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ABSTRACT

The plasmonic and vibrational properties of single gold nanodisks patterned on a sapphire substrate
are investigated via spatial modulation and pump-probe optical spectroscopies. The features of the
measured extinction spectra and time-resolved signals are highly sensitive to minute deviations of the
nanodisk morphology from a perfectly cylindrical one. An elliptical nanodisk section, as compared to a
circular one, lifts the degeneracy of the two nanodisk in-plane dipolar surface plasmon resonances,
which can be selectively excited by controlling the polarization of the incident light. This splitting effect,
whose amplitude increases with nanodisk ellipticity, correlates with the detection of additional
vibrational modes in the context of time-resolved spectroscopy. Analysis of the measurements is
performed through the combination of optical and acoustic numerical models. This allows us first to
estimate the dimensions of the investigated nanodisks from their plasmonic response, and then to
compare the measured and computed frequencies of their detectable vibrational modes, which are
found in excellent agreement. This study demonstrates that single-particle optical spectroscopies are
able to provide access to fine morphological characteristics, representing in this case a valuable
alternative to traditional techniques aimed at post-fabrication inspection of subwavelength

nanodevice morphology.
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Nano-objects display unique physical properties (e.g. optical, vibrational, electronic, magnetic
and thermal ones) that are intimately related to their composition, structure, morphology and
environment.'® Unveiling the correlation between the morphological and physical properties of nano-
objects would on the one hand boost the engineering of nano-objects with tailored properties and on
the other hand promote metrology protocols for their characterization, alternative to high-resolution
imaging techniques such as electron and atomic force microscopies. For instance, measuring the
period of the breathing vibrational modes of spherical nanoparticles using time-resolved spectroscopy
allows the precise determination of their diameter, exploiting the proportionality between these two
guantities predicted by continuum mechanics and experimentally shown to be preserved down to 1
nm nanoparticle sizes.®*3 Ultrafast optical methods have recently emerged as competitive techniques
for devices nanometrological inspection.*!> Nevertheless, the focus has mainly been on retrieving the

16-18

thermal and mechanical properties of metallic nanometric sized films, overlayers?® and periodic

nanostructures.?>%!

In this context, the development of optical spectroscopy approaches capable to investigate the
plasmonic and vibrational responses of individual metal nano-objects has been a major breakthrough,
as they avoid spurious averaging and inhomogeneous broadening effects resulting from dispersions of
nano-object morphology, environment and orientation in ensemble of nanostructures. Several
techniques have been developed to measure the scattering, absorption and extinction (sum of the two
former processes) spectra of single nano-objects, as for instance dark-field, photothermal and spatial
modulation spectroscopies.??"?° Investigation of the vibrational modes of single nano-objects has been

830-33 and, more recently, inelastic light scattering.343°

demonstrated using time-resolved spectroscopy
Noticeably, the use of such single-particle approaches allows to shed light onto processes which can
hardly be investigated in ensemble measurements, such as the polarization dependence of the optical

properties of nano-objects, sensitive to their shape and orientation3¢3°

and the quality factors of their
plasmonic and vibrational modes.2#%%¢ Quantitative polarization-resolved extinction measurements
using spatial modulation spectroscopy enable optical characterization of the dimensions and
orientation of simple nano-objects (nanorods and nanospheres) placed in a known environment and,
vice versa, to measure the refractive index of the local environment if the morphology of the nano-

object has been previously determined.2%3%-4147

The present work exploits the assets of single-particle studies to address the impact that slight
deviations of a nano-object morphology from an ideal one (here, a perfect cylinder) have on its
plasmonic and vibrational responses. The technological drive underlying this research stands in the
quest for a fast and non-destructive nanometrology tool for nano-object morphology post-fabrication

inspection. The morphology of sub-100 nm size nanostructures defined by electron beam lithography



