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Abstract

Within the course of this thesis, I have investigated the complex interplay between electron
and lattice dynamics in nanostructures of perovskite oxides. Femtosecond hard X-ray
pulses were utilized to probe the evolution of atomic rearrangement directly, which is driven
by ultrafast optical excitation of electrons. The physics of complex materials with a large
number of degrees of freedom can be interpreted once the exact fingerprint of ultrafast
lattice dynamics in time-resolved X-ray diffraction experiments for a simple model system
is well known.

The motion of atoms in a crystal can be probed directly and in real-time by femtosecond
pulses of hard X-ray radiation in a pump-probe scheme. In order to provide such ultrashort
X-ray pulses, I have built up a laser-driven plasma X-ray source. The setup was extended
by a stable goniometer, a two-dimensional X-ray detector and a cryogen-free cryostat.
The data acquisition routines of the diffractometer for these ultrafast X-ray diffraction
experiments were further improved in terms of signal-to-noise ratio and angular resolution.
The implementation of a high-speed reciprocal space mapping technique allowed for a two-
dimensional structural analysis with femtosecond temporal resolution.

I have studied the ultrafast lattice dynamics, namely the excitation and propagation of
coherent phonons, in photoexcited thin films and superlattice structures of the metallic
perovskite SrRuO3. Due to the quasi-instantaneous coupling of the lattice to the opti-
cally excited electrons in this material a spatially and temporally well-defined thermal
stress profile is generated in SrRuO3. This enables understanding the effect of the re-
sulting coherent lattice dynamics in time-resolved X-ray diffraction data in great detail,
e.g. the appearance of a transient Bragg peak splitting in both thin films and superlattice
structures of SrRuO3. In addition, a comprehensive simulation toolbox to calculate the
ultrafast lattice dynamics and the resulting X-ray diffraction response in photoexcited
one-dimensional crystalline structures was developed in this thesis work.

With the powerful experimental and theoretical framework at hand, I have studied the
excitation and propagation of coherent phonons in more complex material systems. In
particular, I have revealed strongly localized charge carriers after above-bandgap fem-
tosecond photoexcitation of the prototypical multiferroic BiFeO3, which are the origin of
a quasi-instantaneous and spatially inhomogeneous stress that drives coherent phonons in
a thin film of the multiferroic. In a structurally imperfect thin film of the ferroelectric
Pb(Zr0.2Ti0.8)O3, the ultrafast reciprocal space mapping technique was applied to follow
a purely strain-induced change of mosaicity on a picosecond time scale. These results
point to a strong coupling of in- and out-of-plane atomic motion exclusively mediated by
structural defects.
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Kurzdarstellung

Im Rahmen dieser Arbeit habe ich mich mit den komplexen Wechselwirkungen zwischen
Elektronen- und Gitterdynamik in oxidischen Perowskit-Nanostrukturen beschäftigt. Da-
zu wurden verschiedene Proben mit intensiven, ultrakurzen Laserpulsen angeregt. Um
die zeitliche Entwicklung der induzierten atomaren Umordnung zu untersuchen, wurden
Femtosekunden-Pulse harter Röntgenstrahlung genutzt. Zunächst wurde die ultraschnelle
Gitterdynamik in einfachen Modellsystemen mit zeitaufgelösten Röntgendiffraktionsexpe-
rimenten untersucht, um im Anschluss ähnliche Experimente an komplexeren Materialien
mit mehreren Freiheitsgraden interpretieren zu können.

Die Bewegung der Atome in einem Kristall kann über Anrege-Abtast-Verfahren direkt
mit gepulster, harter Röntgenstrahlung gemessen werden. Die Dauer der Röntgenpulse
muss dafür einige hundert Femtosekunden kurz sein. Um diese ultrakurzen Röntgenpulse
zu erzeugen, habe ich eine lasergetriebene Plasma-Röntgenquelle aufgebaut. Der Aufbau
wurde um ein stabiles Goniometer, einen zweidimensionalen Röntgendetektor und einen
kryogenfreien Kryostat erweitert und in Bezug auf das Signal-zu-Rausch-Verhältnis und
die Winkelauflösung optimiert. Durch die Entwicklung einer schnellen Methode zur Ver-
messung des reziproken Raums konnte erstmals an solch einer Quelle eine zweidimensionale
Strukturanalyse mit Femtosekunden-Zeitauflösung realisiert werden.

Die Anregung und Ausbreitung von kohärenten Phononen habe ich in optisch ange-
regten Dünnfilm- und Übergitterstrukturen untersucht. Eine entscheidende Rolle spielen
dabei metallische SrRuO3 Schichten. Durch die quasi-instantane Kopplung des Gitters
an die optisch angeregten Elektronen in SrRuO3 wird ein räumlich und zeitlich wohldefi-
niertes Druckprofil erzeugt. Dadurch kann der Einfluss der resultierenden kohärenten Git-
terdynamik auf die zeitaufgelösten Röntgendiffraktionsdaten im Detail verstanden werden.
Beobachtet wurde z.B. das Auftreten einer transienten Aufspaltung eines Bragg-Reflexes
bei Dünnfilm- und Übergitterstrukturen aus SrRuO3. Außerdem wurde eine umfangrei-
che Simulationsumgebung entwickelt, mit deren Hilfe die ultraschnelle Dynamik und die
dazugehörigen Röntgendiffraktionssignale in optisch angeregten eindimensionalen Kristall-
strukturen berechnet werden können.

Der von mir entwickelte experimentelle Aufbau sowie das Simulationspaket zur Daten-
analyse und -interpretation wurden anschließend für die Untersuchung kohärenter Pho-
nonen in komplexeren Materialsystemen eingesetzt. Im Speziellen konnte ich in multi-
ferroischem BiFeO3 eine stark lokalisierte Ladungsträgerverteilung nach einer optischen
Femtosekunden-Anregung nachweisen. Sie ist die Ursache für einen quasi-instantanen und
räumlich inhomogenen Druck, der die kohärenten Phononen in einem dünnen Film dieses
Multiferroikums erzeugt. Außerdem habe ich die ultraschnelle Vermessung des reziproken
Raums angewendet, um eine verzerrungsinduzierte Veränderung der Mosaizität in einem
strukturell unvollkommenen Film aus ferroelektrischem Pb(Zr0.2Ti0.8)O3 zu verfolgen. Die
Ergebnisse deuten auf eine ausschließlich durch strukturelle Defekte vermittelte Kopplung
der atomaren Bewegungen parallel und senkrecht zur Flächennormalen des Filmes hin.
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1. Introduction

Functional materials allow for various applications in science and technology due to their
intrinsic properties such as ferroelectricity, ferromagnetism, or superconductivity. In the
last century, the discovery and tailoring of novel functional materials led to a tremendous
progress in many fields such as information storage and communication, data processing,
as well as energy harvesting and storage [1, 2]. Past and present, the increase in speed,
the reduction in size, and the increase in efficiency have been the driving motivation to
understand and control functionality in all kinds of matter.

Besides of the technological aspect, understanding functionality has always been of
fundamental interest for scientists. In general, macroscopic functionality is linked to mi-
croscopic properties of matter such as its atomic structure. This insight has driven an
enormous effort in improving structural analysis in various scientific fields such as biology,
chemistry and physics. Today, X-ray, electron, and neutron scattering techniques allow for
determining structural details with sub-atomic resolution even in three dimensions [3–5].

However, the detailed knowledge of structure can only be the initial step to understand
functionality completely. Function manifests in non-equilibrium states of matter. There-
fore, it is necessary to resolve transient states in order to disentangle the complex interplay
between structure and functionality. The fundamental processes involved can be classified
as electron dynamics, which occur on a few femtosecond time scale and below, as well
as nuclear rearrangement on an atomic length scale, namely translational, rotational, or
vibrational motion, which has a lower limit of approx. 10 fs to 100 fs [6, 7].

In order to resolve such ultrafast processes, sophisticated experimental methods are
required. In particular, the advances in the development of femtosecond laser systems
have pushed the temporal resolution in optical spectroscopy down to the time scales of
fundamental electronic excitations. For time-resolved experiments the so-called pump-
probe technique is typically employed. In this experimental scheme the investigated sample
is prepared in a coherent state by an initial pump pulse. The subsequent dynamics of the
excited system are detected with a delayed probe pulse as a function of the temporal delay
between the two pulses. The highest temporal resolution achievable is determined by the
duration and jitter of the two pulses [8].

Although femtosecond optical spectroscopy has proved to be a versatile tool to probe
electron dynamics, it is a rather indirect method to follow the related nuclear motion.
Novel sources of femtosecond electron and X-ray pulses provide new opportunities to
access these missing pieces of information directly [7, 9–12]. They enable a more complete
understanding of the coupling between electronic (charge, spin, orbital) and lattice degrees
of freedom [13–17]. The final aim is to reach beyond a pure observation to selective control
of functionality in complex materials.

On the one hand, suitable accelerator-based X-ray sources such as slicing facilities at
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1. Introduction

3rd generation synchrotrons and free electron lasers (FELs) have been recently developed
[18–22]. On the other hand, laser-driven plasma X-ray sources (PXSs) have proved to be
a practical alternative for ultrafast X-ray diffraction (UXRD) experiments with no beam-
time limitation, relatively low costs for build-up and maintenance as well as an intrinsic
synchronization between the optical pump and X-ray probe pulses [23–28]. In a PXS,
electrons are accelerated by the electric field of an incident laser pulse with an intensity of
more than 1016Wcm−2. They penetrate a metal target and generate characteristic line
emission (K-shell ionization and recombination) together with a broad bremsstrahlung
background similar to conventional X-ray tubes. The released X-ray pulses typically have
a duration of a few hundred femtoseconds which is generally determined by the interaction
period of the electrons with the metallic target [29, 30]. In recent years, PXS-based UXRD
experiments have been applied successfully, e.g. to follow the ultrafast lattice dynamics
due to coherent phonon excitation and photoinduced phase transition [31–34].

In this cumulative thesis I present UXRD experiments utilizing a PXS in order to follow
the photoinduced lattice dynamics in nanostructures on a femtosecond time scale. This
thesis is based on eight selected publications which yield a coherent picture of this central
task of my graduate work. Eight additional publications, to which I made contributions
during my PhD studies, e.g., by performing measurements, conducting simulations, dis-
cussing physics, and commenting on or writing the manuscript, shall not be part of this
thesis to increase the readability and to focus on one main topic. All of the 16 manuscripts
are listed in Chapter 2 providing a complete citation as well as my personal contributions
to each individual work. The manuscripts are referred to by their roman numerals, e.g.
Paper I, throughout this thesis.

The central achievements of my doctoral work are grouped into three parts in this thesis:

1. The first three papers deal with the technical realization of the PXS and describe
most of the experimental details of the setup (Paper I, II). Besides of various ex-
amples for application of the PXS, I discuss improvement strategies of the data
acquisition (Paper II, III). Furthermore, the integration of a multidimensional struc-
tural analysis, which is known as reciprocal space mapping (RSM) [35–37], into the
UXRD setup at the PXS is described (Paper III).

2. The next set of papers addresses the process of light-matter interaction within the
model system of metallic SrRuO3 (SRO). Especially the nature (speed and mag-
nitude) of the electron-lattice coupling is of great importance to understand the
subsequent coherent phonon dynamics that can be probed directly with UXRD
techniques (Paper IV, V). The presented experimental results can be modeled suc-
cessfully within a framework of numerical simulations which I have ported into a
user-friendly toolbox for quick and easy comparison of experiment and theory (Pa-
per VI).

3. The last two papers report on lattice dynamics in more complex material sys-
tems. The detailed understanding of the evolution of coherent phonons in the
SRO model system allows to interpret ultrafast processes in materials with more
degrees of freedom. As two highlights, I present UXRD measurements which re-
veal the excitation mechanism of coherent phonons in the prototype multiferroic
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BiFeO3 (BFO) (Paper VII), and secondly, experiments which focus on the coupling
of in- and out-of-plane lattice dynamics in a structurally imperfect layer of ferro-
electric Pb(Zr0.2Ti0.8)O3 (PZT) on a picosecond time scale (Paper VIII).

In the discussion in Chapter 3 the interconnection of these three parts is clarified and
supplementary information is given. Furthermore, the additional eight publications, to
which I contributed but which are not part of the main scope of this thesis, are briefly
described.

3





2. List of Papers

In total I am author/co-author of 16 published and unpublished manuscripts which have
been prepared during my doctoral studies in the work group Ultrafast Dynamics in
Condensed Matter of Prof. Dr. Matias Bargheer at the University of Potsdam. In this
thesis, however, I will focus on eight selected manuscripts, which are specified first. The
following list contains the complete citation as well as my personal contribution to each
individual manuscript. The papers are ordered with regards to their contents rather than
their publication date.

The first three papers discuss the technical details of the plasma X-ray source (PXS)
and present various examples for its application. The improvement of the data acquisi-
tion techniques for the demanding ultrafast X-ray diffraction (UXRD) experiments is one
of the major topics. Furthermore, the implementation of a high-speed reciprocal space
mapping (RSM) setup at the PXS is described in order to carry out multidimensional
structure analysis with femtosecond temporal resolution.

I. Time-Resolved X-Ray Scattering . . . . . . . . . . . . . . . . . . . . . . . 27

D. Schick, C. von Korff Schmising, A. Bojahr, M. Kiel, P. Gaal, and
M. Bargheer, Ultrafast Phenomena in Semiconductors and Nanostructure
Materials XV 7937, (2011)

For this contribution I carried out the X-ray and all-optical experiments at
the PXS, analyzed the data, and wrote the manuscript.

II. Normalization schemes for ultrafast x-ray diffraction using a table-
top laser-driven plasma source. . . . . . . . . . . . . . . . . . . . . . . . . 39

D. Schick, A. Bojahr, M. Herzog, C. von Korff Schmising, R. Shayduk, W.
Leitenberger, P. Gaal, and M. Bargheer, Rev. Sci. Instrum. 83, 2 (2012)

I implemented the different normalization schemes at the PXS and conducted
the UXRD experiments. Furthermore, I analyzed the data and wrote the
manuscript.

5



2. List of Papers

III. Ultrafast reciprocal-space mapping with a convergent beam . . . . . . 49

D. Schick, R. Shayduk, A. Bojahr, M. Herzog, C. von Korff Schmising, P.
Gaal, and M. Bargheer, J. Appl. Cryst. 46, 5 (2013)

I implemented the time-resolved reciprocal space mapping setup at the PXS
and collected the presented experimental data. I analyzed the data, was
responsible for most of the interpretation of the data, and wrote the
manuscript.

The next set of papers addresses the fundamentals of the excitation and propagation of
coherent phonons in the metal SrRuO3 (SRO). The presented UXRD experiments further
allow for deriving a detailed theoretical framework which is presented here.

IV. Ultrafast x-ray diffraction studies of photoexcited coherent phonons
in SrRuO3 thin films . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

D. Schick, P. Gaal, A. Bojahr, W. Leitenberger, R. Shayduk, A. Hertwig, I.
Vrejoiu, M. Herzog, and M. Bargheer, arxiv 1301.3324, (2013)

For this publication I conducted the experiments, participated in the inter-
pretations, and commented on the manuscript.

V. Comparing the oscillation phase in optical pump-probe spectra to
ultrafast x-ray diffraction in the metal-dielectric SrRuO3/SrTiO3 su-
perlattice . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

A. Bojahr, D. Schick, L. Maerten, M. Herzog, I. Vrejoiu, C. von Korff
Schmising, C. J. Milne, S. L. Johnson, and M. Bargheer, Phys. Rev. B 85,
22 (2012)

I conducted the UXRD and all-optical experiments at the PXS and analyzed
these data. Furthermore, I participated actively in the interpretation of the
data and commented on the manuscript.

VI. udkm1Dsim - A Simulation Toolkit for 1D Ultrafast Dynamics in
Condensed Matter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
D. Schick, A. Bojahr, M. Herzog, R. Shayduk, C. von Korff Schmising, and
M. Bargheer, Comput. Phys. Commun. in press, (2013)

I have adapted the mathematical routines for the theoretical models which
were already available in different programming languages from within our
work group and combined them as a single object-orientated matlab toolbox
with additional functionalities. I further wrote the complete manuscript and
ran the included simulations.
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The last two manuscripts discuss the deviations of the coherent phonon excitation and
propagation from the ideal model system in two materials with a larger number of internal
degrees of freedom.

In Paper VII, the excitation mechanism of coherent acoustic phonons in the proto-
typical multiferroic BiFeO3 (BFO) after above-bandgap femtosecond optical excitation is
discussed.

VII. Localized excited charge carriers generate ultrafast inhomogeneous
strain in the multiferroic BiFeO3 . . . . . . . . . . . . . . . . . . . . . . . 93

D. Schick, M. Herzog, H. Wen, P. Chen, C. Adamo, P. Gaal, D. G. Schlom,
P. G. Evans, Y. Li, and M. Bargheer, Phys. Rev. Lett. under review, (2013)

I conducted the UXRD experiments at the PXS, analyzed the data, and ran
the simulations. I developed most of the presented interpretations and wrote
the manuscript.

The propagation of coherent phonons in a ferroelectric thin film of Pb(Zr0.2Ti0.8)O3 (PZT)
with a high density of structural imperfections is evaluated in Paper VIII.

VIII. Following Strain-Induced Mosaicity Changes of Ferroelectric Thin
Films by Ultrafast Reciprocal Space Mapping . . . . . . . . . . . . . . . 101

D. Schick, A. Bojahr, M. Herzog, P. Gaal, I. Vrejoiu, and M. Bargheer,
Phys. Rev. Lett. 110, 9 (2013)

I carried out the UXRD experiments and analyzed the data. Moreover I
developed most of the presented interpretations, conducted the simulations,
and wrote the manuscript.

The following manuscripts present further results which have been achieved during my
graduate work. Since these papers are not part of the main scope of this thesis they are
not discussed in detail. Below, the manuscripts are listed in chronological order and are
also reprinted in the Appendix A.1 to give the reader quick access to their contents.

IX. Tailoring interference and nonlinear manipulation of femtosecond
x-rays . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125

M. Herzog, D. Schick, W. Leitenberger, R. Shayduk, R. M. van der Veen, C.
J. Milne, S. L. Johnson, I. Vrejoiu, and M. Bargheer, New J. Phys. 14, 1 (2012)

I participated in the experiments at the FEMTO slicing beamline at the
Swiss Light Source (SLS).
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X. Analysis of ultrafast X-ray diffraction data in a linear-chain model
of the lattice dynamics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137

M. Herzog, D. Schick, P. Gaal, R. Shayduk, C. von Korff Schmising, and
M. Bargheer, Appl. Phys. A 106, 3 (2011)

I conducted the PXS-based experiments, analyzed this data and commented
on the manuscript.

XI. Calibrated real-time detection of nonlinearly propagating strain waves151

A. Bojahr, M. Herzog, D. Schick, I. Vrejoiu, and M. Bargheer, Phys. Rev.
B 86, 14 (2012)

I participated in the UXRD experiments at the PXS and commented on the
manuscript.

XII. Time-domain sampling of x-ray pulses using an ultrafast sample re-
sponse . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159

P. 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, Appl. Phys. Lett. 101, 24 (2012)

For this publication I conducted the UXRD experiments at the PXS, partici-
pated in the discussion, and commented actively on the manuscript.

XIII. Ultrafast Switching of hard x-rays . . . . . . . . . . . . . . . . . . . . . . 165

P. 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, J. Synchrotron Rad. accepted, (2013)

For this publication I conducted the UXRD experiments at the PXS, partici-
pated in the discussion, and commented actively on the manuscript.

XIV. Direct time-domain sampling of subterahertz coherent acoustic phonon
spectra in SrTiO3 using ultrafast x-ray diffraction . . . . . . . . . . . . 173

R. Shayduk, M. Herzog, A. Bojahr, D. Schick, P. Gaal, W. Leitenberger, H.
A. Navirian, M. Sander, J. Goldshteyn, I. Vrejoiu, and M. Bargheer, Phys.
Rev. B 87, 18 (2013)

I participated in the simulations and commented on the manuscript.
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3. Discussion

In this chapter, I will discuss the individual results and the interconnection of the eight
selected manuscripts which represent the central parts of my PhD work. After the discus-
sion of the experimental setup in Section 3.1, I will focus on the fundamentals of excitation
and propagation of coherent phonons due to ultrafast light-matter interaction for a sim-
ple model system in Section 3.2. In Section 3.3, I further apply the experimental and
theoretical insights to study coherent phonons in more complex materials with a larger
number of internal degrees of freedom. These results are highly relevant to the current
discussion of equivalent systems in the community. In particular, I will discuss the excita-
tion of phonons due to a complex electron-lattice coupling in the prototypical multiferroic
BiFeO3 (BFO) which reveals an ultrafast localized charge transfer within the unit cells
of the material. Moreover, I will discuss the propagation of coherent phonons in a ferro-
electric thin film of Pb(Zr0.2Ti0.8)O3 (PZT) where the in- and out-of-plane atomic motion
are directly coupled by structural inhomogeneities. Finally, in Section 3.4 I will briefly
describe how these achievements are related to other work in the group of Ultrafast
Dynamics in Condensed Matter at the University of Potsdam.

3.1. Setup of the laser-driven plasma X-ray source

The main requirement to achieve most of the experimental results presented in this thesis is
the plasma X-ray source (PXS) setup. Similar table-top setups were recently realized and
applied to measure the ultrafast lattice dynamics of photoexcited solids [31–34]. The new
PXS machine at the University of Potsdam was developed within the close collaboration
with the Institute for Scientific Instruments GmbH (IfG) and is a development
based on the setup presented in Ref. 28. A detailed description of the complete setup in
Potsdam is given in Paper I and Paper II. Within the collaboration the IfG was responsible
for the construction and testing of the central PXS components, namely the vacuum
chamber, the electro-mechanical devices (i.e. stages and spools), the computer control of
the machine, and radiation safety.

Another key component of the experimental setup is the 1 kHz laser system consist-
ing of a mode-locked Ti:sapphire oscillator (Mantis, Coherent, Inc.) and a two-stage
Ti:sapphire amplifier (Legend Duo, Coherent, Inc.) providing ultrashort laser pulses
with a duration of 40 fs at a central wavelength of 800 nm containing an energy of up to
8mJ per pulse. With the use of a 90° off-axis parabolic mirror a focus size of the opti-
cal laser light of less than 10 µm is achievable which allows for peak intensities of up to
1018Wcm−2 in the focus. These extremely high intensities are focused onto a metallic
target in the PXS and eventually generate a plasma. The released electrons are subse-
quently accelerated back into the metal by the electric field of the laser and emit X-rays
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similar to conventional X-ray tubes but with a temporal profile related to the driving laser
[29, 30]. Since less than 70% of the laser power is utilized to pump the plasma generation
the remaining optical power can be used to excite the samples in a pump-probe scheme.
In order to provide optimal conditions to operate the PXS, I characterized the laser setup,
including spectral, temporal, and contrast parameters, by various linear and non-linear
optical measurements.

After building and characterizing the PXS and the laser system, both of these major
components of the ultrafast X-ray diffraction (UXRD) setup were married in order to
generate femtosecond hard X-rays in the laboratory. I characterized and enhanced the
X-ray emission of the PXS by optimizing several optical and mechanical parameters of
the setup, such as the laser light polarization, optical pulse length, optical focus distance
to the copper tape, tape thickness, tape velocity and tension. In addition, I tested the
applicability of different tape materials such as aluminum or brass in respect to their X-ray
emission energy, maximum achievable X-ray flux, and mechanical stability. These results
are shown in Appendix A.2 and provide a reference for future use of the setup.

In order to allow for advanced UXRD experiments a complete diffractometer setup was
realized employing the PXS as an ultrashort X-ray source. The main components of this
diffractometer are a Montel multilayer X-ray optics (incoatec GmbH) which collects the
emitted X-rays from the PXS [38] and focuses them in the center of rotation of a two-circle
goniometer (HUBER Diffraktionstechnik GmbH & Co. KG). We have decided for
a hybrid-pixel CMOS area detector (Pilatus 100k, DECTRIS, Ltd.) for accumulating
diffracted X-rays because of its high quantum efficiency of 98% at 8 keV in single-photon
counting mode, its zero electronic noise, its high dynamic range, and its fast read-out rate
[39]. In addition, I implemented a pump-probe scheme including a mechanical delay stage
in order to carry out time-resolved experiments as described in Paper I and II. A rather
time-consuming but very important part of my work was the software implementation of
the above listed hardware devices into the PC-based calibration, adjustment, and mea-
surement routines, which I have developed using the LabView (National Instruments
Corporation) programming language.

Finally, all of these intermediate steps allowed for preliminary static X-ray scattering
experiments such as wide-angle X-ray scattering (WAXS), Debye-Scherrer diffraction, and
X-ray reflectivity (XRR) as well as for time-resolved X-ray diffraction (XRD) measure-
ments repeating the experiment given in Ref. 40. Paper I is the first publication containing
these static as well as transient experimental results. These data do not only prove the
versatile applicability of the PXS as source for different X-ray scattering geometries [41–
43], they also establish the PXS at the University of Potsdam as a reliable source for
UXRD experiments with sub-ps temporal resolution as well as sufficient X-ray flux and
stability.

The experimental part of my PhD focused on UXRD measurements of epitaxial thin
films and multilayer structures in WAXS geometry. At the beginning, I mainly measured
transient Bragg peak intensities at a fixed scattering vector q⃗ in reciprocal space, e.g. to
follow the zone-folded longitudinal acoustical phonon (ZFLAP) mode in a photoexcited
superlattice (SL) structure [34]. It turned out that large intensity fluctuations of the PXS
are the dominant source of noise in the setup. In Paper II, I discuss several direct and
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indirect normalization methods for the PXS intensity fluctuations such as rapid looping
[44], substrate normalization [34], and direct normalization techniques utilizing an ioniza-
tion chamber in the primary beam or an X-ray beam splitter [43]. In the manuscript, I
introduce a normalization technique which employs the single reflection of the Montel X-
ray optics. I was able to show that this quasi-monochromatic single reflection of the X-ray
optics allows for a direct PXS intensity normalization which increases the signal-to-noise
ratio (SNR) of time-resolved experiments significantly. In combination with a fast looping
algorithm of the relevant scanning parameter UXRD experiments can be performed much
faster. This is of utmost importance due to the inevitable mechanical instabilities of the
setup which prohibit very long integration times over days or weeks without readjustments
of the experiment. The direct normalization technique further allows for a calibration of
the normalization signal in order to record absolute intensities of the diffracted X-rays.

More detailed information on the structural dynamics in photoexcited nanostructures
can be obtained by carrying out time-resolved rocking scans with the PXS diffractometer.
In Paper III, I show that the relatively low resolution of the diffractometer in reciprocal
space is dominated by the energy bandwidth and convergence of the incoming X-rays from
the PXS. Due to the low brilliance of the PXS it is not reasonable to introduce additional
monochromators or slits into the incoming X-ray beam for time-resolved experiments.
Therefore, I derived a correction routine for rocking scans of laterally perfect samples uti-
lizing the X-ray area detector in order to increase the resolution of the diffractometer with-
out discriminating incoming or diffracted photons. When applying this correction method
the resolution function of the diffractometer is determined solely by the energy bandwidth
of the incoming X-rays and allows for high-resolution rocking scans with optimal counting
statistics. As a novel application that goes beyond the previously demonstrated transfer
of static X-ray technologies to the ultrafast time domain, I describe the implementation
of a high-speed reciprocal space mapping (RSM) setup at the PXS utilizing the X-ray
area detector as an angle-resolving detector [45–51]. This ultrafast reciprocal space map-
ping (URSM) technique with femtosecond temporal resolution allows for measuring the
in- and out-of-plane lattice dynamics simultaneously and was already applied successfully
in order to follow a purely strain-induced change of mosaicity in a ferroelectric thin film
after photoexcitation of a neighboring metallic transducer layer, c.f. Section 3.3.2 and
Paper VIII.

In order to study correlated solids over a wide external temperature range I have further
implemented a closed-cycle helium cryostat (Model 4hW204A, Advanced Research
Systems, Inc.) at the PXS diffractometer. Although the closed helium cycle is desirable
from an economic point of view, the cryostat expander causes heavy vibrations directly
at the sample position. Therefore, the cryostat setup includes an additional vibration-
damping extension (DMX-20 Interface) to carry out the very sensitive UXRD pump-
probe experiments from sample temperatures of 450K down to 30K. The vibration-
damping extension and the sample holder are mounted directly to the goniometer sample
manipulator, which allows for x, y, z translation and rotation of the sample by ω = ±10°.
In addition, the complete cryostat including turbo vacuum pump is movable all over the
experimental hutch in order to follow the goniometer position or to easily remove the
cryostat from the experiment. For UXRD experiments with optical pump pulses the
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vacuum chamber of the cryostat must fulfill special requirements. On the one hand, X-ray
photons must enter the chamber at a defined position and eventually exit the chamber
under various Bragg angles through appropriate X-ray transparent windows, e.g. Kapton
foil. On the other hand, the pump laser beam must enter the chamber through a special
optical window and any reflected pump light from the sample must be blocked before it
damages the sensitive Kapton foil. Last but not least, the vacuum chamber must hold
pressures of 10−7mbar which are necessary for low temperatures down to 30K. Since at
present there are no published results utilizing the cryostat at the PXS, I present low-
temperature data of an SL sample in Appendix A.3, including a preliminary discussion of
the data.

3.2. Fundamentals of excitation and propagation of
coherent phonons

Ultrashort laser pulses allow for direct coherent excitation of internal degrees of freedom in
condensed matter. One of the most elementary and low-energetic excitations are phonons.
Phonons are coherently excited, i.e. the lattice oscillation has a fixed phase relation
to the initial trigger, if the excitation of the phonons is faster than their vibrational
period. The excitation mechanisms of coherent phonons are manifold, depending on the
material and optical excitation wavelength. However, the different excitation mechanisms
can be distinguished by the temporal and spatial profile of the lattice motion as well
as from a displacive or impulsive excitation character. Hence, one can determine the
excitation mechanism of coherent phonons directly by studying the excited atomic motion
with UXRD techniques. The fundamental understanding of the evolution of coherent
phonons is necessary to interpret more complex ultrafast dynamics in correlated solids
with a strong coupling of the lattice to electronic degrees of freedom.

Perovskite oxide materials are of high technological relevance due to their wide spectrum
of solid phases such as insulating dielectrics, metals, ferro- and antiferroelectrics, ferro-
and antiferromagnets, multiferroics, superconductors, and thermoelectrics [52, 53]. The
perovskite structure ABO3 (A and B are cations) enables a large chemical and structural
compatibility within various elements of the periodic table that can occupy the A- and
B-sites. This allows for growing epitaxial thin films and nanoscale heterostructures with
structural control down to the atomic level. Today, one can tailor the properties of func-
tional oxides by various growth parameters such as crystallographic orientation, strain-
and defect-states, chemical composition, interface density and boundary conditions, as
well as confinements due to a reduced dimensionality. Additionally, the high structural
perfectness of the epitaxial perovskite samples provide optimal conditions for UXRD ex-
periments. Thus, perovskites are an ideal model system to study correlated electron-lattice
phenomena with ultrafast methods and they are also the material class of choice of this
work.

The metallic perovskite SrRuO3 (SRO) is of particular physical interest, e.g., due to
its 4 d itinerant ferromagnetism below the Curie temperature of TC = 150K [54, 55] and
its non-Fermi-liquid behavior [56]. However, the possibility to grow high-quality epitaxial
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films [57], its high damage threshold [Paper IX], and its rapid electron-phonon coupling
[58] render SRO as an ideal transducer layer for the generation of coherent phonons. We
choose SRO as a model system to study the photoexcitation and propagation of coherent
acoustic phonons with means of UXRD experiments at the PXS.

The dominant phonon excitation process in metals is electron-phonon coupling [59].
Within a two-temperature model (TTM) [60] the laser excitation instantaneously heats
up the free electrons in the conduction band into a non-Fermi-Dirac distribution via inter-
or intraband transitions. The non-thermalized electrons may travel ballistically through
the metal until they thermalize due to electron-electron scattering. The phononic system is
heated subsequently due to electron-phonon scattering until both subsystems equilibrate.
Longitudinal acoustic phonons are generated either by electronic and/or phononic thermal
pressure depending on the temperatures and Grüneisen parameters [61] of the individual
subsystems. Finally, incoherent acoustic phonons are excited which remove the deposited
energy from the system in a diffusion process (heat transport).

In Paper IV, we investigate two SRO layers of different thicknesses grown epitaxially
onto a SrTiO3 (STO) substrate. The UXRD data reveal a transient Bragg peak splitting or
shifting for the thicker or thinner film, respectively. Although the observed UXRD patterns
seem to be rather different, we can link the discrepancies solely to the layer thickness and
the related spatial excitation profile. In order to simulate the experimental data, we
assume an instantaneous thermal stress due to the rapid electron-phonon coupling in the
SRO layer after photoexcitation of the free electrons. We further assume a spatial profile
of the thermal stress which corresponds to the exponentially decaying optical excitation.
We calculate the subsequent lattice dynamics by a linear-chain model (LCM) of masses
and springs and derive the resulting UXRD pattern from dynamical X-ray theory. The
excellent agreement between the experimental UXRD data and the simulation confirms
that the photoexcited electrons in SRO must couple rapidly to the lattice and significant
ballistic and/or diffusive electron transport is negligible, since this would additionally
smear out the spatial excitation profile. Interestingly, the impulsive optical heating of the
metal layer leads initially to a rapid expansion of only part of the film. Moreover, for
a strongly inhomogeneous spatial stress profile the weaker excited regions exhibit even a
compressive strain. As a consequence, for the SRO layer with a thickness of more than
double the optical penetration depth of the pump light, a transient Bragg peak splitting
in the according UXRD data is observable. From the comparison of the UXRD data for
the two different samples we can further deduce universal features of the coherent phonon
evolution in similar thin film samples.

These findings are also applicable to more complex structures, such as SLs of e.g. metal-
lic SRO and dielectric STO. The according lattice dynamics and UXRD patterns can be
modeled similarly to what is described above and show an excellent agreement with the
experimental data, c.f. Paper IX. In Paper X we also observe a transient Bragg peak
splitting for an SL structure which again points to the presence of the same coherent
phonons in both thin films and SL structures of SRO. In an SL, all excitations and
interactions are described in a mini-Brillouin zone, which is substantially smaller than
the Brillouin zone of the constituting crystal unit cells. Hence, the acoustic dispersion is
folded into the mini-Brillouin zone, establishing so-called zone-folded longitudinal acous-
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tical phonons (ZFLAPs). Optical excitation yields ZFLAPs close to the center of the
mini-Brillouin zone (k = 0, ω ̸= 0) in addition to the acoustic modes driving the transient
Bragg peak splitting discussed above. The excited ZFLAPs are observable as intensity
oscillations of an SL Bragg peak in UXRD experiments and exhibit very short oscillation
periods of only few picoseconds and less, depending on the thickness of the individual
sublayers in the SL [34]. Even for a few nanometer thickness per sublayer the Bragg peak
intensity can be rather high for a sufficiently large number of double layer repetitions. This
allows for deducing the onset of the atomic motion in the SL with much higher accuracy
compared to thin film samples. However, determining the exact time delay between X-ray
probe and optical pump pulse is elusive because the actual arrival time of the optical pump
pulse cannot be determined without hard X-ray-optical cross correlation techniques. To
solve this problem, we used a combined optical and X-ray pump-probe experiment at the
PXS in order to record the lattice motion and optical response of an SRO/STO SL in the
same setup, c.f. Paper V. With the help of the combined X-ray and all-optical pump-
probe experiment we were able to determine the electron-phonon coupling time in SRO
to approx. 100 fs. This is again in excellent agreement with the former assumption of the
build-up of a quasi-instantaneous thermal stress in SRO after photoexcitation. Individual
X-ray and all-optical experiments at higher fluences evidence a relative shift of the onset
of the lattice motion to earlier times, which would be consistent with an instantaneous
“displacive excitation of coherent phonons” (DECP) mechanism in SRO for this high-
excitation regime. In total, the presence of both, the peak shift/splitting and the rapid
intensity oscillations, render similar SL structures to be ideal cross correlators for UXRD
experiments with hard X-ray radiation [62, 63].

The theoretical framework described above consists of a set of analytical and numerical
simulations which model the excitation and propagation of coherent [Paper IV, IX, X] as
well as of incoherent phonons [64, Paper XVI], and calculate the final experimental ob-
servable: the transient X-ray diffraction response. Our simulations have been tested and
refined against a collection of high-quality UXRD data from different short pulse X-ray
sources, namely the PXS, the FEMTO slicing beamline at the Swiss Light Source (SLS),
the ID09B beamline at the ESRF, and the XPP/KMC3 beamline at BESSY II. However,
the execution of these simulation was rather tedious and limited in speed, since the in-
dividual parts of the scripts were written by different authors in different programming
languages with incompatible interfaces and without optimization regarding the compu-
tational speed. In my PhD work, I developed a toolbox, named udkm1Dsim, using the
matlab (The MathWorks Inc.) programming language in order to simulate the structural
dynamics and the according X-ray diffraction response in one-dimensional (1D) sample
structures after ultrafast photoexcitation. The udkm1Dsim toolbox was applied to cal-
culate most of the simulation presented in my thesis. The major theory and part of
the documentation of the udkm1Dsim toolbox are presented in Paper VI. Within the
toolbox the user is supported by a rich database of element-specific parameters in order
to create arbitrary 1D layered sample structures down to the atomic level. The optical
excitation is realized within an N -temperature model (NTM) which allows for a finite
duration of the excitation pulse. The lattice dynamics (coherent and incoherent) are cal-
culated in an LCM of masses and springs which allows to include phonon damping and
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interatomic anharmonicities. These simulations of anharmonic linear chains form a sub-
stantial part of the papers collected in Section 3.4. The X-ray diffraction response of the
photoexcited sample is derived from dynamical X-ray theory and is optimized in speed
by utilizing matlab’s parallel computing capabilities. Furthermore, the udkm1Dsim
toolbox is highly modular and allows for introducing user-defined results at any step
in the simulation procedure. Last but nor least, the complete toolbox is open source
and published under the BSD license. It can be downloaded from the following website:
http://www.udkm.physik.uni-potsdam.de/udkm1dsim .

3.3. Highlights

In this section I will discuss the excitation mechanism of coherent phonons in the multi-
ferroic BiFeO3 (BFO), c.f. Paper VII, and the propagation of coherent phonons in struc-
turally imperfect ferroelectric Pb(Zr0.2Ti0.8)O3 (PZT), c.f. Paper VIII. It is important to
see that before the interpretation of finer details of lattice dynamics, which are modified
by the subtle interaction in complex materials, we had to safely and fully understand the
dynamics of simpler structures as described in Section 3.2, where e.g. the excitation is
instantaneous and the propagation of acoustic phonons is not coupled to other degrees of
freedom.

3.3.1. Ultrafast lattice dynamics in multiferroic BiFeO3

The recent advances in UXRD methods allowed for revealing the complex interplay be-
tween electronic and lattice degrees of freedom for ferroelectric [14, 16, 65], magnetic [58],
as well as for charge- and orbital-order related phenomena [15, 17, 66] in selected proto-
typical material systems. We investigated the excitation of coherent acoustic phonons in
a multiferroic thin film after above-bandgap excitation with femtosecond laser pulses in
order to conclude on the inherent electron dynamics.

Multiferroics are one of the most promising material classes for applications due to
their intrinsic coupling of ferroelectricity and magnetism [67–69]. The only known stable
multiferroic at room temperature is the perovskite BFO [70, 71]. Due to its relatively small
band gap of approx. 2.7 eV, BFO is a promising candidate for applications in spintronics
and memory devices [71] with a perspective for ultrafast optical switching, as it has been
recently realized for purely ferroelectric [14] and purely magnetic [72] materials.

Ultrafast carrier dynamics after above-bandgap femtosecond optical excitation are be-
lieved to cause the photovoltaic effect [73–75] as well as the excitation of coherent phonons
in BFO [76, 77]. In a recent synchrotron-based UXRD study with a temporal resolution of
100 ps a linear dependence between the transient lattice strains and the number of excited
charge carriers in BFO over several nanoseconds was revealed [65]. The authors concluded
that depolarization field screening (DFS) including macroscopic transport of the carriers
to the interfaces and a successive inverse piezoelectric effect could be the dominant process
of coherent phonon excitation in the thin BFO film.

In Paper VII we present PXS-based UXRD data of the very same sample that was
investigated in Ref. 65 under similar excitation conditions. Due to the higher temporal
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resolution of the PXS compared to the synchrotron experiments, we were able to follow
the excitation of the coherent phonons. From the comparison of the experiments with our
simulations, c.f. Paper VI, we identified a sound-velocity limited evolution of the structural
response within 10 ps indicating a quasi-instantaneous stress driving the coherent phonons.
This finding was only possible due to the exact knowledge of the temporal overlap of the
optical pump and X-ray probe pulses, as described in the previous section.

We further observed a significant Bragg peak broadening of the BFO film, which in-
dicates an inhomogeneous spatial strain profile in the layer. The peak broadening is
observable from picosecond to several nanosecond delays which was reconfirmed by new
synchrotron-based UXRD data recorded at the Advanced Photon Source (APS). We can
rule out a dominant thermal contribution for the long-lasting inhomogeneous spatial strain
profile, since heat would equilibrate too fast in the thin BFO film.

From the PXS-based data we can firmly conclude, that DFS cannot be the dominant
mechanism of the coherent phonons excitation in the thin BFO film because:

� DFS would require a finite time for the excited charge carriers to travel to the
interfaces which is in contradiction to the quasi-instantaneous stress that is required
to drive the observed coherent lattice dynamics

� DFS should result in a rather homogeneous spatial strain profile due to the capacitor-
like geometry which is in contradiction to the significant Bragg peak broadening

� at high excitation fluences the depolarization field would be fully screened and the
resulting strain amplitude saturates – this was not observed for the BFO film even
for fluences close to the damage threshold of the film

Therefore, we propose a model of localized charge carrier displacement within the BFO
unit cells after above-bandgap excitation resulting in a lattice distortion possibly due to the
inverse piezoelectric effect. According charge-transfer excitonic states have been recently
reported in BFO by theory and experiment and are able to drive the instantaneous stress
most likely together with contributions resulting from the population of anti-bonding
orbitals [73, 78]. Due to the fast trapping of the excited charge carriers in the film, the
stress is maintained according to the optical excitation profile over several nanoseconds
until the carriers decay radiatively [73].

We believe, that this study provides an important benchmark for testing theoretical
models of the photovoltaic response of ferroelectric oxide materials [16, 79] which can also
predict the contribution of the deformation potential from anti-bonding orbitals. The
subtle distinction between these processes could in principle be given by more nontrivial
UXRD experiments where an additional (e.g. electronic) control over the polarization is
implemented.
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3.3.2. Ultrafast strain-induced changes of mosaicity in a
ferroelectric thin film of Pb(Zr0.2Ti0.8)O3

Although the progress in preparing epitaxial films of functional oxides permits controlling
most growth parameters down to the atomic level [52, 53, 80], the origin of several types
of dislocations especially in domain-forming materials is still elusive [81]. The influence of
structural defects and nanoscale inhomogeneities on the properties of functional materials
has been studied in detail by experiment and theory [82, 83]. In UXRD experiments only
the influence of nanodomains in respect to the formation of transient phases has been
considered [66]. The role of static structural defects, however, remained unexplored on
such an ultrafast time scale.

In Paper VIII we investigate the coherent phonon propagation in a thin film of ferro-
electric PZT after photoexcitation of an underlying SRO transducer layer. The sample
geometry is rather typical for capacitors of thin PZT films and very similar to structures
which are used in real applications. Due to a lattice mismatch, the epitaxial PZT film
encounters misfit dislocations at the SRO interface and threading dislocations expanding
through the entire layer due to stress relaxation [81]. We employed the ultrafast reciprocal
space mapping (URSM) technique implemented at the PXS, as described in Paper III, to
obtain information on the reversible in- and out-of-plane lattice dynamics simultaneously
with sub-ps temporal resolution. The pump light is exclusively absorbed in the metallic
SRO and triggers coherent phonon wavepackets at the SRO interface. While the SRO
layer starts to expand, a compression waves is sent to the PZT layer. The compression
wave in PZT is later reflected at the sample-air interface and eventually changes its sign.
The subsequent expansion wave in PZT travels back into the SRO layer and finally into
the STO substrate.

With the help of our theoretical models, c.f. Paper VI, we simulated the photoinduced
1D lattice dynamics and the according symmetrical UXRD signals. In order to fit the
transient out-of-plane shift and width of the PZT and SRO Bragg peaks to these models,
we introduced a variable phonon damping of PZT as an adjustable parameter which mim-
ics the excitation of in-plane lattice dynamics. We achieved the best fit of the out-of-plane
data for a 50 times larger phonon damping in PZT for the expansion than for the com-
pression wave. At the same time, we observed a significant broadening of the reciprocal
lattice point (RLP) of the PZT layer in the qx dimension, which we interpret as a change
of its mosaicity. Essentially, this means that for the expansion wave traveling through the
PZT layer mechanical energy from the out-of-plane lattice dynamics is coupled into the
in-plane atomic motion very efficiently. We did not observe the converse effect for the
compression wave in PZT, which might be sterically forbidden, nor in rather perfect thin
film samples without the existence of dislocations or defects.

These URSM experiments indicate that in mismatched epitaxial films of oxide materials
in-plane phenomena emerge on a hundred picosecond time scale and are solely induced by
the presence of domains and dislocations. A better understanding of such time-domain
effects in novel functional oxide materials will be important for studying the influence of
structural defects on the ultrafast response of collective phenomena, such as piezoelectric-
ity.
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3.4. Context to other work in the group

The results discussed above are closely related to other work in the group of Ultrafast
Dynamics in Condensed Matter at the University of Potsdam. Besides of UXRD
experiments at the XPP/KMC3 beamline at BESSY II, which provide temporal resolution
from 100 ps down to 10 ps in low-α mode [84], also all-optical spectroscopy is used to study
coherent phonons [85]. On the one hand, all-optical experiments are less demanding from
an experimental point of view. On the other hand, the extracted information cannot reveal
the atomic motion directly, such as the absolute strain amplitudes or the true phase of
the lattice motion of a ZFLAP mode in an SL, which might depend on the optical probe
wavelength and pump fluence [86].

We have carried out UXRD experiments to qualitatively measure the amplitude, period,
and phase of the triggered lattice oscillations in photoexcited nanostructures. This yields
a calibration of the underlying lattice dynamics for the all-optical experiments even at
strongly non-linear strain amplitudes, c.f. Paper V and XI. We were further able to
synthesize and follow the propagation of quasi-monochromatic phonon wavepackets [87,
Paper XIV]. In Paper XV, we describe the analogy between Brillouin scattering of optical
and X-ray light from such optically synthesized acoustic phonon wavepackets.

We were also able to theoretically propose and experimentally test novel physical ap-
plications. One of the most promising application of coherent phonon dynamics is the
manipulation of the temporal profile of X-ray pulses in order to provide additional sources
for UXRD experiments [88]. We have realized three different concepts of switching of
hard X-rays: by the intensity modulation of an SL Bragg peak due to the excitation of
a ZFLAP mode [62], by the shift of an SL Bragg peak due to propagating strain waves
in the multilayer structure [63], and by the shift of a Bragg peak of a thin film due to
propagating strain waves in the layer [Paper XIII]. The last concept is also applicable to
sample X-ray pulses of synchrotron storage rings, as described in Paper XII, and as an
X-ray-optical cross correlator, similar to what was described in Paper V.

Due to the overlap of accessible time scales of UXRD experiments at the PXS (200 fs–
8 ns) and the XPP/KMC3 beamline at BESSY II (10 ps–5 µs), coherent and incoherent
lattice dynamics can be studied also in combined experiments. Here, the synchrotron-
based experiments are especially suited to follow the generally slower thermal dynamics
due to the lower temporal resolution and the extremely high sensitivity for changes of the
lattice constants on the order of ∆c/c = 10−6 [89].

In Paper XVI we applied synchrotron-based UXRD experiments at high-repetition rate
to study the thermoelastic response of the very same sample that was investigated before
in Paper VIII. The complex transient thermoelastic response, which is closely related to
the negative thermal expansion coefficient along the ferroelectric polarization vector in
PZT, provides a suitable reference for testing thermoelastic models on ultrafast time and
nanometer length scales, c.f. Paper VI. The investigation of heat diffusion in even smaller
sample structures, such as SLs [64], further allows to study the applicability of Fourier
theory of thermal transport on the nanoscale, which might differ dramatically from bulk
samples [90–93] and material properties might alter from bulk values due to size effects or
a growth dependent interface resistance [94].
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In conclusion, I built up a complete plasma X-ray source (PXS) setup, including laser
system, diffractometer, as well as pump-probe and cryostat setup in order to carry out
ultrafast X-ray diffraction (UXRD) experiments of photoexcited nanostructures. In addi-
tion to the optimization and testing of the experimental equipment, I implemented various
PC-based calibration, adjustment, and measurement routines for the PXS setup. The di-
rect normalization technique which utilizes a single reflection of the Montel multilayer
optics allows for a significant increase of the signal-to-noise ratio (SNR) and hence, a
decrease of the total integration time. I have further improved the angular resolution of
the diffractometer while preserving optimal counting statistics due to the implementa-
tion of the convergence correction routine for rocking scans of laterally perfect crystalline
samples. The implementation of the high-speed reciprocal space mapping (RSM) at the
PXS enables two-dimensional analysis of structural dynamics with femtosecond temporal
resolution for the first time.

The advanced experimental routines at the PXS allowed for fundamental insights into
the excitation and propagation of coherent phonons in thin films and superlattice (SL)
structures consisting of the model system SrRuO3 (SRO). Moreover, the electron-phonon
coupling time in this metallic perovskite could be deduced to be less than 100 fs which
causes extremely sharp strain fronts in photoexcited SRO samples. These findings further
allowed for linking the transient Bragg peak splitting in thin films and SL structures
of SRO exclusively to the evolution of coherent phonons. The collection of high-quality
UXRD data from different short-pulse X-ray sources lead to the development of a set of
numerical simulations which I have adapted and refined in order to combine them in an
unifying framework. The udkm1Dsim toolbox simulates the ultrafast lattice dynamics in
one-dimensional (1D) sample structures after photoexcitation and is published under an
open-source license.

I have applied the comprehensive theory of coherent phonon excitation and propagation
in the SRO model system to study more complex materials with additional degrees of
freedom. I have investigated the ultrafast lattice dynamics in multiferroic BiFeO3 (BFO)
after above-bandgap optical excitation and identified strongly localized excited charge
carriers as the origin of the quasi-instantaneous and spatially inhomogeneous strain in
BFO. Furthermore, I have applied the novel ultrafast reciprocal space mapping (URSM)
technique to follow a purely strain-induced change of mosaicity in a structurally imperfect
film of ferroelectric Pb(Zr0.2Ti0.8)O3 (PZT) on a picosecond timescale, which indicates
a strong coupling between in- and out-of-plane lattice dynamics even on ultrafast time
scales.

The experimental setup and theoretical routines, which I have realized during my grad-
uate work, were further applied to related work in the group of Ultrafast Dynamics
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in Condensed Matter at the University of Potsdam. We have employed UXRD ex-
periments at the PXS to calibrate the lattice motion in photoexcited nanostructures to
obtain a better understanding of all-optical reflectivity data of coherent phonon propaga-
tion. We were further able to apply our knowledge in order to theoretically design and
experimentally test several concepts for shortening and sampling of hard X-ray pulses from
synchrotron radiation facilities. We also studied thermal transport in nanostructures after
heating with femtosecond laser pulses.

Future prospects Recently, free electron laser (FEL) sources of soft and hard X-ray
radiation became available, providing unprecedented brightness, coherence and ultrashort
pulse durations [22]. Already the preliminary experiments at these machines have pushed
the community close to the frontiers of spatial, energy, and temporal resolution. Although
PXS machines are weaker in brightness by several orders of magnitude and provide no
transverse coherence, they offer all-day access for UXRD experiments with femtosecond
temporal resolution.

The implementation of different X-ray scattering geometries utilizing the PXS as an ul-
trafast source for hard X-rays, such as X-ray reflectivity (XRR), Debye-Scherrer diffraction
[41, 42], diffraction in Laue geometry [43], or even small-angle X-ray scattering (SAXS),
promises novel insights in material classes such as soft matter, composites, amorphous
solids, or solids which are only available as powders. With the use of other target mate-
rials than copper in the PXS, one can overcome or select certain X-ray absorption edges
in X-ray scattering experiments in the particular materials of interest. Aluminum targets
proved to serve as a reliable source for a broad bremsstrahlung spectrum, which can be
utilized for time-resolved X-ray spectroscopy at the PXS [95].

The systematic study of the dynamics in photoexcited functional materials under vary-
ing external stimuli was already initiated by the implementation of the low-temperature
cryostat setup at the PXS. In addition to temperature changes, external fields and stress
might be applied to the sample in order to alter its energetic landscape and to gain a
deeper insight into the complex coupling of its internal degrees of freedom.

Although the measurement of nanoscale heat transport was not within the main fo-
cus of this thesis, preliminary data of photoexcited SRO films prove that PXS-based
experiments are able to provide new insights into this technologically highly relevant
field (data not shown). Especially the interconnection between the different heat-carrying
(quasi-)particles (electrons, phonons, magnons) at ultrafast time scales might offer new
routes for efficient device cooling [96]. Also the influence of thermal interfaces in nanos-
tructures [64, 94] is of technological relevance, e.g. for future thermoelectrics [97].

The presented UXRD study of the multiferroic BFO motivates the request for com-
plementary spectroscopic experiments, since the actual electronic origin of the observed
atomic motion is not resolvable with the applied hard X-ray methods directly. The use of
complementary soft X-ray techniques, such as time-resolved X-ray diffraction and spec-
troscopy, as well as resonant inelastic X-ray scattering, allow for probing electronic dy-
namics in a selective manner, thus providing the missing pieces of information [17, 98].

The novel URSM technique can be applied to gain a deeper insight into the coupled in-
and out-of-plane lattice dynamics with femtosecond temporal resolution. A more detailed
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study of asymmetrical and higher order Bragg reflections is required to reveal a more
complete picture of defect-mediated lattice dynamics in samples similar to the structurally
imperfect thin film of PZT investigated in this thesis. In addition, the theoretical models
for ultrafast lattice dynamics have to be extended into three dimensions and to include
structural defects and domains. However, the implementation of a similar URSM setup
at a time-resolved beamline at a 3rd generation synchrotron will allow for fast and reliable
two- or even three-dimensional [49] structural analysis with ideal resolution in reciprocal
space to follow, e.g. ferroelastic domain formation on the relevant time scales from 100 ps
to microseconds.
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ABSTRACT

Ultrafast x-ray diffraction (UXRD) has become more and more prevalent in various scientific disciplines that are
interested in directly observing atomic motion in real time. The timescale, amplitude and phase of collective
atomic motion can be determined with high accuracy, even when the induced amplitude is smaller than thermal
fluctuations. The structural rearrangements induced by an ultrafast stimulus (charge carriers excitation or heat
deposition by a laser pulse) can be recorded in real time. Here we report on a new laser-driven plasma-x-ray
source (PXS) and discuss different applications which will be addressed in UXRD experiments.

