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UniVersitéde Bourgogne, 9 aVenue A. SaVary, BP 47870-21078 Dijon, France

Received May 31, 2006; Revised Manuscript Received August 1, 2006

ABSTRACT

Optical and vibrational properties of novel self-assembled silver nanocolumns are studied experimentally and theoretically. The split of the
surface plasmon resonance into transverse and longitudinal modes verifies the one-dimensional character of the nanocolumns. In this work,
we have identified the acoustic vibration modes of the nanocolumns using Raman scattering, as spheroid-like modes ( l ) 2, m ) ±2) involving
vibrations of the nanocolumns along their minor axes and the existence of surface plasmon-vibration coupling mechanisms.

Recently, there has been great interest in the optical
properties of metal nanoparticles (NPs). Much of this interest
is stimulated by the possibility of generating large electro-
magnetic field enhancement via surface plasmon resonance
(SPR) in different types of optical spectroscopies (Raman,
Brillouin, and Rayleigh scattering, linear absorption).1-5

Moreover, metal NPs exhibit unique size- and shape-
dependent SPR, which make them ideal candidates for the
design of new electronic and optical devices.6-8 Thus, the
control of the size and shape of structures at the nanoscopic
level is now one of the most challenging issues faced by
physicists and chemists working in nanoscience.

Several methods have been developed to produce elon-
gated metal NPs and nanorods such as electrochemical
techniques,8 templates (i.e., mesoporous silica,9 alumina,3-4

or carbon nanotubes10), polymer-directed synthesis and
sandwich reduction processes.11-15 Thin-film technologies
are particularly suited for the production of embedded
metallic nanorods. Among them, alternate pulsed laser
deposition has proved its potential for the production of
embedded metallic NPs with reduced size dispersion,16 and
recently it has been used to successfully grow self-assembled
oriented silver nanocolumns (NCls) embedded in amorphous
Al2O3.17

In this letter, we report on the effect of the elongated shape
of the NCls along the growth direction on their optical and
vibrational properties using linear absorption spectroscopy
and Raman scattering. Because the surface plasmons might
play the role of intermediate states in the inelastic light-
scattering process under resonant optical excitation, and thus
trigger the emission and absorption of vibration modes, we* Corresponding author. E-mail: j.margueritat@io.cfmac.csic.es.
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investigate the shape and polarization dependences of the
Raman scattering excited at wavelengths close to SPR. Two
main advantageous features of the NCls for the study of this
interaction can be stressed. First, all NCls are oriented in
the same direction, which opens the possibility for studying
anisotropy effects. Second, the small dispersion both in
diameter and height reduces the inhomogeneous broadening
of the optical transitions considerably.

The samples studied in this work were produced by pulsed
laser deposition using an ArF excimer laser (pulse duration
20 ns, energy density 1.9 J.cm-2). The beam was alternately
focused on the surface of high purity Al2O3 and Ag rotating
targets. The NCls have been produced by growing five layers
of silver NPs embedded in a-Al2O3 with average diameter
DNP ) 2.0 ( 0.2 nm. Reducing the layer-to-layer distance
down toDNP , the NPs of consecutive planes get in contact,
inducing the vertical self-assembling of the NPs due to
coalescence. They eventually form NCls as seen in the cross-
section and plan-view images obtained by transmission
electron microscopy (TEM) shown in Figure 1.17 The average
height of the NCls isH ) 6.7 ( 0.2 nm, and their average
diameter isDNCl ) 2.7 ( 0.2 nm. Thus, the aspect ratio is
H/DNCl ) 2.5 ( 0.3. The number density of the NCls is
(7.8( 0.2)× 1012 cm-2, which corresponds to 3.6 nm (center
to center) average separation. Although the deposition
technique allows excellent control of the average NCl or NP
diameter, similar control over the number density of NPs in
the layer and thus over the average coverage or filling factor
cannot be achieved. The random character of the nucleation
process on the a-Al2O3 surface makes diameter and coverage-
related parameters. Further details of the production proce-
dure and NCl morphology can be found in an earlier work,17

where it was also shown that the NCls are polycrystalline.
The specimens were grown simultaneously on glass and
silicon substrates in order to perform optical transmission
measurements and Raman measurements on the same
specimens, while avoiding the use of glass substrates in the
latter case, because this would have provided a background
signal in the low-frequency range.

