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Abstract

The work encompasses a theoretical approach to evaluate the Mean Square Displacement (MSD) from Elastic Incoherent
Neutron Scattering (EINS) and a study concerning an acoustic levitator to be employed for the EINS experiment.
Gaussian approximation for evaluating MSD from data collected at di!erent resolutions and wavevector range furnishes
di!erent values. These limitations are discussed. Furthermore, Þrst results on the optimization of an acoustic levitation
device are discussed together with the o!ered advantages; eliminating the contact with container walls the sources of
extraneous nucleation are avoided and it becomes possible to cool liquids substantially below their equilibrium melting
point.

Keywords: Elastic Incoherent Neutron Scattering, mean square displacement, Gaussian approximation, acoustic levi-
tation.

Introduction

It is well known that applying the Gaussian proce-
dure for evaluating the MSD to EINS data collected
on the same systems with spectrometers working at
di!erent resolutions and/or in di!erent wavevector
range furnishes di!erent values. More speciÞcally,
following the Gaussian approximation, the evaluated
MSD depends on the employedQ range. In this
framework in the present contribution an alternative
approach which takes into account all the experimen-
tal wavevector range is discussed. What it emerges
from the present study is that: i) the contributing
motions to the MSD evaluation are those for which:
Q > Q min, i.e. r < r min; ii) the Q = 0 extrapolation
is performed through the entire Q behavior; iii) the
approach can be applied directly to data or to curve
Þts; iv) it is possible to perform a detailedQ analy-
sis (low and high Q ßuctuations can be evaluated).
Further, it is well known that sample environment is
a critical component of many research investigations.
While at high temperatures, reactions with crucibles
limit the conditions that can be accessed, at lower
temperatures, heterogeneous nucleation by contain-
ers limits the ability to supercool liquids below their
equilibrium melting point or to make supersaturated
solutions. In this frame the assembling of an acous-
tic levitation device for the investigation of molecular

systems in the temperature range -40! C to +40 ! C is
discussed. This temperature range covers the super-
cooled region for water and many salt and biological
solutions that are important in many biotechnologi-
cal processes. By eliminating contact with container
walls, sources of extraneous nucleation are avoided
and it becomes possible to cool liquids substantially
below their equilibrium melting point. A feasibility
study is performed for the realization of an acoustic
levitation device adaptable for the European Spalla-
tion Source (ESS) to investigate the anomalous prop-
erties of molecular systems under peculiar thermody-
namics conditions, such as for example, pure bulk wa-
ter and aqueous solutions in the supercooled region;
in addition, this technique can be also employed to
obtain solid sample starting from concentrated aque-
ous solutions through acoustic levitation drying pro-
cedures. The present study originates from a growing
demand from many research institutes and industrial
research laboratories to develop new technologies for
studying molecular systems. Hybrid acoustic levi-
tators are particularly useful for many applications.
For example, Raman spectroscopy is a remote detec-
tion technique which can been successfully coupled to
acoustic levitation. The approach allows quantiÞca-
tion of analyses of dynamic processes, thus providing
selective information for structural elucidation. The
pharmaceutical Þeld can take advantage of this ap-
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proach in order to shorten the time for development
of new pharmaceuticals.

Methods

Following the Gaussian procedure, the evaluation
of the MSD extracted from EINS experiments per-
formed on the same systems but with spectrom-
eters working at di!erent resolutions and/or cov-
ering a di!erent wavevector ranges, furnishes, as
a rule, di!erent values. In fact, the evaluated
MSD depends on the employedQ range and, in
addition, the estrapolation to the Q = 0 value
is performed through a restricted Q range. In
this framework in the present contribution al-
ternative approaches which take into account all
the experimental wavevector range are discussed.

Figure 1: Limitations of the Gaussian approximation

Fig. 1 shows the limitations of the Gaussian ap-
proach. It clearly emerges that: i) the contributing
motions to the MSD evaluation are those for which:
Q > Q min, i.e. r < r min; ii) the Q = 0 extrapola-
tion is performed through the entire Q behavior; iii)
the approach can be applied directly to data or to
curve Þts; iv) it is possible to perform a detailedQ
analysis (low and high Q ßuctuations can be evalu-
ated). Containerless techniques [1]! [4], and specif-
ically an acoustic levitation device [3] is assembled,
adapted and employed for the investigation of molec-
ular systems under peculiar thermodynamical condi-
tions, such as for example supercooled liquids and
aqueous solutions, as well as for sample drying pro-
cesses. Levitation techniques become more and more
important in large scale facilities since they increase
the ability to supercool liquids and enable closer and
more controlled examination of properties and pro-
cesses in liquid droplets. Among the di!erent physi-
cal properties that may be studied using these tech-
niques are structural and dynamical properties, heat
capacity, optical properties, thermal di!usivity, sur-
face tension and viscosity [5]! [15]. In Fig.2 a sketch
of acoustic levitation.

