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ABSTRACT: A light beam’s frequency can blueshift when the beam
travels through a medium that exhibits a time-dependent decrease in
the refractive index. Here we show that a metasurface made of a
plasmonic antenna array on a thin indium tin oxide (ITO), which
exhibits epsilon-near-zero (ENZ) response, can behave as a time-
varying medium and change the frequency of a sufficiently strong
light beam through self-action effect. Specifically, we observe that a
near-resonant optical excitation of the 92 nm thick metasurface leads
to an intensity-dependent blueshift of the excitation pulse. We
measured a maximum blueshift of ∼1.6 THz with ∼4 GW/cm2

incident intensity. The observed effect using an ITO-based ENZ
metasurface has an energy requirement that is up to 200× lower than
implementations using ITO alone.
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An ENZ material exhibits a near-zero real permittivity, and
consequently, a small linear refractive index, over a certain

spectral range. They exhibit intriguing linear effects such as
energy squeezing through narrow channels and arbitrary
bends,1−3 geometry-invariant resonance,4−6 quantum optical
properties,7 and unprecedentedly large nonlinear optical
responses.8,9 It has recently been demonstrated that large
spectral translations of a probe beam can be induced by
pumping an ITO-based thin ENZ film through an adiabatic
frequency conversion (AFC) process.10−12 Prior work by Zhou
et al. explains the AFC process by time-refraction, that is, a
pump-induced, time-dependent change in the refractive index
(Δn) of an ITO film leads to a frequency blueshift or a
redshift, depending on the sign of Δn. In this work we
investigate a complementary pathway for frequency trans-
lation: a frequency blueshift of a beam through a self-action
effect where a carrier frequency of the pump beam changes due
to the time-varying effect induced by the same beam. This
effect was first experimentally observed in the optical domain
using gaseous plasma and is known as photon acceleration
(PA).13−15 PA is a specific case of the time-refraction process
that results in only frequency blueshift. We note that our
experimental observation can also be explained as a delayed-
time self-phase modulation effect.16

A high-intensity laser pulse propagating through an
ionization front experiences a rapidly decreasing refractive
index, leading to a spectral blueshift of the light beam. While
propagating through such a medium, the leading edge of the
pulse experiences a higher index than its trailing part. As a
result, the local phase velocity increases over the duration of
the pulse. For a sufficiently long propagation distance, the
trailing edge of the pulse accelerates to catch up to the leading
edge, resulting in temporal compression, as well as spectral
broadening and blueshifting of the pulse. If the change in the
refractive index occurs at a time scale that is slower than the
characteristic oscillation time of the carrier frequency, this
process leads to AFC through a self-action effect (Figure 1).
To demonstrate the self-action-induced PA effect, we

consider a plasmonic ENZ-based metasurface. Such an
engineered metasurface exhibits a nonlinear response that is
orders of magnitude larger than the nonlinear response of the
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ENZ medium itself.17−22 The operation power requirement in
such a metasurface is reduced compared to that of a bare ENZ
film due to (a) the plasmonic-antenna-enhanced near-field
interactions with the ENZ layer, (b) increased coupling
efficiency of the electromagnetic energy into the ENZ layer,
and (c) dynamic tuning of the antenna resonance due to the
change in the refractive index of the ENZ layer (Figure 2a−c).

Consequently, the metasurface also exhibits an effective change
in the refractive index Δn that is as large as |2.5|.17 We note
that there have been several other demonstrations of AFC
using solid-state systems, such as a high-Q optical cavity and
photonic crystal waveguides.23−25 In all of those cases, a beam
needs to propagate through many wavelength-long materials
for a frequency shift of less than 200 GHz.
Here, we report that nonlinear interactions of a near-IR

pump beam with a 92 nm thick ENZ metasurface leads to a

frequency blueshift of ∼1.6 THz with an incident intensity of
∼4 GW/cm2 due to the PA effect. That incident intensity is up
to 200× lower than the previous demonstrations using pure
ENZ thin films.10,11 We define the performance of such an
interaction as the achievable frequency shift per unit required
intensity per unit nonlinear propagation distance, which is 4.35
× 10−3 GHz·(GW/cm2)−1·μm−1 of this ENZ metasurface. We
note that in our metasurface the thick glass substrate is for
structural integrity and does not induce any nonlinear
response. Therefore, the nonlinear propagation distance for
our metasurface is the total thickness of the ITO film and the
antenna. Furthermore, we only use this performance metric for
the ease of comparison with the reported demonstrations of
the effect using different nonlinear media. This performance
metric for the metasurface reported in this work is up to 7
orders of magnitude larger than previous demonstrations of PA
in gaseous plasmas.14,15 We also demonstrate that the observed
blueshift is accompanied by a spectral compression of the
pump beam when operated near the metasurface resonance,
which is due to the anomalous dispersion.
The metasurface investigated in this work comprises an array

