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ptical nanoantennas (ONAs) such
Oas metal nanowires (NWs), nano-
rods (NRs), and nanoparticles (NPs),
both isolated and near-field coupled, offer
new possibilities to focus and drive the optical
fields at the nanometer scale.' “® ONAs permit
enhancement of the absorption,” the fluores-
cence,®® and the Raman scattering'® "% of
molecules and quantum emitters, as well as to
control the light polarization'* '® and the
fluorescence emission direction.'®”'® The ex-
citation of localized surface plasmon reso-
nances (LSPRs) in ONAs is the basic
mechanism for the giant signal amplifica-
tion in surface-enhanced Raman scattering
(SERS)." 2" In SERS, the nanoantenna plays a
two-fold role: on one hand, it amplifies the
local field (excitation field enhancement), on
the other, it magnifies the Raman scattering
(re-radiation enhancement).'®'? Molecules at
the edges of individual ONAs’*** or in the
nanocavities between near-field coupled
NPs,'?*~2 the so-called hot spots, experience
an amplified local field and an enhanced
scattering whenever both the laser pump (1))
and of the induced Raman dipole (1g) wave-
lengths are close to the LSPR one (4,¢p)."
Polarization effects are at the center of on-
going research in the field of plasmonics and
plasmon-enhanced spectroscopies.'> 7"~
In SERS, they provide new strategies to explore
the field enhancement (FE) mechanisms and to
probe the validity of the £* model,** 3 which is
the fundament of the current understanding
of the SERS effect.'® 2" Field polarizations play
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ABSTRACT We explore the effect of re-radiation in surface-enhanced Raman scattering (SERS)

through polarization-sensitive experiments on self-organized gold nanowires on which randomly

oriented Methylene Blue molecules are adsorbed. We provide the exact laws ruling the polarized,

unpolarized, and parallel- and cross-polarized SERS intensity as a function of the field polarizations.

We show that SERS is polarized along the wire-to-wire nanocavity axis, independently from the

excitation polarization. This proves the selective enhancement of the Raman dipole component

parallel to the nanocavity at the single molecule level. Introducing a field enhancement tensor to

account for the anisotropic polarization response of the nanowires, we work out a model that

correctly predicts the experimental results for any excitation/detection polarization and goes beyond

the F* approximation. We also show how polarization-sensitive SERS experiments permit one to

evaluate independently the excitation and the re-radiation enhancement factors accessing the

orientation-averaged non-diagonal components of the molecular Raman polarizability tensor.

KEYWORDS: nanoantennas - nanowires - self-organization - surface-enhanced
Raman spectroscopy - polarization effects - field enhancement - Raman tensor

a crucial role in anisotropic ONAs. In such
systems, it is well-known that the enhanced
local field is polarization-sensitive because
the only component of the incident field
exciting the LSPR and yielding the local field
amplification is the one parallel to the nano-
antenna axis.>*"3” On the other hand, the
re-radiation effect is theoretically expected
to selectively enhance only the component
of the Raman dipole field parallel to the
nanoantenna axis.>® This implies that the
SERS radiation should be linearly polarized.
Such phenomenon can be experimentally
proven in two ways. First by verifying that
the intensity of the parallel- and cross-
polarized SERS fields (with respect to the
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excitation field) vary, respectively, as f'SERS «< cos* 6 and
I3grs o< cos? O x sin® 6 as a function of the angle 6
between the excitation field polarization and the nano-
antenna axis.>® Second, by showing that the depo-
larization factor D(0) = [h(6) — 1. (O)I/[(O) + [.(O)]
satisfies the relation D = cos 26 with Dy_o = +1 and
Dgrns» = —1.38 Reference 14 has demonstrated that
SERS from a single molecule located in the nanocavity
of a dimer is linearly polarized along the dimer axis,
verifying the predicted angular relation for D(6). The
same authors'*'® have shown that in trimers or tetra-
mers the loss of axial symmetry, with respect to the
dimer case, yields partially polarized SERS.3*°

Several issues on the re-radiation effect are, however,
still unclear and remain the subject of active research.
Indeed the cos* 6 dependence for the cross-polarized
intensity IZgrs, reported from single molecules in
dimers,*! is in disagreement with the theory.3® The
predicted cos® 6 x sin? @ trend® has never been
observed experimentally, up to date. The proof of this
relation is of paramount importance in supporting
the E* model, whose validity has been recently
questioned.>*3%33 SERS from randomly oriented mol-
ecules adsorbed on near-field-coupled NWs provides
even more puzzling results. Indeed, contradictory
cos® 6 and cos* O dependences for the unpolarized
SERS intensity have been reported.**~** Moreover, it is
unknown whether the SERS photons scattered by near-
field-coupled NWs are polarized or not, and conse-
quently, it is unclear if such systems actually behave as
extended sets of dimers.*® Whether SERS can be used to
probe the Raman polarizability tensor of individual
molecules is a further open question.'*3'333847 The
SERS enhancement factor is known to be the product®’
Tserrs = [TexcA)]? % [Trag(r)|? between the excitation,
T'exc(A1), and re-radiation, I',,q(Ag), FE factors. It remains,
however, uncertain how to measure the two factors
independently. Information on T',q(Ag) and Teyc(4)) is
crucial because it permits one to gain insight on the
spectral dependence of the SERS enhancement®>%%4°
and to validate the proportionality relation between the
FE factors and the LSPR extinction intensity,>*° especially
in the presence of multipolar’' and Fano resonances.? All
of these aspects have, in addition, a strong applicative
relevance. Information on the wavelength dependence
and polarization properties of SERS signal, in fact, allow for
the optimization of SERS molecular sensors, defining the
best excitation/detection wavelengths®>** and field po-
larization orientations®*>> for maximum signal enhance-
ment and background rejection.

