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The field enhancement resulting from the resonant excitation
of plasmonic modes in metallic nanostructures allows to
amplify nonlinear processes such as second harmonic gener-
ation in plasmonic metamaterials. Thus far, nonlinear experi-
ments with metallic nanostructures relied on the resonant
enhancement of the pump light by a plasmonic mode. Here,
we report on second harmonic generation spectroscopy on
plasmonic metamaterials that only exhibit a plasmonic reso-
nance at twice the pump frequency. We also observe in this
case a strong enhancement of the second harmonic generation
signal, even though the driving pump field is not resonantly
enhanced. The experimental data can be explained in terms
of the anharmonic oscillator model and classical symmetry
selection rules applied to nonlinear metamaterials. Our find-
ings pave the way for further optimizations of the nonlinear
response of plasmonic metamaterials.  © 2015 Optical Society
of America

OCIS codes: (160.3918) Metamaterials; (160.4330) Nonlinear optical
materials; (190.2620) Harmonic generation and mixing; (310.6628)
Subwavelength structures, nanostructures.
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Second harmonic generation (SHG), the instantaneous conver-
sion of a strong pump wave into a new wave with twice the
frequency inside a material lacking inversion symmetry, was the
first nonlinear optical process observed [1], roughly one year after
the first demonstration of the laser. In an early study on SHG in
piezoelectric crystals, R. C. Miller found the unexpected result
that even though the second-order polarization coefficients of dif-
ferent crystals vary by several orders of magnitude, the ratio of the
respective nonlinear coefficient and the product of the first-order
susceptibilities of the same material at the pump frequency and
the second-harmonic (SH) frequency is roughly constant [2].
This empirical correlation was subsequently theoretically justified
in the framework of an anharmonic oscillator model and is now
known as Miller’s law [3].
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An interesting consequence of this correlation is an enhance-
ment of the second-order nonlinear susceptibility in the case that
the linear susceptibility exhibits a resonance at either the pump or
the SH frequency [4]. While an enhancement of the second-order
nonlinear susceptibility is, of course, desirable for achieving high
conversion efficiencies, both effects are not commonly used in
bulk materials due to the associated strong absorption of either
the pump or the generated SH light field [5,6].

However, the situation is different for SHG from thin films
and surfaces, as in these cases propagation effects play a minor
role. For instance, a remarkable amount of research has been
carried out on SHG from plasmonic metamaterials, man-made
effective materials consisting of noble metal nanostructures with
tailored localized plasmon modes [7,8]. Here, the resonant exci-
tation of localized plasmon modes gives rise to a concentration of
the incident electromagnetic field in the vicinity of the metal
nanostructures. As a result, the local intensity can exceed the in-
cident intensity by orders of magnitude. Due to this concentra-
tion of the incident field, i.e., the pump field, nonlinear optical
processes like SHG can be strongly enhanced. Based on this
approach, SHG from different plasmonic nanostructures has
been experimentally studied [9-13]. The SHG efficiency of
plasmonic metamaterials can be further improved, e.g., by
adding passive plasmonic elements to a metamaterial [14] or
by optimizing the density of the plasmonic nanostructures in
the metamaterial [15].

Another promising approach is based on a doubly resonant
configuration in which plasmonic nanostructures are employed
that are resonant to both the driving pump field and the SH
signal [16-18]. In this scheme, the plasmonic mode resonant
to the pump field amplifies the nonlinear conversion (see above),
whereas the plasmonic mode resonant to the SHG signal is as-
sumed to efficiently radiate the generated light to the far field.
In contrast to this, SHG spectroscopy on doubly resonant split
ring resonator arrays showed that resonances at the SH frequency
can potentially also act as a loss channel [19].

In all previous experiments on doubly resonant metallic nano-
structures, the nonlinear response has been dominated by the
plasmonic resonance for the pump wave. This makes it difficult
to exactly specify the influence of the plasmonic resonance at the
SH frequency on the dispersion of the SHG efficiency. An earlier
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study on SHG from silver nanoisland films with varying volumes
using a fixed pump frequency indicated that an enhancement due
to a plasmonic resonance at the SH frequency only is achievable
[20]. Effects related to the changes of the plasmon resonance fre-
quency and effects resulting from variations of the silver island
film morphology were, however, not clearly distinguished in that
work, which hampers the interpretation of these data. Moreover,
due to the use of a fixed pump frequency, the dispersion of the
SHG efficiency could not be determined.

