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Absract: We provide the first observation that hybridizirgraphene with plasmonic
metamaterial results in order of magnitude resoremtancement of its nonlinear optical

properties and enables THz-bandwidth optical switglat near-infrared wavelengths.
OCIS codes. (190.7110) Ultrafast Nonlinear Optics; (160.39M3tamaterials

We present the first experimental demonstratioerdfancement of the graphene’s nonlinear opticggties by
hybridization with a plasmonic metamaterial. Wewhbat nonlinear changes of transmission of a kiygraphene-
metamaterial structure can be resonantly increbyeat least a factor of 20 while retaining an d#sa (~100 fs)
response time. Our approach allows to spectraljine@r and enhance graphene's nonlinearity withbroad
wavelength range and is expected to result in egdins in optical signal processing, where broadbaltrafast
switching is a much desirable property, but alsoiode-locking, noise suppression and pulse shapihgre the
metamaterial design provides extensive control dvefrequency dispersion of graphene nonlinearitie

Graphene, a two dimensional atomic layer of caramms, exhibits unique optical properties that have
attracted enormous research interest in recens:ytrer nonlinear optical response of grapheneiisrasonant in a
broad spectral range from the visible to the irgdawith ultrafast sub-ps response times. Such piiepestablish
graphene as a very attractive candidate for broatliadi-optical modulation and laser mode-lockinglagations.
However, the nonlinear response of graphene is weqliring very high levels of excitation of theder of
GWicnt to engage it. Hybridization of nonlinear agentghwilasmonic metamaterials [1], on the other hamd,
known to boost the nonlinear response due to #id &nhancement provided by the metamaterial resesa[2].
Following this approach we demonstrate an ordenanitude enhancement of graphene’s nonlinear piepe
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Figure 1: (a) He-ion scanning microscope image ofedamaterial array partially covered by graphébeRaman
spectrum of the single-layer graphene.

The metamaterial consisted of complementary nmietalymmetrically-split rings (see Fig. 1a) thahibi
strong resonances in the near infrared. The meggimastructures were fabricated by focused ionnbesailling



through a 65 nm thick gold film evaporated on a b60thick silicon nitride membrane. Single layeagiiene was
grown on polycrystalline copper films by low-pressichemical vapor deposition and was then traredfeon the
metamaterial substrate. The single-layer nature g quality of the graphene was confirmed withnmRa
spectroscopy, where the 2D peak is dominant (sge ). The nonlinear response of the hybrid sinecivas
investigated by single-color non-collinear pumph@spectroscopy, while the intensity of the problse@was 20
times weaker than the intensity of the pump p®senp and probe beams had orthogonal linear patianiza

The graphene-metamaterial structure exhibits a w#rgng nonlinear response in the vicinity of the
metamaterial resonance (1600 nm), which decaysllsapt wavelengths away from the resonance (see2lright
the metamaterial resonance relative changes isrtrigsion reach values as high as 0.8% at modevatp fluence
levels of 30uJ/cnt. In contrast, graphene on a silicon nitride meméraxhibits a much weaker, non-resonant
response which remains constant at levels below%.0ver the measurement wavelength range. Thi0-f
enhancement of the nonlinear response of the baghgne layer results from the strong field enhaece
associated with the metamaterial resonance.
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Figure 2: Non-linear response of the graphene el in the vicinity of the metamaterial resoo@an

Importantly, the nonlinear response of grapheneneafter hybridization with the plasmonic metamiater
retains its ultrafast character. The transientineat changes of transmission of graphene folldvirexponential
dependence with the fast component 100 fs (not resolved in our measurements) atidh mainly to carrier-
carrier intraband scattering and the slow compomentl ps attributed to the carrier-phonon intrabaoattering
and electron-hole interband recombination procesBes dynamics of nonlinear changes of transmissibthe
hybrid graphene-metamaterial structure nearly capdi the ultrafast dynamics of graphene provingttreatransient
nonlinear optical response of graphene metamatisrigbverned by relaxation processes in graphedeisanot
affected by the coupling to the plasmonic resonsince

In summary, we show that metamaterials can enhlay@n order of magnitude the nonlinear respondsacd
graphene without affecting its ultrafast relaxattones. Hybridization with metamaterials also akote spectrally
tailor the nonlinear properties of the compositderial through the resonant features of the metamahtenabling
applications in optical switching, mode-locking amdse shaping.
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