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Since the seminal paper by Bloembergen and colleagues on
nonlinear optical interactions1, this field has supplied some of
the most important contributions to optics-related science
and applications, including the exceptional ability to generate
coherent light throughout the optical spectrum2–4. Recently, a
new family of nanostructured optical materials, so called
metamaterials, with artificial effective nonlinearities has been
demonstrated5–10. Controlling their nonlinear output has the
potential to open up a whole new area of fundamental research
and lead to the development of efficient, active, integrated
and ultra-compact nonlinear optical devices. Here, we experi-
mentally demonstrate unprecedented control over the non-
linear emission from metamaterials by constructing the first
nonlinear metamaterial-based photonic crystals. We specifi-
cally demonstrate engineered nonlinear diffraction and all-
optical scanning, enabling ultra-wide angular scanning of the
nonlinear output from the metamaterial. We also demonstrate
intense focusing of the nonlinear signal directly from the
metamaterial, resulting in an intensity enhanced by nearly
two orders of magnitude.

Optical metamaterials are a class of nanostructured materials with
engineered optical properties11,12. The macroscopic optical proper-
ties of conventional materials are derived from their chemical com-
position, but in metamaterials these properties are set by the type of
nanometric building blocks being used (their size and shape), and by
their nonlocal arrangement, which is usually also on the nanoscale.
By analogy to natural materials, these building blocks are sometimes
referred to as meta-atoms or meta-molecules. In recent years there
have been many inspiring demonstrations utilizing nanostructured
metamaterials to create new forms of linear optical response that
cannot be achieved with natural bulk materials11–19.

In addition to their unique linear response, several groups have
demonstrated second harmonic generation (SHG) from nanostruc-
tured metallo-dielectric metamaterials with an engineered quadratic
nonlinear response5–10. The ability of metallic nanostructures to
provide extreme local field enhancements20 suggests the possibility
of enhancing the collective nonlinear phenomena in these materials
to a level that is orders of magnitude larger than those of natural
nonlinear materials10. However, in order to achieve this goal there
is still a need to fully understand the underlying physics10,21 and
to find new methods to control the nonlinear interaction. One
promising way to obtain nonlocal control and enhancement of
the nonlinear signal is to borrow concepts from the mature theory
of nonlinear photonic crystals (NLPCs).

In NLPCs, the quadratic nonlinear coefficient χ(2) is modulated
in one-, two- or three-dimensional periodic or quasiperiodic
patterns, which affect the nonlinear generation process22. In
addition to generating an efficient nonlinear signal, they can be
used to prevent walk-off of the interacting beams and enable the
adjustment of other aspects of the interaction such as the direction

of the generated beams23 and their spatial shape24,25. Moreover,
NLPCs can be used for active devices26 and the efficient generation
of entangled photon pairs27.

Merging the power of NLPCs to control nonlinear interactions
with the potential of metamaterials for artificial optical
manipulation opens the door to new fundamental research and
new possibilities to control nonlinear interactions in metamaterials,
as shown in this Letter. It can also be used to achieve efficient quasi-
phase-matched nonlinear interactions, which can increase the total
conversion efficiency by orders of magnitude (Supplementary
Section IV) in order to develop nonlinear metamaterials that are
viable for device applications.

The nonlinear metamaterial we have used to create nonlinear
metamaterial-based photonic crystals (NLMPCs) was built from
tightly packed split-ring resonators (SRRs). SRRs were chosen
because, in addition to their magnetism at optical frequencies
(enabling materials with negative permeability14), they exhibit
enhanced quadratic nonlinearity with respect to other types of
nanoresonators (rods, T-bars and so on)5,6,8. The local nonlinear
effect in metallic nanoresonators was shown to originate mainly
from the lack of inversion symmetry at the surface of the particles8.
In SRRs, which are also noncentrosymmeric in shape, the exciting
field and generated nonlinear surface currents couple with the
bright plasmonic modes of the SRRs28, leading to efficient excitation
and far-field nonlinear radiation.

