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Abstract: Localized surface plasmon resonances of indi-
vidual sub-wavelength cavities milled in metallic films can
couple to each other to form a collective behavior. This
coupling leads to a delocalization of the plasmon field at the
film surface and drastically alters both the linear and
nonlinear optical properties of the sample. Inperiodic arrays
of nanocavities, the coupling results in the formation of
propagating surface plasmon polaritons (SPP), eigenmodes
extending across the array. When artificially introducing
dislocations, defects and imperfections, multiple scattering
of these SPP modes can lead to hot-spot formation, intense
and spatially confined fluctuations of the local plasmonic
field within the array. Here, we study the underlying
coupling effects by probing plasmonic modes in well-
defined individual triangular dimer cavities and in arrays of
triangular cavities with and without artificial defects.
Nonlinear confocal spectro-microscopy is employed to map
the second harmonic (SH) radiation from these systems.
Pronounced spatial localization of the SPP field and signif-
icant enhancements of the SH intensity in certain, randomly
distributed hot spots by more than an order of magnitude
are observed from the triangular arrays as compared to a

bare silverfilmby introducing afinite degree of disorder into
the array structure. Hot-spot formation and the resulting
enhancement of the nonlinear efficiency are correlated with
an increase in the lifetime of the localized SPP modes. By
using interferometric SH autocorrelationmeasurements, we
reveal lifetimes of hot-spot resonances in disordered arrays
that are much longer than the few-femtosecond lifetimes of
the localized surface plasmon resonances of individual
nanocavity dimers. This suggests that hot spot lifetime en-
gineering provides a path for manipulating the linear and
nonlinear optical properties of nanosystems by jointly
exploiting coherent couplings and tailored disorder.

Keywords: Babinet’s principle; enhanced lifetime; locali-
zation; surface plasmon polaritons.

1 Introduction

The interaction of light with individual metallic nano-
structures leads to the excitation of localized surface plas-
mon (LSPs) modes, i.e., resonant and collective oscillations
of the conduction electrons in the metal nanoparticle which
are coupled to the surrounding electromagnetic field. Their
resonance frequencies are determined by the geometrical
parameters of the metallic nanostructure and the polariz-
ability of both the metal and the surrounding medium.
These collective charge oscillations cause a large resonant
enhancement of the localfield near theparticle and thisfield
enhancement is proportional to the damping time of the LSP
resonance [1, 2]. Damping of surface plasmons occurs
by emitting radiation or by transforming radiation into
heat [3].

Nanoparticles and nanovoids (cavities) in far-field op-
tics are complementary to each other according to Babinets
principle, yet, their hybridization/coupling is found to be
different [4]. While adjacent nanoparticles are coupled via
their electromagnetic near- and/or far-fields [5], the
coupling between adjacent nanocavities generally relies on
the exchange of propagating surface plasmon polaritons
(SPPs), surface-bound waves at the metal-dielectric
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interface of the thinmetal film that is supporting the cavities
[6]. In larger arrays of nanocavities, the interference of SPPs
that are multiply scattered at the cavities often leads to
localized regions of high SPP field amplitude (“hot-spots”)
in the plane of the metal film [7–12]. This SPP localization
largely alters the linear and in particular also the nonlinear
optical properties, e.g., the generation of second harmonic
(SH) [4, 13], surface enhanced Raman scattering [14], or
photoelectron [15–17] signals from the film. The nonlinear
properties such as SH generation from metallic nano-
structures are well documented and are attributedmainly to
the enhanced EM field due to plasmonic excitations [7, 9,
18–20]. However, less reports exist on the coupling between
plasmonic modes which give rise to enhanced SH genera-
tion and in particular to the lifetimes of coupled SPPmodes.
So far, very little is, in fact, known about the interplay be-
tween SPP localization and lifetime in coupled nanocavity
systems.

Here, we combine confocal SH microscopy and inter-
ferometric frequency-resolved autocorrelation measure-
ments with few-cycle time resolution to directly study the
correlation between SH responses and lifetimes of local-
ized SPP modes in coupled nanocavity systems. We use
these techniques to study three model structures, all
composed of the same sub-unit, an equilateral triangle.
These are: (i) dimers of two triangular cavities, (ii) an or-
dered periodic array of triangular cavities, and (iii) a
similar array with a periodicity that is broken by stitching
errors induced during fabrication. We show that both SH
yield and lifetime are greatly affected by the artificially

introduced disorder in the array. We observe SH yields that
are up to five times higher than those of the dimer array and
SPP field decay times increasing from 2 fs in the dimer array
to up to 13 fs in the disordered array. The demonstrated
correlation between SPP lifetime and SH yield introduces
an interesting new control parameter for tailoring the
nonlinear optical properties of the disordered plasmonic
systems.

