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ABSTRACT: We present here a method for generating second-harmonic beams e
with tailored beam profiles using nonlinear metasurfaces based on split ring o s P =
resonators. By manipulating both the phase and the amplitude of the quadratic \ Lt = A
nonlinear coeflicient locally, at the single inclusion level, the emitted second- /\\";»/"/ v
harmonic wavefront is perfectly controlled. These concepts are demonstrated

experimentally by the far-field generation of second-harmonic Airy and vortex v
beams from nonlinear binary phase computer-generated holograms and the (O
perfect near-field generation of a Hermite—Gauss beam by precise amplitude and ‘\/ n A
phase construction. We believe that these demonstrations open the door to use & y— W

nonlinear metasurfaces for a variety of integrated nonlinear beam shaping devices. Rlry . 96
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he wave function of a physical system is of paramount restricted by the finite number of naturally found nonlinear

importance with respect to the evolution of its parameters optical materials that are in common use.
in time and space and to its interaction with other physical One promising way to surpass the existing toolbox for
systems. In optics, the spatial evolution of the photon wave nonlinear beam shaping and utilize it for compact, integrated
function can be described by the Helmholtz equation. In the optical systems is to harness artificial nonlinear heterostructures
low-light regime its solution gives the spatial photon based on plasmonic metamaterials. These materials commonly
probabilities, or alternatively, e.g., in the beam optics regime, consist of nanometer-size metallic inclusions, also called “meta-
the solution describes the beam shape. The ability to shape atoms” or “meta-molecules”, which are ordered in structured
optical beams, from an intense beam down to the single-photon arrays and collectively define effective bulk optical properties,
level, can be used to control some of their most important e.g,, the index of refraction. The ability to select the chemical
physical parameters, including their2 :)rbital angular momen- composition, geometry, and the spatial arrangement of the
tum, spatial intensity, and evolution.”” This enables us to tailor “meta-atoms” at will has extended the response of metamate-

and control the interaction between light and matter. rials and metasurfaces, some of which now exhibit optical

Therefore, beam-shaping techrlliques are very important z.md behavior beyond what is found in naturally grown materi-

are ‘?Sei (Across many. optlcalA dlsc1phnes,‘ €8 optical als."*"® Such novel properties include magnetism at optical

tweezing, ”” microscopy,”” and optical communications. frequencies and negative refraction, which have been exploited
Most of the beam-shaping techniques rely on linear optical in new functionalities.'

clements such as waveplates, holographic devices, and spatial In the context of quadratic nonlinear optical interactions,

light modulators. However, beam shaping can also be achieved plasmonic metasurfaces were shown to introduce new ways to

by c.ontrs)lhng nonlinear  op t1.ca1 Interactions. Thls_ adds enable and enhance the quadratic nonlinearity. The enhanced
functionality to the beam-shaping process and permits the . - o
quadratic nonlinearities occur due to the combination of a

exploration of interesting new possibilities, e.g, generatlr}% microscopic symmetry break at the surfaces of the metallic

shaped light at new frequencies,”"” all-optical mode control,” . . . . .
ped g W lrequencies, ph ’ inclusions, coupling of generated plasmonic currents to bright
radiating modes, and field confinement associated with

and generation of waveform-entangled states."”
excitation of plasmonic modes. These effects were studied in

Until now, nonlinear beam shaping has mainly used
modulated quadratic nonlinear optical materials such as

d P several theoretical and experimental works using different types
of metallic inclusions including split ring resonators

ferroelectric crystals. These materials are very useful for large-
scale beam-shaping applications. However, they suffer from
pi’8 3PP P (SRRs),”** L-shaped™® and T-shaped™ inclusions, imperfect
25 . . 26
spheres,” noncentrosymmetric T-shaped nanodimers,” and

several major limitations that prevent them, for example, from

being used for small-scale or integrated beam-shaping devices. > >7 o :
nanotriangles.”” In addition it was demonstrated that hybrid

metasurfaces on top of quantum well structures can be used to

First of all, the integration of these materials in various
platforms is challenging."” In addition, only the sign of their ) : f
harness nonlinear quadratic coefficients that are up to 4 orders

local nonlinear coefficient can be modulated,'* and at a limited
resolution,”> so that only the local phase of the nonlinear
interaction can be manipulated and that in a very restricted way. Received: September 17, 2015
Finally the properties of their nonlinear coefficients are Published: December 8, 2015
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of magnitude larger than conventional nonlinear quadratic
materials.”® ™ In addition to enhancement of the local optical
nonlinearity, controlling the macroscopic structure of the
nonlinear metasurfaces’ > can be used to obtain nonlinear
diffraction, all-optical control, beam steering, and strong
nonlinear focusing,

