NANO
LETTERS

Surface Plasmons and Vibrations of y 2006
ol. 6, No. 9

Self-Assembled Silver Nanocolumns 2037--2042

Jeremie Margueritat*

Laser Processing Group, Instituto de Optica, CSIC, Serrano 121, 28006 Madrid,
Spain, and Laboratoire de Physique des solides, UMR 5477 CNRSersitie Paul
Sabatier, 118 route de Narbonne, 31062 Toulouse Cedex 4, France

Jose Gonzalo and Carmen N. Afonso

Laser Processing Group, Instituto de Optica, CSIC, Serrano 121, 28006 Madrid, Spain

Adnen Mlayah

Laboratoire de Physique des solides, UMR 5477 CNRSydJsite Paul Sabatier,
118 route de Narbonne, 31062 Toulouse Cedex 4, France

Daniel B. Murray

Mathematics, Statistics and Physics Unit, bbisity of British Columbia Okanagan,
3333 Unversity Way, Kelowna, British Columbia, Canada V1V 1V7

Lucien Saviot

Laboratoire de Recherche sur |a &#ivité des Solides, UMR 5613 CNRS,
Universitede Bourgogne, 9@enue A. Seary, 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 ( | =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 opticalor carbon nanotub&y, polymer-directed synthesis and
properties of metal nanoparticles (NPs). Much of this interest sandwich reduction processgs! Thin-film technologies

is stimulated by the possibility of generating large electro- are particularly suited for the production of embedded
magnetic field enhancement via surface plasmon resonancenetallic nanorods. Among them, alternate pulsed laser
(SPR) in different types of optical spectroscopies (Raman, deposition has proved its potential for the production of
Brillouin, and Rayleigh scattering, linear absorptiém).  embedded metallic NPs with reduced size disper&iamd
Moreover, metal NPs exhibit unique size- and shape- ygcently it has been used to successfully grow self-assembled
dependent SPR, which make them ideal candidates for theygnted silver nanocolumns (NCls) embedded in amorphous
design of new electronic and optical deviée%.Thus, the Al,Os.17

control of the size and shape of structures at the nanoscopic i
level is now one of the most challenging issues faced by In this letter, we report on the effect of the elongated shape

physicists and chemists working in nanoscience. of the NCls along the growth direction on their optical and
Several methods have been developed to produce elon ibrational propertigs using linear absorption spectroscopy
gated metal NPs and nanorods such as electrochemicafNd Raman scattering. Because the surface plasmons might

technique$, templates (i.e., mesoporous silftajuminad—* play the role of intermediate states in the inelastic light-
scattering process under resonant optical excitation, and thus
* Corresponding author. E-mail: j.margueritat@io.cfmac.csic.es. trigger the emission and absorption of vibration modes, we
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Figure 1. Cross-sectionZ and plan-view Xy) images of the  rigyre 2. Extinction spectra of silver NCls and NPs. Black curves
specimen containing self-assembled silver NCIs embedded in gre experimental spectra of NCls recorded with p- (continuous line)
a-Al20s. (xy) is the substrate plane. and s-polarized light (dotted line). The violet curve is the

experimental spectrum of NPs recorded with nonpolarized light.

investigate the shape and polarization dependences of théXed Iatn?j blue C‘g"es* rejpl\e/’l‘:ti"e'){]'; Sho‘t’;’ thed Sipe‘%taa of NtCIS
Raman scattering excited at wavelengths close to SPR. Two,muiaied using ->ans and laxwebarmett mode's. -'ne Inse

. . “shows the experimental longitudinal (L) to transverse (T) intensity
main advantageous features of the NCls for the study of this ratio of the SPR modes versus the angle of inciderdewhen
interaction can be stressed. First, all NCls are oriented in using p-polarized light.
the same direction, which opens the possibility for studying
anisotropy effects. Second, the small dispersion both in Woollman ellipsometer. The light beam was either p- or
diameter and height reduces the inhomogeneous broadening-polarized, and the angle of incidence wa$w§h respect
of the optical transitions considerably. to the normal to the surface. Because of the high refractive