2 Materials and methods

2.1 Nonlinear, time-resolved spectro-microscopy

The experimental set-up for the optical characterization is shown
schematically in Figure 1(a) and in more detail in Fig. S1 of the Sup-
plementary material. The nanostructured silver films are illuminated
by dispersion-compensated 6-fs laser pulses derived from a commer-
cial Ti:Sapphire oscillator (Femtolasers Rainbow) operating at a
repetition rate of 82MHzwith a spectrum ranging from650 to 1030nm.
A home-built dispersion-balanced Mach–Zehnder interferometer is
implemented to generate a collinearly propagating pair of pulses with
an electric field EL( t) + EL( t + τ) with variable time delay τ. By using
an all-reflective Cassegrain objective (ARO) with a numerical aperture
NA = 0.5 (Davin Optronics, 5004-000) the pulses are focused onto the
sample at 0° incidence angle onto the silver film without losing the
femtosecond temporal resolution [21]. Careful control of the spatial
and temporal beam profile in the focus is essential in the reported
experiments since the Cassegrain objective needs precise mechanical
alignment to ensure sufficient beam quality. For this, we routinely
characterize the beam profile laser light using light-scattering of
subwavelength nanostructures [21]. In this reference, typical results

Figure 1: (a) Sketch of the confocal second harmonic (SH) microscopy technique. A dispersion-balanced pair of 6-fs-laser pulses with
adjustable time delay τ derived from a Ti:Sapphire oscillator and a Mach–Zehnder interferometer is focused by an all-reflective Cassegrain
focusing objective onto the silver films containing the triangular nanocavities. The generated multiphoton photoluminescence (MPL) and SH
from the samples is collected in reflection geometry by the same objective as a function of sample position and time delay τ and analyzed in a
spectrometer. (b) A prototypical spectrum taken at a position inside the triangular hole pattern. The signal consists of coherent SH and
incoherent MPL emission. The blue line represents the measured spectrum showing the modulated SH emission between the red and black
line and the black line represents the weak, spectrally unmodulated MPL.
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demonstrating an essentially diffraction-limited beam profile with
characteristic Airy rings resulting from the finite beam obscuration of
the Cassegrain objective are presented. The pulse energy was kept at
50 pJ resulting in a peak intensity of 1.5.1012 W/cm2, well below the
damage threshold of the structures but sufficiently high to cause
efficient SHemission. The limited k-spectrumof theARO, ranging from
kmin = asin(0.41.NA) = 11.8° to kmax = asin(NA) = 30°, results in a central
spot with a diameter of 850 nm (full width at half maximum [FWHM])
and an Airy ring pattern that carries a maximum intensity of 6% of the
central spot [21]. The focus diameter is larger than the average distance
between two triangular holes. The polarization of the incident light is
chosen to be parallel along the y-axis, i.e., along the long axis of dimer
pattern and perpendicular to the baseline of the hexagonal pattern.

The nonlinear emission from the sample is detected between 350
and 480 nm in reflection geometry and analyzed in a spectrometer
(SpectraPro-2500i, Acton) attached to a LN2-cooled CCD camera (Spec-
10, Princeton Instruments) while simultaneously raster-scanning the
samples through the laser focus along the x- and y-direction using a 2D
piezo scanner with a step size of 250 nm. Since the nonlinear emission
at the SH rather than the linearly scattered light is detected, the spatial
limit of the confocalmicroscope is improved to approximately 610 nm.
By varying the time delay between the two pulses in the Mach–
Zehnder interferometer with a step size of 200 as between −66 and
+66 fs and by simultaneously detecting the light at the SH, interfero-
metric frequency-resolved autocorrelation (IFRAC) traces at distinct
positions on the samples are obtained. These IFRAC traces plot the
measured nonlinear emission spectrum as a function of the time delay
τ and can be used to directly extract the temporal structure of the local
electric field EL(t) at the fundamental of the laser [22–24].

