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We excite an epitaxial SrRuO; thin film transducer by a pulse train of ultrashort laser pulses,
launching coherent sound waves into the underlying SrTiO; substrate. Synchrotron-based x-ray
diffraction (XRD) data exhibiting separated sidebands to the substrate peak evidence the
excitation of a quasi-monochromatic phonon wavepacket with sub-THz central frequency. The
frequency and bandwidth of this sound pulse can be controlled by the optical pulse train. We
compare the experimental data to combined lattice dynamics and dynamical XRD simulations
to verify the coherent phonon dynamics. In addition, we observe a lifetime of 130 ps of
such sub-THz phonons in accordance with the theory. © 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.3688492]

Ultrafast x-ray diffraction (UXRD) is a powerful tool
for monitoring atomic motion in solids on the related length
and timescales. In principle, each displacement field within a
crystal can be decomposed into discrete phonon modes of re-
spective frequency @ and wavevector Q which are related by
the phonon dispersion relation » = w(Q). One key aspect of
UXRD is the direct correspondence of a phonon-induced
real-space periodicity 4 = 2n/Q within a host crystal of lat-
tice spacing ¢ and the finite diffraction intensity at wavevec-
tor transfer ¢ = |ki, — Kou| = G0, where ki, and Koy are
the incident and diffracted x-ray photon wavevectors, respec-
tively, and G = 2x/c is the reciprocal lattice vector of the
host crystal."? This relation is depicted in Fig. 1(a) for
G + Q. Each phonon mode Q is, thus, responsible for x-rays
diffracted into sharp sidebands of the main crystal Bragg
reflection at G=Q which oscillate at their respective eigen-
frequency o (Q). These features have been theoretically dis-
cussed by Larsson ez al.?

Early UXRD experiments verified these relations by
observing UXRD signals of longitudinal acoustic (LA) pho-
nons in bulk crystals.'™ In these experiments, the intense
and ultrashort laser pulses excite bipolar strain waves into
the bulk crystal* which have a broad phonon spectrum that
accordingly generates contributions in a broad vicinity of the
bulk Bragg reflection. The linear dispersion relation of LA
phonons, w = v A0, was verified by tuning g, where vy is
the LA sound velocity.

For various physical and technical issues (such as phonon
spectroscopy, phonon-phonon scattering, etc.), it is favorable
to selectively generate high-frequency monochromatic pho-
non beams instead of spectrally broad pulses as in the first
UXRD experiments. Several techniques have been devel-
oped, e.g., via thermomodulation® or piezoelectric trans-

“Electronic mail: bargheer@uni-potsdam.de.

0003-6951/2012/100(9)/094101/4/$30.00

100, 094101-1

ducers.® Roshchupkin and co-workers observed XRD
sidebands due to continuous surface acoustic waves in langa-
tate crystals.” Acoustoelectrically amplified phonons below
10 GHz forming a continuous monochromatic bulk sound
wave have also been detected by XRD.° Solely optical techni-
ques provide tunability of the phonon frequencies into the
THz region. Optical multi-pulse excitation has been used to
coherently control LA phonons in bulk InSb.® Recently, high-
frequency narrow-bandwidth tunable LA phonon pulses were
coherently excited by optical pulse trains and subsequently
verified by optical means.”'? Alternatively, the single-pulse
photoexcitation of semiconductor superlattices generates
folded LA phonons.'"'? Due to coupling to the substrate,
these folded phonons unfold into the substrate which results
in similar phonon pulses as discussed here."® Such unfolding
could be monitored by UXRD; however, the corresponding
weak signatures in the diffraction curves were mainly domi-
nated by the strong superlattice Bragg peaks.'* Moreover,
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FIG. 1. (Color online) (a) Schematic representation of coherent XRD from
a reciprocal lattice vector G (solid lines) and from an additional phonon of
wavevector O (dashed lines). The same process is possible for G and Q
being antiparallel. (b) Schematic of the experiment. Each laser pulse
launches a bipolar strain wave into the substrate (dashed line) resulting in a
phonon wavepacket with central wavevector Q (dashed and solid line).
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these unfolded phonon wavepackets have a fixed central fre-
quency defined by the spatial superlattice period.'*'*

