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My PhD steps

”Physicists have a genetic defect that gives
them over-optimism”

”During an intense period of lab work, the
outside world vanishes and the obsession is
total. Sleep is when you can curl up on the
accelerator floor for an hour.”

”One of the major ingredients for professional
success in science is luck. Without this, forget
it.”
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Abstract

This publication based thesis, which consists of seven published articles, summarizes my
contributions to the research field of laser excited ultrafast structural dynamics. The
coherent and incoherent lattice dynamics on microscopic length scales are detected by
ultrashort optical and X-ray pulses. The understanding of the complex physical processes
is essential for future improvements of technological applications. For this purpose, table-
top soruces and large scale facilities, e.g. synchrotrons, are employed to study structural
dynamics of longitudinal acoustic strain waves and heat transport. The investigated effects
cover timescales from hundreds of femtoseconds up to several microseconds.

The main part of this thesis is dedicated to the investigation of tailored phonon wave
packets propagating in perovskite nanostructures. Tailoring is achieved either by laser
excitation of nanostructured bilayer samples or by a temporal series of laser pulses. Due to
the propagation of longitudinal acoustic phonons, the out-of-plane lattice spacing of a thin
film insulator-metal bilayer sample is modulated on an ultrafast timescale. This leads to
an ultrafast modulation of the X-ray diffraction efficiency which is employed as a phonon
Bragg switch to shorten hard X-ray pulses emitted from a 3rd generation synchrotron.

In addition, we have observed nonlinear mixing of high amplitude phonon wave pack-
ets which originates from an anharmonic interatomic potential. A chirped optical pulse
sequence excites a narrow band phonon wave packet with specific momentum and energy.
The second harmonic generation of these phonon wave packets is followed by ultrafast
X-ray diffraction. Phonon upconversion takes place because the high amplitude phonon
wave packet modulates the acoustic properties of the crystal which leads to self steepening
and to the successive generation of higher harmonics of the phonon wave packet.

Furthermore, we have demonstrated ultrafast strain in direction parallel to the sample
surface. Two consecutive so-called transient grating excitations displaced in space and
time are used to coherently control thermal gradients and surface acoustic modes. The
amplitude of the coherent and incoherent surface excursion is disentangled by time resolved
X-ray reflectivity measurements. We calibrate the absolute amplitude of thermal and
acoustic surface excursion with measurements of longitudinal phonon propagation. In
addition, we develop a diffraction model which allows for measuring the surface excursion
on an absolute length scale with sub-Åangström precision. Finally, I demonstrate full
coherent control of an excited surface deformation by amplifying and suppressing thermal
and coherent excitations at the surface of a laser-excited Yttrium-manganite sample.
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Kurzdarstellung

Diese publikations basierte Dissertation enthält sieben veröffentlichte Artikel und ist
ein Beitrag zum Forschungsfeld der laserangeregten ultraschnellen Strukturdynamik. Da-
bei wird die kohärente und inkohärente Gitterdynamik mit Hilfe von ultrakurzen op-
tischen Pulsen sowie Röntgenpulsen auf mikroskopischer Längenskala untersucht. Das
Verständnis dieser komplexen physikalischen Prozesse ist essenziell für die Verbesserung
von zukünftigen technologischen Anwendungen. Hierfür wurde die Strukturdynamik von
longitudinal akustischen Schallwellen und Wärmetransport mit Hilfe von verschieden Mess-
instrumenten, basierend auf Labor und Synchrotronstrahlungsquellen, untersucht. Die un-
tersuchten Effekte umfassen Zeitskalen von einigen hundert Femtosekunden bis hin zu
mehreren Mikrosekunden.

Der Hauptteil meiner Dissertation beruht auf der Untersuchungen von definiert ange-
regten Phonon-Wellenpakten, die sich in Perowskit Nanostrukturen ausbreiten. Die Kon-
trolle wird entweder durch Laseranregung einer nanostruktieren Doppelschichtprobe oder
durch eine zeitlich versetzte Laserpulsfolge erreicht. Dabei wird die Einheitszelle senkrecht
zu den Gitterebenen auf ultraschnellen Zeiten modifiziert. Daraus folgt eine ultraschnelle
Modulation der Röntgenbeugungs Effizienz, die als Phonon Braggschalter verwendet wird,
um harte Röntgenpulse von Synchrotrons der dritten Generation zu verkürzen.

Zudem haben wir die nichtlineare Mischung von Phonon-Wellenpaketen mit hoher Am-
plitude beobachtet, die der Anharmonizität des interatomaren Potential herrührt. Durch
eine gechirpte optische Laserpulsfolge wird ein schmalbandiges Phonon-Wellenpaket mit
definiertem Impuls und definierter Energie angeregt. Dabei wird die Erzeugung der zweiten
Harmonischen mittels ultraschneller Röntgenbeugung untersucht. Die Phononkonversion
findet hierbei durch die hohe Phononamplitude statt, die die akustischen Eigenschaften
des Kristalls verändert. Dieser Prozess führt zum Aufsteilen der Wellenfront und folglich
zur Erzeugung der höheren Harmonischen des Phonon-Wellenpakets.

Außerdem habe ich ultraschnelle Schallpulse parallel zur Richtung der Probenober-
fläche demonstriert. Dabei werden zwei sogenannte transiente Gitteranregungen verwen-
det, die räumlich und zeitlich zueinander versetzt sind, um thermische Gradienten und
akustische Oberflächenmoden kohärent zu kontrollieren. Die Amplitude der kohärenten
und inkohärenten Oberflächenausdehnung kann mit Hilfe von Röntgenreflektivität ge-
trennt betrachtet werden. Zusätzlich haben wir ein Beugungsmodel entwickelt, mit
dem wir die Oberflächenausdehnung auf einer absoluten Längenskale mit sub-Ångström
Präzision kalibrieren. Schließlich zeige ich volle kohärente Kontrolle von der angereg-
ten Oberflächenausdehnung durch Verstärkung und Unterdrückung von thermischen und
kohärenten Anregungen auf der Oberfläche einer dünnen, laserangeregten Yttriummanga-
nat Schicht.
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Comments on Papers

Here, I give a short summary of the previously listed papers. The key statement(s) and
an outline of my contributions to each of the papers are presented.

I Azobenzene - functionalized polyelectrolyte nanolayers as ultrafast
optoacoustic transducers

In this paper we investigate the propagation, reflection and damping of hyper
sound waves generated by photo-excitation of azobenzene containing polyelectrolyte
nanolayers. We derive quantitative information on the amplitude and phase of the
longitudinal acoustic strain waves by ultrafast X-ray diffraction (URXD) and follow
the propagation dynamics in polymers, mica and quartz by all optical experiments.
We have studied the photo-induced volume change on the picosecond time scale,
where molecular rearrangement takes place. From the transient reflectivity mea-
surements we found a negative change of the refractive index of azobenzene due to
ultrashort optical excitation resulting in a shift of the thin-film-interference indicat-
ing a decreasing optical path length. In addition, the scattering of the hyper sound
wave from a gold nanoparticle polymer layer was observed introducing a new way
to investigate nanometer-sized structures. We have found that the sound waves are
generated by photo-thermal excitation of the azobenzene containing polyelectrolyte
indicated by initial compression of the adjacent crystalline substrate which excludes
the previously proposed strain generation via trans-cis isomerisation. We have shown
that the excitation mechanism is described by an one-dimensional linear chain model
from which we derive the strain amplitude of the photo-excited azobenzene polymer
taking three calibration factors into account. Namely, (i) the acoustic impedance
mismatch between the polymer and the crystalline mica resulting in an acoustic re-
flection of 60%, (ii) the static expansion of the azobenzene which adds to the coherent
sound wave and finally, (iii) the reduction of the strain amplitude of 30% by the dif-
ferent sound velocities between polymer and crystalline mica due to a stretching of
the acoustic sound wave. The detailed analysis has lead us to the conclusion that
the photo-excited strain level is very similar to an optically excited aluminium trans-
ducer.

For this publication I have prepared the mica sample for quantitative strain cal-
ibration, participated in the x-ray diffraction measurements at the X-ray plasma
source, analysed the UXRD data and simulated the picosecond acoustics with the
udkm1Dsim-toolbox. I contributed to writing the manuscript and was actively in-
volved in the interpretation of the UXRD and optical results.
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II Gold Nanorods Sense the Ultrafast Viscoelastic Deformation of
Polymers upon Molecular Strain Actuation

Here we present hybrid nanolayer composites for integrated optoacoustic experi-
ments. Gold nanorods (GNR) sense the molecular strain actuation of an optically
inactive polyelectrolyte film. The plasmon resonance of the GNR, which is highly
sensitive to changes in the dielectric environment, is measured in time-resolved all op-
tical pump-probe experiments. While the optically excited Azo-benzene containing
polyelectrolyte leads to a blue shift of the thin-film-interference the plasmon reso-
nance shows an opposite behavior upon the arrival of the coherent strain waves in
the vicinity of the transparent polyelectrolyte film. The optically excited strain pulse
is reflected at the free polymer surface and at the GNR. The reflection at the surface
cancels the compressive stress near the surface due to a sign reversal of the acoustic
strain. The incident and reflected waves near the GNR interfere constructively to
generate a large stress. From quantitative simulations we calculate the pressure dif-
ference for the two different reflection scenarios present at the sample surface. The
pressure difference near the GNR leads to rapid deformation of the polyelectrolyte
towards the ends of the GNR and hence shifting the plasmon resonance. The relax-
ation of the viscoelastic response occurs on timescales much longer then the applied
strain fields.

For this publication I have actively contributed to the theoretical description and
performed the picosecond acoustic model simulations. I participated in writing of
the manuscript.

III Characterization of an ultrafast Bragg-Switch for shortening hard x-ray
pulses

In this work we show an improved concept for shortening hard x-ray pulses emitted
by a 3rd generation synchrotron down to a few picoseconds. The device, the so
called PicoSwitch, utilizes optical femtosecond pulses to generate coherent acoustic
phonon wavepackets. The diffraction efficiency of a transparent LaAlO3 (LAO) cap
layer is modulated by the propagating compression wave on a picosecond timescale.
An advantage of the new PicoSwitch design compared to previous attempts is the
spatial separation of the optical excitation of the transducer from the switching of
the transparent cap layer. This reveals a four times higher switching contrast and
renders the PicoSwitch more stable against thermal strain fields. As a consequence
the improved PicoSwitch can operate at high repetition rates up to 208kHz presenting
a next step towards ultrafast active X-ray optical elements.

For this paper I have contributed to the conception of the beamtime and performed
the x-ray diffraction experiments at the synchrotron BESSY II. In addition I analysed
the data, performed the UXRD simulations and wrote parts of the manuscript.
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IV Second Harmonic Generation of Nanoscale Phonon Wave Packets

In this publication we present the generation of second harmonic phonons from an
optically excited narrow band phonon wave packets. The upconversion is observed
by time-resolved x-ray diffraction and visible light scattering. The experimental
findings and the theoretical modelling of elementary processes of nanoscale nonlinear
phononics in real time pave the way for more complex experiments such as difference-
frequency mixing or four-wave mixing of phonons analog to nonlinear optics to tailor
heat transport on the nanoscale.

I participated in the experiments at ID09 beamline at the European Synchrotron Fa-
cility (ESRF), contributed to the interpretations, and commented on the manuscript.

V Spatiotemporal Coherent Control of Thermal Excitation in Solids

In this paper we present new ways to control the coherent and incoherent response
of the optically excited crystal lattice in X-ray reflectivity experiments. For the first
time we present coherent control of thermal excitations and decompose the ultrafast
dynamics excited by laser-induced transient gratings. The derived model gives ac-
cess to the ultrafast transient surface deformation and the diffraction efficiency under
grazing incident X-ray geometry.

For this paper I have developed the optical setup which was installed at the ID09
beamline at the ESRF. I have contributed to the conception of the beamtime and par-
ticipated in the x-ray reflectivity measurements at the ESRF. In addition, I analyzed
the data, developed the theory and wrote parts of the manuscript.

VI Quantitative disentanglement of coherent and incoherent laser-induced
surface deformations by time-resolved x-ray reflectivity

In this work we generate selective coherent acoustic surface modes with laser-induced
transient grating excitations. Our new method allows for decomposition of coherent
and incoherent surface dynamics with a sub-Ångström precision and with a temporal
resolution better than 100ps. We derive a diffraction model which relates the first
order diffraction intensity with the amplitude of the surface excursion allowing for
decomposing the surface amplitude into multiple coherent acoustic modes and a
thermal background.

In this study I have performed the X-ray reflectivity measurements at the ESRF,
analyzed the data, derived the diffraction model and wrote parts of the manuscript.
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VII Deposition of Gold Nanotriangles in Large Scale Closed-Packed
Monolayers for X-ray-Based Temperature Calibration and SERS
Monitoring of Plasmon-Driven Catalytic Reactions

In this publication we present the formation of a large monolayer of anisotropic
shaped plasmonic gold nanotriangles on silicon substrates. The monolayer of gold
nanoparticles is chemically and physically stable with a mosaicity of less then 0.1
determined by X-ray diffraction. In addition, the gold nanoparticles are functional-
ized with 4-nitrothiophenol (4-NTP) and a plasmon-driven dimerization into 4, 4′-
dimercaptoazobenzene (DMAB) is monitored in real time by surface enhanced Ra-
man scattering (SERS). The microscopic temperature of the gold nanoparticles is
calibrated by XRD after continuous laser heating which is essential to understand
the underlying dimerization process. The plasmonic excitation of the gold nanotrain-
gles leads to hot electrons which initiate the dimerization process.

In this publication I have performed the XRD experiments to investigate the consti-
tution of the large scale gold nanotraingle monolayer deposited on silicon substrates.
In addition, I have calibrated the microscopic temperature of the gold nanoparticles
after successive laser heating by XRD measurements.
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Chapter 1

Introduction

This cumulative dissertation presents the most important results of my graduate studies
at the University of Potsdam. My thesis is based on seven published articles containing
my major results. These publications are appended to the end of this thesis and are
referenced by their Roman numbers as summarized in the List of Papers. The thesis
addresses coherent and incoherent structural dynamics initiated by ultrashort optical laser
pulses in polymers and crystalline solids. One key point is to tailor time-dependent coherent
and incoherent strain fields in the crystal lattice by a series of optical laser pulses. These
excitations trigger structural dynamics in the sample. A first application is presented which
employs the ultrafast lattice strain as prototypes of active X-ray optics. Ultrashort optical
and X-ray pulses are used to probe the structural dynamics. The experimental results
are reproduced by numerical simulations in order to disentangle coherent and incoherent
dynamics of the crystal lattice. The results of my publications address a variety of physical
effects in laser excited nanostructures, e.g.

� calibration of the strain amplitude of photo-excited functionalized polyelectrolyte
nanolayers by ultrafast X-ray diffraction (UXRD) and the strain induced viscoelastic
deformation of polymers sensed by an optically detected plasmon resonance shift of
incorporated gold nanorods, (Papers I and II) respectively

� characterization of phonon Bragg switches with improved switching contrast for ef-
ficient shortening of hard X-ray pulses (Paper III)

� nonlinear propagation of narrow band phonon wave packets to study phonon upcon-
version by UXRD (Paper IV)

� coherent control of thermal and acoustic surface excursions by a series of optical
induced transient gratings detected by time-resolved X-ray reflectivity (Papers V
and VI)

The attached seven publications focus on the main experimental results due to a limited
publication space. My thesis summarizes the paper contents and provides fundamental
background which goes beyond the condensed informations presented in my publications.
In addition, I present recent unpublished experimental data and their interpretation in the
field of coherent control of thermal and acoustic surface excursions, nonlinear interactions
of hypersound waves and heat diffusion dynamics in nanometric thin bilayer samples.

The central core of this work is represented by Papers III, V and VI for which I am
first author. For the publications I have substantially contributed to the experimental
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1.1 Physical Introduction

beamtimes and theoretical modeling of the structural dynamics. In particular, I have con-
ducted in UXRD experiments at the European Synchrotron Radiation Facility (ESRF) to
study the second harmonic generation of narrow band GHz phonon wave packets. Results
are published in Paper IV. In addition, I have installed a tabletop time correlated single
photon counting hard X-ray diffraction setup to calibrate the microscopic temperature
of gold nanotriangles after continuous laser irradiation, published in Papers VII. Future
UXRD experiments building on the results may solve the question how hot electrons of
plasmonic excitation of gold nanoparticles drives the dimerization of 4-NTP to DMAB
detected by surface enhanced Raman scattering. The same setup is used to study heat
diffusion dynamics in nanometric thin bilayer samples.

Furthermore, I have contributed substantially to calibrate the strain amplitude of pho-
texcited Azobenzene containing polyelectrolytes by ultrafast X-ray diffraction (UXRD)
and to simulate the structural dynamics in viscoelastic polymers summarized in Papers I
and II, respectively. These two publications build the basis of the PhD thesis of Elena
Pavlenko [7].

1.1 Physical Introduction

In general, the fundamental microscopic processes in atoms, molecules, and solids are de-
termined by the motion of electrons and atoms. The response of the investigated material
system triggered by an external stimulus like optical, electrical or magnetic excitation of
electrons and atoms can be of coherent and incoherent (statistical) nature. All of these
processes occur on different timescales. In a solid the motion of atoms is divided into prop-
agation of phonons with wave character (coherent) and diffusive transport (incoherent).
The understanding of these fundamental processes are essential to develop strain tailored
technological applications as demonstrated for data storage [8] and signal processing [9, 10].
New promising devices rely on coupling between lattice strain and electric and magnetic
properties [11, 12]. In addition, the everlasting requirement of increased processing speed
of electronic circuits calls for alternative approaches. So far this is realized by the enormous
size reduction of integrated circuits which leads to a high loss by Joule heating of GHz
currents. This major drawback converts electrical energy into waste heat, which may ad-
ditionally leading to a faster degradation of the circuits. As a consequence heat transport
at the nanoscale has been studied intensively [13]. Artificial nanostructures are developed
to improve the heat transport properties at the nanoscale which are necessary to dissipate
the accumulated heat [14–16]. In addition, efficient thermoelectric materials have been in-
vented to convert waste heat into electrical energy [17–19]. An alternative approach relies
on ultrafast optical light pulses for data processing and magnetic switching [20, 21], respec-
tively. The key point is to measure, understand and tailor the opto-mechanical interaction
between electro-magnetic degrees of freedom to invent next generation high performance
devices. The length and time scales relevant in nanodevices call for pump-probe methods
[22, 23] which employ either neutrons, electrons or X-rays as probe pulses to study the
transient structural dynamics of interest [24, 25]. While neutron scattering has a excellent
structural sensitivity it suffers from a rather poor temporal resolution with pulse duration
in the millisecond regime [26]. In contrast, electron and X-ray diffraction provide excellent
temporal resolution down to femtosecond timescales.
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Introduction

1.2 Structure of this thesis

As indicated above, optical pump X-ray probe experiments are the optimal tool to study
structural rearrangements of photoexcited solid-state crystals with atomic-scale spatial and
femto- to sub- 100 picosecond temporal resolution. In this work, I investigate incoherent,
coherent and anharmonic structural dynamics of perovskite crystals via ultrafast pump-
probe techniques. Perovskite crystals with cubic or pseudocubic structure of ABO3 type
offer a broad bandwidth of properties and applications depending on the constitution of
the A and B cations [27, 28]. During my PhD work I have studied epitaxial nanometric
layers of the ferroelectric metals SrRuO3 and La0.7Sr0.3MnO3, of dielectrics, e.g. LaAlO3

and SrTiO3 and dielectric epitaxial substrates of DyScO3 as well as NdGaO3. Typically,
a thin metallic nanolayer epitaxially grown on a substrate by pulsed laser deposition [29]
is excited by a near infrared femtosecond laser pulse. The structural rearrangement is
successively probed via optical white light spectroscopy or ultrafast X-ray diffraction. The
main part of my thesis is dedicated to UXRD techniques which became a versatile tool
in the last two decades [30–34]. I investigate bilayer structures composed of a dielectric
top layer and an adjacent metallic layer deposited on a substrate which is employed as
an ultrafast Bragg-Switch. The aim of the current work is to excite, measure and tailor
ultrafast strain fields in perovskite nanostructures to develop and improve applications by
strain induced phenomena. Strain fields are relevant for structural phase transitions, where
phonons play an important role [35]. Electronic properties and phenomena influenced by
strain fields are summarized by the term straintronics.

Chapter 2 introduce the background that is required for a detailed understanding of
Papers I, II, III, IV, V, VI and VII. The first part of the chapter introduces the genera-
tion and evolution of coherent and incoherent strain fields. This includes a description of
heat diffusion at the nanoscale as well as elastic theory of picosecond acoustics to simulate
the time evolution of the induced structural coherent and incoherent dynamics. The sec-
ond part of Chapter 2 deals with tailoring of longitudinal acoustic (LA) sound waves and
surface acoustic waves (SAWs) by a series of ultrashort optical light pulses. The optical
pulse series leads to the excitation of narrow band phonon wave packets and enables the
control of laser induced thermal and acoustic surface excursions, respectively. The final
section of Chapter 2 addresses the interaction between X-rays and the crystal lattice by
introducing X-ray scattering processes, e.g. X-ray diffraction and X-ray reflectivity tech-
niques. The time-dependent variants of these are employed to monitor LA acoustic phonon
propagation and phonon-phonon interaction within the crystal lattice. The timescales of
coherent, incoherent and anharmonic structural phenomena call for a variety of experi-
mental techniques. This issue is addressed in Chapter 3. In the first part, three UXRD
setups are presented which are employed to study coherent lattice dynamics, the 2nd har-
monic generation of acoustic phonons, spatio-temporal coherent control and heat diffusion
dynamics in nanostructures. Together these setups cover timescales from 200fs to 10µs.
The powerful tool of ultrafast X-ray diffraction (UXRD) is shown in an exemplary way
for synchrotron based measurements. In addition, heat diffusion studies of a thin bilayer
sample are demonstrated using a static low cost X-ray source. The final part of Chapter
3 summarizes all optical pump-probe spectroscopy and physical aspects of supercontin-
uum white light probe of ultrasonic waves in non crystalline media, e.g. in layer-by-layer
composed polyelectrolytes.

The main results of my thesis are presented in Papers III, IV, V and VI. In Chapter 4 I
summarize the main aspects of theses papers and provide more detailed explanations. Two
different concepts are presented to tailor ultrafast strain fields in nanostructures. Paper III

3



1.2 Structure of this thesis

addresses photo-excited longitudinal acoustic phonons tailored by the film thicknesses of
the bilayer sample. The optically excited coherent lattice strain is employed to shorten
hard X-ray bursts down to a few picoseconds. Papers IV, V and VI employ a series of ul-
trashort laser pulses to coherently control the excited phonon wave packets along in-plane
and out-of-plane direction of the crystal lattice. Paper IV presents nonlinear conversion
of a fundamental acoustic mode to its second harmonic. In addition, Papers V and VI
demonstrate a new approach, combining coherent control with spatial and temporal de-
grees of freedom, to tailor in-plane coherent and incoherent strain fields on an ultrafast
timescale. This leads to a precise control of surface acoustic modes and thermal in-plane
strain gradients which can be addressed individually. Furthermore, I provide recent un-
published data which extend our understanding of nonlinear phonon-phonon interaction
and spatio-temporal coherent control. Finally, Chapter 5 summarizes the content of my
thesis and presents future perspectives on how the presented knowledge can be used to
solve future problems and to develop new scientific ideas and applications.
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Chapter 2

Theoretical Background

In this chapter I will review theoretical concepts, which are essential to understand the
scope of this thesis. The chapter’s aim is to illustrate basic ideas of ultrafast optical stress
and strain generation in solids and can be understood as a introduction to Papers I, II
and III. At first I will discuss heat transport in thin films and nanostructures since in most
cases the optical excitation produces a heat background, which influences their material
properties. I discuss stress and strain generation in opaque thin films and identify relevant
parameters for quantitative analysis. A masses and springs model is employed to model
strain-tailored coherent phonon wave packets excited by ultrashort optical pulses. Exper-
iments discussed in this thesis employ ultrashort X-ray pulses to probe lattice dynamics.
Therefor, I summarize the main aspects of kinematical and dynamical X-ray diffraction
theory in crystalline solids. Finally, I introduce grazing incidence small angle X-ray scat-
tering (GISAXS) employed to measure time-dependent surface excursions.

2.1 Heat transport at the nanoscale

Even if the primary goal of my PhD is to study coherent phonon dynamics in solid-
state structures, heat diffusion has to be taken into account because most of the laser
energy is converted into a thermal background which can alter the sample performance
or superimpose with the physics of interest. The enormous size reduction of optical and
electronic devices requires sophisticated understanding and control of thermal transport at
the nanoscale [36]. One major problem is heat dissipation of integrated nanoscale circuits
[36]. On the other hand nanostructures are employed for harvesting of waste heat, e.g. via
thermo electrics [37]. In addition thermal barriers [38], phase change memory devices [39],
heat assisted magnetic recording [40] or medical therapy with heated nanoparticles [41] are
just a few applications of nanoscale heat transport phenomena. Within the course of my
thesis I restrict my consideration to phonon mediated heat transport between metals and
dielectrics. Phonon heat conduction mechanisms in nanostructures may differ significantly
from those in macrostructures reported by [42]. In this case interface phenomena lead to
a modified thermal conductance on the nanoscale, e.g. in superlattices or thin films. At
the nanoscale heat transfer can not be described with continuum heat transport equations,
e.g. for film thickness below some hundreds of nanometers. One important example where
continuum descriptions fail is the thermal boundary resistance which plays a major role
if the mean free path of the phonons is larger then the film thickness. As a result the
frequency of phonon boundary collisions increases with shrinking size [13]. The reflected
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2.2 Thermoelastic stress generation using ultrashort laser pulses

and transmitted phonons have the same character as the incident ones but during a diffusive
scattering event the phase correlation with the incident phonon is lost.

During my PhD I studied heat transport of thin layers of dielectric STO and SRO
deposited on a DSO substrate. A short laser pulse is employed to heat an absorbing SRO
film and the adjacent layers are heated by diffusion. The caused crystal lattice expansion
is probed by XRD, a detailed description can be found in section 2.5.1. The heat diffusion
process is described by the heat diffusion equation (HDE). Fouier’s law is a stationary
solution of the HDE [43]:

∂T

∂t
= −k∇T, (2.1)

where T denotes the Temperature, t the time, ∂T
∂t

= j the local heat flux and k the thermal
conductivity. Fouier’s law is a solution of the heat equation which we investigate in one
dimension:

∂T

∂t
=

k

ρCp

∂2T

∂z2
, (2.2)

with specific heat capacity Cp, ρ is the mass density of the solid and Dth = k
Cpρ

thermal

diffusivity. The one dimensional heat diffusion equation is solved by the udkm1Dsim
toolbox [44].

2.2 Thermoelastic stress generation using ultrashort

laser pulses

Ultrashort heating of solids by short laser pulses has been studied intensively since two
decades [45–50]. The energy transport process consists of two stages. At first the energy of
ultrashort laser pulses is absorbed by the electrons within the pulse duration of the laser.
The excited electron system thermalizes within the electron relaxation time into a thermal
Fermi-Dirac distribution [51] which is much faster then the electron-phonon coupling time
[52]. Therefore we assume for further assumptions a thermal electron distribution. The
second stage is the energy transfer from electron to lattice system via electron-phonon
coupling, typically on the order of 200fs to 5ps, e.g. in SRO [53] or Aluminum [54].
A simple approach to understand dynamics of laser heated solid materials is to divide
it into different coupled subsystems j, namely Electron- (E), Lattice- (L) and Spin (S)
system which store thermal energy of the quantity Qj = cjTj with j = [E,L, S], cj and
Tj describe the specific heat and temperature of each subsystem j, respectively. The
subsystems are coupled to each other and energy flows between them as long as they are
out of thermal equilibration. The coupling constant G between two subsystems is material
dependent and might change with high excitation temperatures or under strong electro-
magnetic fields [55]. Systems with no magnetic order, e.g. metals or semiconductor may be
described by using only lattice and electron system (j=E,L), a so called Two Temperature
Model (TTM). Mathematically the problem is solved by two coupled nonlinear differential
equations that describe the temporal evolution of the energy density stored in the electron
and lattice system following [54, 56, 57].

cE(TE)
∂TE
∂t

= ∇[kE(TE)∇TE] +GEL(TL − TE) + S(t) (2.3)

cL(TL)
∂TL
∂t

= ∇[kL(TL)∇TL] +GEL(TE − TL) (2.4)
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In these equations the first term of the right side presents the heat diffusion caused by
spatial temperature gradients within the individual subsystems, which will be neglected
now and is discussed in the previous section 2.1. The other term describes the coupling
between the electron and lattice subsystems with coupling function GEL. The TTM is valid
if the excited electronic and lattice subsystem can be described by a thermal distribution
and may fail on very short timescales [52]. With the previous assumptions we derive
the TTM 2.2. Typically we consider temperature dependent specific heat capacities and
coupling functions. Values can be found in literature based on calorimetric and temperature
dependent Raman spectroscopy experiments. If the temperature dependence of the specific
heat capacity and heat diffusion is neglected, the coupling time τEL can be estimated from
[58], yielding:

τEL =
cEcL

GEL(cE + cL)
(2.5)

Figure 2.1: Transient change of electronic and phononic temperature. At time zero the electronic system
is excited driving the system out of equilibrium. Energy is transfered from electrons to phonons until
thermal equilibrium is reached.

Figure 2.1 shows a calculation of electron and phonon system temperatures after ex-
citation with an ultrashort laser pulse within the TTM neglecting thermal diffusion. I
performed the simulation with the udkm1Dsim toolbox [44, 59], which solves the TTM
with a laser source term S(t) in equation 2.2. The rise time of the electronic temperature
follows the ultrashort optical excitation and is set to 250fs within the simulation. Accord-
ing to Lambert-Beer’s law the optical absorption profile within a metal in out-of-plane
direction z is given by:

I(z) = I0 exp−αz (2.6)

where I0 denotes the initial intensity and α the absorption coefficient for the incident
pump wavelength. The simulated sample consist of a metallic SrRuO3 thin film, studied
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extensively in [60–63]. The excitation of the electronic system leads to a non-equilibrium
state between electronic and lattice subsystem with TE 6= TP . The thermal equilibrium
of both systems with temperature Tend is reached for t → ∞. The energy exchange rate
τEL depends on the ratio of specific heat capacity of electrons and phonons presented in
Equ. 2.2. The specific heat of phonons is described by Debye’s model which makes correct
predictions for low temperatures where cv ∝ T 3 is valid and for high temperatures where
a constant specific heat capacity is found also described correctly by Dulong Petit’s law.
While the specific heat capacity of electrons rises linearly with temperature, phonons show
a nearly constant specific heat capacity above the Debye temperature [58]. Therefore, we
expect a longer coupling time τEL for temperatures well above the Debye temperature [58].

The TTM in its presented form is only valid if the heat transport of electrons and
phonons is considered to be diffusive. In noble metals this is typically a rather poor
approximation since it was shown that electrons can propagate ballistically over a range of
10nm to 100nm leading to a spatial broadening of the excited temperature profile [64] or
even to ballistic heating of the adjacent layer [65]. This problem is mathematically solved
by the Boltzman transport equation [66, 67]. Very recently it was shown that phonons can
contribute to nondiffusive or ballistic heat transport on µm length scales [68].

2.3 Elastic theory - picosecond acoustics

An anisotropic solid, e.g a crystal, is regarded as a continuous medium with dimensions
much larger than the elastic waves. The displacement of an arbitrary point in the crystal u
at position xk caused by an elastic wave varies with time, from which u = u(xk, t) follows.
The equation of motion ensues from Newton’s law [69].

ρ
∂2ui
∂t2

=
∂σij
∂xj

(2.7)

The principal of Hook’s law states that the displacement of two atoms scales linear with
the applied force and can be written as [69],

σij = cijkl
∂ul
∂xk

(2.8)

The strain tensor (rank two) εkl := ∂ul
∂xk

is proportional to stress tensor (rank two) σij while

cijkl denotes the elastic tensor (rank four) while i, j, k, l are the summation indices running
over the three spatial coordinates (x,y,z). Combining Hook’s law [70] and equation 2.7
leads to the wave equation [69]

ρ
∂2ui
∂t2

= cijkl
∂2ul
∂xj∂xk

(2.9)

This equation describes linear acoustics waves with different polarizations in anisotropic
media. The propagation of elastic waves in an anisotropic solid is described by three
velocities v1, v2 and v3 of one longitudinal and two transversal waves as a function of prop-
agation direction. With Maxwell’s relation cαβ = cβα, valid for all solids [69], the number
of independent elastic constants reduces to at most 21 entries, e.g. in triclinic crystal sys-
tems. Fortunately, the number of independent elastic constants is further reduced by the
crystal symmetry, e.g. three independent constants in cubic crystals (namely: c11, c12 and
c44). The diagonal elements describe the deformation (expansion or compression) along
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the coordinate axis (x, y, z) while the off-diagonal elements are connected by Poisson’s
ratio between two directions within the crystal.

cubic orthorhombic

cij =

∣∣∣∣∣∣∣∣∣∣∣∣

c11 c12 c12 0 0 0
c12 c11 c12 0 0 0
c12 c12 c11 0 0 0
0 0 0 c11 0 0
0 0 0 0 c11 0
0 0 0 0 0 c11

∣∣∣∣∣∣∣∣∣∣∣∣
cij =

∣∣∣∣∣∣∣∣∣∣∣∣

c11 c12 c13 0 0 0
c12 c22 c23 0 0 0
c13 c23 c33 0 0 0
0 0 0 c44 0 0
0 0 0 0 c55 0
0 0 0 0 0 c66

∣∣∣∣∣∣∣∣∣∣∣∣
A solution of equation 2.7 in the form of a propagating plane wave in direction n with

wave polarization ũi leads to Christoffel’s equation [69],

ρv2ũi = cijklnjnkũi (2.10)

We define the Christoffel tensor Γil = cijklnjnk and the Christoffel’s equation becomes

Γilũi = ρv2ũi (2.11)

The phase velocities v (v1, v2, v3) and polarizations (transversal and longitudinal) of a
propagating plane wave in direction n within a crystal with elastic tensor cijkl are given
by eigenvalues and eigenvectors of the Christoffel tensor Γil = cijklnjnk [69]. The phase
velocities are the solution of the secular equation,

|Γil − ρv2δil| = 0 (2.12)

In general, three plane waves with orthogonal polarizations can propagate in the same
direction and from equation 2.12 the velocities can be calculated.

