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ABSTRACT

Initially, the theory of propagation of long-wavelength
acoustic phonons and Brillouin scattering of laser light
in condensed matter is concisely summarized. Then, the
case of two relevant classes of complex materials in which
Brillouin scattering can be measured is reviewed. First, in low-
density, low-dimensional, disordered materials, the crossover
between confinement and propagation is discussed on the
basis of experimental findings. Moreover, the possibility of
measuring the /ocal mechanical properties of these materials
at the mesoscale by Brillouin scattering is critically discussed.
Second the application of Brillouin scattering to biological
materials, a rather hot topic, is presented.
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The acoustic waves and their phonons

Though the traditional ways to measure the mechanical properties of materials
and, in particular, the elastic constants, are based on quasi-static deformation
processes (e.g. the tensile test to measure the Young modulus), many important
methods are acoustic in nature or make use of acoustic phenomena (ultrasound
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Figure 1. (Top) Brillouin spectra from films of different thickness, deposited using unfocused
beams (larger clusters). In these measurements, the incidence angle is 50°. The effect of varying
the thickness is reflected in the intensity of the modes (Rayleigh and Sezawa) traveling in the
film and in their velocity. (Bottom) Brillouin spectra from films deposited using a focused beam
(smaller clusters) and having different thicknesses. The figure is taken from ref. [29].

Figure 2. Atomic force microscopy pictures of the surface topography of two nano-structured
carbon films assembled with small clusters (A) and with large clusters (B). The figure is taken from
ref. [29].

propagation, acoustic microscopy, acoustic emission, Brillouin scattering, laser-in-
duced surface acoustic waves) [1,2]. To face the less naive methods and more
complex geometries/structures (low-dimensional and nano-structured materials
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Figure 3. Brillouin spectra (anti-Stokes branch) of PTFE films: non-sintered film (a) and films
sintered at 331 °C for approximately 130 s (b), 300 s (c), and 3 h (d). Full lines represent fits to the
experimental data. Inset: AFM images describe the corresponding surface structural evolution
through the sintering process. Reproduced from ref. [31], with permission of AIP publishing
https://doi.org/10.1063/1.1558972.

[17]), some basic results of both classical elastodynamics [3,4] and quantum lattice
dynamics have to be employed.

Recently, Brillouin scattering of LASER light from acoustic waves has been
used to characterize also biological materials, a quite hot and relevant topic for
both basic and medical applications.

Bulk waves

For the sake of simplicity, we consider here as reference the case of ideal iso-
tropic and continuous materials The fundamental elastodynamic (wave) equation
describing long-wavelength acoustic lattice waves could be either derived as a
vanishing wavevector limit from microscopic lattice dynamics of crystals or, phe-
nomenologically, directly stated from continuous mechanics, without assuming
any microscopic periodicity, in terms of the dynamic elastic displacement field
u = u(r, t) and reads:
o’u 22 2 2
d_ = v, Vu+(v; —v))V(V - u) (1)

2

wherev, = \ / (B + % u > /p is the longitudinal sound velocity and v, = 1/u/pis

the transverse sound velocity. Here, p is the mass density, B the bulk modulus, and
p the shear modulus. Remembering that the most general deformation process is
the superposition of a simple dilation and of a simple shear, a solution of the type
u=u,+u,withVxu =0and V-u, =0, can be always be written (Kirchhoff
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Figure 4. (a) Scanning electron micrograph of a type | collagen fiber from rat tail tendon, acquired
after the BLS measurement. (b) Schematic diagram of the BLS scattering geometry using a
specimen in contact with the surface of a reflective silicon substrate. The incident light (k) passes
through the lens, is refracted at the air-sample interface (k,)and focused at the sample—substrate
interface. The scattered light collected by the same lens (k) results from interaction with both
bulk phonons (g,) and those traveling PS of the sample (g,). Angles between the directions of
light and the normal to the surface are indicated as ¢ and ¢, () Schematic diagram of the sample
and of the adopted coordinate system; z defines the extraordinary axis parallel to the direction
of the fibers. Angles 6 and a are those between the direction of phonons g and g, to the z-axis,
respectively. k, k,, k, k,: wavenumbers of the incident and scattered light; 4, q,, wavevectors of
the bulk and PS modes, respectively. (d) Brillouin spectrum obtained at 6 = 30°. Labels T, PS, and
B denote peaks related to transverse, parallel-to-surface and bulk modes, respectively. (e) Plot of
the longitudinal and transvers acoustic wave velocities vs angle to fiber axis, obtained from PS
and T Brillouin peaks. Reprinted from refs. [37] and [41].

theorem). The second condition is identical to that holding for electromagnetic
waves in vacuum. This method perfectly works (even though anisotropic mate-
rials, crystals, require a more complex treatment [2]) leading to two decoupled
simple wave equations for u,and u,:

oy, o’u

2 = v;V’u, and atzt =v;V’u, (2)

The fundamental bulk solution of Equation (1) is then the superposition of three
independent monochromatic plane waves, one longitudinal (LA) and two (mutu-
ally perpendicular) transverse (TA,, TA,), of the type:
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Figure 5. High-resolution Brillouin image of a single cell in vitro. A cross section through a single-
cultured human umbilical vein endothelial cellimaged using both Brillouin (a) and phase contrast
(b) microscopy at 100x magnification. Reprinted from ref. [39].

u, = R{ Qe el | )

where q is the wavevector, « is a branch index (@ =, t,, t,), Qq is the complex
amplitude of the normal coordinate & (q) = Qqae'i“’tand €, polarization unit vec-
tor (e,|1q; €,,-Lq). Moreover, w(q) = v,|qland a)tl,tz(q) = v,|q| for in the isotropic
case the circular frequency w does not depend on the direction of wavector q.

