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In this paper, we report on surface-plasmon-resonance enhancement of the time-dependent reflection changes
caused by laser-induced acoustic waves. We measure an enhancement of the reflection changes induced by several
acoustical modes, such as longitudinal, quasi-normal, and surface acoustic waves, by a factor of 10–20. We show
that the reflection changes induced by the longitudinal and quasi-normal modes are enhanced in the wings of the
surface plasmon polariton resonance. The surface acoustic wave-induced reflection changes are enhanced on the
peak of this resonance. We attribute the enhanced reflection changes to the longitudinal wave and the quasi-normal
mode to a shift in the surface plasmon polariton resonance via acoustically induced electron density changes and
via grating geometry changes. © 2021 Optical Society of America under the terms of the OSA Open Access Publishing

Agreement

https://doi.org/10.1364/AO.432659

1. INTRODUCTION

Ultrafast optical pulses are capable of launching strain waves
inside materials [1]. The fundamental understanding of the
generation and propagation of these photo-induced acous-
tic echoes has grown dramatically in the past decades [2–6].
Furthermore, these photoacoustic waves have been used to
study a variety of material properties and physical phenomena,
such as thermal and electron diffusion [7–10], electron-hole
plasmas in semiconductors [11], hot-electron-induced pressure
[12,13], elastic constants of single layer [14–17] and multilayer
structures [18,19], the electronic structure of materials [20,21],
surface deformation dynamics [22–25], and the generation of
terahertz radiation [26]. Furthermore, laser-induced acous-
tic echoes have been used for the detection of buried gratings
[27,28], showing promise for applications in the semiconductor
device manufacturing industry.

Generally speaking, laser-induced acoustic echoes can be
detected by measuring changes in optical properties, such as
reflection from and transmission through a material [4], or
by diffracting light from an acoustic-wave-induced grating
[23,27,29]. Changes in optical reflection caused by acoustic
waves are usually small and thus require fairly complicated
setups involving high-repetition-rate laser oscillators and signal
modulation/demodulation techniques. Therefore, there is a
clear need for a method to enhance the signal from acoustic
waves, and one possible method to achieve this is to employ a
plasmonic resonance.

Surface plasmon polaritons (SPPs) were first observed by
Wood [30] in 1902 and have since been identified as collective
electron oscillations coupled to an electromagnetic wave propa-
gating along a metal–dielectric interface [31–33]. Surface
plasmons can be generated in several different ways. The most
common methods use the so-called “Kretschmann geometry”
[34,35], and plasmonic gratings [36–38]. Plasmonic gratings
have been used to create terahertz-frequency acoustic waves
originating from a thin tellurium layer, formed by light-induced
segregation in a (Cd, Mg)Te layer [39], and to study acous-
tic waves inside an acoustic cavity [40]. SPPs have also been
used to detect and quantify strain waves in Au layers [41,42].
Furthermore, it has been shown that acoustic breathing modes
in spherical nanoparticles, with diameters ranging from 15 to
120 nm, can change the localized plasmonic resonance of the
particles [43–46]. Also, by using excitation and detection at
a fixed wavelength, the angle-dependent plasmonic response
to a longitudinal acoustic wave in a flat metallic layer in the
Kretschmann geometry has been studied [13,35,47]. In general,
however, surfaces are not flat. As a result, illumination of such
a surface with a short laser pulse may give rise to the generation
of additional kinds of acoustic waves, such as surface acoustic
waves (SAWs) and even particle-like normal modes (NMs). The
effect of these acoustic waves on the grating surface plasmon
resonance is currently not well understood.