2.3.1 Isotropic materials

For isotropic materials equation 2.8 can be much more simplified, because the elastic
properties do not depend on the crystal orientation. This assumption is valid, e.g. for
most metals and is a good approximation for SRO and LSMO [71]. It follows that the
elastic tensor becomes invariant against rotation [72]. In addition, we assume that lateral
stress is canceled out because we investigate a much smaller crystal volume compared to
the laser excited footprint. Only stress perpendicular to the surface is present resulting in
excitation of only longitudinal sound waves. Secondly, we assume a quasi instantaneous
heating of the crystal as discussed in section 2.2. This leads to the following stress-strain
relation where the source term is included in ∆T (x3, t) [71]:

σ33 = 3
1− ν
1 + ν

Bε33 − 3Bα∆T (x3, t), (2.13)

where B is the bulk modulus, α the linear thermal expansion coefficient and ν the Poisson
ratio. Together with eq. 2.7 we derive the one dimensional wave equation describing the
dynamics of laser excited picosecond acoustics [71],

ρ
∂2u3

∂t2
=
∂σ33

∂x3

(2.14)

If the in-plane and out-of-plane dimensions of the laser excited crystal are comparable to
each other, transversal and longitudinal bulk waves are launched. A detailed description
of transversal, longitudinal and SAW waves is presented in section 2.3.3.
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chain of masses and springs

2.3.2 Longitudinal coherent acoustic phonon dynamics modeled
by a one dimensional linear chain of masses and springs

The current section describes an one dimensional linear chain model of masses and springs
to simulate the lattice dynamics of photo excited epitaxial thin metal films following [44,
60, 73]. We assume that lateral pump spot is orders of magnitude larger compared to the
film thickness which leads to a one dimensional problem on ultra short time scales. This
assumption is valid up to several tens of nanoseconds [74]. On longer timescales relaxation
of the in-plane stress occurs and the problem becomes three dimensional. Secondly, we
assume that the stress builds up quasi instantaneous, a good approximation for metals
like SRO and LSMO due to the short electron-phonon coupling time, see section 2.2.
The impulsive optical excitation can be understood as a displacive excitation of coherent
phonons (DECP). The expanded lattice oscillates around a new equilibrium. A typical
signature of the DECP is the cosine phase of the coherent oscillation [75]. The DECP is
incorporated in the linear chain model by insertion of incompressible spacer sticks into the
linear chain at position zi of mass mi and t = 0 while the force constant of the spring is
unchanged [60, 73]. The length of spacer sticks li is proportional to σ(z). The inter atomic
lattice constant is labeled with c.

Figure 2.2: a) For t < 0 all masses are in steady state b) At t=0 thermal stress σ is induced in the layer
and incompressible spacer sticks (red) are inserted. While the spring constant is unchanged the masses
begin to move in accordance to the new forces. c) The new equilibrium position for t → ∞ in case heat
diffusion is neglected.

The linear chain model consists of N second order ordinary differential equations (ODE)
for the N atoms with mass mi which are coupled by springs with spring constant Ci. The
displacement ui of the atom i in such a linear chain causes a distortion and will launch
longitudinal acoustic waves propagating along the linear chain. Starting from Newton’s
law and allowing only nearest neighbor coupled springs, we find the following set of ODE’s:

miẍi = Ci+1(ui+1 − ui)− Ci(ui − ui−1)] (2.15)

The dispersion relation of the linear chain of masses and springs is derived from equ.
2.15 and the solution for propagating waves ui±1 = u exp(isKa) exp(±iKa)[76]. With the
identity 2 cos ka = exp(ika) + exp(−ika) we gain the dispersion relation for longitudinal
acoustic phonons, presented in figure 2.3.

ω2 =
2C

m
(1− cos ka) (2.16)

The coupled harmonic oscillator differential equations are solved analytically. The
solution is of the form

u(z, t) =
1

2v2
[2Γ(z)− Γ(z + vt)− Γ(z − vt)] (2.17)
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Figure 2.3: Dispersion relation of the first Brillouin Zone of an one dimensional linear chain of masses
and springs

where Γ is defined with the help of equ. 2.13

Γ(ζ) =
1

ρ

∫
3Bα∆T (z(ζ), t)dζ (2.18)

The solution, described in detail in [71, 77], consists of three parts for the initial condi-
tions σ(z, t = 0) = 0 and σ(z = 0, t) = 0. The first part is the quasi-static expansion
and the second and third part are a left and right propagating sound wave. Once the
two pulses are propagating and reaching an interface they will be reflected according to
the impedance mismatch of the two materials at the interface. The acoustic reflection
coefficient is calculated from

R =
ρsvs − ρmvm
ρsvs + ρmvm

(2.19)

Figure 2.4 shows two simulations of the LA waves simulated with udkm1dsim toolbox
[60] which solves equ. 2.15 analytically. Figure a) depicts a propagating LA wave excited by
an ultrashort laser pulse. The structure composed of a SRO top layer and a STO substrate
is shown in the lower panel. The left propagating sound wave is reflected at the open

material opt. penetration depth lattice parameter (hkl) vsound speed of sound

SRO 44nm 3.949 (001) Å 6.3nm
ps

[78]

STO inf 3.905 (001) Å 7.8nm
ps

[79]

Table 2.1: Parameters of SRO and STO used for simulation presented in figure 2.4

surface (interface air/sample) with R ≈ −1. As a result the entire left propagating sound
wave is reflected with a phase shifted by π and a bipolar sound wave is propagating into
the sample depth [71]. Usually, acoustic echos at the film/substrate interface are undesired
and can be prevented using two impedance matched materials studied in Papers III, IV,
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2.3.3 Surface acoustic waves

Figure 2.4: simulated strain profile

V and VI, e.g. SRO/STO or LSMO/NGO. The acoustic reflection coefficient in these
material composition is R < 0.01 and is therefore negligible. However, the impedance
mismatch becomes important, e.g. when soft matter is used on quartz substrates. The large
difference in density and sound velocity between polymer and quartz substrate leads to high
amplitude reflection coefficient of R = 0.6 and must taken into account for calibration of
the photo excited strain investigated in Papers I and II. Figure b) shows the same sample
simulated in a) except a transparent STO layer on top of the sample. The structure is
sketched in the lower panel. A compression wave is launched into the top layer and the
substrate. The left propagating compression wave is reflected at the free surface after
8ps and propagates back into the sample as an expansion wave. The compression and
expansion parts of the bipolar sound wave are separated from each other by twice the STO
top layer thickness. This structure is employed as a picoswitch1 and described in detail in
Paper III.

2.3.3 Surface acoustic waves

Almost everybody has observed surface acoustic wave (SAW) phenomena at the smooth
sea when a stone is dropped into the water. At the water surface longitudinal waves
are launched which propagate circularly at the free surface. Lord Rayleigh described this
water wave phenomena 1885 which where then named after him. Rayleigh waves span
over 10 orders of magnitude in wavelength and are observed during earthquakes or by
piezoelectric excitation of solid state samples, as infrasound and ultrasound, respectively.
In this section I introduce theoretical aspects of SAWs which are employed in Papers V
and VI. Ultrasonic SAW have been studied extensively since 1960th after the invention of
interdigital transducer (IDT) [80] and find nowadays application in delay lines, in acoustic
resonators, as convolvers and high frequency filters in every smartphone [3]. Due to a
high density acoustic field at the surface, SAWs are also employed for surface sensing of
thin layers, temperature changes or electrical fields [3]. As an alternative to IDT’S, SAWs
can be generated by laser induced thermal excitation of opaque samples. Surface waves
with specific wave vector can be excited by intersecting two ultrashort laser pulses on
the sample surface. Interference of both pulses leads to a periodic intensity modulation
along the sample surface. The periodicity, which can be tuned by altering the incidence

1A ultrashort Bragg switch to shorten X-ray pulses emitted from a third generation synchrotron or a
comparable X-ray source
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angle of the optical pulses [81], determines the wavevector via the relation k = 2π
Λ

. This
technique is employed for contact-free measurements of elastic constants, e.g. Young’s
modulus, Poisson ratio or density, in direction parallel to the surface of substrates and
nanometric thin films [82, 83]. An overview of acoustic excitations generated by ultrashort
laser pulses is given in figure 2.5, which shows the different kind of acoustic bulk waves
excited by a point-like or laser line excitation of the sample surface. The sound velocity vL
of longitudinal waves is almost a factor of two higher compared to waves with transversal
polarization vT . Independent of the in-plane and out-of-plane dimensions of the excitation
laser spot Rayleigh waves, so-called surface acoustic waves (SAWs), are generated which
include both longitudinal and transversal motion. The amplitude is small compared to the
SAW wavelength and the penetration depth corresponds roughly to the SAW wavelength
[84]. The sound velocity vSAW of a SAW is slightly less than vT of shear waves and
depends on the elastic tensor of the material. In addition to the SAW, a surface skimming
longitudinal wave (SSLW) is excited which propagates with vSSLW . The SSLW does not
satisfy the boundary condition at the free surface and therefore propagates into the depth
of the sample. It’s amplitude at the surface decays exponentially with distance from the
source [2] and decreases more rapidly than the SAW. The SSLW occurs for Θ > Θc, where
Θc is the critical angle defined relative to the free surface normal by Θc = vT

vL
. The wave

fronts are parallel to LT .

Figure 2.5: Wave fronts generated by a point or line source in a semi-infinite isotropic solid modified
from [1], p. 211. The wave fronts of mechanical deformations are located on two circles with radii vT t and
vLt. In addition, the free surface is deformed by the presence of a Rayleigh wave at ±vRt. The surface
skimming longitudinal wave (SSLW) occurs for |Θ| > Θc where Θc is the critical angle defined relative
to the free surface normal by sin Θc = vT

vL
[1]. The wave fronts are parallel to LT and arise because the

longitudinal wave does not satisfy the boundary conditions of the free surface. The energy of the SSLW is
radiated towards the interior of the material and deceases exponentially with distance from the source [2].

Within the course of my thesis I restrict my consideration to so called laser induced
transient gratings (TGs) which are generated by imaging a transmission grating onto the
sample surface to excite SAWs with a specific wave vector [81, 85]. After TG excitation the
sample surface acts as a waveguide and the elastic energy is confined near the surface within
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2.4 Tailoring of phonon wave packets

a depth of about one wavelength. The SAW is composed of transversal and longitudinal
acoustic modes resulting in an elliptical atomic motion with a sound velocity less then the
slowest shear waves. Figure 2.6 depicts the two dimensional strain field of a SAW. The
sound velocity of the SAW is dispersion free in bulk media and numerically calculated from

vSAW =
0.87 + 1.12ν

1 + ν
vt, (2.20)

where vt is the sound velocity of the transversal wave and ν the Poisson ratio along the
propagation direction [3]. However, dispersion is introduced when a thin layer of a different
kind of material is deposited on top of the substrate [86]. The product of wave vector of
the SAW and layer thickness hlayerkSAW dictates the sensitivity to the material properties
of the layer. This effect can be used to measure linear and nonlinear elastic properties in
layered materials, e.g. Young modulus, Poisson ratio and material density [3, 83, 87].

Figure 2.6: Two dimensional strain profile of a SAW taken from [3]

2.4 Tailoring of phonon wave packets

In the previous section 2.3.2 we have derived a formalism to describe thermal stress in
metals excited by a femtosecond near infrared laser pulse. The main subject in this section
is to control and tailor the amplitude and phase of the coherently excited acoustic waves.
In general, coherent control is realized by a series of light pulses separated in time, defined
as temporal coherent control. Coherent control is applied in different material systems,
e.g. to manipulate Terahertz (THz) radiation from coupled quantum wells [88], to control
the spontaneous emission from a three-level atom [89] or to regulate the photo dissociation
of molecular hydrogen [90]. As an example, coherent control of optical phonons has been
demonstrated, driving two oscillators with tunable relative oscillation phase [91]. In this
section I investigate in detail coherent control and tailoring of LA waves. Tailoring of LA
strain waves with Gigahertz (GHz) frequencies by a series of laser pulses is a prerequisite
for nonlinear acoustic frequency mixing shown in Paper IV. It is also employed as an
ultrafast switchable X-ray mirror described in Papers III and V. Coherent LA phonons
excited by a single ultrashort laser pulse have a very broad phonon spectrum containing
the fundamental and higher harmonics. Therefore, it is difficult to observe scattering
processes between phonons with certain energy and certain momentum. The spectrum of
laser generated phonons is determined either by the optical penetration depth of the laser
pulse or the thickness of the absorbing metal. Figure 2.7 a) shows a sketch of the excitation
of a bipolar strain pulse. The phonon spectra for different optical penetration depths η

14



Theoretical Background

derived from a Fouier decomposition of the spatial strain profile is shown in figure 2.7 b).
A rectangular bipolar strain profile (green curve) shows a strong modulation within the
phonon spectra for higher harmonics of the wave vector. While even harmonics are totally
suppressed we find distinct maxima at odd harmonics. For absorption lengths shorter than
the layer thickness d we observe a broadening of the phonon spectra, shown for η = 0.2d.
The phonon spectrum can be tailored by employing a sequence of optical excitation pulses,
schematically shown in figure 2.7 c), which sharpens the phonon spectra with increasing
number of optical excitation pulses. Figure 2.7 d) shows the narrow band phonon spectra
for a series of rectangular pulses generated by optical multi pulse excitation. The integrated
intensity of the excitation pulses is similar to the intensity of the individual excitation. The
excited LA phonon pulse train interferes and as a consequence a narrow band LA phonon
spectrum is generated. The higher harmonics of the narrow band phonon wave packet are
only excited if the series of pump pulses is sufficiently short in time. As a result higher
harmonics are suppressed by a series of chirped laser pulses, presented in Paper IV. The

Figure 2.7: a) Cartoon: generation of a bipolar strain pulse by a single pump pulse b) The inset shows
three different bipolar strain profiles generated by optical excitation of a transducer with thickness d and
optical penetration depth η. The main figure b) shows a Fouier transformation of the three spatial strain
profiles. The resulting phonon spectra are dependent on the ration η

d . c) Cartoon: Generation of a LA
strain pulse by a series of pump pulses. High frequency components of the strain profile are suppressed
when the pump pulses are stretched in time. d) Calculation of phonon spectra for a series of rectangular
strain pulses generated by optical multi pulse excitation. The interference of strain pulses sharpens the
phonon spectra and as a result narrow band phonon wave packets are generated. The width of the
fundamental and higher order phonon wave vectors are inverse proportional to the number of incident
excitation pulses. Higher harmonics are suppressed when the pump pulses are sufficient stretched in time
or the stress within the sample is set up slow due to a long electron-phonon coupling time.

concept of temporal coherent control can be extended to a spatial degree of freedom. This
is introduced by two laser pulses which interfere at the sample surface, i.e. a transient
grating (TG) excitation. The sample is excited by a spatial sinusoidal intensity pattern
with period Λ. As discussed in section 2.3.3 a surface acoustic wave is launched and a
thermal grating is present at the sample surface. The TG geometry is depicted in figure
2.8 a). Figure 2.8 b) presents the spatio-temporal coherent control employed by two TG
excitations, displaced in space and time coordinate. The temporal and spatial phase of
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Figure 2.8: a) Schematic of a standing surface acoustic wave (SAW) excited by a laser induced tran-
sient grating (TG). b) Spatio-temporal coherent control of the SAWs by a second TG excitation (green
laser pulses) displaced in space and time. The spatial displacement is achieved by precise control of the
polarization of the second TG excitation [4].

the SAW and the thermal grating are described by the two parameters ∆Θ (spatial phase)
and ∆t (temporal phase). The coherence coordinates can be used to disentangle coherent
and incoherent dynamics. The spatio-temporal coherent control is carried out by relative
spatial displacement ∆x of the TG excitation with −Λ

2
≤ ∆x ≤ Λ

2
.

∆Θ =
2π

Λ
∆x (spatial phase) (2.21)

∆t =
2π

T
τ12 (temporal phase) (2.22)

Φ =∆Θ + ∆t (spatio-temporal phase) (2.23)

Here T is the oscillation period of the surface wave and τ12 the temporal delay between
the two executed TG excitations.

2.5 Interaction of light and phonons in condensed

matter

In this section I give an overview of scattering processes of photons and phonons. I focus
on the main subject within my thesis the scattering between hard X-rays and phonons.
For that purpose I discuss X-ray reflection, kinematic and dynamical diffraction theory
from crystal lattice planes and introduce the concept of reciprocal space to describe quasi
elastic scattering processes. In my thesis I also study scattering from optical white light and
phonons observed via Brillouin scattering which is essentially a moving refractive index
grating treated by the same formalism, demonstrated in Papers I and II. In addition,
Paper II presents how LA sound waves are sensed by a transient shift of the plasmon
resonance of gold nanoparticles. Brillouin scattering of visible light and plasmonic strain
sensing are beyond the scope of this thesis and detailed discussions can be found in [77]
and [7], respectively.

2.5.1 X-ray scattering

The scattering between X-ray photons and electrons (XRD) of an atomic nucleus is as-
sumed to be elastic, the so called Thompson scattering. The energy and phase relation of
the X-ray photons remains unchanged and they are scattered in all directions [92]. How-
ever, in crystalline structures constructive or destructive interference occurs, which leads
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to characteristic diffraction peaks used to investigate the crystal structure of solid mate-
rials [93]. The sensitivity of XRD to lattice spacing makes it one of the best methods to
determine the structure of a crystalline sample. Within the course of this thesis I restrict
my considerations to quasi monochromatic X-ray photons, with energies in the hard X-ray
regime ranging from 8 to 15keV and angle dispersive detection of scattered X-rays. The
constructive interference was interpreted first by W.L. Bragg deriving Bragg’s law [94]:

2dhkl sin θ = mλ. (2.24)

Here λ is the wavelength of the incident X-ray photons, m the order of diffraction, dhkl the
distance of the lattice planes (hkl) and θ is the diffraction angle. Bragg’s law oversimplifies
the scattering process in terms of diffracted intensity but describes constructive interfer-
ence of waves which have an angle of incidence θ to a set of lattice planes a distance dhkl
apart [94]. One of the simplest XRD measurements is performed under symmetric scat-
tering conditions of monochromatic X-ray photons, from which the out-of-plane lattice
constant d00l of the crystal lattice planes parallel to the surface are achieved. Information
about lattice planes with an inclination with respect to the surface are only accessible via
asymmetric XRD [94]. The lattice vector Rn is described by the three crystal directions
n1, n2 and n3 and is defined with the help of the corresponding lattice constants a1 = a,
a2 = b and a3 = c as:

Rn = n1a1 + n2a2 + n3a3 (2.25)

G ·Rn = 2π(hn1 + kn2 + ln3). (2.26)

At this point I want to introduce the reciprocal lattice which is described by its basis
vectors (b1, b2, b3), which all satisfy ai · bj = 2πδi,j. The reciprocal lattice vector G =
hb1 + kb2 + lb3 specifies the points on the reciprocal space, where h,k,l are integers and
denoted as Miller Indices. The description of scattering processes in reciprocal space is
in most cases much easier. During an elastic scattering event |kout| = |kin| momentum
of an incident X-ray photon ~kin is transfered to the crystal lattice while the energy of
the scattered photon remains unchanged. The condition for a non vanishing scattering
amplitude is formulated by the Laue condition which delivers the same diffraction angles
as Bragg’s law [94].

Q = kout − kin = G (2.27)

where the wave vector transfer Q, given by the initial kin and final kout momenta of the
photon, has to be equal to a reciprocal lattice vector G [94]. The reciprocal lattice vector
G is inversely proportional to the lattice constant and points normal to the lattice planes.
If the reciprocal lattice is aligned with the Cartesian laboratory system, we can define a
coordinate transformation for the reciprocal scattering vector. I restrict my considerations
to the scattering plane xz. The incidence angle αi and the scattering angle αf , measured
in real space with respect to the sample surface, are connected to Qz and Qx by [5, 95]

Qz =
2π

λxray
(sinαi + sinαf ) (2.28)

Qx =
2π

λxray
(cosαi − cosαf ) (2.29)

The angles αi and αf are related to the rotation of the goniometer (ω) and the detector
(Θ) by

ω = αi (2.30)

2Θ = αi + αf (2.31)
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2.5.1 X-ray scattering

The reciprocal space coordinate system (Qx, Qz) is depicted in figure 2.9. The angles
between the incident and diffracted X-ray beam, kin and kout, are denoted as αi and αf in
respect to the sample surface. In case of a divergent incoming X-ray beam, nonconcentric
Ewald circles are illuminated. Illustrated by dashed and solid circle segments [6]. The
reciprocal space resolution is determined by the divergence of the incoming X-ray beam,
the energy resolution and the pixel size of the area detector [6]. These parameters and the
constitution of the sample planes define the resolution necessary to map out the diffracted
intensity in reciprocal space, depicted as green ellipsoid [6]. While a ω scan moves almost
parallel along the Qx coordinate, a θ scan moves along the Ewald circle. A ω2θ scan
moves along the Qz direction [6]. Now we calculate the diffracted intensity of a crystalline

Figure 2.9: Reciprocal space mapping of the crystal truncation rod (green ellipsoid)

structure from the unit cell structure factor and the lattice sum with

F crystal(Q) =

Unit cell structure factor︷ ︸︸ ︷∑
rj

fj(Q, ~ω)eiQ·rj

Lattice sum︷ ︸︸ ︷∑
Rn

eiQ·Rn , (2.32)

where fj(Q, ~ω) is known as the atomic form factor, which is equivalent to the scattering
strength of the j′th atom at unit cell position rj [94]. This factor has an X-ray photon
energy dependence which is mainly governed by the binding energies of the electrons of
different shells (K,L,M etc.). In the hard X-ray regime only inner shell electrons show
binding energies comparable to the photon energy. So called absorption edges does not
only influence the scattering amplitude but also leads to a phase lag in respect to the
driving field, in analogy to a forced harmonic oscillator, which is taken into account by
if 2. These assumptions lead to final definition of the atomic form factor with corrected
dispersion

fj(Q, ~ω) = f 0(Q) + f 1(~ω) + if 2(~ω) (2.33)

The second factor in equ. 2.32 describes the lattice sum. The scattering amplitude for
a crystal F crystal(Q) is not vanishing if Q = G is fullfilled. This result in the phase
relation for constructive interference eiQR = 1 previously expressed as Laue condition

18



Theoretical Background

2.5.1. The presented theory of kinematic XRD is well suited to describe scattering from thin
crystalline layers of some hundred nanometers, powders with small crystallites or imperfect
crystals. The assumption is that the interaction can be regarded as comparatively weak
and multiple scattering events are neglected. This is a good approximation for nanometric
thin crystalline layers where extinction and multi reflections do not play a role. This
is obviously not the case if highly perfect single crystal substrates are investigated, e.g.
epitaxial grown STO or DSO presented in Papers III, IV, V and V. Here, many electrons
contribute coherently to diffraction peaks and scattering effects are no longer small. For
that purpose one has to make use of the more complex dynamical XRD theory which
is also employed by the udkm1dsim toolbox to simulate XRD from highly perfect and
semi infinite crystalline structures, presented in Papers III and V. For the calculation of
dynamical XRD a complex formalism of reflection and transmission matrices is applied to
every individual atomic layer forming the sample [44]. Further detailed discussions about
UXRD can be found in [96, 97]. I will discuss X-ray diffraction from coherent and thermal
strain fields in more detail in chapter 3.

2.5.2 Grazing incidence small angle X-ray scattering (GISAXS)

Grazing incidence small angle X-ray scattering (GISAXS) is a powerful tool to study
surfaces and interfaces of thin films. A reduced X-ray penetration depth of less then
10nm results from a refractive index less than unity for matter in the X-ray range. This
leads to an exceptional surface sensitivity under grazing incidence and a high reflected
intensity. This principle is used to build efficient X-ray optics employing total reflection.
GISAXS methods with surface sensitivity are needed to investigate nanostructures or thin
nanometric layers which show intrinsically a higher surface to volume ratio [98]. The
refractive index including absorption is calculated from

n = 1− δ + iβ (2.34)

with dispersion and absorption coefficient

δ =
2πρf 0(0)r0

k2
β = −f 2 2πρr0

k2
, (2.35)

respectively. Where r0 denotes the scattering amplitude per electron, ρ the electron density
of the investigated material, k the wave vector of the incidence X-ray and the atomic form
factor components f 0 ad f 2 previously defined in equ. 2.33. For X-rays we find a refractive
index slightly smaller than unity and consequently total reflection occurs. The critical angle
αc =

√
2δ for the vacuum/sample interface is calculated from Snell’s law. Typical values

for δ are in the order of 10−6 resulting in a critical angle of αc = 0.2 °. For X-ray incidence
angles αi smaller then the critical angle total reflection occurs and only the evanescent
wave is penetrating into the sample. The X-ray penetration depth for grazing incidence ζ
is calculated from [98]:

ζ =
λxray
4π

√
2√

(ω2 − α2
c)

2 + 4β2 − (ω2 − αc)
. (2.36)

Figure 2.10 shows the X-ray penetration depth in dependence of the incidence angle and
the X-ray energy for SrTiO3. Close to the critical angle we find a penetration depth of
less then 20nm. Above the critical angle the penetration depth rises very fast up to 10µm
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which is the absorption and extinction limit. The intensity of the total reflected X-rays
scales with I(ω) ∝ 1

ω4 for ω > αc. A drawback of such small incidence angles is a poor
in-plane spatial resolution due to the large X-ray footprint on the sample. Especially in
time-resolved GISAXS experiments this has to be compensated with a large laser excitation
spot. GISAXS can be desribed in reciprocal space, introduced in section 2.5.1. However,
the main difference between GISAXS and XRD is that the momentum transfers stems
from the recoil momentum of the total reflected X-rays. This can be used to study time-
resolved asymmetric surface scattering from which the out-of-plane surface distortions are
determined, as demonstrated in Papers V and VI.

Figure 2.10: X-ray penetration depth in dependence of the incidence angle for SrT iO3 calculated from
equ. 2.5.2. The penetration depth changes dramatically around the critical angle αc indicated by a circle.
The refractive index is X-ray energy dependent and we find a critical angle of 0.11° and 0.22° for energies
of 8keV and 15.6 keV, respectively.
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Chapter 3

Experimental Concepts

This chapter is divided into two main parts. Section 3.1 addresses X-ray based experimental
concepts. Here, I investigate the crystal lattice response after the excitation with ultrashort
laser pulses by subsequent probing of the excited lattice dy na mics with hard X-ray
photons. I introduce coherent and incoherent out-of-plane lattice dynamics on picosecond
to microsecond timescales as an introduction to Papers III and IV. Simultaneously, this
section summaries the essential details of the different kind of ultrafast X-ray diffraction
(UXRD) setups employed during my graduate studies which are necessary to access the
variety of experimental timescales of coherent and incoherent laser excited lattice dynamics.
An overview of the setups, the experimental timescales and the corresponding research
topics is given in figure 3.1.

Figure 3.1: Overview about UXRD timescales: (red) Plasma X-ray Source, (green) 3rd generation syn-
chrotron setup and (blue) table-top CW X-ray setup for time correlated single photon counting (TCSPC).

In the following, the powerful tool of UXRD measurements is shown in an exemplary
way for synchrotron based measurements. The method is demonstrated by ω/2Θ measure-
ments of the transient expansion of thin films on a crystalline substrate. Additionally, I
present heat transport measurements with the CW X-ray setup on the same sample.
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3.1 Ultrafast X-ray Diffraction - a tool to study lattice dynamics

The second part of this chapter, section 3.2, is dedicated to time-resolved all optical
pump-probe spectroscopy. Here I illustrate the experimental concepts of interaction be-
tween optically excited coherent acoustic phonons and soft matter with incorporated gold
nanoparticles published in Papers I and II. Therefore I present the all optical pump-probe
setup and describe broadband time domain Brillouin scattering (TDBS) and physical as-
pects of a white light supercontinuum probe.

3.1 Ultrafast X-ray Diffraction - a tool to study

lattice dynamics

3.1.1 Measurement Setup BESSY II

Figure 3.2: XPP experimental station at KMC3-beamline at BESSY II

Figure 3.2 depicts the experimental setup of the X-ray Pump-Probe beamline (XPP-
KMC3) at BESSY II. The XPP experimental station is dedicated to ultrafast X-ray diffrac-
tion (UXRD). The experimental station is described in Paper III and [99]. The electron
bunches orbit the storage ring with a frequency of 1.25 MHz and an energy of 1.7 GeV. At
the beamline electron bunches of the storage ring accelerated by a bending magnet emit
a bright beam of X-ray pulses with a energy spectrum ranging from 2 keV to 16 keV. The
beam is collimated by a toroidal X-ray mirror (M1) and monochromatized by a double
crystal monochromator (MC) with an energy resolution of ∆E

E
≈ 10−4. The monochro-

matic X-ray beam is focused by a second toroidal mirror (M2) resulting in a focal point
of 170µm x 350µm with a vertical divergence of 0.52 mrad. The X-ray beam diameter
is reduced down to 80µm by a spherical aperture placed 50 mm before the sample. As a
source for optical pumping a commercial Yb- doped fiber laser (Impulse, Clark MXR) is
employed [100]. The laser system delivers pulses with an energy of 10µJ , a pulse duration
of 260 fs at a central wavelength of 1030 nm. To perform pump-probe experiments the
oscillator of the laser system is synchronized to the RF signal 500

20
= 25 MHz of the storage

ring and the synchronization unit is used to adjust the relative delay between X-ray and
optical pulses. The repetition rate of the amplified laser is tunable ranging from 200 kHz up
to 1.25 MHz. The laser output is focused onto the sample with a lens (L1=750 mm). [99].
The lens is motorized to adjust the laser footprint and the focal position on the sample.
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The focused X-ray beam is diffracted from a crystalline sample and recorded by a 100 k
Pilatus Hybrid Pixel detector (Dectris). The detector is triggered by the laser allowing to
isolate the camshaft electron bunch of the storage ring within gated operation mode [101].
The time resolution of the experiment is determined by the X-ray pulse length ranging
from 60-100 ps in Hybrid Mode depending of the single bunch current. The storage ring
can be filled with a low charge mode (low alpha Mode) resulting in a increased tempo-
ral resolution down to 5 ps [102, 103]. The data presented in Paper III is measured at
the XPP-KMC3 experimental station. In addition, a typical UXRD measurement of the
Picoswitch sample I is presented in section 3.1.5.

3.1.2 Measurement Setup ESRF

The experimental station ID09 of the European Synchrotron Facility (ESRF) in Grenoble,
France is described in detail in [104]. Here I will point out the main experimental differences
compared to the experimental setup described in the previous section 3.1.1 and provide
experiment relevant parameters of both experimental stations in table 3.1. The electron
bunches of the ESRF orbit the storage ring with a frequency of ≈354 kHz and an energy
of 6 GeV. Very bright X-ray pulses are emitted from a insertion device either by undulator
u17 or u27 accessing X-ray energies ranging from 8-25 keV and a total power of ≈3 kW
are focused by a single toroidal mirror. The X-rays are monochromatized by a liquid
nitrogen cooled channel cut silicon crystal. The repetition rate of the X-ray pulses is
reduced to 369th subharmonic (986.6 Hz) by the combination of a heat load- and high
speed chopper system. A commercial Ti:Sa laser system (Coherent) with 4 mJ laser pulse
energy is synchronized to the chopped X-rays and the synchronization unit is employed to
adjust the relative delay between X-rays and optical pulses. The main difference compared
to the XPP-KC3 setup, described in section 3.1.1, is the repetition rate of the pump-probe
experiment. Due to the 200 times reduced repetition rate accumulated thermal gradients
are not present in solid state samples. Additionally, nonlinear interaction of light and
matter can be studied with the available pump fluences. The number of X-ray photons
per seconds is almost three orders of magnitude higher becoming the synchrotron setup of
ultimate choice. The data provided in Papers III, IV, and V are measured at the ESRF.
In addition, I present unpublished data in chapter 4 which demonstrate coherent control
of acoustic waves and thermal excitations.

3.1.3 Plasma X-ray Source - PXS

The PXS setup at the University of Potsdam depicted in Figure 3.3 is a further develop-
ment of Ref. [105] and is described in detail in Ref. [5]. The laser driven plasma X-ray
source produces hard X-ray bursts with an energy of 8 keV (Cu Kα) and a repetition rate
of 1 kHz. The main advantage of the PXS compared to synchrotron facilities is the high
temporal resolution of the X-ray pulses of 200 fs. While the setup suffers from a rather poor
angular resolution due the presence of Kα1,2 radiation and a high convergence of the X-ray
beam of 0.3 ° the time-resolved X-ray flux is comparable with the XPP-KMC 3 experi-
mental station. However, the simultaneous detection of symmetrically and asymmetrically
diffracted X-ray photons by a fast 100 k Pilatus Hybrid Pixel detector (Dectris) gives ac-
cess to study thin film and imperfect bulk samples by ultrafast reciprocal-space mapping
(URSM). The pump-probe delay is realized by a mechanical delay stage introduced into
the pump path. Therefore the setup is limited to a pump-probe delay of up to 4 ns. The
two-circle goniometer and the implementation of a closed-cycle cryostat complete the ex-
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3.1.4 CW X-ray Setup

Figure 3.3: The laser is focused onto a copper tape inside a vacuum chamber to generate femtosecond
X-ray pulses. The X-rays are monochromatized and focused onto the sample with a multilayer Montel
optic. The diffracted X-rays are detected by a 100k Pilatus detector (Dectris). The figure was taken from
Ref. [5]

perimental setup which is ideal to study photo-induced structural dynamics with sub-ps
time-resolution. A comparison between the PXS and synchrotron based UXRD setups is
presented in table 3.1. The PXS was employed to calibrate the photoexcited strain from
Azobenzene and to measure the time-dependent coherent lattice strain in a thin LAO layer,
presented in Papers I and III, respectively.

