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Mechanical vibrational resonances in metal nanoparticles are intensively studied because they provide insight into nanoscale 
elasticity and for their potential application to ultrasensitive mass detection. In this paper, we use broadband femtosecond 
pump−probe spectroscopy to study the longitudinal acoustic phonons of arrays of gold nanorods with different aspect ratios, 
fabricated by electron beam lithography with very high size uniformity. We follow in real time the impulsively excited extensional 
oscillations of the nanorods by measuring the transient shift of the localized surface plasmon band. Broadband and high-
sensitivity detection of the time-dependent extinction spectra enables one to develop a model that quantitatively describes the 
periodic variation of the plasmon extinction coefficient starting from the steady-state spectrum with only one additional free 
parameter. This model allows us to retrieve the time-dependent elongation of the nanorods with an ultrahigh sensitivity and to 
measure oscillation amplitudes of just a few picometers and plasmon energy shifts on the order of 10−2 meV.
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T he study of the relaxation mechanisms of optically
excited metal nanoparticles (NPs) on the ultrafast time
scale is of fundamental importance for the under-

standing of their electronic and mechanical properties. In these 
systems, light−matter interaction is dominated by localized 
surface plasmons (LSPs), that is, the collective oscillations of the 
free electrons in the metal, which are responsible for a 
substantial extinction of the incident light by either absorption 
or scattering. Since LSP resonances are extremely sensitive to 
the environment and strongly depend on the NP material, size, 
and shape,1 metal NPs are ideal candidates for biosensing 
applications.2,3 Moreover, metal NPs behave as nanomechanical 
oscillators with extremely high frequencies, in the range of tens 
to hundreds of GHz, and many efforts have been devoted to the 
detection of their vibrational modes, either in the frequency 
domain4 or in the time domain.5−15 On the one hand, these 
vibrations provide access to the elastic properties of the metal at 
the nanoscale and their dependence on the internal structure of

the NP;10 on the other hand, such mechanical nanoresonators 
can be used as ultrasensitive sensors and mass detectors.16−18
Time domain detection of vibrational modes in metal NPs is 
typically performed in a pump−probe configuration. Following 
photoexcitation by a femtosecond pump pulse and ultrafast LSP 
dephasing,19 the conduction-band population of the metal NP is 
excited into a nonthermal electronic distribution which relaxes, 
on the hundred femtosecond time scale,20,21 into a thermalized 
electronic distribution via electron−electron interaction 
(EEI). The hot electron gas equilibrates with the cold lattice on 
the picosecond time scale via electron−phonon interaction 
(EPI), and finally, the lattice cools on the nanosecond time 
scale via energy transfer to the environment, that is, phonon
−phonon interaction (PPI), which brings back
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the metal NP to the thermal equilibrium. If the time scale of 
lattice heating via EPI is much shorter than the characteristic 
period(s) of the NP vibrational mode(s), coherent oscillations 
are impulsively launched in the NP.22 As the NP vibrates, the 
periodic changes in its shape and/or aspect ratio modulate the 
spectral position of the LSP resonance and can be detected by a 
time-delayed probe pulse. Oscillations are characterized by their 
period and damping time, which depend on the bulk properties 
of the material, size, and shape of the NP and its interaction 
with the environment. In particular, the period of the 
oscillations provides information on the geometrical (size and 
shape) properties, the nanocrystallinity, the speed of sound, and 
the Young modulus of the sample;12,23 the damping time can 
be used as a probe of the NP interaction with the environment, 
especially for experiments on isolated metal NPs,13,14 where the 
effect of inhomogeneous broadening is suppressed.
Despite this wealth of information, the accurate character-