The extinction spectra, calculated as-ln T of the
transmission spectra, were recorded using a WVASEJA

Woollman ellipsometer. The light beam was either p- or
s-polarized, and the angle of incidence was 65° with respect
to the normal to the surface. Because of the high refractive
index of a-Al2O3, the beam propagates inside the layer at
only 33°. The investigated spectral range was 300-800 nm,
and the spectral resolution was∆λ ) 3.5 nm. The measure-
ments were corrected for the background spectral response
of the glass substrate.

In the near UV-visible range, the extinction spectrum of
silver NPs is dominated by the SPR16,18-22 whose wavelength
depends mainly on size and shape of absorbing/scattering
objects. In the case of five well-separated layers of spherical
NPs with average diameters of 2.0( 0.2 nm embedded in
a-Al2O3,17 the SPR appears as a single band located around
415 nm (Figure 2) and no dependence on the incident light
polarization is observed. As the NPs are distorted and become
prolate or oblate, this band splits into longitudinal and
transverse SPR modes corresponding to dipole oscillations
along the major and minor axes, respectively. Such a splitting
is observed in the extinction spectrum of Ag NCls recorded
with p-polarized light (shown in Figure 2). In this case, the
incident electric field excites both the longitudinal and
transverse SPR at 470 and 400 nm that are along the major
and minor axis of the NCls, respectively. Instead, only dipole
oscillations along the minor axis of the NCls could be excited
with s-polarized light and thus the extinction spectrum only
shows the transverse SPR mode at 400 nm. The inset in
Figure 2 shows the variation of the intensity of the
longitudinal to transverse modes ratio as a function of the
angle of incidence using p-polarized light. The intensity of
the longitudinal mode strongly increases for grazing inci-
dence, confirming that the longitudinal polarization vector
is excited when the incident electric field is aligned along
the major axis of the NCls.

Optical extinction spectra have been simulated in order
to correlate the measured SPR wavelengths to the aspect ratio

Figure 1. Cross-section (z) and plan-view (x,y) images of the
specimen containing self-assembled silver NCls embedded in
a-Al2O3. (x,y) is the substrate plane.

Figure 2. Extinction spectra of silver NCls and NPs. Black curves
are experimental spectra of NCls recorded with p- (continuous line)
and s-polarized light (dotted line). The violet curve is the
experimental spectrum of NPs recorded with nonpolarized light.
Red and blue curves, respectively, show the spectra of NCls
simulated using Gans and Maxwell-Garnett models. The inset
shows the experimental longitudinal (L) to transverse (T) intensity
ratio of the SPR modes versus the angle of incidence (æ) when
using p-polarized light.
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H/DNCl of the NCls. We have assumed that the NCls have a
prolate spheroidal shape, rather than a rod-like shape.
Because the NCls are polycrystalline, we have used the bulk
silver frequency-dependent dielectric function for the NCls,23

although corrected for the size- and shape-induced homo-
geneous broadening of the plasmon excitations.18,19,24 A
dielectric constantεm ) 2.79 was used for the a-Al2O3.25