(EBL) — such as those considered here — often displays deviations from the targeted shape, due to
the standard =5-10 nm resolution limit achievable in practice with this technique.®® Additionally,
systematic errors may also affect the positioning, size and intensity of the electron beam scanned
across the sample surface.* Characterization of the fabricated nano-objects is routinely performed by
scanning/transmission electron or atomic force microscopies (SEM/TEM or AFM). However, both these
techniques have limitations. Specifically, although AFM grants an excellent vertical resolution, it
displays two main drawbacks: a relatively poor lateral resolution and high acquisition times, due to tip
convolution effects and scanning. TEM vyields very high resolution but can only be applied to thin
samples. This limitation does not apply to SEM imaging, whose resolution is however lower than the
TEM one and severely affected by sample charging issues when SEM is applied to nano-objects on
insulating substrates. Developing fast and sensitive optics-based methods capable of detecting
deviations from sought shapes of nano-objects supported on thick and/or dielectric substrates
constitutes therefore a relevant technological challenge. Here, we show that far-field optical methods
are especially relevant to the case of highly symmetric nano-objects such as cylinders, which present
a rotational invariance about their axis. In particular, we demonstrate that a minute deviation of the
nano-object section from a circular one has clear signatures in both its plasmonic and vibrational

responses.

The present study combines scanning electron microscopy (SEM) imaging and linear and time-
resolved optical experiments on individual gold nanodisks (NDs) lithographically defined by EBL on a
thick (480 um thickness) sapphire substrate. Optical investigations were performed using experimental
methods similar to those used in our recent study of the vibrational quality factors of circular NDs.*
Namely, the extinction spectra of individual NDs were quantitatively measured using spatial

),24%8 a far-field optical technique involving the modulation of the

modulation spectroscopy (SMS
position of a single nanoparticle placed in the focal plane of a tightly focused laser beam (Fig. 1a).
Additionally, the ND ultrafast dynamics was monitored using single-particle femtosecond pump-probe
spectroscopy.>® This approach is based on the illumination of the investigated nanoparticle with two
spatially overlapping, tightly focused and time-delayed femtosecond light pulses, referred to as pump
and probe (Fig. 1b). It provides access to the frequencies and quality factors of the detected ND
vibrational modes 3#334246 These optical measurements were performed on a set of individual NDs
with the same nominal dimensions (D=70 nm diameter and h=20 nm thickness, these dimensions
being chosen because circular NDs of this size present a simple ultrafast response dominated by a
single vibrational mode**), nanopatterned with a single fabrication session including EBL, Au thermal

evaporation and lift-off. The fabrication process yields to unavoidable dispersion of ND size and

morphology at the nanometer scale; optical investigations allow us to demonstrate that minute



deviations from a circular ND cross-section have marked and correlated signatures in the plasmonic

and vibrational responses of the nano-object.

Combined SEM and optical spectroscopy investigations were performed on seven NDs. Fig. 2
reports the results obtained for the two investigated NDs displaying (in view of their optical response,
see below) minimal and maximal deviations from a perfectly circular shape, referred to as ND A and
ND B, respectively. The SEM images of these two NDs are shown in Fig. 2a,c. The two images were
acquired by setting machine parameters typically yielding a lateral resolution of few nanometers.
However, due to the insulating character of the sapphire substrate, the electrons from the scanned
beam are prevented from leaving the ND, instead accumulating on its surface. This charging of the
sample eventually induces spurious effects in the generation of the secondary electrons, whose
detection is at the core of SEM image generation. This process dramatically degrades lateral resolution,
which can exceed 15 nm, thus preventing precise characterization of the section of a nominally =70
nm wide ND. In particular, no clear deviation from a circular shape can be detected on the SEM
micrographs shown in Fig. 2a,c, radial profiles extracted from them (Fig. 2b,d) showing similar widths

(=70 nm FWHM) in all cases.

The dependence of the extinction cross-section Gex: of the NDs on light polarization and
wavelength, measured using SMS, is presented in Fig. 2e-h. Investigations of Gex polarization
dependence were performed by measuring its value as a function of the angle 6 between a fixed
direction in the plane of the sample and incident light polarization direction at a A=700 nm wavelength
(polar plots in Fig. 2e,g). The polarization-independent extinction observed for ND A (Fig. 2e) is
consistent with a circular section for this ND. In contrast, ND B extinction shows sinusoidal variations
of large amplitude with 0, resulting in a highly elongated polar plot in Fig. 2g. This result clearly

indicates that ND B does not have a perfectly circular section.