Figure 2: Sketch of acoustic levitation: in the bottom
the metallic curved and at the top the Transducer Re-
ßector

Results and Discussion

It is well known that neutron scattering allows us to
characterize the structural and dynamical properties
of a wide class of material systems. The experimen-
tally obtained neutron scattering data are also con-
nected with the employed spectrometer instrumental
features. This implies that the system observables,
e.g. the MSD, are inßuenced by instrumental e!ects:
the energy window and the transferred wave vector
values. Normalization consisting in a multiplicative
factorization, i.e. SR " nSR, is an allowed trans-
formation able to rescale the data since it does not
change the proportionality relationship between the
scattering intensity at di!erent Q values. This trans-
formation may be useful, for example, to give the
same intensity value (e.g. at the origin) to di!er-
ent spectra collected at di!erent temperatures and
does not produce any change in the MSD evalua-
tion. On the contrary, the same kind of normaliza-
tion applied to the logarithm of the measured scat-
tering law is a misleading procedure since it leads to
an incorrect evaluation of the MSD value. In fact,
the normalization of the logarithm of the measured
scattering law corresponds to a power elevation of
the measured scattering law, i.e.nLn (SR) " (SR)n

, which gives an incorrect MSD, i.e. n
!
r 2

"
R

On
the other hand, as far as the logarithm of the mea-
sured scattering law is concerned, it can be observed
that the proper transformation is a translation, this
latter corresponding to a normalization of the mea-
sured scattering law: Ln (SR) + Ln (n) " nSR . Fi-
nally, the normalization of the measured scattering
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law for the measured scattering law obtained at a
given temperature (usually the lowest) is again wrong
since it changes the relationship between the mea-
sured scattering law relative to di!erent Q values;
this procedure would bring a shift of the MSD, as-
signing it the value of zero at the lowest temperature:
SR(T)/S R(T0) " MSD =

!
r 2

"
R

(T) !
!
r 2

"
R

(T0).
Levitation techniques are useful tools to study the
structure and the dynamics of liquids. In particular,
they eliminate the problems of container interactions
and contamination making it possible to study the
sample with a very high degree of control. There
are presently four major routes to levitate samples:
the electromagnetic, electrostatic, aerodynamic and
acoustic techniques. The electromagnetic levitation
is one of the oldest techniques used for containerless
experiments. In this case, a radiofrequency electro-
magnetic Þeld is generated by a levitation coil. Then
Foucault currents are induced in the sample. This
leads to an inductive heating of the sample and at
the same time, the interaction of the Foucault cur-
rents with the magnetic Þeld of the coil leads to a
force that counteract the gravity and makes it possi-
ble to levitate the sample. With this technique, the
sample must be an electrical conductor and cannot be
applied in our case. With electrostatic levitation, the
sample is electrically charged and levitated in a ver-
tical electro-static Þeld between two electrodes. Two
pairs of smaller side electrodes are used to position
the sample horizontally. In this case, the levitation
is performed under vacuum that prevents its use for
studying molecular liquids. With aerodynamic levi-
tation a gas ßow is used to counteract the gravity. In
principle, it is possible to levitate all kind of materi-
als. With this method, the levitation is strongly de-
pendent on the surface tension of the sample and even
if possible it is not the best way to levitate molecular
liquids. The acoustic levitation uses an acoustic wave
for levitating the sample. The device is composed by
a transducer for generating the wave and a reßector
to create the interference system. The sample is posi-
tioned as a function of the nodes. For heating/cooling
the sample, it is generally used a hot/cold air ßux
or radiant elements. Of the previous methods, the
acoustic levitation appears to be the best solution to
levitate molecular liquids. In particular, it has been
already used to levitate liquid water. In addition,
the advantages are the simplicity and compactness
of the device, making it possible to integrate it easily
in various experimental setups. Fig. 3 shows a photo
of the device.

In particular, it can be combined with x-rays tech-
niques, infrared, Raman and neutron scattering spec-
troscopies. By eliminating contact with container
walls, sources of extraneous nucleation are avoided
and it becomes possible to cool liquids substantially
below their equilibrium melting point.