The samples studied in this work were produced by pulsedindex of a-AbOs, the beam propagates inside the layer at
laser deposition using an ArF excimer laser (pulse duration only 33. The investigated spectral range was 3800 nm,
20 ns, energy density 1.9 J.cA. The beam was alternately and the spectral resolution was, = 3.5 nm. The measure-
focused on the surface of high purity,8; and Ag rotating ments were corrected for the background spectral response
targets. The NCls have been produced by growing five layers of the glass substrate.
of silver NPs embedded in a-A); with average diameter In the near UV~visible range, the extinction spectrum of
Dne = 2.0+ 0.2 nm. Reducing the layer-to-layer distance silver NPs is dominated by the SPR-22whose wavelength
down toDyp, the NPs of consecutive planes get in contact, depends mainly on size and shape of absorbing/scattering
inducing the vertical self-assembling of the NPs due to objects. In the case of five well-separated layers of spherical
coalescence. They eventually form NCls as seen in the crossNPs with average diameters of 2800.2 nm embedded in
section and plan-view images obtained by transmission a-Al,Os,'” the SPR appears as a single band located around
electron microscopy (TEM) shown in FiguréThe average 415 nm (Figure 2) and no dependence on the incident light
height of the NCls iH = 6.7 + 0.2 nm, and their average polarization is observed. As the NPs are distorted and become
diameter isDnc = 2.7 &+ 0.2 nm. Thus, the aspect ratio is prolate or oblate, this band splits into longitudinal and
H/Dne = 2.5 £ 0.3. The number density of the NCls is transverse SPR modes corresponding to dipole oscillations
(7.8+ 0.2) x 10" cm2, which corresponds to 3.6 nm (center along the major and minor axes, respectively. Such a splitting
to center) average separation. Although the depositionis observed in the extinction spectrum of Ag NCls recorded
technique allows excellent control of the average NCI or NP with p-polarized light (shown in Figure 2). In this case, the
diameter, similar control over the number density of NPs in incident electric field excites both the longitudinal and
the layer and thus over the average coverage or filling factor transverse SPR at 470 and 400 nm that are along the major
cannot be achieved. The random character of the nucleationand minor axis of the NCls, respectively. Instead, only dipole
process on the a-AD; surface makes diameter and coverage- oscillations along the minor axis of the NCls could be excited
related parameters. Further details of the production proce-with s-polarized light and thus the extinction spectrum only
dure and NCI morphology can be found in an earlier Wdrk, shows the transverse SPR mode at 400 nm. The inset in
where it was also shown that the NClIs are polycrystalline. Figure 2 shows the variation of the intensity of the
The specimens were grown simultaneously on glass andlongitudinal to transverse modes ratio as a function of the
silicon substrates in order to perform optical transmission angle of incidence using p-polarized light. The intensity of
measurements and Raman measurements on the samihe longitudinal mode strongly increases for grazing inci-
specimens, while avoiding the use of glass substrates in thedence, confirming that the longitudinal polarization vector
latter case, because this would have provided a backgrounds excited when the incident electric field is aligned along
signal in the low-frequency range. the major axis of the NCls.

The extinction spectra, calculated asin T of the Optical extinction spectra have been simulated in order
transmission spectra, were recorded using a WVASEJA to correlate the measured SPR wavelengths to the aspect ratio
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H/Dnc of the NCls. We have assumed that the NClIs have a
prolate spheroidal shape, rather than a rod-like shape.
Because the NClIs are polycrystalline, we have used the bulk
silver frequency-dependent dielectric function for the N€ls,
although corrected for the size- and shape-induced homo-
geneous broadening of the plasmon excitati§ig2* A
dielectric constang,, = 2.79 was used for the a-&Ds.2°

We first considered the model proposed by G#rS,
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

Raman Intensity (arb. units)

1:1 L d L 1:1

nm with respect to the experimental value. The théd¥y 40 30 20 10 0 10 20 30 40
also predicts that the longitudinal to transverse SPR splitting
increases as the aspect ratio is increased. This has been Raman Shift (cm1)

observed experimentally by several auth§rd! The dif- Fi 3 Stok d anti-Stok . ature Raman spectra
: igure o. OKes and anti-otokes room-temper
ferences between the Gans model and the experimental . Ag NCIs (black line) and spherical NPs (red line) excited at

results in Figure 2 could be related to the high number density 488 nm. The incident laser beam was p-polarized, and the
of NCls ((7.8+ 0.2) x 10*2cm™2). To clarify this point, we polarization of the scattered intensity was not analyzed. Dotted
have also considered the Maxwelbarnett effective medium vertical lines and arrows highlight the shift of the Raman bands of
model adapted to prolate particR<8In addition to the size  the NCls with respect to those of spherical NPs.

and aspect ratio, this model takes into account the volume
fraction,f, occupied by the NCls that is estimated toflbe