XPP ID09 PXS

insertion device Dipol Undulator Laser Plasma
ernergy range 2-14 keV 12-15 keV,20-25 keV 8 keV
repetition rate 208 kHz 0.9 kHz 1 kHz

X-ray pulse length 60-100 ps 100-120 ps 200 fs
X-ray photons per second 3 · 107 2.2 · 1010 [104] 3 · 106 [5]

Laser wavelength 1035 nm 800 nm 800 nm
Laser pulse energy 10µJ 4 mJ 1.5 mJ

Table 3.1: experimental Properties of XPP-KMC3 (Bessy II), ID09 (ESRF) and Plasma X-ray Source
(University of Potsdam).

3.1.4 CW X-ray Setup

I demonstrate a table top setup for real-time observation of heat transport in crystalline
thin film structures and nanostructures via time-resolved X-ray diffraction on timescales
from nanoseconds to milliseconds. The experimental setup is sketched in figure 3.5. A
similar scheme is available at BESSY II and is presented in [100]. The time-resolution is
achieved with a fast scintillator, a photomultiplier tube (PMT) and time-correlated single-
photon counting module (PicoHarp 300, PicoQuant). I have calibrated the time-resolution
of the table top setup with the 200 fs X-ray pulse emitted from the PXS, the data is
depicted in figure 3.4. The time-resolution of the detector is read out from the FWHM of
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the time-correlated signal which gives 1.6ns. It is clearly sufficient to study heat diffusion
from nanosecond to millisecond timescales, presented in section 2.1. I measured the heat
diffusion dynamics in the PicoSwitch sample from Paper III with this low-cost cw X-ray
setup.
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Figure 3.4: Histogram of events vs. X-ray arrival time. The femtosecond X-ray pulse from the PXS, see
section 3.3, is employed to measure the time-resolution of scintillator and photomultiplier tube by single
photon counting (PicoHarp 300, Picoquant). The time-resolution is limited by the fluorescence decay time
of the scintillator which is in the order of 1.6ns.

The sample is excited by short laser pulses delivered from an amplified laser system
(Newport, Spirit, kindly provided by the group of Prof. M. Gühr). The laser emits 1030 nm
femtosecond pulses with a pulse energy of up to 80µJ at a repetition rate of 50 kHz. The
laser pulses are chirped by a single reflection from an optical grating (800 lines/mm) and
guided by an optical fiber through the sample. Therefor the pulse length is stretched to
1 ns. The heat induced lattice dynamics are probed by 8 keV X-rays (CuKα) generated by a
conventional microfocus X-ray tube, focused by a polycapillary X-ray optic and monochro-
matized by a single Bragg reflection, e.g. from a Si or HAPG crystal. Diffracted X-ray
photons from the sample are detected with a fast X-ray phosphor scintillator connected to
a photomultiplier. The electronic signal is fed into a time-correlated single-photon count-
ing module (PicoHarp 300, Picoquant), recording a histogram of events vs. X-ray arrival
time. The dataset of heat diffusion dynamics within the PicoSwitch sample is provided in
section 3.1.6.

3.1.5 Typical UXRD Measurement

In this section I show a typical UXRD measurement of the PicoSwitch sample I, see table
3.1, which is employed as an ultrafast Bragg switch in Paper III. Additionally, this subsec-
tion provides the necessary background to understand laser exicted coherent and incoherent
dynamics and the typical experimental timescales further investigated in Papers III, IV,
V and VI. The set of data is measured at the XPP-KMC 3 beamline at BESSY II with
a laser repetition rate of 208 kHz and an X-ray energy of 6.5 keV with a gated pilatus
100 k detector. Figure 3.6 shows a scan of the X-ray incidence angle ω under a fixed de-
tector angle θ. The so called rocking curve of sample presented in Paper III shows three
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Figure 3.5: X-ray photons generated in a microfocus CW tube probe the dynamics in a laser excited
sample mounted in the rotation center of a 4-axis goniometer. The sample is excited with 50kHz repetition
rate by ultrashort laser pulses (200 ps, 80µJ), which leads to ultrafast heating of the excited layer and
subsequent thermal diffusion into the adjacent layer and into the substrate. The diffracted signal is fed
into a time-correlated event counter (TCSPC), which generates a histogram of scattering events vs. the
pump-probe delay

pronounced Bragg peaks, namely the (002) reflection of Lanthanum Strontium Manganite
(LSMO) at 28.9 deg, the (220) reflection of Neodymium Gallate (NGO) at 30 deg and the
(002) reflection of Lathanum Aluminate at 30.6 deg. The blue curve shows a measurement
without laser excitation from which we extract the out-of-plane lattice constants of LAO,
LSMO and NGO at room temperature in thermal equilibrium. The magenta curve shows
the (002) reflection of LSMO 100 ps after optical excitation. The optical pump pulses are
exclusively absorbed in the metallic LSMO, shown in the inset of figure 3.6 which depicts
the optical absorption profile within the PicoSwitch sample. The thermal expansion of the
LSMO layer leads to a transient peak shift to smaller incidence angles and to propagation
of coherent acoustic phonons. I calculate from ∆c

c
= − ∆Θ

cot Θ
the relative expansion of the

LSMO crystal lattice. On longer timescales heat diffusion dynamics play a major role and
the adjacent layer are heated. The red curve depicts the Bragg peak positions of LAO,
LSMO and NGO at a pump-probe delay of 50 ns. The sample is in thermal equilibrium
evidenced by a constant peak shift of LAO, LSMO and NGO. The substrate peak shows a
broadening and an intensity decrease due to a thermal gradient of the NGO crystal lattice
within the 10µm probe depth of the X-ray beam. Experiments with high laser repetition
rate usually induce undesired thermal strain fields. Depending on the repetition rate the
heat load can be orders of magnitude larger compared to transient dynamics[99]. The
stationary and transient heating is highly relevant to heat assisted photo-chemical reac-
tions which show an increased reaction rate if incorporated gold nanotriangles are heated
with a CW laser Paper VII. The ongoing research tries to answer if the photo-chemical
dimerization reaction of 4-NTP to DMAB is driven by plasmonic excited hot electrons or
if the ambient temperature in the vicinity of the gold nanotriangle triggers the chemical
reaction. For that purpose the determination of the transient and static gold nanotriangle
temperatures via UXRD techniques is unambiguously to answer the highly debated ques-
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tion. In the next section I show a conceptually simple model system for heat diffusion
dynamics exemplified by experimental data of the PicoSwitch sample 3.1.6.

material lattice parameter (hkl) dlayer Thickness vsound speed of sound

LAO 3.79105 (001) Å 46 nm 6.7nm
ps

[106]

I LSMO 3.9331 (001) Å 77 nm 6.5nm
ps

[79]

NGO 3.8644 (110) Å 500µm 6.72nm
ps

[107]

Table 3.2: Material properties of the PicoSwitch sample I.

Figure 3.6: static (laser off) and time-resolved (laser on) rocking curve of PicoSwitch sample I. Sample
parameters are listed in table 3.2. Inset: optical absorption profile of the sample

3.1.6 Heat Transport in Nanostructures

The previous section discusses the lattice dynamics of nanometer thin film structures. In
this section we use the table top setup depicted in figure 3.5 to observe heat transport in
real-time on nanometer length scales. The setup is easy to use when compared to large
scale facilities or Plasma X-ray Sources and requires a fraction of the financial effort. The
manipulation of heat transport in nanostructures plays an important role which is driven
by the enormous size reduction of integrated circuits and the field of thermoelectrics [108–
113]. The research field promises a great variety of applications ranging from waste-heat
harvesting [114], quantum computation encoded by phonons [115] and laser thermo therapy
of cancer cells [116]. Here I study heat transport on the nanoscale within the previously
introduced PicoSwitch sample I, see table 3.2, which is important for the performance of
the ultrafast Bragg switch presented in Paper III. Figure 3.7 shows the average temper-
ature of the LAO, LSMO and NGO crystal lattice of the PicoSwitch sample I after laser

27



3.1.6 Heat Transport in Nanostructures

excitation. The Bragg peak positions were determined by ω/2θ scans. The channel res-
olution of the picoharp was set to 128 ps which results in a maximum pump-probe delay
time of about 128 ps · 35536 ≈ 8.4µs due to number of channels available. The recorded
histogram data are binned to 1.28 ns for LAO, LSMO and 25.6ns for NGO to improve the
signal-to-noise ratio and to visualize the dynamics within the first 200 nanoseconds. A
one dimensional heat diffusion simulation is performed with udkm1Dsim toolbox [44] to
reproduce the recorded data. The result is presented in figure 3.7 a). The rise time of the
temperature within the metallic LSMO layer after optical excitation is convoluted with
the time resolution of the experimental setup. However, the time-dependent temperature
of the LSMO and LAO peaks at 4ns and 10.3ns, respectively. The NGO substrate shows
a ten times slower thermal expansion dynamics due to the large crystal volume and a
probing depth limited by extinction of ≈ 1µm. Surprisingly, we observe a much slower
heating of the LAO compared to the LSMO layer. One reason is a Kapitza resistance at the
LAO/LSMO and LSMO/NGO interface which limits the heat flux through the interfaces.
This is taken into account by an effective heat conduction of LAO and NGO. Important
simulation parameters and the effective heat conductivities are listed in table 3.3. Figure
3.7 b) shows the same measurement and simulations for a pump-probe delay of up to 8µs.
For that reason the LAO and LSMO data are binned by an additional factor of five re-
sulting in 6.4 ns. The presented one dimensional heat simulations are in good agreement
with the first 200 ns of the measurement. Later on, the simulation starts to differ from the
measured data. The heat diffuses in three dimensions and cooling takes place faster.
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Figure 3.7: Average temperature of LAO/LSMO/NGO after optical excitation. The lattice expansion is
analysed by a center of mass routine of the respective Bragg peak positions. a) Shows the short timescales
relevant for heat diffsuion on the nanoscale in the LSMO and LAO layer. The time-resolution is achieved
by binning the substrate data by a factor of 200 (25.6 ns) and the thin layer data by a factor of 10 (1.28 ns)
for a better temporal resolution but to the disadvantage of the signal-to-noise ratio. The short timescale
data is reproduced by a one dimensional heat diffusion simulations performed with the udkm1Dsim toolbox
[6]. b) Shows the long timescale heat diffusion dynamics of the sample with binned data by a factor of 50
(6.4 ns) for the thin layers and 200 (25.6 ns) for the substrate. The data is reproduced by the same one
dimensional simulation presented in panel a). Deviations from the measurement are observed after 200 ns
because of three dimensional cooling.
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material thermal conductivity W
m·K heat capacity @300K dlayer thickness sim

LAO 0.15 91.4 [106] 46 nm
I LSMO 0.9 122.6 [79] 77 nm

NGO 0.5 105.8 [107] 5µm

Table 3.3: Parameters of the PicoSwitch sample I for heat diffusion simulations with the udkm1Dsim
toolbox [6].

3.2 Time-resolved optical pump-probe spectroscopy

In this section I give an overview about all optical pump-probe spectroscopy to serve as
an introduction to Papers I, II and IV. I employ ultrafast optical laser pulses to study
the structural dynamics of polyelectrolyte and solid state samples. The different structural
dynamics are figured out by two optical pump-probe setups described in this section. At
first, I investigate azobenzene containing polyelectrolyte samples which show an interesting
viscoelastic deformation upon strain actuation when gold nano particles are incorporated.
As a second example I investigate the nonlinear interaction between high strain phonon
wave packets and the anharmonicity of the interatomic potential of the crystal lattice.

3.2.1 Pump-Probe setup: Soft matter samples

The all optical pump-probe setup is depicted in figure 3.9. A fraction of 20% of the
1.7 W amplified laser output (Newport, Spitfire) is used to measure with the experimental
setup sketched in a). A beamsplitter is used to devide the laser beam (795 nm) into
an intense pump- and a much weaker probe pulse. The probe beam is focused into a
sapphire crystal where the high electric field leads to the generation of a supercontinuum
[117, 118]. The generated white light ranges from 400 nm to 750 nm. The remaining
near infrared laser beam is blocked by a short pass filter (SP, Calfflex X). The white
light pulses are focused onto the sample and the reflection and transmission is recorded
simultaneously by a two channel spectrometer (Avantes, multi-channel spectrometer). The
near infrared pump pulses are focused into a Beta-Bariumborat crystal (BBO; angle optical
axis 29.2 deg) to generate the second harmonic of 398nm. The second harmonic is reflected
by a dichroic mirror and enters the motorized delay stage to regulate the temporal delay
between pump and probe pulses. After the delay stage, the pump pulses are modulated
with a frequency of 250Hz by a mechanical chopper which is synchronized to the 5kHz laser
repetition rate. The 398nm pump pulses excite an azobenzene containing polyelectrolyte
sample. The excited molecular dynamics are probed by the white light in reflection and
transmission simultaneously as a function of the pump-probe delay. The signal-to-noise
ratio of the experiment is improved due to direct comparison of pumped and unpumped
spectra, resulting in a experimental precision of up to 10−4. The setup was employed to
measure the data sets presented in Papers I and Papers II.

3.2.2 Time-resolved optical spectroscopy of
Azobenzene-containing polyelectrolytes

In this section I present a typical measurement of Azobezene-containing polyelectrolytes
deposited on a fused silica substrate taken from Paper I. Additionally, a transparent poly-
electrolyte double layer is deposited on top of the azobezene and goldnanorods are incor-
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Figure 3.8: The azobenzene sample I sketched in panel e). a) Shows the transient shift of the interference
pattern, simulated in b), induced by a refractive index change and a transient thickness change. c) Gold
nanorods are deposited on top of azo sample I and a peak shift of the plasmon resonance is observed. d)
Transient reflectivity change of 550 nm, 610 nm and 730 nm. The transient red shift detected at 610 nm
stems from a shift of the plasmon resonance due to arrival of a LA coherent wave. f) Shows the transient
transmission spectra of the gold nanorods without an absorbing layer of azobenzene. The transmission
spectra does not indicate any peak shift in time. Taken from Paper II

porated on the surface to sense the viscoelastic behavior of the transparent polyelectrolyte
[119]. The relevant sample parameters are listed in table 3.4. In figure 3.8 a measurement
of the Azobenzene sample I panel e) is presented. In this time-resolved measurement,
which was performed with the optical pump-probe setup 3.9 a), three typical features are
observed.

The first, is the thin film interference within the white light probe range. Pronounced
oscillations occur over the entire probe spectrum which are a result of interference between
reflected light from the surface and the polymer-fused silica substrate interface. The
interference minima are calculated from 2nd cos(β) = mλ, n denotes the refractive index of
the polymer film, d the thickness of the film and β the incidence angle of the probe white
light. The measured and calculated interference pattern are shown in panel b). In panel a)
a time-resolved measurement of the sample without gold nanorods is shown. The ultrafast
optical excitation induces a negative change of the refractive index due to an excited
molecular state [120]. In addition, the expansion of the azobenzene calibrated by UXRD
in Paper II, causes also a negative change of the refractive index which shifts the thin film
interference pattern to smaller probe wavelengths. While the refractive index change can
be resolved with the time-resolution of the experiment, the expansion dynamics are domi-
nated by the azobenzene layer thickness and the sound velocity of the polymer. The shift
of the thin film interference pattern, indicated by arrows in panel a), lasts for about 250 ps.

The second feature, is the observation of time-domain Brillouin scattering [121] in-
dicated by fan like oscillations within the white light probe spectra. Usually Brillouin
scattering is comparable to X-ray diffraction from crystals because of the formal analogy
between the interference conditions, the so called Bragg’s law. An incident electromag-
netic wave with the wavelength λn = λs

n(λ)
in the material is diffracted from the propagating

density grating (Bragg grating) produced by the strain induced refractive index change,
i.e. the photo-elastic effect [122]. With the analogy λs = 2π/|Q| ≡ dhkl. Starting from
Bragg’s law λn = 2λs sin Θ the equation for a propagating sound wave is derived from
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the interference of a static reflection at the surface and the reflection from a propagating
refractive index grating induced by the sound wave. The phase of the index grating is
changed during propagation from which we deduce the period Ts of time-domain Brillouin
scattering signals.

Ts =
λn

2vs sin Θ
(3.1)

In fact, this kind of oscillation are observed in all optical reflectivity experiments with a
single excitation pulse and broad band probe pulse [123–125]. If the wavelength dependent
refractive index is know, e.g. by ellipsometry, equation 3.1 gives direct access to the sound
velocity within the thin film.

The third feature, is observed in figure 3.8 c). An incorporation of goldnanorods at the
sample surface of Azo sample I leads to a transient shift of the plasmon resonance of the gold
nanorod when the sound wave reaches the gold particles. The shift occurs in the opposite
direction compared to the thin film interference, indicated by the upper arrow starting
with the arrival time of the acoustic sound wave. The shift is explained by a viscoelastic
change of the dielectric polymer. In the vicinity of the gold nanoparticle the sound wave
is reflected at the free surface and at the gold nanoparticle, the two reflected waves show a
phase difference of π Paper II. This leads to an in-plane stress which drives the viscoelastic
particle motion in the vicinity of the gold nanorods and the plasmon resonance is shifted
to larger wavelengths [119]. This behavior is indicated in figure 3.8 panel d) where the
time-resolved data for 730nm, 610nm and 550nm is shown. However, only the 610nm
trace shows a redshift of the plasmon resonance due to the viscoeleastic particle motion. I
demonstrate a crosscheck experiment, depicted in figure 3.8 panel f), where gold nanorods
are incorporated in a 20nm thick transparent PSS/PAH layer deposited on a fused silica
substrate, a schematic is shown in figure 3.8 panel g). The observed dynamics stem from
direct excitation of the gold nanorods with the 398nm pump pulses. However, a shift of
the plasmon resonance is not observed.

sample transducer propagation layer detection layer

Azo sample I 846nm PAzo/PAH 275nm PSS/PAH GNR LPR @ 650nm

Soliton sample I 30nm Aluminum 374µm GaAs 140nm AlAs

Table 3.4: Azobezene sample I

3.2.3 Soliton Pump-Probe setup

The setup shown in Figure 3.9 b) is employed to measure the nonlinear propagation of
nanometric phonon wave packets Paper IV. The main difference compared to setup a) is the
path of the pump pulses. Narrow band phonon wave packets are excited due to temporal
and spatial pulse manipulation. The temporal pulse length of the pump is stretched with a
grating pair up to 20 ps. Additionally, a replica of the pump pulses are produced within an
Michelson interferometer. The pulse series is guided towards the sample which is mounted
in a cryostat. Upon request the sample can be cooled down to 20 K to reduce the phonon
damping resulting in a phonon propagation length of hundreds of micrometer in GaAs. The
reduced damping rate offers the opportunity to observe the formation of acoustic solitons
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at appropriate excitation fluence. The integrated optical fluence was about 20− 60 mJ
cm2 to

study the nonlinear phonon-lattice interaction, comparable to Paper IV.

Figure 3.9: Schematic of the time-resolved optical pump-probe setups: a) 60µJ from the amplified laser
output are split into intense pump and weak probe beams with a beamsplitter (BS). The pump pulses
are focused into a Beta-Bariumborat crystal (29.2 deg) to generate the second harmonic at 398 nm. The
pump path is elongated or shortened by a computer controlled mechanical delay stage which is later on
converted into relative pump-probe delay. The pump beam is chopped with the 20th sub-harmonic of
the laser 5000Hz/20 = 250Hz to measure alternating pumped and umpumped spectra. The 398nm
pump pulses are focused at the sample to increase the incident fluence. The remaining probe beam is
focused with a lens (L3 = 50mm) into a sapphire plate to generate a white light supercontinuum which
is collimated by a spheric lens (L4 = 25mm). The residual 800 nm light is blocked by a Calfflex X filter.
The white light is focused to the pump beam position and the reflection and transmission are measured
with a two channel spectrometer (Avantes). b) 200µJ are separated with a beamsplitter into pump and
probe beams. The white light supercontinuum is generated in the same way, presented in setup a) and
focused to the backside of the sample. The reflection is recorded synchronized to the pump beam by single
channel spectrometer (Avantes). The pulse length of the intense pump beam is stretched by a grating pair
to 20 ps. Subsequently the stretched pump beam passes up to three interferometer where upon request
eight pulses with equal intensity but crossed polarisations are generated. The travel distance within each
interferometer arm is adjusted by a mechanical delay stage to generate a temporal series of pump pulses.
The series of pump pulses is send over a delay stage and focused with a telescope slightly out of adjustment.
The spatial position of the pump pulse series is fixed by a CCD camera (beamprofiler, Thorlabs). The
pump pulses are chopped with the 20th sub-harmonic and focused to the front side of the sample.
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Chapter 4

UXRD Highlights

In this chapter I will highlight the main results of my PhD work. Here three different
approaches are discussed to excite and apply ultrafast tailored strain fields in crystalline
thin film structures. First I will review an improved concept of a thin film ultrafast Bragg-
Switch (PicoSwitch), as a result of Paper III. The second part will be about nonlinear
interaction between narrow-band phonon wave packets and the anharmonic potential of
the crystal lattice, demonstrated in Paper IV. In full analogy to nonlinear optics I present
a nonlinear mixing scheme for the second harmonic generation of phonon wave packets.
The final section describes a novel transient grating method for coherent control of surface
excursions. The new concept allows to disentangle thermal and acoustic contributions by
time-resolved X-ray reflectivity (XRR) techniques. In addition, spatio-temporal coherent
control is employed by tailored transient grating (TG) excitations to control thermal and
coherent strain fields individually, presented in Papers V and VI.

4.1 The PicoSwitch

Ultrafast pump-probe experiments are a versatile tool to study phenomena at fundamental
timescales of electronic and nuclear motion in chemistry, biology and physics. The time
resolution of the stroboscopic method is limited to the pulse duration of pump and probe
pulses [22, 23]. While in all optical pump-probe experiments very intense and sub-100 fs
laser pulses are widely available the same is not true for X-ray probe pulses. A limited
number of facilities and table top sources around the world exist which fullfill this criterion
[126]. The most important approaches are laser based plasma X-ray sources, introduced
in section 3.1.3, femtoslicing of electron bunches [127–130] and low-alpha schemes at syn-
chrotrons [131]. The fourth generation of X-ray facilities, the free electron laser (FEL),
delivers extremely bright sub 100 fs pulses [132, 133] closing the line to its all optical
counterpart. However, all sources worldwide do not satisfy the experimental demand and
drawbacks such as beam stability (PXS, FEL) and low X-ray flux (PXS, femtoslicing)
call for alternative techniques [126]. Therefore I review a concept of X-ray pulse short-
ening which exploits the structural dynamics of photoexcited thin films. Bucksbaum et
al. proposed a X-ray pulse shortening scheme which utilizes laser excited coherent opti-
cal phonons by impulsive stimulated Raman scattering [134]. The main idea was that an
ultrashort laser pulse modulates the X-ray diffraction efficiency of a photoexcited sample
on an ultrashort time scale, much shorter then the X-ray pulse length. The reflected X-
ray pulse is shortened by the ultrafast sample response and is afterwards employed as a
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probe for UXRD experiments. The proposal suggests to generate optical phonons which
modulate the structure factor of GaAs to generate transient diffraction peaks with an in-
tensity oscillation period of 10 fs up to 1 ps determined by the phonon frequency. A second
delayed laser pulse should coherently control the optical phonons and switch off the oscil-
lation after one period. This would lead to a single sub-ps X-ray pulse at the modulated
diffraction peaks. Important parameters are the initial and final switching contrast which
are calculated from the time-dependent diffraction efficiency before (η0), during (ηmax)
and after (ηmax) switching, denoted as C0 = ηmax−η0

η0
and C∞

ηmax−η∞
η∞

, respectively [135].
Later on the same authors show that the required optical phonon amplitude in GaAs,
to gain a sufficient switching contrast, is not achievable without destruction of the GaAs
sample [136]. Meanwhile several different X-ray shortening approaches have been reported
which develop this basic idea. The most prominent approaches to manipulate the X-ray
diffraction efficiency on an ultrashort timescale are ultrafast heating of the crystal lattice
[137], laser excitation of LA phonons in thin film samples [135] and optical excitation of
coherent backfolded acoustic modes of the superlattice [138, 139]. A detailed description
of Bragg-Switches which employ LA phonons is found in the PhD thesis of Herzog [126].

In this section I will review an improvement of the ultrafast phonon Bragg-Switch
described in [135]. The method introduced by Gaal et al. employs coherent phonon
generation by impulsive laser excitation to modulate the diffraction efficiency of a Bragg-
Switch on ultrashort timescales. However, the initial and final switching contrast suffer
from a quasi static background originating from lattice expansion by the deposited heat
which diffuses on timescales much longer then X-ray pulse length. Nanosecond diffusion
dynamics are presented in the heat transport section 2.1. A new concept with improved
initial and final switching contrasts is realized by an epitaxial grown thin dielectric LaAlO3

switching layer on top of a metallic LaSrMnO3 layer deposited on NdGaO3 substrate,
reported in Paper III. The LA acoustic phonon dynamics of a similar sample structure are
simulated in section 2.3.2 and are presented in figure 2.4. The switching time ∆t ≈ dl

vl
is

derived from coherent acoustic phonon dynamics where dl is the layer thickness and vl the
sound velocity of the LaAlO3 switching layer. This assumption is only valid if the optical
penetration depth of the excitation pulses is longer then the layer thickness otherwise the
optical penetration depth must be considered for this calculation. It has been proven
that the coherent acoustic phonon dynamics reduce the X-ray pulse duration down to
a few picoseconds [135]. A simulation of the sample structure is given in section 2.3.2.
The ultrashort laser pulses are exclusively absorbed in the metallic LaSrMnO3 (LSMO)
(dLSMO = 77nm). The thermal stress within the phonon subsystem launches a coherent
acoustic compression wave into the dielectric LaAlO3 (LAO) top layer (dLAO = 46nm),
see section 2.2 for thermal stress generation, which modulates only the X-ray diffraction
efficiency of LAO to a higher Bragg angle due to a compression of the crystal lattice, which
follows directly from Bragg’s laws (equ. 2.24). Upon reflection of the sound wave at the free
surface the strain amplitude is inverted and the modulation of the X-ray diffraction starts
to vanish. In this structure heat diffusion from the LSMO layer into the LAO layer does
not negatively affect the switching contrast due to thermal expansion of the crystal lattice
which leads to a shift of the Bragg peak to smaller diffraction angles. In contradiction
to the phonon Bragg-Switch (PBS) reported in [135] heat diffusion even improves the
final switching contrast. This renders the presented PBS more stable against quasi static
thermal strain fields allowing for operation frequencies of up to 208kHz. The demonstrated
approach is clearly sufficient to shorten synchrotron X-ray pulses down to a few ps. In
addition, the new concept benefits from the inherently high repetition rate which improves
the available X-ray flux by a factor of 200 compared to the previous PBS concept. The

34



UXRD Highlights

obtained results and details of the experiment are presented in Paper III.

4.2 Coherent excitation and control of lattice

vibrations

Ultrafast coherent control of quantum states in atoms, molecules or crystals can be achieved
by tailored optical excitations. The method employs a temporal sequence of light pulses,
which allows to control amplitude and phase of the quantum state in the ensemble. Se-
lective excitation of photo-chemical reactions [140], vibrations modes of the crystal lattice
[141, 142] and of quasi-particles, e.g. phonon-polaritons [143], have been demonstrated by
this technique. In the following subsections I discuss two different cases of coherent con-
trol. First the scattering of selectively excited coherent phonons which generate the second
harmonic of the fundamental mode via an nonlinear phonon-phonon interaction, presented
in Paper IV. Second the spatio-temporal coherent control of surface acoustic waves on an
ultrafast timescale. In addition, spatio-temporal control of incoherent thermal excitations
is demonstrated for the first time. We eliminate transient thermal strain gradients on
a timescale much shorter than the coherent oscillation period of acoustic surface modes,
presented in Papers V and VI.

4.2.1 Nonlinear phononics - 2nd harmonic generation

2nd harmonics of optical waves are produced by propagating the fundamental frequency
through a medium with high nonlinear optical coefficients. The medium itself is trans-
parent both to the fundamental and to the 2nd harmonic, therefore the mechanism is
called off-resonant nonlinear harmonic generation [144]. The process relies on expanding
the electronic potential in a Taylor series. Quadratic, cubic and even higher terms of this
series denote the nonlinear material coefficients. In a similar way, we model the propa-
gation medium of lattice vibrations as an expansion series of the lattice potential. So far
we considered only the linear term of the expansion series. Here, however, we specifically
focus on the first anharmonic term. In full analogy to the optical technique we call our ap-
proach 2nd harmonic phonon generation. The elastic sample properties are modified when
a high amplitude strain pulse interacts with a crystal lattice. This nonlinear interaction
is manifest in self steepening of strain-wavefronts, e.g. formation of shockwaves [145–147],
similar to water waves which show self steepening due to arrival at the beach or water-wave
solitons observed as tsunamis. The reason for the formation of acoustic shockwaves is the
anharmonicty of the interatomic potential in a solid-state crystal which can be determined
by UXRD techniques [148]. Furthermore, anharmonicty of the crystal potential has to
be considered to explain thermal expansion and the finite thermal conductance caused by
umklapp processes of phonons [149]. No interaction of phonons is observed if a harmonic
interatomic potential is considered. The mathematical description of phonon-phonon in-
teraction in an anharmonic interatomic potential of high amplitude acoustic phonons is
described in detail in the thesis of Andre Bojahr [150]. One main consequence is a strain
dependent sound velocity for tensile and compressive strain. In Paper IV a series of chirped
ultrafast laser pulses is employed, see section 2.4, to excite narrowband phonon wave pack-
ets to follow the evolution of the second harmonic of acoustic phonons [121, 151]. The
corresponding momentum Q of the phonon wave packet is probed by UXRD, see section
2.5.1. The main result is the observation of the second harmonic generation of acoustic
phonons due to anharmonic interaction in the crystal lattice.
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4.2.1 Nonlinear phononics - 2nd harmonic generation

In general, for longer propagation times of large amplitude phonon wave packets the
formation of acoustic solitons is observed [152–154]. Further studies of nonlinear intera-
tion of hypersonic sound waves and the crystal lattice are presented in my thesis. After
several tens of nanoseconds the formation of acoustic solitons is observed with the all op-
tical pump-probe setup, presented in section 3.2.3 figure 3.9 b). The properties of the
GaAs/AlAs sample are listed in the same section in table 3.4, named as soliton sample
I. The super continuum white light probe is delayed by a series of mirrors by t0 = 76 ns
to probe the arrival time of coherent acoustic phonons at the backside of the sample.
The sample is cooled down to 20K with a cryostat to increase the mean free path of the
phonon wave packet. The sample was excited with a laser fluence of F1 = 10 mJ

cm2 , the
unpublished data are shown in figure 4.2 a). I observed pronounced oscillations around t0
which originate from time domain Brillouin scattering (TDBS) from the hypersonic wave
[121]. This is inferred from the characteristic wavelength dependence of the oscillations
and the reflection after 76ns what mirrors the fan like pattern. The optical probe depth
in GaAs changes drastically over the entire probe spectrum from 750nm at 800 nm probe
wavelength to 20nm at 450 nm probe wavelength, depicted in figure 4.2.1. As a result
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Figure 4.1: Wavelength dependent penetration depth ζ of GaAs calculated from the dielectric function.

the fan like oscillations become visible at different pump-probe delays to the corresponding
probe depth. The oscillations is inverted at t0 when the phonon wave packet is reflected
at the free surface.

Secondly, I observe a modulation of the relative reflectivity at probe wavelengths be-
tween 540 nm and 400 nm. The reflectivity change is attributed to a strain induced modula-
tion of bandstructure of AlAs which is employed as detection layer for strain arrival events.
Since the AlAs layer has a thickness of 140nm the signal lasts for 140nm

6.4nm/ps
= 21.8 ps. Panel

c) in the same figure 4.2 shows time-dependent traces at 430 nm, 450 nm and 470 nm probe
wavelength with pump fluences of F1 = 10 mJ

cm2 and F2 = 20 mJ
cm2 . I observe 150 ps before t0

a modulation of the relative reflectivity on a 20 ps timescale followed by the same transient
reflectivity change with reversed amplitude. The observed timescale and probe wavelength
dependence suggests that the signal stems from the AlAs layer. The origin of the detected
modulation is studied by increasing the fluence by a factor of two (F2 = 20 mJ

cm2 ) as shown
in figure 4.2 b,c). While the time domain Brillouin oscillation shows the same timing
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(compared to measurement a)) except a decrease of the oscillation amplitude at probe
wavelengths above 600 nm. I observe a shift of the strain arrival time in AlAs of 80 ps
which correspond to relative sound velocity change of 10−3. This behavior is explained
by nonlinear elastic interaction between the high amplitude phonon wave packet and the
crystal lattice, caused by the anharmonicity of the interatomic potential [155]. The lead-
ing compressive part of the phonon wave packet transforms into a coherent soliton train
whereas the trailing rarefraction forms an oscillating radiative tail [156]. The generation
of the second and higher harmonic longitudinal acoustic phonons leads to a steepening of
wave packet and finally results in the formation of soliton trains if the propagation length
of the phonon wave packet is not limited by phonon-phonon scattering [152]. On the one
hand this explains the early arrival within the AlAs detection layer on the other the ab-
sence of Brillouin oscillations at probe wavelength between 600 nm and 750 nm because
of a redistribution of the phonon spectra due phonon upconversion. In addition, I detect
surprisingly an oscillation, present for several nanoseconds, starting upon reflection of the
trailing phonon wave packet part with a frequency of 6 GHz. This might stem from exci-
tation of surface acoustic waves or shear waves at the sample surface. It remains an open
tasks to determine the origin of the long lasting oscillation shown in figure 4.2.

