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ABSTRACT

Nonlinear optics is the study of interactions of materials with
intense light beams made possible by the invention of laser.
Arguably the most trivial but technologically most important
nonlinear optical effect is the intensity-dependent nonlinear re-
fraction: an intense light beam can temporarily and reversibly
change the refractive index of a material. However, the changes
to the refractive index of a material due to the presence of a
strong laser beam are very weak—maximum on the order of
103—and tend to be a small fraction of the linear refractive
index. It must be noted that at optical frequencies vacuum has
a refractive index of 1 and glass has a refractive index of 1.5.
Thus, one of the foundational assumptions of nonlinear optics
is that the nonlinear optical changes to material properties are
always a small perturbation to the linear response. In the 58-
year history of nonlinear optics, one of the overarching themes
of research has been to find ways to increase the efficiency of
nonlinear interactions.

This thesis is a collection of six manuscripts motivated by
our experimental finding that at least in a certain class of mate-
rials the above long-standing view of nonlinear optics does not
necessarily hold true. We have found that in a material with
low refractive index, known as an epsilon-near-zero material
or ENZ material, the nonlinear changes to the refractive index

can be a few times larger than the linear refractive index, i.e.
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the nonlinear response becomes the dominant response of the
material in the presence of an intense optical beam.

We believe that the results presented in this thesis collectively
make a convincing case that ENZ materials are a promising

platform for nonlinear nano-optics.
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INTRODUCTION

If Lorentz had allowed for
a slight anharmonicity in
his description of the
electron as a
harmonically-bound
particle he could well have
arrived at the theoretical
derivation of a large variety
of nonlinear optical effects.
But Lorentz lacked the
stimulation of stimulated
emission of radiation.

N. Bloembergen [1]

The study of light is essentially the study of how light inter-
acts with materials. In our everyday experience—be it a dou-
ble rainbow after the rain, caustics in the water waves rolling
on a beach, or the characteristics of bifocal eyeglasses—light-
matter interactions are governed by the rules of linear optics.
The assumption of linear optics is that electrons are harmon-
ically bound to an atom and in response to electromagnetic
excitations, they wiggle about their equilibrium positions in
harmonic potentials. However, in reality, the binding poten-
tials are not strictly harmonic. When exposed to intense light
the excursions of the electrons from their equilibrium positions
become large and they feel the anharmonic nature of the poten-
tials. The oscillations of electrons in anharmonic potentials in
the presence of a strong electromagnetic radiation, such as from
a laser beam, give rise to the nonlinear response of a material
to light [2].

Light does not interact with light—it only interacts with ma-
terials. Thus, in order to control a light beam with another
beam of light, one needs a nonlinear optical material as the
mediating platform, i.e. a light beam changes the optical prop-
erties of the material and a second light beam feels that change.
Nonlinear optics is the study of such interactions of strong light
beams with materials. As a field of study nonlinear optics was



born with the discovery of the laser [3]". It has long been un-
derstood that the ability to induce on-demand, highly efficient
and controlled interactions between two beams of light at a sub-
picosecond time scale may lead to a paradigm shift in techno-
logical advancement, specifically in signal processing and com-
putation. However, the nonlinear responses of materials tend
to be weak and is considered to be perturbative with respect to
the linear response. The overarching theme of research in the
58 years of history of nonlinear optics has been the search for
materials and operating conditions under which the efficiency
of the nonlinear response can be improved. All advancement
in this respect— despite being phenomenal in many ways — has
largely been marginal due to the intrinsically weak nonlinear re-
sponse of common materials specifically in terms of the ability
to control properties of a light beam with another light beam.

1.1 THE CASE FOR ZERO PERMITTIVITY

The four Maxwell’s equations along with the two constitutive
relations form the theoretical basis of the study of electromag-
netism. The four Maxwell’s equations in phasor form for a har-
monic field—for a linear and nonmagnetic material containing
no free charges or free current—can be written as[4]

V x E =1iwB, (1a)
V x H =1iwD, (1b)
V-D =0, (10)
V-B=0. (1d)

The two constitutive relations are:

D = ep€E, (2a)
B = poH. (2b)
In general the relative permittivity (e;) of a material can be

positive (dielectric) or negative (metal). However, the value of
the relative permittivity € can also be zero?. In a medium with a

1 A notable exception is the two-photon absorption predicted by Maria
Goeppert-Mayer in 1931, almost 30 years prior to the invention of the laser.

2 For simplicity we henceforth drop the subscript "r" in €; to denote relative
permittivity.



vanishing permittivity the magnetic field (H) becomes curl-free
and the Helmholtz’s wave equation becomes

V2E = 0. (3)

Consequently, the propagation constant k = 27t,/e/A becomes
zero, i.e. the wave accumulates no phase as it propagates through
the medium, the phase velocity (v, = c¢/+/€) diverges, and the
wavelength is stretched (A = A¢/+/€). Such a medium (e — 0)
is known as an epsilon-near-zero (ENZ) medium [5]-[10].

A whole host of exotic linear optical effects both in the classi-
cal and in the quantum domain can occur in an ENZ medium.
For example, a wave always exits such a medium perpendicular
to the interface as a consequence of the Snell-Descartes-Ibn Sahl
law [5], [8], [9], [11]. As a result, emission from such a medium
can be highly directive and the phase front can be arbitrarily
shaped by shaping the exit facet of an ENZ material. The wave-
length of light inside an ENZ medium can be many times larger
than the free-space wavelength. Consequently, interactions be-
tween two emitters inside an ENZ medium are dominated by
the near-field even if the distance between the emitters is phys-
ically large [12]. The density of state in a three dimensional
isotropic and homogeneous medium can be effectively zero re-
sulting in suppressed spontaneous emission [13].

1.2 BOOSTING NONLINEAR RESPONSE BY
ZEROING LINEAR RESPONSE

An applied electric field causes the atoms or molecules to create
electric dipole moments that augment the total displacement
tield D. The polarization vector P has both linear and nonlin-
ear parts [2]. It is assumed that the nonlinear response is only
perturbative to the linear response. Consequently, a power se-
ries expansion is performed to include the nonlinear response
in the polarization vector as

P—co [xVE+xPEE* +xEEE +.. ]
= eoxVE + Py, (4)

where x™ is the nth order susceptibility tensor of different rank
and describes how a material responds to the applied electric



tield; PNy is the nonlinear polarization; and * denotes complex
conjugate. We can express the displacement field as

D = (1 +x")E+ Py = epe,E+ Py (5)

Typically the linear term in the above equation is many orders
of magnitude larger than the nonlinear term. However, in a
material with a vanishingly small linear permittivity (e — 0),
the displacement vector D can become a strong function of the
of the nonlinear polarization vector due to the absence of the
otherwise dominant linear term, i.e. D = Pyni. As a conse-
quence, the nonlinear wave equation in a medium with zero-
permittivity can be expressed as

w?

V?E = — P (6)

€pC
Thus in a medium with identically zero perimittivy, the wave
propagation dynamics can be strongly affected by the nonlinear
response of the medium compared to the case in a standard
optical material such as glass.

1.3 MOTIVATION OF THE THESIS

There are many types of nonlinear optical effects, such as har-
monic generation, frequency mixing, self-action effects, electro-
optic effects, etc. Perhaps the conceptually simplest of all non-
linear optical effects is the intensity-dependence of the refrac-
tive index of a material. A strong laser beam can transiently
alter the linear refractive index (ny = /€;) of a material in a re-
versible fashion. This nonlinear effect is known as the intensity-
dependent refractive index and is expressed as

n=ny+An =ngy+ nyl, (7)

where I denotes the time-averaged intensity of the optical field
and is proportional to |E|?, and An is the total nonlinear contri-
bution to the refractive index. The intensity-dependent nonlin-
ear index coefficient n; can be expressed as

3x3)
= 4epngRe{ng}

(8)



In general, irrespective of the value and the microscopic source
of the intensity-dependence of the refractive index, the max-
imum total nonlinear contribution to the refractive index An
is always limited either by the damage threshold or saturation
mechanisms. Thus, even in the presence of a strong laser beam,
An typically tend to be at least two-three orders of magnitude
smaller than n,.