A characteristic nonlinear emission spectrum induced by such a
pulse pair at a randomly chosen position on the triangular hole
pattern is shown as a blue line in Figure 1(b) at a time delay of
τ = 100 fs. By using a time-delayed pulse pair, an easy and fast
separation between coherent SH and incoherent MPL is accom-
plished [25]: The spectrum consists of a time delay-dependent
component ISH(λ) (area between red and black line) centered around
410 nm that oscillates at Δω = 2π/τ and a delay-independent, non-
oscillating component IMPL(λ) centered around 405 nm (black line).
While the oscillating component can be attributed to a coherent SH

process, the delay-independent component is originating from an
incoherent, multi-photon induced photoluminescence process [25].
In the experiment, we separated both components using a fast
Fourier transformation filtering procedure.

2.2 Sample preparation

Silver films with a thickness of 200 nm were evaporated onto a clean
fused silica glass under high vacuum. Atomic force microscope mea-
surements of a bare silverfilm froma sample using the sameproduction
process revealed a surface roughness of less than 3 nm (peak-to-peak)
[17]. A focused Gallium ion beam source (FEI Helios Nanolab 600i) was
used to mill arrays of equilateral-shaped triangular nanocavities in the
silver film. In the inset of Figure 2(a), a magnified view of a single
triangular nanocavity is displayed. The side length of the triangles of
a = 180 nmwas chosen such that the main resonance – the whispering
gallery mode (WGM) of the nanotriangle – is off-resonance to the
exciting laser spectrum [4]. In Chapter S2 of the Supplementary mate-
rial, a numerical analysis of themain resonance is presented that shows
the mainWGM resonance of the nanocavity for different side lengths of
the equilateral triangle. For a side length of a = 180 nm, the WGM
resonance is found at 1.70 eV and lies well outside the laser spectrum.

In the experiments, we investigate the nonlinear responses of
thin silver films perforatedwith three different types of arrangement of
these triangular cavities: (i) nanocavity dimers, (ii) a periodic, hex-
agonal array of nanotriangles, and (iii) a similar nanoparticle array
with intentionally introduced defects and stitching errors (Figure 2a–
c). All are composed of the same nanotriangular sub-unit. The dimers
consist of pairs of vertically shifted triangle cavities, with the distance
d1 between the pairs being changed from 450 (left) to 300 nm (right) in
steps of nominally 37.5 nm. Adjacent dimer cavities can be considered
as noninteracting since the distance between them is about 2 μmalong
the y-axis and about 1.5 μm along the x-axis [26, 27]. In case of a finite
coupling, we would expect signatures of SPP pulses that are multiply
reflected between the triangles in the SH response of a nanocavity
dimer in Figure 5(b) and (e) at time delays of 2sx, y/cp of 11 and 15 fs,
respectively. Here, sx,y is the distance between the dimer cavities,

Figure 2: (a–c) Scanning electronmicrographs of different triangular hole patternswith a base length of a= 180 nmmilled into a 200 nm thick
Ag film: (a) Dimers with variable inter-triangle separation d1, (b) a hexagonal nanohole array with a lattice constant of d2 = 500 nm, and (c) a
hexagonal nanohole array with the same average lattice constant d3 = d2 but with intentionally introduced lattice defects and stitching errors,
indicated in red. The inset in (a) shows amagnified view of a single triangular nanocavity with a side length of a= 180 nm. The scale bar in each
image is fixed to 5 µm.
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cp ≈ 0.9 ⋅ c0 as the group velocity of the SPPwave [28], and c0 the speed
of light in vacuum.

