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ABSTRACT
We report time-resolved diffuse extreme ultraviolet (EUV) scattering measurements of optically excited acoustic waves in thin Ti/SiN 
bilayers in transmission geometry. Following femtosecond optical excitation, the EUV diffuse scattering signal yields circular fringe patterns 
evolving as a function of the time delay between the optical pump and EUV probe pulses. We demonstrate that these patterns originate 
from multiple guided acoustic modes (Lamb waves) with wavelengths in the range 60–400 nm. By comparing the experimental frequency– 
wavevector maps with calculated dispersion curves, we show that diffuse scattering signal from Lamb waves is enhanced at discrete frequen-
cies corresponding to longitudinal thickness resonances of the membrane. This observation indicates that Lamb waves with high in-plane 
wavevectors originate from the scattering of longitudinal thickness resonances by surface roughness. Our findings establish time-resolved 
diffuse EUV scattering as an efficient tool for probing nanoscale Lamb waves, applicable to the characterization of elastic properties of thin 
membranes.

VC 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license 
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0343558

Measurements of guided acoustic waves at the nanoscale are of 
broad scientific and technological interest, yet pose formidable experi-
mental challenges.1,2 The wavevector range accessible with traditional 
optical methods, such as Brillouin light scattering3 and laser-induced 
transient gratings (TG),4,5 is limited by twice the optical wavevector. 
In recent years, the extension of the TG technique into the extreme 
ultraviolet (EUV) range6,7 enabled excitation and probing of surface 
acoustic waves (SAWs) in bulk samples8 and Lamb waves in thin 
membranes9,10 with wavelengths down to tens of nanometers. 
However, EUV TG measurements require a complicated setup11,12 

and can probe only a single wavevector at a time.

More recently, a free electron laser approach based on diffuse 
EUV scattering (DES) was shown to enable time-resolved observation 
of nanoscale SAWs with wavelengths from tens to hundreds of nano-
meters, generated by uniform femtosecond optical excitation in a 
wide range of metal and semiconductor samples.13 The DES method 
offers a high-wavevector surface phonon spectroscopy tool with a 
much simpler setup than EUV TG13 and is capable of probing a broad 
range of acoustic wavevectors in a single measurement. So far, DES 
experiments have been performed exclusively in reNection geome-
try,13 making the technique primarily sensitive to surface displace-
ments. Furthermore, the physical mechanism responsible for the 
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optical generation of the high-wavevector acoustic modes detected by 
DES has not been conclusively clarified. Previous work showed that 
the optical excitation of nanoscale SAWs is facilitated by surface 
roughness, found even in very smooth samples.13 Two possible mech-
anisms have been proposed:13 (i) thermoelastic excitation of longitu-
dinal acoustic waves propagating normally to the sample surface,14 

followed by their scattering into laterally propagating modes by sur-
face roughness,15 akin to bulk-to-surface mode conversion mediated 
by a grating fabricated on the sample surface;16 and (ii) inhomoge-
neous optical absorption resulting from light scattering at a rough 
surface,17 which produces spatially varying thermal stresses and 
directly launches SAWs with finite wavevectors. While Ref. 13 sug-
gested that the former mechanism was more likely, direct experimen-
tal evidence supporting this hypothesis was lacking.

In this report, we demonstrate transmission-mode DES mea-
surements on free-standing bilayer Ti/SiN membranes. The fre-
quency–wavevector maps constructed from the experimental data 
reveal a number of Lamb modes (i.e., guided acoustic waves propagat-
ing in thin plates) in the wavevector range 0.015–0.11 nm−1, with 
maxima at nearly harmonic discrete frequencies. Our calculations 
show that these frequencies correspond to longitudinal thickness res-
onances of the membranes, providing strong support for the mecha-
nism based on the scattering of zero in-plane wavevector longitudinal 
modes into Lamb waves.

The experimental principle of DES is illustrated in Fig. 1(a). 
After optical excitation with an ultrashort laser pulse, the scattering 
from a time-delayed EUV pulse from a free electron laser (FEL) forms 
a time-dependent circular fringe pattern, which is recorded by a two- 
dimensional CCD detector as a function of the optical pump-FEL 

probe time delay Dt. At each point of the detector, the signal exhibits 
temporal oscillations at the frequency of the acoustic wave corre-
sponding to the wavevector determined by the scattering geometry. 
The detection of this coherent oscillatory signal relies on a heterodyne 
interference mechanism between the static scattering from the surface 
roughness and the time-dependent scattering from the generated 
acoustic waves. Because the excitation of acoustic waves at a given 
wavevector is mediated by the corresponding spatial Fourier compo-
nent of the surface roughness, the resulting acoustic displacement 
inherits the same spatial phase, and the two scattered fields are phase 
locked, enabling coherent detection of acoustic waves even for an 
arbitrary roughness distribution.13 The measurements were per-
formed at the DiProI end station at the FERMI FEL facility.18,19 