Figure 4.2: Transient relative reflectivity change of white light probe pulses delayed by t0 = 76ns to
probe the arrival time at the sample backside. Panel a) and b) show a fluence dependent measurement.
Panel c) depicts time traces of 430 nm, 450 nm and 470 nm for two different fluences.
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4.2.2 Coherent Control of surface excursions

My main contribution to the field of coherent control of picosecond surface acoustics is
the experimental observation of time-dependent surface excursions excited by a series of
transient gratings, probed via time-resolved X-ray reflectivity (XRR) Papers V and VI.
The new method allows for measuring the absolute surface excursion and demonstrates
coherent control of incoherent thermal excitations on timescales much faster than the
coherent acoustic modes. For X-ray detected lattice dynamics so far only time-domain
coherent control has been reported [35]. However, in Paper V, spatio-temporal coherent
control, see section 2.4, is employed for the first time to tailor surface acoustic lattice
vibrations.

Figure 4.3: Inset: A sketch of the TG excitation and probing of the surface dynamics via XRR is
presented. Measurement: time-dependent normalized surface amplitude after TG excitation. Coherent
control of thermal excitations and acoustic modes is demonstrated by two executive TG excitations. The
spatial coordinate ∆Θ defines the relative spatial phase between the two sinusoidal excitation profiles,
while ∆τ defines the temporal coordinate of the second TG excitation in respect to the oscillation period
of the SAW.

An unpublished dataset of coherent control is shown in figure 4.3. A grazing incident
X-ray pulse is diffracted from a laser induced surface grating, the scattering geometry
is sketched by the inset of figure 4.3. The experimental method is described in detail
in Paper VI. The investigated bilayer sample is composed of 60 nm STO and 150 nm
SRO on a DSO substrate. As derived in Paper VI, the laser excited surface excursion
is proportional to the square root of the 1st order X-ray diffraction intensity. The red
curve depicts an excitation of a single transient grating with a laser fluence of f = 20 mJ

cm2 ,
from which I disentangle the thermal and acoustic surface contributions. In principle two
different timescales occur after laser excitation. A steep rise of the surface amplitude is
observed, faster then the 100 ps time-resolution of the experiment, which stems from the
excitation of a thermal surface grating, which diffuses on a 100 ns timescales. In addition,
an oscillation around this quasi static thermal grating is observed which we assign to
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counter propagating surface acoustic waves with a period of ≈ 750 ps. Now we apply a
second TG excitation with the same incident fluence to control the thermal and acoustic
surface excursion individually. The coherent control is achieved by adjusting the spatial and
temporal coordinate of the second TG excitation, both introduced in section 2.4 equ. 2.21.
At first, we chose a relative spatial and temporal phase for constructive interference in space
and time, expressed by ∆Θ = 0 and ∆t = 2π. The amplification of the thermal grating and
the surface acoustic wave is depicted by the blue curve. We find a slightly faster thermal
diffusion time compared to an excitation of a single TG, this might stem from temperature
dependent material properties, e.g. heat capacity or thermal conductance. As a crosscheck
experiment we keep the same spatial phase (∆Θ = 0) of the second TG excitation and
increase the temporal phase to one and a half oscillations periods of the SAW, which results
in a temporal phase of ∆t = 3π. This leads to destructive interference of the SAWs and an
amplification of the thermal grating, from which the in-plane heat diffusion of the bilayer
sample is studied. Heat diffusion simulation reproduce our measurements as presented in
Paper V.

In most research cases, the heat diffusion dynamics are of lower interest. However,
the thermal grating is almost four times stronger than the surface acoustic wave. For
that reason we change the spatial and temporal phase of the second TG excitation, see
section 2.4 equ. 2.21. The spatial coordinate is set to ∆Θ = π while the temporal phase
is reduced to ∆t = π. The green curves depicts the destructive interference of the thermal
grating which removes the in-plane thermal gradient. Only the amplified SAW remains.
From careful analysis of the coherent signal presented in Papers V and VI, we found
an additional acoustic contribution which we attribute to surface skimming longitudinal
waves (SSLW), introduced in section 2.3.3, with an amplitude much weaker compared to
the SAW [2]. This type of acoustic wave is weakly bound to the free surface and therefore
the energy is radiated into the depth of the sample, see section 2.3.3. As a consequence the
SSLW almost disappears after 2 ns in XRR scattering geometry while the SAW propagates
nearly undamped. Finally, we demonstrate destructive interference of the thermal and the
acoustic surface excursion. We achieve this by a total spatio-temporal phase of Φ = 2π
where the spatial coordinate is set to Θ = π and the temporal coordinate to ∆t = π.
The measurement depicted by the grey curve shows that the thermal and acoustic surface
grating is completely removed. Paper V presents a measurements of the same sample.
Destructive interference on a much faster timescale is achieved by a total spatio-temporal
phase of Φ ≈ 0. As proposed in Paper V two executive TG excitations can be employed
as active optics for hard X-rays either for X-ray pulse shortening or X-ray pulse picking.

In a next step we apply the coherent control scheme to Yttrium Manganite (YMO) thin
films deposited on Yttrium stabilized Zirconium(IV)-oxide substrates. YMO is multiferroic
and has attracted high attention due to coexisting antiferromagnetic and ferroelectric
order [157]. In the context of this work the in-plane and out-of-plane thermal expansion
coefficient are of further interest. The out-of-plane thermal expansion coefficient is negative
at room temperature while the in-plane thermal expansion coefficient is positive. In figure
4.4 I show unpublished data recorded at the ESRF. We have investigated two samples of
YMO on a YSZ substrate with YMO film thicknesses of 220 nm and 310 nm.

The spatial period of the TG excitations is set to Λ = 2.4µm. Figure 4.4 a) shows
a measurement of both samples after a single TG excitation with a fluence of 20 mJ

cm2 . In
contrast to the previously discussed bilayer sample we find in both YMO samples three
main differences. The contribution from the thermal grating which is 100 ps after TG exci-
tation about four times smaller then the SAW’s. Secondly, a very high surface excursion is
observed 350 ps after TG excitation which is almost two times higher compared to the fol-
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Figure 4.4: Panel a) presents the normalized time-dependent surface excursion after a single TG exci-
tation in two YMnO3/YSZ thin film samples with thicknesses of 220 nm and 310 nm. A corresponding
Fouier decomposition of the time-dependent surface excursion of the two samples is presented in b). Panel
c) demonstrate coherent control of the two acoustic surface modes by a second delayed TG excitation. The
spatial and temporal coordinates are indicated as ∆Θ and ∆τ , respectively. d) The suppression of the low
and high frequency mode is depicted by a Fouier decomposition of the time-dependent data presented in
c).

lowing oscillations. The third feature is an interference between two acoustic modes which
show a beating with a difference frequency of 350 MHz which is more pronounced in the
thicker YMO3 sample. Figure 4.4 b) shows a Fouier decomposition of the time-dependent
spectra presented in figure 4.4 a). Here we find a clear evidence for a sample response of
two acoustic modes. In figure 4.4 c) we present coherent control of the two excited acoustic
modes in the thicker YMO3 sample. For that purpose we employ a second time-delayed
TG excitation with spatial phase ∆Θ = 0 and study two different cases with temporal
coordinates of ∆τ = π and ∆τ = 5π to address the two observed modes individually.
Since there are two different acoustic modes the temporal coordinate is referred to the low
frequency acoustic mode. The Fouier decomposition depicted in figure 4.4 d) shows a full
suppression of the acoustic mode with a frequency of 1.63 GHz for ∆τ = π (green solid
line). We find for the second TG excitation with a temporal phase of ∆τ = 5π, depicted
by the blue curve, a shift of the spectral weight. The amplitude of the acoustic mode with
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a frequency of 1.3 GHz is reduced by a factor of two while the mode with a frequency of
1.63 GHz is increased by the same amount. A full suppression of the low frequency mode
is not achieved.

The experimental results suggest that the amplitude ratio between thermal grating and
SAW stems from the different thermal expansion coefficients of in-plane and out-of-plane
direction of the crystal lattice. The large and positive expansion in-plane is favourable for
surface acoustic wave generation. Furthermore, we assign the two different acoustic surface
modes to surface acoustic waves and surface skimming longitudinal waves (SSLW) which is
confirmed by elastic theory simulations. The calculated group velocity of SAW and SSLW
with a greens function method, which is introduced in [2], are presented in table 4.1. The
calculated velocities differ slightly from the measurements but present the correct YMO3

thickness dependency. The high amplitude of the SSLW compensates the thermal grating
for the first 100 ps. After 350 ps the SAW and SSLW are in phase showing a very high
surface excursion. Due to the different sound velocities of SAW and SSLW an interference
of the two acoustic modes is observed which is confirmed by our calculations. Finally, we
have shown coherent control of the SAW and SSLW.

sample sound velocity SAW/SSLW µm
ns

(Λ = 2.4µm) frequency SAW/SSLW (GHz)

220nm YMnO3 on YSZ 2.76/4.5 1.15/1.87
310nm YMnO3 on YSZ 2.70/3.6 1.13/1.50

Table 4.1: Simulations of SAW and SSLW velocities from elastic theory.
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Chapter 5

Summary and Outlook

The highlights of this thesis are Papers III, IV, V and VI which present experimental and
theoretical advances in the research field of ultrafast strain phenomena in nanostructures.
Two methods are employed to tailor the coherent lattice strain in different crystallographic
directions in nanostructured samples.

Paper III presents a realization of a phonon Bragg switch with sufficient switching
contrast for efficient shortening of hard X-ray pulses. The coherent LA acoustic strain
waves generated by ultrashort laser excitation are tailored through the nanostructured
bilayer sample. I have characterized the switching time, and contrast ratio by UXRD
experiments and reproduced the experimental results via XRD simulations to analyze
the performance of the novel shortening concept. In addition, I have carried out heat
diffusion dynamics of the presented phonon Bragg switch to investigate long timescale
lattice dynamics. The structural design of the sample allows us to operate the Bragg
switch without any interference by thermal gradients. This renders the phonon Bragg
switch more stable against laser induced thermal gradients. The device can be operated at
frequencies of up to 200 kHz, improving the available X-ray flux by a factor of 200 compared
to previously presented concepts. The demonstrated approach is clearly sufficient to be
applied as an optically controlled X-ray pulse shortening device.

Paper IV presents new physics in the field of nonlinear phononics. A narrow band
phonon wave packet is tailored by a series of chirped laser pulses to observe the generation
of the second harmonic of nanoscale phonons by optical and X-ray light scattering. The
strain dependent sound velocity of tensile and expansive strain results in a reshaping of
the LA phonon wave packet. The reason is the anharmonicity of the interatomic potential
which leads to phonon-phonon interaction and corresponding redistribution of the phonon
spectrum. On longer propagation timescales this has lead to the formation of acoustic
solitons which are observed in the supplementary presented unpublished data by all optical
pump-probe experiments.

Papers V and VI present a new approach of spatio-temporal coherent control of ther-
mal gradients and surface acoustic modes parallel to the lattice planes of nanostructured
crystals. Two consecutive transient grating excitations displaced in space and time are
employed to tailor thermal and acoustic contributions to the sample response which are
probed simultaneously by time-resolved X-ray reflectivity. A diffraction model is derived
to determine the absolute amplitude of the optically excited surface excursion which is
inaccessible by purely optical pump-probe measurements. Therefore, the amplitude of the
surface acoustic wave, the surface skimming longitudinal wave and thermal surface excur-
sion are disentangled. In addition, an unpublished dataset is presented which demonstrates
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the full capabilities of spatio-temporal coherent control in nanoscale STO3/SRO3 bilayer
samples. We also apply the spatio-temporal coherent control scheme in YMnO3 thin film
samples to address the surface acoustic wave and the surface skimming longitudinal wave.
The unpublished data show that the two modes can be tailored individually, as observed
by amplification and suppression of the individual acoustic surface modes in each case.

Future perspectives

As motivated in my thesis tailoring of ultrafast strain fields in nanostructures is an active
research topic with a variety of possible applications. The implementation of active X-ray
optics controlled by ultrashort laser pulses is the most promising candidate in this context
at the moment. Although the phonon Bragg switch is ready for implementation at time
resolved beamlines of 3rd generation synchrotrons with a high switching contrast and valu-
able diffraction efficiency, the switching time and diffraction efficiency are limited to the
layer thickness and the destruction threshold at high laser fluences, respectively. The new
approach of spatio-temporal control of surface excursions can overcome the limited diffrac-
tion efficiency since the concept relies on total reflection of the incident X-ray pulse. The
efficiency of diffraction from the tailored surface excursion of the transient surface grating
reaches a theoretical maximum of 33% if the optically excited surface height exceeds 1 nm.
The open task remains to invent nanostructured materials which sustain high excitation
fluences and show an extraordinary high surface excursion.

Besides the prospects for applications a couple of interesting fundamental physical ideas
appeared during my PhD. The arrival of acoustic solitons at the backside of a cryogenically
cooled sample offers the opportunity to couple the very high strain amplitude of the solitons
with sub-ps pulse length to magnetic, ferroelectric or multiferroic sample properties. This
concept can be extended by two transient grating excitations displaced in space and time
which could lead to a single pulse soliton train at the sample backside. In addition,
spatio-temporal coherent control gives the opportunity to generate surface acoustic waves
for short timescales defined by the temporal phase of the two executive TG excitations.
Further studies of the multiferroic YMO3 below the Neel temperature (70 K) are planned
to investigate strain induced phenomena paving the way to application in the research field
of straintronics.
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Azobenzene – functionalized polyelectrolyte
nanolayers as ultrafast optoacoustic transducers

E. S. Pavlenko,a M. Sander,a S. Mitzscherling,b J. Pudell,a F. Zamponi,a M. Rössle,a

A. Bojahra and M. Bargheer*a,c

We introduce azobenzene-functionalized polyelectrolyte multilayers as efficient, inexpensive optoacous-

tic transducers for hyper-sound strain waves in the GHz range. By picosecond transient reflectivity

measurements we study the creation of nanoscale strain waves, their reflection from interfaces, damping

by scattering from nanoparticles and propagation in soft and hard adjacent materials like polymer layers,

quartz and mica. The amplitude of the generated strain ε ∼ 5 × 10−4 is calibrated by ultrafast X-ray

diffraction.

Introduction

Optomechanical transducers are widely used in condensed
matter. One application is to generate strain waves in order to
study mechanical, thermo-elastic, opto-acoustic, magneto-
acoustic and other properties of materials.1–5 In the field of
picosecond-acoustics, the ultrashort period of the excited
waves allows for investigations on the nanometer length scale.
Yet for soft matter, studying objects on the nano-scale by such
hyper-sound waves is not well developed, although it has been
successfully used for imaging of cells.6–8 Standard materials
like titanium, aluminum or chromium, which are used as
opto-mechanical transducers for many solids,9,10 often are not
suitable for soft matter samples. They may require additional
treatment due to hydrophobicity, are not biocompatible and
even if these technical problems are solved, they suffer from
large acoustic impedance mismatches. Therefore, soft matter
transducers will be advantageous to study soft matter objects.
Several polymers and photosensitive molecules have been
investigated regarding their opto-mechanical properties.11–13

Azobenzene (Azo) is the most thoroughly investigated photo-
sensitive molecule.14–18 It undergoes trans–cis and reverse iso-
merization when illuminated by ultraviolet (UV) and visible
(Vis) light, respectively. This effect is used in several experi-
mental realizations of Azo-containing molecular devices and
machines.19–23 In particular, various Azo-containing polyelec-
trolytes were investigated under periodic UV-Vis illumina-
tion.24,25 A partially irreversible expansion followed by

reversible contraction–expansion under appropriate illumina-
tion was observed.25 Polyelectrolyte multilayers form particu-
larly robust, electrostatically bound thin films which can be
deposited on various soft matter surfaces.24 The film thickness
is controlled via layer-by-layer deposition with nanometric pre-
cision.26 Even though expansion and contraction of Azo-con-
taining materials has been studied, there have been no reports
on using nanoscale multilayers as optoacoustic transducers.
Also the transient response of Azo-compound materials includ-
ing the photo-induced volume change has not been studied on
the picosecond time scale, on which molecular rearrange-
ments take place.

In this work, we obtain quantitative information on the
amplitude and phase of the strain waves generated in Azo-con-
taining polyelectrolyte multilayers that transform the light
energy of ultraviolet femtosecond pulses into hyper-sound
waves. We investigate the propagation of the waves in poly-
mers, crystalline mica, and quartz and observe the damping of
these waves by scattering from nanoparticles. For a quantitat-
ive assessment of the strain amplitude, we used ultrafast X-ray
diffraction (UXRD). Time-domain Brillouin scattering (TDBS)27

was used to follow the strain propagation on the picosecond
time scale in the all-optical experiments. We believe that these
polyelectrolyte-nanolayer-transducers will allow for a new class
of experiments using picosecond ultrasonics to investigate
various structures down to nano-sized objects.

Methods

We produced various samples via spin-assisted layer-by-layer
deposition.28,29 With this technique, one can create structures
with different, well-defined thicknesses on the nanometer
length scale, and very smooth interfaces. In this experiment

aInstitute of Physics and Astronomy, University of Potsdam, Karl-Liebknecht-Str.

24-25, 14476 Potsdam, Germany. E-mail: bargheer@uni-potsdam.de
bFederal Institute for Materials Research and Testing, Unter den Eichen 87,
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cHelmholtz-Zentrum Berlin, Albert-Einstein-Str. 15, 12489 Berlin, Germany
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the following polyelectrolytes have been used: poly(allylamine
hydrochloride) (PAH) Mw ∼ 58 000 g mol−1; poly(sodium 4-styr-
enesulfonate) (PSS) Mw ∼ 70 000 g mol−1; poly(ethyleneimine)
(PEI) 50 wt% aqueous solution, Mw ∼ 750 000 g mol−1; poly[1-
[4-(3-carboxy-4-hydroxyphenylazo)benzenesulfonamide]-1,2-
ethanediyl, sodium salt] (PAzo).

All polyelectrolytes were purchased from Sigma-Aldrich
Chemie Gmbh (Germany). PSS was dialyzed against ultra-puri-
fied water from an ELGA (PURELAB Classic) water purifier
system before application. The other polymers were used as
received, without further purification.

Aqueous polymer solutions were prepared with the follow-
ing concentrations of polyelectrolytes: for PSS, PAH – 0.1% by
weight, PEI – 1% by weight, PAzo – 0.1% by weight. The NaCl
concentrations in the final solutions were 0.7 mol l−1 for PSS
and PAH and 0.2 mol l−1 for PAzo; no NaCl was added to the
PEI.

Gold nanorods (GNR), used in only one sample structure
were synthesised by the method described by Nikoobakht
et al.30 to grow rods of the aspect ratio 3.25 indicated by a
longitudinal plasmon resonance at 700 nm and verified by
TEM images showing an average length of about 70 nm. The
GNRs were coated with PSS in order to provide reliable
bonding to the polymer surface.31 To deposit the GNRs onto
the sample, the surface was covered completely with GNR solu-
tion, left for 30 min and then washed with purified water.

Fig. 1(a) schematically summarizes the characteristic layer-
ing sequence of the samples.

Sample preparation

Fused silica discs (thickness 1.58 mm, diameter 24.5 mm)
were used as substrates for optical experiments. The substrates
were hydrophilized with a H2SO4/(30% H2O2) (3 : 1) (warning:
hazardous acid) bath for 1 h, after which the substrates were
washed excessively with pure water and dried in a nitrogen
flow. In order to provide a reliable bonding of the polyelectro-
lytes to the substrate, a single layer of PEI polyelectrolyte was
always deposited first, followed by washing. The thickness of
one double layer of PSS/PAH is about 2.5 nm.26 For PAzo/PAH
this parameter is about 4.7 nm, as determined by AFM
measurements. When films of dozens of double layers are con-
structed, the total thickness deviation is within 10% of the
expected thickness. As a substrate for the ultrafast X-ray diff-
raction (UXRD) experiments we used a mica sheet (from Ted-
pella) with a thickness of approximately 4.5 µm, determined
by spectroscopic ellipsometry. The polyelectrolyte structure has
been deposited on mica in the same way as onto the quartz
substrates, however without previous hydrophilization.

The main advantages of the proposed nanoscale trans-
ducers are the low cost of the layer-by-layer preparation and
the ease with which it can be attached to almost any flat or
curved surface.

Sample characterisation

The static all-optical characterization of the thin polyelectrolyte
multilayers was carried out using a UV-Vis spectrophotometer

(VARIAN CARY 5000). Fig. 1(c) shows typical transmission
spectra of a PAzo/PAH and a PSS/PAH multilayer as well as a
quartz substrate. Static reflection spectra of films with the
structure 2 for four different thicknesses dPAzo/PAH = 248, 423,
564, and 795 nm are plotted in Fig. 1(b). The interference of
light reflected at the surface and at the polymer–substrate
interface results in pronounced interference fringes as a func-
tion of the wavelength λ with minima at

2nfilmd cosðβÞ ¼ mλ; ð1Þ
where β is the internal angle of incidence according to Snell’s
law in the film with refractive index nfilm(λ) and thickness d.

These measurements were cross-checked with spectroscopic
ellipsometry (Sentech, SENresearch SE850E) and atomic force
microscopy of purposely scratched films.

Ultrafast pump–probe spectroscopy

In order to establish the azobenzene-containing polymer as an
opto-mechanical transducer for hyper-sound, we recorded
transient optical reflectivity spectra with 140 fs time resolution
based on a regeneratively amplified Ti:sapphire laser system
from Spectra-Physics (MaiTai/Spitfire Pro) with a central wave-
length of 795 nm. A small fraction of approximately 5 μJ was
frequency-doubled in a BBO crystal. These pump-pulses with a
wavelength of 398 nm were separated from the fundamental
by a filter and focused onto the sample with a pump fluence of

Fig. 1 (a) Schematic representation of the sample layering sequences.
(b) Static reflection spectra of samples with PAzo/PAH films with
different thicknesses on quartz. (c) Typical static transmission spectra of
PAzo/PAH and PSS/PAH films on quartz compared to a bare substrate.
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about 1 mJ cm−2 to excite the azobenzene. Another 2 μJ of the
laser energy were used to generate a white light continuum in
a 1 mm-thick sapphire plate. These pulses probe the sample
with an adjustable delay time t after excitation, and their
reflection is recorded in a fiber spectrometer (Avantes). The
pump and probe pulses are both p-polarized, and the pump
beam was chopped at a rate of 125 Hz to measure the relative
changes of the reflectance between the perturbed (R0 + ΔR)
and unperturbed (R0) sample.32 Both pulses enter the sample
from the front side (polymer structure side) at an angle of
about α = 30° which yields the internal angle β according to
Snell’s law.

Ultrafast X-ray diffraction (UXRD)

Ultrafast X-ray diffraction measurements were performed with
the diffractometer at the laser-driven plasma X-ray source
(PXS) at the University of Potsdam.33,34 The PXS provides a
temporal resolution below 200 fs at an X-ray photon energy of
8.047 keV (Cu Kα). The X-ray and UV footprints on the sample
have diameters of approximately 300 μm and 1 mm (FWHM),
respectively. The fluence of the 398 nm pump light was 4 mJ
cm−2. An X-ray optic with a convergent beam is used with an
X-ray area detector to map out the reciprocal space of the mica
substrate.35 Therefore, the specular and asymmetrically diff-
racted X-ray photons under the Bragg angle are detected simul-
taneously. The measurements were taken at a fixed sample
angle omega, which is interpreted as a cut through the crystal
truncation rod of the mica sheet.

Experimental results and discussion
All-optical generation and detection of propagating strain
waves

As a first example of all-polymer hyper-sound-transduction, we
designed and prepared samples on quartz substrates accord-
ing to structure 1 (Fig. 1a) with a relatively thick PSS/PAH mul-
tilayer (dPSS/PAH = 630 nm). We incorporated gold nanoparticles
in the middle of this PSS/PAH multilayer stack in order to
scatter the hyper-sound waves and to exemplify the detection
of impurities by nanoscale strain waves. The 80 nm thick com-
posite layer contains a volume fraction of about 1% Au par-
ticles. On the top of the sample we added a thin PAzo/PAH
multilayer (dPAzo1 = 141 nm) as the opto-mechanical transdu-
cer. The 398 nm pump pulses are exclusively absorbed in the
PAzo/PAH multilayer, since PSS/PAH is transparent at this
wavelength (Fig. 1(c)). Both layers are transparent for the white
probe pulse spectrum. The transient reflectivity data ΔR(t )/R0

in Fig. 2(a) show pronounced oscillations as a function of the
time delay. The wavelength-dependence of the oscillation
period

T ¼ λ=½2vsnðλÞcosðβÞ� ð2Þ

is characteristic of time-domain Brillouin scattering (TDBS)
from the hyper-sound waves in the PSS/PAH multilayer with
the sound velocity vs = 3.4 nm ps−1. TDBS can be interpreted
as interference of the probe light reflected at the surface and
from the propagating strain pulse.27 The refractive index n(λ)
of all materials was determined by ellipsometry (Table 1).

At t = 140 ps, the strain front launched from the surface
reaches the incorporated nanoparticles residing at a depth of
about 470 nm. The particles reduce the signal modulation by
scattering the hyper-sound amplitude. The wavepacket com-
ponents of the strain wave detected in Fig. 2 have a wavelength
of about 250 nm compared to the GNR length of about 70 nm.
Propagation of the entire strain front through the 80 nm com-
posite layer of the nanoparticles takes about 60 ps, therefore
the damping appears as a delayed feature (Fig. 2(a)). At t =
280 ps, the strain front reaches the quartz substrate and the
TDBS signal essentially disappears. The remaining amplitude
of the TDBS signal is caused by the reflection of the strain
pulse at the polymer–quartz interface (see Discussion below).

The transient reflection shown in Fig. 2(a) also exhibits the
characteristic static thin-film-interference (Fig. 1(b)) given by
the total optical path length s = n × dfilm = nPSS/PAH × DPSS/PAH +

Fig. 2 (a) Relative change of the transient reflectivity ΔR(t )/R0 at λ =
640 nm measured for the sample structure 1 (see text). An exponential
decay of the intensity is subtracted. (b) ΔR(t )/R0 over a broad spectral
range.

Table 1 Optical and acoustic properties of the materials used

Material Density [kg m−3] Sound velocity [nm ps−1] Acoustic impedance Z [106 Ns m−3] Refractive index @ λ = 600 nm

PSS/PAH 940 (ref. 36) 3.4 3.1 1.47
PAzo/PAH 1000 3.4 3.4 1.71
Quartz 2200 (ref. 37) 5.8 (ref. 37) 12.7 1.45 (ref. 37)
Mica 2700 5.0 (ref. 38) 13.5 1.56

Values from the literature are indicated by citations. Sound velocities are measured values according to eqn (2). Refractive indices are measured
by ellipsometry.
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nPAzo1 × DPAzo1 of the total polymer multilayers. In structures
with relatively thin PAzo/PAH layer, the total thickness is
nearly unchanged since the expanding transducer contributes
only little to the polymer film thickness.

Fig. 3(a) shows ΔR(t )/R0 of a 600 nm thick PAzo/PAH film
on quartz. Again, we observe the TDBS-related oscillations.
Their wavelength-dependent oscillation period T (λ) is the
same as for the sample structure 2, because the sound
velocities in PSS/PAH and PAzo/PAH films match. The strain
wave continuously expands the transducer layer until at t =
DAzo2/νpoly = 180 ps the strain front is reflected at the quartz
interface.

Surprisingly, the shift of the thin-film-interference indicates
a decreasing optical path length s = n × dfilm although the
transducer is expanding. A decreased refractive index nazo of
Azo-containing polymers for expanded films was already
observed by Tanchak et al.25 on much longer time scales. They
observed a decrease of the refractive index of Δn/n = −1% for a
relative thickness change of Δd/d = +1.4%. This is consistent
with our observations on ultrafast timescales: for an excitation
fluence of F = 4 mJ cm−2 the average strain (relative thickness
change) is about ε = Δd/d ∼ 5 × 10−4, which is calibrated by
ultrafast X-ray diffraction as described below. We can simulate
the observed transient reflectivity data including the 20 nm

shift of thin-film interference pattern (interference maximum
at 580 nm shifts to 560 nm) shown in Fig. 3a by assuming a
relative refractive index change of Δn/n = −2.6 × 10−4 in the
expanded polymer layer.

Fig. 3(b) shows the extracted oscillatory part of Fig. 3(a) by a
Fourier-decomposition. In the data, one can very clearly
observe the reflection of the strain wave at the quartz interface
at 180 ps. Fig. 3(c) shows four snapshots of the motion at
times, at which the main strain-front originating at the surface
is in the center of the film, as it bounces between the interface
and the surface. The linear chain model used for the illus-
tration is further explained in the discussion of the ultrafast
X-ray diffraction data. The green shaded area depicts the static
strain profile generated by the stress profile assumed in the
simulations according to the approximate penetration depth
of about 500 nm for the intense excitation pulses with a wave-
length of 400 nm. In the linear regime (Fig. 1c), the pene-
tration depth is less than 250 nm. The lines in Fig. 3(c)
indicate the superimposed propagating bipolar strain pulse.
Adding the static (green shaded area) and propagating bipolar
strain yield the total transient strain. Initially, it is essentially
an expansion wave travelling from the surface to the substrate
with a smaller leading compressive part.39 The reflection of
the bipolar strain pulse from the substrate – a material with
larger acoustic impedance – conserves the sign. According to
the acoustic impedance mismatch, a fraction of (Zpoly − ZQ)/
(Zpoly + ZQ) = 60% of the wave is reflected (Table 1). After the
first reflection (t = 180 ps), the acoustic waveform propagates
towards the laser probe-pulse. The refractive index change at
the strain front now has the opposite sign, yielding a phase
shift of π in the oscillation pattern. At t = 360 ps the acoustic
pulse is reflected at the air interface which reverses the sign of
the wave and of the propagation direction. Therefore, no phase
shift is observed in the TDBS signal. The third reflection at t =
540 ps is so weak that the signal vanishes in the noise. In
order to measure the 40% fraction of the strain pulse that pro-
pagates into the substrate, we designed a sample structure 2
with a thinner transducer of dPAzo/PAH = 282 nm. Fig. 4 shows
the oscillatory component of the transient reflection data.
During the first 200 ps, the sound front bounces twice between
the surface and the quartz interface, similar to the first 540 ps
shown in Fig. 3(b) for the thicker PAzo layer. However, now
due to the thinner sample, only about one full period of the

Fig. 3 (a) ΔR(t )/R0 of sample structure 2 with a 600 nm PAzo/PAH film
on quartz. (b) Oscillatory component of ΔR(t )/R0. (c) Normalized simu-
lated strain front within the PAzo/PAH at different time delays. The
green shaded area corresponds to the static strain in the Azo layer
resulting from the optical excitation.

Fig. 4 Oscillatory component of ΔR(t )/R0 for a 282 nm thin PAzo/PAH
multilayers on quartz (sample structure 2).
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TDBS modulation occurs between two reflections. After 200 ps,
the strain front passes the polymer–quartz interface and the
signal modulation period shortens. This is consistent with eqn
(2) for the sound velocity νQ = 5.8 nm ps−1 and refractive index
nQ of quartz. In fact, the strain created at the PAzo/air interface
reaches the substrate already at t = (DAzo3/νpoly) = 82 ps, but
until 200 ps the fast oscillations are masked by the stronger
signal modulation due to reflections of the strain wave in the
transducer. We have recorded such transient reflection spectra
also for approximately ten times thinner transducers. This
results in equivalent signals, where the dynamics in the trans-
ducer film are only visible in the first 20 ps.

Calibration of transient strain by ultrafast X-ray diffraction
(UXRD)

In order to calibrate the strain amplitude generated by the
optical excitation of PAzo/PAH films we measured the strain
after propagation into a crystalline medium, for which the
lattice constant change can be measured in real time by ultra-
fast X-ray diffraction.39 We prepared a film with dPAzo/PAH =
880 nm onto the 4.5 μm thin mica substrate. Fig. 5 shows the
detected shift of the Bragg angle Θ, from which the transient
strain can be calculated via εobs(t ) = Δc(t )/c = −ΔΘ × cot(Θ),
where c is the out-of-plane lattice constant of mica. The
maximum compression of mica is observed at t = 260 ps, when
the expansion wave created at the surface has travelled comple-
tely through the transducer. At this time, the wave front has
propagated around 1.3 μm into the substrate. Therefore, the
average strain within the first micrometer is about four times
larger than the measured strain since the remaining 3.2 μm of
the mica film are unchanged from their initial lattice constant.
Hence the strain pulse detected in mica has an amplitude of
about ε = −5 × 10−5. This is consistent with the simulation40,41

of the strain in mica (dashed line in Fig. 5) based on a linear
chain-model which we have previously tested against a large
number of ultrafast X-ray diffraction experiments carried out
on epitaxial metallic transducers.40,41 The agreement of the
simulation with the measured data confirms that the hyper-

sound-pulses created and propagating in these soft-matter
materials can be well described by a linear chain model with
the sound-velocity νpoly = 3.4 nm ps−1 characteristic of hyper-
sound in polymers.

From our model we predict that the corresponding expan-
sion of the PAzo/PAH film at t = 260 ps measures ε = 5 × 10−4.
The model simulates a linear chain of masses and springs,
which are adjusted such, that the mass density and sound
velocity of the materials are described correctly. The optical
excitation is assumed to instantaneously generate a stress
profile given by the absorption depth in the PAzo/PAH film.
For calculating the strain in PAzo from the measured lattice
deformation in mica, the model automatically takes into
account three factors:39,40 (i) 60% of the compressive sound
has been reflected at the PAzo/quartz interface due to the
acoustic impedance mismatch. (ii) The static expansion of the
photoexcited PAzo layer adds to the coherent sound wave.
(iii) The strain in mica is reduced by ratio 5/3.4 of the sound
velocities as the pulse is stretched.