Here, we show an in-depth study of the effect of multiple
types of acoustic waves on a plasmonic grating by measuring
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the wavelength-dependent reflection changes in the vicinity of
the SPP resonance. In our experiments, a 400 nm wavelength
pump pulse illuminates the grating and a time-delayed probe-
pulse tunable between 600 and 700 nm measures the changes
in the reflection of the grating at wavelengths around the SPP
resonance, located at 650 nm. Heating of the Au layer, including
the grating, by the 400 nm pump leads to the generation of
high-frequency acoustic waves in the material. Due to these
high-frequency acoustic waves, we measure oscillatory changes
of the reflection on the order of 1%. Analysis of these oscillations
and their respective frequencies suggest that we observe multiple
types of acoustic waves, three of which we identify as longitudi-
nal waves (LWs) [3,27,28], surface waves [3,48–51], and grating
line quasi-NM oscillations [50,52,53]. We find that the phase
of the LWs and the grating line NMs experiences a π phase
shift when the wavelength is tuned around the SPP resonance
wavelength. Remarkably, we find that the optical response to
the SAW is enhanced at the SPP resonance, whereas the longi-
tudinal and grating line NMs are enhanced on the slopes of the
resonance. The optical response of the Au may be attributed to
two main effects: the acoustic-wave-induced material density
changes, which in turn change the free-electron density, and the
acoustic-wave-induced changes in the amplitude and duty cycle
of the grating. Both of these effects give rise to a shift of the SPP
resonance wavelength via a change in the plasma frequency and
a change in the grating geometry, respectively. Both can explain
the results for the longitudinal mode and the quasi-NM. The
enhancement of the SAW on the peak of the SPP resonance is
currently not understood. From the experiment, we estimate
that the photoacoustic detection signals are enhanced 10–20-
fold by measuring reflection changes on and around the SPP
resonance.

2. EXPERIMENTAL SETUP

A schematic drawing of the experimental setup is shown in
Fig. 1. An amplified Ti:Sapphire laser (Coherent Astrella) with a
repetition rate of 1 kHz, a central wavelength of 800 nm, a pulse
length of 35 fs, and a maximum pulse energy of 6 mJ is used for
the experiments. The output of the laser is split into two beams
using a 85/15 beam splitter.

The weaker beam passes through a variable optical delay line,
after which the beam is frequency-doubled using a β-barium
borate (BBO) crystal to generate 400 nm pulses. The beam
passes through a mechanical chopper that is synchronized with
the 1 kHz pulse train from the laser. With a 50% duty cycle, the
chopper reduces the repetition rate of the pump to 500 Hz, so
that every other pump pulse is blocked. After passing through
dichroic mirrors, which filter out residual 800 nm light, the
beam is focused onto the sample under an angle of incidence
of approximately 5◦ to a spot size of approximately 400 µm.
In this geometry, the pump pulses do not excite SPPs. In our
experiments, these pump pulses have a pulse energy of about
12 µj.

The stronger 800 nm beam is sent to an optical parametric
amplifier (OPA, HE-TOPAS, from Light Conversion). The
OPA generates tunable infrared laser pulses with wavelengths
ranging from 1200 to 1400 nm, with a maximum pulse energy

Fig. 1. Schematic drawing of the setup. The output from a 1 kHz
repetition rate Ti:Sapphire amplified laser with a central wavelength of
800 nm is split into two parts. One beam (pump) is frequency-doubled
to a wavelength of 400 nm by a BBO crystal and modulated by a
mechanical chopper at 500 Hz. The other beam (probe) passes through
a three-stage OPA, changing the wavelength to a tunable range from
1200 to 1400 nm. This beam is frequency-doubled by a BBO to a
tunable wavelength range of 600–700 nm. Both the pump and the
probe beam are focused onto the sample at angles of about 5◦ and
21◦, respectively. The probe beam angle is chosen such that the SPP
resonance is located at 650 nm. Projected on the sample, we show an
AFM image of the Au grating, with a layer thickness of 177 nm, a pitch
of 440 nm, and a duty cycle of 71%.

Fig. 2. Measured laser spectra used in the experiments for different
central wavelengths ranging from 600 to 700 nm. All curves have been
normalized to their maximum.

of about 1 mJ. After the OPA, the probe pulses are frequency-
doubled using a BBO crystal, such that the tunable probe
wavelength ranges from 600 to 700 nm. The pulse energy of
the probe pulses has been kept constant at 270 nJ. Normalized
spectra of typical pulses used in the experiments can be seen
in Fig. 2. Finally, the probe beam is focused onto the sample
under an angle of approximately 21◦, which is the grating SPP
resonance angle at a wavelength of 650 nm. The reflection of the
probe pulse is measured using a Si photodiode.