In Chapter S2 of the Supplementary material, linear transmission
spectra for dimer cavities with different inter-triangular distances are
presented. They show that the inter-triangle coupling results in a
splitting of the transmission into two peaks, one near the WGM reso-
nance of an individual nanotriangle, and a second, collective reso-
nance that is red-shifted from the WGM resonance by up to 130 meV.
The calculations predict that the red-shifted resonance is most pro-
nounced for an interparticle distance of approximately 350 nm. Both
resonances are spectrally well-separated from the exciting laser
spectrum, resulting in a predominantly off-resonant excitation of the
plasmon resonances in the experiments. The second sample is a
hexagonal array of triangular cavities with a lattice constant of
d2 = 500nm (Figure 2b). Here, special carewas put on the homogeneity
resulting in a highly regular hexagonal pattern with total dimensions
of L2 = 6.45 µm × 6.45 µm. The third sample, shown in Figure 2(c), has
the same geometrical parameters as in (b), i.e., d3 = 500 nm, but with
artificial lattice defects and stitching errors, some of them indicated by
the large red ellipse and circles. The dimensions of the array are twice
as large as in Sample 2, i.e., L3 = 12.9 µm × 12.9 µm. Since the lattice
constants, i.e., the inverse of the grating constants of these arrays are
smaller than the center wavelength of the laser pulses, the coupling of
the laser to SPP excitations of the array is weak for normal incidence
illumination. Indeed, the simulated transmission spectrum shown in
Fig. S2(c) of the Supplementary material mainly shows a resonance
around 1.69 eV, higher in energy than the photon energy of the exci-
tation laser. Hence, also the hexagonal arrays are basically off-
resonantly excited in the IFRAC experiments.We shall note, that while
the dimensions of each individual nanoresonator remains constant in
the three samples, the size and the complexity of the arrays increases
from (a) to (c). The idea of choosing these structures and arrangement
is to study a coherent coupling between the cavities and to see the
effect of defects on the coupling between the triangular nanocavities.

3 Results and discussions

The spectrally-integrated, coherent SH emission ISH(x, y) =
∫SSH(x, y, λ)dλ from the three samples is detected as a

function of the position of the laser focus on the sample and
is depicted in Figure 3(a)–(c). In order to ensure the
comparability of the different samples, ISH(x, y) is
normalized to the average SH intensity 〈ISH〉 that is detected
from the silver itself, indicated by the red-dashed box.

3.1 Dimer

In the dimer sample, SH emission from individual nano-
triangle pairs is clearly spatially resolved (see Figure 3(a)).
While recent investigations suggest, that the SH is gener-
ated in the middle of the dimers, the spatial resolution in
the experiment is not sufficient to clarify this [13]. The in-
tensity ratio ISH(x, y)/〈ISH〉 in this map is quite low, only
about a factor of two higher than from the silver film, and

for some of the dimers the signal is similar to that
emanating from the silver itself. Not all the dimers show the
same SH enhancement, though they are composed from
nominally the same sub-unit. The SH enhancement clearly
varies when changing the distance d1 between the triangles
and reaches a maximum at an inter-triangle distance of
350 nm. This distance-dependent variation of the SH signal
is the signature that the cavities are indeed coupled to each
other and that the coupling strength is dependent on the
distance between them [26]. This is supported by the finite
difference time domain (FDTD) simulations shown in S2 of
the Supplementary material, which show a maximum red
shift of the plasmon resonance, and thus an optimum
overlap with the spectrum of the excitation laser, for an
inter-triangle distance of 350 nm. In Chapter S3 of the
Supplementary material, a more detailed investigation of
SH from the dimers is shown which highlights this reso-
nance behavior. Furthermore, we note that the polarization
of the incoming field is along the interaction axis (Y-axis) of
the dimer. At orthogonal polarization, the emanating SH
responses from the structures were barely distinguishable
(not shown). As can be seen in (b), the SH spectrum from a
prototypical dimer (black line) is only slightly red-shifted
to 406 nm compared to the silver background, centered at
403 nm (green line). The frequency-doubled spectrum of
the exciting laser is shown in comparison as a grey-shaded
background.

3.2 Hole array

The map of the SH intensity ratio for the triangular hole
array is shown in Figure 3(c). An intense and spatially only
slightly nonhomogeneous SH response from the array is
observed, with very low intensity ratios of about two to
threemeasured at the boundaries and higher ones of about
six in the middle of the array. Some fluctuations of the SH
intensity across the array are seen.We shall note that while
the array contains the same triangular nanocavities as
Sample 1, the average signal intensity is much higher
compared to the dimer sample, even at the edge of the array
which shows the weakest SH emission. The enhanced SH
response is related to the coupling between several cavities
which tends to delocalize the SPP resonance of the array
across several nanocavities.

In addition to this spatial delocalization of the
nonlinear response, some hot spots show a locally-
enhanced value of ISH/〈ISH〉. For the most intense hot
spot, marked by a black- and red-dotted cross, this in-
tensity ratio reaches 6.5, more than twice as strong as the
most intense SH response of a single dimer structure.
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Typical spectra from the hexagonal array are depicted in
(d). Again, the SH emitted from an arbitrary positionwithin
the array (red line) is red-shifted to 412 nm compared to the
silverfilm (green line) at 401 nm,while themost intense hot
spot is even red-shifted to 415 nm.