The aim of this article is to shed light on the
aforementioned issues. This is done through a systematic
study of the polarized SERS from randomly oriented
molecules adsorbed on self-organized gold NW arrays.
We experimentally investigate the polarization state of
the SERS photons for different excitation polarizations
showing the exact dependence of parallel-polarized,
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cross-polarized, and unpolarized SERS intensities as a
function of the relative orientation between the NWs
and the excitation field. We develop a phenomenological
model, introducing a FE tensor to describe the anisotropic
response of the NWs and accounting for the incoherent
SERS scattering of different molecules. We find that
dealing with many randomly oriented molecules greatly
simplifies the calculations, allowing us to derive simple
relations able to correctly interpret the experimental
findings and, at the same time, to estimate the excitation
and the re-radiation FE factors, independently, from a fit of
the experimental data. Furthermore, this approach per-
mits one to gain information on the orientation-averaged
non-diagonal components of the Raman tensor of the
probe molecule. Finally, the £* model and the related
approximations are critically analyzed and discussed.

RESULTS AND DISCUSSION

Morphology Analysis and Plasmon Resonance. Experi-
ments are carried out on a novel kind of SERS-active
substrate based on a dense array of self-organized
AuNWs supported on glass substrates, formed through
ion beam sputtering (IBS).>®>” The process was opti-
mised in order to tailor the anisotropic plasmonic
response of the NWs>® (see Methods and Supporting
Information, section 1). Figure 1a displays the topo-
graphy measured by atomic force microscopy (AFM) of
a disconnected gold film, yielding an array of adjacent
NWs after an irradiation dose of 3.96 x 10'® ions/cm?
(further images are reported in Figure S1). The elonga-
tion of the NWs parallel to the projection of the ion
beam can easily exceed 3 um, irrespective of the
average grain size, which is in the order of 100 nm.
The average NWs periodicity A = (130 & 10) nm is
derived from the 2D fast Fourier transform of the AFM
images, after differential filtering to enhance the ripple
contrast. Figure 1b shows the polarized optical trans-
mission spectra. No LSPRs are present in the visible
range for light polarized along the NWs long axis n,
(Figure 1b, black line). Conversely, a broad LSPR peak
appears around 700 nm (Figure 1b, yellow line) for
excitation polarized parallel to the NW's short axis n,
(coincident with the wire-to-wire nanocavity axis).
Quasi-static Mie approximation calculations permit
explanation of the LSPR broadening in terms of inho-
mogeneous broadening due to the spread in the
geometrical parameters of the NWs.>® Both the laser
wavelength used for SERS excitation (633 nm, red
vertical line in Figure 1b) and the Raman scattering
wavelengths of the probe molecules (650—705 nm,
violet box in Figure 1b) are resonant with the LSPR of
the NWs. The transmission is lower (i.e., extinction is
higher) at the Raman scattering energy (Figure 1¢,filled
circles) than at the laser energy (Figure 1c, open
diamonds). The transmission (Figure 1c, hollow red
diamonds) depends on the angle, 6, between the
incident field polarization vector €. and the axis
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Figure 1. (a) AFM topography of the gold nanowire sample (3 x 3 um?). The laser irradiated area (ca. 600 nm diameter) is

indicated by the red spot. (b) Transmission spectra with excitation polarized parallel to the nanowires long axis n, (black line)
or parallel to the wire-to-wire nanocavities axis n, (yellow line). The red line indicates the spectral position of the 633 nm laser
line used for SERS; the violet box indicates the spectral range of the Raman scattering of MB molecules. (c) Sample trans-
mittance at the laser (hollow red diamonds) and at the Raman wavelengths (violet solid circles) as a function of the angle 6
between the light polarization vector é,,. and the wire-to-wire nanocavity axis n,. The red line is a fit of the transmittance

using a To(1 — A cos” 0) model. (d) Sample reflectivity is higher (27%) for the field component along the nanocavity axis than

for the one parallel to the nanowires long axis (15%).

Ry, as T(0) = To(1 — A cos? 6) as highlighted by the fit
(Figure 1¢, red line). This behavior suggests that only
the field component parallel to n, (|I€eXC - N, =< cos 6)
contributes to the LSPR excitation.>****> The sample
reflectivity at 633 nm, measured as the ratio between
the reflected and the incident field intensities, is about
two times higher for light polarized along n, (Figure 1d,
0 =0°) than for light polarized along n, (6 = 90°), that i,
Rﬁ,/Rﬁy ~2.The dichroic behavior of the sample occurs
only for ion doses sufficient to disconnect the NWs
array. For a reduced ion dose and a still connected film,
the transmission spectra resemble closely those mea-
sured for polarization parallel to n, (Figure 1b, black
line).”® This result confirms that the 700 nm band is due
to the spatial localization of surface plasmons along
the NWs short axis and at the wire-to-wire nanocav-
ities. Theoretical calculations®® and experimental
observations' suggest that the optical field enhance-
ment at the nanocavity of near-field-coupled nanos-
tructures is orders of magnitude more intense with
respect to that observed on individual nanostructures.
Since the SERS enhancement scales as the fourth
power of the FE factor, we expect that most of
the contribution to our SERS signal arises from mol-
ecules in the hot spots located in the nanocavities
between adjacent NWs, although we cannot exclude
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a contribution from the resonant excitation of the
LSPRs along the NW's short axis.>*%°

Polarized SERRS. Surface-enhanced resonant Raman
scattering (SERRS) and polarization-sensitive SERRS
(pSERRS) experiments are carried out using Methylene
Blue (MB) as molecular probe. MB is pre-resonantly
excited at 633 nm (Figure S2). Resonant excitation
gives a further boost to the Raman scattering®' permit-
ting one to record a measurable signal even in the
absence of plasmonic enhancement. MB has been
bound to the NWs by immersing the glass substrate
in a deionized aqueous solution at 3 x 10~* M con-
centration for 1 h (see Supporting Information section
2 for further details). The sample is subsequently rinsed
repeatedly in deionized water in order to remove the
MB excess, leaving a monolayer of molecules on the
NWs surface.?® Scanning tunneling microscopy mea-
surements show that MB adsorbs on gold by forming
nanometer scale random patches.®> pSERRS measure-
ments are performed in backscattering, exciting with a
linearly polarized laser at 633 nm (Figure 2). The
incident polarization, €., is rotated by an angle 6
relative to the nanocavities axis n, (Figure 2, red inset).
A polarizer is used to analyze the e4.: component of the
Raman field polarized at an angle ¢ with respect to the
incident field e, (Figure 2, green inset). More details
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Figure 2. Sketch of the setup for polarized SERRS. Experi-
ments are carried out on a Jobin-Yvon HR800 spectrometer
working in backscattering mode. The laser excitation

