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RAMAN AND BRILLOUIN SCATTERING OF SPHERICAL
NANOPARTICLES AND THEIR CLUSTERS

MARIA SECCHI a AND MAURIZIO MONTAGNA b ∗

ABSTRACT. The inelastic light scattering of the acoustic vibration of spherical nanoparti-
cles is reviewed. For particles much smaller than the wavelength of the exciting light (λ ),
with a diameter (d) smaller than about 20 nm, the dominant physical mechanism, called
Raman, is the polarizability fluctuation due to dipole dipole or bond polarizability induced
effects. Only spheroidal modes with l = 0 and l = 2 are Raman active. For particles of
size comparable with λ (d larger than about 100 nm) a different physical mechanism is
dominant, the mass displacement and relative polarization associated with the vibration,
as for the usual Brillouin scattering of liquid and solids. As the size increases, higher and
higher l modes with higher and higher n, the index that labels the radial wavevector, become
important and many dozen of peaks appear for d > 500 nm. A simple model allows to
reproduce the main features of the observed spectra. A more precise agreement is obtained
by a refinement that considers the interaction among the particles in a phononic crystals.
The interaction produces broadening and shift of the lines and accounts for the presence
of a very low frequency broad band, attributed to the density of states of the modes of the
sound propagation in the crystal. The analysis of the spectra allows to obtain information on
the dynamics of the single free sphere and on the strength of the interaction. By measuring
the temperature-dependence of the Brillouin spectra in clusters of polystyrene nanoparticles
during the sintering process, it is possible to identify the glass-transition temperature and
calculate the elastic modulus of individual nanoparticles as a function of particle size and
chemistry. Surface mobility is evidenced by a size dependence of the interaction among the
particles and of the glass transition temperature.

1. Introduction

After the first works on silver colloids in alkali halides (Rzepka et al. 1981) and on spinel
nanocrystals in cordierite glasses (Duval et al. 1986), low frequency Raman scattering
from symmetric and quadrupolar acoustic vibrations has become a method to study many
composite systems containing metallic, insulator or semiconductor nanoparticles (NPs) and
to determine the size of the particles. Few peaks in the range 3-50 cm−1 were observed
(Duval et al. 1986; Champagnon et al. 1987; Malinovsky et al. 1988; Mariotto et al. 1988;
Abel 1990; Capobianco et al. 1991; Fujii et al. 1991; Champagnon et al. 1993; Tanaka et al.
1993; Ferrari et al. 1996; Fujii et al. 1996; Zi et al. 1998; Ivanda et al. 1999; Palpant et al.
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1999a,b; Zhao and Masumoto 1999; Gangopadhyay et al. 2000; Irmer et al. 2000; Verma
et al. 2000; Bottani et al. 2001; Ceccato et al. 2001; Duval et al. 2001; Wu et al. 2001;
Cataliotti et al. 2002; Tikhomirov et al. 2002; Ivanda et al. 2003; Montagna et al. 2003;
Bachelier and Mlayah 2004; Saviot et al. 2004; Yang et al. 2005; Bragas et al. 2006; Ivanda
et al. 2006; Jestin et al. 2006; Bachelier et al. 2007; Murray et al. 2007; Gupta et al. 2008;
Kostic et al. 2008; Ristic et al. 2009; Chen et al. 2010; Mikac et al. 2011; Mankad et al.
2012; Mohapatra et al. 2012; Mankad et al. 2013; Zatryb et al. 2015; Mork et al. 2016;
Simon et al. 2016; Girard et al. 2017; Lee et al. 2017).

