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Abstract: The enhanced electric field at plasmonic reso-
nances in nanoscale antennas can lead to efficient har-
monic generation, especially when the plasmonic geom-
etry is asymmetric on either inter-particle or intra-particle
levels. The planarArchimedeannanospiral offers a unique
geometrical asymmetry for second-harmonic generation
(SHG) because the SHG results neither from arranging
centrosymmetric nanoparticles in asymmetric groupings,
nor from non-centrosymmetric nanoparticles that retain
a local axis of symmetry. Here, we report forward SHG
from planar arrays of Archimedean nanospirals using 15 fs
pulses from a Ti:sapphire oscillator tuned to 800 nm
wavelength. The measured harmonic-generation efficien-
cies are 2.6·10−9, 8·10−9 and 1.3·10−8 for left-handed circu-
lar, linear, and right-handed circular polarizations, respec-
tively. The uncoated nanospirals are stable under average
power loading of asmuch as 300 µWper nanoparticle. The
nanospirals also exhibit selective conversion between po-
larization states. These experiments show that the intrin-
sic asymmetry of the nanospirals results in a highly effi-
cient, two-dimensional harmonic generator that can be in-
corporated into metasurface optics.
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The second-order susceptibility governs a host of
important nonlinear optical phenomena, including fre-
quency mixing, sum-frequency and harmonic genera-
tion, and optical rectification. In crystalline and molec-
ular materials, second-order nonlinearities are non-
vanishing only at surfaces or in materials with a non-
centrosymmetric crystal structure; moreover, the efficient
generation of a second-order nonlinear effect requires
that the fundamental incident and the nonlinear outgoing
waves be phase matched through a macroscopic volume
of material, typically on the order of cubic millimeters [1].

Plasmonic nanostructures and nanostructure arrays
also exhibit second-order nonlinearities, and can gen-
erate forward second harmonics if their geometries are
not centrosymmetric. Such structures are inherently pla-
nar, and therefore compatible with thin-film optical and
optoelectronic technologies and with metasurface optics.
With advances in nanofabrication, the symmetry of the
structures can be exquisitely controlled at the level of a
few nanometers [2]. Combining these effects with ultra-
fast, high-intensity laser pulses yields massive electric-
field enhancements and correspondingly greater second-
harmonic yield. The localized surface plasmon resonance
enhances efficiency and can be designed by selecting
the nanoparticle shape for a given wavelength; selec-
tive polarization response can also be designed into the
nanoparticle. A number of asymmetric plasmonic geome-
tries have been used for harmonic generation, including
L- and V-shaped nanoparticles, nanocups, and asymmet-
ric trimers [3–7]. Larger plasmonic structures—such as the
ratchet wheel—have also been shown to affect the polar-
ization of harmonic emission [8–12].

However, even though metallic nanostructures can
generate significant second-order nonlinear response per
volume, the nanostructure unit volume is incredibly
small [13]. High efficiency is therefore also crucial in or-
der to generate reasonable numbers of photons in non-
linear processes without melting or damaging the nanos-
tructures. A periodic arrangement of centrosymmetric
nanoparticles offers one route to enhanced nonlinear sig-
nals [14]. Creating non-centrosymmetric systems of par-
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ticles with a center of inversion symmetry yields even
greater harmonic conversion efficiencies [15]. The need for
efficient nanostructured harmonic generators then drives
the search for new plasmonic geometries with higher har-
monic generation efficiencies in spite of low material vol-
umes.