of a 27 nm thick gold plasmonic antenna on top of a 65 nm
thick ITO layer on a 1 mm thick float glass substrate. The ITO
film exhibits a zero real permittivity at ∼1390 nm wavelength,
as measured using spectroscopic ellipsometry (Figure 2d). A
thin ITO−ENZ film exhibits a number of leaky and surface
modes.26 Due to the near-field interactions between the ITO
and the antenna array, the metasurface exhibits a large field
enhancement inside the ITO layer (Figure 2e). We present
numerically calculated dispersion curves in the wavelength−
wavevector space in Figure 3. Close to the zero-permittivity

frequency, the thin ITO film supports an ENZ mode that
resides outside the light line cone. The polarization-insensitive
plasmonic antenna array is fabricated using e-beam lithography
on top of the ITO film. We choose the dimensions of the
plasmonic antenna array (inset of Figure 4) such that the
resonance wavelength, in the absence of the ITO layer, is
∼1300 nm. Figure 4 shows the simulated (using FDTD) and
the experimentally obtained linear responses of the metasur-
face measured using a thermal light source. The antenna array
geometry is chosen to be cross-shaped such that there is no

Figure 1. Conceptual illustration of photon acceleration. When a laser
pulse propagates in a medium exhibiting a time-dependent refractive
index (n), a decrease in n results in a blueshift of the pulse and a
broadening of the spectrum.

Figure 2. (a) Schematic of the metasurface structure: An ENZ-based
metasurface can be optically induced as a time-varying medium, where
(b) a dynamic redshift of the resonance wavelength (λ0) leads to (c) a
decrease in the effective refractive index of the metasurface at λ0. This
results in a frequency blueshift of a sufficiently intense pump pulse.
(d) The measured linear permittivity of the ITO layer using
ellipsometry. (e) The numerically obtained field enhancement in
the vicinity of an antenna at the λ0 of the metasurface when pumped
with an electric field polarized along the horizontal axis, as indicated
by the horizontal arrow in the figure. The vertical view of the field
enhancement in ln(|E|2) is plotted from the center of one antenna
unit.

Figure 3. Calculated dispersion relations of the ITO layer in the
metasurface using the FDTD method. LR-SPP: Long-range surface
plasmon polariton, which is also referred to as the ENZ mode; SR-
SPP: Short-range surface plasmon polariton.
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polarization dependence in the linear or nonlinear response.
We note that the measurements shown in Figure 4 are
insensitive to the input light linear polarization. In the presence
of the ITO layer, the localized plasmonic mode of the antenna
array interacts with the ENZ mode of the ITO layer. This near-
field mediated interaction leads to a strong coupling-induced
resonance splitting of ∼500 nm. This splitting is larger than the
line widths of both the plasmonic resonance and the ENZ
mode. The strong coupling-induced resonance splitting results
in two distinct dips in the linear transmittance response of the
metasurface.17,18,20,27 We observe a dominant resonance at

∼1240 nm and a weaker resonance at ∼1720 nm. As presented
in Figure 4, the two resonances are clearly visible in the
numerical simulation (red line). The main dip is observed in
the measured linear transmission (black line) of the metasur-
face. We note that (i) the simulation and experimental results
of the linear transmission are close, and we attribute the minor
disagreements to various fabrication imperfections; (ii) the
weaker resonance of the metasurface at ∼1720 nm is out of the
measurement range of our optical spectrum analyzer (OSA),
and thus, we could not measure it in the laboratory.
We measure the nonlinear response using a single pump

configuration. The pump pulse, obtained from the output of a
Ti:Sapph laser-pumped optical parametric amplifier, has a
pulse duration of ∼60 fs and a repetition rate of 1 kHz. We set
the central wavelength of the pump pulse to be at ∼1240 nm,
which is nearly resonant with the main dip of the metasurface.
An adjustable free-space attenuator is used to vary the intensity
of the pump light. The average power is measured using a
calibrated photodiode. We use a 200 mm long focal length lens
to focus the beam onto the metasurface with a measured focal
spot size of 250 μm. The transmitted light from the
metasurface is collected by a multimode fiber that has a core
diameter of 50 μm with the help of another 100 mm focal
length lens. The collected light is then sent to an OSA to
record the spectral information as a function of incident
intensity. Four representative normalized spectra of the
measurements are presented in Figure 5a. In Figure 5b we
show the central frequency of the pump light, as collected after
the metasurface, versus the incident intensity. We observe that
the central frequency of the pump blueshifts with an increase
in pump intensity and that the maximum achievable blueshift
of ∼1.6 THz occurs with a pump intensity of ∼4 GW/cm2. For