Figure 3: Photo of the device

In addition, due to the absence of heteroge-
neous nucleation sites acoustically levitated super-
cooled liquids are expected to be fairly stable so that
at higher temperatures static measurements become
possible. The acoustic levitator can be also adapted
for preparing dry substances starting from aqueous
solutions. We are also interested to heat/cool the
sample, what is easily feasible with this technique
in a reasonable temperature range. For example,
using a lamp, one can warm up bio samples up to
about 70! C. It is also possible to circulate a gas and
control the temperature between -100! C and +80! C.
The MDI Single-axis Acoustic Levitator (SAL) com-
prised three main components: i) the levitator as-
sembly, ii) the ultrasonic power ampliÞer, and iii)
acustic controller; more precisely it is constituted by
two vertically-opposed, high output acoustic trans-
ducers that operate at a frequency of 22 kHz and can
produce sound pressure levels to 160 dB. The trans-
ducers are mounted in aluminum tubes and located
on a metal stand; that was machined into a horn radi-
ator with a ßat radiating dish approximately 70 mm
in diameter. Samples are introduced into the Ósound
ÞeldÓ using a small syringe or a wire gauze spoon.
Samples can be translated by adjusting the phase
between the transducers or ÓsqueezedÓ by modulat-
ing the acoustic levels with variable frequencies. The
SAL can be operated on most horizontal surfaces
and it can be integrated with laboratory instruments
and/or beamlines to study materials in-situ. The
SAL requires 125 V ac, 10 A electric power (other
voltages available). The control unit is housed in a
19Ó (480 mm) rack-mountable chassis and the levita-
tor head is located on a 12Ó x 18Ó (300 x 450 mm)
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optical breadboard. Cooling requires standard lab-
oratory cryo-coolants such as liquid nitrogen or dry
ice-acetone or a thermomechanical cooler.

Conclusions

For the evaluation of the MSD to the case of the EINS
experiments, it is necessary to consider that the in-
strumental energy resolution inßuences the physical
observables as discussed in the previous paragraph
as well as the investigated wavevector range. It is
therefore important to take into account the follow-
ing points:

1. Due to the di!erent wavevector range, the ex-
trapolation to Q = 0 requires to weight the
entire explored wavevector range

2. At this stage, for an easier comparison, it is pos-
sible to normalize the data by multiplying for a
proper constant (e.g. dividing all the measured
values for theQ = 0 value and then multiplying
for e)

3. Whereas at the lowest temperature only one
gaussian contribution is present, by increasing
temperature other contributions can occur

4. At the lowest temperatures, for the evaluation
of the MSD one can Þt theS(Q) data as a func-
tion of Q with a Gaussian, or otherwise in a log
log(S(Q)) ! lin (Q2) plot a straight line; other-
wise one could take into account the well known
formula:

log(S(Q2
2)) ! log(S(Q2

1))
Q2

2 ! Q2
1

but in such a case the entire wavelength range
is neglected.

As far as the levitator is concerned, it clearly emerges
that:

1. the ability to perform contactless measure-
ments is important with a wide range of mate-
rials (such as, for example, supercooled systems
or hazardous materials);

2. the avoidance of undesired contamination from
the container provides a promising method for
preparing high-purity materials;

3. the avoidance of container wall-induced hetero-
geneous nucleation facilitates massive under-
cooling in a melt prior to solidiÞcation;

4. acoustic levitation is a cost-e!ective, compact
and mobile technique that allows container-less
reaction monitoring. Robust, reliable and si-
multaneous levitation of several liquid and solid
particles has been achieved for a wide range of
diameters, shapes and materials.

5. This technique is currently under-exploited for
soft condensed matter sciences.
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Abstract

Recent studies have shown the need to completely replace the electronic modules processing the signals produced by the
scintillation detectors (CsI(Tl) crystals) of CHIMERA (Charged Heavy Ion Mass and Energy Resolving Array). This
requirement is dictated on one hand by the impossibility of Þnding spare parts (given that the most important modules
went out of production several years ago), and on the other hand by the availability of new generation electronics that
could signiÞcantly increase the potential of the multidetectors Chimera and FARCOS (Femtoscope ARray for Correlations
and Spectroscopy). Recently it has been made available a new integrated electronics developed with the project GET
(Generic Electronics for Tpc) that allows you to capture the shape of the signal produced by the detector, considerably
reducing the space occupied and the electrical power input. With such electronics were obtained signiÞcant improvements
in energy resolution and isotope separation of the fragments revealed.