ization of the amplitude and wavelength dependence of the NP 
oscillations remains challenging. These parameters are crucial as 
they intrinsically account for the mechanical properties of the 
NP and they directly relate to the LSP peak shift, which is the 
best fingerprint to be used for sensing applications. Clearly, an 
ideal sensor must be able to detect the smallest possible peak 
shift, which corresponds to the highest sensitivity to the 
geometrical (size and shape) changes of the oscillating NP. 
Recently, direct imaging of the time-dependent atomic-scale 
deformation of NPs has been achieved by means of time-
resolved X-ray or electron diffraction,24−26 both of which are 
very demanding techniques and, due to their current sensitivity 
limits, can only probe relatively large amplitude oscillations. In 
this work, we apply broadband femtosecond pump−probe 
spectroscopy to quantitatively study the extensional mechanical 
oscillations of macroscopic arrays of gold nanorods (NRs) with 
different aspect ratios, fabricated by electron beam lithography 
(EBL), and with high size uniformity. We follow in real time 
the mechanical elongation of the NRs by measuring the 
transient shift of the LSP band. Due to the capability of 
broadband and high-sensitivity detection of the time-dependent 
LSP resonance, we are able to develop a simple model that 
accurately describes the transient variation of the LSP 
extinction spectrum starting from its steady-state description, 
with only one additional free parameter. This allows us to 
estimate the time-dependent elongation of the NRs with 
ultrahigh sensitivity and measure oscillations in a truly 
perturbative regime, with amplitudes down to just a few 
picometers.

RESULTS AND DISCUSSION
Linear Absorption Spectra. Eight arrays of gold NRs with 

different lengths were fabricated on glass substrates by EBL (see 
Methods for details). The height and width of the NRs

were kept constant at h ≈ 20 nm and w ≈ 30 nm, respectively,
while their length L was varied from 70 to 200 nm, resulting in
a large tunability of the LSP resonance peak from about 1.9 eV
(for the 70 nm rod) to about 1.1 eV (for the 200 nm rod).
Figure 1 shows scanning electron microscope (SEM) images
for three representative samples. Each array was fabricated over
a quite large area of 1 mm2. The excellent uniformity of size and
shape of the NRs and their perfect alignment minimize
inhomogeneous broadening effects and allow for their far-field
characterization without the use of more demanding single-
particle spectroscopies.13−15

Figure 2a shows as solid lines the measured extinction
spectra of the eight arrays, with light linearly polarized parallel

to the long NR axis, which shows the expected red shift of the
LSP resonance with increasing length. A good fit to the
extinction of a NR ensemble in the dipole approximation can
be obtained by the Gans theory, which is an extension of Mie
theory to prolate and oblate spheroidal NPs.27,28 In this
framework, the extinction coefficient for an ensemble of
isolated (i.e., noninteracting) NRs can be expressed as
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where ℏω is the photon energy, ϵm is the average dielectric
constant of the surrounding medium, ϵ1(ω) and ϵ2(ω) are the
real and imaginary parts of the gold dielectric constant, and c1,

Figure 1. SEM images of three different arrays of gold NRs with lengths of (a) 70 nm, (b) 150 nm, and (c) 200 nm.

Figure 2. (a) Measured (solid line) and fitted (symbols) extinction
factor γ for the eight arrays of gold NRs, with lengths ranging from
70 to 200 nm. The fit is performed according to the Gans theory
for isolated NRs (ref 28), as described in the text. (b) Theoretical
(solid line, assuming oblate spheroids) and fitted (symbols)
depolarization factor along the main axis of the gold NRs as a
function of the rod length. (c) Experimental (solid line) imaginary
part of the dielectric constant of gold from ref 29 and additional
broadening (symbols) obtained from the fitting described in the
text (eq 1).



