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A B S T R A C T   

Longitudinal acoustic modes in planar thin gold films are excited and detected by a combination of ultrafast 
pump-probe photoacoustic spectroscopy and a surface plasmon resonance (SPR) technique. The resulting high 
sensitivity allows the detection of acoustic modes up to the 7th harmonic (258 GHz) with sub-pm amplitude 
sensing capabilities. This makes a comparison of damping times of individual modes possible. Further, the dy
namics of the real and imaginary part of the dielectric function and the film’s thickness variation are separated 
by using the dependence of the amplitudes of the acoustic modes on the detection angle and the surface plasmon 
resonance. We find that longitudinal acoustic modes in the gold films mainly affect the real part of the dielectric 
function and highlight the importance to consider thickness related effects in acousto-plasmonic sensing.   

1. Introduction 

Since its introduction in the 1980s picosecond ultrasonics [1,2] has 
proven to be a valuable tool for the investigation and control of acoustic 
dynamics in the GHz to THz frequency range. However, measurement of 
the accompanying small changes in optical or geometrical properties 
still poses a challenging task in many applications. Thus, different 
detection schemes have been employed during the last decades to tackle 
this issue and still foster an active development. 

Widely used all-optical approaches currently include direct reflec
tion/transmission experiments [3], interferometry either by external 
homo/heterodyning [4–6] or using Fabry Perot like sample geometries 
[7], beam deflection [8] and diffraction [9,10] schemes. Taking 
advantage of surface plasmons has resulted in a tremendous success in 
various sensing applications [11]. The special case of localized surface 
plasmons also plays a prominent role in the investigation of nanoparticle 
acoustics [12,13] due to the relaxed excitation requirements compared 
to other sample geometries. It is thus not surprising that attempts have 
been made to adopt surface plasmons for the detection in picosecond 
ultrasonic experiments in planar [14–17], grating [18,19] and nano
structured [20] geometries. Here, we combine the acousto-plasmonic 

detection via surface plasmon resonances with asynchronous optical 
sampling to explore the potential of this approach to access higher order 
acoustic eigenmodes in planar gold layers. We further discuss the in
fluence of the acoustic dynamics on changes in the dielectric function 
and the importance of the so far mostly neglected thickness changes in 
the surface plasmon based detection in our sample geometry. We finally 
highlight some of the open questions we encountered in this study to 
stimulate further developments in acousto-plasmonic sensing schemes. 

2. Methods 

2.1. Surface plasmon polaritons 

Surface plasmon polaritons (SPs) are coupled electromagnetic and 
electron density waves at a material interface which decay as evanescent 
waves in both materials [21]. One of the possibilities to excite SPs is the 
so called Kretschmann-configuration that uses a prism, coated with a 
metal film and an additional dielectric layer [22,23]. Here, p-polarized 
light that is incident under a specific angle will couple to the SPs which 
results in a strong angle dependent decrease of the reflected light in
tensity. The sample reflectance can be described by an explicit 
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three-layer model or a generalized transfer matrix approach [21] and 
shows a very sharp resonance, termed surface plasmon resonance (SPR), 
that strongly depends on the layer’s permittivity, thickness and the 
angle of incidence. Figure 1(a) (blue line) shows the angle dependent 
reflectance calculated for a glass prism in air, covered by a gold film with 
45 nm thickness for a wavelength of 785 nm with ε = − 22.9 + 1.4i [24], 
nair = 1 and nglass = 1.51 [25]. For these parameters almost full coupling 
into the SP-mode with vanishing reflectance is achieved. Towards 
thinner or thicker films, the resonance becomes less pronounced and 
wider. The black lines depict the dependency of the reflectance R on 
changes to the gold film’s dielectric function, where the solid line cor
responds to changes of the real and the dashed line to changes of the 
imaginary part, respectively. 

A change in the real part of the dielectric function mainly causes a shift 
of the resonance angle position, while a change in the imaginary part in
fluences mainly the width and minimal reflectance. Depending on the 
combination of film thickness and imaginary part of the dielectric func
tion, the local maximum of dR/dϵi at the resonance angle can reach posi
tive or negative absolute values. The resonance is also strongly influenced 
by changes of the gold layer’s thickness which is shown in Fig. 1(b). 