0.3 from TEM images ;hown in Figure 1. The extinc.tion their size. The fundamental frequency is giverdjo =
spectrum calculated using the Maxwearnett model is 0.85/(cDyp), Whereu, is the transverse sound velocity of

also shown in Figure 2. The longitudinal SPR now appears bulk Ag andc is the vacuum light velocity. Using the
at 540 nm, whereas the transverse SPR is at 407 nm, bo”bxperimental valu@ye = 26 = 2 1! for spherical NPs

closer to experimental values than the ones achieved with 4 » = 1660 ms.3 one obtains a diameter of 1.89
the Gans model. The main effect of taking into account the 0.15 nm that is in good agreement with the experimental
local field correction due to the effective medium surrounding o ,e Owe = 2.0+ 0.2 nm) obtained by TEM.
the particle is the partial screening of the longitudinal SPR.  1he Raman signal associated with acoustic vibrations of
This reduces the longitudinal to transverse wavelength o NClIs is shifted to lower frequencies by 7 cnwith
gplitting with respect to thg case of isolated spheroidal NPs respect to that of the spherical NPs (Figure 3), while its
in th_e Gans mo_del. In spite of the fact that both models intensity is approximately 4 times higher than that of
predict the splitting of SPR related to the elongated shape gpperical NPs. These differences are a consequence of the
of the NCls, both provide a longitudinal to transverse SPR gy citation wavelength (488 nm) being nearly resonant with
splitting larger than the experimental one. The discrepancies;,q longitudinal SPR mode as seen in Figure 4, which shows
between simulations and experiments are most likely relatedig extinction spectra of NCls together with the frequency
to the assumptions used in the models such as prolate NPg¢ Raman bands as a function of excitation wavelength. The
(NCls shape does not completely match this shape) or dilutejncigent beam was always p-polarized, and the polarization
system << 1 instead off = 0.3 in our system). of scattered light was not analyzed. A blue shift (4 &of
Low-frequency Raman measurements were performed onthe Raman band is observed when getting close to the SPR
a T800 Coderg spectrometer using different Argon and with the longitudinal SPR (from a to d). Similar observations
Krypton laser lines ranging from 413 to 514 nm. The incident were reported alread¥for spherical NPs and were related
beam was either p- or s-polarized, and the angle of incidenceto both inhomogeneous broadening of the Raman band and
was 60 with respect to the normal to the sample surface. different size dependence of the resonant and non-resonant
The scattered light was detected along the normal to theRaman scattering efficiencies mediated by SPRVhen
surface and was the same for p and s polarizations. Figureusing the 413 nm line (e), the optical excitation is close to
3 shows Stokes and anti-Stokes low-frequency Ramanthe transverse SPR and, consequently, the Raman peak is
spectra of the sample containing NCIs excited with p shifted to a significantly lower frequency (20 ci. This is
polarization at 488 nm. For comparison, we also show the consistent with a different vibration mode involved in the
spectrum recorded from the sample containing spherical NPs.plasmon-vibration coupling mechanism.
The band observed at 262 cm?, which is a characteristic To investigate the interactions between SPR modes and
feature of spherical metal NP%3! is due to scattering by  confined acoustic vibrations further, we have recorded
quadrupolar acoustic vibration modds=f 2). As shown Raman spectra for various incident and scattered polarization
already®? these modes are Raman active because of theirangles. Figure 5 shows that the Raman signal is observed
strong interaction with the dipolar SPR associated with the only when the incident light is p-polarized irrespective of
modulation of the surface polarization charges (surface the polarization of the scattered light. The inset in Figure 5
orientation mechanism). Moreover, according to Lamb’s shows the evolution of the Raman intensity as a function of

model the vibration frequencies of quadrupolar acoustic
modes of a free spherical NP are inversely proportional to
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e L § 4] Table 1. Measured Frequencies ) of the Raman Bands
e 22 T: . c and Calculated Frequenciesy(p) of the Confined Acoustic
O . ", | :’ Vibrations of Spherical NPs and NGls
[ . .Q
R - i Ltﬁ NP modes NCI modes
-UC} 20 ‘ i -
S e c Wexp (em™1) 26 + 2 19.2 + 2
S , 1 0O wyp (cm™1) 23.4 9.6 17.1
= ’ -1 0 Weorr(cm™1) 25.9 12.1 19.6
© 1 £
o 18 i~ assigned =2, [=2, =2,
. . . . LLl vibrational m=0, £1, +£2 m=0,+1 m =42
350 400 450 500 550 modes S =10.85 S =0.44 S=0.8
aThe latter were obtained by molecular dynamic simulationgr
WﬁVB'Gﬂgth (nm) includes an additive correction of 2.5 cfnover wyvp to account for the

effect of the surrounding medium.
Figure 4. Filled squares (left scale): experimental frequencies of

the NCI's vibrations versus excitation wavelength: (a) 514.5 nm; .
(b) 488 nm; (c) 476.5 nm; (d) 457.9 nm; and () 413.1 nm. The Because the NCIs have symmetry of revolution around the