3.3 Stitched array

The map of ISH(x, y)/〈ISH〉 for the stitched arrays is shown
in Figure 3(e). The ratio between the local SH intensity and
the average SH intensity reaches a value of 17.5, almost
three times higher than the maximum in the array without
defects in Figure 3(c). This value is also about a factor of
two larger than the spatially-averaged SH signal inside the
stitched array. These random fluctuations of the local SH

response show that hot-spot formation and, thus, local
variations of the surface plasmon field amplitude ESP(r) at
the film surface, is more pronounced than in the ordered
array. To quantify the local variations of ESP(r), we intro-
duce a phenomenological local enhancement factor f(r) by
referencing this localfield to the averagefield amplitude on
the silver film 〈EAg〉. Since the local SH intensity is pro-
portional to the fourth power of the local electric field, an
average local field enhancement factor for the most
dominant hot spot is estimated as:

f(r) = ESP(r)/〈 EAg(r)〉 =
̅̅̅̅̅̅̅̅̅̅
ISH(r)/〈ISH〉4

√
= 2.04 (1)

This field enhancement is about a factor of two lower
than previously reported in similar systems [26]. For the
stitched array, the observed redshift is most pronounced
(see Figure 3(f)). The SH spectrumof a prototypical position

Figure 3: Second harmonic (SH) generation
intensity maps (a, c, d) and prototypical
spectra (b, d, f) of the three investigated
structures: (a–b) a dimer of triangular holes,
(c–d) a hexagonal hole array, and (e–f) a
hexagonal hole array with defects. Left: in
each image, the SH emission intensities are
normalized to the average SH from the
neighboring silver film, taken from the area
marked by the red-dashed box. The black-
and red-dotted cross indicates the most
intense hot spot in each structure. The po-
larization of the incident light is along the
y-axis for all measurements as indicated by
the red arrow in (a). The scale bar of all im-
ages is 5 µm. All experiments are performed
by exciting with 6-fs laser pulses centered at
880 nm. Right: normalized SH spectra from
exemplary positions inside and outside the
nanostructured arrays. The grey background
shows the frequency-doubled spectrum of
the Ti:Sapphire oscillator.
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inside this array is centered around 415 nm (red line),
compared to 401 nm for the silver film (green line). Finally,
the center wavelength of the SH of the most pronounced
hot spot within the stitched array is centered at 425 nm
(black line), more than 20 nm red-shifted compared to the
bare silver film.

Altogether, the red-shifted SH central wavelength for
the hexagonal and especially the stitched hexagonal array
is a strong indicator that the origin of the SH within the
hexagonal array is a far-field dark mode [29] centered
around a fundamental wavelength of 840–850 nm rather
than the fundamental, far-field bright resonance of 750 nm
(1.65 eV) of the hexagonal array, shown in Fig. S2(c) of the
Supplementary material. In S4 of the Supplementary ma-
terial, two-dimensional maps of both the center wave-
length and of the spectral width are shown that show the
observed redshift in more detail.

Beside the increased SH intensities, the hot spot re-
gions in the stitched arrays seem to be spatially more
confined compared the hot spots of the single array. In
order to put this statement on a more stable ground, we
have calculated spatial autocorrelation function Cs, x(Δx)
and Cs, y(Δy) of the most dominant hot spots in each of the
three sample along x and y, indicated by the black- and
red-dotted crosses. These spatial autocorrelation traces are
used to describe the spatial extend of speckle pattern and,
hence, of weakly localized photonic [30, 31] or plasmonic
modes [32, 33] in randomly arranged, scatteringmedia. The
spatial (second-order) autocorrelation function along the
x-axis from xmin to xmax for a fixed position y = constant is
defined as

Cs(Δx, y = const.) = ∫
xmax

xmin
(ISH, b(x) ⋅ ISH, b(x + Δx))dx

/ ∫
xmax

xmin

(ISH, b(x)2)dx (2)

and equivalently along the y-axis. Here, ISH, b(x, y) =
ISH(x, y) − 1

A ∬ ISH(x, y)dxdy is the intensity at the SH,
corrected by the spatially-averaged background around
the hotspot that contains no relevant information [34]. The
spatial autocorrelation traces along both axes are dis-
played in Figure 4(a) for the hot spot in the dimer structure,
in (b) for the hot spot in the single array of the hexagonal
patterns, and in (c) for the stitched array.