(633 nm) is linearly polarized and focused on the sample
with a 100x objective. The laser field e, is linearly polar-
ized at an angle 0 with respect to the nanocavity axis n, (red
inset). The sample is rotated underneath the objective to
change 6. The backscattered radiation is collected through
the same objective, and a polarization analyzer with optical
axis e4.; Oriented at an angle ¢ with respect to the excitation
field e, (greeninset) is used to acquire the polarized SERRS
signal.

can be found in the Methods section. MB has intense
Raman-active vibrations in the 400—1630 cm™' range
(Figure $3a).%® The pSERRS analysis hereafter refers to
the C—N—C skeleton bending mode at 446 cm '
which is red-shifted by 20 nm with respect to the laser
pump and whose intensity ratio with the adjacent peak
at 470 cm™ ' gives indications of the chemical state
of the MB molecules (see Supporting Information,
section 3.2). We assume the signal intensity, /, as the
peak intensity after subtraction of the continuum
background.®* The depolarization ratio®' is calculated
as p =1,/ where [, is the intensity of Raman scattering
component polarized orthogonally to the excitation
and [ is the one polarized parallel to it. Depolariza-
tion ratios have been exploited in SERS to highlight
the polarization rotation occurring in nanoparticle
aggregates'*'> and nanoellipsoids.? Here we use p
to highlight the polarization rotation induced by
NWs, with respect to SERS from gold NPs and MB
molecules cast on glass. Resonant Raman spectra
(RRS) of randomly oriented molecules cast on a glass
substrate show that the Raman scattering from
MB is partially polarized (Figure S3a). The depolariza-
tion ratio of the 446 cm ™' mode is p = /,/lj = 0.50 =+
0.03 (Figure S3b). When MB is adsorbed on a
SERS-active substrate consisting of near-field-
coupled gold NPs (inset of Figure S4) optically reso-
nant at 633 nm (Figure S4), the depolarization ratio
decreases to p = [/l = 0.34 £ 0.02 (Figure S5), as
expected for SERS from a set of randomly oriented
nanocavities.*?
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Figure 3. (black symbols) Unpolarized SERRS intensity ver-
sus excitation polarization 6. SERRS is maximum for 6 = 0°
(inset, black line), i.e. for é.,. parallel to the nanocavity axis
n,, and minimum for @ = 90° (inset, red line), i.e. &.,. parallel
to NWs long axis n,. 140peL(0) is well fitted with a law [Texc x
I'aa|? X cos® @ (blue line), plus lower order terms. The SERRS
enhancement is calculated by normalizing the intensity to
its minimum value, i.e. for €., L N,.

In NWs the sample's anisotropy makes the SERS
intensity a function of both the excitation polarization
angle and the analyzer orientation, that is, Isgrrs =
Iserrs(6,9). To gain insight on the polarization depen-
dence of both the SERS and the local excitation field,
we have carried out three different experiments:

1. Study of the total unpolarized SERRS intensity,
140R9L () = fierrs(0) + Iderrs(0) versus the excita-
tion polarization angle (6 = 0°,...,360°).

2. Analysis of the pSERRS intensity Iserrs(9)|5 = 0 90°,150°
as a function of the analyzer angle (¢ = 0°,..,360°)
for three different excitation polarizations 9 = 0,
90, and 150°.

3. Analysis of the parallel- and cross-polarized inten-
sities of the SERRS field, ferrs(6) = Iserrs(@)]por
and figps(6) = Iserrs(0)]s=o0+ as a function of the
excitation polarization (6 = 0°,..,360°).

The unpolarized SERRS intensity strongly varies
with the excitation polarization angle 6 (Figure 3, black
symbols and Figure S6 in the Supporting Information),
highlighting the anisotropic FE properties of the sam-
ple. The SERRS spectra for excitation polarization par-
allel (6 = 0°, black line) and orthogonal to n, (6 = 90°,
red line) are reported in the inset of Figure 3. SERRS is
maximum for excitation polarization parallel to the
nanocavity axis n, and minimum for polarization along
the nanowires long axis n,. The SERRS signal enhance-
ment (i.e., max-to-min ratio) is here ca. 15. The experi-
mental data are well fitted by a law /£28%(6) ~ |Texc X
T'adl® X cos? @ (Figure 3, blue line). The cos? § behavior
confirms that only the laser field component parallel to
nanocavities' axis n,, that s, Eeffoc (@exc - NYN, = (cos O)N,
contributes to the SERS enhancement.

The polarization properties of the enhanced Raman
field are usually studied through the depolarization factor
D(O) = [h(6) — 1 (OVIK(O) + 1,(6))."*'>*> Differently,
here we carry out a direct analysis of the SERS field
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Figure 4. Polarized SERRS intensities (black symbols) mea-
sured for incident polarization (a) parallel to the nanocavity
axis n, (@ = 0°), (b) orthogonal to n, (# =90°), and (c) at an
angle # =150° with respect to n,. The SERRS signal is always
maximum when the analyzer is oriented parallel to the
nanocavity axis f,, no matter the orientation, 0 , of the
excitation polarization. Isgrrs(9) is well fitted by a law |Texc X
Iadl® X cos?(¢p — @) (blue lines), plus lower order terms. In
each experiment, the SERRS polarization enhancements are
calculated by normalizing to the minimum signal value.

