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Abstract: Nonlinear plasmonics requires the use of high-intensity laser sources in the visible and
near/mid-infrared spectral ranges to characterise the potential enhancement of the vibrational
fingerprint of chemically functionalised nanostructured interfaces aimed at improving the molecular
detection threshold in nanosensors. We used Two-Colour Sum-Frequency Generation (2C-SFG)
nonlinear optical spectroscopy coupled to the European CLIO Free Electron Laser in order to highlight
an energy transfer in organic and inorganic interfaces built on a silicon substrate. We evidence that a
molecular pollutant, such as thiophenol molecules adsorbed on small gold metal nanospheres grafted
on silicon, was detected at the monolayer scale in the 10 µm infrared spectral range, with increasing
SFG intensity of three specific phenyl ring vibration modes reaching two magnitude orders from blue
to green–yellow excitation wavelengths. This observation is related to a strong plasmonic coupling to
the thiophenol molecules vibrations. The high level of gold nanospheres aggregation on the substrate
allows us to dramatically increase the presence of hotspots, revealing collective plasmon modes based
on strong local electric fields between the gold nanoparticles packed in close contact on the substrate.
This configuration favors detection of Raman active vibration modes, for which 2C-SFG spectroscopy
is particularly efficient in this unusual infrared spectral range.

Keywords: gold; nanoparticles; thiophenol; silicon; nonlinear optics; sum-frequency generation;
plasmonics; UV-vis spectroscopy; atomic force microscopy; CLIO free electron laser

1. Introduction

Nonlinear optical Two-colour Sum-Frequency Generation (2C-SFG) spectroscopy of
metal [1–3] and semiconducting [4–6] nanoparticles constitutes a reliable probe of the
surface molecular chemistry of nanostructured samples in catalysis and (bio)chemical
sensing [7]. For instance, in such systems, the evolution of various physico-chemical prop-
erties impacted by surface plasmons and excitons can be analysed [8,9]. In a general way,
whatever the probed scale, 2C-SFG spectroscopy gives access to intramolecular vibronic
couplings [10–12], molecule/substrate interactions [13–16] and molecule/nanostructure
interactions [17–26]. Similar to most of the spectroscopy techniques from the nonlinear
optics family [27], 2C-SFG spectroscopy works only with high-intensity laser sources. Here
we need two high-intensity laser sources in the infrared (IR) and in the visible spectral
ranges. While it is now possible from almost 20 years [28,29] to take profit from a visible
wavelength tunable from violet to red in such spectroscopy, highlighting the effect of
electronic properties of any kind of interface, the major drawback was the access of the
infrared wavelength in optical parametric oscillators/amplifiers (OPO/OPA). Indeed, it
is quite difficult to extract enough power from nonlinear crystals (e.g., AgGaS2) beyond
8 µm without quick damage. As a consequence, the great majority of the SFG spectroscopy
literature lies in the 2.5–8 µm spectral range. Vibration modes from OH, NH, CH, CN,
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CO chemical bonds lie in this spectral range and were extensively scrutinised with SFG.
Nevertheless, probing C-C bonds around 10 µm, such as in phenyl rings (as in thiophenol
molecules, for instance, in the present work), is highly challenging, although they are
fundamental markers as evidenced in Raman spectroscopy [30] and for modelling by DFT
calculations [31]. This will be our topic here.

In order to address these issues, technical improvements have been carried out for
years in SFG spectroscopy by switching the pulse duration from the ps temporal regime to
the fs one, in order to broaden—as much as possible in one high-intensity laser pulse—the
infrared spectral range. While the fs scale allows us to reach the 10 µm range, the delivered
power remains limited for applications and, generally, to the detriment of the visible coun-
terpart, limited to a fixed visible wavelength in the ps scale. While this promising approach
is the most relevant for the next future of 2-Dimensional (2D) nonlinear spectroscopy for
any kind of application [32], giving access to dynamical processes of surface chemistry,
a successful alternative technical route for 2C-SFG spectroscopy was investigated from
the beginning: the use of a high-intensity tunable infrared beam provided by Free Elec-
tron Lasers (FEL) in catalysis and electrochemistry [33–35], leading more recently to an
experimental breakthrough by the SFG imaging of surface phonons [36].