Acoustic vibrations lead to strain η in the gold layer which results in a 
variation Δϵ of the permittivity via the photoelastic coefficients dϵ/dη. 
This in turn causes a variation of the reflectance according to the shown 
derivatives. These derivatives are about one to two orders of magnitude 
above the ones from direct reflection at a gold/air interface (dR/dϵr ≈ −

1.5⋅10− 3, dR/dϵi ≈ − 1.6⋅10− 2). When detecting the relative change in 
reflectance ΔR/R, the signal is further enhanced in the vicinity of the 
SPR-minimum due to the decreasing background reflectance R. How
ever, due to zero crossings of dR/dϵr and dR/dd close to the SPR mini
mum, this results in the maximum enhancement for ϵr and d being found 
at the slopes of the SPR and for ϵi at the slopes or minimum depending on 
the exact film parameters. 

2.2. Samples 

Half-cylindrical glass prisms (FOCtek, material H-K9L, same prop
erties as N-BK7) were used to employ the Kretschmann-configuration. 
After an initial cleaning step with isopropanol and acetone the prisms 
were coated with gold films by thermal evaporation (2 − 3 nm/s at 4 −

7⋅10− 4 Pa). The layer thickness was controlled in-situ during deposition 
by a quartz crystal microbalance. Three samples with nominal gold film 
thicknesses of 30, 45 and 50 nm were produced. Additional adhesion 
promotion layers, like chromium or titanium, were omitted to keep the 
samples as simple as possible in terms of SPR and acoustic mode char
acteristics. 

2.3. Pump-probe setup 

A Ti:sapphire based asynchronous optical sampling system (ASOPS) 
with 1 GHz repetition rate [26,27] was used for the excitation of 
acoustic eigenmodes in the gold films and subsequent time-resolved 
monitoring of the acousto-plasmonic interaction. The beams were 
fiber coupled and the fiber outputs mounted on a rotational stage and a 
rotating arm for simple adjustment of the incidence angle. An optical 
pulse compressor was used to compensate for the fiber induced pulse 
broadening, resulting in a pulse width (FWHM) of less than 500 fs and a 
spectral width of 30 nm for the pump beam and 150 fs pulse width and 
20 nm spectral width for the probe beam. Further system details are 
described elsewhere [28]. The pump and probe beams were tuned to 
center wavelengths of 815 nm and 785 nm with powers of 620 mW 
(0.62 nJ pulse energy) and 40 mW, respectively. 

A schematic of the experimental setup is shown in Fig. 2(a). The pump 
beam was focused from the air side onto the gold layer to a spot with a 
diameter of approximately 30 µm. The probe beam was p-polarized by a 
half-wave-plate and polarizing beam splitter cube (PBS) and focused 
under the SPR-angle from the prism side onto the gold film to an ellipse 
with axes of approximately 15 and 20 µm. The curvature of the prism was 
compensated by a cylindrical lens. A part of the probe beam was split off 
and used for balanced detection to minimize the influence of laser noise. 
Because of the angle distribution in the focal cone of the probe beam, only 
a part of the beam fulfills the SPR condition as sketched in the inset of 
Fig. 2(b). We used a movable slit on a rotational stage to select and scan 
the angular response of the system. This approach has the advantage, that 
the angle of detection can be selected without introducing any change to 
the pump-probe-alignment. However, it results in an averaging over an 
angle range of about 10′ due to the slit width. 

Since our probe pulse has a FHWM spectral bandwidth of about 
20 nm we expect a broadening of all angle-resolved phenomena due to a 
weighted wavelength dependent response. This is mainly caused by the 
wavelength dependence of the gold film’s dielectric function. We as
sume the photoelastic coefficients dϵ/dη of the gold bulk material to be 
wavelength independent over the spectral width of the optical probe 
pulse. Since this approximation is reasonable but would still require an 
experimental verification, we suggest including an optical diffractive 
element for specific wavelength selection in the probe path in future 
experiments. 

Fig. 1. Surface plasmon resonance for a layered system of glass/gold/air (left 
axis, blue line) and sensitivity of the SPR to the variation of (a) the real part 
(right axis, black line) and imaginary part (dashed black line) of the gold layer’s 
dielectric function and (b) the gold layer’s thickness. The vertical grey line 
marks the resonance angle. 