In this study, we describe the second-order nonlinear
response from arrays of planar 4π Archimedean nanospi-
rals with sub-wavelength dimensions. The Archimedean
nanospiral commends itself as a frequency-conversion
architecture due to its unique asymmetry and two-
dimensional chiral response. Previous experiments and
simulations have shown that this geometry has a spec-
trally complex response in the visible to the near-infrared
region and spatially differentiated near-field configura-
tions, as well as selectively enhanced optical response
to the polarization states of incident light [16, 17]. These
characteristics make the nanospiral a strong candidate for
nonlinear optical applications where a broadband plas-
monic element is necessary. Unlike plasmonic structures
with globally broken symmetry created by modifying or
arranging nanoparticles with some inherent local symme-
try, [3, 4, 7, 14] the nanospiral has no local axis of sym-
metry at all so that the nanospiral can generate second-
harmonic light from any polarization state. This inherent
lackof symmetry thereforemakes thenanospiral anattrac-
tive candidate for nonlinear metasurface elements.

Figure 1(a) shows the experimental arrangement in
which SHG signals from nanospiral arrays were mea-
sured. The illumination source for these experiments was
a Ti:sapphire oscillator (KM Labs Cascade) with an out-
put spectrum centered at 800 nm. The oscillator beamwas
directed through a 128-pixel, double-mask, spatial light
modulator (SLM, Biophotonics Solutions) that uses multi-
photon intrapulse interference phase scanning (MIIPS) to
compress the 50 fs oscillator pulse to a transform-limited
duration of 15 fs [18, 19] The laser pulse was focused on to
the nanospiral array using a lens with a numerical aper-
ture of 0.35 to create a focal spot size of 10 µm diameter.
The maximum energy per pulse was 0.33 pJ at a repeti-
tion rate of 82 MHz and was varied using a half-wave plate
and linear polarizer combination. After passing through
the nanospiral array, the fundamental (800 nm) was fil-
tered out of the signal using a short-pass filter centered at
625 nmand a band-pass filter centered at 400nm. The SHG
signal produced by the nanospirals was detected using a
solid-state photomultiplier tube (Hamamatsu, RU-9880U-
110) in connection with a photon-counting system (Stan-
ford Research Systems).

The nanospirals used in these experiments were cre-
ated using electron-beam lithography in a Raith eLINE

Figure 1: a) Experimental setup used for SHG detection. QWP – quar-
ter wave plate. LP – linear polarizer. HWP – half-wave plate. BPF –
band pass filter. SPF – short pass filter. SLM – spatial light modu-
lator. b) Power dependence of SHG signal on incident power with
linear polarization. Blue line – second order polynomial curve fit.
Upper left inset – PEEM image of nanospirals excited simultane-
ously with a 800 nm ultrafast source and a broadband CW lamp
exhibiting the focusing mode of the nanospirals. Lower right inset –
SEM image of the nanospiral.

scanning electron microscope. All experiments demon-
strated here used 4π rotation nanospirals ordered in
10 × 10 µm arrays on ITO-covered glass substrates. The
Archimedean nanospiral is described by the equation, r =
αθwhere α is a constant that determines the rate of expan-
sion of the spiral. These particular spirals were designed
such that the spacing between each subsequent arm is
equal to the others. The inter-particle spacing was 610 nm
with a maximum nanoparticle diameter of 395 nm and a
thickness of 40 nm.

Figure 1(b) shows the measured second-harmonic
conversion efficiency from the nanospiral array (red trian-
gles) as a function of the incident laser power at 800 nm
with linear polarization. The data are fit to a second-order
polynomial computed inMatlab® (continuous blue curve)
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with an R2 value of 0.9911. Extensive computer simula-
tions of the spectral distribution of near-fieldmodes of the
nanospiral show that the dominant spatial configuration
of the plasmon near 800 nm wavelength is the focusing
mode, in which the near-field electromagnetic energy is
concentrated in the center of the nanospiral [16, 17]. In
order to see if indeed the focusing mode is the dominant
source of the SHG signal, the nanospirals were observed
under a photo-emission electron microscope (PEEM). The
top left inset of Figure 1(b) shows an intensity map of
photo-emitted electrons from nanospirals excited simul-
taneously with a white light neon lamp and an 800 nm
ultra-fast laser pulse with a measured duration of order
50 fs. The white-light source reveals the overall contours
of the nanospiral while the ultra-fast pulse creates intense
areas of emission that correspond to the electric field in-
tensity generated in the plasmon near field. Since PEEM
is a two-photon process that depends on the electric field
of the plasmon in the same way as SHG, this verifies that
most of the observed SHG signal is coming from the cen-
ter of the nanospiral. This makes the focusing mode ideal
for harmonic generation, since second-order nonlinear
phenomena depend superlinearly on the strength of the
electric field. The focusing mode of the nanospiral pro-
vides the spatial concentration of optical energy neces-
sary for efficient conversion to the outgoing second har-
monic. The structure of this near-field state also provides
a polarization-sensitive template for quasi-chiral proper-
ties that are described later in this study.

