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ABSTRACT

We investigate the acousto-plasmonic dynamics of metallic nano-objects by means of resonant Raman scattering and time-resolved femtosecond
transient absorption. We observe an unexpectedly strong acoustic vibration band in the Raman scattering of silver nanocolumns, usually not
found in isolated nano-objects. The frequency and the polarization of this unexpected Raman band allow us to assign it to breathing-like
acoustic vibration modes. On the basis of full electromagnetic near-field calculations coupled to the elasticity theory, we introduce a new
concept of “acousto-plasmonic hot spots” which arise here because of the indented shape of the nanocolumns. These hot spots combine
both highly localized surface plasmons and strong shape deformation by the acoustic vibrations at specific sites of the nano-objects. We
show that the coupling between breathing-like acoustic vibrations and surface plasmons at the “acousto-plasmonic hot spots” is strongly
enhanced, turning almost silent vibration modes into efficient Raman scatterers.

Metallic nano-objects sustain strongly localized surface
charge density oscillations so-called surface plasmons. The
use of these elementary excitations for generating, absorbing,
guiding, and scattering the light has led to new technological
applications in diverse scientific fields: strong local heating
for cancer therapy,' squeezing of light into the nanoscale
for high spatial resolution microscopy,? surface-enhanced
Raman and infrared spectroscopies,* field-enhanced mo-
lecular fluorescence,’ and nanobiosensing based on the
surface plasmons resonances.’ The electromagnetic near-
field distribution associated with the excitation of localized
surface plasmons has been extensively studied both theoreti-
cally and experimentally in static objects and nanostruc-
tures.>"® Only few experimental techniques address the
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dynamics of the surface plasmons of vibrating nano-objects.
Among these techniques, resonant Raman scattering'® and
time-resolved transient absorption'’ ! are excellent methods
to probe the coupling between surface plasmons and acoustic
vibrations of metallic nano-objects. Both techniques provide
complementary information as they involve the activation
of different vibration modes.'® In addition to the intrinsic
interest in the fundamental understanding of the coupling
mechanisms between the collective electronic and vibronic
excitations, these noninvasive optical techniques are ex-
tremely useful in nanometrology (measurements of size and
shape distributions).

In this Letter, we report on the role of localized surface
plasmons of nano-objects in the anomalous activation of
resonant Raman scattering by acoustic vibrations. The studied
nano-objects consist of silver nanocolumns (NCls) grown
by self-alignment of Ag spheroidal nanoparticles (NPs). All
the nanocolumns are oriented in the same direction and
intense localized surface plasmons (hot spots) arise because
of the indentations along the nanocolumns. These peculiari-
ties allow for the investigation of Raman selection rules and
hence of the coupling between vibration modes with different
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Figure 1. Left panel: TEM image cross section of the NCls and
schematic of the incident light wavevector (k;) and electric fields
for S- and P-polarizations. The angle between the incident
wavevector and the NCI axis is 6; = 34.5° inside the sample. A
zoom of the TEM image shows a typical NCI formed by a stacking
of quasi-spherical NPs. This stacking is modeled by an indented
NCI as displayed in the schematics. Right panel: Calculated (full
line) and measured (stars, sample NCIs2) extinction spectra for
P-polarized (blue) and S-polarized (red) light. The Raman excitation
wavelength (413 nm) is marked on the graph as a dashed line.

symmetries and the surface plasmons excited at the nano-
columns. For the interpretation of our experiments we present
fully integrated acousto-plasmonic calculations. The dynami-
cal modulation of the surface plasmons by the acoustic
vibrations is simulated using the boundary element method
(BEM)*>2 for the electromagnetic fields and the elasticity
theory for the acoustic vibrations. We map the changes in
the near-field around the vibrating nano-objects for the
relevant acoustic modes which are anomalously observed in
the Raman spectra. We introduce the concept of “acousto-
plasmonic hot spots” as the sites in a nanostructure where
an acoustic vibration produces large modulation of the
localized near-field. The dynamics of the surface plasmons—
acoustic vibrations interaction can be observed providing
information on the coupling strength between the optically
excited surface plasmons and the vibrations. We show how
the presence of “acousto-plasmonic hot spots™ at specific sites
of the NCls are responsible for enhancement of the Raman
scattering.