In an ENZ medium, the near-zero value of the permittivity
leads to a near-zero value of the refractive index. Thus, accord-
ing to Eq. 8, for a given value of third-order susceptibility, the
nonlinear refractive index coefficient apparently diverges in an
ENZ material.

1.4 ORGANIZATION OF THE THESIS

This thesis is a collection of six manuscripts. In the first experi-
ment, we demonstrate that it is possible to achieve an unprece-
dentedly strong nonlinear light-matter interaction in an ENZ
material. Specifically, we show that it is possible to achieve
unity-order nonlinear changes to the refractive index of such
material under optical excitation.

In experiments described in the two following chapters, we
show that the resonance properties of an optical antenna can
be statically and dynamically modified due to the linear and
nonlinear responses a thin ENZ substrate. Specifically, we show
that a composite thin film (a metasurface) made of an array of
optical antennas on a thin ENZ substrate can exhibit roughly
a seven orders of magnitude increase in the nonlinear optical
response as compared to that of glass. In this case, we exploit
the local field enhancement introduced by an optical antenna
array and the dynamic variations of their resonances due to
changes in the refractive index of the ENZ substrate.

In the fourth chapter, we present an analysis of the nonpertur-
bative nature of the nonlinear index. We answer the question
of whether the perturbative expansion to describe the nonlinear
response is valid for and ENZ medium.

In the next chapter, we draw an analogy between the well-
known space refraction (Snell-Descartes-Ibn Sahl’s law) and time
refraction. When light passes from one medium to another sep-
arated by a temporal boundary, an analogue of Snell’s law leads
to a change in its wavelength. We experimentally demonstrate
that, by exploiting the large nonlinear refraction of an ENZ ma-



terial excited by a strong pump beam, we can change the fre-
quency of a weak probe beam by a value that is almost 7o times
larger than previously reported values and using a material
that is roughly 30-times shorter in physical length and many or-
ders of magnitude smaller than the effective interaction length
compared to previously reported nanophotonic platform.

Light carries both linear and angular momentum. In the final
experiment, we show that as a consequence of highly stretched
wavelength, the propagation of a light beam is highly nonparax-
ial in an ENZ material. As a result, the spin angular momen-
tum of a Gaussian beam can be efficiently converted into or-
bital angular momentum as the beam passes through an ENZ
medium. We found that an order of magnitude enhancement of
such conversion in the presence of an ENZ thin film compared
to standard optical materials such as fused silica.

The thesis concludes with a summary chapter that discusses
the potential impact of this work and suggests directions for
further investigations.



LARGE OPTICAL
NONLINEARITY OF
INDIUM TIN OXIDE IN ITS
EPSILON-NEAR-ZERO
REGION
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and is the foundational stone of this thesis. This was the first
experiment I performed using what was at the time a newly
purchased tunable femtosecond laser system. I built the setup
and wrote LabVIEW codes for data collection; performed tests
using thirteen different samples primarily because we were
both confused and excited by the largeness of the nonlinear
response; performed data analysis; developed the numerical
model of simplified two-temperature dynamics (after working
on another model for five months and failing), and wrote the
tirst draft. Subsequently, the paper was revised many times
with the help of my two co-authors.
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Large optical nonlinearity of indium tin
oxide in its epsilon-near-zero region

M. Zahirul Alam," Israel De Leon,** Robert W. Boyd"?>

Nonlinear optical phenomena are crucial for a broad range of applications, such as microscopy,
all-optical data processing, and quantum information. However, materials usually exhibit a
weak optical nonlinearity even under intense coherent illumination. We report that indium

tin oxide can acquire an ultrafast and large intensity-dependent refractive index in the region
of the spectrum where the real part of its permittivity vanishes. We observe a change in the real
part of the refractive index of 0.72 £ 0.025, corresponding to 170% of the linear refractive index.
This change in refractive index is reversible with a recovery time of about 360 femtoseconds.
Our results offer the possibility of designing material structures with large ultrafast nonlinearity

for applications in nanophotonics.

long-standing goal in nonlinear optics
has been the development of materials
whose refractive index can be drastically
changed using a low-power optical field.
Ideally, these materials should possess sub-
picosecond time response and be compatible
with existing complementary metal-oxide semi-
conductor (CMOS) fabrication technologies (7-2).
Simple calculus shows that, for a given change
(Ag) in the permittivity €, the resulting change
(An) in the refractive index n is given for a
lossless material by An = Ae/(24/€). We see that
this change becomes large as the permittivity
becomes small, suggesting that the epsilon-near-
zero (ENZ) frequencies of a material system should
give rise to strong nonlinear optical properties.

Materials possessing free charges, such as metals
and highly doped semiconductors, have zero real
permittivity at the bulk plasmon wavelength. A
number of authors have reported on the unusual
properties of matter under ENZ conditions (3-5)
and on their promise for applications in non-
linear optics (6-10).

We used commercially available indium tin
oxide (ITO), a CMOS-compatible degenerate semi-
conductor, as the ENZ medium (Fig. 1). The
zero-permittivity wavelength of ITO occurs at
near-infrared wavelengths and can be tuned by
controlling the doping density or by applying a
static electric field (11, 12). The g-scan technique
was used to characterize the intensity-dependent
refractive index of ITO for transverse magnetic (TM)
polarized light (Fig. 2A) (13, 14). The wavelength-
dependent effective nonlinear refractive index co-
efficient 72oe) = An/I (I'is the intensity of the laser

'Department of Physics and Max Planck Centre for Extreme
and Quantum Photonics, University of Ottawa, 25 Templeton
Street, Ottawa, ON, KIN 6N5, Canada. “Institute of Optics
and Department of Physics and Astronomy, University of
Rochester, Rochester, NY 14627, USA. 3School of Engineering
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beam) and effective nonlinear attenuation constant
Bresry = Aa/I extracted from our measurements
are plotted for angles of incidence varying from 6 =
0°to 6 =60° (Fig. 2, A and B). The results indicate
that ITO exhibits positive 7, and negative
Betr)» corresponding to self-focusing and saturable
absorption, respectively. Our results reveal a sub-
stantial wavelength- and angle-dependent enhance-
ment of the material’s nonlinear response at ENZ
wavelengths. The measured value of 7o) (6 %
107° em?/GW) at the shortest wavelength (970 nm)
agrees well with the value reported by Elim et al.
(15). At a wavelength of 1240 nm for normal
incidence, 7y ey and Bies) are ~43 and ~53 times
larger than the corresponding values at 970 nm,
respectively. For TM-polarized light at oblique
incident, the nonlinear response is further en-
hanced. The enhancement factors, defined rela-
tive to the values far from the ENZ spectral
region (at A = 970 nm) at normal incidence, are
plotted as functions of 6 in Fig. 2C. The enhance-
ment tends to increase with 6 for 0° < 6 < 60°
and decreases sharply for 6 > 60° The maximum
enhancement factors, measured at 6 = 60° are
1837 and 2377 for ny(er) and Pief), respectively.
Thus, at Ao = 1240 nm, the 7yer) and By values

A B
ITO
AN
*310 nm
Glass ﬁ})’(

ITO permittivity, €

for © = 60° are ~43 and ~45 times larger than for
normal incidence, respectively.