Both pump and probe pulses have a duration of about 50 fs.
When the pump pulse excites the sample, several types of
acoustic waves are launched. These acoustic waves and their
reflections change the material properties, giving rise to opti-
cal reflection changes that can be measured by the tunable,
time-delayed probe pulse.
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Fig. 3. AFM measurements of the grating line height profiles for
Au thicknesses of 100, 136, and 177 nm. In this figure, P denotes the
period of the grating, and W denotes the width of the line. The duty
cycle is defined as DC=W/P.

The samples are made by thermally evaporating Au layers on
top of a commercially available SiOx grating on Si (NanoPHAB
B.V.). To create the grating, 200 nm SiOx is first fabricated
on top of a Si substrate. Using electron beam lithography, a
grating is defined in a photoresist on the surface of the material.
After developing the resist, the grating is etched in the SiOx

using reactive-ion etching. An atomic force microscopy (AFM)
image of the grating structure after Au deposition is shown in
the bottom left in Fig. 1. After the deposition, the duty cycle of
the grating is approximately 71%, the pitch is 440 nm, and the
grating amplitude is 47 nm. The Au layer thicknesses used in our
experiments are 177, 136, and 100 nm thick. In Fig. 3, we show
the height profiles of the grating lines for all Au thicknesses,
measured with an AFM. From this, we conclude that the grating
line periodicity, amplitude, and duty cycle are comparable for all
samples. We note that small differences in the shape of the grat-
ing only lead to small, static changes in the position/amplitude
of the plasmonic resonance. In fact, we optimized the angle of
incidence slightly for each sample to have the maximum SPP
resonance at a wavelength of 650 nm. We found that changes in
the angle of incidence were within our measurement accuracy of
roughly half a degree.

Approximately 71% of the 400 nm pump light is absorbed by
the grating structure and, for wavelengths at the SPP resonance,
approximately 50% of the probe light is absorbed. In contrast,
for wavelengths off-resonance, approximately 5% of the probe
light is absorbed. Since the sample is optically thick, no light is
transmitted.

3. RESULTS

For all measurements, both pump and probe pulse energies were
kept constant at 12 µj and 270 nJ, respectively. To ensure that
the probe beam experiences a homogeneous excitation profile,
the focal spot diameter of the probe on the sample is 5 times
smaller than that of the pump.

In Fig. 4, we plot the time-dependent pump-induced change
in reflection 1R/R0, where R0 is the unperturbed reflection,
for 11 different probe wavelengths from 600 to 700 nm on the

Fig. 4. Probe pulse reflection changes measured at different wave-
lengths as a function of time delay between the pump and probe after
excitation by a 400 nm pump beam on the 177 nm thick Au layer with
a 47 nm amplitude grating on top.

Fig. 5. Schematic depiction of the different types of acoustic exci-
tations presumably observed in our measurements. An ultrafast laser
pulse excites the plasmonic grating. The electrons absorb the light and
heat up, after which they transfer their energy to the lattice, resulting
in high-frequency acoustic waves. From the left to right on the bottom
panel we show a schematic depiction of a LW, a SAW, and the grating
line quasi-NMs. For the LW and the SAW, the red arrows indicate the
direction of propagation of the acoustic waves. For the NM, the red
arrows represent the direction of expansion and contraction of the
grating lines. Note that the LW will partially reflect to the surface once
it reaches the Au/SiOx interface.

177 nm thick Au sample. For all probe wavelengths, we meas-
ure an instantaneous pulse-length-limited reflection decrease,
governed by electron dynamics [54]. Afterward, the reflection
changes show a more complex oscillatory behavior. We meas-
ure relatively low-frequency oscillations with a frequency of
2.8 GHz, most notably at a probe wavelength of 650 nm, with
an amplitude of 1R/R0 ≈ 1%. However, slightly away from
the SPP resonance, in addition to a low-frequency oscillation,
we also measure higher-frequency oscillations. These high-
frequency oscillations are most clearly seen in the first 200 ps
and are composed of at least two frequencies, namely, 6.9 and
9.1 GHz. As we will discuss later, we attribute the frequencies of
2.8, 6.9, and 9.1 GHz to a SAW, a grating line quasi-NM, and an
LW, respectively. Schematic depictions of these waves are shown
in Fig. 5. More frequencies appear to be present in the spectrum,
which we are not yet able to identify.

