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1. Advantages of Ion Beam Sputtering  

In Ion Beam Sputtering (IBS) a defocused ion beam destabilizes an otherwise flat surface, 

dislocating mobile adatoms and vacancies which re-arrange themselves via thermally activated 

diffusion, finally producing an array of periodic nano-structures (ripples, mounds, pyramids) which 

select a preferential periodicity (10nm – 500nm range).1,2 The periodicity and orientation of the 

nanostructures is determined by the competition between a smoothing term (thermally activated 

diffusion) and a roughening term (erosive action of the ion beam). IBS is a fast and cost-effective 

method to sculpt surfaces at the nanometers scale and shows the ability to induce functional 

modification of the substrate, e.g. for tailoring chemical reactivity of magnetic anisotropy catalytic 

applications. IBS is a clean technique with respect to chemical synthesis methods,3,4 cheaper and 

easier to implement with respect to electron beam lithography.5 It is a single maskless process, 

which does not require solution based steps, being intrinsically contaminant-free and directly 

compatible for use in advanced spectroscopy and sensing. IBS can be applied for the production of 

new plasmonic materials with tunable anisotropic optical properties in the visible range and is a 

potential new tool to fabricate large area (cm2) Surface Enhanced Raman Spectroscopy (SERS) -

active substrates with engineered optical response. 6,7,8 By acting on ion energy, ion flux, ion dose, 

incidence angle, and substrate temperature, it is possible in fact to modify the morphological 

parameters of the nanostructures such as the lateral periodicity, facet slope, orientation and degree 

of connection (the minimum film thickness between adjacent Nanowires, NWs), and therefore the 

Plasmon resonance energy. Finally, IBS yields quite homogeneous samples of aligned NWs which 

are of great interest in applications where both the polarization of the SERS pump and that of 

emitted signal becomes an issue.  
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Figure S1: AFM topographies (a, d) acquired on two different sample points. (b, e) Corresponding 

topography derivative images. (c, f) Corresponding 3D rendering topography images.  

2. Methylene Blue probe molecules  

We have used Methylene Blue (MB) as a probe molecule for SERS. MB (C16H18ClN3S) is a 

heterocyclic aromatic chemical compound with many uses in biology9 and medicine as stain and for 

photodynamic therapy of cancer.10, 11, 12, 13 MB is a suitable probe for SERS because of several 

reasons: (i) the presence of two electron doublets on the sulfur atom fosters the formation of stable 

chemical bonds of MB with gold and silver substrates on which it adsorbs as a monomer, dimer or 

as a layer of aggregates;14, 15 (ii) the monomer has a low fluorescence quantum yield (η = 0.03) 

while the dimer has no fluorescence;16 (iii) the presence of delocalized π electrons improves the 

optical coupling with plasmon modes; (iv) excitation at 633 nm  leads to a further resonant 
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amplification of the Raman emission.  At room temperature MB is a solid powder that is soluble in 

alcoholic solvents, dichloromethane and water. In our experiments MB has been dissolved in 

deionized (DI) water at a concentration of 10-4 M. Binding on the gold nanostructures is achieved 

by immersion of the metal nanostructures substrate for 45 minutes in the solution and, after rinsing 

in water, drying in air for 1 hour. During the drying procedure, the glass substrate is held vertically 

to avoid the formation of droplets that could induce local accumulation of MB. 

3. Absorption, Raman and SERS measurements 

3.1 Absorption spectroscopy of MB 

In aqueous solution, at concentrations of 10-4 M, MB molecules appear in monomer or dimer form, 

with absorption maxima at 670 nm and 620 nm, respectively (Figure S2).17 Laser excitation at 633 

nm yields to Resonant Raman Scattering (RRS) effects and Surface Enhanced Resonant Raman 

Scattering (SERRS), both providing an amplification of the measured Raman signal. 

 

Figure S2: Absorption spectrum of MB aqueous solution at 10-4 M. The red vertical line indicates 

the spectral position of the laser excitation for RRS and SERRS. 
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3.2 Polarized RRS of MB 

Figure S3a shows the Resonant Raman Spectra (RRS) acquired on a drop of a MB solution cast on 

glass substrate after evaporation of the solvent. Measurements have been acquired on the dense 

bluish external annular region of the drop, assuring a sufficient concentration to obtain good signal 

to noise (S/N) ratio even without plasmonic enhancement and using a laser power (50 µW) that 

does not alter the molecule.  