Fig. 2. a) Schematic of the experimental configuration. b) The surface plasmon 
resonance curve (blue line) is shown with the measured angle interval (shaded 
area) due to the finite slit width. The inset shows a sketch of the reflected probe 
beam’s cross section. 
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3. Results and discussion 

3.1. SPR resonances 

The angle dependent surface plasmon resonances of the samples 
were first measured in the static case and are shown in Fig. 3. The 45 and 
30 nm sample showed results close to the calculated resonance curves 
with the permittivity of gold taken from Johnson and Christy [24]. Small 
shifts of the resonance angle can be explained by variations of the per
mittivity’s real part and possible adsorbates on the gold’s surface [22, 
29]. Please note that the resonance of the 45 nm sample is much nar
rower than expected from calculations. We have currently no conclusive 
explanation for this observation, since various possible errors would 
have the opposite effect, i.e., a broadened resonance. The 50 nm sample 
deviated significantly from the calculated curve, being much broader, 
less pronounced and shifted in resonance angle which hints to a higher 
SP damping and worse coupling to the SP mode. Certain deviations from 
literature values are to be expected because the permittivity and grain 
structure of evaporated films are known to depend strongly on deposi
tion parameters [29]. However, this does not explain the results ob
tained for the 50 nm film, which we attribute to weaker adhesion and a 
possible deteriorated film quality because of aging, as it was the oldest 
sample at the time of the experiment. Since the 45 nm sample still shows 
a reasonable agreement with theoretical predictions and in particular 
the sharpest resonance and therefore the highest enhancement factor, 
we mainly focus on this sample in the further analysis. 

3.2. Mode identification 

Figure 4 shows a typical transient reflectivity signal of the time- 
resolved pump-probe measurement on the 45 nm sample in the vicin
ity of the SPR resonance angle. The initial sharp peak and the following 
decaying background are caused by the excitation of the free electron 
gas and subsequent electron-electron, electron-lattice and lattice ther
malization in the gold film. The pump pulse photon energies are below 
the gold interband transitions. Superimposed on this background, 
damped oscillations are visible which are shown in more detail in the 
inset. Please note that also low frequency modes are present in the data 
that dominate the time traces at longer time delays. One of them is 
caused by time-domain Brillouin-scattering discussed later while the 
other modes are out of the scope of this work. The above-mentioned 
signal characteristics are present in the time-resolved measurements of 
all samples with varying sign, phase and amplitude depending on the 
angle of detection. The observed oscillation can be assigned to a longi
tudinal mode (thickness oscillation) of the gold film which is caused by 
the gradient of the thermo-elastic stress that is induced by the deposited 
pulse energy. Although the penetration depth of light in gold at the 
pump wavelength of 815 nm is only about 13 nm, with regard to the 
lattice overheated electrons can diffuse about 100 nm in gold before 
their energy is transferred to the lattice and therefore cause an almost 

homogeneous energy deposition along the axial direction of the film 
[30,31]. The acoustic impedance mismatch between gold and glass 
(ZAu = 62.5 > ZBK7 = 15.2) results in an acoustic behavior of the film 
analogous to a free-standing membrane with stress free boundaries. 
Since the excitation spot size is large compared to the film thickness, the 
acoustic problem can be treated as one-dimensional. Thus, the fre
quencies of the modes of the thickness oscillation can be calculated as 
f = nvl/2d with the longitudinal sound velocity vl, the film thickness 
d and mode number n ∈ ℕ. For the given system odd harmonics, pos
sessing symmetric distribution of strain relative to the middle plane of 
the film, are expected to be photo-excited, with a decreasing amplitude 
proportional to 1/n2. The even modes, possessing asymmetric strain 
distribution, are not photo-excited by the uniform and symmetric dis
tribution of the photo-induced mechanical stress [7,32].  