The SHGmeasurementswere not reproducible at pow-
ers greater than 280 µW per nanoparticle because laser
heating deformed the nanospirals, causing them to lose
their asymmetric geometry; the shape of the deformations
that occurred due to melting can be seen in the Supple-
mentary information, Figure S1. Up until the point of de-
formation, the second-harmonic beam from the nanospi-
rals showed no sign of saturation due to nonlinear down-
conversion processes. After deformation, the nanoparti-
cles exhibit neither second-harmonic response nor the
other properties of the nanospirals. If the nanospirals
were coated in a protective silicon layer as shown in ref-
erences [3] and [7], the power threshold could almost cer-
tainly be increased beyond an incident power of 280 µW
per nanoparticle in order to create even higher harmonic-
generation efficiencies.

Figure 2(a) shows that the SHG signal is modulated in
angle as the axis of linear polarization is rotated with re-
spect to the nanospiral axis. This change in signal corre-
sponds to the changes in the computed near-field electric-
field strengths in the center of the nanospiral shown in
Figure 2(b–e). The maximum SHG signal occurs along the

Figure 2: a) SHG response to the axis of a linearly polarized exci-
tation. 0 degrees corresponds to the line drawn between the be-
ginning and end of the spiral (orange arrow). Maximum SHG signal
occurs at 30 degrees (red arrow). Minimum SHG signal occurs at 120
degrees (black arrow). b–e) FDTD simulations of the electric-field
strength for four different linear polarization excitation states. SHG:
Second-harmonic generation

30–210° axis where the peak electric field amplitude of the
plasmon is the strongest; the field strength is distributed
largely within the interior of the spiral and follows the ro-
tation of the spiral arm through π radians [Figure 2(d)]. The
maximum field strength is higher than for other orienta-
tions, and the dipoles excited near the center are spatially
coherent. Other orientations of the linear polarization vec-
tor correspond to decreasing SHG conversion efficiency
due to a dissipation of the strong focusing mode along the
exterior regions of the spiral. The electron concentrations
are spread out well away from the center, and also create
incoherent multipolar resonances throughout the spiral.
The second-harmonic radiation produced by these phys-
ically separate resonances destructively interferes with it-
self as expected fromSHGproducedby a spatially symmet-
ric set of electronic dipole resonators [14]. These symmetry
effects are evident from brighter edges of the spiral in the
simulations.

The second-harmonic response to circular polariza-
tions, however, more clearly illustrates the effects of intra-
particle resonances on the electric field strengths and
consequently, the SHG efficiency. The polarization depen-
dence of the SHG intensity in Figure 3 shows that for right-
handed circular polarization—rotating from the outside
of the spiral to the inside—there is a larger enhancement
than that observed with linear polarization. When excited
with left-handed circularly polarized light, the nanospi-
rals show a significantly reduced second-order response.
The maximum and minimum SHG signals differ by a fac-
tor 4, which occurs for an eccentricity of 0.66, where ec-
centricity is defined as the ratio of minor to major axis of
the ellipse traced out by the polarization vector. This de-
pendence on eccentricity arises because the nanospiral is
not perfectly circular. The second-harmonic conversion ef-
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Figure 3: SHG response to eccentricity and handedness of circular
polarization. Horizontal axis corresponds to the two linear-polarized
states shown by the purple and orange lines. The vertical axis corre-
sponds to completely circular polarizations. SHG: Second-harmonic
generation

ficiency — given by I(2ω)/I(ω) — is thus a maximum for
right-circular polarized light and has the value 1.3·10−8.