Ag:Al,O; nanocomposite thin films containing Ag NCls
were produced on glass substrates by alternate pulsed laser
deposition (a-PLD)!%!7 of Ag nanoparticles and amorphous
Al,O3 layers (a-Al,O3). When the thickness of the a-Al,O;
layers is reduced down to a critical value, Ag nanoparticles
nucleate preferentially on top of nanoparticles of the previous
layers, leading to the formation of self-aligned Ag NClIs,'®
as observed in the TEM image in Figure 1. Three silver
nanocolumn samples, with mean lengths of 6.5, 12, and 13
4 0.2 nm (labeled NCls1, NCls2, and NCls3, respectively)
and a mean diameter of 2.5 & 0.2 nm, were studied. Optical
extinction spectra from NCIs2 were measured for both P and
S incident polarizations. The experimental spectra in Figure
1 show a clearly defined transverse plasmon resonance
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Figure 2. From bottom to top: Resonant Raman spectra (stars) of
samples NCls1, NCls2, and NClIs3 and of isolated nanoparticles
(NPs) for P-polarized (blue) and S-polarized (red) incident light.
The corresponding fits (full lines) have been obtained using two
Gaussian line shapes and a background (dashed lines). Upper
spectrum is the Fourier transform of the oscillating component of
the time-resolved transient absorption from sample NCls2. Field
displacement vectors of the vibrations are shown with the sketches
in the upper part of the figure. The peak marked by a black star in
the spectrum of the sample containing isolated nanoparticles
corresponds to the Brillouin peak of the Si substrate.

(around 375 nm)?** visible for P- and S-polarizations (see
schematics of incident polarization in Figure 1), and a red-
shifted broad band which has been already assigned to the
longitudinal surface plasmon resonance'® of the nanocol-
umns; the latter is only observed for P-polarization. The
longitudinal-transverse surface plasmon splitting reveals
the elongated nature of our nano-objects, consistent with the
TEM images.

Low-frequency Raman scattering by confined acoustic
vibrations was excited using the Acy, = 413 nm krypton laser
wavelength close to the transverse surface plasmon resonance
(dashed line in Figure 1). The scattered light was dispersed
using a customized T64000 Jobin-Yvon spectrometer which
allows for low-frequency Raman—Brillouin measurements
with a very high rejection of the Rayleigh scattering.

Figure 2 shows the Raman spectra recorded from the three
NClIs samples (NCls1, NCls2, NCls3) and from a sample
consisting of five well-separated layers of isolated spherical
nanoparticles (NPs) grown on a Si substrate. We use both
P- and S-polarizations of the incident light, whereas the
polarization of the scattered light is analyzed in the horizontal
direction in the plane of incidence. This scattering config-
uration, together with the identical orientation of all the NCls
allow for tracing the activation of different vibrational modes
(selection rules) that could not be possible with randomly
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oriented objects. The Raman scattering weakens and disap-
pears when increasing the detuning between the wavelength
of the laser and that of the surface resonances therefore we
can conclude that surface plasmons are the most important
intermediate states of the resonant Raman scattering process.

The Raman spectra of the NCls consist of a main peak
located around 23 4 2 cm™!, which has been previously
ascribed to scattering by quadrupolar-like confined acoustic
vibration modes!'®!” (a sketch of the associated displacement
field is shown in Figure 2). As observed in the spectra of
NCls1, NCls2, and NCls3, the frequency of the quadrupolar-
like Raman band is basically independent of the NClIs length,
with very small shifts due to differences in the lateral average
dimensions of the nanocolumns. The extensional vibration
mode of the NCls (shown in the sketch of Figure 2) can be
observed only in time-resolved pump—probe experiments. '’
For that purpose, femtosecond time-resolved transient ab-
sorption measurements were performed using the pump—probe
technique (excitation at 860 nm and detection at 430 nm)."”
Only the result obtained for NCls2 is presented here for
comparison with the Raman data. The Fourier transform (FT)
of the transient absorption oscillations from NCIs2 (top
spectrum of Figure 2) indeed exhibits a spectral line around
5 cm™!. This line shifts down with increasing nanocolumn
length as shown in ref 17. Moreover, a band around 38 £ 2
cm™!, identified as a breathing-like mode of the nanocolumns,
can also be observed in the FT spectrum (see sketch on the
top of Figure 2).

