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ABSTRACT: In this article we compare the two-photon photoluminescence and
second harmonic generation from single connected gold nanodimers. Analyzing
the particle size-dependent nonlinear optical spectra and performing excitation
polarization resolved measurements using an experimental setup combining a
femtosecond laser source with a parabolic mirror, we show that second harmonic
generation and two-photon photoluminescence have diﬀerent behaviors despite
the same expected fundamental intensity-dependence. For further understanding
of the observed phenomena, the plasmon resonances of single nanodimers are
investigated using dark-ﬁeld optical microscopy, and calculations are performed
with Green’s tensor method. Furthermore, the underlying mechanisms explaining
the diﬀerences between these two optical processes are investigated using a
surface integral equation method for the nonlinear computations. This study
reveals that the diﬀerent trends in the polarization-dependences of two-photon
photoluminescence and second harmonic generation with the increasing
diameters of the connected discs are due to their distinct physical nature, resulting in speciﬁc rules for plasmon enhancement
and diﬀerent coherence properties. Furthermore, this article clearly points out that special care has to be taken when two-photon
photoluminescence and second harmonic generation are used to evaluate the amplitudes of electromagnetic hot-spots generated
in plasmonic nanostructures.

■

INTRODUCTION

absorption, and one-photon photoluminescence emission, have
been rigorously investigated.20−27 To study the electromagnetic
ﬁeld amplitude in the so-called optical hot-spots, corresponding
to the areas where the incident ﬁeld intensity is enhanced by
some orders of magnitude, researchers relied on several
spectroscopic techniques such as photoluminescence emission
from the metallic nanostructures,28−30 ﬂuorescence or Raman
signals from molecules that are immobilized at the nanoantenna
surface,31−33 and also electron energy loss spectroscopy

Plasmonic nanoantennas, exhibiting fascinating linear and
nonlinear optical properties, have been the subjects of
numerous investigations in the recent years.1−5 Their potential
applications in a variety of ﬁelds, ranging from biosensing,6−8 to
light harvesting systems,9,10 to ﬁeld eﬀect transistors,11,12 have
motivated researchers to understand the fundamental physical
properties and the optical processes that occur in plasmonic
nanoantennas. Localized surface plasmon resonances (LSPRs)
have attracted particular attention as they allow enhancing and
concentrating the electromagnetic ﬁeld in subwavelength
volumes.5,13−19 The inﬂuences of LSPRs on the linear optical
properties of plasmonic nanoantennas, such as scattering,
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Figure 1. (a) Energy level diagram for TPL. The complete process consists of three steps: excitation step, relaxation step, and emission step. In the
ﬁrst step, an electron from the ground state |g⟩ is promoted to the excited state |e1⟩ by absorbing two photons from a femtosecond (fs) laser pulse,
creating a hole in the ground state. Once thermal equilibrium is reached (step 2), the electron in the excited state |e2⟩ decays (step 3) either
radiatively in terms of photoluminescence (solid arrow) or nonradiatively in terms of heat dissipation (dashed arrow). (b) Energy level diagram for
SHG. In comparison to TPL, SHG is a parametric process involving virtual states (indicated as dashed horizontal lines), corresponding to the
destruction of two fundamental photons followed by the generation of one SH photon. Classically, the fundamental near-ﬁeld driven by the
incoming wave induces a nonlinear surface polarization Psurf,n(r, 2ω) due to the nonlinear surface susceptibility χsurf (step 1). The second step is the
electromagnetic radiation of the nonlinear sources. As an example, the near-ﬁeld intensities of a connected dimer with a diameter of 160 nm at the
fundamental and the SH frequencies are shown in red and blue, respectively.

(EELS).34,35 More recently, the observation of nonlinear
optical processes in plasmonic nanoantennas has started to
attract increasing attention.1,36,37 Indeed, various nonlinear
optical processes, such as second harmonic generation (SHG),
two-photon photoluminescence (TPL), third (THG) and
higher harmonics generation, as well as multiphoton photoluminescence, have been investigated.38−46 In comparison to
linear optical processes, the generation of nonlinear optical
signals requires a much higher excitation ﬁeld.47 Plasmonic
nanoantennas can be used for the excitation of these optical
processes since the ﬁeld intensity at the fundamental
wavelength is increased in their vicinities thanks to the LSPR.
This enhancement is expressed by the local ﬁeld factor L(ω),
which is deﬁned as the amplitude ratio between the local
electric ﬁeld and the incident electric ﬁeld at the frequency ω.
Since the conversion yield of nonlinear optical processes varies
nonlinearly with the fundamental intensity, this conversion
yield might be expected to increase with the fourth or a higher
power with the local ﬁeld factor L(ω) evaluated at the
fundamental frequency. For this reason, it was proposed to use
nonlinear optical processes to accurately measure the ﬁeld
enhancement in electromagnetic hot-spots, e.g., nanogaps,
taking advantage of this nonlinear dependence.48,49 However,
such a description of nonlinear optical processes in plasmonic
nanoantennas is somewhat limited. For example, due to the
speciﬁc selection rules, the SHG from tiny centrosymmetric
nanogaps is weak,50−53 despite a strong fundamental ﬁeld
enhancement. As a consequence, the relationships between the
ﬁeld enhancement and the conversion yields of the various
nonlinear optical processes need to be carefully determined and
mastered, before they can be safely used for characterizing the
magnitude of the electromagnetic ﬁeld in hot-spots.
In this article, we discuss the inﬂuence of the local near-ﬁeld
intensity distribution on the excitation and emission processes
of TPL and SHG, by varying the plasmon resonance of the
nanostructures and the polarization of the incident beam, on a
model system consisting of connected circular dimers.
Analyzing the single particle emission spectra and excitation
polarization resolved measurements with the assistance of a