We first considered the model proposed by Gans,21,26

which is an extension of Mie’s theory to spheroidal NPs.
The simulated spectrum is included in Figure 2 and predicts
a longitudinal SPR at 650 nm, that is, red-shifted by 180
nm with respect to the experimental value. The theory23,24

also predicts that the longitudinal to transverse SPR splitting
increases as the aspect ratio is increased. This has been
observed experimentally by several authors.18-21 The dif-
ferences between the Gans model and the experimental
results in Figure 2 could be related to the high number density
of NCls ((7.8( 0.2)× 1012 cm-2). To clarify this point, we
have also considered the Maxwell-Garnett effective medium
model adapted to prolate particles.27,28In addition to the size
and aspect ratio, this model takes into account the volume
fraction,f, occupied by the NCls that is estimated to bef )
0.3 from TEM images shown in Figure 1. The extinction
spectrum calculated using the Maxwell-Garnett model is
also shown in Figure 2. The longitudinal SPR now appears
at 540 nm, whereas the transverse SPR is at 407 nm, both
closer to experimental values than the ones achieved with
the Gans model. The main effect of taking into account the
local field correction due to the effective medium surrounding
the particle is the partial screening of the longitudinal SPR.
This reduces the longitudinal to transverse wavelength
splitting with respect to the case of isolated spheroidal NPs
in the Gans model. In spite of the fact that both models
predict the splitting of SPR related to the elongated shape
of the NCls, both provide a longitudinal to transverse SPR
splitting larger than the experimental one. The discrepancies
between simulations and experiments are most likely related
to the assumptions used in the models such as prolate NPs
(NCls shape does not completely match this shape) or dilute
system (f << 1 instead off ) 0.3 in our system).

Low-frequency Raman measurements were performed on
a T800 Coderg spectrometer using different Argon and
Krypton laser lines ranging from 413 to 514 nm. The incident
beam was either p- or s-polarized, and the angle of incidence
was 60° with respect to the normal to the sample surface.
The scattered light was detected along the normal to the
surface and was the same for p and s polarizations. Figure
3 shows Stokes and anti-Stokes low-frequency Raman
spectra of the sample containing NCls excited with p
polarization at 488 nm. For comparison, we also show the
spectrum recorded from the sample containing spherical NPs.
The band observed at 26( 2 cm-1, which is a characteristic
feature of spherical metal NPs,29-31 is due to scattering by
quadrupolar acoustic vibration modes (l ) 2). As shown
already,32 these modes are Raman active because of their
strong interaction with the dipolar SPR associated with the
modulation of the surface polarization charges (surface
orientation mechanism). Moreover, according to Lamb’s

model,33 the vibration frequencies of quadrupolar acoustic
modes of a free spherical NP are inversely proportional to
their size. The fundamental frequency is given by34,35 ω )
0.85Vt/(cDNP), whereVt is the transverse sound velocity of
bulk Ag and c is the vacuum light velocity. Using the
experimental value,ωexp ) 26 ( 2 cm-1 for spherical NPs
and Vt ) 1660 ms-1,36 one obtains a diameter of 1.80(
0.15 nm that is in good agreement with the experimental
value (DNP ) 2.0 ( 0.2 nm) obtained by TEM.

The Raman signal associated with acoustic vibrations of
the NCls is shifted to lower frequencies by 7 cm-1 with
respect to that of the spherical NPs (Figure 3), while its
intensity is approximately 4 times higher than that of
spherical NPs. These differences are a consequence of the
excitation wavelength (488 nm) being nearly resonant with
the longitudinal SPR mode as seen in Figure 4, which shows
the extinction spectra of NCls together with the frequency
of Raman bands as a function of excitation wavelength. The
incident beam was always p-polarized, and the polarization
of scattered light was not analyzed. A blue shift (4 cm-1) of
the Raman band is observed when getting close to the SPR
with the longitudinal SPR (from a to d). Similar observations
were reported already36 for spherical NPs and were related
to both inhomogeneous broadening of the Raman band and
different size dependence of the resonant and non-resonant
Raman scattering efficiencies mediated by SPR.32 When
using the 413 nm line (e), the optical excitation is close to
the transverse SPR and, consequently, the Raman peak is
shifted to a significantly lower frequency (20 cm-1). This is
consistent with a different vibration mode involved in the
plasmon-vibration coupling mechanism.