In this Letter, we perform SHG spectroscopy on metamaterials
consisting of lithographically defined noncentrosymmetric gold
nanostructures that are solely resonant to the SH frequency in
order to clearly identify the effect of a plasmonic mode at the SH
frequency on the dispersion of the SHG efficiency. We observe a
strong enhancement of the SHG signal at the plasmonic resonance
frequency, even though the incident pump field is not resonantly
enhanced. The dispersion as well as the polarization properties of
the SHG spectra can be explained by the anharmonic oscillator
model [21] and the measured linear extinction spectra in combi-
nation with the classical symmetry selection rules for dipolar SHG.
This finding is a strong indication that the plasmonic mode at the
SH frequency resonantly enhances the second-order nonlinear sus-
ceptibility and hence plays an active role in the SHG process.

For our investigations, we used V-shaped gold nanostructures
with two different arm lengths of 90 and 140 nm, respectively. All
nanostructures have an arm width and height of 40 nm and are
arranged on a 300 nm x 300 nm square lattice with a footprint
of 70 pm x 70 pm. The gold nanostructures were fabricated by
standard electron-beam lithography and lift-off techniques on the
same 0.5 mm thick borosilicate glass substrate covered with a
10 nm thin film of indium-tin oxide (ITO) as a conduction and
adhesion layer. Scanning electron microscope (SEM) micrographs
of both arrays are shown in Fig. 1. We have chosen this type of
nanostructure for our investigation because it is noncentrosym-
metric and hence should render possible dipolar SHG [21].
Furthermore, the linear optical properties of the V-shaped nano-
structures are well understood [14]. They exhibit plasmonic res-
onances at distinct wavelengths for distinct polarizations.

The linear extinction (one minus transmission) spectra of the
nanostructure arrays were measured by recording the transmitted
intensity of the polarized white light delivered by a halogen lamp
through the nanostructure arrays under normal incidence with a
sandwich Si/InGaAs photodiode coupled to a monochromator.
All spectra were normalized to reference spectra taken on the bare
ITO-covered glass substrate.

As the pump light source for SHG spectroscopy, we employed
a double-pass optical parametric generator (OPG) delivering
pulses with a length of 200-300 fs (spectral FWHM: 8—40 nm)
at a 42 MHz repetition rate tunable from 1400 to 1680 nm [22].
The average power of the pump beam was attenuated to 50 mW,
and its linear polarization was controlled by the combination of a
polarizer and an achromatic half-wave plate. The pump light was
focused down to an approximately 30 pm spot diameter under
normal incidence with an ' = 50 mm plano—convex lens, result-
ing in an effective numerical aperture of less than 0.1. The SHG
signal transmitted through the glass substrate was collected with
a similar lens, separated from the residual pump light with a
dichroic mirror, and recorded with a CCD spectrometer for
different pump wavelengths in steps of approximately 10 nm.
Additionally, a removable polarizer could be used to characterize

Vol. 2, No. 8 / August 2015 / Optica 699

the polarization of the SH light. In order to eliminate any parasitic
effects due to changes in the pulse shape and beam divergence
when tuning the OPG, a reliable reference is required. In a refer-
ence arm, accessible via removable mirrors, the p-polarized pump
beam is focused, under the same conditions as in the measure-
ment arm, on the surface of a z-cut quartz plate under 45° inci-
dence. An aperture in front of the collecting lens blocks all SH
light originating from the volume of the quartz plate in order to
record only the surface SHG signal, whose efficiency is, for our
tuning range, wavelength independent [19]. For each pump
wavelength, the spectrally integrated SHG signals from the nano-
structure arrays were referenced to the spectrally integrated SHG
signals from the reference arm. As similar pump power and optics
were used in both arms, the given referenced SHG signals from
the nanostructure arrays can thus be directly compared to
each other.

Before we address the experimental results, we want to discuss
the anticipated polarization properties of the SHG signal. As we
perform the excitation under normal incidence with rather weak
focusing, the polarization component of the pump light in the z
direction can be neglected. Due to the symmetry of the V-shaped
nanostructures, the following five elements of the second-order
nonlinear susceptibility for SHG )(SHG should be nonvanishing

in dipolar approximation [23]: )()SQIC}G = Eﬁc, )(JSECG, ;’};G, and

)(ZHG Here, the indices x, y, and z refer to the Cartesian coor-
dinates (see Fig. 1). For our experimental conditions, the last
element can be discarded, since the corresponding SHG signal
is not emitted in the forward direction. The different tensor
elements can be separated by evaluating the SHG signal as a
function of both the polarization of the pump light and the polari-
zation of the SH light [23].