A numerical fast Fourier transform (FFT) of the time-
dependent measurements, after the removal of the thermal
background, is shown in Fig. 6(b). The three dashed lines
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Fig. 6. (a) Probe pulse reflection changes measured at differ-
ent wavelengths as a function of time delay between the pump and
probe on the 177 nm thick sample, with the thermal background
removed. Each curve has been given an offset for clarity; (b) FFT of
the time-dependent signals. The three dashed lines, from left to right,
correspond to the expected SAW, NM, and LW frequencies.

represent the three most prominent frequencies located at 2.8
(SAW), 6.9 (NM), and 9.1 GHz (LW). Below 2.8 GHz, we can
see the appearance of an even lower frequency. Considering that
this frequency corresponds to a period approximately equal to
the entire time window of our measurement, we are reluctant to
assign a real acoustic mode to it.

The amplitude and phase of the acoustic-induced reflection
changes, which are extracted from the FFT, are shown versus
the optical wavelength in Figs. 7(a) and 7(b), respectively.
The colors of the curves correspond to the colors of the dashed
lines indicated in Fig. 6(b). Figure 7(a) confirms that the optical
response to the SAW is strongest when we probe the grating
at the SPP resonance. With the probe wavelength on the SPP
resonance, we measure an enhancement of the 2.8 GHz signal
by a factor of 20 compared to measurements with the probe
wavelength on the wings of the resonance. In contrast, the two
higher frequencies experience a maximum on the slope of the
SPP resonance at 640 and 660 nm probe wavelengths. These
frequencies are enhanced with a factor of approximately 10
when compared to the measurements using a probe wavelength
of 600 nm, but they decrease in magnitude at the SPP resonance.

In Fig. 7(b), we see that both the 6.9 GHz and the 9.1 GHz
frequency components experience a phase shift of approxi-
mately π when the probe wavelength is tuned from below to
above the plasmon resonance, reflecting the sign-flip seen in
the time-domain data. The signal measured at 2.8 GHz shows
a smaller but significant variation of the phase over the entire
probe wavelength range from 610 to 700 nm.

In Figs. 8(a) and 8(c), we show the time-dependent reflection
changes measured on the same sample, now with a 136 and
100 nm Au layer deposited on the grating, respectively, with the
thermal background removed. Again, all wavelengths have been
given a vertical offset for clarity. The FFTs of the measured signal
on the 136 and 100 nm sample are shown in Figs. 8(b) and 8(d),
respectively.

For the 136 nm thick Au layer, we measure transient reflec-
tion changes comparable to our 177 nm thick sample, both
in shape and in size. The LW frequency, which for the sample

Fig. 7. (a) Amplitude of the measured reflection changes induced
by the acoustic echoes extracted from the FFT of the time-domain
data; (b) phase of the acoustic echoes. The Au layer has a thickness of
177 nm. The color and the symbols of the curves correspond to the
frequency indicated by the vertically dashed lines with the same color
and symbol as shown in Figs. 8 and 6(b).

thickness of 136 nm equals 12.0 GHz, as indicated by the right-
most dashed line in Fig. 8(b), has shifted to a higher frequency
due to the decreasing thickness. The presence of another fre-
quency around 10 GHz is also observed, but it has not been
identified yet.

In contrast to the results for the 177 and 136 nm thick Au
layer, for the 100 nm thick sample we measure predominantly
a slowly oscillating reflection change attributed to a SAW.
However, in the first 100 ps, weak higher-frequency oscillations
are also observed, most clearly visible in the measurement with
a probe wavelength of 630, 640, and 660 nm. These fast oscilla-
tions are attributed to the high-frequency LW. They are difficult
to identify in the FFT due to their relatively low signal strength
and fast decay.

In Fig. 9, we show the amplitudes and phases of the frequen-
cies shown by the dashed lines from Figs. 8(b) and 8(c) versus the
probe wavelength. The color of the curves corresponds to the
color of the dashed lines. The upper two panels and the bottom
two panels represent the 136 and 100 nm thick sample, respec-
tively. For both thicknesses, we measure an enhancement of the
amplitude by a factor of approximately 10 for the 2.8 GHz com-
ponent when approaching the SPP from the lowest wavelength
of 600 nm, and from the highest wavelength of 700 nm. For the
136 nm thick Au layer, we see that the 6.9 and the 12.0 GHz
components have a weak local minimum when resonant with
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Fig. 8. (a) Reflected probe signal with the thermal background
removed for the 136 nm thick Au layer and (c) for the 100 nm thick
Au layer; (b) Fourier transform of the time-dependent signal for the
136 nm thick sample and (d) for the 100 nm thick sample.

the SPP and similarly, a weak maximum in the amplitude of
these frequencies on the slopes of the resonance.

