PHYSICAL REVIEW LETTERS 124, 043902 (2020)

Editors' Suggestion Featured in Physics

Negative Refraction in Time-Varying Strongly Coupled
Plasmonic-Antenna—Epsilon-Near-Zero Systems

V. Bruno ,1’* C. DeVault,2’3’>k S. Vezzoli,4’>k Z. Kudyshev,z’3 T. Huq,4 S. Mignuzzi,4 A. Jacassi ,4
S. Saha,z’3 Y.D. Shah®,' S. A. Maier,*” D.R. S. Cumming,6 A. Boltasseva,z’3 M. Ferrera,’

M. Clerici ,6 D. Faccio,” R. Sapienza ,4’i and V. M. Shalaev>**
'School of Physics and Astronomy, University of Glasgow, G12 800 Glasgow, United Kingdom
Purdue Quantum Science and Engineering Institute, Purdue University 1205 West State Street, West Lafayette, Indiana 47907, USA
*School of Electrical and Computer Engineering and Birck Nanotechnology Center, Purdue University,
1205 West State Street, West Lafayette, Indiana 47907, USA
*The Blackett Laboratory, Department of Physics, Imperial College London, London SW7 2BW, United Kingdom
>Institute of Photonics and Quantum Sciences, Heriot-Watt University, EHI4 4AS Edinburgh, United Kingdom
8School of Engineering, University of Glasgow, G12 S8LT Glasgow, United Kingdom
"Chair in Hybrid Nanosystems, Nanoinstitute Munich, Faculty of Physics, Ludwig-Maxilimians-Universitat Miinchen,
80539 Miinchen, Germany

® (Received 9 August 2019; published 30 January 2020)

Time-varying metasurfaces are emerging as a powerful instrument for the dynamical control of the
electromagnetic properties of a propagating wave. Here we demonstrate an efficient time-varying
metasurface based on plasmonic nano-antennas strongly coupled to an epsilon-near-zero (ENZ) deeply
subwavelength film. The plasmonic resonance of the metal resonators strongly interacts with the optical
ENZ modes, providing a Rabi level spitting of ~30%. Optical pumping at frequency @ induces a nonlinear
polarization oscillating at 2 responsible for an efficient generation of a phase conjugate and a negative
refracted beam with a conversion efficiency that is more than 4 orders of magnitude greater compared to the
bare ENZ film. The introduction of a strongly coupled plasmonic system therefore provides a simple and
effective route towards the implementation of ENZ physics at the nanoscale.
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Introduction.—Time-varying systems and metasurfaces
are of interest in view of the fundamental physics questions
that have arisen [1-7] and also in view of the potential
applications ranging from perfect lenses to spectral and
temporal shaping of light fields [§—20]. Recent results have
shown that thin films of epsilon-near-zero (ENZ) materials
with a dielectric permittivity close to zero [21] at optical
wavelengths in the visible or near-infrared spectral regions
are promising candidates to achieve rapid (on the optical
wave oscillation timescale) temporal changes of the optical
properties [7]. The very large order-of-unity refractive index
changes that can be induced optically [22-25] make it
possible to achieve efficient temporal modulation uniformly
across the medium [10,26] even in deeply subwavelength
thin films [27-29], resulting in optically induced negative
refraction with unity efficiency [7]. However, the results
demonstrated so far rely on high-intensity optical pumping
of the ENZ film in order to achieve such large changes in the
refractive index. Recently, the combination of ENZ films
with plasmonic structures has led to a significant reduction
of the required optical powers for the Kerr nonlinear
contribution to the refractive index [30]. We also briefly
mention that through an engineered phase gradient discon-
tinuity at the interface between two media, it is possible to
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achieve anomalous reflection and refraction, including
negative refraction without using optical nonlinearities [31].

Coupling between light and matter can be enhanced when
two resonant systems with the same optical resonant
frequency are brought into close contact [32]. Strong
coupling occurs when the strength of the coupling mecha-
nism (measured by the splitting of the two resonant
frequencies [33]) dominates the intrinsic losses in the system
thus resulting in a double peaked structure in the absorption
spectrum or, equivalently, in two well-separated polariton
branches in the spectral domain. In the temporal domain, this
will give rise to Rabi oscillations between the populations on
these two branches and the combination of light-matter
states where the matter component can contain a large
fraction of the total energy. Strong coupling has been
observed in a variety of systems [32,34], ranging from
single atoms in cavity [35], quantum dots in photonic crystal
[36] to Bose-Einstein condensates [37] and superfluids [38].