The acoustic breathing mode of the gold film was extracted by fitting 
and subtracting a double exponential decaying function for all sample 
thicknesses. Figure 5 shows the acoustic signals of the three films and the 
corresponding zero-padded Fourier spectra. All signals have been detected 
at the respective angle of maximum signal enhancement which is located 
at the slope on the smaller angle side of the SPR at about ϑrel = − 4′

depending on the sample. The spectrum of the 45 nm sample shows odd 
harmonics up to the 7th order (258 GHz), which is, to the best of our 
knowledge, the highest harmonic observed so far for a gold film/substrate 
configuration. The resulting average frequency of the fundamental mode 
(n = 1) was determined to 36.6 ± 0.5 GHz by a linear fit to the odd 
harmonics in the spectra of three different positions on the sample. With a 
nominal thickness of 45 nm this corresponds to a longitudinal sound 
velocity of 3.29 ± 0.05 km/s, which is in good agreement with the liter
ature value of 3.24 km/s [16]. For the other samples, the oscillation was 
resolved up to the 5th (50 nm) and 3rd (30 nm) harmonic and the sound 
velocities were determined to 3.32 ± 0.05 km/s and 3.30 ± 0.03 km/s, 
respectively. The spectra of the 45 and 50 nm films show small contribu
tions at frequencies corresponding to or close to the second and fourth 
harmonic, which possibly stem from a not completely homogeneous, i.e., 
symmetrical relative to the middle plane of the film, profile of 
photo-excited mechanical stress, despite the long electron diffusion 
lengths mentioned earlier. 

As expected from SPR-theory, the 45 nm sample shows the highest 
signal amplitude. Compared to our measurements conducted in direct 
reflection, where the oscillation of the 45 nm film could not be resolved 
within ΔR/R ≤ 2⋅10− 7 sensitivity, we observe a signal enhancement of 
more than 50 in the plasmonic sensing scheme. To prevent low fre
quency contributions at longer time delays from distorting our data 
analysis, we crop the time domain data accordingly. The acoustic signals 
are then fit with the sum of two exponentially decaying sine functions 

f (t) =A1exp( − t/τ1)sin(2πf1t+Φ1)+A3exp( − t/τ3)sin(2πf3t+Φ3)+bt+c
(1) 

Fig. 3. Experimental (solid lines) and calculated (dashed lines) surface plasmon 
resonances of the three samples with different Au film thickness. 

Fig. 4. Transient reflectivity of the 45 nm sample detected under SPR condi
tions. Inset: Extracted signal of the thickness oscillation of the gold film. 
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with the amplitudes Ai, frequencies fi, damping times τi and phases Φi of 
the first and third harmonic. Additional linear and constant terms were 
added to compensate for remaining residuals of the signal extraction. 
The damped sine functions are shown as solid red lines in the upper row 
of Fig. 5 and fit remarkably well to the 45 nm and 50 nm signals with 
still very good agreement with the 30 nm signal. The spectra of the 
complete time traces, which are not shown, also exhibit a common mode 
at 16.8 GHz. This feature is in good agreement with the expected time- 
domain Brillouin-scattering at 17.1 GHz in the prism calculated ac
cording to [33]. We will now first turn to a discussion of the obtained 
mode lifetimes which will be followed by a more detailed look into the 
acousto-plasmonic interaction in the applied sensing approach. 

3.3. Acoustic mode lifetimes 

Previous studies found energy transmission to the substrate to be the 
main contribution to the damping of longitudinal modes in thin metal 
films [34,35]. In the case of perfect adhesion between film and substrate, 
the mode lifetime τt = 2d⋅(vlln(r) )− 1 depends only on the layer thickness 
d, longitudinal sound velocity vl and reflection coefficient r which is 
derived from the acoustic impedance mismatch. In particular, the life
time is independent of the mode number n [36]. Alternatively, the 
quality factor Qt,n = nπ⋅(ln(r) )− 1 which is independent of the layer 
thickness but depends on the mode number, can be investigated. Under 
omission of other damping mechanisms, both transmissive lifetime and 
Q-factor therefore pose an upper limit to the expected experimental 
values. Thus, getting experimental access to higher order modes by 
harnessing plasmonic enhancement effects could be beneficial to 
investigate and potentially disentangle intrinsic and interface effects on 
the acoustic damping. 