polarization by means of a rotating analyzer to visualize
the polarization state of scattered photons and check for
polarization rotations induced by the re-radiation effect.
We excite the NWs with a laser field e,,. polarized along
three different directions with respect to n,, namely,
6 =0, 90, and 150° and we analyze for each O the
intensity of the SERRS component polarized along €. at
an angle ¢ with respect to the laser field &, (as depicted
in the sketches of Figure 4 and in Figure S10 in the
Supporting Information). For &, parallel to the nano-
cavity axis (6 =0°), the SERRS is polarized along the same
direction n, (Figure 4a and Figure S7a). Isgrgs(¢) is max-
imum for ¢ = 0°,180° and minimum for ¢ = 90°,270°. The
maximum-to-minimum intensity ratio, defined hereafter
as the SERRS polarization enhancement, is ~20. Rotating
€qxc by 90°, orthogonal to the nanocavity axis n,, we find
(Figure 4b and Figure S7b) that the SERRS is still max-
imum in the nanocavity axis direction n, (¢ = 90°,270°)
and minimum along the laser polarization direction (¢ =
0°,180°). This indicates that we are facing a complete 90°
polarization rotation with respect to the laser field. The

SERRS polarization enhancement here is ~5.6. We have
finally chosen an excitation polarization angle & = 150°
that breaks the sample's symmetry. Again, we find that
the SERRS is polarized along the nanocavity axis n,
(Figure 4c and Figure S7c) with a 150° polarization
rotation with respect to the laser field. Here the SERRS
polarization enhancement is ~9. The polar plots in Figure
S7 give a bird's eye view of the SERRS polarization
rotation when turning the sample under the laser field.
The experimental data are well fitted by a law lsgggs(¢p) ~
cos?(¢ — 6 ). Note that p for the 446 cm ™" mode (o =1, /k,
where I, and | refer to the laser polarization orientation)
is now dependent on the laser polarization angle 6, with
values PSERRS|(§:0°_“ 1/20, pserrs|o =o0° & 5, Pserrslo=150° =
1/2. Notably, for & =90°, the depolarization ratio is ca. 10
times higher than the value measured on glass and ca. 7
times larger than the maximum theoretical value®’
of 0.75 (see Supporting Information, section 3.5). This
result confirms that the NWs are strongly polarizing the
Raman scattering and that the 6 dependence of the
depolarization ratios is due to the strong coupling of
the laser with the anisotropic LSPR of the NWs and is not
related to the molecular orientation or to the MB Raman
tensor. Furthermore, the numerical values psgggs|g ~g0° = 5
and psgrrs|o —0° & 1/20 confirm that this phenomenon
is a near-field re-radiation effect and is not caused by
the sample far-field dichroism. In the latter case, in fact,
considering that the dichroic reflectivity ratio of the
sample is Rﬁx/Rﬁy ~ 2, and that the depolarization
ratio of MB molecules is p = 1/2, we would have
expected values psgrrs|g —0° ~ Rﬁx/Rﬁy x p ~ 1 and
plo =0 = R'A‘y/RaX x p A~ 1/4, different from our experi-
mental findings.

We have finally analyzed the angular dependence of
the parallel- and the cross-polarized SERRS intensities,
IQERRS(G) and Kerrs(0). Results are shown in Figure 5 (red
and blue symbols, respectively) and in the polar plots of
Figure S8. We note that IQERRS ~ cos* 0 (red line), with
maxima for @q. Il N, (6 = 0°,180°) and minima for @qyc L
n, (6 = 90°,270°), while the cross-polarized SERRS intensity
follows a law Regrs ~ cos? 0 x sin 6 (blue line) with minima
for 6,,=n x 90° and maxima for 8, =45° 4+ n x 90° (nisan
integer). Notably, the minima do not have equal intensity.
Istgps|o=s0°270- is More intense than Iseaes|o=or 180 S
shown more clearly in the inset of Figure 5. Systematic
measurements on 18 different sample points (Figure S9)
confirm this trend and provide a precise estimate of
the ratio A = figps|g—oo-/Ietrrs|o=o- = 1.5 % 03. To rule out
any possible depolarization effect in the excita-
tion field%® measurements have been carried out using
a 20x long working distance microscope objective with
NA 0.25.

The experimental proof of the relations )'SERRS ~ cos* 6
and fdprs ~ cos? 6 x sin® O represents the first full
confirmation of the theoretical predictions based on
the E* model®® and validates the hypothesis according
to which near-field-coupled NWs behave as extended
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Figure 5. Plot of the parallel- (red symbols) and cross-
polarized (blue symbols) SERRS intensity vs the excitation
polarization angle 6. The parallel-polarized component is

well fitted (red line) by a law i‘SERRS ~ |Texc X Trad|* x cos* 0,

plus lower order terms. The cross-polarized component
depends on 0 as Igrrs ~ cos? 0 x sin? 0 (blue line). The latter
is only an approximation since, as highlighted in the inset
(blue symbols), lsgrs|o=o- 7 ferrs|o=00- With a ratio A = 1.5
between two consecutive minima.

dimers. From the physical point of view, these relations
are straightforward consequences of the polarized
nature of the SERRS radiation. New insight can be
retrieved by a careful analysis of the physical informa-
tion encoded in I"SERRS(B) and l3res(6) calculated at
6 = 0 and 90°. fSERR5|g - is the SERRS intensity mea-
sured exciting with a field e, Il A, (yielding maximum
enhancement of the local field) and probing the Ra-
man component ey Il n, (which experiences max-
imum re-radiation enhancement). /SERR5|9 o0 IS the
signal measured in the absence of any enhancement
since both fields e, and @4 are orthogonal to n,. The
ratio iISERRS|9=0°/f|SERRS|6=90° is therefore expected to be
equal to the SERRS enhancement factor I'sggrs = |Texc

(AP X [TragAR)>. In our case, we measure T'sgpps ~ 40
(Figure S8a). Concerning the cross-polarized compo-
nent, léERRS|9=0° is the signal measured in conditions of
maximum local field enhancement (e, !l n,) and null
re-radiation enhancement (we detect the Raman com-
ponent @qe; L n,). Conversely, l2grps|o—oo- is the signal
measured in conditions of null local field enhancement
(€exc L Ny and maximum re-radiation enhancement
(the Raman component e4e; I Ny is detected). We
therefore expect that the ratio A = [fggps|o—o0/

Rerrslo=o- is equal to the ratio |[rag(Ap)[¥/|TexcAV)]*
Since Ag > A, the ratio A can be different from 1 due
to the spectral dependence of the enhancement
factors.”® Our experiments show that A = 1.5, that is,
I'ad(Ag) > Texc(A1) and are in agreement with the higher
extinction (lower transmission in Figure 1b) measured
at the Raman scattering wavelength with respect to
the excitation one.