To investigate the interactions between SPR modes and
confined acoustic vibrations further, we have recorded
Raman spectra for various incident and scattered polarization
angles. Figure 5 shows that the Raman signal is observed
only when the incident light is p-polarized irrespective of
the polarization of the scattered light. The inset in Figure 5
shows the evolution of the Raman intensity as a function of

Figure 3. Stokes and anti-Stokes room-temperature Raman spectra
of Ag NCls (black line) and spherical NPs (red line) excited at
488 nm. The incident laser beam was p-polarized, and the
polarization of the scattered intensity was not analyzed. Dotted
vertical lines and arrows highlight the shift of the Raman bands of
the NCls with respect to those of spherical NPs.
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the incident polarization angle from p (0°) to s (90°). The
measured intensity has been normalized to that of the optical
phonon of the silicon substrate, that is, to the number of
photons that have penetrated the sample. In that way, the
Raman intensity changes are only due to the different
excitation conditions. The scattered intensity is found to vary
as cos2(θ) (whereθ is the incident polarization angle), which
indicates that it is maximum when the incident polarization
component is along the major axis (z) of the NCls, that is,
the longitudinal SPR becomes excited. This is a clear effect
of the elongated shape and self-alignment of the scattering
objects along thezaxis. However, the electric field producing
the photons detected in our experimental conditions is always
along the perpendicular to the major axis of the NCls ((x,y)
plane), that is, parallel to transverse surface plasmons.

Because the NCls have symmetry of revolution around the
z axis, the scattered intensity should be the same in both
p-p and p-s configurations as observed experimentally in
Figure 5. This dependence of the Raman scattered intensity
on the incident and scattered polarizations allows us to
conclude that surface plasmon excitations indeed act as
intermediate (collective) electronic states in the light-
scattering process. This reasoning is thus consistent with the
polarization vector associated with the longitudinal SPR
mode being modulated by the NCl’s vibrations. As a result
of this interaction, the transverse SPR mode becomes excited
and contributes to the recorded Raman response. The fact
that the photon emission step is not resonant because the
transverse SPR is located at 400 nm, whereas the wavelength
of the scattered photons is very close to the excitation line
(488 nm), as shown in Figure 4, further supports the coupling
of the longitudinal SPR mode to acoustic vibrations, causing
Raman scattering.

To identify the acoustic vibration modes responsible for
the measured Raman signal, we have performed molecular
dynamic (MD) simulations.37 Because the elastic properties
of monocrystalline silver are strongly dependent on crystal-
lographic direction,36 and in the present case the NCls are
polycrystalline,17 we have assumed isotropic elasticity and
we used sound velocitiesVL ) 3750 m/s andVT ) 1740 m/s
obtained by averaging the elastic constants of silver over all
directions. We also assumed that the NCls have a prolate
spheroidal shape and are free-standing; that is, the a-Al2O3

host has no influence on the vibrations. The calculated
frequencies of quadrupolar vibration modes (ωMD) of free-
standing spherical particles are summarized in Table 1. This
frequency is shifted with respect to the experimental one by
2.5 cm-1, which can be attributed to the matrix-induced
frequency shift. This shift will be used in the following to
take into account the effect of the matrix and thus obtain
ωcorr values.

The simulations predict that the fivefold degenerate
quadrupolar vibration modesl ) 2, initially at the dimen-
sionless frequencyS ) ω(cD)/Vt ) 0.85, splits into three
different frequencies when the aspect ratio becomes higher
than 1. For an aspect ratioH/DNCl ) 2.5 ( 0.3 two of these
frequencies are close to each other: the (l ) 2, m ) 0) and
(l ) 2, m ) (1) modes that occur aroundS ) 0.44. The
third frequency is close toS ) 0.8 and is associated with

Figure 4. Filled squares (left scale): experimental frequencies of
the NCl’s vibrations versus excitation wavelength: (a) 514.5 nm;
(b) 488 nm; (c) 476.5 nm; (d) 457.9 nm; and (e) 413.1 nm. The
laser beam was always p-polarized, and the scattered light was not
analyzed. The full line is a guide to the eye. The p-polarized
extinction spectrum of the NCls (discontinuous line, right scale) is
shown to ease the location of the excitation lines with respect to
the SPR (T and L stand for transverse (x,y) and longitudinal (z)
modes).

