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The coupling between surface plasmon polaritons and confined acoustic vibrations in embedded silver
nanoparticles is studied both theoretically and experimentally. The inelastic light scattering spectra simulated
assuming deformation potential and surface orientation mechanisms are quantitatively compared to Raman
measurements. The effects of size distribution �width and profile� and excitation energy on the low-frequency
Raman spectra are addressed in this work and used to provide a characterization tool of the size distribution of
metal nanoparticles. The quantitative agreement between measured and simulated spectra supports the fact that
the surface orientation mechanism gives the dominant contribution to the resonant Raman scattering mediated
by surface plasmon polaritons.
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I. INTRODUCTION

When excited optically close to their surface-plasmon-
polariton �SPP� resonance,1,2 metal nanostructures lead to
strong inelastic light scattering due to emission or absorption
of vibration modes. This is well known as surface enhanced
Raman scattering3 for molecules located close to noble metal
nanoparticles and can be understood in terms of localization
and thus magnification of the electromagnetic field. How-
ever, this effect can also be used to evidence the vibration
modes of the nanostructures themselves.4 Since those vibra-
tion modes strongly depend on the nanostructure morphol-
ogy �size and shape�, the coupling between SPPs and vibra-
tions has early been considered as a potential tool for
characterization.

The low-frequency Raman scattering involving terahertz
vibrations was first investigated by Weitz et al.4 on rough
metal electrodes. The coupling mechanism was assigned to
the modulation of the electronic density, and consequently of
the SPP resonance, by vibrations. In the special case of
spherical nanoparticles, this coupling mechanism was ex-
pected to excite dominantly the quadrupolar vibration modes
�l=2�. On the contrary, radial modes were supposed to be
inefficient.4 This was apparently in agreement with many
experimental observations.4–6 Montagna and Dusi7 proposed
another mechanism of light scattering based on the dipole-
induced-dipole and bond polarizability models. However,
this approach is only suitable for nonresonant scattering in
dielectric materials. Thus, the recent observation of new vi-
bration modes, namely, the radial �l=0� modes, in low-
frequency Raman scattering,8,9 has raised new interest for
both theoretical and experimental studies.

In a previous work,11 various coupling mechanisms be-
tween surface plasmon polaritons and confined acoustic vi-
brations were investigated theoretically. It has been shown
that the low-frequency Raman spectra are indeed dominated
by the contribution of two coupling mechanisms: the defor-

mation potential �DP� mechanism due to the modulation of
the interband dielectric susceptibility by pure radial vibra-
tions �l=0� and the surface orientation �SO� mechanism cor-
responding to the modulation of the surface polarization
charges by quadrupolar vibrations �l=2�. In this work, we
present the first quantitative comparison between experi-
ments and simulations performed using the SO and DP
mechanisms. This paper should therefore be considered as a
sequel of Ref. 11. Raman spectra of �quasi�spherical silver
nanoparticles �NPs� embedded in amorphous Al2O3 host ma-
trix are measured for both resonant and nonresonant excita-
tions and compared to the simulated spectra, revealing the
importance of the size distribution profile and size disper-
sion. The aim of this work is to show that the dependence of
the inhomogeneously broadened Raman lines on the excita-
tion energy allows one to determine the unique couple of
mean size and size dispersion, which gives a good agreement
between simulated and measured spectra.

II. EXPERIMENTS

Ag:Al2O3 nanocomposite films containing five layers of
Ag NPs embedded in amorphous Al2O3 �a-Al2O3� were
grown by pulsed laser deposition �PLD� in vacuum
�10−6 mbar�. An ArF excimer laser beam ��=193 nm, �
=20 ns full width at half maximum� operating at 10 Hz was
alternatively focused on the surface of high purity Al2O3 and
Ag targets at an angle of incidence of 45°. An average energy
density of �2 J cm−2 was used to ablate both targets. PLD
produces approximately spherical NPs for low metal con-
tents that evolve to ellipsoids when the metal content is in-
creased due to coalescence. The use of alternate PLD allows
precisely controlling the in-depth separation between con-
secutive layers of NPs, through the number of laser pulses on
the Al2O3 target. Further details of the synthesis procedure as
well as the morphological analysis can be found

