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We prepare arrays of gold nanoparticles that include both noncentrosymmetric particles with a second-

order nonlinear optical response (active particles) and centrosymmetric particles with no second-order

response (passive particles). The plasmon resonances of the active and passive particles are at distinct

wavelengths, yet the passive particles modify the electromagnetic modes of the structure in such a way

that second-harmonic generation from the active particles is enhanced. Our results provide a completely

new concept for optimizing the nonlinear responses of metamaterials.
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The optical properties of metal nanoparticles arise from
their localized surface plasmon resonances, which depend
sensitively on the particle size and shape as well as the
surrounding material [1]. Such particles are often used as
basic units for metamaterials, which can possess optical
properties not encountered in naturally occurring materials
[2,3]. The metamaterials often consist of arrays of identical
particles, where the overall response is determined by the
resonances of the individual particles and their mutual
electromagnetic coupling [4–6]. This provides several
degrees of freedom for the design and fabrication of struc-
tures with enhanced optical responses.

Optical antennas are a specific concept made possible
by properly designed metal nanoparticles [7–11]. They
enable coupling of optical radiation from the near field of
a radiation source to the far field [7,10,12] or vice versa.
Such effects can be interpreted as a modification of the
electromagnetic environment near the source or the re-
ceiver. Passive elements play an important role in the design
of antennas [13,14]. They are used to improve the direc-
tionality or other properties of the antennas, which can also
be interpreted as a further modification in the electromag-
netic structure of space.

In order to have a second-order nonlinear optical response,
the nanostructures need to be noncentrosymmetric. More
specifically, the structure should appear noncentrosymmetric
even at normal incidence, because experiments performed at
oblique angle of incidence provide coupling with the tradi-
tional surface nonlinearity that exists for any material.
Common second-order structures have therefore consisted
of L-shaped or T-shaped particles [15–17] or dimers [18]
and split-ring resonators [15,19,20]. Recent improvements
in sample quality have led to structures that fulfill the polar-
ization selection rules for the second-order response very
well [21,22].

It is now well established that a plasmonic resonance at
the fundamental frequency and its quality are beneficial for

second-harmonic generation (SHG) [15,19,23] and third-
harmonic generation [24,25]. A resonance at the harmonic
frequency, on the other hand, is seen as a loss mechanism
[23], in contrast to how resonant nanoantennas are utilized
to enhance outcoupling from other types of sources [13].
The quality of the resonance also plays an important role in
the nonlinear efficiency [21], which can be tailored through
photonic resonances of the arrays [6,26]. The nonlinear
response also depends on particle density, but attempts to
increase the density of split-ring resonators have led to
broadened plasmon lines, which limits the achievable effi-
ciency [24,27]. It is therefore evident that other types of
approaches need to be considered to enhance the conver-
sion efficiency.
In this Letter, we demonstrate a new concept where

SHG from an array of L-shaped noncentrosymmetric par-
ticles is enhanced by the use of passive elements, which are
centrosymmetric nanobars. The passive elements do not
produce SHG as such, but they modify the plasmon reso-
nances and the local electromagnetic fields of the L parti-
cles in such a way that the SHG efficiency is enhanced.
This occurs in spite of the fact that the plasmon resonances
of the active and passive particles are at very different
wavelengths. By investigating a series of different samples,
we confirm that in the present case the passive particles
affect the plasmon resonances and local fields at the
fundamental frequency. The results can be understood in
terms of the coupling of the active and passive particles
through lattice interaction, and they provide completely
new opportunities for optimizing the nonlinear responses
of metamaterials.
Our samples were fabricated by the standard electron-

beam lithography and lift-off techniques. All sample
designs were fabricated on the same fused silica substrate.
In the vertical direction, the 0.5 mm thick fused silica
substrate was coated with a 3 nm chromium adhesion layer
followed by 20 nm of gold and a 20 nm protective layer of
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silica. In the sample plane, all particles were ordered in
an underlying two-dimensional square lattice with 500 nm
period in x and y directions (Fig. 1). The reference
samples consisted of only L’s in an array of 1000 nm
period [Figs. 1(a) and 1(b)].

