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ABSTRACT

We use femtosecond extreme ultraviolet pulses derived from a free electron laser to excite and probe surface acoustic waves (SAWs) on the
(001) surface of single crystal SrTiO3. SAWs are generated by a pair of 39.9 nm pulses crossed at the sample with the crossing angle defining
the SAW wavelength at 84 nm. Detection of SAWs is performed via diffraction of a time-delayed 13.3 nm probe pulse by SAW-induced sur-
face ripples. Despite the low reflectivity of the sample in the extreme ultraviolet range, the reflection mode detection is found to be efficient
because of an increase in the diffraction efficiency for shorter wavelengths. We describe a methodology for extracting the SAW attenuation
in the presence of a thermal grating, which is based on measuring the decay of oscillations at twice the SAW frequency. The proposed
approach can be used to study ultrahigh frequency SAWs in a broad range of materials and will bridge the wave vector gap in surface phonon
spectroscopy between Brillouin scattering and He atom scattering.

VC 2021 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/10.1063/5.0060575

Laser generation of surface acoustic waves (SAWs) first demon-
strated by Lee and White in 19681 has developed into a tool widely
used in acoustics and materials science. Typically, the optical genera-
tion of SAWs is combined with optical detection to yield a versatile
non-contact technique that has been extensively used both for funda-
mental studies of wave propagation phenomena2–4 and for applica-
tions such as materials characterization, thin film metrology, and
nondestructive testing.5–7 With femtosecond laser sources, there is vir-
tually no upper limit on the frequency of acoustic waves that can be
generated or detected optically. However, there is an upper limit on
the SAW wavevector; namely, SAWs with a wavelength smaller than
half the optical wavelength can be neither generated nor detected.8

This limitation can be circumvented by using subwavelength

structures such as nanoscale arrays of metal lines9–12 but that takes
away a major advantage of the laser-based approach, i.e., the ability to
generate and detect frequency-tunable SAWs in a non-contact and
noninvasive manner without fabricating any transducer structures.

With the recent progress in free electron lasers (FELs) and high
harmonic generation,13 femtosecond sources operating in the extreme
ultraviolet (EUV) and x-ray ranges have become available. The use of
EUV pulses for probing SAWs excited optically with the help of metal
nanostructures was demonstrated in experiments with a high har-
monic generation source.10,11 More recently,14 13 nm radiation of the
FERMI FEL at Trieste15 was used to excite bulk and surface acoustic
waves using the transient grating (TG) technique,5,16,17 in which two
crossed laser pulses are used for excitation and a time-delayed probe
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pulse is used for detection of the excited acoustic waves. In the experi-
ment,14 the probe pulse was still at an optical wavelength of 400nm,
and the acoustic wavelength was 280nm: SAWs with much shorter
wavelengths could be generated by the EUV excitation but could not
be detected by the optical probe. Subsequently, the TG setup at the
TIMER beamline at FERMI has enabled EUV pump/EUV probe
experiments,18 in which bulk longitudinal waves and Lamb modes of
thin membranes with wavelengths in the tens of nanometers range
have been generated.18,19 However, experiments18,19 were conducted
in the transmission geometry (i.e., the diffraction of the transmitted
probe beam was measured). Since all materials are strongly absorbing
in the EUV range, this requires samples in the form of ultrathin free-
standing membranes, which severely limits the range of materials that
can be investigated.

In this report, we describe reflection-mode EUV pump/EUV
probe TG measurements, which can be performed on thick samples.
We demonstrate the generation of SAWs at an acoustic wavelength in
the sub-100nm range in a bulk single crystal SrTiO3 (STO) sample
and present a methodology for measuring the SAW attenuation. STO,
a prototypical perovskite material, was chosen for this study owing to
the availability of single crystal samples with excellent surface quality
as well as acoustic characterization data in the GHz range.20–22 The
experiment was conducted at the TIMER beamline at FERMI; a
description of the apparatus is provided in Refs. 18 and 23. Figure 1
schematically shows the experimental arrangement. Pump pulses with
the wavelength kex¼ 39.9 nm and a probe pulse with the wavelength
kp¼ 13.3nm were derived from the FERMI FEL2 source and had a
duration of �70 fs. Two pump pulses were crossed at the sample sur-
face at an angle of 27.6� to form an interference pattern with the
period K¼ 83.6 nm. The time-delayed probe pulse was incident at an
angle of 4.6�. The total pump energy at the sample was 0.6 lJ, the
probe energy was 1.2 lJ; the spot size for pump and probe beams

(defined as a diameter at the 1/e intensity level) was about 300lm.
The pump polarization was circular (chosen to facilitate the stable
operation of the FEL but not essential for our experiment), while the
probe polarization was vertical in terms of Fig. 1(b).