surface integral equation (SIE) method, we show that, despite
the same fundamental intensity-dependence, SHG and TPL
exhibit diﬀerent behaviors due to their coherence properties,
rules for plasmon enhancement, and the amplitude of the local
near-ﬁeld. It is well-known that TPL is a third order eﬀect,
associated with two-photon absorption, whereas SHG is a
second order nonlinear optical eﬀect. Both are, however,
quadratically dependent on the laser intensity despite diﬀerent
physical origins.30,54−57 TPL is usually described as follows;13,57−59 see Figure 1a. The complete process consists of
three steps: namely, the excitation step, relaxation step, and
emission step. In the ﬁrst step, an electron from the ground
state |g⟩ is promoted to the excited state |e1⟩ by absorbing two
photons from a femtosecond (fs) laser pulse, creating a hole in
the ground state. Once thermal equilibrium is reached (step 2),
the electron in the excited state |e2⟩ decays (step 3) either
radiatively in terms of photoluminescence (solid arrow) or
nonradiatively in terms of heat dissipation (dashed arrow). The
excitation step of TPL is a third order two-photon absorption
(TPA) process (see Supporting Information, Figure S1). These
diﬀerent steps result in a broadband emission at wavelengths
longer than the second harmonic (SH) wavelength. On the
other hand, SHG is a parametric process involving virtual states,
corresponding to the destruction of two fundamental photons
followed by the generation of one SH photon, as shown in
Figure 1b. Classically, the fundamental near-ﬁeld driven by the
incoming wave induces a nonlinear surface polarization Psurf,⊥(r,
2ω) (component normal to the surface) due to the nonlinear
surface susceptibility χsurf (step 1). The following step is the
electromagnetic radiation of the nonlinear sources located at
the nanoparticle surface (step 2). The near-ﬁeld intensities of a
connected dimer with a diameter of 160 nm at the fundamental
and the SH frequencies are shown on the right of Figure 1b as
an example. SHG is visible in the nonlinear emission spectra as
a narrow peak centered exactly at half the fundamental
wavelength. Both optical processes have been proposed for
deriving the intensity of electromagnetic hot-spots in plasmonic
nanostructures by taking advantage of their quadratic dependence on the incident power.1,36,48,49 We will discuss in the
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Figure 2. (a) Emission spectra, (b) TPL signals, and (c) SHG signals as a function of the diﬀerent excitation polarizations for single connected gold
nanodimers with nanoparticle diameters d = 80, 100, 150, and 175 nm, respectively. In panel a, the nonlinear spectra were recorded for an incident
polarization along the long dimer axis, as represented by the black arrows in the insets. In panels b and c, the starting polarization angle (0°) is
perpendicular to the long dimer axis. Excitation laser: 774 nm (110 fs, 89 MHz). Polarization: linearly polarized beam.

weak and narrow peak situated at 387 nm is observed, which
corresponds to SHG, and the width of which is related to the
bandwidth of the femtosecond pulses. The second observed
feature is an intense and broad peak, with a maximum at longer
wavelengths than the SH peak and moving to lower energies as
the diameter of the connected nanodisc increases. This
nonlinear emission corresponds to the TPL signal that shows
a second order power-dependence (Figure S3 in the
Supporting Information). These spectral observations are in
agreement with the mechanisms discussed in Figure 1. In order
to quantify the inﬂuence of the incident polarization on the
TPL and SHG signals, we integrated the intensities from 380 to
390 nm (after subtraction of the TPL background) for the SH
intensity and from 390 to 650 nm for the TPL for each incident
polarization angle. The incident polarization was rotated with a
step of 20°. Polarization-dependent intensities of TPL and
SHG from connected dimers with diﬀerent sizes are shown in
Figure 2b,c, respectively. Diﬀerent behaviors of the TPL and
SHG are clearly observed. Independent of the nanodimer size,
the maxima of the TPL polarization-dependence plots are
always obtained when the incident laser beam is polarized along
the long dimer axis. The maxima of the SHG polarizationdependence plots, however, vary with the particle size. For the
smallest dimers, i.e., d = 80 and 100 nm, the maxima of the
SHG polarization-dependence plots are reached for an incident
laser beam polarized along the long dimer axis, as observed in

following the diﬀerent dependences of TPL and SHG on the
enhanced near-ﬁeld intensity and incident polarization.