Keywords: ultrafast x-ray diffraction

1. INTRODUCTION

Probing atomic motions in condensed matter on the fs-timescale enables the investigation of various physical
effects which are directly linked to the atomic structure. Ultrafast x-ray diffraction (UXRD) is capable of
monitoring such dynamics with a sub-picometer spatial and sub-picosecond temporal resolution.1–3 An optical
pump pulse excites atomic motion in the sample and a delayed hard x-ray probe pulse measures the lattice
changes for different times, ti, creating a series of snapshots of the atomic positions. The development of novel
accelerator based and table-top sources for hard x-ray fs-pulses goes along with a large impact on physics,
chemistry, biology and material science. However, each application has specific requirements regarding the x-
ray pulse energy, bandwidth, pulse duration, beam profile and focusing conditions. For a long time the first
limitation for experiments with time-resolution in the sub-picosecond range has been the low number of x-
ray photons. The pulse width of high brilliance synchrotrons is normally limited to 50−150 ps, where the exact
number is determined by the electron bunch width and the aperture limiting the spatial profile of the x-ray beam.
Besides low-α-mode4, 5 which reduces the pulse duration by an order of magnitude, the femto-slicing technique
enables the generation of 100 fs pulses in undulators, however, with a flux of approx. 104−105 photons/s on the
sample.6–8 The recently launched free electron laser LCLS in Stanford and the upcoming XFEL in Hamburg
provide orders of magnitude higher brilliance together with sub-picosecond resolution.9

In parallel, laboratory-based laser plasma sources have reached sufficient reliable performance to be an al-
ternative to the above mentioned machines.10 Sources working at kilohertz repetition rate offer high stability
and large flux up to 3× 106 photons/s on the sample using x-ray optics.11, 12 Besides their relatively low cost for
building and maintenance, laser plasma sources provide an intrinsic synchronization between pump and probe
pulse. Most UXRD experiments with the above described machines have been performed on bulk crystalline
solids, epitaxial thin films and multilayers.

In this contribution we briefly describe the working principle and characteristics of the laser plasma setup
recently installed at the University of Potsdam. We discuss the choice of x-ray optics and detectors used. In order
to show the broad applicability, the femtosecond x-ray pulses are used to generate a Debye-Scherrer diffraction
pattern from quartz powder and an x-ray reflectivity curve of a colloid/polyelectrolyte multilayer. We reproduce
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Figure 1. Topview of the setup of the plasma x-ray source. A detector image of a pumped superlattice sample taken
30 ps after the excitation is shown on the right. An obvious shift of the (0 0 116) superlattice Bragg peak is visible in the
pumped region, whereas the substrate (0 0 2) peak is unchanged.

UXRD experiments on oxide superlattices which prove that indeed the x-ray pulse duration of the source is in the
range of few 100 fs. We emphasize the unique possibility to measure the zero timedelay in UXRD experiments
by comparison with all-optical pump-probe experiments. This is only possible in laser-driven x-ray sources, as
the laser driving the plasma can be used as an optical probe, which is difficult in the femto-slicing setup or the
free electron laser.

2. LASER BASED ULTRAFAST X-RAY DIFFRACTION (UXRD)

When focusing short laser pulses (< 100 fs) with very high peak intensities of more then 1016Wcm−2 onto a
metal target a thin layer of plasma is generated due to the ionization of the surface atoms. Under the right
conditions a single cycle of the laser’s electric field can accelerate these electrons away and right back into
the metal target. This effect is referred to as the Brunel effect13 and can be even more efficient than resonant
absorption. The accelerated electrons travel into the metal and induce K-shell holes if their kinetic energy is high
enough. Due to the recombination of these holes with higher core-level electrons characteristic x-ray radiation
is emitted. Comparable to continuous x-ray sources a broad continuum of Bremsstrahlung accompanies these
characteristic lines. The duration of the generated x-ray burst is mainly given by the temporal pulse width of the
laser and the time during which the generated hot electrons have sufficient energies to ionize the K-shell in the
metal target. This interaction time can be limited by using very thin foils with a thickness between 10−20�m
as a target material. Even thinner foils reduce the efficiency of x-ray generation and are very difficult to handle
mechanically.

2.1 Design of PXS

All necessary mechanical and optical requirements were fulfilled in different table-top designs in the recent years.
Here we describe a further development of a femtosecond hard x-ray plasma source with a kilohertz repetition
rate similar to the one reported in ref. 14. A schematic of the overall setup is shown in Fig. 1.

The laser system consists of a mode-locked oscillator and a two-stage amplifier (COHERENT Legend Duo)
with a regenerative amplifier and an additional single-pass booster. The system provides up to 8W average
power at a repetition rate of 1 kHz and a center wavelength around 800nm with a pulse length down to 37 fs.
For such high pulse intensities the beam must be expanded to a beam diameter of ≈ 20 mm before propagating
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(a) Laser focus (b) Transient gating FROG

Figure 2. The spatial profile of the laser beam was characterized by an optical telescope and a CCD camera. The spot
size shown in (a) is 2.8�m. The transient gating FROG measurement depicted in (b) shows a pulse width of 37 fs and a
bandwidth of approx. 30 nm.

the pulse through a beam splitter in order to prevent non-linear effects. Consequently we also avoid the usage
of any dispersive optical elements to eliminate non-linear chirping of the laser pulses.

The laser beam is split up into a main part (80%) for the x-ray generation and a second part for pumping
the sample. For most samples already 50%(≈ 0.8W) of the second beam provide sufficient pump fluence. This
allows us to drive other all-optical experiments such as 4-wave-mixing or terahertz generation simultaneously to
the UXRD experiments.

The main beam is passed into the lead housing containing the interaction chamber with the copper target.
Notice, that one has to use a laser polarization providing an electric field component perpendicular to the copper
foil surface in order to efficiently generate x-rays by the Brunel effect. A 90◦ off-axis parabolic gold mirror is
used to focus the laser onto the copper foil which is placed inside a vacuum chamber to avoid non-linear effects
of the focused laser beam in air. The focus of the laser pulse has been measured by an optical telescope and a
CCD camera, see Fig. 2(a). It shows a homogeneous beam profile with a diameter of 2.8�m. The pulse duration
is measured using a transient gating FROG. Fig. 2(b) shows the FROG trace, i.e. the wavelengths as a function
of time in the pulse, proving a pulse duration of 37 fs. From the given parameters we calculate a peak intensity
of 5× 1017Wcm−2.

Each laser pulse hitting the foil ablates copper in a diameter of ≈ 20�m, requiring a tape velocity of
≈ 30mms−1. In addition two moving plastic foils protect the entrance and exit windows of the interaction
chamber from the copper debris. The source allows for a continuous operation of over 10 h by writing multiple
tracks on one 20mm wide copper tape. Since the entrance protection band is limited in length it also has to be
reused several times during such a long period. Accordingly, the x-ray flux decreases for each reuse due to laser
absorption and reflection of the plastic band. In order to save resources for non-time-resolved x-ray experiments
or general adjustment tasks also a standard microfocus x-ray source can can automatically replace the vacuum
chamber with the point source at the original laser-copper interaction region.

The ablation region of the copper (20�m) gives an upper limit of the x-ray source size, while the laser focus
is a lower limit. For similar parameters an x-ray source size of 10�m has been previously measured.12 The flux
of the source depends mainly on the laser intensity on the copper tape. Therefore it is very important to have
a stable focus point and copper tape. Other parameters are the target thickness (x-ray absorption) and angle
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between the tape and the laser polarization. We could achieve a maximum count-rate of 8× 1010 photons/(s 4π)
of copper Kα radiation.

Besides the flux also the stability is an important factor for such sources. Because of the moving target a high
shot-to-shot fluctuation is present. Also long term fluctuations appear due to the coating of the protection bands.
Therefore a direct measure of the x-ray flux is required for a proper intensity normalization of the measured
signals. This is often achieved by pumping only a fraction of the sample.

2.2 X-Ray Optics and Diffraction Schemes

The usage of x-ray optics can improve static and time-resolved x-ray experiments. In general, a compromise
between high photon flux and resulting high signal rates, monochromatic beam as well as temporal and angular
resolution must be found. All of these factors are directly influenced by the type of x-ray optic and detecting
device included in the setup.

 

 

410µm

(a) Montel optic focus

 

 

(b) Montel optic farfield

 

 

(c) Polycapillary optic

Figure 3. The focus (a) and farfield (b) images of the Montel multilayer optic were recored with the Pilatus detector. The
focus size of approx. 410 �m is accompanied by an inhomogeneous far field profile because of the structural imperfections
of the optic. The nearly parallel beam of the polycapillary half lens (c) has a very homogeneous and Gaussian-like profile.

X-ray optics with long focal distances or even a parallel beam make the experimental setup more flexible, as
large goniometer setups can be used and an x-ray beam with small divergence/convergence improves the angular
resolution of most experiments. A drawback is the larger focal diameter which requires higher power of the
optical pump pulse exciting the sample. On the other hand the pixel size of the detector determines a minimum
size of the x-ray focus needed to address a single pixel.

Depending on the particular experiment we make use of the following optics: For a monochromatic beam we
use a Montel multilayer optic (INCOATEC) which collects x-rays from a solid angle of 5× 10−3 and focuses them
in a magnified image (1:7) into a focal spot which is depicted in Fig. 3(a) with a diameter of less than 410�m.
Here the resolution is limited by the pixel size and point spread function of the PILATUS detector. Additional
air-scattering may further smear out the focus profile. However, the resolution of the optic and the detector are
well matched. Polycapillary optics from Institute of Scientific Instruments (IfG) collect a larger solid angle of
3× 10−2. They transmit a large spectral range of hard x-rays and lead to the highest available integral x-ray
flux. The half-lens produces a nearly parallel beam with 2mm diameter (cf. Fig. 3(c)) with a divergence of 0.1◦.
Another slightly focusing lens (not shown here) produces a small spot with diameter of 0.7mm at a distance of
800mm from the source. The convergence of this optic is 0.25◦.

Depending on the divergence of the x-ray beam on the sample it is possible to measure a correspondingly
large q-range (much larger than a Bragg peak width) of the sample’s rocking curve simultaneously using a 2D
detector. Thereby one can follow intensity changes and shifts of Bragg peaks at the same time.

We use a 7-axis goniometer for manipulating the sample and the two dimensional detectors. If a large number
of relatively small pixels is required we use a Princeton Instruments PI-SCX 4300/2 digital CCD camera system
with a thermoelectrically cooled camera head. This front-illuminated CCD chip with 2084 x 2084 pixels with
a pixel size of 24 x 24�m2 (50 x 50mm2 image area) detects optical photons which are transmitted through
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Figure 4. The integrated Debye-Scherrer reflectivity of SiO2 powder was measured with the polycapillary half lens and
the Pilatus detector. The rings of three main reflections are already visible in the detector image shown as inset. Because
of the broad spectral transmission of the polycapillary lens these reflections occur as Cu Kα and Kβ doublets.

a 75mm fiber optic (1:1 taper ratio) after they are generated in a GdOS phosphor screen optimized for 8 keV
photons. If a large pixel size of 172 x 172�m2 is acceptable and a very low dark count rate is essential we use a
DECTRIS Pilatus 100K CMOS detector. This detector can be read out at a full frame rate of more than 100Hz
and allows for rapid scanning of the time delay in UXRD experiments which is described below.

Using a polycapillary half lens we have measured the Debye-Scherrer diffraction rings from quartz (SiO2)
powder in transmission geometry which are plotted in Fig. 4. Such images can be recorded in few minutes. A
successful ultrafast x-ray diffraction experiment from an ammonium sulphate powder has been recently achieved
with a similar setup.15 It is essential for the broad applicability of the technique to be able to do Debye-Scherrer
diffraction, since many materials are rather available as powders than as macroscopic single crystals. Especially
nanoparticles may show unknown but interesting properties on the relevant timescale. In the above measurement
the width of the diffraction rings are given by the x-ray beam width emitted by the polycapillary. It may be
reduced by focusing the x-rays onto the detector or by slits on the expense of integration time .

A new direction in ultrafast x-ray experiments is to look at x-ray reflectivity (XRR) of thin layers and mul-
tilayers. As a test we have used a sample with 4 layers of 10 nm gold nano-particles separated by polyelectrolyte
layers with 10 nm thickness. Fig. 5 reproduces a synchrotron based XRR curve (red line) of this sample showing
many orders of Kiessig fringes due to the very low roughness of this ultrathin film and seven orders of multilayer
Bragg-peaks according to the clear stratification of the sample.16 The XRR curve recorded using the plasma
source (black line) contains the same central features such as the Bragg peak positions and modulation according
to the Kiessig fringes, although the latter have less visibility. At the angle of total reflection the peak intensity
is close to unity. The inset shows the signal on the Pilatus detector for a given angle ϑ = 0.25◦, demonstrating
that for each angle setting of the goniometer a range of angles 2ϑ is observed on the detector according to the
angular divergence of the incoming x-rays from the optic. Such images are recorded over 10 seconds and the
XRR curve consists of 50 such measurements. In order to sum up the data for an XRR curve, we have to adjust
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Figure 5. The XRR measurements of gold nano-particle polyelectrolyte multilayers recorded with a synchrotron (red line)
and the PXS (black line) contain the same main features. The detector image (inset) visualizes the direct beam on the
left (high intensity) and the total reflection as well as the first order Bragg reflection from the sample on the right side.

the data according to the Bragg reflection movement of 2ϑ on the detector if the detector position is kept fixed.
However the 2ϑ range on the detector has to be calibrated. The inset also clarifies that working close to the
direct beam requires detectors with a high dynamic range, little pixel cross-talk and low dark noise.

3. UXRD EXPERIMENTS ON THIN SOLID FILMS AND SUPERLATTICES

Generally time resolved x-ray diffraction yields intensity changes indicating atomic motion within the unit cell
or shifting of diffraction peaks indicating changes of the unit cell shape (size). Similar to all-optical experiments
the experiment statistics can be improved by difference techniques such as chopping the pump pulse or by rapid
scanning of the delay stage. The former requires a count rate well beyond single photons in order to be efficient.
The latter always leads to the advantage that the full pump-probe transient, i.e. diffracted intensity measured
for all times, can be measured in few seconds. Repeating the delay scans many times improves the signal to
noise ratio and automatically yields error bars on the data (cf. Fig. 7) which contain all noise contributions. In
particular fluctuations of the source on the timescale of several seconds or minutes can be efficiently averaged
out. A fast read out of the detector is mandatory for the rapid scanning scheme.

3.1 Time Zero

In any pump-probe experiment the time zero is highly relevant for the interpretation. It refers to the probe
time-delay t which corresponds to the maximum (center) of the excitation pulse. If the accuracy of the time zero
is not very important one can use a calibrated sample with a known and easily measured UXRD signal. The
laser-based plasma x-ray source (PXS) allows for a direct measurement in many samples if it is used without
an x-ray optic. The flux on the sample then depends on solid angle of x-rays collected by the sample and the
sample must be positioned close to the source. However, the useful sample size is often limited, as it has to be
pumped by a sufficiently high pump-fluence to make the signals observable.
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Figure 6. The transient reflectivity change of SrRuO3 was measured at λ = 800 nm using the PXS setup. The fit (red
line) extracts the width of the pump and probe pulse cross correlation of 96 fs used to measure the fast electronic response
of the sample.

On the other hand this geometry uniquely allows for a direct comparison of UXRD signals with all-optical
pump-probe measurements. The only change to the setup before the sample is to remove the copper band and
the x-ray window of the vacuum chamber. Since in both materials the x-ray pulse travels with the velocity of
light, the time at which the optical laser pulse which normally generates the x-rays hits the sample is identical to
the time when the x-ray pulse impinges on the sample. One only has to take into account the additional group
velocity delay of the optical probe laser pulse in air.

Fig. 6 shows an all-optical pump probe measurement, where the probe pulse reflected from a sample con-
taining the metal SrRuO3 is detected by a Si diode as a function of time-delay t. Accordingly the transient
shows an instantaneous change of the optical reflectivity characteristic of the changing dielectric function for a
hot electron distribution. One obtains a width (FWHM) of the correlations of the pump and probe pulse of 96 fs
from the fit (red line). This agrees well with the autocorrelation function of the optical pulses used.

3.2 UXRD from Oxide Superlattice

In order to test and further characterize the performance of our source, we measured a well known SrRuO3 (SRO)/
SrTiO3 (STO) superlattice (SL) in wide angle diffraction geometry.17 The source’s ability to be used in x-ray
reflectivity measurements of gold nanoparticle/polymer-layer systems as well as in Debye-Scherrer experiments
of poly-crystalline powder samples has been shown above, however, no transient signals will be presented here.

The SLs sample consists of 10 double layers made of 7.9 nm SRO and 14.9 nm STO epitaxially grown on an
SRO buffer layer and a STO substrate. The SL period dSL = dSRO + dSTO leads to SL-Bragg peaks at multiple
integers of gSL = 2π/dSL. The 800nm pump pulse is only absorbed in the metallic SRO layers and leads to a
periodic stress profile in the SL. As a result, longitudinal phonon modes are excited which lead to a coherent
oscillation of the layer thicknesses of the SL. Therefore a periodic intensity change of the (0 0 116) Bragg peak
close to the unchanged (0 0 2) substrate peak is observed.17
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(a) Normalized oscillations of Bragg reflection

(b) Rapidly scanned oszillations of Bragg reflection

Figure 7. The transient Bragg reflectivity changes of a STO/SRO SL were measured in two different sampling modes.
(a) The transient reflection ΔR/R0 (black crosses) is normalized by an unpumped region of the diffraction pattern;
compare to the detector image in Figure 1. The transient was measured for ten times with an integration time of 10 s for
each frame. The observed oscillation of the Bragg peak intensity agrees well with the predicted cosine-like fit (red line).
The normalized difference of two unpumped regions ΔN/N0 (blue squares) confirms the low noise of the data.
(b) The rapidly scanned data of the same sample was taken within three loops and an integrations time of only 4 s per
frame. Because of the fast scanning mode the data does not need to be normalized.

Since this SL sample has a very fast response (< 500 fs) after the optical excitation and a rather short
oscillation period (3.2 ps) a good temporal resolution for the UXRD is required. Therefore either no x-ray optic
or the Montel optic is suitable. Because of the large signal changes for this particular SL a sufficient signal-to-noise
ratio can be already achieved without optic. But the usage of the Montel optic further reduces the integration
time as well as the time smearing for large x-ray footprints on the sample. The fast and no-background Pilatus
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detector is best suited when one is looking at intensity changes. Therefore we choose this combination of optic
and detector for this kind of diffraction experiment. The measured SL oscillations are shown in figure 7(a).
The reflectivity of the (0 0 2) substrate peak is not influenced by pump beam on short time scales and it can
be simultaneously measured together with the (0 0 116) SL reflection within the divergence of the x-ray optic.
Thus it can be used for normalization of the measured intensity. However, the stability of the PXS x-ray flux
allows for skipping any normalization procedure and measure intensity modulations with a sufficient resolution
and signal-to-noise ratio in only a few minutes, see Fig. 7(b).

4. CONCLUSIONS

In the last years laser based plasma x-ray source proved to be a true alternative for accelerator based sub-ps x-ray
sources. The PXS at the University of Potsdam captivates with its high flux of more than 8× 1010 photons/(s 4π)
of copper Kα radiation, its high stability, and run time of up to 10 h. The generated x-ray pulse of a few 100 fs are
intrinsically synchronized with the pump pulse and can be focused with different x-ray optics leading to a flux of
up to 3× 106 photons/s on the sample. The variable setup allows for several different x-ray geometries e.g. wide
angle diffraction, Debye-Scherrer diffraction or reflectivity measurements. Further, the possibility of all-optical
experiments with the PXS enables the determination of the time zero between optical pump and x-ray probe
pulse for various samples. Beside the implementation of several experimental setups, including different x-ray
optics and detectors, we investigated a well known STO/SRO SL sample and measured fast intensity oscillations
of a SL Bragg peak with a high signal to noise ratio as well as in a rapid scanning mode without normalization.
Future experiments will be focused on the realization of time-resolved measurements of all above described x-ray
setups in order to spread the utilization of UXRD to a broader range of materials.
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We present an experimental setup of a laser-driven x-ray plasma source for femtosecond x-ray
diffraction. Different normalization schemes accounting for x-ray source intensity fluctuations are
discussed in detail. We apply these schemes to measure the temporal evolution of Bragg peak inten-
sities of perovskite superlattices after ultrafast laser excitation. © 2012 American Institute of Physics.
[doi:10.1063/1.3681254]

I. INTRODUCTION

Ultrafast x-ray diffraction (UXRD) allows for tracking
atomic motion on its specific time scale in various physical,
chemical, and biological processes.1–3 In most UXRD experi-
ments the pump-probe scheme is employed, in which the sam-
ple is excited repetitively by an ultrafast stimulus, e.g., a fs
laser pulse, and is probed subsequently at different time de-
lays between pump and probe pulses.

Besides accelerator-based x-ray sources with fs time
resolution,4–7 laser-driven plasma x-ray sources (PXS) proved
to be a practical alternative for UXRD experiments with no
beamtime limitation, relatively low costs for build-up and
maintenance as well as an intrinsic synchronisation between
the optical pump and x-ray probe pulses.8 In conventional
x-ray tubes electrons are accelerated onto a metal target to
generate characteristic line emission (K-shell ionization and
recombination) and a broad bremsstrahlung background.
This process can also be driven efficiently by focusing an
intense laser pulse of more than 1016 W cm−2 onto a metal
target. Under proper conditions free electrons are generated
and instantaneously accelerated back into the metal by the
next half-cycle of the laser’s electric field.9–15 The released
x-ray pulses typically have a duration of a few hundred fs
which is generally determined by the interaction time of the
electrons with the metallic target.

Even though sources working at kilohertz repetition rate
offer a relatively high flux of up to 3 × 106 ph/s on the sam-
ple using x-ray optics16, 17 long integration times are neces-
sary to acquire a sufficient signal-to-noise ratio (SNR) in most
UXRD experiments. Moreover, large intensity fluctuations of
PXS sources, compared to conventional x-ray tubes, call for
advanced normalization schemes.

In this review we present a brief description of the new
UXRD setup at the University of Potsdam. On the example of
ultrafast Bragg peak intensity oscillations of two perovskite
superlattices we discuss different normalization approaches
and their experimental applicability. In particular, we intro-

a)Electronic mail: bargheer@uni-potsdam.de.

duce a rapid scanning technique adapted from all-optical
experiments as well as a scheme which utilizes the single
reflection of a Montel x-ray optic to measure the incoming
x-ray flux directly.

II. SYSTEM CHARACTERISTICS

In recent years, different designs of laser-driven plasma
x-ray sources have been successfully applied to numerous
UXRD experiments.18–21 The PXS setup at the University of
Potsdam is a further development of the system introduced in
Ref. 22. In addition to its excellent degree of automation and
stability as well as its high standard of radiation safety, the
setup can be employed in various x-ray diffraction and reflec-
tion geometries.23–25

The PXS is driven by a two-stage Ti:sapphire amplifier
(Legend Duo, COHERENT) working at 1 kHz repetition rate
with a center wavelength of 800 nm and a pulse energy of
8 mJ compressed into a pulse duration of 40 fs. The laser
beam is split into a main part of 80% for the x-ray generation
and the remaining pulse energy is guided via a motorized
mechanical delay line to excite the sample at a defined time
before the probing x-ray pulse. The laser plasma is generated
on a copper tape running in an evacuated interaction chamber,
which can be moved within the fixed focal plane of the laser,
perpendicular to the spooling direction of the tape. Thereby
one can write multiple tracks onto one tape prolonging the
measurement time up to 10 h. Both the entrance and exit
window of the vacuum chamber are protected by plastic
tapes which catch most of the copper debris that is ejected
by the laser plasma. The generated x-ray pulses (dominantly
characteristic Cu Kα and Kβ lines) are collected, focused,
and monochromatized to only Cu Kα energies by a Montel
multilayer optic (INCOATEC) with a convergence of 0.3◦

and a focal spot size of only 200–300 μm FWHM at a
distance d = 1000 mm from the source. The selected x-ray
optic is adapted to the experimental needs which specify
the energy bandwidth, angular distribution, and spot size
of the x-rays at the sample. In most of our experiments
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FIG. 1. (Color online) The laser is focused onto a copper tape inside a
vacuum chamber to generate fs x-ray pulses. Both copper tape and plastic
debris-protection tapes run perpendicular to the plane of drawing. To write
new tracks on the copper band, the entire vacuum chamber is translated. The
x-rays are collected, monochromatized, and focused onto the sample by a
multilayer Montel optic. The diffracted x-rays are detected by a fast read-out
CMOS 2D camera.

on epitaxial thin films and multilayers a symmetric θ–2θ

geometry is applied. Here, the sample is placed in the x-ray
focal plane to reduce time smearing effects due to a generally
inevitable non-collinearity between laser pump and x-ray
probe beam and to probe a homogeneously excited part of
the sample. The x-ray detector can be easily exchanged, but
we commonly use a fast read-out CMOS 2D camera (Pilatus
100 k, DECTRIS) to record diffracted x-ray photons. The
complete setup is sketched in Fig. 1.

The performance of the PXS can be characterized by
three main parameters: pulse length, photon flux, and inten-
sity stability. Since there is no detector that is fast enough
to measure the duration of ultrashort x-ray pulses directly
we rely on several successful experiments in our and other
groups21, 25 which evidence the sub-ps temporal resolution of
PXS machines.

The x-ray flux can be improved by an increase of the laser
intensity on the metal target, but only up to a certain saturation
limit.10, 12 From there on a further increase of the x-ray flux
can be achieved by a larger interaction volume of the laser-
produced electrons with the target, e.g., by larger foci, which
will increase the x-ray source size in return. At very high laser
intensities in the relativistic limit the efficiency rises again,
however, at the expense of a high background of high ener-
getic radiation. For our setup we achieved nearly 1011 ph/s
with Cu Kα energy in the full solid angle of 4π under optimal
conditions. Only 5 × 105 ph/s of the total flux are focused
onto the sample using the Montel x-ray optic at a normal per-
formance. Thus, the number of diffracted photons per pulse
for a typical Bragg peak with 1% peak reflectivity is well be-
low ten for our system. Consequently, we are within the single
photon counting regime for each detector pixel, because the
divergence of the diffracted x-rays yields 10–100 illuminated
pixels on the detector area depending on the exact sample-
detector-position.

Of course, the optimal performance of the PXS requires
extensive tuning of all mechanical and optical components.
Although we benefit heavily from the engineering knowledge
and skills which are included in the commercial and semi-
commercial components of our setup, we cannot avoid all me-

chanical and optical instabilities which cause x-ray intensity
fluctuations on several time scales. In general, we distinguish
short-term fluctuations and long term drifts. The latter ones
occur within minutes up to hours and can be explained by
contamination of the PXS interaction chamber by copper de-
bris, side shifts of the copper tape, and also by the increasing
roughness of the copper tape after writing multiple tracks with
the laser onto it. These long-term drifts can result in intensity
changes and jumps of up to 50% and are not periodic in time.

Short-term fluctuations include all intensity instabilities
typically within a few seconds down to pulse-to-pulse fluc-
tuations. They are caused by the driving laser, unstable opti-
cal components but mainly by the position instabilities of the
spooled copper tape with respect to the laser focus as well
as target material inhomogeneities. Under certain conditions
(which we usually avoid) very large intensity bursts can be ob-
served in the integrated energy range from 1–100 keV, which
may be assigned to electron beam generation26 and the subse-
quent bremsstrahlung creation in the surrounding aluminium
and lead walls of the vacuum chamber. These fluctuations can
be easily suppressed by any type of monochromator in the
setup, such as a Montel optic.

III. NORMALIZATION SCHEMES

As already described above only a few photons per pulse
are diffracted in a typical UXRD experiment. In order to mea-
sure temporal intensity changes of only a few percent with a
sufficient SNR it is necessary to accumulate thousands up to
millions of diffracted x-ray pulses over minutes and hours of
measurement time. In general, the short-term fluctuations of
the incoming x-ray flux increase the statistical error of the
recorded signal. A reliable normalization technique can help
to cancel the contribution of the intensity fluctuations to the
signal and to minimize the necessary averaging time. Nor-
malization is definitely mandatory in case of long-term drifts,
which describe the changing mean value of the fluctuating x-
ray intensity over absolute measurement time t. Because of
the non-periodic behaviour in time of these drifts it is not
easy to average them out. Hence, the measured signal would
mainly represent the intensity drift of the source rather than
the response of the sample under investigation if no normal-
ization is applied.

We choose two superlattice (SL) samples in order to
evaluate different normalization approaches. These artificial
heterostructures consist of NSL epitaxially grown double
layers made of a metallic and insulating perovskite material.
The spatial period dSL = dmetal + dinsulator of a double layer
leads to SL Bragg peaks at multiple integers of the reciprocal
SL vector gSL = 2π/dSL where we adapt the enumeration of
the SL peaks from Ref. 27. In the UXRD experiments an 800
nm fs-pulse excites the sample, but is only absorbed in the
metallic layers of the SL and thus induces a periodic stress
profile.28, 29 As a result, a coherent longitudinal phonon mode
is excited which corresponds to an anti-phase oscillation
of the individual layer thicknesses in each double layer.
These structural dynamics lead to a periodic intensity change
of most SL Bragg peaks. For many superlattice peaks the
intensity of the x-ray Bragg reflection is proportional to the
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amplitude of the superlattice phonon (i.e., expansion of the
metallic layers and compression of the dielectric layers in be-
tween), since the contribution of the two layer materials to the
structure factor of the reflections is varied linearly. In some
cases this x-ray interference leads to additional modulation as
for the peak SL+1 in Figs. 5 and 7 making the response even
faster.30 For both samples studied in this paper, the signal can
be well approximated by a cosine-like oscillation due to the
quasi-instantaneous stress. The oscillations are exponentially
damped as the energy stored in the superlattice phonons
propagates into the substrate.29 Since in the current paper we
only use the fast response for a demonstration of the setup,
we refrain from further discussion of the physics and settle
for observing the good applicability of the fit function. The
according oscillation period of the coherent phonon mode is
given by the double layer period dSL and the material-specific
sound velocities and is only a few ps for the considered sam-
ples. Thus, we can prove the sub-ps temporal resolution of
the PXS. In order to observe the coherent phonon oscillation
of the SL the integrated intensity of the diffracted x-rays
R(τ ) from a single SL Bragg peak has to be measured for
different time delays τ . In analogy to all-optical pump-probe
experiments we refer to R(τ ) as transient x-ray reflectivity.

In the experiment the measured signal S(τ , t) also de-
pends on the absolute time t because of the fluctuations and
drifts of the incoming intensity I(t):

S(τ, t) = R(τ ) I (t).

In order to extract the reflectivity R(τ ) from the real signal a
normalization scheme must provide a measure which is pro-
portional to I(t) and at the same time independent of the delay
τ . Obviously, this can be achieved by an additional detector
that monitors only I(t). For the observation of structure fac-
tor changes of a Bragg reflection we are only interested in the
relative reflectivity change

S(τ, t) − S0(t)

S0(t)
= [R(τ ) − R0] I (t)

R0 I (t)
= �R(τ )

R0
,

where R0 = R(τ < 0) denotes the unpumed reflectivity and
S0(t) = S(τ < 0, t) the measured unpumped signal. Here the
incoming intensity I(t) cancels out if S(τ , t) and S0(t) can be
measured simultaneously or within a sufficiently small time
interval �t in which I(t) can be assumed to be constant, e.g.,
for �t smaller than long-term drifts of the x-ray source, and
hence a direct measure of I(t) is not necessary.

However, the applicability of a certain normalization
method can be limited by various factors such as the x-ray
diffraction geometry or the investigated sample itself. In the
upcoming paragraphs we describe general approaches for nor-
malization and give examples of their implementation from
our and other groups.

A. Low-repetition rate normalization

The first SL sample consists of 11 double layers made
of 7.9 nm metallic SrRuO3 (SRO) and 14.9 nm dielectric
SrTiO3 (STO) epitaxially grown on a SRO buffer layer and
a STO substrate by pulsed laser deposition.31 This sample
was already studied intensively29, 32, 33 and has a SL phonon
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FIG. 2. (Color online) (a) The θ–2θ diffraction scan of the STO/SRO SL
features the sharp and intense STO substrate Bragg peak as well as several SL
Bragg peaks. The experimental 2D diffraction patterns of the 0th SL Bragg
peak are shown in two configurations. (b) The sample is placed in the focus
of the Montel x-ray optic. (c) The sample is illuminated by the direct PXS
emission without x-ray optics. The 0th SL Bragg peak appears as a Kα1, α2
doublet. The Kα2 Bragg reflection of the substrate is not within the divergence
of the x-rays on the sample.

oscillation period of 3.2 ps, which can be derived most easily
from the transient reflectivity change of the 0th SL Bragg
peak. The θ–2θ diffraction curve of the STO/SRO SL is
shown in Fig. 2(a). It was measured at the energy-dispersive
reflectometry (EDR) beamline of the storage ring BESSY
II of the Helmholtz-Zentrum Berlin at a photon energy of
8.82 keV. For better comparison with the PXS data the θ -axis
of the diffraction curve was rescaled for the Cu Kα energy of
8.05 keV.

PXS driven UXRD experiments generally feature a rather
large angular distribution of the incoming x-ray beam because
of the used focussing x-ray optics or, in case of no optics, be-
cause of the divergence of the nearly point-like x-ray emission
from the laser plasma. Thus, it is favourable to use 2D x-ray
cameras, or at least 1D arrays, in order to record the avail-
able angular information of the diffracted photons. In case of
a diode-like point detector angular information or even the to-
tal information of the diffracted intensity, which misses the
angular acceptance of the detector, is lost. Unfortunately, typ-
ical CCD x-ray cameras have a very low frame rate because
of their long dead-time up to several seconds, which is mainly
due to their long read-out time. Accordingly, the integration
time for a single diffraction image should be well above 1 min
in order to have a sufficiently high duty cycle of the detec-
tor. Otherwise a large fraction of the precious diffracted x-ray
photons cannot be detected. The drawback of slow frame rates
can be balanced by taking advantage of the large number of
CCD pixels in order to record simultaneously the signal and
normalization with the same CCD camera.21
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FIG. 3. (Color online) The relative reflectivity �R/R0 of the 0th SL Bragg
peak of the SRO/STO SL was measured with the substrate normalization
scheme. The error bars are determined by averaging 10 independent delay
scan.

As it can be seen from Fig. 2(a) the angular separation
between the 0th SL peak and the STO substrate peak is
smaller than 0.3◦. Thus, it is possible to record both peaks si-
multaneously within the convergence of our Montel optic, see
Fig. 2(b). The same situation can be achieved without the
use of an x-ray optics, where the divergence on the sample
depends on its distance to the x-ray source. In the latter case,
see Fig. 2(c), the sample is completely illuminated by the
direct PXS emission. Within the collected angular range the
0th SL peak is visible as a Kα1, α2 doublet, whereas the Kα2

contribution of the strong substrate is cut off by the finite size
of the sample.

The dielectric STO substrate is not optically excited by
the 800 nm pump pulse. For delays larger than the time for
sound propagation through the thin SL layers (in our case τ

> 35 ps) propagating sound waves originating from within the
SL influence the structure of the STO substrate.29, 34 Within
this defined delay window the substrate peak reflectivity Rsub

is constant. Consequently, the recorded signal of the substrate
peak Ssub(t) only depends on the absolute time t and can thus
be utilized as a measure of the incoming intensity I(t). Here
we directly benefit from the large detector area, since no ad-
ditional hardware is required to employ this normalization
scheme. The data shown in Fig. 3 were obtained with this
substrate normalization scheme while the sample was placed
in the direct emission of the PXS without x-ray optics. Due
to the repetition of the complete delay scan for several times
we are able to plot also statistical error bars. The substrate
normalization scheme strongly depends on the sample and the
available angular distribution of the incoming x-rays. Further-
more, this method cannot be applied for large delays because
of the transient change of the substrate reflectivity.

A more generally applicable normalization scheme is al-
ready indicated in Fig. 2(c) where the sample is placed in the
direct PXS emission without x-ray optics. For a sufficiently
large x-ray spot size on the sample also each point in the
diffraction pattern originates from a different position on the
sample. If the pumped region is smaller than the probe area on
the sample also the diffraction pattern will contain a pumped
and unpumped region. This situation can also be achieved
with x-ray optics, but here the sample should be placed out of
the x-ray focal plane in order to superimpose both areas more

easily. In this pumped-unpumped normalization scheme the
transient signal S(τ , t) and the unpumped signal S0(t) can be
measured simultaneously with the same CCD camera. We can
apply this scheme as a normalization to determine the tran-
sient reflectivity change �R(τ )/R0 for any crystalline sample.

However, a large fraction of the photons diffracted by the
0th SL Bragg peak does not contribute to the transient reflec-
tivity R(τ ). Moreover, the excitation on the sample is very in-
homogeneous, as it is indicated by the curvature of the SL
peak in Fig. 2(c). Another drawback of this scheme is the
rather large x-ray footprint on the sample, which gives rise
to an undesired time smearing and also maps different posi-
tions of the sample at once, which may be problematic for
low-quality samples that lack lateral homogeneity.

For this specific STO/SRO SL sample the substrate
normalization scheme is preferable compared to the pumped-
unpumped method, because the SNR mainly depends on
the total number of recorded photons, meaning the sum of
photons contributing to the signal and to the normalization.
This number is much higher for the intense substrate reflec-
tion. However, both normalization schemes can be applied
in the so-called low-repetition rate regime for slow detectors
without the need of additional hardware. It is even possible
to apply both methods with or without x-ray optics, although
one should prefer the use of the Montel x-ray optic because
of the higher flux on the sample and the smaller x-ray energy
bandwidth.

B. High-repetition rate normalization

The following normalization schemes are applied to a
similar SL sample. This SL is made of 15 double layers
of which each consist of 7.3 nm metallic (La0.7Sr0.3)MnO3

(LSMO) and 13.7 nm ferroelectric (Ba0.7Sr0.3)TiO3 (BST).
Again the SL is grown epitaxially on a STO substrate. The
θ–2θ diffraction curve is shown in Fig. 4 and was again mea-
sured at the EDR beamline of the storage ring BESSY II of
the Helmholtz-Zentrum Berlin.35 The ultrafast response of
this SL to an 800 nm fs pump pulse is very similar to the
STO/SRO SL discussed above but with a slightly different
period of the coherent SL phonon oscillation of 3.8 ps.

A common procedure to reduce statistical errors in
a pump-probe experiment is increasing the repetition rate
of the measurement. A well-known high-repetition rate

FIG. 4. (Color online) Several orders of SL Bragg peaks as well as an intense
substrate Bragg peak are observable in the θ–2θ scan of the LSMO/BST SL
sample.
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normalization scheme from all-optical experiments is chop-
ping. Here the pump beam is periodically blocked in order to
record the signal S(τ , t) and the unpumped signal S0(t) subse-
quently within a short time interval �t = 1/fchop where fchop

is the chopping frequency. In this case half of the diffracted
photons contribute to the signal and the other half to the nor-
malization. If �t is shorter than the time scale of long term
drifts we can assume I(t) = I(t + �t) to be constant within
this interval neglecting short-term fluctuations. Hence, we can
apply this scheme to measure the relative reflectivity change
�R(τ )/R0. If �t is even shorter than most of the characteristic
short-term fluctuations of the PXS, chopping can also dras-
tically reduce these sources of noise. Ideally, this requires a
shot-to-shot temporal resolution of the x-ray camera. Because
area detectors with kHz readout frequencies are just becoming
available we have not implemented the chopping scheme, yet.

A very elegant way of normalization is again adapted
from all-optical experiments and referred to as the rapid scan-
ning method.36 As the name suggests the complete delay
range of interest of a pump-probe experiment is scanned very
rapidly within a time interval �t in which the incoming in-
tensity I(t) can again assumed to be constant. Thus, a single
scan has to be faster than the time scale on which long-term
drifts occur. It is not possible to scan the complete delay in
a time shorter than all short-term fluctuations (�t < 5 ms).
Several of these fast delay scans are averaged to decrease the
statistical errors caused by the fluctuations of the incoming
intensity. With the rapid scanning method all diffracted pho-
tons contribute directly to the signal and no intensity is lost
for normalization.

Similar to the chopping technique, the performance of
rapid scanning is mainly limited by the frame rate of the x-ray
detector and additionally by the speed of the delay stage. A
complete delay scan has to be faster than the long-term drifts
of the PXS which occur typically on the time scale of minutes.
Hence, we do not have to utilize the Pilatus’ full frame rate of
up to 200 Hz but can work within a more easily controllable
regime of ∼1 Hz frame rate in order to scan a typical number
of 50 delays well within 1 min of scan time.

A measurement of reflectivity oscillation for different SL
Bragg peaks of the LSMO/BST SL is depicted in Fig. 5. The
data were recorded with a frame rate of 2 Hz of the Pilatus
camera and the complete scan was repeated up to 40 times.
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FIG. 5. (Color online) The rapid scanning technique was applied to mea-
sure the relative reflectivity �R/R0 of the SL-2, SL-1, and SL+1 Bragg peaks
of the LSMO/BST SL. The data for each SL peak was accumulated within
∼20 min per curve averaging over 40 complete delay scans with a frame rate
of 2 Hz.

The total integration time per curve was ∼20 min and we
achieved an average relative error for all data points of 5.3%.

Rapid scanning provides a normalization without mea-
suring the incoming intensity I(t) directly. It is not capable
of reducing short-term fluctuations in our implementation but
can only average them out. This normalization technique is
universally applicable. However, fast read-out x-ray detectors
are the key part of this high-repetition normalization scheme,
since one complete delay scan must be finished faster than the
time scale of long-term fluctuations.

C. Direct normalization

In order to provide a sample-independent and direct mea-
sure of the incoming intensity I(t) an additional detector is
required. This detector then has to measure the PXS flux be-
tween source and sample ideally with the same frame rate as
the x-ray camera records the diffraction signal. X-ray sensi-
tive diodes are generally fast enough for this purpose and have
a sufficiently high quantum efficiency to record also low x-ray
intensities. Since the integrated intensity over the whole PXS
spectrum is not proportional to the intensity of the character-
istic x-ray emission lines used in the diffraction experiments,
it is necessary to monitor the x-ray flux behind a monochro-
mator or with an according energy-dispersive detector.37 One
usually has to bypass some fraction of the incoming x-ray
beam onto the normalization detector which will reduce the
flux on the sample accordingly. Such direct normalization
schemes were already implemented, e.g., by placing an ion-
ization chamber38 or a thin diamond beam splitter24 into the
incoming x-ray beam.

In our setup the Montel x-ray optic acts as a monochro-
mator since it transmits only the Cu Kα energies which are
then diffracted from the sample. A detailed description of
Montel optics can be found in the literature.16, 39 The diver-
gent emission of the source is focused in two dimensions
by two sequential reflections from elliptically bent multilayer
mirrors. The transmission profile of the optic shown in the in-
set of Fig. 6 reveals that in addition to this monochromatic
focal region F there are two regions S which are produced by
x-rays undergoing only a single reflection from one multilayer
mirror. This radiation is monochromatic as well, and we can
assume a linear relation between the intensity in the S regions
and in the focus F. In a typical diffraction experiment the two
S-beams do not hit the sample and are therefore useless. In
our case we use an x-ray diode (CRYSTAL PHOTONICS) to
monitor the x-ray flux in one of the S regions to have a direct
and proportional measure of the monochromatic incoming in-
tensity I(t).

In order to verify the applicability of this normalization
scheme we measured the direct intensity of the Montel focus
F with the Pilatus camera in single-photon-counting mode and
the intensity of a single reflection S with the x-ray diode si-
multaneously. The ratio of the diode and the Pilatus signal
shown as red line in Fig. 6 proves the linear relation between
the two signals. Accordingly, the normalized signal contains
much less short-term fluctuations as compared to the origi-
nal intensity which improves the SNR for UXRD experiments
drastically. For very large fluctuations and drifts of about 50%
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FIG. 6. (Color online) The focus F of the Montel optic was measured with
the Pilatus camera (green square) simultaneously with the intensity of a single
reflection S of the Montel optic by an x-ray diode (blue circle). The ratio of
the Pilatus and diode signal (red line) features much less fluctuations than the
original data. The transmission profile of the Montel optic is shown in the
inset, where the direct transmission of the Montel optic is labelled as D.

of the PXS intensity a slight nonlinearity of the x-ray diode
signal causes deviations of the normalized signal. This nonlin-
earity is most likely caused by an electronic offset of the diode
itself and may be reduced by a suitable calibration routine.
The direct normalization scheme reduces short-term fluctua-
tions but cannot completely cancel large long-term drifts be-
cause of the diode’s nonlinearity. Therefore, we combine this
method with the rapid scanning technique to improve the SNR
even further.

We apply this combination of diode-normalization and
rapid scanning again for the measurement of SL Bragg peak
oscillations of the LSMO/BST SL (Fig. 7). In comparison
with the data shown in Fig. 5 the average relative error for
each data point is further reduced to 4.6% although the total
integration time per curve is reduced to only 10 min. This
normalization scheme requires extensive technical efforts
such as high-repetition x-ray cameras and an additional
x-ray diode as well as an x-ray optic. On the other hand,
this combined normalization technique is independent of the
investigated sample and does not decrease the number of
photons which account for the diffraction signal.
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FIG. 7. (Color online) The reflectivity oscillations of three different SL
Bragg peaks of a LSMO/BST SL were measured with a combination of the
x-ray diode normalization and rapid scanning. The frame rate of the Pila-
tus was 1 Hz and each curve was obtained within a total integration time of
∼10 min.

IV. CONCLUSIONS AND OUTLOOK

Even though PXS sources operated at kHz repetition rate
are easy to use and feature high stability, advanced normal-
ization schemes are necessary to achieve a sufficient SNR in
UXRD experiments. Here we presented a detailed overview
of low- and high-repetition rate normalization techniques as
well as a diode-based direct normalization scheme utilizing
the specific transmission profile of a Montel x-ray optic. With
the combination of the direct intensity normalization and the
rapid scanning we could drastically reduce short-term fluctu-
ations and cancel long term drifts of the PXS, respectively.
With the diode normalization scheme it is also possible to
record time-resolved θ–2θ scans over an angular range much
larger than the divergence of the x-ray optics. Thereby not
only peak intensity but also the position, width and shape of
a Bragg peak can be precisely observed on an ultrafast time
scale.
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Daniel Schick, Roman Shayduk, André Bojahr, Marc Herzog, Clemens von
Korff Schmising, Peter Gaal and Matias Bargheer

J. Appl. Cryst. (2013). 46, 1372–1377

Copyright c© International Union of Crystallography

Author(s) of this paper may load this reprint on their own web site or institutional repository provided that
this cover page is retained. Republication of this article or its storage in electronic databases other than as
specified above is not permitted without prior permission in writing from the IUCr.

For further information see http://journals.iucr.org/services/authorrights.html

Journal of Applied Crystallography covers a wide range of crystallographic topics from
the viewpoints of both techniques and theory. The journal presents papers on the applica-
tion of crystallographic techniques and on the related apparatus and computer software.
For many years, the Journal of Applied Crystallography has been the main vehicle for
the publication of small-angle scattering papers and powder diffraction techniques. The
journal is the primary place where crystallographic computer program information is
published.

Crystallography Journals Online is available from journals.iucr.org

J. Appl. Cryst. (2013). 46, 1372–1377 Daniel Schick et al. · Ultrafast reciprocal-space mapping

Paper III

51



research papers

1372 doi:10.1107/S0021889813020013 J. Appl. Cryst. (2013). 46, 1372–1377

Journal of

Applied
Crystallography

ISSN 0021-8898

Received 24 May 2013

Accepted 19 July 2013

# 2013 International Union of Crystallography

Printed in Singapore – all rights reserved

Ultrafast reciprocal-space mapping with a
convergent beam

Daniel Schick,a Roman Shayduk,d André Bojahr,a Marc Herzog,a,b Clemens von
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A diffractometer setup is presented, based on a laser-driven plasma X-ray

source for reciprocal-space mapping with femtosecond temporal resolution. In

order to map out the reciprocal space, an X-ray optic with a convergent beam is

used with an X-ray area detector to detect symmetrically and asymmetrically

diffracted X-ray photons simultaneously. The setup is particularly suited for

measuring thin films or imperfect bulk samples with broad rocking curves. For

quasi-perfect crystalline samples with insignificant in-plane Bragg peak broad-

ening, the measured reciprocal-space maps can be corrected for the known

resolution function of the diffractometer in order to achieve high-resolution

rocking curves with improved data quality. In this case, the resolution of the

diffractometer is not limited by the convergence of the incoming X-ray beam but

is solely determined by its energy bandwidth.

1. Introduction
Reciprocal-space mapping (RSM) has been established as a

powerful tool for the nondestructive structural analysis of thin

films and heterostructures (Bauer et al., 1995; Fewster, 1997;

Bowen & Tanner, 1998; Holy et al., 1999). In addition to the

intense specular Bragg reflections, the surrounding diffuse

scattering covered by RSM gives access to microscopic infor-

mation on strain states, dislocations and mosaicity, as well as

the shape and size of the coherently scattering domain. The

common drawback of RSM experiments is the need for time-

consuming mesh scans in order to map out the reciprocal

space in two or even three dimensions.

So far, high-resolution RSM has been precluded from time-

resolved diffractometry such as in situ or pump–probe X-ray

diffraction (XRD), either because of the too long integration

time for a single reciprocal-space map or because of the

required long-term stability, respectively. Owing to the avail-

ability of modern position-sensitive X-ray detectors (PSDs)

with low noise and large dynamic range, several new

diffractometer setups for RSM have been implemented

(Kinne et al., 1998; Mudie et al., 2004; Masson et al., 2005;

Mariager et al., 2009). In these high-speed RSM setups, the

analysing part of the diffractometer has been replaced by a

PSD in order to record symmetrically and asymmetrically

diffracted X-rays simultaneously, resulting in a considerable

decrease in the total measurement time. Compared with a

conventional high-resolution diffractometer, the resolution in

reciprocal space of the above-mentioned high-speed RSM

setups is limited by the PSD used, which defines the analyser

acceptance by its pixel size and distance from the sample,

while the monochromator settings are unchanged. Recent

high-speed in situ RSM experiments during molecular beam

epitaxy by Hu et al. (2012) proved the power of this new

method.

In this contribution, we present a detailed characterization

of a diffractometer for time-resolved RSM utilizing a laser-

driven plasma X-ray source (PXS) providing femtosecond (fs)

temporal resolution in a pump–probe scheme. The low photon

flux at such exceptionally short pulse sources requires the

collection of as many photons as possible. Accordingly, the

resolution function of the PXS diffractometer is dominated by

the convergent incoming X-rays, including Cu K�1 and K�2

energies, in contrast with other high-speed RSM setups.

In the first part, we will derive the resolution function of the

ultrafast reciprocal-space mapping (URSM) setup in order to

prove its applicability for the multidimensional structural

analysis of thin films and heterostructures. As an example of a

time-resolved URSM experiment, we present data from a

double-layer structure made up of a ferroelectric PbZr0.2-

Ti0.8O3 (PZT) layer grown on a metallic SrRuO3 (SRO) layer

on top of a dielectric SrTiO3 (STO) substrate, which exhibits

in- and out-of-plane lattice dynamics on a picosecond (ps)

timescale after photo-excitation (Schick et al., 2013). For

laterally nearly perfect samples, the resolution function of the

URSM setup dominates the in-plane broadening of the reci-

procal lattice points (RLPs), and no lateral structural infor-
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mation is resolvable by RSM. In order to access only the out-

of-plane structural information we can correct the URSM data

for the known resolution function of the setup, in order to

collect one-dimensional time-resolved XRD data with high

resolution and increased data quality compared with

conventional XRD. The resolution of such rocking curves is no

longer limited by the convergence of the incoming X-ray beam

but solely by its energy bandwidth.

2. Experimental setup

The hardware constituting the experimental setup of the PXS

has been described recently (Zamponi et al., 2009; Schick et al.,

2012). In short, we use a two-stage Ti:sapphire amplifier

operating at a repetition rate of 1 kHz with a centre wave-

length of 800 nm and a pulse energy of 8 mJ compressed into a

pulse of 40 fs duration to generate X-ray pulses (predomi-

nantly characteristic Cu K� and K� lines) by focusing the

main part (80%) of the laser light onto a moving copper tape

in a vacuum chamber. The emitted X-ray bursts are further

collected, focused and monochromated to only Cu K� ener-

gies (EK�1
= 8047 eV, EK�2

= 8027 eV, �E/E ’ 0.25%) by a

Montel multilayer optic with a convergence of �! = 0.3� (full

width at half-maximum, FWHM) in both dimensions and a

focal spot size of only 200–300 mm (FWHM) at a distance d =

1000 mm from the source. From the maximum X-ray flux of

approximately 5 � 105 photons s�1, the brilliance B of the

X-ray focus can be estimated as

B ¼ 1:1 � 105 photons

s mm2 mrad2 0:1% BW
; ð1Þ

which is much lower than for standard X-ray tubes (BW

denotes bandwidth). However, considering the PXS pulse

length of only 200 fs, the resulting peak brilliance per pulse

becomes

Bpeak ¼ 5:7 � 1014 photons

s mm2 mrad2 0:1% BW
: ð2Þ

Owing to the limited photon flux of the PXS, it is not

reasonable to increase the brilliance of the source by addi-

tional monochromators and/or collimators since time-resolved

experiments require high counting statistics.

The remaining 20% of the optical laser light is used to excite

the sample. The relative timing of the optical pump pulses to

the X-ray probe pulses is set by a mechanical delay stage and is

inherently jitter free. The temporal information is extracted by

performing XRD scans for different delays between optical

pump pulses and X-ray probe pulses.

The sample is mounted in the centre of a two-circle goni-

ometer which is placed in the focal plane of the X-ray optics.

Thus, the X-ray footprint on the sample is minimized in order

to reduce time-smearing effects due to the inevitable non-

collinearity between laser pump and X-ray probe beam, and in

order to probe a homogeneously excited part of the sample.