The fundamental mechanism behind the construction of the
SRR-based NLMPCs relies on utilizing the geometry of the SRRs
to set the phase of the locally generated second harmonic (SH) at
the level of each SRR meta-atom with respect to the phase of the
fundamental harmonic (FH) (Fig. 1). For an FH beam polarized
along the base of the SRR, the generated SH currents are mostly
cross-polarized with respect to the polarization of the incident FH
beam and are asymmetric with respect to the base of the SRR
(Fig. 1b). A mirror inversion of the SRR with respect to its base
will therefore have a minimal effect on the FH beam but will
induce π phase shifts on the SH currents and the locally generated
SH radiation (Fig. 1d and Supplementary Fig. 1). To construct a
one-dimensional periodic NLMPC, the orientation of the SRRs is
inverted with a period Λ, which leads to periodic inversion of the
effective χ(2) (Fig. 1a). This resembles the fundamental mechanisms
for the construction of conventional NLPCs4,22,23, where the
inversion of χ(2) is used to impose π phase shifts on the locally
generated radiation.

Figure 1c,d shows the simulated (see Methods) near-field
radiation pattern of the FH and SH for the case of uniform SRR
arrays and NLMPCs, respectively. The near-field patterns of the
FH are uniform in both cases, whereas the near-field patterns of
the SH are uniform for the case of uniform arrays and have the
desired π phase shift for the NLMPC. This leads to the simulated
far-field emission patterns shown in Fig. 1e,f, respectively (and
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illustrated in Fig. 1a), demonstrating that the SH emission can be
controlled and directed by the NLMPC.

The direction of the nonlinear radiation is determined by the
nonlocal properties of the NLMPC. Due to the short interaction
length of the beams in the studied NLMPCs, the nonlinear diffrac-
tion of the SH is in the Raman–Nath regime29,30. Accordingly, only
the parallel momentum in the interaction has to be conserved up
to a reciprocal lattice vector (RLV), KΛ , of the NLMPC
(Supplementary Section II). This can be used to calculate the non-
linear Raman–Nath diffraction angle. For normal incidence and a
one-dimensional periodic NLMPC this is given by

sin θSH =mλ1/2Λ (1)

where m is an integer, λ1 is the FH wavelength, and Λ is the modu-
lation period of the NLMPC.

We fabricated different types of uniform and modulated gold
SRR arrays using standard electron beam lithography (see

Methods). Their nonlinear emission was experimentally tested
and analysed (see Methods and Supplementary Section III).
Figure 2b,c shows the imaged k-space of the SH emission from a
one-dimensional periodic NLMPC (Fig. 2b) and a uniform array
(Fig. 2c). With the NLMPC we observe the predicted nonlinear
diffraction. In both cases the transmitted FH beam was not
shifted by the sample (kx = 0). The dependence of SH power on
FH power was found to be quadratic (Fig. 2d), with an effective
nonlinear coefficient slightly below that of LiNbO3 (see Methods).

To emphasize the notion of diffraction from nonlinear photonic
crystals we also examined the diffraction from two-dimensional per-
iodic and quasi-periodic NLMPCs. The nonlinear diffraction images
(Fig. 3) show the symmetry of the reciprocal lattices, which exhibit
six-fold, four-fold and ten-fold symmetries for a triangular lattice,
square lattice and quasi-periodic Penrose lattice, respectively.

One way to modify the SH emission angle from the NLMPCs
(without affecting the FH beam, as shown in Fig. 1a) is by changing
the size of the NLMPC unit cell (Λ in equation (1)), which alters
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Figure 1 | Manipulating the direction of nonlinear emission by NLMPCs. a, Illustration of an NLMPC with one-dimensional modulation of χ(2) (Λ is the
modulation period and p is the SRR period). b, Calculated FH surface currents and generated SH currents. Black arrows mark polarization of the FH beam,
the average polarization of the SH currents and emitted radiation. Colour scale shows the near-field radiation 100 nm from the SRRs (same colour key as in
c and d). c,d, Simulated near field of the FH and emitted SH for uniform arrays (c) and for the NLMPC (λFH = 1,300 nm, p = 400 nm and Λ= 2,400 nm) (d).
Note that the phase of the SH emission from the NLMPC is flipped due to the inverted SRRs, while the FH radiation maintains a constant phase
(Supplementary Figs 1 and 2). e,f, Far-field SH emission from uniform array and NLMPC, respectively. SH emission patterns are not symmetric with respect
to the vertical meridian due to emission to different media (air on the right and glass on the left).
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Figure 2 | Experimental demonstration of nonlinear diffraction from an NLMPC. a, Scanning electron microscope image of an NLMPC with Λ= 1,620 nm.
b,c, k-Space images of emitted forward SH from an NLMPC showing nonlinear diffraction (b) and from a uniform array, which emits collinear SH (c). A ‘hot’
colour scale is used. d, Measurement of emitted SH power with respect to FH incident power, showing a quadratic dependence.
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the RLVs (∝ 2π/Λ). To test this approach we fabricated four
one-dimensional NLMPCs with a different number of SRRs in
their unit cell, and measured their emission angles. Figure 4a pre-
sents the experimental results (red circles), as well as a theoretical
fit to nonlinear Raman–Nath diffraction (dashed line) that supports
the measurements. Another way to control the nonlinear emission
angle is to fix the RLV and change the FH wavelength (equation (1)).
In this way, all-optical beam steering can be achieved, which can
be used for active scanning devices26. The wavelength-dependent
nonlinear diffraction angle from the different NLMPCs is
shown in Fig. 4c, and active all-optical scanning is shown in
Supplementary Movie 1.