It is difficult to compare the efficiency of strain transduc-
tion to conventional metal transducers, but we shall shortly
discuss a comparison to aluminum (Al). In our PAzo transdu-
cers, nearly all incident photons can be absorbed and con-
verted to stress. Al transducers reflect about 90% of the
incident fluence. The remaining fluence would be absorbed in
about 10 nm. If we assume the energy to be distributed by
rapid heat transport over 100 nm, the calculated temperature
rise for an incident fluence of 4 mJ cm−2 is about 15 K, yield-
ing a strain amplitude of ε ∼ 3 × 10−4. This estimate is based
on the specific heat and thermal expansion coefficient of Al. In
fact, the strain level is very similar to the strain produced by
the PAzo transducer. However, the two systems in fact have
quite different properties. While the Al transducer would be
more efficient for thinner transducers (high frequencies) as
the energy density is higher due to the smaller penetration
depth, the PAzo transducer can more easily be tuned to
different frequencies, as the energy density varies only weakly
for thicknesses between 20 and 500 nm. Moreover, the
efficiency of sound transduction between Al and soft matter is
significantly reduced by reflection according to the acoustic
impedance mismatch.

Conclusions

In this paper, we have presented azobenzene containing poly-
electrolyte multilayer films as transducers for picosecond ultra-
sonics, which is expected to boost the applicability of this
method in soft materials and nanocomposites. The frequency
spectrum of the generated strain can be tuned by the transdu-
cer thickness in the range of 1–100 GHz. We demonstrated the
propagation of these nanoscale hyper-soundwaves through
polyelectrolytes and their damping at nanometric metal
inclusions. The good coupling efficiency of the hyper-sound
pulses into various substrates demonstrates the potential for
assembling nanometric hybrid devices. It also allowed us to

Fig. 5 The time dependence and amplitude of the measured change of
the diffraction angle ΔΘ (blue circles) agrees well with the average strain
of the strained part (see text) of mica as calculated by the linear chain
model (dashed line).
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quantify the strain amplitude of the hyper-sound waves by
ultrafast X-ray diffraction to be up to ε = 5 × 10−4. This transi-
ent strain is accompanied by a tiny refractive index change of
about Δn/n = 2.6 × 10−4, which can nonetheless be easily
detected by a substantial transient shift of the thin-film inter-
ference pattern. This will allow for all-optical sensing of the
transducer dynamics in future applications.
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ABSTRACT: On the basis of the layer-by-layer deposition of
polyelectrolytes, we have designed hybrid nanolayer composites for
integrated optoacoustic experiments. The femtosecond-laser-excita-
tion of an Azo-functionalized film launches nanoscale strain waves at
GHz frequencies into a transparent polymer layer. Gold nanorods
deposited on the surface sense the arrival of these hyper-sound-waves
on the picosecond time scale via a modification of their longitudinal
plasmon resonance. We simulated the strain waves using a simple
linear masses-and-springs model, which yields good agreement with
the observed time scales associated with the nanolayer thicknesses of
the constituent materials. From systematic experiments with
calibrated strain amplitudes we conclude that reversible viscoelastic
deformations of the polyelectrolyte multilayers are triggered by
ultrashort pressure transients of about 4 MPa. Our experiments show
that strain-mediated interactions in nanoarchitectures composed of molecular photoswitches and plasmonic particles may be
used to design new functionalities. The approach combines the highly flexible and cost-effective preparation of polyelectrolyte
multilayers with ultrafast molecular strain actuation and plasmonic sensing. Although we use simple flat layered structures for
demonstration, this new concept can be used for three-dimensional nanoassemblies with different functionalities. The ultrafast
and reversible nature of the response is highly desirable, and the short wavelength associated with the high frequency of the
hyper-sound-waves connecting photoactive molecules and nanoparticles inherently gives spectroscopic access to the nanoscale.
High-frequency elastic moduli are derived from the ultrafast spectroscopy of the hypersonic response in polyelectrolyte
multilayers.

■ INTRODUCTION

Making and measuring nanoassemblies with new functions that
cannot be obtained in the individual constituent materials is a
central goal of today’s fundamental interdisciplinary research in
physics, chemistry, and nanotechnology. Cost-effective and
reliable production routes are desired, and polyelectrolyte
multilayers are a very robust and flexible platform that allows
for structuring at the nanoscale via layer-by-layer deposition.1,2

On the other hand, sophisticated methods for investigating the
interfaces and interactions of the constituents in composite
materials are important in order to improve the basis for
knowledge-based tailoring of nanostructures.
Azobenzene Polymers. Azobenzene-functionalized poly-

electrolytes are readily available for optoacoustic molecular
actuation. The Azo-unit of such photoactive polymers has been
studied for decades and is used in numerous applications.3−5 Its
ultrafast and highly repetitive photoinduced switching is very
attractive for scientists from various disciplines.6−9Only
recently, azobenzene containing polymers were introduced as
photoacoustic transducers of hyper-sound-waves with wave-
lengths in the nanometer range, enabling time-domain Brillouin
scattering in soft matter.10,11 The viscoelastic response of

tissues and polymers has been measured by spontaneous
Brillouin scattering,12,13 and recent progress is aimed at three-
dimensional microscopy of elasticity.14 Hyper-sound-waves
produced in a platinum transducer have recently been exploited
for measuring the stiffness of nanocontacts in disordered
particle assemblies15,16,16,17 and for opto-acoustic metrology of
nanoporous films.18

Metal Nanoparticles. Noble metal nanoparticles can be
easily incorporated in polyelectrolyte multilayer systems, and
their plasmonic properties are a standard way to implement
optical sensing at the nanoscale.19−22 The plasmon resonance
of most gold nanoparticles (GNPs) lies conveniently within the
visible or near-infrared light range. The position of the plasmon
resonance is highly sensitive to minute changes in the dielectric
environment.23−25 Tuning the position of the plasmon
resonance can also be achieved by varying the particles’ size
or shape.26−28Gold nanorods (GNRs) are particularly flexible
and easy to tune by tweaking the growth parameters or
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covering them with a shell.29−32 They have a transverse and a
longitudinal plasmon resonance mode at wavelengths defined
by the aspect ratio of the rods. Due to the exceptional
sensitivity of the GNR plasmon resonance, they are widely used
for various applications33such as medical treatment and imaging
in biology34−37 and as sensors in chemistry38−40 and
physics.34,41 Most of these applications require the GNRs to
be covered in a shell, in order to tune their properties,42to
prevent them from clustering or to extend them with a specific
functionalization.43 Even though GNPs have been widely used
in sensing for decades, the composition and morphology of
their interface to the soft materials in which these particles are
embedded are not well-understood. In previous studies, when
nanoscale strain waves have been used to look at the stiffness of
nanocontacts,15 or for imaging of cells,44−46 the investigations
were carried out on metallic transducers, and the observed
responses were elastic. The viscoelasticity of polymers is still an
unexplored terrain of molecular motion on the nanoscale.
Moreover, the possibility to integrate molecular hyper-sound-
transducers with other nanoscale objects opens new perspec-
tives for self-assembled nanodevices that exploit the coupling
via strain.
In this paper, we assemble polyelectrolyte multilayers with

photoswitchable Azo-side chains and GNRs for integrated
optoacoustic experiments. The GNRs sense ultrafast structural
changes of an optically inactive polyelectrolyte film. We argue
that the observed transient shift of the plasmon-spectrum is
indicative of a reversible viscoelastic deformation of polymers
around the GNRs (Figure 1). To generate the needed

nanosized strain waves, we photoexcite an Azo-functionalized
polyelectrolyte layer, which is incorporated in the polymer film
as an ultrafast optoacoustic transducer.

■ METHODS
Sample Preparation. Poly(allylaminehydrochloride)

(PAH) with a monomer molecular weight of mw = 93.56 g/
mol, poly(sodium4-styrenesulfonate) (PSS) with mw = 206.20
g/mol, poly(ethyleneimine) (PEI) with mw = 163.266 g/mol
(50 wt % aqueous solution), and poly[1-[4-(3-carboxy-4-
hydroxyphenylazo)benzene-sulfonamido]-1,2-ethanediyl, so-
dium salt] (PAzo) were purchased from Sigma-Aldrich Chemie

GmbH. PSS was dialyzed against ultrapurified water from an
ELGA (PURELAB Classic) water purifier system before
application. PSS and PAH polymer aqueous solutions were
prepared with the following concentrations of polyelectrolytes
by percent of mass for PSS-0.1%, PAH-0.1%, PEI-1%, PAzo-
0.1% all by weight. The NaCl concentrations in the final
solutions were 0.7 mol/L for PSS and PAH and 0.2 mol/L for
PAzo; no NaCl was added to the PEI solution.
Fused silica discs (TED PELLA Inc.) were used as substrates

for optical experiments. The substrates were hydrophilized with
a H2SO4/(30% H2O2) (3:1) (warning: hazardous acid) bath
for 1 h, after which the substrates were washed exhaustively
with deionized water and dried under nitrogen flow. In order to
provide a reliable bonding of polyelectrolytes to the substrate, a
single layer of PEI was always deposited first. The thickness of
one double layer of PSS/PAH is about 2.5 nm.47 For PAzo/
PAH this parameter is about 4.7 nm, as determined by AFM
measurements. When films of dozens of double layers are
constructed, the total thickness deviation is within 10% of the
expected thickness.
Gold nanorods (GNR) of two different aspect ratios were

used in this experiment. Type 1 (aspect ratio 2.4, the
longitudinal plasmon resonance (LPR) maximum at 650 nm)
was obtained from Nanopartz. Type 2 (aspect ratio 3.25; LPR
peak at 700 nm) was synthesized by following the method
described by Nikoobakht et al.48 All GNRs were coated with
PSS in order to provide reliable bonding to the polymer
surface.42 To deposit GNRs onto the sample, the surface was
covered completely with GNR solution, left for 30 min, and
then washed with purified water.

Pump−Probe Experiments. The time-resolved optical
pump−probe experiments were performed with 140 fs
temporal width of the laser pulses derived from a regeneratively
amplified Ti:sapphire laser system from Spectra-Physics
(MaiTai/Spitfire Pro) with a central wavelength of 795 nm.
A small fraction of approximately 5 μJ was frequency-doubled
in a BBO crystal. These pump-pulses with a wavelength of 398
nm were separated from the fundamental by a filter and focused
onto the sample with a pump fluence of about 1 mJ/cm2 to
excite the azobenzene. Another 2 μJ of the laser energy was
used to generate a white light continuum in a 1-mm-thick
sapphire plate. These pulses probe the sample with an
adjustable delay time t after excitation, and their reflection is
recorded using a fiber spectrometer (Avantes). The pump and
probe pulses were both p-polarized, and the pump beam was
chopped at a rate of 125 Hz to measure the relative changes of
the reflectance between the perturbed (R0 + ΔR) and
unperturbed (R0) sample.49 Both pulses enter the sample
from the front side (polymer structure side) at an angle of
about α = 30°.

■ EXPERIMENTAL STRATEGY
We prepared several functional nanolayer structures with well-
defined thicknesses and smooth interfaces. The structures were
created by spin-assisted layer-by-layer deposition of polyelec-
trolytes.47,50 Azo-functionalized multilayer stacks of PAzo/PAH
polyelectrolytes resulting in a film with thickness DPAzo/PAH
were deposited on the substrates as photoacoustic transducers.
GNRs were attached to the surface of the samples as
photoacoustic sensors. An inactive layer of the transparent
polyelectrolyte PSS/PAH, with the thickness DPSS/PAH, was
added between the transducer layer of PAzo/PAH and the
GNRs. We report the results for two different thicknesses

Figure 1. Schematic of the sample composed of an Azo-functionalized
optoacoustic transducer (PAzo/PAH), a transparent PSS/PAH layer
for the free propagation of hyper-sound-waves with sparsely
distributed gold nanorods (GNR) on the surface. The arrows
schematically represent the main conclusion: a compression wave
reflects from the (PSS/PAH)/air interface with a change of sign (case
a), whereas the sign of the strain amplitude stays the same when the
wave is reflected from a (PSS/PAH)/GNR interface (case b). This
leads to a transient tangential pressure within the polyelectrolyte at the
interface with the GNR.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.6b06915
J. Phys. Chem. C 2016, 120, 24957−24964

24958

72



Paper II

DPSS/PAH and DPAzo/PAH (samples 1 and 2, see Table 1 for
details). The film thicknesses lead to characteristic time delays

in the pump−probe signal, which are a manifestation of the
strain wave propagation through PSS/PAH. This allows us to
distinguish the direct response of GNR to the excitation pulse
and the response to the strain pulse (Figure 1). Table 1
summarizes the parameters of the two samples, which are the
most relevant for this publication.
We performed multiple cross-check experiments on samples

without GNR or with thinner PAzo/PAH layers and even
without PAzo/PAH to confirm the conclusions drawn from the
experiments discussed in this paper. In particular, we show data
on sample 1 before the GNRs were added to the structure
(sample 1*) and after covering the GNRs with an additional 10
nm thick layer of PSS/PAH (sample 1**).

■ RESULTS
Static Optical Characterization. The static optical

characterization of the thin polyelectrolyte multilayers was
carried out in a UV−vis spectrophotometer (VARIAN CARY
5000). The absorption spectrum of sample 1 in Figure 2a
exhibits a longitudinal plasmon resonance (LPR) at λ = 650
nm. The transverse plasmon resonance (TPR) at 540 nm is
masked by the very strong absorption band of the PAzo/PAH
layer which has a maximum at λ = 387 nm. The oscillations
dominating the static reflection spectrum along the wavelength-
axis (Figure 2a) result from the interference of light reflected at
the surface and at the polymer−substrate interface. Minima of
this thin-film interference occur at

β λ=n d m2 cos( )film (1)

where β is the angle of the incidence in the film with refractive
index nfilm (λ).
Ultrafast Sample Response. In order to observe the effect

of the molecular strain actuation itself, we excited sample 1*,
i.e., sample 1 without GNRs, with 398 nm pump-pulses to
launch ultrafast strain waves. The PAzo/PAH layer strongly
absorbed the pump light and subsequently expanded, starting at
the interface between PAzo/PAH and PSS/PAH,11 very similar
to previous experiments in layered solids.51 The expansion
wave traveled through PAzo/PAH toward the substrate, while
the concomitant compression wave propagated through PSS/
PAH toward the surface (Figure 1). This led to pronounced
oscillations in the transient reflection spectra (Figure 2b,
sample 1*) with a wavelength dependent period, typical of
time-domain Brillouin scattering.52 Time-domain Brillouin
scattering (TDBS) originates from the interference between
the probe light reflected from the surface and from the
refractive index change caused by the propagating strain.52 The
oscillations extended over the whole wavelength range with
higher frequencies for smaller wavelengths. In addition, we
observed a blue-shift (toward shorter wavelengths) of the thin-
film interference pattern, indicated by the dark arrows in the

transient reflection spectrum (Figure 2b). These two spectral
signatures originating from the hyper-sound-wave in the PAzo/
PAH transducer were observed in all samples with PAzo/PAH
layers that are thick enough to host more than one oscillation
period.11 From the TDBS oscillations analysis, the sound
velocity in the polyelectrolyte layers is calculated to be νpoly =
3.4 nm/ps.11

The blue-shift of the thin-film interference observed
throughout the entire spectrum in sample 1* (Figure 2b) is
still visible after the deposition of GNR (sample 1, Figure 2c,
dark arrow). It starts at t = 0 ps and ends at approximately T1 =
dAzo1/νpoly = 248 ps. This is the time when the strain front
generated at the (PAzo/PAH)/(PSS/PAH) interface has
reached the substrate. This time is indicated by a white line
in Figure 2c. The nature of this shift was recently ascribed to

Table 1. Structures of the Samples on 1 mm Thick Quartz
Substrates

transducer propagation layer gold nanorods

sample 1 846 nm PAzo/PAH 275 nm PSS/PAH type 1, LPR
650 nm

sample 2 564 nm PAzo/PAH 75 nm PSS/PAH type 2, LPR
700 nm

Figure 2. Experimental data from sample 1: (a) The static absorption
spectrum (blue) shows the longitudinal plasmon resonance of the
GNR at λ = 650 nm. The static reflection spectrum (black) shows
characteristic fringes originating from the interference according to eq
1. (b) Broadband spectrum of the relative change of the transient
reflection ΔR/R0 of sample 1* before the deposition of GNRs. Dark
arrows point out the shift of the spectral features related to the
transient change of the thickness and the refractive index of the film.
(c) The same measurement after adding GNR onto the surface
(sample 1). In addition to the spectral features in part b, there is a
pronounced shift toward longer wavelengths in the region of the
longitudinal plasmon resonance (white arrow). The inset shows an
SEM micrograph of the sample surface. This shift toward longer
wavelengths shows characteristic times different from the dark arrow,
and only occurs in samples with GNRs attached to the surface. In
samples with GNRs on the surface of a transparent PSS/PAH layer,
but without a PAzo/PAH transducer layer underneath, the shift
indicated by the upper arrow in part c is absent (see Figure 3a). (d)
ΔR/R0 at 550, 610, and 730 nm for the sample with GNR.
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the expansion of the PAzo/PAH layer by a strain wave
propagating toward the substrate, which leads to a reduced
refractive index in the expanded fraction of the PAzo/PAH
layer. This conclusion was confirmed by ultrafast X-ray
diffraction from the crystal lattice of the substrate.11 The
transient reflection changes ΔR/R0 at λ = 550 and 730 nm in
Figure 2d show clear TDBS oscillations.
The shift toward longer wavelengths (red-shift) observed for

the minimum in ΔR/R0 at 610 nm must have a different origin
(sample 1, Figure 2c, white arrows). It was observed after a
delay time T2 = dpoly1/νpoly = 80 ps, given by the propagation
time of the strain pulse from the (PAzo/PAH)/(PSS/PAH)
interface to the surface covered by GNRs. This shift continued
until T3 = (dAzo1 + dpoly1)/νpoly = 328 ps, which is the time until
which a compressive strain is incident on the surface, as
confirmed by the simulations (see Discussion). The transient
reflection in Figure 2d at λ = 610 nm shows the timing of the
GNR response as well (dashed lines). Before GNRs were
attached to the surface of the sample, the dynamics with such
characteristic times and especially the red-shift in the
broadband transient reflection data were not observed (Figure
2b).
We interpret the observed red-shift in the region of the LPR

as a response of the GNR to the changes of their surrounding
medium, caused by the compressive stress induced by the
excitation of PAzo/PAH. The SEM micrograph (inset in Figure
2c) shows that the GNRs cover the surface homogeneously.
The spatial separation of GNR is large enough to exclude
interaction between the particles. Figure 3b shows that the red-
shift disappears in sample 1**, where we have covered the
GNR with polyelectrolytes. Motion of polymers around the
particles now do not substantially affect the average dielectric
environment of the GNR.53

We obtain the most direct confirmation of our interpretation
by the following argument: If we change the thickness of the
spacer layers, we should observe a different timing of the GNR
response to the strain pulse which is given by the sound
propagation time. Figure 4 presents the results for a sample
with a 75 nm thick propagation layer (sample 2) that shows a
nearly instantaneous red-shift. In order to increase the visibility
of this LPR shift superimposed on the thin-film interference
fringes, we choose GNRs with a different aspect ratio. Panel a
shows that, in this case, the static LPR absorption was located
at 700 nm in this case. The transient reflectivity change ΔR/R0
presented in panel b shows the same features identified in
Figure 2c. In particular, the oscillation frequency along the time
delay has the same wavelength dependence characteristic of
TDBS from a strain front propagating toward the substrate.
The concomitant blue-shift of the spectral fringes was
somewhat steeper than for sample 1. This is because the
thickness ratio between the PAzo/PAH and the transparent
polymers is different and the PAzo/PAH film contributes most
to the thickness of the total layer structure. Similar to the data
from sample 1, the blue-shift starts at T = 0 and lasts until T4 =
νAzo2/νpoly = 124 ps given by propagation of the strain wave to
the substrate. For sample 2, the red-shift of the LPR is now
observed around 700 nm. As expected, the shift starts very close
to time zero T5 = νpoly2/νpoly = 22 ps and lasts until T6 = T4 +
T5 = 132 ps, in precise agreement with the scaled layer
thicknesses indicated.
In the transient spectra of Figures 2b and 4b we observe a

much less pronounced feature in the spectral range of the

transverse plasmon resonance around 530 nm, which we will
not discuss here.

■ DISCUSSION
From the analysis of the transient spectra of these hybrid
nanolayer composites, we conclude that the LPR of the GNR
was modified by hyper-sound-waves triggered by optical
excitation of the PAzo/PAH transducer. It is somewhat

Figure 3. (a) Relative change of the transient reflection of a sample
with GNRs type I, deposited on 8 double layers of PSS/PAH on a
quartz substrate. Because the sample is relatively thin, the thin-film
interference effect cannot be observed in this wavelength range. The
data are dominated by the features related to the longitudinal and
transverse resonance modes of GNR. The longitudinal mode also
shows the dynamics of the breathing oscillations (oscillation at 90 ps),
characteristic for the ultrafast dynamics of GNRs. (b) Relative change
of the transient reflection of sample 1**, after additional coverage by
PSS/PAH polyelectrolytes.

Figure 4. ΔR/R0 for sample 2 shows an LPR at λ = 700 nm. The
upper arrow indicates the red-shift of the LPR at around 700 nm,
which increases as long as the compressive strain is incident on the
surface covered by GNRs. The lower arrow indicates the blue-shift
characteristic of an expansive strain wave traveling toward the
substrate.
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puzzling that the induced shift of the LPR remains for delay
times much longer than the duration of the sound pulse that is
incident on the GNR. In fact, we have not observed any
recovery up to 1 ns. On the other hand, we know that the
process is reversible since we repeat the experiment at the 5
kHz pulse rate of the laser system. This implies that the
modifications around the GNR relax within 200 μs.
We assign this long living signal to a viscoelastic dynamic

response of the polyelectrolytes near the surface. As indicated
schematically in Figure 1 (case a), the incident compressive
strain wave is reflected as an expansion wave at the interface to
air, which then cancels the compressive stress of the incident
wave near the surface. At the interface to GNR (Figure 1, case
b), the hyper-sound-wave is reflected as a compression wave.
Therefore, the incident and reflected waves add up to a large
compressive stress in the vicinity of GNRs. We suggest that this
pressure difference leads to a rapid deformation of polyelec-
trolyte toward the ends of the GNR, which in turn leads to a
red-shift according to effective medium models.53 As the
pressure difference ceases after few nanoseconds, a viscoelastic
deformation brings the PSS/PAH polyelectrolyte back to the
starting configuration within the repetition rate of the
experiment. Since the PSS/PAH layer does not absorb the
excitation pulse, the response of GNR on the surface can be
safely attributed to the ultrafast pressure step. The measure-
ments reported in Figure 3b corroborate this interpretation: As
soon as the particles are essentially embedded in the
transparent polyelectrolyte, the plasmon resonance shift due
to the hypersound disappears. This is consistent with the
requirement to have a mesoscopic viscoelastic deformation
around the ends of the nanorods. As a confirmation of a
pronounced viscoelasticity in the polyelectrolytes, we note that
the low-frequency elastic constant has been measured to be C =
4.5 GPa. Our TDBS experiments, in contrast, show that the
hyper-sound-velocity is 3.4 nm/ps, which yields a high-
frequency elastic constant54 of C = v2ρ = 10.9 GPa.
Simulation. A detailed simulation of this ultrafast

viscoelastic response is a big challenge for theory. Here we
discuss a simple simulation to rationalize the stress field around
the nanoparticle and to illustrate the approximate ultrafast
stress−strain dynamics. Recent experiments confirmed that a
linear masses-and-springs model or a linear continuum model
can describe the hyper-sound-propagation in polyelectrolytes
quite well.11 As a first order approximation of the strain waves
propagating in the layered polyelectrolytes, we show the results
of a masses-and-springs simulation55 for the first 140 ps based
on the high-frequency elastic constant (Figure 5). The
simulation toolbox55 has been tested against a large number
of experiments on hyper-sound-propagation in solids.51,55,56

Although it neglects any nonlinear interactions, dissipation, or
viscoelastic processes, the model captures the relevant time
scales and the sign and relative magnitude of the spatiotemporal
strain correctly.
Figure 5 shows that the photoexcitation of PAzo/PAH

launches a compression wave into PSS/PAH, which arrives at
the surface after t = 80 ps. At the interface with air, this wave is
reflected as an expansion wave (Figure 5a), and therefore, it
cancels the strain at the surface at later times. Figure 5b
simulates the situation under the Au particle. The larger
acoustic impedance of Au (ZGNR = 63.8 × 106 Pa s/m3

compared to ZPSS/PAH = 3.4 × 106 Pa s/m3) leads to a
reflection of the strain wave without an inverted sign.
Therefore, the superposition of the incident and the reflected

wave leads to an enhanced compressive strain in the out-of
plane direction.
In fact, 87% of the wave is reflected as a compression wave,

and 13% would nominally propagate through the particle.
Then, this 13% would reflect from the GNR/air interface with a
change of sign and become an expansion wave. In our
simulation we used a very thick gold layer to remove the
reflection at the gold/air interface, since in the realistic case the
soundwave is not reflected, but is scattered by the surface
curvature of the particle.
Although this 1D model oversimplifies the interaction of the

strain wave with the GNR, we can qualitatively derive an order-
of-magnitude estimate of the out-of-plane strain ε. Figure 6a
shows the strain εz averaged over the first 30 nm beneath the
polymer/air interface (εpoly/air blue) and beneath the polymer/
gold interface (εpoly/gold yellow). The time of about 300 ps for
the decay of εpoly/gold is given by the thickness of the PAzo/
PAH layer. The strain rises again, when the strain wave
reflected from the substrate arrives at the gold layer. Using the
high-frequency elastic constant for PSS/PAH, we can translate
the strain into an out-of-plane compressive stress σz (see right
vertical axis of Figure 6a). This yields a stress σx parallel to the
particle with a magnitude similar to σz by virtue of Poission’s
effect. Figure 6b plots the strain difference Δεx = εpoly/gold −
εpoly/air calculated for the strain εpoly/air averaged over the first 30
nm beneath the polymer/air interface and for εpoly/gold in the
first 30 nm beneath the polymer/gold interface. For

Figure 5. Simulation of the strain pulse evolution. The horizontal axis
represents the sample depth. (a) z = 0 corresponds to the PSS/PAH
sample surface. The interface between PSS/PAH and PAzo/PAH is at
0.275 μm. Note that, after reflection of the strain front at the surface,
the strain near the surface is almost zero. (b) The same structure,
however, with bulk gold on top to simulate the strain dynamics at the
interface to the Au particles. The strain under the layer of gold
indicates a large compressive stress.
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convenience, the vertical axis on the right side shows the
conversion into an ultrafast stress according to σx = Yε, where Y
= 10.9 GPa/cm2 is Young’s modulus of PSS/PAH at GHz
frequencies. Figure 6c shows the observed shift of the
longitudinal plasmon resonance on the same time axis. The
shift is steep, when a large pressure gradient σx forces the
polymer to move around the GNRs. The fact that the
resonance does not shift back around 350 and 650 ps, when
σx should be close to zero, is indicative of the viscoelastic
response.

■ CONCLUSIONS
In conclusion, we have investigated the ultrafast response of
hybrid nanolayer composites for integrated optoacoustics. We
showed that femtosecond-laser-excitation of Azo-functionalized
polyelectrolyte layers launches strain waves that can modulate
the plasmonic response of gold nanorods. The observed
dynamics on the picosecond time scale suggest a pronounced
and reversible viscoelastic response of the polyelectrolytes
around the nanoparticle. The long molecular chains are set into
motion by pressures of about 4 MPa within 100 ps. Their

relaxation to the equilibrium occurs on much longer time
scales.
Our experiments are a first step toward strain-mediated

ultrafast multifunctional nanostructures, which can be fab-
ricated at low cost by spin-assisted layer-by-layer deposition
with nanometric accuracy. Transduction and detection of
hyper-sound-waves can be realized on an equal footing in a
facile way; this invites scientists to fabricate nanocomposites
with new functionalities that operate on the natural time scale
of nuclear motion.
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(49) Kiel, M.; Möhwald, H.; Bargheer, M. Broadband Measurements
of the Transient Optical Complex Dielectric Function of a
Nanoparticle/Polymer Composite upon Ultrafast Excitation. Phys.
Rev. B: Condens. Matter Mater. Phys. 2011, 84, 165121.
(50) Decher, G.; Schmitt, J. Fine-Tuning of the Film Thickness of
Ultrathin Multilayer Films Composed of Consecutively Alternating
Layers of Anionic and Cationic Polyelectrolytes. In Trends in Colloid
and Interface Science VI; Helm, C., Lösche, M., Möhwald, H., Eds.;
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We present a nanostructured device that functions as photoacoustic hard x-ray switch. The device

is triggered by femtosecond laser pulses and allows for temporal gating of hard x-rays on picosec-

ond (ps) timescales. It may be used for pulse picking or even pulse shortening in 3rd generation

synchrotron sources. Previous approaches mainly suffered from insufficient switching contrasts

due to excitation-induced thermal distortions. We present a new approach where thermal distor-

tions are spatially separated from the functional switching layers in the structure. Our measure-

ments yield a switching contrast of 14, which is sufficient for efficient hard x-ray pulse shortening.

The optimized structure also allows for utilizing the switch at high repetition rates of up to

208 kHz. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4967835]

I. INTRODUCTION

The controlled manipulation of x-ray radiation is a diffi-

cult task, especially in the hard x-ray regime (Ephoton

> 2 keV). This is due to the fact that x-rays penetrate the

material rather than being reflected. In order to change the

beam direction, one has to rely on total reflection at surfa-

ces,1 Fourier-optical elements such as zone-plates,2,3 or at

diffracting elements, e.g., Bragg mirrors in monochroma-

tors.4,5 X-ray optics are therefore advanced devices placing

high requirements on technological properties such as sur-

face roughness, crystal quality, and structural perfection.

In order to tailor the imaging characteristics of x-ray

optical elements to environmental changes or to experimen-

tal requirements, adaptive optics are being developed. They

are used in x-ray astronomy to compensate for atmospheric

turbulence.6 In large-scale research facilities, such as syn-

chrotrons, adaptive x-ray optics are used to stabilize the

x-ray beam from thermal drifting7 or to optimize the imaging

properties for the requirements at the experimental station.8

Existing adaptive optics are typically based on slow physical

processes like gravitational or thermal deformation. More

advanced attempts rely on piezoelectric effects9 or on

MEMS-devices.10

Here, we demonstrate a different approach to build

active x-ray optical elements by optical excitation. As an

example, we introduce a switchable mirror where the reflec-

tivity is modulated on picosecond timescales. We call this

device the PicoSwitch. It utilizes modulation of the lattice

parameter, and thus the x-ray diffraction efficiency, via con-

trolled propagation of coherent acoustic phonon wavepack-

ets. We employ this device to gate the x-ray pulse emitted

from a synchrotron storage ring. The opening time of the

gate is significantly shorter than the x-ray pulse duration.

Hence, the PicoSwitch effectively reduces the duration of an

x-ray pulse and therefore increases the temporal resolution in

ultrafast x-ray diffraction (UXRD) experiments.

UXRD is an efficient technique to measure ultrafast

dynamics of the crystal lattice.11 Most experiments are per-

formed at large scale facilities, e.g., synchrotrons. The newest

generation of such large-scale radiation sources is free elec-

tron lasers (FELs). They provide significantly improved beam

characteristics in terms of intensity, coherence, and pulse

duration compared to 3rd generation synchrotron sources.12 In

the context of this article, we mention especially the pulse

duration, which is reduced from typically 100 picoseconds

(ps) at synchrotrons to sub-100 femtoseconds (fs) at FEL

sources. Hence, synchrotrons provide a poor temporal resolu-

tion in UXRD measurements. The better performance of

FELs is expressed by the brilliance (BR) parameter, which is

around 1032 photons

s�mrad2�mm2�0:1%bw
for FELs compared to

1025 photons

s�mrad2�mm2�0:1%bw
for 3rd generation synchrotrons.12 As an

alternative to large-scale facilities, there exist lab-based

table-top sources for hard x-rays. These plasma x-ray sources

(PXS) provide hard x-ray bursts with a duration of less

than 200 fs.13 Disadvantages of the PXS are low photon

count, large fluctuations, and high angular divergence,14

which results in a low brilliance of only

1:1� 1015 photons

s�mrad2�mm2�0:1%bw
.15 In particular, due to the high

angular divergence of the generated x-ray beam, the diffrac-

tion angle can only be measured with low resolution at a PXS.

The PicoSwitch aims at improving a key characteristic

of synchrotron sources, namely, the poor temporal resolu-

tion. We expect a reduction of the x-ray pulse duration down

to 5 ps. Other pulse shortening schemes have been developed
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and shown to reduce the pulse duration down to 200 fs.16

However, these femtoslicing schemes are far more expensive

in terms of equipment and experimental effort. The

PicoSwitch requires only a mount for positioning and for

aligning the incidence angle of the x-rays. It is an easy-to-

use and economically reasonable tool that may be installed

and removed in an UXRD setup upon request.

II. WORKING PRINCIPLE OF THE PICOSWITCH

The PicoSwitch is a photo-acoustic device that relies on

the propagation of coherent acoustic phonon wavepackets.17

These soundwaves are generated by ultrashort optical pulses

impinging on a transducer. Former designs already showed

an ultrafast lattice response, which resulted in shortening

an incident x-ray pulse.18 However, a synchrotron-based

pump-probe experiment with a shortened pulse revealed an

insufficient switching contrast,19 which stems from thermal

expansion of the transducer layer after optical excitation.

We demonstrate the PicoSwitch working principle

with a simulation of the time dependent diffraction effi-

ciency of sample I in Table I. The sample stack is shown in

Figure 1(c) and consists of 46 nm transparent LaAlO3

(LAO, green) on 77 nm metallic La0:67Sr0:33MnO3 (LSMO,

red) on transparent NdGaO3 (NGO, blue) substrate. The

PicoSwitch is excited by femtosecond (fs) laser pulses

which are transmitted through the LAO cap layer to be

absorbed in the LSMO transducer.