The fast read-out CMOS (complementary metal-oxide semi-

conductor) two-dimensional X-ray detector is mounted on the

outer circle of the goniometer at a distance of approximately

700 mm from the centre. The pixel size of the detector is

approximately 200 mm in both dimensions, resulting in an

angular acceptance in the scattering plane for each pixel of

�� = 0.016�.

In order to account for both long- and short-term fluctua-

tions, the PXS intensity is monitored directly by recording the

unused intensity of a single reflection of our Montel X-ray

optic with an integrating fast X-ray diode (Schick et al., 2012).

The nonlinear dependence between the diode response and

the number of X-ray photons at the focus have been calibrated

to determine the absolute number of X-ray photons per

second at the focus during real experiments. Accordingly, the

recorded rocking scans/RSM reflect the absolute diffracted

intensity of the investigated sample.

3. Resolution area

Here, we discuss the resolution of the URSM setup, which is

given by the smallest volume element in reciprocal space that

is resolved by the X-ray diffractometer. Since we are carrying

out only two-dimensional RSM, this volume element is

reduced to an area and we can integrate the diffracted

intensity on the two-dimensional detector along the dimension

that is normal to the diffraction plane during the actual XRD

scans. Accordingly, it would be sufficient to use a one-

dimensional pixel array with a large pixel height to detect the

diffracted X-rays. Knowledge of the resolution area is essen-

tial for the applicability of the diffractometer setup, since it

determines the structural details of a sample which can be

identified by RSM.

We carried out an !/2� scan with the area detector in order

to measure symmetric Bragg reflections with the URSM setup

(see Fig. 1). The !/2� scan (! = �) corresponds to a scan along

qz in reciprocal space (inset in Fig. 1). However, the PSD

records symmetrically and asymmetrically diffracted photons

at the same time, which corresponds to a scan of the detector

angle � at a fixed incoming angle ! (2� scan). Accordingly, we

can assign an angle � to each individual pixel column of the

PSD for a fixed !, if the centre column of the region of interest

(ROI) on the PSD is always at � = !. The angles of the

surrounding pixel columns at position x (positive integer)

follow from

�ðxÞ ¼ �� ðx� xcÞ þ !; ð3Þ
where xc is the position of the central pixel column in the ROI

and �� is the angular acceptance of each pixel column.

The diffracted intensities measured in (!, �) space can be

converted into q space by the following coordinate transfor-

mation (Holy et al., 1999):

q ¼ qx
qz

� �
¼ k

cos � � cos!
sin!þ sin �

� �
; ð4Þ

where k = 2�/� is the magnitude of the incoming and outgoing

X-ray wavevectors, since only elastic diffraction is considered;

� is the wavelength of the radiation. The resolution area of the

diffractometer depends on various parameters but we discuss

only the most prominent ones here. We can neglect any
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broadening on the reciprocal-space map due to a finite X-ray

spot size on the sample, since we use a convergent beam with

the sample in the focus of the X-ray beam path, and hence the

X-ray footprint is comparable to the size of the individual

pixels of the PSD. We consider the convergence of the

incoming X-rays �!, the acceptance of the detector pixels ��
and the wavevector spread due to the energy bandwidth of the

X-ray photons �k/k = �E/E as sources of instrumental

broadening. As a linear approximation, both the magnitude

and direction of the instrumental broadening in q space can be

determined by the partial derivative of q multiplied by the

change in the deviating parameter:

�q! ¼ @q

@!
�! ¼ sin!

cos!

� �
k!�!; ð5Þ

�q� ¼
@q

@�
�� ¼ � sin �

cos �

� �
k ���; ð6Þ

�qk ¼
@q

@k
�k ¼ cos � � cos!

sin!þ sin �

� �
�k: ð7Þ

For a symmetric Bragg reflection, the inclination of �q! with

respect to the qz axis is !. This is referred to as the mono-

chromator streak (Holy et al., 1999). The so-called analyser

streak originates from �q� and is inclined by ! ’ � in the

opposite direction. Since the magnitude of �q! is approxi-

mately 20 times larger than the magnitude of �q� for the

URSM setup, we neglect the latter in the following discussion.

Fig. 1 shows the graphical analogue of the theoretical deri-

vation of the instrumental broadening of the URSM setup.

Owing to the convergence �! of the incoming X-rays kin , a

distribution of nonconcentric Ewald circles is illuminated in

reciprocal space. A single detector pixel at a fixed angle � with

an infinitesimally small acceptance ��!0 integrates the

diffracted intensity along the vector |�q!|, which is

constructed by a parallel translation of kout to the origins of all

incident kin (thin dashed lines in Fig. 1). This resolution streak

is inclined by ! with respect to the qz axis (monochromator

streak). The energy spread of the incoming X-rays leads to an

additional broadening along qz , which is approximated as an

ellipsoidal resolution area in Fig. 1 for a Gaussian distribution

of �! and �E.

The resolution function of the URSM setup can be deter-

mined experimentally by measuring the reciprocal-space map

around an RLP of an almost perfect bulk crystal. The

measured data correspond to a convolution of the resolution

function with the RLP, which can be approximated as a �
function for the case of a perfect bulk crystal. Fig. 2(a) shows

the experimental reciprocal-space map of the (002) Bragg
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Figure 1
The reciprocal-space coordinate system (qx, qz) of the sample. The angles
between the sample surface and the incoming and outgoing X-rays, kin

and kout , are denoted ! and �, respectively. Owing to the convergence �!
of kin , a range of nonconcentric Ewald circles is illuminated simulta-
neously (dotted lines). The angle-resolving detector is represented as a
tangent at the intersection of an Ewald circle and the qz axis (thick dashed
line). The resolution is dominated by the convergence �! and we neglect
the acceptance of the detector pixels ��!0 here (see text). A pixel at a
fixed angle � then integrates over the resolution area, which is inclined by
! with respect to the qz axis. The thin dashed lines are parallel to kout

(fixed �) but originate at different kin vectors, determined by the
convergence �!. The energy spread leads to a broadening along qz. The
resolution area is approximated as an ellipsoid, assuming a Gaussian
distribution of �! and �E. The inset shows the different scan types for
RSM: the !/2� scan goes along the qz axis, the ! scan is approximately
parallel to the qx axis and the 2� scan goes along the Ewald circle.

Figure 2
(a) The measured reciprocal-space map of the (002) Bragg reflection of a
nearly perfect STO substrate. The data are plotted with equidistant axes
and reveal the resolution area of the time-resolved RSM setup. The
inclination of the resolution area with respect to the qz axis is ! and is
represented by the grey dashed lines. The peak doubling and the
broadening along qz are caused by the Cu K� doublet and the natural line
width of each K� line, respectively. (b) The theoretical resolution area at
! = 23.23� is plotted, accounting for the convergence �! and the energy
bandwidth of the incoming X-rays kin. Broadening due to the finite
acceptance of the detector is neglected here.
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reflection of a nearly perfect STO substrate. The inclination of

the resolution area with respect to the qz axis can be deter-

mined as ! = 23.23�, which is represented by the grey dashed

lines. The doubling of the RLP originates from the Cu K�
doublet and corresponds to a separation of approximately

�qz = k�E/E ’ 0.01 Å�1. The broadening along qz is caused

by the natural line width of each K� line, which is approxi-

mately 2 eV (Krause & Oliver, 1979). The diffuse background

along the qz axis indicates the crystal truncation rod of the

substrate. In Fig. 2(b), the theoretical resolution area of the

URSM setup is plotted, which is derived from equations (5)–

(7). The resolution area is approximated as two two-dimen-

sional Gaussian functions with one main axis along �q!. The

intensities are normalized to the maximum of the experi-

mental data shown in Fig. 2(a), and the ratio of the maxima of

the two Gaussians equals the intensity ratio of the Cu K�1 and

K�2 lines. The good agreement between the experimentally

determined and theoretically derived resolution functions of

the URSM setup allows one to distinguish between instru-

mental and structural broadening of RLPs in actual time-

resolved RSM experiments. Furthermore, neglecting addi-

tional sources of instrumental broadening proved to be valid.

4. Time-resolved reciprocal-space mapping

In order to prove the applicability of the diffractometer setup

for time-resolved RSM, we have chosen an epitaxial thin-film

sample that consists of a ferroelectric PZT layer and a metallic

SRO transducer layer which were grown onto an STO

substrate by pulsed laser deposition (Vrejoiu et al., 2006).

From the detailed characterization of the sample by trans-

mission electron microscopy (TEM) and static XRD, we

derived layer thicknesses of dPZT = 207 nm and dSRO = 147 nm,

and average lattice constants normal to the sample surface of

cPZT = 4.130 Å, cSRO = 3.948 Å and cSTO = 3.905 Å (Schick

et al., 2013). The ferroelectric PZT layer exhibits large defects

such as threading and misfit dislocations, due to the intrinsic

domain formation of this material. This gives rise to structural

in-plane broadening of the corresponding RLP.

The resulting time-resolved reciprocal-space map is

depicted in Fig. 3 and features the dominant broadening of the

PZT RLP along qx. The broadening of the SRO and STO

RLPs is dominated by the resolution area of the diffract-

ometer, which is indicated by their size and inclination. The

SRO RLP also features a slight diffuse broadening in the qx
dimension due to its lower crystal quality compared with the

STO substrate. The adoption of the high-speed RSM tech-

nique allows one to measure a time-resolved reciprocal-space

map within minutes, providing good photon statistics. For the

femtosecond variant of RSM at PXS machines this is parti-

cularly important, because the reciprocal-space maps for

different time delays after excitation have to be compared,

and long-term drifts of the setup are often inevitable. The

unpumped data set shown in Fig. 3 was recorded within

30 min. The red contour lines at a constant reflectivity of 10�3.5

in Fig. 3(a), and the red lines in Figs. 3(b) and 3(c), show the

result of the RSM probing 75 ps after excitation of the sample

with an 800 nm femtosecond laser pulse. The changes in the

positions and widths of the material-specific Bragg peaks in

the reciprocal-space map can be analysed in order to study the

photoinduced in- and out-of-plane lattice dynamics with

femtosecond temporal resolution (Schick et al., 2013).

5. Rocking scans

For laterally nearly perfect crystalline samples, the structural

Bragg peak broadening in-plane is well below the resolution of

our URSM setup. As an example, we show the URSM data of

a superlattice (SL) in Fig. 4(a). The SL is composed of 15

double layers, each consisting of 7.3 nm metallic

(La0.7Sr0.3)MnO3 (LSMO) and 13.7 nm ferroelectric

(Ba0.7Sr0.3)TiO3 (BST). The SL is grown epitaxically on an

STO substrate with very high crystalline quality. Here, we wish

to derive a means of benefitting from the URSM setup for

such highly perfect crystalline samples. Since we cannot

resolve the in-plane Bragg peak broadening for this sample,

we are limited to out-of-plane structural information, which

can be achieved by standard rocking scans (!/2� scan for

symmetric Bragg reflection). Thus, it would be sufficient to use

a one-dimensional point detector in the diffractometer setup.

The corresponding rocking curve for a point detector with a

large acceptance �� >> �! is plotted in Fig. 4(c) as a red line

(the data are imitated by integrating the original data from the

PSD detector along the scattering plane). The rocking curve
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Figure 3
(a) The measured reciprocal-space map of the (002) Bragg reflections of
the PZT/SRO double layer on an STO substrate. The red contour lines
(constant reflectivity of 10�3.5) and the red lines in parts (b) and (c)
indicate the changed RSM at a delay of t = 75 ps after excitation of the
sample with an 800 nm femtosecond laser pulse. (b), (c) Integrated
reciprocal-space maps over the qx and qz dimension, respectively. In (c),
the integration is carried out only over the qz range of the PZT peak.
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exhibits good statistics, since nearly all diffracted photons are

collected by the detector, but the resolution of the individual

Bragg peaks is very low because �q� can no longer be

neglected. Accordingly, all peaks are broadened and no Cu K�
doublet is observed.

If we use a point detector with the same acceptance �� as

for a single pixel of the PSD, e.g. by the use of slits, we obtain a

much higher resolution of the rocking curve, shown as a blue

line in Fig. 4(c). This plot is equivalent to a cut along qx of the

data shown in Fig. 4(a). However, since we discriminate all

asymmetrically diffracted X-ray photons with this slit setup,

the counting statistic of the resulting rocking curve is

approximately 14% that of the large-aperture detector (red

line) and is thus not applicable for time-resolved experiments

with PXS machines.

Since we know that the broadening of the RLP for such

highly perfect samples originates primarily from the resolution

function of the URSM setup, we can correct the data

accordingly. By rotating each ellipsoidal RLP that intersects

the qz axis at qz = 2ksin! by an angle of � = (90� � !), we can

assign all asymmetrically diffracted X-ray photons to the

correct qz value of the symmetric RLP by integrating over the

qx axis. The coordinate transformation is derived in Appendix

A and the result is shown in Fig. 4(b), where all RLPs are now

aligned parallel to the qx axis. The integration of these

corrected data along qx is shown as a black curve in Fig. 4(c)

and combines the high resolution of the slit-like blue curve

and the good statistics of the large-aperture-like red curve.

6. Conclusions

The implementation of the high-speed RSM technique using

position-sensitive X-ray detectors allows the implementation

of time-resolved RSM at PXS setups. The instrumental and

structural broadening of the URSM can be distinguished by

the inclination and width of the measured RLPs. The method

has been applied to study the in- and out-of-plane lattice

dynamics in a ferroelectric thin film after photoexcitation on a

picosecond timescale (Schick et al., 2013). For nearly perfect

crystalline samples, the experimental routine can be applied

with an adapted data-processing routine in order to correct

the measured RLPs for the known resolution function of the

diffractometer. This procedure allows for the recording of

high-resolution rocking curves without discriminating

diffracted X-rays, since the resolution is no longer limited by

the convergence of the incoming X-ray beam, but solely by its

energy bandwidth.

APPENDIX A
Resolution area correction

Fig. 5 sketches the RLP in the reciprocal-space map for a

highly perfect crystalline sample, so the RLP is primarily

broadened by the resolution area of the URSM setup. As was

derived in x3, the ellipsoidal RLP is inclined by ! with respect
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Figure 4
(a) (Original) reciprocal-space map for the BST/LSMO SL on an STO
substrate, revealing several SL reflections and the most intense STO
substrate (002) reflection. (b) (Corrected) reciprocal-space map after
translational/rotational transformation. (c) The red curve imitates a
measurement using a large point detector with an acceptance �� much
larger than the convergence �!. The blue curve imitates the use of a slit
in front of a point detector ��!0, i.e. a cut at qx = 0 from (a). The black
curve is the integration over the complete qx range of the corrected data
shown in (b). The curves are offset in intensity for better visualization.

Figure 5
The ellipsoidal RLP is inclined by ! and intersects the qz axis at point D.
The intensity along the ellipsoidal RLP, e.g. at point B, is recorded for an
incoming angle ! 0 at a pixel at � 0 6¼ ! 0.
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to the qz axis when the intersection of the RLP with the qz axis

is at the point D = (0, 2ksin!). In order to correct the data for

the resolution function of the diffractometer, one has to rotate

the ellipsoidal RLP around the point D by an angle of � =

(90� � !). For any point B along the RLP, this is done by

translating point B by the vector �OD, in order subsequently

to rotate B counterclockwise by � around the origin O of the

coordinate system, and translating it back by the vector OD.

However, the intensity at point B is measured at an

incoming angle ! 0 with a pixel at an angle � 0 6¼ ! 0. Thus, it is

nontrivial to determine the coordinates of the corresponding

intersection point D(!) from the point B(! 0, � 0). If ! 0 ’ !,

which holds for a small convergence �!, one can approximate

that DC ¼ CA and one can derive the qz coordinate of point

D as

Dz ¼ OA� 2CA ¼ 2ðBz � k sin!0Þ; ð8Þ
where Bz is the qz coordinate of the point B(! 0, � 0) given by

the general transformation q(!, �) into q space, cf. equation

(4).

The complete coordinate transformation for the correction

of the URSM data for laterally nearly perfect samples can

then be written in matrix form as a combination of translation

and rotation:

qc ¼R � qð!; �Þ �OD½ � þOD

¼ cos � � sin �

sin � cos �

� �
� qð!; �Þ � 0

Dz

� �� �
þ 0

Dz

� �
; ð9Þ

where R is a rotation matrix.
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Ultrafast x-ray diffraction studies of photoexcited coherent phonons in SrRuO3 thin
films
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We present ultrafast x-ray diffraction experiments on thin films of metallic SrRuO3 (SRO) after
their excitation with ultrashort intense laser pulses. Depending on the layer thickness, the data
exhibit a transient splitting of the (002) SRO Bragg peak evidencing the generation and propagation
of sharp acoustic strain waves. These distinct structural dynamics are due to the exceptionally fast
electron-phonon relaxation that gives rise to a quasi-instantaneous thermal stress in SRO. The
interpretation is corroborated by numerical simulations which show excellent agreement with the
experimental findings. Despite the qualitatively different lattice dynamics for different SRO layer
thicknesses, we identify a universal evolution of the transient average layer strain. The inferred
discrepancy of the thermal stress profile from the excitation profile may hint toward a temperature-
dependent effective Grüneisen parameter of SRO.
Keywords: Ultrafast, X-ray diffraction, Thin films, Lattice dynamics

I. INTRODUCTION

In general, the internal energy of condensed matter is
spread over various degrees of freedom such as electrons,
lattice, magnetization and polarization. Intense and ul-
trashort laser pulses can directly excite one or more of
these degrees of freedom within a given material. The
subsequent dynamics of the individual subsystems and
thus the entire system are then governed by the coupling
strengths of the different degrees of freedom. For in-
stance, structural dynamics of a crystalline lattice can be
induced directly by infrared/THz absorption1 and Bril-
louin/Raman scattering2,3 or indirectly by an initial elec-
tronic excitation (interband or intraband4,5) and subse-
quent electron-phonon coupling5,6. Depending on the
material of interest, the electronic and phononic sub-
systems may also be coupled to other degrees of free-
dom such as polarization6,7, magnetization8–11 or charge
and/or orbital order11–14. The understanding of these
complex physical processes for a given material is of
fundamental interest and, moreover, promises techno-
logical advances in the fields of signal processing, data
storage and sensors as well as novel x-ray optics for ul-
trafast studies15–17. In particular, the coupling of vari-
ous degrees of freedom is often mediated by the lattice.
This triggered an enormous interest in time-resolved scat-
tering techniques during the last two decades in order
to monitor the laser-induced changes of the structural
properties4,18–21.

A material of particular interest is the “bad metal”
SrRuO3 (SRO) due to its various complex physical prop-
erties such as itinerant ferromagnetism22,23, ultrafast
magnetostriction and electron-phonon coupling9,24, neg-

ative spin polarization25, orbital ordering26 and non-
Fermi liquid behaviour27,28. This material can be epitax-
ially grown on single-crystal substrates (such as dielectric
SrTiO3 [STO]) with high structural perfection29. In com-
bination with a fast electron-phonon relaxation of 200 fs
or less9,24 and a very high damage threshold30, SRO is
perfectly suited as transducer material for the generation
of coherent longitudinal acoustic (LA) phonons31.

This report focuses on the structural dynamics of lay-
ered crystalline solids induced by ultrashort laser pulses.
In particular, we discuss the generation and evolution of
acoustic deformations of SRO thin films on a supporting
STO substrate. We utilize the experimental method of
ultrafast x-ray diffraction (UXRD). This technique em-
ploys the pump-probe scheme in which the laser-induced
structural dynamics are probed by an ultrashort hard x-
ray pulse at different time delays τ after the arrival of
the excitation (pump) pulse. After a brief introduction
of the theoretical framework which describes the ultra-
fast build-up of laser-induced thermal stress in SRO, we
present results of UXRD experiments on two thin films
with thicknesses smaller and larger than the optical pen-
etration depth of the 800 nm pump light. The tran-
sient changes in the UXRD data readily evidence a com-
plex formation and propagation of LA phonon wavepack-
ets. However, qualitatively different features appear for
the two different samples. In particular, the thicker
SRO layer exhibits a splitting of the Bragg peak as op-
posed to a continuous shift in case of the thinner film.
The experimental data can be precisely simulated by
means of numerical models for the photoinduced struc-
tural dynamics32 and the dynamical diffraction of x-rays
from these transient crystal structures30. The universal
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features of the lattice dynamics are analyzed in detail by
considering the spatiotemporal strain fields and the po-
tential and kinetic energy of the photoexcited thin film
as well as the substrate.

II. HEATING OF SRO THIN FILMS BY
ULTRASHORT LASER PULSES

The topic of laser-induced heating and transport prop-
erties of elemental metals (or metal layers) is a fairly well
understood process22 and has been discussed many times
in literature33–36. In the following we want to give a brief
summary and apply the standard theoretical models to
the case of thin films of SRO on a STO substrate.

The standard model for describing the transient pro-
cesses in laser-heated metals is the two-temperature
model (TTM) proposed by Anisimov et al.33. It assumes
that the optical energy of the laser pulse is entirely ab-
sorbed by the conduction band electrons in the metal.
The electronic system then rapidly thermalizes towards
an elevated electron temperature via electron-electron
scattering processes. The temperature of the electronic
system Te then differs from the temperature of the lattice
Tl (phononic system) and subsequent electron-phonon
collisions transfer energy from electrons to phonons until
the two subsystems reach thermal equilibrium. Due to
lattice anharmonicities the incoherently excited phonons
produce thermal stress which eventually leads to the ther-
mal expansion of the metal. For most metals the elec-
tron relaxation time τe is on the order of a few tens of
femtoseconds (fs)36 and is thus shorter than the typical
timescales of laser pulse durations and all other dynam-
ical processes involved. In particular, this assumption
holds for SRO which exhibits a very short electron re-
laxation time of τe ≈ 4.2 fs at 145 K2737. This validates
the consideration of an electron temperature at all times
and restricts the electronic heat transport to be diffu-
sive. Typically, the linear dimensions of the excitation
and probe area on the sample surface is much larger than
the penetration depth or the film thickness of the metal.
Under these circumstances the differential equations of
the TTM can be restricted to one spatial dimension and
read as follows:

Ce(Te)∂Te

∂t
= ∂

∂x

(
ke(Te, Tl)

∂Te

∂x

)
− G[Te − Tl] + S(x, t)

(1)

Cl(Tl)
∂Tl

∂t
= ∂

∂x

(
kl(Te, Tl)

∂Tl

∂x

)
+ G[Te − Tl] (2)

where Ce/l and ke/l are the electronic/lattice heat ca-
pacity and conductivity, respectively, G is the electron-
phonon coupling factor and S(x, t) is the heat source de-
termined by the laser pump pulse34,35. The usual consid-
erations of the TTM for elemental metals epmloy the fact
that the heat is dominantly conducted by the conduction
band electrons and that the phononic heat conductivity

is comparably small. This allows the omission of the
first term in (2)33–36. In SRO, however, the heat is car-
ried by the electrons and lattice in approximately equal
parts38,39 which is why we keep this term in (2).

As motivated above, the electron-electron scattering
rate is very large in SRO27. The electrons are thus not
able to ballistically transport energy out of the excited
region into deeper parts of the sample. In addition,
SRO is known to have a very fast electron-phonon re-
laxation time (i.e. large G) on the order of a few hun-
dred femtosecond9,24 which is also much faster than any
diffusion processes of electrons and phonons. When con-
sidering the structural dynamics in thin SRO films on
the timescale of a few tens of picoseconds, we can thus
disregard the diffusion terms in (1) and (2). This simpli-
fies the problem considerably and the eventual expansion
profile (caused by the thermal stress profile) in SRO is
proportional to the exponentially decaying profile of the
deposited energy density where the proportionality con-
stant is given by the Grüneisen parameter γ40. The en-
ergy density profile is given by the derivative of Lambert-
Beer’s law and thus defined by the optical penetration
depth ξopt of the pump laser light at 800 nm wavelength.

An implication of the very fast electron-phonon cou-
pling in SRO is the fact that the thermal stress is built
up quasi-instantaneously which launches coherent LA
phonons up to very high frequencies9,17,24,30–32. Similar
to the temperature considerations above the structural
dynamics are reduced to one spatial dimension. The
coherent longitudinal (plane) strain waves traverse the
excited metal layer until the entire coherent vibrational
energy has left into the substrate and a quasi-statically
thermally expanded layer is left. In the following sec-
tions we show that the coherent phonon dynamics in-
side the excited SRO thin film and the underlying STO
substrate can be accurately monitored by UXRD exper-
iments. For the later analysis we define the character-
istic timescale of sound propagation through a thin film
by Tsound = d/vsound where d is the film thickness and
vsound is the longitudinal sound velocity perpendicular to
the sample surface.

III. EXPERIMENTAL RESULTS

The UXRD experiments presented and discussed in the
following were conducted on thin SRO films of different
thickness epitaxially grown on a STO substrate. The
samples were excited by ultrashort optical laser pulses
at 800 nm wavelength and the triggered structural dy-
namics within the first few tens of picoseconds were ob-
served by UXRD employing the Plasma X-Ray Source
(PXS) at the University of Potsdam, Germany41. This
laser-based x-ray source utilizes hard x-ray pulses at the
characteristic Cu Kα1 and Kα2 line (E(1)

PXS = 8.048 keV
and E

(1)
PXS = 8.028 keV) with a pulse duration of ≈ 200 fs.

The PXS thus provides the temporal and spatial resolu-
tion required for studying coherent acoustic phonon dy-
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FIG. 1. Static XRD curves (symbols) and dynamical XRD simulation of a (a) 15.4 nm and a (b) 94.8 nm SRO layer on STO
around the (002) reflections. The data were recorded at the ESRF (EESRF = 12.0 keV) and at BESSY II (EBESSY = 8.66 keV),
respectively, at x-ray photon energies differing from the characteristic Cu Kα1 line (EPXS = 8.048 keV) generated by the PXS.
The Bragg angle axes in panel (a) and (b) were thus converted to an artificial x-ray photon energy EPXS to be comparable
to the plots (c) and (d). The lower panels present the UXRD data recorded with the PXS on the SRO Bragg peak of the (c)
thinner and (d) thicker SRO thin film. The excitation fluences of the 800 nm pump pulses are 30 mJ/cm2 and 20 mJ/cm2,
respectively.

namics in thin crystalline films with a thickness below a
few hundred nanometer.

The SRO thin film samples were pre-characterized by
static x-ray diffraction (XRD) at synchrotron-based x-
ray sources. The results of the static Θ-2Θ scans around
the respective (002) reflections are represented by the
symbols in Fig. 1(a) and (b). As expected, the thicker
SRO film exhibits a narrow and intense Bragg reflection
whereas the Bragg peak of the thinner SRO film is much
broader and weaker. The solid lines are results of dy-
namical XRD simulations used for the determination of
the layer thickness and c-axis lattice parameter. The
simulations revealed a thickness d1 = 15.4 nm and an
out-of-plane lattice parameter of c1 = 3.9525 Å for the
thinner SRO layer (Fig. 1(a)) and d2 = 94.8 nm and
c2 = 3.9493 Å (Fig. 1(b)) for the thicker layer. The
different lattice parameters are consistent if one consid-
ers the epitaxy with the cubic STO substrate (csub =
3.905 Å) and the relaxation of the substrate-induced
tetragonally distorted SRO unit cell as the layer thickness
increases. Employing the longitudinal sound velocity of

SRO, vsound = 6.312 nm/ps (Ref. 42), the derived layer
thicknesses imply sound transit times of T

(1)
sound = 2.45 ps

and T
(2)
sound = 15.0 ps for the thinner and thicker SRO

layer, respectively. The two samples are chosen in order
to represent the limiting cases of layers with thickness
smaller and larger than the literature value of the optical
penetration depth at 800 nm, ξlit

opt ≈ 52 nm (Ref. 27),
respectively.

The UXRD data recorded at the PXS on the thinner
and thicker SRO layer using a pump fluence of 30 and 20
mJ/cm2 are shown in Fig. 1(c) and (d), respectively. Due
to the limited signal-to-noise ratio and angle-resolution of
the PXS the UXRD data quality is poorer for the thinner
SRO layer and the respective SRO Bragg peak of the un-
excited sample is not clearly separated from the substrate
peak. Nevertheless, the data can be unambiguously an-
alyzed in terms of transient SRO Bragg peak shifts by
proper substrate subtraction and thus allow for a clear
understanding of the coherent and incoherent phonon dy-
namics in the photoexcited SRO layers.

The UXRD data exhibit transient changes of the SRO
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FIG. 2. Normalized transient shift and splitting of the SRO
Bragg peak extracted from the UXRD data shown in Fig. 1(c)
and (d). The continuous shift observed in the thinner SRO
layer is represented by the blue squares (single-Gaussian fit-
ting). The empty and solid black bullets show the transient
Bragg angles of the decaying initial and the rising shifted
peak for the thicker SRO layer (double-Gaussian fitting). For
τ/Tsound > 1 the red diamonds indicate the continuous back-
shift of the thicker SRO layer (single-Gaussian fitting). The
intensity-weighted shift for the thin SRO layer is shown by
the red half-filled bullets. The error bars represent the 68%
confidence interval of the fitting parameter and lines are a
guide to the eye.

Bragg peak positions just after the laser excitation at
τ = 0. This directly implies that the quasi-instantaneous
heating of the SRO lattice triggers certain structural dy-
namics inside the SRO layers. At first sight, these dy-
namics appear to be qualitatively different. In case of
the thinner SRO layer we observe a continuous shift of
the Bragg peak towards lower angles for 0 < τ < Tsound
(region I), followed by a slight continuous backshift for
Tsound < τ < 2Tsound (region II) until it reaches a new
quasi-stationary position for τ > 2Tsound (region III).
This quasi-stationary expansion represents the thermal
expansion of SRO due to the absorbed energy of the ex-
citing laser pulse. In contrast, the thicker SRO layer does
not exhibit a continuous shift for 0 < τ < Tsound (region
I). Instead, we find a splitting of the initial Bragg peak
into two distinct reflections at intermediate times until
the initial peak has disappeared. Similar Bragg peak
splittings have been previously observed in photoexcited
bulk crystals and thin films4,43,44, however, either the
signatures were relatively weak compared to the bulk re-
flection or a thorough description of the underlying struc-
tural dynamics is missing. The comparison of the exper-
imental results in Fig. 1(c) and (d) rises the question
whether the structural dynamics responsible for the ob-
served features are indeed qualitatively different. This
issue is addressed in the subsequent sections.

We extracted the transient Bragg angles of the mea-

sured SRO peaks by fitting the data with single and
double-Gaussian functions. The obtained peak positions
are displayed in Fig. 2 where we plot the Bragg angle
change normalized to the quasi-stationary value after
2Tsound, ∆Θ(τ)/∆Θ(2Tsound), versus time delay in units
of Tsound. Since the angle changes are fairly small they
are proportional to the average strain variations of the
SRO layer. This is indicated by the secondary y-axis in
Fig. 2 presenting the normalized total SRO strain. The
plot verifies the features visible in the contour plots in
Fig. 1(c) and (d). The thinner sample exhibits a contin-
uous shift of a single SRO peak (blue squares). In con-
trast, the SRO peak in the thicker sample for normalized
time delays up to Tsound (region I) shows a peculiar split-
ting. The Bragg angles of the initial and displaced peaks
are represented by the black empty and solid bullets in
Fig. 2, respectively. In addition, we observe that both in-
dividual peaks shift to higher Bragg angles as they decay
and rise. Despite the unequal behaviour of the respective
SRO peaks in region I, the normalized transient shifts in
region II and III (τ > Tsound) appear to be comparable in
both SRO layers. In addition, we evaluate the intensity-
weighted transient shift of the thicker SRO layer in region
I which is shown by the red half-filled bullets in Fig. 2.
This curve represents the sum of the individual shifts
weighted by the intensity of the respective Bragg peak at
each time step. We find that this curve coincides with
the transient peak shift of the thinner SRO layer. This
immediately implies that the time-evolution of the aver-
age strain is identical in both layers as will be discussed
below in more detail.

IV. DISCUSSION

A. Splitting versus Shifting of Bragg Peaks

In this section we focus on the time region I (0 <
τ < Tsound) where we observe a splitting of the SRO
Bragg peak for the thicker sample. We perform numer-
ical lattice-dynamics calculations and use the results in
order to simulate the transient XRD response of the SRO
layer.

It has recently been shown that a linear-chain model
of masses and springs is well-suited to calculate the lat-
tice dynamics triggered by the quasi-instantaneous ther-
mal stress in SRO32. Moreover, the results of these cal-
culations can be easily used to accurately simulate the
transient x-ray response of such photoexcited nanolay-
ered samples employing dynamical XRD theory.30. We
therefore apply this toolbox to the present case of laser-
excited SRO layers of different thickness in order to elu-
cidate the general features of the structural dynamics.

The details of the linear-chain model simulations for
the calculation of the photoinduced lattice dynamics of a
thin SRO film on a STO substrate are given elsewhere32.
The essential ingredient is the assumption of an instan-
taneous rise of an isotropic thermal stress in SRO due
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FIG. 3. Calculated photoinduced strain field of the thicker
SRO layer on STO for selected time delays. The laser excita-
tion at τ = 0 launches coherent LA phonons which form sharp
strain waves propagating through the layer and the substrate.

to incoherently excited phonons at τ = 0. In a recent
UXRD study on hexagonal LuMnO3 anisotropic elas-
tic properties had to be accounted for which are due to
the lower crystal symmetry compared to SRO43. How-
ever, the SRO unit cell only slightly deviates from cubic
symmetry (pseudocubic) implying rather isotropic elas-
tic properties42. The fact that the thermal stress in
SRO builds up quasi-instantaneously has been proven
to be valid by several UXRD experiments on a few-ps
timescale30–32. In fact, very tiny phase shifts of pho-
toexcited coherent phonons modes in superlattices have
been observed which evidence a crossover from a finite
rise time (≈ 200 fs) to an instantaneous onset of the
displacive thermal stress24. Nonetheless, as we discuss
below, the assumption of an instantaneous driving force
is sufficiently good for the dynamics considered in this re-
port. In Section II we mention that the very fast electron-
phonon relaxation in SRO implies a thermal stress pro-
file given by the exponential absorption of the pump
light. Accordingly, we start our calculations by assuming
an exponential thermal stress profile with a 1/e decay
length defined by the optical penetration depth of SRO,
ξth = ξlit

opt = 52 nm27.
The spatio-temporal strain field for the thicker SRO

layer on STO resulting from the lattice dynamics cal-
culations is shown in Fig. 3. The laser-induced thermal
stress sets in at τ = 0. The instantaneous rise of this driv-
ing force coherently excites LA phonon modes up to very
high frequencies. In total, the superposition of all co-
herent phonons results in propagating strain wave fronts
starting at the air-SRO and SRO-STO interfaces where
the thermal stress is not balanced and exhibits large gra-
dients. In case of the 94.8 nm SRO layer whose thickness
is almost twice the optical penetration depth of 800 nm
light, ξlit

opt, the dominating strain front is an expansion

wave launched at the surface. The expansion wave start-
ing at the SRO-STO interface has much lower amplitude
but is still visible (blue line in Fig. 3). Thus the essen-
tial feature inferred from the calculations for the thicker
SRO layer is the generation of a propagating wave front
dividing the SRO layer into an expanded sublayer near
the surface whereas the remaining sublayer gets slightly
compressed in total for 0 < τ < Tsound (green and red
line in Fig. 3). The thickness of these sublayers is grad-
ually increasing and decreasing with time, respectively.
The slight compression of the decreasing sublayer is ad-
dressed in more detail below. At later times the coherent
strain waves have propagated into the substrate forming
a bipolar strain pulse45 leaving a stationarily expanded
SRO layer. A very small acoustic mismatch of SRO and
STO results in a negligible reflection coefficient of acous-
tic waves at the SRO-STO interface46. That is, the strain
waves do not travel back and forth several times inside
the SRO layer which would lead to a breathing mode of
this layer as observed in other material combinations or
in free-standing films47,48.

A closer look at the transient strain fields in Fig. 3
reveals that the propagating wavepackets are superim-
posed by a peculiar fine structure which is most pro-
nounced for the tensile component of the bipolar strain
pulse. Since we solve the differential equations of the
linear chain analytically these features are no numeri-
cal artifacts32. In fact, these high-frequency oscillations
are a characteristic feature of a discretized linear chain
and do not occur in elastic continuum models45. They
are a result of the fact that the motion on the linear
chain is essentially initiated at the surface and interface
due to the large gradients of the thermal stress at these
points. In addition to the initial displacement of the out-
ermost masses on the linear chain an oscillatory motion
of these is launched49. A thorough description of this
high-frequency component is out of the scope of this re-
port and shall be given elsewhere. Note that these high-
frequency modes require a very fast build-up of the ther-
mal stress to be efficiently excited, i.e. a sufficiently short
pump pulse and a fast electron-phonon relaxation. How-
ever, in real SRO and STO crystals at room temperature
the lifetime of acoustic phonons of such high frequency
is expected to be very short due to anharmonic phonon-
phonon scattering31,50,51.

In order to correlate the identified transient features
of the photoinduced lattice dynamics to the transient
signals in UXRD experiments we calculate the diffrac-
tion curves of the sample at each time step utilizing the
transient lattice deformations presented in Fig. 3. Fig-
ure 4(a) compares the numerical results with experimen-
tal data similar to the data shown in Fig. 1(d) but at
a higher pump fluence of 30 mJ/cm2 and without sub-
strate subtraction. The presented simulation accounts
for the instrument function of the PXS and assumes a
decay length of the thermal stress profile of ξth = 44 nm
to obtain a good match. This deviation from the optical
penetration length ξlit

opt is addressed below. The simula-
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FIG. 4. (a) Comparison of the transient diffraction curves
measured on the thicker SRO layer at the PXS (symbols)
with simulations (solid lines). The experimental data were
recorded at a pump fluence of 30 mJ/cm2. Time delay in-
creases from top to bottom and the curves are displaced for
clarity. The simulations employ an exponential thermal stress
profile with decay length ξth = 44 nm < ξlit

opt. (b) Transient
diffraction curve at τ = 6 ps (symbols) and simulations as-
suming different ξth.

tion reproduces the UXRD data very precisely. In par-
ticular, the splitting of the SRO Bragg peak and the in-
dividual shifts as the peaks decay and grow are in perfect
agreement. We can now correlate the features revealed
by the UXRD data to the structural dynamics obtained
from the numerical lattice-dynamics calculations (Fig. 3).
The initial rocking curve at τ = 0 represents the unex-
cited SRO layer. As discussed above, the photoinduced
thermal stress essentially launches a strain wave front
at the surface which generates a gradually growing ex-
panded sublayer. This rather thin expanded layer gives
rise to the appearance of the broad and weak extra peak
at lower angles. The peak grows as time delay increases
since the thickness of this expanded sublayer increases.
Simultaneously, the slightly negatively strained sublayer

decreases in thickness leading to the gradual disappear-
ance and broadening of the initial SRO peak. This ob-
servation immediately verifies the very fast generation of
the thermal stress which is required for the sharp division
into differently strained sublayers52.

The UXRD data also show a slight shifting of the indi-
vidual peaks to higher angles as they rise and fall. As ev-
idenced in Fig. 4(a), the simulation also accurately repro-
duces this behaviour. The reason of the transient shifts
of both peaks can also be found in the calculated lattice
dynamics and is related to the exponential profile of the
thermal stress and of the resulting layer expansion. As
can be inferred from Fig. 3, the expansion wave launched
at the surface gradually imprints an exponential expan-
sion profile into the SRO film. The average strain of
the expanded sublayer thus decreases as time increases.
Accordingly, the angular displacement of the related ris-
ing Bragg peak is largest just after time zero and slowly
decreases as time increases. The reason for the slight
shift of the initial peak is a little more subtle. In simple
words one may say that at early times the strongly ex-
panding near-surface region of the SRO layer increasingly
squeezes the less expanding near-interface region until
the entire layer is expanded. In general, a gradient in the
(instantaneous) thermal stress profile launches acoustic
sound waves. In the considered case, the most domi-
nant gradients appear at the surface and interface where
the sharp strain waves are triggered. However, also the
exponentially varying negative gradient inside the SRO
film is responsible for a compressive strain wave compo-
nent propagating towards the substrate. This compres-
sive strain component is dominant over the tiny tensile
strain wave from the SRO-STO interface (green and red
line in Fig. 3). Hence it causes an increasing compression
of the corresponding sublayer as time increases which is
represented by the slight shift of the initial SRO Bragg
peak towards higher angles. At later times it turns out
that the exponential gradient is also responsible for the
corresponding shape of the bipolar strain pulse in the
substrate (magenta and yellow line in Fig. 3).

The above explanations rely on the exponential depen-
dence of the thermal stress and thus expansion profile
which suggest that the particular shifting behaviour of
the two peaks is sensitive to, e.g., the decay length ξth
of these profiles. To verify this we performed simula-
tions with different values of this decay length. The final
strain of the SRO layer and thus the Bragg angle of the
SRO peak at late times is held constant. A comparison
of the transient rocking curve at τ = 6 ps with these
simulations is shown in Fig. 4(b). Indeed, the shorter
the decay length the more shifted is the rising (decaying)
peak due to a relatively larger average expansion (com-
pression) of the near-surface (near-interface) sublayer at
early times. Surprisingly, the best fit of the UXRD data
shown in Fig. 4(a) is achieved assuming a decay length
of ξth = 44 nm. As discussed in Section II, the extraordi-
nary fast electron-phonon relaxation in SRO should gen-
erate a thermal stress and expansion profile having a de-
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cay length ξth equal to the optical absorption length ξlit
opt.

However, the decay length deduced from the UXRD data
is significantly lower than the expected 52 nm. Even if
one allowed for any ballistic or diffusive thermal trans-
port before the energy is coupled into the lattice this
result could not be explained since these processes tend
to flatten out any gradients resulting in a longer decay
length.

There are two effects which could cause the unexpected
steepness of the observed expansion profile. First, the
optical penetration depth could possibly be different in
the considered thin films as compared to the bulk ma-
terial due to finite size effects and/or variations of the
optical constants by stationary strains that are induced
by epitaxy53,54. We performed spectroscopic ellipsome-
try measurements on the thick SRO layer and found an
optical penetration depth of ξexp

opt = 48 nm at a wave-
length of 800 nm. This value is indeed slightly smaller
than the literature bulk value of 52 nm27 but still signifi-
cantly larger than the lengthscale of the expansion profile
deduced from the UXRD data.

The second possible effect which could cause a steeper
expansion profile is a weak temperature dependence of
the Grüneisen parameter γ describing the ratio of ther-
mal expansion and deposited energy. In general, this
parameter is nearly material-independent and shows al-
most no temperature dependence, however, a slight in-
crease of γ with temperature can be observed in several
materials55. An increase of γ with T would cause a larger
expansion of the near-surface regions of the SRO layer rel-
ative to the deposited energy density profile which would
result in a steeper expansion profile as revealed by the
UXRD data.

In the following we briefly turn to the lattice dynamics
of the thinner SRO layer whose thickness is much smaller
than the optical penetration length of the 800 nm pump
light. Here, we can extend the concept of differently
strained sublayers. Since the deposited energy density is
comparable near the surface and interface, respectively,
the launched strain wave fronts are also similar in ampli-
tude. Accordingly, one finds three sublayers of different
strains which should in principle cause a more compli-
cated splitting of the layer Bragg peak. However, due to
the small thickness of the SRO layer the corresponding
Bragg peak is very broad and thus prevents any splitting
from being observed. The required strain amplitudes to
observe a splitting for the very thin film would be too
large. This complex splitting of Bragg peaks could pos-
sibly be visible on thicker layers of materials having an
accordingly larger optical penetration depth.

B. Universal Features of Lattice Dynamics in SRO
Thin Films

In the previous section we discussed the qualitatively
different UXRD signatures while the coherent strain
waves pass through the layer once (0 < τ < Tsound).
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FIG. 5. Transient average SRO strain for different ratios
d/ξth.

As already mentioned in section III, the transient shifts
appear very similar for the two thin films with different
thicknesses at times later than Tsound (region II and III).
Moreover, the transient weighted shifts (average strain)
are almost identical for all times. In the following we thus
address the evolution of the average layer strain and how
it depends on the ratio of the layer thickness d and the
decay length of the thermal stress ξth.

In order to investigate the effect of a varying ratio
d/ξth, we calculate the spatio-temporal strain fields for
the thick SRO layer (d fixed) at various values of ξth.
We then extract the transient average SRO strain nor-
malized to the final strain at τ > 2Tsound and plot the
results versus normalized time delay τ/Tsound in Fig. 5.
We identify three regions of qualitatively different lattice
dynamics which, however, show universal behaviour in-
dependent of the ratio d/ξth. In region I (0 < τ < Tsound)
the coherent strain waves cause the average SRO strain
to monotonically increase to 150% of the final thermal
expansion. This value of maximum strain does not de-
pend on the ratio d/ξth, however, the precise evolution of
the total SRO strain is influenced by the ratio. It changes
from linear to jump-like as the ratio decreases. Similar
observations hold for region II (Tsound < τ < 2Tsound)
but here we find a monotonically decreasing strain until
it reaches the final value determined by the pure thermal
expansion due to the increased SRO temperature. In
region III (τ > 2Tsound) the SRO strain remains quasi-
constant until it relaxes back to zero via heat diffusion
into the substrate on a nanosecond timescale (not in-
cluded in the model and not shown).

The quantitative difference of the total SRO strain evo-
lution is simply explained by the different shapes of the
strain waves launched at the surface and/or interface. In
case of d/ξth ≪ 1 (grey line in Fig. 5) square-like strain
pulses are launched at the surface and interface with com-
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FIG. 6. Transient normalized potential (solid lines) and ki-
netic energy (dashed lines) of the coherent strain waves inside
the SRO layer (red) and the STO substrate (black). The en-
ergies were derived from the calculation presented in Fig. 3.
Note that the potential and kinetic energy in the substrate
are identical and thus the respective curves are overlayed.
The black bullet indicates the point at which all normalized
energies are identical. This point is independent of ξth

parable amplitudes which results in the piecewise linear
evolution of the total strain. In contrast, if d/ξth ≫ 1
(blue line in Fig. 5) only a small portion underneath the
surface of the SRO layer is excited which then rapidly ex-
pands just after time zero. Moreover, a rather localized
bipolar strain pulse is launched45 which has a vanishing
integral strain as we discuss below. Around τ = Tsound
the bipolar strain pulse leaves the SRO layer and causes
the spike-like transient increase of the total SRO strain.
Altogether, Figure 5 evidences that the calculations pre-
cisely predict the average SRO strain dynamics derived
from the transient (weighted) shift of the SRO Bragg
peaks shown in Fig. 2. In particular, the slight differ-
ences of the red and blue data in Fig. 2 (SRO layers of
different thickness) can thus mainly be attributed to the
different ratios d/ξth.

The striking feature in Fig. 5 is that the normalized
total strain in the SRO layer at τ = Tsound and for
τ > 2Tsound (region III) is independent of the ratio d/ξth.
In particular, the maximum strain due to the coherent
phonon dynamics is always 50% larger than the steady-
state strain after 2Tsound due to incoherent phonons (i.e.
heat). To give an explanation we employ the potential
and kinetic energy of the coherent strain waves inside the
SRO layer and the STO substrate, respectively, which are
shown in Fig. 6. At τ = 0 the thermal stress is gener-
ated quasi-instantaneously by the absorption of the laser
pulse which increases the equilibrium distance of atoms
in the lattice. Therefore, the thermal stress gives rise
to an initial potential energy since the SRO layer is now
compressed relative to the new equilibrium state. The
kinetic energy is zero since no atomic motion has started

at this point. As explained in section IV A, the thermal
stress launches propagating strain waves inside the SRO
layer which is evidenced by the increasing kinetic and de-
creasing potential energy of SRO. The increase in both
kinetic and potential energy inside the STO substrate is
due to the corresponding strain pulse launched from the
interface into the substrate (cf. Fig. 3). At τ = Tsound all
energies are identical and the key point is that this ob-
servation is independent of the ratio d/ξth (not shown)
which is indicated by the black bullet. In particular, the
substrate-related energies reached half of their maximum
values since the compressive part of the bipolar strain
pulse has entered the substrate while the tensile part still
remains in the SRO layer. This implies that the integral
strain of the two individual parts of the bipolar strain
pulse (tensile and compressive) is equal but has opposite
signs. In contrast to the initially (τ = 0) compressed
state of the SRO layer relative to the new equilibrium
state after 2Tsound, the coherent superposition of the lon-
gitudinal strain waves at τ = Tsound results in a tensile
state relative to the new equilibrium (cf. Fig. 3). At
this point in time the potential energy of the SRO layer
dropped to 1/4 of its initial value. Since the potential en-
ergy generally is proportional to the square of the strain
we conclude that the relative expansion at τ = Tsound is
1/2 of the initial relative compression. Hence the max-
imum absolute strain relative to the unexcited state at
τ = Tsound has to be 150% of the equilibrium (thermal)
strain after 2Tsound.

As mentioned in section IV A the perfect acoustic
matching of SRO and STO prevents the coherent strain
waves from being (partially) reflected back into the SRO
layer. If there is a significant acoustic mismatch the
strain waves would travel back and forth until all vibra-
tional energy has been transferred to the substrate. This
would result in an oscillatory behaviour of the total SRO
strain as was observed by UXRD in a photoexcited Gold
layer on a Mica substrate47. The limiting case of such an
acoustic breathing of a metal film is represented by free-
standing films where the amplitude decay of the acoustic
waves is merely given by internal damping effects. Such
breathing of free-standing Al films has been studied by
femtosecond electron diffraction48. Ideally, the maximum
strain at τ = Tsound due to the coherent structural dy-
namics in an acoustically decoupled photoexcited thin
film is 100% above the steady-state thermal expansion
which is related to the displacive nature of the excitation
mechanism18,56. Any type of energy loss—be it coherent
by transmission losses into the substrate or incoherent
by internal damping and/or scattering—leads to a de-
crease of the maximum coherent strain at τ = Tsound. In
the present case of a semi-infinite substrate with perfect
acoustic matching the coherent strain maximum of the
metal layer is reduced by a factor of 2 since a part of the
initial potential energy is transferred to the substrate in
form of the compressive half of a bipolar strain pulse.
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V. CONCLUSION

In this report we address the issue of the one-
dimensional coherent structural dynamics in thin films of
metallic SrRuO3 (SRO) on a dielectric substrate SrTiO3
which are triggered by the absorption of ultrafast opti-
cal laser pulses. We show experimental results of UXRD
experiments which probe the photoexcited coherent lat-
tice dynamics of two SRO layers with different thick-
ness. The observed changes of the respective SRO Bragg
peaks exhibit qualitatively different features. In particu-
lar, the Bragg peak of the thicker SRO layer shows a tran-
sient splitting into two separated reflections which evi-
dences the propagation of sharp longitudinal strain waves
through the metal layer. These coherent wavepackets are
caused by the exceptionally fast electron-phonon relax-
ation previously identified in SRO9,24. Numerical models
accounting for the photoinduced structural dynamics and
dynamical XRD show excellent agreement assuming a
surprisingly small decay length of the thermal stress pro-
file of 44 nm. This deviation from the measured optical

penetration depth in these thin films may be attributed
to a temperature-dependent Grüneisen parameter. Fi-
nally, we analyze the UXRD-calibrated coherent phonon
dynamics in detail using the numerical simulations. The
UXRD features can unambiguously be related to the pre-
cise structural dynamics. We discuss the features specific
to the layers of different thickness (Bragg peak splitting
versus continuous shift) and identify a universal evolu-
tion of the total strain of a photoexcited thin metal film
of arbitrary thickness on a semi-infinite substrate. Our
work gives a very precise and UXRD calibrated picture
of the acoustic deformation of laser-heated metal layers
on a supporting substrate and carefully relates the tran-
sient structural features to UXRD signatures. We believe
that this work is very valuable for the quantitative inter-
pretation of time-resolved scattering experiments on the
complex photoinduced structural dynamics of crystalline
nanolayered structures such as thin films, multilayers and
superlattices.

We thank the BMBF for funding the project via grant
No. 05K10IP1 and the DFG via grant No. BA2281/3-1.
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We measured the ultrafast optical response of metal-dielectric superlattices by broadband all-optical pump-
probe spectroscopy. The observed phase of the superlattice mode depends on the probe wavelength, making
assignments of the excitation mechanism difficult. Ultrafast x-ray diffraction data reveal the true oscillation
phase of the lattice which changes as a function of the excitation fluence. This result is confirmed by the fluence
dependence of optical transients. We set up a linear chain model of the lattice dynamics and successfully simulated
the broadband optical reflection by unit-cell resolved calculation of the strain-dependent dielectric functions of
the constituting materials.

DOI: 10.1103/PhysRevB.85.224302 PACS number(s): 63.20.Ry, 42.65.Es

I. INTRODUCTION

Optical femtosecond spectroscopy is an established tool
to infer ultrafast dynamics in molecules and solids. Time
constants such as the exponential decay or the oscillation
period can often be directly ascribed to microscopic processes
such as relaxation or vibration. A detailed modeling of
the ultrafast optical response requires the quantum-chemical
modeling of molecular potentials in the case of molecular
systems or calculation of the dielectric function of solids.
With the broader accessibility of various experimental setups
for ultrafast x-ray diffraction (UXRD), the findings from all-
optical experiments can be cross-checked by directly looking
at the lattice motion, including a real time measurement of the
absolute atomic amplitudes. In the case of bulk semiconductors
UXRD allowed conclusions to be drawn on modifications
of the strain fronts induced by the fast diffusion of hot
carriers.1–3 For bulk bismuth UXRD in combination with
ab initio simulations revealed how the lattice potential changes
with the time-dependent carrier density.4 UXRD and ultrafast
electron-diffraction studies show that, for increasing excitation
fluence, electronic pressure gains importance versus phonon
pressure in metallic systems.5,6 All these processes influence
the oscillation phase of the excited phonons. In reverse,
measuring the oscillation phase elucidates the excitation
mechanisms.