Keywords: new elettronics, CsI(Tl) crystals, identiÞcation.

Introduction

Chimera [1] is a 4! detector built in the late Õ90s
at the LNS (Laboratori Nazionali del Sud) of Cata-
nia. It has been successfully used to study various
aspects of the nuclear reactions at intermediate en-
ergies, as the processes of multifragmentation and
emissions from the neck [2]. It is made of 1192 dou-
ble telescopes formed by a transmission Si detector
(with a thickness of 300 µm) and a stop CsI(Tl)
detector (with a thickness from 6 cm to 12 cm).
Chimera is equipped with electronics in discrete
components that also allows to measure the time
of ßight of fragments revealed and to perform the
analysis of the form of signal produced. In this way
you can get recognition in charge and/or mass of
the particles detected in a wide dynamic range [3].

Figure 1: Schematic representation of Chimera de-
tector (left picture) and of a telescope (right picture).

For correlation studies it is important to have a
very good angular and energy resolution, so it is be-
ing realized a new correlator (named Farcos) which
can be coupled to Chimera or to other 4! detectors.
Farcos is a modular array of telescopes; each module
is made of special silicon strip detectors (DSSSD,
Double Sided Silicon Strip Detector) with 32 vertical
strips and 32 horizontal ones, and four crystals of
cesium iodide doped with thallium (CsI(Tl)). Each
telescope can be schematically divided into three
stages. The Þrst stage involves a DSSSD that has a
thickness of 300µm and an area equal to 64! 64 mm2.
The second stage still provides a detector DSSSD
with the same characteristics as the previous one,
but with a thickness of 1500 µm. The third and
Þnal stage involves four crystals of CsI(Tl), each of
which has a length of 60 mm and a sensitive area
of 32! 32 mm2, arranged in a square conÞguration.

Figure 2: Schematic representation of a Farcos tele-
scope.
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Both for the upgrade of Chimera and the de-
velopment of Farcos we made several tests
on new electronic modules developed in the
framework of the GET project.

Electronics and Methods

GET is based on AGET [4] (Asic for General Elec-
tronics for Tpc) circuit. It must perform the ampli-
Þcation, the detection and the analog storage of the
shaped detector signal before its digitization by an
external ADC. The architecture is based on the one
of the after chip with signiÞcant new features and
modiÞcations to match the di!erent detectors (gain
and drift time), to detect the signal (trigger and hit
channel address), to support the di!erent kind of par-
ticles (charge) and also the di!erent kind of nuclear
reaction (2p radioactivity). Four of these circuits are
soldered on the ASAD (Asic Support and Analog-
Digital conversion) card with four 12-bit ADC (one
per AGET). The digital outputs of the 4 ADCs are
transmitted by 8 di!erential lines with a maximum
speed of 1.2 Gbit/s to the CoBo board. The CoBo
(Concentration Board) board is responsible for ap-
plying a time stamp, zero suppression and compres-
sion algorithms to the data. It will also serve as a
communication intermediary between the Asad and
the outside world. The slow control signals and com-
mands to the Asad will be transmitted via the CoBo
(four Asad per CoBo). The MUTANT (MUltiplicity
Trigger ANd Time) card manages the multiplicity,
the conditions for the trigger, and the distribution
of the clock on the whole system. The global data
are transmitted through network switch to computer
farm.

The AGET chip includes 64 channels handling

each one detector unit. A channel integrates mainly:
a charge sensitive preampliÞer, an analogue Þlter
(shaper), a discriminator for trigger building and a
512-sample analog memory.

The charge sensitive preampliÞer (CSA) has vari-
able gain to support the dynamic range between 120
fC to 10 pC. This gain is adjusted per channel, by se-
lecting one of the four CSA feedback capacitors (Asic
Slow Control). The analog Þlter is formed by Pole
Zero Cancellation stage followed by a 2-complex pole
Sallen-Key low pass Þlter. The peaking time of the
global Þlter is selectable among several values (16 val-
ues) in the range between 50 ns and 1 s. The Þltered
signal is sent to the analog memory and discriminator
inputs. The memory is based on a Switched Capac-
itor Array structure (SCA), used as a 512 cell-depth
circular bu!er in which the analog signal coming out
from the shaper is continuously sampled and stored.
The sampling frequency can be set from 1 MHz to
100 MHz to match with the various drift velocity of
the chambers. The sampler is stopped on an external
trigger decision. In the read out phase, the analogue
data will be in time domain multiplexed toward a sin-
gle output and sent to the external 12-bit ADC at the
readout frequency range of 25 MHz. There are three
di!erent modes for the read out of the SCA channels:
all the channels, hit channels or speciÞc channels. In
conjunction with this channel readout mode, it will
be possible to read the SCA according to a predeÞned
number of analog cells (from 1 to 512). We did some
test with multiplicity trigger with the Asad cards we
received at the end of September. We developed a
conÞguration Þle which can be used to Þx a setup
suitable for Chimera detectors. For the readout we
have a reduced CoBo which is able to manage a single
Asad.