Absorption of the pump pulses leads to the excitation of

coherent compression waves into the cap layer and into the

substrate, respectively, as well as to expansion waves into

the transducer itself. These coherent sound waves modulate

the lattice parameter in the structure, thus shifting the x-ray

diffraction efficiency in reciprocal space. The dynamics of

the crystal lattice can be modeled with a linear chain of

masses and springs.20 The model yields transient strain

matrices that are used to calculate the time-dependent x-ray

diffraction efficiency21 using dynamic x-ray diffraction the-

ory.22 Specifically, a strain induced expansion or compres-

sion of the crystal leads to a shift of diffraction efficiency g
to lower or larger diffraction angles, respectively. In the fol-

lowing, we convert the diffraction angle to the out-of-plane

reciprocal space coordinate qz using the transformation

qz ¼ 4p
k sin h, where k and h denote the x-ray wavelength and

diffraction angle, respectively. The position of the diffraction

efficiency g in reciprocal space coordinates is independent of

the x-ray photon energy. We specifically investigate gðqz; sÞ
at the Bragg peaks of the PicoSwitch structure.

The color plot in Figure 1(a) depicts the simulated dif-

fraction efficiency of the PicoSwitch structure vs. pump-

probe delay s and out-of-plane reciprocal space coordinate

qz. Cross sections at different pump-probe delays are plotted

in Figure 1(b). The black line shows a simulation where the

sample is in thermal equilibrium, while the red, green, and

blue curves depict the diffraction efficiency of 6 ps, 15 ps,

and 35 ps after excitation, respectively. At s¼ 0, a compres-

sion wave is launched at the LSMO/LAO-interface and prop-

agates into the dielectric LAO-layer. Hence, the red curve

(6 ps delay) in Figure 1(b) shows an out-of-plane expanded

and compressed LSMO- and LAO-layer, respectively. After

reflection at the surface, the compression wave is converted

into an expansion wave and propagates back into the struc-

ture. This leads to the expansion of the LAO-layer depicted

in the green curve in Figure 1(b). Finally, the blue curve

TABLE I. Material properties of the PicoSwitch samples.

Material Lattice parameter (hkl) dlayer vsound

I LAO 3.791 Å (001) 46 nm 7:2
nm

ps

LSMO 3.933 Å (001) 77 nm 7:8
nm

ps

NGO 3.864 Å (110) 500 lm 7:8
nm

ps

II STO 3.893 Å (001) 31:1 nm 7:8
nm

ps

SRO 3.924 Å (001) 100 nm 6:3
nm

ps

DSO 3.948 Å (110) 500 lm 6:8
nm

ps

FIG. 1. (a) Simulation of the diffraction efficiency gðqz; sÞ of the sample I

from Table I after excitation with an ultrashort optical pulse. (b) Transient dif-

fraction efficiency vs. out-of-plane reciprocal space coordinate qz at pump-

probe delays of �0.5 ps (black), 6 ps (red), 13 ps (green), and 35 ps (blue),

respectively. The curves indicate the time-dependent compression and expan-

sion of the transparent cap layer at qz ¼ 3:355 Å
�1

and of the metallic trans-

ducer layer at qz ¼ 3:195 Å
�1

. (c) PicoSwitch sample structure and optical

excitation profile.
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(35 ps delay) shows a delay where all sound waves have

propagated into the substrate. Acoustic impedance matching

between the LAO cap layer and the LSMO transducer pre-

vents multiple reflection of sound waves. At late times

(s> 35 ps), the LSMO transducer is still expanded due to the

deposited thermal energy from the pump pulse. However,

the LAO cap layer is not strained in out-of-plane direction

and the corresponding Bragg-peak returns to its initial qz

position. The layer will successively warm up via thermal

diffusion from the laser excited-LSMO transducer and

expands in consequence. This process is much slower com-

pared to coherent phonon transport and occurs on long time-

scales irrelevant for the switching process. It is important to

note that the gate function is determined by the coherent

compression wave that shifts diffraction efficiency to higher

diffraction angles. Heating of the layer results in an expan-

sion, thus shifting the diffraction efficiency to even lower

diffraction angles. Hence, heat diffusion does not decrease

the switching contrast even on long timescales.

The advantage of the new PicoSwitch compared to pre-

vious designs is the following: by spatially separating the

excitation of the transducer from the switching in the trans-

parent layer, one obtains high switching contrast even after

depositing thermal energy in the sample. The best switching

contrast is reached in the grey shaded area in Figure 1(b),

i.e., in close proximity to the Bragg peak of the transparent

LAO cap layer. Using the diffraction efficiency before

(g0) and after (g1) the propagation of coherent phonons,

we define the qz-dependent switching contrast C0ðgÞ and

C1ðgÞ

C0;1 ¼
gmax � g0;1

g0;1
; (1)

where gmax is the maximum transient diffraction efficiency

of the LAO layer.

Currently, the maximum diffraction efficiency is 5� 10�3,

determined by the thickness of the transparent cap layer. The

efficiency may be further improved, e.g., by using asymmetric

diffraction geometries, different film thicknesses, or different

material systems.

Based on simulations shown in Figures 1(a) and 1(b),

we grew test samples for characterization of the new

PicoSwitch design in UXRD experiments. The general struc-

ture of the PicoSwitch consisting of a transparent cap layer

and a metallic transducer layer was realized with two differ-

ent material systems. Samples were epitaxially grown by

pulsed laser deposition (PLD).23 Relevant material properties

of both samples are listed in Table I.

III. EXPERIMENTAL METHOD

To fully characterize our pulse shortening device, we

have to determine the time and reciprocal space dependent

change of the diffraction efficiency gðqz; sÞ. Knowledge of

gðqz; sÞ provides characteristic parameters like switching

time (FWHM) and switching contrast (Equation (1)). It is

important to note that both a high temporal and angular reso-

lution of the measurement are necessary to accurately deter-

mine gðqz; sÞ.
We accomplish the characterization of our device by per-

forming two measurements which make use of the advantages

of different x-ray sources. First, we measure gðqz; sÞ with a

high temporal resolution at the PXS at University Potsdam.

The time resolution of 200 fs is clearly sufficient to determine

the expected switching time of �5 ps. Second, we resolve the

angular response of gðqz; sÞ in a correlation experiment simi-

lar to Ref. 18. This measurement was performed at the x-ray

Pump-Probe (XPP) station of the KMC3-beamline at the

Helmholtz-Zentrum for Materials and Energy. The PXS- and

XPP-setups are shown in Figures 2(a) and 2(b), respectively,

and have been described elsewhere in more detail.13,24

Both setups utilize femtosecond lasers for sample exci-

tation and detect diffracted photons with a two-dimensional

hybrid pixel area detector. The excitation fluence was

25 mJ/cm2 and 40 mJ/cm2 for the PXS and 13.6 mJ/cm2 for

the XPP measurement. Since the energy of an excitation

pulse is 50 times larger in the PXS measurement, the focal

area was reduced in the XPP-setup to achieve similar exci-

tation intensities. In contrast, the XPP setup can measure at

high repetition rates of up to 208 kHz. This leads to a large

power density in the excited volume on the sample and to a

FIG. 2. (a) UXRD setup at the

University of Potsdam using a Plasma

x-ray Source for the generation of

150–200 fs x-ray bursts.13 (b) XPP

experimental station at the KMC3-

beamline at BESSY II.24
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stronger average heating of the crystal lattice compared to

the PXS measurement. Specific issues for high-repetition

UXRD experiments, such as average heating and sample

deformation, are discussed in Refs. 24 and 25. Here, we

would like to point out that the quasi-equilibrium steady

state of the sample under excitation differs significantly

between the PXS and the XPP measurement. Our data eval-

uation and model simulations account for these specific

background effects by introducing a depth-dependent strain

profile in our simulations. The characteristic source param-

eters for the PXS and the XPP setup are listed in Table II.

All UXRD measurements are performed in symmetric

scattering geometry, i.e., the detector is held at twice the

incidence angle x of the x-ray beam to the sample surface.

Such x� 2h-scans measure diffraction at lattice planes par-

allel to the sample surface and along the Crystal Truncation

Rod (CTR) in reciprocal space.26 We measure the second

order diffraction, i.e., at the (002)-plane of the thin film

materials, which shows the highest diffraction efficiency.

This also holds for the 110-cut DSO substrate where we

measure the (220) diffraction peak in symmetrical diffraction

geometry. In principle, the switching contrast will be higher

at higher diffraction orders. As mentioned before, we convert

the diffraction angle h to the reciprocal space coordinate qz

in order to directly compare measurements performed at

PXS and XPP with different x-ray photon energies.

IV. RESULTS

Static diffraction efficiency gðqzÞ of samples I and II is

shown in Figures 3(a) and 3(b). In sample I, the bright NGO

substrate peak lies between the transparent LAO-peak at

qz¼ 3.355 Å
�1

and the Bragg-peak of the metallic LSMO

layer at qz¼ 3.195 Å
�1

. In sample II, all three peaks appear

in a qz-range of less than 0.5 Å
�1

, namely, at qz¼ 3.17 Å
�1

(DSO), qz¼ 3.236 Å
�1

(SRO), and qz¼ 3.264 Å
�1

(STO).

This is in contrast to sample I where the peaks distribute

over a range of �1.5 Å
�1

.

The two-dimensional plots in Figures 3(c) and 3(d)

depict the diffraction efficiency g vs. pump-probe delay

s and out-of-plane reciprocal space coordinate qz, obtained

by measurements at the PXS. The data were taken at an

excitation fluence of 25 mJ/cm2 (c) and 40 mJ/cm2 (d),

respectively. The initial peak position at s< 0 corresponds to

data shown in Figures 3(a) and 3(b), respectively. The

PicoSwitch was exposed to optical pump and x-ray probe

beams for several weeks during our experiments. We did

not observe any signs of long term degradation. Upon excita-

tion at s0¼ 0, the LAO peak in Figure 3(c) shifts to larger

qz-values until s1¼ 6.5 ps, indicating a compression of the

out-of-plane lattice parameter. Upon reflection of the sound

wave at the sample surface, the peak shift reverses its sign

and the peak returns to its initial position at s2¼ 13 ps.

Compression of the LAO cap layer is only slightly visible

due to the limited angular resolution of the measurement.

In contrast, the LSMO transducer peak shows an almost

continuous shift to smaller qz-values accompanied with a

broadening until delay time s2. This indicates an expansion of

the crystal lattice in out-of-plane direction. The substrate peak

is almost unchanged except for a narrow sideband due to the

propagating sound wave. The measured width of the substrate

peak is of the same order as the width of cap layer and trans-

ducer peaks, respectively. Note that the measurement reprodu-

ces the dynamic diffraction efficiency simulated in Figure 1(a).

TABLE II. Comparison of source parameters of the PXS and the XPP setup.

PXS XPP

X-ray pulse duration <200 fs <60 ps

Angular resolution 0.15� 0.01�

Photons on sample 106 s�1 108 s�1

X-ray photon energy 8047 eV 6500 eV

Optical pulse energy 0.5 mJ 10 lJ

Repetition frequency 1 kHz 208 kHz

FIG. 3. Results of static and time-

resolved x-ray diffraction measurements:

(a) and (b): Static x-ray diffraction mea-

surement from sample I and sample II.

The data were measured at the XPP-

beamline with high angular resolution.

(c) (sample I) and (d) (sample II):

Dynamic diffraction efficiency of the

PicoSwitch measured at the PXS. Laser-

excited propagating sound waves modu-

late the lattice parameter and lead to a

shift of the Bragg peak positions. (e) and

(f) Cross sections at qz¼ 3.365 Å
�1

(sample I) and qz¼ 3.277 Å
�1

(sample

II) demonstrating the ultrafast modula-

tion of the diffraction efficiency g.
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Figure 3(d) shows a qualitatively similar behaviour for

the STO- and SRO-peaks, respectively. Upon heating by

the optical excitation pulse, the SRO-layer expands and the

corresponding peak is covered by the DSO substrate peak

in the diffraction image. This effect is especially strong at

high repetition rates of the excitation laser, where the ther-

mal background due to deposited heat in the metallic film

is large.

The width of the substrate peaks in both measurements

indicates the angular resolution of the PXS. Simulations of

the sample structure shown in Figure 1 indicate a substrate

peak width of �0.005 Å
�1

. Due to the limited angular reso-

lution, the PXS-measurements require large excitation fluen-

ces of >20 mJ/cm2.

Cross-sections at specific qz-values of the normalized

dynamic diffraction efficiency gðsÞ of samples I and II are

shown in Figures 3(e) and 3(f), respectively. The rise and

fall of gðsÞ constitute a temporal gate for diffraction of

impinging x-ray photons. Both samples show comparable

switching times.

In order to determine gðsÞ with better angular resolution,

we resort to the XPP-experimental station at HZB. Due to

the insufficient temporal resolution at the synchrotron, we

perform a correlation experiment which is already described

in Ref. 18. It is important to note that we excite the sample

with a repetition rate of 208 kHz. This has two important

consequences. First, the high repetition rate results in a lower

energy of the optical pump pulse, which limits the available

excitation fluence. Second, accumulated heat in the sample

may lead to strong distortions of the diffraction peaks such

as peak broadening or a decrease in peak intensity. This

must be compensated by reducing the footprint of the pump

and probe pulses25 and by careful adjustment of the spatial

overlap.24

A measurement of the x-ray probe pulse at the XPP-

beamline is shown in Figure 4(a). Data of the correlation

experiment of the impinging x-ray pulse with the ultrafast

PicoSwitch response are shown in Figure 4(b). Owing to

the high repetition frequency, the experiment is performed

at an excitation fluence of 13.6 mJ/cm2, i.e., roughly half of

the excitation fluence of the PXS measurement. Therefore,

the switching gate differs from the data shown in Figure 3.

The experiment was only performed on sample I, where the

separation of the diffraction peaks in reciprocal space is

larger than in sample II. The larger separation is necessary

to circumvent heat-induced distortions of the diffraction

peaks. For modeling the experimental data, we use the sim-

ulated sample response shown in the green solid line in

Figure 4(b).

The magenta, dotted curve in Figure 4(b) depicts the

result of the correlation experiment. It shows an asymmetric

rise and fall of the diffracted intensity from the sample, simi-

lar to the incident x-ray pulse. Note that the latter is plotted

against a real time axis t and not against the pump-probe

delay s. Therefore, the asymmetries appear inverted in

Figure 4(b) compared to the incident x-ray beam shown in

Figure 4(a). Numeric correlation of the simulated sample

response with the incident x-ray pulse is shown in the blue

solid curve in Figure 4(b).

V. DISCUSSION

Measurements of transient changes in the diffraction effi-

ciency from the PicoSwitch samples shown in Figure 3 agree

with model simulations as shown in Figure 1. In particular, we

observe a compression and subsequent expansion of the trans-

parent cap layer. At the same time, the transducer expands upon

optical excitation. The extracted switching time ss perfectly

agrees with the value expected from simulations of coherent

phonon propagation in the samples. This value is given by ss

¼ dlayer=vsound and amounts to�8.1 ps and�4.0 ps for samples

I and II, respectively. Deviations to the experimental value may

stem from the limited angular resolution, background noise and

from fluence-dependent effects.

The absorbed fluence was calibrated by comparing the

measured angular shift of the LAO-peak to simulations

described in Section II and determined to be 8 mJ/cm2. We

added a static background obtained a perfect agreement of

simulation and experiment in Figure 4(b). The background

stems from the low excitation fluence and from background

scattering of the x-ray beam. The latter can be reduced by

decreasing the divergence of the focused x-ray beam at the

cost of x-ray flux.

The XPP-measurement shown in Figure 4 also demon-

strates that the PicoSwitch can sustain high average powers

and is thus suited for high-repetition UXRD setups.

Decreasing the focal area with appropriate x-ray optics allows

for stronger excitation fluences, which increases the switching

contrast.

Due to the limited angular resolution, switching con-

trasts defined in Equation (1) cannot be determined through

FIG. 4. (a) Time structure of the x-ray pulse at BESSY II in hybrid mode

plotted vs. a real time axis t. The temporal shape was measured via laser-

induced energy modulation of the relativistic electron bunch.27 (b)

Measured correlation of the BESSY x-ray pulse with the ultrafast response

of sample I after optical excitation (magenta dotted curve). The blue solid

line shows a simulated correlation signal using the measured BESSY x-ray

pulse in (a). The green solid line shows the sample response used to calcu-

late the correlation signal. All curves are plotted vs. the pump-probe delay

time s, which is inverted compared to the real time axis t.
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measurements performed at the PXS. We will now estimate

the switching contrast C0;1 from data obtained by XPP

measurements. The duration of a synchrotron x-ray pulse

during our experiment was only sfwhm¼ 60 ps. Hence, x-ray

photons are diffracted from the PicoSwitch during the

switching process and from background scattering while the

switch is in the off-state. The latter process reduces the mea-

sured contrast proportional to the ratio D of the switching

time ss and the pulse duration of the impinging x-ray pulse

sfwhm. From Figure 4(b), we find Dg ¼ 0.45. Using Equation

(1), we extract a switching contrast of

C ¼ Dg
g0

� 1

D
¼ 1� 0:45

0:45
� 58 ps

5 ps
� 14: (2)

Our measured contrast is a factor of two larger compared to

previous PicoSwitch designs.19 By dropping the limiting

noise floor, our calculations predict a switching contrast of

C0;1¼ 27. The PicoSwitch allows for even higher switch-

ing contrasts by increasing the excitation fluence. To the

best of our knowledge, LSMO and SRO transducers may be

excited with fluences up to 50 mJ/cm2 at a repetition fre-

quency of 1 kHz.

To quantify the effects of a finite switching contrast in a

pump probe measurement, we show a simulation of a heavy-

side function which is sampled by the PicoSwitch probe

pulse in Figure 5. The switching contrast was C0;1¼ 14, as

in the data shown in Figure 4. The switching background

results in a temporal smearing of the pump probe signal.

The ultrafast PicoSwitch gate results in a sharp drop of the

pump probe signal around time zero. The amplitude of the

drop is 30% of the total amplitude. The heavyside function is

resolved with the temporal resolution of the gated probe

pulse. The amplitude of the ultrafast response will be

increased with better contrast ratios.

While we demonstrated ultrafast switching of hard

x-rays on both samples, sample II is more vulnerable to

thermal distortions induced by the optical excitation. This

prevents efficient switching, especially at high repetition fre-

quencies. Separation in reciprocal space of the diffraction

peaks of the transducer and the transparent cap layer, respec-

tively, renders the switch more stable with respect to ther-

mally induced strain fields. However, both samples are

suited for pulse switching at low repetition rates where ther-

mal distortions are low.

Thermal diffusion leads to heating of the top layer of the

PicoSwitch on nanosecond timescales. Ultrafast experiments

resolving dynamics on the order of the x-ray pulse duration,

e.g., by using gateable detectors, are not affected by heat dif-

fusion. However, if the PicoSwitch is used as a beamline

device which is exposed to the full bunch pattern, e.g., as

pulse picker, dynamics on long timescales may become rele-

vant. Heat diffusion dynamics depend on material properties

and on experimental parameters, e.g., excitation fluence, rep-

etition rate, and device cooling. Owing to the complexity of

the issue, we will discuss thermally induced dynamics of

PicoSwitch structures in a separate publication.

It is important to note that the PicoSwitch does not

affect the divergence of the incident and reflected beam as

long as the excitation area is at least twice as large as the

footprint of the x-ray beam.

Finally, we compare reduction of the brilliance (BR) of

two pulse shortening schemes, namely, Femtoslicing and the

PicoSwitch. Both schemes reduce the brilliance by lowering

the number of photons available for experiments. This reduc-

tion stems from a limited efficiency g, the reduction of the

repetition rate D� ¼ fshort=fincident, and the pulse shortening

ratio D¼ sshort=sincident. The PicoSwitch implemented at the

XPP-station at BESSY II yields the following parameters:

g¼ 5� 10�3, D�¼ 208 kHz/1.25 MHz¼ 1/6, and D¼ 5 ps/

100 ps¼ 1/20. In total, BR is 4.16� 10�5. In comparison,

Femtoslicing yields the following parameters: g¼ 0.7,

D�¼ 1 kHz/1.25 MHz¼ 8� 10�4, and D¼ 100 fs/100 ps

¼ 1/1000.28,29 In total, Femtoslicing yields a BR of 5.6

� 10�7. The BR is more important for Femtoslicing com-

pared to the PicoSwitch because the repetition rate cannot be

increased to more than few kHz due to limits in the bunch

recovery time30 and because the sliced pulse is much shorter

than the incident pulse. To better compare brilliance between

both pulse shortening schemes, we suggest to compare the

peak brilliance, i.e., to normalize the BR to the duration of

the shorted pulse. For Femtoslicing this yields 5.6� 10�7/

100 fs¼ 5.6� 106 compared to 4.16� 10�5/5 ps¼ 8.3� 106

for the PicoSwitch. The peak brilliance is in the same order

of magnitude in both schemes. The PicoSwitch main advan-

tage is the high repetition frequency while Femtoslicing ben-

efits from a better efficiency. For the reduced charge (low-a)

mode, the same reasoning yields a BR of 0.01 and a peak

brilliance of 2� 109, assuming a pulse duration of 5 ps.

Low-a-mode yields the highest brilliance; however, it is only

available few weeks per year in normal 3rd generation

synchrotrons.

VI. CONCLUSION

In conclusion, we demonstrated ultrafast switching of

hard x-rays at high repetition frequencies using a photoa-

coustic Bragg-switch. The device, which we call the

PicoSwitch, is suitable for shortening x-ray pulses emitted

by 3rd generation synchrotron sources. Our characterization

yields a switching contrast of C0;1 ¼ 14. Comparison of

coherent phonon and dynamic x-ray simulations shows that

FIG. 5. Simulation of a Heavyside function (dashed) sampled by a shortend

synchrotron pulse which was generated by the PicoSwitch. The pump probe

response is shown in the red solid curve. The pump probe signal is smeared

out over the duration of the incident x-ray pulse due to a finite switching

contrast of C0;1 ¼ 14. We assumed a FWHM duration of 120 ps of the inci-

dent pulse. The ultrafast gate of the probe pulse results in a 30% drop in

amplitude. The ultrafast signal is therefore resolved with the time resolution

of the switching gate.
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the measured contrast is reduced by a static noise back-

ground which stems from the limited flux available during

our experiment. With an improved background, our analysis

yields C0;1 ¼ 27, which is sufficient to increase the temporal

resolution at synchrotron facilities to few ps. The contrast

may be optimized even further by increasing the excitation

fluence as demonstrated by measurements at a table-top

plasma x-ray source. The device operates at high repetition

frequencies up to 208 kHz. Our measurements of PicoSwitch

structures present a next step towards ultrafast active x-ray

optical elements.

ACKNOWLEDGMENTS

We thank the BMBF for funding the project via

05K10IP1.

1A. Aquila, R. Sobierajski, C. Ozkan, V. Hjkov, T. Burian, J. Chalupsk, L.

Juha, M. Strmer, S. Bajt, M. T. Klepka, P. Duewski, K. Morawiec, H.

Ohashi, T. Koyama, K. Tono, Y. Inubushi, M. Yabashi, H. Sinn, T.

Tschentscher, A. P. Mancuso, and J. Gaudin, “Fluence thresholds for grazing

incidence hard X-ray mirrors,” Appl. Phys. Lett. 106(24), 241905 (2015).
2I. Mohacsi, I. Vartiainen, M. Guizar-Sicairos, P. Karvinen, V. A.

Guzenko, E. M€uller, C. M. Kewish, A. Somogyi, and C. David,

“Fabrication and characterization of high-efficiency double-sided blazed

X-ray optics,” Opt. Lett. 41(2), 281–284 (2016).
3S.-R. Wu, Y. Hwu, and G. Margaritondo, “Hard-X-ray zone plates: Recent

progress,” Materials 5(10), 1752 (2012).
4S. Stoupin, F. Lenkszus, R. Laird, K. Goetze, K.-J. Kim, and Y. Shvyd’ko,

“Adaptive angular control of high-resolution X-ray optics,” Proc. SPIE

7803, 780307 (2010).
5J. P. Quintana, M. Hart, D. Bilderback, C. Henderson, D. Richter, T.

Setterston, J. White, D. Hauserman, M. Krumrey, and H. Schulte-

Schrepping, “Adaptive silicon monochromators for high-power insertion

devices. Tests at CHESS, ESRF and HASYLAB,” J. Synchrotron. Rad.

2(1), 1–5 (1995).
6G. R. Lemaitre, “Optical design and active optics methods in astronomy,”

Opt. Rev. 20(2), 103–117 (2013).
7L. E. Berman and M. Hart, “Adaptive crystal optics for high power synchrotron

sources,” Nucl. Instrum. Methods Phys. Res. Sec. A 302(3), 558–562 (1991).
8V. V. Yashchuk, G. Y. Morrison, M. A. Marcus, E. E. Domning, D. J.

Merthe, F. Salmassi, and B. V. Smith, “Performance optimization of a

bendable parabolic cylinder collimating X-ray mirror for the ALS micro-

XAS beamline 10.3.2,” J. Synchrotron. Rad. 22(3), 666–674 (2015).
9T. Goto, H. Nakamori, T. Kimura, Y. Sano, Y. Kohmura, K. Tamasaku,

M. Yabashi, T. Ishikawa, K. Yamauchi, and S. Matsuyama, “Hard X-ray

nanofocusing using adaptive focusing optics based on piezoelectric

deformable mirrors,” Rev. Sci. Instrum. 86(4), 043102 (2015).
10A. Brooks, A. Wirth, E. Lintz, and J. Cavaco, “Design and fabrication of a

high precision X-ray deformable mirror,” Proc. SPIE 9208, 92080E (2014).
11A. Rousse, C. Rischel, and J.-C. Gauthier, “Femtosecond X-ray

crystallography,” Rev. Mod. Phys. 73, 17–31 (2001).
12E. Weckert, “The potential of future light sources to explore the structure

and function of matter,” IUCrJ 2(2), 230–245 (2015).
13F. Zamponi, Z. Ansari, C. Korff Schmising, P. Rothhardt, N.

Zhavoronkov, M. Woerner, T. Elsaesser, M. Bargheer, T. Trobitzsch-Ryll,

and M. Haschke, “Femtosecond hard X-ray plasma sources with a kilo-

hertz repetition rate,” Appl. Phys. A 96, 51–58 (2009).

14D. Schick, A. Bojahr, M. Herzog, C. Von, K. Schmising, R. Shayduk, W.

Leitenberger, P. Gaal, and M. Bargheer, “Normalization schemes for ultra-

fast X-ray diffraction using a table-top laser-driven plasma source,” Rev.

Sci. Instrum. 83, 025104 (2012).
15D. Schick, R. Shayduk, A. Bojahr, M. Herzog, C. von Korff Schmising, P.

Gaal, and M. Bargheer, “Ultrafast reciprocal-space mapping with a con-

vergent beam,” J. Appl. Crystallogr. 46(5), 1372–1377 (2013).
16R. W. Schoenlein, S. Chattopadhyay, H. H. W. Chong, T. E. Glover, P. A.

Heimann, C. V. Shank, A. A. Zholents, and M. S. Zolotorev, “Generation

of femtosecond pulses of synchrotron radiation,” Science 287(5461),

2237–2240 (2000).
17M. Herzog, D. Schick, W. Leitenberger, R. Shayduk, R. M. van der Veen,

C. J. Milne, S. L. Johnson, I. Vrejoiu, and M. Bargheer, “Tailoring inter-

ference and nonlinear manipulation of femtosecond X-rays,” New J. Phys.

14(1), 013004 (2012).
18P. Gaal, D. Schick, M. Herzog, A. Bojahr, R. Shayduk, J. Goldshteyn,

H. A. Navirian, W. Leitenberger, I. Vrejoiu, D. Khakhulin, M. Wulff, and

M. Bargheer, “Time-domain sampling of X-ray pulses using an ultrafast

sample response,” Appl. Phys. Lett. 101(109), 243106–221115 (2012).
19P. Gaal, D. Schick, M. Herzog, A. Bojahr, R. Shayduk, J. Goldshteyn, W.

Leitenberger, I. Vrejoiu, D. Khakhulin, M. Wulff, and M. Bargheer,

“Ultrafast switching of hard X-rays,” J. Synchrotron. Rad. 21(21),

380–385 (2014).
20M. Herzog, D. Schick, P. Gaal, R. Shayduk, C. von Korff Schmising, and

M. Bargheer, “Analysis of ultrafast X-ray diffraction data in a linear-chain

model of the lattice dynamics,” Appl. Phys. A 106(3), 489–499 (2012).
21D. Schick, A. Bojahr, M. Herzog, C. von Korff Schmising, R. Shayduk,

and M. Bargheer, “UDKM1DSIM—A simulation toolkit for 1D ultrafast

dynamics in condensed matter,” Comput. Phys. Commun. 185(2),

651–660 (2014).
22B. E. Warren, X-ray Diffraction, Addison-Wesley Series in Metallurgy

and Materials Engineering (Dover Publications, 1969).
23J. Sellmann, J. Schwarzkopf, A. Kwasniewski, M. Schmidbauer, D. Braun,

and A. Duk, “Strained ferroelectric nanbo3 thin films: Impact of pulsed

laser deposition growth conditions on structural properties,” Thin Solid

Films 570, 107–113 (2014).
24M. Reinhardt, A. Koc, W. Leitenberger, P. Gaal, and M. Bargheer,

“Optimized spatial overlap in optical pump - X-ray probe experiments

with high repetition rate using laser-induced surface distortions,”

J. Synchrotron. Rad. 23, 474 (2016).
25H. Navirian, R. Shayduk, W. Leitenberger, J. Goldshteyn, P. Gaal, and M.

Bargheer, “Synchrotron-based ultrafast x-ray diffraction at high repetition

rates,” Rev. Sci. Instrum. 83(6), 063303 (2012).
26V. Holy, U. Pietsch, and T. Baumbach, High-Resolution X-ray Scattering

from Thin Films and Multilayers, 1st ed. (Springer Tracts in Modern

Physics. Springer, 1999).
27K. Holldack, T. Quast, S. Khan, and R. Mitzner, “Bunch shape diagnostics

using femtoslicing,” in Proceedings of EPAC (2006), p. THPLS016.
28C. Stamm, T. Kachel, N. Pontius, R. Mitzner, T. Quast, K. Holldack, S.

Khan, C. Lupulescu, E. F. Aziz, M. Wienstruk, H. A. Drr, and W.

Eberhardt, “Femtosecond modification of electron localization and transfer

of angular momentum in nickel,” Nat. Mater. 6, 740-743 (2007).
29T. Quast, A. Firsov, and K. Holldack, “Upgrade of the BESSY femtoslic-

ing source,” in Proceedings of PAC07 (2007), p. TUMPMN016.
30K. Holldack, J. Bahrdt, A. Balzer, U. Bovensiepen, M. Brzhezinskaya, A.

Erko, A. Eschenlohr, R. Follath, A. Firsov, W. Frentrup, L. L. Guyader, T.

Kachel, P. Kuske, R. Mitzner, R. M€uller, N. Pontius, T. Quast, I. Radu, J.-

S. Schmidt, C. Sch€ußler-Langeheine, M. Sperling, C. Stamm, C. Trabant,

and A. F€ohlisch, “FemtoSpeX: a versatile optical pump–soft X-ray probe

facility with 100fs X-ray pulses of variable polarization,” J. Synchrotron.

Rad. 21(5), 1090–1104 (2014).

193101-7 Sander et al. J. Appl. Phys. 120, 193101 (2016)

87





Paper IV
Second Harmonic Generation of
Nanoscale Phonon Wave Packets
A. Bojahr, M. Gohlke, W. Leitenberger, J. Pudell,
M. Reinhardt, A. v. Reppert, M. Roessle, M. Sander,
P. Gaal and M. Bargheer.

Phy Rev. Lett. 115, 195502 (2015).





Paper IV

Second Harmonic Generation of Nanoscale Phonon Wave Packets

A. Bojahr,1 M. Gohlke,1 W. Leitenberger,1 J. Pudell,1 M. Reinhardt,2 A. von Reppert,1 M. Roessle,1

M. Sander,1 P. Gaal,2 and M. Bargheer1,2,*
1Institut für Physik and Astronomie, Universität Potsdam, Karl-Liebknecht-Strasse 24-25, 14476 Potsdam, Germany

2Helmholtz Zentrum Berlin, Albert-Einstein-Strasse 15, 12489 Berlin, Germany
(Received 1 June 2015; published 5 November 2015)

Phonons are often regarded as delocalized quasiparticles with certain energy and momentum. The
anharmonic interaction of phonons determines macroscopic properties of the solid, such as thermal
expansion or thermal conductivity, and a detailed understanding becomes increasingly important for
functional nanostructures. Although phonon-phonon scattering processes depicted in simple wave-vector
diagrams are the basis of theories describing these macroscopic phenomena, experiments directly accessing
these coupling channels are scarce. We synthesize monochromatic acoustic phonon wave packets with only
a few cycles to introduce nonlinear phononics as the acoustic counterpart to nonlinear optics. Control of the
wave vector, bandwidth, and consequently spatial extent of the phonon wave packets allows us to observe
nonlinear phonon interaction, in particular, second harmonic generation, in real time by wave-vector-
sensitive Brillouin scattering with x-rays and optical photons.