Again, for both the 136 and 100 nm thick samples, we meas-
ure a variation in the phase for the 2.8 GHz component, around
the SPP resonance. For the 6.9 (NM) and 12.0 (LW) GHz
frequency components, as observed for the 136 nm sample, we
measure an approximately π phase shift around the plasmon
resonance, which is similar to what we see for the 177 nm thick
sample. Due to the low signal strength of the LW and the NM
for the 100 nm thick layer, the amplitude and phase could not be
determined for these modes.

4. DISCUSSION

From our results, as discussed in the previous section, we can see
that the phase and amplitude of the measured photoacoustic
signals vary around the SPP resonance. Furthermore, the actual
response of the amplitude and phase as a function of wavelength
is different for high-frequency and low-frequency oscillations.
In this section, we will first briefly attempt to identify the differ-
ent types of acoustic echoes that we measure. Afterwards, we will
argue that these observations may be partially explained by two
effects: (1) acoustic-wave-induced changes in the free-electron
density and (2) acoustic-wave-induced grating deformations.

Fig. 9. (a) Amplitude of the reflection changes induced by the
acoustic echoes as a function of wavelength, measured for the 136 nm
thick sample and (c) for the 100 nm thick sample; (b) phase of the
acoustic echoes for the 136 nm thick sample and (d) for the 100 nm
thick sample. The color and the symbols of the curves correspond to
the frequency indicated by the vertically dashed lines with the same
color and symbol as shown in Fig. 8.

A. Acoustic Echoes

As mentioned before, in our experiments we measure the pres-
ence of multiple acoustic frequencies. For an Au thickness of
177 nm, we measure strong peaks around 9.1, 2.8, and 6.9 GHz;
see Fig. 6(b). We attribute these to LWs, SAWs, and grating line
quasi-NMs, respectively, and we discuss them briefly below.

1. LW

A longitudinal acoustic wave is generated due to rapid heating of
the lattice via energy transfer from the heated electron gas, caus-
ing rapid expansion of the lattice. This expansion of the lattice
launches an acoustic wave that bounces back and forth between
the Au/SiOx interface and the air/Au interface, losing energy
each time it reflects off the Au/SiOx interface via partial trans-
mission into the substrate. Near-field calculations show that
most of the optical energy is deposited in the lines of the grating,
but light also reaches the bottom of the valleys, in between the
lines. This makes it plausible that LW waves are generated there
too. As the Au has the same thickness everywhere, we expect
the LWs to have the same frequency in the lines and valleys. It is
possible, and even likely, that acoustic diffraction will occur near
the line edges, but this is currently not taken into account.

The spatial extent of the acoustic wave is determined by the
electron energy diffusion depth [27], which is about 150 nm
for Au [54]. This causes the generation of two counterprop-
agating waves with a wavelength of approximately twice the
layer thickness that form a standing wave, with a node in the
middle of the layer. This leads to a periodic expansion and con-
traction of the whole layer. The oscillation frequency of such
a wave can be found using the longitudinal speed of sound,
Vl = 3.2× 103 m/s, and the thickness of the Au layer, d .
Based on this, we calculate that the longitudinal echo should
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have a frequency of Vl/2d= 9.04 GHz, 11.76 GHz, and
16.0 GHz for the 177, 136, and 100 nm thick sample, respec-
tively. Considering the close proximity of the frequencies for the
177 and 136 nm sample with our measured frequencies of 9.1
and 12.0 GHz, we attribute these frequencies to a longitudinal
standing wave. For the 100 nm sample thick sample, the LW
frequency equals f lw = 16.0 GHz. However, due to the low
amplitude of this oscillation in comparison to the SAW and due
to the apparent higher damping rate, this frequency is not clearly
visible in the FFT shown in Fig. 8(d).