All the above cited experiments were performed on systems formed by very small
particles of size qd ≪ 1, where d is the diameter of the particle and q is the exchanged
wavevector of the light. In fact, the theoretical results were derived in the hypothesis
that the fields, scattered by different polarizable units within the particle, are all in phase,
qd ≪ 1. Later, a different phenomenology was observed in light scattering experiments
from particles with sizes of hundreds of nanometers (Kuok et al. 2003a,b). The particles
were made up of sol-gel derived silica, polystyrene or PMMA, aggregated to form 3D
photonic crystals. The low frequency spectra of these systems, and those relative to a single
particle (Li et al. 2006), exhibit many peaks with comparable intensities. The peaks were
attributed to the spheroidal (s,n, l) acoustic vibrations confined in a single sphere.

Three different steps are clearly present in the evolution of the analysis of the Brillouin
spectra in phononic crystals. The first attempt was to use a model for the calculation
of the Brillouin intensity, for assigning the observed peaks to the modes of an isolated
NP (Montagna 2008a; Still et al. 2010). Later, it was recognized that particle–particle
interactions in clusters of NPs influence the eigenfrequencies of individual NPs and lead to
a low frequency broad band, which is attributed to the propagation of longitudinal waves
(Mattarelli et al. 2012, 2013). More recently, it has been shown that the light scattering
experiments can be used to follow the process of sintering of NP (Saviot et al. 2017; Kim
et al. 2018).

Here, we will briefly review the three steps and show how the technique can be used to
study the effect of nano-confinement of the acoustic-like vibrations. For polymeric particles,
it has been suggested the existence of a surface layer with higher mobility of the chains
(Kim et al. 2018). The role of this mobile surface layer is more important as the particles are
small, resulting in a size dependent glass transition temperature, measurable by Brillouin
Scattering (BS).

2. Vibrations of a free sphere

The dynamics of a homogeneous elastic sphere with a free surface was studied by Lamb,
who gave frequencies and displacement patterns as a function of the elastic constants and
density (Lamb 1881). The vibrations are grouped into two categories, the torsional and the
spheroidal ones. The former involve only shear motions and do not change the volume of the
sphere, the latter involve both shear and stretching motions and produce radial displacement.
Torsional and spheroidal modes are classified according to the symmetry group of the
sphere by the labels (l,m) as for the spherical harmonic functions Y m

l . The symmetric l = 0
spheroidal modes have a purely radial pattern with spherical symmetry. At higher l values,
angular corrugation appears: l measures the number of wavelengths along a circle on the
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surface. A third index (n = 1,2, ..) labels the sequence of eigenmodes, in increasing order
of frequency and radial wavevector, at fixed angular shape (l,m). We will use the notation
(p,n, l,m) with p = s, t for spheroidal and torsional modes, respectively. All modes have
frequencies f that scale inversely to the spherical diameter d (Lamb 1881):

f (p,n, l) = A(p,n, l)vL/d (1)

where A(p,n, l) are dimensionless quantities of the order of one that depend on the ratio
between the transverse (vT) and longitudinal (vL) sound velocities in the particle. Typical
frequencies are in the range of THz for spheres of few nanometers and of GHz for spheres
in the range of micrometers. Figure 1 shows some low frequency Lamb modes.

a) b)

d)c)

FIGURE 1. Schematic representation of low frequency Lamb modes: (a) the
spheroidal symmetric mode, (s,1,0), (b) the spheroidal quadrupolar mode,
(s,1,2,0), (c) the torsional mode (t,2,1,0), and (d) the torsional mode (t,1,2,0).

The spheroidal symmetric mode (s,1,0) is shown in Fig. 1a. Its frequency depends on both
transverse and longitudinal sound velocity. The five degenerate spheroidal quadrupolar
(s,1,2,m) modes transform the sphere, alternated in time, in a prolate and oblate ellipsoid,
as shown in Fig. 1b. The three (s,1,1,m) modes, not shown, are zero frequency rigid
translations along three normal axes (m=x, y, z). Figure 1c shows the displacement pattern
of one of the three degenerate (t,2,1,m) with counter rotations of the external and internal
parts of the sphere. The (t,1,1,m), not shown, are zero frequency rigid rotations. Figure
1d is a schematic representation of the surface displacement of one of the five (t,1,2,m)
modes. The frequencies of all torsional modes depend only on the transverse sound velocity,
since they do not involve stretching displacements.
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3. Brillouin and Raman scattering