The FWHM of the autocorrelation function Cs – named
correlation length lc – can now be taken as a measure for
the spatial extension of the localized plasmon modes. In
other words, spatial correlation in the silver film is lost
when moving the sample by more than one correlation
length lc,x and lc,y along x and y, respectively [35].

As can be seen in Figure 4(a), this correlation length for
the dimer structure is 880 nm along the x-direction,
i.e., perpendicular to the dimer axis. Here, the measure-
ment can be interpreted as a convolution between the
spatial resolution of the SH microscope, indicated by the
green solid line and the extent of themode profile along the
x-axis. Along the y-direction, i.e. parallel to the dimer axis,
the autocorrelation length is 1050 nm, slightly larger than
along the x-direction, due to the extension of the dimer
structure in this direction.

For the single array of hexagonal patterns in (b), lc
increases significantly to 3.2 µm (FWHM) for the x-direction

Figure 4: (a–c) Spatial autocorrelation trace Cs(Δ) along the x- (black) and the y-direction (red) for themost dominant hot spot of each sample,
indicated by the black/red-dotted crosses in Figure 3. The green line represents the spatial resolution of the second harmonic (SH) micro-
scope. For the dimer structure in (a), the spatial autocorrelation length lc,x along the x-axis is smaller than lc,y, reflecting the extension of the
triangular dimer structure along the y-axis. (b) + (c) The measured autocorrelation length increases to 3200 nm for the x-direction and to
3000 nm for the y-direction for the array of hexagonal pattern (b) and decreases again to 1500 nm for both the x- and y-axes for the stitched
array in (c). The trace for the y-axis in (c) is slightly shifted for better visibility.
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and 3.0 µm (FWHM) for the y-direction. Here, the modes
tend to delocalize due to the coupling of neighboring tri-
angles, almost independent for the x- and y-direction. In
(c), the spatial autocorrelation trace for the most dominant
hotspot of Sample 3 is displayed. The trace of Cs for the
y-axis is shifted vertically for better visibility. For this
sample, lc decreases again by an about factor of 2–1.5 µm
(FWHM) for both the x- and the y-direction. Here, lc is only
slightly larger than the diameter of the hexagonal unit cell
2.d3. The smaller correlation length for the stitched array
can be well explained by the defects inside the hexagonal
array that lead to a stronger localization compared to the
single, unstitched array. Evidently, some fluctuations of
the SH yield are also seen on the silver film that is

surrounding the nanocavity arrays. These fluctuations
reflect a finite degree of plasmon localization that results
from multiple scattering of plasmon waves during their
propagation along the interface. Since they are much
weaker than the fluctuations seen within the array, they
have little impact on the main findings discussed above.

Now, for a systemof such spatially confined, enhanced
electric fields, energy transfer from the localized modes to
other modes in their close proximity via an exchange of
propagating surface plasmon polaritons is hindered. The
damping of the local electric fields, therefore, originates
purely from radiative and nonradiative damping, as in the
case of particle plasmons [36]. The damping time – or
dephasing time – T2 of the local electric field in one of these

Figure 5: (a)–(c) Measured and
reconstructed (g)–(i) IFRAC traces IF(λ, t) of
a BBO crystal ((a) + (d)), the most
dominant hot spot in the dimer structure
((b) + (h)) and in the stitched array
((c) + (i)). In addition to coherent SH
emission (straight tilted lines), the traces
in (b) and (c) show weak incoherent MPL
(straight vertical lines) for wavelengths
smaller than 450 nm. (d)–(f) Time
structure of the local electric field
reconstructed from the IFRAC trace of
(d) the BBO crystal, (e) the dimer hot spot
with lifetime of 2 fs, and (f) the stitched
array hot spot with the lifetime of 13 fs.
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strongly spatially localized hot spots should, therefore, be
larger than for a spot inwhich the field can decay due to the
emission of propagating SPP waves [37].

In contrast to incoherent microscopy techniques such
as dark-field or photothermal microscopy, ultrafast SH
microscopy can now give direct access to these lifetimes
[2,38–40]. For this, however, a temporal resolution better
than the few-femtosecond dephasing time of the electric
fields is mandatory.

