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We investigate the excitation of coherent acoustic and optical phonons by ultrashort extreme
ultraviolet (EUV) pulses produced by a free electron laser. Two crossed femtosecond EUV
(wavelength 12.7 nm) pulses are used to excite coherent phonons at a wavelength of 280 nm, which
are detected via diffraction of an optical probe beam. Longitudinal and surface acoustic waves are
measured in BK-7 glass, diamond, and Bi4Ge;0,; in the latter material, the excitation of a coher-
ent optical phonon mode is also observed. We discuss probing different acoustic modes in reflec-
tion and transmission geometries and frequency mixing of surface and bulk acoustic waves in the
signal. The use of extreme ultraviolet radiation will allow the creation of tunable GHz to THz
acoustic sources in any material without the need to fabricate transducer structures. Published by

AIP Publishing. https://doi.org/10.1063/1.5048023

In the past decade, remarkable progress has been
achieved in developing ultrafast extreme ultraviolet (EUV)
and x-ray sources,' which have already yielded many break-
throughs in different fields of science. In time-resolved stud-
ies of condensed matter, short-wavelength radiation is
typically used to probe dynamics initiated by a femtosecond
optical pulse. In particular, ultrafast x-ray diffraction has
been used to probe acoustic’™> and optical®’ coherent pho-
nons (meaning lattice vibrations with a well-defined phase),
whereas x-ray diffuse scattering has been employed to probe
the dynamics of parametrically driven squeezed phonon pop-
ulations.® Femtosecond EUV pulses have also been used to
detect high frequency surface acoustic waves (SAWs).”'? In
all these studies, short-wavelength radiation was used to
probe lattice dynamics excited by optical laser pulses. High
brightness EUV and x-ray free electron lasers (FELs) now
allow experiments in which femtosecond short-wavelength
pulses are used to initiate dynamics probed with optical or
short-wavelength radiation.''™"” This report is aimed at
exploring the potential of short-wavelength photon pulses
for the excitation of lattice vibrations.

An effective approach to generate tunable coherent pho-
nons by light is the transient grating (TG) technique,'®2°
which can be regarded as a third order wave-mixing process.
In this method, widely used in both fundamental and applied
research,”'** two coherent pulses crossed in the sample
form an optical interference pattern with a spatial period
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A = 1/2sin (0), where A is the wavelength and 20 is the
angle between the two beams. The interaction of the radia-
tion with the medium, via various mechanisms, generates
coherent phonons at the wavelength equal to A, which are
detected via diffraction of a probe laser beam. The phonon
wavevector can be tuned by changing the angle 0; however,
it cannot be made shorter than 4/2. In practice, the shortest
TG period achieved with optical excitation was ~0.5 um.*’
The potential of the TG technique would be greatly enhanced
by extending it into the nanometer range of phonon wave-
lengths, where many interesting and technologically relevant
phonon physics phenomena take place (for example, most of
the heat in non-metallic solids is carried by nanometer-
wavelength phonons).

Recently, a dedicated effort on implementing an EUV
TG setup at the fully coherent FEL source FERMI (Elettra,
Trieste, Italy) enabled the observation of EUV-excited TG
responses' >¢ probed by optical pulses. These initial experi-
ments mainly focused on the electronic response decaying
within ~1 ps following the excitation, while the presence of
a coherent phonon signal was only tentatively suggested.12
In this report, we use the TG setup at FERMI to unambigu-
ously demonstrate the generation of bulk and surface coher-
ent acoustic phonons as well as coherent optical phonons by
femtosecond EUV pulses.

The experiments were performed at the DiProl beamline
at FERMI?’ with the apparatus described in detail in Ref. 26,
which we modified by adding the reflection mode measure-
ment capability, see Fig. 1. The stable operation of the FERMI
FEL2 source®® at 50 Hz, with shot-to-shot flux fluctuations

Published by AIP Publishing.
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Sample

EUV Excitation

FIG. 1. Schematic of the experiment. Two 12.7nm EUV pulses launch
coherent phonons producing a transient diffraction grating in the sample,
which is monitored via diffraction of a time-delayed 400 nm probe pulse.
Diffracted probe beams (dashed arrows) are detected by CCD cameras.