In this study, we experimentally demonstrate nonlinear beam
shaping by exploiting the ability to tailor both the local phase
and the amplitude of the nonlinear coeflicients of plasmonic
metasurfaces in a precise manner. We start by demonstrating
that it is possible to use binary manipulations of the local phase
of the nonlinear signal to encode nonlinear computer-generated
holograms (NL-CGH) in the metasurface. This permits the
generation of the desired beam at the Fourier plane (or optical
far field). This ability is specifically demonstrated by the
nonlinear generation of second-harmonic Airy and vortex
beams. In addition, a more comprehensive method for beam
shaping is presented. By controlling also the local amplitude of
the nonlinear quadratic tensor element, the exact mode of the
beam can be generated right after the metasurface (at the so-
called optical near field). This ability is demonstrated
experimentally by the generation of a first-order Hermite—
Gaussian mode (HGy,).

B BEAM SHAPING BY BINARY PHASE NONLINEAR
METASURFACES

The concept of 2D nonlinear beam shaping by NL-CGH in
poled ferroelectric crystals was introduced by Shapira et al."’
based on the Lee method.”” To encode a desired beam at the
output of the nonlinear process in a metasurface, the
modulation of the sign of the nonlinear coefficient follows

. 27X
){e(é)(x, y) = )((Z)Slgn{COSI:T - o(x, )’)]

" coslmgls, m} 0

where x and y are the spatial coordinates, 7Y is the magnitude
of the bulk quadratic nonlinear coefficient, A is the spatial
carrier frequency modulation period, ¢(x, y) encodes the phase
of the Fourier transform of the desired wavefront, and g(x, )
encodes its amplitude, A, according to the relation A(x, y) =
sin[7zq(x, y)]). For the case of phase encoding only, the binary
modulation in eq 1 can be expanded to a series of harmonic
terms with a first-order term equal to

Eex {+i|:2—ﬂx— (x )]}
7 Py A p\x,y @)

Therefore, the Fourier transform of the modulated nonlinear
coefficient function shows intensity peaks at k, = +27/A with
the desired waveform.

By shining the NL-CGH with a fundamental beam, Egp(x, ),
the generated second-harmonic (SH) field form is proportional
to the quadratic nonlinear coefficient function and the square of
the fundamental field:

Egu(x, y) & 12 (%, y) Egplx, y)* 3)

Assuming an incident plane wave at FF and an infinite size of
the metasurface, the optical near field (of the propagating
waves) will be proportional to )(g%t)(x, ) and the far field will be
proportional to its Fourier transform. The desired beam shape
will then be imposed on the first diffraction orders shown in the

118

far field. The angle of emission (defined with respect to the z
direction in the x—z plane) and the «x direction) to the first
diffraction orders obeys momentum conservation in the
nonlinear interaction and is given by the Raman—Nath
relation:*®

Arr

2A

where Agg is the wavelength of the fundamental frequency.
To use a nonlinear metasurface to construct a binary NL-

CGH, it is necessary to control the sign of the local nonlinear

coefficient. Using SRRs as the nonlinear building blocks of the

metasurface, it is possible to control the sign of the local

nonlinear coefficient by simply inverting the orientation of the
SRR (Figure la and b). This procedure has been employed
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Figure 1. (a) Scanning electron microscope (SEM) image of two gold
SRRs with opposite orientation. (b) Simulation of the SH field
generated by the SRRs shown in (a), 200 nm above the SRRs. Due to
the orientation inversion, each SRR emits SH with an opposite phase
(see also Methods). (c) Ilustration of NL-CGH for beam shaping. An
incident FF beam (red) passes through the metasurface, and SH vortex
beams (green) are emitted from the front and the back. The screen on
the right shows the projected far-field emission pattern of the SH.

previously to demonstrate the concept of metamaterial-based
nonlinear photonic crystals.”* In contrast to conventional
nonlinear materials,'® the beams are generated in both the
forward and backward Fourier planes of the metasurface, as
illustrated in Figure lc, due to the truly 2D nature of the
nonlinear metasurface, which eliminates longitudinal phase
matching effects.