In the present work, thanks to the use of the CLIO FEL [37], we successfully performed
2C-SFG spectroscopy in the 10 µm IR spectral range on small gold AuNPs functionalised by
thiophenol molecules, acting as a molecular surface probe, for different visible wavelengths
from blue to red. In this way, we highlighted and quantified an amplification of the SFG
signal of three specific thiophenol vibration modes due to an optical coupling to surface
plasmon resonance. This coupling effect is related to the presence of numerous hotspots
due to the strong aggregation of AuNPs. This close-packed AuNPs configuration on the
substrate induces the existence of strong local electric fields between them, leading to the
presence of collective plasmon modes in the yellow–orange spectral range, overwhelming
the LSPR (Localised Surface Plasmon Resonance) contribution of isolated AuNPs in the
green. This framework leads to the amplification of the thiophenol nonlinear vibrational
response by two orders of magnitude by switching from blue (480 nm) to yellow–orange
(560–600 nm). To the best of the authors’ knowledge, this is the first time that such strong
optical plasmonic coupling has been observed and calculated in this vibrational fingerprint
spectral range (~1000 cm−1) on nanostructured interface with 2C-SFG spectroscopy.

2. Materials and Methods
2.1. Sample Preparation

The sample preparation is based on the same reliable and easily reproducible protocol
described in our previous publications [38–40] as summarised hereafter and sketched
in Figure 1, the purpose being for this specific study to lead to a large number of close-
packed AuNPs. All chemicals were purchased from Sigma-Aldrich (France). AuNPs
were synthesised from 1.7 mg of gold salts (HAuCl4.3H2O, 99.999%) dissolved in 20 mL
Millipore water following Turkevich protocol. After the solution was heated up until
boiling point and stirred vigorously, 0.8 mL of 8.5 × 10−4 M trisodium citrate (Na3C6H5O7)
was added all at once while heating and stirring for 30 min. The solution then turned
successively from light yellow to deep gray, looking finally dark red after ~10 min. The
corresponding UV-visible absorbance spectrum of the resulting water solution of AuNPs
was therefore obtained to monitor the position of the absorption peak. In order to graft
AuNPs on the silicon Si(100) substrate, wafers of ultrasonically cleaned n-doped silicon (1
× 1 cm2, Siltronix) were silanised in an absolute methanol solution through 3-aminopropyl-
triethoxysilane (APTES, H2N(CH2)3Si(OC2H5)3, 10% vol.) over 90 min. Afterwards, they
were dipped in the AuNPs colloidal solution over 24 h in order to ensure a large surface
density of AuNPs Ns~8 × 1010/cm2, corresponding to a filling factor f ~15% as deduced
by AFM measurements [40]. After grafting, AuNPs were functionalised during 18 h with
a 10−3 M thiophenol (C6H5SH) solution dissolved in dichloromethane (CH2Cl2). We
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finally obtained a monolayer of AuNPs grafted to the APTES-Si surface and covered with
thiophenol.
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Figure 1. Sketch of the sample preparation and of the 2C-SFG experimental configuration used in
counterpropagating geometry. See text for details.

2.2. AFM Microscopy

In order to analyse the surface density Ns of AuNPs grafted on the sample, an AFM
imaging (Digital Instrument, DI3100, USA) was used in tapping mode. The working
frequency of the silicon tip (curvature radius at the apex ~10 nm) was 130 KHz. This
allowed us to count the AuNPs and measure their diameter (17 ± 2 nm) equal to their
height with respect to the Si(100) surface, even if it did not have a good lateral resolution to
image isolated AuNPs.

2.3. UV-Vis Spectroscopy

Absorption (solution) and reflection (sample) spectroscopy measurements were per-
formed through a Cary 5 spectrophotometer (Varian). On the silicon substrate, the spectra
were recorded with an incidence angle of 10◦. In order to detangle the AuNPs signature
from the silicon contribution, the bare Si(100) reflectivity R0 was first measured, prior to
the sample reflectivity R in the same conditions. Within this differential measurement
procedure, it was therefore possible to access the sample reflectance −log(R/R0) with a
reproducibility ensured within 1 × 10−3 A.U. (Absorbance Units).