Figure 6 shows the lifetimes and quality factors of the first and third 
harmonic of the gold films based on the time-domain fits already dis
cussed in Fig. 5. The data points mark the average of one (30 nm), two 
(50 nm) and three (45 nm) measurements at different spots, detected at 
the respective angle of maximum enhancement, with the error bars 
considering all measurements including fitting uncertainties. The third 
harmonic of the 30 nm sample could not be extracted due to the lower 
signal enhancement in this sample. The theoretical values for the mode 
lifetimes, assuming a perfect interface, were calculated with the den
sities ϱAu = 19.3 g/cm3 and ϱNBK7 = 2.51 g/cm3 and longitudinal sound 
velocities vAu = 3.24 km/s and vNBK7 = 6.05 km/s and are indicated by 

dashed lines. 
The fundamental modes of all samples show higher quality factors 

and longer lifetimes, i.e., lower damping, than expected from the cal
culations assuming a perfect interface. This corresponds to an increased 
acoustic reflection coefficient and hints towards a weak adhesion be
tween gold film and prism. This finding is not surprising due to the 
notorious adhesion issues of gold films on various substrate types and is 
in agreement with some of our previous work [35,37]. A possible 
contribution to weak adhesion might be the presence of molecular layers 
like water vapor that might have been inadvertently embedded during 
the evaporation process [35,36]. 

We want to note here that the qualitative observations on trans
missive damping do fit the ones on SPR quality: As the damping of the 
45 nm sample is closest to theory, this sample seems to have the best 

Fig. 5. Upper row: Acoustic contributions in the time domain signal (blue) of the three samples and respective fits (red). Lower row: Corresponding Fourier spectra 
with odd harmonics of the thickness oscillation (green circles). The Insets show a linear fit to the mode frequency of the odd mode numbers. 

Fig. 6. Lifetimes (a) and quality factors (b) of the fundamental mode (dark 
blue) and third harmonic (light blue) of the thickness oscillations. The dashed 
lines mark the expected values according to a perfect interface model. Error 
bars of Q1 fall within the marker size and are omitted. 
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interface quality of the three samples. This is consistent with the strong 
coupling of light into the SPR that is observed in the measured SPR- 
curve for this sample. The larger deviation in the damping time of the 
fundamental mode of the 50 nm sample as well as the observed weak 
SPR coupling could be explained by weak adhesion. The 30 nm film falls 
in between the others regarding both values. 

In contrast to the findings of the fundamental acoustic mode, the 
third harmonics exhibit a higher damping compared to values derived 
for perfect interface adhesion. This hints to the presence of a frequency 
dependent interface coupling or additional damping mechanisms. The 
latter could originate from surface roughness [38,39], intrinsic material 
damping [40], or scattering losses caused by polycrystallinity [41,42]. A 
possible source of frequency dependent interface coupling would be a 
“patched” interface as it occurs in nanogranular films or with small scale 
intermittent adhesion quality. In contrast to our results, however, the 
theory predicts higher relative lifetimes for higher order modes [43]. 
The influence in our experiment seems therefore limited or dominated 
by other effects. However, with the access to several modes, the detec
tion in SPR might be a promising tool for investigation of this topic. 

To further explore the potential of this method in the investigation of 
acoustic damping mechanisms, an improved control in the fabrication 
and complementary characterization of the deposited layers will be 
beneficial. We also want to emphasize here that the influence of the 
cooling of the lattice during the time of the film oscillation (≈ 300 ps) 
and the accompanying shift of the SPR should be considered in the data 
evaluation, because the enhancement factor and thus the signal ampli
tude of the acoustic mode depends on the position of the SPR. The 
changing enhancement factor during the oscillation might therefore 
lead to a systematic over- or underestimation of the damping time. 
However, we observe only small changes in the damping times across 
the probe incidence angles except for the SPR fringe at very large pos
itive angles, where τ1 decreases by about 10 % (not shown). Thus, ac
cording to our results, this effect plays only a minor role at the angle of 
measurement for the damping times. Quantifying this contribution will, 
however, require a more detailed theoretical description of the acousto- 
plasmonic interaction and lattice thermalization and is beyond the 
current scope of this work. 