Figure 3: Schematic representation of GET electronic chain (left picture) and foto (right picture) of an Asad
card that is similar in size to an A4 format.
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Multiplicity set up

First we did some test with internal pulser. In or-
der to see the reliability of multiplicity trigger for
few channels we did a very strict conÞguration dis-
abling all channels, apart few ones, and adjusting the
pulser height and discriminator thresholds to allow
only few channels to pass thresholds. All test were
performed on AGET0 (only two channels were ac-
tived) with AGET 1,2 and 3 disabled. We obtained a
linear dependence between the discriminator thresh-
old (in channels) and the pulse height necessary to
trigger the system, as shown in Figure 4.

Figure 4: Acquisition threshold for two channels of
AGET0.

Afterwards we tested the device with external sig-
nals. Again using only few channels on AGET0 (only
three channels were activated) and with AGET 1, 2
and 3 disabled. We obtained again a linear increasing
trend for negative values of the voltage, as shown in
Þgure 5.

Figure 5: Acquisition threshold for three channels of
AGET0.

Then we used again internal pulser changing the
parameter MultiWindowSize and obtained thresh-
olds necessary to trigger the acquisition system with
multiplicity rising from 1 to 12 channels on all
AGETs with a linear trend as shown in Þgure 6.

Figure 6: Threshold necessary to trigger the acquisi-
tion system Vs multiplicity.

At the end of November we tested the new Eletron-
ics, using a singol telescope of the ring 9 of Chimera,
with a beam of protons at 62 MeV on targets of
Au, C, CD2, LiF , CH2 and the results of identiÞcation
(method DE-E) of protons, deuterium, tritium, 3He
and alpha are shown in Þgure 7.

Figure 7: Energy released (DE) by particles in Si de-
tector Vs energy released (E) in CsI detector.

Conclusions

With the tests performed on the GET electronics we
were able to characterize the acquisition thresholds of
the individual channels and the trigger Vs the input
signal. In particular, the goal of triggering with mul-
tiplicity one was reached; this is important in order
to acquire also peripheral reaction events. Also act-
ing on other parameters (for example, trigger delay
and Peaking time value) and putting the appropriate
Þlter programs, we have obtained from the detector
signals good identiÞcation of gamma rays, protons,
deuterium, tritium, 3He and alpha particles. More-
over the reduction of power dissipation (from 50 kW
to 5 W) and the decrease in size of the new Elet-
tronics are such that you can even imagine a pos-
sible mounting of the stage of digitizing within the
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vacuum chamber (in order to improve the signal to
noise ratio) or a transportation of all the apparatus
for experiments in various laboratories.
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Abstract

The Raman polarizability tensor encodes a lot of useful information on the molecular vibrational modes, that can be

read by means of the depolarization ratio, a quantity that can be easily measured experimentally. In Surface Enhanced

Raman Scattering (SERS) molecules are near-field coupled with optical nanoantennas and their scattering properties are

strongly a↵ected by the radiation patterns of the nanoantenna. The polarization of the SERS photons is consequently

modified, a↵ecting in a non trivial way the measured value of SERS depolarization ratio. In this article we elaborate

a model that describes how the SERS depolarization ratio is influenced by the nanoantenna re-radiation properties,

suggesting how to get information on the Raman polarizability from SERS experiments.

Keywords: SERS, Nanoantenna, Depolarization Ratio, Raman polarizability tensor.

Introduction

Optical nanoantennas [1, 2], are nowadays used for
a broad set of plasmon enhanced spectroscopies
(PlEnS) such as Surface Enhanced Raman Spec-
troscopy (SERS) [3Ð5] Metal Enhanced Fluorescence
(MEF) [6] Surface-Enhanced Infrared Absorption-
Scattering (SEIRA-SEIRS) [7]. PlEnS enable the de-
velopment of high sensitivity spectroscopic nanosen-
sors for label-free detection of chemical and biomolec-
ular compounds [8Ð11].