Here we use the method to demonstrate nonlinear beam
shaping by metasurface-based NL-CGH and specifically to
generate Airy’’ and vortex beams.' The Airy waveform is
known for the ballistic trajectory of its intensity peaks as the
wave propa§ates and for its “self-healing” and shape-preserving
properties.*’ By virtue of these special features, Airy beams have
been used for particle manipulation”' and microscopy” among
other applications and have been generated previously by
several methods, including spatial light modulators,*” antenna
arrays,”~* and nonlinear photonic crystals.”

Figure 2a presents the NL-CGH required for generating an
Airy beam at the SH, which according to eq 1 is described by

@) .. 2T 3)
)(SRR51gn[cos(Ax 1y ] )

where ¥ is the averaged nonlinear coefficient over a unit cell
of the metasurface (this value depends on the morphology and
chemical composition of the SRR and on the fundamental
frequency (FF)**) and f. represents a cubic modulation in the
transverse direction, which is the main parameter for defining
the generated Airy beam characteristics. The Airy beams will be

()
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Figure 2. (a) NL-CGH for generation of Airy beams. The black and
white areas have nonlinear coefficients with opposite sign. (b) SEM
image of part of the fabricated metasurface and (c) magnification of
the area showing inversed SRR zones. Scale bars in (b) and (c) are 3
pum. The modulation period of the x-axis is 6.48 um, and the cubic
modulation on the Airy pattern (f.) is 3.16 X 10" [m™]. (d)
Simulation and (e) measurement of far-field second-harmonic Airy
beams at first-order diffractions (k, = +(27/A)). The FF wavelength is
1320 nm. (f) Cross section of the experimentally measured SH Airy
beam (blue), compared with a simulation (green) and with the
calculated Airy function profile (red). The y-axis shows the size of the
beam on the detector.

formed at first-order diffraction lobes of the emission in the
optical far field (Fourier plane). This is shown by the beam
propagation simulation in Figure 2d. Two Airy beams are
formed at the two diffraction orders with opposite shape due to
the opposite sign of the phase for the +1 diffraction terms (eq
2).

Standard e-beam lithography was used to fabricate the
metasurface-based NL-CGH from 30 nm thick gold SRRs on
top of indium tin oxide coated glass (see Methods). Figure 2b
and ¢ show a scanning electron microscope image of part of this
structure, where the zones with inverted ;(5}2 contain SRRs with
opposite orientation. The nonlinear emission was tested in a
setup that was described previously,”” and the measured
Fourier plane of the SH beam is shown in Figure 2e for pump
wavelength 1320 nm. It can be seen that the emitted SH
pattern agrees well with the simulation (see also Figure 2f). The
minor discrepancy originates from subtle misalignment of the
optical setup and from fabrication imperfections, leading to
stretching and appearance of some light at the zeroth-order
diffraction in the experiment.

We also designed an NL-CGH that generates vortex beams.
These are unique beams whose Poynting vector contains an
azimuthal component, resulting in energy flow around a phase
singularity in the center of the beam. As a consequence, the
beam carries angular orbital momentum' and has a ring-shaped
intensity profile. The electric field of a vortex beam can be
written in cylindrical coordinates as E(r¢p,z) = u(rz)e *%™,
where k is the wavevector and [ is an integer that marks the
topological charge and indicates phase fronts, which are I
intertwined helical surfaces. Each of the photons in the vortex
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beam carries an orbital angular momentum, which is equal to
Al Due to their unique properties, these beams were recently
utilized in numerous applications, including optical tweezing’
and multiplexing in optical communications” and for stimulated
emission depletion microscopy.’®

The metasurface-based NL-CGH that we used to generate
the vortex beam can be described by*®

Ie(é) (x, ) = ){s%)zsign[cos(zxﬂx - Z¢)] ©

where ¢ is the angle relative to the y-axis. The NL-CGH with [
= 1 is depicted in Figure 3a, and the simulated and measured

—
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Figure 3. (a) NL-CGH for the generation of vortex beams. (b)
Simulation and (c) measurements of SH vortex beams generated at the
far field. Each of the vortices carries an opposite angular orbital
momentum, of +#. The FF wavelength is 1320 nm.