c2, and c3 are fitting parameters, which are constant for a given 
NR geometry. Since we are dealing with aligned NRs excited 
with light polarized along the longitudinal axis, eq 1 has been 
simplified accordingly (i.e., neglecting extinction of light 
polarized along the transverse direction) with respect to ref 
28. The results of the fit, reported in Figure 2a as triangles, are
in excellent agreement with the experimental extinction spectra.
In particular, we used ϵm = 1.56 as the average dielectric 
constant of the surrounding medium (air and glass), while
ϵ1(ω) and ϵ2(ω) were taken from the experimental values of ref 
29. Concerning the fitting parameters, c1 is a scale factor,
accounting for the overall illumination and detection
efficiencies, and for the number of particles within the focal 
volume, c2 is a function of the depolarization factor for the 
longitudinal LSP resonance defined according to ref 28 (for 
simplicity, in the following, we will refer to c2 directly as the 
depolarization factor), and c3 is an additional broadening term. 
Let us now focus our attention on the latter two terms. The 
depolarization factor c2 depends on the geometrical parameters 
of the NR and determines the peak position of the LSP
resonance. Within the dipolar approximation, c2 can be easily 
calculated analytically only for prolate or oblate spheroids in a 
homogeneous environment. Since these geometrical shapes and 
conditions do not accurately describe our samples, we chose to 
keep c2 as a fitting parameter, thus providing a geometrical 
degree of freedom to match the theory with the experiments. 
Figure 2b compares the c2 values extracted from our fit with the 
theoretical values calculated for an ideal prolate spheroid, 
according to ref 28. The behavior of the two parameters is 
qualitatively the same, with most of the deviations occurring, as 
expected, for the longer NRs (i.e., lower resonant energies), for 
which the geometrical difference with respect to a spheroid 
becomes more pronounced. Finally, c3 is an additional 
broadening term that accounts for radiative damping and 
uncertainties in the experimental dielectric constant, together 
with possible residual inhomogeneous broadening. Figure 2c 
compares the values of c3 extracted from the fits with the 
imaginary part ϵ2 of the gold dielectric constant from ref 29. The 
largest contribution is observed for longer NRs and can be 
tentatively attributed to the larger radiative damping for more

elongated particles. In summary, the simple analytical model 
expressed by eq 1 enables an excellent fit of the extinction 
spectra of all NR samples, and it will be used in the following to 
describe their transient variations due to the impulsively excited 
mechanical vibrations.

Pump−Probe on Gold NRs and Mechanical Simu-
lations. We performed ultrafast pump−probe experiments on 
all eight arrays of gold NRs, which were excited at 1.6 eV by a 
100 fs pulse and probed over a broad spectral range in the 
visible and near-IR by a white-light continuum (WLC; see 
Methods for details of the experimental setup). Pump and 
probe polarizations were parallel and aligned with the long axis 
of the NRs. For each sample, we recorded a two-dimensional 
(2D) map of the differential transmission (ΔT/T) as a function 
of the probe photon energy and the pump−probe delay. In this 
study, we are not interested in the energy relaxation processes 
due to EEI, EPI, and PPI, so we subtract from the ΔT/T data 
the dynamics that reflect these processes (corresponding to 
exponential decays) until we are left with the oscillatory signals 
associated with the impulsively excited mechanical vibrations of 
the NRs. In pump−probe spectroscopy, optical signatures of 
the mechanical oscillations are observed only for those modes 
that significantly modify the aspect ratio of the NRs and thus 
shift their LSP resonance. There are mainly two families of 
vibrational modes that induce variations of the aspect ratio: the 
radial breathing modes and the longitudinal (i.e., extensional) 
modes, both of which can be analytically modeled for NRs in 
vacuum under the assumption that the NR length largely 
exceeds the radius.23 Figure 3a shows a ΔT/T time trace for the 
L = 70 nm NR, recorded at 1.8 eV probe photon energy. We 
clearly recognize a coherent oscillation, which based on the 
simulations described below we assign to the extensional mode 
of the NRs, with a damped amplitude due to energy transfer 
from the lattice to the environment. The oscillation period 
increases for increasing rod length, as demonstrated in Figure 
3b,c, reporting results for NR ensembles with L = 150 nm and L 
= 200 nm, respectively. The oscillation period of these 
extensional modes as a function of the NR length is shown in 
Figure 3e.