According to the E 4 model [12Ð15], in SERS
the nanoantenna ampliÞes both the local Þeld
(excitation-Þeld enhancement e!ect), and the Ra-
man scattering (re-radiation e!ect). Molecules lying
in the hot spots (located at the edges of individual
nanoantennas or in the nanocavities between near-
Þeld coupled NPs [9, 16Ð18]) experience an ampli-
Þed local Þeld and an enhanced re-radiation when-
ever both the wavelengths of the laser pump (! R )
and of the induced Raman dipole (! L ) are close to
the LSPR one (! LSP R ) [15]. It is well known that
the enhanced local Þeld is polarization sensitive, since
the only component of the incident Þeld exciting the
LSPR and yielding the local Þeld ampliÞcation, is
the one parallel to the nanoantenna axis [19Ð21].
On the other hand, in near-Þeld coupled nanoanten-
nas the re-radiation e!ect yields a selective enhance-

ment of the Raman dipole component parallel to the
nanocavity axis at the single molecule level, lineariz-
ing the polarization of the Raman Þeld [22Ð24].

A measurable quantity that will be strongly af-
fected from such behavior is the depolarization ratio
[25]. DeÞned in Raman spectroscopy as the ratio be-
tween the intensity (I ! ) of the Raman Þeld polarized
orthogonal to the laser Þeld (for linear excitation po-
larization) and the intensity ( I " ) of the Raman Þeld
polarized parallel to it, the depolarization ratio pro-
vides information on the Raman polarizability tensor
(" ) of the vibration considered and is therefore a very
useful tool to probe " .

In SERS the relation between the depolarization
ratio and the components of the Raman polarizability
tensor was not straightforward [3]. One striking ex-
ample is given in ref. 24, where the polarized SERS
intensity is found to be maximum in the direction
orthogonal to the excitation Þeld, whereas in Raman
spectroscopy the polarized signal is always maximum
in the direction parallel to the excitation Þeld.

In this article we will analyze how the SERS de-
polarization ratio is related to the molecular depo-
larization factor in presence of near-Þeld coupling
with the nanoantennas and highlight how it can be
used to gain information on the orientation-averaged
non-diagonal components of the Raman tensor of the
probe molecule.
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Results and Discussion

Raman Depolarization Ratio

In the classical treatment of the Raman e!ect when a
molecule interacts with an electromagnetic ÞeldEexc ,
an electric dipole moment P rad = !" ↵ áEexc is in-
duced, where!" ↵ is the molecular Raman polarizabil-
ity tensor. The Raman polarizability is symmetric
rank-2 tensor and its elements are a function of the
nuclei positions and hence of the moleculeÕs vibra-
tional state. In the most general case of molecules
randomly oriented the Raman dipoles will be oriented
di!erently with respect to the excitation Þeld, i.e. the
Raman Þeld radiated by randomly oriented molecules
is unpolarized. The intensity of the orientation-
averaged Raman signal polarized along a given direc-

tion öedet will be given by I rad # $|P (i )
rad áöedet |

2
%!,",# ,

where #, $, % are the Euler angles associated to the
3D spatial rotation of the molecule in the reference
frame considered.I is expected to be di!erent from
zero for any öedet , and in particular when öedet is or-
thogonal to the excitation Þeld polarization vector
öeexc . For linearly polarized excitation, we therefore
deÞne the Raman depolarization ratio as

&=
I !

I "
(1)

where I ! and I " are, respectively, the intensity
of the Raman scattered Þelds polarized orthogonally
(öeexc áöedet = 0) and parallel ( öeexc áöedet = 1) to the
laser Þeld polarization.

The depolarization ratio only depends on the ex-
citation/detection geometry and provides informa-
tion on the orientation averaged components of the
Raman polarizability tensor [25] $(" i,j )2%!,",# . The
calculation of & in the backscattering conÞguration
bounds, from a theoretical point of view, the depo-
larization ratio between 0 & & & 3/ 4, which means
that I ! < I " is always veriÞed.