Modeling of Polarized SERS. To better understand
these results, we model the electromagnetic (EM)
SERS enhancement by extending previous calcula-
tions on polarized SERS from single molecules in
dimers'?'*1538 tg the case of many randomly oriented
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molecules adsorbed on aligned NWs (further details
are given in the Methods section). A molecule located
at the hot spot of a nanoantenna optically resonant at
Alsp experlences a local excitation field Eggbm) =

eXC(AL)E exc( 1) strongly enhanced with respect to
the pump E 9 <)) whenever A, & 1,sp. This induces a
Raman dipolar field g %4(4) = a - ESIM (4) (o is the
polarizability tensor of the Raman mode) radiating at
wavelength Ag. If also Ag &~ A, sp, the scattered field is, in
turn, further amplified by the re-radiation effect, providing
an enhanced Raman field g &) = Traq(irl Sa(Ar).
If the nanoantenna is isotropic, we can assume both
the enhancement factors, I'e(4) and T,.q(Ag), to
be scalar multiplicative constants. In anisotropic
ONAs, such as NRs, NWs, or dimers, we can introduce
a field enhancement tensor T'(1)'* to describe the

anisotropic optical amplification, yielding the expres-

sions ESC(A) = Texdd) - Edell) and g m(ia) =
rad(/'LR) rad(/lR) for the enhanced fields. Our NWs

feature a single resonance Afsp in the visible range
along the wire-to-wire nanocavity axis n,. We therefore
introduce the FE tensors

I' 00
1—‘excML ~ ;Lfsp) = 0O 10
0 0 1
(1)
I'T+¢) 0 O
Iaa(dr = Afsp) = 0 1 0
0 0 1

to model the fact that NWs enhance the field compo-
nents parallel to the nanocavity axis n,, leaving the
component along n, unperturbed. The form of the FE
tensors in eq 1 is notably different from the one assumed
in ref 14, referred to trimers. The factor (1 + &) accounts for
the wavelength dependence of the enhancement
factors,”® assuming different excitation, Texc(4,) = T, and
re-radiation, I'.q(4g) = T'(1 + €), amplification factors. For
a single molecule, the SERS intensity is given by lsgrs =
|€qer * M rad |2 In the case of N randomly oriented mol-
ecules, the SERS signal is the sum of the incoherent
scattering of each molecule, averaged over all the possible
molecular orientations, that is

IsgRs o< N<‘édet rad (AR) * g C w FCexc(AL) eexc| >E &y

(2)
where £y are the Euler angles of the molecule (see
Methods). Assuming a generic form for the Raman tensor
o, the expression of the pSERRS intensity in the back-
scattering configuration for generic polarization angles
(6,¢) results as

Isgrs (6, @) o< T*(1 + €)? x (02) x [cos? O x cos?(6 — ¢)]
+T2(1+¢) x (a2) x [1/2 x sin 20 x sin 2(6 — ¢)]
+T? x(af) x [ x cos(f — ¢) x sin O+ sin ¢]*

+{a2) x [sin? 0 x sin*(0 — $)] (3)
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where (0;*) and (a;°) are the orientation averaged
diagonal and off-diagonal elements of the Raman
polarizability tensor.®’ Iseps(6,¢) is the sum of four
terms. Each one is the product of a FE, a Raman polar-
izability and a geometric factor (in square brackets).
The geometric factors describe the polarization depen-
dence of Isgps. For large FE factors (I > T2 > 1), the first
term of the order of T™* rules

Isgrs (60, ) o< TH(1 + £)? x (02) x [cos® § x cos(0 — ¢)]
(4)

Equation 4 shows that the polarization dependence in
SERS is described by the law cos? 8 x cos? (6 — ¢). This
term correctly predicts the angular dependence for the
polarized ~ cos*(¢ — ), unpolarized ~ cos? 6, parallel-
polarized ~ cos* 6, and cross-polarized ~ cos? 6 - sin® @
intensities, as well as for the depolarization factor, D ~ cos
260. For what concerns the enhancement factor,
equation 4 gives an expression identical to the one
derived from the E* model, ie. Tsgrrs = T(1 + €)% =
[Mec) x T2aq(dr), and shows that for [2e () ~
I?..4(Ar) (€ = 0 in our formalism), the SERS enhancement
scales asI™, i.e. the fourth power of the FE factor. Equation
4 carries information only on (0;%), and this explains why
it cannot be used to gain information on the Raman
polarizability tensor. The two terms of order I in eq 3 are
beyond the E* approximation. These terms bring a
weaker contribution to the SERRS signal, of the order of
~1/T? with respect to the first one, but they carry
information on both (o;*) and (o;*) and therefore give
information on the Raman polarizability tensor of the
probe molecule. In particular, they permit one to measure
the depolarization ratio p = (a7)/0;) of the molecular
vibrations. The last term in eq 3 yields an even smaller
contribution to the SERRS signal (~1/T"*. However, the
ability to probe experimentally this term is important
since it is related to the Raman signal measured in the
absence of any enhancement and, therefore, can be
used as a reference to precisely evaluate the SERRS
enhancement.