Time dependence: anelastic relaxation

In Equation (1), through the sound speeds, the adiabatic elastic constants B and
p appear [3]. Real deformation processes are irreversible and time dependence
should be introduced in the stress—strain relationship. In terms of frequency
one should be capable of treating both very slow phenomena (almost zero fre-
quency), like the creep of a viscoelastic polymeric material under constant stress,
and extremely fast ones like the propagation of an acoustic wave in a diamond
crystal at more than 200 GHz. The simple description in terms of viscosity used
for fluids is almost never a good approximation for solids. The simplest phe-
nomenological way to treat anelastic damping and sound absorption in solids
is the so-called Zener’s standard model [5]. A more refined theory can be found
in [6,7]. Confining ourselves to the uniaxial stress case, the model generalizes
Hooke’s law as follows:
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Figure 6. Schematic of the Brillouin-Raman micro-spectroscopy instrument. Light from a single-
mode laser source is focused onto the sample by the same objective that is also used to collect
the back-scattered light. The sample is mounted onto a piezo translation stage for mapping
measurements. A polarizing beam splitter (PB) transmits the depolarized backscattered light
to the spectrometers. Immediately after, a short-pass tunable edge filter (EF1) transmits the
quasielastic scattered light to a Brillouin spectrometer, made by a new concept of tandem Fabry-
Perot interferometer, and reflects the deeply inelastic scattered light into a single-stage Raman
spectrometer. More details on the setup and on the attribution of the peaks in Brillouin and
Raman spectra recorded from Candida biofilms can be found in ref. [57] and [59].

0'+rccll—6—E< +r§> (4)

When the strain ¢ is kept constant, the stress o relaxes exponentially with a relax-
ation time 7. Conversely, 7_is the strain relaxation time when the stress is kept
constant. E, is the value of the pertinent elastic modulus after all relaxation has
occurred (relaxed elastic modulus): it corresponds to the thermodynamic equi-
librium value E of classical elasticity. In view of the application of Equation (4) to
periodic wave phenomena, neglecting for the moment space dispersion (wavevec-
tor dependence), periodic dynamical stresses and strains are assumed o(t) = o "'
and &(t) = £ "' . Then, Equation (4) becomes:

(1+ian-£) c, =ER(1 +ian'6) £, (5)

In this way, Hooke’s law is restored introducing a frequency-dependent complex
elastic modulus E (w) = ¢, /¢ ;
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Figure 7. Photomicrograph and analysis of Brillouin and Raman spectra of a C. albicans biofilm.
(a) Optical image of the biofilm. The green line, 20-pm long, is where Brillouin and Raman spectra
were collected with 1 um steps; (b) Brillouin spectra (dots) from the locations indicated with
asterisks in (a), together with the DHO (Equation 7) fitting curves (full lines). (d) Brillouin intensity
10, (f) frequency shift and (h) linewidth, obtained with the DHO fitting function. (c) Raman
integrated intensity of the OH (water) region (3100-3800 cm™"), (e) CH region (2800-3100 cm™),
and (g) ratio between the integrated intensity of the Amide [+EPS constituents + Cytochrome C
and the CH, and CH, stretching regions. See ref. [59].

E (@) =F' () + iE" ()
1+o’t1 E,—E
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Figure 8. (a) Photomicrograph of a mouse brain hippocampal section containing a single plaque
collected with the Brillouin microscope. Yellow box denotes a 60 x 60 um? area, where a Brillouin
map was acquired using a 1.5-um step-size. Maps based on the (b) frequency shift and (c)
linewidth of the Brillouin peaks. See ref. [64].

At zero frequency, E (0) = Egand o, is in phase with ¢ . At high frequency, when

wt, > > 1, E(00) = Eg(z,/7,) = E is the so-called unrelaxed elastic modulus.
Defining the dissipation or internal friction Q! as the fraction of energy lost per
radian of vibration, when dissipation is small one obtains:

E'(w) A 0T

-1 —
Q" E () 1+ (wr)?

(7)

wherez = /7,7, and A, = (Ey — Eg)/ \/EyEy is the relaxation strength of the
modulus. In thermoelasticity, where the only accounted dissipation process is
heat diffusion, E, = Eg = (0°F/0¢’) > E, = E,, E being the adiabatic modu-
lus and E.=E= (62F / 052) . is the isothermal modulus. Thus, in thermoelastic
wave propagation at high frequency [3] it is sufficient substituting the isothermal
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elastic constants with the (slightly higher) adiabatic ones. The above treatment
strictly follows Debye’s theory of dispersion of the dielectric constant in insulating
materials and the dissipation peak in the frequency dependence of Q! is called
a Debye peak. Despite the naive approach, Debye peaks are quite ubiquitous and
can describe several dissipation processes [5].

Equation (4) is just a very particular and trivial form of a much general linear
stress—strain relation which takes into account the presence of several dissipation
mechanisms including the case of a continuous spectrum of relaxation times.
Respecting the causality principle and assuming time-invariance, this relation
can be written as:

[s4]

o(t) = Eye(t) + J hp(He(t — £)dé (8)

0

The complex elastic modulus I;“ (w) is then the Fourier transform of h,(&):

[se]

E() =E, + J ho(E)e ™ dE (9)

0

The Zener model is the case of a single exponential decay for the response func-
tion h(t). To include the more complex scenario of a distribution of exponential
decays, without loss of generality h,(£) can be modeled as a functional of the
relaxation times spectrum g.(7) as:

hy(&) = J g(De*"dr. (10)
0

Phonons

If we neglect damping, the above classical description can be translated into the
language of quantum mechanics (see, e.g. [8]) of a system of independent har-
monic oscillators £ _(q) whose quanta are the acoustic phonons' with energies:

1
E,(q@) = (n,, + 5 )ho,(@) (1)

with Ny, = 0,1, 2, 3,...If the system is in thermodynamic equilibrium at temper-
ature T, the mean values of ., are given by the Bose-Einstein factor

1
<nqa> = T (12)

whose high temperature (k,T/hw,(q)>> 1) classical limit is k, T/Aw,(q). At the end
damping can be included again adding an imaginary part to Aw,_(q) so describing
a finite phonon lifetime.
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Surface waves

The prototypes of surface acoustic waves (SAWs) are Rayleigh waves. For a treat-
ment of Rayleigh waves see e.g. [3] When the medium is semi-infinite (let us
assume the z = 0 plane is the surface, the medium is below it: z < 0) the translational
symmetry connected with the plane waves of Equation (3) is broken in the direc-
tion perpendicular to the surface. This produces new facts: (a) the reflection of
bulk phonons (in general with branch conversion) and (b) the existence of surface
waves|3,4]. The simplest case of type (a) is that of a transverse (TA) bulk phonon
propagating in the sagittal (xz) plane with wavevector q = ¢ €, + ¢, €_polarized
in the horizontal y direction (a shear horizontal phonon: SH) and impinging on
the surface. If the surface is not subjected to external forces, applying the corre-
sponding boundary conditions, one finds that the surface acts as a perfect acoustic
mirror and that the parallel wavevector g, of the reflected phonon is identical to
that of the incident phonon. But, from the dispersion relation for TA phonons,
we get