Optical excitation was provided by a laser pump pulse with a wave-
length of 790 nm and 80 fs time duration; the phonon dynamics were 
probed by an FEL pulse with a wavelength of 17.8 nm and 50 fs time 
duration. Pump and probe pulses impinge onto the sample at nearly 
normal incidence, with a 2! offset between them, and are focused to 
300" 250 lm2 and 150" 120 lm2 FWHM spot sizes, respectively. 
The laser Nuence was 17 mJ/cm2, the FEL Nuence was 2 mJ/cm2. Both 
the laser and FEL Nuences were below the multi-shot threshold of any 
permanent surface modification. This enables signal accumulation 
over many identical pump–probe irradiation events at the same sam-
ple location. The samples consisted of thin titanium films with thick-
nesses ranging from 70 to 200 nm, deposited on free-standing SiN 
membranes of 100 or 200 nm thickness. The transmitted FEL radia-
tion was recorded by a CCD detector positioned at a distance between 
46 and 60 mm from the interaction point, depending on the measure-
ment, with a beam stop used to block the direct beam. The pump– 
probe time delay Dt was scanned from −5 ps to 1 ns, sampled in 5 ps 
steps. At each time delay, the detector was exposed to 1500 FEL shots 
at a repetition rate of 50 Hz. To characterize the background, three 
additional reference images were acquired every 10 time points: with 
only the EUV probe beam, with only the optical pump beam, and 
with no radiation in the chamber. These measurements allowed the 
characterization of the static scattering from the unexcited sample, 
the contribution of optical stray light, and the dark signal of the CCD 
detector, respectively. The DES signal is then obtained from the CCD 
images after background subtraction and coordinate transformation, 
following the procedure detailed in supplementary material Sec. S1. 
The resulting differential (pump on – pump off) DES patterns are 
shown in Fig. 1(b) for selected time delays. The horizontal and vertical 
axes represent the components Qx and Qy of the scattering wavevec-
tor. The X-shaped feature visible in Fig. 1(b) is due to the beam 
blocker. For Dt < 0, the signal image is featureless, whereas after the 
excitation by the pump pulse, a characteristic time-dependent ring 
pattern is detected, with the fringes becoming denser with increasing 
delay. A movie showing the full time evolution, up to 1 ns, of this 
fringe pattern is available in the supplementary material. Owing to 
the isotropy of the system in the #Qx;Qy$ plane, the DES signal can 
be azimuthally integrated over concentric circles.13 A Fourier trans-
form of the time-domain data then yields the frequency–wavevector 
map that reveals the dependence of the oscillation frequency on Q, 
i.e., the acoustic wave dispersion.13

We first consider a 200-nm-Ti/200-nm-SiN sample. Figure 2(a) 
shows the dependence of the DES signal on the in-plane wavevector 
magnitude Q and the pump–probe delay Dt, obtained by azimuthal 

FIG. 1. (a) Sketch of the time-resolved DES experimental setup in transmission 
geometry. (b) Differential DES signal measured in transmission geometry for a 
200-nm-Ti/200-nm-SiN sample at selected time delays Dt after optical excitation 
(color scale: counts per pixel).
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integration of the signal images. Clear temporal oscillations are 
observed [see time traces at selected wavevectors in Fig. 2(b)]. A tem-
poral Fourier transform of the time-domain data in Fig. 2(a) results in 
the frequency–wavevector map of Fig. 2(c). Two main features can be 
identified: (i) multiple dispersive branches corresponding to different 
acoustic modes and (ii) bright spots appearing at discrete nearly har-
monic frequencies. To interpret these observations and clarify the 
nature of the bright spots, we calculate the acoustic dispersion rela-
tions of a free-standing bilayer structure and compare them with the 
experimental data.

The acoustic modes are obtained by solving the elastic wave 
equation for an isotropic medium, given by20 

c44r2v% #c11 − c44$r#r & v$ ’ q
@2v

@t2 ; (1) 

where v is the velocity field, q is the mass density, and c11 and c44 are 
the elastic moduli, related to the longitudinal and shear sound veloci-
ties as vl ’

!!!!!!!!!!!
c11=q

p
and vs ’

!!!!!!!!!!!
c44=q

p
, respectively. We seek solutions 

to Eq. (1) for waves with displacements in the sagittal plane by 
expressing the displacement field in each layer as a superposition of 
partial longitudinal and transverse waves at a given in-plane wavevec-
tor.4,21 The dispersion relation f #Q$ and the displacement profiles of 
the acoustic eigenmodes supported by the free-standing bilayer are 
then determined by imposing appropriate boundary conditions, 
namely, zero stress at the free surfaces and continuity of stress and 
velocity at the interface between the two layers. These modes corre-
spond to guided acoustic excitations, commonly referred to as Lamb 
waves, involving coupled longitudinal and shear displacements.4,22