PHYSICAL REVIEW B 76, 235419 �2007�

1098-0121/2007/76�23�/235419�6� ©2007 The American Physical Society235419-1

http://dx.doi.org/10.1103/PhysRevB.76.235419


elsewhere.12,13 In an earlier work, films consisting of five
layers of Ag NPs with diameters in the range 1–12 nm and
in-depth separations between consecutive layers ranging
from �4.6 to 29.4 nm, while maintaining approximately
constant the in-plane �surface to surface� NP separation
��6±2 nm�, were reported.12 For this work, we have se-
lected a specimen having approximately spherical NPs, and
the NP layers being surface to surface in depth separated by
21±2 nm of a-Al2O3.

Figure 1 shows a plan view high resolution electron mi-
croscopy image of a sample produced in the same experi-
mental conditions as the one studied in this work. The NPs
�dark areas� present a quasicircular shape and are randomly
distributed in the plane. In order to investigate their in-plane
shape and size distribution, this image has been digitized
following a procedure described elsewhere.13 Table I sum-
marizes the main morphological parameters obtained from
this analysis: in-plane average diameter, NP height, NP sepa-
ration, and NP number density.12

The Raman scattering was excited at room temperature
using the output lines of argon and krypton lasers. The scat-
tered light was dispersed through a triple spectrometer and
detected with a conventional single channel photon counting
system.

III. RESULTS AND DISCUSSION

Figure 2 shows the Stokes and anti-Stokes low-frequency
Raman spectrum of the studied specimen excited at 413 nm,
close to the SPP resonance. This spectrum is typical from
spherical metal NPs. The strong emission �and absorption�
band around 14 cm−1 is due to quadrupolar acoustic vibra-
tions �l=2�. The low-intensity bands reported by Portales et
al.8 and Courty et al.9 at higher frequencies are not resolved
in this spectrum.

Optical absorption spectra of nanocomposites having
�3 nm diameter NPs were reported for in-depth separation
ranging from 4.6 to 29.4 nm.12 No significant difference was
found, showing that electromagnetic interactions between
particles, through the near field associated with the SPP
states, can be neglected. Note that this was not the case for
the NPs coated by organic chains studied by Courty et al.9,14

for which the size parameter ��3.5 /2.25�, given by the ratio
between the particle distance and the particle radius, was
smaller than that in the present case ��6 /1.5�.

Raman spectra were also recorded for in-depth separa-
tions down to 4.6 nm leading to the same conclusion con-
cerning the mechanical properties of the nanoparticles: de-
spite the a-Al2O3 matrix between the layers of Ag NPs, no
evidence for line broadening or splitting was found, so that
the particles can also be considered as mechanically
isolated.15 This is a key point in order to apply the model
developed by Bachelier et al.11 accounting for the low-
frequency Raman scattering of isolated metal particles. This
model is based on the modulation of the polarization vector
P�,L,M =�E�,L,M assigned to the SPP state �� ,L ,M� and in-
duced by the vibrations �n , l ,m� of the nanoparticles. L, M, l,
and m are the usual quantum numbers corresponding to the
angular momentum �−L�M �L and −l�m� l�, �� is the
SPP energy, and n labels vibration modes having the same
angular momentum but increasing energies. The modulation
�n,l,mP�,L,M of the polarization vector was found to be either
due to a modulation of the interband susceptibility �ib��� via
the deformation potential �DP mechanism� or to a direct

TABLE I. Morphological parameters obtained from HREM
�Refs. 12 and 13� on the studied sample. Note that the in-plane
mean separation corresponds to a surface to surface separation.