~15%, contributed to the improved data quality compared to
prior work.'**® Two time-coincident 70 fs EUV pulses at a
wavelength of 12.7nm and with a total energy of 3 uJ are
crossed at the sample at the angle 20 =2.62° (set with ~2%
accuracy) forming an interference pattern with the period A
=277 nm. The seeded FERMI FEL yields excellent transverse
and longitudinal coherence, with EUV pulses being nearly
transform-limited,® which ensures high contrast of the inter-
ference pattern within the entire 100 um EUV spot.”> The
EUYV radiation absorbed by the sample generates coherent pho-
nons at the wavelength A, which modulate the refractive index
(and also, in the case of surface acoustic phonons, the surface
displacement). The spatially sinusoidal refractive index varia-
tion acts as a transient diffraction grating for the time-delayed
400 nm 100 fs probe pulse. Both pumps and probe are S polar-
ized. The probe beam is incident at an angle of 46° to the sam-
ple normal determined from the Bragg diffraction condition;
however, since the EUV penetration depth is small (~100nm
for diamond and BK-7, and 28 nm for BGO30), transient gra-
tings are thin and the Bragg angle incidence is not strictly
required. The diffracted probe beam is detected by a CCD
camera denoted CCD1. Since the TG is produced at the sample
surface, it also acts as a reflecting diffraction grating. The
probe beam diffracted in reflection is picked up by a mirror
and detected by the second camera CCD2. The sample is
slightly titled so that the back-diffracted beam goes below the
incident probe beam. Additional optics (two lenses and an
aperture) not shown in the figure are inserted between the mir-
ror and CCD?2 in order to reduce the spot size on the camera
and filter out stray light. At each pump-probe delay, the signal
is averaged over 600-2000 FEL shots. (It took a few hours to
measure each of the signal waveforms shown below.) All sam-
ples are double-polished plates with thickness over 0.5 mm,
i.e., much greater than both the EUV absorption depth and the
TG period.

Figures 2(a) and 2(b) show the diffraction signal as a
function of the pump-probe delay measured on the single
crystal diamond sample in the transmission geometry. The
surface orientation of the sample was (001), with the TG
wavevector aligned along [110]. The signal appears after the
arrival of the excitation EUV pulses at t=0 and is initially
dominated by an intense peak with a decay time of 1.2 ps,
which we ascribe to an electronic response. This is followed
by a slower decay with a few irregular oscillations; finally,
after ~75 ps we see a regular oscillation pattern shown in
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FIG. 2. (a) Diffraction signal vs pump-probe time delay in transmission
from single crystal diamond. (b) Same as (a), with a longer temporal range
and the vertical scale stretched by a factor of 200 to make details in the tail
of the signal discernible. Inset: oscillations in the tail of the signal enhanced
by a factor of 6000 compared to (a). (c) Fourier spectrum of the oscillations
in the inset in (b); the four peaks are harmonics and sum/difference frequen-
cies of the longitudinal (L) and surface Rayleigh (R) waves.

the inset in Fig. 2(b). The amplitude of these oscillations is
four orders of magnitude smaller than the initial peak;31 yet
we were able to measure them with a good signal-to-noise
ratio with averaging over 2000 FEL shots. The Fourier spec-
trum of the oscillations shown in Fig. 2(c) reveals four peaks,
which are identified as second harmonics and sum/difference
of the bulk longitudinal wave frequency 64.7 GHz and the
Rayleigh SAW frequency 38.8 GHz. From the elastic con-
stants of diamond,32 we calculated the acoustic velocities in
the [110] direction, ¢; = 18360 m/s and cp =11 150 m/s for
the longitudinal wave and SAW, respectively. The corre-
sponding frequencies are equal to ¢;/A and cg/A, i.e., 66.3
and 40.3 GHz, respectively. A small systematic deviation
between the calculated and observed frequencies is likely
due to an error in 0.%

The reason that the spectrum contains the harmonics
and the combination frequencies only is that the diffraction
signal is quadratic with respect to the refractive index
change, and, consequently, with respect to the strain ampli-
tude in the sample.” The intensity of the diffracted signal is
given by

I = [S,(1) 4+ S(r) + AL cos (1) 4+ Ag cos (th)]z, (1)

where S, and §,, are the contributions of non-propagating
electronic and thermal responses, and the third and fourth
terms represent the contributions of the bulk longitudinal
waves and SAWs, respectively. After the electronic and ther-
mal responses have fully decayed, only the third and fourth
terms in brackets are left: from that point on, the signal only
contains harmonics and combination frequencies 2w, 2wg,
or, + wg, and @, — wg. Based on Fig. 2(b), we believe that
the thermal grating (i.e., the periodic temperature variation)
still contributes to the signal up to ~60 ps. While the heat
equation yields a thermal grating decay time of ~1.6 ps,
thermal transport in diamond at ~100nm scale is expected
to be slower than the Fourier law predicts.** Indeed, in 1.6
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ps, thermal phonons in diamond cannot propagate farther
than 1/10 of the TG period.