Strong coupling at room temperature has also been
reported between plasmonic resonators and deeply sub-
wavelength ENZ films [39-43]. In this strongly coupled
system, the fundamental plasmonic resonance of a metal
antenna resonator is coupled to optical modes supported by
the deeply subwavelength ENZ thin film at the frequency

© 2020 American Physical Society
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where the real part of the dielectric permittivity crosses
zero, called the ENZ modes. The ENZ modes can be seen
as long-range surface waves which arise from the inter-
action of two surface plasmon polaritons (SPPs) at the two
interfaces of the thin film [28,44-48]. These ENZ modes
exhibit a large density of states and can homogeneously
confine the electromagnetic radiation within the ENZ
[45,49]. Because of the impedance mismatch at the inter-
face between air and the ENZ medium, excitation of the
ENZ optical modes is inefficient, while adding strongly
coupled antennas enables high electromagnetic fields
inside the ENZ film, resulting in enhanced nonlinear
responses.

Here, we study optically induced negative refraction
from a time-varying, strongly coupled ENZ metasurface
based on gold nano-antennas on top of a deeply subwa-
velength ENZ film. Our experiments show that strongly
coupled plasmonic antenna-ENZ systems can be tempo-
rally modulated with an optical pump beam through a y3)-
mediated process. Optical pumping at frequency @ induces
a nonlinearity-mediated oscillation at frequency 2w, which
leads to the generation of a phase conjugate (PC) and a
negative refracted (NR) beam [8,9]. Experiments were
performed by optically pumping at normal incidence a
metasurface composed of rectangular metallic nano-anten-
nas on a 40-nm-thick ENZ film and probing the resulting
oscillating metasurface with a probe beam incident at a
small angle. The generation efficiency of NR and PC waves
can provide a quantitative estimate of the strong coupling
between the ENZ and the antenna modes, resulting in
efficient optically induced temporal variations of the
material properties across a broad bandwidth (1200-
1700 nm). The optically induced temporal modulation
[8,9] and resulting negative refraction and phase conjuga-
tion of the input probe beam generated in the strong-
coupling regime are four orders of magnitude larger and
cover a bandwidth that is 3 times broader in the ENZ
wavelength region when compared to the bare ENZ film.

Metasurface properties.—Figure 1(a) shows the real and
imaginary parts of the dielectric permittivity via ellipsom-
etry measurements of the 40 nm ITO film on a 1-mm-thick
Si0O, substrate. The ITO film exhibits a zero crossing of the
real part at 1400 nm (ENZ wavelength). Figure 1(b) is an
example SEM image of the metasurface (top view) showing
the geometry of the gold antennas deposited on the ITO
surface with length L and periodicity p (see Supplemental
Material [50]). The length of the antennas is such that their
plasmonic resonance crosses the ENZ wavelength of the
ITO film and the periodicity p ~ 600-800 nm of the square
lattice was chosen so as to maximize the density of the
antennas while avoiding antenna-to-antenna coupling.

Figures 1(c) and 1(d) show the numerically simulated
(FDTD) and measured transmission spectra around the
ENZ wavelength. For an incident optical beam normal to
the metasurface and polarized along the long axis of the
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FIG. 1. Linear properties. (a) Dielectric permittivity (¢) for the

ITO layer based on a Drude model with real part Re{e} and
imaginary part Im{e}. (b) SEM image of the square lattice
antenna pattern on ITO film (gold antenna length L = 460 nm,
with period p =800 nm on a d =40 nm thick ITO film).
(c) FDTD calculations of linear transmission through the meta-
surface using the ITO dielectric permittivity in (a). (d) Exper-
imentally measured linear transmission of the metasurface (linear
interpolation of measurements performed for antenna lengths of
400, 450, 500, 600, and 650 nm, p = 800 nm).

antenna, the spectra show two resonances corresponding to
the two polariton branches of the strongly coupled metasur-
face. The experimental spectral splitting of the two polar-
iton branches measured at the ENZ wavelength, Agnz (i-e.,
where the ENZ and antenna mode dispersion branches
cross) is A4 ~ 420 nm corresponding to a strong coupling
efficiency AA/Agnz of ~30% [41,45].

