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ABSTRACT

We report generation of ultra-broadband longitudinal acoustic coherent phonon wavepackets in SrTiO3 (STO) with frequency components
extending throughout the first Brillouin zone. The wavepackets are efficiently generated in STO using femtosecond infrared laser excitation
of an atomically flat 1.6 nm-thick epitaxial SrRuO3 film. We use femtosecond x-ray diffraction at the European X-Ray Free Electron Laser
Facility to study the dispersion and damping of phonon wavepackets. The experimentally determined damping constants for multi-THz fre-
quency phonons compare favorably to the extrapolation of a simple ultrasound damping model over several orders of magnitude.

VC 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0083256

Acoustic phonons play an important role in heat transport phe-
nomena. At room temperature, the transport of heat in dielectrics is
accomplished by the diffusion of acoustic phonons determined by
three-phonon interactions.1 Scattering of high frequency acoustic pho-
nons due to the Umklapp process limits the heat flow.2 There are vari-
ous mechanisms of phonon scattering (e.g., Akhiezer, Landau-Rumer,
and Herring processes). Although a crossover from low- to high-
frequency phonons is expected,3–5 typically the phonon damping rate
has a dominant proportionality to the squared frequency (/ x2) or
squared wavevector (/ k2) in the linear region of the phonon disper-
sion. Both inelastic neutron- and x-ray scattering can provide full
dispersion relations,6 and recently, thermal diffuse scattering in a
pump-probe configuration has become available to assess dynamic
changes of phonon populations, even on ultrashort timescales after
laser-heating.7,8 Determining the imaginary part of the dispersion, i.e.,
the linewidth, is often a challenge due to the finite instrument resolu-
tion function. Ultrafast x-ray scattering from coherent phonons is a
method that has extended the picosecond-ultrasound experiments

with all optical pulses to higher wavevectors.8–10 In particular, in
SrRuO3/SrTiO3 (SRO/STO) heterostructures11 and superlattices10

with their perfect acoustic impedance matching, femtosecond laser
excitation of the metallic opto-acoustic transducer was used to decou-
ple the excitation from the detection process of coherent phonons via
ultrafast x-ray diffraction (UXRD). Recent progress in four-wave-mix-
ing (4WM) in the soft12,13 and hard14 x-ray range is aiming at studying
phonon diffusion and, hence, accessing the damping. Such time-
domain experiments can measure even very small damping from the
decay of intensity oscillations as in, for example, time-domain
Brillouin scattering (TDBS).15 By following the propagating coherent
wavepackets, nonlinear mixing processes, such as sum-frequency gen-
eration16 and self-steepening15 of phonon wavepackets, have been
observed that add another coordinate in the coherent phonons’ energy
flow landscape. In the optical range, TDBS can be interpreted classi-
cally as an interference of the probe light reflected from the propagat-
ing sound wave with reflection from the surface.17,18 This
interpretation becomes invalid for wavepackets extending to the first
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Brillouin-zone (BZ) boundary, where the group velocity is zero.
However, describing the same process as inelastic scatting of photons
(visible light or x rays) can be applied throughout the BZ.9,18

Understanding of the generation, propagation, and interaction of
high-wavevector coherent phonons is especially important in materials
exhibiting photoinduced phase transitions19,20 and for designing heter-
ostructures for future nano-opto-electronics with the desired length
scale approaching a few atomic unit cells. The metallic oxide SrRuO3

and the insulating oxide SrTiO3 are extremely robust under strong
optical excitation.15 The phonon damping constant C and anomalies
of the sound velocity v of STO have been widely discussed in the con-
text of the ferro-distortive phase transition at T¼ 105K.21,22 Results
from conventional MHz ultrasound experiments and TDBS in the
GHz range and up to 1THz have confirmed the quadratic dependence
of the damping constant on the wavevector.22–24

In this Letter, we report the excitation and observation of
broadband longitudinal acoustic coherent phonons in single crys-
talline STO with frequency components covering the entire
Brillouin zone. Upon femtosecond IR laser excitation with a flu-
ence of approximately 10 mJ/cm2 of an atomically flat 1.6 nm-thick
epitaxial SRO transducer film, we observe a wavepacket that con-
tains frequency components up to 4.5 THz. The wavepacket propa-
gates at a strongly reduced group velocity of less than half of the
longitudinal sound velocity. Intriguingly, the damping of these
high frequency components is still consistent with an extrapolation
of ultrasound measurements over several orders of magnitude.