Areal density �%� 11.3

In-plane average diameter �nm� 2.9±0.8

Average height �nm� 3.2±0.6

In-plane mean separation �nm� 6±2

Number density of NPs �NPs /cm2� 1.5	1012

FIG. 1. Plan view HREM image of a sample produced in the
same experimental conditions as the studied one.
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FIG. 2. Measured Raman spectrum of silver particles with
1.4 nm mean radius excited at 413 nm �close to the SPP resonance�.
The dotted and full lines correspond to simulations performed with
a log-normal size distribution using �R�=1.3 nm, 
=20% and �R�
=1.4 nm, 
=15%, respectively.
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modulation of the electric field E�,L,M due to the modifica-
tion of the particle shape.11 The latter mechanism can be
analyzed in terms of a change of the surface orientation
�n,l,mn due to the particle vibration �SO mechanism� leading
to a redistribution of the SPP surface charges. Both mecha-
nisms were evaluated in the following simulations. The pre-

cise forms of the polarization vector modulation �n,l,mP�,L,M
are given in Ref. 11. The vibration modes and their diver-
gence were computed within the frame of the Lamb theory.16

Using a dipolar electric Hamiltonian �P ·E� to account for
each interaction step, the resonant Raman scattering prob-
ability is proportional to11

� �
��,L�,M�

�
�,L,M

� Es · P��,L�,M�dV� E��,L�,M� · �n,l,mP�,L,MdV� P�,L,M · EidV

���s − ��� + i���,L�����i − �� + i��,L� �
2

, �1�

where i and s label the incident and scattered photons and
��,L accounts for the size dependent homogeneous broaden-
ing of the SPPs due to the Landau damping.10,11 Note that the
use of dipolar electric Hamiltonians does not restrict the
model to the dipolar approximation �L=1�, as indicated by
the sums over L and L�.

Comparing the theoretical predictions to the experimental
Raman data is essential to check the validity of the model
presented above. In order to account for the size distribution
of the studied sample, leading to inhomogeneous broadening
of the Raman peaks, we use, in a first step, a log-normal
distribution,

��R� =
1

	2SR
exp
−

�ln�R� − M�2

2S2  , �2�

where

S =	ln�
2 + �R�2

�R�2 �, M = ln� �R�

exp�S2

2
�� , �3�

R being a particle radius, and �R� and 
 the mean radius and
size dispersion, respectively. The simulated spectra are
shown in Fig. 2, where it is seen that a reasonable agreement
with measured Raman spectra can be obtained for various
couples of particle mean radius and size dispersion �only two
are shown here�. It is therefore not possible to determine the
actual couple of parameters using only this comparison. A
detailed study of the effect of the size dispersion on the low-
frequency Raman spectra is thus needed to precisely analyze
the experimental data.

A. Size effects

In the framework of Lamb theory, the frequency of the
acoustic vibration modes is inversely proportional to the par-
ticle radius.16 For very small size dispersions, this scaling
can directly be used to extract the mean particle radius.8,18

However, for larger size dispersions, the dependence of the
scattered intensity on the particle size has to be taken into
account since it can strongly affect the relation between the

size distribution maximum and the Raman intensity maxi-
mum.

To highlight the effect of the size dispersion on the low-
frequency Raman spectra, four scattering corresponding to
log-normal size distributions with 
=5%, 10%, 20%, and
30% are shown in Fig. 3. They were calculated by averaging
the Raman scattering probability �Eq. �1�� weighted by the
size distribution �Eq. �2��. As one can see, there are two main
effects. First is the disappearance of the low-intensity bands
in the high-frequency tail of Raman spectra as the size dis-
persion increases. This effect is due to the size dependence of
the vibration frequencies �n,l,m being proportional to 1 /R.
The inhomogeneous broadening due to size dispersion 
 is
proportional to 
�n,l,m

2 �if one neglects the size dependence
of the scattering probability�. Thus, the higher the vibration
frequency, the broader the peak. For size dispersions larger
than 20%, only the most intense peak clearly comes out in
the simulations. This could explain why the weak Raman
bands due to the pure radial modes �l=0� were only recently
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FIG. 3. Normalized Raman spectra calculated with DP �De-ph

=−1.55 eV� �Ref. 17� and SO mechanisms for a mean particle ra-
dius of 2.5 nm. The size dispersions, corresponding to a log-normal
distribution, are equal to 5%, 10%, 20%, and 30% from top to
bottom. The inset shows the frequency in cm−1 of the main Raman
peak as a function of the inverse particle mean radius for size dis-
persions of 0%, 5%, 10%, 20%, 30%, 40%, and 50% from top to
bottom.
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observed on silver NPs with very small size dispersion.8

The second effect is related to the shift of the main Raman
peak toward low frequencies as the size dispersion increases.
This is a direct consequence of the size dependence of the
scattering probability, mainly due to the enhancement of the
electric field E�,L,M induced by its localization around the
NPs and to the confinement of vibrations inside the
particles.15,19 Both effects are responsible for the size depen-
dent amplitude of the eigenstates �� ,L ,M� and �n , l ,m�.
More precisely, the SPP electric field was found to be in-
versely proportional to the particle volume at the SPP reso-
nance and the vibration amplitude to scale as 1 /R2.