The temporal dynamics of the optical non-
linear response was studied using a degenerate
pump-probe transmission measurement. Here,
an intense pump pulse and a weak probe pulse
at the same wavelength interact with the sam-
ple, and the induced change in probe transmit-
tance AT is measured as a function to the time
delay t between the two pulses. The measured
temporal response is proportional to the convo-
lution of the probe’s temporal envelope with the
material’s temporal response function. (Fig. 2D).
The transient nonlinear response has a rise time
no longer than 200 fs (this estimate is limited
by our laser pulse duration) and a recovery time
of 360 fs. Such ultrafast response would allow
all-optical modulation speeds of at least 1.5 THz.

The nonlinear coefficients shown in Fig. 2, A
and B, may be slightly overestimated because the
2-scan method neglects the change in reflectivity
caused by An (16), but this overestimation is no lar-
ger than by a factor of ~1.8. In any case, the mea-
sured values are extremely large. In particular, the
value of 7y ey = 0.11 cm’/GW measured at 6 = 60°
is more than two orders of magnitude larger than
that of As,Se; chalcogenide glass (77) and ~5 times
larger in magnitude than that of a recently pro-
posed highly nonlinear metamaterial (6). The op-
tical losses of ITO at ENZ wavelengths can be quite
large, although in (16) we describe some realistic
applications that can tolerate this much loss.

We attribute the observed nonlinearity pri-
marily to a modification of the energy distribu-
tion of conduction-band electrons as a consequence
of the laser-induced electron heating. We de-
scribe the nonlinear optical response by means
of a phenomenological two-temperature model
(16, 18—20). Figure 3A shows the calculated tem-
poral evolution of the free-electron temperature
(T,) and lattice temperature (77) of ITO after
irradiation by the laser pulse (denoted by the
dashed curve). The free-electron temperature ex-
hibits an ultrafast transient and is limited by the
electron-phonon relaxation time of the material
(21). The normalized transient nonlinear response
measured via the degenerate pump-probe technique
is well described by the temporal profiles of 7,
convolved with the probe’s intensity envelope,
which is plotted as the solid curve in Fig. 2D.

Re(¢)

N w b

_1{ o Experiment |

— Drude model [

-2 L
600 800 1000 1200 1400 1600

Wavelength (nm)

Fig. 1. The ITO sample under investigation and its linear optical response. (A) Structure under
investigation. (B) Linear relative permittivity of the ITO film measured via spectroscopic ellipsometry
(symbols) and estimated by the Drude model (lines). The condition Re(e) = O occurs at Ao = 1240 nm.
The shaded region shows the spectral range investigated in our nonlinear optical characterization.
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Fig. 2. Nonlinear optical response of the ITO sample. Wavelength dependence of (A) the nonlinear
effective refractive index, nyefr), and (B) the effective nonlinear attenuation constant, . The nonlinear
response is enhanced in the ENZ region of the spectrum (shaded). The vertical arrows indicate the
wavelength Ao = 1240 nm. (C) The corresponding enhancement for naesy and Peerry at Ao, compared with
values at 970 nm, are plotted as functions of 6. The values of 6 corresponding to the different symbols in
(A) and (B) are indicated at the top. (D) Time dependence of the normalized transient change of
transmittance (AT) obtained via a degenerate pumn-probe measurement.
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Fig. 3. Numerical modeling of the hot-electron dynamics of ITO. (A) Transient response of T, and T,
obtained using the two-temperature model. The dashed curve denotes the pulse intensity profile (in arbitrary
units). (B) Map of the peak free-electron temperature in ITO calculated as a function of 6 and A. Both
calculations assume a normally incident laser with an intensity of 66 GW/cm?.
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Fig. 4. Nonlinear optical response of ITO for laser fields sufficiently intense to produce saturation.
(A) Intensity-dependent transmittance (T), reflectance (R), and absorptance (A) of the ITO-glass structure
at Ao for 6 = 30° (B) Complex effective refractive index of ITO extracted from the measured values in (A)
using a transfer-matrix method.
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The peak values of T, obtained with our model
are plotted in Fig. 3B as functions of the wave-
length and the angle of incidence. The temper-
ature profile exhibits the main features present
in our experimental results, namely a pronounced
enhancement of the response at ENZ wave-
lengths that reaches a maximum for an angle
of incidence close to 6 = 60° The general be-
havior observed in this result can be understood
in terms of two contributions. The increasing
values of T, for longer wavelengths result from
the increase in free carrier absorption, and the
peak that develops around 6 = 60° results from
an enhancement of the electric field within the
ITO film. This enhancement occurs only for ob-
liquely incident TM polarized light at wave-
lengths within the ENZ region and follows from
the continuity of the normal electric displace-
ment field across an ITO-air interface (16, 22). As
discussed in (16), Ae results from an effective red
shift in the material’s plasma frequency caused
by an increase in the free-electron temperature
(ATy). It is important to note that Ae does not
scale linearly with AT, for a large AT, and that An
is a nonlinear function of Ae at ENZ. Conse-
quently, a modest field intensity enhancement in
the ITO film can lead to a large enhancement of
Nty at ENZ wavelengths. This is confirmed by
our model presented in (I6), which accounts for
such nonlinear relationships between An, Ae,
and AT,.

The hot-electron-induced optical nonlinearity
of ITO at ENZ wavelengths differs from that of
noble metals under infrared irradiation in two
ways. First, as argued above, for a given change
in permittivity, the nonlinear change in refrac-
tive index is always larger in the ENZ region than
in non-ENZ regions. Second, the free-electron
heat capacity of ITO (4.53 Jm >K™) is more than
an order of magnitude smaller than that of a
noble metal such as gold. Thus, the increase in
the free-electron temperature compared with the
Fermi temperature and the consequent change
in refractive index in ITO is much larger.

For sufficiently large optical intensities, the
nonlinear response of ITO at ENZ wavelengths
can lead to changes in its refractive index that
are larger than the linear refractive index. As a
result, the Fresnel reflection and transmission
coefficients undergo a large change as a function
of the incident optical intensity. To demonstrate
this phenomenon, we measured the intensity-
dependent transmittance (7), reflectance (R), and
absorptance (4) of the sample at 1240 nm for 6 =
30° (Fig. 4A). At the lowest intensity, these mea-
surements agree well with the predictions of a
simple linear Fresnel analysis. As the intensity is
increased, we observe a large monotonic increase
(reduction) in transmittance (reflectance). The
maximum reduction in absorptance is ~30%,
which is consistent with the saturable absorp-
tion observed in our z-scan measurements. The
real part of the refractive index of ITO under-
goes a dramatic change from its linear value of
0.42 to a value of 1.14 + 0.025 for an intensity of
150 GW/cm? (Fig. 4B). Similarly, the imaginary
part of the index is substantially reduced from

sciencemag.org SCIENCE
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its linear value of 0.42 to a value of 0.27 + 0.015
at this intensity. Both the real and the imag-
inary parts of the refractive index saturate for
even higher input power. We found that these
measurements are highly repeatable and that
the material does not exhibit a permanent change
of its optical properties.

The magnitude of the optically induced ultrafast
change of the real part of the refractive index (An =
0.72 + 0.025) and the relative change of 170% in
comparison to the linear value are unprecedented.
The change in the refractive index corresponds
to a change of the permittivity from € = 0 + 0.352i
to € = 1.22 + 0.61i where i is the square root of —1.
This result shows that ITO can exhibit a revers-
ible transition from metallic to a lossy dielectric
state with a subpicosecond time response at wave-
lengths slightly longer than the bulk plasmon
wavelength. Moreover, the usual perturbation ex-
pansion description of nonlinear optical effects is
not applicable for this material at high intensities.