3.4. Disentangling contributions to SPR-based detection 

We performed a series of measurements on the 45 nm sample with 
different detection angles, i.e., at different points on the SPR-curve. 
Since only the position of the slit within the reflected beam was 
changed and the measurements were taken at the same position and 
under otherwise identical experimental conditions, all observed varia
tions are a direct consequence of the angle dependent detection process. 
This method can potentially be used to disentangle the time-resolved 
contributions of the real and imaginary part of the dielectric function 
to the signal, as has been demonstrated for the electron dynamics 
following optical excitation [44–47]. A selection of the extracted 
acoustic signals is shown in Fig. 7. Three main effects of the detection 
angle on the signals are visible: an influence on amplitudes, a phase 
jump of about π close to the SPR angle and a change in signal shape. For 
angles far off the SPR, the amplitudes of the signals strongly decrease 
which is a result of the smaller signal enhancement. This also corrobo
rates that possible optical Fabry-Perot effects in the gold film can be 
neglected and the acoustically induced changes in the SPR dominate our 
detection process. These basic observations on amplitude and phase are 
in agreement with previous studies [15,16]. 

For a more detailed analysis, the parameters of the fundamental 
mode and third harmonic were determined by fitting damped sine 
functions to the signals. Since we are interested in a comparison between 
mode amplitudes and estimates of the thickness changes of the gold film, 
the respective amplitudes are defined as the value of the decaying en
velope at the time ta of the beginning of the acoustic oscillation (see inset 
in Fig. 8). The extracted acoustic amplitudes over the detection angle 

relative to the experimentally observed minimum of the SPR are shown 
in Fig. 8. The signals with inverted phase are depicted with a negative 
amplitude for better comparison with the theoretical angle dependent 
curves. We first focus on the fundamental mode (n = 1). Comparison 
with Fig. 1 shows a good qualitative agreement with the curves of (dR/
dϵr) or − (dR/dd). It can already be concluded from the symmetry of the 
amplitude as a function of detection angle that the imaginary part of the 
dielectric function plays a limited role in the measured acoustic signal. 

To further disentangle and quantify the respective contributions of 
changes in the parameters, we fit a combination of the theoretical angle 
dependent functions for dR/dϵr, dR/dϵi, and dR/dd to the experimental 
data. Ideally, the gold layer’s permittivity should be determined as 
precisely as possible to calculate the film dependent derivatives, espe
cially the imaginary part. While small deviations in the absolute value of 
the real part mostly shift the resonance angle and have limited influence 
on the behavior relative to the minimum, the absolute value of the 
imaginary part strongly influences the behavior of dR/dϵi around the 
resonance minimum. In particular the imaginary part is known to vary 
strongly with film quality and evaporation parameters [29]. In principle, 
the permittivity can be determined by fitting to the static SPR curves 
(Fig. 3). However, our fit-determined value of ϵi = 0.8 ± 0.2i for the 
45 nm film is unrealistically low, compared to the already low ϵi = 1.0i 
which was reached under ideal conditions [29]. Most reported values for 
the imaginary part at 785 nm fall in the range of ϵi = 1.2i − 1.8i [48]. 
We therefore use ϵ = − 22.9 + 1.4i [24] as a reasonable estimate. Please 
note that, due to the high repetition rate, we cannot rule out heat 
accumulation effects of a few Kelvin in the samples that might cause a 
constant background in our measurements. 

As mentioned earlier, the finite slit width in our setup introduces an 
average over 10′ and leads to the effective detection of ΔR/R. This is 
considered by applying a moving average to the theoretical curves 
before fitting. We approximate the variation of the resonance curve by a 
linear combination of the individual derivatives: 

Fig. 7. Overview of the acoustic signals obtained under various angles of 
detection. The black trace corresponds to the signal at the SPR minimum. 

Fig. 8. Extracted amplitudes of the fundamental mode (dark blue) and third 
harmonic (light blue) of the thickness oscillation. Inset: Sketch of the definition 
of the acoustic amplitude (green circle). 
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ΔR
R0

=
ΔR

(
Δϵr,i,Δd

)

R0
≈

ΔR(Δϵr) + ΔR(Δϵi) + ΔR(Δd)
R0

≈
Δϵr⋅dR/dϵr + Δϵi⋅dR/dϵi + Δd⋅dR/dd

R0
(2) 

The error in ΔR/R introduced by regarding the variations as inde
pendent of each other is less than 10-9 in our case and negligible. This 
linear combination is then least-squares-fitted to the experimental data.  
Figure 9 shows the obtained fit as solid red line and the individual 
contributions from variations of the permittivity and thickness as an
notated lines. Please note, that their contribution to the detected signal 
of ΔR/R is shown, not the absolute variations of the three parameters 
nor the derivatives of R with respect to these parameters (as in Fig. 1). 