The method for calculating the low frequency Raman/Brillouin spectrum of dielectric
nanoparticles has been developed by Lamb (1881), Benassi et al. (1991), Mazzacurati et al.
(1992), Montagna and Dusi (1995), Berne and Pecora (2000), and Montagna (2008a). The
contribution of the p-th mode, with frequency ωp, to the Stokes part of the spectrum can be
put in the form (Benassi et al. 1991):

Ip
αβ

(q) ∝
n(ω p)+1

ω p | ∑
i

e−iq·xi
[−iq · e(i, p)π i

αβ
+Qi

αβ
] |2

=
n(ω p)+1

ω p Cαβ (ω
p), (2)

where n(ω,T ) is the Bose-Einstein factor, Cαβ (ωp) is the mode-radiation coupling co-
efficient, α and β are the direction of polarization of the incident and scattered photon,
respectively, h̄ω = h̄ωi − h̄ωs and q = ki −ks are the exchanged energy and wavevector,
respectively. π i

αβ
(t) is the effective microscopic polarizability tensor of the i−th scatterer

at position ri(t),
ri(t) = xi +ui(t), (3)

where ui(t) is the displacement from the equilibrium position xi. π i
αβ

(t) can be expanded
in power series of the displacements uj, and ui can be expressed in terms of the vibrational
eigenvectors e(i, p), whose frequencies are ωp:

π
i
αβ

(t) = π
i
αβ

+Qi
αβ

(4)

with

Qi
αβ

= ∑
j

∑
γ

∂π i
αβ

∂uj
γ

[eγ( j, p)− eγ(i, p)]. (5)

π i
αβ

is the bare polarizability of the i-th unit and its derivatives with respect to the displace-
ments of the surrounding atoms are calculated at the equilibrium position xi. The first term,
−i∑i π i

αβ
e−iq·xi q · e(i, p), describes the polarization fluctuations due to the displacement of

the units from their equilibrium position. It is called the Brillouin term (Montagna 2008a).
The second term, ∑i e−iq·xi

Qi
αβ

, is due to two kinds of induced effects: i) the local field
changes due to the motion of the surrounding dipoles (Dipole Induced Dipoles, DID); ii) the
electronic polarizability changes with the change of the atomic distances (Bond Polarization,
BP). This term is called Raman term (Montagna 2008a).

If the particle size d is much smaller than the wavelength of the exciting light, the
mechanism of scattering due to density fluctuations is not active. Therefore, only the Raman
term is active for small particles (qd ≪ 1). No q-dependence is present, so that isotropic
scattering is observed instead of the Bragg-like scattering, typical of systems which extend
over many wavelengths.
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Even if different assignments have been proposed (Kanehisa 2005, 2006; Li et al. 2007;
Gupta et al. 2009), it has been shown that, on the basis of symmetry arguments, only the
symmetric (l = 0) and quadrupolar (l = 2) spheroidal modes are Raman active (Duval 1992;
Montagna and Dusi 1995; Goupalov et al. 2006; Montagna 2008b). The l = 0 modes give a
polarized (VV, vertical-vertical, parallel polarization in excitation and detection) Raman
spectrum, whereas the l = 2 modes give depolarized spectra, allowing one to distinguish the
nature of the vibrations by a comparison of the VV and HV (horizontal-vertical, crossed
polarizations) polarized spectra.