SH images in the far field are presented in Figure 3b and ¢
respectively, showing the expected ring shape intensity profile
over each of the diffraction orders. Since the opposite
diffraction orders have opposite phases as described in eq 2,
each of the diffracted vortex beams carries an opposite orbital
angular momentum, with the value of +#.

In order to characterize the emitted SH, we conducted
measurements of the dependence of the output beam on the
input power, wavelength, and polarization. Figure 4 presents
the results for the vortex beam. Figure 4a shows a log—log plot
of emitted SH power with respect to the pump power, which
gives a slope of ~1.96 (red line), revealing the expected
quadratic dependence of the process (deviation from slope of 2
is due to background noise). The dependence of the SH power
on the pump polarization is shown in Figure 4b. The maximal
output power is obtained when the input polarization is parallel
to the base of the SRRs, as was shown previously,”’ and
otherwise is decreased proportionally to the fourth power of
the dot product between the polarization of the FF and the
direction of the base of the SRR, according to Egy o 23 (Egpcos
@)* (red line). Additionally, according to eq 4, changing the
wavelength of the fundamental beam affects the diffraction
angle of the beam, and this is shown experimentally in Figure
4c and d. This ability to scan the vortex beam can be used for
active beam tweezing applications.
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Figure 4. SH beam characterization: (a) Log—log plot of SH beam
power vs FF power. (b) SH power dependence on FF polarization
angle (a). FF wavelength in (a) and (b) is 1300 nm. (c) Measured SH
vortex beams for different FF wavelengths show a different diffraction
angle for each FF wavelength, as also presented in (d), where the angle
is plotted to show the Raman—Nath relation (eq 4) to the FF
wavelength.

B BEAM SHAPING BY PHASE AND AMPLITUDE
CONTROL OF THE LOCAL QUADRATIC
COEFFICIENT

As discussed above, one of the most prominent limitations of
conventional quadratic nonlinear materials is that the nonlinear
susceptibility is a given fixed property of the material. The
current state of the art in this context is to impose local sign
changes of 22, e.g, by electric field poling of ferroelectric
domains in crystals. Precise local modifications of the nonlinear
tensors can pave the way for many new possibilities in general
and specifically can facilitate perfect nonlinear beam shaping
that cannot be achieved with conventional materials. In this
section we demonstrate experimentally that such perfect
nonlinear beam shaping can be achieved with nonlinear
metasurface-based beam shapers. For demonstration, we
present a simple, yet important, example of the generation of
a first-order Hermite—Gaussian (HGg;) beam by a simple
metasurface-based binary modulation (also achievable with
conventionally poled ferroelectric crystals), which is compared
to a metasurface with locally varying phase and amplitude that
forms a perfect beam shaper. This simplified demonstration
conveys the idea of perfect mode generation and can be
extended to any arbitrary beam shape.

To generate a second-harmonic HGy,-like beam at the far
field of a binary nonlinear structure, it is possible to shine a
Gaussian beam on a structure with the following nonlinear
tensor:

(2) _ ). a a
X (%, y) = xsign(x) x € [_5’ E] -

where a is the edge length of the metasurface in the x direction.
The SH field in the far field (or Fourier plane) can be expanded
to odd HG modes, with a leading term of HGy,, but will also
contain higher order modes, e.g, HGg;, HGy;, etc. Since the
HG waveforms are eigenmodes of the Helmholtz equation, the
ideal way to generate them is to design the metasurface such
that it will directly emit into the desired mode, i, at the
optical near field of propagating waves. The profile of the
generated nonlinear SH field by a nonlinear metasurface with a
linearly varying quadratic coefficient of the form
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when shined upon with an input FF field with a Gaussian
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profile, Egp(x, y) = Eggg € (wj is the beam waist and
;(,(,%a)x) is the maximal nonlinear coefficient), will be, according to
eq 3, proportional to:
2
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which follows the HGy, profile precisely. The two nonlinear
beam-shaping methods are compared in Figure S5, which