2
w 2

qJ_ = Vtz _qH'

That is, once qis fixed, e.g. by the momentum conservation in a light scattering
experiment, there is a lower frequency threshold w, = v, for the detectability of
SH bulk phonons. Above this frequency, the wave spectrum is continuous. If the
incident phonon is either a longitudinal or a transverse one but polarized in the
incidence plane (shear vertical, SV), there is both a longitudinal and a transverse
phonon reflected at different angles; the parallel wavevector g is always conserved
in the reflection. For the longitudinal components to be a true bulk phonons the
threshold is w, = v, > w, Otherwise, the corresponding partial wave is evanescent
in nature. The region of the continuous spectrum between w, and w, is that of the
mixed modes. What does happen in the spectral region w < w, when the polariza-
tions are only L and SV(sagittal waves)? For a given q, there exists a unique surface
wave (the Rayleigh wave). In other words, there exists also a discrete spectrum
with a single eigenvalue w, = v,q,. Putting w, = v,g,, v, is found taking the sole
real root of an algebraic sixth-order equation in & (see, e.g. [3]) resulting from the
insertion of a linear combination of partial waves (one L and one SV) of the type

Wy, (z|wp, qH) = Qqaeqaexp(—icaz)exp[iq”(x — vit)] (13)

in Equation (1) and applying the free surface boundary conditions. Considering
the possible values of the Poisson’s ratio v, numerical computation shows that £
can vary between 0.874 and 0.955 and that a good approximation is

_ 0.862 + 1.14v

v, o
R 1+v !
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Both the SV and the L components of a Rayleigh wave are non dispersive waves
traveling parallel to the surface. Both waves decay exponentially with depth as

exp (-x,z2) withk, = g, /1 - :—% andk; =g, 4/1 - % showing that the pene-

tration depth 8, = k" is of the order of the wavelength 4 = 2z/q,, This result,
together with the existence of the transverse threshold, separating the discrete
from the continuous spectrum, is a general feature of surface waves physics even
in the presence of overlayers or of a more complex layered subsurface structure.
In the general case the transverse threshold depends on the transverse sound
velocity of the substrate material.

Complex layered subsurface structures: more general surface waves

Many complex materials can be considered as surface multilayers with, in general,
smooth interlayer regions. The most compact way to face the case of such a lay-
ered subsurface structure is followed generalizing the treatment of the previous
paragraph to an elastic half space (z < 0) whose density p and elastic constants B
and u are functions of the depth z. Rigorously, this method would imply to derive
again the propagation equation which would take a form different from Equation
(1) [9-12]. To our limited purposes one can just think of the same Equation (1)
but with z-dependent coefficients. Excluding the case of very sharp interfaces
between adjacent layers, this is also a tenable and useful approximation. For the
alternative, standard approach, see for example, [13].

Once we have found the surface waves spectrum of a layered structure by means
of any numeric methods, a very useful set of spectral functions can be constructed:
the layer projected phonon densities of states LPPDS. For given q; and polarization
a considering the whole set of eigenfunctions of Equation (1) in the form

d)na(zlwna’ q||)exp[iq||x - wna(qll)t]

the spectral functions are defined as

%@ q12) = Y <1$,,Glw,, g)F >, 6@ —0,(q) (14

where <...>  is the thermal average and the summation is over the entire spec-
trum thought as discrete. The continuous part of the spectrum can be made dis-
crete using a slab approximation [9]. In a layered surface structure the Rayleigh
wave is not the only true surface wave corresponding to a unique discrete eigen-
value and other surface waves, more or less confined in single or multiple layers,
corresponding to several wm(qu), can exist (Sezawa, Stoneley and Love waves[13]).
The contour lines of a smoothed version of a specific g, (w, g,12)in the , z plane
give a vivid and direct image of phonon localization [14]. The function g (e, q,10)
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is the surface projected phonon density of states which plays a major role in surface
Brillouin scattering from opaque materials [14].

Brillouin scattering of laser light

Brillouin scattering of laser light is the inelastic coherent scattering of a photon of
a monochromatic laser beam propagating in a material from an acoustic phonon.
If the acoustic phonons are localized in nanoparticles with size 5 < 4 = 2z/|k"} 4
being the photon wavelength, then the scattering from an ensemble of independent
separated nanoparticles is incoherent and it is better called low-frequency Raman
scattering. To save space, the reader is referred to [15] for a detailed description
of the experimental setup.

Volume Brillouin scattering

The scattering kinematics can be described in a quite direct and intuitive picture.
For the sake of simplicity, we consider both the incident (k!, ") and the scat-
tered (k°, ®°) photons only inside the medium. While a single acoustic phonon
(q, o, = v,|q|) is propagating within the material its periodic strain field sets
up an anisotropic modulation of the otherwise isotropic dielectric susceptibility
X (Equation 17). This adiabatic modulation is viewed as a traveling diffraction
grating by the incident electromagnetic wave. Then the scattering kinematics can
be explained by the familiar wave concepts of Bragg reflection and Doppler shift.
Equivalently, in the quantum language, the scattering process must obey the laws
of conservation of momentum (wavevector) and energy. In the transition from
the initial photon state (k', ') to the final (scattered) photon state (k°, ®°):

K5 — K = +q (15a)

@ -0 = +w,(q). (15b)

In the above equations, the plus sign stands for the so called anti-Stokes events,
when a phonon is annihilated in the process and the scattered photon is more ener-
getic having gained energy from the medium, while the minus sign corresponds
to the so-called Stokes events, when a new phonon is created in the process and
the scattered photon is less energetic having transferred energy to the medium.
In the classical wave picture, the second equation represents the Doppler shift of
an electromagnetic wave dynamically diffracted by an elastic wave moving either
in the direction of vector q or in the direction of vector —q with the same absolute
sound velocity. To see how Brillouin inelastic scattering may be viewed as a Bragg
reflection of the incident wave, let us consider eq. energy with the aid of the dis-
persion relations for photons @' = c|k’|and @® = ¢|k®| and phonons:
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K’| — |K| Vg
lq] ¢