■

RESULTS AND DISCUSSION
To study the inﬂuence of the dimer geometry on the SHG and
TPL signals, arrays of connected nanodimers composed of discs
with diﬀerent diameters (d = 80, 100, 150, and 175 nm) were
fabricated using electron-beam lithography followed by lift-oﬀ.
An SEM image of a connected single nanodimer is shown in
the Supporting Information (Figure S2). Gold monomers (d =
80 and 100 nm) were also fabricated to serve as references. The
spacing between the individual nanostructures is 10 μm such
that the dark-ﬁeld scattering measurements and the nonlinear
optical measurements can be performed at a single particle level
with confocal microscopy. The structure height is 50 nm. A
detailed description of the fabrication procedure as well as the
setups used for the linear and nonlinear optical measurements
can be found in the Methods section. A sketch of the optical
microscope used for the nonlinear measurements is included in
the Supporting Information (Figure S2).
To study the role of the LSPRs for the SHG and TPL signals
from the nanodimers, polarization-dependent measurements
are performed by rotating the incident linear polarization using
a half wave plate that is positioned in the excitation path. As an
example, the spectra recorded for an incident wave polarized
along the long axis of a single dimer are shown in Figure 2a. A
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Figure 3. (a) Near-ﬁeld intensity distributions at the fundamental wavelength around connected nanodimers with diﬀerent disc diameters calculated
using the SIE method. The left panel shows the ﬁeld distributions for the incident wave polarized along the long dimer axis, while the right panel
indicates the situations for the excitation polarization along the short dimer axis. The polarization direction is shown as a white arrow. For simplicity,
the ﬁeld distribution around only half of the nanodimer is shown in each panel. (b) The corresponding TPL signals as a function of the excitation
polarizations computed with the SIE method (see Methods section). (c) Near-ﬁeld distributions at the SH wavelength around connected
nanodimers with diﬀerent disc diameters. The polarization direction is shown as a white arrow. (d) The corresponding SHG signals as a function of
the diﬀerent excitation polarizations computed with the SIE method (see Methods section). The disc diameters are d = 80, 100, 150, and 175 nm,
respectively. The near-ﬁeld distributions within panels a and c are each plotted with the same color scale. In panel a, a linear scale is used, and in
panel c, a log scale is employed for the SH near-ﬁeld intensities.

Figure 4. (a) Intensity ratio R is deﬁned as (a − b)/(a + b), where a and b are the axial intensity values in the polar excitation plots along the long
dimer axis and the short dimer axis, respectively. (b) The intensity ratios R are plotted for SHG and TPL as a function of the disc diameter d. The
parameter R was evaluated from both the simulation (solid lines, steps of 10 nm) and experimental results (red dots for SHG and blue triangles for
TPL). (c) The diﬀerent dependences of the simulated far-ﬁeld SHG (red solid line), far-ﬁeld TPL (blue solid line), and fundamental near-ﬁeld
intensity (corresponding to the maximum of the external fundamental intensity enhancement observed close to the junction between the two
nanoparticles for x = 0 nm, black dashed line) on the diameters of the discs. The incident wave is polarized along the long dimer axis for both the
experimental and theoretical results. The experimental SHG and TPL signals are derived from their respective maximum intensities shown in Figure
2a, which are marked as red dots and blue triangles, respectively. All the data are normalized to the corresponding ones obtained for a disc diameter d
= 80 nm.

the case of TPL. On the other hand, for the largest dimers, i.e.,
d = 150 and d = 175 nm, the maxima ﬂip by about 90°, and
SHG is maximized when the incident wave is polarized along
the short dimer axis. For the large dimers, the excitation angle
resolved nonlinear emission plots do not precisely start and end
at the same point, which may be due to minor variations in the
rotating angles of the λ-half wave plate or slight reshaping of the
dimers during the measurements. The diﬀerent evolutions of
the TPL and the SHG signals recorded from the same single
nanostructures point out that it is not always straightforward to

derive the orientation of a nanodimer only from its incident
ﬁeld polarization-dependent far-ﬁeld SHG intensity.52
To understand this particular behavior, and discuss the
diﬀerences between TPL and SHG, simulations were
performed using the SIE method. For SHG of metallic
nanoparticles, the component χsurf⊥⊥⊥ (where ⊥ denotes the
component normal to the surface) of the surface tensor creates
the dominant contribution.60,61 Other contributions, such as
the tangential component of the surface tensor as well as bulk
contributions, contribute weakly to the total SH response.53,54,60,61 On the other hand, the TPL intensity resulting
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from a pumping beam with a fundamental frequency ω1 is given
by62 ITPL = ∫ η(ω2)|L2(ω2)| dω2·∫ ∫ ∫ |E(r, ω1)|4 dV, where ω2
is the frequency of the TPL signal, η(ω2) is the intrinsic
luminescence yield of gold that is related to its electronic band
structure, and L(ω2) is the local ﬁeld factor at the emission
frequency. More details about the simulation can be found in
the Methods section. Numerical results for the diﬀerent
connected dimers are shown in Figure 3, where panels a and
c present the near-ﬁeld intensities at the fundamental and SH
frequencies, and panels b and d the far-ﬁeld TPL and SHG
intensities obtained for diﬀerent incident polarizations. In a
comparison of the excitation polarization-dependences of TPL
and SHG shown in Figures 2 and 3, very good agreement
between the simulations and experiments is clearly seen.
Indeed, the highest TPL intensities are always obtained by
polarizing the incident beam along the long dimer axis as
shown in Figure 3b, and a ﬂip of the polarization-dependence
of SHG as the nanoparticle size increases is also predicted, as
shown in Figure 3d.
For an illustration of the gradual evolutions of the
polarization-dependences as the nanodimer size changes,
simulations have been performed for connected dimers with
disc diameters ranging from 70 to 180 nm with a 10 nm step
width. As shown in Figure 4a, an intensity ratio R = (a − b)/(a
+ b) is introduced to quantify the orientation of the polar plots
that represent the excitation polarization-dependences of the
SHG and TPL signals, where a and b are the axial intensity
values in the polar excitation plots along the long dimer axis
and the short dimer axis, respectively. A positive R indicates
that the optical signal maximum is observed by polarizing the
incident wave along the long axis, while a negative R stands for
a maximum obtained by polarizing the incident wave along the
short axis. With this deﬁnition, a change in the sign of R
describes a “ﬂip” of the intensity ratio between a and b in the
excitation polarization-dependence plot. As can be seen from
the blue curve in Figure 4b, the parameter R associated with the
simulated TPL signal varies with the nanoparticle diameter.
Notably, the parameter R is positive for all the studied particle
sizes, indicating that the TPL signal is always maximized by
polarizing the incident beam along the long dimer axis,
whatever the connected dimer size. In the case of SHG, the sign
of R changes from positive to negative values as the
nanoparticle diameter increases, as shown by the red curve in
Figure 4b, reproducing the “ﬂipping” phenomenon. These
trends agree very well with the intensity ratio R derived from
the experimental results, as shown in Figure 4b. The diﬀerent
dependences of the near-ﬁeld SHG and TPL signals on the
nanoparticle sizes are further demonstrated in Figure 4c. The
simulated fundamental near-ﬁeld intensity corresponds to the
maximum of the external fundamental intensity enhancement
observed close to the junction between the two nanoparticles.
The experimental SHG and TPL are taken from the maximum
intensities of the nonlinear spectra shown in Figure 2a. The
incident wave is polarized along the long dimer axis for both
the experimental and theoretical results. All the data are
normalized to the corresponding ones obtained for a disc
diameter d = 80 nm. As one can clearly see, the SHG and TPL
signals are not proportional to the square of the fundamental
near-ﬁeld intensity observed close to the connection between
the nanoparticles.
To interpret the diﬀerent evolutions of the intensity ratio R
for SHG and TPL as the nanoparticle diameter increases, we
now turn our attention to the plasmonic resonances supported