We have shown that a thin ITO film exhibits
an extremely large ultrafast third-order non-
linearity at ENZ wavelengths. Moreover, it can
acquire an optically induced change in the
refractive index that is unprecedentedly large.
Our results challenge the notion that the non-
linear optical response is only a perturbation to
the linear response. Materials with such a large
nonlinear response are expected to enable ex-
otic nonlinear dynamics (22) and allow all-optical
control of metasurface and active plasmonics
devices. Thus, our results introduce a completely
new paradigm in nonlinear optics and open new
avenues for developing optical nanostructures
with large nonlinearity for applications in nano-
photonics, plasmonics, and nonlinear nano-optics.
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CATALYSIS

Photochemical route for
synthesizing atomically dispersed

palladium catalysts
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Gang Fu,'* Nanfeng Zheng'*

Atomically dispersed noble metal catalysts often exhibit high catalytic performances, but
the metal loading density must be kept low (usually below 0.5%) to avoid the formation of
metal nanoparticles through sintering. We report a photochemical strategy to fabricate a
stable atomically dispersed palladium-titanium oxide catalyst (Pd;/TiO,) on ethylene
glycolate (EG)-stabilized ultrathin TiO, nanosheets containing Pd up to 1.5%. The Pd;/TiO,
catalyst exhibited high catalytic activity in hydrogenation of C=C bonds, exceeding that
of surface Pd atoms on commercial Pd catalysts by a factor of 9. No decay in the activity
was observed for 20 cycles. More important, the Pd;/TiO,-EG system could activate H,
in a heterolytic pathway, leading to a catalytic enhancement in hydrogenation of aldehydes

by a factor of more than 55.

tomically dispersed catalysts with mono-
nuclear metal complexes or single metal
atoms anchored on supports have recently
attracted increasing research attention
(I-15). With 100% metal dispersity, atom-
ically dispersed catalysts offer the maximum
atom efficiency, providing the most ideal strategy
to create cost-effective catalysts, particularly those
based on Earth-scarce metals such as Pt (7-5),
Au (5-8), Pd (9-12), and Ir (13, 14). Moreover,
the uniform active sites of atomically dispersed
catalysts make them a model system to understand
heterogeneous catalysis at the molecular level
(4, 6, 10, 12-14, 16-21), bridging the gap between
heterogeneous and homogeneous catalysis.
During the past decade, several strategies
for atomically dispersing metal sites on catalyst
supports have emerged; these include lower-
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3Department of Chemistry, Dalhousie University, Halifax,
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ing the loading amount of metal components
(1, 8-10, 12, 20), enhancing the metal-support
interactions (4, 6, 9, 19), and using voids in sup-
ports or vacancy defects on supports (3, 11, 14, 22).
In most cases, the supports for atomically dis-
persed catalysts are deliberately chosen. Zeolites
provide effective voids to anchor individual metal
atoms therein and prevent them from sintering
during catalysis (23, 24). Defects on reducible
oxides (e.g., TiO, and CeO,) (25, 26) and on grap-
hene or CsNy, (9, 11, 22) help to stabilize atomically
dispersed metal atoms on supports. Coordina-
tively unsaturated A1*>* ions on y-Al,O; act as
binding centers to maintain the high dispersion
of Pt atoms, but Pt rafts form as the loading
amount of Pt increases (3). Currently, two major
challenges remain in the field of atomically dis-
persed catalysts: (i) to ensure a loading content
high enough for practical applications while main-
taining the metal centers as individual sites under
catalytic conditions (27, 28), and (ii) to address
whether atomically dispersed catalysts offer dis-
tinct active sites and/or undergo catalytic pathways
different from those of conventional metal cata-
lysts (1, 4-6, 8-10, 12, 16-21).

‘We report a room-temperature photochemical
strategy to fabricate a highly stable, atomically
dispersed Pd catalyst (Pd;/TiO,) on ultrathin
TiO, nanosheets with Pd loading up to 1.5%.
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Materials and Methods

Linear response of ITO

Our sample is a commercially available ITO film with sheet resistance of ~5 Q/
square, deposited on a float glass substrate. The thickness of the film is 310+2 nm, and
that of the substrate is 1.1 mm (Fig. 1A). The linear relative permittivity of the ITO film,
€, was measured via spectroscopic ellipsometry (Fig. 1B). Note that due to the large
doping concentration, the optical properties of ITO at near-infrared wavelengths
resemble those of a free electron gas. This is apparent from the excellent agreement
between the experimental data (symbols) and the Drude model (solid curves), € = €, —
wj/(w?* + iyw) using a high-frequency permittivity of e,,= 3.8055, a damping rate of
y = 0.0468w,, and a free-electron plasma frequency of w,/2m = 473 THz. The zero-
permittivity condition, Re(g)=0, occurs at the bulk plasmon wavelength A, =
2mcq/elw, = 1240 nm. At this wavelength the permittivity also has a large imaginary
part, Im(g) = 0.35, associated with damping losses in the material.

Z-scan procedure

The z-scan technique (14) was used to study the intensity-dependent refractive index
of the ITO film. In this technique, the sample is exposed to different optical intensities by
translating it along the optical axis of the focused laser beam, and changes in the optical
phase and attenuation of the transmitted light are measured as functions of the optical
intensity. The measurements are taken over a broad spectral range covering the low
permittivity region of the material and with a broad range of angles of incidence. The
recorded data is then used to extract the effective nonlinear refractive index, n, s, and
the effective nonlinear attenuation constant, Sfr. These parameters are defined as
Moty = An/l and By = Aa/I, where An and Aa are, respectively, the change in
refractive index and the change in attenuation constant induced by the laser beam, and I
is the intensity of the beam at its focus. For all our z-scan measurements, we used a
pulsed laser (150 fs pulse duration, repetition rate of 1 kHz) with average incident power
of 60 uW across the spectrum. This average power corresponds to a peak intensity of 66
GW/cm? at the beam’s focus at a wavelength of 1240 nm.

We used a pinhole of 0.3 mm diameter to produce a beam with circularly symmetric
trimmed Airy profile in the far-field. A series of lenses was then used to collimate and
enlarge the beam. Part of the collimated beam was routed to a reference photodiode to
monitor power fluctuations. The rest of the collimated beam was then focused onto the
sample using an achromatic doublet lens with anti-reflection coating. The focused spot
size was 25um. The diffracted light after the sample was split using a pellicle beam
splitter and routed to a pair of detectors for closed and open aperture measurements. The
sample was mounted on a computer-controlled motorized translation stage. For each
position of the sample we record the truncated mean values (the lowest 25% and the
highest 25% values were discarded before calculating the mean) from the photodiodes
averaged over roughly 3000 pulses. The signals from both closed- and open-aperture
photodiodes were normalized by the signal obtained from the reference photodiodes to
minimize the noise induced by the fluctuation of the laser beam intensity.
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We used the Fresnel-Kirchhoff diffraction integral using a fast-Fourier-transform-
based beam propagation method to simulate the experimental beam propagation over the
entire setup, and the z-dependence of the signal at the closed-aperture and open aperture
photodiodes (23). We have not made any a priori assumptions about the magnitude of
the nonlinear phase shift. It is critical to our experiment that we not make such an
assumption because the total nonlinear phase shift was quite large, which may invalidate
the standard closed-form expressions for the far-field z-scan signals (14). We performed
numerical simulations of the nonlinear setup to determine the z-dependence of the open-
and closed-aperture signals. We verified our calculations by reproducing the results of
other authors for both small and large phase shifts (14, 24). The shape of the closed-
aperture signal is dependent on the shape of the open-aperture. Hence it is necessary to
first extract the imaginary part of the phase shift. In order to extract the value of the
phase shifts (real and imaginary) we followed the following steps. First, we generated a
wavelength and angle dependent grid containing nonlinear imaginary phase shifts (step
size of 0.0002 rad) and the maximum normalized net increase in transmittance at the
open aperture photodiode. Then, for each value of the imaginary phase shift we produced
corresponding wavelength and angle dependent grid containing nonlinear real phase
shifts (step size of 0.0002 rad) and the transmission separation between the peak and the
valley. We used the first grid to find the imaginary part of the phase shift from the open
aperture data and the later grid to find the acquired real part of the phase shift. The
extracted values of the nonlinear phase were used in the standard expression to calculate
Noefry and PBern (17). Fig. S1 shows representative close- and open-aperture

measurements at A = 1240 nm.