In Fig. 3, the calculated dispersion curves for a 200-nm-Ti/ 
200-nm-SiN bilayer are overlaid on the experimental frequency– 
wavevector map [same data as in Fig. 2(c), shown here on a logarith-
mic color scale]. The model uses vl ’ 6000 m/s, vs ’ 3175 m/s, 
and q ’ 4:5 g/cm3 for Ti, and vl ’ 9600 m/s, vs ’ 5400 m/s, and 
q ’ 3:1 g/cm3 for SiN. The chosen acoustic velocities, remaining 
within the range of sound velocity values reported in the litera-
ture10,23–27 and consistent with expected variations of thin-film proper-
ties depending on the deposition conditions, yield good agreement 

between experiment and theory. The lowest-frequency branch (thicker 
white line in Fig. 3) corresponds to a Rayleigh-like mode localized at 
the Ti surface, similar to what would be predominantly detected in 
reNection geometry. A number of higher-frequency Lamb modes are 
also detected. The displacement fields of these modes extend across 
the film thickness, rather than being confined to the surface. These 

FIG. 2. (a) Azimuthally integrated DES intensity as a function of wavevector Q and pump–probe delay Dt, measured in transmission geometry for the 200-nm-Ti/200-nm- 
SiN sample (color scale: counts per pixel). (b) Time dependence of the DES signal in (a) at selected Q values. (c) Modulus of the temporal Fourier transform of the data in 
(a), yielding a frequency–wavevector map (color scale: arbitrary units).

FIG. 3. Frequency–wavevector experimental map from Fig. 2(c) shown on a loga-
rithmic color scale and overlaid with the calculated dispersion curves (white lines) 
of acoustic modes in the 200-nm-Ti/200-nm-SiN bilayer. The red dashed lines indi-
cate the frequencies of the zero-in-plane wavevector (Q ’ 0) purely longitudinal 
modes.
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observations establish that DES in transmission geometry provides 
access to both surface-localized waves and guided Lamb modes, over a 
broad acoustic wavevector range corresponding to wavelengths 
between 60 and 400 nm.

In addition to the continuous dispersive branches, bright spots 
are observed at the intersections of the Lamb wave dispersion curves 
with discrete frequencies. We find that these are the frequencies of the 
zero in-plane wavevector (Q ’ 0) longitudinal modes, i.e., longitudi-
nal thickness resonances with displacement perpendicular to the sur-
face.28 At Q ’ 0, the modes are separated into purely longitudinal 
and purely transverse; the resonance frequencies of the longitudinal 
ones are indicated by red dashed lines in Fig. 3. These modes are well 
known to be generated by pulsed laser excitation of thin plates and 
membranes.29 The absorption of the pump pulse at the Ti surface (the 
absorption length in Ti at the optical pump wavelength is (15 nm) 
and subsequent rapid thermal expansion launches a longitudinal 
acoustic pulse propagating normally to the surface. Subsequent multi-
ple reNections from the surfaces and the Ti/SiN interface produce an 
acoustic field that can be represented as a superposition of the longi-
tudinal thickness resonance modes. These modes cannot contribute 
to diffuse EUV scattering directly, as their displacement patterns are 
uniform in the xy plane. However, in the presence of surface rough-
ness, they will undergo scattering into Lamb modes with non-zero Q, 
just as longitudinal waves incident on a surface of a semi-infinite solid 
are partially scattered into surface Rayleigh waves.15 The multiple 
reNections of the longitudinal resonance modes from the membrane 
surfaces then lead to periodic excitation of Lamb modes. This model 
explains why we observe an enhanced DES signal for the Lamb modes 
at the intersections of their dispersion curves with the longitudinal 
thickness resonance frequencies. This mechanism is also reNected in 
the time-domain waveforms [see Fig. 2(b)], where the resonance- 
enhanced modes do not exhibit a simple exponential decay within the 
experimental time window (for this reason, a direct determination of 
the intrinsic attenuation time of the Lamb modes is not 
straightforward).