The physical mechanism of photon-phonon interaction depends on the system and
determines the relative activity of the two sequences of vibrations. In metal particles, the
l = 2 vibrations dominate the Raman spectrum (Fujii et al. 1991; Palpant et al. 1999a,b;
Bachelier and Mlayah 2004; Murray et al. 2007; Mankad et al. 2013; Girard et al. 2017). In
dielectric particles, the quadrupolar modes or symmetric modes dominate the spectra when
the DID or BP are more important, respectively (Mattarelli et al. 2006; Murray et al. 2007).
This result explains why semiconductor nanoparticles with covalent bonds show intense
symmetric scattering (Irmer et al. 2000; Huntzinger et al. 2006; Ivanda et al. 2006, 2007;
Mankad et al. 2012), whereas fluoride crystals with ionic bond show Raman scattering from
quadrupolar modes (Tikhomirov et al. 2002, 2003; Mattarelli et al. 2005), and why in oxide
crystals, as titania, zirconia, and hafnia, the two modes show comparable Raman activity
(Montagna et al. 2003; Jestin et al. 2006).

The Raman coupling coefficient, especially for the l = 0 vibrations, is nearly the same for
all the modes of a sequence, with different radial wavevector. However, the [n(ω)+1)]/ω ∼
1/ω−2 factor, due to the thermal averaging in harmonic approximation, determines a Raman
spectrum with a sequence of peaks of decreasing intensity as the radial index n increases
(Montagna and Dusi 1995). For this reason, only the first mode, n = 1, of the l = 0 and/or
l = 2 spheroidal vibrations is clearly observed in most systems. As an example, Fig. 2 shows
the polarized spectra of a glass ceramic with nanoparticles of the cubic β -PbF2 phase in a
oxyfluoride glass. The sample was obtained by annealing the parent glass for 5 h at 440 ◦C
(Montagna et al. 2003) The spectra were measured in a standard 90 degree geometrical
configuration, by exciting the samples with the 514.5 nm line of an Ar+-ion laser. A double
monochromator with a 2 m focal length and gratings with 300 lines/mm, working at the
eleventh order, was employed. The high transparency of the glass ceramics allows to have a
quite small contribution of the elastic line in the very low frequency region (Mattarelli et al.
2007, 2010).

The sharp peak at 0.7 cm−1, with a linewidth given by the resolution of about 0.13 cm−1,
is the Brillouin peak due to the longitudinal phonons of the glass ceramic. Its intensity has
been reduced by a factor 5 in the VV spectrum and by a factor of five in the HV spectrum.
The depolarized (i.e., present both in VV and HV spectra) band centered at about 2.8
cm−1 and the broader polarized (present almost exclusively in the VV spectrum) band,
appearing as a shoulder at about 6 cm−1, are attributed to the (s,1,2) and (s,1,0) modes
of the nanoparticles. A nearly constant background with intensity comparable to that of
the peaks is the vibrational contribution of the glass, the low frequency tail of an intense
Boson peak. The large width of the (s,1,2) band has two physical causes. The first is the
size dispersion of the particles that causes inhomogeneous line broadening. The second is
the interaction of the nanoparticles with the surrounding glass that causes homogeneous
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FIGURE 2. VV and HV polarized Raman and Brillouin spectra of a glass ceramic
made of an oxyfluoride glass containing β -PbF2 nanocrystals (red lines). Integra-
tion time is 6 s. The spectra are shown in two intensity scales with the indicated
ratio.

line broadening (Montagna and Dusi 1995; Zi et al. 1998; Saviot et al. 2004): vibrations are
no more confined in the sphere, but extend into the glass medium. A model that considers
the two source of broadening, taking a log-normal distribution of particle sizes, allows
to reproduce the spectral patterns providing the values of the mean size and width of the
distribution. The model is applied to the lineshape of the (s,1,2) peak in the HV spectrum,
since the l = 0 vibrations are Raman active only in VV polarization. The fit gives a mean
size of about 14 nm with a sharp size distribution, 2 nm at full width half maximum, the
main contribution to the observed much larger linewidth being due to homogeneous line
broadening.