by the connected dimers. Single particle dark-ﬁeld optical
spectroscopy was employed to record the scattering spectra of
the dimers, the nonlinear responses of which have been
discussed so far. The measured scattering spectra are shown in
Figure 5a,b, while the corresponding numerical calculations

Figure 5. (a, b) Measured dark-ﬁeld scattering spectra of connected
gold dimers with diﬀerent disc diameters: d = 80 nm (red), 100 nm
(blue), 150 nm (green), and 175 nm (magenta). The intensity is
normalized to the lamp spectrum. (c, d) Corresponding numerical
calculations performed using Green’s tensor method. The incident
polarizations are depicted in the insets as red arrows. The charge
distributions associated with the diﬀerent observed LSP modes are
labeled 1, 2, and 3. They correspond to the modes resulting from
hybridization between quadrupolar modes, longitudinal dipolar modes,
and transverse dipolar modes, respectively. The dashed lines in panels
c and d highlight the shift of the LSPRs with the nanoparticle size. All
the spectra are oﬀset vertically for a better visibility.

performed using the Green’s tensor method are shown in
Figure 5c,d. The details about the microscope conﬁguration
and simulation can be found in the Methods section and
Supporting Information. The incident polarization is oriented
either along the long axis or the short axis as depicted in the
insets. Good agreement between the experimental and
numerical spectra is clearly observed. In the case of the
longitudinal excitation, two diﬀerent maxima are observed in
the scattering spectra as shown in Figure 5a,c. The ﬁrst mode
appears between 500 and 610 nm corresponding to the
coupling between two quadrupolar modes, in accordance with
the charge distribution 1 shown in Figure 5c. As seen in Figure
5a,c, this mode shifts from ∼550 nm for a disc diameter d = 100
to 607 nm (610 nm in the simulation) for d = 175 nm. The
second mode, which resonates at a wavelength around 820 nm
for the smallest diameters, is a longitudinal dipolar mode. It
corresponds to charge oscillations along the long dimer axis, the
charge distribution of which can be seen in Figure 5c as 2. As
the diameter increases, this mode shifts to longer wavelengths
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excitation of the longitudinal dipolar mode at the fundamental
wavelength. Therefore, the maximum SHG intensity is achieved
for an incident wave polarized along the long dimer axis. As the
disc diameter increases, the resonance of the longitudinal
dipolar mode moves further away from the excitation
wavelength. On the other hand, the resonance of the transverse
dipolar mode approaches gradually toward the fundamental
wavelength as seen in Figure 5d. The direct consequence is that
the excitation eﬃciency of the transverse dipolar mode is clearly
improved, see Figure 3c. At the SH frequency, the near-ﬁeld
intensities around the dimers increase gradually as the disc
diameter evolves from d = 100 to 175 nm, for an incident
polarization along the short dimer axis. This fundamental
electric ﬁeld is mainly perpendicular to the nanoparticle surface
and drives strong SH sources through the χsurf,⊥⊥⊥ component
of the nonlinear surface susceptibility, which is the dominant
contribution to the SHG of metallic nanoparticles.60,61 At the
end, it outweighs the near-ﬁeld strength generated with an
incident polarization along the long axis. Therefore, the SHG
polarization-dependence plots “ﬂip” as the particle size
increases. Notably, for dimers with disc diameters d = 150
and 175 nm, although strong electromagnetic “hot-spots” at the
SH frequencies can be observed around the touching points
between the nanodiscs when the incident wave is polarized
along the long axis, the SHG intensity is smaller than for the
polarization along the short axis. This phenomenon has been
reported as the “silencing” of the second order nonlinear
response.50,53,63 Although a strong near-ﬁeld enhancement is
present, the nonlinear polarization vectors at each side of the
touching point are out of phase, and their contributions to the
far-ﬁeld SH wave tend to cancel each other out, see Figure S4
in the Supporting Information. The destructive interference
ﬁnally results in a limited far-ﬁeld SH signal, despite the
amplitude of the nonlinear surface polarization. Note that this
“silencing” eﬀect is present in all the connected dimers, but
results in a “ﬂip” of the SH response only if the SHG for an
incident wave polarized along the short dimer axis is high
enough, i.e., for large disc diameters. This observation indicates
that the measurement of electromagnetic hot-spots using
nonlinear optical processes is not direct, because a competition
between diﬀerent enhancement mechanisms of the nonlinear
response often occurs, meaning that a careful description of the
underlying mechanisms is required. In other words, the
numerical simulations do not only support our experimental
results, but also provide an insight into the diﬀerence between
TPL and SHG. Despite the fact that the eﬃciency of these two
nonlinear optical processes scales with the incident intensity
squared, their physical origins are obviously diﬀerent. As
discussed above, TPL is an incoherent optical process involving
the absorption and inelastic emission from the bulk of
plasmonic nanostructures, while SHG is a coherent optical
surface process. Due to their distinct physical nature, TPL and
SHG do not evolve in the same manner with the near-ﬁeld
distribution. This is a critical point because both optical
processes have been proposed to record the intensity of
electromagnetic hot-spots in plasmonic nanostructures taking
advantage of their nonlinear response.48,49
Having determined the role played by the LSPRs at the
pump frequency in TPL and SHG, we now turn our attention
to their role at the emission step, i.e., at the emission frequency.
The variation of TPL spectra with the spectral position of the
LSPR is discussed ﬁrst. The normalized TPL and dark-ﬁeld
scattering spectra for gold monomers as well as connected

