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Bistable and Self-Tunable Negative-Index Metamaterial at Optical Frequencies
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We introduce a metamaterial design composed of square plasmonic loops loaded by Kerr nonlinearities
that combines enhanced nonlinear response with strong artificial magnetism, ensuring a negative
refractive index with bistable and self-tunable response. We verify with full-wave simulations that
positive-to-negative switching of refractive index may be obtained with moderate loss. The design of a
finite-size metamaterial prism is also presented, supporting at the same frequency, and for the same light
intensity, positive or inverted Snell refraction as a function of its previous excitation history.
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After their first realization at microwave frequencies [1],
negative-index metamaterials [2] have been at the center
of significant interest in the physics and engineering com-
munities, due to their exotic electromagnetic properties
and their fascinating applications. Since then, significant
efforts have been spent to realize low-loss negative-index
of refraction at optical frequencies [3], as some of the most
intriguing applications of these artificial materials, in par-
ticular subwavelength imaging [4] and cloaking [5], may
revolutionize current technology when reliably realized in
the visible range. Since negative refraction of light from a
planar interface may be obtained using photonic crystals
[6], “true” negative index of refraction and its anomalous
properties are obtained in a composite material by inducing
local negative effective permittivity and permeability in the
same frequency window [2]. This requires that the meta-
material granularity is significantly smaller than the wave-
length, and that loss mechanisms are moderate. Although
negative permittivity is naturally available in the visible
range using plasmonic materials [7], the optical magnetism
of natural materials is very weak [8] and artificial magnetic
effects based on circulating conduction currents, success-
fully employed at lower frequencies, saturate above THz
frequencies [9]. Alternative routes to optical artificial mag-
netism involve the use of plasmonic composite materials,
often accompanied by severe loss effects and an inclusion
size not necessarily small compared to the wavelength
[10]. In this context, Alu and Engheta have shown that
a loop of plasmonic nanoparticles may produce strong
magnetic response at optical frequencies, possibly accom-
panied by negative effective permittivity in the same
frequency range [11]. This geometry has been shown to
provide a viable way towards negative index optical meta-
materials with moderate losses, since loops with even
numbers of nanoparticles inherently cancel unwanted
quadrupolar radiation from the inclusions, at the basis of
significant loss effects in other geometries. For simplicity
of analysis, in [11] the nanoloop consisted of plasmonic
metal spheres, but other geometries may provide superior
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performance in terms of robustness to loss and bandwidth
of operation [12].

In the following, we consider a variation of this nano-
loop geometry that may realize not only low-loss negative
index of refraction, but also add strong nonlinear, self-
tunable response with bistable properties. Tunable and
nonlinear properties are currently one of the most exciting
areas of metamaterial research [13], since they may add a
large degree of control and flexibility to the exotic proper-
ties of metamaterials. Various metamaterial geometries
with nonlinear response have been investigated at micro-
wave and optical frequencies [14], and tunable magnetic
response using nonlinearities has been explored at micro-
wave and THz frequencies [15]. Here, we combine the
strong electric and magnetic resonance response of the
nanoloop geometry with the nonlinear properties of Kerr
optical materials to realize bistable and self-tunable
positive-to-negative index of refraction in the visible.
Since the typical size of metamaterial inclusions and the
naturally available nonlinear effects of optical materials
are both inherently limited, available negative-index meta-
material geometries may not be able to provide sufficient
nonlinear response within reasonable levels of optical
intensity to produce these effects. For this reason, we
introduce here a novel plasmonic inclusion, depicted in
Fig. 1(a), that may drastically enhance the nonlinear opti-
cal response, and at the same time improve the robustness
of the nanoloop geometry. The structure is composed of a
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FIG. 1 (color online). (a) Geometry of interest: a square-loop
loaded by nonlinear optical materials and (b) its equivalent
nanocircuit model.
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metal square parallelepiped with side w and thickness 7 cut
across the diagonals with two narrow slits of width g,
loaded by a material with relative permittivity &; in its
linear regime. The plasmonic square-loop is embedded in a
glass host medium with relative permittivity g, = 2.25.
Also this geometry can support a circulating displacement
current, but, superior to the nanoloop geometry [11], the
presence of elongated tiny gaps introduces large and con-
trollable capacitance values

wt
C= SLSO\/—Tg, (1)

which may resonate in series with the inductance of
the plasmonic segments, consistent with its equivalent
nanocircuit [16] model in Fig. 1(b). As a result, a strong
circulating displacement current may sustain the magnetic
resonance of this inclusion, weakly dependent on its over-
all size, but instead based on its plasmonic properties [11].
This is shown in the inset of Fig. 2(a), where the electric
field distribution at the magnetic resonance of this
loop (at frequency f, = 470 THz) is reported for plane
wave excitation with magnetic field polarized along
the axis of the loop and w = 100 nm, 7= 35 nm,
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FIG. 2 (color online). Calculated (a) electric field enhance-
ment at the gap and (b) maximum magnetic far field for an
individual inclusion, varying the loading permittivity &;. The
inset shows the electric field distribution in the square-loop plane
at its magnetic resonance.