The order of magnitude of the ratio v /c could be typically 10~ so that|k®| ~ [K'|
Because the energy of a photon is c71|k| the scattering is quasi-elastic. Taking this
into account and squaring eq. momentum one easily obtains:

2|K'[sin(p/2) = |q|

where ¢ is the scattering angle. The above equation can be given the form of Bragg
law 2d sin(@) = A, being 0 = ¢/2 the Bragg angle. The grating spacing d is equal
to the phonon wavelength 27 /|q| = 27v,/w, |and A = A /nis the wavelength
of the incident photon in the medium, while A_ is the corresponding quantity in
vacuum. From the above considerations, it turns out that the measurement of the
Brillouin shift Aw =|w® - «'| = w,_ in a fixed scattering geometry (e.g. backscat-
tering with ¢ = ) leads to the possibility of measuring the sound velocity v , pro-
vided the index of refraction of the medium 7 is known, by means of the formula:

PRI
e T 4znsin(p/2) (16)
Most Brillouin scattering experiments reported in this review paper were done
using a backscattering geometry (k° = -k') unless when explicitly signaled. The
equations of conservation of wavevector and energy are only necessary conditions
for the scattering events to take place. To have a complete information one must
compute the intensity of the scattered wave, or the elasto-optic scattering cross
section. Once this is done, particular selection rules appear in connection with
the scattering angle, the polarizations of both photons and phonons and their
relative orientations with respect to the scattering plane (defined by the vectors
k! and k®); moreover, in the case of crystalline bodies, the dependence of v, on the
phonon propagation direction (elastic anisotropy) must be taken into account.
In the following, we shall restrict ourselves to the case of optically isotropic
solids. The key ingredient of bulk Brillouin scattering theory is the instantaneous
anisotropic dielectric susceptibility of the medium around the frequency w’, the
tensor

2,00 = 26, + 87,00, 0) (17)

X is the usual time-independent isotropic susceptibility, while the tensor 6 y,(r, £)
is the anisotropic fluctuating part of the susceptibility due to the presence of
thermal phonons. Then, the fluctuating part of the polarization vector radiating
the scattered waves can be written as 6P, = EDSXUE]*’ ¢ being the vacuum dielec-
tric constant. Here, Ej = EjI + Ef is the sum of the incident field and of the
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scattered field. Using the linearity of Maxwell equations, the scattered electric
field E® can now be computed by means of first-order perturbation theory (Born
approximation [16]):

oP, ~ 805)(1713; (18)

The above equation is justified by the smallness of both the scattered field and
0 ; - In fact, the coupling between sound and light (the elasto-optic effect) can be
written in terms of two elasto-optic constants a, and a, as

Eby; = ae; + a0, (19)
and the phonon strains ¢, are very small.” Sometimes a, and a, are written in terms
of the Pockels coefficients pjasa, = -eX(p,, - p,,) and a, = -e’p , [3,15]. For a cubic
crystal three independent coefficients are necessary to express the elasto-optic
coupling. In equation radiation, 5P, oscillates at the frequency »® = o' + w,(q)

P
because EJI is proportional to e  and & ;» being proportional to the strain field of
. . : — +iw, (q)t i

a bulk phonon oscillates as its normal coordinate & (q) = Qqaeﬂ“’ P'does. Solving
the radiation problem (the Maxwell’s equations with a source proportional to
d(8P)/dt [16]), the scattered electric field can be obtained. Once this is known the
spectral intensity of the scattered light is computed as the power spectrum S;s(®)
which is essentially the measured outcome of a Brillouin scattering experiment:

58

Sps(w) = J < ES(t + 7)E%(t) >, ¢"dz (20)

—00

where E° = E° - €®is the complex amplitude of the scattered field projected along
a given analyzed polarization direction e® perpendicular to k®. An explicit com-
putation gives [17]:

B
$:(Qw,) %(es g * ef|2 <&@ >, 8]0 — (@ + o @)] (1)
0

for anti-Stokes scattering. For Stokes scattering one has just to replace o' + w,(q)
withw! — o, (q) in the argument of the delta function. In the classical limit, valid
for Brillouin scattering, < |£,(q)|* >, kT /@>(q). In all practical applications,
the delta function is substituted by a Lorentzian lineshape centered at ' + w_(q)
(Brillouin doublet) with an FWHM related to the lifetime of the phonon and to
instrumental and opacity broadening [15]. € is the polarization of the incident
electric field. In Equation (21)

%o = J S (e ' dr’ (22)
v
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is the Fourier transform of index Q of the spatial part of the susceptibility tensor
fluctuation, the transferred wavevector Q being defined as

Q = kK - K.

Because the bulk phonon wavefunction is a plane wave  €'1*, computing %o
we get:

o | UV« 5Q-w (23)

Vv

that is, the wavevector conservation momentum. The fact that Q must be equal
to the phonon wavevector q to have a peak in the spectrum is typical of Brillouin
scattering by bulk phonons in transparent materials. The partial relaxation of
this rule in the case surface waves and/or of opaque media is one of the most
characteristic points in the theory of surface Brillouin scattering [15]. The main
results that can be obtained from a detailed analysis of eqgs. intensity, Fourier and
Pockels, can be summarized as follows: (a) the light scattered by transverse pho-
nons is completely depolarized; (b) there is no scattering by transverse phonons
polarized in the scattering plane; (c) the intensity of scattering from transverse
phonons goes to zero in back scattering; (d) scattering by longitudinal phonons
is fully polarized, that is keeps the polarization of the incident wave.