We achieve the best fit result for the combination Δϵr = + 1⋅10− 5, 
Δϵi = − 3⋅10− 6 and Δd =+0.04 pm, with positive Δd corresponding to an 
expansion of the gold film. This is in agreement with a positive photoe
lastic coefficient ∂ϵr/∂η, i.e., extensional strain in gold leads to an increase 
in the real part of the permittivity, as it is expected by an analysis of the 
Drude-model for energies below the interband transition [20]. Our result 
further indicates that the effect of strain on the real part of the permit
tivity is dominant. This is in agreement with reports on acoustic pulses in 
gold [20] and silver films [49] where only a small variation of the 
imaginary part was found. However, close to the resonance angle, small 
variations of the imaginary part can lead to a substantial contribution to 
the signal of ΔR/R because of the vanishing background reflectance R. We 
also note that the accuracy of our experiment regarding the contribution 
of the imaginary part is limited (see discussion below). The result also 
corroborates, that the variation of the film thickness, although in the 
range of only tens of femtometers, cannot be neglected in the SPR 
detection scheme for planar sample geometries. The contribution of the 
thickness variation cancels a significant part of the contribution of the 
real part of the permittivity and, together with the contribution on the 
imaginary part, causes the asymmetry of the amplitude. 

To check the plausibility of the fit result with regard to the thickness 
variation of the film, we estimate the thermal stress σ=− 3β(B+4/3μ)ΔT 
due to the absorbed pump energy and subsequent temperature 
increase ΔT=(1− R)⋅Q/(Ad)⋅1/C with the linear thermal 
expansion coefficient β=14⋅10− 6 1/K, bulk, B, and shear, μ, moduli 
B+ 4/3μ= 260GPa, reflectance R= 0.94, pulse energy Q = 0.62nJ, 
illuminated area and film thickness A= 7.1⋅10− 10 m2 and d = 45nm and 
heat capacity C= 2.5⋅106 J/(m3 K) [1,50,51]. This yields a change in the 
gold film thickness of Δdest = + 0.3pm. The difference of almost an order 
of magnitude between the experimental value and our theoretical esti
mation is reasonable, when the same estimate is applied to reported 
values of the surface displacement [50,52]. Therefore, the applied es
timate must be regarded as an upper boundary for the maximum film 

expansion. It is also important to note that our determined value refers 
to the fundamental mode only. Because the initial energy is distributed 
to several acoustic modes, as evidenced by the observed frequency 
spectra, the actual thickness change caused by the fundamental mode 
must be below this value. 

When deducing the dynamics of ϵ and d from the signal amplitude 
ΔR/R, a possible nonlinear response of the SPR must be considered. Our 
model assumes the derivative dR/dx with x = ϵr,i, d to be constant within 
the range of induced changes x0 ± Δx. The relative changes of dR/dx in 
the interval ±Δx, with Δx being twice our fit determined values, are less 
than 10− 4. This results in signal deviations of about 10− 9. The sole 
exception of poles at the zero crossings of dR/dx can be as well 
considered negligible here due to the finite angular detection resolution. 

All fits yield results that are narrower than the experimental one. We 
cannot give a conclusive explanation of this finding yet but identified four 
potential causes for this behavior: a) the omitted broadening of the 
plasmon resonance due to the spectral width of our laser pulses, b) a small 
refraction and broadening of the probe spot at the exit of the prism due to 
an imperfect or slightly off-center focus of the beam, c) an influence of the 
sine distribution of strain and therefore Δϵ within the layer in contrast to 
the assumed uniform distribution in our calculations and d) the omitted 
influence of the heating of the film and accompanying possible modifi
cation of the permittivity by the absorbed laser power. 