The expressions for the different pSERRS signals
are obtained from eq 3. For the parallel- and cross-
polarized intensities, we find

Kgrrs (@) o< TH(1 + €)? x (a2) x cos*0
+F2[((x)><s +2x{a2yx (1 + &)
x[cos?0 x sin?0] + (o) x sin*0 (5a)

IJ.

serrs () 1% x (OL Y x [cos?0 x sin?0]

1 + ¢ x sin®0)? (5b)

°<[r2(1 +¢) —
2 % (a X[

For the polarized SERRS intensities at fixed excitation
polarization, we obtain

Iserrs (P)|g o o< T* x (1 + &) x {0Z) x cos’e

+T x(a)xsmdb (6a)
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Isers (@) — ge < T2(1 4 &)* x (07) x cos® (/2 —
o2y x sin?(/2 — ) (6b)
Iserrs (@)|5 — 1500 o< 3/4 x TH1 + &)? x (o3

xcos?(5/6 — @) —V3/4 x T2(1 + &) x (o2
xsin(5/3 —2¢) +I'? x ((1 ) X [sing +1/2
+1/4 x (o

xsin?(577/6 — ¢) (6c)

x¢& x cos(57/6 — O

For the unpolarized SERRS signal, we have

gg,g;sl(ﬂ) (1 +¢)? x ((1 ) x cos?0 + T2 x (a

x[1 + &2 + &) x sin?0] +(aZy x sin?0 (7)

These formulas support the considerations drawn
above: (i) the SERRS enhancement factor I'sggps =
I'*(1 + &)? can be exactly calculated as T'sggps
IHSERR5|9=0°/IHSERR5|9=90° (eq Sa); (II) the minima in the
cross-polarized signal are not equal since I2gras|g—o- 7
I3errs|o=s0- (€q 5b), and the factor A = [fepps|g=s0-/
lé_ERRshgzoo = (1 + ¢)? is equal to the ratio between the
re-radiation and the excitation FE factors |Iaq(Ag)|*/
[Texc(A)|*. The depolarization ratio is given by p =

[Userrs| 0°p=00° X Iserrs|o =90°,9=00°)/ Iserrs| =0°,p=0°
X Isgrrs|o—90p=0)]""> (eqs 6a and 6b). Equa-
tions 5—7 correctly yield the classical formulas
for polarized Raman scattering®' in the absence of any
enhancement (see Supporting Information, section 3.6).

We have used eqs 5—7 to fit the experimental data
(Figures 3—5, solid lines) and estimate the physical
parameters of the experiment. We find |Tex(4)| = 2.4
+ 0.2 and |Taq(AR))/|Texc(A))| = 1.2 & 0.1; that is, the FE
factor at the Raman wavelength is about 20% higher
with respect to the excitation FE value, in agreement
with the transmission measurement information. The
errors associated with the calculated parameters
(~10%) obtained from the fit, are the physical conse-
quence of the spread in NW diameter and gap size,
highlighted in the AFM images of Figure 1a and
Supporting Information Figure S1. Indeed, these va-
lues have to be considered as average values on ~5—6
NWs/cavities assemblies and not as the enhancement
factors of a single nanowire/nanocavity, due to the
extension of the laser spot (600 nm diameter) probing
several structures at the same time (red spot in
Figure 1a). From the fit, we find also the depolarization
ratio p = (aU)/(OLﬁ) = 0.55 £ 0.15, which is consistent
with that found on glass (p = 0.5) and different from
the SERRS value on metal NPs (p = 1/3). For instance,
egs 5a and 5b correctly predict that the depolariza-
tion ratio of molecules adsorbed on metal NPs,
acting as randomly oriented nanocavities, is p =
[o* Rerrs(0)d0/ [o* fserps(0)dO ~ 173, constant and
independent from the Raman polarizability tensor
of the molecule,*® provided that the re-radiation FE
factor is |T'aq(Ar)| > 1.
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Some comments on the obtained results are
needed. To get information on the relative excitation
to re-radiation FE factor, an experimental dynamic
range ~I"? is necessary, together with a geometrical
configuration capable of depleting the I'* term (see
eq 5b). An even larger dynamic range, ~T™%, is neces-
sary for a precise evaluation of the SERRS signal
enhancement factor since we must detect the Raman
scattering in the absence of any plasmonic enhance-
ment. For nonresonant molecules, this signal falls
below the experimental noise threshold.>*3>*! Choos-
ing probe molecules that can be excited at resonance,
as MB or Rhodamine 6G, permits one to take advan-
tage of the resonant Raman amplification and measure
the Raman scattering in the absence of SERS enhance-
ment, so to estimate the FE factors without external
intensity standards.3>48¢° A further comment regards
the number of molecules actually experiencing SERRS
in our experiment. By calculating I'sgrrs &~ 40, we
implicitly assume that the same number of molecules
isinvolved in the RRS (laser and Raman fields parallel to
the NWs long axis) and in the SERRS process (laser and
Raman fields parallel to the nanocavity axis). This
provides a rather conservative estimate of I'sggrs and
can be considered as an average enhancement pro-
vided by the whole sample, that is, by the resonant
excitation of plasmons localized at both the wire-to-
wire nanocavities*® and along the NWs short axis.>>%° If
we instead assume that the molecules contributing to
the polarized SERRS scattering are only the fraction n.
located in the wire-to-wire nanocavities (ca. 1/5 of the
total molecules ng contributing to the RRS signal for our
geometry), normalizing to the factor n./n,, we find
[serps ~ 200.