In the Raman spectra, remarkably, an additional band is
visible on the high frequency tail of the quadrupolar-like
mode for the three nanocolumn samples (NClsl, NCls2,
NCls3). This band is mainly observed for P-polarization (blue
line) and almost vanishes for S-polarization (red line). The
observation of this “anomalous” band in the Raman spectra
is a striking finding. By fitting the Raman spectra with
Gaussian line shapes, we extract the frequencies, bandwidths,
and relative intensities of the observed bands. The Raman
bandwidth is due to both homogeneous and inhomogeneous
broadening of the vibration modes. The homogeneous
broadening is due to the presence of a matrix and increases
with decreasing NP size (ref 25). From our time-resolved
pump—probe experiments (Figure 2) we estimate the ho-
mogeneous broadening of the breathing-like mode to be
around Iom =~ 16 cm™ L. On the other hand, the contribution
of the NCls width distribution (0.4 nm) to the inhomogeneous
broadening is estimated to be around Ijypom &~ 4 cm™!. The
homogeneous broadening and the inhomogeneous broadening
due to the lateral size distribution of the NCls solely cannot
fully explain the observed Raman bandwidth which is around
20 cm™!. From the TEM image (Figure 1) one can notice
that the NCls may strongly differ in shape (misalignment of
the NP) as they consist of the stacking of 3—5 NPs. This
shape distortion is responsible for an additional inhomoge-
neous broadening. This is the reason why Gaussian functions
are used rather than Lorentzian for the fitting of the Raman
spectra. The frequency of the “anomalous” band is dispersed
from 39 cm™! (NCls1) to 36 cm™! (NClIs2) and 35 &2 cm™!
(NCls3) quasi-independently on the NCI length, similar to
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Figure 3. (a) Resonant Raman spectra (stars) from sample NCls2
and the corresponding fits (full lines) obtained with Gaussian line
shapes (dashed lines), for six polarization angles from P (blue) to
S (red) configurations. (b) Integrated intensity of the band at 36
cm™! normalized to that of the quadrupolar-like mode as a function
of the polarization angle o; (points) defined by E; = Ep cos o; +
Es sin a;. The green arrow indicates the direction onto which the
scattered light is analyzed. The line is a fit to the experimental data
obtained with 0.46 cos® a; + 0.4.

the behavior of the quadrupolar-like mode. Interestingly, the
frequency of the anomalous band is very close to that of the
breathing-like vibration band observed in the FT spectrum
of the transient absorption. It seems natural to associate the
additional band observed in the NCls Raman spectra to
scattering by their breathing-like acoustic vibrations.

However, according to the surface orientation mecha-
nism,?%?” which has been shown to be the most important
mechanism for the Raman scattering by acoustic vibrations
in metallic nano-objects, breathing-like vibrations are not
expected to have a strong Raman activity. Indeed, this
mechanism involves the surface plasmon polarization field
modulation by shape deformation of the nano-object (modu-
lation of the surface polarization charges by the vibrations).
Therefore, because breathing-like vibrations produce mainly
a volume change and not a shape deformation, they are
hardly observed by Raman scattering. Nevertheless the
associated volume change gives rise to deformation potential
interaction with the surface plasmons. For silver nano-objects
this Raman scattering mechanism is about 1 order of
magnitude less efficient than the surface orientation mech-
anism.?*?’ As a matter of fact, quadrupolar-like vibration
modes dominate the Raman spectra (Figure 2) owing to the
strong shape deformation they produce, thus leading to
efficient modulation of the surface plasmon polarization.?®2

To further investigate the activation of the “anomalous”
band, we trace the dependence of the Raman spectra on the
two polarization components of the excitation light. Figure
3 shows the vanishing of this band when continuously
changing the polarization from P to S. Figure 3b gives the
variation of the integrated intensity of the “anomalous” band
normalized to that of the quadrupolar-like vibration band.
A clear cosine-like intensity evolution is observed.
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For S-polarized incident light, the electric field is perpen-
dicular to that of the scattered and analyzed light. In this
crossed configuration, only acoustic vibrations projecting the
polarization vector onto the perpendicular direction, because
of shape deformation, are observable. This is the case of the
quadrupolar-like vibrations, which are indeed observed in
both crossed and parallel configurations (Figure 2). On the
other hand, breathing-like vibrations do not present such a
projection since they do not produce shape deformation of
the vibrating object. As a consequence, Raman scattering
by breathing-like modes, if activated, would occur only in
the parallel configuration. This is precisely the tendency
observed in Figures 2 and 3 for the “anomalous” band
(significant intensity decrease in the crossed configuration).
In comparison, the line shape of the Raman spectra recorded
from isolated nanoparticles in both crossed and parallel
configurations are identical (NPs in Figure 2) thus indicating
the absence of any contribution from breathing vibrations.
The scattering in this case is dominated by the well-known
quadrupolar acoustic vibration modes allowed in both
configurations.?® All the above strongly support the assign-
ment of the “anomalous” band to breathing-like acoustic
vibrations of the NCls.