The nonlinear polarizability that is responsible for
second-order phenomenon can be written in this case
as P(2ω) = 2ϵ0de� [E(ω)]2, where de� is the effective
second-order susceptibility (normalized to the measured
efficiency) and E(ω) is the fundamental pump field. Us-
ing a driven Lorentz oscillator model appropriate for elec-
trons in gold, we find that de� ranges from 15.3 pm/V for
RCP excitation to 3 pm/V for LCP excitation. These values
are comparable to the de� measured for tilted gold hemi-
spherical nanoparticles[7]. Even though the nanospiral ex-
tinction varies as a function of the incident polarization
state, there is nevertheless a finite SHG response to all po-
larizations. This novel property of the nanospiral is a con-
sequence of the absence of any local axis of symmetry.

The polarization response of the second-harmonic
emission is consistent with FDTD simulations that have
been performed with this plasmonic geometry in previous
work[16, 17]. SimulationsusingLumerical Solutions® soft-
ware show three unique near-field structures in the plas-
mon resonances that occur at spectrally distinct points in
the optical and near-infrared bands, and have been desig-
nated as standing wave, hourglass, and focusing modes.
At a wavelength of 800 nm, the focusing mode is excited,
concentrating the near-field intensity in the center of the
spiral to create a single region of high-electric field[16].

Right-handed circularly polarized light assists this elec-
tron concentration by driving the electrons from the outer
regions of the nanoparticle towards the center. This, in
turn, generates increased electric-field amplitude and con-
sequently, a larger SHG signal. Left-handed circular polar-
ization causes the opposite effect by driving the electrons
away from the center of the spiral.

Three-dimensional chiral geometries exhibit strong
responses to polarization and a geometry that cannot be
superimposed upon itself as discussed, for example, in
Refs [21, 22]. The existence of two-dimensional chiral-
ity in plasmonic structures has sometimes been debated,
because even thin nanostructures—such as the nanospi-
rals in our experiment, which have an aspect ratio of or-
der 16—are not rigorously planar. Nevertheless, quasi-two-
dimensional plasmonicnanostructureswith chiral bound-
ary conditions in only two dimensions have been shown to
rotate linearly polarized light and to convert one polariza-
tion state to another [23–25]. This property can be identi-
fied as one—albeit only one—characteristic of a chiral sys-
tem.

We now show that the second harmonic generated
by Archimedean nanospirals reveals the complex inter-
play among polarization states that is the hallmark of this
quasi-chiral response. The conversion between linear and
circular polarizations was investigated by placing a sec-
ond quarter-wave plate and linear polarizer in the path of
the SHG emission. Figures 4(a–c) show the polarization
profiles for three types of incident polarization using only
a linear polarizer as an analyzer. The dipolar pattern in
Figure 4(a) shows that when the nanospirals are illumi-
nated by linearly polarized light, the SHG emission is lin-
early polarized along the same axis as the exciting funda-
mental beam. This is not surprising, because the localized
dipolar plasmon resonance responds to all polarizations.
When the fundamental beam is right-circularly polarized,
as in Figure 4(b), the SHG emission is still linearly polar-
ized, but the SHG axis of polarization is pinned on the axis
135 degrees from horizontal. Lastly, a fundamental beam
with left-handed circular polarization, Figure 4(c), does
not produce linearly polarized SHG emission at all.