The L-shaped SHG-active particles are strongly dichroic
with plasmon resonances at distinct wavelengths for light
polarized along the symmetry axis (y) and orthogonal to
that (x) [28]. For the present work, the particles were
designed to have either x- or y-polarized resonance near
1060 nm, which is the fundamental laser wavelength used
in the SHG experiments. This was achieved by the line-
width of 100 nm and arm length of 175 nm (x resonance)
and 275 nm (y resonance). The passive bars had a 50 nm

linewidth and 300 nm length. The designs and SEM images
of the samples are shown in Fig. 1.
Our SHG-active reference samples consisted of only L

particles in a square array of 1000 nm period [Figs. 1(a)
and 1(b)]. The passive reference samples consisted of only
bars at each lattice point [Fig. 1(c)]. Finally, the samples
combining L’s and bars included the L’s in the original
positions, whereas the bars were placed in the remaining
lattice points and they were oriented either along the x
[Figs. 1(e) and 1(f)] or y direction [Figs. 1(g) and 1(h)].
The linear response of the samples was verified by

measuring their extinction spectra at normal incidence.
A halogen bulb was used as a broadband light source,
which was fiber coupled to the measurement setup. The
light from the fiber output was collimated using a micro-
scope objective and a pinhole in front of the sample was
used to illuminate only the desired sample area. The light
after the sample was focused to a fiber connected to a
spectrometer for recording the spectra. Indeed, two spec-
trometers were used to cover a spectral range from 400 to
1700 nm. The measurements were performed for both
x- and y-polarized light. The results shown in Fig. 2 con-
firm that the small L’s (175L) do have x- and y-polarized
resonances at 1040 and 820 nm, respectively, whereas
these resonances for the large L’s (275L) are at 1670 and
1070 nm. The bars (bar), on the other hand, have longitu-
dinal and transverse plasmon resonances at the 1470 and
555 nm wavelengths, respectively. Note that the reso-
nances of the bars are at very different wavelength than
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FIG. 1 (color online). Designs and SEM pictures of the
samples. (a) Sample 175L, active L’s with 175 nm arm length;
(b) sample 275L, active L’s with 275 nm arm length; (c) sample
bar, passive bars with 300 nm length; (d) the coordinate system
for the samples and scale bar; (e) sample 175L_xbar, active L’s
with 175 nm arm length and passive bars in x orientation;
(f) sample 275L_xbar, active L’s with 275 nm arm length and
passive bars in x orientation; (g) sample 175L_ybar, active L’s
with 175 nm arm length and passive bars in y orientation;
(h) sample 275L_ybar, active L’s with 275 nm arm length and
passive bars in y orientation.

(a) (b)

(c) (d)

(e) (f)

FIG. 2 (color online). Polarized extinction spectra of samples:
(a) 175L and bar, (b) 275L and bar, (c) 175L_xbar, (d) 275L_xbar,
(e) 175L_ybar, and (f) 275L_ybar.
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any of the L resonances and, most importantly, the funda-
mental laser wavelength.

The results for the samples combining the two types of
particles, however, show that the bars modify the reso-
nances of the L’s more than a mere superposition of the
L and bar spectra. In particular, the bars are shown to
enhance the plasmon peak at the laser wavelength by about
a factor of 2 whenever the long axis of the bars is oriented
along the polarization of this resonance. This suggests that
the two types of particles are coupled in spite of the fact
that their resonances occur at different wavelengths. When
the bars are oriented orthogonally to polarization matching
resonance at the laser wavelength, the plasmon peak at the
fundamental wavelength remains almost unchanged.

The SHG measurements were performed using a
Nd:glass laser (1060 nm, 200 fs, 200 mW, 82 MHz) as
the source of fundamental light (Fig. 3). The laser beam
was weakly focused with a 30 cm focal length lens to a spot
size of about 300 �m at the sample, allowing the results to
be analyzed in the plane wave limit. The beam was applied
at normal incidence and its linear polarization was con-
trolled by a calcite Glan polarizer and half-wave plate.
The detected SHG polarization was selected by a Glan
polarizer acting as an analyzer. A visible blocking filter
was placed before the sample to filter out second-harmonic
signal from the polarization optics and an infrared blocking
filter was placed after the sample to block the fundamental
laser beam. The second-order response was obtained by
determining the quadratic dependence of the SHG intensity
on the fundamental input intensity. The SHG was mea-
sured with a photomultiplier tube combined with a photon
counting unit for sensitive light detection.