a= 110 nm, » =50 nm, g = 5 nm, and &; = 2. In our
simulations, we have considered silver for the square-loop
material, modeled with a Drude-type permittivity

o, with w,/2m = 2175 THz,
v/2ar = 4.35 THz, and &, = 5 [17], taking into account
the frequency dispersion and absorption at optical frequen-
cies. Further details of our numerical approach are pro-
vided in [18].

A strong circulating displacement current sustains the
artificial magnetism of this geometry. The square-loop
provides significant advantages over a loop of nanospheres
[11], especially for smaller values of g, i.e., for thin gaps:
(a) the presence of tiny elongated gaps ensures a uniform
and strongly amplified electric field, which may drastically
enhance the tunability of the resonance frequency and the
nonlinear effects of a Kerr material used as load, consistent
with the nanocircuit model of Fig. 1(b), in which the gap
capacitances are assumed to be variable; (b) the increased
capacitance (1) provided by this specific geometry ensures
decreased Q factor of the magnetic resonance, which may
provide enhanced robustness to the inherent loss in the
metal and increased bandwidth of operation; and (c) the
linear dependence of C on the loading permittivity ensures
large tunability of its magnetic properties.

Figures 2(a) and 2(b) show the simulated electric field
enhancement factor at the gap and the maximum magnetic
far-field, respectively, as a function of frequency for differ-
ent values of g; for excitation of the single square-loop
in Fig. 1(a) (see [18] for the details of our numerical
simulations). Large field enhancement at the gaps may be
obtained at the loop magnetic resonance, sensibly tunable
by varying e; [Fig. 2(a)]. This large enhancement may
drastically amplify the nonlinear properties of Kerr
materials used as loads, as we show in the following.
Correspondingly, the calculated magnetic far field in
Fig. 2(b) supports our intuition that the inclusion sustains
a strong magnetic dipolar resonance, with similar tuning
properties. In this same range of frequencies, the loop
geometry sustains a strong electric dipole moment, asso-
ciated with its plasmonic properties, ensuring that when
used as a metamaterial inclusion in a periodic array, this
geometry may support negative index of refraction in the
visible regime.

In Fig. 3(a), we have retrieved the effective index of
refraction and impedance for a metamaterial slab formed
of square-loops, as depicted in the inset, using a technique
analogous to [19], i.e., illuminating the slab at normal
incidence with magnetic field polarized along the square-
loop axis, and inspecting reflection and transmission co-
efficients and the field distribution induced at different
frequencies inside the slab. The array has a period d, =
d, = 120 nm in the square-loop plane and d, = 60 nm in
the orthogonal direction, and glass is the host medium. We
vary the gap permittivity, verifying that indeed a tunable
negative index response may be obtained. The obtained

as s(w) = g4 —
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index of refraction may be largely tuned by varying the gap
capacitance, as predicted in (1), and the obtained figure of
merit —Re[n]/Im[n] for negative index propagation may
reach relatively large values (up to 8.5), due to the specific
magnetic response of this geometry. We have verified that
the extracted parameters are consistent with the phase
advance and amplitude decay along the metamaterial slab
for several frequencies and load permittivity values, both in
the negative and positive index bands. Moreover, our ex-
tracted parameters are not affected by the slab thickness,
ensuring that they indeed describe the metamaterial macro-
scopic local properties. This unique metamaterial geome-
try can combine negative index propagation, large figures
of merit and a strong uniform electric field enhancement
in the gaps of each inclusion, ideal for the purpose of
generating a bistable and self-tunable positive-to-negative
index of refraction in the visible range.