In case of volume Brillouin scattering from a liquid, a phenomenology similar
to that of solids can be found, where the traveling diffraction grating responsible
for the scattering process is made by longitudinal acoustic modes. The main differ-
ences with respect to solids are that: (i) transverse modes cannot propagate in the
liquid - at least for frequencies lower than that of the structural relaxation — and
(ii) longitudinal acoustic modes, i.e. collective density fluctuations, are affected
by non-negligible attenuation processes. In this condition, the isotropic part of
the Brilliouin spectrum is proportional to that of density fluctuations §p(q,t) [18].
In the case of simple homogeneous liquids, the linearized hydrodynamic equa-
tions, neglecting the thermal diffusion mode, and its contribution to the acoustic
damping, give the equation of motion of density fluctuations [19]:

p\ 0 0
(7) 3%+ n e

where p is the static mass density, M = p v; is the adiabatic longitudinal modulus,
v, the adiabatic sound velocity, and 7, the static longitudinal viscosity, responsible
for the damping of acoustic waves.

Looking for harmonic solutions, §p «x exp(iwt), the presence of a complex elastic
modulus M(w) = M + iwn, becomes apparent in Equation (24). It is interesting
to notice that this simple viscoelastic model, appropriate for simple liquids, cor-
responds to the low frequency limit (0T, << 1) of the Zener model, provided that

5p(q:t) =0 (24)
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n = (M — My),. The power spectrum of density fluctuations, directly obtained
from the Equation (24) is that of a damped harmonic oscillator (DHO):

2
Iy,

I
I(w)= 2
@ w) + Ty @
where w, and ', approximately correspond to the frequency position and full
width at half maximum of the Brillouin peaks, respectively. Also in case of more
sophisticated models for the complex elastic modulus [20], the DHO equation
can be used to fit Brillouin spectra from viscoelastic materials, provided that a
narrow frequency region around the Brillouin peak is analyzed and apparent,
w-dependent, values of M(w,) and #(w,) are defined. The DHO parameters are
related to M(w,) and 5(w,) through: M(w, = pw}/q, and n(w, =pl,/q"

Surface Brillouin scattering

Surface Brillouin Scattering (SBS) became a practical spectroscopic technique
more than 40 years ago grace to the great progress made in Fabry Perot interfer-
ometry by John Sandercock (for a review see [15]). Because the formal theory of
surface Brillouin scattering is rather complex and usually involves cuambersome
computations both of the phonon density of states and of the scattering cross
section [14], we shall outline here qualitatively only the main characteristic con-
clusions that can be drawn from Equation (22). First of all the finite penetration
depth of light in the material (e.g. about 1000 nm in Si and only a few nm in Al at
A= 514 nm, the typical wavelength of an Argon Laser) profoundly modifies the
wavevector conservation law momentum.

Being § the skin depth of the light, the effective scattering volume is limited
in the direction z perpendicular to the surface within a length of the order of §
that can be less than the light wavelength A ~ |nk'|™". We then define a complex
transferred wavevectorQ = Q €, + (Q, — i6~")€, to be used in eq. Fourier.
Moreover, taking into account that the phonon wavefunction of a true surface
wave is proportional to e* ¥’ b, e~ with x_of the same magnitude as q)» from
Equation (22) it is found that

bn

o q x 6(Q, _‘In)Z e 15 1i0. Q.
an 1

n

(26)

Due to the absence of g, in the imaginary part of the denominator, only par-
allel wavevector conservation can occur even in the case of very low opacity.
Introducing 6, as the incidence angle and 6 as the angle (positive in the clockwise
direction) between the outgoing surface normal and the scattering direction and
considering that Q = + g, we find

|K'|(sin 0, — sin 0)) = +q,, (27)
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which is the fundamental kinematic relation of SBS. In backscattering, as 95 = —61.,
we obtain

o =V 4—ﬂsinH
na na /10 i (28)

where w__is the Brillouin shift of a surface peak, v, _is the phase velocity of the sur-
face phonon responsible for the SBS event and g, = (47 /4,) sin 6, is the allowed
wavevector. Then, in backscattering, the SBS peak shifts of non dispersive SAWs
(e.g. the Rayleigh wave) scale as the sine of the incidence angle, while the volume
BS peak shifts of bulk phonons (eq. shift) do not depend on the angle. If the sub-
surface structure is not homogeneous but layered the surface waves are dispersive
and v, =v,.(q,) in a non-trivial way for each different type of surface phonon
[14]. The measurement of the dispersion relations is an effective way to measure
the elastic constants of the surface once the density is known. The elasto-optic
coupling is not the only SBS channel. A second scattering mechanism, the ripple
effect can be operative if the phonons have a shear vertical polarization component
[15]. In fact these phonons modulate the instantaneous shape of the free surface.
The dynamically corrugated surface, depending on its reflectivity, scatters the
incident light and, due to Doppler effect, there appear scattered photons with
frequencies shifted from . It turns out that the ripple scattering cross section is
proportional to the power spectrum of the u_displacement field computed at the
surface (z = 0) and, thus, to gsv(wq”|0), the SV surface projected phonon density
of states [14,17].

Brillouin scattering from parallel to the surface modes

Parallel-to-the-surface (PS) modes, appear in the Brillouin spectrum of thin films
deposited on flat surfaces for thicknesses higher than few micrometers as an
hybridization of Sezawa modes (the so called longitudinal guided modes), even-
tually developing into pure bulk acoustic modes traveling parallel to the surface.
Revealing bulk phonons through this scattering geometry gives the opportunity
to obtain the velocity of acoustic modes from the frequency of Brillouin peaks
through Equation (28), without the need of an independent evaluation of the
refractive index, which is required in the traditional volume Brillouin scattering
(see below, Par. Brillouin Spectroscopy from biomaterials)

Brillouin scattering of nanostructured films

In inhomogeneous low-density, low-dimensional, and disordered materials, the
crossover between confinement and propagation of acoustic phonons strongly
influences the possibility of using Brillouin scattering to characterize the materi-
als and has a profound basic interest too. Though promising theoretical models
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do exist for the analysis of some complex inhomogeneous materials [29], in the
absence of a clear and widely accepted theory, the matter is discussed on the basis
of experimental findings only. Moreover, the possibility of measuring the local
mechanical properties of these materials at the mesoscale by Brillouin scattering
is critically discussed.