2.4. 2C-SFG Spectroscopy with the CLIO Free Electron Laser Facility

A Sum-Frequency Generation (SFG) tabletop setup based on a Nd:YLF laser source at
1047 nm wavelength (repetition rate for macropulses: 25 Hz; for micropulses: 62.5 MHz)
was coupled to the CLIO Free Electron Laser (FEL) Facility with the same temporal fea-
tures [37]. The CLIO FEL was used to take profit of its intense and pulsed IR laser beam
(~1 ps pulse duration, ~10 µJ energy per pulse from which ~2 µJ were used in order to
avoid sample damage, ~5 cm−1 spectral resolution) to probe the vibration fingerprint of
thiophenol molecules (ring deformations) in the ~10 µm spectral range (975–1100 cm−1).
The incident visible laser beam (~5 ps, 4 µJ per pulse, ~6 cm−1 spectral resolution) was
tuned from 480 nm to 600 nm by ~20 nm steps, resulting in 8 SFG spectra corresponding
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to 8 different incidence visible wavelengths. The tunable visible beam was obtained from
a visible Optical Parametric Oscillator (OPO) based on the pumping of a rotating BBO
(Barium Borate) nonlinear crystal inside an optical cavity by the 3rd harmonic (UV wave-
length = 349 nm) of the Nd:YLF laser source obtained after: first, the frequency-doubling
(2nd harmonic visible wavelength = 523.5 nm) through a BBO (Barium Borate) nonlinear
crystal: second, the mixing of the remaining IR part with the resulting 2nd harmonic in
a LBO (Lithium Borate) nonlinear crystal. The IR and visible incident laser beams were
mixed at the same point of the probed interface (~2 mm laser beam diameter) during the
experiment. It is worth noting that the SFG experiments were performed in a counter-
propagative geometry in order to well discriminate, spatially, the SFG beam from the
reflected visible beam (by the silicon surface sample) going through a monochromator
for spectral filtering. This original and unusual SFG spectroscopy configuration, aimed at
avoiding light saturation of the photomultiplier located at the monochromator output, was
derived from previous publications [29,33,41–44], allowing us to fix the detection direction
for collecting SFG photons, whatever the IR or visible wavelengths. We improved the
detection efficiency thanks to the use of rotating mirrors placed in the SFG path between
the sample and the monochromator. Indeed, by considering the energy (hωSFG = hωVis
+ hωIR) and momentum (kSFG = kVis + kIR: valid for the parallel component only, i.e., in
x-direction, see Figure 1) conservation rules in SFG spectroscopy at ~10 µm, whatever the
chosen visible beam color, it was possible to well separate spatially the SFG beam from
the latter. To meet these conditions, the IR and visible incidence angles of the laser beams
were 65◦ and −55◦ with respect to the sample surface normal (z-direction) as sketched in
Figure 1. All beams were p-polarised. SFG data were normalised by the IR and visible
powers in order to compensate for eventual laser fluctuations. All data are also corrected
by the optical responses of photomultiplier and monochromator gratings which evolved
from blue to orange–red.

3. Results
3.1. AFM Characterisation

Figure 2 displays the typical AFM image of our Si(100)/AuNPs/thiophenol surface. In
order to deduce the AuNPs surface density Ns~8× 1010/cm2, several scans were performed
for different scales: 2 × 2 µm2 and 500 × 500 nm2, allowing us to identify and count each
individual nanoparticle (17 ± 2 nm diameter) by probing and averaging on at least five
areas of the sample surface. The results obtained for the sample structural characterisation
were consistent with the specific preparation (dipping of the grafted covered Si for 24 h in
the AuNPs solution [38–40]) chosen to lead to AuNPs that were aggregated in close contact.
This drastically modified the UV-Vis optical fingerprint of the sample with respect to the
optical response in solution as shown thereafter.
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3.2. UV-Visible Measurements

