found at the phase transition. A com-
parison to the results obtained for frequency resolved measurements conducted by
a collaborating research group show that highly excited coherent phonons display
the same attenuation increase as thermal phonons at the phase transition. The two
different transducer materials also influence the damping rate observed at low tem-
peratures. Time resolved Brillouin scattering gives access to the damping rate of
phonons close to the interface, where the domain configuration is determined by the
transducer layers. In these measurements, elastic domain wall scattering was found
to be dominant. The frequency resolved technique is sensitive to the bulk of the ma-
terial, where the scattering of phonons from domain walls does not yield a significant
contribution.

In preliminary experiments on magnetic multilayers, I have studied the fluence
dependent demagnetisation in a (La,Sr)MnO3/(Pb,Zi)TiO3 sample. I found that
observed temperature dependent signatures of the phase transition strongly depend
on the excitation fluence. Features that suggest a magneto-elastic coupling were
observed in some of the investigated multilayered samples. The measured sound
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velocity in a (La,Sr)MnO3-(Ba,Sr)TiO3 heterostructure displays a pronounced tem-
perature dependence, displaying a hardening towards low temperatures. A struc-
tural phase transition in (Ba,Sr)TiO3 is held responsible for an observed anomaly at
T ≈ 200 K.

On the basis of the presented results, I propose several directions for future
experiments. For a better understanding of the complex domain dynamics in SrTiO3,
time resolved high resolution x-ray diffraction measurements at low temperatures
might give further insight into the microscopic mechanism of the domain wall motion
in SrTiO3 and the temporal evolution of the strain pulse. Simulations, e.g. molecular
dynamics calculations based on our results may yield a better understanding of the
microscopic mechanism.

Exploiting the high flexibility of time resolved Brillouin scattering, the damping
mechanisms dominant at various temperature regimes in SrTiO3 could be studied
over a wider frequency range. Phonon modes closer to the Brillouin zone edge that are
subject to Umklapp scattering can thus be studied. An extension of the observable
range can be achieved by the application of suitable films for the generation and
detection processes: the frequency of the generated or detected phonons can be
appropriately selected and thin metal detector films can be applied to study the
spectral evolution of the strain pulse after a certain propagation distance. Shaping
the excitation light pulse, a strain pulse pattern can be formed.

Detailed studies on the anharmonic coupling of phonons and the possible gen-
eration of higher harmonics are currently being performed. Other media with high
lattice anharmonicity such as sapphire or DyScO3 are suitable for the study of non-
linear sound propagation and the formation of solitons [Mus02].

For an in-depth understanding of the demagnetisation process in manganites,
simultaneous time resolved measurements of the reflectivity and transmission can be
performed in the mid-infrared in order to obtain the time dependent complex optical
conductivity. This way, the temporal evolution of the polaron peak in the spectrum
can be studied, yielding information about the interplay between charge, lattice
and magnetisation dynamics in the material. This may elucidate the origin of the
slow demagnetisation in manganites. The measurements on the ferroic multilayers
can be the starting point for studying the selective coupling of ferroic order in more
detail. The possibility of the magneto-elastic coupling in superlattices can be further
exploited. Measurements with an externally applied magnetic field, currently being
established in our group, can give a more reliable interpretation of the observed
oscillations. Measuring the magneto-optical Kerr rotation angle will give further
understanding about the coherent magnon oscillations.
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[Dem10] W. Demtröder, Experimentalphysik 3, Springer-Lehrbuch, Springer Berlin
Heidelberg, Berlin, Heidelberg, 2010.

[Dur08] A. Durán, F. Morales, L. Fuentes, and J. M. Siqueiros, Specific heat anoma-
lies at 37, 105 and 455 K in SrTiO3:Pr, Journal of Physics: Condensed
Matter, 20(8), 085219, 2008.

[Eom92] C. B. Eom, R. J. Cava, R. M. Fleming, J. M. Phillips, R. B. VanDover, J. H.
Marshall, J. W. P. Hsu, J. J. Krajewski, and J. Peck, W. F., Single-Crystal
Epitaxial Thin Films of the Isotropic Metallic Oxides Sr1–xCaxRuO3 (0 ≤
x ≤ 1), Science, 258(5089), 1766–1769, 1992.



98 Bibliography

[För11] M. Först, C. Manzoni, S. Kaiser, Y. Tomioka, Y. Tokura, R. Merlin, and
A. Cavalleri, Nonlinear phononics as an ultrafast route to lattice control,
Nature Physics, 7(11), 854–856, 2011.

[Fan61] U. Fano, Effects of Configuration Interaction on Intensities and Phase
Shifts, Physical Review, 124(6), 1866–1878, 1961.

[Fis93] G. J. Fischer, Z. Wang, and S.-i. Karato, Elasticity of CaTiO3, SrTiO3 and
BaTiO3 perovskites up to 3.0 GPa: the effect of crystallographic structure,
Physics and Chemistry of Minerals, 20(2), 97–103, 1993.

[Fle71] P. A. Fleury, Phonon Instabilities and Interactions near Solid-State Phase
Transitions, The Journal of the Acoustical Society of America, 49(3C),
1041, 1971.