The influence of Raman excitation has been discussed in
bulk systems, superlattices, and multilayers.7 Under strictly
nonresonant conditions this excitation causes a sine-like
phase of the lattice motion. In contrast the so-called dis-
placive excitation of coherent phonons (DECP)8 results in
a cosine-like lattice motion.9 DECP is exclusively observed
in opaque materials and can be described by the imaginary
part of the Raman tensor.10 Additional excitation mechanisms
which show a displaced equilibrium of the lattice oscillation

are surface charge screening, the photo Dember effect, or
heating of the lattice by rapid electron-phonon scattering.11

In many cases the oscillation phase was measured by all-
optical techniques and ascribed to the phase of the lattice
motion. Raman scattering with real and imaginary tensor
contributions is held responsible for the excitation of coherent
phonons in metallic systems (Cd, Zn, Zr) as well.12,13 In
the most intensively investigated material, the semimetal Bi,
the microscopic interpretation of the excitation is developed
in detail. Theory predicts the time-dependent change of the
interatomic potential during the relaxation of photoexcited
carriers.4,14 A similarly detailed interpretation of the excitation
in terms of quasiparticle generation is exemplified for Si.15

UXRD would yield direct experimental information on the
lattice motion in this case. However, there is only a single
UXRD experiment that measures lattice dynamics (polaritons)
induced by nonresonant Raman excitation.16

Several all-optical studies measured a fluence dependent
phase of oscillations, which was ascribed to the simultaneous
action of DECP and Raman mechanisms.17 Superlattices ex-
hibit phonon modes which are very well suited for fundamental
tests, as their periods can be tuned via the layer thickness.
Especially for UXRD experiments they yield high signal-to-
noise ratio of the experimental signal. The nanosized layers
support zone folded acoustic phonons18 with few-picosecond
oscillation periods, well suited for distinguishing tiny phase
differences. Optical excitation of the opaque constituent of a
superlattice yields a standing strain wave where the opaque ma-
terial is periodically expanded while the transparent material
is compressed. For GaAs/AlGaAs superlattices a UXRD study
under high fluence conditions revealed a dominant DECP
mechanism19 whereas all-optical measurements under low-
fluence conditions suggest the Raman mechanism.7 Although
it is well established to use such ultrafast structural techniques,
the problem of determining the arrival time of the x-ray or

224302-11098-0121/2012/85(22)/224302(6) ©2012 American Physical Society
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electron pulses with high precision relative to the pump pulse
persists. A direct and detailed comparison of ultrafast optical
response over a broad spectral range with the actual lattice
motion determined by ultrafast diffraction techniques under
identical excitation conditions is lacking.

In this contribution we revisit the metal-dielectric super-
lattice (SL) composed of SrRuO3 (SRO) and SrTiO3 (STO),
for which it was shown by UXRD measurements that there
are at least two contributing mechanisms for photoexcited
lattice dynamics: thermal expansion by electron-phonon and
phonon-phonon interaction and ultrafast magnetostriction.21

We present a fluence-dependent UXRD study which shows
a relative phase shift of about 130 fs of the lattice motion,
indicating that for high fluence the photon energy is coupled
more rapidly to the expansion. At high fluences the measured
phase of the lattice motion is consistent with an instantaneous
DECP mechanism within the experimental error. In broadband
optical reflectivity measurements we find that the oscillation
phase of the all-optical signal strongly depends on the probe
wavelength; however, we can confirm the relative shift of
the oscillation phase with fluence. To determine the absolute
phase of the lattice oscillation we perform a combined optical
pump-probe and UXRD experiment without moving any
components.

In order to better understand the broadband optical re-
sponse, the lattice dynamics are calculated in a masses-
and-springs model and calibrated in phase and amplitude
using the UXRD data. The calculated spatiotemporal strain
pattern is used to simulate the optical response by using the
strain-dependent dielectric functions of SRO and STO, where
the dependence ∂NSRO/∂η of the complex refractive index
NSRO on the strain η is the only freely adjustable parameter.
The agreement of these x-ray calibrated simulations with
the optical response is very good. These data directly show
that all-optical pump-probe data can exhibit nearly arbitrary
oscillation phases, even if the lattice dynamics are fixed.

II. SETUP AND EXPERIMENTAL RESULTS

The sample consists of 10 double layers of STO/SRO
(13 nm/7.5 nm) deposited by pulsed laser deposition on
an STO substrate.22 In all experiments presented in this
manuscript we use pump pulses with a wavelength of λpump =
800 nm. Figure 1(a) presents fluence-dependent UXRD data
recorded at the MicroXAS-FEMTO beamline of the Swiss
Light Source (SLS).23 The amplitude of the oscillation has
been analyzed24 and discussed previously.20 The according
strain amplitude is reproduced in Fig. 1(b). Panel 1(c) shows
the delay tosc

0 of the oscillation phase extracted from fitting the
data in panel 1(a) to an analytical function [Eq. (1)] describing
the sample response, which will be further discussed in
Sec. IV. In short, the symmetric superlattice-phonon mode
of the metallic/insulating superlattice is exited by expanding
the metal layers. For the highest fluence the oscillation starts
approximately 130 fs earlier. Figure 2(a) shows the transient
optical reflectivity of the sample at λprobe = 670 nm. The rapid
rise of the reflectivity originates from quasi-instantaneous
heating of the metal electrons. The rising edge determines
the arrival time of the optical pump pulse. The slanted arrows
indicate the delay of the oscillation for lower pump fluence. For

(a) (b)

(c)

FIG. 1. (Color online) (a) UXRD measurements of the (0 0 116)
reflection of the SRO/STO SL recorded at the SLS λpump = 800 nm
for different fluences. (b) Strain amplitude derived from the data in
panel (a) by comparison to a dynamical x-ray diffraction simulation
(Ref. 20). (c) Oscillation phase extracted from the measured data
using the fit function of eq. 1. The error bars correspond to a 68%
confidence interval from fitting the relative phase. The absolute phase
is obtained by comparison to the experiments at the laser-based
plasma source discussed in Fig. 4.

an accurate evaluation we subtract the incoherent background
(dotted line) and fit oscillations to the data. The resulting linear
fluence dependence of the amplitude is shown in Fig. 2(b). The
phase delay is plotted in Fig. 2(c) and compared to the UXRD
result. The excellent agreement suggests that indeed for low
fluence the oscillation is delayed by about 130 fs due to a finite
electron-phonon coupling time as the expansion is dominated
by phonon-phonon interaction. In contrast, for high fluence the

(a) (b)

(c)

FIG. 2. (Color online) (a) Measured optical reflectivity λprobe =
670 nm for different fluences. The dotted line indicates the incoherent
background contribution which is subtracted from each transient to
fit the oscillations and to plot Fig. 3(a). The thin dashed line shows
the UXRD measurement for comparison. (b) Oscillation amplitude
as a function of the fluence. (c) Comparison of the relative oscillation
phase of the optical signal (solid circles) to the phase determined by
UXRD [open squares reproduced from Fig. 1(c)]. The error bars of
the relative phase are determined from the maximum deviation of
phases in two measurement series. The absolute phase is shifted to
agree with the UXRD data.
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FIG. 3. (Color) (a) Experimentally measured change of the
optical reflectivity from λprobe = 500 to 780 nm at normal incidence
after exciting the sample at λpump = 800 nm as a function of
time delay. The electronic response and a slowly varying signal
contribution have been subtracted as exemplified in Fig. 2(a).
(b) Results from the simulation described in the text. The slowly
varying background has been subtracted as well. The simulations
show that the spectral position of the phase change at 560 and 720 nm
is given by an interference of light reflected from the surface and the
interface to the substrate.

time for coupling the energy into the expansion mode is so fast
that we cannot distinguish it from an instantaneous response.

Our broadband optical pump-probe setup is similar to those
reported in the literature,25,26 where a white-light continuum
serves as the probe pulse. Hence, we not only measure the
data at 670 nm (Fig. 2) but over the full visible range. The
analysis teaches us to interpret all-optical data with great care.
After subtraction of the slowly varying background for each
wavelength as exemplified by the dotted line in Fig. 2(a), the
broadband data exhibit complex dependence of the phase on
the probe wavelength [Fig. 3(a)].

A general problem in UXRD experiments is the precise
determination of the time zero. For all-optical pump-probe
data we cross-checked that the rising edge of the signal
corresponds to t = 0 by sum-frequency generation of pump
and probe in a beta-Barium-Borate (BBO) crystal. To
calibrate the time origin of the UXRD data, we repeated
the UXRD experiment at the laser-based femtosecond
diffractometer at the University of Potsdam.27 We removed
the x-ray optic which is used for the standard operation
of the diffractometer.27,28 The Bragg condition selects a
small angular range of the generated x-ray pulses which are
diffracted from the sample (hatched beam in the schematic
in Fig. 4). We introduce slits along this x-ray beam
to ensure that, after removing the copper tape for x-ray
generation, only laser photons propagating along this x-ray
probe path impinge on the sample, now as optical probe pulses.

To switch between optical and x-ray probes, only the copper
band and a 10 μm thick plastic film are removed from the beam
path. The optical probe pulse and the x-ray probe-pulse have

FIG. 4. (Color) (a) All-optical response measured in the same
configuration for λpump = 800 nm and λprobe = 800 nm. The
schematic shows the combined optical/x-ray pump-probe geometry.
Optical (red) and x-ray (green) probe pulses collinearly propagate
through a slit towards the sample. Both emerge from the laser focus
on the copper tape which generates the x-ray pulses and which is
removed for optical probing. (b) UXRD data from the laser-based
plasma source (red dots) with removed x-ray optics to precisely
determine the zero time delay. The signal is shifted by 250 fs to
earlier times with respect to the data as measured, according to the
analysis described in the text. For comparison we show the UXRD
data measured at the SLS [open circles, reproduced from Fig. 1(a)].
The blue line is the simulated UXRD signal based on the calculated
lattice dynamics. (c) Simulated average strain in STO (solid) and
SRO (dashed) pattern which is consistent with the observed x-ray
diffraction signal. (d) Simulated optical reflectivity for three selected
probe wavelengths. (e) Corresponding color-coded horizontal cuts
through Fig. 3(a).

the same geometric path. The optical path is different due to the
decreased group velocities c∗ in air for x rays (c∗

xray − c)/c <

10−6 and 800 nm light pulses (c∗
opt − c)/c = 3 × 10−4. The

300 mm path in air behind the laser focus makes the x rays ar-
rive 300 fs earlier than the laser pulse traveling the same path in
the all-optical experiment. In addition the laser passes through
5 cm of vacuum before the focus in the x-ray experiment, which
is replaced by an air path in the optical experiment, adding
another 50 fs to the time delay. A contribution in the opposite
direction is the additional time delay of the x-ray pulses due
to the propagation of electrons in the metal target before the
x-ray production. This leads to a temporally extended x-ray
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pulse with a duration in the 100–200 fs range29 as compared
to the 40 fs laser pulses. In essence this delays the x-ray pulse
by about 100 fs, since the leading edge of the x-ray pulse must
coincide with the optical excitation pulse as the first generated
x rays travel at the speed of light, and the trailing edge is
delayed by the x-ray pulse duration which is given by the hot
electrons moving through the copper target.30

In short, the time axis of the UXRD experiment must
be shifted by 250 fs with respect to the all-optical exper-
iment. Time zero is determined by the steepest slope due
to the electronic heating in SRO detected in the all-optical
experiment [Fig. 4(a)], which is consistent with the time
overlap determined in a thin BBO crystal for second-harmonic
generation. Now the UXRD signal is measured in exactly the
same configuration and plotted in Fig. 4(b) already shifted
as discussed above. For comparison the data from Fig. 1(a)
measured at the SLS are shown as well. Panel 4(c) compares
this to simulations discussed below, which also predict the
optical response for three selected wavelengths [panel 4(d)],
which are in excellent agreement with the measured data at
these wavelengths [panel 4(e)]. The pump fluence in both
the UXRD and the optical experiment was approximately
20 mJ/cm2. In total, Fig. 4 summarizes how time zero is
compared in all-optical and UXRD experiments and how
both data sets are linked to the simulation of lattice dynamics
discussed in the next section.

Earlier UXRD measurements on the very same STO/SRO
SL reported an additional delay of approximately 500 fs for
weak excitation.21,31,32 Very careful analysis of all experiments
shows that this discrepancy can be partly ascribed to a modified
oscillation phase for the higher pump fluence and partly to the
group-velocity delay of the optical pulses and x-ray pulses in
air which was neglected at that time.

III. SIMULATIONS

As a theoretical support of our interpretations, we have
set up a linear chain model of the superlattice in which
instantaneous stress is generated by optically induced heating
of the lattice. The elastic constants are known and the spatio-
temporal strain pattern has been previously calculated.33 On
the timescale t < 10 ps heat diffusion can be neglected and it
is not relevant for the stress generation.34 In the optical signal
it gives rise to a slowly varying background that is subtracted
before considering the oscillations. The average strain in the
SRO and STO layers resulting from this calculation is given
in Fig. 4(c). The simulated strain map with unit-cell resolution
is the common starting point to predict both the UXRD
signal [panel 4(b)] and the all-optical signal [panel 4(d)].
The simulated solid line in panel 4(b) is obtained from using
the calculated spatio-temporal strain pattern33 in a dynamical
x-ray diffraction simulation.20

To calculate the optical response we specify the complex
index of refraction N (z,t) = n + iκ for each unit cell along
growth direction of the superlattice for each timestep and
calculate the optical reflectivity in a standard optical matrix
formalism. For STO both the wavelength-dependent index
of refraction nSTO(λ) and its derivative dnSTO/dη = 0.5 with
respect to strain η are taken from the literature.35–37 The com-
plex refractive index NSRO(λ) = nSRO(λ) + iκSRO(λ) of SRO

is derived from the literature.38 The derivatives for SRO are
unknown and hence we use dnSRO/dη and dκSRO/dη as fitting
parameters to match the observed data simultaneously for all
probe wavelengths. We already obtain a reasonable agreement
[compare Figs. 3(a) and 3(b) and Figs. 4(d) and 4(e)] if we
assume dnSRO/dη = dnSTO/dη = 0.5 and dκSRO/dη = 1.5
independent of wavelength. Additional variations of the optical
constants with the wavelength could yield even more accurate
agreement. However, already at the current level of simulation
the agreement of the optical broadband data with simulations
presented in Fig. 3(b) gives us confidence in our interpretation.
From an experimental point of view the validation via UXRD
is a preferable cross-check.

IV. DISCUSSION

For t > 0 the UXRD signals can be well fitted by the
following function:

S(t)= − A sin

(
π

t − tosc
0

Tosc

)2

exp

(
− t − tosc

0

Tdec

)
− m

(
t − t lin

0

)
.

(1)

The shape of this fitting function is uniquely determined by
the physics contained in the simulation. The oscillatory part
originates from the excitation of a single zone-folded LA
phonon mode which modulates the x-ray diffraction structure
factor of the superlattice reflection, and the decay is essentially
due to the propagation of the excitation into the substrate.20 The
linear slope on the signal is explained by the shift of the Bragg
reflection due to the average heat expansion of the superlattice.

Such a simple fitting function does not exist for the
all-optical counterpart. Figure 3 illustrates that the optical
signals suffer from a beating due to the interference of probe
pulses reflected from the interfaces, from the phonons in
the SL, and from the propagating sound wave. Despite this
complicated situation, the straightforward simulation yields
excellent agreement.

Now we turn to the discussion of the phase shift observed
in both experiments. From the carefully determined time zero
of the UXRD signal with an accuracy of about ±100 fs, we
can directly conclude that the assumption of an instantaneous
stress generation in our simulation is very good, since the phase
of the signal at the highest fluence corresponds to a perfect
cosine, i.e., to a displacive excitation without considerable
additional delay due to electron-phonon coupling. The phase
of the lattice motion in the simulation is in good agreement
with by the UXRD measurement.

The fluence dependent study in Fig. 1 shows that for lower
fluence the lattice stress starts about 130 fs later, yielding
an estimate of the electron-phonon coupling time. Although
the absolute determination of the time zero is only accurate
within ±100 fs, the relative phase delay of 130 ± 50 fs is
determined with sufficient accuracy. The same clear trend is
observed in the oscillation phase of the all-optical signal at
670 nm [Fig. 2(c)]. Below a fluence of about 20 mJ/cm2 the
electronic pressure is likely negligible compared to the lattice
contribution to the expansion. Hence, below this fluence the
phase is set by the electron-phonon coupling time in SRO. In
the simplest models for metals, the electronic heat capacity
rises linearly with the temperature and the lattice contribution
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saturates to the Doulong-Petit limit. However, calculations
based on the electronic density of states (DOS) show that
for most metals this is not true under strong nonequilibrium
conditions.39 Since for the case of the bad metal SRO with
strong electron correlations, simulations of the DOS strongly
depend on the method used,40 and we do not attempt to predict
the electronic stress contributions.

In the semiconducting material InSb a phase shift of the
oscillations towards earlier times was observed for higher
fluence.2 This was attributed to a decreasing lattice heating
time for strong excitation, essentially because the reduced life-
time of LO phonons41 limits the carrier-lattice thermalization
dynamics.42 Similar arguments could apply in the case of SRO.
Specifically, the observation of an oscillation starting earlier
for higher fluence is in contrast to the observation of electronic
pressure in elementary metallic systems such as aluminum and
gold.5,6 In these metals a larger electron-phonon coupling time
leads to larger effect size in the opposite direction, namely
because the electron-lattice heat transfer takes longer for high
fluence. We cannot rule out that contributions from impulsive
Raman scattering play a role in the phase shift; however,
all processes in question—Raman, electronic pressure, lattice
heat expansion—scale linearly with the pump fluence in the
simplest models and would not explain a fluence dependence

of the phase. Therefore we think that time- and temperature-
dependent modification of the electron-phonon interaction
must be responsible for the observed phase delay.

In conclusion, we have presented ultrafast x-ray diffraction
(UXRD) and all-optical pump-probe experiments on the
metal-dielectric superlattice STO/SRO. Only the combination
of both methods allows one to experimentally deduce the
absolute phase of the optically induced lattice motion. From
fluence-dependent UXRD we extract a relative shift of the
oscillation phase of the lattice which is readily ascribed to
electronic pressure. The same fluence dependence of the phase
is observed in all-optical experiments. However, the complex
wavelength dependence of the broadband data highlight that
the oscillation phase of all-optical experiments must be
interpreted with care. Our x-ray calibrated simulations of the
all-optical data validates the detailed interpretation.
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12489 Berlin, Germany

dInstitut für Optik und Atomare Physik, Technische Universität Berlin, Straße des 17. Juni 135, 10623 Berlin, Germany

Abstract

The udkm1Dsim toolbox is a collection of matlab (MathWorks Inc.) classes and routines to simulate the structural
dynamics and the according X-ray diffraction response in one-dimensional crystalline sample structures upon an arbitrary
time-dependent external stimulus, e.g. an ultrashort laser pulse. The toolbox provides the capabilities to define arbitrary
layered structures on the atomic level including a rich database of corresponding element-specific physical properties.
The excitation of ultrafast dynamics is represented by an N -temperature model which is commonly applied for ultrafast
optical excitations. Structural dynamics due to thermal stress are calculated by a linear-chain model of masses and
springs. The resulting X-ray diffraction response is computed by dynamical X-ray theory. The udkm1Dsim toolbox is
highly modular and allows for introducing user-defined results at any step in the simulation procedure.

Keywords: ultrafast dynamics, heat diffusion, N-temperature model, coherent phonons, incoherent phonons,
thermoelasticity, dynamical X-ray theory
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Programming language: matlab (MathWorks Inc.)
Computer: PC/Workstation
Operating system: running matlab installation required (tested
on MS Win XP - 7, Ubuntu Linux 11.04-13.04)
RAM: matlab’s typical RAM requirement of 196MB is suffi-
cient for most simulations
Has the code been vectorized or parallelized?: parallelization for
dynamical XRD computations
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1. Introduction

Physics on the ultrafast time scales and nanometer
length scales has received enormous attention during the
last decade. Ultrafast X-ray diffraction (UXRD) tech-
niques allow for directly studying structural dynamics on
the atomic length and time scales. The knowledge of the
time-resolved structural response to an ultrafast optical
stimulus is essential for the understanding of various con-
densed matter phenomena.[1–4]

The udkm1Dsim toolbox is a collection of classes and
routines to model 1D crystalline sample structures on the
atomic level and to simulate incoherent (heat diffusion) as
well as coherent lattice dynamics (acoustic phonons) by
semi-coupled equations of thermoelasticity.[5, 6] The re-
sulting transient X-ray diffraction response for the 1D sam-
ple structure is computed by dynamical X-ray theory.[7, 8]
Due to the high modularity of the toolbox it is easy to in-
troduce user-defined procedures in between the simulation
steps. The complete package is written in the matlab
programming language and requires the installation of the
matlab software environment. In order to use the multi-
core capabilities of matlab the Parallel Computing has to
be installed but is not required for udkm1Dsim to work.
As a convention for this document, all files and directories
are formatted without serifs (./path/file.ext) and all mat-
lab code is written in typewriter format (code = [1 10]).
Furthermore, all physical quantities have to be input in
SI units and the same applies for all output variables.1

The latest udkm1Dsim package files can be downloaded
from www.udkm.physik.uni-potsdam.de/udkm1dsim in-
cluding a detailed documentation and example files. It
is highly recommended to be familiar with the basics of
matlab programming as well as with fundamental object-
orientated programming schemes. Please refer to the rich
matlab documentation on these topics for further help.

In the following, we introduce the implementation and
common workflow of the udkm1Dsim toolbox as well as
the underlying physical concepts. Please refer to the spe-
cific class documentations in the ./documenation/ folder of
the toolbox for detailed information on all available meth-
ods and properties. Finally, we provide examples of the
udkm1Dsim package which are compared with selected
ultrafast experiments on nano-layered thin film samples.

2. Implementation & Workflow

The udkm1Dsim package is developed as matlab tool-
box with a command-line/script-based user-interface. The
backbone of the fully object-orientated toolbox is a col-
lection of classes in the ./classes/ folder which hold the
complete logic for building 1D sample structures and to

1A helper class units is provided to easily convert physical quan-
tities.

calculate the ultrafast dynamics in these structures. Ad-
ditional helper routines (./helpers/) and material param-
eter files (./parameters/) are included to improve the user
experience.

2.1. Structure Generation

The common workflow of a simulation procedure is
to create a crystalline sample structure at the beginning.
This 1D structure is build of atoms which form unit cells.
Unit cells are then grouped to layers/sub-structures which
can be further nested, e.g. to build multilayer structures.
All physical properties which are necessary for the later
simulations are stored in this structural objects. The in-
volved files are atomBase.m, atomMixed.m, unitCell.m and
structure.m.

2.1.1. Atoms

The smallest building block for a structure is an atom,
which is represented by the atomBase class. Atomic prop-
erties are automatically loaded on construction of each
atomBase instance from the given parameter files, by pro-
viding the correct symbol of the desired chemical element:

C = atomBase('C');
H = atomBase('H');

By executing the command C.disp() all properties of the
corresponding atomBase object are displayed. Solid so-
lutions, i.e. stoichiometric atomic substitutions, can be
modelled by the atomMixed class. Here, atomBase ob-
jects can be added with an according relative amount to
the solution:

ZrTi = atomMixed('0.2 Zirconium/0.8 Titanium');
ZrTi.addAtom(atomBase('Zr'), 0.2);
ZrTi.addAtom(atomBase('Ti'), 0.8);

The resulting mixed atomic properties are the weighted
average of the constituent’s properties.

2.1.2. Unit Cells

The unitCell class holds most of the physical proper-
ties which are necessary for the further simulations. In ad-
dition to structural information, i.e. the position of atoms
in the unit cell, thermal and mechanical properties are
stored here. The only required parameters on initializa-
tion of a unitCell instance are a unique identifier (ID),
name, and the c-axis (lattice parameter normal to the sam-
ple surface) of the unit cell. All other properties can be
optionally handed over within a parameter struct on con-
struction, or can be added/modified later:

cAxis = 3.95e−10; % [m]
prop.soundVel = 5100; % [m/s]

.

.
prop.heatCapacity = 465; % [J/kg K]
% SrRuO3 − Perovskite
SRO = unitCell('SRO', 'SRO', cAxis, prop);

2
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After the construction of a unitCell object, one can add
atomBase or atomMixed object at relative positions in the
1D unit cell, e.g for the cubic SrRuO3 (SRO) perovskite
unit cell:

SRO.addAtom(Sr, 0 );
SRO.addAtom(O , 0 );
SRO.addAtom(Ru, 0.5);
SRO.addAtom(O , 0.5);
SRO.addAtom(O , 0.5);

All available unit cell properties can be easily displayed
by executing the command SRO.disp(). The position
of atoms in the unit cell can be visualized by executing
SRO.visualize().

2.1.3. Structures

The final 1D crystalline samples are represented by the
structure class which only requires a name on initializa-
tion. One can add any number of unitCell objects to a
structure, as well as nested substructures. An example of a
SrRuO3/SrTiO3 superlattice with 10 periods on a SrTiO3

(STO) substrate is shown in the listing below:

DL = structure('Double Layer');
% add 13 SRO and 25 STO unit cells to the DL
DL.addSubStructure(SRO,13);
DL.addSubStructure(STO,25);

S = structure('Superlattice Sample');
% add 10 DLs to the sample
S.addSubStructure(DL,10);
% add 1000 STO unit cells to the sample
S.addSubStructure(STO,1000);

In order to simplify the sample structure creation, all of the
above mentioned steps can be included in an external XML
file which holds all information on atoms, unit cells and on
the structure itself. Hence, it is easy to store structures
outside of matlab in a unified and open standard. An
example XML file is provided in the ./example/ folder
of the toolbox. In order to load the data from the XML
file into the matlab workspace one needs to execute the
following command providing the relative or absolute path
to the XML file:

S = structure('void', './structure.xml');

Again, the structure properties can be displayed with
the command S.disp() and the structure can be visual-
ized by S.visualize().

2.2. Simulation Classes

Besides the 1D sample structures, also all simulations
are programmed as classes and inherit from the super-class
simulation. All simulation-inherited classes provide
fundamental properties and methods for storing and load-
ing of simulation results from a so-called /cache/ folder.
The udkm1Dsim toolbox can decide independently by com-
paring a unique hash of all simulation input parameters

whether a simulation result (once calculated) can be loaded
from the cache folder or needs to be (re-)calculated. The
hash algorithm decides also which parameter changes are
relevant for a simulation model, e.g. a change of the sound
velocity of a unit cell does not change the result of the heat
diffusion calculation, however it does change the result of
the lattice dynamics simulation. Further functionalities of
the simulation class are to enable/disable any command-
line messages during the simulations, e.g. to display the
elapsed time for a simulation step, and to change the mode
of progress displaying.

In order to calculate the time-dependent X-ray diffrac-
tion response of a 1D crystalline sample structure to an
ultrafast stimulus the following three simulations steps are
necessary:

1. The excitation is described as temperature changes
in an N -temperature model with optional heat dif-
fusion which determines the temperature evolution
in the N coupled subsystems.

2. The resulting lattice dynamics due to thermal stress
possibly generated by any of the N subsystems are
calculated by a 1D linear-chain model.

3. Dynamical X-ray theory is applied to calculate the
UXRD response to the lattice dynamics.

These three steps are encapsulated in the simulation classes
heat, phonon, and XRD which all require a structure ob-
ject on initialization.

It is important to note, that each of the simulation
steps listed above may be executed independently with
user-defined inputs. Thus it is not necessary to execute the
heat and phonon simulations if the user needs to calculate
the X-ray diffraction result e.g. for artificial or externally
calculated lattice dynamics.

2.3. Thermal Excitation & Diffusion

The udkm1Dsim toolbox allows for different excita-
tion scenarios and optional thermal transport. The most
general model is an N -temperature model (NTM) which is
described in section 2.3.1.[9] However, for various exper-
imental cases it is convenient to simplify the simulation
procedure in order to save computational time.

In all cases it is assumed that the sample structure
is excited by a light pulse which is absorbed following
Lambert-Beer’s law:

I(z) = I0 e
−z/ζ , (1)

with ζ as optical penetration depth of the material for the
considered wavelength. Accordingly, one can define the
transmission and absorption in the material as follows:

τ =
I(z)

I0
= e−z/ζ , α = 1 − τ . (2)

The deposited optical energy is then given by the spatial
derivative of the absorption:

∂α

∂z
=

1

ζ
e−z/ζ . (3)
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The most simplified excitation scenario is represented by
an instantaneous temperature jump of the excited sample
structures (infinitely short laser pulse). This assumption is
generally valid if the excitation and thermal equilibration
between all N subsystems happen much faster than the
subsequent thermal and/or lattice dynamics. The instan-
taneous temperature jump at depth z can be calculated
from the energy absorbed by the corresponding unit cell
via:

∆E(z) =

∫ T2

T1

mc [T (z)] dT (z) , (4)

where T1 is the initial and T2 is the final temperature
of the unit cell, m is the unit cell mass, and c(T ) is the
temperature-dependent specific heat capacity. In order to
calculate the absorbed energy per unit cell at the depth z
in the sample structure one can linearize Eq. 3 for small
∆z in terms of energy instead of intensity to get

∆E =
∂α

∂z
E0 ∆z , (5)

where ∆z is the size of the according unit cell. The initial
energy E0 which is incident on the first unit cell can be
derived from the incident absorbed fluence F = E0/A,
where A is the area of a single unit cell. Hence, one has
to minimize the following modulus in order to obtain the
final temperature T2 of a unit cell after optical excitation:

∣∣∣∣∣

∫ T2

T1

mc [T (z)] dT (z) − E0

ζ
e−z/ζ∆z

∣∣∣∣∣
!
= 0 . (6)

In order to solve the above minimization problem it is nec-
essary that the heat capacity c(T ) is input as a polynomial
of any order, thus enabling matlab to integrate c(T ) al-
gebraically with respect to the temperature T .

The temperature jump resulting from the optical exci-
tation at t = 0 can be further used as initial condition for
solving the 1D heat diffusion equation:

c [T (z, t)] ρ
∂T (z, t)

∂t
=

∂

∂z

(
k [T (z, t)]

∂T (z, t)

∂z

)
(7)

including the thermal conductivity k(T ) and mass density
ρ of the individual unit cells. The udkm1Dsim toolbox
is capable of calculating the optical excitation and ther-
mal dynamics independently for a given sample structure,
thermal parameters, and excitation scenario. The corre-
sponding code listing for an excitation at t0 = 0 with a
fluence of F = 5 mJ/cm2 including heat diffusion for a
given sample structure S might look as follows:

% initialization of heat simulation
H = heat(S,forceRecalc);
% S − structure object
% forceRecalc − boolean
% enable heat diffusion
H.heatDiffusion = true;
% introduces SI units
u = units;

% temporal grid for heat simulations
time = (−20:0.1:200)*u.ps;
% initial temperature of the structure
initTemp = 300*u.K;
% define the excitation
F = 5*u.mJ/u.cmˆ2;
% the temperature profile is calculated:
[tempMap, deltaTempMap] = ...

H.getTempMap(time,F,initTemp);

Here, initTemp is the initial temperature of the sample,
which can be defined globally or per unit cell and the vec-
tor time defines the time grid of the calculation. The
actual numerical calculation is executed by the last com-
mand in the above listing and requires no further insight
into the involved mathematics. The udkm1Dsim toolbox
allows for more sophisticated excitation scenarios, such as
optical pulse sequences with arbitrary temporal pulse sep-
arations and durations as well as user-defined pulse energy
distributions. Please refer to the corresponding examples
for further details on this topic.

2.3.1. N-Temperature Model

The so-calledN -temperature model (NTM)[9] is a very
general model for laser heating of metals and semiconduc-
tors. In the NTM materials are described by N thermal
subsystems having individual temperatures Tj(z, t), heat
capacities cj(Tj), thermal conductivities kj(Tj) and cou-
pling terms Gj(T1, ..., TN ). The subsystems might be rep-
resented by e.g. electrons, lattice, or spins of the according
material:

c1(T1)
∂T1

∂t
=

∂

∂z

(
k1(T1)

∂T1

∂z

)

+G1(T1, ..., TN ) + S(z, t)

... (8)

cN(TN )
∂TN

∂t
=

∂

∂z

(
kN (TN )

∂TN

∂z

)

+GN (T1, ..., TN ) .

The udkm1Dsim toolbox limits the excitation of a struc-
ture with N subsystem to happen exclusively in the first
subsystem. The excitation can be either given as an ini-
tial condition due to an instantaneous temperature jump
(see above) or by a spatially and temporally varying source
term S(z, t). This source term is the energy flux per vol-
ume and time

S(z, t) =
∂2E

A ∂z ∂t
, (9)

where A is again the unit cell area. The spatial profile of
S(z, t) is given by the absorbed energy density from Eq. 3
and the temporal profile is limited to a Gaussian function,
which states as

∂2E

∂z ∂t
=
dα

dz
E0 σ(t) , (10)

with σ(t) as a normalized Gaussian function in time [s−1]
and E0 as the initial energy incident on the first unit cell.
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The resulting source term reads as follows:

S(z, t) =
dα

dz
F σ(t) . (11)

In order to enable the evaluation of the NTM it is nec-
essary to input all material properties in the structure as
N -dimensional cell arrays. Each element of the cell array
can be either a constant value for the according property or
an anonymous function of the jth subsystem temperature
Tj . In contrast to simple heat simulations with only a sin-
gle subsystem one needs to define the additional unitCell
property subSystemCoupling which represents the term
G(T ) in Eq. 9.

As it is necessary to solve the heat diffusion equation
the udkm1Dsim toolbox allows to define boundary con-
ditions of each subsystem, such as isolating boundaries,
constant temperature, or constant heat flux on either side
of the sample structure. Details on the broad capabili-
ties of the udkm1Dsim toolbox for thermal simulations
are given in the example files heatExample.m, heatNTmod-
elExample.m, and heatExcitationExample.m.

2.4. Lattice Dynamics

The optically induced temperature change usually in-
duce thermal stress in laser-heated materials. This ther-
mal stress eventually relaxes via thermal expansion which
is quantified by the linear thermal expansion coefficient:

α(T ) =
1

L

dL

dT
. (12)

Since the temperature change ∆T (z, t) for each unit cell
at each time step is known one can calculate the actual
thermal expansion of each unit cell by

l = ∆L = L1

(
e[A(T2)−A(T1)] − 1

)
, (13)

where L1 is the initial length (c-axis of the unit cell), A(T )
is the integral of α(T ), T1 and T2 denote the initial and
final temperatures of each unit cell, respectively. It is again
necessary to define α(T ) as a polynomial of any order of
the temperature T to enable matlab for simple and fast
algebraic integration.

The thermally expanded unit cells are only the final
state of the laser-excited crystal. In order to calculate
the transient lattice dynamics (including only longitudi-
nal acoustic phonons) towards this final state, we set up a
model of a linear chain of masses and springs in which each
unit cell represents a mass mi that is coupled to its neigh-
bors via springs with the spring constant ki = mi v

2
i /c

2
i (ci

- lattice c-axis, vi - longitudinal sound velocity):[10]

miẍi = −ki(xi − xi−1) − ki+1(xi − xi+1)

+miγi(ẋi − ẋi−1) + F heat
i (t) . (14)

Here xi(t) = zi(t) − z0
i denotes the shift of each unit cell

from its initial position. Furthermore, we introduce an
empirical damping term F damp

i = γi(ẋi − ẋi−1) and the

external force (thermal stress) F heat
i (t). In order to solve

this system of coupled differential equations for each of
the i = 1 . . .N unit cells the udkm1Dsim toolbox pro-
vides an analytical (phononAna) and a numerical model
(phononNum) which are described in detail below. Ex-
amples for both models are given in the example files
phononExample.m, and phononAnharmonicExample.m.

2.4.1. Analytical Solution

To obtain an analytical solution of Eq. 14 we neglect
the damping term F damp

i (t) and derive the homogeneous
differential equation in matrix form

d2

dt2
X = KX . (15)

Here X = (x1 . . . xN ) and K is the tri-diagonal force matrix.[10]
The matrix K can be diagonalized to obtain the eigenvec-
tors Ξj and eigenfrequencies ωj in order to find the general
solution

X(t) =
∑

j

Ξj (Aj cos(ωj t) +Bj sin(ωj t)) (16)

Mathematical details on the analytical model are given
in Ref. [10] and in the documentation of the phononAna

class. Generally, we use matlab’s capability to solve the
eigenproblem for K in order to get the results for X(t) for
each time step. One can implement the thermal stress as
new equilibrium position x∞

i (t)/initial conditions for the
general solution Eq. 16 by doing an according coordinate
transformation. The thermal stress [F heat

i (t)] can be mod-
eled as spacer sticks li in between the unit cells which are
calculated from Eq. 13.

As an example listing of the analytical solution of the
coherent phonon dynamics we continue the above code,
having the structure S, time and the results of the heat

simulation (tempMap,deltaTempMap) in memory.

% initialization of analytical phonon simulation
P = phononAna(S,forceRecalc);
% the strain profile is calculated:
strainMap = ...

P.getStrainMap(time,tempMap,deltaTempMap);

The matrix deltaTempMap is the temporal derivative of
the temperature profile tempMap. The analytical model
has the advantage that once the eigenproblem is solved
for a fixed K (fixed sample structure) the strain profile can
be easily solved for any excitation profile at any time. In
the case of a quasi-instantaneous excitation without heat
diffusion this results in an extremely fast calculation since
the initial conditions X(0) change only once for the ex-
citation. However, the analytical model becomes rather
slow for time-dependent thermal stress, because of the re-
calculation of these initial conditions for each time step.
Accordingly, the temporal variation of the thermal stress
due to damping has not been implemented in this model.
The main disadvantage of the analytical model is the limi-
tation to purely harmonic inter-atomic potentials which is
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overcome by the numerical model, described below. The
numerical model is generally also faster in the total com-
putational time and further accounts for phonon scattering
and damping effects.

2.4.2. Numerical Solution

Mathematical details on the numerical model for the
coherent phonon dynamics can be found in the documen-
tation of the phononNum class and in Ref. [11]. Generally,
we use matlab’s ODE solver to calculate the results for
Eq. 14 which can be simplified to

miẍi = F spring
i + F damp

i + F heat
i .

Here F spring
i = −ki(xi −xi−1)−ki+1(xi −xi+1) is the force

acting on each mass due to the relative shifts in respect to
the left and right neighboring masses. The numerical solu-
tion also allows for non-harmonic inter-atomic potentials of

up to the order M . Accordingly, ki = (k
(1)
i . . . k

(M−1)
i ) can

be a vector accounting for higher orders of the potential

which is purely quadratic (ki = k
(1)
i ) in the harmonic case.

Thus we can introduce the following term into F spring
i :

ki (xi − xi−1) =
M−1∑

j=1

k
(j)
i (xi − xi−1)

j , (17)

which accounts for the anharmonic interaction. In order
to calculate anharmonic phonon propagation, including
damping, one needs to set the according properties of the
unitCell object. For the example of the SRO unit cell
defined in Sec. 2.1.2 one has to write

SRO.phononDamping = 1e−12; % [kg/s]
SRO.setHOspringConstants([−7e12]);% [kg/m sˆ2]

which sets the damping constant to γSRO = 10−12 kg/s

and the second-order of the spring constant to k
(2)
SRO =

−7 × 1012 kg / m s2. The actual numerical calculation for
the coherent phonon dynamics is similar to the analytical
model expect for the initialization of the phononNum object
at the beginning:

% initialization of numerical phonon simulation
P = phononNum(S,forceRecalc);
% the strain profile is calculated:
strainMap = ...

P.getStrainMap(time,tempMap,deltaTempMap);

We want to highlight, that the analytical and numer-
ical lattice dynamics calculations share the same syntax
in order to calculate the strain profile after optical exci-
tations. In addition, the user can input any temperature
profile for the thermal stresses and is not limited to the re-
sults of the heat simulations. In accordance to the NTM
described in Sec. 2.3.1, the thermal stresses can account
for multiple thermodynamic subsystems in the sample by
introducing different unitCell linear thermal expansion
coefficients αj(Tj) for the jth subsystem.

2.5. X-Ray Diffraction

In order to probe transient lattice dynamics with atomic
resolution, time-resolved XRD techniques have emerged
as an appropriate method in experimental physics. The
udkm1Dsim toolbox provides methods to simulate the
static and transient XRD response of crystalline sample
structures. Due to the limitation to 1D sample structures
only symmetrical X-ray diffraction in co-planar geometry
is implemented. For the calculation of static XRD curves
(rocking curves) for homogeneously strained layers two dif-
ferent theoretical approaches are provided: kinematical
and dynamical XRD. In kinematical XRD theory (XRDkin)
the incident X-ray beam is unaffected by the crystal, since
absorption and multiple reflections are neglected.[12] In
the XRDkin class no refraction correction has been im-
plemented so far. However, the kinematical theory is a
rather fast analytical approach for thin crystal layers, ide-
ally imperfect mosaic crystals, and rocking curves at the
wings of Bragg peaks. For high quality crystals, thick crys-
tals, and rocking curves close to the maximum of strong
Bragg peaks, so-called dynamical XRD theory (XRDdyn)
should be considered.[8] Dynamical XRD theory accounts
for absorption, refraction, scattering, and multiple reflec-
tions (extinction) of the incident beam. In comparison
to kinematical theory, dynamical XRD is generally slower
to calculate due to its complex matrix formalism. How-
ever, in order to calculate the transient XRD response of
a 1D sample structure due to ultrafast lattice dynamics
only dynamical theory is implemented in the udkm1Dsim
toolbox, since here its matrix formalism has no disadvanta-
geous against the kinematical theory in terms of computa-
tional time. Examples on the applications and limitations
of the two models are given in the example file XRDexam-
ple.m.

For both theories the smallest scatterers in each struc-
ture are the individual atoms, whose scattering cross sec-
tions are given by the atomic form factor f .[8] Gener-
ally, these atomic form factors dependent on the energy
E and scattering vector qz = 2k sin (θ) of the incident X-
ray beam, where k = 2π/λ is the X-ray wave number and
θ is the incidence angle:[8]

f(qz, E) = fCM (qz) + δf1(E) − if2(E) . (18)

The dispersion corrections δf1(E) and absorption correc-
tion f2(E) have been experimentally determined[13] whereas
the angle-dependence fCM (qz) is a theoretical correction
from Hartree-Fock calculations.[14] The values of f(qz, E)
are automatically loaded and calculated from the accord-
ing parameter files by the udkm1Dsim toolbox for each
atom/ion for a given E and qz and the reader may refer
to the documentation of the atomBase class for further
details. In order to account for the polarization of the X-
rays one has to introduce a θ-dependent polarization fac-
tor P (θ) in kinematical and dynamical XRD calculations
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given by:[8]

P (θ) =





1 s-polarized

cos(2θ) p-polarized
1+cos(2θ)

2 unpolarized

(19)

2.5.1. Kinematical XRD

For the calculation of rocking curves using kinematical
theory one further introduces the structure factor of a unit
cell

S(qz , E, ǫ) =

N∑

i

fi e
−i qz zi(ǫ) . (20)

The structure factor S(qz, E, ǫ) is the summation of all
atomic form factors fi(qz , E) in a specific unit cell and
also depends on the lattice strain ǫ by the position zi(ǫ)
of the individual atoms in the unit cell. From Ref. [12]
one can now calculate the diffracted wave field amplitude
at the detector from a single layer of similar unit cells as
follows:

Ep =
i

ε0

e2

me c20

P (θ)S(qz , E, ǫ)

Aqz
, (21)

with e as electron charge, me as electron mass, c0 as vac-
uum light velocity, ε0 as vacuum permittivity, and A as
area of the unit cell in the plane normal to qz . For the
case of N similar planes of unit cells one can then write:

EN
p =

N−1∑

n=0

Epe
i qz z n , (22)

where z is the distance between the planes (c-axis of the
unit cells). The above equation can be simplified to

EN
p = Ep ψ(qz, z,N) , (23)

introducing the interference function

ψ(qz , z,N) =

N−1∑

n=0

ei qz z n =
1 − ei qz z N

1 − ei qz z
. (24)

The total reflected wave field Et
p of all i = 1 . . .M homoge-

neous layers is the summation of the individual wave fields
EN,i

p :

Et
p =

M∑

i=1

EN,i
p ei qz Zi , (25)

where Zi =
∑i−1

j=1(Nj zj) is the distance of the ith layer
from the surface. Finally, the actual reflectivity of the
sample structure is calculated by R = Et

p (Et
p)

∗.
In order to obtain the static kinematical rocking curve

of a given sample structure S one can follow the code listing
below:

% set the simulation parameters
E = 8047*u.eV; % X−ray energy
pol = 0.5; % mixed X−ray polarization

theta = (22:0.001:24)*u.deg; % angular range
% initialization of XRDkin simulation
K = XRDkin(S,forceRecalc,E,pol);
% set the qz−range by a theta−vector
K.setQzByTheta(theta);
% calculate the static rocking curve:
Rs = K.homogeneousReflectivity();

2.5.2. Dynamical XRD

In dynamical XRD theory a complex matrix formal-
ism is applied to calculate the reflection and transmission
of X-rays by individual atomic layers forming the sam-
ple structure.[8] The basic building blocks for this formal-
ism are the reflection-transmission matrices of the atomic
planes

H =
1

τ

( (
τ2 − ρ2

)
ρ

−ρ 1

)
, (26)

and propagation matrices

L =

(
exp(iφ) 0

0 exp(−iφ)

)
. (27)

The matrix elements are defined as follows:

ρ = −i
4 π re f(qz, E)P (θ) e−M

qz A
, (28)

τ = 1 − i
4 π re f(0, E) e−M

qz A
, (29)

φ =
qz d

2
, (30)

where re is the classical electron radius, M = (dbf qz)
2/2

with dbf2 = 〈u2〉 as average thermal vibration of the atoms
(Debye-Waller factor), and d is the distance between two
layers of scattering objects.

In order to obtain the final reflectivity of the sample
structure one has to carry out the according matrix mul-
tiplications of the H and L matrices. The reflectivity-
transmission matrix (RTM) of a single unit cell MRT is
calculated from the individual Hi of each atom and the
propagation matrices between the atoms Li:

MRT =
∏

i

Hi Li . (31)

For N identical layers of unit cells one can calculate the
N th power of the unit cell’s RTM (MRT )

N
instead of car-

rying out N matrix multiplications in order to save com-
putational time. The RTM for the homogeneous sample
Mhom,tot

RT consisting of K homogeneous substructures then
becomes:

Mhom,tot
RT =

K∏

k=1

(
M

(k)
RT

)Nk

. (32)

For the case of an inhomogeneously strained sample
one has to carry out the matrix multiplication for each
individually strained unit cell. Thus, the RTM of the in-
homogeneous sample M inhom,tot

RT containing m = 1 . . .M
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unit cells is calculated by:

M inhom,tot
RT =

M∏

m=1

M
(m)
RT , (33)

which is a rather expensive calculation since it has to be
carried out for all differently strained types of unit cells,
for all θ or qz, and for all time steps. The final reflectivity
R of the sample is the calculated from the matrix elements
of the 2 × 2 RTM matrix as follows:

R =
∣∣∣M tot

RT (1,2)/M
tot
RT (2,2)

∣∣∣
2

. (34)

In the following code listing we refer again to the results
of the heat and phonon simulations for the given sample
structure S introduced above. For the static case the syn-
tax for kinematical and dynamical XRD is similar. How-
ever, the simulation of UXRD from transient lattice dy-
namics which inevitable involves inhomogeneously strained
layers is only implemented in the XRDdyn class.

% initialization of XRDkin simulation
D = XRDdyn(S,forceRecalc,E,pol);
% set the qz−range by a theta−vector
D.setQzByTheta(theta);
% calculate the static rocking curve in 1 line
Rh = D.homogeneousReflectivity();
% calculate a reduced number of strains per unique
% unit cell in order to save computational time
strainVectors = ...

P.getReducedStrainsPerUniqueUnitCell(strainMap);
% calculate the transient XRD:
R = D.getInhomogeneousReflectivity(...

strainMap,strainVectors);

2.5.3. Parallel Computing

As mentioned before, the calculation of the transient
XRD result is very expensive in computational time, since
heavy matrix multiplications for all individually strained
unit cells in the sample, for all angles θ and time steps
have to be carried out. In order to speed up this calcu-
lations the udkm1Dsim toolbox uses matlab’s parallel
computing capabilities. The Parallel Computing Toolbox
has to be installed to enable this feature. In this parallel
mode the dynamical XRD results for the individual time
steps are calculated parallel, e.g. on a multi-core system
or computer-cluster2, since the results at different angles
and time steps are independent. The user can individu-
ally decide how to calculate the inhomogeneous reflectivity
by adding a third input parameter type to the function
call. The value of the type parameter can be 'parallel'
(default), 'distributed', or 'sequential', whereas the
latter case does not require additional licenses for the mat-
lab Parallel or Distributed Computing Toolbox:

2Cluster calculations require a matlab Distributed Computing
Server license.

type = 'sequential';
R = D.getInhomogeneousReflectivity(...

strainMap,strainVectors,type);

3. Examples

In this section we want to provide physical examples for
the application of the udkm1Dsim toolbox. The complete
example code can be found in the ./examples/ folder.

3.1. Bragg-Peak Splitting Evidences Inhomogeneous Ex-
pansion

Here we consider a 95 nm metallic SRO thin film on
a dielectric STO substrate which is photoexcited by an
ultrashort laser pulse. The excitation is modeled as in-
stantaneous temperature jump and we further neglect heat
diffusion. The temperature change at t = 0 is shown in
Fig. 1 a) and features an exponential decay in the absorb-
ing SRO layer in accordance with Eq. 1. Subsequent co-
herent phonon dynamics are calculated by the phononNum

class and the resulting spatio-temporal strain profile is de-
picted in Fig. 1 b).
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Figure 1: (Color online) a) Temperature change in the SRO thin film
after excitation at t = 0. b) Spatio-temporal strain profile due to
optical excitation of the SRO film. The SRO/STO interface is at
z = 95 nm.

Using the result of the phononNum simulation as input
for the dynamical XRD calculations (XRDdyn) we obtain
the UXRD response of the ultrafast excitation of the SRO
layer which is shown in Fig. 2 as a waterfall plot. Here,
the SRO Bragg peak splits up due to the excited lattice
dynamics and does not continuously shift. Details for this
example simulation and comparison to experimental data
can be found in Ref. [15].

3.2. Superlattice Oscillations

In this example a superlattice (SL) structure is excited
by an ultrashort laser pulse. The SL consists of 11 dou-
ble layers (DL) each of which is composed of 20 unit cells
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Figure 2: Waterfall plot of the SRO Bragg peak reflectivity for
different delays after excitation of the thin film. The SRO peak
splits up into two peaks instead of continuously shifting into its new
position.

of SRO and 38 unit cells of STO. The SL is grown on
an STO substrate. The excitation is again modeled as
instantaneous temperature jump at t = 0 neglecting ther-
mal transport. The temperature profile after excitation is
shown in Fig. 3 a). The comb-like temperature profile orig-
inates from the alternating metallic and dielectric layers in
the SL and exhibits an exponential decay towards the sub-
strate. Due to the excitation profile, a longitudinal optical
SL phonon mode, also known as zone-folded longitudinal
acoustic phonon (ZFLAP), is excited which results in the
complex spatio-temporal strain pattern shown in Fig. 3 b).
Here, the strain oscillation directly indicates the frequency
of the optical phonon mode.
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Figure 3: (Color online) a) Temperature change in the SL after ex-
citation at t = 0. b) Spatio-temporal strain profile due to optical
excitation of the SL film. The SL/Substrate interface is at z = 235
nm.

The SL structure also results in complex static XRD
signatures as can be seen in Fig. 4. This static rocking
curve is calculated by the XRDdyn class which allows to
access also the individual rocking curves of the repeated
substructures. The equidistant Bragg peaks originate from
the SL structure and are numerated as SLi. The most
intense Bragg peak is the STO substrate reflection.
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Figure 4: (Color online) The static rocking curve of the sample struc-
ture is convoluted with a Pseudo-Voigt function in order to account
for instrumental broadening. The Bragg peaks of the SL are numer-
ated as SLi. The colored lines represent the rocking curves of the
nested substructures in the sample.

The transient X-Ray diffraction calculations using the
coherent phonon result as input feature intensity oscilla-
tions of the SL Bragg peaks due to the excited longitudi-
nal optical SL phonon. The integrated intensities of the
SL0 and SL+2 Bragg peaks are plotted as transients in
Fig. 5. For the SL+2 peak a non-linear X-ray response is
observed. Details on this simulation and a comparison to
UXRD experiments are given in Ref. [16].
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Figure 5: The integrated intensity modulation of the SL0 and SL+2
Bragg peak are plotted over the pump-probe delay. The X-ray re-
sponse of the SL+2 shows even non-linear behavior.

3.3. Quasi-Monochromatic Phonon Wave Packet

In the last example a thin 15 nm SRO layer on an
STO substrate is excited by a pulse sequence of 8 ultra-
short laser pulses with a pulse separation of 7.2 ps in or-
der to generate a coherent quasi-monochromatic phonon
wave packet in the substrate. The average temperature
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in the SRO layer is plotted in inset of Fig. 6, where the
excitation is again modeled as instantaneous temperature
jump without heat diffusion. The corresponding transient
strain pattern is calculated by the phononNum class includ-
ing damping in the STO substrate. The waterfall plot in
Fig. 6 shows the subsequent generation of bi-polar strain
pulses in the substrate after each laser excitation.
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Figure 6: The strain profile for different pump-probe delays are
plotted as waterfall diagram. For better visualization, the graphs are
also shift along the x-axis. The amplitude of the thermal strain in the
SRO layer has a maximum of approx. 1 % and the amplitude of the
phonon wave packet is approx. 0.05 %. The inset shows the average
temperature in the SRO layer due to the multipulse excitation of the
sample.

From this strain pattern we can compute the according
transient X-ray reflectivity using the XRDdyn class. Fig. 7
depicts the side bands of the STO substrate Bragg re-
flection for different pump-probe delays. The rise of the
first-order side band at qz = 3.229 Å−1 and a second-order
side band at qz = 3.240 Å−1 become stronger after each
excitation of the sample. Details on this simulation and
comparison to experimental data can be found in Ref. [17]
and [18].

4. Conclusions

The udkm1Dsim toolbox enables the user to easily
build 1D crystalline structures on the atomic-level using
a rich database of element-specific physical parameters.
The excitation and thermal transport in such 1D struc-
tures is calculated within the frame of an N -temperature
model. The results are then plugged into an analytical or
numerical model for evaluating the dynamics of coherent
longitudinal acoustic phonon in the structure. Kinemat-
ical and dynamical XRD theory are provided to further
calculate the static rocking curves of the structures for
symmetrical Bragg reflections in coplanar diffraction ge-
ometry. The transient XRD response of the structures
due to coherent phonon dynamics is evaluated exclusively
by dynamical XRD theory.

The udkm1Dsim toolbox is programmed fully object-
orientated and highly modular in order to allow for user-
defined inputs at any step of the simulation procedure.
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Figure 7: The side bands of the STO substrate Bragg peak are
plotted for different pump-probe delays as waterfall diagram. The
rise of the 1st order side band at qz = 3.229 Å−1 and even a second
order at qz = 3.240 Å−1 of the excited phonon wave packet becomes
stronger after each pump event.