Extraction of refractive index from transmittance and reflectance measurements

We estimated the effective complex refractive index of the ITO film associated with
each set of transmittance and reflectance measurements for a given incident intensity. We
use a nonlinear constrained optimization technique to find the simultaneous minima of
the reflectance and the transmittance functions obtained using a linear transfer-matrix
method. In our calculations we assumed that the refractive index of the substrate is
independent of the intensity and took the substrate (glass) as an incoherent layer. This
assumption is justified because the nonlinear optical response of the substrate is orders of
magnitude weaker than that of the ITO film. We solve the minimization problem using
the Nelder-Mead method. For each iteration of simultaneous minima finding operation
we used the linear complex refractive index as the initial guess.

Pump-probe response

We measured the transmittance of a weak probe as a function of the delay between
the probe and a strong pump of the same wavelength. The transient change in the optical
properties of ITO is proportional to the transient change in the temperature of the
electrons. Hence, the transmittance of the probe for a particular pump-probe delay is
proportional to the convolution of the temporal response of the hot electrons with the
probe pulse. In a typical pump-probe measurement, it is often necessary to use lock-in
detection techniques. However, in our experiment the change in transmittance of the
probe is so strong that we did not require any such sensitivity-enhancement techniques.
We have observed that the overall response time has a minor frequency dependence: the
system relaxes more quickly when pumped with a shorter wavelength. This variation is

3



15

due simply to the fact that higher photon energy leads to faster relaxation of electron to
the Fermi level because 7,, o (hv) .

Supplementary Text

Two-temperature model

The free-electron dynamics in ITO are metal-like and can be described by the Drude
model. Hence, we assume that the third-order self-action nonlinear response of ITO in
the ENZ regime is dominated by the response of the free-electrons. To describe this
nonlinear mechanism, we use a phenomenological two-temperature model (18). This
model has been successfully applied by many authors to explain the ultrafast nonlinear
response of metals irradiated by femtosecond pulses (18, 20, 21, 25). According to the
two-temperature model, the laser energy absorbed by the material is transferred to non-
thermalized electrons (known as “hot electrons”) by promoting some free-electrons lying
below the Fermi level to the unoccupied levels above the Fermi level.

The self-action nonlinear process due to the hot-electron dynamics has a finite
response time, i.e. the maximum response is delayed with respect to the peak of the laser
excitation. In noble metals the total relaxation time of the hot electrons is a few
picoseconds and is limited by the electron-phonon interaction time. However the
response of the ITO thin film deviates from that of the metal in three important ways: i)
unlike noble metals, ITO has no interband transition resonance in the visible or infrared
range of the optical spectrum; ii) the free-electron density in ITO is two orders of
magnitude smaller than that of noble metals such as gold, resulting in much smaller
electron heat capacity and larger change in the electron temperature if all other
parameters are held constant; and iii) owing to a relatively smaller free-electron density,
the Fermi level is quite low in the conduction band (~1 eV for ITO). Due to the last
property, infrared radiation at ENZ wavelengths can excite even the lowest-energy
conduction band electrons (in contrast, the Fermi level of gold is ~6.42 eV and IR light
only excite only those electrons that sits near the Fermi level).

According to the delayed two-temperature model, after the laser pulse is absorbed
the generated hot electrons acquire a non-thermal energy distribution and act as a delayed
source of heating. The overall dynamics of the conduction band electrons can be
described by the following system of phenomenological coupled differential equations
(25) :

aT,

C,—=2=—g, (T, —T #(S14
e 5t gep( e l) + ZTee ( )
¢, It _ (T, —T)) + N u(s1p)#
l ot - gep e l ZTep, ( )

ON N
=— - + P, #(S1C)

Ot 2T, 27Tep
Here, N is the non-thermal energy density stored in the excited electrons, g, is the
electron-phonon coupling coefficient, T, (T;) is the free-electron (lattice) temperature, C,
(C) is the heat capacity of the electrons (lattice), 7., (z.,) is the electron-electron

(electron-phonon) relaxation time, and P is the time dependent absorbed power density
(i.e., rate of energy density absorbed in the material). We have ignored thermal diffusion
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processes in Eqg. (S1). In the transverse dimension the beam size greatly exceeds the
electrons thermal diffusion length and hence we also ignore the transverse dependence.
We have also ignored the thermal diffusion in the longitudinal direction by assuming
constant absorbed energy density.

In general, the thermal diffusivity of the electrons is a function of the electron
temperature and the velocity. Since the hot electrons in a noble metal move
approximately at the Fermi velocity, the heat transport is ballistic within the momentum
relaxation length due to electron-electron interaction. Heat is transported much faster by
the electrons than through the lattice, and hence typically the lattice contribution to the
thermal diffusion can be ignored (19). We also ignored the heat diffusion by hot
electrons in transverse dimension. The heat diffusion length is much shorter than the spot
size and hence it can be safely ignored.

Next we estimate the different parameters for ITO that appear in Egs. (S1). The
electron-phonon coupling coefficient (g.,) determines the strength of the energy
exchange between the excited electrons and the vibrational modes of the lattice. We
estimate this parameter as

k§®%VF

® LeTEp
where kg is Boltzmann’s constant, L is the electron mean free path, vy and Ef are the
Fermi velocity and the Fermi energy respectively, @ is the Debye temperature, and n,, is
the free-electron density.

The electron-electron (z,.) and electron-phonon (z,,) relaxation times in Egs. (S1)

dictate the rate at which the absorbed energy is redistributed to the electrons and to the
lattice respectively. These quantities are given by (26, 27)

=C w? 1+ (ZﬂkBTe>2 - #(534)
fee = 42 w,, hw ’

Tep = 2&,#(533)
ep

where w, is the free-electron plasma frequency and o is the frequency of the laser beam.
Here, we use the parameter C in Eq. (S3A) as a scaling factor to make sure that the
Drude damping parameter, y, measured under thermal equilibrium (at a temperature of
300 K) is equal to 1/7,p, + 1/7.

The free-electron heat capacity (C,) is a function of temperature. For temperatures
smaller than the Fermi temperature, this quantity can be approximated as C, =

3 m2n.kgT,/+/36 TZ + 4m*T2. On the other hand, the lattice heat capacity (C;) depends
on ©p. The value of ®, for ITO nanostructures is reported (28) to be ~ 1000 K, which is
much larger than that of noble metals such as gold (~ 170 K). The Debye temperature
is defined as the temperature required for the excitation of the highest-frequency phonon
mode - and thus, for the excitation all phonon modes. Hence, for lattice temperatures
much lower than 0, the number of the interacting phonon modes and, by extension, the
lattice heat capacity (C;) is a strong function of the lattice temperature. However, the
lattice heat capacity asymptotically approaches a constant value as the lattice temperature
approaches ©p. Therefore, even for T; ~0,/2, the temperature dependent variation is

Jep = 0.562n

L #(52)




17

small. Hence, we ignore this variation and find that a constant lattice heat capacity of
2.6x10° Jm 3K (which is slightly larger than the heat capacity of In,Os) can reproduce
our experimental results.