The sample was a (001) STO single crystal. The attenuation
length of the 39.9 nm radiation in STO was 8nm.24 The absorption of
the radiation led to a sinusoidal temperature profile along the sample
surface (thermal grating) with the period K, and the resulting rapid
thermal expansion launched counter-propagating SAWs at the same
wavelength K.5 The SAW wavevector direction determined by the ori-
entation of the pump interference pattern on the sample was h100i.25
Both the thermal grating and SAWs modulated the surface profile, cre-
ating a transient reflective grating for the probe pulse. We used a mul-
tilayer mirror (reflectivity 69%) to pick up one of the diffraction
orders, with the sample being tilted by 10� to separate the incident
probe beam and the diffracted signal vertically, as shown in Fig. 1(b).
The diffracted beam was reflected by the mirror, passed underneath
the sample, and was detected by a CCD camera. The signal was aver-
aged over 500 FEL shots per pump–probe delay point with the FEL
repetition rate of 50Hz.

For surface displacements much smaller than the probe wave-
length, near-normal incidence, and K � kp, the diffraction efficiency
of a reflecting diffraction grating with a sinusoidal surface displace-
ment profile uz ¼ u0 cos qx, where q¼ 2p/K, is given by26

g ¼ Id
Ip
¼ Rk2pu

2
0; (1)

where Ip and Id are the intensities of the incident probe and diffracted
beams, respectively, R is the reflection coefficient, kp is the probe wave
vector, and u0 is the amplitude of the vertical surface displacement.
The reflectivity of STO for near-normal incidence at 13.3 nm calcu-
lated based on Ref. 24 is quite small, R¼ 6.2� 10�4. However, the
poor reflectivity compared to visible wavelengths is offset by the large
value of kp. As a result, for an equal surface displacement amplitude,
the diffraction efficiency at kp¼ 13.3 nm is about five times higher
than at 500nm, where R¼ 0.18 (of course in the latter case, the grating
period would need to be much larger).

Figure 2 shows the diffracted signal as a function of the pump–p-
robe delay. The slowly decaying component is due to the thermal grat-
ing, which decays via heat conduction, whereas the oscillations are due
to the standing wave formed by counter-propagating SAWs. The
experimentally measured diffraction efficiency at the signal maximum
is 1.3� 10�9.27 Using Eq. (1), we estimate the maximum amplitude of
the surface displacement at 19 pm. This roughly agrees with an esti-
mate of the surface displacement in the thermal grating based on the
pump fluence, specific heat, and thermal expansion coefficient of
STO,28,29 which yields about 26 pm.30

The Fourier spectrum of the oscillations (with the slow back-
ground subtracted) shown in the inset in Fig. 2 reveals two frequencies,
51.7 and 103.4GHz. The lower frequency yields a phase velocity of
4320 m/s, which agrees with the literature data for the SAW velocity
in the [100] direction on the (001) plane of STO.20 The presence of the
“second harmonic” oscillations is due to the quadratic dependence of
the signal on the surface displacement. The vertical surface displace-
ment amplitude due to the thermal grating and counter-propagating
SAWs is given by

FIG. 1. Experimental arrangement: (a) top view and (b) side view. Sinusoidal sur-
face displacement produced by the pump pulses acts as a transient diffraction grat-
ing for the probe beam; the 61 diffraction orders are shown by dashed lines.
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u0 ¼ SthðtÞ þ Ae�t=s cosxt; (2)

where Sth(t) describes the decaying amplitude of the thermal grating,31

A/2 is the amplitude of each of the counter-propagating SAWs, s is
the SAW decay time, and x is the SAW angular frequency given by
x¼ cq, where c is the SAW velocity. Consequently, the time depen-
dence of the diffraction signal is given by

g / S2thðtÞ þ 2ASthðtÞe�t=s cosxt þ 1
2
A2e�2t=s 1þ cos 2xtð Þ: (3)

The frequency x appears in the second term, which contains a product
of the thermal and acoustic contributions. (One can think of this term
as “heterodyne” detection of SAWs with the thermal grating providing
a local oscillator.) Evidently, in our experiment, the thermal grating
decay time is significantly shorter than the acoustic attenuation time s:
in this case, once the thermal grating decays, the first and second terms
vanish and only the third term containing oscillations at 2x remains.
Indeed, as one can see in the bottom panel in Fig. 2, oscillations at 2x
become dominant in the tail of the signal. This is consistent with the
fact that the 2x peak in the spectrum is narrower than the x peak: the
width of the former is controlled by the SAW attenuation, while
the width of the latter is dominated by the faster thermal decay.