Hence the toolbox is not only applicable for the compar-
ison of experimental UXRD data to the introduced theo-
retical models but also as an educational/theoretical test
ground for students and researchers in the scientific field
of ultrafast structural dynamics and ultrafast XRD.
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We apply ultrafast X-ray diffraction with femtosecond temporal resolution to monitor the lat-
tice dynamics in a thin film of multiferroic BiFeO3 after above-bandgap photoexcitation. The
sound-velocity limited evolution of the observed lattice strains indicates a quasi-instantaneous pho-
toinduced stress which decays on a nanosecond time scale. This stress exhibits an inhomogeneous
spatial profile evidenced by the broadening of the Bragg peak. These new data require substantial
modification of existing models of photogenerated stresses in BiFeO3: the relevant excited charge
carriers must remain localized to be consistent with the data.

Multiferroics have a great potential for application due
to their possible coupling of ferroelectricity and mag-
netism [1–3]. BiFeO3 (BFO) is one of the few room
temperature multiferroics today [4–8] and of these the
only one that is a stable phase. Its relatively small
bandgap of approx. 2.7 eV [13] renders BFO an ideal
candidate for applications in spintronics and memory de-
vices [5] with a perspective for ultrafast optical switch-
ing similar to purely ferroelectric [14] or magnetic ma-
terials [15]. The photovoltaic effect in this complex ma-
terial and the underlying ultrafast carrier dynamics af-
ter above-bandgap femtosecond (fs) optical excitation
have been studied thoroughly [16–18]. All-optical exper-
iments showed that the rapid photoinduced mechanical
stress excites coherent phonons [22, 23]. The dynamics
of photoinduced strains were directly and quantitatively
measured in a recent synchrotron-based ultrafast X-ray
diffraction (UXRD) study with a temporal resolution of
100 ps [24]. Combined optical measurements revealed a
linear dependence of the transient strain and the number
of excited carriers over several nanoseconds (ns). This
led to the conclusion that depolarization field screening
(DFS) including macroscopic transport of the carriers to
the surface and interface could be the dominant stress
generating process, although the effect of excited anti-
bonding orbitals was not ruled out [24].

In this letter we report complementing UXRD ex-
periments at a laser-driven plasma X-ray source (PXS)
in order to monitor the coherent and incoherent lat-
tice dynamics in a BFO thin film sample with sub-
picosecond (ps) temporal resolution after above-bandgap

excitation. We observe a sound-velocity limited evolu-
tion of the structural response within 10 ps indicating a
quasi-instantaneous stress. The substantial Bragg peak
broadening is a direct evidence of an inhomogeneous spa-
tial strain profile. It appears quasi-instantaneously and
decays on nanosecond time scales as reconfirmed by new
synchrotron-based UXRD data recorded at the Advanced
Photon Source (APS). We obtain quantitative agreement
of the transient peak shift and broadening measured with
both setups and can firmly conclude that the photogen-
erated stress driving the film expansion has a strongly
inhomogeneous spatial profile in the 35 nm thick film.
We rule out a dominant thermal contribution since the
peak broadening after 1 ns is incompatible with the equi-
libration of temperature within a 35 nm thick film, irre-
spective of potential interface thermal resistance.

We propose a model of local charge carrier displace-
ment within the BFO unit cells after above-bandgap exci-
tation resulting in a lattice distortion possibly due to the
inverse piezoelectric effect which drives the expansion in-
stantaneously together with stress contributions resulting
from the population of antibonding orbitals. Subsequent
fast trapping of the excited charge carriers in the film
maintains the stress according to the optical excitation
profile over several ns until they decay radiatively [16].
Our experimental study provides an important bench-
mark for simulations of the photovoltaic response of ferro-
electric oxide materials [25, 26], which will have to predict
strongly inhomogeneous ultrafast and long lived charge
carriers.

We investigate the very same sample which was stud-
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FIG. 1. (Color online) (a) Rocking curves of the 0 0 2 pseu-
docubic Bragg reflections from the BFO layer and STO sub-
strate measured by the PXS. The solid black line is a sim-
ulation of the static rocking curve. (b) Measured transient
rocking curves (diffracted intensity in logarithmic scale). The
green dashed line indicates the extracted center of the BFO
peak.

ied in Ref. 24. The sample is composed of a d = 35 nm
thick pseudocubic (0 0 1) BFO film epitaxially grown on
a (0 0 1) STO substrate. The ferroelectric polarization
points along the [1 1 1] pseudocubic direction of BFO
and exhibits a four-fold symmetry with most of the po-
larization pointing towards the surface [27]. The direct
bandgap of this sample has been determined to 2.6 eV
[24]. At the excitation wavelength of λ = 400 nm the
optical penetration ζ = 32 nm [30] determines the exci-
tation profile following Lambert-Beer’s law.

The UXRD setups at the PXS and the APS have been
described elsewhere [31–33]. The PXS provides a tempo-
ral resolution below 200 fs at an X-ray photon energy of
8.047 keV (Cu Kα) and is operated in a convergence-
correction mode [34]. The X-ray and UV footprints
on the sample have diameters of approx. 300 µm and
1 mm (FWHM), respectively. The UV pump beam is p-
polarized and incidents under 40◦ from the surface. The
synchrotron based setup provides much higher stability
for long term measurements in the ns range, while exci-
tation and probing conditions are very similar [24].

Figure 1 (a) shows the static rocking curve of the 0 0 2
pseudocubic Bragg peaks of the BFO and STO substrate
as measured by the PXS together with a transient rock-
ing curve at t = 10 ps delay. The high crystalline quality
of the film is evidenced by the the static rocking curve
which coincides with the dynamical X-ray simulation for
a d = 35 nm thick perfect BFO film on STO including the
instrumental resolution. Figure 1 (b) shows the transient
rocking curves for the early delays from -10 ps to 25 ps
with the photoexcitation occurring at t = 0. The peak
shift of the BFO 0 0 2 pseudocubic reflection measures
the average out-of-plane strain (z-direction) in the layer:
−∆qz(t) ∝ 〈ε(z, t)〉z. The observed shift to smaller qz
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FIG. 2. Shift ∆qz of the 0 0 2 pseudocubic BFO Bragg peak
measured as a function of fluence at different delays. The
dashed and dotted lines represent linear fits.
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FIG. 3. The transient shift ∆qz (a) and the relative change
of the width ∆w/w0 (b) of the 0 0 2 pseudocubic BFO Bragg
peak. The APS data was measured at an excitation fluence
of F = 3.47 mJ/cm2 and the PXS data was scaled according
to the fluence calibration. The black solid line represents an
exponential fit of the APS data.

corresponds to an ultrafast expansion ∆c/c ≈ 5 × 10−3

of the BFO film along the surface normal without any
contraction features which were observed for the ferro-
electric material PbTiO3 (PTO) [25].

Figure 2 shows the linear dependence of the transient
peak shift on the absorbed fluence for selected delays
ranging from t = 0.01 ns to 15 ns and confirms that
data from the PXS and APS setups quantitatively agree
within a reasonable 50 % recalibration of fluences be-
tween the two laboratories. The linear fluence depen-
dence suggests that the origin of stress is the same for
early (ps) and late (ns) delays.

The transient BFO peak shift and width are plotted in
Fig. 3. The smaller peak shift of the APS data within the
first 50 ps originates from the limited temporal resolution
(100 ps) of the synchrotron-based experiments. The de-
cay of the shift is fitted by an exponential function with
a time constant (τ shiftdecay ≈ 2.29± 0.14 ns).

The width w inversely depends on the number of scat-
tering atomic layers (size broadening) and on the inhomo-
geneous strain-fields within the film (strain-broadening)
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[36, 37]. We can neglect mosaic-broadening for the high-
quality BFO film [38] and for the synchrotron-based APS
experiments instrumental broadening is negligible, too.

Although the link of the peak profile to the spatial
strain profile is non-trivial, we can assume that the
change of the width ∆w depends linearly on the varia-
tion ∆ε(z, t) of the strain: ∆w(t) ∝ ∆ε(z, t). If the layer
is homogeneously strained (∆ε = 0) no additional peak
broadening is observed (∆w = 0). The transient width
∆w reveals a significant inhomogeneous strain profile in
the BFO layer over the whole observed time scale. The
exponential fit in Fig. 3 (b) results in comparable decay
times for the width and shift: τwidth

decay ≈ 2.31 ± 0.92 ns.
This directly indicates that the spatial strain profile
does not equilibrate within the thermal relaxation time
τth = d2ρ c/κ = 850 ps of the d = 35 nm thick BFO layer
[39].

For delays t � 20 ps larger than the time it takes
strain waves to travel twice through the thin film at the
speed of longitudinal sound vBFO = 3.5 nm/ps [23], the
observed shift ∆qz is not only proportional to the average
strain but also to the transient stress according Hook’s
law ∆qz ∝ ε(z, t) ∝ σ(z, t). The similarity of the de-
cay times for the shift and broadening moreover suggests
that the transient stress σ(z, t) can be approximated by
a time-invariant spatial stress profile f(z) that decays in
amplitude A(t), i.e. no transport processes are relevant
to the driving stress: σ(z, t) = A(t)× f(z). We can then
directly link the peak shift ∆qz(t) to the amplitude A(t)
by: ∆qz(t) ∝ 〈σ(z, t)〉z ∝ A(t) × 〈f(z)〉z, as well as the
peak width by: ∆w(t) ∝ A(t)×∆f(z).

To elucidate the origin of the photoinduced stress at
very early delays (t ≤ 20 ps), where the stresses cannot
be calculated via Hook’s law, we simulate the BFO peak
shift from a 1D lattice dynamics simulation [40, 41] of
the strain profile ε(z, t) for the given stress

σ(z, t) ∝ A(t)× f(z) = H(t)
(

1− γ e−t/τrise
)
× e−z/ζ .

We explicitly use the optical penetration depth ζ =
32 nm and assume a time-dependent rise A(t) of the
stress which includes a quasi-instantaneous stress approx-
imated by the Heaviside step function H(t) and an addi-
tional stress component growing with the time constant
τrise. The transient stress is plotted in Fig. 4 (a) for sev-
eral relative strengths γ of the instantaneous and delayed
stress components [42]. We apply dynamical X-ray the-
ory to calculate the according rocking curves from the
simulated ε(z, t) in order to extract the transient peak
shift. We clearly obtain the best fit to the experimental
peak shift for γ = 0. In the examples shown in Fig. 4 we
used the timescale τrise = 2 ps, however, we have cross-
checked this statement with additional simulations using
longer timescales τrise for the delayed stress and also for
different spatial stress profiles. In essence this proves that
the dominant contribution to the stress is instantaneous
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FIG. 4. The black circles in (b) show the transient shift of the
0 0 2 pseudocubic BFO Bragg peak extracted from the data
shown in Fig. 1 (b). The black solid line represent the sim-
ulated peak shift for an instantaneous stress. The simulated
peak shift for a semi-instantaneous stress (gray dashed line)
and a fully diffusive-like stress (gray dotted line) both with a
time constant τrise = 2 ps, see text. The corresponding stress
amplitudes A(t) are plotted in panel (a). The gray Gaussian
at t = 0 in panel (b) indicates the temporal resolution of
200 fs of the PXS setup.

and spatially inhomogeneous.

We want to emphasize the importance of several key
parameters entering the simulation:

i. The temporal overlap of X-ray probe and UV pump
pulses (t = 0) was determined independently with an
accuracy of approx. ±100 fs [35].

ii. The film thickness was determined experimentally
by XRD measurements to d = 35 nm.

iii. We determined the longitudinal acoustic sound ve-
locity vBFO = 3.5 nm/ps independently by an oscilla-
tion of the layer thickness after photoexcitation [42] (not
shown) with good agreement to literature values [23].

The DFS model proposed as origin of the fast lat-
tice expansion in BFO [24] and in ferroelectric PTO [25]
requires free charge carriers to travel from within the
bulk material to the interfaces of the layer to screen the
depolarization fields. The ferroelectric polarization in-
creases while the carriers drift with velocity vd. The in-
verse piezoelectric effect would thus yield a finite stress
rise time τc which is required for the carriers to prop-
agate across the film. The typical charge carrier mo-
bility in ferroelectrics is between µ = 0.1 − 3.0 cm2/Vs
[43] and typical internal electric fields are in the range
of E ≈ 200 kV/cm [9]. Even for a high charge carrier
mobility of µ < 3 cm2/Vs this leads to τc = d/vd =
d/µE > 5 ps for the BFO sample which contradicts the
quasi-instantaneous stress that is required to drive the
ultrafast lattice dynamics, c.f. Fig. 4. We would further
expect a spatially homogeneous stress profile from the
DFS model due to the capacitor-like geometry in the film,
which is incompatible with the significant long-lived peak
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broadening shown in Fig. 3 (b). We conclude that the
depolarization field screening due to diffusion of charge
carriers cannot be a dominant process in BFO.

Unfortunately, the fluence dependent study (Fig. 2)
cannot differentiate between alternative stress mecha-
nisms, since all of them essentially depend linearly on the
fluence. In the DFS model this is only true for low flu-
ence, since the process saturates when the depolarization
field is fully screened [44]. For PTO [25] the saturation
occurs at excitation fluences of approx. 1 mJ/cm2. In
our experiment the strain in BFO remains linear up to
fluences of more than 4 mJ/cm2 (Fig. 2) with comparable
strain levels. At even higher fluences the BFO film starts
to degrade. Since only a very small number of the excited
carriers is sufficient to drive the stress in the DFS model
[24], the absence of strain saturation effect disfavors the
DFS model as well.

The thermal contribution to the stress can be quan-
titatively estimated: The electrons in the BFO film ex-
hibit an excess energy of approx. 0.5 eV in the con-
duction band when they are excited with 3.1 eV pho-
tons. This excess energy is transferred rapidly to the
lattice via electron-phonon coupling within 1 ps [16, 24]
resulting in a fast temperature increase of the lattice.
We calculate this temperature jump as ∆T = 44 K
averaged over the BFO film thickness for an excita-
tion fluence of F = 3.47 mJ/cm2 taking into account
the internal refraction of the pump light in the BFO
layer. This corresponds to a maximum thermal strain of
ε = 44 K×1.84×10−5 K−1 = 0.8×10−3 which accounts
only for a small fraction of the peak shift [Fig. 3 (a)].
A numerical simulation [41] of the heat diffusion assum-
ing bulk values [24] yields the timescale 5 ns for reducing
the average BFO temperature rise to 6 K. Even the artifi-
cial introduction of very large thermal interface resistance
[45] keeping the heat in the BFO layer would only explain
about half of the observed shift for t > 10 ns. More im-
portantly the long-lasting peak broadening shows that a
different mechanism must be in action.

The dominant mechanism right after excitation which
is still important after 10 ns must be driven by a strongly
inhomogeneous charge carrier distribution in the 35 nm
thin film. After excitation electrons may occupy anti-
bonding orbitals driving an expansion of the film. Since
the charge distribution in the excited orbitals is different,
this shift of electron density on a unit cell length scale will
influence the local ferroelectric polarization and trigger
stress via the inverse piezoelectric effect. The subtle dis-
tinction between the two processes can currently be given
by theory and experiments reported in the literature cor-
roborating our suggestion: UV pump pulses generate p-d
charge transfer (CT) excitonic states in BFO [16, 46].
The strong absorption edge smearing of the 2.6–2.8 eV
band [30, 47] and an additional weak 2.4 eV band su-
perimposed on its tail, measured by static spectroscopy,
point to a CT instability as well as self-trapping of p-d CT

excitons and the nucleation of electron-hole droplets [46].
The ultrafast CT after UV excitation strongly affects
the local ferroelectric polarization [46] as evidenced by
THz emission [19, 20] and leads to a quasi-instantaneous
piezoelectric stress in the BFO unit cells. Due to the
rapid trapping of the CT excitonic states the initial spa-
tial excitation profile is maintained and the temporal de-
pendence of the lattice strains is solely determined by
electronic recombination and not by additional diffusion
processes. Transient absorption data [24] and photolu-
minescence experiments [16] support this picture.

In conclusion, we applied UXRD experiments with
sub-ps temporal resolution to monitor transient lattice
dynamics in a multiferroic BFO thin film after above-
bandgap photoexcitation. The peak shift reveals a rapid
expansion that is only limited by the sound velocity, in-
dicating a quasi-instantaneous photoinduced stress. The
peak broadening indicates a strongly inhomogeneous spa-
tial stress profile for ps up to ns delays, excluding thermal
stresses as the dominant process. We propose a model
of a local charge carrier displacement within the BFO
unit cell after photoexcitation leading to an instanta-
neous stress due to the inverse piezoelectric effect. The
fast trapping of the involved charge carriers maintains
the spatial excitation profile until they decay radiatively
on a ns time scale. We believe that this information is es-
sential for testing theoretical models that can also predict
the contribution of the deformation potential from anti-
bonding orbital. The subtle distinction between these
processes could in principle be given by more nontrivial
UXRD experiments where an additional (e.g. electronic)
control over the polarization is implemented.
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We investigate coherent phonon propagation in a thin film of ferroelectric PbZr0:2Ti0:8O3 (PZT) by

ultrafast x-ray diffraction experiments, which are analyzed as time-resolved reciprocal space mapping in

order to observe the in- and out-of-plane structural dynamics, simultaneously. The mosaic structure of the

PZT leads to a coupling of the excited out-of-plane expansion to in-plane lattice dynamics on a

picosecond time scale, which is not observed for out-of-plane compression.
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Oxides are attractive constituents of future nanoelec-
tronic devices because of their broad spectrum of outstand-
ing physical properties, such as ferroelectricity and
ferromagnetism, and owing to the progress made in the
fabrication of high quality epitaxial heterostructures [1].
Epitaxial strain engineering and the careful choice of
mechanical and electrical boundary conditions enable a
direct influence on these functionalities [2–6]. Structural
defects and nanoscale inhomogeneities, such as disloca-
tions and domains, typically affect the properties of func-
tional oxides and have been extensively studied by
experiment and theory [7,8]. Ultrafast x-ray diffraction
(UXRD) emerged as a powerful tool to observe lattice
motion in real time [9–11] and has provided a deeper
insight in the structure-property relations of functional
oxides on ultrashort time scales. Recent femtosecond
x-ray scattering experiments on ferroelectric oxides
showed that electron screening induces an ultrafast piezo-
electric response of the lattice [12] and that in turn, the
deformation leads to a change of the polarization [13].
However, these experiments were conducted on rather
perfect epitaxial crystals. The influence of nanodomains
has been considered in experiments on transient phases
[14], but the role of static structural defects remained
unexplored on such an ultrafast time scale.

Here, we exemplify how ultrafast reciprocal space map-
ping (URSM) using a laser-based plasma x-ray source
yields direct additional information on the reversible
in-plane structure dynamics in a ferroelectric perovskite
PbZr0:2Ti0:8O3 (PZT) film which is solely induced by the
existence of dislocations typical of such materials. In
particular, the width of the PZT Bragg reflection reports
that tensile out-of-plane strain leads to drastically
increased damping. The energy dissipates into in-plane
strain which is evidenced by the in-plane component of
the reciprocal space map. Our results indicate that in mis-
matched epitaxial films of oxide materials, with their high

susceptibility to the formation of domains and dislocations,
in-plane phenomena emerge on a hundred picosecond time
scale. URSM yields the relevant information on lateral
lattice dynamics in such materials in which nanoscale
inhomogeneities inherently broaden the peaks in reciprocal
space. It is important to realize that such inhomogeneities
are a natural paradigm in oxides originating from compet-
ing phases with similar free energy rather than a result of
imperfect crystal growth [7]. A better understanding of
such time-domain effects in novel functional oxide mate-
rials will be important for studying the influence of struc-
tural defects on the ultrafast response of collective
phenomena, such as piezoelectricity.
As a typical structure, we grew a ferroelectric layer of

PZT and a metallic SrRuO3 (SRO) electrode layer onto an
SrTiO3 (STO) substrate by pulsed laser deposition (PLD)
[15]. The transmission electron micrograph (TEM) image
[Fig. 1(a)] shows layer thicknesses of dPZT ¼ 207 nm
and dSRO ¼ 147 nm, respectively. The average lattice

FIG. 1. TEM and AFM images of the PZT-SRO double layer
grown onto an STO substrate by PLD. (a) The cross section TEM
micrograph reveals that a minority of 90� a-domains are em-
bedded in the matrix of the c-axis grown tetragonal PZT film, as
proved by the AFM topography image in b) as well. Misfit
dislocations (MD) and threading dislocations (TD) formed at
the SRO-PZT interface and across the PZT film account for the
lateral inhomogeneity on a sub-100 nm length scale.
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constants normal to the sample surface derived from static

x-ray diffraction are cPZT ¼ 4:130 �A and cSRO ¼ 3:948 �A.
The TEM image [Fig. 1(a)] features only a few a-domains
in the PZT layer, which are domains with a polarization
vector pointing normal to the c-axis of the layer [15].
Accordingly, out-of-plane polarized domains are called
c-domains. The small amount of a-domains is confirmed

by the very weak scattering observed around 3:12 �A�1 in
the static and transient rocking curves in Figs. 2(a)–2(c).
We neglect these ferroelastic domains and the switching
between the 90� polarizations states in the further discus-
sion. Due to stress relaxation in the mismatched epitaxial
PZT film, misfit dislocations (MD) at the SRO interface

and threading dislocations (TD) expanding through the
entire layer are visible in Fig. 1(a) [15]. As a result, lateral
regions below 100 nm size are observable in PZT, whereas
the SRO layer is free of such inhomogeneities.
Nevertheless, the AFM topography in Fig. 1(b) reveals
that the mean roughness of the PZT surface is below 2 Å.
In order to characterize the response of the PZT film to

ultrashort stress pulses, we excited the SRO electrode
with near-infrared (800 nm) femtosecond light pulses
with a pulse duration of �opt ¼ 40 fs and monitored the

induced lattice dynamics by UXRD experiments at a laser-
driven plasma x-ray source (PXS) [16,17] in a pump-probe
scheme. The generated hard x-ray pulses [E ¼ 8:05 keV
(Cu K�), �x�ray ¼ 150 fs] were collected by a Montel

multilayer mirror and focused onto the sample with a
convergence of 0.3�. The diffracted photons were accumu-
lated with a CMOS hybrid-pixel area detector in classical
�-2� geometry. This allowed for detecting symmetrically
and asymmetrically diffracted x-ray photons at the same
time, avoiding time-consuming mesh scans in order to
measure reciprocal space maps (RSM) around specific
Bragg reflections [18–21]. Consequently, we acquired
information both on in-plane and out-of-plane structure
dynamics utilizing this time-resolved version of RSM.
The temporal overlap of the optical pump and x-ray probe
pulses was determined in an independent cross correlation
experiment [22] and was set to the delay 0 ps.
First, we discuss the conventional x-ray diffraction from

lattice planes parallel to the surface. Figure 2(a) shows the
�-2� scans for three different time delays between optical
pump and x-ray probe pulses. The black line represents the
unexcited lattice and we can confirm the lattice constants
of the three constituting materials from the respective
Bragg angles. The photoinduced dynamics are evident
from the changes of the three material specific Bragg
reflections, which are shown in Fig. 2(b). By fitting each
Bragg reflection for each material with a Gaussian, we can
extract the peak widthwzðtÞ (FWHM) and peak center czðtÞ
for each delay t in the qz dimension. For the later analysis,
it is convenient to introduce the peak shift szðtÞ ¼ czðtÞ �
czð0Þ. The absorption of the pump pulse takes place
exclusively in the SRO electrode layer, leading to a
quasi-instantaneous temperature rise. The heat expansion
of SRO by 0.35% is limited by the speed of sound in the
material and proceeds within 24 ps, evidenced by the shift
to smaller Bragg angles [23]. On the same time scale, the
substrate shows a tiny shoulder at the high-angle side
according to the compression of STO adjacent to the
expanding metal layer. Similarly, the PZT film is first
compressed by the strain imposed from the expanding
SRO; however, it expands after the strain wave is reflected
from the sample surface [24]. A detailed evaluation and
discussion will be given below.
While this evaluation of UXRD signals is straightfor-

ward and the example shows the power of the method, we
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FIG. 2 (color). Transient x-ray diffraction measurements and
static reciprocal space map of the PZT-SRO sample. (a) �-2�
scans of the structure around the (0 0 2) Bragg reflections of
PZT, SRO, and STO before excitation (black) and at delays of
maximum peak shift sz of PZT, at t ¼ 35 ps (red) and t ¼ 75 ps
(blue). (b) Transient �-2� scans for continuous variation of
�10< t < 125 ps. The horizontal dashed lines indicate the
delays of the selected plots shown in panels (a) and (d).
The solid black lines indicate the center of the Bragg peaks.
(c) The reciprocal space map of the PZT-SRO double layer
sample before excitation features a rather broad PZT peak in qx
direction. All peaks widths suffer from an additional broadening
due to the convergence and energy bandwidth of the incident
x-rays. (d) Intensity of the PZT peak integrated over the qz
dimension before excitation (black) and at delays of change of
peak width wx of PZT, at t ¼ 35 ps (red) and t ¼ 95 ps (blue).
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now discuss how to gain the information on the in-plane
dynamics. The RSM before excitation is shown as a con-
tour plot in Fig. 2(c). In general, the size of the reciprocal
lattice points in the RSM is inversely proportional to the
length scale of coherently scattering regions of the crystal
in the according in-plane and out-of-plane directions. The
additional broadening due to the instrument function of the
x-ray diffraction setup, which is mainly given by the 0.3�
convergence and Cu K� energy bandwidth of the incident
x-rays, can be seen in the peak profile of the structurally
perfect STO substrate in the RSM. Figure 2(d) shows the
diffraction signal integrated over the qz range of the PZT
peak. Similar to the convention above, we define the width
(FWHM) and shift for the qx dimension as sxðtÞ and wxðtÞ.
The large static value ofwPZT

x is consistent with the average
size of the lateral regions in the PZT layer of about 50 nm
observed in the TEM image [Fig. 1(a)]. In crystallography,
this broadening of wx can be described by the model of
mosaicity [25], assuming the crystal to consist of small
mosaic blocks. These blocks are homogeneous in them-
selves but the x-rays scattered from different blocks do not
sum up coherently. The in-plane size of the blocks defines
the lateral correlation length which is inversely propor-
tional to the broadening of the RSM in qx. Tilting of the
blocks can give rise to an additional broadening. These two
effects may be distinguished by measuring a RSM around
an asymmetrical Bragg reflection [18]. Figure 2(d) shows
that wx increases considerably for snapshots recorded after
the reflection of the strain wave at the sample surface.

In order to discuss our experimental results, we apply a
1D model of the sample structure to simulate the lattice
dynamics by a linear chain model of masses and springs
[26]. These simulations are well established to predict the
out-of-plane dynamics but do not consider the in-plane
dynamics directly. Therefore, we employ the out-of-plane
phonon damping as an adjustable parameter to couple
energy to in-plane motion. First, we calculate the tempera-
ture rise in the SRO after optical excitation [Fig. 3(a)] from
the laser fluence, absorption depth, and heat capacity of
this metal. The quasi-instantaneous thermal stress excites
coherent acoustic phonons (strain waves) which are
launched from the interfaces to the PZT layer and STO
substrate. Calculated strain profiles for different delays are
depicted in Fig. 3(b). Since heat diffusion from the SRO
into the PZT layer can be neglected on this short time scale
(�100 ps) [27], the PZT lattice dynamics are exclusively
determined by the compression wave traveling from the
SRO-PZT interface to the PZT-air interface. Here, the
strain wave is reflected and converted into an expansion
wave traveling back to the SRO layer and further into the
STO substrate. Due to the good acoustic impedance match-
ing of the three materials, we neglect reflections at layer
interfaces.

From the simulated spatiotemporal strain map, the
resulting transient changes of the x-ray diffraction profile

in qz dimension for the PZT and SRO layers are calculated
by dynamical x-ray diffraction theory [28]. Taking the
elastic constants of each material, we can use the damping
of coherent phonons by impurities and coupling to in-plane
motion as adjustable parameters. Figures 4(a), 4(b), 4(d),
and 4(e) show the excellent agreement of the simulated
x-ray diffraction data with the measured values for sz
and wz.
The peak shift sz is a measure of the change of the

average c-axis lattice parameter of the PZT and SRO
layers, which was qualitatively discussed above. The
change ofwz essentially reflects the inhomogeneous strain,
which in SRO is given by the short absorption length of the
optical pump light leading to a stress exponentially decay-
ing with z. Initially, SRO only expands near the PZT
interface. At 12 ps after excitation, the expansion wave
has propagated through half the SRO layer, which leads to
a maximumwSRO

z [Fig. 4(d)], that in fact reflects a splitting
of the SRO Bragg peak [23,26]. Due to the peak splitting,
the Gaussian fit indicates a compression of the SRO layer
for sSROz as long as only a small fraction of SRO is
expanded. Similarly to SRO, wPZT

z rises and the peak shifts
to larger angles as the compression travels through the PZT
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FIG. 3 (color). Simulation results for the temperature gradient
and lattice dynamics after optical excitation. (a) The optical
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stronger damping transforming it into a smooth and broad strain
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layer [Figs. 4(b) and 4(e)]. Later, sPZTz becomes negative
when the sound wave is reflected at the surface (t > 50 ps)
and propagates back to the substrate. wPZT

z is much smaller
for t > 50 ps although the tensile strain during expansion,
sPZTz , has nearly the same magnitude as the preceding
compression. This implies that the strain pulse in PZT
broadens in space rendering the layer less inhomogene-
ously strained when the layer expands.

In order to fit these four transient data sets for PZT
and SRO [Figs. 4(a), 4(b), 4(d), and 4(e)] simultaneously
in our simulations, we have introduced phonon damping in
PZTas the only free parameter. The best fit for the four data
sets was achieved when the damping factor in PZT is
chosen 50 times larger for expansive out-of-plane strain
compared to compressive strain of the same magnitude.
The according results are plotted as solid black lines in
Figs. 4(a), 4(b), 4(d), and 4(e). The grey dotted lines
represent the results for a constant damping factor in
PZT for expansion and compression. We can exclude
pure surface scattering as the reason for the asymmetric
damping behavior since this would lead to a much smaller
amplitude of sPZTz in order to achieve the same decrease of
wPZT

z for the expansive strain. The increase of the damping
in PZT is visualized in Fig. 3(b) where the colored lines
(t > 50 ps) show a smooth out-of-plane expansion,
whereas the greyish lines (t < 50 ps) show the inhomoge-
neous compression before the reflection at the surface
changes the sign of the strain wave.

From our lattice dynamics simulations, we can also
determine the kinetic (dashed-dotted blue), potential
(dashed red), and total (solid black) energy density of the

out-of-plane coherent phonons in each layer [Figs. 4(g)
and 4(h)]. We introduced the phonon damping in PZT to
couple energy to lateral phonons. This energy is essentially
the difference of the total energy of out-of-plane coherent
phonons in PZT with and without damping. The result is
plotted in Fig. 4(i) where the grey dotted line corresponds
again to the case of constant damping. The increase of the
lateral energy density in PZT [Fig. 4(i)] goes along with a
considerable increase of wPZT

x that reflects a change of the
inhomogeneity in-plane, probably because the lateral
blocks develop an inhomogeneous in-plane strain that is
dynamically coupled to the out-of-plane motion according
to the Poisson ratio [Fig. 4(f)]. We do not observe the
converse effect during the compression of the PZT layer
(t < 50 ps). The horizontal arrow in Fig. 4(f) indicates the
time scale of the buildup of the lateral strain of approx.
50 ps. We can link this time scale to a lateral length scale of
approx. 200 nm via the sound velocity of PZT of
4:6 nm=ps. This time scale agrees well with the in-plane
block size observed in the TEM image in Fig. 1(a) and
wPZT

x of the static RSM in Fig. 2(c).
The analysis of the measured signal alone already sug-

gests the following interpretation: The expansion of SRO
sends a compression wave into PZT. The in-plane mosaic-
ity or nanoinhomogeneity is unchanged during this period.
When the strain changes sign upon reflection at the surface,
PZT expands and according to Poisson ratio, the mosaic
blocks must now laterally contract. The in-plane inhomo-
geneity is increased as millions of in-plane contraction
waves start at all the lateral dislocations. We conclude
that only out-of-plane expansion of PZT couples energy
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to in-plane dynamics and that this effect is essentially
suppressed for out-of-plane compression since this would
have to expand the mosaic blocks, which is sterically
forbidden by the adjacent blocks. This compares favorably
with our simulations of the out-of-plane lattice dynamics,
requiring an increased damping for the expansion wave in
the PZT, which can be understood as an increase of the
coupling between in-plane and out-of plane lattice
motions.

In conclusion, we have demonstrated the first measure-
ment of the lattice dynamics in a structurally imperfect thin
film by ultrafast reciprocal space mapping (URSM). We do
not only extract the changes of the lattice constants, i.e., the
expansion and compression of materials perpendicular to
the surface. In addition, we quantify the coupled response
in plane, which turns out to be significantly enhanced for
out-of-plan expansion, as it provides the in-plane contrac-
tion necessary for the atoms to start moving. URSMwill be
an important method for understanding the ultrafast
response of oxide crystals with their natural tendency to
form nanoscale inhomogeneities.
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Abbrevations

1D one-dimensional

APS Advanced Photon Source

BESSY Berliner Elektronenspeicherring-Gesellschaft für Synchrotronstrahlung m.b.H.

BFO BiFeO3

BSD Berkeley Software Distribution

BST (Ba0.7Sr0.3)TiO3

DECP displacive excitation of coherent phonons

DFS depolarization field screening

ESRF European Synchrotron Radiation Facility

FEL free electron laser

IfG Institute for Scientific Instruments GmbH

LCM linear-chain model

LSMO (La0.7Sr0.3)MnO3

NTM N -temperature model

PXS plasma X-ray source

PZT Pb(Zr0.2Ti0.8)O3

RLP reciprocal lattice point

RSM reciprocal space mapping

SAXS small-angle X-ray scattering

SL superlattice

SLS Swiss Light Source

SNR signal-to-noise ratio

SRO SrRuO3
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Abbrevations

STO SrTiO3

TTM two-temperature model

URSM ultrafast reciprocal space mapping

UXRD ultrafast X-ray diffraction

WAXS wide-angle X-ray scattering

XRD X-ray diffraction

XRR X-ray reflectivity

ZFLAP zone-folded longitudinal acoustical phonon
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gewesen wäre. Andreas Pucher möchte ich für seine guten Tipps im Bereich Elek-
trotechnik danken, die meine Arbeit um einige seltene Lötarbeiten bereichert
haben.
Dr. Ionela Vrejoiu und Prof. Darrell Schlom danke ich für die Bereitstellung
der hier untersuchten Proben, welche durch ihre außergewöhnliche strukturelle
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Selbständigkeitserklärung
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Ich erkläre, dass ich mich nicht für einen Doktorgrad anderwärts beworben habe und auch
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A. Appendix

A.1. Additional papers

The following papers are added to the thesis for completeness, although they are not
part of the main scope of this work. I contributed to these papers mainly by performing
measurements at the PXS, by discussing physics, and by commenting on the manuscripts.
For Paper XVI, I also wrote most part of the manuscript by myself. All of my individual
contributions to these papers are listed in Chapter 2.

123





Paper IX

Tailoring interference and nonlinear manipulation of femtosecond x-rays

M. Herzog, D. Schick, W. Leitenberger, R. Shayduk, R. M. van der Veen, C. J. Milne,
S. L. Johnson, I. Vrejoiu, and M. Bargheer

New J. Phys. 14, 1 (2012)

125





T h e  o p e n – a c c e s s  j o u r n a l  f o r  p h y s i c s

New Journal of Physics

Tailoring interference and nonlinear manipulation of
femtosecond x-rays

Marc Herzog1, Daniel Schick1, Wolfram Leitenberger1,
Roman Shayduk2, Renske M van der Veen3,4,
Christopher J Milne3,4, Steven L Johnson3, Ionela Vrejoiu5

and Matias Bargheer1,2,6

1 Institut für Physik und Astronomie, Universität Potsdam, Karl-Liebknecht-Str.
24-25, 14476 Potsdam, Germany
2 Helmholtz-Zentrum Berlin für Materialien und Energie GmbH,
Hahn-Meitner-Platz 1, 14109 Berlin, Germany
3 Swiss Light Source, Paul Scherrer Institut, 5232 Villigen PSI, Switzerland
4 Laboratoire de Spectroscopie Ultrarapide, Ecole Polytechnique Fédérale de
Lausanne, 1015 Lausanne, Switzerland
5 Max-Planck-Institut für Mikrostrukturphysik, Weinberg 2, 06120 Halle,
Germany
E-mail: bargheer@uni-potsdam.de

New Journal of Physics 14 (2012) 013004 (9pp)
Received 14 August 2011
Published 6 January 2012
Online at http://www.njp.org/
doi:10.1088/1367-2630/14/1/013004

Abstract. We present ultrafast x-ray diffraction (UXRD) experiments on
different photoexcited oxide superlattices. All data are successfully simulated
by dynamical x-ray diffraction calculations based on a microscopic model,
that accounts for the linear response of phonons to the excitation laser pulse.
Some Bragg reflections display a highly nonlinear strain dependence. The origin
of linear and two distinct nonlinear response phenomena is discussed in a
conceptually simpler model using the interference of envelope functions that
describe the diffraction efficiency of the average constituent nanolayers. The
combination of both models facilitates rapid and accurate simulations of UXRD
experiments.
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A large variety of x-ray optics that can be used to monochromatize, focus and analyze the phase
of hard x-rays have been invented and realized. Many of them have become standard tools in
x-ray science [1] and some more recent developments include e.g. hard-x-ray interferometers
with microelectronvolt resolution [2] and nanointerferometers based on refractive lenses [3].
Of particular interest is understanding the manifold physical processes in solids on atomic
length and time scales for which hard x-rays providing a subpicosecond time resolution are
mandatory [4–8]. Several methods to modify the time structure of x-ray pulses or pulse trains
have been reported [9–11]. The concept of exploiting phonons in solid samples generated by
femtosecond laser pulses as an ultrafast gateable x-ray mirror [12] has very recently been
experimentally implemented using a layered nanostructure composed of the perovskite oxides
SrTiO3 (STO) and SrRuO3 (SRO) [13]. The authors observed a giant response of a particular
Bragg peak showing an intensity increase by a factor of 25 with a gating time of less than 1 ps.
The general mechanism was explained as resulting from the expansion of the metallic SRO
nanolayers and the concomitant compression of the STO nanolayers that consequently alters
the structure factor of the observed Bragg reflection. The artificial spatial layering period was
found to set the time scale of the transient gate and the measured diffraction curves could be
simulated rather precisely, however, a detailed understanding of the ultrafast x-ray response
required for purpose-oriented designing of nanostructures was lacking.

In this paper, we present a detailed analysis of the simulation of transient 2–22 x-ray
diffractograms of periodically layered epitaxial nanostructures, also called superlattices (SL).
We show numerical calculations obtained from combined results of (i) a linear-chain model
computing the photoexcited lattice dynamics of a given sample [14] and (ii) fully dynamical
x-ray diffraction (XRD) calculations. In the following, we refer to these combined linear-chain
and dynamical XRD calculations as LCDX. The predicted features of the transient intensities
of SL Bragg reflections—including linear and highly nonlinear responses to phonon
amplitudes—are interpreted by a conceptually simpler envelope model (EM) that merely
considers homogeneous deformations of the single layers. The EM already demonstrates key
features that lead to the distinct nonlinear XRD dynamics of such SLs. A comparison to results
of ultrafast x-ray diffraction (UXRD) experiments on two different SLs shows the very high
degree of precision achieved by the LCDX. The presented analysis will be very valuable
for the interpretation of UXRD data in general, and specifically for creating novel devices
based on such nonlinear phenomena that utilize the tailorable x-ray interference in artificial
nanostructures.

We test our numerical calculations by applying them to two different epitaxial SL samples
both composed of metallic and dielectric perovskite oxides. In particular, we consider the
previously investigated SL [SRO20/STO38]11 [13] and a SL containing the ferromagnetic metal
La0.7Sr0.3MnO3 (LSMO), namely [LSMO23/STO35]15. The index of each component represents
the number of perovskite unit cells per layer, and the overall index gives the number of repeat
units of the double layer (DL). This structural characterization of the samples was done by
matching 2–22 diffractograms with simulations utilizing dynamical XRD theory according to
the Darwin formalism [15]. Figures 1(a) and 2(a) show the XRD measurements (gray bullets)
and the corresponding simulations (red solid line) for SRO/STO and LSMO/STO, respectively,
without any laser excitation. In the following, we develop the EM that explains the particular
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Figure 1. Experimental 2–22 scans (gray bullets) of the SRO/STO SL. The
broken lines show the calculated single-layer envelope functions (scaled for
clarity), the black solid line is the DL envelope function (scaled by the number
of DL squared), and the red solid line is the resulting SL diffractogram of the
LCDX at (a) t < 0 and (b) t = 1.6 ps after optical excitation with a fluence of
36.8 mJ cm−2. The arrows mark the SL peaks considered in figure 3.

shape of these diffraction curves and provides a fundamental understanding of transient changes
upon photoexcitation by femtosecond laser pulses.

As the thickness of the individual layers in both SLs is much smaller than the extinction
depth ξ of the x-rays, the corresponding diffractograms are essentially the Fourier transform
of their electron densities. Figures 1 and 2 show the square modulus of the diffracted x-ray
amplitude AM(q) (AI(q)) for a single metallic (insulating) layer of the respective sample as a
red dashed (blue dotted) line. These curves match a sinc2 function (the Fourier transform of a
homogeneous slab), and we will refer to such curves as envelope functions. The width 1q of
such envelope functions is inversely proportional to the real-space thickness d of the respective
layer and their center position qenv encodes the average strain of that single layer. The envelope
of one DL, |ADL|

2
= |AM + AI|

2 (black line in figures 1 and 2) accounts for interference of
the complex single-layer amplitudes7. The DL envelope is scaled by the respective number of
DL squared. Clearly, it determines the intensity of the observed SL Bragg reflections since
the SL Bragg peaks touch the DL envelope in figures 1(a) and 2(a). In other words, the
observed intensity I (qSL, t) of a particular SL reflection at qSL can be estimated from the relation
I ∝ |ADL|

2. The SL Bragg peaks thus ‘sample’ the DL envelope at discrete wavevectors that are
selected by the Laue condition qSL = n ·

2π

dSL
= n · gSL, where gSL is the reciprocal lattice vector

corresponding to the SL period dSL = dM + dI and n ∈ N. The single-layer envelope functions
themselves have significant intensity only in the q-range around the bulk Laue conditions

7 To be precise, one also has to account for the phase shifts due to transmission through the top layer before and
after the reflection from the bottom layer. This effect is accounted for in the calculations.
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Figure 2. Experimental 2–22 scans (gray bullets) of the LSMO/STO SL
recorded at the EDR-beamline of BESSY II (Helmholtz–Zentrum Berlin). The
meaning of the lines and panels is analogous to figure 1, and the arrows mark the
SL peaks considered in figure 4.

qM/I = m ·
2π

cM/I
, where cM/I are the out-of-plane lattice constants of the metal and the insulator,

respectively, and m ∈ N.8 For materials with similar cM and cI, we number the SL reflections
as satellites to the Laue condition q (0)

=
2π

cav
= 2π(nM + nI)/(nMcM + nIcI) of the so-called

zero-order SL peak (ZOP) corresponding to the average lattice constant cav in one DL [16].
Here nM and nI correspond to the number of unit cells in the metallic and insulating layers,
respectively.

We can now use the above introduced EM to predict the general features of transient
changes of diffractograms after laser-pulse excitation such as presented in figure 1. The ultrafast
deposition of the excitation energy in the metallic layers of the SL triggers their impulsive
expansion [13] which shifts the red dashed envelope to smaller q values. The concomitant
compression of STO shifts the blue dotted envelope to larger q values (compare the envelopes in
panels (a) and (b) of figures 1 and 2). The magnitude of the envelope shifts is determined by the
amplitude of this collective, spatially and temporally periodic lattice motion also referred to as
SL phonon mode [14, 17]. As a consequence, the DL envelope function and thus the SL Bragg
peak intensities are altered. Eventually, the entire SL will expand within the time Texp = D/vSL,
where D and vSL are the total SL thickness and the sound velocity in the SL, respectively. For
small time delays t � Texp, however, the SL period remains approximately constant and the SL
Bragg peak positions qSL do not change [18]. Here, we exclusively focus on these short-time
dynamics.

The UXRD experiments were performed at the FEMTO-slicing beamline of the Swiss
Light Source (SLS), providing a time resolution of 140 ± 30 fs [19]. The samples were excited

8 In this paper, we exclusively consider the bulk (002) reflections.
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Figure 3. Relative change of Bragg intensity of (a) the ZOP and (b) the +2 SL
peak for the SRO/STO SL after optical excitation with different pump fluences.
The solid lines represent LCDX calculations. The insets show the calculated
SL peak intensities at 1.6 ps according to the EM (black solid line) and LCDX
(red solid line). Also, the contributions from individual layers are shown (broken
lines). The inset in panel (a) also includes the corresponding experimental data
obtained from the transients (bullets).

by ∼120 fs pump pulses at 800 nm wavelength where the optical penetration depths ξSRO ≈

52 nm and ξLSMO ≈ 90 nm generate an exponentially decaying stress pattern along the SL stack
that is correctly accounted for in the LCDX [14, 20, 21]. As an example, the gray bullets in
figures 1(a) and (b) show the measured 2–22 scans of the STO/SRO SL before and 1.6 ps
after excitation, respectively, encompassing four SL reflections (−1 to +2). We also recorded
the intensity of selected SL Bragg peaks as a function of time delay for different pump fluences.
The symbols in figures 3 and 4 illustrate the strong modulations of the relative intensity change
[I (t) − I0]/I0 where I (t) is the measured x-ray intensity at time delay t and I0 is the measured
unpumped signal. Here, it is directly verified that the maximum expansion of the metallic layers
of both the SRO/STO and the LSMO/STO SL is reached after 1.6 ps.

In the following, we discuss the simulation of UXRD data. We highlight the linear and
nonlinear response of distinct Bragg reflections of the two SLs, starting with the ZOP of
the SRO/STO SL. The DL envelope of the excited SRO/STO SL in figure 1(b) matches the
experimental SL peak intensities very well, if we assume a homogeneous SRO expansion of
1.3% for a laser fluence of 36.8 mJ cm−2. Only the +1 SL peak close to the substrate peak is
overestimated by the EM9. If we use the LCDX, we are able to properly calculate the x-ray

9 The overestimation of the +1 peak remains even if the complete SL including the substrate is simulated according
to the EM (see [13]). This discrepancy between the EM and the exact LCDX is thus due to the inhomogeneous
excitation density along the SL stack.
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Figure 4. Relative change of the Bragg intensity of (a) the ZOP and (b) the
+1 SL peak for the LSMO/STO SL. See figure 3 and the text for plot details.

curve of this particular sample at each point in time and for any strain amplitude. The resulting
red line in figure 1(b) shows excellent agreement with the experimental data at 1.6 ps, assuming
an average SRO strain of 1.1%.

The photoinduced structure dynamics discussed above lead to a strong decrease of the
ZOP intensity with increasing SRO strain, as can be seen in figure 3(a) [13]. According to
the EM, this is because the ZOP is governed by the steep flanks of the mutually departing
single-layer envelopes. The inset of figure 3(a) compares the ZOP intensity at 1.6 ps as measured
(black bullets) and as predicted by the EM (black line) and LCDX (red line). In addition, the
contributions of the metallic (red dashed) and insulating (blue dotted) layers are indicated. The
EM already yields very good qualitative agreement and illustrates the wide range of linearity
up to ∼1% average SRO strain. Notably, the LCDX precisely matches the measured ZOP
intensity at 1.6 ps (inset). Furthermore, it even accurately reproduces the recorded time scans
in figure 3(a). For the highest pump fluence, we deduce an average SRO strain of 1.45%
at 1.6 ps.

In the case of SRO/STO ZOP, the linear regime is intrinsically limited because at a certain
strain level the ZOP intensity has to vanish, which is indeed the case at about 2% SRO strain.
At this point, the first-order minima of both single-layer envelopes approach q (0) (cf inset of
figure 3(a)).

In addition to this trivial deviation from linearity, other nonlinear x-ray responses could be
identified. As seen in figure 1(a), the +2 SL peak is nearly forbidden in the stationary SL because
it is enclosed by the first minima of the SRO and STO layer envelopes [13]. Panel (b) shows
that this peak exhibits a strongly enhanced intensity at 1.6 ps due to the structural dynamics.
The inset of figure 3(b) indicates the highly nonlinear dependence of this reflection on the SRO
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expansion as predicted by the EM (black line). A small strain initially suppresses the peak
intensity as it completely shifts the minima of the single-layer envelopes to q (+2). Only above a
threshold strain of ∼0.5% does this peak attain considerable intensity, mainly due to the increase
of the STO envelope function (blue dotted line).

A comparison of the experimental transient intensity of the +2 SL peak with the LCDX
calculations presented in figure 3(b) again reveals very good agreement. As the SL phonon
amplitude builds up, the intensity first remains unchanged within the signal-to-noise ratio
of the experiment up to 800 fs, then rapidly increases to its maximum at about 1.6 ps and
subsequently drops back to zero where it again remains for 800 fs. This behavior is repeated for
the next periods with lower amplitude according to the energy loss of the SL phonon [14]. This
‘gating’ of x-ray Bragg reflectivity has an FWHM duration of .900 fs around the maximum at
1.6 ps. Although the EM covers all essential features of the +2 SL peak response (nonlinearity,
threshold behavior), the inset of figure 3(b) indicates that the EM predictions quantitatively
deviate from the precise LCDX simulations.

As a further test of our models, we present experimental and numerical results for the
LSMO/STO SL, including similar linear and nonlinear effects. In addition, however, a transient
destructive interference of the diffracted components of the individual layers is identified.
The 2–22 scan of the SL is shown in figure 2. Again, the ZOP of the LSMO/STO SL
is located between the individual envelope functions, however this time with interchanged
envelope positions of the metallic and insulating layers. According to the EM, this should lead
to an increase of the ZOP intensity due to approaching envelope maxima. This is confirmed by
the UXRD measurements reported in figure 4(a), which shows the response of the ZOP. The
corresponding inset reveals that the EM predicts a linear increase of the ZOP intensity at 1.6 ps
up to ∼0.5% LSMO strain (black line); at ∼1% it reaches a maximum and then even starts to
drop again. This non-monotonic dependence can again be understood by the two approaching
envelope functions which maximally overlap at an LSMO strain of ∼1% where they provide
the highest intensity for the ZOP. For higher strain, the ZOP intensity decreases as the envelope
maxima separate again. The experimental data at higher pump fluence in figure 4(a) are indeed
indicative of this behavior since we observe a clear plateau around 1.6 ps meaning that the
turning point has been reached. Once more, the LCDX satisfactorily simulates the data, although
the effects are overestimated and thus have to be scaled down to coincide with the experimental
data. The reason for this will be discussed below. The inset in figure 4(a) shows that the EM
(black line) qualitatively approximates the LCDX (red line).

In the case of other SL peaks, figure 2(b) reveals that the EM yields a crude underestimation
of the peak intensities for a homogeneous LSMO strain of 1.15%. We exemplify the underlying
mechanism by investigating the +1 SL peak of the LSMO/STO SL at q (+1)

= q (0) + gSL in
more detail. Figure 2(b) as well as the inset of figure 4(b) demonstrate that even though both
single-layer envelope functions predict a considerable intensity at 1.15% LSMO strain, the DL
envelope vanishes. This is caused by the destructive interference of the x-ray waves diffracted
from one LSMO and the adjacent STO layer. The experimental data in figure 4(b) indeed show
that for high excitation fluence the signal minimum of the transient around 1.6 ps splits up,
verifying the destructive interference and the implied non-monotonic dependence on strain.
The LCDX (solid lines in figure 4(b)) predicts the relative intensity decrease to be 50% larger
compared to what we measured, most likely because the XRD simulations assume a perfect
crystal lattice without any kind of disorder or interdiffusion. The simpler EM even predicts
a perfect destructive interference of the x-rays which is much less pronounced in the LCDX
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calculations since the true strain pattern is taken into account. Thus, it is not surprising that the
LCDX still overestimates the effect of the interference. A similar reason holds for the ZOP.

In conclusion, we have presented predictions of combined model calculations simulating
the transient strain field dynamics of photoexcited metal/insulator SLs and the induced transient
XRD response. We compare these predictions to various UXRD data taken on SRO/STO and
LSMO/STO SLs and find excellent agreement for both linear and nonlinear x-ray response to
the induced strain. In particular, we have theoretically predicted and experimentally observed a
peculiar destructive interference of x-ray waves in an LSMO/STO SL and a highly nonlinear
response in an SRO/STO SL. The observations are interpreted by means of a simpler EM
connecting the overall x-ray response to the structural dynamics of the individual layers. The
EM correctly covers all transient features and often allows quantitative estimations. For precise
simulations, the LCDX has to be evaluated. The presented findings emphasize that UXRD
experiments can be accurately interpreted to reveal the transient structural dynamics of epitaxial
crystals on subpicosecond time scales. They will open paths for simulation-based design of
future ultrafast x-ray devices exploiting such nonlinear or interference phenomena that can be
tailored into the nanostructures.
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Abstract We present ultrafast x-ray diffraction (UXRD)
experiments which sensitively probe impulsively excited
acoustic phonons propagating in a SrRuO3/SrTiO3 su-
perlattice and further into the substrate. These findings
are discussed together with previous UXRD results [1–
4] using a normal mode analysis of a linear-chain model
of masses and springs, thus identifying them as linear-
response phenomena. We point out the direct correspon-
dence of calculated observables with x-ray signals. In this
framework the complex lattice motion turns out to re-
sult from an interference of vibrational eigenmodes of
the coupled system of nanolayers and substrate. UXRD
in principle selectively measures the lattice motion oc-
curring with a specific wavevector, however, each Bragg
reflection only measures the amplitude of a delocalized
phonon mode in a spatially localized region, determined
by the nanocomposition of the sample or the extinction
depth of x-rays. This leads to a decay of experimental
signals although the excited modes survive.