The symmetry of the sample dictates that the nonvanish-
ing SHG signals correspond to the tensor components yyy
and yxx, where the first letter refers to the polarization
component of SHG light and the two latter letters refer to
the polarization of the fundamental field. The symmetry
also allows the tensor components xxy ¼ xyx, but these
components cannot be addressed individually. We will
therefore focus on the components yyy and yxx, which
are expected to be most strongly affected by the funda-
mental resonance.

The SHG signal levels of the samples are shown in
Fig. 4. The reference samples (175L and 275L) have the
strongest SHG signal for the tensor component for which
the polarization of the fundamental wavelength is resonant

with the particle (yxx for 175L and yyy for 275L). The
SHG from bars was very close to the level of the back-
ground noise, as should be based on their centrosymmetry
and in agreement with them being passive elements.
Combining active L nanoparticles with passive elements

results in enhancement of SHG signals for properly
designed samples (175L_xbar and 275L_ybar). The
enhancement of tensor component yxx is observed for
the sample 175L_xbar, for which the bars are oriented in
the x direction, which is the resonant polarization of the L
particles. Similar behavior is seen in the case of sample
275L_ybar, where the enhanced tensor component is yyy,
which matches the orientation of passive elements with the
y-polarized resonance of active particles. The enhance-
ment for both cases is about a factor of 2 compared to
the respective reference samples (175L and 275L).
The enhancements are closely related to the linear resp-

onse of the samples (Fig. 2), where samples 175L_xbar and
275L_ybar show significant increase in the optical density
at the laser wavelength due to the presence of bars. Such a
result suggests that the enhancement in the SHG response
is related to the modification of the plasmon resonances at
the fundamental wavelength by the passive elements and
the associated local-field distributions. Furthermore, the
SHG signals from samples 175L_ybar and 275L_xbar,
which consist of active and passive elements with bars
oriented in the orthogonal direction compared to samples
175L_xbar and 275L_ybar, are modified very little by the
bars and the modification can be either up or down (Fig. 4).
The results can be explained qualitatively through the

coupled dipole model [29]. In this method, each particle at
position rn in the array is treated as a point electric dipole
with a polarizability tensor �$n. Denote the electric field at
rn by En. The dipole moment is then pn ¼ �0�

$
nEn, where

�0 is the permittivity of the vacuum. The local electric field

LASER

L P HWP

IRF

VISF ASample

LASER PMT

Photon counting

FIG. 3 (color online). Experimental setup for second-harmonic
measurements. L, lens; P, Glan polarizer; HWP, half-wave plate;
VISF, visible blocking filter; IRF, infrared blocking filter;
A, analyzer; PMT, photomultiplier tube.

(a) (b)

FIG. 4 (color online). SHG signals from the samples normal-
ized to the stronger signal of L nanoparticles (yxx for 175L
and yyy for 275L). (a) L’s with 175 nm arm length (175L,
175L_xbar, and 175L_ybar). The signals yyy are much weaker
than yxx (less than 0.01) and thus are not visible on the graph.
(b) L’s with 275 nm arm length (275L, 275L_xbar, and
275L_ybar).
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polarizing the dipole in the array is the superposition of the
incident electric field E0 and the electric field scattered by
the other dipoles in the array, which can be expressed as

Em ¼ E0m þ k2
X

n�m

G
$ðrm; rnÞ�$nEn; (1)

whereG
$ðr; r0Þ ¼ ðIþ k�2rrÞ expðikRÞ=ð4�RÞ is Green’s

tensor, R ¼ jr� r0j, k is the wave number, and m, n run
over all the particles in the sample. We apply this model to
our case of four particles in the unit cell and two distinct
polarizabilities (one for a bar and one for an L). We first
obtain the complex polarizabilities of the L’s and bars
by fitting a Lorentzian to the measured spectra in
Figs. 2(a) and 2(b). The spectra predicted by our model
for 175L_xbar and 275L_xbar are shown in Fig. 5 (see
Supplemental Material [30] for details). These spectra thus
take into account the interactions between the dipoles
through the lattice, and their qualitative agreement with
the experimental spectra is very good. We also calculated
the spectra for the remaining polarizations and samples
(not shown). For all cases, we observed similar agreement.
The differences between the spectral positions in the
experimental and theoretical results are mainly due to the
fact that we used the simplest possible form of Green’s
function, which does not fully account for the substrate and
interfaces of the real sample.