In this letter, we synthesized a quasi-monochromatic
phonon pulse by excitation of a SrRuOjz (SRO) thin film
transducer epitaxially grown by pulsed laser deposition® on
a SrTiO; substrate’® with a train of ultrashort optical laser
pulses (schematically shown in Fig. 1(b)). Relevant material
properties of SRO and STO can be found in, e.g., Refs. 27,
28, 33, and 34. Each laser pulse impulsively launches a sin-
gle spectrally broad bipolar strain pulse with high amplitude
into the substrate (schematically depicted by the dashed line
in Fig. 1(b)).'® The optical pulse train with pulse frequency
v=1"" and N pulses thus synthesizes a coherent phonon
wavepacket10 with wavevector Q,, = 2nv/vLa, Where vy a is
the LA sound velocity of the STO substrate. Using UXRD,
we observe clear sidebands to the STO Bragg peak as the x-
ray photons scatter from the monochromatic phonons
according to ¢ = G + Q). The selective excitation of coher-
ent phonons with a specific 0, allows us to directly monitor
the 130 ps lifetime of these sub-THz phonons which undergo
strong damping attributed to thermoelastic damping and
Akhiezer’s mechanism of relaxation damping.'”" The cen-
tral wavevector of the observed wavepacket can be con-
trolled by the pulse repetition rate v and the bandwidth is
inversely proportional to N. By tuning v, one can thus map
out the LA phonon dispersion relation w(Q).

The time-resolved XRD experiments were performed at
the undulator beamline IDO9B at the synchrotron source
ESRF.?° The general experimental setup working at 1 kHz
repetition rate was described in Ref. 21. The storage ring
was running in 16-bunch mode generating ~ 100 ps x-ray
pulses. We chose a photon energy of 12 keV for the experi-
ments and utilized only one sample (cf. Ref. 21). The optical
pulse train was produced by a mirror composed of four alter-
natingly stacked glass plates and spacer rings giving eight
reflections from the air-glass interfaces. The plates and rings
had a thickness of 710 um and 1100 um, respectively, corre-
sponding to pulse spacing of t ~ 7.2 ps (v ~ 140 GHz) at
normal incidence, which was verified by optical cross-
correlation measurements. Due to the rather low reflectivity
of the air-glass interfaces, the energy distribution within the
pulse train was almost homogeneous. The integrated fluence
at the sample was set to ~ 44 mJ/cm?, i.e., each pulse con-
tributed a mean fluence of ~ 5.5 mJ/cm®.

The inset of Fig. 2(a) shows the static rocking curve
around the (002) STO substrate Bragg peak from which we
deduced a SRO layer thickness of ~ 15.4 nm. The high-
angle side of the STO substrate Bragg peak has very little
contribution from the SRO layer which allows to observe the
sidebands of the phonon wavepackets without any conges-
tion from the top layer(s). This situation is even improved by
the shift of the SRO peak towards lower angles due to the
photoinduced thermal expansion. The robust perovskite ox-
ide SRO has a fast electron-phonon coupling and is, thus,
perfectly suited as a thin film transducer which can be trig-
gered by strong laser-pulse excitation in order to generate
phonon spectra with a high frequency cutoff.?*~>

Figure 2(a) shows the measured rocking curves in the vi-
cinity of the (002) STO substrate Bragg peak before (open
black diamonds) and 130 ps after (solid red bullets) the ar-
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FIG. 2. (Color online) (a) Experimental rocking curves (measured piece-
wise) of the high-angle side of the STO substrate peak before (open black
diamonds) and 130 ps after (solid red bullets) excitation by a pulse train
with 7.2 ps pulse separation. Inset: static rocking curve measured with a
high-resolution x-ray photodiode. The arrow indicates the shift of the SRO
peak due to the photoinduced thermal expansion. (b) Simulations of the
measured rocking curves without excitation (long-dashed black) and with
excitation by a pulse train having a uniform (solid blue) and non-uniform
(short-dashed red) pulse energy distribution. Inset: calculated strain pattern
130 ps after excitation with uniform (solid blue) and non-uniform (dashed
red) pulse energy distribution.

rival of the first pump pulse of the pulse train. The rocking
curve at positive time delay shows a distinct sideband evi-
dencing the excitation of a coherent narrow-bandwidth pho-
non wavepacket with a central wavevector around
Ag = Qf,l) =0.11nm . Moreover, the excitation of the sec-
ond harmonic around Ag = Qf) =0.22 nm~' with much
weaker amplitude can be inferred from Fig. 2. Although we
observe clearly separated harmonics, the sidebands are rather
broad and exhibit additional modulations. The comparatively
large penetration depth of the 800 nm pump light in SRO
(¢sro & 52 nm) results in nearly homogeneous excitation of
the thin film transducer.'**® The individual bipolar strain
pulses thus roughly have a rectangular and steplike shape
and consequently higher harmonics of O, are generated.
Since we have an independent measure of v, the linear LA
phonon dispersion relation readily yields vpa ~ 7.9 nm/ps
which perfectly agrees with the literature values.”’*