1 Introduction

Ultrafast x-ray diffraction (UXRD) is capable of mon-
itoring atomic motion in solids on the atomic length
and timescale. It has been applied to the study of op-
tical and acoustic phonons and in particular to zone-
folded longitudinal acoustic phonons (ZFLAPs) in su-
perlattices (SLs), which can be viewed as acoustic or
optical phonons, from the perspective of the bulk or
the SL-mini-Brillouin zone, respectively. [5,6] In the-
ory, the mini-Brillouin zone is defined for an infinite
SL. Experimentally, this is approximated by periodi-
cally stacking a large number P of epitaxial double lay-
ers of two different crystal lattices (e.g. GaAs/AlGaAs)
on top of each other. Such a SL with P = 2000 and a
double layer period dSL was recently investigated after
homogeneous excitation with femtosecond laser pulses

[7]. The resulting standing strain wave was essentially
an optical phonon with wavevector Q = 0, as it corre-
sponded to the motion of atoms within the super unit cell
(one double layer GaAs/AlGaAs) and to a good approx-
imation the substrate could be neglected. No lineshift
of the Bragg reflection was observed, evidencing that
the size of the super unit cell remained constant on
the timescale of the experiment. When the number P
of double layers is smaller, e.g. P = 11, as was the
case in a previously studied oxide SL of SrRuO3/SrTiO3

(SRO/STO), the coupling to the substrate leads to a de-
cay of the SL motion.[1–4,8] The timescale of this decay
is set by the SL expansion time, corresponding to the
time T = D/vSL ≈ 35 ps it takes an acoustic phonon to
traverse the SL thickness D = P · dSL ≈ 250 nm at the
average sound velocity vSL.[9,10]

A key advantage of UXRD is the direct correspon-
dence of the real-space periods with the wavevector trans-
fer q = k − k′ = G ± Q encoded in a generalized Laue
condition, where G = |G| = 2π/c is a reciprocal lattice
vector corresponding to the real-space lattice spacing c
and Q is the wavevector of a specific phonon mode. In
SLs G = n · g (n ∈ N) is an integer multiple of the recip-
rocal SL vector g = 2π/dSL.[11] The first achievement
of UXRD was to show that coherent acoustic phonons
in bulk lattices lead to a temporal modulation of the x-
ray diffraction signal at G ± Q according to the phonon
dispersion relation ω(Q).[12–14] The SL phonon modes
exhibit a time dependence according to their frequency
ωSL = ω(Q = 0) as an intensity modulation of the
SL Bragg peak, as they are optical modes at the mini-
Brillouin zone center (Q = 0). Exciting a thin Ge film re-
sulted in sidebands to the bulk reflection of a Si substrate
at GSi and a continuous shift and broadening of the Ge
reflection at GGe.[15] Experiments on InGaAs/InAlAs
SLs also reported shifts of the SL Bragg peaks, and in
addition the “unfolding” of the SL phonon with wavevec-
tor QSL into the InP substrate leading to new reflections
at Gsub ± Q∗

SL.[16] In all these cases, the excitation of a
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broad acoustic phonon spectrum leads to a continuous
shift of peaks or the development of a sideband to an
existing peak.

In this paper we present UXRD measurements on a
photoexcited SRO/STO SL that shows the disappear-
ance of a Bragg reflection at a particular G = n · g and
its reappearance at a different G′ = n · g′ correspond-
ing to an expanded SL without exhibiting a continu-
ous shifting of the rocking curve. In addition, very clear
sidebands to the bulk substrate reflection show up. Con-
tinuous shifts as well as sidebands of thin film and sub-
strate Bragg peaks have been previously discussed in the
context of acoustic sound propagation [12–18]. Here, we
focus on analysing such features, including recently pub-
lished UXRD data on the same SRO/STO SL, within a
simple linear-chain model which describes the longitudi-
nal phonon spectrum of the SL on a substrate. We dis-
cuss in detail which modes are optically excited and how
this gives rise to both propagating and standing waves
in the structure. We analyze how the different features
of the lattice dynamics can be directly measured and
calibrated by UXRD and calculate rocking curves using
dynamical x-ray diffraction theory. It turns out that the
disappearance and reappearance or rather splitting of
the Bragg peak reflects the short-timescale dynamics of
the coherent acoustic phonon spectrum within the SL for
strong excitation. The sidebands of the substrate peak
measure the appearance of this coherent wavepacket dis-
tortion in the substrate, whereas the appearance of the
Gsub ± Q∗

SL peaks[16] show the spatial period of the SL
phonon after it has propagated (unfolded) into the sub-
strate. All these phenomena are quantitatively predicted
by the presented model and therefore identified as a lin-
ear response of the sample.

2 Experiments

2.1 Results

Fig. 1 shows the TEM cross section of the SRO/STO SL
together with a schematic of the experiment. An opti-
cal pump pulse is absorbed by the metallic SRO layers
of the sample leading to a quasi-instantaneous spatial
stress profile ∆(z) indicated by the red line. A time-
delayed x-ray probe pulse measures the excited sample
by diffraction of monochromatic x-ray photons imping-
ing on the sample at different Bragg angles.

We used the laser-based femtosecond x-ray diffrac-
tometer at University of Potsdam, which is very similar
to the one described recently,[19] for measuring a par-
ticular SL reflection, whereas transients of the STO sub-
strate peak were recorded at the Femto-slicing beamline
of the Swiss Light Source (SLS).[20] The inset of Fig.
2 shows an overview of the sample’s diffraction profile
around the bulk (0 0 2) reflection of the substrate. The
time dependence of the strongest SL peak with the SL-
Miller index (0 0 116) has been characterized previously

Fig. 1 Schematic of the experiment. An optical laser pulse
excites a SL sample with the stacking sequence (Bn/Am)P CS
(shown here as a TEM image), generating a stress profile
∆(z, t = 0) (upper panel). In the particular sample shown A
= SRO = SrRuO3, B = STO = SrTiO3, contact layer C = A
and substrate S = B.

according to its so-called shift within 30 ps and its in-
tensity modulation which shows a period of 3.2 ps due
to the SL phonon.[1–4] This modulation decays with a
similar time constant of approx. 30 ps.

A new and more detailed set of experimental results
on this (0 0 116) reflection is presented in Fig. 2. We
measured the time-dependent diffracted x-ray intensity
I(q, t) for different wavevector transfers q = sin(θ)4π/λ.
The Bragg reflectivity is defined by R(q, t) = I(q, t)/I0(q),
where I0(q) is the x-ray intensity incident on the sam-
ple. Fig. 2c) shows the difference spectra R(q, t)−R0(q),
i.e., the changes of the Bragg-reflectivity curve of the
sample for a specific time delay t with respect to the
spectra averaged over time delays before the excitation
pulse R0(q) = R(q, t ≤ 0) (dashed line). This procedure
removes a background contribution to the signal (thin
black line) which originates from the focusing of x-rays
by a multilayer mirror and leads to signals on the x-ray
CCD detector at all angles. For comparison, panel b)
shows the good agreement to the corresponding differ-
ence spectra from the simulation (see theory section) and
panel a) shows the calculated spectra directly, clearly
representing the disappearance of the right peak and its
reappearance to the left. Note, that the appearing peak
has strongly shifted components around 31.9 nm−1 for
early times (0 < t < 20 ps) and it slightly moves back
towards larger angles at later times (t > 20 ps). The de-
tails such as height, position and shape of the peaks in
the experimental and calculated difference spectra show
excellent agreement. The spectrum for t = 0 (thick black
line in Fig. 2c) demonstrates that the difference-spectra
actually lead to a correct subtraction of the unwanted
background as the experimentally measured difference
signal is approximately zero.
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Fig. 2 a) Calculated rocking curves in the vicinity of the
(0 0 116) SL reflection as a function of pump-probe time de-
lay. Inset: Extended rocking curve including the (0 0 2) STO
substrate peak.[1] b) Derived difference rocking curves with
same color code for t > 0. c) Measured unpumped rocking
curve (dashed line) including background contribution (thin
black line). The thick black line shows the difference curve
for t = 0. Other lines show the measured difference rocking
curves with the same color code as in panel a).

Without detailed simulation, the splitting of the SL-
Bragg peak for intermediate times can be attributed to
two regions of the SL, one having the static spatial SL-
period dSL (right peak) and one exhibiting an expanded
lattice. The maximum strain of the entire SL occurs at
a time delay of approx. 35 ps.

ǫmax =
Dmax − D(0)

D(0)
=

q−1
max − q(0)−1

q(0)−1
(1)

From Fig. 2 we read ǫmax ≈ 0.062/31.975 = 1.9 · 10−3.
This experiment was performed at the femtosecond x-ray
diffractometer in Potsdam with laser pulses (≈ 100 fs,
800 nm) at a fluence of approx. 10 mJ/cm2.

For a higher angular resolution we recorded shoulders
of the STO substrate reflection we performed diffrac-
tion experiments with the highly collimated x-rays of
the FEMTO-Slicing-beamline at the SLS. The result-
ing rocking curves recorded under somewhat increased
fluence and at 400 nm pump wavelength are presented
in Fig. 3. Cross-checks with 800 nm pump pulses show
similar results.

From the angular separation of the shoulder from
the substrate peak we can estimate the amplitude of
the strain wave in the substrate to be ǫSTO = ∆c/c =
0.04/32.2 ≈ 1.24 · 10−3, which is somewhat smaller than
the expansion of the SL observed above.

2.2 Discussion of Results

In the following we discuss how the total optical exci-
tation energy is deposited in the lattice. Using the ab-
sorption depth ζSRO = 52 nm and the absorbed pump
fluence F = 10 mJ/cm2, the energy density absorbed by
the conduction band electrons of SRO in each layer ex-
ponentially decays from ρSRO

E = 1.8 · 109 J/m3 in the
first to ρSRO

E = 4.3 · 108 J/m3 in the tenth layer.[1]
This energy is then coupled to phonons of SRO on a
100 fs timescale which essentially leads to the expan-
sion of the SRO layers.[1–4] We assumes that the expan-
sion of the SL is induced exclusively by an expansion of
SRO layers with a linear thermal expansion coefficient
αSRO = 1 · 10−5 K−1 and a volumetric heat capacity
Cheat

SRO = 3 · 106 J/(K m3) of SRO.[9]. The average de-
posited energy density ρSRO

av = 1.04 · 109 J/m3 in the
SRO layers then corresponds to a temperature rise of
∆T = ρSRO

av /Cheat
SRO = 347 K. The relative expansion of

the entire SL due to the exclusive expansion of SRO is
ǫ(∆T ) = dSROα∆T/dSL = 1.2 · 10−3 which is similar to
ǫmax.

In a next step, we calculate the energy density trans-
ferred to coherent acoustic strain in the SL and later
on in the substrate from the measured UXRD data.
First, we estimate the amount of energy in the coher-
ent acoustic modes that lead to the observed maximum
shift of the SL reflection (Fig. 2). The elastic modu-
lus E = v2

SL · ρ is calculated from the averaged longi-
tudinal sound velocity vSL and the mass density ρ of
STO and SRO. From the observed maximum strain ǫmax

in the SL with a thickness of D = 250 nm we infer
the deformation energy density of the SL, i.e. the inte-
grated energy in the longitudinal acoustic modes, to be
ρSL
LA = 1/2Eǫ2max = 5.3 · 105 J/m3, corresponding to a

fraction of approx. 5.2 · 10−4 of the optically deposited
energy density. We will see in the discussion of the the-
ory section that this overestimates the coherent sound
energy. In fact, not the maximally shifted curve in Fig.
2a but rather the grey dotted curve shows the peak shift
corresponding to the heat expansion ǫheat = 1.2 · 10−3

of the sample which—as we will show—also corresponds
to the amplitude of the coherent strain wave.

Second, we alternatively consider the observed shoul-
ders of the substrate peak in Fig. 3. As no heat is de-
posited in the substrate, the lattice deformation indi-
cated by these shoulders must originate from the coher-
ent sound waves propagating into the substrate. In the
theory section we will show that in fact both the splitting
of the SL peak and the substrate peak shoulders probe
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Fig. 3 X-ray diffraction curves in the vicinity of the (0 0 2)
STO substrate reflection. Symbols report the measured data,
lines correspond to simulations (see text). At 39 ps (73 ps) af-
ter the laser-pulse excitation a compression (expansion) wave
has entered the substrate, giving rise to the shoulder on the
high-angle (low-angle) side. The asymmetry originates from
complex interferences of the x-rays from the distorted and
undistorted parts of the substrate.

the same superposition of eigenmodes, however, the SL
peak probes these delocalized phonons locally within
the 250 nm thick SL, whereas the substrate shoulders
probe the same modes locally in the first few microns of
the substrate. During the propagation into the substrate
the ratio of the sound velocities s = vSTO/vSL ≈ 1.3
leads to a traveling wave with total length of lW =
2sD = 650 nm (compressive + tensile part). The av-
erage compressive and tensile strain ǫSTO inferred from
the substrate peak shoulders on the high-q and low-
q side, respectively, yields an energy density ρSTO

LA =
3.5 · 105 J/m3. Comparing this to ρSL

LA one finds that the
energy density of the coherent sound is smaller in the
substrate, however, the acoustic energy fluence FLA =
ρSTO
LA · lW ≈ ρSL

LA · D,i.e., the coherent acoustic energy
per excited sample area, is conserved (cf. Fig. 7).

This implies that at the used pump fluence, only a
fraction of FLA/F = 5 · 10−4 of the deposited energy is
converted into coherent acoustic waves, whereas the rest
remains as incoherent phonons, i.e. lattice heat. Note
that the energy density ρLA of the coherent wave is pro-
portional to the square of the strain ǫ2, whereas the de-
posited heat energy ρSRO

av is proportional to ǫ accord-
ing to linear heat expansion. For lower fluences an even
smaller fraction of light energy is converted to the co-
herent sound wave.

3 Theory

In order to analyze the experimental results quantita-
tively, to visualize the dynamics and to verify that even
under such strong excitation the response of the sample
is still linear, we set up a linear-chain model of masses

Fig. 4 Schematic of the linear-chain model. a) For t < 0
all masses are at rest. b) At t = 0 an excitation stress ∆ is
induced, which is subsequently constant. In the linear-chain
schematic it is represented by incompressible sticks, which
lead to an instantaneous compression of the springs in the
opaque material A. The force constant of the springs remains
unchanged. For t > 0 masses move according to the new
forces. c) Rest positions of masses x∞ for t → ∞.

and springs. A similar linear-chain model was presented
in Ref. [21] for the discussion of ultrafast electron diffrac-
tion data on a thin metal film. In the following we de-
scribe the extension to superlattices. More importantly
we present a normal-mode analysis of this linear-chain
model and discuss how this is relevant to the interpreta-
tion of diffraction data.

3.1 Linear-chain model

We consider a multilayer with the stacking sequence
(Bn/Am)P CS composed of m unit cells of an opaque
material A and n unit cells of a transparent material B
epitaxially grown as a SL with P periods on a virtually
infinitely thick and transparent substrate S with a thin
contact (electrode) layer C (cf. Fig. 1). The SL is excited
with an ultrashort optical light pulse. This heats up the
opaque layers A and induces expansive thermal stress
∆(z) on a timescale τ∆ short compared to all atomic
motions that are of interest in this paper (τ∆ ≪ 1/ωSL).
The excitation stress ∆(zA) ∼ ezA/ζA varies as a func-
tion of penetration depth zA through opaque layers A
and is basically determined by the bulk optical absorp-
tion length ζA. As a first approximation, we assume that
on the timescale of interest, the thermal stress remains
constant after the excitation, i.e. ∆(z, t) = ∆(z)H(t),
where H(t) is a Heaviside step function in time t. In
other words, we disregard slow cooling by heat conduc-
tion. This assumption is justified by experiments show-
ing that the generated stress is essentially independent of
the photon energy[3], and that it is confined within SRO
layers for at least 200 ps [2]. We disregard the distinction
of electron and phonon contributions to the stress [21]
as this should only marginally affect the timing in our
experiments.

A. Appendix
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For the simulation of acoustic waves in the structure
we construct a one-dimensional model of N masses and
springs along the z-direction (c-axis), where each unit
cell is represented by a mass mA, mB , mC and mS , re-
spectively, which are connected by springs having a force
constant ki = miv

2
i /c2

i . Here vi is the longitudinal sound
velocity, mi is the mass and ci is the out-of-plane lattice
constant of the ith unit cell (i = 1, 2, ...N). 1 This model
allows the simulation of all longitudinal acoustic modes
propagating perpendicular to the surface of the sample.
It neglects longitudinal optical modes of the bulk crys-
tals A, B, C and S and all transverse motions. Alter-
natively, one could follow a continuum-model approach
[6], however, here we want to focus on a normal-mode
analysis.

To calculate the displacements xi(t) = zi(t)−z0
i from

the equilibrium positions z0
i in a linear chain of N masses

mi that are connected by springs with force constants ki

and are subject to an additional force Fi(t) (optically
induced stress), we have to solve a system of N linear
inhomogeneous differential equations

miẍi = −ki(xi − xi−1) − ki+1(xi − xi+1) + Fi(t) (2)

where i = 1, . . . , N .
Unlike Ref. [21] we do not solve this set of equations

by numerical integration (such as Runge-Kutta meth-
ods) but rather find the general solution

X(t) =
N∑

j=1

Ξj · Aje
iωjt. (3)

by diagonalization of the force matrix (see appendix)
in terms of eigenvectors Ξj to the eigenvalues (eigenfre-
quencies) ωj of the system, which in fact represent the
acoustic phonon modes of this nanostructure. X(t) is a
vector containing the time-dependent coordinates xi(t)
of all masses. The appropriate boundary condition is de-
picted in Fig. 4 which shows that at t = 0 the springs are
quasi-instantaneously compressed (laser induced stress
∆(z) in SRO) and subsequently evolve towards the con-
figuration for t → ∞ where all springs attain their orig-
inal length.

We use the physical insight that the additional time-
independent forces proportional to ∆(z) trigger a “dis-
placive excitation of coherent phonons” (DECP) by dis-
placing the equilibrium position of the masses. Since
the essential effect of heating material A is its expan-
sion while keeping the compressibility constant, we can
visualize this process by instantaneously inserting in-
compressible spacer-sticks between the springs and the
atoms, which have a length proportional to ∆(z) (see
Fig. 4b). After very long times (t → ∞), the linear chain
would relax into configuration (Fig. 4c) where all springs
are at their equilibrium length, which they had before

1 This corresponds to an elastic modulus E = ρv2 in a
continuum-model approach.
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Fig. 5 a) Stress profile ∆(z, t = 0). b) Contour plot showing
the calculated strain in the sample as a function of space and
time for the SRO/STO SL investigated experimentally.[1–4]

excitation (Fig. 4a). After solving the equations for all
coordinates xi(t), one can now analytically calculate the
relative displacement of the masses ∆xi = xi −xi−1 and
the corresponding strain ǫi = [∆xi(t) − ∆xi(0)]/∆xi(0)
for any time t and any given initial stress profile ∆(z).

This model contains no anharmonic interaction po-
tential and we expect a linear response of the lattice dy-
namics proportional to the excitation stress ∆(z). The
amplitude of ∆(z) is the only fitting parameter in this
simulation. The lattice parameters, elastic constants, heat
capacity etc. are taken from the literature, as well as the
absorption length ζA. The calibration of the stress am-
plitude is simply achieved by matching the experimen-
tally observed change of SL-Bragg angle to the average
lattice expansion. Fig. 5 shows the result of such a calcu-
lation for an SRO/STO SL including the ≈ 42 nm SRO
contact layer[1] with an absorption length of the opti-
cal excitation light of ζSRO = 52 nm.[22] Both standing
strain wave contributions with the spatial period of the
SL and propagating strain waves can be seen in this
contour plot. The slopes of the diagonal stripes directly
visualize the local average sound velocity vSL = ∆z/∆t,
which is slightly different in the SL, contact layer and
substrate.

In order to discuss the significance of eigenmodes in
SLs we compare the situation of a few-period SL with
P = 11 to an infinite SL by imposing periodic bound-
ary conditions. Such an infinite SL was well approxi-
mated in the experiments on a GaAs/AlGaAs SL with
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Fig. 6 a) Power spectrum of strain evolution decomposed
into amplitudes |Aj |2 of eigenmodes to eigenfrequency ωj

for the infinite SRO/STO SL (periodic boundary condition)
with homogeneous excitation (ζSRO → ∞, red dots) and for
the finite SL (P = 11) with homogeneous excitation (thin
green line) and the experimental optical penetration depth
of ζSRO = 52 nm (thick black line). Note that for the infi-
nite SL single mode is excited. b) Dispersion relation of a SL
from linear-chain model (thick black line) back-folded into
the mini-Brillouin-zone (thin blue line).

P = 2000.[7,23] For better comparison, the present cal-
culation is performed for the SRO/STO SL discussed
above using periodic boundary conditions. Plotting the
eigenfrequencies ωj as a function of the normal-mode
wavevector Qj visualizes the phonon dispersion relation
ω(Q) (cf. Fig. 6(b)). For a SL it is useful to recall that
the dispersion relation can be represented in a smaller
mini-Brillouin zone, where the zone boundary is given
by π/dSL instead of π/c if dSL is the thickness of one
SRO/STO double layer. Fig. 6a) compares the squared
modulus |Aj |2 of the complex amplitudes for the eigen-
modes with frequency ωj (cf. eq. (3)) in an infinite SL
with homogeneous excitation (ζ → ∞, red dots), in the
P = 11 SL with homogeneous excitation (thin green
line) and in the P = 11 SL with the experimental ab-
sorption length of ζSRO = 52 nm (black).[22] As the
spatial symmetry of the excitation pattern ∆(z) intrin-
sically mimics the symmetry of the SL, only eigenmodes
with a wavevector equal to integer multiples of the re-
ciprocal SL wavevector QSL = g = 2π/dSL are selected.
For an infinite SL such modes are optical phonons at
the zone center of the mini-Brillouin zone scheme (zone-
folded dispersion relation plotted in blue in Fig. 6b). In
this case only few modes are excited. One of them has
almost unit probability and we refer to it as the sym-
metric SL mode with period TSL = 2π/ωSL, as it cor-
responds to an expansion of the SRO layers symmetric
with respect to the center of the SRO layer.[5] The re-

lated asymmetric mode and all higher harmonics have at
least two orders of magnitude less weight. Note that the
splitting of the symmetric and asymmetric mode is very
small (∆ω/ω = 4.5 ·10−5), indicating an excellent acous-
tic impedance matching, which is evident also from Fig.
5 where almost the entire soundwave is transmitted to
the substrate with essentially zero reflection amplitude.

If we simulate a finite SL, i.e., we do not consider the
periodic boundary condition, and add a substrate be-
neath the SL, the symmetry is broken by both the sur-
face of the SL and the interface to the substrate. Under
these conditions, several modes are excited with consid-
erable amplitude (cf. green curve in Fig. 6a). The mode
density in the simulation depends on the number of sub-
strate unit cells taken into account, however, clearly the
modes in the vicinity of the SL mode and its harmonics
still have enhanced weight. Here we chose the substrate
approximately three times thicker than the SL, in or-
der to prevent reflections from the backside within the
simulated timescale in Fig. 5b). It is the breaking of the
symmetry by the surface and the substrate that induces
the high occupation of low-frequency modes near ω = 0
indicating a propagating sound wave. If the excitation
is changed to the exponentially decaying absorption of
energy in the SL, only slight modifications of the power
spectrum |Aj(ω)|2 is observed.

There are several advantages of the normal-mode
analysis as compared to a numerical propagation of the
differential equation:[21] i) It allows rapid calculation of
strain pattern for any time t. ii) Individual modes can be
switched off to disentangle complex dynamics. iii) The
wavevector Q of each mode predicts where the corre-
sponding time dependence will show up in the UXRD
signal. iv) Wavepacket dynamics including the coupling
of SL and substrate is interpreted as as an interference
of waves.

3.2 Comparison to experimental data

We first discuss the coarse findings depicted in Fig. 5.
For the SL coupled to the substrate, several eigenmodes
in the vicinity of ωSL with approximately equal spa-
tial periodicity are excited, however, they extend into
the substrate with similar amplitude as well. Accord-
ing to the mini-BZ scheme, at early times these modes
give rise to a standing wave composed of waves with
−QSL propagating towards the surface and QSL propa-
gating towards the substrate. This standing wave pat-
tern which is localized in the SL disappears when all
waves have propagated into the substrate and hence no
time-dependence with frequency ωSL remains in the SL.
The waves leave the multilayer as propagating sound
waves having the central frequency of the SL mode and
the wavevector Q∗

SL = 2π/d∗
SL, which is determined by

the ratio of the substrate sound velocity vSTO and the
average sound velocity in the SL, i.e., d∗

SL = vSTOTSL =
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dSL ·vSTO/vSL.[16] The higher harmonics of the SL mode
with frequency ωSL = 2π/TSL also show considerable—
albeit much smaller—amplitudes and support the spa-
tiotemporal sharpness of the sound features observed in
Fig. 5. In previous experiments, these folded acoustic
phonons at ωSL were observed as intensity modulations
of the SL Bragg reflections. [1–4] In a SL these phonons
are backfolded to Q = 0 (blue dispersion relation in Fig.
6), and hence they show up in the UXRD measurements
at the Bragg angle of stationary SL reflections. When the
wavepacket has traveled into the substrate, these modes
yield sidebands to the substrate at GSTO ±nQ∗

SL, where
n is an integer. [16] The origin of these modes can be
seen by the small wavelets that are generated at each
interface of the SL.

The surface and the contact layer (interface to the
substrate) are the spatial origin of the low-frequency
modes [cf. Fig. 5b)]. The reflection of the compressive
wavepackets at the surface results in an expansion wave
traveling straight through the SL into the substrate with
marginal reflection an the interface. The contact layer
launches a compression wave into the substrate and an-
other one towards the surface, where it is converted into
an expansion wave. Inspection of the average strain per
double layer in Fig. 5b) at around 15-20 ps shows that
one half of the SL is expanded while the other half has
preserved the average lattice constant. This qualitatively
explains the experimentally observed disappearance of
the original SL peak and the appearance of a shifted
peak (Fig. 2). There is no continuous shift of the UXRD
curve because there is no region in the SL which has an
intermediate strain. The initially larger width of the ap-
pearing peak is readily explained by the fact that only
a small spatial fraction of the SL contributes at these
times (t < 20 ps). The very same low-frequency acoustic
modes give rise to the sidebands of the substrate peak
shown in Fig. 3. In particular, at t = 39 ps only the right
shoulder exists as the substrate is compressed [blue in
Fig. 5b)] and at 73 ps also the expansion wave has en-
tirely entered the substrate [green in Fig. 5b)] inducing
the shoulder on the left.

The atomic motion calculated from the linear-chain
model also allows to extract information on the energy
transport by coherent phonons. We compute the kinetic
energy of the atoms from their velocity dxi/dt and the
potential energy from the stress as a function of time for
both induvidual types of SL layers and the substrate.
Fig. 7 shows the total energy stored in coherent phonons
in a box with a cross section of 1 cm2.2 At t = 0 all en-
ergy is quasi-instantaneously stored as potential energy
in the SRO layers. As one would expect for a single ex-
cited oscillator (phonon mode), the energy is converted

2 Here we plot the fraction of total energy in a fixed vol-
ume stored in the SL, the contact layer and the substrate.
Plotting energy densities would not allow to see the energy
conservation for the sum of energies.
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Fig. 7 Energy balance for the finite SL calculated from the
linear-chain model. Both the kinetic and potential energy
(stress) of the SL have two maxima per period. The energy
of the propagating sound wave leaks out of the SL and trav-
els through the contact layer (light blue) into the substrate
(dark blue). We assume no considerable heat conduction on
this timescale. For an infinite SL the kinetic energy would
return to zero after each period (not shown), while in the
present case the propagating sound wave always carries ki-
netic energy.

into kinetic energy and back to potential energy, with
two maxima for each type of energy per period. The os-
cillation period of 3.2 ps is verified by the experimen-
tal data.[1–4] On the timescale of sound propagation
(T = D/vSL ) the vibrational energy leaks into kinetic
and potential energy of the substrate. Accordingly, the
sum of potential and kinetic energy of the SL decays to
half its initial value within 35 ps. The modulation ampli-
tude of the potential energy is reduced by a factor of two
faster, namely within 18 ps. This modulation is a direct
measure of the energy stored in modes in the vicinity of
the superlattice mode ωSL. However, the damping of the
signal oscillation amplitude observed in UXRD experi-
ments[1,4] is underestimated, indicating that additional
factors such as anharmonic interaction and dephasing
play a role. From the lattice positions xi(t) we can also
calculate the average expansion of the entire SL which
reaches a maximum after T = P · dSL/vSL = 35 ps, in
excellent agreement with previous measurements.[4] The
maximum wave vector transfer qmax observed in Fig. 2
is used to calibrate the maximum average strain in the
simulation [eq. (1)].

After t = 35 ps already half of the total energy stored
in longitudinal acoustic waves has moved from the SL
into the contact layer and further into the substrate.
It is important to note that this timescale for energy
loss is not a coupling time constant, but a timescale de-
scribing the interference of the various excited normal
modes, which give rise to a propagating sound wave with
a particular wave vector. Unless strong differences in the
acoustic impedance of the SL and the substrate lead to
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substantial reflection of waves at the interface, the ex-
pansion wave starting from the surface of the SL reaches
the substrate after 35 ps.

In the discussion of UXRD experiments the diffrac-
tion of x-ray photons is described as resulting from the
scattering by a reciprocal lattice vector and/or a phonon
wavevector which describes a delocalized vibration mode.
However, the x-ray-diffraction condition probes only par-
ticular spatial parts of the sample in which the Bragg
condition is fulfilled, even though the vibrational mode
is delocalized over the entire crystal.

The loss of modulation amplitude in UXRD signals[1–
4] can be explained in our model as resulting from the
coupling of the observed part of the sample (SL) to un-
observed regions of the sample (substrate). The intensity
modulations in the UXRD signal originate from eigen-
modes with frequency ωSL. Similarly, the low-frequency
acoustic part of the spectrum consists of normal modes
which have amplitude in the SL and the substrate. Fig.
2 shows the rapid disappearance of a SL reflection and
the appearance of a shifted peak which is completed after
70 ps. The dynamically interfering normal modes subse-
quently show now time dependence of the SL reflection
which only probes the spatial region of the SL. Instead,
the observation of the shoulders of the substrate peak in
Fig.3 demonstrates that at this time the coherent sound
wave is in the substrate.

This implies, that when calculating the coherent wave
energy from the transient position of the appearing rock-
ing curve we have to use the value for t > 70 ps, as this
corresponds to the final state with a tensile and com-
pressive sound wave traveling deeper into the substrate
and a quasi-stationary expansion of the SL which is rep-
resented in our model by the red spacer sticks (heat ex-
pansion) in Fig. 4c). The springs of the SL in this figure
are at their equilibrium position, i.e., there is no coher-
ent sound left in the SL. In other words, the coherent
wave energy is imposed on the sample by the initial con-
dition which requires the compression of springs in the
metallic layers of the SL (Fig. 4b) with respect to the fi-
nal conditions at t → ∞ (Fig. 4c). Hence, the expansive
strain ǫheat for t > 70 ps, which is approx. 77% of the
maximum expansion ǫmax, measures the heat expansion
of the SL and consequently the entire coherent sound
energy which is encoded in the compressed springs of
Fig. 4b) at t = 0. For intermediate times the SL peak
position is measuring a complex combination of heat ex-
pansion and additional expansion and compression due
to the coherent sound waves.

Previous experiments have shown pronounced oscil-
lations of the x-ray diffraction efficiency of SL peaks
since the structure factor of the SL unit cell is modu-
lated with the frequency ωSL of the SL phonon.[1–4,7,8]
From the linear-chain model we can deduce the energy
contained in the excited modes in the vicinity of ωSL (cf.
Fig. 6a). These modes contribute approx. 30% to the to-
tal coherent mode energy because the energy per mode

scales as |Aj |2ω2
j . The SL phonon modes itself, however,

are neither responsible for the splitting of the appear-
ing peak nor for the shoulders of the substrate. Instead,
within the SL they cause the modulation of the peak
intensity of SL peaks and within the substrate they give
rise to sidebands to the substrate peak at GSTO±n·QSL.

We stress that within our model, at t = 0 the de-
localized eigenmodes are excited with their respective
amplitudes Aj and merely the evolution of the relative
phases of the modes leads to the complex pattern of
standing and propagating sound waves in the SL and
the substrate.

3.3 Quantitative calculation of rocking curves

In order to quantify the comparison of the model calcu-
lations and the measurement, the strain profile derived
from the linear-chain model is used to calculate the XRD
signal according to the Darwin formalism, taking into
account the deformation of each unit cell.[24] The x-ray
rocking curves R(q, t) resulting from the strain pattern
depicted in Fig. 5 are plotted in Fig. 2a). For compar-
ison with experiments (Fig. 2c) we plot the calculated
difference spectra R(q, t) − R0(q) in Fig. 2b).

For large time delay (orange curves in Fig.2) the en-
tire SL peak has changed its position, i.e. the difference
signal is maximally negative around the initial position
q(t ≤ 0) and reaches its positive maximum around the
new position qmax. For intermediate times, a doublet
shows up, indicating that half of the SL has already
expanded whereas the remaining part still exhibits an
unchanged SL period. Note that the difference of the
central positions of the two peaks is larger at early times
(green, blue and cyan). This corresponds to the fact
that the early expansion of the layers near the surface
is larger compared to the later-expanding near-substrate
layers which is due to the inhomogeneous excitation pro-
file ∆(z). This particular feature is also visualized by the
dark red color code for large expansion in the strain con-
tour plot (Fig. 5).

While the essential features of the SL Peak would
be represented by a kinematic XRD theory as well, the
calculation of the substrate peak (Fig. 3) and its shoul-
ders definitely requires the used dynamical diffraction
calculations. In particular, we have to add a virtually
infinite STO substrate underneath the unit cells of the
SL and the substrate used for the coherent phonon sim-
ulation, since the exctinction length for x-rays is 1 µm at
the Bragg peak and elsewhere limited by the absorption
length of 10µm. Fig. 3 again shows very good agreement
of simulation and experiment. Not only the effect size
and timing is well reproduced, but also details like the
smoothly decaying right shoulder as opposed to the de-
creasing in two steps seen for the left shoulder.
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4 Conclusion

A simple linear chain model is used to calculate the
ultrafast motion of atoms in a superlattice coupled to
a substrate upon optical excitation of the opaque lay-
ers, which results in the generation of coherent acous-
tic phonon modes. The surface of the SL and the SL-
substrate interface break the translational symmetry of
the multilayer, leading to normal modes having approx-
imately the spatial periodicity of the SL mode, dSL, and
nearly equal amplitude in both the SL and the substrate.
The observed energy loss from the superlattice oscilla-
tion, which has been measured previously in UXRD ex-
periments [1–4], is predicted in this model. The time-
evolution of these modes and their interference subse-
quently develops propagating waves which transport a
large fraction of 99% of the initial energy in the coherent
acoustic modes discussed in this article into the substrate
within 100 ps. This requires and therefore evidences the
excellent acoustic impedance matching between the epi-
taxial SRO and STO layers considered here. The mixed
behavior originates from the fact that two small sound
wavepackets are launched at each interface within the
SL, giving rise to acoustic pulse trains traveling towards
the surface and the substrate, respectively. The former
are reflected at the sample surface and eventually also
leave the SL into the substrate.

In the example discussed in this article, we demon-
strate that the SL reflection does not probe the occupa-
tion of phonon modes but rather the spatial strain pat-
tern resulting from the interference of phonon modes in
the region of the SL. The loss of modulation amplitude in
UXRD signals from the SL is due to the destructive in-
terference of modes in the spatial region of the SL. The
coherent sound energy initially deposited in the SL is
not dissipated but coherently transported into the STO
substrate by the concomitant constructive mode inter-
ference therein which forms a propagating strain wave.
This strain wave is probed by UXRD in the vicinity of
the substrate reflection (Fig. 3).

As presented, our model which solely describes sound
propagation is able to correctly predict the observation
of a peak splitting in UXRD data. In a previous publi-
cation [25] the curve splitting instead of a shifting was
interpreted as a feature indicative of a phase transi-
tion. The cited publication reports additional evidence
(threshold behavior, an “isosbestic point”...) for the phase
transition. In the present paper we show that a peak
splitting in a transient rocking curve is not sufficient to
conclude a phase transition. To the best of our knowl-
edge this is the first report on the splitting of a Bragg
peak of a thin film or SL due to sound propagation. As
most thin film samples are grown on substrates, we ex-
pect the discussed features to appear in several future
UXRD studies.
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Steve Johnson for their help with the experiments at the
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joiu from Max-Planck Institute for Microstructure Physics
in Halle for fruitful discussions and for providing the
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thank Dr. Michael Woerner (MBI Berlin) for very fruit-
ful discussions on the model and simulations using “spacer-
sticks”. We gratefully acknowledge the financial support
by the BMBF via grant No. 03WKP03A and the Deutsche
Forschungsgemeinschaft via grant No. BA2281/3-1.

5 Appendix

We divide eq. (2) by mi and define ∆i(t) = Fi(t)/mi,
κi,i = −(ki + ki+1)/mi and κi,i+1 = κi+1,i = ki+1/mi.
Moreover, κi,j = 0 if |i−j| > 1, since only nearest neigh-
bors are connected by springs. The values for i = 1 and
i = N must be set according to the correct boundary
conditions, namely, κ1,1 = −(k2)/m1 and κN,N = −(kN )/mN .
For the surface of the SL (i = 1) this yields a proper de-
scription for all times. The layer i = N is chosen so
deep in the substrate that it does not move within the
simulated timescale. This gives the system of equations

ẍi +

N∑

n=1

κi,nxn = ∆i(t). (4)

The homogeneous system (∆ = 0) can be recast into the
vector equation

d2

dt2
X = KX (5)

where X = (x1, . . . , xN )T is the vector containing all
displacements and K is the tri-diagonal matrix

K =




κ1,1 κ1,2

κ2,1
. . .

. . .

. . . κi,i κi,i+1

κi+1,i
. . .

. . .

. . . κN−1,N−1 κN−1,N

κN,N−1 κN,N




(6)

where we omitted the zero-entries for clarity. As men-
tioned above, κi,i+1 = κi+1,i, which ensures that K is
real and symmetric and thus all its eigenvalues are real.

The general solution of eq. (5) is given by eq. (3) The
set of eigenmodes is represented by the eigenvectors

Ξj =




ξj
1
...

ξj
N


 (7)

which correspond to the eigenvalues (eigenfrequencies)
ωj of the system, respectively, and which are found by di-
agonalization of K. Since for t ≥ 0 we assume ∆(z, t) = ∆(z)

Paper X

147



10 M. Herzog et al.

to be time-independent, we can rewrite the inhomoge-
neous vector equation as:

d2

dt2 X − KX = ∆ (8)

⇔ d2

dt2 (X + K−1∆) − K(X + K−1∆) = 0 (9)

⇔ d2

dt2 (X∞) − K(X∞) = 0 (10)

We define the atomic positions z∞
i for t → ∞ as

the new equilibrium positions for the new coordinates
X∞ = X − K−1∆, such that zi(t) = z0

i + xi(t) = z∞
i + x∞

i (t).
The particular solution of the homogeneous equation for
the new coordinates, i.e. the complex coefficients Aj , are
found by reading the initial conditions for t = 0 from Fig.
4b) and c) and recalling that in x∞

i (t) = z0
i − z∞

i + xi(t)
the relation xi(t) = 0 holds. Hence, we find

x∞
i (0) = z0

i − z∞
i =

N∑

j=i+1

lj and
d

dt
x∞

i (0) = 0 (11)

for i = 1, . . . , N , where lj is the length of the jth stick
depicting the photoinduced stress which thereby deter-
mines the complex coefficients Aj in eq. (3).
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Epitaxially grown metallic oxide transducers support the generation of ultrashort strain pulses in SrTiO3 (STO)
with high amplitudes up to 0.5%. The strain amplitudes are calibrated by real-time measurements of the lattice
deformation using ultrafast x-ray diffraction. We determine the speed at which the strain fronts propagate by
broadband picosecond ultrasonics and conclude that, above a strain level of approx. 0.2%, the compressive and
tensile strain components travel at considerably different sound velocities, indicating nonlinear wave behavior.
Simulations based on an anharmonic linear-chain model are in excellent accord with the experimental findings
and show how the spectrum of coherent phonon modes changes with time.

DOI: 10.1103/PhysRevB.86.144306 PACS number(s): 43.35.+d, 43.25.+y, 61.05.cp, 63.20.kg

Acoustic wave propagation and the deformation of solids
are usually analyzed within the approximation of harmonic
interatomic potentials leading to the concept of decoupled
acoustic phonons including their dispersion relation which is
nearly linear for small wave vectors kP . An anharmonicity
must be introduced into the interaction potential in order
to describe deformation under very high stress. But also
small-phonon-amplitude phenomena are connected to phonon-
phonon interaction processes, such as heat expansion and
heat conduction.1 For the material investigated in this paper,
SrTiO3 (STO), all these properties have been studied in detail,
since STO is the generic dielectric (quantum paraelectric)
perovskite oxide with a variety of interesting properties near
its structural phase transition at 105 K. The elastic constants
were determined by ultrasound measurements,2 the damping
of acoustic phonons was investigated by the linewidth of
Brillouin scattering3 and apparent deviations of the acoustic
dispersion were discussed in the context of picosecond
ultrasonics measurements.4 Recently ultrafast x-ray diffraction
(UXRD) was used to accurately measure the propagation
and decay of quasimonochromatic strain pulses in STO.5 In
general, UXRD data yield unambiguous information on the
ultrafast lattice response, which is helpful for the interpretation
of optical pump-probe investigations concerning complex
problems in solids.6–8

In theory, the changes in the occupation of phonon modes
are described as phonon damping due to scattering from
defects or anharmonic interaction with thermally activated
phonons.9–12 For high strain amplitudes also interactions
among coherent phonons are possible, which leads to a
shape change of coherent phonon pulses. In particular, the
self-steepening of strain pulses in sapphire giving rise to
N-waves, shock waves, and soliton pulse trains were measured
after a long propagation length of more than one hundred
microns.13–16 These solitons were observed at low tempera-
tures where phonon damping is weak and were discussed by
nonlinear wave equations.16–18

In this paper we investigate the nonlinear propagation
of giant longitudinal acoustic (LA) bipolar strain pulses in
SrTiO3. We calibrate the strain amplitude by UXRD and
show how the mode spectrum constituting the wave changes

as a function of time. Simulations based on an anharmonic
linear-chain model yield excellent agreement with ultrashort
broadband optical reflectivity measurements and show that
compressive strain components propagate faster than tensile
strain components. The dependence of the sound velocity on
the strain gives rise to a self-steepening of the strain fronts. We
analyze the experiments in a linear-chain model with atomic
resolution, although for the presented results a continuum
model would also be applicable. There are several advantages
of this approach and the discussion of sound waves in terms
of phonons. First we anticipate experiments for very high
wave vectors approaching the Brillouin zone boundary. At
a temperature of 110 K, STO undergoes an antiferrodistortive
phase transition connected to an optical phonon mode which
softens near the zone boundary.19 For connecting the nonlinear
parameters derived in the present paper with the physics near
the phase transition our approach will be very helpful. Finally,
ultrafast x-ray diffraction naturally supports simulations with
unit cell accuracy, and we show in Eq. (1) that in our
picosecond ultrasonics experiments the different wavelengths
of the reflected photons are sensitive to particular wave vectors
of phonons.

We use an epitaxially grown La0.7Sr0.3MnO3 (LSMO)
transducer film on a SrTiO3 (001) substrate, fabricated by
pulsed-laser deposition. The red symbols in Fig. 1(a) show
a θ -2θ scan of the sample recorded at the energy dispersive
reflectometer (EDR) beamline of the synchrotron BESSYII
of the Helmholtz-Zentrum-Berlin. The bright substrate peak
at θ = 23.25◦ is cut off to show the less intense layer peak
(LSMO) at 23.58◦ more clearly. The excellent agreement
with the simulation (black solid line) confirms the crystalline
perfection of the epitaxial film with a thickness of dLSMO =
36 nm, which is very robust against high excitation densities
and supports high strain amplitudes. To calibrate the amplitude
of the strain wave we measure the expansion of the metallic
layer via the shift of the x-ray diffraction signal [Figs. 1(b)
and 1(c)] after optical excitation by 50 fs laser pulses around
800 nm wavelength with a fluence of 20 mJ/cm2. To probe
the structural dynamics we use an x-ray plasma source
which provides jitter-free x-ray pulses with a duration of
approximately 200 fs.20 The transient angular shift �θ of the
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FIG. 1. (Color online) (a) Static θ -2θ scan of the (002) peaks of
the LSMO-STO sample showing a weak and broad layer (LSMO)
peak and a much brighter and narrower STO substrate peak.
(b) Transient UXRD signal after pumping with a laser pulse. The
layer peak shifts to smaller angles indicating the expansion of LSMO
within 6 ps (logarithmic color code). (c) Two cuts of panel (b) with
pump-probe delays −2 ps (before pumping) and 12 ps (when the
strain pulse has left the layer).

LSMO Bragg peak can be read from Fig. 1(b) for time delays
up to 15 ps. The shift is connected to the layer strain ε by
Bragg’s law. Figure 1(c) shows the diffraction curve for a time
delay of 12 ps yielding an induced LSMO strain of ε = 0.2%.

The observed time dependence of the LSMO Bragg
peak can be understood as follows:21,22 The absorbed pump
pulse induces a quasi-instantaneous thermal stress which
is unbalanced at the layer boundaries. This leads to two
strain fronts which propagate away from the air-LSMO and
LSMO-STO interfaces eventually building up a bipolar strain
pulse in the STO substrate.23 The maximum expansion occurs
at T = dLSMO/vLSMO = 6 ps after the excitation, when the
expansion waves starting from the surface and the interface
have traveled through the film at the velocity of sound in
LSMO, vLSMO.24 After 12 ps the coherent strain wave has
completely left the LSMO layer and entered the STO substrate.
Reflections of the sound wave at the interface with good
acoustic impedance matching can be neglected.21,24,25

In previous experiments we confirmed that the layer
strain depends linearly on the excitation fluence26 and
that the corresponding bipolar strain wave propagates
into the STO substrate.21 Hence we conclude a cal-
ibration factor of 0.01% LSMO strain per 1 mJ/cm2

fluence. The strain amplitude of the bipolar pulse in
the STO is half of the LSMO strain after 12 ps
weighted with the ratio of the layer and substrate sound

velocities which considers the bipolar pulse stretching in the
STO.21,24,25

Having calibrated the amplitude of the lattice response,
we follow the propagation of the bipolar strain pulse by
optical pump-probe measurements. The setup is very similar
to the broadband picosecond ultrasonics setup reported by
Pontecorvo et al.27 We split the 800 nm laser light into two
parts. The intense part is used to pump the sample with fluences
ranging from 14 to 47 mJ/cm2 and the smaller part is focused
into a sapphire plate to generate a white light supercontinuum
pulse. This spectrally broad light pulse ranging from 470 to
700 nm is reflected from the sample under an angle α = 45◦
with respect to the surface normal. We measured the relative
transient reflectivity change �R/R0 of the sample for four
different fluences at pump-probe delays up to 1 ns with
a resolution of 1 ps. Figure 2 shows the response of the
sample after correction for the chirp of the white light probe
pulse and after subtraction of the slowly varying background
which is associated with the transient heat in the LSMO film.
Figure 2(a) shows the relative change of reflectivity for the
lowest fluence (14 mJ/cm2) and Fig. 2(b) shows the same for
the highest fluence (47 mJ/cm2).

All measurements show pronounced oscillations which
exhibit a period increasing with the probe wavelength λ.
At high fluences we additionally observe a wavelength-
dependent beating of these oscillations. The oscillations can
be understood as an interference of the light wave reflected
by the sample surface with the light wave reflected due to
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FIG. 2. (Color) Relative optical reflectivity change of the LSMO-
STO sample for a pump fluence of (a) 14 mJ/cm2 and (b)
47 mJ/cm2. The low-frequency background was subtracted by high
pass filtering. The probe pulse wavelength is given by λ (left
axis). Both measurements show oscillations which are attributed to
Brillouin backscattering of a photon from a phonon with wave vector
kP (right axis). For strong excitation conditions (b) we observe a
beating in these oscillations.
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the refractive index change induced by the propagating strain
wave.23

In order to explain how a photon with wave vector kL is
selectively probing a certain phonon with wave vector kP ,
we describe the propagating wave front as a superposition
of longitudinal acoustic (LA) phonons with wave vector kP .
Then the “reflection” of the probe light from the strain pulse
can be understood as Brillouin backscattering of optical light
with wave vector kL. Therefore, such oscillations are often
denoted as “Brillouin oscillations” in the literature.28 The
observed frequency ωP of the signal oscillation corresponds
to the eigenfrequency of the LA phonon with wavevector
kP . According to energy and momentum conservation the
latter is related to the probe wavelength λ by the Brillouin
backscattering condition

kP = 2k⊥
L = 4π

λ
n(λ) cos(β), (1)

where k⊥
L is the internal optical wave vector component along

the surface normal and n(λ) is the refractive index of STO
which is taken from the literature.29 The internal angle β is
related to α by Snell’s law. Equation (1) implies that the probe
wavelength is specific for a certain wave vector of LA phonons.
The amplitude of oscillations at each wavelength λ and time
interval is a measure of the phonon amplitude of a specific
phonon wave vector kP . The beating observed in Fig. 2(b) is
therefore interpreted as a change of the phonon spectrum in
time. In particular, the beat node indicates the absence of a
certain wave vector kP at a certain time delay after excitation.
This will be discussed in the context of Fig. 4.

Now we discuss how to derive the sound velocity from
the measured data shown in Figs. 2(a) and 2(b). The linear
dispersion relation of acoustic phonons near the Brillouin
zone center is given by ωP (λ)/kP = vs and thus relates the
observed oscillation frequency ωP (λ) to the speed of sound
vs for the LA phonons in STO:

vs = ωP (λ)λ

4πn(λ) cos(β)
. (2)

We then calculate the fast Fourier transform I (ωP ,λ) along
the time axis for each probe wavelength λ. This yields a
relation between λ and the related oscillation frequencies
ωP (λ), which implies a dependence of the sound velocity
vs on the phonon wave vector kP according to the Brillouin
backscattering condition. We use Eq. (2) as a coordinate
transformation vs(ωP (λ),λ) which transforms our Fourier-
transformed data into a wavelength-dependent sound velocity
distribution I (vs,λ). By integration of the calculated result over
all wavelengths we obtain Fig. 3, which shows the measured
sound velocity distributions for different photoinduced LSMO
strains calibrated by the results of the UXRD measurement.
At low strain (0.14%) we observe a single peak around 8
nm/ps which is in a good agreement with the known sound
velocity of the LA phonons in STO.25 This peak validates
the linear dispersion at low fluence. A nonlinear dispersion
(kP -dependent sound velocity) would lead to a broadened
distribution.

However, with increasing strain amplitude we find a
splitting in the sound velocity distribution. This implies that,
for large strains, the speed of sound depends on the strain
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FIG. 3. (Color online) Measured sound velocity distribution of
the induced strain pulse in STO. The different pump fluences were
calibrated with the UXRD measurement to the resulting induced
strains of the LSMO layer which is directly linked to the strain ampli-
tude of the bipolar strain pulse in the STO. The narrow distribution for
0.14% strain implies that the entire strain pulse essentially propagates
with a speed around 8 nm/ps. With increasing strain amplitude the
sound velocity distribution gets broader and eventually a double-peak
distribution is established. At high excitation levels different parts of
the strain pulse propagate with different velocities. The stars indicate
the sound velocities of the self-steepened sound pulses simulated in
Fig. 4(a).

amplitude. The strain amplitude itself modulates the sound
velocity of the medium.

To verify these assignments and to understand the un-
derlying excited phonon spectrum, we simulate the lattice
dynamics in a linear-chain model which was successfully
tested against UXRD data in several cases.21,30 In addition
to the model proposed in Ref. 21, we introduce an anharmonic
potential between adjacent oscillators in order to describe the
nonlinear wave propagation. Moreover, we add an empirical
phonon damping term proportional to the velocity difference
of adjacent oscillators. Mathematically the system is described
by N coupled oscillators where each oscillator describes one
lattice plane (half unit cell) of the LSMO thin film or the
STO substrate. The set of N coupled second-order ordinary
differential equations is

miẍi = kM (�i − �i−1) + aM

(
�2

i − �2
i−1

)
+ miγM (�̇i − �̇i−1) + Fi(t), (3)

where �i = xi+1 − xi and i = 2, . . . ,N − 1. The potential
is nearly harmonic with a small cubic term. This leads to
the linear and parabolic force terms in the coupling force of
Eq. (3), where mi is the mass of the oscillator, kM is the
spring constant, aM is the anharmonicity parameter, and γM

is a material specific damping constant.31,32 At the interface
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of LSMO and STO the differential equation is asymmetric,
since kM , aM , and γM cannot be factored out as in Eq. (3). The
first and the last oscillator have no opponent. This defines the
boundary condition. We used N = 48182 oscillators, i.e., the
first 9.4 μm of the STO substrate are included in the lattice
dynamics simulations.

The elastic properties of LSMO and STO were taken from
the literature.24,25 For the anharmonicity of STO we made a
first approximation from the hydrostatic pressure dependence
of the elastic constants, which leads directly to a qualitative
agreement.2 We then varied the anharmonicity of STO and
LSMO to find quantitative agreement of the theory with the
experimental data. The final value of the anharmonicity of STO
reads 1.8 × 1013 kg s−2 m−1, which is only 10% smaller than
the first guess. The anharmonicity in the LSMO transducer
film has only little influence on the dynamics because of the
short propagation length. For this we finally used a value of
3 × 1013 kg s−2 m−1. For the damping parameter γi we used
a value which yields good agreement for phonon damping in
STO observed by UXRD.5

Fi(t) describes the driving force of the oscillators due to
the optical excitation process. We assume an instantaneous
force step Fi(t) at time zero according to the strong electron-
phonon coupling in the metallic oxides.8 The spatial excitation
profile Fi(t) follows an exponential decay determined by the
penetration depth of the optical pump light. Accordingly,
deeper-lying unit cells exhibit less expansion.21

Figure 4(a) shows the simulated strain profile for different
times after excitation of the sample with the smallest
(black line) and largest (blue line) strain amplitude in the
copropagating frame of reference. The center of the bipolar
pulse which has a strain level close to zero propagates with the
normal speed of sound, which is only valid in the harmonic
approximation. In the regions with high amplitude the strain
modulates the elastic constants. This nonlinear interaction
between the masses changes the shape of the bipolar pulse, in
particular leading to a self-steepening pulse front and tail. The
tensile part is slower and the compressive part is faster than
the sound velocity vs of the harmonic linear chain. The speed
of the pulse front propagation is read from the simulation and
indicated in Fig. 3 as stars. The good agreement verifies the
interpretation of the measured splitting of the sound velocity
distribution.

For further comparison to the measurement and to interpret
the impact of the anharmonic interaction on the classical
decoupled oscillators called phonons, we analyze the simu-
lated strain profiles in Fig. 4(a) by calculating the Fourier
amplitudes A(kP ,t) of sinusoidal waves composing the wave
packet for each time delay t . This is essentially an amplitude
of phonons (decoupled modes) which describes the wave
packet. For better comparison to the experimental observable
we plot A/λ in Fig. 4(c), because for a transparent medium
the reflectivity modulations scale inversely with λ according
to equations (35–38) in the seminal paper of Thomsen et al.23

The distribution of coherently excited phonons rapidly shifts
to smaller kP vectors.