DOI: 10.1103/PhysRevLett.115.195502 PACS numbers: 62.25.-g, 63.20.-e, 78.20.hc, 78.47.J-

Basic physics lectures introduce phonons as uncoupled
quanta of the lattice excitation, i.e., delocalizedquasiparticles
with certain energy and momentum. The low-temperature
heat capacity of insulators and blackbody radiation are
fundamental macroscopic consequences of quantum
mechanics. Anharmonic effects are introduced to dis-
cuss heat expansion and thermal transport, where only
thermally activated phonons contribute to these phenom-
ena. Typically, theory averages over thermally excited
quantum states before properties of the “mean heat carrying
phonon” are compared to macroscopic measurements like
the temperature of a solid. Our Letter shows a route towards
detailed experimental information on mode-specific non-
linear interactions. This will facilitate fundamental tests of
the theory avoiding the calculation of thermal averages,
which inevitably obscure the full information.
Such progress is of high relevance for the “hot topic” of

heat transport manipulation in nanostructures which is
driven by the enormous size reduction of integrated circuits
[1–6] and the field of thermoelectrics. Recent work aims at
improving the conversion of waste heat into usable energy
by tailored phonon-phonon interaction processes [7–9].
Nonlinear effects have been predicted to yield efficient
thermal diodes [10]. Only in a few cases has the full phonon
dispersion relation including the linewidth (inverse life-
time) been measured by inelastic scattering [11–13], and at
low wave vectors the instrumental resolution currently sets
limits. Linewidth measurements yield mode-averaged dis-
sipation, but experimental knowledge about the dominant
coupled modes is unavailable. The free-electron lasers hold
great promise to access the coupling in the femtosecond
time domain using diffuse scattering and inelastic x-ray
scattering [14,15]. Recently, the coupling of terahertz
excited optical phonons with other optical phonons was

observed and presented as one example of nonlinear
phonon interactions [16].
Nonlinear phononics as discussed here shows many

analogies to nonlinear photonics in transparent media where
high electromagnetic wave fields yield nonlinear polariza-
tions. These processes are described by interacting photons
that fulfill momentum and energy conservation. The descrip-
tion of these optical phenomena is robust and extremely well
tested by an enormous number of experiments such as sum-
and difference-frequency generation or four-wave mixing.
The first analogous experiments on nonlinear phononics date
back to the 1960s, when collisions of two ultrasound beams
were studied in real time and space [17]. These experiments
somewhat resembled nonlinear optics before the utilization
of the laser. The required interaction volume was in the
centimeter range, and the time resolution was limited by the
10 MHz ultrasound frequency. The phonon analogue of
optical supercontinuum generation by femtosecond lasers
was studied in seminal picosecond-ultrasonics experiments
on the self-steepening of the strain-pulse fronts [18,19]
which finally lead to acoustic solitons [20–22]. In these
experiments, the excitation of nanometric strain waves was
not wave-vector specific. Recent progress in the creation and
detection of gigahertz and terahertz phonon wave packets
also known as hypersonic strain waves makes them a perfect
test ground to investigate phonon-phonon interaction proc-
esses on the nanoscale [23].
In this work, we combine the selective excitation of

longitudinal acoustic phonon wave packets with time-
resolved variants of x-ray and broadband Brillouin scattering
[23] to investigate the nonlinear interaction of phononswith a
specific wave vector. The experiments provide a high
temporal and spatial resolution for observing phonon dynam-
ics in real time over a broad range of wave vectors which
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correspond to the nanometer length scale. As the basic
example of nonlinear phononics, we shaped giant and ultra-
short phonon wave packets with well-defined momenta and
observed the generation of their second harmonic (SH).
To create such giant amplitude strain waves, ultrashort

laser pulses excite a metallic strontium ruthenate (SRO) film
deposited on a bulk strontium titanate (STO) substrate, a
system where we know the first-order lattice anharmonicity
[19] and where the acoustic impedances of the thin film and
substrate are nearly matched [24]. The metal film expansion
induced by each laser pulse launches a bipolar strain pulse
into STO [24]. A train of several laser pulses [Fig. 1(b)] with
a defined temporal delay τ creates a phonon wave packet
with a fundamental frequency of Ω ¼ 2π=τ [23,25,26]. If
the laser-pulse train is composed of femtosecond pulses
(blue lines in Fig. 1), the phonon wave packet exhibits

several sharp strain fronts [Fig. 1(c)], corresponding to the
excitation of higher harmonics n ·Ω. These harmonics are
identified in ultrafast x-ray diffraction (UXRD) experiments
from their wave vectorQ according to the dispersion relation
of longitudinal phonons [ω ¼ vLq, plotted in Fig. 1(d)]. For
small wave vectors, vLðqÞ is a constant describing the
longitudinal sound velocity. The UXRD data in Fig. 1(e)
were obtained with an ultrathin SRO transducer layer
(d ¼ 15 nm). The green curve displays the relative diffrac-
tion intensity before the four pump pulses (τ ¼ 11 ps) reach
the sample. The peak at G corresponds to the reciprocal
lattice vector (002) of the STO substrate. When the 100 ps
x-ray pulse was probing the sample shortly after the gen-
eration of the wave packet, additional diffraction intensity at
G� n ·Q ¼ n · 0.071 nm−1 was detected (blue curve). The
diffraction intensity is a direct measure of the spectral energy
distribution of the imprinted coherent phonon modes [27].
When we increased the width of the pump pulses from
ΔτFWHM ¼ 0.9 to 3.4 ps, the diffraction of higher orders ofQ
was suppressed and we observed only the additional scatter-
ing from G�Q (black curve) as suggested by the wave
vector diagram in Fig. 1(a). High-frequency components of
an oscillator can be excited only by stimuli which contain
these frequencies.
To demonstrate second harmonic generation (SHG) of

monochromatic phonon wave packets, we repeated the
UXRD experiment with a 70 nm SRO transducer, which
absorbs more optical energy. We used only two long laser
pulses (τ ¼ 17.7 ps and ΔτFHWM ¼ 5.3 ps) while keeping
the total incident laser fluence constant. This doubles the
local atomic displacement and quadruples the acoustic
energy density E ¼ E=V of the wave packet in the volume
V—defined by the beam area and the length of the wave
packet. This increased the up-conversion efficiency of
phonons at the expense of monochromaticity according
to the higher wave packet localization in space.
Figure 2(a) shows the fundamental phonon peak around

Q ¼ 0.044 nm−1 which was observed in the UXRD experi-
ment when the x-rays probed the sample immediately after
excitation. For time delays around 200 ps, a tiny peak at
2Q ¼ 0.088 nm−1 occurred. This rising SH is enhanced in
Fig. 2(b), where the measured diffraction signal is multi-
plied by q2 for better visibility. Figure 2(c) quantifies the
transient change of the peak area Σi in the vicinity of 0.044
and 0.088 nm−1 [28]. Σi ∼ Ei is proportional to the energy
density Ei ∼

R
ρEðq; tÞdq of the phonons around q ¼ iQ,

obtained from integrating the spectral energy density
ρEðq; tÞ over the bandwidth of the fundamental (i ¼ 1)
and the SH (i ¼ 2), respectively [27].
The signal Σ1 of the excited fundamental mode (red

diamonds) increased immediately after excitation, followed
by a nearly exponential decay. Σ2 describing the SH (cyan
dots) was delayed by approximately 200 ps. Thus, the SH
was not directly excited by the laser pulses but was only
generated by the propagation of phonons in the anharmonic
lattice of STO. The delay was longer than the 100 ps time
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FIG. 1 (color). Preparation and observation of phonon wave
packets. (a) X-rays with wave vector k are scattered (k0) by the
reciprocal lattice vector G plus a phonon with wave vector Q.
(b) A metal film is excited by a laser-pulse train with short (blue)
and long (black) pulses. (c) Short pulses excite phonon wave
packets at the fundamental and higher harmonics [rectangular
wave packet (blue)]. Excitation with long pulses suppresses
higher harmonics and generates a sinusoidal wave (black).
(d) The phonon dispersion relation connects the central frequency
Ω ¼ 2π=τ of the excited phonon wave packet with its corre-
sponding wave vector Q ¼ 2π=λ. (e) Experimental data of
ultrafast x-ray diffraction from the unexcited sample shows the
(002) substrate reflection (green). After excitation with short
pulses (blue), peaks at G�Q and G� 2Q occur. These peaks
originate from inelastic scattering by the induced phonon wave
packet. For longer pump pulses (black), the scattering at G� 2Q
is suppressed. This evidences that a narrow band phonon wave
packet without its higher harmonics was excited.
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resolution of this synchrotron experiment [37] and is a
direct evidence for the SHG of phonons. Although the SH
is continuously generated, it reaches its maximum very fast,
since the damping of phonons scales with the square of the
frequency.
The SH phonons damped out faster than the fundamental

as expected for the frequency dependence of the damping rate
Γ ∼ ω2 [27]. The gray lines in Fig. 2(c) show the damping
of both phonons corrected for effects of x-ray absorption in
STO [27]. The corrected exponential decay times for the
fundamental and the SH are 1056 and 300 ps, respectively, in
good agreement with the literature values [27,38].
To confirm our result and to explore the SHG of phonons

in the same sample in more detail, we performed broadband
time-domain Brillouin-scattering (TDBS) experiments,
which measure a substantial fraction of the phonon spectrum
from 0.035 to 0.06 nm−1 in STO [23]. We set the pulse
separation to τ ¼ 30 ps to let the SH phonon emerge at
2Q ¼ 0.052 nm−1, in the center of the spectrum accessible
by TDBS. The black line in Fig. 3(a) shows the time-
dependent optical reflectivity change at λ ¼ 580 nm which
corresponds to this wave vector. The reflectivity increases in
two steps from the two-pulse heating of SRO. We define the
time zero as 7.5 ps after the maximum of the second pump
pulse, confirmed by optical cross-correlation. The amplitude

of the small superimposed oscillations with the phonon
period 2Ω are a measure of how many second-harmonic
phonons are present in the sample [23,39]. The rising
oscillation amplitude indicates the nonlinear phonon inter-
action generating the SH of Q. The green line in Fig. 3(a)
shows almost no SH phonons just after the two pump pulses
with a pulse width of ΔτFWHM ¼ 15 ps. The maximum
number of these phonons is observed after approximately
600 ps. In the UXRD data of Fig. 2(c), the maximum is
observed earlier, because the phonons with larger wave
vector Q ¼ 0.088 nm−1 suffer a much stronger damping.
The broadband detection scheme allowed us to evaluate

the spectral content of this SH phonon wave packet
even more precisely. The relatively broad wave vector
spectrum that extends over a large fraction of the visible
range [Fig. 3(b)] results from the spatial confinement of the
excited strain wave to two oscillation cycles [23]. We
extracted the oscillation amplitude aðq; tÞ of the relative
reflectivity change as a function of the time delay for each
probe wavelength λ corresponding to the different wave
vectors q which compose the wave packet in the vicinity of
2Q [28–36,40].
In these experiments, the spectral energy density of the

acoustic wave packet ρEðq; tÞ is proportional [39] to the
square of the reflectivity modulations aðq; tÞ2 divided by
q2: ρE ∼ aðq; tÞ2=q2. The experimentally derived energy
proportional quantity aðq; tÞ2=q2 is plotted in Fig. 4(a) as
contour lines and compared to the transiently changing
spectral energy density ρEðq; tÞ calculated on the basis of a
Fermi-Pasta-Ulam (FPU) α-β chain with an empirical
damping term. The FPU chain is widely used in theory
to investigate phonons in the nonlinear lattice as well as
heat transport in 1D [41–44]. In fact, we simulated a chain
of oscillators with masses describing SRO and STO
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FIG. 2 (color). Transient x-ray diffraction from photoexcited
phonons and their SH. (a) X-ray diffraction signals around the
(002) lattice plane of the STO substrate. (b) Diffraction signals on
the right shoulder of the STO substrate peak weighted by q2 for
better visualization. The peak around Q ¼ 0.044 nm−1 after time
zero reflects the optically excited coherent phonon wave packet
with the central wave vectorQ. After a delay of 200 ps, additional
diffraction intensity around 2Q heralds the SH ofQ generated via
anharmonic phonon phonon interaction. (c) The gray (black)
lines quantify the transient change of the integrated peak
intensities of the fundamental and its second harmonic with
(and without) a correction for the x-ray absorption.
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amplitude measures the occupation of a certain phonon q.
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unit cells connected by anharmonic springs, where the
second-order elastic constants along the [001] direction
were derived from the speed of sound determined by time-
resolved measurements [19,24,28]. From the comparison
of the experimental data to the simulation, we found a third-
order elastic constant describing the lattice anharmonicity
in STO C111 ¼ −3.9 × 1012 N=m2 consistent with single-
pulse time-resolved Brillouin scattering experiments [19].
It is 20% smaller than the value measured by megahertz
acoustics at a frequency which is 3 orders of magnitude
smaller [45]. In the calculation, the first few oscillators
representing the opaque SRO film experience quasi-
instantaneous [46] forces which describe the ultrafast
heating by the two laser pulses. The force amplitude is
known from previous UXRD measurements of the ultrafast
lattice dynamics of SRO films [24].
Figure 4(b) shows ρEðq; tÞ on a logarithmic scale over a

broader wave vector range. The fundamental mode at
0.025 nm−1 is indeed excited at t ¼ 0 ps, and subsequently
phonons at the second and third harmonics are generated.
The second harmonic is generated earlier than the third
harmonic. This is an intrinsic feature of this linear chain
calculation. By considering only the third order of the
lattice potential as the nonlinear term, only three phonon

processes are allowed [47,48], and the third harmonic can
only be generated via two sequential scattering processes.
By observing the very weak third-harmonic generation, one
could get information about the importance of higher orders
of the lattice potential.
A pronounced feature of the measured data is the slow

shift of the spectral distribution towards smaller wave
vectors. The physical origin is uncovered by the simula-
tions which show that the compressive strain front travels
faster than the expansive strain. Since the wave packet
contains only two strain cycles, this leads to a slightly
increasing central wavelength of the wave packet [19,28].
This effect is much less pronounced for wave packets with
more cycles.
Finally, the solid lines in Fig. 4(c) show the square root

of the energy density E2 of the generated SH as a function
of time for three different initial energy densities E1 of the
excited fundamental mode. The initial linear increase and
the linear dependence

ffiffiffiffiffi
E2

p
∼ E1 are characteristic for this

second-order nonlinear process of sum frequency gener-
ation or three-phonon scattering in general [48]. The
corresponding experimental data obtained from integrating
aðq; tÞ2=q2 over the samewave vector range show excellent
agreement. Both the experimental and simulated energy
density in Fig. 4(c) take into account that, for the same total
energy deposited, the energy density is larger for higher
wave vectors. To achieve the highest energy density, it was
necessary to increase the wave vector to q ¼ 0.03 nm−1 in
order to avoid multishot damage of the sample.
Conclusion.—With the generation of the SH of a certain

well-defined phonon wave packet, we have demonstrated a
first conceptually simple experiment that monitors an
elementary process of nanoscale nonlinear phononics in
real time. The observed damping of the fundamental and
SH to other modes is proportional to the square of the wave
vector. We strongly believe that these experiments stimulate
a series of new experiments ranging from simple extensions
such as difference-frequency mixing to more complex
experiments which are analogs of four-wave mixing, well
known in experimental photonics. Future investigations
may address the coupling of optical phonons to acoustic
phonons and extend the phase-matching considerations by
including also transverse polarisation of phonons and by
going to larger wave vectors where the dispersion relation
is bending over. Improvements of the signal-to-noise ratio
may eventually permit studies on the single quantum level.
A similar stimulus may be expected for theory. The Fermi-
Pasta-Ulam chain can well predict effects related to
longitudinal phonons. Modeling anharmonic phonon
propagation and interaction in three dimensions including
longitudinal and transverse phonon polarization in detail
remains a major challenge. Exploring the physical nature of
phonon damping processes and describing soft mode
behavior in the vicinity of structural phase transitions by
simulations and analytical theories can now be compared in
detail to experimental results on a microscopic level.
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FIG. 4 (color). Comparing SHG experiments to the theory.
(a) The color code shows the calculated transient change of the
spectral energy density ρE around the SH of the excited phonons.
The square of the measured relative reflectivity oscillation
amplitude divided by q2 in units of 10−7 nm−2 is overlaid as
contour lines. (b) Calculated ρE over a broader range of wave
vectors in the log scale. The photoexcited fundamental is trans-
formed into the second and third harmonics. (c) visualizes
the measured transient energy density change of the SH for
different initial energy densities E1 (red ¼ 13, blue ¼ 67, and
black ¼ 235 nJ=cm3) of the wave packet and compares this with
theoretical calculations (solid lines). The wave vector for the
highest energy density was q ¼ 0.03 nm−1, somewhat larger than
the q ¼ 0.025 nm−1.
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X-ray reflectivity measurements of femtosecond laser-induced transient gratings (TG) are applied to
demonstrate the spatiotemporal coherent control of thermally induced surface deformations on ultrafast
time scales. Using grazing incidence x-ray diffraction we unambiguously measure the amplitude of
transient surface deformations with sub-Å resolution. Understanding the dynamics of femtosecond TG
excitations in terms of superposition of acoustic and thermal gratings makes it possible to develop new
ways of coherent control in x-ray diffraction experiments. Being the dominant source of TG signal, the
long-living thermal grating with spatial period Λ can be canceled by a second, time-delayed TG excitation
shifted by Λ=2. The ultimate speed limits of such an ultrafast x-ray shutter are inferred from the detailed
analysis of thermal and acoustic dynamics in TG experiments.

DOI: 10.1103/PhysRevLett.119.075901

Ultrafast photoacoustics [1,2] allows for the application of
strain to a crystal lattice on ultrashort time and length scales.
Numerous studies have investigated coherent and incoherent
phonon dynamics and the coupling of lattice deformations to
electronic [3], optical [4], magnetic [5–7], or plasmonic [8,9]
degrees of freedom. Strain-induced phenomena may be used
to discover new material properties and develop new appli-
cations, for example, the modification of optical and elec-
tronic properties in semiconductor nanostructures [10].
Surface acoustic waves (SAWs) are often employed as a
source of lattice strain. They can be generated [11] and
controlled [12] optically via the excitation of transient
gratings (TGs) [13,14]. Recently, these TG excitations have
been used to probe heat transport in suspended thin films [15]
and magnetoelastic coupling in thin nickel films [16–18].
Optical excitation of a solid generates not only coherent
sound waves but also incoherent thermal strain. Coherent
excitations can be controlled in amplitude and phase by series
of light pulses in the time domain, which is labeled temporal
coherent control [19]. The main fraction of the deposited
optical energy is stored in incoherent excitations of the
lattice, i.e., heat [20,21], which can consequently not be
controlled by a temporal sequence of light pulses. This
thermal lattice excitation often generates a background,
which makes is difficult to precisely observe the coherent
acoustic signal in purely optical experiments.
In thisLetterwedemonstrate, for the first time, the coherent

control of incoherent, thermal transient gratings. We apply

spatiotemporal coherent control showing that the spatial part
of coherent control adds a new degree of freedom to control
the amplitude and the phase of a thermally deformed surface.
This is clearly a new approach that introduces the concept of
spatial coherent control to the dynamics of incoherent
excitations on ultrafast time scales, a phenomenon impossible
to achieve with temporal coherent control only. We also
demonstrate the control of a transient thermal grating on a
time scale faster than the oscillation of the simultaneously
excited coherent acoustic modes. Our new quantitative
method allows for decomposing the coherent and incoherent
dynamics in the sample by measuring the amplitude of the
surface excursion with sub-Å precision and≈70 ps temporal
resolution. The modification of x-ray diffraction intensity
from laser-generated TGs is exploited to implement an
ultrafast hard x-ray shutter. Whereas our data confirm the
generation of Rayleigh SAWs and surface skimming longi-
tudinal waves (SSLW) [16], the most intriguing results deal
with coherent control of the incoherent, thermal transient
grating. The latter becomes possible by using a second time-
delayed and spatially phase-shifted TG excitation.
The optical TG excitation and experimental setup are

shown in Fig. 1(a). The sample was a 60-nm strontium
titanate (STO) on 150-nm strontium ruthenate (SRO) thin
film system grown on dysprosium scandate (DSO) [22].
The energy of the pump laser is absorbed only in the SRO
film, which has a penetration depth of 44 nm [23], i.e.,
shorter than the film thickness. The photoacoustic properties
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of these materials are well understood. In particular, we
studied nanoscale heat diffusion [21], thermoelastic effects
[24], and coherent phonon dynamics [25–29] in SRO, STO,
and similar materials. We assign a characteristic wave vector
jq⃗∥j ¼ 2π=Λ to the optically generated surface distortion
with periodicity Λ. q⃗jj is directed in the plane of the sample
and in the diffraction plane of the incident x-ray beam.
The periodic distortion results in a momentum transfer to the
reflected x-ray beam, k⃗out − k⃗in ¼ q⃗⊥ � q⃗∥. We emphasize
the conceptional difference to inelastic x-ray diffraction by
phonons [30]: instead of a specific reciprocal lattice vector G⃗,
q⃗⊥ denotes the recoilmomentumdue to specular reflection. It
is directed perpendicular to the sample surface and of

continuous magnitude q⃗⊥¼2kinsinαi. The Ewald construc-
tion of the scattering vector is shown in Fig. 1(b). It reveals
that the x-ray photons diffracted by the periodic surface
excursion (PSE) exhibit an exit angle αf ≠ αi. Indeed, a
typical detector image presented in Fig. 1(a) shows a first-
order diffraction spot (orange solid line) above the specular
total reflection (black solid line). Figure 1(c) shows a
differential x-ray reflectivity measurement Rðτ; αiÞ −
Rð−∞; αiÞ at a pump-probe delay of τ ¼ 500 ps around
the critical angle αc of total reflection. Evaluation of the
scattering condition for a spatial period ofΛ ¼ 8.8 μmyields
the blue and black dashed curves, which are in excellent
agreementwith the angular positionof the specular and�1st-
order reflection, respectively.Having established the capabil-
ity of picosecond x-ray reflectivity measurements to detect a
PSEand to quantify its spatial periodicity,wenow investigate
the dynamics of impulsively excited PSEs. The black
symbols in Fig. 2(a) represent the time-dependent intensity
of the first-order diffraction peak Iþ1ðτÞ at αi ¼ 0.16° after
TG excitation with a period of Λ ¼ 4.4 μm and an incident

q

q αi

2αf

(b)

i

f

(a)

(c)

FIG. 1. (a) Experimental setup. 70 ps x-ray pulses are delivered
from the synchrotron storage ring of the European Synchrotron
Radiation Facility (ESRF).�1st diffraction orders of an ultrashort
laser pulse are imaged onto the surface of the sample using a
cylindrical and spherical lens in 4f geometry and generate a
spatially periodic distortion at the surface. The x-ray pulses
impinge the sample at grazing incidence angles and diffract in a
specular beam and�1st diffraction orders. A fraction of the direct
beam is also visible at the bottom of the detector image. (b) Ewald
construction of the scattering vector (red arrow). (c) Difference of
x-ray reflectivity measurement at a pump-probe delay τ of 500 ps
and a characteristic wave vector q⃗jj¼2π=Λ, whereΛ¼8.8μm. The
measured specular reflection as well as �1st order correspond to
the theoretically expected positions (black and blue dashed lines).

FIG. 2. (a) Time-resolved relative diffracted intensity in the þ1st
order Iþ1 (black dots) and fit to the data using Eq. (2) (red solid line).
The TG period was Λ ¼ 4.4 μm. (b) Calculated diffraction effi-
ciency (symbols) versus surface amplitude u. The diffraction model
is described in the Supplemental Material [38]. The red solid line
shows a quadratic surface amplitude dependence. (c) Square root of
the measured intensity

ffiffiffiffiffiffiffi
Iþ1
p

, which corresponds to the surface
distortion (black dots). They scale is converted to a surface distortion
amplitude with the empirical calibration factor 0.02½%=ðmJ=cm2Þ�.
The simulated thermal background, the SAW, and the SSLW are
shown in the red, blue, and light blue solid lines, respectively. The
black diamonds show the measured data after subtraction of thermal
background and SAW.
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fluence of 19.6 mJ=cm2. Note that αi < αc; i.e., only the
evanescent field of the incident x-ray beam penetrates the
sample, and the main part of the beam is diffracted from
the surface [31]. Upon TG excitation (τ ¼ 0), we observe a
steplike increase of the diffracted intensity. The initial step,
which occurs with the temporal resolution of the experiment,
is followed by a signal decrease that lasts for 150 ps.
Subsequently we observe oscillations of the diffracted
intensity with a period of TSAW ¼ 1310 ps. Because of
the short x-ray penetration depth in our surface diffraction
experiment,we rely on kinematic theory [32–35] and find the
following expression for the diffracted intensity from a PSE
under grazing incidence below the critical angle αi < αc:

I1 ¼
�
�
�
�

Z

∥
e−i½q∥·r∥þðΔφ=2Þ sinð2πΛr∥Þ�dr∥

�
�
�
�
2

¼
�
�
�
�J1

�
Δφ
2

���
�
�
2

: ð1Þ

J1ðΔφ=2Þ is the first-order Bessel function and Δφ denotes
the phase difference between x-raywave fields reflected from
the maximum and the minimum of the PSE. For small
argumentsΔφ=2, I1 is proportional to the square of the time-
dependent surface amplitude uðτÞ, as evidenced by Fig. 2(b).
Hence, in the limit of small deformations, the x-ray intensity
diffracted from the PSE is directly proportional to the squared
surface amplitude Iþ1 ∝ uðτÞ2. A quantitative comparison of
experimental data with theoretical models [20,36,37] shows
that an optical excitation fluence of 1 mJ=cm2 results in a
lattice strain of0.2� 0.05‰.Wederive the calibration factor
in the Supplemental Material [38]. With our excitation
fluence of 19.6 mJ=cm2 and a thickness of 150 nm of the
absorbing SRO layer, we determine the maximum surface
amplitude to 0.57 nm. The y scale of Fig. 2(c) is an absolute
scale that quantifies the surface distortion in nanometers.
Impulsive optical excitation of an absorbing medium with

a spatially periodic intensity distribution results in a time-
dependent surface deformation uðτÞ of the form uðτÞ ¼
uh expð−αhτÞ þ ucðτÞ, where the first term accounts for the
thermal grating. The coherent part uc is the sum of SAWand
SSLW contributions, respectively [16]:

ucðτÞ¼ uSAW cosðωSAWτþφSAWÞ
þuSSLWcosðωSSLWτþφSSLWÞexpð−αSSLWτÞ: ð2Þ

With the diffraction model outlined above, we can interpret
all components that result from the decomposition of the
measured surface amplitude uðτÞ shown in the black dotted
curve in Fig. 2(c). Tomodel the thermal background uhðτÞ of
the surface amplitude, we numerically solve the two-dimen-
sional heat diffusion equation for one period of the PSE with
periodic boundary conditions. The initial temperature profile
into the depth of the absorbing SRO thin film is determined
by the optical penetration depth and decays exponentially.
We choose the in-plane and out-of-plane thermal conduct-
ance of SRO and DSO in order to reproduce the slow decay
of the incoherent signal contribution (see Supplemental

Material [38]). By subtracting the simulated thermal back-
ground [red solid line in Fig. 2(c)], we obtain the coherent
part of the time-dependent surface amplitude, which we
decompose in two modes by fitting Eq. (2) to our data. The
blue solid line in Fig. 2(c) represents the amplitude uSAW of
the Rayleigh wave propagating parallel to the surface.
Further subtraction of the Rayleigh wave from the coherent
signal reveals a strongly dampedmodewith a decay constant
of 500 ps and a period of TSSLW ¼ 800 ps shown by the
black diamonds (measurement) and the light blue solid curve
(fit to data) in Fig. 2(c). We assign this feature to the SSLW
that is generated by the optical excitation and propagates into
the substrate. The results in Fig. 2 clearly demonstrate the
ability to decompose the full surface dynamics into individ-
ual coherent acoustic and incoherent thermal components.
In the following we address the incoherent thermal

background to fully control the surface deformation in a
coherent control scheme. In particular, our experiment
entails controlling the lateral heat flow in the sample by
a series of consecutive TG excitations with defined time
delay τ12. In addition, we control the spatial phase Θ ¼
2πΔx=Λ by adjusting the angle of incidence of the second
pulse on the transmission phase mask (see Supplemental
Material [38]). Δx denotes the distance between the
maxima of first and second TG excitation. Examples
for Θ ¼ π and Θ ¼ 0 are shown in Figs. 3(a) and 3(b),
where the PSE is eliminated and enhanced, respectively. An
experimental demonstration of this novel spatiotemporal
TG coherent control is shown in Fig. 3(c), where the first-
order diffracted intensity at a delay τ ¼ τ12 þ 150 ps is
plotted as a function of spatial phase Θ. The delay between

FIG. 3. Coherent control of a thermal transient grating using
two TG excitations. (a),(b) The first excitation generates a
thermal grating at τ ¼ 0. The second excitation at τ12 ¼
200 ps creates another thermal grating shifted by Δx ¼ Λ=2
(a) and Δx ¼ 0 (b), thus canceling (enhancing) the first grating.
(c) Diffracted intensity Iþ1 at a pump-probe delay of τ ¼ τ12 þ
150 ps versus the spatial phase Θ. The second TG excitation
impinges the sample at a delay of τ12 ¼ 200 ps.
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the first and second TG excitation τ12 is 200 ps. The
experimental data follow the expected ð1þ cosΘÞ depend-
ence (dashed line) and thus evidence spatial coherent
control of a thermal grating on ultrafast time scales.
Finally, we demonstrate coherent control of the thermal

grating along the temporal degree of freedom by keeping
the spatial phase Θ ¼ �π constant and by changing the
time delay τ12 between the first and second TG excitation.
We restrict the experiment to pump-probe delays much
shorter than the period of the coherent modes, i.e.,
τ12 ≪ TSAW, TSSLW. Hence the temporal phase difference
of the coherent modes launched by either TG excitation
nearly vanishes. The total spatiotemporal phase difference
results in complete destructive interference of both the
thermal grating and of the coherent acoustic waves because
the spatial alignment introduces a phase shift of π.
The above considerations are fully confirmed by the

experimental data (symbols) shown in Fig. 4(a), which
evidence an almost complete elimination of the first-order
diffraction efficiency by the second TG excitation for time
delays τ12 ¼ 50, 100, 200 ps. In particular, all traces reveal
that the transient PSE opens a temporal gate for incident
x-ray photons that is spanned by the first and second TG
excitation. The duration of the gate can be controlled by τ12
even to durations shorter than the incident x-ray pulse.
However, the measured gate width cannot be shorter than
the duration of the x-ray probe pulse [26,28], although
individual x-ray pulses are truncated by the gate. This
reduces the signal strength and decreases the signal-to-
noise ratio in this measurement. To prove that the recorded
data shown in Fig. 4(a) evidence the coherent superposition
of two time-delayed laser-induced surface gratings, we
construct the corresponding gate function by summation of
two replica of the measured transients for a single-TG

excitation such as shown in Fig. 2 with appropriate relative
sign and time delay. For a spatial phase Θ ¼ �π, the
second TG excitation reduces the amplitude of the surface
deformation, which we incorporate by a negative sign of
the second surface amplitude response. We further add
the relative time delay τ12 to the second transient. This
approach, which is explained in more detail in the
Supplemental Material [38], is solely based on experimen-
tally measured transients and yields the solid lines in
Fig. 4(a). We observe a very good agreement between
the measured and the constructed gate functions. The
dashed lines in Fig. 4(a) result from a convolution of gate
functions shown in Fig. 4(c) with a Gaussian-shaped x-ray
probe pulse. This simple model also yields very good
representation of the experimental data.
In conclusion, we demonstrated full control over a

thermally excited incoherent surface deformation by intro-
ducing spatiotemporal coherent control in ultrafast laser-
induced TG experiments. Our new approach allows for a
separation of the coherent and incoherent response of the
optically generated lattice excitation. We show that the
incoherent thermal grating can be controlled on a time scale
significantly shorter than the oscillation period of the
coherent modes, which we exploit to implement an ultrafast
shutter in grazing incidence x-ray diffraction geometry. The
presented concept is not limited to thin metallic transducers
deposited on dielectric substrates: it will work on any
optically opaque bulk sample. However, the ultimate speed
of an x-ray shutter will be determined by the acoustic
propagation time through the depth of the laser-generated
stress. With the demonstrated outstanding subangstrom
spatial precision and a sub-100-ps instrumental time reso-
lution, we are looking forward toward applying an ultrafast
x-ray gating technique to resolve the dynamics of strain- and
heat-induced phenomena in solids and nanostructures.
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We present time-resolved x-ray reflectivity measurements on laser excited coherent and incoherent

surface deformations of thin metallic films. Based on a kinematical diffraction model, we derive

the surface amplitude from the diffracted x-ray intensity and resolve transient surface excursions

with sub-Å spatial precision and 70 ps temporal resolution. The analysis allows for decomposition

of the surface amplitude into multiple coherent acoustic modes and a substantial contribution from

incoherent phonons which constitute the sample heating. Published by AIP Publishing.
https://doi.org/10.1063/1.5004522

Ultrafast photoacoustics1 has become an established

method to probe the interaction of optical,2 electronic,3 and

magnetic4 properties with the crystal lattice in solids. It

employs strain pulses that are generated by absorption of fem-

tosecond light pulses in an optoacoustic transducer.5

Subsequent lattice dynamics can be probed either optically or

by ultrafast x-ray diffraction.6 Nowadays, tailored longitudinal

strain waves can be generated and monitored using time-

resolved optical and x-ray techniques.1,7,8 Mode selective

excitation of coherent acoustic surface modes can be achieved

with a Transient Grating (TG) technique.9 In addition to

Rayleigh-like Surface Acoustic Waves (SAWs), this method

also excites so-called Surface Skimming Longitudinal Waves

(SSLWs).10,11 However, in any photoacoustic experiment, the

main fraction of the deposited optical energy is stored in inco-

herent phonon excitations.12,13 The absolute magnitude of the

coherent and incoherent excitation is hard to determine from

purely optical experiments. In this paper, we perform a full

decomposition of optically excited coherent acoustic surface

and longitudinal waves which propagate with their respective

group velocities and the concomitant thermal phonons which

move only by diffusion. Our method allows for measuring the

absolute deformation of a solid surface using time-resolved

x-ray reflectivity (TR-XRR). This method can resolve surface

deformation with sub-Å spatial and 70 ps temporal resolution.

The experiments were performed at the ID09 beamline

of the European Synchrotron Radiation Facility (ESRF) in

Grenoble, France. The beamline is equipped with a commer-

cial Ti:Sapphire laser amplifier (Coherent Legend) which

delivers 800 nm optical pulses with a duration of 600 fs at a

repetition rate of 1 kHz. The laser is synchronized to the stor-

age ring to allow for tuning the pump-probe delay with a pre-

cision of better than 5 ps.