Our approach to the calculation of the polarized
SERRS signals starts from simple EM considerations.'®?'
We assume linear enhancement for both the excitation
and the Raman fields and model the anisotropic en-
hancement of the NWs through the tensors I'e,c and
I'\ag. This leads to eq 3 which shows that in a first
approximation the SERS intensity is proportional to
Tsgrrs = T2c(4) x T24(R). This is the same result
coming out from the well-known E* model expression,
so-called since the total signal enhancement is the
product of the square of the excitation FE, Tey2(4() =
|E S0 2/|E O, times the square of the re-radiation FE,
T24(Ae) = | S %/|u %qf?. Our calculations show that the
E* expression is only a first approximation since there
are terms on the order of I'e,(A) X ['1ag(dg), that is,
beyond the E* model, that are experimentally relevant
and measurable when the term ~Te, >(A1) X Trag’(Ag)
is geometrically suppressed. The formalism developed
in this article can be used to model the SERS response
also from asymmetric structures, provided that the
enhancement tensors for the specific geometry at the
given excitation/Raman wavelengths are known (e.g., by
generalized Mie scattering theory calculations''). In
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the case of trimers, for example, by using the tensors
forms reported in ref 14, we find a general formula for
the polarized SERS intensity (see eq S5 in Supporting
Information) that, in turn, yields relations equivalent to
those found by the authors for both the total intensity
and the depolarization factor (eqs $6 and S7). Interest-
ingly, from the comparison between ours and ref 14
calculations, it comes out that assuming tensors in
which the nonenhanced elements are strictly “0” (field
totally depleted), instead of “1” (field unperturbed),
yields only terms on the order ~Te, 2(4) X Trag’(Ag)
in the expressions of the polarized SERS intensities. This
puts forward the relevance of exactly knowing the
amplitude of the electromagnetic field at the nanocavity
between NPs (dimers or trimers) or between coupled
NWs also when the polarization is orthogonal to the
nanocavity axis. Finally, we want to stress how the
approximation Tserrs = |E S2[%/|E |, based on the
assumption that T'ex(A) = Tag(Ar) since |Ag — AJ/AL
< 1, can lead to misleading predictions. Indeed, the
effective excitation field in NWs and NRs is |E§;‘?| o< COS
0. The straightforward application of the I'sgprs =
[E2M%/|E S |* approximation yields, however, a mis-
leading SERS dependence as cos® @ since it does not
specify to which experimental configuration this law
refers to (parallel-polarized, cross-polarized, unpolarized
SERS). Equation 4 provides a good first-order approx-
imation of the pSERRS signals. The latter is valid if (i) the
excitation and the Raman fields are resonant with the
LSPRs, that is, for [A_ g — Aisp| < Adisp, and (i) the FE
factors are large enough to verify the condition I'* > I
> 1. In a very general way, we can conclude that
whenever the experiments are sensitive to the polariza-
tions of both the excitation and the SERS field, we have
to expect a fourth-power dependence of the SERS
intensity on the polarization angle (can be cos* 6 or
cos® 6 x sin® 0).3847 Conversely, if experiments are
sensitive only to either the excitation or the scattered
field polarization (as for the unpolarized SERS), an
intensity dependence proportional to the square of
the FE (lsgrs o< cos? 6) should be expected 3>374%5°

CONCLUSIONS

In summary, we have carried out a complete set of
polarization-sensitive SERS experiments on randomly
oriented MB molecules adsorbed on anisotropic gold
NWs. We have experimentally found the correct angu-
lar relations for the unpolarized, polarized, and parallel-
and cross-polarized SERS intensities. Our experiments
highlight the selective enhancement of the Raman
dipole component parallel to the nanocavity axis,
independently from the excitation field polarization.
Assuming linear relations for the enhancement of both
the excitation and the Raman fields and introducing a
FE tensor to describe the anisotropic properties of the
NWs, we develop a model that correctly describes the
experimental results for any polarization configuration
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and is also capable to predict the polarization behavior
of asymmetric structures. Our model yields terms
beyond the E* approximation, which find full confirma-
tion in the experiment and are key for the independent
evaluation of the excitation and re-radiation FE factors.
We find that the re-radiation FE factor is 20% stronger
with respect to the excitation one, confirming the
indications obtained from the extinction profile. Addi-
tionally, our analysis provides the depolarization ratio

METHODS

Gold Nanowire Preparation by lon Beam Sputtering. lon beam
sputtering enables the formation of functional nanostrucutred
substrates, for example, with tunable chemical reactivity (more
information in Supporting Information).®® SERS-active NW ar-
rays have been produced over large areas in a single maskless
step by controlled IBS performed in vacuum conditions (base
pressure in the low 1077 mbar range) with the ion beam
incident on polycrystalline metal surfaces (Au). A pristine poly-
crystalline Au film (thickness 150 nm) has been grown by
thermal evaporation on standard microscope (soda-lime) glass
slides. The flat gold film presents a uniform distribution of
connected grains and a dominant population of grains with a
diameter peaked around 80 nm. The initial root-mean-square
(rms) roughness of the as-deposited film amounts to about
2.3 nm. The Au films present a predominant (111) texture as
revealed by X-ray diffraction (XRD) measurements,®” and in
agreement with the findings of other groups.®®®° The polycrys-
talline Au sample has been exposed to defocused ion beam
sputtering from a gridded multiaperture Ar* source (Tectra
Instruments). We chose a grazing sputtering angle 6 = 82°
measured with respect to the normal and a sputtering energy
E =800 eV, while the ion dose was increased at a constant flux of
5.5 x 10"*ions/cm? (measured in a plane parallel to the sample
surface). The sample temperature is stabilized around T~ 300 K
during the sputtering process by means of a cooled sample
holder. In order to prevent charge buildup during ion irradia-
tion, electron thermionic emission is ensured from a biased
tungsten filament placed in the vicinity of the ion extraction
grid.

Atomic Force Microscopy. The morphology of the samples
was investigated ex situ by means of AFM (Nanosurf Mobile S)
operating in intermittent contact mode equipped with ultra-
sharp Si tips (PPP-NCRL by Nanosensor).

Scanning Electron Microscopy. Structural characterization of the
gold nanoparticles was performed by using a field emission
scanning electron microscope Zeiss Supra 25.