beyond the spectral range detectable with our experimental
setup. For incident light polarized along the short dimer axis, a
transverse dipolar mode between 570 and 680 nm is observed,
corresponding to charge oscillations along the short dimer axis
as revealed by the charge distribution in Figure 5d. This mode
also red-shifts as the disc diameter increases but remains
detectable with our dark-ﬁeld microscope. This plasmonic
mode shifts from 570 nm for a disc diameter of d = 80 to 677
nm for d = 175 nm. A small peak at about 850 nm appears for
the smallest dimer when the light is polarized along the short
axis, which does not appear in the simulation. It may originate
from a slight misalignment of the incident polarization relative
to the dimer’s short axis during the scattering measurements.
With the knowledge of the plasmon resonance properties of
the connected nanodimers, the enhancement of the nonlinear
signals via the diﬀerent surface plasmon modes can be wellunderstood. First, despite the lowest volume, the dimer with
the smallest disc diameter (d = 80 nm) has the strongest TPL
signal. This observation is related to the property that its
longitudinal dipolar mode occurs close to the fundamental
excitation wavelength (774 nm), as can be seen from the red
curves in Figure 5a,c. As a consequence of this resonant
excitation, a strong near-ﬁeld enhancement is observed close to
the dimer, in particular at the touching points between the
nanodiscs, when the incident wave is polarized along the long
axis, see Figure 3a. On the contrary, only a weak near-ﬁeld
enhancement is generated when the incident wave is polarized
along the short dimer axis. As the TPL signal is proportional to
the fourth power of the electric ﬁeld at the fundamental
frequency, the eﬃcient excitation of the TPL with the
polarization along the long dimer axis for the small dimer can
be easily understood, see also Figure 4c.
As the disc diameter increases, the longitudinal dipolar mode
shifts to longer wavelengths. Therefore, larger dimers are no
longer resonantly excited by the incident light resulting in a
smaller TPL signal than the one observed from the connected
dimer with disc diameter d = 80 nm. Note that, for these cases,
a stronger near-ﬁeld enhancement is still achieved via an
incident polarization along the long dimer axis than that along
the short axis. This is due to the generation of electromagnetic
hot-spots between the two nanoparticles, close to the nanodisc
touching points as shown in Figure 3a for d = 100, 150, and 175
nm. In these cases, with longitudinal polarization excitation, the
electric ﬁelds in the hot-spots are parallel to the dimer
connections, and the electric ﬁeld can penetrate into the gold
dimers resulting in strong two-photon absorption. On the
contrary, when the incident wave is polarized perpendicular to
the long dimer axis, the local electric ﬁeld is mainly orthogonal
to the nanoparticle surface and the internal ﬁeld is somewhat
reduced by the electron screening limiting the two-photon
absorption. Therefore, despite the particle size diﬀerences, no
“ﬂip” of the TPL polarization-dependence plot is observed, and
the TPL maximum is always achieved with the incident
polarization along the long dimer axis.
Contrary to the TPL signal, the SHG polarization-dependence changes with the disc diameter as conﬁrmed by both the
experimental and simulated results shown in Figures 2 and 3.
To understand this “ﬂip” of the intensity ratio between a and b,
both the plasmon resonance and the polarization of the local
near-ﬁeld at the electromagnetic “hot-spot” should be
considered. For the dimer with disc diameter d = 80 nm,
strong near-ﬁelds at both the fundamental and the SH
frequencies are observed around the dimer, due to the resonant
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Figure 6. Normalized dark-ﬁeld scattering spectra and TPL spectra for (a) monomers with diameters d = 80 nm (dark red) and d = 100 nm (dark
blue) and for (b) connected dimers with disc diameters d = 80 nm (red) and d = 100 nm (blue). The directions of the incident polarization are
indicated by the black arrows in panels b and c. (c) Nonlinear spectra of connected nanodimers with disc diameters d = 80 nm (red) and d = 100 nm
(blue) for diﬀerent incident polarization angles. The incident polarization was rotated from the short axis to the long axis of the dimers via 5 steps.
To demonstrate the spectral changes clearly, the ﬁrst three spectra for the dimer with disc diameter d = 80 nm are ampliﬁed by 10, 10, and 3 times,
respectively. Excitation laser: 774 nm (110 fs, 89 MHz). Polarization: linearly polarized beam. (d) Real part of the x-component of the fundamental
(top panel) and SH (bottom panel) ﬁelds in the vicinity of a connected gold dimer with a disc diameter d = 160 nm. The incident planewave is
polarized along the long dimer axis.