The dispersion of the individual tensor elements )( G can be
understood in the following way. According to the anharmomc
oscillator model, the second-order nonlinear susceptibility for
SHG ;(SHG can be expressed by the linear susceptibilities y;; at
the frequencies ® and 2w:

§SHG
z_;/e
Xi(2o)y jj(a)))(k/e(w) N2e

Here, m denotes the electron mass and N the electron number
density. The nonlinear restoring force is characterized by 4, [21].
Furthermore, the coordinate system was chosen such that the
linear susceptibility is a diagonal tensor.

Figure 2(a) depicts the measured linear optical extinction spec-
tra of the array of the small V-shaped structures for x and y polari-
zation (black curves). The small Vs exhibit a strong plasmonic
resonance for x-polarized light centered at around 800 nm wave-
length, whereas no resonance for y-polarized light is observable

Qo 0,0)  megay

(1)

Fig. 1. Top-view SEM micrographs of 900 nm x 600 nm sections
from the arrays of the two different-sized V-shaped nanostructures. The
red arrows indicate the distinct linear polarizations used in this Letter.
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within the spectral range relevant for this work (700-1680 nm).
Obviously, the Vs show no plasmonic resonance within the tun-
ing range of the pump source (1400—1680 nm). Thus, according
to Eq. (1), we do not expect an enhancement of the second-order
nonlinear susceptibility for SHG due to a resonant enhancement
of the linear susceptibility at the pump light frequency. In con-
trast, the plasmonic resonance at around an 800 nm wavelength
should lead to an enhancement of the )(JS(,E}[,(’ = )(}S(}I,f(G elements
due to a resonant enhancement of the linear susceptibility at the
SH frequency. To test this expectation, we measured the total
(i.e., polarization-unselective detection) SHG signal as function
of the linear pump polarization direction at a pump wavelength
of 1600 nm [see Fig. 2(b)]. As anticipated, the SHG signal is
strongest for xy- and yx-polarized pump light. The slight asym-
metry is probably related to fabrication imperfections. Figure 2(c)
shows the polarization of the SH light for xy-polarized pump light
at a pump wavelength of 1600 nm. We find that the SHG signal
is clearly polarized along the x axis. This identifies the )()SCSG
element as the dominant contribution to the second-order non-
linearity. By performing SHG spectroscopy with xy-polarized
pump light on the array of small Vs [gray dots in Fig. 2(a)], we
find, as expected, that the SHG efficiency closely follows the
plasmonic resonance centered at around an 800 nm wavelength.
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Fig. 2. (a) Left axis: normal-incidence optical extinction spectra of the
array of small V-shaped plasmonic nanostructures for x- (dashed—dotted
curve) and y- (dashed curve) incident polarization. Right axis: measured
referenced SHG signal (dots) obtained with xy-polarized pump light and
calculated | )(Eg(’ 2 (solid green curve) as a function of the SH wavelength.
(b) Corresponding total SHG signal as a function of the angle of polari-
zation of the linearly polarized incident pump beam and (c) correspond-
ing SHG signal as a function of the linear output polarizer, at a pump
wavelength of 1600 nm. The red vertical lines indicate the fixed linear
polarization of the pump light. All data points in (b) and (c) are normal-
ized to the maximum of each individual measurement [(b) 157x and
(c) 135x SHG signal from the quartz reference] and connected as a guide
to the eye.

The anharmonic oscillator model can be used to calculate the
dispersion of the SHG signal. For this purpose, we assume that
the linear extinction for linear polarized light along the 7 axis can
be written as 1 - 7;(w) ~ 2 3[y,/(w)] and that the linear suscep-
tibility y;;(®) can be modeled with a single harmonic oscillator
[21]. The parameters describing the harmonic oscillator, i.e.,
the resonance frequency, the damping, and the amplitude, and
thus the linear susceptibility y;;(w), are obtained by fitting
a Lorentzian to 3[y;(w)]. Using Eq. (1), we find that
;(?J,I/;IGQw, o, w) « y;;(2w)y ;;(@)y (). For a given polarization
combination ijk, |;(ZSJIZ(’
sponding referenced SHG signal. In the case of the small Vs, the
constant of proportionality is chosen such that the maximum of
the calculated |yHS (2w, @, w)|> matches the maximum of the

XXy

(2w, w, ®)|?* is proportional to the corre-

measured referenced SHG signal [see Fig. 2(a), green curve].
Obviously, the measured dispersion of the SHG signal can be
described well with the anharmonic oscillator model.