Fig.2f,h shows the extinction spectra of ND A and ND B, measured for the two polarization
directions yielding minimal/maximal extinction at A=700 nm. All spectra present resonances with
Lorentzian shapes when plotted in the energy domain (Lorentzian fits are shown as lines in Fig.2f,h),
ascribed to the two in-plane dipolar surface plasmon resonances (SPRs) of the individual NDs. The
extinction spectrum of ND A is found to be approximately the same for both polarizations considered
(with central SPR positions A;=A,=640 nm). The polarization independence of ND A optical response
over a large spectral range confirms its circular section (note that this observation is not in itself an
absolute proof of the circular character of ND A section, as non-circular sections characterized by
discrete rotational symmetries, such as nanotriangles and nanocubes, may also yield a polarization-

independent response;>'>2 however, such morphologies are not expected to arise from the fabrication



process). In contrast, the two resonances measured for ND B are spectrally shifted, with central

positions A;=660 nm and A,=690 nm, corresponding to a relative shift (A-A1)/A1=5%.

The vibrational dynamics of NDs A and B measured by pump-probe spectroscopy are shown in
Fig. 2i-l. In these panels, the oscillating parts of the bare time-resolved signals, obtained upon
subtraction of ND internal thermalization and cooling contributions,** are plotted (black dotted lines).
For ND A, the deduced oscillating signal is well fitted by a single damped sinusoid of frequency f1=23.3
GHz and quality factor Qi=14 (with quality factor Q defined as Q=nft, where T is the damping time
constant). Conversely, the signal obtained for ND B displays a marked beating pattern, which can be
reproduced by summing two damped sinusoids of close frequencies (f;=19.2 GHz and f,=22.6 GHz) and
quality factors (Qu=21 and Q,=16). These findings are confirmed by Fourier analysis of the measured

signals, showing one and two peaks for ND A and ND B, respectively (Fig.2j,1).

The observations summarized in Fig. 2 demonstrate that the morphological, plasmonic and
vibrational properties of NDs are highly correlated. Indeed, circular NDs (such as ND A) display two
degenerate dipolar SPRs and lead to the detection of a single vibrational mode, while deviation from
a circular section (as in ND B case) lifts the SPR resonance degeneracy and leads to the detection of a
supplementary vibrational mode. Summaries of plasmonic and vibrational quantities measured for the
entire set of investigated individual NDs are shown in Fig. 3a (black squares) and Fig. 4f (orange squares
and green circles), respectively. Fig. 3a provides an overview of their SPR central wavelengths A; and
A2. They span the 630-700 nm range, while relative resonance shifts (A,-A1)/\1 range between <0.5 %
(for ND A) and 5% (for ND B). The extinction spectrum of a third ND (labeled ND C) for which (A2-A1)/A1
=1.4% (i.e., much smaller than in ND B case) is shown in Fig. 3b. Interestingly, maximal extinction at
700 nm wavelength was obtained for 6=60° light polarization angle (as in ND B case, Fig.2j and 3b) for
all investigated NDs. This allows one to ascribe ND elliptical cross-sections to a systematic fabrication
effect, likely a drift of parameters of the electron beam (e.g. astigmatism) during exposure, leading to
a slight elongation of the NDs along a constant direction. The monomodal or bimodal character of the
oscillating part of time-resolved signals well correlates with the relative SPR shifts (A2-A1)/A1. Indeed,
a single vibrational mode with =20 GHz frequency was detected for the two NDs with the lowest
relative shifts, i.e. with almost circular sections (NDs A and C), while a beating pattern, arising from

comparable responses of two distinct modes, was detected for all other NDs (Fig. 4f).

The detailed analysis of the experiments illustrated in Fig. 2 was accomplished in two steps.
First, the extinction spectra measured on each investigated ND were compared to the results of finite-
element modeling (FEM) optical calculations, in order to estimate the ND size and ellipticity. In a

second step, an acoustic FEM model was used to compute the vibrational spectra of NDs in the context



of a pump-probe experiment. This clarified the effect of an elliptical section and allowed a direct
comparison of the measured vibrational frequencies with simulated ones, using ND dimensions

deduced from the initial optical analyses.