The present results thus exhibit a clear enhancement
of the SHG signals by appropriately oriented passive
elements, but the enhancement factor of 2 is relatively
modest. We emphasize, however, that there is plenty of
room for further optimization of the basic concept. The
enhancement here was achieved by passive elements that
are essentially nonresonant. Larger enhancement can be
expected from resonant elements. In addition, the passive
elements were located far from the active particles.
Optimizing the relative locations of the two types of par-
ticles could further improve the enhancement. Finally, the
present results rely on affecting the plasmon resonances
only at the fundamental wavelength. Additional enhance-
ment can be expected by utilizing elements that enhance
the outcoupling of SHG radiation. However, this will
require careful sample design in order to optimize the

spatial overlap of the plasmonic modes at the fundamental
and SHG wavelengths.
In conclusion, we have shown that the efficiency of SHG

from noncentrosymmetric metal nanoparticles can be
enhanced by adding centrosymmetric passive elements in
the sample design. This novel concept was demonstrated
for the case where the passive elements modify the plas-
mon resonances of the active particles at the fundamental
wavelength. A factor of 2 enhancement was observed,
although the passive elements were nonresonant. We
believe that this basic concept can be further optimized
for simultaneous enhancement of the fundamental and
SHG modes and therefore provides completely new oppor-
tunities for the design on nonlinear metamaterials.
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As described in the main text of our Letter, the response of our particle array is modeled by treating the particles
as electric point dipoles with anisotropic polarizabilities. It was shown that for such a system, the electric field at any
given point is obtained by superposing the incident field with the field scattered by all the other dipoles. This was
expressed by a direct summation, but in practice the summation is more convenient to include in periodic Green’s
function. Say that the periodicities in x- and y-directions are dx and dy as depicted in Fig. S1. A lattice translation

dx

dy

x

y

FIG. S1: Unit cell (sample 275L xbar) containing four particles with two distinct polarizabilities.

vector is defined as tnm = ndxx+mdyy, where n and m are integers. The response of a periodic system can then be
collected into a periodic Green’s function gp:

gp(r, r
′) =

∞∑

n=−∞

∞∑

m=−∞

eikRnm

4πRnm

, (S1)

where Rnm = |r − r′ − tnm| and r, r′ reside within the unit cell. The dyadic Green’s function is given by G
↔

p = (I +
k−2∇∇)gp, similar to the non-periodic case. We also define the function g0(r, r

′) = gp(r, r
′)−exp(ik|r−r′|)/(4π|r−r′|),

which is smooth at r = r′. That is, the field of the representative dipole in the array is excluded in g0. The dyadic

G
↔

0 is also defined as before.
If there are N different types of dipoles in the unit cell at locations rn with polarizability tensors α↔n, where

n = 1, 2, . . . , N , the coupled dipole model used in the Letter can be cast into the form

Em = E0m + k2G
↔

0(rm, rm)α↔mEm + k2
N∑

n=1
n6=m

G
↔

p(rm, rn)α
↔

nEn, (S2)

where m = 1, 2, . . . , N . This linear system of equations may be written as Ax = b, where x consists of the components
of En and b consists of the components of E0n.

In the special case of a simple periodic array of particles of one type only and x polarized field, i.e., N = 1 and
E1 = Ex, we obtain

E = E0 + k2G
↔

0xx(0, 0)αE. (S3)

The matrix A reduces into a scalar and the solution is explicit [1, 2].:

E =
E0

1− k2αG
↔

0xx(0, 0)
. (S4)
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The series in Eq. S1 representations converge as O(1/n) on the plane of the array. Thus for the numerical evaluation,
the Ewald’s method is utilized. This method leads to Gaussian convergence of gp [3]. The differentials in the dyadic
are evaluated with a finite-difference scheme.
The model in Eq. S2 is applied to the case illustrated in Fig. S1, where N = 4 and there are two distinct polariz-

abilities. The unit cell is square, i.e., dx = dy as detailed in the Letter.
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