A simultaneous observation of laser-generated bulk and
surface acoustic waves in bulk samples is uncommon: typi-
cally, experiments are either conducted on weakly absorbing
or transparent samples at both pump and probe wavelengths,
in which case, only bulk acoustic waves are observed,l&lg’25
or on opaque samples yielding only SAWs.**** In our case,
the sample is opaque for the excitation but transparent for
the probe. The usefulness of simultaneous measurements of
bulk longitudinal and SAW velocities for characterizing the
elastic properties of materials has already been demonstrated
in experiments where metal nanostructures were used to gen-
erate SAWs. !0

Figure 3(a) shows the signal measured in transmission
on the BK-7 sample. The initial electronic response peak'? is
not resolved due to the large (5 ps) probe delay step size.
The dominant oscillation frequency of 21.9 GHz is close to
the expected longitudinal acoustic frequency of 21.8 GHz.>
A Fourier-spectrum of the data shown in Fig. 3(b) reveals a
smaller peak at 11.7 GHz close to the expected SAW fre-
quency 12.1 GHz.*® The reason we do not see harmonics and
combination frequencies is that the thermal diffusivity of
BK-7 is low and the estimated thermal grating decay time is
~4ns. Consequently, S, is almost constant on the time scale
of the measurement, and the signal is dominated by the terms
SuAr cos (wpt) and S,,Ag cos (wgt).

Figures 3(c) and 3(d) show the signal and the corre-
sponding Fourier spectrum obtained in the reflection mode
from the same sample and simultaneously with the signal
recorded in transmission. Now the SAW peak is more promi-
nent, and an additional peak appears at 47.2 GHz. The origin
of this peak is explained by considering the phase matching
conditions for diffraction of the probe beam by bulk acoustic
waves in the transmission and reflection modes. Since the
excitation light is absorbed in a thin subsurface layer, the
acoustic wavevector component along the surface normal ¢,

(a) L (b)

Signal (arb. u.)
FT magnitude (arb. u.)
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is not precisely defined; rather, we generate acoustic waves
with a broad spectrum of ¢.. By contrast, the wavevector com-
ponent along the surface is strictly set by the excitation inter-
ference pattern period, ¢, = 27/A. In this case, there are two
values of ¢, at which the phase matching condition is satisfied
(see the derivation in the supplementary material): (i) ¢, =0,
which yields diffraction in the forward direction and (ii) ¢,
=2k\/1 — q2/4k*, where k =2nn/J, is the optical wave-
vector in the medium, and » is the refractive index, yielding
diffraction in the backscattering direction, with the modulus
of the acoustic wavevector equal to g = 2k = 4nn/4,. The
expected acoustic frequency in the back-scattered signal is
2ncy/ /p =46.4GHz, close to the observed value. The pres-
ence of the 21.9 GHz peak in the back-scattered signal can be
explained by the reflection of the forward-scattered signal
from the back surface of the sample.

Figure 4 presents data from BGO. The thermal conduc-
tivity of BGO is low enough®” to yield a slow thermal decay.
Acoustic oscillations seen in Fig. 4(a) yield a Fourier spec-
trum resembling that obtained on BK-7, with the longitudinal
peak at 14.3 GHz and Rayleigh surface wave peak at 7.9 GHz,
see Fig. 4(b); reflection-mode data (see supplementary mate-
rial) also show trends similar to BK-7. Of particular interest is
the initial fast dynamics shown in Fig. 4(c) revealing oscilla-
tions at 2.84 THz and yielding a corresponding peak in the
Fourier spectrum shown in Fig. 4(d). BGO is known to have a
strong A; optical phonon mode often observed in optical
pump-probe experiments,”®** whose frequency is reported to
be 2.76 THZz*® or 2.68 THz.*® The slightly higher observed
frequency might be explained by the interference with the
2.95 THz mode.*® (Measurements at longer delays—not con-
ducted due to the beamtime constraints—would reveal
whether the apparent oscillations decay is due to the beating
between the two modes.) The TG wavevector is too small to
affect the optical phonon frequency; that is, we effectively
observe the zone-center phonon.