Finally, the absorbed power density (P) is given by

2
P(t) = (1 =R —T)lya exp [—2 (Ti) ] ,#(54)

where R, T and a are the wavelength dependent reflectance, transmittance and
absorption coefficient, respectively, and z,,is the laser pulse duration. In general, P(t) is
also spatially varying because of absorption within the ITO sample. However, we ignore
this variation by assuming an effective intensity, I,, that is constant over one absorption
length.

Field enhancement at oblique incidence

According to Maxwell’s equations, the longitudinal component of the displacement
field must be continuous across an interface. Thus, the longitudinal component of the
electric field inside ITO is inversely proportional to the permittivity of ITO. For instance,
for the case of a single ITO-air interface, this continuity condition yields the following
relation for the field components normal to the interface: E} ;ro = E| air/€rTo- Thus, for
obliquely incident TM polarized light, the field inside the ITO is enhanced when &g is
small. This enhancement, however, is limited by the non-vanishing imaginary part of the
dielectric constant. We calculated the field enhancement factor as a function of
wavelength and angle of incidence for TM polarized light using a transfer-matrix method
and the measured linear permittivity values of our ITO sample. We show the result in
Fig. S2.

Hot-electron-induced change of refractive index

A change in the electron temperature produces a change in complex refractive index
of the material. The electron dynamics under non-equilibrium conditions and the
associated change in the refractive index are complex many-body problems that require
detailed knowledge of the electronic band structure. Since we lack this knowledge, it is
difficult to model the non-equilibrium electronic dynamics from an ab inito approach.
Therefore, we use a phenomenological approach based on the two-temperature model
and the Drude model to describe the hot-electron induced change in refractive index.

The two-temperature model predicts a transient but large change in the electronic
temperature, which results in a significant modification of the Fermi-Dirac distribution
and a corresponding decrease in the free electron polarizability (29). Within the
framework of the Drude model, this decrease in the polarizability is equivalent to a red-
shift of the plasma frequency due to the temperature dependence of the Fermi level (17).
This view is consistent with that of other authors who have investigated the nonlinear
transient response of metal-ITO hybrid structures (2). Because of the complex physical
mechanism relating the change in refractive index, An, to the change in free-electron
temperature, AT,, the relationship between these two quantities is not linear. This
conclusion is also supported by the relationship between T, and the electron-electron
scattering rate (t52). At ENZ frequencies the photon energy (hv) is approximately equal
to the Fermi energy (ef) of the conduction band electrons, and thus t54, the dominant
dephasing mechanism, is a quadratic function of the electronic temperature (t;2 o< T.2)
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(26, 30, 31). A change in the scattering rate results in the modification of the damping
term in the Drude model. Since the change in the real and imaginary parts of the
permittivity is related by the Kramers-Kronig relation, the relationship between AT, and
An is nonlinear.

The electron-electron scattering process distributes the absorbed energy among the
electrons, and a short time after the passing of the pulse produces a hot Fermi distribution
with electron temperature T, (assuming that the total internal energy is constant). At this
stage, electrons are in equilibrium with each other; however, they are not in equilibrium
with the lattice. For a given electron density, the chemical potential (Fermi level) of a
metal-like material depends on the temperature of the free electrons. Thus a change in the
electron temperature produces a change of the chemical potential. Finally, the hot-
electrons comes to the thermal equilibrium with the lattice through electron-phonon
interaction. This results in an increase in the lattice temperature. The lattice energy is
dissipated to the environment at a much longer time scale. However, low repetition rate
of the laser ensures that the lattice is always at the thermal equilibrium with the
laboratory before the arrival of an optical pulse.

The electronic temperature-dependent chemical potential (or Fermi level), u(T,), is

related to the Fermi energy by (32)
2

/[ T, 2
() ~ & [1 -= (T—) ] #(55)

where T is the Fermi temperature. This relation allows one to estimate the effective
plasma frequency at the elevated electronic temperature (for T, < Tg,) and then use the
Drude-Sommerfeld model of metals to calculate the change in the refractive index, An.

Using this method to calculate An, we obtained the enhancement of n, e = AnlI
as a function of the wavelength and the angle of incidence. This enhancement, shown in
Fig. S3, is defined with respect to the value obtained at normal incidence at a wavelength
A =970 nm. Note that for this calculation we have taken into account the wavelength
and angle dependent field enhancement factor shown in Fig. S2. Our calculation is
correct within the first order approximation, and shows that a modest field enhancement
can result in significant enhancement of n ).

Effect of the non-linear change of reflectivity

In their seminal paper proposing the z-scan technique, Sheik-Bahae et al. (13)
ignored the change in the Fresnel reflectivity due to the nonlinear optical effects. This
approximation neglects any change in the internal optical intensity that may result from
an optically induced increase or reduction of the Fresnel reflection. This approximation is
excellent for most materials, including those exhibiting large nonlinear refractive index
coefficients, because the nonlinear change in the refractive index, An, is typically much
smaller than the linear refractive index, n. However, this is not the case for the
experimental situation that we present in the main text, where An is similar to or even
larger than n. As a concrete example, consider the results in Fig. 3a of the main text,
where we show that the reflectance at # = 30" can change from a value of R;, = 0.187 for
the linear case, to a value of Ry; = 0.032 for the most extreme nonlinear case — i.e., when
the nonlinear response saturates. For the z-scan analysis in the main text, we always
estimated the intensity within the sample by accounting for the Fresnel reflection using
the value of the linear reflectance, i.e., I = I,(1-R;), where I, is the intensity of the beam
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at its focus and I is the intensity within the sample. However, as we explain next, this
approximation leads to inaccuracies when extracting the values of ny ey and Berr)-

The maximum changes in the input laser intensities in the z-scan measurements are
related to the maximum changes in the Fresnel reflectivities due to the nonlinear
response of ITO. Since T + A = 1 — R, a nonlinear change in reflectance (R) necessarily
implies changes in nonlinear absorptance (A) and trasmittance (T) due to the increase in
input intensities. Thus, a nonlinear change in reflectance affects both open and closed-
aperture measurements. However, we ignore the effect of the nonlinear Fresnel
reflectivity in our calculation. Hence, there are uncertainties in the extracted values of
Noefry aNd  Berry. The saturated values of the reflectance determine the maximum
possible nonlinear changes in the input intensities. We estimate the upper bound to
fractional error in the extracted nonlinear coefficients as

1-Ry,

=1- ,H#H(S6
((max) 1-Ry1(sat ( )

where Rypsat) 1S the reflectance of the sample in the high intensity limit in which the
change in refractive index reaches its maximum (saturated) value. The subscript L
indicates linear value. For the particular case discussed above (6 = 30°), this maximum
error is 19%. However, this error is not constant for all § because the reflectance varies
with 6. To estimate the maximum error for all the angles of incidence used in our
experiments, we calculated Ryysary @ @ function of 6 taking the saturated refractive
index value of the ITO film, i.e., nap = 1.13 +i0.27. This is a safe assumption, since
we expect the saturated value of An to be the same regardless of the incident angle. We
use this value in Eqg. (S6) to obtain the maximum error expected in the extracted values
of the nonlinear coefficients, which occurs when the input intensity is large enough to
saturate the nonlinear optical response of the material. These calculated maximum errors
are shown in Fig. S4.