laser beam was always p-polarized, and the scattered light was noZ a@Xis, the scattered intensity should be the same in both
analyzed. The full line is a guide to the eye. The p-polarized p—p and p-s configurations as observed experimentally in
extinction spectrum of the NCls (discontinuous line, right scale) is Figure 5. This dependence of the Raman scattered intensity
shown to ease the location of the excitation lines with respect to 4" tha incident and scattered polarizations allows us to
the SPR (T and L stand for transverseyl and longitudinal %) o .
modes). .conclude' that surfacg plasmon e.XC|tat|ons .|ndeed gct 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 NCI's vibrations. As a result
of this interaction, the transverse SPR mode becomes excited
0 20 40 60 &0 and contributes to the recorded Raman response. The fact
6 (degree) . .

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) simulationg? Because the elastic properties
of monocrystalline silver are strongly dependent on crystal-
Figure 5. Raman spectra of NCls excited at 488 nm and using lographic directiorf? and in the present case the NCls are
different polarizations. “A-B” stands for (A) incident and (B)  polycrystalline}” we have assumed isotropic elasticity and
scattered polarizations, respectively. The inset shows the intensitywe used sound velocitiag = 3750 m/s andr = 1740 m/s
variation of the low-frequency Raman band versus excitation phtained by averaging the elastic constants of silver over all
polarization angle (from p to s) normalized with respect to that of ;e tions. "We also assumed that the NCs have a prolate
the optical phonon of silicon. The continuous line is an empirical . . .
cog(6) fit. spheroidal shape and are free-standing; that is, the@sAl

host has no influence on the vibrations. The calculated
the incident polarization angle from p°j0to s (90). The frequencies of quadrupolar vibration modesyf) of free-
measured intensity has been normalized to that of the opticalstanding spherical particles are summarized in Table 1. This
phonon of the silicon substrate, that is, to the number of frequency is shifted with respect to the experimental one by
photons that have penetrated the sample. In that way, the2.5 cn?, which can be attributed to the matrix-induced
Raman intensity changes are only due to the different frequency shift. This shift will be used in the following to
excitation conditions. The scattered intensity is found to vary take into account the effect of the matrix and thus obtain
as cod(0) (wheref is the incident polarization angle), which  wcor Values.
indicates that it is maximum when the incident polarization ~ The simulations predict that the fivefold degenerate
component is along the major axi® ©f the NCls, that is, guadrupolar vibration modds= 2, initially at the dimen-
the longitudinal SPR becomes excited. This is a clear effect sionless frequenc$ = w(cD)/v; = 0.85, splits into three
of the elongated shape and self-alignment of the scatteringdifferent frequencies when the aspect ratio becomes higher
objects along the axis. However, the electric field producing than 1. For an aspect ratié/Dyc) = 2.5+ 0.3 two of these
the photons detected in our experimental conditions is alwaysfrequencies are close to each other: the €, m= 0) and
along the perpendicular to the major axis of the NCigyj( (I = 2, m = +1) modes that occur aroursi= 0.44. The
plane), that is, parallel to transverse surface plasmons.third frequency is close t& = 0.8 and is associated with

———— Raman Intensity

Raman Intensity (arb. units)

0 0 10 20 30 40
Raman shift (cm’)
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the ( = 2, m= £2) modes. The corresponding frequencies frequency of the Raman band cannot only be interpreted in
wwmp are given bySuv/(cDne) and are listed in Table 1. We  terms of size/shape-induced inhomogenous broadening. The
will refer to these modes as spheroidal-like modes (SLMs) coupling mechanisms between the SPR and the NCI's
because they are truly spheroidal modes (SMs) only for a vibrations as well as the dependence of the Raman efficiency
perfect sphere. on excitation wavelength need to be identified in order to
Under resonant excitation, the frequency of the Raman fully account for the Raman data.
band of the NCls is very close to the calculated frequency Collective effects among the NCls may also be important
of the SLMs ( = 2, m= +£2) that involve vibrations along  for the excitation step of the Raman scattering process
the minor axes only. For SLM$ € 2, m= +2), the particle because they could enhance the absorption of the incident
contracts along thg axis while elongating along theaxis photons®® However, because the mechanical coupling be-
and being unchanged along the major axjsThere is good tween the NCls and the matrix is rather weak in the present
agreement between the calculated frequencies of the SLMscase, the acoustic vibrations are most likely localized within
(I =2,m= +£2) and measured frequencies, but the coupling each NCI and there would not be spatial phase coherence
mechanism between the vibrational modes and the SPRbetween the vibration of a NCI and its neighbors. Therefore,
modes needs to be specified. According to the experimentallythe overall Raman process would be spatially incoherent and
observed Raman selection rules for our scattering configu- not affected by possible electromagnetic interactions between
ration (Figure 5), the active vibrational modes should lead NCIs, this being in agreement with recent results reported
to some polarization transfer from the longitudinal (excited) on self-ordered silver spherical nanoparticleds a conse-
to the transverse surface plasmons (detected). In other wordsguence, low-frequency Raman scattering can be interpreted
the longitudinal polarization should be projected along the in this case in terms of individual scattering objects and
transverse directions @ndy) by the SLMs. The SMsl (= inhomogeneous broadening effects, as opposed to what
2, m= £2) are not expected to produce such a projection happens in the case of semiconductor quantum dots embed-
because they produce no modulation along the major axisded in a semiconductor matrix where strong collective effects
of the NCls. However, as mentioned above, the NCI's modes are observe® Therefore, the vibrational coupling between
are not truly spheroidal and they might also involve modula- nanoobjects and its effects on the plasmon-mediated resonant
tion along thez axis, which should lead to a detectable Raman scattering is one of the most interesting points, which
modulation of the polarization associated with the longitu- needs further modeling of both vibrational and Plasmon
dinal SPR. Moreover, deviations from the perfect prolate modes in order to fully understand their interaction.