 

 

Figure S3: (a) Resonant Raman spectra of MB molecules cast on glass detecting the parallel-

polarized (red line) and the cross-polarized (black line) component of the scattering with respect to 

the laser polarization. Spectra are offset for clarity. Laser power 50 µW, integration time 30sec. (b) 

Depolarization ratios of the most intense modes. 
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The spectra (Figure S3a) display the parallel- (red line) and the cross- polarized (black line) 

components of the Raman scattering. Four major modes, labeled in the figure, are at 446 and 501 

cm-1 (C-N-C skeleton bending), 1395 cm-1 (C-N symmetric stretching), 1624 cm-1 (C-C ring 

stretching).18, 19  According to ref. 18, the weakness of the peak at 470 cm-1 compared to the 

adjacent modes at 446 and 501 cm-1 indicates that MB molecules are mostly dimers. We have 

experimentally observed that a protracted exposition of MB to the laser light provokes an 

amplification of the 470 cm-1 peak with respect to the adjacent mode at 446 cm-1, together with a 

decrease of the overall Raman intensity. This result suggests that the intensity of the 470 cm-1 peak 

is in relation with photo-induced damage processes of the molecule.  Figure S3b displays that the 

most intense Raman modes of MB on glass are partially polarized. The 446 cm-1 mode, in 

particular, features a depolarization ratio of 03.050.0// ±== ⊥ IIρ  Similar values are found for 

the other major vibrations.   

3.3 Polarized SERRS of MB adsorbed on gold nanoparticles. 

SERS-active gold nanoparticles substrates have been grown by electron beam evaporation on silica, 

heating the substrate to 480 °C and evaporating 2-nm-thick Au layer. As shown in the inset of 

Figure S4, the sample consists of gold nanospheres with diameters ranging from 7 to 25 nm, which 

form a set of nanocavities (average gap size 5nm) whose axis direction is randomly distributed. The 

sample features a broad Localized Surface Plasmon Resonance LSPR around 600nm (Figure S4). 

The SERRS spectra in Figure S5 indicate that we are dealing mostly with dimers of MB molecules 

since the 470 cm-1 peak much is weaker than the adjacent modes at 446 and 501 cm-1.18 Comparing 

the cross-polarized component (black line) of the SERRS scattering to the parallel-polarized 

component (red line) we find a depolarization ratio 02.034.0// ±≅= ⊥ IIρ  which is exactly what 

is expected for randomly oriented molecules adsorbed on a set of randomly oriented nanocavities. 
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Figure S4: Extinction spectrum of gold nanospheres on silica. The red vertical line indicates the 

position of the excitation wavelength for SERRS. Inset: Scanning Electron Microscopy image. 

 

 

Figure S5: Polarized SERRS spectra of MB adsorbed on gold nanospheres. The parallel-polarized 

scattering (red line) is 3 times more intense than the cross-polarized component (black line). 

Excitation laser power is 0.8 µW, integration time is 60s. 
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3.4 Polarized SERRS of MB adsorbed on gold nanowires 

pSERRS measurements on gold NWs have been performed with laser power set to ~ 80 µW and 

integration time limited to 30s. These parameters  minimize the laser-induced damaging of the MB 

molecules, still providing a good signal to noise ratio. In these conditions we find that two 

consecutive spectra acquired on the same spot show a signal decrease of less than 5%, at worst. To 

avoid the summation of this effect, pSERRS spectra have been acquired on random locations of the 

sample, distant a few tens of microns from each other. Since the laser spot has a diameter of ~ 

600nm, each spectrum probes ~ 5-6 nanowires. Unpolarized, parallel- and cross- polarized SERRS 

measurements have been carried out by rotating the sample with respect to the laser field 

polarization, while keeping the analyzer angle φ  fixed at 0° (parallel-polarized SERRS) or 90° 

(cross-polarized SERRS) with respect to the laser field. This procedure avoids any continuous re-

adjustments of the analyzer’s angle to follow the laser polarization (the error on φ is 5°) and, since φ 

is unchanged, renders the measurements independent from any polarization-dependent response of 

the spectrometer gratings. The polarizer was removed for the unpolarized measurements. 
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Figure S6: (symbols) Polar plot of the unpolarized SERRS intensity of the 446 cm-1 mode Vs the 

excitation polarization angle θ. The black line is a fit of the data using a θ2cos  plus lower order 

terms model.  
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Figure S7: Polar plots of the SERRS polarization enhancement for excitation fields (red arrows) 

polarized at an angle °= 0θ (a), °= 90θ (b) and °=150θ (c) with respect to the nanocavity axis xn̂ . 

The black lines are fits using a ( )θφ −2cos  plus lower order terms model. 
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Figure S8: (white symbols) Polar plots of (a) the parallel-polarized ( )θ//
SERRSI  and of (b) the cross-

polarized ( )θ⊥
SERRSI  SERRS intensities. Data are fitted with a θ4cos   (a, red line) and a 

θθ 22 sincos ⋅  (b, blue line) laws plus lower order terms.  

 

 

Figure S9: Statistical distribution of the cross-polarized ( )θ⊥
SERRSI  intensity minima for °°= 180,0θ  

(red) and °°= 270,90θ  (green) measured from a set of 18 spectra acquired on different points of the 

sample. 
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Figure S10: Schematics of the reference frames used for the theoretical calculations. {x,y,z} is the 

laboratory reference frame in which the laser field excê  is polarized along x. {x’,y’,z’} is the 

nanowires reference frame with xnx ˆ//ˆ ′ , yny ˆ//ˆ ′ . We call θ the angle between the laser field 

polarization excê  and the nanocavity direction xn̂ . We call φ the angle between the excitation field 

excê  and the SERS field detê . 