Figure 3a displays the UV-Vis absorption spectrum of the AuNPs solution while
Figure 3b displays the UV-Vis reflectance spectrum of the Si(100)/AuNPs/thiophenol
sample. The AuNPs absorbance spectrum shows a peak at 520 nm, corresponding to
their Localised Surface Plasmon Resonance (LSPR). When AuNPs were grafted on the
Si(100) surface, the LSPR is dip-shaped and slightly red-shifted to 525 nm. A second
strong dip-shaped band appeared at 650 nm in the optical response. The latter one is
directly related to AuNPs aggregation occurring during the deposition process on the
surface (see Figure 2). This is a well-known phenomenon, demonstrated both theoretically
and experimentally for metal nanoparticles in colloidal solutions or deposited with high
density on substrates. In fact, this band results from coupling processes of surface plasmons
between nanoparticles in close contact (interparticles coupling) [45]. To observe this kind
of collective plasmon modes, the AuNPs were physically connected through aggregation,
leading to a dipolar coupling between neighboring plasmonic oscillators, which was the
case when the spacing between them was smaller than ca. 30 nm. [46]. For instance, this
kind of plasmonic collective coupling is used in biosensing to obtain a fine monitoring of
the plasmon resonance position by playing at will for instance with gold nanorods size
(aspect ratio) and spacing [47,48]. Besides, the two negative spectral shapes observed in
Figure 3b on the silicon surface are in relation with the reflectivity measurement mode,
because the reflectivity of the silicon was strongly modulated by the presence of a AuNPs
layer. Qualitatively, the more gold on the surface, the higher the reflectivity R, compared
to the reference R0. Therefore, the presence of AuNPs induced negative values for the
reflectance as observe in Figure 3b. This optical phenomenon is explained in previous
works [40,49] based on the calculation of the dielectric constant of the AuNPs layer in the
framework of the effective medium theory (Maxwell-Garnett and Bruggeman formalisms
of low and high density composite layer, respectively).
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Figure 3. UV-Vis absorption (a) and reflectance (b) spectra of AuNPs colloidal solution (insert) and
Si(100)/AuNPs/thiophenol sample (insert), respectively. The peak or valley shape at 520 and 525 nm
wavelengths correspond to the LSPR of the AuNPs.

3.3. 2C-SFG Measurements

2C-SFG measurements of our sample made of 17 nm diameter AuNPs grafted on
silicon and functionalised by thiophenol are recorded in counter-propagating geometry
and depicted in Figure 4 for 8 different visible laser wavelengths from blue to orange–red
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as pointed out on the right of the panel. For each visible wavelength, three vibration modes
of thiophenol molecules were observed at 1000, 1023 and 1071 cm−1, respectively.
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Figure 4. Experimental SFG spectra (open circles) obtained with the CLIO FEL for the
Si(100)/AuNPs/thiophenol sample at 8 different visible beam wavelengths of the incident laser
beam, ranging from blue to orange–red as noted on the right of the panel. On the left axis, the 0
of each curve is sketched by a short black line. While the SFG spectra are all shifted to ease view,
they are all drawn within the same intensity scale to have a direct qualitative comparison. The three
main vibration modes tagged at 1000 cm−1, 1023 cm−1 and 1071 cm−1 correspond to specific phenyl
ring deformations of the thiophenol molecules as established in the literature [31,39]. Colored lines
are fitted to the SFG experimental data, as detailed and explained in the text. The SFG spectrum at
480 nm visible wavelength will act as the reference to calculate the plasmonic coupling effect and the
amplification factor of the thiophenol vibrational fingerprint.

In 2C-SFG spectroscopy, a second order nonlinear optical process, it is counter intuitive
to observe a signal from functionalised spherical objects because they are centrosymmetric
media. In other words, there is a symmetry inversion center of the electronic properties
(charge distribution) for an observer placed at the center of the gold spheres. A quick
look on the sample structure given in Figure 1 shows us the reason for this apparent
contradiction. The grafting of the AuNPs induced a symmetry breaking of the electronic
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properties in the z-direction where the ppp polarisation scheme of the three beams (SFG,
Visible, IR) was the most efficient for 2C-SFG spectroscopy. Moreover, the AuNPs were
mostly functionalised by thiophenol molecules on their upper surface, while they were not
on their lower surface, grafted on silicon through APTES molecules. While AuNPs are not,
in principle, the most efficient objects for second order nonlinear optics, the current work
shows that it is again possible to detect such molecular species on small metal nanospheres
and, more interestingly, to evidence the positive role of the plasmonic coupling effect in
improving the detection efficiency of 2C-SFG spectroscopy. Besides, it has been shown
that the SFG vibration mode amplitude of thiophenol molecules increased linearly with
Ns (AuNPs surface density): the more the AuNPs were aggregated, the higher the SFG
process efficiency [40]. In fact, the first striking feature observed in Figure 4 is the effect of
the selected visible laser beam wavelengths on the SFG signal of the thiophenol vibrational
fingerprint. It is clear that the three vibration modes were difficult to observe in the blue
spectral range for a common intensity scale but they became more and more apparent with
the increasing visible wavelength to the orange–red. The second striking feature is the Fano-
like shape of these three vibration modes, i.e., different from valleys or peaks as observed
in IR and Raman spectroscopy. This is specific to 2C-SFG spectroscopy as a sensitive tool
of the interface constituting the sample. As a result, the two predominant contributions
originate from thiophenol molecules and the AuNPs surface where they were adsorbed.