FEM simulations of ND plasmonic response (using the RF module of the COMSOL Multiphysics
commercial software) were performed by modeling gold NDs as elliptic cylinders characterized by
three size parameters: their height h, and the minor and major axis (diameters) of their elliptical cross-
section D; and D,. Their inhomogeneous environment resulting from the fact that they are supported
on a sapphire substrate was explicitly included in the model, refractive indexes of 1.76 and 1 being
used for the sapphire substrate and the above medium, respectively. Note that using the refractive
index of air for the above local medium is expected to be reliable here only because lithographed
objects are considered. In contrast, using a higher value (which can reach 1.3) was necessary to
reproduce the extinction spectra of chemically synthesized nano-objects, presumably because of the
presence of surfactants and/or residual solvent around them?®3%47). Gold dielectric function € was
modeled based on Johnson and Christy tables of bulk gold dielectric function €/¢.>* Specifically, the
expression £(m)=¢'“(w)+wp?/(0(w+iYo))-0x*/(®(w+iy)) was used, which corresponds to describing the
dielectric response of gold conduction electrons by a Drude term? involving the bulk gold plasma
frequency wp (Awe = 9.01 eV) and an optical scattering rate 'y of the conduction electrons larger than
that of bulk gold (fyo= 50 meV).** We found that using Ay= AY,+100 meV was necessary to reproduce
experimental SPR widths. This increase of hyas compared to its bulk value cannot be ascribed
exclusively to quantum confinement effects, which are expected to only induce =20 meV broadening
for the ND sizes used.*®*%5> |t likely originates from crystalline defects in the investigated nano-objects
(the fabricated metal NDs being disordered agglomerates of crystal grains rather than perfect single
crystals due to the thermal evaporation process), which are known to broaden SPRs.>® ND illumination
by a linearly polarized plane wave was considered. Calculations were performed for incident light
polarization aligned along the major and minor axis of the ND elliptical section. Absorption and
scattering cross-sections were deduced from the computed electric field and summed to yield the

extinction one.

FEM optical simulations were first performed for NDs with various h (20 nm, full circles in Fig.
3a and 25 nm, hollow circles), D; (70, 75, 80, 85 and 90 nm) and D,/D; (1, 1.05, 1.1 and 1.15) values
(with ~ry=hyo+100 meV). These simulations yield SPRs with A; and A, positions in the 600-730 nm range,
encompassing the 630-700 nm experimental one (Fig. 3a). This analysis shows that in the investigated
size range A1 is mainly determined by Di/h, while the A,/A; ratio is primarily determined by D,/D;,
regardless of the h value (as demonstrated by the alignment of the SPR positions computed for a given

D,/D; value in Fig. 3a). Comparison with the experimental results thus suggests that D,/D; ranges
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between 1 and 1.15 for the investigated NDs. Further optical simulations of ND extinction cross-
sections were performed with the scope of analyzing the quantitative spectra measured on each
investigated ND (Fig. 3b). The ND size parameters (h, D1 and D) used in the modeling were tuned so
as to optimally reproduce the positions and areas of experimental resonances obtained for each ND.
The outcome is illustrated in Fig. 3b for the cases of two specific NDs (ND B and ND C), showing the
good match between the experimental extinction spectra and the simulated ones. The values
determined for h and D; (h=21.3 nm, D1=79.9 nm for ND B, h=23.7 nm, D;=78.3 nm for ND C) are close
for the two NDs, the D; value being about 10% larger than the nominal 70 nm one. D,/D; values of 1.04
and 1.14 are found for ND C and ND B, respectively. In view of this analysis, the combination of SMS
with numerical modeling appears as a powerful tool for detecting and quantifying the elongation of a
subwavelength nano-object. Moreover this approach is sensitive and able to detect minute ellipticities
(e.g. a 4% difference between D; and Dy, corresponding to a detectable 1.5 % shift between A; and A,

as shown in Fig. 3b for ND C).

Acoustic FEM simulations based on the Structural Mechanics module of COMSOL were
performed by extending the model that we previously used for NDs with a circular cross-section* to
the case of elliptic cylinders. The key ingredients of the model remain the same, vibrational spectra
being obtained by computing the average elastic energy stored in a ND as a function of the frequency
of a periodical excitation corresponding to a homogeneously excited ND. A perfectly matched layer
was used at the border of the simulation domain to avoid spurious acoustic reflections due to
environment truncation. A perfect mechanical contact (i.e., continuity of displacement and normal
stress) was assumed at the ND/substrate interface, and stress-free boundary conditions were used on
all other ND faces. However, in contrast to our previous study,* the simulated system lacks axial
symmetry when elliptic cylinders are considered, so that a 3D model has to be used instead of a 2D
one, at the cost of a much higher number of mesh elements (about 10° in the 3D model), and thus

much longer computational times.