Cluster-assembled materials

Nano-structured cluster-assembled materials are thoroughly described in refs.
[21-26]. Experimental characterization and theoretical modeling of such mate-
rials have to face the problem of cluster coalescence and of their organization in
structures spanning length scales from the nanometer up to the micrometer. The
different structures in which the precursor clusters are organized need experi-
mental probes sensitive to the different length scales typical of intra-cluster and
inter-cluster interactions. For carbon-based materials, as we have already dis-
cussed, Raman spectroscopy can be used for a characterization on a nanometer
scale [17,32]. In order to study the organization of clusters on a scale of hundreds
of nanometers, which is the typical scale of thermally excited long wavelength
acoustic phonons, Brillouin light scattering was used for the first time by Bottani
et al. [27]. Films of graphite, polycrystalline diamond, diamond-like a-C:H, C,
(fullerite), and phototransformed C,, have also been studied by Brillouin scat-
tering [17]. Normally, SBS is applied to homogeneous compact films with perfect
(atomically flat) surfaces and buried interfaces [14]. Particularly challenging is
instead the attempt of getting and interpreting Brillouin spectra of films with a
rough surface and/or a granular or porous structure. The extraction of the elastic
properties of these systems from the spectroscopic data can be based only partially
on what is known in the case of good films and a complete theory is still lacking
[29]. Bulk and surface Brillouin scattering signals have been obtained from films
characterized by a complex structure from the atomic to the hundreds of nano-
meters level, showing that this technique can be used also for nano-structured
materials with irregular surfaces. Bulk and shear modulus of the material have
been determined giving information on the acoustic properties on a mesoscopic
scale. This allows to infer the nature of the bonding between the carbon aggregates.

Thick films (thickness > 1 um) and thin films (down to thickness = 20 nm) have
been examined. The results depend strongly on the presence (or the absence) of a
beam focalizer selecting (or not) only clusters of small size during the supersonic
cluster beam deposition (SCBD) process [25].

Films grown by an unfocused beam

In thick films (d > 271/q;) only damped bulk acoustic phonons with a typical
wavelength A, of the order of 170 #m have been detected. This indicates that for
alength d > 1 , the film bulk can be modeled as a continuum with approximate
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translational invariance and effective elastic constants although structural disorder
at smaller scales scatters the phonons significantly. The presence of a rather strong
central peak in the spectra could be ascribed to non-propagating (overdamped),
or confined vibrational excitations, probably connected with different charac-
teristic correlation lengths less than d. The most damped bulk acoustic phonons
could be coupled to the confined modes by a relaxation mechanism. The surface
phonons could be almost overdamped if not already replaced by surface fractons
or by localized cluster modes. Instead in thinner films, notwithstanding the high
degree of surface roughness, which increases with film thickness, intense surface
Rayleigh wave peaks can be detected up to a critical thickness of the order of
200 nm (Figure 1 top). To make the SBS spectrum measurable the films must
be grown on an ultrasmooth high reflecting substrate to maximize the buried
interface ripple scattering [29]

Films grown by a focused beam

Films with a completely different nanostructure, more compact and with smoother
surface, can be grown using the focalization device. Typical spectra of focalized
films are shown in Figure 1 bottom. The study of a thick film with respect to a
thin films gives an advantage: we can consider the film as a semi-infinite medium
and so the nature and the characteristics of the acoustic waves propagating in the
system are not affected by the thickness (often not known with enough accuracy),
and thus by the presence of the substrate.

These spectra are interesting mainly for the high intensity and small width of
the Rayleigh peak, never observed before in cluster-assembled carbon films. This
feature supports the conclusion that long life acoustic phonons can propagate
along the film surface, in other words at a mesoscopic scale of observation this
film appears as a homogeneous elastic continuum and the relatively low surface
roughness, acting as surface structural disorder, introduces only a small acoustic
damping factor without hindering the phonon propagation (as in the case of
non-focalized films). This fact is consistent with a smooth surface film of compact
material made of close-packed small clusters and it is important in comparison
with the results of BS experiments on the deposited without beam focalization in
which the surface roughness increases as the film thickness. Measuring the dis-
persion relations of the surface phonons the elastic constants of the films can be
estimated. The best results are obtained for the Young modulus E as demonstrated
by a detailed sensitivity analysis [28]. Using for the density p values coming from
X-ray reflectivity [14] (all values are in the range 1-1.3 g cm™) the found elastic
constants are, typically, of the order: C,,=54GPa,C,,=u=2.5GPa, E=4.6 GPa,
B=1.9 GPa, and v = 0.1. These values are comparable to those obtained from the
thin films (thickness of about 100 nm or less) deposited with unfocused beam
[29], in particular they are near to the values of the harder of this thin film series.
The comparison with diamond elastic constants indicates a very soft and highly
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deformable material with a shear modulus (for shear between graphene planes)
near to that of graphite. These results can be compared with Raman measurements
[17] which point out the mainly sp? carbon bonding present in the disordered
granular structure of the films on a nanometer scale (see Figure 2). Yet the film
material is not elastically identical to nanocrystalline graphite: in fact the values
of B (and, consequently, v) are significantly different. Similar problems are dis-
cussed in [33].

Elastic surface wave anomalies near the cluster-to-layer transition of Au
on NacCl

In quasi-2D cluster systems surface Brillouin scattering can show the percolation
threshold from cluster to film regimes through the detection of acoustic anomalies
of surface waves [30]. In this paper, it was reported for the first time on investiga-
tions of elastic surface wave excitations near the cluster-to-layer transition of Au
on NaC1(001) by means or Brillouin scattering. A softening in the dispersion of
the first-order localized Sezawa mode with decreasing layer thickness indicates
the transition from a continuous to a discontinuous or island layer. In the cluster
regime a new type or acoustic surface mode is observed at frequencies above the
transverse acoustic (TA) phonon frequency of the substrate. The crossing or this
new cluster mode with the TA phonon frequency coincides with the percolation
threshold as evidenced by electron micrographs.

Propagating and confined acoustic modes in crystalline polymer latex
films

More recently, the percolation threshold has been detected by surface Brillouin
scattering during the sintering process of crystalline polymer latex particles [31].
Structural evolution of polytetrafluoroethylene latex polymer films has been stud-
ied by Brillouin light scattering and atomic force microscopy (AFM). Using a
tunable sintering process, the authors have controlled the degree of particle con-
nectivity yielding a crossover in the behavior of acoustic excitations ranging from
confined modes to propagating phonons. This transition has been correlated also
to the surface morphology by AFM (Figure 3). Fully sintered films are character-
ized by extended “fibrillar” crystalline regions embedded in a disordered matrix,
which still retain features of the original particulate structure.