The ultrafast pump-probe experiment was carried out at the
materials imaging and dynamics (MID) station of the European X-ray
Free-Electron Laser Facility (XFEL)25 (see “Experimental details” in
the supplementary material).

The atomically flat SRO opto-acoustic transducer and SRO/STO
interface are key to the observation of wavevector components near
the Brillouin zone boundary. It was grown on a vicinal STO (001) sin-
gle crystalline substrate using pulsed laser deposition (PLD).26 Figure
1(a) illustrates the cubic unit cell of the STO lattice. The STO surface is
homogeneously covered by the SRO film with a nominal thickness of
four unit cells (d¼ 1.6 nm). The surface topography map [Fig. 1(b)] of
the sample used in the experiment measured by atomic force micros-
copy (AFM) exhibits a root mean square surface roughness of 0.4nm,
corresponding to one unit cell. It is well known that the step-flow
growth results in terraces with approximately 200nm width and a one
unit cell step height.26–28 Figure 1(c) shows a specular x-ray reflectivity
curve of the sample as a function of the reciprocal lattice coordinate L
(continuous value of the Miller index). In the specular scattering
geometry, the x-ray wavevector transfer is given by

q ¼ 2k sin h ¼ L
2p
a
; (1)

where k is the x-ray wavevector magnitude, h is the x-ray incidence
angle with respect to the Bragg planes, and a is the STO lattice con-
stant of 3:905 Å. For integer L, Eq. (1) is equivalent to Bragg’s law. The
green dots in Fig. 1(c) show reflectivity data obtained at the high-
resolution synchrotron beamline P08 (DESY) operated at 9 keV.29

Solid lines represent the simulated x-ray reflectivity for two perfectly
flat representations of a bare STO substrate (blue) and a four-unit cell-
thick SRO layer on STO (orange). The surface and interface roughness
of the sample suppresses the scattering far away from Bragg positions

and explains the deviations between the simple model and the data.
The out-of-plane lattice constant 3:95 Å of epitaxially strained SRO on
STO is slightly larger than the bulk value of 3:93 Å due to the Poisson
effect.30

The thickness of the SRO film is determined from the period of
Kiessig fringes;31 the observed fringe period DL is related to the thick-
ness as DL ¼ 1

N, where N¼ 4 is the thickness of the film in unit cells,
as evident from Fig. 1(c).

Figure 2 illustrates the specularly scattered x-ray intensity change
as a function of the pump-probe delay for four different values of the
reciprocal space coordinate indicated by vertical dashed arrows in Fig.
1(c). The intensity was integrated over a small region of the detector
corresponding to the given momentum transfer. The experimental
points were normalized by the values of the integrated intensity
obtained at negative pump-probe delays after subtraction of a back-
ground signal (see “Data acquisition and reduction” in the supplemen-
tary material).