It is interesting to note, as shown in the inset of Fig. 3,
that the intensity maximum still shifts linearly with the in-
verse of the mean particle radius for a given size dispersion.
The slope of �max�1 / �R�� depends thus on the size disper-
sion. This underlines how much the particle radius can be
overestimated by a direct comparison between the frequency
of the Raman intensity maximum and the calculated vibra-
tion mode frequency.

B. Resonance effects

The purpose of this section is to show how to extract both
the mean size and the size dispersion of the nanoparticles
from the Raman spectra. For this purpose, we use the reso-
nance effects evidenced by Portales et al.:8 the Raman inten-
sity maximum shifts toward low frequencies for decreasing
excitation energies, as shown in Fig. 4, for the sample stud-
ied in this work. This behavior was recently analyzed in
terms of size dependence of the scattering probability.15

More precisely, normalizing the SPP with respect to their
far-field component, the electric field out of resonance was
found to be nearly independent of the particle radius, in con-
trast with the 1 /V scaling close to resonance. Moreover, spe-
cial care must be paid while deriving the size dependence of
the scattering probability due to the sums over the SPP states
�see Eq. �1��. Indeed, in the model proposed in Ref. 15 the
“number” of SPP states involved as intermediate states of the
light scattering is proportional to the volume for resonant

excitation �width of the resonance�, whereas it is independent
of the particle size out of resonance. Finally, replacing each
term of Eq. �1� by its specific size dependence �the electric
field of the incident and scattered photons being independent
of R�, the scattering probability was found to scale as

�VV�1
1

V
V�� 1

V

1

R2

1

V
V�� 1

V
1V��2

= R2 �4�

at the SPP resonance and

��1 · 1V��1
1

R21V��1 · 1V��2

= V5/R �5�

below the SPP resonance.11 Multiplying by the Bose-Einstein
factor associated with the low-frequency vibrations, which
introduces an additional term proportional to the particle ra-
dius R, one obtains a Raman intensity proportional to V for
an excitation at the SPP resonance and to V5 for nonresonant
excitation.15,22 As a consequence, and for a given size disper-
sion, the shift of the Raman peak toward low frequencies,
with respect to the case of monodisperse particles, is larger
for excitation at energies below the SPP resonance than for
the resonant excitation.

The two couples of mean radii and size dispersions
��R� ,
� used in Fig. 2, and giving a reasonable agreement
with experiments for an excitation at the SPP resonance, can
now be discriminated, thanks to the nonresonant Raman
spectra. As one can see in Fig. 5, the shift of the Raman peak
for the nonresonant excitation depends on the couple of pa-
rameters ��R� ,
�, so that one can rule out the case of �R�
=1.3 nm and 
=20% and retain the values �R�=1.4 nm and

=15%, giving a better agreement for both resonant and
nonresonant excitations.

At this step, one can propose a reliable tool to extract the
mean radius and size dispersion ��R� ,
� by plotting the cal-
culated frequency �max,res of the intensity maximum for
resonant excitation as a function of the frequency �max,nonres
of the Raman intensity maximum for nonresonant excitation
�see Fig. 6�. The line splitting the graph into two equal parts
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FIG. 4. Raman spectra measured on silver particles with 1.4 nm
mean radius and excited at 413, 458, 476, 488, and 514 nm from
top to bottom. The corresponding extinction spectrum showing the
SPP resonance is plotted in the inset.
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FIG. 5. Comparison between measured and simulated Raman
spectra �A� in and �B� out of the SPP resonance. The simulations
were performed with mean radii and size dispersions �log-normal
distribution� of �R�=1.3 nm, 
=20% �dotted line� and �R�
=1.4 nm, 
=15% �full line�.
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corresponds to a monodisperse distribution �there is no
downward shift whatever the excitation energy�. From the
measured spectra shown in Fig. 5, we found �max,res
=14 cm−1 and �max,nonres=12 cm−1, giving a mean particle
radius of 1.5±1 nm and a size dispersion of �13±2�% �as-
suming an uncertainty on the intensity maximum position of
�1 cm−1�. This determination, based only on the measured
frequencies of the Raman intensity maxima, is in good
agreement with the results obtained previously by fully ana-
lyzing the Raman line shape, as discussed in Fig. 5.