Figure 3. ΔT/T dynamics for three NRs with different length, L: (a) L = 70 nm, recorded at 1.8 eV probe photon energy; (b) L = 150 nm,
recorded at 1.3 eV probe photon energy; (c) L = 200 nm, recorded at 1.05 eV probe photon energy. Quality factor (d) and period (e) of the
extensional coherent oscillations as a function of the NR length together with numerical simulations and sketch of two possible vibrational
modes.



In order to gain further insights into the nature of the 
mechanical oscillations of the gold NRs, we performed an 
eigenvalue analysis with the COMSOL Multiphysics software 
(see Methods for details) for five possible oscillation geo-
metries given the boundary conditions of our experiment (i.e., 
constraints at the gold/glass substrate). Among these, only two 
could correctly reproduce the experimentally observed depend-
ence of the oscillation period on the NRs length, with a 
maximum discrepancy of less than 20%, in correspondence to 
the longest (200 nm) NR. This error is likely due to a slightly 
different geometry of the simulated NRs (edge shape) with 
respect to the real ones. Although all five different modes 
obtained by eigenvalue analysis have a similar oscillation period, 
the choice of the selected mechanical oscillations was possible 
due to the experimental availability of a large range of NR 
aspect ratios. In fact, given a single NR geometry, the choice 
among different possible vibrational modes simply based on the 
values of the oscillation period obtained from FE simulations 
could be misleading, while tracing the period VS nanorod 
length dependence allows a straightforward assignment (see 
Supporting Information for details). It is worthy to note that 
although both the selected simulated oscillations might 
contribute to the observed signal, one of them (green circles 
in Figure 3e) seems to have a stronger influence on the NR 
aspect ratio, and thus we expect it to affect the LSP peak shift 
more significantly.30
We also observe that the quality factor of the extensional 

mode, defined as π(τperiod/τdamping) (Figure 3d), increases with 
the NR length. Such a relationship might also be influenced by 
the presence of a significant interfacial dissipation31 between 
the NR and the substrate and is qualitatively similar to that 
found for a III−V nanopillar integrated with a silicon photonic 
crystal cavity.32

Modeling of the Differential Transmission Spectra. 
While a time trace at a single probe photon energy, as shown in 
Figure 3, is sufficient to extract the period and damping time of 
the extensional coherent oscillations of the NRs, the availability 
of broadband ΔT/T maps across the LSP resonance is of

crucial importance to enable accurate modeling of the 
amplitude of the nanomechanical oscillations. Figure 4 shows 
the 2D maps of the oscillatory component of the ΔT/T signal 
for two set of NRs with lengths of L = 70 nm (panel a) and L = 
150 nm (panel c). For these two samples, the WLC spectrum 
covers the entire LSP bandwidth. This oscillatory pattern is 
consistent with a periodic red and blue shift of the NR 
extinction spectrum, with a minimum at the peak of the LSP 
resonance and a π phase shift between oscillations on the two 
sides of the LSP peak. We fit the ΔT/T transient spectra, as a 
function of the probe photon energy ℏω and pump−probe 
delay τ, as
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where T(ω) = 1 − γ(ω, c1, c2, c3) is the unperturbed 
transmission, obtained from the fit of the linear extinction 
coefficient by eq 1. T*(ω, τ) is the transmission of the NRs 
perturbed by the pump pulse, which we write as
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where c1 and c3 are fixed to the values extracted from the fit of
the linear extinction coefficient and only c2 is varied. We are 
thus able to precisely reproduce our experimental data (Figure
4b,d) by using only one time-dependent f itting parameter Δc2(τ), 
which describes the variations of the aspect ratio of the NR, and 
thus of the depolarization factor of the LSP resonance. This 
model clarifies the physical origin of the optical signatures 
observed for the nanomechanical oscillations, which are 
coupled to the ΔT/T signal due to the strong dependence of 
the LSP resonance peak position on the NR aspect ratio.28 An 
increase (reduction) of the NR length, as in an extensional 
mode, leads to a red (blue) shift of the LSP resonance. This 
observation clearly has its counterpart in the frequency domain. 
Figure 5 shows the probe photon energy dependence of the 
Fourier transform, in amplitude and phase, of the extensional 
coherent oscillations for the two NRs under investigation. For