[Fle76] P. A. Fleury, The effects of soft modes on the structure and properties of
materials, Annual Review of Materials Science, 6, 157, 1976.

[Fli10] T. Fliessbach, Statistische Physik, Spektrum Akademischer Verlag, Hei-
delberg, 2010.

[Fos72] K. Fossheim and B. Berre, Ultrasonic Propagation, Stress Effects, and
Interaction Parameters at the Displacive Transition in SrTiO3, Physical
Review B, 5(8), 3292–3308, 1972.

[Fos85] J. O. Fossum and K. Fossheim, Measurements of ultrasonic attenuation
and velocity in Verneuil-grown and flux-grown SrTiO3, Journal of Physics
C: Solid State, 18, 5549, 1985.

[Gol26] V. M. Goldschmidt, Die Gesetze der Krystallochemie, Naturwis-
senschaften, 14(21), 477, 1926.

[Gol14a] J. Goldshteyn, A. Bojahr, P. Gaal, D. Schick, and M. Bargheer, Selective
preparation and detection of phonon polariton wavepackets by stimulated
Raman scattering, physica status solidi (b), 251(4), 821–828, 2014.

[Gol14b] J. Goldshteyn, Frequency-Resolved Ultrafast Dynamics of Phonon Polari-
ton Wavepackets in the Ferroelectric Crystals LiNbO3 and LiTaO3, Disser-
tation, University of Potsdam, 2014.

[Gue10] M. Guennou, P. Bouvier, J. Kreisel, and D. Machon, Pressure-temperature
phase diagram of SrTiO3 up to 53 GPa, Physical Review B, 81(5), 054115,
2010.

[Hac10] A. Hachemi, H. Hachemi, A. Ferhat-Hamida, and L. Louail, Elasticity of
SrTiO3 perovskite under high pressure in cubic, tetragonal and orthorhom-
bic phases, Physica Scripta, 82(2), 25602, 2010.



Bibliography 99

[Har04] R. J. Harrison, S. A. T. Redfern, and E. K. H. Salje, Dynamical excitation
and anelastic relaxation of ferroelastic domain walls in LaAlO3, Phys. Rev.
B, 69(14), 144101, 2004.

[Heh95] B. Hehlen, A.-L. Pérou, E. Courtens, and R. Vacher, Observation of a
Doublet in the Quasielastic Central Peak of Quantum-Paraelectric SrTiO3,
Physical Review Letters, 75(12), 2416–2419, 1995.

[Heh96] B. Hehlen, Z. Kallassy, and E. Courtens, The high-frequency elastic con-
stants of SrTiO3 in the quantum paraelectric regime, Ferroelectrics, 183,
265–272, 1996.

[Her10] M. Herzog, W. Leitenberger, R. Shayduk, R. M. van der Veen, C. J. Milne,
S. L. Johnson, I. Vrejoiu, M. Alexe, D. Hesse, and M. Bargheer, Ultrafast
manipulation of hard x-rays by efficient Bragg switches, Applied Physics
Letters, 96(16), 161906, 2010.

[Her11] M. Herzog, D. Schick, P. Gaal, R. Shayduk, C. K. Schmising, M. Bargheer,
and C. Korff Schmising, Analysis of ultrafast X-ray diffraction data in a
linear-chain model of the lattice dynamics, Applied Physics A, 106(3),
489–499, 2011.

[Her12a] M. Herzog, A. Bojahr, J. Goldshteyn, W. Leitenberger, I. Vrejoiu,
D. Khakhulin, M. Wulff, R. Shayduk, P. Gaal, and M. Bargheer, De-
tecting optically synthesized quasi-monochromatic sub-terahertz phonon
wavepackets by ultrafast x-ray diffraction, Applied Physics Letters, 100(9),
094101, 2012.

[Her12b] M. Herzog, Structural Dynamics of Photoexcited Nanolayered Perovskites
Studied by Ultrafast X-ray Diffraction, Dissertation, 2012.

[Her12c] M. Herzog, D. Schick, W. Leitenberger, R. Shayduk, R. M. V. D. Veen,
C. J. Milne, S. L. Johnson, I. Vrejoiu, and M. Bargheer, Tailoring inter-
ference and nonlinear manipulation of femtosecond x-rays, New Journal of
Physics, 14(1), 013004, 2012.

[Hir05] Y. Hirobe, Y. Kubo, K. Kouyama, H. Kunugita, K. Ema, and H. Kuwa-
hara, Transient differential reflectivity of ferromagnetic and paramagnetic
phases in the bilayered manganite La1.24Sr1.76Mn2O7, Solid State Commu-
nications, 133(7), 449–453, 2005.

[Hon13] M. Honig, J. A. Sulpizio, J. Drori, A. Joshua, E. Zeldov, and S. Ilani, Local
electrostatic imaging of striped domain order in LaAlO3/SrTiO3, Nature
materials, 12(12), 1112–8, 2013.
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of scientific instruments, 82(12), 126103, 2011.

[Kor14a] A. Koreeda, Private Communication, 2014.