Figure 4(b) shows the amplitude of the measured Brillouin
oscillations [Fig. 2(b)], which is proportional to the phonon
amplitude of the phonon with wave vector kP .23 During the
time sequence 240, 320, and 410 ps the first minimum of
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FIG. 4. (Color) (a) Spatial profile of the bipolar strain pulse in
the STO for different propagation times in a frame of reference
propagating with the speed of sound vs for high amplitude (blue
line, 0.47% strain) and low amplitude (black line, 0.14% strain).
For large amplitude, the tensile part of the pulse propagates with
subsonic speed and the compressive part propagates with supersonic
speed indicated by the stars in Fig. 3. (b) Measured amplitude of
oscillations for each wavelength connected to the wave vectors by the
Brillouin backscattering condition. The region between the vertical
black lines indicates the wave vectors that can be accessed by the
optical white light. (c) Phonon amplitude divided by the wavelength
λ (see text) as a function of wave vector calculated from Fourier
transforms of the simulated strain profile, showing good agreement
with the measurement in panel (b).

the phonon amplitude is moving through the experimental
window of observation given by the Brillouin backscattering
condition [Eq. (2)]. These minima represent the fact that,
at a certain point in time, these phonons are not occupied.
This is the fundamental interpretation of the beating of the
measured oscillations. The simulation reproduces also the
second measured amplitude minimum [Fig. 2(b)], which
moves into the observed wavelength range about 700 ps after
excitation (not shown).

We now discuss the physics behind the anharmonic linear-
chain model leading to the excellent agreement of theory
and experiment. Deformations are only reversible if they
are infinitely slow and if the thermodynamic system is in
equilibrium at any time. This is not the case for phonons
which have a finite oscillation period. The phonon has to damp
out because of the intrinsic irreversibility of the oscillation.
In other words, the coherent phonon amplitude goes down
by dissipating energy to the heat bath.5,9–12 In our model we
consider this fact by the hydrodynamic damping term γM in
the second line of Eq. (3).

The force term to second order in strain [aM in Eq. (3)]
is given by the anharmonic interactions of atoms which
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contribute only for large strain amplitudes. The set of differen-
tial equations [Eq. (3)] can be approximated by a Korteweg–de
Vries–Burgers equation (KdVB) if the phonon wavelength is
much larger than the lattice constant.33 This is advantageous
to find asymptotic solutions such as solitons. Our approach is
useful for the calculation of solutions with certain excitation
conditions and for considering acoustic mismatches of differ-
ent materials. We can account for dispersion higher than third
order and compute solutions with phonon wavelengths close
to the lattice constant.

In conclusion, we determined the transient phonon spectra
of nonlinearly propagating strain pulses in strontium titanate

by transient reflectivity measurements for different fluences,
which are experimentally calibrated by time-resolved x-ray
diffraction. An anharmonic linear-chain model with phonon
damping reproduces the measured spectra in a quantitative
way and verifies the interpretation of the transient reflectivity
measurements. The anharmonicity thus changes the phonon
occupation in time and leads to compressive and tensile strain
fronts traveling at 1% faster and slower speed, respectively.

We thank the DFG for supporting the project via BA 2281/3-
1 and SFB 762.
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We employ the ultrafast response of a 15.4 nm thin SrRuO3 layer grown epitaxially on a SrTiO3

substrate to perform time-domain sampling of an x-ray pulse emitted from a synchrotron storage

ring. Excitation of the sample with an ultrashort laser pulse triggers coherent expansion and

compression waves in the thin layer, which turn the diffraction efficiency on and off at a fixed

Bragg angle during 5 ps. This is significantly shorter than the duration of the synchrotron x-ray

pulse of 100 ps. Cross-correlation measurements of the ultrafast sample response and the

synchrotron x-ray pulse allow to reconstruct the x-ray pulse shape. VC 2012 American Institute of
Physics. [http://dx.doi.org/10.1063/1.4769828]

Ultrafast x-ray diffraction (UXRD) performed at syn-

chrotron sources is an ideal tool for detecting atomic motion

in solids, due to the large brilliance and stability of these

sources.1,2 In particular, the utilization of nanostructured

samples, which are excited and measured in a pump-probe

scheme, has led to a deeper understanding of the propagation

of coherent acoustic sound waves in layered structures.3 In

this way, coherent optical superlattice phonons, which corre-

spond to back-folded acoustic phonons have been excited

and studied in detail.4,5 Such systems show modulations of

superlattice Bragg peaks on a picosecond (ps) timescale6 and

may eventually lead to the development of new devices such

as an ultrafast x-ray switch.7,8 On a more fundamental level,

it has been shown recently that thin layer transducers can be

used to excite quasi-monochromatic strain waves, which

allow for studying coherent acoustic phonon dynamics.9 In

typical pump-probe measurements, a sample is excited by an

ultrafast laser and subsequently probed by a time-delayed

ultrashort probe pulse. For each time delay s, a snapshot of

the sample is recorded. However, the complete dynamics in

the sample can only be reconstructed through a series of

snapshots if the probe pulses are at least twice as short as the

inverse of the highest frequency that is contained in the sam-

ple response. In general, a pump-probe signal Ipp corre-

sponds to a cross-correlation measurement of the delayed

probe pulse Pðtþ sÞ with the time-dependent response of the

sample S(t).10

IppðsÞ ¼
ð1
�1

dt � SðtÞPðtþ sÞ: (1)

In the limit of infinitely short probe pulses PðtÞ ! dðtÞ, the

pump-probe signal directly yields the sample response S(t).
Therefore, a good knowledge of the temporal structure of the

probe pulse is crucial for a correct analysis of the data

obtained in a pump-probe scheme. X-ray pulses generated at

synchrotron sources are typically characterized by streak

camera measurements, which can provide time-resolutions

below 1 ps.11,12

In this letter, we present a cross-correlation measurement

of a 100 ps x-ray probe pulse delivered by a synchrotron stor-

age ring and the ultrafast response of a laser excited sample.

The idea of the experiment together with the experimental

setup is explained in Figures 1(a) and 1(b), respectively. An

x-ray probe pulse (black), delivered from the ESRF storage

ring is diffracted by a sample (red) exhibiting a dynamic

response upon excitation, which is much shorter than the dura-

tion of the probe pulse. The sample dynamics is such that it

turns the x-ray diffraction (XRD) efficiency on and off on an

ultrafast timescale. The transient shown in red in Figure 1(a)

is a simulation of the x-ray response of the actual structure

that was used in the experiment and which is described below.

By delaying the optical excitation pulse against the x-ray

probe pulse, different sections of the latter are diffracted. The

black transient in Figure 1(a) shows the x-ray probe pulse as

determined by streak camera measurements.14 The ESRF

x-ray pulse shows a slight asymmetry. Due to the finite dif-

fraction efficiency of the unexcited sample, a fraction of the

x-ray probe pulse is also diffracted when the sample is not

excited. We call this fraction the diffraction background.

Figure 1(b) shows the experimental setup. Time-resolved

measurements were done at the undulator beamline ID09B at

ESRF. A general description of the setup can be found in

Ref. 13. The storage ring was running in 16-bunch mode15

delivering monochromatized x-ray pulses at an energy of

12 keV and a duration of 90-120 ps, depending on the charge of

the electron bunch. The beamline is equipped with a commer-

cial laser system (Coherent Legend), which yields 800 nm

optical pulses with an energy of 1.5 mJ and a duration of 600 fs

at a repetition rate of 1 kHz.

In the following, we characterize our sample and explain

the nature of the ultrafast response that is later applied toa)Electronic mail: peter.gaal@helmholtz-berlin.de.
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sample the synchrotron x-ray pulse. For the cross-correlation

measurement, we used a d¼ 15.4 nm thin layer of metallic

SrRuO3 (SRO) grown epitaxially on an SrTiO3 (STO) sub-

strate. The relevant parameters of these materials are well

known.16–19 While the SRO layer is opaque for the optical

pump light, the STO substrate is transparent. Therefore,

energy from the pump pulse is only deposited in the thin

layer. Figure 2(a) shows a measurement of the ultrafast sam-

ple dynamics upon excitation with a 800 nm optical pump

pulse of a duration of 50 fs. The measurement was per-

formed at the plasma X-ray source (PXS) at University of

Potsdam which delivers x-ray pulses of �150 fs duration at

the characteristic copper Ka energy of 8.047 keV.20,21 The

pump fluence was set to 30 mJ=cm2. The h-axis in Figure

2(a) has been converted to match the measurements from

ESRF. Upon optical excitation, the layer peak shifts to

smaller angles and reaches a minimum angle of h ¼ 15:02�

after 2.5 ps. At later times, the peak shifts back to a quasi-

stationary position around an angle of 15:1�. This position is

reached at a delay of 5 ps. The timescale of the peakshift

results from the ratio of the sample thickness and the veloc-

ity of sound in the sample. The sample thickness of 15.4 nm

represents a good trade-off between the duration of coherent

phonon propagation and diffraction efficiency from the SRO

layer. Figure 2(b) shows a static XRD measurement of the

structure. The STO substrate peak appears at an angle of

15:33�. Due to the small layer thickness, the layer peak has a

width of 0:12�. The dynamics in the sample, which leads to

the observed peak shift, is illustrated in Figure 2(c). This

graph shows a simulation using a masses and springs

model,22 which accounts for coherent phonon propagation

and for heat diffusion from the excited layer to the substrate.

Optical excitation triggers coherent expansion waves which

are launched at the layer-substrate and layer-air interface,

respectively, and propagate into the SRO layer. The lattice

expansion is shown in red colors. At the same time, a com-

pression wave, which is shown in dark blue colors, is

launched at the layer-substrate interface. This compression

wave directly propagates into the substrate. At a delay of

roughly 1.3 ps, the layer peak shifts across the angle of the

quasi-stationary peak position. The reason is the interference

of the excited strain waves from both interfaces, as shown in

Figure 2(c). The maximum shift occurs at 2.5 ps, when both

expansion waves have propagated through the layer. While

the strain wave that was launched at the sample surface now

propagates into the substrate, the other strain wave is

reflected at the sample surface and propagates back through

the layer. Reflection at the surface also converts the expan-

sion wave into a compression wave. Therefore, the layer

peak position is shifted to larger h-angles for delays larger

than 2.5 ps. The quasi-stationary peak position is reached,

FIG. 1. (a) Cross-correlation of an ultrafast sample response against a

100 ps x-ray probe pulse. The calculated sample diffraction efficiency is

modulated by optical excitation of the sample at different delay times s.

Since the sample dynamics last for roughly 5 ps, it is much shorter than the

x-ray pulse. (b) Experimental setup at ID09B at the ESRF storage ring

(for details see Ref. 13): A Ti:sapphire laser is synchronized to the RF signal

from the storage ring. The synchronization allows to delay the laser pulse

against the x-ray probe pulse with ps resolution. Diffracted x-ray photons

from the sample are captured in a combined scintillator/photomultiplier

(PMT) detector and counted in a time-correlated single-photon-counting

(TCSPC) module.
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FIG. 2. (a) Measurement (black dots) and simulation (red solid line) of the

center of mass shift of the SRO layer peak upon excitation with an ultrashort

optical pump pulse. The measurement is performed at the PXS at University

of Potsdam. (b) Measurement (black solid line) and simulation (blue dotted

line) of the static x-ray diffraction curve of a 15.4 nm thin SRO layer grown

epitaxially on an STO substrate. (c) Simulation using a masses and springs

model of the coherent phonon dynamics upon impulsive optical excitation

of the SRO layer.
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when both strain waves have propagated into the substrate.

The layer peak relaxes to its equilibrium position via heat

diffusion from the hot layer to the substrate. This process is

much slower than the coherent phonon dynamics and occurs

on a nanosecond timescale.23 Hence, after the layer peak has

shifted to its quasi-stationary position, the diffraction effi-

ciency is constant on the timescale of the incident x-ray

pulse. Due to the constructive interference of both expansion

waves, there is an angular range, where the peak shift is gov-

erned exclusively by the propagation of coherent phonons in

the sample. Therefore, in the appropriate angular range, the

sample shows a modulation of its x-ray diffraction efficiency

which lasts for only 5 ps. We exploit this feature as an ultra-

fast probe of the x-ray pulse from the synchrotron.

Measurements of the cross-correlation signal between the

ESRF x-ray pulse and the ultrafast sample response are shown

in Figure 3(a) for Bragg angles from 14:89� to 15:03�. The ex-

citation fluence was set to 15 mJ=cm2. Since the duration of

the optical pulse is 600 fs, which is significantly faster than the

propagation time of the coherent phonons through the layer, it

can be omitted in the analysis of the correlation signal. Figure

3(b) shows a simulation in the same angular range that repro-

duces the measurement. A cut along the delay time axis is

shown in Figure 3(c) for a Bragg angle of 14:9�. The measured

transient has a full width at half maximum (FWHM) duration

of 100 ps. Together with the experimental data, we plot a cal-

culated pump-probe signal that was obtained by cross-

correlating the simulated sample response with an ESRF probe

pulse. The simulation shown in the red dotted line was

obtained by using the ESRF pulse profile as measured by a

streak camera. It is shown in Figure 1(a) and in the red solid

line in Figure 3(d), respectively. This pulse has a FWHM dura-

tion of �100 ps. The blue solid line in Figure 3(d) shows the

shape of the ESRF x-ray pulse as extracted from a deconvolu-

tion of the simulated sample response out of the measured

data. The data have been slightly smoothed for that procedure.

This pulse, which has a FWHM duration of 85 ps, was used to

calculate the blue dashed transient shown in Figure 3(c). It

yields an even better representation of the data compared to

the red transient that was calculated using the measured ESRF

pulse. This concurs with the observations from previous

experiments at the ID09B beamline at ESRF, which indicate a

pulse length of the order of 80 ps in 16-bunch mode. Hence,

the determination of the x-ray pulse length using our cross-

correlation technique seems to characterize the x-ray pulse

more accurately than the streak-camera measurement.

The green transient in Figure 3(c) shows a measurement

where the Bragg-angle on the sample was set to h ¼ 14:95�.
The slow decay at positive pump-probe delays stems from

thermal relaxation from the excited layer to the substrate and

the subsequent shift of the layer peak to larger angles. This

effect deteriorates the temporal resolution in the cross-

correlation measurement. Note that the rising edge coincides

with the red and blue curves, since in all cases the rise of the

pump-probe signal is determined by coherent phonon dy-

namics. However, the relative background at negative delays

of the green dashed line in Figure 3(c) appears smaller com-

pared to the other transients. This results from the fact that

the diffraction background at negative delays is constant for

all Bragg-angles, while the peak diffraction increases for

increasing h-angles of the sample.

In conclusion, we performed a time-domain sampling

measurement of a 100 ps x-ray probe pulse using the ultra-

fast response of a laser-excited thin SRO film grown on an

STO substrate. Excitation of the film with an ultrashort opti-

cal pulse triggers the propagation of coherent phonons,

which modulate the diffraction efficiency in the sample.

Already 5 ps after optical excitation, the sample reaches a

quasi-equilibrium state that is stable for the remaining dura-

tion of the incident x-ray pulse. Our experiment is easy to

reproduce and may be used for efficient time-zero determina-

tion and for measuring the shape of the x-ray probe pulse.

We thank the BMBF for funding the project via
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We present a new concept for shortening hard x-ray pulses
emitted from a third generation synchrotron source down to
few picoseconds (ps). Our device, which we call the
PicoSwitch, exploits the dynamics of coherent acoustic
phonons in a photo-excited thin film. A characterization of the
structure demonstrates switching times of ≤5 ps and a peak
reflectivity of ≈10−3. The device is tested in a real
synchrotron-based pump-probe experiment and reveals features
of coherent phonon propagation in a second thin film sample,
thus demonstrating the potential to significantly improve the
temporal resolution at existing synchrotron facilities.

1. Introduction

Ultrafast structural dynamics can be monitored by time-
resolved x-ray techniques, provided that the probing x-ray pulse
is sufficiently short.(Bargheer et al., 2006; Rousse et al., 2001)
Unfortunately, large-scale facilities like synchrotrons, which
offer the best experimental conditions in terms of stability, tune-
abillity and brilliance, typically do not deliver pulses shorter
than 100 ps. An exception is the so-called low-α mode (Abo-
Bakr et al., 2002), where the synchrotron is able to generate
pulses as short as 5 ps. However, the low-α mode is only avail-
able a few weeks per year, since it reduces the x-ray intensity
at all beamlines connected to the storage ring. To date, var-
ious schemes exist, that can manipulate or resolve the time
structure of a synchrotron x-ray pulse. All of them are indi-
rect in the sense that they do not act on the x-ray pulse itself.
Either the electron bunch in the storage ring is manipulated
(e.g., femtoslicing (Schoenlein et al., 2000; Beaud et al., 2007)
or orbit deflection using RF cavities (Zholents et al., 1999)),
or electrons generated in photocathodes are used to spatially
map the temporal structure of the synchrotron pulse on a
screen.(Enquist et al., 2010; Chang et al., 1996) The high-
est temporal resolution at synchrotron sources is obtained by
using electron slicing schemes, which leads to 150 femtosecond

(fs) pulses.(Schoenlein et al., 2000; Beaud et al., 2007) How-
ever, these schemes result in a rather low photon flux. Highly
improved experimental conditions are found at new facilities
like free-electron-laser (FEL) sources.(Emma et al., 2010; Pile,
2011; Geloni et al., 2010) However, the large demand for ultra-
short, brilliant and stable x-ray pulses from the ultrafast com-
munity is not yet satisfied.

Several early attempts were made to manipulate the time
structure of the synchrotron x-ray pulse directly. Early exper-
iments reported switching of hard x-rays resulting in pulses of
100 ps duration and more.(Wark et al., 1989; Zolotoyabko &
Quintana, 2004; Allam, 1970; Grigoriev et al., 2006; Navirian
et al., 2011) A promising concept is based on optical phonons
(Bucksbaum & Merlin, 1999), however, it could not yet be
realized experimentally.(Sheppard et al., 2005) A modified
approach exploiting acoustic phonons (Herzog et al., 2010)
demonstrated a modulation of the switching-contrast ratio of
∆R/R = 24.1 during 1 ps. However, the first modulation max-
imum is followed by several post pulses, which significantly
protracts the switching time.

Here we present a new concept, that builds on the experi-
ence of previous approaches. We excite coherent strain waves
in a thin metallic oxide film in order to modify the diffraction
efficiency of the structure at a fixed Bragg angle on a picosec-
ond time scale. An exemplary gate is shown in Figure 1 b). A
good switch provides short rise- and fall times tr and t f and
a short on-time ∆T . Also the diffraction efficiency before (η0)
and after (η∞) the switching should be low, whereas it should
be high in the on-state (ηmax). This automatically increases
the switching contrast C0 and C∞. The contrast is defined as
Ci = (ηmax − ηi)/ηi. Figure 1 a) shows the measured and sim-
ulated time-dependent diffraction efficiency of the particular
PicoSwitch structure discussed below in this article. After intro-
ducing the experimental method of ultrafast x-ray diffraction
(UXRD) in the next section, we present a full characterization
of the PicoSwitch both experimentally and theoretically in Sec-
tion 3. In Section 4 we apply our approach in a real synchrotron
based ultrafast pump-probe experiment. Results of this experi-
ment are discussed in Section 5.
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Figure 1
a) Measurement (red bullets) and simulations (green and black solid
lines) of the PicoSwitch. The measurement was performed at the
Plasma X-ray Source (PXS) at the University of Potsdam. The sim-
ulation (green line) shows excellent agreement with the measured data.
A larger contrast and switching efficiency is predicted for higher pump
fluences (black line). The angle θPS is the x-ray diffraction angle as
defined in Figure 2 a). b) Gate parameters defining the performance of
an x-ray switch: turn-on time ∆T , rise- and fall-time tr and t f , respec-
tively, diffraction efficiency before (η0), during (ηmax) and after (η∞)
switching and contrast before (C0) and after (C∞) switching.

2. Experimental Setups

We performed ultrafast x-ray diffraction (UXRD) experi-
ments at the Plasma X-ray Source (PXS) (Schick et al., 2012)
at the University of Potsdam and at the ID09B beamline at the
European Synchrotron radiation Facility (ESRF) in Grenoble,
France. A schematic of the setups is shown in Figure 2 a) and
b), respectively. A high-power laser yielding ultrashort laser
pulses is employed to excite the sample and the PicoSwitch,
respectively. At the University of Potsdam we use a com-
mercial Coherent Legend Duo system which provides optical
pulses (λ = 800 nm) with a duration of 40 fs at a repeti-
tion rate of 1 kHz. For x-ray generation, the laser pulses are
focused on a copper target in a vacuum chamber. The target
is wrapped on a system of spools together with debris pro-
tection tapes. Interaction of the the highly intense laser pulses
with the copper target leads to the emission of characteristic
Cu Kα x-ray (E = 8.047 keV) bursts of 150 fs duration.(Schick
et al., 2012; Zamponi et al., 2009) The temporal delay between
optical pump and x-ray probe pulses is realized by a mechani-
cal delay stage. Since the x-ray probe pulse is generated by the
same laser as the pump beam, both are perfectly synchronized.
X-ray photons, which are emitted in a solid angle of 4π, are
collected with a Montel x-ray focusing mirror having an image
ratio of 1:7. The mirror is mounted 875 mm from the sam-
ple. The 4π emission angle and the focal distance reduce the
angular resolution to approximately 0.1◦ in a diffraction exper-
iment, as indicated by the gray shaded area in Figure 4 d) and
e). Reflected x-ray photons from the sample are detected with a
CMOS hybrid-pixel area detector (Dectris Pilatus 100K).
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a) Typical UXRD setup: The PXS at the University of Potsdam deliv-
ers 150 fs x-ray pulses at an energy of 8.047 keV. A detailed descrip-
tion of the PXS is given in reference (Schick et al., 2012; Zamponi
et al., 2009). Laser parameters are: pulse energy 8 mJ, pulse duration
40 fs and repetition rate 1 kHz. The pump fluence was set to 30 mJ/cm2.
b) Synchrotron-based pump-probe experiment: A Ti:sapphire laser sys-
tem (Coherent Legend) is synchronized to the repetition rate of the
ESRF storage ring with an accuracy of ≤5 ps between the x-ray and
laser pulses. Laser parameters are: pulse energy 1.5 mJ, pulse duration
600 fs and repetition rate 1 kHz. The pump-probe scheme is shown
in Figure 4 a) in detail. X-ray photons diffracted from the sample are
captured in a photo-multiplier (PMT) and counted in a single photon
counting (SPC) unit.

For the experiments at the ID09B beamline at the ESRF
the storage ring was running in 16-bunch mode, delivering
monochromatized x-ray pulses at an energy of 12 keV and a
duration of 90-120 ps.(Cammarata et al., 2009) The beamline
is equipped with a commercial laser system (Coherent Legend)
which yields 800 nm optical pulses with an energy of 1.5 mJ and
a duration of 600 fs at a repetition rate of 1 kHz. The laser oscil-
lator was electronically phase-locked to the synchrotron repeti-
tion rate, which allows for timing the delay t between the ampli-
fied optical and x-ray pulses with an accuracy better then 5 ps.
This is significantly shorter than the x-ray pulse duration. The
gated probe pulse reflected by the PicoSwitch is inherently syn-
chronized to the pump laser after switching. For the second opti-
cal path, a mechanical delay stage has been introduced to realize
the pump-probe delay τ . X-ray photons have been detected with
a plastic scintillator (BC400-series) attached to a Hamamatsu
photomultiplier tube (H7422). The detector signal was fed to a
single-photon counting unit controlled by a computer.

It is important to note, that the different x-ray energies used
during the PXS and the ESRF experiments, lead to two different
angular ranges in the diffraction data presented in this contribu-
tion. We preserved the original angular scales to clearly distin-
guish the different experiments. The x-ray response of the sam-
ple is essentially the same for both x-ray energies used in the
experiments. All diffraction data shown were recorded on the
(002) reflection of SrTiO3 (STO) (substrate peak) and SrRuO3

(SRO) (layer peak). At an x-ray energy of 12 keV, the maximum
of the (002) reflection of SRO appears at 15.2◦ (Figure 3 a).
These data are recorded at the ESRF. At an x-ray energy of
8.047 keV, the SRO layer peak appears at 23.03◦ (Figure 3 b).
These data are recorded at the PXS at the University of Pots-
dam.

3. PicoSwitch Characterization

The PicoSwitch consists of a thin SRO layer with a thick-
ness of dSRO = 15.4 nm which was epitaxially grown on an STO
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substrate.(Vrejoiu et al., 2006) A static rocking curve recorded
at the ID09B beamline at the ESRF is shown by the green line
in Figure 3 a). Note in particular, that the peak reflectivity of the
(002) SRO reflection at x-ray energies from 8 keV to 12 keV is
≈10−3. This corresponds to the highest achievable diffraction
efficiency in the on-state, as defined in Figure 1 b). The black
line is a simulation of the diffraction profile from the structure
using dynamic diffraction theory.(Als-Nielsen, 2011)
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Figure 3
Characterization of the PicoSwitch: a) green: measured diffraction
curve of the PicoSwitch. The data were recorded at the ID09B beam-
line at ESRF at an x-ray energy of 12 keV. Black: simulation of
the unexcited structure; red: simulation for maximum layer expansion
2.25 ps after optical excitation; blue: simulation at τ = 4.75 ps after
optical excitation. At this delay all coherent sound waves have propa-
gated into the substrate. b) Ultrafast shift of the layer peak measured at
the PXS at University of Potsdam with an x-ray energy of 8.047 keV.

To record the ultrafast response of the PicoSwitch to the
optical excitation, we resort to the ultrafast x-ray diffraction
(UXRD) setup at the PXS at the University of Potsdam.(Schick
et al., 2012) Figure 3 b) shows the shift of the SRO layer peak
as a function of the delay after excitation of the PicoSwitch
with an ultrashort 800 nm pump pulse. The interpretation of
coherent phonon dynamics of an excited layer is straightforward
(Sokolowski-Tinten et al., 2011) and the red solid line shows
a simulation using a linear-chain model.(Herzog et al., 2012b)
Excitation of the PicoSwitch with an ultrashort optical pulse
launches coherent expansion waves starting at the air/SRO and
SRO/STO interfaces through the SRO-layer, shifting the layer
Bragg peak to lower angles. The expansion waves propagate
at the sound velocity in SRO of vSRO = 6.3 nm/ps.(Herzog
et al., 2012a) Reflection of the strain wave at the surface con-
verts the expansion that was launched at the SRO/STO inter-
face into a compression wave, which propagates back through
the layer and into the substrate, thus shifting the Bragg peak
back to about 2/3 compared to the maximum expansion. Due
to the perfect matching of the acoustic impedances of SRO
and STO (Herzog et al., 2012a), there is no reflection at the
interface. The coherent dynamics in the SRO film last for
τswitch = 2·dSRO/vSRO ≤ 5 ps, i.e., the time it takes for the
strain waves to propagate back and forth through the layer. For

later times, the peak position is given by the remaining heat
expansion, and heat conduction cools the layer on a nanosec-
ond timescale.(Shayduk et al., 2011) Hence, there is an angu-
lar range, which extends from 22.85◦ to 22.75◦ in Figure 3 b),
where the ultrafast coherent phonon propagation is responsi-
ble for the rise and fall of the diffraction efficiency. This range
can be exploited for ultrafast x-ray switching. For the exper-
iments conducted at the ESRF at an x-ray photon energy of
12 keV, this angular range extends from 14.9◦ to 14.75◦ (Fig-
ure 3 a)). In order to quantitatively compare the experimental
signal with theory we feed the spatio-temporal strain map calcu-
lated in a linear-chain model into a simulation of the dynamical
x-ray diffraction, yielding the x-ray response of the PicoSwitch
R(t, θ).(Herzog et al., 2012b) The result shows excellent agree-
ment with the measured dynamics of the peak shift demon-
strated in Figure 3 b) and the corresponding intensity change
plotted in Figure 1 a) when keeping the angle of the PicoSwitch
fixed. Figure 3 a) shows the simulations in a broader angular
range for an x-ray energy of 12 keV. The red curve represents a
simulated rocking curve at a time delay of 2.25 ps after excita-
tion. At this moment the thin SRO layer is maximally expanded.
The blue curve, which is simulated for a delay of 4.74 ps depicts
the situation where the coherent compression wave has propa-
gated into the substrate and thus terminates the coherent dynam-
ics in the PicoSwitch.

4. Synchrotron-based pump-probe experiment

Now we apply the PicoSwitch, which was characterized in
the previous section by simulations and measurements at the
University of Potsdam, in a real synchrotron-based pump-probe
experiment to study the impulsive expansion of a photoexcited
metallic layer. These experiments were performed at ID09B
beamline at ESRF. The output of a Ti:sapphire laser amplifier
is split into two beams in order to pump the PicoSwitch and the
sample separately with delays t and τ , respectively. The pump
fluence was set to 15 mJ/cm2 on both the PicoSwitch and the
sample. A detailed schematic of the experimental setup is shown
in Figure 4 a) and 2 b). The electronic delay t is set so that the
diffraction efficiency of the switch is turned on and off approx-
imately when the maximum of the 100 ps x-ray pulse from the
synchrotron impinges on the PicoSwitch. It is held constant dur-
ing the experiment. The pump-probe delay τ shifts the optical
pump pulse for the sample against the shortened x-ray pulse.
The sample under investigation was a 70 nm metallic SRO layer
grown on an STO substrate.(Vrejoiu et al., 2006) The dynamics
in the sample can be understood in the framework of coher-
ent phonon propagation as described before. We employ this
structure as a reference to test the achievable time resolution
with the gated x-ray probe pulse. The diffraction angle of the
sample θS is set to the maximum of the SRO layer peak. Fig-
ure 4 b) shows the measured relative change of the diffracted
x-ray intensity (black bullets) as a function of the pump-probe
delay τ . The green dash-dotted, black solid, red dotted and blue
dashed lines represent simulations of the x-ray response assum-
ing the simulated shortened probe pulses depicted in Figure 4 c)
with the same color code. The shape of the switched pulse is
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determined by the Bragg angle θPS chosen on the PicoSwitch
and by the pump fluence. The simulated signals plotted as lines
in Figure 4 b) depict the normalized correlation of the samples
x-ray response R(t) at the fixed angle θS with the shortened
probe pulse P(t, θPS) for various diffraction angles θPS of the
PicoSwitch:

Xc(τ, θPS) =

∫ ∞
−∞ P(t, θPS) · R(τ + t)dt∫ ∞
−∞ P(t, θPS) · R(−∞)dt

(1)
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Figure 4
Synchrotron-based time-resolved experiment: a) sketch of the experi-
mental setup showing the fixed timing t of laser and x-ray pulses and
the pump probe delay τ . If the optical excitation pulse arrives earlier at
the sample than the gated section of the x-ray probe pulse, the pump-
probe delay τ is positive. The probe pulse is divided into three sections:
leading edge (1), ultrafast gate (2) and trailing edge (3). b) Measured
(black dots) and simulated (green dash-dotted, black solid, blue dashed
and red dotted lines) pump-probe correlation signal Xc. The errorbars
indicate a confidence interval of ±32%. The simulations were obtained
with Equation 1. The angle θPS is color coded. All simulations are for
the fluence F=15 mJ/cm2 used in the experiment. Only the red dotted
curve is simulated for an optimized fluence of 20 mJ/cm2. c) Short-
ened x-ray probe pulses for different incident angles on the PicoSwitch
color coded as in b). The black dashed line is the original x-ray probe
pulse. d) Simulated initial (C0) and e) final (C∞) contrast as defined
in Figure 1 for different Bragg angles on the PicoSwitch. The black
solid lines shows a simulation for a pump fluence of 15 mJ/cm2. The
red dotted lines show a contrast for stronger excitation with a fluence
of 20 mJ/cm2. The colored vertical arrows mark the angles where the
probe pulses in b) and c) where calculated. The gray shaded area marks
the angular resolution of the PXS measurement.

5. Discussion

In the following we explain the impact of different probe
pulse shapes on the measured signal. For a better understanding,
we divide the gated probe pulse shown in Figure 4 a) in three
sections: (1) and (3) are determined by the initial and final con-
trast C0 and C∞, respectively, while (2) represents the ultrafast
gate from the PicoSwitch. Figure 4 b)-e) present the main results
of the synchrotron-based optical pump - x-ray probe experiment

with the shortened x-ray probe pulse. Experimental data are pre-
sented in Figure 4 b) (black bullets).

Figure 4 d) and e) show the angle dependence of the initial
and final contrast ratio C0 and C∞, respectively. The angles θPS,
used in the simulations shown in Figure 4 b) and c) are marked
by color coded arrows. The black solid line is calculated for
a pump fluence of 15 mJ/cm2, the red dotted line shows the
contrast for a fluence of 20 mJ/cm2. Note that features appear-
ing in Xc at positive pump-probe delays stem from badly sup-
pressed background photons in the leading edge of the probe
pulse marked (1) in Figure 4 a). Features at negative τ originate
from the trailing edge of the probe pulse, which is marked (3)
and is determined by the thermal relaxation of the PicoSwitch
after optical pumping.(Shayduk et al., 2011) The sharp drop in
Xc, which is observed in the red, blue and black simulation in
Figure 4 b) is caused by the short and intense section of the
probe pulse and is marked (2).

Our experimental data are best reproduced by the simulation
shown by the black solid line in Figure 4 b). It shows a rather
slow initial decay (3) and it is flat after the gated probe pulse
(1), i.e., for positive τ . This indicates a large initial contrast C0,
which is marked by the black arrow in Figure 4 d). The sharp
drop from Xc = 0.4 to Xc = 0.25 at τ = 0 ps indicates the response
to the ultrafast switching (2).

The simulation for larger θPS (blue dashed line) shows a lower
initial and higher final contrast, leading to deviations from the
observed correlation (black bullets). The dash-dotted green line
shows a case where both the initial and final contrast C0 and
C∞ are lower. The dash-dotted green probe pulse in Figure 4 c)
shows almost no ultrafast switching characteristics. Instead, the
contrast ratio changes abruptly from C0 to C∞. Hence, the ultra-
fast feature at τ = 0 ps disappears and in addition there are devia-
tions from the measured signal at negative τ . The best simulated
performance could be obtained by increasing the pump fluence,
as shown by the red dotted line in Figure 4 b) and c). Due to
limited beamtime, a corresponding measurement could not be
realized. In essence, Figure 4 shows that we have performed an
ultrafast x-ray diffraction experiment with a synchrotron probe
pulse which was shortened to approximately 2 ps as indicated
in Figure 4 c) by the black line.

For an optimized performance in future applications the
PicoSwitch must be pumped with about 33% higher optical
pump fluence. The simulation shown by the red dotted line in
Figure 4 b) and c) demonstrates an increased initial and final
contrast at the θPS chosen in the experiment. This parameter
setting on the PicoSwitch would result in a correlation signal
Xc shown in the red dotted line in Figure 4 b). The correspond-
ing probe pulse is shown in Figure 4 c). The essential differ-
ence to the pulse used in the experiment is the higher contrast.
The switching time is identical. Thus, the PicoSwitch is suit-
able for generating probe pulses that are capable of resolving
ultrafast dynamics on a picosecond timescale. We would like
to point out that the PicoSwitch can sustain even higher flu-
ences up to 40 mJ/cm2 without degradation. The generated x-
ray pulses are limited in duration to few picoseconds and are
therefore longer than the pulses obtained through slicing of
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the electron bunch. The achievable photon flux is comparable.
However, the PicoSwitch experiment is significantly easier to
implement. The temporal stability and angular resolution of the
gated x-rays are determined by the synchrotron source. This is
a significant advantage compared to laser plasma sources, such
as the PXS at the University of Potsdam. We think that the
PicoSwitch could by employed to improve the performance of
synchrotron sources for time-resolved experiments in the future.

6. Conclusion

In conclusion, we have characterized and applied an ultrafast
x-ray switch for gating synchrotron x-ray pulses on picosecond
timescales. The shape of the shortened pulse can be adjusted by
selecting the Bragg angle on the switch and by tuning the pump
fluence. The switching relies on coherent phonon dynamics
which modulate the diffraction efficiency. The rise and fall times
tr and t f are determined by the layer thickness and the speed of
sound in the material. We demonstrated a high switching con-
trast with a maximum diffraction efficiency of ηmax ≈ 10−3.
The structure allows for repetitive switching and no long-term
degradation effects have yet been observed. Hence, the device
is suited for permanent installation in time-resolved beamline
setups. The applicability of the PicoSwitch was demonstrated
in a synchrotron-based pump-probe experiment where we mea-
sured coherent lattice dynamics in a nanostructured sample with
picosecond resolution.

We thank the BMBF for funding the project via 05K10IP1.
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We synthesize sub-THz longitudinal quasimonochromatic acoustic phonons in a SrTiO3 single crystal using
a SrRuO3/SrTiO3 superlattice as an optical-acoustic transducer. The generated acoustic phonon spectrum is
determined using ultrafast x-ray diffraction. The analysis of the generated phonon spectrum in the time domain
reveals a k-vector dependent phonon lifetime. It is observed that even at sub-THz frequencies the phonon lifetime
agrees with the 1/ω2 power law known from Akhiezer’s model for hyper sound attenuation. The observed shift
of the synthesized spectrum to the higher q is discussed in the framework of nonlinear effects appearing due to
the high amplitude of the synthesized phonons.
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I. INTRODUCTION

The increasing importance of coherent phonon spec-
troscopy in material science is related to the growing problem
of heat dissipation in modern nanoscale devices. This problem
is impossible to solve without detailed understanding of
underlaying phonon-phonon and phonon-electron interactions
on the nanoscale. One of the methods to study these processes
is coherent phonon spectroscopy, in which a particular phonon
spectrum is excited coherently in the sample and detected op-
tically. Research efforts in this direction resulted in significant
progress in generation and detection of coherent phonons in
various materials. The available phonon frequency has reached
the THz acoustic limit1 and basically the whole phonon fre-
quency range nowadays could be excited coherently. However,
convenient optical detection methods based on Raman2,3 or
Brillouin4 scattering allow for the observation of phonons
excited only in the vicinity of the Brillouin zone center. There-
fore, sub-THz acoustic phonons could be accessed optically
only in multilayer structures, in which the acoustic dispersion
branch backfolds many times inside a mini-Brillouin zone of
a multilayer.5 Modern progress in pulsed laser techniques as
well as in multilayer fabrication has led to a set of successful
experiments in which the coherent zone-folded superlattice
phonons have been optically excited and detected.5–7 However,
these optical methods are insensitive to the THz frequency
phonons which have propagated into the bulk of the crystal due
to the unfolding of the phonon dispersion curve. Convenient
optical methods based on Brillouin scattering in this case have
a detection limit in the 100 GHz range given by the wave
vector magnitude of the optical light.8,9 Recently, ultrafast
x-ray diffraction (UXRD) has become available to extend the
accessible phonon frequency range to above 100 GHz. It has
been used successfully to study both the time-domain structure
of optically excited zone-folded coherent acoustic phonons in
epitaxial multilayers,10 as well as to observe the propagation
of unfolded phonons into the bulk.11

In this paper we report our new UXRD experiments from
coherent quasimonochromatic longitudinal acoustic phonons

in SrTiO3 synthesized by fs-laser excitation of SrRuO3/SrTiO3

(SRO/STO) epitaxial multilayers. Using UXRD we determine
the laser excited phonon spectrum in SrTiO3 and monitor the
modification of the spectrum in the time domain. The epitaxial
multilayers were prepared using pulsed laser deposition.12 The
experiments are carried out at the BESSY EDR beamline using
a unique setup for a 1 MHz repetition rate UXRD experiments.

The experiments are done in a traditional scheme which
uses an optical delay line to change the time interval between
the optical pump and the x-ray probe pulses. We use infrared
optical pulses with the wavelength of 1.03 μm for pumping and
8 keV x-rays for probing the lattice dynamics. The important
feature of this setup is the simultaneous acquisition of the
x-ray photons scattered from the sample before and after
the pumping optical pulse. This makes the x-ray intensity
difference signal sensitive only to those changes in the crystal
lattice which were exclusively initiated by the optical pulses.
For further details we refer to a recent publication describing
the setup.13

II. THEORY

A. Synthesis of quasimonochromatic coherent
acoustic phonons

Recent studies showed that the optical excitation of a
metal transducer by a sequence of ultrashort laser pulses is
an efficient method to generate sub-THz quasimonochromatic
longitudinal acoustic (LA) phonons.14–16 In essence, the
repetitive generation of bipolar strain pulses by the laser-
excited transducer17 forms a phonon wave packet of narrow
spectral bandwidth propagating throughout the substrate. In
this report we consider a different approach which uses a
spatial repetition instead of a temporal one, i.e., the excitation
of a periodic metal-dielectric multilayer (superlattice) with
a single ultrashort laser pulse [see Fig. 1(a)]. This way
the so-called superlattice phonon mode is excited,10,18–21

which subsequently unfolds into the substrate thereby forming
LA phonon wave packets with similarly narrow spectral
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FIG. 1. (Color online) (a) Sketch of the five-period epitax-
ial SrRuO3/SrTiO3 multilayer on top of the SrTiO3 substrate.
(b) Calculated strain profile in the sample along the surface normal,
taken at 250 ps after the multilayer excitation. (c) Calculated spectrum
of the strain pulse in the wave vector and frequency domains induced
by the optical excitation. The vertical scale stands for the excitation
fluence of 6 mJ/cm2 used in the experiment.

bandwidth.11,20 In most cases the laser-induced coherent
lattice dynamics may be calculated using either a model of
a continuous elastic medium17 or a linear-chain model (LCM)
of masses and springs.20 Here we employ the latter approach
which will be more appropriate for short-period superlattices
and automatically accounts for the acoustic phonon dispersion.
The details of the numerical model can be found in Ref. 20.
The excellent agreement of such a linear-chain model with
related optical and UXRD experiments has been previously
demonstrated for various sample structures.16,19–23

Further we consider linear chain calculations for a five-
period SRO/STO multilayer with the spatial period D =
140 nm which is schematically shown in Fig. 1(a). The
structural parameters of the sample which are determined
by static high-resolution x-ray diffraction (HRXRD)24 are
collected in Table I. In addition, the longitudinal sound
velocities of the individual materials are shown.25 The results
of the linear-chain calculations using the parameters given in
Table I and the experimental pump fluence of 6 mJ/cm2 are
shown in Figs. 1(b) and 1(c).

The graph in Fig. 1(b) shows the calculated one-
dimensional strain profile in the sample 250 ps after the

TABLE I. Structural and mechanical properties employed in the
calculations.

Material Lattice constant Thickness Sound speed

Substrate STO 3.905 Å 10 μm 7.9 nm/ps
STO in ML 3.92 Å 127 nm 7.8 nm/ps
SRO in ML 3.95 Å 13 nm 6.3 nm/ps

excitation. Figure 1(c) plots the spectral amplitude of the
linear-chain eigenvectors (normal modes) as a function of the
eigenfrequency. This amplitude spectrum is solely determined
by the initial conditions.20 For the bulk STO substrate the
eigenvectors are plane elastic waves with wave vector q

satisfying the well-known dispersion relation of acoustic
phonons.26 As Fig. 1(b) illustrates, the optical excitation
of the metal layers of the multilayer system results in the
generation of a coherent strain wave packet propagating into
the STO substrate at the longitudinal sound velocity.20 The
resulting wave packet inside the STO substrate attains the
particular shape shown in Fig. 1(b), namely, five leading
compression pulses and five trailing expansion pulses which
are separated by λ ≈ 140 nm, respectively. In other words, the
metal/dielectric multilayer acts as the photoacoustic transducer
synthesizing the coherent LA phonon wave packet in the STO
substrate. The sharp static profile of the thermal strain inside
the multilayer [see Fig. 1(b)] remains unchanged with time
because the linear chain model neglects the effect of heat
diffusion. The heat diffusion in multilayers is a complicated
separate topic which lays out of the scope of this paper. In this
paper we focus on the coherent lattice dynamics in the STO
substrate which occur at a later timescale when the effect of
heat diffusion within the multilayer does not play a role. For
the detailed description of the wave packet strain profile and
its generation we refer to our earlier works.20

The calculated amplitude spectrum in Fig. 1(c) contains
several equidistant peaks. The most pronounced peak at q0 = 0
rad/nm is responsible for the overall bipolar shape of the wave
packet.17,20 The width of the peak is determined by the total
thickness of the multilayer (�q ≈ π/5λ). The peak around
q1 = 2π/λ ≈ 0.046 rad/nm corresponds to the characteristic
spatial period λ of the wave packet. The nonsinusoidal shape
of the wave packet gives rise to the higher harmonics at integer
multiples of q1.

Altogether, we find that using a periodic metal-dielectric
multilayer as photoacoustic transducer we can generate LA
phonon wave packets similar to the quasimonochromatic wave
packets produced by multiple-pulse excitation of a thin metal
film.14–16 In both cases the wave packets exhibit narrow
spectral bandwidth and higher harmonics of lower amplitude.

B. Ultrafast x-ray diffraction from sub-THz elastic waves

The x-ray diffraction from crystals which are subject to a
strong acoustic field is a well-established topic.27–29 However
most of the previous studies deal with strain fields generated
by surface acoustic wave (SAW) transducers. Such devices
normally generate acoustic waves with wavelengths longer
than either the x-ray extinction length or the x-ray coherence
length. The x-ray diffraction from a crystal lattice perturbed
by such waves results in modifications of the Bragg peak
shape within the Darwin width or in the appearance of diffuse
scattering contributions in the vicinity of the peak.30,31 The
description of the x-ray scattering from such waves usually
requires dynamical x-ray diffraction theory.

Here we consider quasimonochromatic coherent LA
phonons which in fact are elastic waves at hypersonic
frequencies. The corresponding wave vectors q are large
enough to allow for coherent Bragg-like scattering of x rays

184301-2

A. Appendix

176



DIRECT TIME-DOMAIN SAMPLING OF SUBTERAHERTZ . . . PHYSICAL REVIEW B 87, 184301 (2013)

from the associated “moving gratings.” Due to the sufficiently
high q vectors of the quasimonochromatic phonons the x-ray
scattering contributes in the off-Bragg region in which the
x-ray scattering efficiency from the bulk of the crystal is small.
This allows us to probe the x rays exclusively scattered from the
wave packet with only minor perturbation by the bulk-scattered
x-ray wave field.

In this section we introduce the necessary theoretical
basis which allows a thorough interpretation of the UXRD
experiments. Since we intend to apply the following theory to
study the laser-induced structural dynamics in one dimension
we restrict ourselves to a one-dimensional formulation.

A plain elastic wave with wave vector q contributes to the
scattered x-ray intensity if the x-ray scattering vector Q is
given by

Q = G ± q, (1)

where G is a reciprocal lattice vector and Q = |k − ki | is the
x-ray scattering vector.16,32–34

From simulations of the scattered x-ray intensity using
dynamical theory of x-ray diffraction one finds that the x-ray
intensity scattered from the crystal perturbed by a bunch of
elastic waves can be well described by the equation

〈Ip(Q)〉t = Iup(Q) + αA(q)2, (2)

where Ip(Q) and Iup(Q) is the scattered x-ray intensity from
the perturbed and unperturbed crystal, respectively. The angle
brackets stand for time averaging. The function A(q) is the
spectral amplitude of the elastic wave with wave vector
magnitude q = |Q − G| and α is some constant. It is worth
showing here that formula (2) is equivalent to the expression
describing thermal diffuse scattering (TDS) from acoustic
phonons.35 To show this we need to relate the energy of a
classical plane elastic wave in the crystal with the phonon
population. The energy of plane elastic waves in the classical
linear theory of elasticity is proportional to the squared product
of the wave amplitude A and frequency ω

E(ω) ∝ A2ω2. (3)

In a crystal lattice this corresponds to the energy of the
corresponding vibrational normal mode which is associated
with a single harmonic oscillator. According to quantum
mechanics the energy of a harmonic oscillator with angular
frequency ω is

E(ω) = h̄ω
(
n + 1

2

)
, (4)

where n is the excitation level. That is, the energy of the
vibrational normal modes is quantized and n refers to the
number of phonons in the crystal having the angular frequency
ω. Therefore, the following relationship between the excited
classical amplitude spectrum of elastic waves and the phonon
population holds

A(qi)
2 ∝

(
n(ωi) + 1

2

)/
ωi ≈ n(ωi)

ωi

, (5)

in which index i identifies the normal mode. The combination
of Eqs. (2) and (5) yields

〈Ip(Q)〉t − Iup(Q) ∝ n(Q − G)

ω(Q − G)
, (6)

which is a one-dimensional equivalent of the relation for TDS
derived by Warren.35

We thus conclude that UXRD from a quasimonochromatic
strain pulse directly measures the squared spectral amplitudes
of the plane elastic waves constituting the strain pulse. As an
example we consider the reciprocal lattice vector G002 of STO
and rewrite Eqs. (2) and (6) into

A(q) ∝ √〈Ip(G002 + q)〉t − Iup(G002 + q) (7)

n(q) ∝ ω(q)(〈Ip(G002 + q)〉t − Iup(G002 + q)). (8)

In the standard θ -2θ geometry applied in our UXRD
experiments, the magnitude of the phonon wave vector q is

q = 4π

λX

|sin θ − sin θ0|, (9)

where λX is the x-ray wavelength, θ is the x-ray incidence angle
with respect to the sample surface [(001) crystallographic
plane], and θ0 is the Bragg angle.

To demonstrate that Eq. (7) is applicable to our case
we compare the calculated amplitude spectrum of the laser-
excited strain waves to the dynamical UXRD simulations
from the same acoustically perturbed sample.19 The calculated
spectrum for the laser fluence of 6 mJ/cm2 is plotted in Fig. 2
as a red solid line. The dynamical UXRD calculations are
performed for 200 time steps within the interval from 100 ps
to 300 ps after the excitation and then time averaged. The blue
symbols in Fig. 2 show the scaled time averaged square root of
the intensity differences [cf. (7)] obtained from the dynamical
UXRD calculations.

We see that the curves almost coincide although the fine
structure of the UXRD-related curve (blue symbols) slightly
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FIG. 2. (Color online) Comparison of the calculations of the
spectral strain amplitudes of phonons with the corresponding x-ray
intensity difference signal of perturbated-unperturbated structures.
The red solid line indicates the calculated phonon spectrum in the
sample in the q domain. The values in the vertical axis correspond to
the phonon spectral amplitudes calculated for the excitation fluence of
6 mJ/cm2. The blue bullets show the square root of the x-ray intensity
difference signal calculated for the perturbated and unperturbated
structures. The vertical scale factor for the UXRD signal is arbitrary.
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deviates from the actual spectrum (red solid line). This is due
to the fact that the scattered x-ray intensity from a propagating
strain wave packet actually oscillates in the time domain at
each fixed q vector with the frequency of the corresponding
phonon mode. These oscillations were successfully observed
in pioneering experiments with the advent of UXRD.32–34 The
classical explanation for the oscillations is the interference of
x rays scattered from a moving grating (elastic wave) and the
x rays scattered from the static component of the crystal lattice.
This is an x-ray analog of Brillouin oscillations in all-optical
experiments.36 In our case, as we can see, this interference is
not very strong. Therefore, the shape of the blue curve slightly
depends on the averaging time window. To eliminate these
artifacts, the averaging time window should be either much
longer than any phonon vibration period or we need to fit an
integer number of vibrations for each q. The averaging over
many vibrational periods is not possible in our case, because
the actual phonon lifetime is only several vibration periods as
we will see later.

To finish this section we briefly review the conditions at
which the approximation (7) should be valid:

(i) The interatomic displacement in the strain wave is much
less than the interatomic distance

|rm − rn| �m�=n |a(m − n)|, (10)

in which a is the interatomic distance, and m and n are the
index number of atoms. This is required by the perturbation
theory of x rays scattered from a dynamical lattice.35

(ii) The wave vector of a phonon is much smaller than any
reciprocal lattice vector:

q � G. (11)

This is necessary to avoid the signal overlap from the adjacent
Bragg reflections of the crystal.

(iii) The wavelength of a phonon mode is much smaller than
both the x-ray coherence and the x-ray extinction lengths:

q � 1

l
, (12)

in which l is either x-ray coherence or x-ray extinction lengths,
depending on which one is larger.

(iv) The x-ray intensity is time averaged over many
vibrational periods.

III. EXPERIMENTAL RESULTS

We performed UXRD experiments on the laser-excited
five-period SRO/STO multilayer with the structure param-
eters presented in Table I. In this section we present the
experimental results which evidence the presence of a prop-
agating quasimonochromatic LA phonon wave packet. We
discuss the dynamics of the first- and second-order transient
diffraction peaks and the corresponding dynamics of the strain
pulse.

In the experiment we acquire the x-ray photons scattered
from the sample 50 ns before each optical pulse and at a given
probe delay after each optical pulse. The corresponding scat-
tered x-ray intensities from the perturbated and unperturbated
sample are thus defined as Ip and Iup, respectively. The time
resolution of the experiments was 100 ps due to the limited
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FIG. 3. (Color online) (a) The solid dots show the UXRD
difference signal with an arbitrary vertical scale factor. Red is
the calculated spectrum of the synthesized wave packet. (b) The
integrated UXRD difference signal of the first two order phonon peaks
as a function of time. The solid lines indicate the exponential fit.

x-ray pulse length, therefore the measured x-ray intensity is
time averaged over multiple phonon vibrations.

Figure 3(a) shows the measured x-ray intensity difference
signal Ip − Iup (blue symbols) in the vicinity of the STO
(002) Bragg peak (not visible) at 100 ps after the laser-
pulse excitation. The experimental incidence angle θ has
been converted into the phonon wave vector using Eq. (9).
The vertical scale for the measured data is arbitrary. The
UXRD data exhibit the first- and second-order spectral
components of the synthesized quasimonochromatic phonon
wave packet inside the STO substrate at wave vectors q1 ≈
0.045 rad/nm and q2 ≈ 0.09 rad/nm, respectively. Given
the longitudinal sound velocity in STO (cf. Table I), the
linear phonon dispersion relation of acoustic phonons implies
the corresponding hypersonic frequencies ν1 ≈ 55 GHz and
ν2 ≈ 110 GHz. The nonvanishing contributions between the
phonon peaks are due to the diffraction from the laser-heated
multilayer. However, since the lattice constants throughout
the multilayer are larger than that of the substrate (cf.
Table I), the x-ray scattering from the multilayer is rather
weak in this angular range. The red solid line in Fig. 3(a)
shows the squared amplitude spectrum of the propagating
sound wave as obtained from the linear-chain model. The
shown spectrum includes the convolution with a Gaussian
resolution function having a full width at half maximum
(FWHM) of 15 × 10−3 nm−1 to fit the angular resolution of
the UXRD experiment. The main contribution to the XRD
peak broadening is due to the sample bending according to the
stationary laser heat load.13 The UXRD signal shows very good
agreement with the convoluted spectrum in terms of position,
relative intensity and width of the first and second-order
phonon peaks. This verifies the relation between the measured
x-ray intensity and the amplitude spectrum of the coherent
strain wave derived in Eq. (7).