Figure 4. (a,c) Two-dimensional ΔT/T maps of the coherent oscillations as a function of probe photon energy and pump−probe delay in two 
arrays of gold NRs with lengths of 70 and 150 nm, respectively. (b,d) Fits obtained according to the model described in the text. The dotted 
lines correspond to the LSPs extinction peak (from Figure 2).
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very small energy shifts, the oscillation amplitude in the 
frequency domain clearly corresponds to the first derivative of 
the extinction spectrum, that is, of the LSP resonance. In fact, as 
previously discussed, the oscillations have zero amplitude, 
corresponding to the LSP peak and two maxima on the red and 
blue side (at lower and higher frequencies). Moreover, the 
oscillations at higher and lower frequencies with respect to the 
LSP peak have opposite phase. All of these features are well 
described by our model (solid line in Figure 5). It is interesting 
to compare the frequency dependence of the amplitude of the 
Fourier transform for the different NR lengths: we observe that 
it is symmetric around the LSP resonance for the 150 nm NR 
(panel a), while it is strongly asymmetric for the 70 nm NR 
(panel b), as accurately reproduced by our model. We attribute 
the asymmetry observed in the case of the 70 nm NR to the 
proximity of the LSP resonance to the interband transitions of 
gold (at ≈2.3 eV), which act as an additional broadening term 
that is naturally included in the imaginary part of the dielectric
constant ϵ2(ω).29
Ultrasensitive Characterization of Mechanical Oscil-

lations and Energy Shift. We now exploit the results of the 
fitting procedure to quantitatively characterize the amplitude of 
the mechanical oscillations of the gold NRs. From the fittings, 
we obtain the time-dependent variation of the depolarization 
factor Δc2(τ), which oscillates with the same period and

damping time of the extensional mode of the NR under 
investigation. Since the depolarization factor c2(L) is a function 
of the rod length (as shown in Figure 2b), the elongation of the 
NR can be expressed, to the first order, as
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where dc2/dL is calculated as the derivative of the interpolated 
values of c2 as a function of the NR length L (Figure 2b). The 
time-dependent NR elongations for our experimental data are 
shown in Figure 6a,b; we obtain a maximum elongation ΔLmax ≅ 
3 (5) pm for the 70 (150) nm NR, thus indicating ultrahigh 
sensitivity, in the range of a few picometers, in the detection of 
the mechanical deformations of the NR under investigation. 
Besides the variation of the depolarization factor, from the fits, 
we can also extract the temporal evolution of the energy shift for 
the LSP resonance by simply tracking the spectral position of 
the minimum (maximum) in the perturbed transmission T* 
(extinction factor γ*). The normalized energy shift ΔE/E of the 
LSP peak as a function of time is also shown in Figure 6a,b and 
amounts to a few tens of microelectronvolts. To further support 
the validity of our analysis and fitting procedure, we compare the 
relative energy shift ΔE/ΔL obtained from the fitting of the 
ΔT/T data with that obtained by electromagnetic numerical 
simulations with the finite-difference time domain (FDTD) 
method. In the simulations, we vary the aspect ratio of each NR 
while keeping its volume constant and calculate the energy shift 
of the longitudinal localized plasmon resonance as a function of 
the NR elongation. From the FTDT simulations, we extract (i) 
ΔE/ΔL = 12 meV/nm versus ΔE/ΔL = 15 meV/nm (from 
pump−probe) for the 70 nm NR and (ii) ΔE/ΔL = 7 meV/nm 
versus ΔE/ΔL = 5 meV/nm (from pump−probe) for the 150 
nm NR. This very good agreement between experimental results 
(from pump−probe) and numerical simulations further 
supports the validity of our model and confirms our ability to 
detect NR elongations of the order of a few picometers.
Given the fluencies employed during the experiments 