The applicability of the simple Lamb model for a homogeneous medium to the case of an
anisotopic spherical crystal has been studied by Saviot et al. (2004). The anisotropy results
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FIGURE 3. Calculated BS intensities for the lowest frequency spheroidal modes
of PS particles.

in a splitting of the l = 2 mode for spherical Si nanocrystals. However, this study shows
that the use of the Lamb model is still a good approximation. Few studies has been carried
out on core-shell particles (Still et al. 2008; Ristic et al. 2009; Sun et al. 2010; Mork et al.
2016; Lee et al. 2017), and on particles with non-spherical shapes, as cubic, octahedral
particles (Sun et al. 2010; Pan et al. 2011), nanorods and nanowires (Saviot 2018). Finally,
it should be mentioned some measurements performed on organic materials, such as viruses
(Karpova et al. 2016; Tcherniega et al. 2018) and proteins (Shevchenko et al. 2019).

All the results presented above, except possibly the last ones, were obtained for small
particles showing only l = 0 and l = 2 spheroidal modes. On the contrary, for particles with
a size comparable to the wavelength of the light, all spheroidal (s,n, l,m) become active.
The Brillouin term, which produces VV polarized spectra, becomes dominant over the
Raman one that should allow to participate all modes, including the torsional ones, in VH
polarization (Montagna 2008b). As a matter of fact, a contribution from torsional modes
has never been observed. The scattering is q-dependent. The number of peaks appearing in
the Brillouin spectra increases as the particle size and q increases. This is shown in Fig. 3,
where the calculated intensities of the lowest frequency (s,n, l) modes are reported, as a
function of the adimensional quantity qR (R = d/2), for particles with νL/νT = 1.99, a
value suitable for polystyrene (PS) particles. The index s has been removed for graphical
reasons.

Many dozen of peaks can be observed for particles with a diameter larger than 500 nm.
Figure 4 shows the single contribution of the lowest frequency (s,n, l) modes and their
sum, calculated for a PS sphere with d=550 nm. This calculated spectrum, broadened
for accounting of the limited experimental resolution, is compared in Fig. 5 with the
experimental spectrum, partially already reported in Fig. 6 (with reduced scales) (Mattarelli
et al. 2012).

It is important to note that, even if the Brillouin scattering is q-dependent (the intensity of
the peaks are q-dependent, not the frequencies of the confined vibration, that are determined
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FIGURE 4. Calculated BS spectrum with contributions from the lowest frequency
modes of a 550 nm PS particle.
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FIGURE 5. Comparison of the experimental (black line) and calculated (red line)
BS spectrum of a 550 nm PS particle.

by the size and the mechanical structure), this q-dependency is masked by multiple scattering
occurring in partially opaque samples of thick clusters of particles. Contributions of all
exchanged q-values, from zero to the backscattering one, qBS = 2ki = 4πn/λ , where n is
the refractive index, appear at any angle of measurement (Still et al. 2010). The calculated
intensities account for this by taking the sum of the scattering intensities at all q-values.
Figure 6 shows the result of this calculation. For small qR, the (s,1,2) peak is largely
dominant. As qR increases, more and more different (s,n, l) modes become important.

The calculation of Fig. 4 can reproduce the main features of the Brillouin spectra, but it
is evident that a refinement of the theoretical approach is needed to reproduce the relative
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FIGURE 6. Calculated BS intensities for the lowest frequency modes of PS
particles by summing over all exchanged 0 < q ≤ qBS.

intensities and the finite width of the lines. We must consider that particles are not isolated,
but interact in the cluster with forces at their contacts.

4. fcc crystals of spheres

When two spheres approach, the molecular forces of attraction produce a deformation
which appears as a circular area of contact. The strain pattern in the region of contact is
complex, with repulsive forces with compressive strains in the central region and attractive
forces with tensile strains in the external region of the contact circle. According to the JFK
model, for a small interaction, two spheres with diameter d have a circular contact area of
radius a0 in case of no external force (Johnson et al. 1971):

a0 = (
3πd2Wa

8K
)1/3

∝ d2/3, (6)

where Wa is the surface energy and K is the bulk elastic modulus. The interaction between
two spheres can be described by a spring constant normal to the contact surface given by

kn = BW 1/3
a d2/3K1/3

∝ d2/3, (7)

where the dimensionless quantity B depends on the model assumed for the distribution of
the strains in the contact volume (Mattarelli et al. 2013). The most important things are the
scaling laws, a0 ∝ d2/3 and kn ∝ d2/3, since they provide the size dependence of the effects
of the interaction.