Polarized SERS

In SERS experiments enters into play a third el-
ement, the nanoantenna, that strongly a!ect the
coupling between the electromagnetic Þeld and the
molecular vibration. According to the E 4 model, if
both the excitation and Raman photon energies are
within the plasmonic resonance of the nanoantenna,
the antenna enhances both the local excitation and
the re-radiated Þelds. We can model SERS as a three
step phenomenon [22, 24]. When a molecule is lo-
cated at the hot spotof a nanoantenna, the enahance-
ment of the excitation Þeld at wavelength ! L is de-
scribed byEenh

exc (! L ) =
!"
� exc (! L )áEexc (! L ). This in-

duces a molecular Raman dipolar Þeld at wavelength
! R P rad (! R ) = !" ↵ R áEenh

exc (! L ). Finally the scat-
tered Þeld at wavelength! R for molecules located at

the hot spots is ampliÞed by the re-radiation e!ect,
decribed by P enh

exc (! R ) =
!"
� rad (! R ) áP rad (! R ). In

this model we have introduced the excitation Þeld
enhancement tensor

!"
� exc (! L ) and the re-radiation

enhancement tensor
!"
� rad (! R ) to describe the ampli-

Þcation of the excitation and the Raman Þeld, which
are in principle wavelength-dependent. Using tensors
helps us to account for the di!erent ampliÞcation of
the three components of the electromagnetic Þelds.
For nanoantenna dimers, in the base{ önx , öny , önz}
where önx is the dimer axis andönz the laser Þeld prop-
agation direction, we can write the Þeld enhancement
tensor as

!"
� exc (! L ) =

!

"
' 0 0
0 1 0
0 0 1

#

$ (2)

and the re-radiation enhancement tensor as

!"
� rad (! R ) =

!

"
' (1 + ( ) 0 0

0 1 0
0 0 1

#

$ (3)

in which we assume that the excitation and the
re-radiated Þeld components along the nanocavity
axis önx are ampliÞed by the factors' exc = ' and
' rad = ' (1 + ( ), and that the components along the
other two axes are left unperturbed. We use the fac-
tor (1+ ( ) to distinguish the excitation Þeld enhance-
ment factor from the re-radiation one. The two are
in principle di!erent because of the wavelength de-
pendence of the SERS ampliÞcation [26].

The SERS intensity for many randomly oriented
molecules as a function of the angle$, between the
laser Þeld and the nanocavity, and the angle#, be-
tween the polarization analyzer and the laser Þeld, is
found to be [24]

I SERS ($, #) # ' 4(1 + ( )2$(" x,x )2%sin2 $cos2 ($ ' #) +

+ ' 2 (1 + ( ) $(" x,x )2%[1/ 2 sin 2$sin 2 ($ ' #)] +

+ ' 2$(" x,y )2%[( sin$cos ($ ' #) + sin #]2 +

+ $(" x,x )2%sin2 $sin2 ($ ' #)
(4)

Eq. 4 contains a term proportional to ' 4, that can
be found within the E 4 approximation, and terms
beyond the E 4 approximation that, although less in-
tense (by approximately a factor ' 2), bring valuable
information.

SERS depolarization ratio

The Raman depolarization ratio measured on a set of
randomly oriented molecules is a parameter related
only to the intrinsic molecular Raman polarizability
tensor. For this reason in the following we will call &
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the Òmolecular depolarization ratioÓ and indicate it
with &mol .

In analogy with Eq. 1, we can deÞne and measure
the SERS depolarization ratio as the ratio between
the cross- and the parallel- polarized SERS intensi-
ties, i.e.

&SERS ($) =
I !

SERS ($, # = )/ 2)

I "
SERS ($, # = 0)

(5)

Notably, &SERS does not depend only on the Ra-
man polarizability but also on $, the excitation polar-
ization angle and, in turn, on the coupling between
the optical Þelds and the nanoantenna. Values of
&SERS ( 5, i.e. &SERS ) 3/ 4, have been observed on
molecules adsorbed on near-Þeld coupled nanowires
[24] as a consequence of the SERS Þeld polarization
modiÞcation induced by the nanocavities. An ex-
plicit model of such coupling is thus needed to relate
&SERS to &mol .