(between 100 and 300 μJ/cm2) and the simulated absorption 
cross sections of the nanoparticles (on the order of 103 to 104

nm2 for different NR lengths), application of the two-
temperature model predicts an increase in the lattice temper-
ature between 5 and 50 K (see Supporting Information for

Figure 5. Fourier transform (amplitude and phase) of the
extensional coherent oscillations as a function of the probe photon
energy for the 150 and 70 nm gold NR arrays. Triangles,
experimental data; solid lines, fits according to the model described
in the text; dashed lines, extinction coefficient of the NRs.

Figure 6. Normalized time-dependent variations ΔL/L of the NR length and peak energy shift ΔE/E normalized to the peak of the LSP
resonance for the (a) 70 nm and (b) 150 nm sets of gold NRs together with the numerical simulations of the field enhancement at the LSP
resonance from FDTD.

http://pubs.acs.org/doi/suppl/10.1021/acsnano.5b06904/suppl_file/nn5b06904_si_001.pdf


details). The almost instantaneous thermal expansion that 
follows the optical absorption transfers its energy to both 
coherent and uncoherent oscillations of the NR. Since many 
oscillation modes can be excited in the nanoparticle, some of 
which are predicted to give a negligible differential signal in the 
pump−probe experiment, a quantitative analysis similar to the 
one previously performed for nanospheres in a uniform 
environment33 is not possible in the present study. However, a 
simplistic approach based on the use of the linear thermal 
expansion coefficient for a free-standing Au bar (see Supporting 
Information for details), together with the experimentally 
retrieved elongations, provides temperature variations associ-
ated with the longitudinal oscillation on the order of 3 K, which 
is compatible with the values reported above from the two-
temperature model.
We believe that the extreme sensitivity of our approach is 

intrinsic to the method used for the detection of the coherent 
oscillations which measures, as discussed previously, the first 
derivative of the absorption spectrum. The ultimate sensitivity of 
our method is limited only by the signal-to-noise level, which 
corresponds, in our setup, to a minimum observable energy shift 
of ≈3 μeV and a minimum observable NR elongation of ΔL ≈ 
0.25 pm. This also allows us to work with an absorbed energy 
per NR that is at least 2 orders of magnitude smaller with 
respect to the values used for recent time-resolved X-ray 
diffraction experiments.24,25

CONCLUSIONS
In this paper, we have quantitatively studied in the time domain 
the extensional modes in eight different arrays of gold NRs of 
different lengths, ranging from 70 to 200 nm, by means of 
ultrafast pump−probe spectroscopy supported by FDTD and 
eigenvalue analysis simulations. The use of a broadband WLC 
probe spanning the visible and near-IR energy ranges allowed 
access to the ultrafast changes of the LSP resonance. We 
introduce a model that extracts from these tiny optical changes 
the mechanical deformations of the gold NRs without recurring 
to the more complex time-resolved X-ray (electron) diffraction 
spectroscopy. We thus obtain a quantitative evaluation of the 
longitudinal elongation for the different NRs in a real 
perturbative regime, namely, for absorbed energies at least 2 
orders of magnitude smaller with respect to previous X-ray 
experiments. In these conditions, we observe a maximum 
elongation of 3 (5) pm for the 70 (150) nm NRs and a 
sensitivity on the LSP peak shift of 10−5 eV, in good agreement 
with FDTD simulations. Our work demonstrates a new simple 
approach for the characterization of mechanical vibrations on a 
sub-nanometer scale to be applied in all optically controlled 
nanoscale devices, such as ultrasensitive sensors and resonators.