Usually, the clusters of nanoparticles are poly-crystals of fcc structure as in Fig. 7, where
a picture at the optical microscope is shown for particles with d = 2 mm. Smaller particles
can be observed in the pictures taken by scanning electron microscopy (Kim et al. 2018).
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20 µm

a)

b)

FIGURE 7. Optical microscope picture of a polycrystalline cluster of PS particles
with d = 2 µm. The hexagonal structure is that of the (111) surface of a fcc
crystal. Diffraction pattern of a laser beam with λ = 543 nm and a diameter of 2
mm. Crystals with different orientation produce groups of six spots arranged in
ring.

A perfect fcc crystal, even in the presence of some degree of disorder, is a good model
for studying the effect of the interaction among particles. Two main new effects appear. The
first is that each discrete (p,n, l,m) mode of the isolated sphere becomes a phonon band
with dispersion larger as the interaction among the spheres is larger. The second is that the
symmetry is lowered from the spherical one to that of a phonon with a defined q-vector.
Even at the gamma point, q = 0 with all spheres moving in phase, the symmetry is lowered
from spherical to cubic. The 2l +1 degeneration is at least partially resolved and crystal
phonons deriving from different (p,n, l,m) modes of the sphere, but having the same crystal
symmetry, can mix.

Figures 8 and 9 show the dispersion curves along a low symmetry (124) direction for
few low frequency modes. The Brillouin zone border (BZB) in this direction is a little bit
smaller than the maximum qX =

√
2π/d in the (100) direction. The calculation has been

done by connecting nearly spherical finite clusters of masses by few springs in the contact
region (Mattarelli et al. 2013).
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FIGURE 8. Calculated dispersion curves for the (s,1,1) and (t,1,1) phonon
bands along the (1,2,4) direction. The dashed vertical line indicate the Brillouin
zone border for this direction

The three lower curves of Fig. 8 describe the two transverse and the longitudinal sound
propagation in the crystal. They derive from the three degenerate (s,1,1) mode of the
single particle, a zero frequency mode of rigid translation of the whole sphere. The sound
propagates through the spheres maintaining nearly rigid structures with strains appearing
only in a small region at the contacts. In an ideal fcc crystal, the maximum vibrational
frequency, for waves propagating along the [100] directions, is

ωmax = 2
√︁

Keff/M ∝ d−7/6 (8)

where M is the mass of the sphere and the scaling laws with the particle size, i.e., Ke f f ∝

kn ∝ d2/3 and M ∝ d3, have been used. In this regime, the longitudinal sound velocity of
the system scales as

vL ∝ d
√︁

Keff/M ∝ d−1/6 (9)

These theoretical expectations have been confirmed in BS experiments on PS clusters. The
observable quantity is the broad low frequency band appearing at frequencies lower than
that of the lowest frequency (s,1,2) peak, attributed to the full density of longitudinal sound
waves. The high frequency tail of this band presents a scaling law with the particle size
well reproduced by Eq. (8) (Mattarelli and Montagna 2012; Kim et al. 2018). The simple
model described above appears to work well. Therefore, we can deduce that the effect of
the interaction is relatively more important for small particles. In particular, the deformation
from the spherical shape that can be measured by a0/d ∝ d−1/3 and the sound velocity
vL ∝ d−1/6 increase with decreasing the particle size.