In the 177 nm and the 136 nm thick sample, we measure a
dip in the amplitude of the reflection change induced by the
longitudinal echo when the probe is tuned to the SPP reso-
nance, as can be seen in Figs. 7(a) and 9(a). We also measure an
increase in the reflection change from the longitudinal echo for
both thicknesses on the slopes of the resonance at a wavelength
corresponding to 640 and 660 nm.

2. SAW

A SAW is an acoustic wave that travels along the surface of the
material. A SAW can be excited if there is a spatial inhomogene-
ity in either the excitation profile [3,55–57] or in the surface
topography [51]. However, such a wave is not necessarily con-
fined to the surface. The type of SAW potentially present in our
experiment are a Rayleigh wave, a Lamb wave, or a shear wave.

A Rayleigh wave has a finite penetration depth into the metal
[50,52]. For a bulk Au layer, we can calculate that relative verti-
cal displacement of such a wave reaches a value of 1/e at a depth
of 275 nm [58], which exceeds all layer thicknesses reported in
this paper. This indicates that it is unlikely that our measured
SAW is a pure Rayleigh wave.

A Lamb wave is, generally speaking, a wave that is confined
by two free surfaces and can be viewed as a guided mode [59].
Since our Au layer is not confined by two free surfaces but rather
an Au/SiOx and Au/air interface, the presence of a Lamb wave
seems unlikely. A shear wave is a wave that travels through the
entire bulk with a k-vector parallel to the surface, similar to a
Rayleigh and Lamb wave [58].

A shear wave displaces the lattice orthogonal to its k-vector.
By definition, it is a property of a shear wave that it does not
alter the density of the material [58]. This would seem to be in
agreement with the fact that the SAW signal does not peak at
the slopes of the SPP resonance, which would be the case if it
were sensitive to density changes, as we will explain below. The
velocity of a shear wave equals the transverse sound velocity
[58], which for Au equals approximately 1200 m/s [60]. When
a periodic structure is present on a surface, the periodicity of
the surface structure determines the wavelength of the dom-
inant surface wave [22,49], which in our experiments equals
440 nm. Taking the velocity and the periodicity into account,
the predicted frequency of the SAW equals fSAW = 2.7 GHz.
Considering the close proximity of the calculated frequency to
the 2.8 GHz signal observed for all our measured thicknesses,
the excited and measured SAW is most likely a shear wave.

3. Grating LineQuasi-NM

A grating line NM is the expansion and contraction of indi-
vidual isolated metallic bars. Here, considering that the lines
are attached to an Au layer, we think it is more appropriate to
speak of quasi-NMs. Under similar experimental conditions,
the grating line quasi-NM for one-dimensional Au rectan-
gular bars with a 50% duty cycle, a thickness of 40 nm, and a
pitch of 400 nm on a quartz substrate has been measured at
7.78 GHz [52] by Lin et al . If we extrapolate from their data
to a grating amplitude of 50 nm, we find a NM frequency of
7.1 GHz, which is close to our measured frequency of 6.9 GHz.
Discrepancies between our measured frequency and the cal-
culated frequency from Lin et al. are probably caused by the
fact that we have an Au substrate for our Au bars, instead of
quartz. Furthermore, our periodicity and duty cycle are slightly
different from those of Lin et al . The effect of this is difficult to
predict precisely. Nevertheless, it seems plausible to attribute the
6.9 GHz frequency to the grating line quasi-NM.

B. Acoustically Induced SPP Resonance Frequency
Variations

In this section, we will describe two possible ways by which
the SPP resonance frequency can shift due to the presence of
acoustic waves. They are acoustically induced electron density
changes, and acoustic-wave-induced grating deformation. A
strongly exaggerated schematic depiction of this process of
shifting the SPP resonance is shown in Fig. 10. The acoustic
echoes can both decrease and increase the SPP resonance fre-
quency, as we will explain below. Therefore, the SPP resonance
will periodically oscillate around the unperturbed resonance
wavelength. Note that the presence of an acoustic wave might
also possibly influence the interband transitions of our sam-
ple [20,21], altering the dielectric function across the entire
spectrum. We are currently unable to calculate the effect of the
density changes on the frequency and strength of the interband
transitions.