Brillouin spectroscopy from biomaterials

While Raman spectroscopy is already recognized as powerful tool in the biomate-
rials characterization [34,35], only in the last years BLS has clearly demonstrated
extreme effectiveness in this field.[36-39].
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Understanding mechanical properties of heterogeneous biomaterials is an
important challenge, since they depend on the properties of the single compo-
nents, their structural arrangement and mutual interaction. The experimental
investigation of the viscoelastic properties of biomaterial can be performed at
different length and time scales, giving complementary information on their static
and dynamic properties. In this frame, Brillouin spectroscopy is progressively
emerging as non-contact, non-invasive, and label-free technique, which is ideal
for measuring sound velocity and attenuation in the micrometer/10-picosecond
spatial/temporal scale. Some case studies are reviewed in the following, which
help to understand the potential of BLS applied to biomaterials.

One of the earliest biological applications of Brillouin spectroscopy date back
to 1977, when it was used to determine the elastic moduli of collagen obtained
from rat rail tendon, and to try estimating the hydrogen bond force constants
and the association of water with collagen in the native state [40]. The study was
later extended to include measurements of anisotropy of the elastic constants of
collagen, revealing both longitudinal and transverse acoustic waves traveling at
different angles to the fiber axis. [41] More recently, a detailed BLS investigation
of the mechanical properties of elastin and collagen fibers has been realized by
means of an innovative interaction geometry, with samples placed on a reflective
substrate to reveal both bulk phonons and parallel to surface (PS) longitudinal
and transverse modes (see Figure 4) [37,42].

This geometry allowed to investigate the dependence of the BLS spectrum
on fiber orientation, required to fully characterize the elasticity tensor with five
independent components, typical of a hexagonally symmetric elastic medium.
Elastic constants were combined to give axial and transverse Young’s, shear and
bulk moduli of the fibers. These were 10.2, 8.3, 3.2 and 10.9 GPa, and 6.1, 5.3, 1.9
and 8 GPa for dehydrated-type I collagen and elastin, respectively.

The moduli of collagen and elastin are much higher than those measured at
lower frequency using macroscopic strains, and the difference between them is
much less, suggesting molecular-scale viscoelastic effects, as described in Par.
[Time dependence: anelastic relaxation], to be responsible for the frequency
dependence of the fiber biomechanics.

The same scattering geometry used for the BLS characterization of collagene
(thin flat sample over a reflective substrate) was also used for the determination
of the mechanical properties of bone matrix, and compared with results obtained
by nanoindentation and scanning acoustic microscopy [43]. It was shown that,
though BLS requires longer acquisition times with respect to the other techniques,
it is unique in allowing an easy measure of the in-plane anisotropy of wave veloc-
ities for both logitudinal and transverse phonons.

The existence of hierarchical structures in biological matter at the microme-
ter level can give strong nonlinear strain-dependent behavior to phonons in the
GHz range. An interesting case is that of longitudinal phonons revealed by BLS
on spider dragline silk [44]. Spider silk is a remarkable natural fiber, possessing
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an unmatched combination of reversible extensibility and high tensile strength.
BLS was used to reveal acoustic phonons propagating at different directions along
the fibers and estimate the first-order mechanical response, which consists of
five independent elastic constants. However, spider silk possesses highly nonlin-
ear, anisotropic, viscoelastic behavior which means that the measured phonon
frequencies are altered when it is mechanically deformed, hampering efforts to
extract the purely linear elastic contribution. More recently, BLS investigation of
spider dragonlike silk has revealed the presence of a hypersonic phononic band-
gap and of a negatively dispersive region. These features have been attributed to
the interplay between the uniaxial symmetry of the nanofibrils and non-local
nonlinear mechanical behavior of the surrounding inhomogeneous amorphous
polymer matrix [45].

Another successfull field of application of BLS to biological samples is the
measure of elastic properties of lens and cornea of the eye. The first BLS investi-
gation of eyes was performed in 1980 by a traditional setup [46]. More recently,
this field has been revitalized by the development of micro-Brillouin imaging, as
described below.

Brillouin micro-spectroscopy

The first realization of imaging of mechanical properties of a sample by BLS was
proposed in 2005 from a solid-liquid interface with 20-um spatial resolution
[47]. Two years later, the first application of confocal Brillouin spectroscopy was
proposed for the 3D imaging of an intraocular lens and of the crystalline lens in a
mouse eye [38]. The most relevant novelty introduced by that work was the use of
virtually imaged phase array (VIPA) spectrometers, which was able to reduce the
acquisition time for a single spectrum to fractions of second. This improvement
fostered a fast increase of interest toward the use of micro BLS for the mechanical
mapping of biological and biomedical samples [48], extending its applicability to
in vivo diagnosis [49,50]. An overview of the progress up to 2015 can be found
in Ref. [51]. In more recent years, the research and development activity has
been focused on improving the performances of the interferometers, in order to
enlarge the field of application of micro-Brillouin, specially toward biomedical
fields. Spatial resolution has reached sub-cellular dimensions (see Figure 5), so
that 3D imaging of single cells is now possible, resolving internal structures of
single cells [52]. Increasing spatial resolution was possible thanks to the use of high
numerical aperture lenses, taking properly into account the induced broadening
of Brillouin peaks [65,66].

The opacity of biological samples and the non-negligible intensity of light
back-reflected by the optics in the back-scattering geometry requires the use
of high contrast interferometers to discriminate the low intensity of Brillouin
peaks over the intense leakage of elastic light signal. To this aim, a continuous
effort has been devoted to develop high contrast interferometers by use of, e.g.
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multi-stage setups [53], molecular absorption cells [54], destructive interference
[55], or by equalizing the interfering transmitted field components [56]. A new
multi-pass Fabry-Perot interferometer has been also recently proposed, with a
contrast higher than 150 dB, for back-scattering Brillouin measurements in very
opaque and reflective samples [57]. Complex and structured biological samples
can now be investigated by Brillouin micro-spectroscopy, such as microbial bio-
films [58,59], tumoral tissues [60], and cellular nuclei [61].