Fig. 4a-e presents the vibrational spectra obtained for h=20 nm NDs with increasing ellipticity
(D2/D1=1, 1.02, 1.05, 1.1 and 1.15). Simulations were performed for constant ND volume and section
area, maintaining the equivalent diameter De4=(DiD;)¥? fixed to 80 nm in all calculations. The
vibrational spectrum computed in the circular ND case (D»/D:=1, Fig. 4a) is dominated by a single
vibrational mode with a frequency fi=21 GHz and a quality factor Q:=17, referred to as mode 1 in the
following. It involves a radially isotropic displacement in sections parallel to the substrate surface (Fig.
4) inducing both ND deformation and motion of the ND/substrate interface. The large displacement in
the substrate associated to mode 1 (Fig. 4) shows that it efficiently converts ND vibrations into acoustic

waves in the substrate, explaining its moderate quality factor Qi. As shown in Fig. 4b-e, increase of



D»/D: at fixed Deq does not significantly affect the main characteristics of mode 1. However, D,/D;
increase has a clear effect on vibrational spectra, namely the progressive emergence of two additional
modes (called modes 2 and 3) at frequencies slightly above f; (f,=23 GHz and f;=24 GHz for D,/D1=1.15),
not excited in the circular ND case. The integrated energy spectral density of mode 2 is typically five
times larger than that of the mode 3, and reaches 65% of that of mode 1 for a ratio D,/D1=1.15. Its
computed displacement profile is strongly anisotropic and mostly localized close to the top ND surface
(Fig. 4e). Its predicted quality factor Q, exceeds 1000. Such a high value is consistent with the small
associated displacement at the ND/substrate interface, considerably limiting acoustic emission in the
substrate (the only damping mechanism considered in the FEM model). Similarly to the frequency f;
of mode 1, the frequency f, of mode 2 is weakly sensitive to the D,/D; ratio at fixed Deq, decreasing by
only 0.5 % from D,/D;=1.02 to D,/D1=1.15. The fact that f; and f, are quasi-independent of D,/D; means
that neither the absolute values of these frequencies nor their relative shift can be exploited for a
guantitative measurement of morphological anisotropies (at variance with plasmonic measurements,
where the shift between in-plane dipolar SPRs is directly related to ND section ellipticity). Conversely,
the relative weights of these modes in the vibrational excitation spectra are much more sensitive to
anisotropy. These are however hard to extract from experimental signals, as mode amplitudes are

affected by both excitation and detection processes in time-resolved experiments.&1457

These simulations clarify the detection of multiple modes with close frequencies for non-
circular NDs. In view of their frequencies (close to 20 GHz and differing by about 10%), the two modes
dominating the time-resolved signals measured for non-circular NDs are ascribed to modes 1 and 2,
which present dominant amplitudes in simulated vibrational spectra (mode 3 does not clearly stem
out in experiments, presumably because of its smaller integrated energy spectral density and the
proximity of its frequency with that of mode 2). A thorough comparison between the experimental and
computed frequencies of modes 1 and 2 requires to individually analyze each investigated ND (as each
one has a slightly different morphology), and to separate the effect of ND ellipticity (D,/D; ratio) from
that of ND size (absolute values of h, D; and D,). To this end, the f; and f, vibrational frequencies
measured for each ND were normalized against the frequency fi,« computed for a circular ND of
thickness h and equivalent diameter Deq=(D1D2)*? (i.e. of same volume and section area) using the
optically determined values of h, D; and D, (Fig. 4f). The same treatment was applied to FEM-computed
frequencies (Fig. 4a-e), yielding fi/ficre=1 and fo/ficre=1.1 in the D,/D; range of the experiments
(squares and circles in Fig. 4f). A good agreement is observed between the experimental and simulated
normalized frequencies. Such agreement is remarkable considering the multiphysics character of the
analysis, which combines optical and vibrational models. In particular, the normalized experimental f;

values are approximately independent of D,/D;, which is fully consistent with the FEM-predicted



invariance of f; (for constant Deg) illustrated by Fig. 4a-e. Moreover, the normalized experimental
frequencies f1/f1qrc always remain between 0.9 and 1.1, which means that the complete opto-acoustic
model used in the analysis allows for the reproduction of the measured f; values with maximal
deviations of 10%. These discrepancies roughly correspond to the estimated errors affecting reduced
frequency determination, resulting from both ND size determination (from SMS measurements) and
extraction of vibrational frequencies (from time-resolved experiments). Similar good agreement is
obtained for f;, values (note however that the computed value of f,/ficrc depends on the Deg/h ratio

used in the simulations).