The angle dependent amplitude of the third harmonic (light blue in 
Fig. 8) shows several peculiarities when compared to the fundamental 
mode. Firstly, the amplitude of the mode exhibits a different zero 
crossing than the fundamental mode (ϑ0,n=1 ≈ + 1′, ϑ0,n=3 ≈ 0′). This 
behavior is already visible in the signal shape of the time domain signals 
in Fig. 7 where the signals in black (0́) and light blue (+1́) exhibit almost 
no contribution of the third harmonic and fundamental mode, respec
tively. Further, the asymmetry regarding the two sides of the resonance 
is smaller for the third harmonic than for the fundamental and the 
relative amplitudes of the two modes show a ratio of 2.5 − 4.5 instead of 
the theoretical expected ratio of 9. We can currently only speculate that 
this is possibly due to the different strain distributions of the two modes. 
While our model assumes a uniform, averaged strain and variation of the 
permittivity over the whole film thickness, the actual distribution fol
lows the respective axial mode profiles. For the third harmonic this leads 
to regions with opposite sign of the strain and therefore to a partial 
cancellation of permittivity variations and reduced overall thickness 
variation of the film. Further, with the exponentially decreasing SP-field 
amplitude in the gold film it seems reasonable to expect a spatialy 
inhomogeneous sensitivity function for variations of the permittivity 
over the film thickness. Since the weighting of the parameters contrib
utes to the asymmetry as well as to the nonzero amplitude at ϑrel = 0, 
this might cause the observed differences. In general, an influence of the 
spatial distribution of the variations can be expected for higher modes. 
We did not further develop the theory behind the detection of higher 
harmonics in the planar SPR-scheme yet, but want to note, that also the 
phase behavior of the third harmonic differs from the fundamental 
mode. Figure 10 shows the extracted phases from the angle dependent 
measurements. Besides a different absolute phase jump at the resonance, 
there seems to be an additional angle dependency of the phase of the 
third harmonic within the two sides of the resonance that is not fully 
explained by fit uncertainties. This emphasizes the need for a more 
detailed theory to fully understand the acousto-plasmonic interaction of 
different acoustic modes in this detection scheme. 

We want to add here an important information regarding the choice 
of film thicknesses in this type of sensing scheme that we unfortunately 
realized very late during our experiments. Although the almost complete 
coupling to the SPR yields a high signal enhancement for the 45 nm film, 
it also causes an ambiguous behavior at the SPR angle for changes in the 
imaginary part and is therefore not well suited to determine the 
contribution of dR/dϵi which in turn adds uncertainty to the ratio of all 
fit parameters. For this particular thickness, slightly different values of 
d and ϵi can lead to a zero crossing and an accompanying sign flip of dR/

Fig. 9. Measured angle dependent acoustic amplitude of the fundamental mode 
of the gold film with 45 nm thickness (blue dots) and fitted linear combination 
of contributions induced by the changes of the gold film’s permittivity and 
thickness (red line). The annotated lines show the contributions of the indi
vidual parameters to the fit. 
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dϵi at the SPR angle (ϑrel = 0). Hence, we recommend a film thickness 
that is a few nanometers off the “optimal” thickness to ensure a well- 
determined sign of (dR/dϵi) and dR/dϵi ∕= 0 at the SPR-angle. 

4. Conclusion 

In conclusion, we have applied a surface plasmon based sensing 
scheme in combination with femtosecond resolved pump-probe mea
surements to the excitation and detection of longitudinal acoustic ei
genmodes in planar gold films. The Kretschmann configuration was 
employed to couple the optical detection pulses to the surface plasmon 
resonances in gold films with thicknesses of 30, 45 and 50 nm. The 
resulting modulation of the time-resolved reflectance by the acoustic 
dynamics reveals higher order modes up to the 7th order (258 GHz) for 
the 45 nm film and lower orders for the other film thicknesses. We find a 
good qualitative agreement between expected signal enhancement fac
tors for the different film thicknesses and experimental observations 
which are at least a factor of 50 above traditional reflection experiments 
based on photoelastic detection in direct reflection. Acoustic mode 
lifetimes are analyzed for the fundamental and third order modes and 
discussed critically regarding a possible disentanglement of intrinsic and 
interface adhesion effects. An analysis of the acousto-plasmonic inter
action in the detection process reveals the importance to include the 
often neglected contribution of film thickness changes in addition to 
contributions stemming from the dielectric function. We find that the 
experimental configuration is sensitive to thickness changes in the deep 
sub-pm regime. Finally, we also discuss some important results 
regarding the choice of an optimal film thickness in this sensing scheme 
and open questions that need to be addressed in the further development 
of this approach. 
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