1. Acoustical-Wave-InducedElectronDensityChanges

In our setup, the acoustic-wave-induced electron density
changes cannot directly be measured. However, to test the
hypothesis that the change of the free-electron density can give
rise to the optical response that we observe, we can calculate the

Fig. 10. Schematic representation of the acoustically induced
change in the SPP resonance; compression due to the acoustic echo
causes the SPP resonance wavelength to decrease while expansion
causes the SPP resonance wavelength to increase.
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shift of the plasmonic resonance wavelength as a function of the
electron density. The main principle behind this hypothesis is
that many types of acoustic waves consist of propagating regions
of higher and lower material density. The electron density will
semi-instantaneously follow the acoustic-wave-induced lattice
density changes to maintain charge neutrality [61]. Changes
in the free-electron density will in turn change the plasma
frequency ωp =

√
Ne e 2/ε0m, where Ne is the free-electron

density, e the electronic charge, ε0 the vacuum permittivity of
space, and m the effective electron mass. Changes in the plasma
frequency cause changes in the dielectric constant and, thus, the
position of the SPP resonance.

To successfully excite a surface plasmon, the sum of the scalar
value of the x component of the probe wave vector and the grat-
ing wavenumber must be equal to the plasmonic wavenumber
[62]. The SPP excitation condition then is∣∣∣∣ λ0

2π
sin θ ± N

2π

3

∣∣∣∣= kSPP =
λ0

2π

√
εmεd

εm + εd
, (1)

where λ0 is the vacuum wavelength of the light, θ the angle of
incidence with respect to the surface normal, N the plasmonic
order which, under our experimental conditions, is 1, 3 the
grating pitch, kSPP the SPP wavenumber, and εm and εd the
frequency-dependent dielectric functions of the metal (Au) and
the dielectric (air), respectively. For convenience, we will assume
that the imaginary parts of the dielectric functions are small
compared to their real parts and can, therefore, be neglected.
The dielectric constant of air, εd , is taken as 1. For a given3 and
θ , Eq. (1) allows us to determine the SPP resonance wavelength.
Furthermore, from Eq. (1) it is clear that the SPP resonance
wavelength is dependent on the dielectric function of the mate-
rial. If the dielectric function of the metal would change due to
an external perturbation, such as an acoustic wave, the plasmon
resonance wavelength will shift [35,41,42,47,63].

Looking at Fig. 6(b), as discussed before, we measure multiple
acoustic frequencies. The frequencies of 2.8, 6.9, and 9.1 GHz
have been tentatively identified as a surface wave, a grating line
quasi-NM, and a LW, respectively. When the SPP resonance
oscillates due to the presence of an electron density perturba-
tion, this should result in aπ -phase shift of the reflection change
when the reflection is measured above compared to below the
SPP resonance, as can be seen in Fig. 10. When we look at the
phase of the reflection changes, as shown in Fig. 7(b), we see
that such a phase shift is only present for the 6.9 and 9.1 GHz
frequencies and not for the 2.8 GHz frequency. This could indi-
cate that the LW and NM mode both induce electron density
changes, resulting in oscillations of the SPP, whereas the SAW
does not induce electron density changes. This is consistent with
the assumption that the 2.8 GHz wave is indeed a shear wave,
since a shear wave does not induce density changes.

In the presence of the longitudinal and quasi-normal acous-
tic modes, the lattice density will change depending on the
displacement of the atoms. Using an advanced 2D numerical
model [3] that incorporates the generation and propagation of
acoustic waves in single flat Au layers, we are able to calculate
that the expansion and contraction under our experimental con-
ditions equals approximately ±150 pm. It is not unreasonable
to assume that similar expansion and contraction amplitudes are

present in our grating structure. This expansion and contraction
results in electron density oscillations with maximum values
between 0.999× Ne ,0 and 1.001× Ne ,0, where Ne ,0 is the
unperturbed electron density. These oscillations in electron
density result in a change of the dielectric function through
the plasma frequency, which would be probed in a volume
determined by the penetration depth of the probe light in our
experiment. If we use this acoustically altered dielectric function
in Eq. (1), we find that the maximum plasmon resonance wave-
length shift, 1λ0,max, equals 0.05 nm. Although such a shift
seems small, we calculate that it results in a reflection change of
approximately±0.2% at a wavelength of 640 nm. If we look at
Fig. 4, we see that this is close to the amplitude of our measured
oscillatory reflection changes. A similar argument holds for
reflection changes measured for different probe wavelengths.