In optical pump-probe measurements,*®* the 2.7 THz
phonon mode in BGO is excited via Impulsive Stimulated
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FIG. 3. Measurements on BK-7 glass. (a) Diffraction signal vs probe pulse
time delay in transmission and (b) the corresponding Fourier spectrum. (c)
Diffraction signal in reflection and (d) the corresponding spectrum. Spectral
peaks correspond to the Rayleigh SAW (R) and to bulk longitudinal waves
yielding forward- (L) and back-scattering (L) diffraction.

Signal (arb. u.)
FT magnitude (arb. u.)

0 2 4 6
Time (ps)

o

2 4 6 8
Frequency (THz)

FIG. 4. (a) Diffraction efficiency in transmission vs probe delay and (b) the
corresponding Fourier spectrum for BGO; (c) The onset of the signal
acquired with an enhanced temporal resolution and (d) the corresponding
Fourier spectrum.
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Raman Scattering (ISRS).41 However, the ISRS mechanism
is unlikely to work with EUV excitation for two reasons: (i)
ISRS measurements are typically done in transparent media
(for both pump and probe). For the EUV pump, the penetra-
tion depth into BGO is only 28 nm. Since the ISRS signal is
proportional to the square of the interaction length, the signal
will be reduced by a factor of 10° or more compared to a typ-
ical optical experiment. (ii) The ISRS mechanism relies on
the dependence of the polarizability on the phonon coordi-
nate.”® In the EUV range, the polarizability itself is smaller,
and its dependence on the phonon coordinate is greatly
smaller than in the visible range. Thus, we believe that the
observed coherent optical phonon motion is driven by the
electronic excitation via the displacive mechanism** rather
than by ISRS.

On the other hand, the mechanisms of the excitation of
coherent acoustic phonons are likely to be similar to the
case of the optical excitation of opaque media.*® The most
universal mechanism is thermal expansion: the thermoelastic
excitation of coherent acoustic phonons requires that a sig-
nificant part of the excitation energy be transferred to the
thermal phonon system faster than in half-period of the
acoustic phonon. Since the acoustic period in our experi-
ments is relatively long (15-100 ps), this requirement is eas-
ily met. Acoustic waves can also be produced by
photoexcited carriers via the deformational potential mecha-
nism,* which may be important for diamond due to its low
thermal expansion coefficient. The elucidation of the domi-
nant mechanism for each material goes beyond the scope of
this report.

In conclusion, we have demonstrated the excitation of
coherent acoustic and optical phonons by coherent femtosec-
ond EUV pulses in the transient grating geometry. Currently,
the capabilities of the TG experiment are still limited by the
use of the optical probe: we can excite acoustic waves with
smaller wavelengths but the optical probe cannot detect
them. However, the acoustic frequencies we are able to gen-
erate are already quite high: for example, surface acoustic
waves with frequencies higher than ~5 GHz* could previ-
ously be generated only with the help of nanoscale periodic
structures.”** Thus, even within the currently accessible
wavevector range, one can greatly expand the capabilities of
SAW spectroscopy. For example, even for such a practically
important SAW material as LiNbO3, the attenuation has only
been measured up to 5 GHz for SAWs* and up to 10 GHz
for bulk waves.*®

The implementation of the EUV probe will be the next
step in the development of the EUV TG technique. With the
FERMI FEL wavelength range 4—-100 nm, it would be possi-
ble to excite acoustic waves with a wavelength tunable from
single-digit nanometers to a few microns, covering GHz to
THz frequencies.*’ Since all materials are highly absorbing
in the EUV range, one can excite acoustic waves in any
material without metal film transducers, which are often
used to generate high frequency acoustic waves with optical
pulses.**'%** An intriguing question is whether coherent
phonons across the entire Brillouin zone can be generated
using even shorter (soft or hard x-ray) wavelengths. Whether
EUYV excitation of coherent optical phonons will also open

Appl. Phys. Lett. 113, 221905 (2018)

new opportunities remains to be seen: a further study beyond
the initial observation reported here is needed.

It should also be mentioned that the data quality and the
ability to resolve fine features of the signal, demonstrated,
for example, by Fig. 2, significantly exceed those typical for
time-resolved EUV pump/optical probe measurements,'>~!’
indicating the advantage of the background-free TG experi-
ment, in which the diffracted optical signal vanishes in the
absence of the EUV excitation. Our results indicate the
promise of the TG technique for studying a wide range of
phenomena initiated by femtosecond EUV pulses.

See supplementary material for the details of obtaining a
complete signal waveform from separate scans on diamond,
the derivation of acoustic phonon wavevectors probed in
transmission and reflection geometries, and reflection-mode
measurements on BGO.
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