In a general way, the SFG intensity writes: I(ωSFG) =
8π3ω2

SFG sec2 θSFG
c3n1(ωSFG)n1(ωIR)n1(ωvis)

∣∣∣χ(2)eff

∣∣∣2IIRIvis,
with IIR and IVis the intensities of the incident IR and visible laser beams, respectively.
ωIR, ωvis and ωSFG are the IR, visible and sum frequencies (energies) of the three beams
involved in the nonlinear second order process. The incoming angles of incidence of the
IR and visible beams are θIR and θvis while θSFG is the outgoing angle of incidence of the
SFG beam travelling to the monochromator as depicted in Figure 1. From the sample point
of view, n1(ω) is the refractive index of the upper medium (ambient air) at frequency ω
and χ(2)eff the effective nonlinear second order susceptibility of the probed interface. The
latter includes Fresnel factors (sample reflectivity) and microscopic local-field corrections
to the (thiophenol) molecular nonlinear 2nd order susceptibilities χ(2)ijk . In these conditions,

we model χ
(2)
eff =‖ CNR ‖ eiφNR + ∑n

‖an‖ eiϕn

(ωIR−ωn+iΓn)
leading to the colored lines in good

agreement with the experimental data points depicted in Figure 4. The first complex term
(amplitude CNR and phase shift ΦNR) of the above equality corresponds to the substrate
(AuNPs) contribution, which is non-resonant (NR) with IR energy. The second complex
term is the sum of the three Lorentzian oscillators of the thiophenol molecules (n = 3)
observed in the 975–1100 cm−1 spectral range, with an, ϕn, ωn and Γn the amplitude,
phase, frequency and damping constant of each vibration mode, respectively. It is worth
noting that the complex value an is a combination of the IR transition dipole moments
and Raman polarisability tensors of the molecule. The physical meaning and role of those
fundamental parameters are exhaustively detailed in recent publications covering both a
classical point of view [27] and advanced quantum formalism [50]. For the fitting of the
set of SFG data, we used, for all spectra fitting procedure, the known fixed fit parameters
for the SFG spectrum at 523.5 nm. Indeed, for similar samples, it has been established
previously [39] that the thiophenol frequencies areωn (cm−1) = 1000, 1023, 1071, while the
damping constants are set to Γn (cm−1) = 3.5, 3.5, 5 and ϕn (◦) = 0 for n = 1,2,3, respectively.
The results of the fitting procedure are summarised in Table 1. The observed variation of
SFG data with visible wavelength is thus mainly related to a significant increase of the
amplitude absolute value an of the three thiophenol vibration modes when moving from
blue to orange–red. A similar behavior was observed for AuNPs amplitude CNR but on a
smaller relative scale. We define the intensity ratio Iratio

n =‖ an/CNR ‖ 2 as calculated in
Table 1 for the three thiophenol vibration modes and for each visible wavelength. Iratio