To further validate our interpretation, we performed DES mea-
surements on thinner Ti/SiN samples, with Ti layer thicknesses of 70 
and 100 nm deposited on 100-nm-thick free-standing SiN mem-
branes. The time-domain DES data are reported in the supplementary 
material (Fig. S1), while Fig. 4 displays the corresponding Fourier- 
transformed frequency–wavevector maps. We note that the DES sig-
nal intensity is larger for the 100 nm sample than for the 70 nm sam-
ple, consistent with its higher surface roughness (3.3 nm, compared to 
2.3 nm for the 70 nm sample; see Figs. S4 and S5 in the supplementary 
material) and with the roughness-mediated generation of Lamb 
modes. In these thinner samples, the reduced number of modes in the 
frequency–wavevector maps, compared to the 200-nm sample, facili-
tates the comparison between experiment and calculated dispersion 
curves. The dispersion relations were calculated by selecting longitu-
dinal and shear sound velocities within literature ranges and tuning 
the effective Ti layer thickness to match the data. The best match is 
found for effective Ti thicknesses of 97 and 71 nm for the two sam-
ples, in good agreement with the expected thickness values. The 
sound velocities are set, for both samples, to vl ’ 6050 m/s and 
vs ’ 3175 m/s for Ti and vl ’ 9800 m/s and vs ’ 6000 m/s for SiN; 
the slight deviations in the sound velocities relative to the 200-nm-Ti/ 
200-nm-SiN sample (Fig. 3), most pronounced for the SiN layer, can 

be attributed to the different manufacturers of the SiN membranes 
used in the two sample batches. The resulting calculated dispersion 
curves (white solid lines in Fig. 4) reproduce well the continuous dis-
persive branches as well as the bright spots observed at the longitudi-
nal thickness resonance frequencies (red dashed lines), confirming 
the interpretation discussed above.

Representative displacement-field patterns for modes in the 
70 nm sample are shown in supplementary material Fig. S2 and con-
firm that the modes detected in transmission geometry include both 
surface-localized waves and guided modes with displacement extend-
ing across the membrane thickness. The strongest signal is associated 
with modes exhibiting large displacement in the Ti layer. This suggests 
that scattering of longitudinal thickness resonances into Lamb waves 
occurs predominantly at the Ti surface, consistent with x-ray reNectiv-
ity and atomic force microscope measurements indicating signifi-
cantly higher roughness of the Ti surface compared to the SiN layer 
(see supplementary material Figs. S5 and S6). We note that the experi-
mentally observed mode intensity depends not only on the amplitude 
with which a given Lamb mode is generated but also on its detection 
efficiency in DES. The latter can be estimated from the depth- 
integrated refractive-index modulation associated with the density 
modulation of each mode, calculated from the corresponding dis-
placement profiles. This analysis indicates that modes whose disper-
sion approaches the Rayleigh-wave and longitudinal sound velocities 
of the Ti layer are expected to generate the strongest scattered signal 
(see Fig. S3 in the supplementary material), in qualitative agreement 
with the experimentally observed frequency–wavevector maps.

In conclusion, we observed dynamic ring patterns in diffuse 
EUV scattering in transmission geometry from bilayer Ti/SiN mem-
branes following femtosecond optical excitation. We found that the 
experimental signal originates from Lamb waves in the wavevector 
range (0.015–0.1 nm−1, which corresponds to 60–400 nm wave-
lengths. The Lamb waves are preferably excited at discrete frequencies 
corresponding to longitudinal thickness resonances of the mem-
branes. Together with the results of Ref. 13, our observations support 
the mechanism in which nanoscale acoustic modes are produced by 
scattering of longitudinal thickness resonances by surface roughness. 

FIG. 4. DES frequency–wavevector maps for Ti/SiN samples with Ti layers of 
nominal thicknesses of 100 (a) and 70 nm (b). Calculated dispersion relations for 
the corresponding Ti/SiN bilayers are overlaid as white solid lines. The red dashed 
lines indicate the resonance frequencies of purely longitudinal thickness modes at 
Q ’ 0.
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We believe that the reported phenomenon is universal and will be 
observed on any sample thin enough to transmit the EUV probe 
beam and absorbing optical pump light. Transmission-mode diffuse 
EUV scattering offers a spectroscopy tool for studying nanoscale 
Lamb waves and for mechanical characterization of free-standing 
membranes. The extension to multilayer and nano-patterned struc-
tures and materials with anisotropic elastic properties will further 
broaden the applications of this approach. In addition, studying the 
scattering of thickness resonances into Lamb waves will help under-
stand the role of surface roughness in limiting the Q-factor of thin- 
film acoustic resonators used in telecommunication devices as their 
frequency is pushed into the tens of GHz range.30 Furthermore, the 
presence of a tangible acoustic response has to be taken into account 
while interpreting time-resolved EUV diffuse scattering measure-
ments, for example, from magnetic textures.31–33 Finally, we expect 
that the time-resolved DES technique can be implemented using 
table-top high-harmonic generation sources, which will enhance its 
accessibility and enable wider adoption beyond FEL facilities.

See the supplementary material for details of the data processing 
procedure, additional diffuse scattering data and Lamb wave calcula-
tions, AFM and x-ray reNectivity characterization, and a supplemen-
tary movie showing the time evolution of the diffuse scattering signal 
images.
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