shape (i.e., rod-like shape), should affect the SPR and also |n summary, we have reported on the structural, optical,
the vibrational eigenvectors, thus possibly leading to modu- and vibrational properties of novel self-assembled silver NCls
lation of the longitudinal polarization. produced by alternate PLD. We have developed a new
The SLMs ( = 2, m = 0, +1) should produce a technique to produce NCls self-aligned along the growth
modulation of the spherical particle along thexis. So, in direction with small size and shape dispersions. This allowed
principle the observed Raman band at 19.2 teould be us to study the optical and vibrational properties as a function
attributed to such modes. However, the calculated frequencyof NCI shape and to observe, for the first time in such self-
is found around 12.1 cm (Table 1). This frequency is nearly ~assembled nanostructures, the splitting of the SPR into
7 cmt smaller than the experimental value. Therefore, we longitudinal and transverse modes. The comparison of the
assign the Raman signal from the NCls (Figures 3 and 5) to measured extinction spectra and those simulated using the
the SLM ( = 2, m= £2) rather than to SLMd = 2, m= simple model of Gans for embedded spheroids, and Maxwell
0, £1). Garnett effective medium model suggests that electromag-
Moreover, the MD calculations show that, for aspect ratios Nnetic interactions among NCls might play a role in the optical
H/Dnai > 2, the frequency of SLMI(= 2, m= +2) is rather response. The resonant Raman scattering produced by
constant (arounds = 0.8). Indeed, for these modes, the confined acoustic vibrations of self-assembled NCls has also
prolate particle does not vibrate along its major axis and been reported for the first time, and the self-alignment of
hence the vibrational frequencies do not depend on thethe NCls has allowed the investigation of Raman selection
particle heightH in the limit H/Dye >> 1. Because the  rules, the analysis of the scattering process in terms of optical
aspect ratio of the NCls i$1/Dye = 2.5 + 0.3, shape  €xcitation and detection, and the study of the interaction
fluctuations are not directly responsible for inhomogeneous between surface plasmon and vibration modes. The vibra-
broadening of the Raman band (Figures 3 and 5). However, tional frequencies of the twofold degenerate spheroidal-like
taking into account the measured disper&ion the NCI's modes (= 2, m= +2) calculated using molecular dynamics,
diameterDycy,,, = 2.5 nm andDyg,,, = 2.9 nm and using ~ and corrected for the matrix effect, agree very well with the
S= 0.8, one can easily estimate that the frequency of the measured Raman band frequencies. We have identified that
SLMs ( = 2, m= +2) falls in the range of 18521 cnr™. the interaction between the longitudinal surface plasmon
So, one expects a shift of the Raman band toward lower mode and the vibrational spheroidal-like modie=(2, m=
frequencies when decreasing the excitation wavelength duet2) activates the scattering acoustic Raman signal.
to selection of NCls with smaller aspect ratios (i.e., larger  This work thus opens new routes for the understanding
Dner values). Figure 4 shows instead a shift to higher of surface plasmons and confined acoustic phonons in metal
frequencies. This indicates that the overall width and nanoobjects and their interaction mechanisms. However,
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some fundamental questions remain open. For instance, how (16) Gonzalo, J.; Serna, R.; Solis, J.; Babonneau, D.; Afonso, Q. N.

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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