The exceptional ability of NLMPCs to control the direction of the
nonlinear emission can also be used to focus the nonlinear emission
directly from the NLMPC, and in this way can lead to huge intensity
improvements of the nonlinear signal, even from two-dimensional
NLMPCs. To show this we designed an NLMPC that acts as a
nonlinear binary-phase Fresnel zone plate (FZP) (see Methods).

Adjacent zones of the NLMPC-based FZP consist of SRRs with
mirror inversion symmetry (Fig. 5a), and generate SH with opposite
phase. The focus of the nonlinear lens was set to be 1 mm away from
the sample. The diameter of the SH at the focus was 7 µm and its
intensity was 73-fold higher than the intensity of the generated
SH at the surface (Fig. 5b–e). This agrees reasonably well with
simulation results, which predict an intensity enhancement of
about 150-fold. The difference can be attributed to the fact that
the exciting FH field was Gaussian instead of flat (as in the
simulation). It is important to note that although the SH emission
is strongly modified by the lens, the direction of the FH beam is
unaffected. In addition, the SH radiation patterns involve strongly
focused and defocused forward and backward emission
(Supplementary Fig. 14), which can be used for various nonlinear
illumination schemes.

In conclusion, this work merges the field of metamaterials with
the field of nonlinear photonic crystals and provides the first
experimental demonstration of NLMPCs. This enables the use of

a c e

b d

810 nm 810 nm

36°6°6°6°36°36°°36°3

f

1.9 µm

Figure 3 | Nonlinear diffraction from two-dimensional NLMPCs. a–f, Nonlinear diffraction images (a,c,e) and respective scanning electron microscope
images (b,d,f) of periodic triangular (a,b), square (c,d) and Penrose quasiperiodic (e,f) NLMPCs. Arrows and markings have been added to clarify the
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Figure 4 | Experimental manipulation of the direction of SH radiation and all-optical scanning. a, Emission angle of SH at λ = 600 nm from NLPMCs
with four different RLVs (number of SRRs in a unit cell = 6, 8, 12, 24; Λ = 1.62 µm, 2.16 μm, 3.24 μm and 6.48 μm, respectively). Red circles mark the
measurements, and the dashed line is the calculated nonlinear Raman–Nath diffraction angle (equation (1)). b, k-space images of nonlinear emission from the
samples. Each panel corresponds to a different red data point in a. From top to bottom, the number of SRRs in a unit cell = 6, 8, 12 and 24, respectively, and
Λ = 1.62 μm, 2.16 μm, 3.24 μm and 6.48 μm, respectively. c, All-optical shifting of the emission angle of the SH from NLMPCs with different RLVs (see also
Supplementary Movie 1). The roll-off of the emission angle for KΛ= 3.86 μm−1 is due to emission to angles larger than the numerical aperture of our
collection objective (NA= 0.4). The blue dashed lines were calculated according to equation (1).
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concepts from the mature field of NLPCs to achieve unprecedented
control over nonlinear interactions in metamaterials. We specifically
show how to direct the nonlinear signal from NLMPCs by manip-
ulating their RLVs, as well as how to control the emission angle
all-optically. In addition, by designing an NLMPC-based ultrathin
(30 nm) nonlinear FZP, we have achieved an enhancement of the
SH intensity of almost two orders of magnitude without the need
for an external lens. In light of the difficulty to integrate convention-
al quadratic nonlinear materials into micrometre- and nanoscale
devices31, the concepts demonstrated in this work potentially
provide a wide range of opportunities for the creation of integrated,
ultracompact, nonlinear optical devices such as frequency conver-
ters, all-optical switches, scanners and optical amplifiers with poten-
tially unique control schemes32. These can also be combined with
photonic and plasmonic waveguides for the construction of
advanced active photonic circuitry. Moreover, this work provides
a major step towards engineering efficient, active, three-dimensional
nonlinear optical metamaterials. We believe that the merging of the
two fields will also highlight additional exciting fundamental
research directions, such as studies of nonlinear emission from
hyperbolic NLMPCs and transformation optics of NLMPCs.