In Fig. 2(a) we report the normalized energy density,
calculated from finite difference time domain (FDTD)
simulations as the |E|*>-field distribution normalized to
the input |E|? distribution at 1400 nm wavelength for the
metasurface (L = 460 nm and p = 800 nm) upon normal
incidence of the pump beam. Figure 2(b) shows the
normalized energy density along the vertical line [white
dashed line in (a)]. For a 1400 nm laser pulse polarized
parallel to the long axis of the antenna and at normal
incidence, the field intensity is enhanced by a factor greater
than 50 with respect to the bare ITO. In Fig. 2(c) we plot the
wavelength dependence of the energy density across the full
bandwidth covering the two polariton branches calculated at
two different points indicated as “1” and “2” in Fig. 2(a),
showing an enhancement that is 40 times greater with
respect to the bare ITO layer over a ~300 nm bandwidth.

Experiments.—By using a pump and probe setup, we
perform a degenerate four wave mixing (FWM) experiment
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FIG. 2. FDTD simulation of the normalized energy density
(calculated as the |E|?>-field distribution normalized to the input
|E |2) in (a) for the 2D nano-antenna pattern on top of a 40 nm
layer of ITO. (b) Depth profile of the normalized energy density
across the metasurface [dashed white line in (a)]. (¢) The
normalized energy density versus wavelength calculated at the
two points indicated with “1” and “2” in (a).

(i.e., a single pump beam and a single probe beam, both at
the same wavelength) in the 1180 to 1710 nm spectral
range. The optical pump beam has normal incidence on the
sample, while the probe is incident at a small (6°) angle.
The two incident laser pulses are copolarized (parallel to
the long axis of the antenna) and have a temporal duration
of 240 fs, the same central wavelength, and 100 kHz
repetition rate. The generated NR and PC are measured
with a photodiode and compared to the transmission of the
bare ITO in order to evaluate the efficiency of the nonlinear
process. In Fig. 3 we show a comparison of the exper-
imental results to a nonlinear FDTD simulation reproduc-
ing the experiment conditions (antenna length L = 460 nm
and p = 800 nm). The linear properties of the ITO film
are based on the experimental measurements shown in
Fig. 1(a), while the nonlinear response is described via the
third order nonlinear susceptibility y) =9 x 107'8 m?/V?
[53]. In these simulations, we blueshift the central wave-
length of the probe by 100 nm from the pump in order to
discriminate the output NR and PC fields. Figures 3(a)
and 3(b) show the simulated near field distribution for the
incident probe and the generated NR and PC fields. The
simulated NR efficiency (i.e., the NR efficiency normalized
to the input probe energy, expressed in percent) is shown
for a pump intensity of 1 GW/cm? in Fig. 3(c) (red dashed
curve) and matches well to the raw experimental data
(black curve). Figure 3(c) also shows the same FDTD
simulations with detuned plasmonic antennas (i.e., antenna
lengths of 250 and 650 nm) so as to be out of the strong
coupling regime. The FWM efficiency drops in both cases
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FIG. 3. Simulations and experiments. (a) Nonlinear FDTD

simulation of input probe beam. The arrow indicates the probe
direction (pump not shown), the red shaded area shows the
metasurface area, and the dashed line indicates the location of the
E-field source. (b) Phase conjugated and negative refracted
beams are generated at the metasurface. (c) NR efficiency (NR
energy normalized to input probe energy, expressed in percent)
simulated with a nonlinear FDTD based on the same material and
geometry as those used in the experiments (dashed red line) and
antenna length L = 460 nm (indicated in the graph). Also shown
(solid-black curve) is the measured curve for 1 GW/cm? The
blue and black dashed lines show the simulated NR efficiency
with plasmonic antennas with longer or shorter lengths (250 and
650 nm, indicated in the graph) so as to be detuned from the ENZ
wavelength. The NR efficiency drops by nearly an order of
magnitude thus highlighting the role played by strong coupling in
the FWM enhancement. (d) The measured negative refraction
(and an example of PC) signal efficiency for antennas on a film of
40 nm of ITO (antenna length L = 460 nm, period p = 800 nm)
for various pump powers indicated in the graph legend in
GW/cm?. The NR efficiency of the bare ITO film for a pump
power of 2 GW/cm?, multiplied by 1000 is shown for reference
(dashed black curve).

by an order of magnitude, providing strong evidence that
strong coupling is enhancing the nonlinear process.