n
increased by a factor of ~100 from blue (480 nm) to green–yellow (540–560 nm), and
remained almost stable in the orange–red spectral range. In the current work, we have
chosen to consider that the reference SFG measurement was the one at 480 nm (blue) in
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order to calculate the plasmonic coupling effect on the amplification factor of the SFG
vibrational molecular fingerprint. Indeed, no plasmonic effect and no significant s-d
interband electronic transition competed with the SFG process efficiency when looking
at the UV-Visible reflectance curve in the 480 nm spectral range depicted in Figure 3b.
Comparative reference SFG measurements between an identical sample with respect to a
flat gold surface covered by thiophenol performed in a previous work [38] demonstrated
that the amplification factor by the AuNPs was around ~21 (for thiophenol SFG intensity)
at a fixed 532 nm visible wavelength. A comparison with thiophenol adsorbed on silicon or
glass is not relevant from the chemical and optical point of view because: (i) thiophenol
does not adsorb on silicon or glass; (ii) only a comparison between a flat vs. a curved gold
surface takes account of the plasmonic coupling effect for similar chemical conditions of
molecular adsorption. In other words, we observed, in the best conditions of our SFG
measurements of Figure 4, an amplification factor of two orders of magnitude for the SFG
intensity of the thiophenol vibration modes as a function of the laser color impinging the
AuNPs with respect to the reference SFG spectrum with 480 nm visible wavelength. Besides,
a ~65◦ phase shift ΦNR parameter evolving from blue to orange–red in the fitting procedure
allowed us to adjust the interference pattern evolution of the thiophenol vibration modes
modulated by gold electronic properties, as explained hereafter.

Table 1. Fit parameters for the 2C-SFG spectra of thiophenol adsorbed on AuNPs as obtained from
Figure 4. For ϕn,ωn and Γn, we refer to fixed parameters for the three thiophenol vibration modes as
established in [39]. See text for details.

Visible Incidence Wavelength (nm)

480 500 523.5 540 550 560 580 600

AuNPs
CNR 1.4310 2.6538 2.3970 3.5530 4.8961 4.63128 4.0848 4.9943

ΦNR (◦) 69.8753 59.4616 28.0546 12.6793 11.6879 5.5153 7.5741 4.6585

Vibr 1

a1(a.u.) −0.2376 −1.8922 −3.6383 −9.5138 −10.931 −14.104 −9.3308 −12.517
ϕ1 (◦) 0
ω1

(cm−1) 1000

Γ1 (cm−1) 3.5
Iratio
1 0.02757 0.5084 2.3039 7.17 4.9845 9.2743 5.2179 6.2813

Vibr 2

a2 (a.u.) 0.5194 1.6344 5.2915 10.8236 16.4952 14.3315 10.3851 11.763
ϕ2 (◦) 0
ω2

(cm−1) 1023

Γ2 (cm−1) 3.5
Iratio
2 0.1317 0.3793 4.8733 9.2801 11.3505 9.5759 6.4637 5.5474

Vibr 3 (Mode 4
in [31,39])

a3 (a.u.) 0.2721 0.7215 2.6407 3 7.8051 5.2497 5 3
ϕ3 (◦) 0
ω3

(cm−1) 1071

Γ3 (cm−1) 5
Iratio
3 0.0361 0.0739 1.2137 0.7129 2.5413 1.2849 1.4983 0.3608

4. Discussion
4.1. Phase Shift Parameter: Gold s-d Interband Electronic Transitions

The evolving spectral shapes take their origin in the interference phenomenon between
the SFG signals of the molecular adsorbate (thiophenol) and the substrate (AuNPs). This is
well explained in the literature on gold surfaces and related to its s-d interband electronic
transitions [51]. On a flat gold surface covered by a monolayer of dodecanethiol (DDT), a
similar decreasing phase shift of ~65◦ ΦNR was observed between 480 and 600 nm, inducing
a shape reversal of the vibration modes when moving from a blue visible incidence beam
to a red one. This is related to the different electronic contributions of the gold surface and
bulk properties (free and bound electrons of the electronic density of states of gold, see
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Figure 5, right) as exhaustively developed elsewhere [52,53], giving access to the dispersion
of the absolute phase and the relative amplitude of its χ(2)eff in the visible spectral range. It
allows us to model quantitatively SFG spectra of molecules adsorbed on metal surfaces.
Our SFG measurements are performed and analysed in the same theoretical framework,
leading to consistent interpretations and conclusions.
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Figure 5. Sketch of the physical processes competing positively (+) or negatively (−) in the amplifica-
tion of the thiophenol vibrational fingerprint for 2C-SFG spectroscopy coupled to plasmonics based
on small 17 nm diameter AuNPs grafted on a silicon substrate. The LSPR and collective plasmon
modes of AuNPs contributed favourably (left), especially as the number of hotspots increased on
the sample. The surface and bound electrons of the gold bulk of AuNPs contributed unfavourably
(right) due to the high electronic density of states in the probed visible (480–600 nm) spectral range.
The latter physical process also explains the interference pattern between the SFG signals of the
thiophenol molecules and the AuNPs constituting the interface. See text and references [51–53] for
details on the influence of gold bulk electronic properties.