METHODS
Pump−Probe Spectroscopy. The experimental setup used for the 

pump−probe studies has been described elsewhere.34 It is based on a 
regeneratively amplified Ti:sapphire laser (Coherent, Libra) producing 
100 fs, 4 mJ pulses at 1.6 eV photon energy and 1 kHz repetition rate. A 
portion of this beam was used as the pump pulse. Another fraction of 
the pulse was focused in a 2 mm thick sapphire plate to generate a 
broadband single-filament WLC, extending both in the visible and near-
IR, that acted as a probe after passing through a delay line. The WLC 
extended from 1.2 to 1.55 eV and then from 1.65 to 2.8 eV, with a hole 
at 1.6 eV corresponding to the fundamental laser frequency. The WLC 
was overlapped with the pump beam on the sample. The transmitted 
probe light was dispersed on an optical multichannel analyzer equipped 
with fast electronics, allowing single-

shot recording of the probe spectrum at the full 1 kHz repetition rate of 
the laser. By changing the pump−probe delay, we recorded 2D maps of 
the differential transmission (ΔT/T) signal as a function of probe 
wavelength and delay. Our setup achieved, for each probe wavelength, 
sensitivity down to ≈10−5. Temporal resolution (taken as full width at 
half-maximum of pump−probe cross-correlation) was ≈180 fs over the 
entire probe spectrum. The pump fluence used in these experiments 
was ≈0.1−0.3 mJ/cm2.

Sample Preparation. Arrays of gold NRs were nanofabricated on a 
microscope glass slide by a step of electron beam lithography at 100 
keV followed by a lift-off of a 20 nm thick layer of gold grown in an 
electron beam evaporator. The eight different NR arrays differed only 
by the length, while the height and cross-sectional diameter were kept 
constant. In particular, the height was ≈20 nm, and the diameter was 
≈30 nm. A thin Ge layer (<1 nm) was grown before the deposition of 
gold in order to reduce its roughness, as previously reported for silver 
films.35 The thin Ge layer also improved the adhesion of gold on glass, 
allowing for an easy lift-off and drastically limiting the damping of the 
plasmonic resonances as compared with conventional Ti or Cr 
adhesion layers.36 A MMA−PMMA resist bilayer was used to obtain an 
undercut profile that simplifies the lift-off of gold and improves the 
uniformity of the sample due to the higher sensitivity of the MMA resist 
to electron exposure.

Numerical Simulations. Full vectorial three-dimensional simu-
lations of the electromagnetic response of the NRs were performed 
with the FDTD method.37 The geometry of the NRs, inferred from 
high-resolution SEM images, was systematically varied in steps of 1 nm 
while keeping the volume approximately constant, in order to 
accurately measure the resonance shift in the small perturbation 
regime. In order to ensure the validity of the results, convergence tests 
for a mesh size down to about 0.3 nm were performed.

In order to identify the vibrational modes corresponding to the 
experimental oscillation periods, we performed eigenvalue analysis with 
COMSOL Multiphysics Solver, using the Structural Mechanics module. 
This is a commercial software implementing the finite elements 
method. The simulated cell included a NR with a thin Ge layer onto a 
glass substrate, which was meshed with triangular elements, whose size 
was chosen after a convergence analysis. In order to reduce the 
computational effort, the thickness of simulated glass substrate was 
taken to be equal to 1.5 μm, as higher thickness did not cause 
significant differences in the results. With reference to materials 
physical and mechanical properties, the following values were 
considered: for gold, Young modulus EAu = 78 GPa,38 Poisson ratio νAu 
= 0.44,39 mass density ρAu = 19 320 kg/m3;40 for germanium, EGe= 103 
GPa,41 Poisson ratio νGe = 0.26,42 mass density ρGe = 5323 kg/m3; for 
glass, Eglass= 70 GPa, Poisson ratio νglass = 0.24, mass density ρglass = 
2600 kg/m3. The strain energy associated with the considered 
vibrational mode was estimated by scaling the value obtained from the
numerical analysis by a factor (εmax,exp/εmax,num)2, where εmax,exp is the 
maximum experimentally detected strain in the longitudinal direction
and εmax,num is the maximum strain obtained from simulations.
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