Absorption and Extinction Spectroscopy. Absorption spectrosco-
py of MB aqueous solutions was carried out with a Perkin-Elmer
Lamda-20 spectrometer. The same instrument was used for
extinction measurements, that is, absorption plus scattering, on
the gold nanospheres.” Polarized extinction measurements on
the nanowires were carried out with a fiber-coupled, solid-state
spectrometer (Ocean Optics HR4000) using a deuterium halo-
gen lamp (Mikropak, DH-2000-BAL) in the 300—1100 nm range
at normal incidence.

Polarization-Sensitive Raman and Surface-Enhanced Raman Spectros-
copy. Polarization-sensitive Raman spectroscopy was carried
out with a Jobin-Yvon HR800 microspectrometer coupled to a
linearly polarized HeNe laser emitting at 633 nm. The excitation
power was set between 0.8 and 80 u«W. Light was focused on a
spot of ~600 nm diameter via a 100x microscope objective (NA
0.9). The same objective was used to collect the backscattered
radiation. A silicon CCD camera was used for light detection.
Typical integration times ranged from 10 to 30 s. A polarization
analyzer was mounted on a rotating mount and placed in front
of the monochromator slits. Spectral analysis was accomplished
with a 600 L/mm grating, featuring a 10% difference in the
polarization response to the two transverse electric and
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of the C—N—C mode of MB at 446 cm ™', demonstrat-
ing that it is possible to gain information on the
nondiagonal components of the molecular Raman
tensor, provided that an experimental dynamic range
~|Fexc|2 is achieved. Our analysis suggests that the
fields polarizations can be exploited to improve the
performances of NW-based SERS sensors to efficiently
single out the polarized scattering of molecules bound
to the NWs from the unpolarized background signal.

transverse magnetic components. A polarization scrambler
was used to compensate for such effect.

Theoretical Modeling. To find the polarization dependence of

the SERS signal, calculations were carried out in several steps:

1. We define the laboratory reference frame {xy,z} (see
Figure S10). In this frame, we assume that the laser
excitation propagates along zand the field E2, is linearly
polarized along the x direction: eq, Il x.

2. We define the nanowire reference frame {x’,y’,z'} assum-
ingx'Il A, y'Il A, 2’1l 2,and call 6 the angle between the
laser field polarization @, and the nanocavity direction
n,, that is, @ + N, =x - x’ =cos 6.

3. In the nanowire reference frame {x'y’,Z} we model the
local field enhancement induced by LSP at wavelength A,

by the tensor
_ I oo
Texx =10 1 0 (8)
0 0 1

This tensor only enhances the laser field component along the
nanocavity axis n, (by a factor I), leaving unchanged the
orthogonal components. The local enhanced field is therefore
given by E'enh = Texc * E’o, Where E'q is the incident field
calculated in the nanowires reference frame. E' is related to
E2. by a rotation of an angle 6 along the z axis through the
rotation matrix

cos@ sinf 0
R,(0) = | —sinf® cos® 0 (9)
0 0 1

4. In the nanowire reference frame, we define the generic
Raman polarizability tensor

- Q. Oy Oz
o= | oy 0y Oy (10)
Oz Oz Oz

for a given Raman mode of a molecule having a generic spatial
orientation. We do not make any assumption on the symmetry
of the molecule, that is, on the specific form of the tensor. The
Raman-induced dipole will be g’ = o - E’e,,. Differently
oriented molecules feature a Raman polarizability tensor whose
components transform as o = Ri(5,,¥)Ri(&,C,3p)ayy, where we
have adopted Einstein's sum rule on the repeated indices and
where

R, 0,v)

cosy siny O 1 0 0 cos&  sinE 0
= | —siny cosy O 0 cos¢ sing —sin& cosé& O
0 0 1 0 —sin{ cos¢ 0 0 1

(11)

is the rotation matrix associated with Euler angles (,5,y) of the
molecule in the considered reference frame.
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5. In the nanowire reference frame, we model the re-
radiation enhancement by the tensor

. T1+¢ 0 O
1—‘rad = 0 1 0 (12)
0 0 1

This tensor enhances only the component of the Raman-induced
dipole parallel to the nanocavity axis, by a factor I'(1 + ¢). The
factor (1 + ¢) allows us to account for different enhancement factors
at /g and A,. The enhanced Raman dipole will be given by g’ eny =
J ‘ll/.

6. In the laboratory reference frame, we collect the back
scattered radiation propagating along —z and analyze
the polarization state of the SERS radiation with a polar-
oid whose optical axis e is rotated at an angle ¢ with
respect to the laser pump field (€4e - X = cos 6). For a
smgle molecule, we will therefore have Isgrs(6,4) = |t enh *
edet| where g onp, is the enhanced Raman dlpole calcu-
lated in _the laboratory frame, related to u’., by a
rotation R,(—6) around the z axis.

7. For many randomly oriented molecules, the calculation
of the SERS intensity is carried out by exploiting the
incoherent nature of the Raman scattering; that is, the
phase Raman fields scattered by different molecules are
random. Consequently, the total signal can be consid-
ered as the sum of the emission from any single mole-

cule, that is
2

Isers (0, @) =

— (i)
Z ,ll enh edet
i=1.

— (i) A
B enh” € ot

(13)

i=1.N

This, in turn, will be given by the number of molecules in
the cavity times the angular averaged Raman emission of
a single molecule, that is

Isgrs (0, §) = nc'<|/2enh'édet‘2>E,Z,V'
= Nc* <|é I-‘rad j~R 5 é 1/} I-‘exc j-L)
‘R.(0) exc| )g,g,w (14)

that can be calculated as

27 T 21
Isers (6, @) :/ dlﬂ/ sin CdC/ df‘édet

‘R(—0)-T &L Y) Tech)-R(0)-2

exc

(15)

rad /IR

8. Calculations are simplified accounting for the following
identity relations among the angular averages of the
tensor components:®' (0 = (05, {05 = (O (O -
Oy = (O * Oy) =0, {0y * ayy> (O + Oyy) =0, {0y * Ol
+ (O * Oyy) = (a2 — (axy) Since we are working in a
backscattering configuration, the z-components of the
Raman polarizability tensor do not figure in the
equations.
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