scattering spectra for an incident beam polarized along the
short dimer axis.
Contrary to TPL, SHG does not express itself as a broad
optical feature in the nonlinear spectra, but it corresponds to a
narrow peak observed at the SH wavelength. This wavelength is
directly related to the pump wavelength and does not depend
on the LSPRs supported by the considered nanostructure. As a
consequence, the inﬂuence of the LSPRs on SHG is diﬀerent
from that on TPL. Beyond the well-known enhancement
occurring at the fundamental wavelength, when the incident
wavelength matches that of a LSPR, SHG is also enhanced by
the presence of a plasmonic mode at the emission wavelength,
i.e., the SH wavelength. In other words, at the emission stage,
the scattered SH signal is inﬂuenced only by the mode
distribution at the SH wavelength.71 To take advantage of this
enhancement mechanism, researchers have designed doubly
resonant plasmonic nanostructures, which are resonant at both
the fundamental and SH wavelengths.72−74 However, it is
worth remembering that the parity of the SH modes diﬀers
from that of the fundamental excitation. Indeed, SHG is a
three-photon process (involving two photons at the fundamental frequency and one photon at the SH frequency), and its
selection rules diﬀer from those of the linear response of
plasmonic nanostructures. This diﬀerence is unambiguously
revealed considering the parity of the involved modes. The
near-ﬁeld distribution of the fundamental electric ﬁeld reveals
that an odd (antisymmetric) mode is excited. Indeed, the
vertical (0, y, z) plane is an antisymmetric plane for the
fundamental near-ﬁeld distributions (Figure 6d, top panel).
However, the (0, y, z) plane is a symmetry plane for the SH
electric ﬁeld revealing that the SHG is described using an even
(symmetric) mode (Figure 6d, bottom panel). This diﬀerence
directly derives from the selection rules of SHG, which are
based on its dependence upon centrosymmetry.54 The
connected dimers considered in this work are centrosymmetric,
and a description of the SHG beyond the electric dipole
approximation, i.e., including high order modes, is mandatory
as previously emphasized in the case of spherical nano-

dimers with diﬀerent diameters are compared in Figure 6a,b,
where the dark red and the dark blue lines correspond to
monomers with disc diameters d = 80 and 100 nm, respectively,
and the red and the blue lines represent connected dimers with
disc diameters d = 80 and 100 nm, respectively. For both the
monomers and connected dimers, the TPL spectral maximum
shifts to longer wavelengths as the nanoparticle diameter
increases. This trend is in agreement with the size-dependence
of the LSPR changes shown in Figure 5c. Furthermore, it is
interesting to note that, for the connected dimer excited with
an incident wave polarized parallel to the long dimer axis, the
maxima of the TPL spectra appear at the same wavelength as
the transverse LSPR, as shown in Figure 6b. As further evidence
of this eﬀect, TPL spectra of the nanodimers have been
recorded for diﬀerent incident polarization angles, as shown in
Figure 6c. Except for the magnitude of collected intensities, the
TPL peak positions do not evolve with the incident
polarization. Instead they match the scattering spectra obtained
for an excitation polarized along the short dimer axis. These
observations reveal the loss of coherence occurring in TPL due
to the electron relaxation stage.64 At this stage, the excited
electrons achieve, after subpicosecond thermalization, a thermal
equilibrium of the electronic population.65−68 Subsequently, the
energy is transferred to the cold lattice through electron−
phonon and phonon−phonon couplings. The intermediate
thermal nonequilibrium state of the electrons breaks up the
direct connection between the excitation step and the radiative
decay stage. This is one of the main reasons for losing the
excitation polarization-dependence of the TPL spectra.64 The
other potential cause is the radiative decay process through the
surface plasmon channel. This supplementary channel actually
dominates the generation of photoluminescence from metallic
nanoparticles, due to the eﬃcient radiative decay rate of
resonant plasmons, as reported in several previous studies.13,69,70 For the connected dimers considered in this work,
the transverse dipolar plasmon mode is mainly excited,
explaining the similarity between the TPL spectra and the
17705

DOI: 10.1021/acs.jpcc.6b04850
J. Phys. Chem. C 2016, 120, 17699−17710

Article

The Journal of Physical Chemistry C
objects.75 This is another diﬀerence with TPL, which is
expected to be enhanced by bright plasmonic modes with high
decay rate, as discussed in the previous paragraph. For both
TPL and SHG, the LSPR enhancement at the emission stage is
a key feature, important for the determination of the overall
nonlinear conversion. This observation emphasizes again that
the use of nonlinear optical processes for measuring the
amplitude of electromagnetic hot-spots in plasmonic nanostructures requires signiﬁcant care.