However, the left-handed circular polarization exper-
iment in Figure 4(c) only shows that the emitted light is
not linearly polarized; this result could have occurred ei-
ther because the SHG was circularly polarized or because
it was essentially depolarized. To resolve this question, a
quarter-wave plate was inserted between the nanospirals
and the linear analyzer, which would have converted any
circularly polarized light to the linearly polarized state.
Since no axis of linear polarization was evident in the
analyzed SHG signal, it was clear that left-handed circu-

Brought to you by | Vanderbilt University
Authenticated

Download Date | 8/6/15 5:16 PM



112 | Roderick B. Davidson II et al.

Figure 4: Polar plots as a function of linear analyzer angle placed af-
ter the nanoparticles in a-c) for a linear polarizer. d) Used a quarter-
wave plate before the linear analyzer. These measurements were
fitted to a first-order Fourier function to determine the polarization
state of the emitted light. a) Shows that linearly polarized incident
light creates linearly polarized harmonic light that was coaxial with
the fundamental. b) Shows that right-handed circularly polarized
incident light creates linearly polarized harmonic light with a rota-
tion of the polarization axis by 45 degrees. Shows that left-handed
circularly polarized light creates harmonic light with no dominant
axis of polarization. d) Shows that the measurements taken in c)
was a superposition of all polarizations. SHG: Second-harmonic
generation

larly polarized light incident on the nanospirals creates
depolarized second-harmonic light. While the signal is
lower than SHG from linear or RCP light, it is only a fac-
tor of 4 lower than the maximum signal observed from the
nanospirals.

This behavior seems to be reproduced by the focus-
ing mode simulations shown in Figure 5. When the po-
larization is driving the electrons towards the center of
the nanospiral as shown in Figure 5(a), the strength of
the electric field is enhanced. The surface-charge density
of the plasmon must be ordered if it is to maintain the
constructively interfering,multipolar resonance condition
that will prevent second-order light from destructively in-
terfering with itself.

Figure 5: a) FDTD simulations of the focusing mode of the nanospiral
using a right-handed circularly polarized excitation (b) and left-
handed circularly polarized ligh

When the polarization is driving the electrons away
from the center of the nanospiral, on the other hand, a dis-
ordered plasmon resonance is created that is simulated in
Figure 5(b). Depolarization in plasmon emission has been
observed in simple nanoparticle geometries having res-
onances that overlap spectrally and spatially; the coher-
ent emission from sub-wavelength structures may exhibit
partial depolarization in various directions depending on
the relative phases of the light [26, 27]. The near-field
structure of the LCP excitation in the nanospiral shows
regions of high-electric field enhancement that are spa-
tially spread out over larger parts of the nanospiral than
in either RCP or linear excitation. This structure contains
enough smaller resonances with randomly oriented prop-
agation directions that the resulting SHG emission is com-
pletely depolarized. While the polarization conversion ob-
served in nanospirals differs from the polarization rotation
that has been demonstrated in other plasmonic geome-
tries [23–25], the conversion between linear, circular, and
depolarized light is evidence of the complex interplay be-
tween the second-order response and the near-field struc-
ture of the plasmon resonance.

In summary, the Archimedean nanospiral is shown
here to produce second-harmonic emission at intensities
sufficient for nanotechnology devices. The capacity to
modulate the intensity of the SHG by altering the polar-
ization state of the emission, and with efficiencies as large
as 1.3·10−8 at 280 µW incident power per nanoparticle, the
nanospiral is a competitive architecture for all-optical con-
trol applications. The nonlinear response to the handed-
ness of circular polarization also reveals the relation be-
tween the complex boundary conditions imposed by the
spiral shape of the nanoparticle and the plasmon reso-
nance.

Planar frequency-conversion structures are an essen-
tial element of plasmonic circuitry [28]. By creating more
efficient SHG structures that need not satisfy any phase-
matching conditions, and by using localized surface plas-
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mon (LSP) resonances to further enhance efficiency, we
have shown that the nanospiral is potentially significant
addition to plasmonic technology. The complex plasmonic
resonance structure inherent in the nanospiral, and its
complex, but selectable, polarization response, bring ad-
ditional dimensions to the search for efficient nonlinear
plasmonic light sources.
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