The three upper dispersion curves of Fig. 8 derive from the (t,1,1) modes, the three
zero frequency pure rotation of the free sphere. It should be noted that translation and
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FIGURE 9. Calculated dispersion curves for the (s,1,2) phonon band along the
(1,2,4) direction.

rotation modes mix near the zone border, where they have close frequency since the relative
displacement of two counter-rotating spheres produces the same strain at the contact as the
counter-translation.

Figure 9 shows the dispersion curves for the (s,1,2) vibrations. Here, and in all higher
frequency modes, the dispersion is less effective than for the (s,1,1) and (t,1,1), very
sensitive to the interaction since are zero-frequency modes in the free particle. The DOS
of the (s,1,2) band is centered at a frequency higher than the relative frequency of the
free particle. This is true for all phonon band, since any constrain to a free vibration
increases its frequency. The frequency of the free (s,1,2) vibrations are indicated by the
horizontal dotted lines. Here, the 2l + 1 = 5 multiplet is split in a triplet and a doublet,
since the numerical calculation is not done on a spherical particle, but on a finite cluster,
with a symmetry lowered to cubic. The width of the DOS is comparable with the shift
toward higher frequency of the band center of mass, and both width and shift are nearly
linear with the interaction, for small keff. This observation allows to estimate from the
shape of the observed (s,1,2) band two important quantities: i) the frequency of the free
sphere, which gives information on the mechanical properties of the particles; ii) the
strength of the interaction, which governs the propagation of the sound waves and all other
phonons in the crystal of particles. A study on cluster of PS particles of different size and
chemical composition, has recently shown that the mechanical properties of the particles are
independent on the size, but depend on the chemical route used to produce the particles. In
particular, harder particles can be obtained by adding cross-linkers (Kim et al. 2018). On the
other hand, the effect of the interaction seems to scale with the particle size as predicted by
the scaling laws of Eqs. 5-8 with no evident dependence on the different chemical processes
for producing the particles.
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5. Temperature-dependent particle vibrational modes and interaction.

When the temperature is increased from room temperature towards Tg, the particles
progressively collapse to form a compact film. There is a regime for a large interval of
T, in which the Brillouin spectra show a shift towards low frequency of all peaks. The
effect is reversible and can be attributed to anharmonicity that softens the glass. This
occurs up to a temperature Tx, over which an opposite shift is observed with a progressive
broadening of all bands. The smaller the size of the particles, the smaller the temperature
Tx at which this inversion occurs. Therefore, there is a temperature interval, lower than Tg
where the particles progressively collapse by progressively increasing the size of the contact
region. This increases the strength of the interaction producing high frequency shift and
broadening of all (p,n, l) phonon bands. The final collapse into a compact film, observed
by the disappearance of the particle vibrations and the appearance of the Brillouin peak
of a homogeneous glass, occurs at the the same temperature, Tg, independent on both the
chemical route and the particle size. The observation of a size dependent Tx suggests the
existence of a surface mobile layer atop the NP and therefore a gradient in the dynamics of
polymer chains approaching Tg, as already suggested on the basis of thermal measurements
(Sasaki et al. 2003; Zhang et al. 2011; Feng et al. 2013; Martinez-Tong et al. 2013; Christie
et al. 2016; Perez-de-Eulate et al. 2017). Such a softer surface layer will have a larger effect
in smaller particles, where it will occupy a larger volume fraction.

6. Conclusions

The inelastic light scattering by spherical particles in a wide range of sizes, from few
nanometers to micrometers are reviewed. Two different physical mechanisms are at the
source of the scattering. For small particles (d ≲ 20 nm), the Raman scattering dominates,
and few peaks appear in the spectra. For large particles (d ≳ 80 nm), the Brillouin scattering
dominate and many peaks are observed. The inelastic light scattering experiments give
information on the mechanical properties of the particles and on the interaction among
particles in clusters, as in phononic crystals, or with a surrounding medium of isolated
particles, as in glass ceramics. Recent results show that nano-confinement affects the
mechanical properties and the dynamics at temperatures near to the glass temperature of the
bulk material.
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