In order to map the damping of the local electric fields
in the hot spots in the time domain, interferometric
frequency-resolved autocorrelation (IFRAC) microscopy
with a diffraction-limited spatial resolution can be
employed. In the recent past, IFRAC and very familiar
nonlinear interferometric techniques have been commonly
used to determine the time structure of the electric field
emitted from various nanostructures with femtosecond
temporal resolution [22, 24, 41]. Generally, the IFRAC trace
at a fixed position on the sample can be written as

IF(λ, τ) =
⃒⃒⃒⃒
∫ ENL(t, τ) ⋅ e−i2πc0 ⋅t/λCdt

⃒⃒⃒⃒2
(3)

with, ENL as the electric SH field that is emitted from the
sample after excitation with a phase-locked pulse pair
E( t) + E( t + τ) at the fundamental wavelength λC. When
assuming an instantaneous, spectrally-independent SH
process, ENL is simply given by ESH ∝ (E( t) + E( t + τ))2and
the corresponding local electricfield at the fundamental can
in principle be extracted using a commercial frequency-
resolved optical gating (FROG) algorithm [42].

At first, the time structure of the incoming electric field
was characterized by means of a 10 µm thick beta barium
borate (BBO) crystal as a reference. The SH-IFRAC trace is
displayed in Figure 5(a). The IFRAC trace consists of
straight lines that are parallel along thewavelength axis for
zero time delay and that start to tilt for negative and posi-
tive delays [25]. In the spectral domain, the SH emission
covers a range between 340 and 460 nm with a maximum
around 400 nm and a spectral width at full width of half
maximum of Δλ = 52 nm. The laser field EBBO( t) that is
inducing the SH emission in BBO is reconstructed using a
commercial FROG algorithm. It is shown in (d) and its time
structure is similar to that of the bandwidth-limited 6-fs
incident pulse, centered at λC = 800 nm. Slight oscillations
at negative time delays correspond most likely to the
nonzero FROG error during the reconstruction.

To verify the results, the IFRAC trace for the BBO
crystal IF,BBO(λ, τ) was simulated based on the recon-
structed electric field EBBO( t) at the fundamental wave-
length. The result is depicted in Figure 5(g).

Here, no significant differences between the measured
(a) and the simulated (g) IFRAC trace could be found,
demonstrating the reliability of the reconstruction pro-
cedure for the electric field.

This reconstruction is now used to extract the electric
field emitted from two hot spots with high SH intensity in
the dimer structure in Sample 1 (Figure 5(b)) and in the
stitched array in Sample 3 (Figure 5(c)). In the dimer array,
the SH hot spot spectra are very similar to that emitted from
the BBO crystal. The spectrum is centered around 400 nm
and has a width of Δλ = 50 nm. In the stitched array, the SH
spectrum is much narrower (Δλ = 25 nm), and is red-shifted
toward 425 nm.

In the IFRAC traces, coherent SH emission appears in
the form of characteristic interference fringes with
wavelength-dependent fringe period. In contrast, the in-
terferences fringes that are seen for incoherent MPL are
independent of the emission wavelength and appear in the
form of vertical straight lines in the IFRAC traces [25, 43].
MPL contributions are seen at wavelengths between 440
and 460 nm in Figure 5(b and c). Even though they are
weak compared the coherent SH signal, they make the use
of a direct pulse retrieval technique challenging. We,
therefore, used a forward convolution technique to extract
hot spot lifetimes. For this, we assume that the time
structure of the incident laser field, E0(t), that is driving the
SH emissionmatches the one that is reconstructed from the
BBO measurements, E0( t)∝ EBBO( t). We describe the
response of the hot spot mode to the incident field by a
phenomenological linear response function

rHS(t)∝ Θ(t)exp(−iωHSt)exp(−γt).
Here, ωHS is the resonance frequency of the hot spot

and γ = 1/T2 the dephasing rate of the hot spot mode. Θ( t)
denotes the step function. The local field at the array sur-
face that is inducing the SH emission is then given by the
convolution

EHS(t, τ) = ∫E0(t) ⋅ r(t − τ)dτ . (4)

The induced nonlinear emission ENL( t)∝ EHS( t)2 then
enters Eq. (3) that is used for the simulation of the IFRAC
traces.