Linear Characterization Setup. Dark-ﬁeld scattering
spectroscopy was used to measure the linear optical properties
of the connected gold dimers and of monomers for
comparison. The sample, placed on an inverted microscope
(Nikon Ti-U), was illuminated from the air side by a halogen
lamp through a dark-ﬁeld condenser (NA 0.8−0.95). The
scattered light coming from the nanostructures was collected
from the glass side by a 20× objective with a numerical aperture
(NA) of 0.5 and sent to a spectrometer (Ocean Optics QE
65000) through a pinhole (200 μm diameter). The measured
intensity curves were background corrected (using intensity
curves measured in an unstructured area of the sample) and
normalized by dividing by the (dark-current corrected) lamp
spectrum.
Nonlinear Optical Setup. The nonlinear optical spectra of
the plasmonic nanostructures were collected using a home-built
confocal optical microscope. The optical path is shown in
Figure S2 in the Supporting Information. A femtosecond laser
generates ultrashort pulses (∼110 fs, 89 MHz, 774 nm) and
was employed to excite the sample. After a line ﬁlter and a gray
ﬁlter, the beam passed through a λ-half wave plate, to be able to
turn the linear polarization freely by 360°. Afterward the beam
was expanded by two telescopes. By using a pinhole within the
second telescope, undesired and scattered light was ﬁltered out
to obtain a homogeneous Gaussian mode. The linearly
polarized light was reﬂected by a nonpolarizing dichroic beam
splitter toward the parabolic mirror. The parabolic mirror
serves both as the focusing element and the emission collector.
In air its NA reaches 0.998.76 Such a high-NA and lowchromatic-aberration mirror enables a high resolution down to
the diﬀraction limit. The emitted optical signal of the
nanoparticles was collected and sent through the beam splitter.
The dichroic beam splitter excludes the light at the fundamental
and higher wavelengths and only transmits the nonlinear
information. After reducing the beam size with a third
telescope, scattered light is excluded by a pinhole, and the
detection wavelength range was selected by a band-pass ﬁlter
(370−650 nm). With a ﬂipping mirror, the beam was either
directed toward the spectrometer (Princeton Instruments) to
obtain spectral information or to an APD (single photon
counting module, COUNT BLUE) for point-by-point imaging.
Once the expected pattern was found, a smaller scanning area
was zoomed into, and the resolution was correspondingly
optimized. The focus was always positioned at the center of the
particle for the monomers; for the connected dimers, it was
positioned at the center of the long axis. Turning the
polarization of the excitation light via a λ-half wave plate in
steps of 20° starting from the short axis of the dimers, spectra
were recorded for each polarization (exposure time: 5 s). The
SHG and TPL signal was extracted from each spectrum by
integration over the wavelength ranges 380−390 and 390−650
nm, respectively. In the polarization-dependence measurements, the resulting intensity values were plotted for each
excitation direction.
Linear Scattering Spectra Simulations. In order to
simulate the dark-ﬁeld experimental conditions, a volumic
Green’s tensor method was used.77 In the model system, the
dimer is located on a substrate of refractive index n = 1.5,
excited by several polarized plane waves coming from the air
side of the interface. The angle of incidence is θ = 63°,
corresponding to the average angle of incidence through the
dark-ﬁeld condenser in the experiment. In order to take into
account the ﬁnite numerical aperture for the collection of light,

■

CONCLUSIONS
In this article, we have shown that the SHG and TPL signals
originating from connected gold nanodimers depend in a
diﬀerent way on the excitation polarization, as a function of the
dimer size. The SH intensity is maximal for an incident beam
polarized along the long dimer axis for the smallest diameters
(d = 80 and 100 nm), while it is maximal for an incident wave
polarized perpendicularly to the long dimer axis for the largest
diameters (d > 115 nm). On the contrary, the strongest TPL
intensity is observed from the smallest dimer (with d = 80 nm),
and for all the nanostructure sizes, the maximum TPL intensity
is always found when an incident wave is polarized along the
long dimer axis. Furthermore, for the connected dimers with
disc diameters d = 80 and 100 nm, the maxima of the TPL
spectra appear at the same wavelength as the transverse LSPR
although they are excited with an incident wave polarized
parallel to the long dimer axis. These intriguing experimental
results, supported by numerical simulations, clearly demonstrate that TPL and SHG do not evolve in the same manner
with the fundamental near-ﬁeld distribution, which is controlled
by the incident polarization angle. Our results clearly point out
that the characterization of electromagnetic hot-spots using
nonlinear optical processes is not straightforward, and that a
competition between diﬀerent contributions from parameters
such as polarization, geometry, and resonance to the enhancement often occurs. These results provide new insights into the
nonlinear optical properties of plasmonic systems, useful for the
development of new applications in nonlinear plasmonics.

■

METHODS
Sample Fabrication. After being cleaned by acetone and
isopropanol in an ultrasonic bath, the substrate (150 μm thick
glass coverslip) was coated with a layer of electron-sensitive
resist polymethylmethacrylate (PMMA) 950K diluted in
methyl-iso-butylketone (MIBK) at 30g/L in a spin-coater
(spinning speed, 3000 rpm; acceleration speed, 4000 rpm/s;
duration, 30 s). The thickness of the resist is expected to be 160
nm, according to the empirical curve of the spinning speed
versus the ﬁlm thickness. After soft baking (convection oven at
170 °C for 3 h), we spin-coated a thin layer of conductive
polymer (Espacer 300Z from Showa Denko Europe) to prevent
charge accumulation during the exposure. Then, the resist was
exposed with the predesigned patterns by the electron beam.
After the conductive polymer was removed in water, the written
patterns were developed via a solution of MIBK (diluted with
isopropanol). In the development, the exposed areas of the
resist were removed. Then, a physical vapor deposition (PVD)
process was used to coat the sample with a 3 nm thick TiO2
layer (for adhesion purposes) and a 50 nm thick Au layer. The
sample was ﬁnally immersed in acetone for more than 3 h to lift
oﬀ the remainder of the resist.
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accurate solutions even at resonant conditions.78 The SH
electric ﬁeld is then deduced from the SH surface currents
using a two-term subtraction method for the evaluation of the
Green functions.41,42 For comparison of the numerical results
with the experimental observations, the SH intensity is
integrated over a hemisphere reproducing the light collection
performed by the parabolic mirror.
The approach used for the evaluation of the TPL signal is
fundamentally diﬀerent owing to its distinct physical origin.
Contrary to SHG, which is a coherent surface process, TPL is a
process involving the excitation of an electron−hole pair by the
absorption of two incident photons, the relaxation of the
excited electron and hole, and the emission of light due to the
recombination of the electron with the hole.28 The TPL
intensity resulting from a pumping beam with a frequency ω1 is
given by62