2. Acoustic-Wave-InducedGratingDeformations

In addition to electron density variations, acoustic waves also
alter the grating structure. Displacement of the atoms by the
acoustic waves results in a change of the grating amplitude
and the duty cycle, both of which are known to influence the
SPP resonance and, thus, the wavelength-dependent reflec-
tion [64]. Numerical simulations were performed to see the
effect of grating amplitude changes and duty-cycle changes
on the SPP resonance. The numerical calculations were per-
formed using “Cyclops,” an in-house-developed program
that solves Maxwell’s equations [65]. It is based on the finite-
element method described by Lalanne et al . [66] and was
tested and benchmarked against other methods such as the
finite-difference time-domain method.

To calculate the shift of the SPP resonance as a function of
grating depth and duty cycle, 2D simulations were performed
for optical wavelengths ranging from 300 to 800 nm for differ-
ent grating amplitudes. In Fig. 11, we plot the SPP resonance
wavelength as a function of grating amplitude. We note that
around our grating amplitude of 47 nm, the dependence of
the SPP resonance on the grating amplitude is almost linear.
From these calculations, we extract that the1λSPP/1A= 2.25,
where1A is the change in grating amplitude. For the duty cycle,
we can look at how much the SPP resonance shifts as a function
of the valley width. A similar analysis, as with the grating ampli-
tude, shows that 1λSPP/1dv = 0.25, where dv is the width of
the valley of the grating. From this we conclude that relative
grating amplitude variations shift the SPP resonance more than
relative duty-cycle variations. The amplitude of the grating can
only change when there is a difference in acoustic-wave-induced
vertical expansion/contraction in the valleys and the ridges of
the grating. We cannot assume a priori that the ridges and valleys
expand and contract with the same phase and amplitude. Such
differences in the grating amplitude can, in fact, arise due to
differences in absorption of the pump light in the ridges and
valleys of the grating. The calculated spatial distribution of the
light absorption, as shown in Fig. 12, demonstrates that there
is indeed a difference in the amount of absorbed light in the
valleys and ridges of the grating. In Au, electron energy diffu-
sion is rapid but does not fully homogenize the temperatures
in our grating structure. Therefore, we expect that different
lattice temperature changes in the ridges and the valleys of the
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Fig. 11. SPP resonance wavelength λSPP as a function of the grating
amplitude for an Au thickness of 177 nm, computed via simulation.
The dashed curve represents a linear fit to the data.

Fig. 12. Simulated normalized absorption of the 400 nm pump
beam. We find that the absorption is mostly localized on the ridges of
the grating. For clarity, the absorption in air is not shown.

grating are likely. We can thus expect acoustically induced ver-
tical expansion differences between the ridges and the valleys
of the grating. We calculate that in order to induce reflection
changes with a similar magnitude as seen in our measurements,
the grating amplitude would have to change with a maximum
amplitude of only±35 pm, which is plausible.

Both the electron density variation and changes in the grat-
ing amplitude are suitable candidates to explain our measured
results. We cannot currently exclude either model as an expla-
nation for the effects we observe when probing around the SPP
resonance.

5. CONCLUSION

We have studied the generation and detection of acoustic waves
on a plasmonic grating. We have shown time-dependent reflec-
tion changes caused by acoustic echoes of which the detection
was enhanced at probe wavelengths around the SPP resonance.
We demonstrate the simultaneous presence of multiple acous-
tic waves, of which the most prominent are the longitudinal,

quasi-normal and SAW modes. Our measurements show an
enhancement of the longitudinal and the quasi-NM-induced
reflection changes by a factor of 10 on the slopes of the resonance
and an enhancement of the SAW mode on the peak of the reso-
nance by a factor of 20, compared to the measurements with a
probe wavelength on the wings of the resonance.

Using a simple model that calculates the shift of the SPP
resonance as a function of electron density, we are able to repro-
duce the magnitude and the phase of the reflection changes for
the longitudinal and NMs. Besides the presence of electron
density variations, we also argue that acoustic-wave-induced
grating deformations may play a significant role in the measured
reflection changes. Both proposed mechanisms are capable of
explaining our measured results. There is no a priori reason to
assume that these two effects do not both influence the mea-
sured reflection change simultaneously, although our results do
not currently allow us to determine which one dominates.
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