According to Eq. (3), the oscillations at x are not too useful for
measuring the SAW decay time s, as their decay is primarily con-
trolled by the decay of the thermal grating. However, the decay time of
the 2x oscillations is independent of the thermal grating and given by
s/2. Therefore, our strategy for measuring the SAW attenuation is to
focus on the 2x oscillations in the tail of the signal instead of analyzing
the entire signal waveform. Fig. 3 shows the signal between 350 and
600 ps; toward the longest delays the signal maxima correspond to a

surface displacement amplitude of just �2.5 pm. We fit this signal by
the functional form

g ¼ Be�2t=s 1þ cos 2xt þ /ð Þ½ � þ C; (4)

where a small offset C accounts for the background signal due to para-
sitically scattered light, which could not be entirely eliminated by the
background subtraction performed during the data processing. The
best fit yields s¼ 4726 20 ps.32 (The standard error was estimated
from the behavior of v2 in the parameter space in the vicinity of the
best fit, recognizing that this provides only a rough estimate of the
experimental error;33 within the constraints of the beamline experi-
ment, we could not perform multiple pump–probe delay scans for a
proper statistical analysis.) The normally reported “phonon lifetime”
corresponds to 1/e decay for the acoustic intensity rather than ampli-
tude and is equal to s/2. The 1/e intensity attenuation length, or the
surface phonon mean free path, is equal to 1.0lm.

Previously, the acoustic attenuation in STO at comparable fre-
quencies was only measured for bulk longitudinal waves. The SAW
consists of longitudinal and transverse inhomogeneous waves;34 there-
fore, it would be, in principle, possible to combine the SAW and bulk
longitudinal data to obtain the attenuation of transverse waves.
However, the reported values of s at 300K for longitudinal waves in
STO vary within a wide range 400–1400 ps.21,22 Also, the observed
SAW attenuation, besides the intrinsic attenuation due to lattice
anharmonicity,35 may include extrinsic attenuation due to surface
roughness;36 hence, the measured surface phonon lifetime should be
considered a lower bound for the intrinsic lifetime. Elucidating the rel-
ative roles of the extrinsic and intrinsic contributions requires a further
study and goes beyond the scope of the present report. Yet another
potential contributor to the observed attenuation is the “walk-off”
effect37 owing to the finite spatial width of the counter-propagating
SAW wavepackets: when the wavepackets no longer overlap, there is
no standing wave and the oscillations in the signal vanish. The wave-
packet width is determined by the extent of the high-contrast interfer-
ence pattern, which was �70lm at the pump crossing angle we
used.38 Since this width was much greater than the SAW attenuation
length, the walk-off effect was negligible.

In conclusion, the described approach provides a way to generate
ultrahigh frequency SAWs in a broad range of materials without

FIG. 2. Diffracted signal vs pump–probe delay time. The inset shows the Fourier
spectrum of the oscillations. The bottom panel presenting the signal between 200
and 400 ps shows how oscillations at the SAW frequency x decay and oscillations
at 2x become dominant at longer delays.

FIG. 3. The tail of the signal waveform (experimental data, blue) and the best fit
with Eq. (4) (orange).
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nanofabrication. Unlike the conventional laser excitation of SAWs,
this technique is not limited to optically opaque materials, since all
materials are highly absorbing in the EUV range. The current setup at
FERMI already makes it possible to conduct transient grating mea-
surements at grating periods as short as 28 nm,18 and with shorter
excitation wavelengths, a further extension of the wavelength range
down to �10nm is possible. This will push the SAW frequency close
to 1THz and close the gap in surface phonon spectroscopy between
surface Brillouin scattering operating in the wavelength range above
�300nm (Refs. 20 and 39) and He atom scattering, whose limited
energy resolution restricts the useful surface phonon wavelength to
below �10nm.40 Furthermore, TG spectroscopy, as a time-domain
technique, is not limited by the spectrometer resolution, which is espe-
cially useful for measuring the SAW attenuation. (In this regard, the
only practical limitation is the length of the probe delay line.) For
example, to measure the SAW decay time obtained in this work, one
would need a spectrometer resolution of �0.01meV, while the resolu-
tion of He atom scattering spectroscopy is typically 0.5–1meV.40

SAW attenuation measurements will be useful for the develop-
ment of SAW devices: currently, the propagation loss can only be
assessed indirectly via the Q factor of the device.41,42 While SAW devi-
ces with frequencies up to 30GHz are being developed,43 there are no
data on SAW attenuation above �10GHz in any material, and even
measurements at lower frequencies are difficult and rarely done: for
example, Ref. 12 reported measurements of SAW attenuation in Si at
7GHz performed using laser excitation and detection mediated by
nanostructures, which required the fabrication of a series of
“excitation” and “detection” nanostructures separated by a variable
distance. The EUV TG technique described here enables direct mea-
surements of the SAW attenuation without any nanofabrication and
at much higher frequencies than any of the existing methods allows.
Furthermore, precise measurements of the high-wavevector SAW dis-
persion will help in the characterization of ultrathin films11 and, more
generally, near-surface mechanical properties of materials. While the
current experiment required an FEL facility, further progress in the
high harmonic generation10,11 is likely to enable EUV TG spectros-
copy with a table-top setup. Finally, we expect that the reflection-
mode EUV TG arrangement will be useful for studying a broad range
of phenomena beyond surface acoustic waves, including thermal
transport,7 nonlinear optics,44 and ultrafast nanoscale magnetism.38
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