It is interesting to notice that the size dispersion deduced
from the comparison between the Raman measurements and
the simulations is almost half than that determined by HREM
��28% �, cf. Table I. In order to determine the origin of this
discrepancy, we analyzed in detail the size distribution from
the plan view HREM image �Fig. 7�. As a matter of fact, the
size distribution presents a double peak fitted by log-normal
distributions with average radii of 1.05±0.2 and 1.7±0.2 nm

and a size dispersion of 15% in both cases. The latter value is
in close agreement with our simulations. On the other hand,
the bimodal distribution necessarily has a corresponding sig-
nature on the low-frequency Raman spectra. Due to the 1 /R
dependence of the vibration frequencies, small particles con-
tribute to the Raman spectra at higher frequencies than the
large particles. Moreover, according to the size dependence
of the Raman scattering efficiency �proportional to V for
resonant excitation�, the expected contribution of small par-
ticles is weaker than that of large particles, leading finally to
the shoulder, around 25 cm−1, in the high-frequency part of
the principal peak �Figs. 2 and 5�A��. For excitation below
the SPP resonance, the size dependence of the scattering
cross section is sharper �V5� so that the small particle contri-
bution completely vanishes: the shoulder visible in Fig. 5�A�
disappeared in Fig. 5�B�. To corroborate this qualitative
agreement, we simulate the Raman spectra using a mono-
modal distribution ��R�=1.5 nm, 
=13%� and a bimodal
distribution ��R�=1.5 nm, 
=13% and �R�=1 nm, 
=13%�,
cf. the dashed and full lines in Fig. 8, respectively. The rela-
tive amplitude of the two distributions was chosen to be
equal to 1.4 in the simulations in close agreement with the
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15% for each distribution.
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distributions �see text�.
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value deduced from the size histogram shown in Fig. 7
�7.6 /5.5�1.38�. One can clearly see that a better agreement
between measured and simulated spectra is obtained with the
bi-modal size distribution �Fig. 8�. This not only underlines
the sensitivity of the low-frequency Raman scattering to the
details of the particle size distribution but also corroborates
the interpretation of the light scattering process in terms of
the surface orientation mechanism.

We would like to stress here the high sensitivity of the
simulations to the size distribution profile. For instance, we
reproduce in Fig. 9 the same calculations as in Fig. 6 but
with a Gaussian size distribution �truncated to the positive
values of the particle radius� instead of the log-normal size
distribution. The main effect is to modify the proportion of
large and small particles for a given mean radius and size
dispersion ��R� ,
�. As one can see in Fig. 9, the results
strongly differ from those obtained with a log-normal distri-
bution for size dispersions higher than 10%. Hence, special
attention must be paid, while comparing measured Raman
data and simulations, to the specific size distribution of the
studied sample.

IV. CONCLUSION

The model based on surface orientation and potential de-
formation mechanisms has been used to simulate the Raman
scattering from quasispherical and noninteracting silver
nanoparticles. The calculated Raman spectra were success-
fully compared to the measured spectra. In particular, the
size dependence of the scattering efficiency is well repro-
duced for both resonant and nonresonant excitations. The
main conclusion of this work is that, for size dispersion
higher than 10%, the size distribution profile plays an impor-
tant role. It must be fully taken into account in the simulation
in order to accurately correlate the frequency of the Raman
peaks to the nanoparticle mean size. We showed that both
resonantly and nonresonantly excited spectra have to be
compared to the simulation in order to precisely account for
the size distribution of the nanoparticles.
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