Methods
Modelling SHG from SRRs and NLMPCs. To study the nonlinear radiation from
the SRRs we used a hydrodynamic model of the free electron dynamics that has been
described previously by several groups (see the work by Ciraci et al.8 and refs
therein). We incorporated the model into a finite-element numerical simulation
(using COMSOL Multiphysics), which solves the linear induced polarization in the
SRRs. The hydrodynamic model enabled the use of the linear polarization to
calculate a nonlinear surface current density at the SH, J2ω . Subsequently, J2ω can be
fed back to a linear simulation that calculates the SH radiation. See also
Supplementary Section I.

Sample fabrication. An indium tin oxide-coated glass substrate was cleaned by
sonication in acetone and isopropyl alcohol (IPA) for periods of 5 min each, and
dried using a dry N2 stream. The clean substrate was spin-coated with polymethyl
methacrylate, followed by baking at 180 °C on a hotplate for 1 min. The lens and
arrays were written by an electron-beam lithography system (Raith 150) at 20 kV.
The patterned substrate was developed by immersing in MIBK/IPA 1:3 for 1 min,
followed by rinsing with IPA for 20 s and drying under a dry N2 stream.
An adhesion layer of 2 nm Ti was evaporated, followed by 30 nm Au. The remaining
resist was lifted off in acetone and dried under a dry N2 stream. The SRRs had
typically base and arm lengths of ∼180 nm, widths of 50 nm and heights of 30 nm.
The distance between SRRs was kept shorter than the wavelength (typically 270 nm)
to eliminate linear grating effects and to remain in the metamaterial regime11,12 for
both FH and SH.

Experimental set-up and measurement of SH signal. A femtosecond optical
parametric oscillator (Chameleon OPO VIS, pulse width of ∼140 fs, repetition rate

of 80 MHz) was used for the FH source. The FH was filtered spectrally to avoid
residual SH from the OPO, and its power and polarization were controlled by a half-
wave plate and a polarizer (Supplementary Fig. 4). Emission from the sample was
collected with an objective lens (Mitutoyu NIR ×20), filtered spectrally, and directed
to an imaging spectrometer with a cooled back-illuminated electron multiplying
charge coupled device (EMCCD) detector (Andor Shamrock 303i, Newton 970).
The in-plane k-space or real space of the emission was either imaged directly on the
CCD or analysed spectrally to verify that the emission was from the SH
(Supplementary Fig. 5). The emitted SH beams were verified to emerge only from
the fabricated SRR sample and were cross-polarized with respect to the FH beam
(the FH beam was polarized along the SRR base). The measured conversion
efficiency (PSH/PFH) was ∼5.4 × 10−10 for an average pump power of 150 mW, in
agreement with previous reports on emission from uniform SRR arrays5,8. This
corresponds to an effective nonlinear coefficient of deff = 18 pm V−1, which is
slightly below the d33 = 27 pm V−1 of LiNbO3.

Construction of nonlinear binary-phase FZP and measurements of its focusing
effect. The binary-phase FZP was composed of zones with external radii rn that had
mirror inversed SRRs, as shown in Fig. 5a. Adjacent zones therefore had alternating
effective χ(2) and the SH emission from adjacent zones had opposite phases. The
radius of the nth ring was calculated according to rn = √(nλf + (nλf / 2)2), with λ set
for an SH wavelength of 600 nm and f set to 1 mm. The total diameter of the
produced lens was 115 µm.

To measure the focusing of the SH emission we recorded the SH at different
image planes between Z = 0 and Z = 2 mm in steps of 50 µm. From these calibrated
images of the SH, the data shown in Fig. 5b–e were extracted.

The focusing effect of the nonlinear FZP was simulated (Fig. 5c,d) using a beam
propagation technique in which the generated SH at the surface was considered to have
constant amplitude all over the sample and opposite phase from the adjacent rings.
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