The optical excitation pulses are coupled into the tran-

sient grating (TG) setup shown in Fig. 1 to produceþ1 and

–1 diffraction order from a series of transmission phase gra-

tings with various spatial periods K0. Both diffracted beams

are imaged onto the sample surface using a cylindrical (CL)

and spherical (SL) lens in 4f-geometry with focal lengths

fCL¼ 75 mm and fSL¼ 150 mm, respectively. Interference of

FIG. 1. Experimental setup installed at the ID09 beamline at the ESRF:

Transient optical gratings are generated by splitting the output of a femto-

second laser system using a transmission phase mask and combiningþ1 and

–1 order of the optical beam on the sample surface with a cylindrical (CL)

and spherical (SL) lens in 4f-geometry. The surface is probed with 70 ps

x-ray pulse impinging the sample at grazing incidence angle ai. The specular

beam is reflected at the exit angle af and the first order diffraction at af þ da.

We measure TR-XRR in a pump-probe scheme. A schematic of the LSMO/

NGO sample structure is shown at the top.a)Electronic mail: pgaal@physnet.uni-hamburg.de
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both beams at the sample surface results in a spatial light

intensity distribution with spatial period K ¼ K0fSL=fCL

which is determined by the phase grating period and the opti-

cal magnification of the setup. We define the associated

wavevector qk ¼ 2p=K which lies within both the sample

surface and the x-ray diffraction plane. The optical setup

results in a laser profile envelope at the sample surface with

full-width at half maximum of 30 lm and 4 mm.

The sample is probed by 70 ps x-ray pulses with a pho-

ton energy of 15 keV (kx-ray¼ 0.8266 Å) which impinge the

surface with a wavevector ~k i at an incidence angle of

ai¼ 0.15�, i.e., below the critical angle of total reflection.

The x-ray footprint on the sample in our experiment was

10 lm� 1 mm, thus assuring overlap in a homogeneously

excited sample area. The area detector image shows two pro-

nounced peaks. The first peak originates from specular

reflection of the incident beam at the sample surface
~kf ¼ ~k i þ~q?, where ~q? ¼ 2~k i sin ðaiÞ is the recoil momen-

tum due to total reflection. The second peak is offset by an

angle da which results from the momentum transfer ~qk
according to the laser-induced surface distortion. Hence, we

call this peak the first-order diffraction from the laser-

induced transient surface grating. In the following, we inves-

tigate the temporal evolution of this first order peak.

The investigated sample consists of 100 nm Lanthanum

Strontium Manganate (LSMO) on a Neodym Gallate (NGO)

substrate. It was grown by pulsed laser deposition.14 The

substrate is transparent at the wavelength of the excitation

laser. Hence, the optical pump pulses are absorbed exclu-

sively in the metallic LSMO film.

Experimental data of the LSMO/NGO sample for an

absorbed pump fluence of 28 mJ/cm2 are shown in Fig. 2(a).

The plot depicts the intensity change of theþ1st-order dif-

fraction vs. pump-probe delay (I(s) – I0)/I0¼DI/I0. Upon

optical excitation, we observe an instantaneous rise of the

diffracted intensity within the temporal resolution of the

experiment. The initial rise is followed by a slight intensity

decay which lasts for approximately 150 ps. The decay is

followed by a signal increase which peaks at a pump-probe

delay of approximately 800 ps and subsequently oscillates

around an intensity offset with constant amplitude.

The time dependence of a similar TR-XRR measure-

ment on a different sample was recently discussed in detail.8

Briefly, the time-resolved data can be identified to be due to

a periodic surface excursion with time-dependent amplitude

u(s) described by

uðsÞ ¼ uth � e�aths þ uSAW � cos ðxSAWsþ uSAWÞ
þ uSSLW � cos ðxSSLWsþ uSSLWÞ � e�aSSLWs: (1)

Absorption of the ultrashort light pulse in the sample results in

two fundamentally different processes. First, the sample

is heated locally in the excitation area, which results in a peri-

odic thermal expansion of the surface with amplitude uth.
15 In

addition, the impulsive optical excitation launches coherent

strain waves which propagate parallel and perpendicular to the

sample surface7,16,17 and consist of two independent modes

with surface displacement amplitudes uSAW/SSLW, frequencies

xSAW/SSLW, and phases uSAW/SSLW, respectively. The thermal

grating decays on a timescale 1/ath � 100 ns by in-plane ther-

mal diffusion, a process which is much slower than the mea-

surement range in our experiment. The SSLW mode is strongly

damped with decay constant aSSLW, whereas the SAW mode

exhibits no decay within our measurement window. A visuali-

zation of this decomposition is depicted in Figs. 2(b) and

2(c). Figure 2(b) depicts constructive spatial interference of

the coherent modes with the thermal grating. Figure 2(c)

shows a situation where the thermal grating and the coher-

ent modes are spatially in the opposite phase. Hence, both

excitations interfere destructively. The interplay of coher-

ent and incoherent excitations can be exploited for spatio-

temporal control of the surface excursion.8

Here, we explicitly analyze the TR-XRR probing mecha-

nism to derive a diffraction model which relates the diffracted

intensity I(s) to the amplitude u of the surface excursion. A

spatial period of the distorted sample is shown in Fig. 3(a). An

x-ray beam impinges the sample at an incidence angle ai in

the bottom (point A) and on the top (point B) of the distortion

and is reflected with an exit angle af. After reflection from A,

the beam travels an additional path length X1, while the other

beam travels an additional path X2 before reflection from point

B. The total path difference results in a relative phase of both

beams of D/ ¼ 2p
kx�ray �ðX2 � X1Þ. D/ can be calculated using

the following set of equations:

X1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2 þ ðK=2Þ2

q
� cos ðcÞ; (2)

X2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2 þ ðK=2Þ2

q
� sin ðgÞ; (3)

c ¼ af � tan�1ð2u=KÞ; (4)

g ¼ p=2� ai � tan�1ð2u=KÞ; (5)

and the grating equation for constructive interference:

FIG. 2. (a) TR-XRR measurement of laser-generated transient surface defor-

mations of a LSMO/NGO sample excited with 28 mJ/cm2. The dotted line is

a guide to the eye. (b) and (c) Visualization of coherent and incoherent sur-

face dynamics: the surface amplitude is modulated by constructive and

destructive interference, respectively, of the periodic thermal grating and the

propagating acoustic modes.
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gkx�ray ¼ Kðcos ðaf Þ � cos ðaiÞÞ: (6)

From kinematical theory of surface diffraction,18,19 we find

the following expression for the diffraction intensity of n-th

order from a periodically distorted surface for incidence

angles below the critical angle ai < ac, i.e., from a pure phase

grating,

In ¼
���� 1

r0

ð
k
e
�i nqkrkþDu

2
sin 2p

K rkð Þ
� �

drk

����
2

; (7)

¼
����Jn

Du
2

� �����
2

; (8)

where rk is the spatial coordinate along the surface grating,

r0 is a normalization constant, and Jn is the n-th Bessel func-

tion. The argument of the Bessel function is the modulation

of the phase difference due to variation of the grating surface

amplitude Du ¼ D/�np, where np is the phase shift due to

n-th order diffraction. For all practical purposes, we can

assume that the surface amplitude is much smaller than the

period of the surface grating, i.e., u�K/2 and thereforeffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2 þ ðK=2Þ2

q
� K

2
1þ 2u2

K2

� 	
and tan�1 2u

K

� � ’ tan 2u
K

� � ’ 2u
K .

For grazing incidence ai � ac, the phase difference Du is

approximately given by

Du ¼ �2p
u

kx�ray

ai 1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 2nkx�ray

Ka2
i

s2
4

3
5: (9)

The results of the diffraction model laid out by Eqs. (2)–(8) are

presented in Fig. 3(b). We plot the normalized diffracted first-

order intensity I1 vs. the surface excursion u for spatial grating

periods K¼ 8.0 lm (pink), 4.4 lm (blue), 2.0 lm (green), and

1.0 lm (red). The diffraction efficiency increases with increas-

ing surface excursion and with decreasing spatial period K.

The maximum diffraction efficiency is 33%, i.e., the maximum

of the Bessel function shown in Fig. 3(b). Experimental data

are shown in Fig. 3(c) which depicts the diffracted intensity

from the sample vs. incidence angle ai. The specular reflection

and the 61st-order diffraction are marked by dashed lines.

Integrated intensity of theþ1st (blue) and –1st diffraction order

is shown in Fig. 3(d). The integration was performed along the

colored dashed lines in panel 3(c).

The fluence dependence of theþ1st diffraction order

intensity from a laser-generated surface grating with spatial

period K¼ 4.4 lm is depicted in Fig. 3(e). The symbols indi-

cate the measured maximum diffracted intensity at 800 ps

time delay vs. absorbed pump fluence. The total surface

excursion at this time delay is the sum of a thermal grating

and coherent sound waves with an out-of-plane polarization

component [see Fig. 2(b)]. Using recent time-resolved x-ray

diffraction data from a similar LSMO sample,20 a calibration

factor for the laser-generated layer strain under the given cir-

cumstances can be estimated to be approx. 0.02% per mJ/

cm2.21 Taking into account the LSMO layer thickness of

100 nm, the experimental fluence can thus be converted to a

total surface excursion which is given at the top abscissa of

Fig. 3(e). The solid line shows results from our diffraction

model presented in Eqs. (2)–(5). The experimental data show

the expected quadratic dependence as derived from Eq. (9).

The time-resolved surface dynamics upon transient grat-

ing excitation is shown in Fig. 3(f). By taking the square root

of the diffracted intensity, i.e., data shown in Fig. 2(a), we

FIG. 3. (a) Schematic for the diffraction model given by Eqs. (2)–(5). (b) Relative diffraction efficiency vs. surface excursion for grating periods of K¼ 8.0 lm

(green), 4.4 lm (blue), 2.0 lm (magenta), and 1.0 lm (orange). (c) Angle-resolved diffracted intensity vs. incidence angle ai. The specular reflection (black

dashed line) andþ1st and –1st order diffraction from the surface grating (blue and red dashed lines) are indicated. (d) Intensity along theþ1st and –1st diffrac-

tion order, i.e., along the colored dashed lines in (c). (e) Diffracted intensity (symbols) vs. absorbed pump fluence (bottom) and surface amplitude (top). The

solid line shows a quadratic dependence of the diffracted intensity as expected from Eq. (9). (f) Decomposition of the diffraction data for an absorbed pump

fluence of 28 mJ/cm2. The amplitude of the individual components is given in the absolute scale.
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Quantitative disentanglement of coherent and incoherent laser-induced surface deformations by

time-resolved x-ray reflectivity

depict the surface excursion on an absolute length scale.

Experimental data (symbols) are decomposed into a slowly

decaying thermal grating (red), a Rayleigh-like SAW mode

(magenta), and a SSLW-mode (green), respectively. The

solid blue line shows the time-dependent surface dynamics

given as described by Eq. (1), showing excellent agreement

with the experimental curve.

In conclusion, we measure the absolute amplitude of the

surface excursion of a laser-induced transient grating on a

solid surface by time-resolved x-ray reflectivity. Ultrafast

optical excitation generates incoherent thermal surface dis-

tortions and coherent acoustic surface waves. The measured

dynamics at the surface allow for a decomposition of the sur-

face amplitude in a thermal background and two coherent

acoustic modes: a Rayleigh-like surface acoustic wave and a

surface skimming longitudinal wave. Our method can be

applied to decompose coherent and incoherent surface

dynamics with sub-Å precision and with a temporal resolu-

tion better than 100 ps.
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ABSTRACT: Anisotropic plasmonic particles such as gold
nanotriangles have extraordinary structural, optical, and
physicochemical properties. For many applications in different
fields, it is essential to prepare them in a chemically and
physically stable, structurally well-defined manner, e.g., as large
and uniform coverage on a substrate. We present a direct
method for the large scale close-packed monolayer formation of
edge-to-edge ordered, ultrathin crystalline gold nanotriangles on
Si wafers or quartz glass via the transfer of these asymmetric
particles to the air−liquid interface after adding ethanol−
toluene mixtures without any subsequent surface functionalization. X-ray diffraction monitoring of the close-packed, large area
monolayer with a mosaicity of less than 0.1° allows for calibrating the temperature of the particles during continuous laser
heating. This is important for characterizing the microscopic temperature of the metal particles in the plasmon-driven
dimerization process of 4-nitrothiophenol (4-NTP) into 4,4′-dimercaptoazobenzene (DMAB), monitored in real time by
surface-enhanced Raman scattering (SERS). The gold nanotriangles can act as a source of hot electrons and initiate the
dimerization process.

KEYWORDS: gold nanotriangles, monolayer formation, SERS, dimerization, heat measurement

1. INTRODUCTION

The unique size- and shape-dependent chemical and physical
properties of anisotropic nanoparticles and their various
applications lead to an increased interest in new strategies to
create nanoparticles with well-defined topologies.1−4

In order to make them accessible in broader and more
complex contexts in nanotechnology, we are challenged by the
controlled self-assembly of robust and well-defined structures
with tunable functionalities under specific conditions. The
colloidal assembly of two-dimensional monolayers plays an
important role as templates for colloid lithography5 and is used
for surface-enhanced Raman scattering (SERS),6 plasmon
enhanced fluorescence, biosensing, or photocatalysis.7−10

Recently, we described the growth mechanism of negatively
charged gold nanotriangles with an edge length of about 175
nm and a thickness of 7.5 nm according to an Ostwald ripening
process in vesicular template phases.11 However, by varying the
reaction conditions, it is not possible to synthesize mono-
disperse nanotriangles. Therefore, a separation of the triangle
fraction from spherical nanoparticles is still required. The best
way to do that is the so-called depletion flocculation in the

presence of AOT-micelles and polyelectrolytes, recently shown
by us.12 However, the resulting negatively charged AOT-
stabilized nanotriangles are stable up to a laser fluence of 2.9
mJ/cm2 and offer special features in vibration and cooling
behavior by ultrafast X-ray diffraction.13 The adjustable UV−vis
absorption in the near-infrared region by controlling size and
thickness of anisotropic flat nanotriangles is of biological
importance and enables tissue imaging14 or hyperthermia of
cancer cells.15

To unfold their full potential as SERS substrates, a close-
packed gold nanotriangle monolayer is needed. At the junction
between the sharp edges of the nanotriangles, the local
electromagnetic field is strongly enhanced. The Raman signal
enhancement used in SERS results mainly from these local
electromagnetic “hot spots”.16,17 SERS has been shown to be
sensitive to single molecules18,19 and can thus be used for the
detection of trace amounts20 and for the real-time determi-
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nation of catalytic reactions.21 Close-packed gold nanotriangle
monolayers offer a large amount of hot spots increasing the
probability to observe the desired analyte or reaction.
Moreover, flat monolayers of crystalline nanoparticles allow
the use of X-ray diffraction as a probe to determine the
nanoparticle temperature. Recent experiments have shown that
temperature and laser intensity are important parameters in
laser-assisted plasmon-driven reactions. However, there has
been no reliable measurement of the nanoparticle temperature
under the condition of intense laser irradiation.22

Colloidal self-assembly was studied in recent years to get
highly ordered monolayers over a large area. Thereby the
research is focused on simple and reproducible techniques.23

On the one hand, drop-casting is the easiest way to produce
monolayers, but with limitations in size24 and the accumulation
of particles at the drop’s outer edge, a phenomenon called the
“coffee ring” effect, which allows only a local order.25 On the
other hand, air−liquid interface self-assembly methods provide
large monolayers with a high degree of order and can be
transferred onto substrates.26,27 However, such a procedure
requires surface functionalization28 or ligand exchange.29 Lee et
al. used the Langmuir−Schaefer technique to fabricate large-
area (≈1 cm2) dense monolayer films of CTAB-coated gold
nanoprisms after PVP functionalization.30 Without functional-
ization CTAB-capped gold nanotriangles form only self-
assembled “suprastructures” within an area of hundreds of
square micrometers under well-defined experimental condi-
tions. Now, we present a facile method to produce self-
assembled monolayers (up to 1.5 cm2) directly on different
substrates, e.g., silicon wafer or quartz glass, without a
functionalization of the negatively charged AOT-stabilized
gold nanotriangles, synthesized in a one-step preparation
process (without a transfer step) in the presence of AOT/
phospholipid multivesicular vesicles.12

In this work, we present a facile method to produce self-
assembled monolayers directly on substrates without process-
ing the gold nanotriangle dispersion, containing highly purified
gold nanoplatelets (yield of nanoplatelets >99.7% with a
polydispersity of 10%) after several purification steps by shape-
controlled depletion flocculation in the presence of AOT
micelles and polyelectrolytes.12 In contrast to the drop-casting
method, the nanoparticles were initially transferred to the air−
liquid interface by the addition of an ethanol−toluene mixture.
After solvent evaporation, a thin closely packed gold nano-
triangle monolayer was formed, as evidenced by TEM and
SEM. X-ray diffraction experiments confirm the flat structural
ordering of the monolayer. The symmetric (111) Bragg peak of
the gold nanotriangles is subsequently used to determine the
laser-induced temperature increase in the particles for
continuous irradiation of the Au/Si sample with moderate
laser intensities up to 3.5 W/cm2. To demonstrate the potential
of this template for SERS spectroscopy and for the analysis of
plasmon-driven chemistry, we added a monolayer of 4-
nitrothiophenol (4-NTP). For an appropriate laser fluence,
we simultaneously observed the production of 4,4′-dimercapto-
azobenzene (DMAB) and the consumption of 4-NTP; i.e., we
monitored the dimerization reaction by SERS.

2. EXPERIMENTAL SECTION
2.1. Chemicals. Ethanol (≥99.8%, p.a.) was purchased from Roth

and toluene from VWR. 4-Nitrothiophenol was obtained from Sigma-
Aldrich. All chemicals were used as received. Milli-Q Reference A+
water was used in all experiments.

2.2. Preparation of Gold Nanotriangles and Monolayer
Formation. The gold nanotriangles were synthesized in a one-step
process in a mixed AOT/phospholipon vesicle phase in the presence
of a strongly alternating polyampholyte, i.e., poly(N,N′-diallyl-N,N′-
dimethylammonium-alt-3,5-bis-carboxyphenylmaleamic carboxylate
(PalPhBisCarb), working as a reducing and shape controlling
component.31

0.5 wt % phospholipid (PL90G; purity >97%) and 0.5 wt % dioctyl
sodium sulfosuccinate (AOT) were dispersed in water together with
0.01 wt % PalPhBisCarb and stirred for 24 h at room temperature. The
resulting template vesicle phase was mixed with the 2 mM
tetrachloroaurate precursor solution and heated up to 45 °C for 45
min. The resulting nanoplatelets were separated from spherical
nanoparticles by a depletion flocculation after adding a 0.02 M AOT
micelle solution. The nanotriangle fraction was washed and separated
several times by centrifugation. The final yield of nanoplatelets was
>99% with a polydispersity of 10%.

For the monolayer formation process a highly diluted aqueous gold
nanotriangle solution (3.5 × 10−4 g/cm3) was injected by ethanol−
toluene (E−T) mixtures varying in the E−T ratio. Best results were
observed with an E−T ratio of 5:1.

2.3. Methods. For investigations of monolayer structures in
preliminary experiments, transmission electron microscopy (TEM)
was used. The samples were taken out by gently touching the
monolayer with a carbon-coated copper grid parallel to the air−liquid
interface and dried rapidly by removing the excess liquid with filter
paper. Subsequently, the samples were examined using the JEM-1011
(JEOL, Japan) at an acceleration voltage of 80 kV. The quality and size
of the gold nanotriangle monolayers on Si-wafers and quartz glass were
determined by using the scanning electron microscope (SEM) Supra
55PV (ZEISS, Germany) at an acceleration voltage of 6 kV. Raman
spectra were recorded using a confocal Raman microscope alpha300
(WITec, Germany) equipped with laser excitation at wavelength of
785 nm. The laser beam was focused through a Nikon 10× microscope
objective with a NA of 0.25. The spectra were acquired with a
thermoelectrically cooled Andor CCD detector DU401A-BV placed
behind the spectrometer UHTS 300 from WITec with a spectral
resolution of 3 cm−1. The Raman band of a silicon wafer at 520 cm−1

was used to calibrate the spectrometer. XRD experiments were
performed with a focused X-ray beam emitted from a micro focus X-
ray tube (IFG). The 8 keV Kα radiation from the copper anode is
monochromatized by a single reflection of a HOPG (highly ordered
pyrolytic graphite) crystal. The out-of-plane lattice constant of the
gold nanotriangles is determined by Bragg diffraction from the (111)
lattice planes of the gold particles. The output of an 800 nm CW laser
diode is feed into a fiber and guided to the sample to heat the
monolayer continuously with moderate laser intensities up to 3.5 W/
cm2 while the lattice constant is simultaneously measured.

2.4. Preparation of SERS Substrate. The silicon wafer was
cleaned in a solution of 30 wt % H2O2 and 30 wt % H2SO4 for 1 h. It
was rinsed in deionized water and treated by ultrasound in ethanol.
For the immobilization of the triangles, the substrate was dried before
being used. The gold nanotriangles assembled on the substrate were
immersed in 5 mM ethanolic solution of 4-NTP for 6 h. The sample
was washed with ethanol to remove the unattached molecules and
dried.

3. RESULTS

3.1. Self-Assembled Monolayer Formation. In this part,
we will discuss the self-assembled monolayer formation on
silicon wafers and quartz glass, which is based on the particle
transfer to the interface and the subsequent evaporation of
dispersion medium.
The idea behind this approach is the strategy developed by

Liu et al. for the transfer of spherical gold nanoparticles to the
interface and their cold-welding, which joins Au nanoparticles
together into two-dimensional continuous structures without
local heating.32 Therefore, injections of different ratios of
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ethanol−toluene mixtures from the bottom of the dispersion
were used to bring gold nanoparticles to the air−liquid interface
at a specific addition rate. Subsequently the layer can be
transferred onto a TEM grid for a detailed analysis.

In our system, this method leads to a monolayer formation
on the interface without cold-welding ambitions. The key
parameter for the cold-welding of chemically produced
nanoparticles is the removal of the capping molecules, i.e., in
our system the negatively charged AOT surfactant molecules.
That means in the absence of AOT molecules at the edges of
the triangles an uncapped surface increases the nanotriangle
surface energy and hence favors the NT coalescence. The
cleaning of the surface is usually realized by heating or
desorption of the capping molecules. This means the Au
nanoplatelets in the monolayer are separated from each other
without a particle−particle coalescence or fusion, when the
edges of the NTs are still capped by AOT molecules. As
recently described by Liu et al., the degree of welding depends
on the size of spherical nanoparticles. For larger particles of 59
nm,32 only a slightly fused network structure can be produced.

Thus, it is not surprising that for the large triangles with an
edge length of about 175 nm no welding takes place. Another
reason for the disappearance of cold-welding effects is the
strong Coulombic repulsion between AOT-capped gold NTs.
The distance between the particles can be influenced by
changing the volume ratio between ethanol and toluene.
Ethanol reduces the surface charge of gold nanoparticles and
changes the lateral capillary attraction between interfacial
nanoparticles. If we increase the amount of toluene toward
ethanol, a stacking of the particles can be found. In case of
Figure 1, we used an ethanol−toluene volume ratio of 5:1. At
the air−liquid interface a homogeneous monolayer film can be
seen (Figure 1B). Figure 1A show this monolayer after the
transfer onto a TEM grid. This transfer process destroys the
close packing of the triangles at the surface of the solution, and
a similar incomplete layer transfer is observed for Si wafers
instead of a TEM grid (Figure S1, Supporting Information). In
contrast, the successful deposition of the continuous layer at
the liquid surface onto a Si substrate by solvent evaporation is
shown in Figure 2.
Usually SERS experiments are conducted on Si substrates

under a microscope. In the case of simple drop-casting, that
means in the absence of the oil mixture, no monolayer
formation occurs. After solvent evaporation of the aqueous
dispersion without additives, the formation of islands was
observed. The islands are caused by stacking of the anisotropic
particles (Figure S2). Similar results were obtained by Fu et
al.33 With a complex experiment setup of a wide-mouth bottle
containing water at the bottom, they influenced the evaporation
rate by changing the temperature and the tilt angle of the
silicon wafer and thus the quality of assembled gold
nanotriangles formation. In our case, we remedy the problem
by adding a mixture of ethanol and toluene to the droplet at
room temperature (Scheme 2).
According to Scheme 2, a droplet of the dispersion was set

on the substrate, and the ethanol−toluene mixture was added.
Because of the change of the wetting properties, the droplet
spread and wetted the substrate completely. Simultaneously,
the formation of a shimmering layer on the film was observed.

Scheme 1. Simplified Illustration of the Self-Assembly
Process of Gold Nanotriangles at the Water−Toluene
Interface after Adding the Ethanol−Toluene (E−T) Mixture

Figure 1. Self-assembled gold nanotriangles transferred onto a TEM grid (A); monolayer formation at the air−liquid interface in a glass vessel (B)
after adding an ethanol−toluene (5:1) mixture.
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After solvent evaporation, the assembly of the nanotriangles
was examined by SEM and confirmed to be a close-packed
edge-to-edge nanotriangle monolayer (Figure 2).
In similarity to the experiments in the glass vessel, size and

quality of the monolayer are directly influenced by the volume
ratio of the oil mixture. If the amount of toluene is increased,
the size of the monolayer decreases and the triangles start to
stack or to form large multilayer aggregates. Another key factor
is the volume ratio between the droplet of the dispersion and
the added oil mixture as well as the concentration of the
dispersion. A lower oil mixture volume favors isolated and
stacked particles, whereas a larger oil mixture volume leads to a
fracture of the monolayer. Consequently, all these parameters
act together and must receive attention to enable the correct
setting for the monolayer formation. Note that self-assembly
requires both ethanol and toluene for stable attachment to the
surface.34 Ethanol is decisive for the transport of gold
nanotriangles from the aqueous dispersion to the water/oil
interface.34−36

Best results of a close-packed monolayer without stacking
were achieved by using a volume ratio of 1:0.4 between the

droplet and the oil mixtures with ethanol−toluene volume ratio
of 5:1. The concentration of gold nanotriangles was 3.5 × 10−4

g/cm3 (Figure 2). In this case, we can easily prepare highly
ordered monolayer films with a large area on silicon wafers as
well as quartz glass (Figures S3 and S4) of about 1 cm2. This
corresponds to more than 3 billion gold nanotriangles. Keeping
the ratios fixed, the method can be scaled.
The mechanism of the monolayer formation can be related

to the self-assembly process rate (vself) in comparison to the
solvent evaporation rate (vsolv). Both processes strongly depend
on the ethanol content in the system. When the evaporation of
solvent is fast (vsolv > vself), e.g., at a higher E−T ratio of 5:1, the
AOT concentration is increased and the protection of the
individual NTs is enhanced, too. This leads to self-assembled
edge-to-edge ordered superstructures in the monolayer.

3.2. Temperature Calibration of Laser Heated Gold
Nanotriangles. There is no established method to monitor
the temperature of the metal nanoparticles themselves. Raman
scattering permits an estimate of the temperature of the
molecules attached to the particles. However, since SERS
signals are dominated by molecules in hot spots, the

Figure 2. SEM micrographs of self-assembled gold nanotriangles closely packed in a monolayer on a Si substrate.

Scheme 2. Simplified Illustration of Film-Casting and Monolayer Formation after Adding the Ethanol−Toluene (E−T) Mixture

Figure 3. Θ−2Θ scans of the (111) Bragg reflection of a monolayer of Au triangles (GNT) deposited on quartz glass for three selected laser fluences
(A) and temperature change ΔT of the Au particles determined from the peak shift ΔΘ as a function of the laser power (B) (error bars are smaller
than the size of diagram spots).
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interpretation is ambiguous. Measuring the optical response of
plasmonic particles in principle allows for temperature
assignments, but it is difficult to predict the spectral changes
in the nonequilibrium situation. Note that the temperature of
the particles may be much higher than the surrounding medium
because the heat is deposited locally and the interface
conductance is low.13 The influences of temperature changes
of the particles and their surroundings have a different influence
on the particles’ spectra. Therefore, stationary heating experi-
ments do not result in the same spectral changes. X-ray
diffraction, in contrast, selectively probes the lattice of the gold
particles, and therefore an unambiguous temperature determi-
nation is possible. In order to demonstrate that monitoring the
temperature of gold particles by X-ray diffraction is an easy task,
we have used a very simple X-ray diffraction setup with a rather
poor X-ray spot size of about 0.5 mm and a rather poor
monochromator realized by a thin HOPG flake. The Bragg
peak of the 7 nm thick particles is naturally broadened, showing
a Bragg peak width of 0.6° from which we estimate a mosaicity
of less than 0.1°. A simple diode laser is moderately collimated
to homogeneously irradiate the X-ray spot on the sample. The
Θ−2Θ scans of the (111) Bragg peak, shown in Figure 3A, shift
to smaller diffraction angles when the laser intensity is increased
from 0 to 3.5 W/cm2. From the shift ΔΘ of the Bragg peak
posit ion we calculate a temperature change via

θ θ αΔ = − = − ΔΔ Tcot c
c

, where α = 1.4 × 10−5 K−1 is the

thermal expansion coefficient and Δc
c
is the relative change of

the out-of plane lattice constant.37 The shift depends linearly
on the laser power (compare Figure 3B). It increases the
particle temperature by 56 ± 1 K/(W/cm2). With the highest
available fluence we did not observe any dimerization of the
attached 4-NTP. In the SERS microscope, we observe
considerable dimerization with 5 mW focused on a spot with
1 μm radius corresponding to 5 orders of magnitude larger
fluence.
Our current setup cannot provide such high laser fluences. It

requires a more advanced but not extraordinary setup to obtain
an X-ray microfocus that can be excited with the required
fluence. Here we have demonstrated that already the very small
shifts of the Bragg peak under low fluence conditions can
resolve the temperature differences. We emphasize that the 5

orders of magnitude larger fluence in the SERS microscope
does not imply 5 orders of magnitude larger temperature
difference. The heat transport around the laser spot in the
microscope is three-dimensional, whereas in our X-ray setup
the large irradiated area makes it one-dimensional.

3.3. SERS Monitoring of Plasmon-Driven Catalytic
Reaction. We used the dimerization of 4-NTP into DMAB as
a model reaction to study the photocatalytic activity of the gold
nanotriangles. A 4-NTP monolayer was assembled on the
nanotriangles via the S−Au bond which has been confirmed by
disappearance of S−H vibrational mode at 2443 cm−1 (inset in
Figure 4A). The nanotriangles showed an excellent SERS
enhancement factor of 2.76 × 104, somewhat larger than the
best value (1.6 × 104) obtained by Lee et al. for the monolayer-
over-mirror substrates of CTAB-based gold nanoprisms
functionalized with PVP.30 The distinct Raman peaks of 4-
NTP are reproduced in the Raman microscope with 0.5 mW
and 1 s integration time.11 At low laser power, the SERS
spectrum of 4-NTP remains similar to the Raman spectrum of
the neat 4-NTP solid as it is shown in Figure 4A, where the
spectra are dominated by three characteristic peaks at 1099,
1332, and 1573 cm−1. These peaks were assigned to the C−H
bending, NO2 symmetric stretching, and CC stretching
modes of 4-NTP, respectively (compare Table 1). However, at

higher laser power above 5 mW, three new peaks were
observed at 1134, 1387, and 1434 cm−1 (Figure 4B). These
peaks were assigned to the C−N symmetric stretching and N
N stretching vibrational modes of DMAB,38 implying that a
considerable fraction of the 4-NTP molecules have been
dimerized on the surface of the gold nanotriangles.

Figure 4. Raman spectrum of 4-NTP adsorbed on gold NTs (red) and solid 4-NTP (black) at low laser power of 0.5 mW (A); SERS spectrum of 4-
NTP at high laser power of 5 mW (B).

Table 1. Raman Wavenumbers of 4-Nitrothiophenol (4-
NTP) and 4,4′-Dimercaptobenzene (DMAB)

Raman wavenumber
(cm−1)

SERS assignment of 4-
NTP

SERS assignment of
DMAB

854 C−N stretch
1075 C−H bending
1134 C−N stretch
1332 NO2 stretch
1387, 1434 NN stretch
1568 CC stretch
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To further monitor the dimerization reaction dynamics, a
time-dependent SERS study was carried out. Figure 5A shows
SERS spectra of 4-NTP adsorbed on the gold nanotriangle. The
immediately measured spectrum (t = 0) showed existence of
only one species (4-NTP). DMAB peaks started to appear after
2 s and were increasing in intensity with increasing the laser
exposure time. We integrated the area under the peak at 1134
cm−1 to present the concentration of DMAB, while the area
under the peak at 1332 cm−1 measures the concentration of 4-
NTP. Figure 5B shows the concentration over the reaction
time, where the concentration of DMAB is increased with
increasing irradiation time, while the concentration of 4-NTP is
decreased. It was reported that the dimerization reaction of 4-
NTP is driven by plasmonically generated hot electrons.39 The
gold nanotriangles are supposed to act as a source of hot
electrons which populate unpopulated orbitals of the adsorbed
4-NTP and initiate the dimerization process. Therefore,
increasing the laser power or the irradiation time would
increase the generated hot electrons as well as the rate of the
reaction. Our results show that the gold nanotriangles
efficiently drive the photocatalytic reaction and that SERS
allows for a real-time monitoring of the reaction dynamics.

4. CONCLUSION

In this article, we have presented a special method for the
fabrication of large scale, self-assembled close-packed mono-
layers of gold nanotriangles with a high degree of ordering. The
method is based on the simple procedure of adding a toluene−
ethanol mixture to the aqueous gold nanotriangle dispersion
and in particular does not need a functionalization of the
particle surface in advance. The size of the monolayer can be
easily controlled by either changing the concentration of the
dispersion or varying the volume ratio of the droplet and the oil
mixture. The exact ratio of the compounds is important to
avoid stacking of the nanotriangles or the rupture of the
monolayer.
We successfully demonstrated the applicability of the triangle

monolayer as a substrate for monitoring photocatalytic
reactions by SERS. Moreover, due to the flat structural
ordering of the monolayer, X-ray measurements could be
employed to observe small laser-induced temperature changes
of particles under continuous laser heating. The combination of
both experiments might become important for investigation of
plasmon assisted reactions or photothermal applications. In

essence, under the described preparation conditions, we show a
facile and repeatable way for the fabrication of dense packed
nanotriangle monolayers on different substrates, i.e., on silicon
wafers or quartz glass, and demonstrated its potential as a
platform for advanced nanochemical research.
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