the scattering spectra are computed by integrating the
asymptotic Poynting vector in a cone of 20° around the
normal to the interface in the glass (see Figure S5 in the
Supporting Information). The contributions of two plane waves
are incoherently summed for each polarization: in direction 1,
the plane wave is incident at θ = 63°, with the incidence plane
being parallel to the dimer long axis; in direction 2, the plane
wave is incident at θ = 63°, with the incidence plane being
perpendicular to the dimer long axis. Hence, for longitudinal
illumination, the in-plane component of the p-polarization of
direction 1 is summed with the s-polarization of direction 2.
The same procedure is also performed for the transversal
illumination, where the s-polarization of direction 1 is summed
with the in-plane component of the p-polarization of direction
2. The geometric parameters used for the computation are
derived from the SEM images of the connected dimers, which
are d = 80 nm with a width at the constriction of 60 nm, d =
100 nm with a width of 65 nm, d = 150 nm with a width of 80
nm, and d = 175 nm with a width at the constriction of 85 nm.
Nonlinear Simulations. To disclose the physical origin of
the TPL and SHG responses and explain the results of the
experiments, numerical simulations were performed with an inhouse SIE code giving accurate results for both the near- and
the far-ﬁeld distributions, even in resonant conditions.78
Dispersive gold dielectric constants are extrapolated from
experimental data.79 The gold dimers are considered to be
embedded in a homogeneous medium to reproduce the
inﬂuence of the substrate on the surface plasmon resonances.
The incident ﬁeld is always described by a plane wave
propagating along the z-axis. The linear response of the gold
dimers is characterized by the backscattering evaluated 50 μm
away from the plasmonic nanostructure. As the ﬁrst step, the
linear scattering spectra and the charge distributions are
simulated using the SIE method to obtain the information on
the local near-ﬁeld strength. This information is then used for
the computation of the SHG and TPL intensities. The
assignment of the plasmonic modes excited at characteristic
spectral positions is shown in Figure S6 in the Supporting
Information, which is in very good agreement with the results
shown in Figure 5.
Two distinct numerical schemes are used for the
computation of the SHG and TPL responses. Let us ﬁrst
describe the SIE method for surface SHG. It is well-known that
SHG is forbidden in the bulk of centrosymmetric media within
the dipolar approximation.80,81 Nevertheless, this symmetry is
broken at the interface between two centrosymmetric media,
and SHG arises from metallic nanostructure surfaces.60,61 SIE
methods only require the discretization of the surfaces of the
metal nanoparticles, exactly where the SHG sources are located,
and are therefore extremely well-suited for an accurate surface
SHG computation.80,81 Here we consider only the component
of the surface tensor χsurf,⊥⊥⊥, where ⊥ denotes the component
normal to the surface, which is known to dominate the surface
response for metallic nanoparticles.60,61 In the present case, the
nonlinear polarization can be written as Psurf,⊥(r, 2ω) =
χsurf,⊥⊥⊥En(r, ω)En(r, ω). The SH surface currents are obtained
solving the SIE formulation taking into account the nonlinear
polarization and enforcing the boundary conditions at the
nanostructure surfaces. As the linear surface currents, the SH
surface currents are expanded on Rao−Wilton−Glisson basis
functions. The expansion coeﬃcients are found applying the
method of moments with Galerkin testing. A Poggio−Miller−
Chang−Harrington−Wu−Tsai formulation is used to ensure

ITPL =

∫ η(ω2)|L2(ω2)| dω2·∭ |E(r , ω1)|4 dV

(1)

where ω2 is the TPL light frequency and η(ω2) is the intrinsic
luminescence yield of gold, which is related to its electronic
band structure. L(ω2) is the local ﬁeld factor at the emission
frequency, which is ﬁxed to 1 in the present work for all the
emission frequencies because we are only interested in the
inﬂuence of the incident polarization on the TPL intensity.
Indeed, this approximation neglects the eﬀect of the surface
plasmon resonance at the emission frequency, but not at the
excitation stage.70 In this framework, the ﬁrst integral does not
depend on the dimer geometry because all the dimers are made
of gold. As a consequence, eq 1 can be rewritten as
ITPL = A TPL

∭ |E(r , ω1)|4 dV

(2)

We remain with the evaluation of the volume integral. All of the
nanostructures considered in this work have the same thickness
(t = 40 nm for the simulations). To compare the TPL intensity
for diﬀerent dimers and incident polarizations, the volume
integral can be reduced to a 2D integration as59,82
ITPL ∝

∬ |E(r , ω1)|4 dx dy

(3)

where the integration is performed inside the nanostructure, in
the symmetry plane (z = 0). Equation 3 is used to compute the
TPL intensity for the diﬀerent dimers and incident polarizations. Contrary to SHG, the TPL intensity is not evaluated in
the far-ﬁeld region, but is indeed proportional to the twophoton absorption cross section of the gold dimers.
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