In Fig. 3(d) we show the measured NR signal efficiency
for various pump powers indicated in the graph in
GW/cm?. The dotted black curve shows for comparison
the NR efficiency at 2 GW/cm? pump power for the bare
ITO film, multiplied by 1000. We see that the measured
FWM efficiency of the metasurface is enhanced by more
than 4 orders of magnitude when compared to the bare ITO.
The absolute efficiency of both the NR and PC (one
example shown, red-dotted line) nonlinear processes is
of order ~1% over a very large bandwidth of ~300 nm.
Both the NR and PC exhibit the same trend, as expected for
a deeply subwavelength film that is uniformly modulated at
twice the probe beam frequency [9]. To verify the FWM
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process is primarily due to the strong coupling between the
gold antennas and ITO film, and is not due solely to the
gold nonlinearity, we repeated all experiments for the gold
antennas deposited on a glass substrate. We find the gold
antennas alone do not produce a detectable signal at the
same pump powers.

Model and data analysis.—In order to further understand
the nonlinear enhancement, we model the pump-probe
interaction in the metasurface as a FWM process in which
the 4 orders of magnitude enhancement of the negative
refraction and phase conjugation processes emerge as a
result of the increased optical energy density in the ENZ
layer. Indeed, in the strongly coupled system the E field of
both pump and probe is strongly enhanced inside the ITO
layer as the plasmonic antennas convert the incident
propagating waves into waves localized in their near field.
We model the nonlinear generation of beams in a FWM
process starting from the numerically simulated distribution
of linear fields, as described, for instance, in Ref. [54].
FWM is driven by a nonlinear polarization in the ITO layer,
P E%,E;, where E), is the pump field, E the probe field,
and P is the microscopic source of the measured fields of
the NR and PC beams. By making use of the reciprocity
theorem, one can calculate the expected FWM E field
generated by P as

E(w) o / 07 (@) E2(@)E: (@) - Eg(@)dV, (1)

where the integral is calculated over the ITO volume and
Ey 1s the field inside the ENZ film generated by a point
source representing the detector in the far field (see
Supplemental Material [50]). The : indicates a triple scalar
tensor product between y©) and the three fields interacting
in the nonlinear medium. The FWM efficiency, measured
in the experiment as the ratio between the energy radiated
into NR (or PC) and the incident probe energy and is thus
proportional to |E|?. This is true both for the bare ITO and
the metasurface. Taking the ratio between the efficiency,
Nmetasurface> Of NR for the metasurface and the efficiency,
nro. of NR for bare ITO removes the spectral dependence
of the nonlinear permittivity y(®), of the linear permittivity,
the sample thickness, and all other constants:

_ |Emetasurface |2
Mo (@) = ———7—. (2)
|Errol

This relation directly estimates the trend of the normalized
efficiency of the NR and PC processes from the energy
density calculation shown in Fig. 2(c). Figure 4 shows the
result, together with the corresponding measured #,0m
based on the experimental data shown in Fig. 3(d) for p =
800 nm and an additional periodicity p = 600 nm. As can
be seen, our model based on the energy density enhance-
ment in the metasurface explains the experimental results
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FIG. 4. Theoretical model and measurements. (a) NR efficiency
Nnorm @s measured for the antenna-ITO coupled system for a pump
intensity 0.5 GW/cm? and periodicity 600 nm and, (b) for
periodicity 800 nm (antenna length is 460 nm in both cases).

for the two different antenna configurations studied in this
work, although the longer wavelength peak in the spectrum
appears to have higher visibility in the experiments with
respect to the theoretical model. Our primary conclusion is
that the strong coupling between the plasmonic antennas
and ENZ film enhances light-matter interaction and, there-
fore, increases the conversion efficiency of our time-varying
metasurface by a factor greater than 15 000. Such efficient
time-varying surfaces can be obtained by optically pumping
the metasurface with relatively low and readily accessible
optical pumping powers of 0.5 mW, corresponding to peak
intensities on the surface of 0.5 GW /cm?.

Conclusions.—Strongly coupled plasmonic-antenna—
ENZ systems exhibit a 15 000-fold enhancement in the
negative refraction and phase conjugation signals compared
to the bare ENZ films. We have developed a nonlinear
model that elucidates the relation between FWM enhance-
ment and the increased energy density inside the ENZ film
which arises from strong coupling. Efficient time-varying
surfaces with optical pumping at relatively low and readily
accessible powers provide a route towards applications in
which light is controlled by light in compact, subwave-
length devices alongside a means to investigate fundamen-
tal physics, potentially including photon pair generation
from deeply subwavelength systems.
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