To address the reason why the breathing-like acoustic
vibrations of the NClIs efficiently scatter the light inelastically,
we perform dynamical simulations of the surface plasmons
near-field for these particular vibration modes. First, we
calculate the acoustic vibration eigenmodes and then we use
the associated displacement fields as geometrical boundary
inputs for the calculation of the surface plasmons eigenstates.
The modulation of the surface plasmons electromagnetic
near-field generated in that way determine the Raman activity
of the vibration modes.

We model the NCls using two different shapes: (i) smooth
cylindrical nanocolumns and (ii) nanocolumns showing
indentations (see sketch in Figure 1). The indented nano-
column resembles more accurately the shape of the actual
NCls as shown in Figure 1 due to the growth process (self-
alignment of spherical NPs). Of course the exact shape may
fluctuate and the indentations may be more or less pro-
nounced depending on the NCls. Nevertheless, the theoretical
results presented in this work and the interpretation of the
experimental data do not depend critically on the exact NCls
shape.

The vibrations of the NCls were calculated assuming
an elastic continuous medium?®~3? and using the resonant
ultrasound spectroscopy (RUS) method proposed by Visscher
et al.>** Because of the polycrystalline nature of the NCls,
the mechanical properties of silver were approximated by
isotropic elastic constants.'® The nanocolumns are considered
to be in vacuum.® The calculations provide both the
eigenfrequencies and the eigenvectors of the vibrations. The
irreducible representations as well as the volume variation,
associated to each vibration mode can be determined in this
way,’ thus providing a straightforward way to identify the
modes. In Figure 4 the surface displacement fields of our
indented nanocolumn are shown for four relevant acoustic
vibration modes: (a) extensional mode (A;, symmetry), (b)
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Figure 4. Relevant vibration modes of the indented nanocolumns.
The arrows show the displacement eigenvectors at the surface of
the model nanocolumn vibrating in its (a) extensional, (b) quadru-
polar-like, (c) and (d) breathing-like eigenmodes. Cross section
along the NCI main axis shows the deformed surface (red line)
and the surface of the NCI at equilibrium (blue dashed line). The
calculated wyc and measured w.,, vibration frequencies are quoted
in the table.

quadrupolar-like mode (E,, symmetry), (c) and (d) two
breathing-like modes (A, symmetry). The dynamics of the
surface deformation associated with each vibration mode is
provided as a video in the Supporting Information.

The vibration frequencies calculated for the extensional
(a) and quadrupolar-like (b) modes are 4 and 16 cm™!,
respectively (see table in Figure 4), in good agreement with
the band frequencies observed in time-resolved FT (5 cm™!)
and Raman spectra (23 £ 2 cm™!). The two breathing-like
modes (c and d in Figure 4) are radial modes mainly (4,
symmetry); they give rise to the largest volume variation.
The fact that we obtain two breathing-like modes, and not a
single mode as for an isolated spherical particle, can be
understood in terms of mixing between the spheroidal
vibration modes of a spherical particle when the shape
evolves from a sphere to a column.? The two breathing-
like modes (c) and (d) are quasi-degenerated: 34 cm™! for
mode (c) and 36 cm™! for mode (d). Their average frequency
is in excellent agreement with the frequency of the breathing-
like vibration observed in the FT spectrum (Figure 2) of the
time-resolved transient absorption oscillations. More interest-
ingly the agreement with the frequency of the “anomalous”
Raman band is remarkable.* This provides additional support
for the assignment of the “anomalous” Raman band to
scattering by breathing-like acoustic vibrations.

We address now the optical response and the acousto-
plasmonic dynamics of the nanocolumns. Using the BEM,
we solve exactly Maxwell’s equations for the experimental
excitation conditions and for both static and vibrating
nanocolumns. The calculated extinction spectra are shown
in Figure 1. The transverse plasmon resonance is well
reproduced by the simulations. However, a small shift
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Figure 5. Electric field distribution around the smooth cylindrical and indented nanocolumns calculated for the experimental configuration
at Aexp = 413 nm and for both P- and S-polarizations (respectively a and b). The color scale corresponds to the field enhancement factor

(EGNEF)).