We finally briefly address the vibrational quality factors of non-circular NDs. In time-resolved
experiments, the measured Q values are limited by two distinct categories of damping processes:
radiative damping (i.e., emission of acoustic waves in the nano-object environment, associated to a
Qenv quality factor) and intrinsic damping (associated to a quality factor Qixr, whose dominant
mechanisms still remain unclear).#4%4% Assuming the two mechanisms to be independent leads to
1/Q=1/Qenv+1/Qint. Since no intrinsic damping is included in the FEM simulations, they only model Qeny
and cannot be directly compared with experimental Q values, unless radiative damping is the dominant
damping source (i.e. if Qint>>Qenyv). Here, the proximity between the quality factors measured for mode
1 (Q;=18%5) and the computed one (17) indicates that this is the case for this mode, a conclusion also
supported by our previous estimation of Qixt =70 for mode 1 in the context of investigations limited to
circular NDs.* Conversely, the measurements yield Q,=16%3 quality factors for mode 2, considerably
smaller than those obtained in simulations (Q2>1000 for Deq/h=4). This could result from strong
intrinsic damping, with an associated Q. =16 quality factor smaller than for mode 1. However, this is
not the only possible explanation for the observation of Q;=Q;=20, as it is also likely that small
deviations of the actual ND shape from the ideal one (elliptic cylinder) considered in the simulations
would destroy the localized character of mode 2 displacement field (Fig. 4) and therefore make its Qeny
value smaller, and closer to that of mode 1. A detailed investigation of the damping mechanisms of

such acoustic vibrations remains an important challenge, but is out of the scope of this paper.

In conclusion, we have experimentally shown and numerically rationalized that the occurrence
of small deviations from a high-symmetry morphology in a set of individual EBL-defined metal NDs of
nominally circular section can be optically detected and quantified. Even a minute (<5%) morphological
ND ellipticity translates into both plasmonic and acoustic signatures, highlighting analogies between
these two physical responses. Polarization-resolved single-particle extinction measurements show a
splitting of the ND in-plane SPRs. This splitting augments with ND ellipticity, thus serving as an ideal
tool to spot-out deviations from the sought circular geometry. Comparison of experimental spectra

with those computed using FEM allows retrieving all the ND geometric parameters (i.e. h, D1 and D,
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under the assumption of an elliptic cylinder shape). A correlated signature of ellipticity is the
appearance of a beating oscillations in time-resolved pump-probe signals, associated to the excitation
and detection of an additional vibrational mode as compared to the perfectly circular ND case. This
allows to discriminate deviations from perfect circularity on the basis of ultrafast spectroscopy. In the
latter case, the quantitative determination of ellipticity is however not trivial, as the frequency of the
detected modes weakly depends on ND anisotropy at fixed Deq. Comparison with FEM modeling
demonstrates that the measured frequencies are in good agreement with those predicted using ND
sizes extracted from the analysis of extinction spectra. The methods here presented may readily be
extended to other nano-object shapes, encompassing those presenting continuous or discrete
rotational symmetries such as nanospheres, nanowires, nanotriangles, nanocubes, and thus with a
polarization-independent optical response.® Indeed, in this case deviations from an ideal morphology
will make the optical response polarization-dependent, and increase the number of excitable

vibrational modes, as in the investigated ND case.
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Figure 1. Single-nanoparticle optical spectroscopy methods. a) Spatial modulation spectroscopy
(SMS).242 This technique relies on the illumination of a single nano-object by a tightly focused (using
a microscope objective) laser beam and on the periodical modulation at frequency f of the sample
position (using a piezoelectric actuator). Synchronous detection of the induced laser beam
transmission changes enables the quantitative determination of the extinction cross-section Gex of the
investigated nano-object. Moreover, the spectral and polarization dependences of Gex (lower panels)
can be determined by varying the wavelength and linear polarization of the incident light beam (using
a tunable light source and a half-wave plate, respectively). b) Time-resolved pump-probe
spectroscopy.3**+°? |n this technique, two time-delayed femtosecond pulse trains (referred to as pump
and probe) are focused on a single nano-object. Partial absorption of the pump pulses by the nano-
object triggers successive relaxation processes including its internal heating, acoustic vibration and
cooling. The transient Gex: changes induced by these processes are monitored by measuring the relative
changes AT/T of probe beam transmission T as a function of the delay between pump and probe
pulses. This technique allows accessing in particular the determination of the frequencies and quality