One of the most promising routes for the development of micro-Brillouin
spectroscopy is that of correlative measurements, where different optical and/
or spectroscopic mapping techniques are developed to operate in parallel, at the
same time and in the same volume analyzed by Brillouin spectroscopy. To this
respect, the co-detection of fluorescence and BLS signals has been demonstrated
as a powerful tool to study, e.g. mechanotransduction and intracellular signaling
pathways of plant extracellular matrices [62].

Correlative Brillouin-Raman micro-spectroscopy

Recently, an innovative micro-spectrometer has been realized, able to simulta-
neously collect Raman and Brillouin signals from the same scattering volume
[57]. Brillouin-Raman micro-spectroscopy (BRMS) allows to perform correlative
studies, comparing viscoelastic and chemical properties, which can be simultane-
ously mapped with sub-micrometer resolution on the same sample. A schematic
of the setup is reported in Figure 6. Its potential has been already established in
microbiology [57,59], tissues characterization [60,63,64], and cellular biomedical
applications [51,65].

Interesting results have been obtained by analizing chemo-mechanical maps of
Candida biofilms [57,59]. Biofilms are almost ubiquitous aggregates of microbes
growing onto solid surfaces, embedded into a eso-polysaccharides (EPS) matrix,
with an increased resistance to antibiotics, anti-fungal drugs, and extreme con-
ditions. The mechanical characteristics of the biofilm, are related to stability and
dispersion of cells involved in the biofilm. BRMS allowed to identify two main
softening mechanisms of dried biofilms, one due to a high concentration of EPS,
and the other to the presence of residual water [59].

The combination of reduced stiffness (Figure 7(f)) and increased acoustic atten-
uation (Figure 7(h)) observed in the central region of the linear scan in Figure
7 has been attributed to the plasticizing effect associated to an increase of resid-
ual water. In fact, both spectral changes can be attributed to a reduction of the
structural relaxation time, i.e. of local viscosity, associated with a local increase
in hydration level. At the same time, in the same place, Raman-Brillouin spectra
confirm the presence of water with an order of magnitude increase of the OH
peak (Figure 7(c)) and suggest a factor three higher thickness (three microbial
layers) for the increase of intensity of CH (Figure 7(e)) and Brillouin (Figure
7(d)) peaks. These results (larger thickness, more plastic behavior, more intense
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Raman signals) can be interpreted in terms of a volume inside the biofilm where
a chemico-physical condition is preserved that is more favorable to the survival
of Candida cells. This is also confirmed by the large increase of Raman signals in
the 1510-1750 cm ™! region (Figure 7(g)) that can be, at least partially, attributed
to the resonant scattering from cytochrome ¢, a marker of cell vitality. This case
study shows that BRMS is able to reveal what is not visible in the optical image:
a region of higher thickness, where the buried cells have been protected by the
overlaying biofilm structure, preserving water and vitality of the inner cells.

BRMS has been also succesfully applied to the mechanical mapping with
chemical specificity of biomedical samples, such as Barrett’s oesophagus [60,63]
and amyloid plaques. [64] Barrett’s oesophagus is a condition characterized
by a change in the lining of the esophagus that markedly increases the risk of
adenocarcinoma. The site-matched application of Brillouin microscopy, Raman
microscopy and FTIR micro-spectroscopic imaging to ex-vivo epithelial tissue —
Barrett’s oesophagus [60,63] reported elasticity maps of the epithelium, correlated
with ‘chemical images Evidence of hydrated (type I) collagen fibrils forming the
extracellular matrix and of embedded epithelial cells was provided by Raman
scattering spectra at gland/connective tissue interface. Micro-Brillouin mapping
of the glandular region showed signatures of high scattering intensity in corre-
spondence of low-frequency shift and higher acoustic attenuation, a viscoelastic
effect that was attributed to higher hydration of collagen fibrils.

Strong viscoelastic changes have been also evidenced in correlative Brillouin—
Raman mapping of amyloid plaques in the hippocampal part of the brain of a
B-amyloid overexpressing transgenic mouse [64]. The plaque core has shown high
rigidity, identified by a marked increase in Brillouin peak frequency, associated
with the abnormal deposition of f-amyloid protein, which is a typical pathological
hallmark of Alzheimer’s disease (see Figure 8). The surrounding tissue presents
high viscoelasticity in correspondence of a lipid-rich layer (evidenced by Raman
spectra) around the dense core of the plaque and high heterogeneity in the external
tissue, plausibly due to the presence of cell bodies (i.e. astrocytes and microglia).

In general, these results demonstrated that BRMS maps are very sensitive to
changes in tissues at a cellular level and is therefore a valuable tool for histological
analysis, with potential for in vivo diagnosis of pathology.

BRMS has been recently proposed for studying mechanical properties cor-
related with biochemical composition of living fibroblasts under physiological
conditions [65]. Single living cells immersed in their buffer solution have been
mapped, revealing the mechanical heterogeneities inside the cell. The area of
the Raman amide 1 peak and the proteins versus lipids ratio, which can both be
considered as spectroscopic measures of the protein concentration, appear strictly
correlated with the cell elasticity, confirming the key role of protein structures
in conferring rigidity to the cell. Moreover, by analyzing the DNA Raman signal
vesus the elastic modulus, the nucleus if found to occupy the stiffer cell zone, with
a 20% increase in the elastic modulus passing from the plasmatic membrane to
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the nucleus. Brillouin line shape analysis is even more relevant for the comparison
of cells under physiological and pathological conditions. Following oncogene
expression, cells show an overall reduction in the elastic modulus (15%) and
apparent viscosity (50%), which can be explained by a general modification of
the cytoskeletal properties assigned to the deregulation of protein expression.
In this regard, the invasive potential of cancer cells is clearly correlated to the
modification of their mechanical properties, favoring their diffusion into tissues.
The ability of BRMS to follow the spatial and eventual temporal modulations of
cellular mechanical properties, which are intimately related to physiological or
pathological processes, strongly support the future application of this technique
for fundamental issues in the biomedical field.

Notes

1. Strictly speaking, the term phonon should be reserved to crystalline bodies owning
microscopic discrete translational invariance. Here, we use the same term in the
hydrodynamic limit even for amorphous bodies.

2. e =€, — lé.kell is a pure shear strain (a strain deviator, where §.,_is the unit tensor):

3 ik
in fact e; = 0, proving e, is a pure shear.
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