Figure 5. Raman spectra of NCls excited at 488 nm and using
different polarizations. “A-B” stands for (A) incident and (B)
scattered polarizations, respectively. The inset shows the intensity
variation of the low-frequency Raman band versus excitation
polarization angle (from p to s) normalized with respect to that of
the optical phonon of silicon. The continuous line is an empirical
cos2(θ) fit.

Table 1. Measured Frequencies (ωexp) of the Raman Bands
and Calculated Frequencies (ωMD) of the Confined Acoustic
Vibrations of Spherical NPs and NClsa

NP modes NCl modes

ωexp (cm-1) 26 ( 2 19.2 ( 2
ωMD (cm-1) 23.4 9.6 17.1
ωcorr(cm-1) 25.9 12.1 19.6

assigned l ) 2, l ) 2, l ) 2,
vibrational m ) 0, (1, (2 m ) 0, (1 m ) (2
modes S ) 0.85 S ) 0.44 S ) 0.8

a The latter were obtained by molecular dynamic simulations.ωcorr
includes an additive correction of 2.5 cm-1 over ωMD to account for the
effect of the surrounding medium.
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the (l ) 2, m ) (2) modes. The corresponding frequencies
ωMD are given bySVt/(cDNCl) and are listed in Table 1. We
will refer to these modes as spheroidal-like modes (SLMs)
because they are truly spheroidal modes (SMs) only for a
perfect sphere.

Under resonant excitation, the frequency of the Raman
band of the NCls is very close to the calculated frequency
of the SLMs (l ) 2, m ) (2) that involve vibrations along
the minor axes only. For SLMs (l ) 2, m) +2), the particle
contracts along thex axis while elongating along they axis
and being unchanged along the major axis (z). There is good
agreement between the calculated frequencies of the SLMs
(l ) 2, m ) (2) and measured frequencies, but the coupling
mechanism between the vibrational modes and the SPR
modes needs to be specified. According to the experimentally
observed Raman selection rules for our scattering configu-
ration (Figure 5), the active vibrational modes should lead
to some polarization transfer from the longitudinal (excited)
to the transverse surface plasmons (detected). In other words,
the longitudinal polarization should be projected along the
transverse directions (x andy) by the SLMs. The SMs (l )
2, m ) (2) are not expected to produce such a projection
because they produce no modulation along the major axis
of the NCls. However, as mentioned above, the NCl’s modes
are not truly spheroidal and they might also involve modula-
tion along thez axis, which should lead to a detectable
modulation of the polarization associated with the longitu-
dinal SPR. Moreover, deviations from the perfect prolate
shape (i.e., rod-like shape), should affect the SPR and also
the vibrational eigenvectors, thus possibly leading to modu-
lation of the longitudinal polarization.

The SLMs (l ) 2, m ) 0, (1) should produce a
modulation of the spherical particle along thez axis. So, in
principle the observed Raman band at 19.2 cm-1 could be
attributed to such modes. However, the calculated frequency
is found around 12.1 cm-1 (Table 1). This frequency is nearly
7 cm-1 smaller than the experimental value. Therefore, we
assign the Raman signal from the NCls (Figures 3 and 5) to
the SLM (l ) 2, m ) (2) rather than to SLMs (l ) 2, m )
0, (1).