In order to understand the experimental data in more
detail, we utilized numerical model calculations to simulate
the experiment. First, we use a linear-chain model of masses
and springs to calculate the coherent lattice dynamics.'®> The
multiple pump pulse excitation necessitates the inclusion of
heat diffusion into the simulation. The resulting spatio-
temporal strain maps then serve as an input for dynamical
XRD simulations to calculate the transient rocking curves.”®*
The simulated transient rocking curves are plotted in Fig.
2(b). We first assume a pulse train of 8 identical pulses with
7.2 ps pulse separation. The calculated strain field at 130 ps is
shown in the inset of Fig. 2(b). The corresponding rocking

Downloaded 27 Feb 2012 to 192.108.69.177. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions
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curve (solid blue) exhibits sharp Bragg peaks at the experi-
mentally observed wavevector Ag = 0.11 nm ™' and its higher
harmonics.

The experimental peak width is much broader than for
the idealized simulation. This may originate from varying
pulse energies at the probe area. For instance, a different
pointing of the individual optical pump beams due to non-
parallel glass plates of the mirror stack would generate dif-
ferent excitation densities at the fairly distant probe spot for
each pulse. To account for such effects, we further assumed
a non-uniform pump pulse energy distribution within the
pulse train which results in the dashed red curve in Fig. 2.
This rocking curve satisfactorily approximates the shape of
the experimental data. The individual pulse energies are pro-
portional to the corresponding amplitudes of the bipolar
strain pulses plotted in the inset of Fig. 2(b). Thus, a con-
trolled variation of the pulse energy distribution in principle
allows to generate arbitrary phonon spectra in addition to
the tunability of the central wavevector by the pulse
frequency v.

Finally, we analyze the time-dependence of the first-
order sideband of the phonon wavepacket. For this, we evalu-
ate the integrated intensity of the main part between
Ag=0.08 rad/nm and Ag=0.14 rad/nm for each measured
time delay. The result is given by the symbols in Fig. 3. We
fit this transient by an exponential function which is set to
zero before t=0 and convoluted by a Gaussian representing
the limited time-resolution. The solid black line in Fig. 3
shows the best fit from which we extract a decay time gy, =
130 =8 ps. If we perform an analogous evaluation on the
simulated data, we obtain the dashed red line. Here, the
decay time is T4y =~ 600 ps which is essentially determined
by (1) the x-ray absorption as the strain pulse propagates
deeper into the substrate (absorption length at 12 keV in STO
is &~ 54 um) and (2) normal dispersion of the phonon wave-
packet. Since our lattice dynamics model does not include
anharmonic phonon interactions, Tg, marks an upper limit.
The fact that tgy, < T4y thus implies a rather efficient
attenuation of the phonon wavepacket. Combining 7, and
theoretical estimations including Akhiezer’s mechanism of
relaxation damping'”"'® and thermoelastic damping'® yields a
decay time of ~ 200 ps which is close to our measured pho-
non lifetime. We also obtain very similar values (= 130 ps)
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FIG. 3. (Color online) Time evolution of the integrated intensity of the Ist
order sideband in Fig. 2(a) (black bullets) and the corresponding fit (solid
black line). For comparison, we also show the corresponding transient
obtained from the simulation which disregards anharmonic interactions in
Fig. 2(b) (dashed red line).

Appl. Phys. Lett. 100, 094101 (2012)

by extrapolation of previously measured sub-GHz sound
attenuation in STO (Refs. 30 and 31) according t0 Tgecay ~
w2 given by Akhiezer’s damping.'’" More insight in the
exact phonon attenuation dynamics could be gained by using
shorter x-ray probe pulses since the observed phonon lifetime
is close to the time-resolution of the experiment.

In conclusion, we presented UXRD data that evidence
the efficient generation of quasi-monochromatic coherent
LA phonon wavepackets at 140 GHz. We could explain and
successfully simulate the corresponding sidebands of the
STO substrate Bragg peak using a microscopic lattice dy-
namics model and dynamical XRD simulations. As the side-
bands originate from a scattering of x-ray photons from
selectively synthesized phonons with specific Q vector, the
transient intensity of the sidebands directly measures the life-
time of these sub-THz LA phonons which is in accordance
with theory and earlier acoustic experiments in the sub-GHz
range. We believe that the combination of continuously tuna-
ble selective excitation of monochromatic phonon-pulses
and UXRD will prove to be a versatile tool for investigation
of sound attenuation and anharmonic phonon-phonon inter-
actions in various materials with physically interesting cou-
pling mechanisms at hypersonic frequencies.

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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