The measured signal is the result of interference between x rays
scattered from the semi-infinite STO substrate and the SRO thin film
with a very broad maximum at L ¼ 2� 3:905

3:95 ¼ 1:98 given by the rela-
tive out-of-plane lattice constants of STO and SRO. Qualitatively, the
transient scattering signal is caused by the shift of the broad SRO
Bragg peak and changes of the Kiessig fringes, which originate from
the ultrafast expansion of the SRO film.32 The expansion shifts the
broad maximum of the thin film scattering from L¼ 1.98 toward

FIG. 1. (a) Cubic unit cell of SrTiO3 with a perovskite structure. (b) Atomic force
microscopy topograph of the SrRuO3 thin film grown on the STO crystal. (c) Plot of
extended x-ray reflectivity curves along the specular (001) direction. Green dots
indicate experimental data collected for the sample at P08 (DESY). Calculations by
dynamical x-ray diffraction for a bare, semi-infinite TiO2-terminated single crystal of
STO (blue) and for an SRO/STO heterostructure with a four unit cell thick SRO film
(orange) are shown for comparison. The upper x-axis shows C and X as the STO
Brillouin zone center and boundary, respectively. Dashed vertical arrows indicate
positions at which time series in Fig. 2 were taken.
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lower values. This causes the rapid rise [or fall, depending on the
probed reciprocal lattice coordinate, see Fig. 1(c)] of the scattered
intensity on the femtosecond time scales and a slower decay on the ps
timescale, as the SRO film is dissipating energy into the STO substrate
via coherent and incoherent phonon transport.

The central results of the experiment are the pump-probe signal
oscillations in the THz range, which originate from the scattering of x
rays by the propagating acoustic phonon wavepacket. We can rational-
ize the dependence of the frequency on the probed reciprocal space
coordinate L in the following way: The detected oscillatory x-ray inten-
sity is caused by the interference of x-ray photons that are elastically
scattered (from the SRO film and the undisturbed fraction of the STO
substrate) with the inelastically scattered x rays by coherent phonons
with wavevector kph. This interference oscillates with angular fre-
quency xðkphÞ, thus encoding the dispersion relation of the acoustic
phonons. The specular diffraction geometry makes the experiment
exclusively sensitive to longitudinal polarization components.

In order to extract the oscillation frequencies, we introduce a uni-
versal fitting function for the four measured time series

sðtÞ ¼ A0 þ A1e
� t

s1 þ A2e
� t

s2 sin ð2p�t þ /Þ; (2)

where A0, A1, A2, s1, s2, �, and / are the fitting parameters. The first
two terms in Eq. (2) describe the signal contribution from the SRO
film. The third term is attributed to the x-ray scattering contribution
from the developing coherent lattice dynamics in the STO substrate.
The best fit parameters leading to the orange curves in Fig. 2 are sum-
marized in Table I. By this analysis, we ignore the nonlinear processes
of self-steepening wavepackets discussed previously for lower
frequencies.15

We now interpret the intensity oscillations as resulting from the
scattering of x rays from coherent acoustic phonons in STO with
wavevector kph according to the modified Laue equation18

ks � ki ¼ GBr6kph; (3)

in which ki=s is the wavevector of incident/scattered x rays and GBr is a
reciprocal lattice vector. As indicated above, in the current study, we
use GBr ¼ ð002Þ in reciprocal lattice units.

The longitudinal acoustic phonon (LAP) wavevector in each of
the experimental time series shown in Fig. 2 is

kph ¼
2p
a
ð2� LÞ: (4)

In Fig. 3, the fitting parameter � ¼ x=2p is identified as the pho-
non frequency and plotted (red squares) as a function of kph. The
results show excellent agreement with inelastic neutron scattering
data6 for the LAP dispersion of SrTiO3 (black circles). The blue solid
line indicates the sound velocity of STO v ¼ x

kph
¼ 7:7 km/s, and

the black dotted line indicates the considerably lower group velocity
v ¼ dx

dkph
¼ 2:7 km/s, extracted from the two measurements at

FIG. 2. Blue dots indicate experimental data points for self-normalized time-dependent
specular x-ray intensity after laser excitation obtained at different reciprocal lattice
coordinates L (see “Data acquisition and reduction” of the supplementary material).
Error bars denote systematic errors equal to the standard deviation (2r) of the signal
measured at negative pump-probe delays. Orange line plots the fitting function according
to Eq. (2) using the parameters listed in Table I.

TABLE I. Best fit parameters.