4.2. Co- vs. Counter-Propagating Geometry: SFG Spectra Shape Reversal

A notable difference is observed for the SFG spectrum at 523.5 nm wavelength with
respect to reference [39], where a similar measurement was recorded, but in co-propagating
classical geometrical configuration for the three beams involved in the SFG process: the
shape of the three vibration modes displayed a different interference pattern. In practice,
ΦNR = ~140◦ in [39] while ΦNR = ~30◦ in our current work in counter-propagating geometry.
The only difference between these two works lies in the setup geometry; we can explain
the phase shift difference ≥π/2 by an inversion symmetry of the visible beam incidence
angle as depicted in Figure 1. The sign of the x-components of the probed χ(2)eff is inverted
with respect to this previous work in such a way that the SFG vibrational spectral shapes
are, therefore, reversed.

4.3. Amplification of Thiophenol Vibration Modes: Collective Plasmon Modes Coupling

In order to interpret the striking amplification factor, increasing as a function of laser
color, we have to consider the optical properties of our 17 nm diameter AuNPs where
thiophenol molecules are grafted, that are characterised by plasmon resonances (LSPR
for isolated particles and collective modes for aggregated particles) and s-d interband
electronic transitions (see Figure 5). In our case, due to the strong aggregation, the collective
plasmon modes already coupled very efficiently to the SFG process (thiophenol vibration
modes intensity) showing a continuous significant enhancement of the SFG intensity when
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the color was tuned from blue to orange–red. Nevertheless, its efficiency became slightly
damped/stabilised beyond 560 nm, as observed in Figure 4 and Table 1, because of the
more prominent role played by the surface and bound electrons of bulk gold in this spectral
range. These two competing physical processes are summarised in Figure 5. The plasmonic
coupling effect is similar to those observed and modeled in previous works on alkane thiol
chains [1,17,23,24] but with a greater efficiency in the present case because we were able
to probe selectively better conditions with the tunable visible beam, which was not the
case in the aforementioned works. Indeed, we observed here a vibrational SFG intensity
amplification of two orders of magnitude for thiophenol molecules, whereas it was only of
around one order of magnitude for alkanethiol chains (DDT). This result can be explained
by the combination of the following factors. Firstly, by considering our AFM images in
Figure 2 and UV-Visible spectrum in Figure 3b, we had the substrate surface completely
filled with AuNPs in tight contact, forming numerous aggregates. This constituted the
best conditions to obtain numerous hotspots between AuNPs (Figure 5), with strong local
electric fields where thiophenol molecules were bathing. These numerous hotspots added
to the LSPR enhancement process alone [1] due to the resulting existence of collective
plasmon modes as explained in Section 3.2. In our case, it was highlighted by the UV-Vis
intensity continuous increase observed in Figure 3b, beyond the local LSPR maximum
(525 nm) from blue to red colors in our SFG framework. Secondly, thiophenol molecules
are of shorter length than alkanethiol molecules. The three vibration modes observed
in Figure 4 underwent a stronger influence from the local electric field than the methyl
end-groups (CH3) of DDT. Thirdly, the thiophenol phenyl rings involved in the SFG process
have a rich π-electronic structure with respect to DDT. All these factors come into play to
explain our observations, as well as the fact that phenyl rings present well-known intense
Raman active modes in the ~1000 cm−1 spectral range [30,31]. Since vibro-electronic 2C-
SFG spectroscopy depends on IR transition dipole moments and Raman polarisability
of molecules, further investigation will necessitate different polarisation combinations of
the three beams involved in the nonlinear process in order to give access to the different
components of the molecular nonlinear second order susceptibilities χ(2)ijk .