[Kor14b] C. Korff Schmising, B. Pfau, M. Schneider, C. M. Günther, M. Giovannella,
J. Perron, B. Vodungbo, L. Müller, F. Capotondi, E. Pedersoli, N. Mahne,
J. Lüning, and S. Eisebitt, Imaging Ultrafast Demagnetization Dynamics
after a Spatially Localized Optical Excitation, Physical Review Letters,
112(21), 217203, 2014.

[Kre71] E. Kretschmann, Die bestimmung optischer konstanten von metallen durch
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A. Appendix: Normalisation of Measured

Phonon Amplitude

A.1 Wavevector Dependence and Proportionality between
detected oscillation amplitude and strain

Here we motivate the comparison of the Fourier transformed optical reflectivity mea-
surements with the caculated occupation of phonon modes. According to Thomsen
and Grahn the time dependent intensity reflected from a time dependent strain pro-
file in a sample is proportional to the Fourier transform of the strain profile:

∆R(q, t) ∝ q|Fz (ε(z, t)) | ∝ q|Fz
(
∂u(z, t)

∂z

)
| ∝ q2|Fz (u(z, t)) | ∝ q2u(q, t) , (A.1)

where R is the reflected intensity, q is the phonon wavevector and ε is the strain,
given by the derivative of the atom or unit cell displacement u(z, t) with respect to
the phonon propagation direction z, as given in equations (35-38) in [Tho86]. We
have applied laws of Fourier transformation and introduced the spectral amplitude
of the spatial displacement, i.e. the phonon amplitude: u(q, t) := |Fz (u(z, t)) |. For
a comparison of the optically detected signal with the calculations in the linear chain
model, we write for the elastic energy per mode E(q, t) [Ber05]:

E(q, t) =
ω2
qmu(q, t)2

2
=
v2q2mu(q, t)2

2
∝ v2q2m∆R2

2q4
∝ v2m∆R2

2q2
, (A.2)

where we have inserted the frequency of the elastic oscillation ωq =
√
kq/m and

used the relation ∆R(q, t) ∝ q2u(q, t) found above. For the occupation number of
the phonon mode, given by n(q) = E/(~ωq) we thus deduce

n(q, t) ∝ ∆R(q, t)2

q3
. (A.3)

Thus, for a quantitative comparison between the calculated occupation number and
the wavevector dependent Fourier transform of the optical reflectivity signal, the
obtained data should be squared and weighted with a factor of 1/q3.

The proportionality factor in equation A.1 depends on the derivative of the
refractive index with respect to strain dn(λ)/dε. In a simple approximation, which
holds in a bulk material with slowly varing refractive index, this can be assumed to
be constant [Boj12a]. However, in a multilayer it may be a complicated function of
wavelength and time and thus the wavelength dependent calibration is much more
complex.
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A.2 Time Dependence of the Phonon Amplitude

Here we derive a normalisation scheme for the time dependent measured oscillation
amplitude in order to obtain the correct phonon oscillations amplitude from the data.
Following equation 3.1, we evaluate the relative change in reflectivity, given by

∆R(t)

R0

=
R(t)−R0

R0

, (A.4)

where R(t) and R0 are the time dependent detected intensity of the light reflected
from the pumped sample and the static intensity reflected from the unpumped sam-
ple, respectively. These are given as

R(t) = |r0 + ∆re(t) + ∆rq(t)|2E2
in (A.5)

R0 = |r0|2E2
in, (A.6)

with complex reflection coefficient of the unpumped sample r0, dynamic contribution
of the electronic system to the reflection ∆re(t), dynamic contribution of the phonon
system ∆rq(t) and the incoming light field Ein. For the expression A.4 we can write

∆R(t)

R0

=
|r0 + ∆re(t) + ∆rq(t)|2E2

in − |r0|2E2
in

|r0|2E2
in

(A.7)

≈ |r0 + ∆re(t)|2 + 2|∆rq(t)||r0 + ∆re(t)| cos(ωqt)− |r0|2

|r0|2
, (A.8)

with a periodic constructive and destructive interference between the contribution
from the phonons |∆rq(t)| and the contribution from the electrons |∆rq(t)|, varying
with the phonon frequency ωq. The approximation holds, because the reflection
from the phonon wavepacket is small compared to the other reflections, such that we
neglect the term proportional to |∆rq(t)|2. We obtain an oscillating term by highpass
filtering (

∆R(t)

R0

)
HP

=
|∆rq(t)||r0 + ∆re(t)| cos(ωqt)

|r0|2
, (A.9)

and a slowly varying term by lowpass filtering(
∆R(t)

R0

)
LP

=
|r0 + ∆re(t)|2 − |r0|2

|r0|2
=
|r0 + ∆re(t)|2

|r0|2
− 1 . (A.10)

For the normalised time dependent phonon amplitude Aq(t) (proportional to u(q, t)
from appendix A.1) we thus deduce

Aq(t) ∝
|∆rq(t)|| cos(ωqt)

|r0|
∝

(
∆R(t)
R0

)
HP√(

∆R(t)
R0

)
LP

+ 1

. (A.11)
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