Practical uses of the optical nonlinearity of ITO

ITO is a lossy material at ENZ frequencies. The losses in this material are
significantly larger than those in other highly nonlinear materials, such as chalcogenide
glass. For instance, the linear absorption coefficient of our ITO sample is roughly 4.2
um~1 at A = 1240 nm. Given the nature of its optical nonlinearity, ITO is probably not
suitable to construct nonlinear devices requiring long propagations lengths. Rather, the
large refractive index change accessible with 1TO could be used in conjunction with
nanoplasmonics and nanophotonics (where propagation lengths are very short) to create
efficient nanoscopic nonlinear devices. For instance, the large change of refractive index
of ITO can be extremely useful when combined with plasmonic nanostructures, whose
optical properties are extremely sensitive to the refractive index around them. Moreover,
the ultrafast recovery time and large change in absorption may allow one to use a thin
film of ITO at ENZ wavelengths as a saturable absorber in a mode-locked laser.
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Fig. S1.

Open- and closed-aperture measurements at A = 1240 nm for various angles of incidence.
The asymmetry in the closed-aperture signal increases with increasing angle of incidence
due to the large change in the absorption.
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Field enhancement at the air-1TO interface for obliquely incident TM polarized light. The
maximum field enhancement factor is 4, and occurs at wavelengths around Ao = 1240 nm.
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Enhancement of n, ¢, calculated using a first-order approximation to the electronic
temperature-dependent red-shift of the plasma frequency. We used the n, cfr) value at A
=970 nm as the normalization factor. For this calculation we have used an incident
intensity of 20 GW/cm?.
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Maximum error in the extracted nonlinear coefficients when the input intensity is large enough to
saturate the nonlinear optical response of the material. The values plotted here were calculated using
Eq.(S6).
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Materials with vanishing permittivity (epsilon-near-zero or ENZ materials) show unconventional optical
behavior. Here we show that plasmonic dipole antennas on an ultrathin ENZ substrate have properties significantly
different from antennas on a traditional substrate. Specifically, the presence of a 23-nm-thick ENZ material
strongly modifies the linear response of plasmonic antennas and, as a result, the resonant wavelength is
independent of the linear dimensions of the dipole antenna.

DOI: 10.1103/PhysRevA.93.063846

I. INTRODUCTION

The epsilon-near-zero (ENZ) property of materials, both
naturally occurring or artificial metamaterials, promises new
avenues for optics [1,2]. In the ENZ range of the spectrum
the real part of the permittivity, €, approaches or crosses
zero while the imaginary part usually remains finite. The
near-zero response can be obtained in various material
systems, including highly doped semiconductors [3], metal-
dielectric composite structures [4], or in integrated optical
platforms [5,6]. Materials that posses an ENZ spectral region
exhibit many unusual optical properties, including nearly
arbitrary control of light propagation [7—11] and the wielding
of diverse nonlinear phenomena [12—14]. One particular area
of interest is the effect of this vanishing permittivity on nearby
optical structures [8,9,15-17].

Recently there has been a tremendous interest in
designing metasurfaces with tailored electromagnetic
properties [18-20]. In this letter we discuss the impact of an
ultrathin ENZ substrate on the optical behavior of plasmonic
antenna arrays that are designed for operation near the ENZ
spectral region. We choose the array dimensions such that there
is no near-field coupling between the dipole antennas. We find
that in such a hybrid plasmonic-ENZ system strong coupling
occurs between the antenna resonance and modes within the
ENZ layer. Consequently, the resonance is split, with the
resonance wavelength independent of variations in the antenna
dimensions. We further investigate the field distribution within
the hybrid ENZ-antenna system.

II. CONSTITUENT COMPONENTS

The ENZ material employed for our study is a thin layer
of indium tin oxide (ITO), a degenerate semiconductor that
exhibits a vanishing real part of the permittivity in the
near-infrared spectral region. The ITO was obtained from a
commercial supplier and consists of a 23-nm-thick ITO film
on a 1.1-mm-thick float glass substrate. We determined the
permittivity of the ITO layer over a broad wavelength range
through spectroscopic ellipsometry, with the results shown in

“ideleon @itesm.mx
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Fig. 1. We observe that the real part of the permittivity, €, is
zero at A = 1417 nm and remains between 1 and —1 for the
spectral region spanning from 1200 nm to 1600 nm.

Thin ENZ material layers, such as the one employed here,
support optical modes with a large local density of states [21].
We obtain the dispersion curve of our bare ITO-glass substrate
by computing the local minima of the substrate’s reflectance
spectrum using the Nelder-Mead method. The generated
dispersion diagram is shown in Fig. 1(b), where two modes
can be identified: the Brewster mode and the Ferrell-Berreman
mode [21-23]. The Ferrell-Berreman mode has a high density
of states [21], as demonstrated by its shallow slope. Since
this mode is formed in a film that is thinner than the skin
depth in ITO, the transverse field is expected to be constant
throughout the film when it is excited [24]. The portion of the
Ferrell-Berreman mode below the light line is sometimes also
referred to as the ENZ mode. We note that the modes in the
ITO layer are not excited under normal incidence illumination.
Such illumination results in a monotonically decreasing
transmission with increasing wavelength (the transmission
drops from 94% to 78%), due to the increased absorption
in the ITO layer, see green curve in Fig. 1(a).

Due to its large density of states, the Ferrell-Berreman
mode can significantly alter the properties of nearby optical
scatterers. To study this phenomenon, we fabricated multiple
arrays of gold antennas on the ITO substrate [see Fig. 2(a)]. The
antennas were designed to have their fundamental resonance
near the ENZ spectral region of the ITO film, in the absence of
the ITO layer, as shown in Fig. 2(b). Each array has a square
lattice with a fixed period of 600nm. All antennas have a
length of 404 + 8 nm and their width varies across the arrays,
from 37nm to 77nm. These dimensions were confirmed
through scanning electron microscopy (SEM) measurements.
Fabrication was performed according to the recipe in Ref. [20],
using a Raith Pioneer electron-beam lithography system,
followed by gold evaporation and liftoff.

It is well known that a dipole antenna has a single optical
resonance, for light polarized parallel to the antenna length.
This resonance is strongly dependent on the dimensions,
both length and width, of the antenna [25,26]. Figure 2(b)
shows how the resonance wavelength, obtained from finite-
difference-time-domain (FDTD) simulations, shifts for dipole
antennas of the various dimensions used in our experiment, but

©2016 American Physical Society
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FIG. 1. (a) Experimentally obtained permittivity for the 23-nm-
thick ITO layer. The real part of € crosses zero at 1417 nm. The gray
shading indicates the region of the spectrum where —1 < e < 1.
(b) Dispersion relation for the modes supported by the 23-nm-thick
ITO layer on a glass substrate. The black dotted and dashed lines
represent the wavelength at which Re(e) = 0 (A¢) and the air (top
cladding) light line, respectively. kg is the free space wave vector.
The plot shows that the Ferrell-Berreman mode has a high density of
states, indicated by the shallow slope in this plot, near Xg.

on a simple glass substrate without the ENZ layer. It is clearly
visible that the resonance wavelength is strongly dependent
on the geometric parameters; in this case, reducing the width
from 77 nm to 37 nm results in a redshift of over 200 nm.