To go further, considering the AuNPs’ size effect on these two physical values would
reveal the following. For the aggregation effects (650 nm), it would only shift the position
and broaden the maximum absorption in the optical range of Figure 3b. From the optical
point of view, it corresponds to tune the visible wavelength in the SFG process to find the
best amplification factor for the plasmonic coupling effect. It could be very interesting for
dedicated applications requiring a fine monitoring of the plasmon resonance position in the
visible range as encountered for gold nanorods where it is possible to play with their aspect
ratio and their spacing, such as in biosensing [47,48], as already mentioned in Section 3.2.
For the s–d interband electronic transition, it will increase the non-resonant contribution
from blue to red (CNR parameter in Table 1) of the gold SFG signal because it is a bulk
effect, with no change in the position of the s-d interband electronic transition as illustrated
in Figure 5. It is worth noting that an increasing value of CNR (with an increasing AuNPs
size) will compete negatively with the plasmonic amplification factor.

4.4. Technical Prospects for 2C-SFG Spectroscopy

In order to analyse more precisely the role of AuNPs LSPR and hotspots, it will be
necessary to gain a wider visible spectral range in direction of red colors. Besides, it should
be noted that recording data beyond 10 µm in 2C-SFG spectroscopy will require better
detection (spatial and spectral filtering) conditions, because the SFG beam is emitted in
a direction almost colinear to the reflected visible beam with separation angles <1◦ in
co-propagating geometry. It is consequently difficult to extract one SFG photon from the
surrounding visible noise 106 times more intense that the nonlinear processes. The counter-
propagating geometry proposed here gives an original alternative to sweep this problem in
the mid/far IR range but remains demanding from the experimental point of view. Besides,
it is worth noting that just increasing the visible laser beam power to compensate for weak
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IR power in the 10 µm spectral range is not adapted for such nanostructured samples,
explaining the lack of results published in the scientific literature. Indeed, increasing the
visible beam energy will quickly damage (heating and burning) the sample, the aromatic
rings of thiophenol molecules first, then the AuNPs and the silicon substrate next. This is
related to the fact that the required mean visible energy distributed for large laser beam
scale (2 mm diameter for IR and Visible beams in our case) on the sample to generate
a nonlinear process becomes very important. There is a power balance to find with the
required IR energy threshold which enhances specifically the vibration modes of thiophenol
molecules (and is Non-Resonant for gold), knowing that the two IR and visible beams
have the same spot size at the same point of the probed interface. In these conditions, the
local electric field between hotspots being amplified by a factor of 103–106 is commonly
observed in Raman spectroscopy at the molecular scale, so it is by far more interesting to
use plasmonic amplification coupled to enough IR power to favour and enhance the SFG
process to have a good spectral resolution. In other words, for nonlinear optics coupled
to plasmonics, in order to have enough visible energy is a necessary condition but not
sufficient for vibrational spectroscopy. A continuous effort in the development of table-top
IR fs laser sources remains mandatory and challenging.

5. Conclusions

The CLIO Free Electron Laser has been revealed as a powerful and pioneering tool
when coupled to SFG spectroscopy, giving a unique optical setup that led to numerous
experimental firsts during 25 years of operation, thanks to its unique delivered power in
the infrared spectral range, opening the door to nonlinear optical spectroscopy in the vibra-
tional fingerprint as illustrated in the present work. We highlighted a plasmon-molecular
coupling by 2C-SFG spectroscopy with an intensity amplification factor around two orders
of magnitude from blue to green–yellow due to the presence of numerous hotspots be-
tween aggregates of small gold nanospheres functionalised by molecular thiophenol probes.
Thanks to our work, if we combine the amplification factor obtained by comparing the SFG
signal of thiophenol adsorbed on a flat gold surface with respect to thiophenol adsorbed on
AuNPs (~20), with the one calculated here (~100), we tend to reach a global amplifcation
factor of the SFG intensity of 103. This must be put in perspective with the commonly and
easily reached better Raman amplification factors (103–106), knowing that: (i) our sample is
made of small spherical objects, far from being the best conditions for 2C-SFG spectroscopy
(centrosymmetry to be broken); (ii) conversely, the Raman spectroscopy efficiency become
limited with decreasing size of nano-objects. Indeed, for Raman, smaller means greater
light diffusion cross section, especially below 100 nm, damping drastically the molecular
sensitivity in an intrinsic Raman signal background from gold nanospheres. Our prominent
and promising results show that nonlinear plasmonics constitutes an efficient probe of
constantly increasing threshold sensitivity. The golden age of surface nonlinear optical
spectroscopy is only at its beginning.
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