The measured linear optical extinction spectra of the array of
the big V-shaped structures for x and y polarization are presented
in Fig. 3(a) (black curves). Compared to the small Vs, the plas-
monic resonance of the big Vs for x-polarized light is shifted to
awavelength of 1100 nm. Additionally, a plasmonic resonance for
y-polarized light appears at a 740 nm wavelength. According to
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Fig. 3. (a) Left axis: normal-incidence optical extinction spectra of the
array of big V-shaped plasmonic nanostructures for x- (dashed—dotted
curve) and y- (dashed curve) incident polarization. Right axis: measured
referenced SHG signal (dots) obtained with x-polarized pump light and
calculated I)(;,g(’ 2 (solid green curve) as a function of the SH wavelength.
(b) Corresponding total SHG signal as a function of the angle of polari-
zation of the linearly polarized incident pump beam and (c) correspond-
ing SHG signal as a function of the linear output polarizer, at a pump
wavelength of 1480 nm. The red vertical lines indicate the fixed linear
polarization of the pump light. All data points in (b) and (c) are normal-
ized to the maximum of each individual measurement [(b) 14763x and
(c) 13405x SHG signal from the quartz reference] and connected as a
guide to the eye.
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Eq. (1), an enhancement of both elements )@SBCG and ;(ySyI}G due to

a plasmonic resonance at the SH frequency for y-polarized light
can be expected. In contrast, no enhancement of the elements
)(}SC,IC}G = )(DSC;ICG is anticipated, since the big Vs have no plasmonic
resonance at either the pump frequency or the SH frequency for
x-polarized light. A measurement of the total SHG signal as a
function of the linear pump polarization direction at a pump
wavelength of 1480 nm [see Fig. 3(b)] yields a strong SHG signal
for x-polarized pump light only. Figure 3(c) shows that the SH
light is linearly polarized in the y direction for a fixed polarization
of the pump light in the x direction and a pump wavelength of
1480 nm. These experiments demonstrate that for the big Vs, the
element )(}S,BCG yields the strongest contribution to the second-
order nonlinearity, whereas the symmetry allowed element y;5¢
does not play a significant role. This finding can be explained by
the influence of the tail of the plasmonic resonance centered at a
1100 nm wavelength, which provides an off-resonant contribu-
tion to the linear susceptibility y,,(w) at the pump frequency.
The SHG spectroscopy data measured with x-polarized pump
light [gray dots in Fig. 3(a)] show that the SHG efficiency closely
follows the plasmonic resonance for y-polarized light. This indi-
cates that the plasmonic resonance at the SH frequency governs
the dispersion of the second-order nonlinear susceptibility.
Finally, we compare the measured SHG signal with the calculated
L1551 1* using the procedure described above. The corresponding
data are shown in Fig. 3(a) (green curve). Again, we find very
good agreement between experimental data and theory.

It is interesting to compare the maxima of the SHG signals of
the two different arrays of Vs. Inspection of Figs. 2(a) and 3(a)
show that the maximum SHG signal of the large Vs is approx-
imately two orders larger than that of the small Vs. This cannot be
explained by only the larger amount of gold, which enters Eq. (1)
via the electron number density /V. Rather, we have to keep in
mind that in the case of the large Vs we have a noticeable off-
resonant contribution of the plasmonic resonance at a wavelength
of 1100 nm to the linear susceptibility at the pump frequency (see
discussion of Fig. 3), while in the case of the small Vs, the second-
order nonlinear susceptibility is only enhanced by a plasmonic
resonance for the SH frequency.

In conclusion, we have demonstrated that the SHG efficiency
of metamaterials can be enhanced, exploiting nanostructures that
solely exhibit a resonance for the SH light. SHG spectroscopy was
used to resolve the influence of a plasmonic resonance at the SH
frequency on the dispersion of the SHG efficiency. Our findings
show that the SHG response of plasmonic metamaterials can be
well understood by the help of the anharmonic oscillator model
and the knowledge of the linear extinction spectra. In this model,
the plasmonic resonance at the SH frequency does not merely act
as a passive element that helps to efficiently radiate the SH light to
the far field but also plays an active role in the SHG process.
Furthermore, our experiments provide a strong indication that

the classical symmetry selection rules for dipolar SHG are valid
for plasmonic nanostructures. We are convinced that our findings
can be used to further optimize the nonlinear response of plas-
monic metamaterials.

Note: We have recently become aware of a related study on the
enhancement of second harmonic emission by plasmonic reso-
nances of aluminum nanoantennas at the second harmonic
wavelength [24].

Funding. Deutsche Forschungsgemeinschaft (DEG)
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