B _..Nearfield  _ Farfield
(i) Epp SH

(1) B ()]
L T
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Figure S. Schemes for the generation of an HG,; SH beam by binary
modulation (top row) and by perfect beam shaping (bottom row). (i)
Effective nonlinear coefficient. (ii) Incident Gaussian beam shape. (iii)
Multiplication of the square of the incident Gaussian beam (ii) and the
modulation in (i), which gives the generated near-field SH shape. (iv)
Corresponding far-field SH.

) x5

represents the 7% fundamental beam profile (Egg), optical
near-field SH profile, and far-field SH profile, in the panels from
left to right, respectively. This demonstrates how the perfect
beam-shaping method produces the desired HG,; mode already
at the optical near field and maintains the shape in the
conjugate plane due to its single-mode nature. In contrast, the
binary method produces an HGy,-like mode only in the far field
and also carries energy in the higher order modes as well.

In order to achieve perfect nonlinear beam shaping in the
described method, it is necessary to achieve spatial control over
the amplitude and sign of the nonlinear coefficient. It was
recently reported that the nonlinear properties of SRRs can be
accurately predicted using a nonlinear scattering model.”” It
was also shown that the local nonlinear coeflicient can be
modified by changing the ratio between the length of the arms
of the SRRs, L,, to the total effective length of the SRRs, L.
The simulated dependence of the nonlinear coefficient
strength, § = 22/ )([(3;2” on the ratio L,/L. is presented in
Figure 6a (see also Methods). Here we use this approach to
design metasurfaces with a spatially varying amplitude of the
nonlinear coefficient, in order to achieve perfect nonlinear
beam shaping of a SH HG, beam, as illustrated in Figure 6b.
By spatially designing the SRRs on the metasurface to have an
arms-length ratio, which correlates with its location on the x-
axis, and by controlling their orientation, it is possible to tailor
the entire metasurface to have a quadratic nonlinear coeflicient
that varies linearly over the x-axis, according to eq 8.

We fabricated two nonlinear beam shaping metasurfaces
according to the mentioned methods and examined their
performance (see Methods). The simulated and experimental
beam-shaping results are shown in Figure 6c. The SH optical
near field is presented both by simulations (top) and
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Figure 6. (a) Nonlinear coefficient strength for varying ratios between
the length of the arms and the effective length of the SRR, as shown in
the inset. (b) Illustration of control of the effective nonlinear
coefficient by change of morphology, from — ¥, to y2. (c)
Simulations (top) and measurements (bottom) of SH intensity out of
HGy, nonlinear beam-shaping metasurfaces. (i) Using binary metasur-
face and (ii) perfect beam-shaping metasurface. The metasurface size is
100 ym X 100 pm, the incident beam has a waist of 50 ym, and its
wavelength is 1100 nm. (iii and iv) Far-field simulations and
measurements for (i) and (ii), respectively.

{c

Simulation

Experiment

measurements (bottom), with the binary modulation method
in part (i) and the perfect beam-shaping method in part (ii).
The binary metasurface shows a Gaussian intensity profile,
whereas the perfect beam-shaping method clearly shows an
HG,, intensity profile (truncated by the edges of the
metasurface). (iii and iv) Results for the far field of the binary
and perfect beam-shaping methods, respectively. In both cases
the intensity profile of the beam takes a beam shape that looks
like an HG,, profile, in both the simulations (top) and
measurements (bottom).

The method for perfect shaping of a nonlinear HGy; beam,
demonstrated here, could also be used for the generation of
many other beam profiles and even extended to arbitrary
nonlinear holography by metasurfaces.