factors of the detected nano-object vibrational modes (lower panel).
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Figure 2. SEM, SMS and pump-probe spectroscopy of two nominally identical gold NDs
lithographically defined on a sapphire substrate, with quasi-circular (ND A, left column), and non-
circular (ND B, right column) sections. a) SEM image of ND A. b) Intensity profile along directions
corresponding to the major (red) and minor (blue) axes of the NDs. c-d) Same for ND B. e) Polarization
dependence of ND A extinction at 700 nm wavelength, measured using a =103 J/m? incident beam
fluence. f) Extinction spectra measured for ND A for the two orthogonal polarization directions
corresponding to the major and minor axes of the NDs (same color code as in a-b). Lines correspond
to Lorentzian fits in the energy domain g-h) Same for ND B. i) Oscillating part of the time-resolved
signal measured for ND A using pump-probe spectroscopy (with A,=820 nm pump wavelength, F,=1
J/m? incident pump fluence and Ap= 610 nm probe wavelength, this A, choice optimizing the
sensitivity of time-resolved signals to ND vibrations). j) Fourier transform. k-I) Same for ND B (same

Ao, Aor and Fp values).
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Figure 3. Plasmonic properties of individual gold NDs lithographed on a sapphire substrate. a)
Experimental SPR positions A; and A, of seven individual NDs of same nominal dimensions D=70 nm
and h=20 nm (black squares, the symbol size corresponding to experimental uncertainties), measured
using SMS for the two orthogonal incident light polarizations yielding maximal and minimal extinction
at 700 nm wavelength. Also shown are the computed SPR positions using optical FEM simulations on
h=20 nm (full circles) and h=25 nm (hollow circles) NDs with circular or elliptical section of different D,
and D, values, such that D,/Di=1 (black circles, corresponding to the case of circular disk with
degenerate SPRs, i.e. Ai1=A,), 1.05 (red circles), 1.1 (blue circles) and 1.15 (orange circles). Lines
correspond to linear fits of the simulated results. b) Extinction spectra of two individual gold NDs (top:
ND B, bottom: ND C), measured for two orthogonal light polarizations yielding maximal (red circles)
and minimal (blue squares) extinction at 700 nm wavelength, and FEM-simulated spectra (red and blue
lines) obtained using morphological parameters yielding an optimal reproduction of the quantitative
experimental spectra: h=21.3 nm, D;=79.9 nm and D,/D;=1.14 (ND B) and h=23.7 nm, D;=78.3 nm and
D,/D1=1.04 (ND C).
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Figure 4. Vibrational response of individual gold NDs lithographed on a sapphire substrate. (a-e)
FEM-computed ND vibrational spectra for h=20 nm, Deq=80 nm and D,/D:=1 (a), 1.02 (b), 1.05 (c), 1.1
(d) and 1.15 (e). Only the 18-25 GHz frequency range relevant for the analysis of pump-probe
experiments is shown. For circular NDs, a single mode (mode 1) is predicted to be excited in this
frequency range (a), with a displacement profile (right) symmetrical about the ND axis (top slice,
showing displacement in the ND top surface). Three modes appear in the simulated spectra of NDs
with elliptical sections. The lowest frequency (=21 GHz) one corresponds to mode 1. The intermediate
frequency one (=23 GHz) is referred to as mode 2. The highest-frequency mode (mode 3 at =24 GHz)

has an exiguous spectral area as compared to the two previous modes. f) Measured and FEM-
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computed frequencies of modes 1 (f1, orange) and 2 (f,, green). The frequencies measured for the two
experimentally detected vibrational modes of individual Au NDs on sapphire are shown as orange
squares (mode 1) and green circles (mode 2, not detected for the two NDs with the lowest D,/D;
values). FEM-computed f; and f; values, deduced from the vibrational spectra shown in panels a-e, are
shown as orange and green lines, respectively. All frequencies were normalized by division by the
frequency ficrc of the vibrational mode of a circular ND of height h and equivalent diameter
Deq=(D1D2)¥? (using for experimental data the h, D; and D, values deduced from the analysis of
measured extinction spectra, Fig. 3b). Grey errors bars (shown only on one data point for simplicity)
include uncertainties originating from both acoustic frequency f1; experimental determination (shown
in orange) and f1 ¢« computation, based on ND sizes estimated from optical measurements, assuming

a cylindrical ND shape.
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