In the following we discuss the intensity changes of the
measured phonon peaks with time. During the first 100 ps after
laser excitation the intensity of the phonon peaks builds up16

due to the unfolding of the initially excited superlattice phonon
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TABLE II. Comparison of the experimentally observed UXRD
intensity decay time τexp, the apparent decay time due to x-ray
absorption τabs, and the derived phonon lifetime τph for the first- and
second-order phonon peaks. The corresponding standard deviations
σexp/abs are also shown.

q, rad/nm τabs, ps τexp, ps τph, ns

0.045 450 373 ± 12 2.2 ± 0.5
0.09 450 235 ± 30 0.49 ± 0.13

mode into the substrate.11,20 Subsequently, the integrated
intensity of the phonon peaks decays exponentially as is
evidenced by the blue symbols in Fig. 3(b). The red solid
lines show fits according to the function

f (t) = �I0e
− t

τexp , (13)

where the two fitting parameters �I0 and τexp are the amplitude
and decay time of the measured signal. The data points
before 200 ps after the excitation were excluded from the fit
since the wave packet may not yet be fully propagated from
the multilayer to the substrate. The extracted decay times τexp

and standard deviations σexp are shown in Table II.
There are two major reasons for the observed decrease

of the UXRD peak intensities. First, the absorption of the
x rays by the crystal reduces the sensitivity of the x rays to
the wave packet as it propagates deeper into the substrate.
Second, the dissipation of energy from the elastic wave due
to the finite phonon lifetimes leads to a decay of the strain
amplitude.

Considering the first reason, the decay time of the UXRD
signal exclusively due to x-ray absorption is related to the x-ray
absorption coefficient μ = 0.056 μm−1 by

1

τabs
= 2μcs

sin θ
= 8πμcs

QλX

, (14)

where cs = 7.9 nm/ps is the longitudinal sound speed in the
substrate.25 The relative variation of the x-ray scattering vector
Q during the presented UXRD experiments is 10−3, which
implies that τabs is virtually independent of the observed
phonon wave vectors q. In the measured off-Bragg region
the x-ray extinction due to dynamical x-ray diffraction is
negligible, therefore only the angular independent x-ray ab-
sorption is relevant. Under the chosen experimental conditions
we estimate a signal decay time of τabs ≈ 466 ps due to the
x-ray absorption. Nevertheless, since this value is critical for
the correct interpretation of the experimental data, we have
performed dynamical XRD calculations based on results of
the linear-chain lattice dynamics in harmonic approximation
which excludes the effect of phonon damping.16,20 The
simulations yield the q-independent value of 450 ± 5 ps for
the decay constant due to x-ray absorption which we will use
in the following.

Regarding the second reason for the decay of the UXRD
phonon signals, we assume an exponential law for the decrease
of the phonon population n(q,t) and define the associated
decay time τph. According to Eq. (7) the corresponding
intensity of the scattered x rays possesses the same decay
constant. Therefore, the UXRD signal decay mechanisms
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FIG. 4. (Color online) (a) Transient first- and second-order
phonon diffraction peaks at various probe delays. The intensity decay
due to sound attenuation is accompanied by a continuous shift to
larger wave vectors as is indicated by the arrows. (b) First- and
second-order peak position determined by Gaussian fits as a function
of time delay. The solid lines show the linear fits to the experimental
points.

introduce the relationship between the phonon lifetimes τph,
x-ray absorption time constant τabs, and the experimentally
measured time constant τexp:

1

τexp
= 1

τabs
+ 1

τph
. (15)

The phonon lifetimes τph extracted from the UXRD exper-
iments according to Eq. (15) are given in Table II for the wave
vector magnitudes corresponding to the first- and second-order
phonon peaks. The standard deviations σph for the phonon
lifetimes are calculated from the standard deviations σexp of the
experimental time constants according to the error propagation
relation.

The important observation is the fact that the determined
lifetimes differ by a factor of ∼4 whereas the related phonon
wave vector differ by a factor of 2. In addition to the signal
decay we see a gradual drift of the phonon peak position to
higher values of q as the wave packet propagates. This is seen
from Fig. 4(a), in which the phonon spectrum is shown for
different time delays. In the following section we discuss the
physical interpretation of the described observations.

IV. DISCUSSION

The central observation from the transient phonon-induced
diffraction peaks presented in the previous section is the
apparent quadratic decrease of the phonon lifetime with
phonon wave vector q. This observation is in agreement with
the 1/ω2 law predicted by the Akhiezer’s sound attenuation
mechanism.37

There are basically two theories which explain the at-
tenuation of hypersonic waves in dielectric crystals due to
incoherent anharmonic phonon-phonon scattering. These are
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the Landau-Rumer theory38 and the Akhiezer theory37 which
have different application limits:

ω � 1

τth
Akhiezer (16)

ω � 1

τth
Landau-Rumer, (17)

where ω is the angular frequency of the hypersonic wave
and τth is the mean thermal phonon relaxation time. That
is, in both cases the elastic energy of hypersound waves
decreases with time due to the interaction with incoherent
thermal phonons. The mean thermal phonon relaxation time
τth can be estimated from the thermal conductivity k, heat
capacity CV , average sound speed vs , and mass density ρ by the
relation26

k = 1
3ρCV v2

s τth. (18)

For STO at room temperature Eq. (18) yields τth ≈ 0.26 ps.
The experiments are performed at room temperature. More
precisely, the sample persisted at around 400 K during
the actual measurements due to the thermal load from the
laser.13 Condition (16) is fulfilled for this temperature range.
That is, for the presented experiments Akhiezer’s theory of
relaxation damping could be applied, hereby explaining the
observed ratio of the phonon lifetimes for the first- and
second-order phonon diffraction peaks. However the UXRD
data exhibit additional features which cannot be explained
within Akhiezer’s sound attenuation model. We extracted the
transient peak positions by Gaussian fits to the data shown in
Fig. 4(a), and the results are plotted as symbols in Fig. 4(b).
The solid lines indicate linear fits to the phonon peak positions
as a function of time. Clearly, a gradual shift of the first- and
second-order spectral components to higher q values can be
observed as the phonon wave packet propagates deeper into
the STO substrate.

A recent study revealed the nonlinear propagation of large-
amplitude sound wave packets in STO at room temperature.22

In addition to the Akhiezer-like attenuation of the coherent
LA phonons the authors observed transient changes of the
acoustic spectrum due to coherent anharmonic phonon-phonon
scattering within the wave packet. The lattice anharmonicity
gave rise to a strain-dependent longitudinal sound velocity. In
particular, the sound velocity of compressive (tensile) parts
of the wave packet was found to increase (decrease) with the
strain amplitude. This effect led to an anomalous dispersion
of the wave packet and the corresponding modification of the
phonon spectrum.

Accordingly, we expect the first compressive half of the
wave packet shown in Fig. 1(b) to propagate faster than the
second tensile half. Moreover, the individual pulses inside
the respective parts also exhibit different velocities due to
the exponential amplitude distribution determined by the
optical penetration of the pump light in SRO. For both the
compressive and tensile parts of the strain pulse the spatial
separation λ of the individual pulses of the wave packet
is reduced as it propagates, i.e., the wavelength of both
subpackets is decreased. This explains the observed shift of
the phonon peaks to larger q values.

The presented UXRD data thus evidence the influence of
two different effects on the propagation of LA phonon wave

packets generated by periodic multilayers. First, the inevitable
attenuation of the wave packets by Akhiezer’s relaxation
damping and, second, the change of spatial and spectral shape
of the wave packet by nonlinear sound propagation. Both
effects influence the observed phonon lifetime, however, for
a quantitative determination of the respective contributions
additional measurements have to be performed. The results
of our earlier all-optical experiments having much stronger
excitation were successfully explained solely in the framework
of nonlinear acoustics.22 We believe that at the presented
experimental conditions the influences of both damping mech-
anisms, the nonlinear acoustic propagation and the Akhiezer’s
relaxation, are comparable.

UXRD has the advantage of measuring the lattice dynamics
directly and quantitatively, i.e., the absolute amplitude of the
lattice motion is determined. The wave vector range over
which acoustic phonons in bulk material are accessible is
very large. In particular resolving the second order phonon
peak as presented in this paper or higher orders is possible.
The extension of the UXRD detection of acoustic phonons
in amorphous materials is challenging the available x-ray
fluence, since the Bragg spots are dispersed in diffraction
rings.

On the other hand all-optical picosecond acoustics,3,4,7,8,17

in principle, do not require crystalline materials and for trans-
parent media, the propagation of strain pulses can be monitored
over longer distances. With current technology femtosecond
time resolution is standard in all-optical experiments, while
it is still a challenge in x-ray technology, which was essen-
tially resolved by free-electron lasers. High time-resolution
permits the determination of the wave-vector-dependent sound
velocity in addition to the damping time. We believe that
the UXRD-based methods and the all-optical methods do not
compete with each other but complete each other, together
providing a more complete picture of the complex coherent
phonon dynamics for a broader range of frequencies and wave
vectors and for a broader class of materials and experimental
conditions.

V. CONCLUSIONS

This report presents ultrafast x-ray diffraction (UXRD)
studies on laser-excited periodic SrRuO3/SrTiO3 multilayers
which are epitaxially grown on a SrTiO3 substrate. The
ultrafast heating of the metallic SrRuO3 layers by ultrashort
laser pulses generates coherent longitudinal acoustic phonons
which eventually propagate into the substrate as a quasi-
monochromatic coherent LA phonon wave packet at hyper-
sonic frequencies. We discussed the properties of such wave
packets in detail and derived equations which show that UXRD
is a powerful tool to measure the spectral phonon population
and its dynamics. The presented UXRD data evidence the
formation of a quasimonochromatic coherent phonon wave
packet. We extracted the phonon lifetimes of the first- and
second-order peaks of the phonon spectrum. The observed
quadratic decrease of the phonon lifetime with increasing
phonon wave vector q is in accordance with Akhiezer’s mecha-
nism of relaxation damping. Shifts of the peaks corresponding
to the excited phonons to larger q values are interpreted as a
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modification of the spatial shape profile due to the nonlinear
wave propagation leading to a strain dependent sound velocity.
This considerably modifies the observed phonon lifetimes. In
essence, UXRD provides a detailed and direct view on the com-
plex nonlinear evolution of phonon-wave packets, including
incoherent damping of the phonon amplitude by coupling to

other modes and specific coherent changes of the wave vector
spectrum.
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3G. C. Cho, W. Kütt, and H. Kurz, Phys. Rev. Lett. 65, 764
(1990).

4R. Y. Chiao, C. H. Townes, and B. P. Stoicheff, Phys. Rev. Lett. 12,
592 (1964).

5C. Colvard, R. Merlin, M. V. Klein, and A. C. Gossard, Phys. Rev.
Lett. 45, 298 (1980).

6C. Colvard, T. A. Gant, M. V. Klein, R. Merlin, R. Fischer,
H. Morkoc, and A. C. Gossard, Phys. Rev. B 31, 2080 (1985).

7A. Bartels, T. Dekorsy, H. Kurz, and K. Köhler, Phys. Rev. Lett.
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Abstract: We monitor how destructive interference of undesired
phonon frequency components shapes a quasi-monochromatic hypersound
wavepacket spectrum during its local real-time preparation by a nanometric
transducer and follow the subsequent decay by nonlinear coupling. We
prove each frequency component of an optical supercontinuum probe to
be sensitive to one particular phonon wavevector in bulk material and
cross-check this by ultrafast x-ray diffraction experiments with direct access
to the lattice dynamics. Establishing reliable experimental techniques with
direct access to the transient spectrum of the excitation is crucial for the
interpretation in strongly nonlinear regimes, such as soliton formation.

© 2013 Optical Society of America
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1. Introduction

Brillouin scattering describes the inelastic interaction of photons with acoustic phonons, which
can be excited or detected by this process. [1] It has important applications in the determination
of elastic and photoelastic properties [2, 3] and is used for optical amplifiers or phase con-
jugation [4]. Stimulated Brillouin scattering can create intense hypersound waves [5], where
the wavevector �Q can be selected by tuning the transient grating induced by two intersecting
laser-pulses. The diffraction of a probe pulse then senses the presence of phonons with the
imprinted phonon wavevector �Q [6]. Ultrashort laser pulse excitation of strongly absorbing
materials or transducers on transparent substrates generates even larger phonon amplitudes up
to 1% strain and can be detected by picosecond acoustics, the time-domain analog of Bril-
louin scattering [7,8]. This proved advantageous for investigating anharmonic propagation and
damping of phonons and has generated excitement about ultrashort acoustic solitons [9–13].
Similar to transient gratings, optical multipulse excitation enhances a certain wavelength in the
hypersound wave [14, 15]. Recently optical broadband probe pulses were used to access many
phonon wavevectors simultaneously in picosecond acoustics experiments. [13, 16, 17]

Visible light only interacts with bulk phonons near the Brillouin-zone center, unless impu-
rities are used to enhance the spectroscopy [18]. Optical phonons with high wavevectors in
Bismuth have been accessed by microstructuring the film under investigation [19]. The back-
folding of the phonon dispersion relation in superlattices can convert acoustic phonons with
large wavevector into quasi-optical phonons with detectably small wavevector [20–22]. Alter-
natively, the acoustic reflection from the backside of the sample or from an interface propa-
gating back to the transducer yields reflectivity modulations of the transducer which can be
detected by a probe pulse [23]. The pulse-echo technique was refined by introducing additional
thin detector films and combined with acoustic pulse shaping [24] and was extended to the
detection of shear waves in glycerol [14]. The fourier-transform of real-time signals due to
pulse-echoes at the transducer or from Brillouin scattering in the bulk yields the spectrum of
acoustic phonons. The analysis of the reflection coefficient of such acoustic perturbations was
recently discussed in detail [25].

In order to observe high phonon wavevectors in a bulk material directly, shorter probe wave-
lengths are needed. The phonon dispersion for larger wavevectors is measured by inelastic X-
ray scattering, which is essentially Brillouin scattering of X-rays [26,27]. The new millennium
came along with the rapidly developing scientific field of ultrafast X-ray diffraction (UXRD),
which allows direct measurement of the lattice oscillation amplitude associated with propa-
gating strain pulses. [28–32] Very recently optically synthesized quasi-monochromatic phonon
wavepackets in the 100 GHz range were clearly detected by UXRD as sidebands to bulk Bragg
reflections [15].

In this paper we present a unifying view on UXRD and optical picosecond acoustics as
two types of Brillouin scattering. The presence of monochromatic phonons in bulk SrTiO3 is
directly evidenced by the scattering of photons. The conceptually simple analysis provides a
real-time perspective on the spectral shaping of high-frequency phonon wavepackets by tai-
lored multipulse excitation. In particular, we demonstrate how the optical supercontinuum
probe accomplishes a versatile simultaneous broadband sensing of bulk phonon wavevectors
constituting a large amplitude phonon wavepacket that decays by anharmonic interactions. We
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Fig. 1. Calculated phonon spectra. Spectral phonon amplitude present in the STO sub-
strate after excitation of a 35 nm LSMO transducer by 1, 2, 4 and 8 pulses with a pulse
spacing of ΔT = 15.4 ps. All pulse sequences have the same integrated pulse energy.

believe that this combination of ultrafast X-ray- and optical broadband-detection of phonons
will significantly enhance the confidence regarding interpretations of future optical picosec-
ond ultrasound experiments. The supercontinuum detection scheme is also applicable to other
quasiparticles such as magnons or polaritons which are generally identified by their dispersion
relation ω(k). The wave-particle duality requires such wave-packet description, in which only
a coherent excitation of a broad wavevector-spectrum allows for localization of quasiparticles.
Real-time preparation and detection of such wavepackets will aid the understanding and con-
trolling such excitations.

2. Synthesizing quasi-monochromatic phonons

We first discuss how to synthesize coherent quasi-monochromatic phonon wavepackets in the
GHz - THz range, using a thin metal transducer of SrRuO3 (SRO) or La0.7Sr0.3MnO3 (LSMO)
on the material of interest SrTiO3 (STO). The absorption of an ultrashort light pulse leads to
rapid expansion of the metal film. The good acoustic impedance matching of the SRO/LSMO
transducer and the STO substrate suppresses reflections at the interface. [13,33] Consequently,
clean bipolar strain pulses without unintended replica are sent into the substrate. [7] The spatio-
temporal dynamics can be simulated by a linear-chain model which includes the anharmonicity
in the interatomic potentials [13, 33]. In the present simulations we neglected the anharmonic
terms according to the moderate excitation fluence. Due to the very fast electron phonon cou-
pling of SRO and LSMO the optically excited electrons are rapidly localized and consequently
the spatial profile of the exciting stress corresponds to the absorption of light according to
Lambert-Beer’s law [34]. A single ultrashort laser pulse generates a broad phonon spectrum in
the substrate. The red line in Fig. 1 shows the Fourier-transformed spatial strain pattern of the
substrate only. If the heated transducer layer with thickness d is added to the analysis, a strong
Fourier-component at k = 0 emerges because of the thermally expanded absorbing region. If the
pump penetration depth dabs � d the calculated excited strain pattern of the substrate yields a
bipolar strain pulse with a frequency spectrum centered around Q = 0.74 ·πvt/vsd whereas for
dabs � d the exponential shaped profile of the induced strain pulse have a spectral maximum at
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Fig. 2. Birth and decay of phonon-wavepackets observed by UXRD. (a) Calculated X-
ray diffraction pattern for an STO substrate with a coherent phonon spectrum excited by
1 to 8 pulses. (b) UXRD data demonstrating the successive sharpening of the diffraction
pattern with 8 excitation pulses separated by 7.2 ps. (c) Same UXRD data for larger delay
time t showing the decay of the coherent phonons.

Q = vt/vsdabs. Here d, vt and vs are the thickness of the transducer film and the sound velocities
of transducer and substrate in [001] direction, respectively. Our conditions are well described
by the first limit value because dabs > d. For longer excitation pulses, the phonon spectrum is
suppressed for wavevectors Q corresponding to phonon frequencies ω > 2π/τpulse where τpulse

is the temporal duration of the pump pulse.
Successive excitation of the metal transducer with a sequence of light pulses equally spaced

by ΔT in time generates a strain wave traveling into the substrate with a fundamental frequency
ν = 1/ΔT and contributions of its higher harmonics due to the sharp edges of the strain pulses.
As an example we simulate the phonon spectra for a transducer thickness d = 35 nm and a
pulse spacing of ΔT = 15.4 ps. Figure 1 shows how additional pulses in the pump sequence
sharpen the spectrum around Q = 2π/ΔT vs and its higher harmonics by canceling the am-
plitude of other wavevectors. Note, that in Fig. 1 the integral pump energy is kept fixed in the
simulation. As a consequence, the different pulse trains induce a constant phonon amplitude for
the constructive interference, whereas the suppressed modes interfere destructively. Hence, for
multipulse excitation, less energy is deposited in coherent phonons, compared to single pulse
excitation with the same integral fluence. [33]

3. Inelastic light scattering from directed phonons

The energy quantum h̄ωs of such a strain wave is the longitudinal acoustic phonon with a mag-
nitude of the wavevector |�Q| = ωs/vs. Photons with wavevector �k are scattered by phonons
with wavevector �Q only in accordance with the energy and momentum conservation. In a crys-
tal with reciprocal lattice vectors �G, the equation for momentum conservation with�k′ as the
wavevector of the scattered photon reads

Δ�k =�k′ −�k = �G+Δ�Q. (1)

Here we discuss the situation where Δ�Q = ±�Q is the momentum added to the scattering photon
by the creation or annihilation of the particular phonon with wavevector �Q which was synthe-
sized into the crystal. It is important to see that generating phonons with an optical transducer
thin film breaks the symmetry, and only phonons with wavevector �Q directed into the crystal
are generated. Figure 3(a) schematically shows how the creation of an additional phonon with
wavevector �Q leads to a scattering with momentum transfer �G + �Q. In the geometry depicted
in Fig. 3(a), i.e. for a phonon propagating into the crystal, the energy conservation imposes a
constraint on the angular frequencies ω ′ of the scattered and ω of the incident photons:
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ω ′ −ω =

{
ωs, if Δ�Q = +�Q ;phonon annihilation

−ωs, if Δ�Q = −�Q ;phonon creation
, (2)

because the stimulated emission of a phonon with wavevector �Q directed into the substrate
acquires its energy from the scattering photon, whereas the annihilation of a phonon with the
same �Q adds energy to the scattering photon and corresponds to a positive wavevector transfer
Δ�Q = +�Q.

These equations describe an inelastic scattering process which generally leads to an asym-
metric scattering geometry, where the incoming and outgoing photon do not have the same
angle with respect to the surface. However, the vast difference of the light and sound velocities
implies a very small length change of the scattered photon wavevector with respect to the in-
cident one. This quasi-elastic condition leads to a nearly symmetric scattering geometry with
Δ�k = �G± �Q.

4. Brillouin scattering of X-rays

We first discuss Brillouin scattering in the hard X-ray range [27]. The simulation of the UXRD
signal is shown in Fig. 2(a) for the excitation with an increasing number of pump-pulses. All
strain pulses have fully entered the substrate and in contrast to Fig. 1 the deposited fluence rises
with each absorbed pulse. Figure 2(a) directly shows how the diffraction feature at �G+�Q sharp-
ens as more and more bipolar strain pulses are sculptured into the crystal.We performed the cor-
responding UXRD experiment at the ID09B beamline at the synchrotron source ESRF which
provides ∼ 100 ps hard X-ray pulses. The SRO transducer film was excited with eight pulses
spaced by ΔT = 7.2 ps, consistent with the calculation of Fig. 2(a). Details of the setup were
discussed previously [15]. Here, we show an angular resolved analysis of the data recorded with
100 ps time resolution. The spectral narrowing of the feature around �G+�Q, is qualitatively con-
firmed in the experiment. When the synthesis of the quasi-monochromatic phonon wavepacket
(Fig. 2(b)) was stopped after eight pulses, we observed that this sideband decayed (c.f. Fig. 2(c))
within 130 ps. This is not much longer than it took to create the wavepacket. The corresponding
phonon decay is due to anharmonic phonon-phonon scattering processes within the STO sub-
strate [35–39]. Up to now we have shown that the interference of sound waves (phonons) in the
crystal created by multiple pulses in fact leads to the predicted quasi-monochromatic phonon
wavepacket. UXRD directly measures the shaping of the quasi-monochromatic phonon spec-
trum in real time. Moreover, we showed that this wavepacket decays on a 100 ps timescale.

5. Brillouin scattering and picosecond acoustics

Now we turn to Brillouin scattering of optical photons from similar phonon wavepackets. In
a classical interpretation of Brillouin scattering, the incident electromagnetic wave with wave-
length λm = λ/n(λ ) in the material is diffracted from the Bragg grating given by the strain-
induced refractive index modulation according to the photoelastic effect. Here λ and n(λ ) are
the wavelength of the incident electromagnetic wave in vacuum and the wavelength dependent
refractive index of the material, respectively. For visible light STO has a refractive index of
n ≈ 2.4. [40] The scattering angle is given by Bragg’s law [1]

λm = 2λs · sinθ , (3)

implying that for a given scattering angle θ an optical photon with wavelength λm = 2πn/|�k|
is diffracted from a refractive index grating induced by phonons with wavelength λs = 2π/|�Q|
as schematically shown in Fig. 3(b). For a phonon propagating perpendicular to the sample
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Fig. 3. Schematics of Brillouin scattering and picosecond acoustics. (a) Schematic of the
inelastic X-ray scattering with creation of a phonon with wavevector +�Q. (b) Schematic
of the Brillouin scattering with creation of a phonon with wavevector +�Q. (c) Schematic
showing the interference of waves which is used for a time-domain explanation of the
observed oscillations (see text).

surface the scattering angle θ is equal to the angle between the incident photon wavevector in
the sample and the sample surface. This angle can be easily calculated by Snell’s law. Given a
strain wave propagating into the crystal, the scattered light undergoes a tiny Doppler-red-shift
corresponding to the frequency of the moving sound wave, which can be detected by high-
resolution Brillouin scattering experiments. [41, 42]

Eq. (3) is a direct result of the optical Laue-condition�k′ −�k = ±�Q, (Fig. 3(b)) under quasi-
elastic scattering conditions (|�k′| ≈ |�k|), and is in fact Eq. (1) describing Brillouin scattering
with �G = 0. For a fixed angle θ Eq. (3) implies that an optical photon with wavelength λ
specifically scatters from phonons with the wavevector magnitude

Q(λ ) =
4π
λ

n(λ ) · sinθ . (4)

For n(λ ) = 1 Eq. (4) defines the well known scattering vector in elastic X-ray scattering theory.
Up to now we have adopted a perspective which is suitable for conventional Brillouin scat-

tering experiments detecting the frequency shift of a narrow-band-laser. In optical picosecond
acoustics experiments a laser pulse excites a short bipolar strain pulse with a broad spectrum
(Fig. 1, red line). The detection by a time-delayed laser pulse is explained as follows: A part
of the supercontinuum probe pulse is diffracted by the refractive index modulation associated
with the propagating sound pulse fulfilling Eq. (4) and interferes with the reflection of the
probe pulse at the sample surface (Fig. 3(c)). The moving sound pulse leads to a phase change
of the diffracted wave which depends on the pump-probe delay t. The resulting intensity of the
interfering electric fields is proportional to cos(ωst) = cos(2πt/Ts) with the period

Ts =
λ

2vsn(λ )sinθ
. (5)

For normal incidence Ts corresponds to the time a soundwave with wavevector �Q perpendicular
to the surface needs to propagate one half of the optical wavelength λm. Combining Eqs. (4)
and (5) leads to vs · Q = 2π/Ts = ωs. Hence ωs is the angular frequency of the phonon with
the wavevector �Q. Such oscillations are in fact observed in all-optical reflectivity experiments
[13,16] using a single optical pump pulse and an ultrashort broadband probe pulse. Figure 4(a)
shows the recorded reflectivity change for the LSMO transducer on STO after subtraction of
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Fig. 4. Experimental proof for the wavevector selectivity of supercontinuum probe
pulses. (a) Measured transient relative reflectivity change for single-pulse excitation as a
function of the phonon wavevector given by Eq. (4). Slowly varying background is sub-
tracted. (b) Same for an excitation with 8 pulses. (c) The dashed lines show the calculated
spectral amplitude of the excited phonons for 1 (red dashed) and 8 (black dashed) excita-
tions pulses (reproduced from Fig. 1). The solid lines show short-time Fourier transform
data of Fig. 4(b). Each of the extracted datasets was multiplied with the probe wavelength
to obtain a quantity proportional to the spectral amplitude of the coherent phonons.
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a slowly varying electronic and thermal contribution to the signal. The observed oscillation
period depends on the probe wavelength as predicted by Eq. (5) and extends across the entire
visible spectrum according to the broad spectrum of the excited coherent phonons calculated to
obtain the red line in Fig. 1. Here, Eq. (4) is applied to translate the optical probe wavelength λ
into the phonon wavevector �Q.

6. Selectivity of the supercontinuum probe

Finally, we show that Brillouin scattering with broadband optical probe pulses not only has a
mathematical one-to-one correspondence between the optical probe wavelength and a specific
phonon with wavevector �Q (Eq. (4)) but that in fact individual wavevector components can be
experimentally discriminated. Similar to the X-ray experiments shown in Fig. 2, we synthesized
a monochromatic phonon via excitation of an LSMO transducer by a train of eight optical pump
pulses (λ = 800 nm) with the pulse duration τpulse ∼ 100 fs and separation ΔT = 15.4 ps.
Figure 4(b) shows the relative reflectivity change of the sample. After t ≈ 150 ps oscillations
are mainly visible in the vicinity of |�Q| = 0.05 rad/nm. The black dashed line in Fig. 4(c),
reproduced from Fig. 1, shows the idealized simulation of the coherent phonon spectrum in the
substrate after 150 ps when all bipolar strain pulses have entered the substrate. The excellent
agreement of the measured suppression of the reflectivity oscillations in certain wavelength
regions of Fig. 4(b) with the simulated destructive interference in the phonon spectrum confirms
both the wavevector-selective probing process and the shaping of quasi-monochromatic phonon
wavepackets by tailored destructive interference. To support this argument we have extracted
the spectral amplitude of oscillations observed in Fig. 4(b) by short-time Fourier-transform and
multiplied the spectra by the wavelength of the probe light to get a quantity which is in first
approximation proportional to the spectral amplitude of the occupied phonons. [7] The results
plotted in Fig. 4(c) show good quantitative agreement of the measured spectra with the predicted
spectrum (black dashed line). In particular, the measured spectral width of the main spectral
component of the wavepacket exactly matches the prediction, demonstrating the simultaneous
spatial and temporal resolution of the supercontinuum pump-probe setup. The higher amplitude
of the secondary maximum is due to slight imperfections in the experimental optical pump
pulse train, which leads to an imperfect destructive interference of phonon modes. Furthermore,
Figure 4(c) directly measures the damping of the phonon amplitude in time. This is analogous
to the measured phonon attenuation using UXRD (Fig. 2(c)). In particular, both experiments
show that high-frequency components of the wavepackets undergo stronger damping.

Scattering experiments using synthesized monochromatic phonon wavepackets thus show di-
rectly that both UXRD and picosecond ultrasonics are wavevector-selective probes of ultrafast
phonon dynamics, which are both described by Eq. (1). The difference of the two methods is
that in the X-ray range we have selected the detected phonon wavevector �Q by tuning the Bragg
angle, keeping the light wavelength fixed, whereas for the optical experiment we kept the angle
of incidence fixed and measured a broad frequency range using a spectrometer. In principle, the
experiments could also be carried out vice versa. More importantly, the absorption of the probe
pulses is different. STO has essentially no optical absorption, while the penetration depth for
hard X-rays is not larger than 10μm. Generally, for very short sound wavelengths hard X-rays
are definitely the only suitable choice, since the required VUV and XUV photons undergo very
strong absorption.

7. Conclusions

In conclusion, we have given a unifying interpretation of ultrafast versions of Brillouin scatte-
ring in the ranges of optical and X-ray photon energies. We have synthesized large-amplitude
quasi-monochromatic phonon wavepackets and proved that their spectrum and their anhar-

#190683 - $15.00 USD Received 16 May 2013; revised 13 Jul 2013; accepted 16 Jul 2013; published 3 Sep 2013
(C) 2013 OSA 9 September 2013 | Vol. 21,  No. 18 | DOI:10.1364/OE.21.021188 | OPTICS EXPRESS  21196

Paper XV

193



monic decay can be directly observed in both types of experiments. In particular, we showed
that the optical supercontinuum is a direct, simultaneous and nonetheless selective real-time
probe of the spectra composing a phonon wavepacket in bulk material. We confirmed this in-
terpretation by comparison to UXRD experiments for which the direct access to the spectrum
of the lattice strain is obvious. We think that this experimental confirmation will be essential
for the interpretation of future experiments where wavevector-selective excitation and probing
will be used to measure anharmonic and nonlinear phonon interactions in condensed matter. In
particular, we envision experiments on nonlinear phononics as an analog of nonlinear optics, in
which we observe sum and difference frequency mixing of synthesized phonons.
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Thermoelastic study of nanolayered structures using time-resolved x-ray diffraction at
high repetition rate
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(Dated: June 17, 2013)

We investigate the thermoelastic response of a nanolayered sample composed of a metallic SrRuO3

(SRO) electrode sandwiched between a ferroelectric Pb(Zr0.2Ti0.8)O3 (PZT) film with negative
thermal expansion and a SrTiO3 substrate. SRO is rapidly heated by fs-laser pulses with 208 kHz
repetition rate. Diffraction of x-ray pulses derived from a synchrotron measures the transient out-
of-plane lattice constant c of all three materials simultaneously from 120 ps to 5 µs with a relative
accuracy up to ∆c/c = 10−6. The in-plane propagation of sound is essential for understanding the
delayed out of plane expansion.

PACS numbers:

Introduction

Ultrafast heat generation and transport in nanostruc-
tures are challenging the classical models of thermoelas-
ticity. For nanosized structures, becoming as small as
the heat carrying phonon mean free path, Fourier theory
of thermal transport can differ dramatically from bulk
samples.[1–4] The material properties on the nanoscale
may also differ from equilibrium values for bulk material
due to size effects or growth dependent interface resis-
tance. Quasi-instantaneous heating, e.g. by ultrashort
laser pulses may lead to non-equilibrium phonon distri-
butions and is much faster than thermal expansion, which
is limited by the speed of sound in the material. The re-
sulting dynamic thermal expansion[5–7] due to impulsive
thermal stresses has been studied extensively in the con-
text of coherent phonon excitation.[8–11]

Besides the general physical interest, the knowledge of
the structural response to instantaneous thermal stresses
becomes important for the performance and reliability
of novel applications in nanostructures such as optoelec-
tronic devices, MEMS, SASER, and X-ray optics for free
electron lasers, in which heat is generated on ultrafast
timescales.[1, 2, 12, 13]

Numerical models for the calculation of the complete
thermoelastic dynamics on the atomic level exist.[14]
They require extensive computational power and a large
number of material specific thermal and mechanical con-
stants for an anisotropic sample geometry. Time-resolved
experiments, which can access the material-specific struc-
tural information on the relevant length and time scales
are an essential experimental cross-check for the complete
understanding of the complex thermoelastic dynamics in
flash-heated nanostructures.

In this study we applied ultrafast X-ray diffraction
(UXRD) to measure the transient strains in three lay-

∗Electronic address: daniel.schick@uni-potsdam.de

ers of a thin film heterostructure of functional oxide
materials simultaneously by exploiting the material spe-
cific Bragg reflections. The large penetration depth of
hard X-rays yields information also on the buried layers.
The combination of ultrashort X-ray pulses with ultra-
fast Time-Correlated-Single-Photon-Counting (TCSPC)
enables covering a pump-probe delay range of nearly five
decades and ultra-sensitive detection of lattice constant
changes down to ∆c/c = 10−6. Such precise and con-
tinuous experimental information provide an excellent
experimental test ground for simulations which attempt
the description of the physics involving the coupling of
heat and strain in complex materials on several time- and
lengths scales.

We focus on the experimental strategy and confirm the
interpretation by comparing experimental data to a sim-
plified numerical model[15], which treats heat transport
and thermal expansion sequentially and briefly discuss
the deviations which show the complex three dimensional
nature of the problem. Although the thin film structure
suggests that a reduced 1D model should be appropriate
for short timescales, the comparison of experiment and
simulation reveals more complex thermoelastic dynamics
from the picosecond to microsecond time scales.

Experimental setup
The experiments were performed on a typical ferroelec-

tric thin film structure. A ferroelectric Pb(Zr0.2Ti0.8)O3

(PZT) layer and a metallic SrRuO3 (SRO) transducer
layer were grown onto a SrTiO3 (STO) substrate by
pulsed laser deposition (PLD).[16] From the detailed
characterization by transmission electron microscopy
(TEM) and static X-ray diffraction (XRD) in Fig. 1,
we derived the layer ticknesses of dPZT = 207 nm and
dSRO = 147 nm, as well as the average lattice con-
stants normal to the sample surface of cPZT = 4.130 Å,
cSRO = 3.948 Å, and cSTO = 3.905 Å.[17]

The UXRD experiments were carried out at the EDR
bending magnet beamline at BESSY II at Helmholtz Zen-
trum in Berlin. The details of the setup were described
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FIG. 1: (Color online) Static rocking curve of PZT, SRO, and
STO (0 0 2) Bragg reflections (black circles) with no laser on
the sample. The red squares show the peak shift of the in-
dividual Bragg peaks due to an average temperature increase
of approx. 191 K for the laser-on state.

recently.[18] In order to probe a homogeneously excited
sample area with 8.9 keV X-rays with a bandwidth of
δE/E = 2 × 10−4 the beam is focused in the dimension
perpendicular to the plane of diffraction and collimated
in the diffraction plane down to a spot size of 50×50µm2.
The symmetrically diffracted photons were collected by
a point-detector with a plastic scintillator (< 0.5 ns rise
time). For pumping the sample an Ytterbium-doped
fiber oscillator and a three-stage-amplifier laser system
were electronically synchronized to the master clock of
the storage ring. The laser repetition rate was set to
208 kHz thus determining the pump-probe delay range
to 4.8 µs.[18]. The pump pulses with maximum pulse
energy EP = 10 µJ at a wavelength λ = 1030 nm and
pulse duration of τ = 250 fs, were sent to the sample via
a mechanical delay line.

Results & Discussion

The transient thermoelastic response of the sample is
measured by scanning the material-specific (0 0 2) Bragg
reflections for various pump-probe delays. The static
rocking curve is shown in Fig. 1 as black circles. Although
the sample is excited with femtosecond laser pulses, the
static heat load due to the average pump power leads to
a stationary heating and corresponding thermal strains
according to the individual expansion coefficients observ-
able by the shifted Bragg peaks (red squares) in Fig. 1.
We use the literature value of the linear thermal expan-
sion coefficients for STO and SRO (see Tab. I) to deduce
the corresponding temperature rise of the whole sample
by approx. ∆T = 190K, starting from room tempera-
ture. For the transient experiments we used nearly two
times smaller average laser power causing a smaller tem-
perature rise of approx. ∆T = 84K (data not shown).
Based on the derived ∆Tand the PZT peak shift (Fig.
1), the average linear thermal expansion coefficient nor-
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FIG. 2: (Color online) Extracted Bragg peak shifts for (a)
PZT, (b) SRO, and (c) STO from the measurements (sym-
bols, left vertical axis) and simulations of the average temper-
atures (solid lines, right vertical axis) for varying time delays.
The right vertical axis assumes thermal expansion coefficients
valid in thermodynamic equilibrium. In c) the grey lines indi-
cate the temperature for sample depths from z = 10 to 1000
nm and the dashed red line is a simulation of the Bragg peak
shift ∆θ(t) using dynamical x-ray diffraction theory.

mal to the sample surface of PZT was determined to be
approx. αPZT = −1.1 × 10−5 K−1 for ∆T = 190K and
αPZT = −0.66 × 10−5 K−1 for ∆T = 84K. This tempera-
ture dependent negative linear thermal expansion of PZT
in z-direction is consistent with literature values for thin
films. It is connected to its ferroelectricity which leads
to a structural phase transition of the material from cu-
bic to tetragonal below its Curie temperature of approx.
500 ◦C.[19] Heating of PZT leads to a nearly negligible
volumetric expansion of the material since the c-axis con-
traction is compensating the expansion in the a-b-plane
while approaching the cubic phase.[19]

For the analysis of the transient rocking curves the
Bragg peak shifts ∆θ of the three layers after the laser
pulse excitation were extracted by fitting the individual
Bragg peaks by Gaussian functions. The resulting tran-
sients ∆θ(t) for each material are plotted in Fig. 2. In
total, we cover nearly five decades of time scales[18] with-
out changing the experimental setup, i.e. comparing the
diffraction curves for all time scales does not require any
intensity scaling and all critical parameters such as the
excitation fluence are constant.

The measured peak shift directly yields the strain in
each layer via ϵ = −∆θ cot θ.[15] For some applications
this is already the relevant parameter, as the strain is def-
initely responsible for the fatigue of high-frequency nan-
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3

odevices. Assuming the literature values for the thermal
expansion coefficients of the materials SRO and STO and
using the measured value for αPZT , we can moreover de-
duce the temperature rise ∆T = −ϵ/α and qualitatively
discuss the observed thermal diffusion and the expected
coupled thermoelastic dynamics, keeping in mind that
the regular thermal expansion might have to be modi-
fied for short timescales if in fact the local population
of phonons has strong non-equilibrium character and the
thermal stresses are not relaxed yet. For direct reading of
temperature changes we nonetheless add a vertical axis
to the experimental data in Fig. 2.

The optical femtosecond pump-pulses are exclusively
absorbed in the metallic SRO layer, thus rapidly heating
this material. The initial expansion dynamics in SRO is
beyond the time-resolution of 100 ps, and the associated
strain waves were discussed previously.[17, 24] In this pa-
per we focus on the nanosecond time scale. The SRO
peak shift ∆θSRO = 7mdeg at 1 ns observed in Fig. 2
a) implies a transient temperature rise of ∆TSRO = 27K
averaged over the SRO layer. Fig. 2 b) and c) con-
firm that at 1 ns the temperature of the adjacent STO
and PZT still corresponds to T = 293K+84K= 377K,
elevated from room temperature according to the aver-
age thermal heating of the entire structure by the 208
kHz excitation seen in static experiments. Heat diffu-
sion from the hot SRO to the adjacent materials leads
to the cooling of SRO and a temperature increase in the
PZT layer and STO substrate. In fact we can quantify
their average heating after 100 ns to be ∆TPZT = 6.6
K and ∆TSTO = 1.5K. Surprisingly, the heat essentially
flows into the PZT layer, although its thermal conduc-
tivity is three times lower than that of the substrate (Ta-
ble I). Moreover at this time the temperature of the
PZT layer is higher than the initially excited metal layer:
∆TPZT (100)ns > ∆TSRO(100 ns)= 5.7K. This is a con-
sequence of cooling the sample via the subtrate with es-
sentially zero heat dissipation at the sample surface. This
behavior is emphasized by the exponentially decaying
temperature profile in the 147 nm thick SRO layer which
essentially heats the material near the PZT interface. Af-
ter about 2 µs the data show that the temperatures in
the PZT and SRO layers have equilibrated with the sub-
strate temperature (∆T = 0.1 K) in the first micrometer,
which is sensed by the x-rays. Finally, the transient heat
load diffuses deeper into the STO substrate, where the
extinction depth of the X-rays makes the thermal strains
invisible to the current experiment.

While for delay times larger than 50 ns the mea-
sured out-of-plane strain can be consistently interpreted
as thermal expansion, the situation is more complex for
the earlier dynamics. Although the PZT lattice must
undoubtedly be heated between 1 - 10 ns since the tem-
perature of SRO is decreasing by about 30%, Fig. 2a)
clearly shows no contraction of PZT during this time.
In thermodynamic equilibrium the out-of-plane contrac-
tion of PZT goes along with an in plane expansion. For
our experimental conditions a rough estimation of the
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FIG. 3: (Color online) The 2D plot shows the results of the
1D heat equation over delay t and depth z. The color code is
not linear. Parts of the x-scale are logarithmic for the STO
substrate.

lower limit of the time it takes for the complete evolu-
tion of in-plain strains can be calculated from the probe
diameter dProbe = 50 µm and the sound velocity in SRO.
The resulting travel time is approx. t∥ = 8 ns and gives a
lower limit of the lateral strains to evolve within the com-
plete region of observation. This suggests that the epi-
taxially hindered in-plane expansion prevents the out-of
plane contraction to occur.

Simulation & Discussion

In order to confirm this interpretation, we compare the
data with a simplified 1D heat diffusion simulation.[15]
We calculate the laser-induced temperature jump in the
metallic SRO layer from the material’s optical penetra-
tion depth of 47 nm, its heat capacity and the laser flu-
ence. The thermal diffusion is modeled by the 1D heat
equation.[15] The result is shown in Fig. 3 as a color
coded temperature on logarithmic time scale, as well as
a logarithmic length scale for parts of the STO substrate.
These simulations confirm the interpretations of the ex-
perimental data given above, in particular the inversion
of the temperature rise in PZT and SRO. The exponen-
tially decaying temperature profile in SRO leads to a very
large temperature gradient towards PZT and to a weak
gradient with respect to STO. This drives the predom-
inant heat flow into PZT at times t < 10ns. Around
t = 50 ns the temperature in PZT and SRO is nearly
equilibrated and the only direction for heat dissipation is
into the substrate.

For verification and analysis of our interpretation it is
sufficient to extract the average heating of SRO and PZT
from the heat diffusion simulation in Fig. 3 and plot it
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PZT SRO STO

lin. therm. exp. coefficient [1/K]: −0.55 ×10−5 (fit/exp.) 0.88 ×10−5 (Ref. 20) 1 ×10−5 (Ref. 21)
heat capacity [J/mol K]: 120 (Ref. 22) 114 (Ref. 20) 128 (Ref. 21)

thermal conductivity [W/m K]: 3 (fit) 1 (exp.) 10 (Ref. 23)

TABLE I: Parameters for the simulation of the thermoelastic dynamics with according reference.

together with the measured heat expansion in Fig. 2,
using the equilibrium expansion coefficients without ad-
ditional scaling. The excellent agreement for t > 10ns
show the self-consistency of our analysis. On the inter-
esting timescale 1 − 10ns the simulation confirms that
PZT is substantially heated after 5 ns, although the out-
of plane strain is unchanged.

The analysis of the substrate peak is more complex.
To highlight the problem, we compare the temperatures
(grey lines in Fig. 2c) obtained in the simulation for dif-
ferent depths of the substrate to the measured peak shift
using the bulk expansion coefficient of STO. Alterna-
tively, we use the simulated strain profile to calculate
the Bragg peak in the framework of dynamical diffrac-
tion and fit the peak position with the same procedure
as the experimental data. The result is the red line in
Fig. 2 c) which shows excellent agreement up to t = 1µs.
Such analysis, especially of the wings of the substrate
peak, was discussed for the case of Si crystals.[25] At
longer time-scales the heat has diffused into the crystal
on the order of the pump-spot size the problem becomes
3D, explaining the deviation.

The structural parameters for the simulations were all
determined by experiments[17], and the thermoelastic
parameters were taken from literature, see Tab. I. Since
all literature values for the simulations were measured
statically and for bulk samples, the fit procedure[28] of
the simulation started with the STO substrate Bragg
peak shift for late times (t > 10 ns), see Fig. 2 c).

For a direct comparison of the heat diffusion model to
the data on the shortest timescales we could calculate

the transient thermal stresses from the spatio-temporal
temperature map and feed them into a 1D linear chain
model (LCM) of masses and springs in order to account
for the initial ultrafast phonon-dynamics.[26, 27] For the
1-10 ns timescale the restriction to one dimension would,
however, still not allow for dissipation of in-plane stresses
and we would require a dynamical 2D model.

Conclusion

We applied synchrotron-based UXRD experiments to
simultaneously follow the out-of-plain thermal strains of
three different materials in a thin film sample over nearly
five decades of time scales. Material constants are either
taken from literature or their measurement is inherent
to the present experiment. The data show that the expi-
taxial connection to the substrate delays the out-of plane
contraction of PZT by about 10 ns, because its in-plane
expansion can only take place on the timescale of sound
propagation through the excited area. Moreover the data
evidences a transient inversion of the temperature gradi-
ent between the excited SRO and the initially cold PZT.
Simple 1D simulations of the temperature profile confirm
this feature and show excellent agreement with the data
on intermediate times 10 ns - 1 µs in which the 1D ap-
proximation is valid. We believe that similar experiments
have to be utilized as a reference for according thermoe-
lastic models on the ultrafast time and nanometer length
scales, because of the complexity of the included dynam-
ics.

We thank Ionela Vrejoiu for providing the sample, and
the BMBF for the funding via 05K2012 - OXIDE.
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A.2. X-ray spectra from different tape materials

In order to extend the applicability of the PXS a variation of the emitted X-ray energy
and its spectral bandwidth is desirable. I have tested four different metal tapes for the
applicability in the PXS in respect to their mechanical stability and X-ray yield. The new
tape materials are aluminum (Al), nickel (Ni), brass (CuZn37), and bronze (CuSn6). The
current tape material copper (Cu) serves as a reference and is also included in the two
alloys brass and bronze. Accordingly, only the zinc (Zn) and tin (Sn) X-ray emission is
evaluated for brass and bronze, respectively.

All of the tested tapes are suitable for the use in the PXS in respect to their flexibility
and tear resistance. I have characterized the X-ray emission of the various metal tapes
with two energy-dispersive X-ray diode detectors made of Si (XR-100CR, Amptek Inc.)
for the low energy range of 1 keV to 10 keV with a resolution of 145 eV and CdTe (XR-
100T-CdTe, Amptek Inc.) for the high energy range of 1 keV to 100 keV with a resolution
of 1.2 keV. The according spectra are depicted in Fig. A.1 and Fig. A.2. The main criteria
for the applicability of the tape materials, the energy and the maximum X-ray yield of
the most intense specific Kα line-emission, are given in Tab. A.1.

Element Al Ni Cu Zn (brass) Sn (bronze)

Kα energy [eV] 1486 7478 8047 8638 25271

Kα flux [ph/s 4π sr] 7.1× 109* 2.5× 1011 5.0× 1010 3.1× 109 9.1× 107

Table A.1.: Energy of the element-specific Kα X-ray line-emission and the maximum
achievable X-ray flux of these lines for the various metal tapes.
*Since the Al Kα line was not detectable with the setup, we integrate
the flux of the Al bremsstrahlung over the equivalent energy interval of
the Cu Kα line instead.

In conclusion, all of the tested metal tapes are suitable for the application in the PXS.
The nickel and brass tapes provide strong characteristic line-emission (Ni Kα and Zn Kα)
close to the Cu Kα line. In contrast, when using bronze X-ray energies of up to 25.2 keV
from the Sn Kα line can be reached, whereas the X-ray flux could be further improved by
choosing different bronze alloys. Aluminum has a very low-energetic Kα line at 1.4 keV
which is hard to utilize due to the strong absorption in air and plastics. However, the
intense and homogeneous bremsstrahlung background renders aluminum as an alternative
tape material for spectroscopic applications.
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Figure A.1.: X-ray emission spectra of the various metal tapes in the range of
5500 eV to 11 000 eV recorded with the XR-100CR detector.

Figure A.2.: X-ray emission spectra of the various metal tapes in the range of
2000 eV to 65 000 eV recorded with the XR-100T-CdTe detector.
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A.3. Low-temperature ultrafast X-ray diffraction data

In order to study low-temperature phases of solids with UXRD techniques, I have imple-
mented a cryogen-free cryostat at the PXS. As a first reference experiment I measured
the intensity oscillations of SL Bragg peaks due to the photoexcitation of a zone-folded
longitudinal acoustical phonon (ZFLAP) mode [34] in a multilayer structure at different
temperatures. This SL is made of 15 double layers of which each consists of 7.3 nm metal-
lic (La0.7Sr0.3)MnO3 (LSMO) and 13.7 nm ferroelectric (Ba0.7Sr0.3)TiO3 (BST) epitaxially
grown onto a SrTiO3 (STO) substrate. The static rocking curve of the sample as measured
at the PXS is shown in Fig. A.3. The individual SL Bragg peaks are labeled according to
Ref. 99. The blue curve represents a simulation of the X-ray diffraction (XRD) response
of the static structure and agrees well with the experimental data. When the sample is
excited with a 800 nm pump pulse only the metallic LSMO layers are heated and expand.
Eventually, an anti-phase oscillation of the individual layer thicknesses in each double layer
builds up, which corresponds to the ZFLAP mode as described in Section 3.2. As a result
the transient reflectivity of the individual Bragg peaks of the SL can change significantly
on a femtosecond time scale [Paper IX, 62] as it is indicated by the red curve in Fig. A.3
for a tensile strain of 1% in LSMO.
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Figure A.3.: Experimental rocking curve of the LSMO/BST SL sample measured at
the PXS (black dots). The SL Bragg peaks are enumerated according
to Ref. 99. The blue line corresponds to a dynamical X-ray simula-
tion assuming a perfect sample structure. The red line is a simulation
additionally assuming a tensile strain of 1% in the LSMO layers.

First, I have measured the integrated intensity of three different SL Bragg peaks as
a function of pump-probe delay at room temperature. The period of these intensity
oscillations of approx. 3.9 ps is equal to the period of the ZFLAP mode, c.f. Fig. A.4.
However, the amplitude, sign, and waveform of these oscillations depend strongly on the
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Figure A.4.: Intensity oscillations of three different SL Bragg peaks measured at
the PXS at room temperature (symbols) and according fits of the data
(solid lines).

location of the according SL Bragg peaks in reciprocal space and are not discussed in
detail here.

I applied the cryostat setup to measure the SL-1 Bragg peak intensity oscillation within
a temperature range of the sample from 35K to 325K. The experimental data was further
fitted to extract the oscillation period and amplitude, whereas the latter corresponds to
the maximal change of the relative reflectivity ∆R/R0. The comparison of the amplitude-
normalized oscillation at 35K and 300K, shown in Fig. A.5, reveals a significant difference
of the oscillation period for these two temperatures.
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Figure A.5.: The intensity oscillations of the SL-1 Bragg peak at 35K and 300K
show a significantly different oscillation period. The experimental
data (symbols) is fitted (solid lines) and scaled in intensity for better
comparison.

The evaluation of the oscillation amplitude and period for more selected temperatures is
depicted in Fig. A.6. The decrease of the oscillation period is accompanied by a maximum
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Figure A.6.: The period and amplitude of the SL-1 Bragg peak oscillation is deter-

mined by fits of the data for sample temperatures ranging from 35K
to 325K. The oscillation period decreases from 3.9 ps to 3.6 ps with
decreasing temperature. The oscillation amplitude encounters a maxi-
mum between 180K and 250K. The solid lines are guides to the eye.

of the oscillation amplitude between 180K and 250K. The amplitude and period of these
Bragg peak intensity oscillations are directly linked to the photoexcited coherent phonons.
On the one hand, LSMO is in its ferromagnetic phase below room temperature [100] and
hence the excitation of coherent phonons should not change abruptly. On the other hand,
BST undergoes a cubic-to-tetragonal phase transition at approx. 280K, a tetragonal-to-
orthorhombic phase transition at approx. 250K, and an orthorhombic-to-trigonal phase
transition at approx. 200K [101].

In a simple model, the elastic constants in the BST layers change, i.e. they become
softer, in the low-temperature phases between 180K and 250K which leads to a larger
expansion of the neighboring LSMO layers after photoexcitation. As a result the oscil-
lation amplitude increases. The change of the oscillation period mainly depends on the
longitudinal sound velocities.

In conclusion, the low-temperature cryostat setup at the PXS was applied successfully to
determine the temperature-dependent period and amplitude of an SL Bragg peak intensity
oscillation. The observed temperature-dependence of these oscillation parameters can be
linked to the structural phase transitions of the BST layers in the SL below room temper-
ature. However, the influence of the ferromagnetism of the LSMO and the ferroelectricity
of the BST layers have to be evaluated in more detail. Additionally, the substrate can
change the strain states of the SL structure at low-temperatures due to the epitaxial con-
straints. In accordance to Paper V we are also able to verify the temperature-dependence
of the SL oscillations by means of all-optical spectroscopy at low temperatures.
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