Figure 4. Normalized linear transmittance of the ENZ metasurface
(black dots: experimental measurement; red line: FDTD simulation).
The blue dashed line shows the simulated transmission resonance of
the antenna array in the absence of the ITO layer. The inset shows a
SEM image of the fabricated metasurface. Each antenna unit has a
dimension of 125 × 450 nm, with a periodicity of 600 nm.

Figure 5. (a) Four representative intensity-dependent measured output spectra of the metasurface. The spectral amplitudes are normalized to their
respective peak values recorded by the spectrum analyzer. (b) The pump frequency shifts as functions of the pump intensity. (c) The intensity-
dependent Δneff induced by the pump pulse. The blue curves are simulation results, while the orange curves are experimental results in (b) and (c).
(d) The measured full width at half-maximum (FWHM) of the output pulses as a function of incident intensity.
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an incident pump intensity larger than ∼4 GW/cm2, the
frequency shift saturates.
To verify the model of AFC, we perform a set of FDTD

simulations to numerically obtain the nonlinear frequency shift.
We model the ITO layer with a delayed, normalized χ(3)

response while setting the intrinsic nonlinearity of the gold
layer to zero. We note that, in our simulation, χ(3)·|E|2 leads to
the effective nonlinear change in the refractive index (Δneff), as
observed in our experiment. The results of the numerical
simulation are shown in Figure 5b. The simulation results are
in excellent agreement with the experiment, confirming our
hypothesis that the large nonlinearity of the ITO layer is
primarily responsible for the overall nonlinear response of the
system.
Next, we estimate the total intensity-dependent change in

the Δneff of the material as experienced by the pump from the
experimental and the simulation data. To estimate the Δneff, we
can express the change in the frequency as Δf = −(kL/
2π)(Δneff(t)/Δt).8 Here, k is the free space wavevector and L
is the thickness of the metasurface. Since the time scale of the
nonlinear dynamics is set by the pump pulse duration, we can
set Δt to be equivalent to the pump pulse duration. We present
these results in Figure 5c. We find that, under pulsed
excitation, the metasurface exhibits an absolute Δneff that is
as large as ∼1.45, which is equivalent to the linear refractive
index of most common optical materials (e.g., glass). We note
that, although the Δn of the ITO layer is positive due to the
intraband dynamics,8 the Δneff of the coupled structure is
negative.17 This is because a positive Δn of the ITO layer leads
to a beam that is resonant with the structure to become
nonresonant due to the time-varying change of the resonant
condition.
We observe that the frequency blueshift in the experiment is

accompanied by a spectral compression (Figure 5d). This
observation is in contrast to previous reports of adiabatic
frequency blueshift10 and theoretical predictions28 showing
that, in a normally dispersive medium, the frequency blueshift
is accompanied by spectral broadening. We attribute our
observation due to near-resonant excitation of the coupled
system; we inherently operate in the anomalous dispersion
regime. Due to the large Δn, the pulse also experiences a large
time-varying change in the dispersion condition. We posit that
a time-dependent change of anomalous dispersion compresses
the spectra in a dual fashion to a temporal compression
obtained using a time-invariant anomalously dispersive
medium. Our findings indicate the possibility of spectral and,
by extension, temporal manipulation of an ultrafast pulse using
dispersion engineering in the time domain.
In conclusion, we have demonstrated that a time-varying

ENZ-based metasurface can be used for frequency blueshifting.
We emphasize that the nonlinear effect we observed in an ENZ
metasurface has a significantly reduced propagation distance
and an energy requirement that is many orders of magnitude
smaller compared with the implementation using gaseous
plasma. Furthermore, due to the extraordinarily large and
ultrafast effective decrease in the refractive index, a time-
varying change in the dispersion condition can be exploited for
the spectral manipulation of an ultrafast pulse in the time
domain. The findings may find practical applications in
designing on-chip or fiber-based frequency translators and in
investigating light−matter interactions at the nanoscale using a
time-varying medium.
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