L 1.94 1.89 1.75 1.66

A0 1.076 0.02 1.166 0.01 1.576 0.01 1.096 0.01
A1 0.116 0.01 0.446 0.01 2.006 0.04 0.446 0.01
A2 0.206 0.01 0.146 0.01 0.056 0.01 0.066 0.01
s1 (ps) 1.736 0.80 0.756 0.01 0.216 0.01 0.756 0.01
s2 (ps) 7.736 1.30 1.906 0.04 1ðfixedÞ 0.436 0.02
� (THz) 1.136 0.01 2.176 0.01 3.976 0.01 4.596 0.05
/ 4.006 0.05 3.266 0.02 0.006 0.04 5.476 0.05

FIG. 3. Black circles indicate inelastic neutron scattering data,6 and red squares
indicate oscillation frequencies obtained in this experiment. The blue line represents
the linear part of the dispersion with a longitudinal acoustic sound velocity of
7.8 km/s. The black dotted line shows the considerably lower group velocity of the
high frequency components in the experiment. The red curve reproduces the LA
phonon dispersion curve for STO calculated from first principles.33 The horizontal
axis range is chosen to fit the CX line of the STO Brillouin zone.
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wavevectors at approximately 2/3 of the BZ edge. The red solid line
reproduces a calculated LAP dispersion relation.33

In Fig. 4, we plot the damping constant C ¼ 1=s2 of the observed
phonon oscillations as a function of the wavevector together with liter-
ature data from ultrasound measurements,23 frequency and time-
domain Brillouin scattering,22,34 photoelastic detection (PE),24 and
previous UXRD experiments.10,22 Clearly, the damping is proportional
to k2ph over many orders of magnitude, which is consistent with
Akhiezer’s theory of relaxation damping.35 The striking result of the
current study is the fact that the damping rates seem to essentially fol-
low the k2ph-law almost all the way to the Brillouin zone boundary,
although according to Akhiezer’s theory the damping rate is actually
expected to saturate at high frequencies.3,5 Other mechanisms like
Herring processes are believed to dominate the damping at such high
frequencies and also yield a squared frequency dependence; however,
the corresponding damping rate should be a few orders of magnitude
lower.3,5 The observed high damping rates may be the manifestation
of nonlinear coherent phonon conversion effects10,11,15 due to the
large-amplitude atomic displacements in the generated coherent LAP
wavepackets. This scenario is further supported by the fact that the
high-frequency oscillations in Fig. 2 at L¼ 1.66 seem to exhibit a beat-
ing instead of a simple exponentially decaying envelope function,15 as
evidenced by the poor fit quality. Further fluence-dependent studies
are necessary to elucidate this question.

In conclusion, we have shown that ultrafast x-ray scattering pro-
vides a wavevector-selective probe of the frequency and damping of
coherent longitudinal acoustic phonons across the entire Brillouin
zone. The complex-valued dispersion relation that represents propaga-
tion and damping of phonons can be directly extracted from the scat-
tering angle and the observed intensity oscillations. The generation of
wavevector components reaching out to the BZ boundary of SrTiO3 is
enabled by the monatomic flatness of the surface and the interface of
the ultrathin SrRuO3 film, which absorbs the pump light. The

observed frequencies are in accordance with earlier inelastic neu-
tron scattering data6 and phonon dispersion calculations from first
principles.33 The observed damping is in good accordance with a
k2 law extrapolating from measurements at much smaller k. In
addition to the possibility of investigating the fundamental damp-
ing mechanisms at very large wavevectors, such experiments pave
the road to the direct observation of previously inaccessible non-
linear phonon-mixing processes that involve large-wavevector
acoustic phonons relevant for Umklapp-processes that limit ther-
mal transport in condensed matter.

See the supplementary material for “Experimental details” section
for the technical details of the pump-probe x-ray diffraction experi-
ment. For details on the data collection and normalization presented
in Fig. 2, see “Data acquisition and reduction” section.
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