(around 15 nm) between the calculated and the measured
resonances can be noticed. This shift is due to interactions
between the NCls not taken into account in our simulations.
Nevertheless, in our case, the characteristics of incidence
direction and wavelength of the incoming light excite
basically transverse excitations where the effect of interpar-
ticle interaction is reduced,*”-* with high localization of the
near field at each single particle.*® Additionally, the presence
of the indentations further localizes the near field, making
the response of the individual nanocolumns the main
responsible for the modulation of the near field.

In metallic nano-objects, surface plasmons play the role of
the intermediate electronic states in the resonant Raman
scattering. The scattering process can be described as a three-
step process:2® absorption of the incident photon, absorption or
emission of a vibration mode, and emission of the scattered
photon

| g + Ly gy + 1) Gy + LongJHy gyl n, +
a,b

1Yng,n, + 1IH:

pl-pht

[(ho, — ho, + iT,)ho, — ho, + THI* (1)

Ing + L,n/

where nj,  is the number of incident (respectively scattered)
photons with wavevector ky, and energy RAw). R, AW ),
and I',) are the occupation numbers, energy, and homo-
geneous broadening of the intermediate surface plasmon
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states (labeled @ and b) involved in the optical absorption
and emission steps. Hi{y is the interaction Hamiltonian
between the surface plasmons and the incident (respec-
tively scattered) light. The acoustoplasmon interaction
considered here is due to the surface orientation mecha-
nism given by?°

(ny + L Hy lny,n, + 1) = = [ E,7)+0,P 7 dV
2

where 6\,11}5‘,(7) is the modulation of the opticglly excited
polarization by the acoustic vibrations and E,(7) is the
electric field of the surface plasmon state emitting the
scattered photon. The integral runs over the entire volume.

Because the acousto-plasmonic interaction depends on the
modulation of the polarization associated to a particular vibration
mode, we calculate now the evolution of the near-field distribu-
tion for the relevant breathing-like modes (video in Supporting
Information). All the simulations are performed at the
experimental excitation wavelength, polarization (both P and
S), and angle of incidence. We provide snapshots of the NCls
at equilibrium and at maximum deformation in Figure 5. In
terms of interaction steps, this is equivalent to map the first
two steps in the resonant Raman process described by eq 1:
optical excitation of the surface plasmon (first intermediate
state) and subsequent interaction with the vibration mode
given by eq 2.

Nano Lett,, Vol. 9, No. 11, 2009
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Figure 6. Relative modulation_of the amplitude of the induced polarization by the breathing-like modes at a fixed distance of 0.5 nm from
the NCls surface at rest (d,j/Pl/IPol). The modulation, shown here for the smooth and indented nanocolumns, were calculated for the

experimental configuration at A, =

413 nm, an incidence angle 6; = 34.5°, and for both P- and S-polarizations (a and b, respectively). The

color scale saturates at —1 and 1 even though the minimum and the maximum values are —9 and 9, respectively.

When we describe our nano-objects as smooth cylindrical
NCls, i.e., without indentations (left panels in Figure 5), the
modulation of the surface plasmon near-field by the breath-
ing-like vibrations is very weak for both P (a) and S (b)
polarized light. In contrast, for the indented NCls, the surface
plasmon near-field is strongly modulated by the breathing-
like vibration modes (right panels in Figure 5). Modulation
occurs for both P- and S-polarizations (see Figure 3). The
strong surface plasmon modulation is due to (i) the near field
intensity accumulation in the regions of indentations and (ii)
the strong local shape deformation by the acoustic displace-
ment also mediated by the presence of indentations (see
Figure 4 and Supporting Information). Following the de-
pendence of the vibration—plasmon coupling strength from
eq 2, both effects (i and ii) enhance the modulation of the
surface plasmon polarization d.;,P, and effectively activate
the Raman scattering by the breathing-like vibration modes.