B CONCLUSIONS

In this study, we demonstrate two different methods for
nonlinear beam shaping of second-harmonic beams by SRR-
based plasmonic metasurfaces. First, by creating metasurface-
based NL-CGH we were able to experimentally demonstrate
the generation of Airy and vortex beams at the SH and to all-
optically scan the output angle by changing the pump
wavelength. Additionally we demonstrated perfect beam
shaping by precisely tailoring the local quadratic nonlinear
tensor to emit the desired beam shape already at the optical
near field of the metasurface. In addition to opening the door to
perfect nonlinear beam shaping the presented method can be
extended to metasurface-based nonlinear holography in general,
an achievement not possible with conventional nonlinear
materials. The main drawback of the current work is that the
total conversion efficiency from nonlinear metasurfaces based
on structural nonlinearity is still relatively low. However, with
the recent developments of hybrid metasurfaces with giant
nonlinearities,””*” the results of this work hold great promise
for efficient active nonlinear beam shaping over a wide range of
optical frequencies and using new integrated platforms.
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B METHODS

Modeling Second-Harmonic Generation from SRRs.
The nonlinear interaction in SRRs was studied using a
hydrodynamic model of the free electron in the metal, as was
described before (see for example Ciraci et al.”"*" and
references therein). The model was implemented with finite
element simulation software (COMSOL Multiphysics), which
was used to calculate the SH emission.

The simulation solves the linear polarization that is induced
on the SRR at the fundamental frequency. The second-
harmonic surface current density on the SRR can then be
calculated according to the hydrodynamic model, using the
simulated linear polarization. Subsequently, the second-
harmonic surface current is fed back into a linear simulation
that calculates the nonlinear second-harmonic radiation.

In order to predict the nonlinear coefficient according to the
nonlinear scattering model,”” the overlap integral (OLI)
between the three mixed linear modes is calculated by

OLI = f/ B2 Egyn dS (10)

where Epp, and Egy, are the normal components of linear
modes on the surface of the SRR, for the fundamental and
second-harmonic frequencies, respectively. These values were
also calculated according to numerical simulation using
COMSOL Multiphysics. This method was used to design the
SRRs and calculate the relative nonlinear coefficient shown in
Figure 6a. Optical parameters for gold were taken from
Johnson and Christy."®

Sample Fabrication. The indium tin oxide coated (15—30
nm thick, 70—100(€/sq)) glass substrate was cleaned by
acetone and isopropyl alcohol (IPA). The clean substrate was
spin-coated with PMMA and baked at 180 °C on a hot plate for
1 min. The metasurface structures were written by an electron
beam lithography system (Raith 150) at 10 kV. The patterned
substrate was developed by 1:3 methyl isobutyl ketone/IPA for
1 min, followed by rinsing with IPA. An adhesion layer of 2 nm
of Ti was evaporated followed by 30/35 nm of Au. The sample
was then immersed in acetone for lift-off of the remaining
photoresist. For the binary NL-CGH metasurfaces, the SRRs
typically had sizes of ~180 nm base and arm lengths, S0 nm
widths, and 30 nm heights. For the perfect nonlinear beam-
shaping metasurfaces, the SRRs were 40 nm wide and 35 nm
thick with a constant effective length of 270 nm, and with
varying arm lengths according to the desired relative efficiency.
The spacing between SRRs (resolution) was kept shorter than
the wavelength (typically 270 nm) in order to eliminate linear
grating effects and to stay in the metamaterial regime for both
FF and SH.

Experimental System. A femtosecond optical parametric
oscillator (Chameleon OPO VIS, pulse width ~140 fs,
repetition rate 80 MHz) was used as the FF source of a
wavelength in the range 1100—1500 nm, chosen as relevant for
SHG from the fabricated SRRs, due to a broad SH resonance.
Spectral filters were used to avoid residual SH from the OPO,
and a half-wave plate and polarizer were used to control the
power and polarization of the input FF beam. The beam was
focused on the metasurface with a Gaussian profile and a waist
of ~50 pm with a typical average power of 200 mW. The
emission from the sample was collected with an objective lens
(Mitutoyu NIR X20), filtered spectrally to remove transmitted
FF beam, and directed to an imaging spectrometer with a
cooled back-illuminated EMCCD detector (Andor Shamrock
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303i, Newton 970). The emission was imaged, either in k-space
or real space, directly on the CCD. By measuring a uniform
array of the fabricated SRRs with the same parameters, the
derived value for the quadratic nonlinear coefficient is )(g%{)R =
1.36 [pm/V], with a conversion efficiency of 1.6 X 10™"" under
these conditions.
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