This leaves two independent parameters, the resonance
frequencyωHS and the dephasing time T2, to reconstruct the
measured IFRAC traces. The reconstructions in Figure
5(h and i) show that this approach works reasonably well,
even though it neglects possible resonant enhancements of
the SH field in the sample. For the dimer hot spot, we find
that the local field at the sample surface that is creating the
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SH decays with a dephasing time of about Τ2 = 2 fs, corre-
sponding to an energy relaxation time T1 = T2/2 of only 1 fs.
This agrees well with the linewidth of the linear trans-
mission shown in Fig. S2(b) of the Supplementary material.
Such short lifetimes have also been reported for similar
types of isolatedmetal nanoparticles [44]. The exact value of
the dephasing time should of course taken with some care
since it ismuch shorter than the pulse duration of 6 fs. In the
IFRAC simulations, we find reasonable agreement between
experiment and simulation for resonance energy of
ℏωHS = 2.2 eV, i.e., the resonance energy of the linear
transmission spectrum. Since the sample is off-resonantly
excited, the results are of course not very sensitive to the
exact value of ωHS and similar experiment-theory match
could be reached for other off-resonant excitation scenarios.

The results for the stitched array are fundamentally
different. Here, the reconstructed field (Figure 3f) reveals
quite clearly the free induction decay of a localized mode
with a much longer dephasing time of T2 = 13 fs. The
resonance now is now red-shifted to 425 nm, in agreement
with the SH spectrum shown in Figure 3. We recall that the
linear spectra in Fig. S2 suggest that also in this case, the
sample is excited at energies below the triangular hole
resonance. We, therefore, suggest that both the distinct
increase in lifetime and the spectral shift of the SH emission
are distinct signatures of plasmon localization due to
multiple scattering of SPP waves within the disordered
triangle array. Together with the clear increase in spatial
autocorrelation length of the SH emissionwhen going from
an individual dimer to a triangle array, this provides strong
experimental evidence for the coupling of the triangles to
SPP modes of the embedding silver film. The significant
increase in local SHharmonic intensity in the stitched array
and the decrease in correlation length upon stitching
suggest that both local field enhancement and mode life-
time of the hot spot modes can be engineered by tailoring
the long-range, micron-scale disorder in the array.

4 Conclusion

In summary, we have investigated experimentally the
spatio-temporal trapping and hot-spot formation of SPP
waves in different triangular nano-holes arrays of silver
using ultrafast second harmonic microscopy. We have
compared the SH local fluctuations of several structures,
with the same triangular cavity sub-unit, and found that
local dislocations and defects can increase the SH response
up to factor of ∼17 compared to a silver film.

A pronounced redshift of the SH spectrum for areas of
high field localization within the hexagonal triangle array,

as compared to that of individual triangle dimers, indicate
that the SH is due to a far-field dark mode of the array. We
attribute the enhanced fields within these hot spots to the
coherent superposition of different randomly scattered
surface plasmon polariton modes off-resonantly excited at
the nanostructured silver film. Measurements of the hot
spot diameters within the samples reveal that the most
dominant hot spot is confined to 500–700 nm, approxi-
mately the inter-triangle distance d3 of the hexagonal
pattern. This conclusion is supported by IFRAC measure-
ments of single hot spots in the dimer structure and the
stitched array that are compared to IFRAC traces from a
thin BBO crystal. From these measurements, the time
structure of the electric field emitted from the hot spot is
reconstructed. While the electric field from the hot spot in
the dimer structure was very similar to the field from the
incoming laser field and could be reproduced by a convo-
lution of the incoming field with a field decay time of
T2 = 2 fs, the time structure significantly changed for the hot
spot in the stitched array. Here, the best agreement be-
tween measured and reconstructed IFRAC trace was found
for a local hot spot electric field with a decay time of
T2 = 13 fs.

Our results show a correlation between the spatial
localization of plasmonic modes in a hot spot and the
enhanced lifetime of the electric field emitted from the hot
spot. They indicate both local field enhancement andmode
lifetimes and, thus, nonlinear optical yield, can be engi-
neered by jointly tailoring coherent couplings and meso-
scopic disorder within plasmonic arrays. In the future, it
will be interesting to further explore this degree of freedom
by probing the spatio-temporal mode localization in spe-
cifically designed plasmonic nanostructures.
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