In order to gain more insight in the understanding of the
role of the NClIs shape, we finally present a quantitative
analysis of the acousto-plasmonic dynamics. Figure 6 shows
tLle spatial distribution of the relative modulations (!Pl/
|Pyl) of the surface plasmon polarization by the breathing-
like modes (see Figure 4 and Supporting Information) for
both smooth and indented NCls; P, and 6v1bIP| (see eq 2)
are respectively the surface plasmons polarization and the
modulation of its amplitude both calculated at a fixed distance
of 0.5 nm from the NCIs surface (at rest). The surface
plasmon polarization modulation is once again much larger
for the indented NCls than for the smooth cylindrical NCls,
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particularly around the regions of indentations. The spikes
in OyplPl/IPyl arising from the strong shape deformation at
the indentations can be considered as the hot spots of the
acousto-plasmonic interaction. For P-polarized light (left
panels in Figure 6), the relative modulation J.;,|Pl/IPgl ranges
from —9 to 4 for the breathing-like mode at 34 cm ™!, and
from —9 to 6 for the mode at 36 cm™!, depending on the
considered point.qFo_r» the smooth NCls, the maximum and
minimum of dyplPl/IPgl are —4 and 2, respectively, and are
visible only around the NCls end regions, whereas along the
NCI1 walls O,plPl/IPgl presents a very small value not
exceeding —0.05. Similarly, with S-polarized light (right
panels in Figure 6), the relative modulation O, Pl/IPgl ranges
from —9 to 9 for both breathing-like modes of the indented
NClIs and is larger than that calculated for the smooth NCls.
As can be noticed in Figure 5 and Figure 6, the modulation
of the surface plasmons occurs for both P- and S-polarized
incident light whereas the Raman scattering by breathing-
like vibrations appears mainly for P-polarization (Figure 3
and Figure 4). The reason lies in the fact that the Raman
process does not consist only of the optical excitation of the
surface plasmons and their modulation by the vibrations but
also of the emission of the scattered photon (outgoing photon
term in eq 1). Indeed, the extinction of the Raman scattering
for S-polarization is due to the fact that the scattered light is
analyzed in the orthogonal direction (crossed configuration).
In other words, even though the surface plasmons are
efficiently excited with S-polarized incident light and strongly
modulated by the breathing-like vibrations, the corresponding
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(3V1l,_?a (eq 2) has no component on the direction perpendicular
to P, because of the shape conserving deformation.

The modulation of the optically induced polarization gives
the strength of the acoustoplasmons coupling. Indeed, the
acousto-plasmonic hot spots (spikes visible in Figure 6 for
the indented NCls) give rise to nonvanishing interaction
matrix elements (eq 2), thus leading to the activation of
breathing-like vibration modes which are otherwise inef-
ficient Raman scatterers. In fact, considering the wall region
of the indented NCls, the relative surface plasmons modula-
tion is roughly in the range of 10 (between spikes) to 200
(at the spikes) times larger than that of the smooth NClIs,
depending on the considered point.

In conclusion, based on the concept of acousto-plasmonic
hot spots, supported by numerical simulations, we provided a
conceptual understanding of the fundamental mechanism lead-
ing to the activation of normally very weak vibration modes in
the Raman scattering of nano-objects. We have shown that for
the surface orientation mechanism, the breathing-like vibrations
which are almost silent for smooth cylindrical nanocolumns are
strongly enhanced in the case of indented nanocolumns. The
indentations of the silver nanocolumns are responsible for the
strong localization of the surface plasmon near field and its
modulation by breathing-like acoustic vibrations. Understanding
the acousto-plasmonic dynamics of metallic nano-objects is
useful not only for the interpretation of Raman and time-
resolved pump—probe experiments but also for nanometrology,
i.e., extracting information on sizes and shapes distributions
from these optical measurements. The concepts and the nu-
merical and experimental approaches developed in this work
are not specific to indented nanocolumns. They can be extended
to other isolated nano-objects exhibiting strong field localization
(because of their shape), to dimers of nano-objects (because of
strong interaction in the gap region), and to more complex metallic
nanostructures combining size, shape, and interaction effects.
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Supporting Information Available: A video showing
the time evolution of the surface displacement field for
the (a) extensional, (b) quadrupolar-like, and (c) and (d)
breathing-like vibration eigenmodes for both indented
(lower part) and smooth cylindrical (upper part) nanocol-
umns. For the indented NCls this corresponds to the
dynamical view of Figure 4. The second video shows
the acousto-plasmonic dynamics: time dependence of the
surface plasmon near-field due to modulation by the breath-
ing-like acoustic vibration modes for both smooth (left
panels) and indented (right panels) nanocolumns. Simulations
are presented for both P- and S-polarizations of the incident
light and for the experimental configuration (Aex, = 413 nm,
incidence angle 0; = 34.5°). Snapshots of this dynamical
view are shown in Figure 5. This material is available free
of charge via the Internet at http://pubs.acs.org.
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