We generate this effect by loading the inclusions with
Kerr nonlinear materials with relative permittivity & =
g, + )((3)|Eg|2. The second-order nonlinear refractive
index is approximated as n(I) = n(0) + n,I, with low-
intensity permittivity &; = 2.13, typical of nonlinear opti-
cal materials; / is the optical intensity in units of energy
flux and 7, is the Kerr coefficient (in units of cm?/W).
Figure 3(b) shows the variation of effective index of re-
fraction with the impinging light intensity for some sample
frequencies in the negative index band, calculated combin-
ing full-wave numerical simulations with an iterative
scheme analogous to [20]. It is seen that the nonlinearly
loaded metamaterial supports a strong hysteresis effect in
terms of refractive index, which may switch between posi-
tive and negative values: for critical values of light inten-
sity, which depend on the frequency of operation and the
geometry of the inclusions, the index of refraction may
suddenly switch from negative to positive values, and vice
versa. The typical hysteresis produced by this bistable
operation sustains a positive-to-negative switch as a func-
tion of the past excitation history, introducing peculiar
memory effects. The strong field enhancement in the
gaps, produced by the plasmonic inclusions and the reso-
nant circulating displacement current, ensures that moder-
ate optical intensities may be employed to activate these
bistable effects, within the realm of available optical non-
linearities and optical intensity levels, despite the small
size of the inclusions. This may have fascinating applica-
tions in a variety of metamaterial devices, including tuna-
ble optical antennas and filters with novel functionalities
or super-resolving lenses with tunable response.

In order to apply these results in a more complex meta-
material setup, we analyze in Fig. 4 the case of a finite
metamaterial prism with same geometry as in Fig. 3, ex-
cited by a Gaussian beam with a magnetic field orthogonal
to the plane of the figure. It is evident that positive or
negative refraction at the exit of the prism may be achieved
for the same frequency and same optical intensity, simply
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FIG. 3 (color online). (a) Retrieved effective index of refrac-
tion for different values of permittivity &;; (b) Hysteresis of the
index of refraction loaded by Kerr nonlinear materials at various
frequencies (real part, solid line; imaginary part, dashed).

as a function of the past history of intensity excitation.
We have verified that the hysteresis loop of Fig. 3(b) may
indeed produce a bistable refraction angle at the output
face of the prism at different frequencies. In particular,
Fig. 4 shows two snapshots in time for the magnetic field
distribution at frequency f = 459 THz and optical inten-
sity I =4 X 1073 /n, operating in the upper (a) or lower
(b) branch of the bistability diagram of Fig. 3(b), i.e.,
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FIG. 4 (color online). Time snapshots of the magnetic field
distribution in the E plane for a finite beam exciting a meta-
material prism composed of square loops as in Fig. 1 at f =
459 THz with optical intensity /=4 X 1073/n,, in the
(a) upper and (b) lower bistability branch of Fig. 3(b).
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coming from larger or smaller input intensities, respec-
tively. We have assumed here that the metamaterial prism
is infinitely extended in the direction orthogonal to the
plane of the figure, along the polarization of the impinging
magnetic field. Further details of our numerical simula-
tions are available in [18].

The metamaterial prism supports a strong memory ef-
fect, for which the transmitted beam may be tilted from
positive to negative refraction angles as a function of the
past history. Because of some absorption, the negative
index beam is transmitted slightly unevenly through the
prism, with smaller amplitudes in its thicker [upper in
Fig. 4] portion. Despite these minor unwanted effects,
which may be corrected with lower-loss metamaterials or
less thick slabs, a clear positive-to-negative switch of the
index of refraction has been obtained. Memory or switch
functionalities may be obtained near the transition inten-
sities and for specific frequencies for which the hysteresis
loop is small. For an experimental verification, ultrafast
and short-pulsed lasers with high peak intensity may serve
as the pump light source [21], avoiding possible bundling
and surface melting associated with the loss in the meta-
material. In our vision, optical switching and routing de-
vices based on these concepts may form the basis of novel
optical logic and computing systems. Although arguably
challenging within current nanofabrication limits, the real-
ization of this metamaterial geometry may be envisioned
using advanced lithographic processes (e.g., [22]). To con-
clude, we have put forward a negative index metamaterial
geometry with strong nonlinear effects, which supports
bistable positive-to-negative refractive index, switch, and
memory effects. The square-loop geometry supports a
magnetic-electric resonance with large figure of merit for
negative index propagation and large field enhancement at
the gaps, boosting optical nonlinearities and ensuring that
these effects may be achieved within realistic nonlinear
properties of optical materials, i.e., poly(B-pinene) or
Cu: A,O; (107°-10"1° cm?/W) [23], and reasonable in-
put intensities. A bistable, self-tunable, and switchable
positive-to-negative index of refraction may realize a vari-
ety of exciting optical devices, such as memories, switches,
self-tunable antennas with directive properties, and imag-
ing devices of novel generation.
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