SERS depolarization ratio in nanoantenna
dimers

For a nanoantenna dimer the SERS intensities can be
easily calculated in theE 4 approximation (i.e. keep-
ing only the Þrst term in Eq. 4), giving for the SERS
depolarization ratio the following expression:

&SERS = tan 2 $ (6)

Notably the SERS depolarization ratio only de-
pends on the coupling between the light and the
nanoantenna and does not bring any information on
the Raman polarizability tensor. This proves that
SERS experiments with strongly enhancing dimers
cannot be used to probe the Raman polarizability
tensor of molecules lying in the nanocavity, unless
we are able to access the signal contribution given
by the terms beyond the E 4 approximation, being
the only that bring information on the non-diagonal
components of the Raman tensor [24]. Equation 6
explains also why the SERS depolarization ratio, dif-
ferently from the molecular depolarization ratio, can
be higher than 3/ 4, showing that it even diverges
for $ " )/ 2. A non divergent expression of&SERS is
obtained when considering the terms beyond theE 4

approximation. In the speciÞc case when the exci-
tation and the re-radiation enhancement factors are
equal, ( = 0, without loosing any physical insight, we
Þnd

&SERS ($) =
' 2&mol +

%
' 2 ' 1

&2
sin2 $cos2 $

%
' 2 cos2 $ + sin 2 $

&2 (7)

This expression explicitly shows how&SERS ($) is
linked to &mol through the light-nanoantenna cou-
pling parameters $ and ' in a non straightforward

way. Figure 1 compares the plots of&SERS ($) calcu-
lated in the E 4 approximation (blue solid line) and
when including the terms beyond theE 4 approxima-
tion (red dashed line). No divergences occur in the
latter case, the maximum of &SERS ($) being limited
to &mol ' 2. As well, the minimum is found to be
di!erent from zero, assuming the value&mol /' 2. In-
deed the two models tend to coincide for' 2 ) 1,
the regime in which the E 4 approximation holds.

Figure 1: Plot of the SERS depolarization ratio in the
E4 approximation (blue line) and including for the terms
beyond theE4 approximation (red dashed line) for a vi-
brational mode featuring a depolarization ratio of 0.5.

&mol can be retrieved by multiplying the SERS
depolarization ratios measured at$ = 0, )/ 2, i.e.

&mol =
'

&SERS (0) &SERS ()/ 2) (8)

allowing one to extract the molecular information
from the SERS measurements. Remarkably, Eq. 8
holds also if the excitation and the re-radiation en-
hancement factors are not equal.

Figure 2: Angular dependence of the SERS depolar-
ization ratios calculated for a nanoantenna featuring a
SERS enhancement � 4 ⇠ 100 on which are deposited
molecules with di!erent molecular depolarization ratios:
⇢mol = 0.47 (red solid line), ⇢mol = 0.3 (yellow dashed
line) and ⇢mol = 0 (blue dot dashed line)

A closer look to &SERS ($) shows that there are two
possible analytical trends as a function of&mol . For
molecular depolarization ratios &mol * 1/ 2, &SERS ($)
behaves as plotted in Figure 1 (red dashed line) with
maxima of intensity &mol ' 2 at angles$ = ( n + 1 / 2) )
(n is an integer), and minima of intensity &mol /' 2

for $ = n) . Vice versa, for &mol & 1/ 2 two di!er-
ent regimes appear, depending on the speciÞc value
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of &mol and ' . This is highlighted in Figure 2
where we compare the angular behavior of&SERS ($)
for a nanoantenna featuring a SERS enhancement
' 4 ( 102 for three di!erent values of the molecular
depolarization ratio, namely &mol = 0 .47 (red solid
line), &mol = 0 .3 (yellow dashed line) and&mol = 0
(blue dot dashed line). While in the Þrst case we still
expect absolute maxima occurring at$ = ( n + 1 / 2) )
separated by minima at $ = n) , for lower and lower
molecular depolarization ratios local minima start to
be observed at$ = ( n + 1 / 2) ) , decreasing to zero
when &mol = 0. It can be demonstrated that the
local minima are expected only when the condition
0 & &mol &

%
' 2 ' 1

&
/ 2' 2 is veriÞed. Note that even

if the SERS depolarization ratio has a local minimum
in $ = ( n + 1 / 2) ) , &SERS ($) is still a limited quan-
tity and the relation given by Eq. 8 to retrieve the
molecular depolarization ratio still holds.

Conclusions

The SERS depolarization ratio is an intriguing phys-
ical quantity that can provide information on the Ra-
man polarizability tensor and on the molecular ori-
entation at the single molecule level. Here we have
developed a model to extract the Raman polarizabil-
ity tensor information encoded in the SERS depolar-
ization ratio for dimers of metal nanoparticles near-
Þeld coupled. We have shown how the nanoantenna
re-radiation properties play an intriguing role in puz-
zling the polarization of the SERS Þelds making of
no use the models developed for conventional Raman
spectroscopy to relate the depolarization ratio to the
Raman polarizability tensor.
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