 

3.5 Maximum depolarization ratio for randomly oriented molecules. 

For linearly polarized incident light, in the backscattering configuration, the depolarization ratio is 

defined as the ratio //II⊥=ρ between the Raman scattering, ⊥I , polarized orthogonally to the 

pump field, and the component //I  polarized parallel to the pump field. 20 Conventionally a Raman 

line is said to be completely polarized when ρ=0, partially polarized when 0<ρ<3/4, depolarized if ρ 

= 3/4. For randomly oriented molecules the depolarization ratio is a constant strictly related to the 

orientation-averaged Raman polarizability tensor components of each specific mode, υα ij , at 

frequency ν, given by the relation:20 
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where i,j = x,y,z, υα ii
 are the diagonal components and υα ij  are the off-diagonal components. 

Moreover, ρ can be expressed through the invariants a (mean polarizability), δ (antisymmetric 

anisotropy), and γ (anisotropy) as detailed in appendix 14 of ref. 20: 
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Equation S2 shows that for randomly oriented molecules 0≤ρ≤3/4.  

 

3.6 Checks on the theoretical model of the Polarization dependence of the SERS signal. 

Some checks on the theoretical model can be performed by inspecting the form taken by the 

equations 5-7 in absence of any enhancement (Г = 1, ε = 0). Equations 6 and 7 reduce to the 

classical formula for the polarized Raman scattering from randomly oriented molecules in 

backscattering ( ) φαφαφ 2222 sincos ijiiRSI +∝ .20 Note that, in absence of any symmetry-break 

induced by the nanoantennas anisotropy, all the laser field polarization directions (angle θ) are 

equivalent and therefore the Raman intensity is not expected to depend on θ, as it is found. 

Equations 5 reduce to 2//
iiRSI α=  and 2

ijRSI α=⊥  giving the classical expression for the 

depolarization ratio 22//
iiijRSRS II ααρ == ⊥  (see Equation S1). 20 The unpolarized intensity, 

Equation 7, in absence of enhancement reduces to  22
iiij

unpol

RSI αα += , in agreement with ref. 20 

This expression can also be viewed as a suitable comparison term to evaluate the SERS 

enhancement on randomly oriented molecules. Calculating the SERS enhancement as 
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, for 12 >>Γ , we find in fact ( )[ ] ( )24 111 ερ +Γ×+≈ΓSERRS . This formula 

is in agreement with ref.21 and correctly approximates the expected enhancement factor ( )24 1 ε+Γ , 

since ( ) 111 ≈+ ρ  because ( )222 4453 γγρ += a  is bound between 430 ≤≤ ρ  (Equation S2).20  

3.7 Polarized SERS from trimers. 

To calculate the polarized response from NPs trimers we adopt the same geometry and the same 

enhancement tensors assumed in Ref.22 (see  respectively Fig. S1 and Eqs. 2, 3of the same article). 

The excitation and re-radiation enhancement tensors are  
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 where yxg , yyg , yxg ' , yyg '  are the real values and xφ , yφ , xφ ′ , yφ′  are the phases of the tensors 

elements. The laser field is rotated of an angle θ with respect to the x axis. We introduce the SERS 

polarization analyzer at an angle φ with respect to the laser field. We adopt a generic Raman tensor 

form (Eq. 10 in the main text) for the molecular vibration considered. Since we work with one 

single molecule the SERS intensity is 
2

detˆ.),( eµ enhSERSI
r

=φθ  or, more explicitly 

( ) ( ) ( ) ( )
2

det ˆˆ),( exczLexcRradzSERSI eRΓαΓRe ⋅−⋅⋅⋅⋅⋅= θλλθφθ
ttttt
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which gives  

( ) ( )
( ) ( ) ( ) ( )









′+

+⋅∆′′++−′
+⋅









+
⋅∆+−

+×

×′+′⋅+⋅∝

2

2

2

2

22222

1

2sincos22cos1
1

1

2sincos22cos1
1

11),(

r

rr

r

rr

rgrgI yyyyyySERS

φθφθθθ

αφθ

    (S5) 

where xxyx ggr = , xxyx ggr ′′=′ , yx φφ −=∆ , yx φφ ′−′=∆′ , as in Ref. 22  
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From Eq. S5 we find for the total intensity 
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and for the depolarization factor  
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which coincide with eqs. 4 and 5 in Ref. 22 

Indeed both Eqs. S6 and S7 do depend on r and ∆. Since these two parameters are wavelength 

dependent, as shown by Ref. 22 , we indirectly recover the polarization rotation induced by a change 

of wavelength.  
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