Moreover, the MD calculations show that, for aspect ratios
H/DNCl > 2, the frequency of SLM (l ) 2, m) (2) is rather
constant (aroundS ) 0.8). Indeed, for these modes, the
prolate particle does not vibrate along its major axis and
hence the vibrational frequencies do not depend on the
particle heightH in the limit H/DNCl >> 1. Because the
aspect ratio of the NCls isH/DNCl ) 2.5 ( 0.3, shape
fluctuations are not directly responsible for inhomogeneous
broadening of the Raman band (Figures 3 and 5). However,
taking into account the measured dispersion17 in the NCl’s
diameter,DNClmin ) 2.5 nm andDNClmax ) 2.9 nm and using
S ) 0.8, one can easily estimate that the frequency of the
SLMs (l ) 2, m ) (2) falls in the range of 18.5-21 cm-1.
So, one expects a shift of the Raman band toward lower
frequencies when decreasing the excitation wavelength due
to selection of NCls with smaller aspect ratios (i.e., larger
DNCl values). Figure 4 shows instead a shift to higher
frequencies. This indicates that the overall width and

frequency of the Raman band cannot only be interpreted in
terms of size/shape-induced inhomogenous broadening. The
coupling mechanisms between the SPR and the NCl’s
vibrations as well as the dependence of the Raman efficiency
on excitation wavelength need to be identified in order to
fully account for the Raman data.

Collective effects among the NCls may also be important
for the excitation step of the Raman scattering process
because they could enhance the absorption of the incident
photons.38 However, because the mechanical coupling be-
tween the NCls and the matrix is rather weak in the present
case, the acoustic vibrations are most likely localized within
each NCl and there would not be spatial phase coherence
between the vibration of a NCl and its neighbors. Therefore,
the overall Raman process would be spatially incoherent and
not affected by possible electromagnetic interactions between
NCls, this being in agreement with recent results reported
on self-ordered silver spherical nanoparticles.38 As a conse-
quence, low-frequency Raman scattering can be interpreted
in this case in terms of individual scattering objects and
inhomogeneous broadening effects, as opposed to what
happens in the case of semiconductor quantum dots embed-
ded in a semiconductor matrix where strong collective effects
are observed.39 Therefore, the vibrational coupling between
nanoobjects and its effects on the plasmon-mediated resonant
Raman scattering is one of the most interesting points, which
needs further modeling of both vibrational and Plasmon
modes in order to fully understand their interaction.

In summary, we have reported on the structural, optical,
and vibrational properties of novel self-assembled silver NCls
produced by alternate PLD. We have developed a new
technique to produce NCls self-aligned along the growth
direction with small size and shape dispersions. This allowed
us to study the optical and vibrational properties as a function
of NCl shape and to observe, for the first time in such self-
assembled nanostructures, the splitting of the SPR into
longitudinal and transverse modes. The comparison of the
measured extinction spectra and those simulated using the
simple model of Gans for embedded spheroids, and Maxwell-
Garnett effective medium model suggests that electromag-
netic interactions among NCls might play a role in the optical
response. The resonant Raman scattering produced by
confined acoustic vibrations of self-assembled NCls has also
been reported for the first time, and the self-alignment of
the NCls has allowed the investigation of Raman selection
rules, the analysis of the scattering process in terms of optical
excitation and detection, and the study of the interaction
between surface plasmon and vibration modes. The vibra-
tional frequencies of the twofold degenerate spheroidal-like
modes (l ) 2, m) (2) calculated using molecular dynamics,
and corrected for the matrix effect, agree very well with the
measured Raman band frequencies. We have identified that
the interaction between the longitudinal surface plasmon
mode and the vibrational spheroidal-like mode (l ) 2, m )
(2) activates the scattering acoustic Raman signal.

This work thus opens new routes for the understanding
of surface plasmons and confined acoustic phonons in metal
nanoobjects and their interaction mechanisms. However,
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some fundamental questions remain open. For instance, how
do acoustic vibrations of nano-objects depend on their size
and shape? What is the characteristic distance below which
the acoustic vibrations and SPR exhibit collective effects?
How do acoustic vibrations inelastically scatter light via
interaction with SPR?
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