III. CHARACTERIZATION

For our experimental study, we measured the transmission
of light (normalized to transmission through the bare ITO film
on glass) from a tungsten halogen source through the sample
and detected the transmitted light using an optical spectrum
analyzer. A polarizer was used to select only the polarization
of light parallel to the antenna. Our measurements, shown
in Fig. 2(c), reveal that there is a strong resonance in the
region of 1320nm < A < 1380nm for all arrays. However,
we observe that the resonance of the dipole antennas on
ITO is almost independent of the antenna dimensions. This
is in contrast to the behavior of an identical set of antenna
arrays on glass (without ITO) simulated earlier, which exhibit
aredshift of the resonance wavelength that exceeds 200 nm. In
the combined system, the main impact of changing the antenna
dimension is a change of the extinction ratio, from a 30%
to a 45% dip in the on-resonance transmission. Furthermore,
while the antennas on glass have a symmetric resonance, the
combined system has a strongly asymmetric spectral behavior,
with suppressed transmission on the long-wavelength edge of
the resonance. A similar behavior can be observed in FDTD
simulations of the dipole antennas on our ENZ substrate
[dashed lines in Fig. 2(c)]. The observation of an asymmetric
resonance, with the resonant wavelength being independent of

LINEAR RESPONSE | 28

PHYSICAL REVIEW A 93, 063846 (2016)

(b) 1
o

2 0.8}

£

2]

@0.6-

B 0.4¢

N ——w=37nmM

E 0.2} ——w=57nm

) —w=67nm

=z : i ; : i

800 1000 1200 1400 1600 1800 2000
Wavelength (nm)

—_
(@]
S

Normalized transmission

9400 1000 1100 1200 1300 1400 1500 1600
Wavelength (nm)

FIG. 2. (a) Scanning electron microscope image of an antenna
array outlining the design parameters length /, width w, and period
p. The period corresponds to 600 nm. (b) Simulated transmission
spectra of three arrays of dipole antennas on glass, without the ENZ
substrate. The resonance wavelength is redshifted as w is decreased
at constant /. The simulated antennas have a periodicity of 600 nm,
a length of 404 &+ 8 nm, and a width of 37 nm (magenta/light gray),
57 nm (blue/dark gray), and 77 nm (red/medium gray), respectively,
matching the dimensions of the antennas fabricated on the ENZ
substrate. (c) Experimental (solid lines) and simulated (dashed
lines) transmission curves for three antenna arrays, with the same
dimensions as panel (b). All transmission curves are normalized to
the transmission through a bare ITO film on glass.

the antenna dimensions, is a remarkable consequence of the
strong interaction between the optical modes of the plasmonic
antenna and those of the thin ENZ layer.

IV. DISCUSSION

We now discuss the physics underlying the observed optical
behavior. From Fig. 2(c) we note that the resonance spectra

063846-2



ANTENNA ON ENZ:

OPTICAL RESPONSE OF DIPOLE ANTENNAS ON AN ...

Normalized transmission

i) 3
g
1
v S
150 ) =
Ve
fiy=
A
A
100 “
=
R Y
E Y
: \\
= \‘

1000 1200 1460 1600 1800 2000
Wavelength (nm)

—~
QO
=

Antenna width (nm)

15
antenna 10
ITO 5
glass
-200 -100 0 100 200 0
15
antenna 10
ITO 5
glass
-200 -100 0 100 200 0
15
antenna 10
ITO 5
glass
-200 -100 0 100 200
X (nm)

FIG. 3. (a) Evolution of the combined dipole antenna-ENZ
substrate resonance with varying antenna width. The color indicates
the simulated transmission through the system. The dotted and dashed
lines indicate the Ferrell-Berreman mode, at A, and the resonance
wavelength of the same dipole antennas on a glass substrate,
respectively. (b—d) Electric field strength plots, along the antenna
cross section, for an antenna with a length of 400 nm and a width
of 57nm. The color indicates the field strength, normalized to the
incident light. (b) At A = 1.0 um, away from the antenna resonance
and outside the ENZ region. (c) At A = 1.35 um, in the ENZ region
and at the observed resonance. (d) At A = 1.67 um, centered on
the second resonance dip, close to the resonance wavelength of the
antenna in the absence of the ENZ layer.

are characterized by two transmission dips, one occurring for
wavelength slightly shorter than Aq and the second occurring
for wavelengths above 1550nm; for the most part these
wavelengths were inaccessible in our experiment, due to
limitations on the detection bandwidth. These spectra exhibit
a strong splitting of the antenna’s dipole resonance, occurring
near Ao, where the ITO film supports the Ferrell-Berreman
mode. To investigate this behavior further, we performed
FDTD simulations of a larger range of antenna dimensions
and over a larger wavelength range, mapping the evolution of
the combined ENZ-dipole antenna system. We also calculate
the field distribution of the excited modes. Figure 3(a)
shows the evolution of the resonance as the antenna width
is increased. Note that the antenna length was reduced to
350nm for these simulations to achieve a better spectral
overlap of the antenna resonance and the ENZ spectral region.
We see that the system has two resonances, with both an
increasing extinction and increasing separation between the
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resonances as the antenna width increases. Increasing the
antenna width results in stronger coupling between the ENZ
layer and the antenna resonance, as an increased width leads
to a blueshift of the antenna resonance wavelength. Therefore
we attribute the observed behavior to a strong coupling
between the Ferrell-Berreman mode of the ITO film and
the antenna resonance, consistent with recent observations by
Campione et al. [17], where a dependence of the splitting on
the ITO film thickness was demonstrated. A similar splitting
is not observed for the case of thick ITO films [27], which do
not support the Ferrel-Berreman mode.

We now further investigate the nature of the observed
resonances. We can separate the transmission spectra into three
distinct regions: short wavelengths, below both resonances;
near the shorter wavelength resonance; and near the longer
wavelength resonance. The first spectral region is away from
either resonance and outside of the ENZ region. Here, the light
only weakly interacts with the dipole antenna and the ENZ
layer, and consequently, strong transmission is observed. This
is confirmed by the lack of field enhancement observed in the
cross section shown in Fig. 3(b). As the wavelength is increased
we enter the second and third spectral regions, where the two
resonances are located. Figures 3(c) and 3(d) show the field
distributions for the two resonances. At the shorter wavelength
resonance, the field is enhanced on the antenna and in the
ENZ layer. Except at the termination of the antenna, the field
distribution within the ITO layer shows the main hallmarks
of the Ferrell-Berreman mode, i.e., a weak z dependence
within this layer and an abrupt termination at the ITO-glass
interface [24]. Since the ENZ wavelength is independent of
the antenna dimensions, the resonance wavelength associated
with this mode is constant for all arrays. However, antennas
in different arrays have different scattering cross sections
and a different resonance wavelengths. Therefore, they have
varying interaction strengths with the incident light in this
wavelength region and different coupling strengths with the
Ferrell-Berreman mode, resulting in the different transmission
values observed in Figs. 2(c) and 3(a). We note that in this
wavelength range the electric field in the ENZ medium is
significantly enhanced [see Fig. 3(c)]. For example, ignoring
the hot spots formed at the sharp edges of the antenna,
we obtain a six- to eightfold field enhancement in the
ENZ medium, corresponding to an enhancement of the field
intensity of approximately 50. From Fig. 3(d) we observe
that the field distribution associated with this second, longer
wavelength resonance has two separate regions with field
enhancement, near the antenna and at the ITO-glass interface.
In this wavelength region the ITO layer does not support the
Ferrell-Berreman mode anymore but supports a leaky surface
mode confined to the ITO-air interface. This mode is heavily
damped by radiative and material losses. Therefore the field
is confined tightly to the dipole antenna, has a z-dependent
field distribution within the ITO layer, and shows a modest
field enhancement at the ITO-glass boundary, associated with
a weak coupling to the surface plasmon modes.

V. CONCLUSION

We have shown that the presence of a thin ENZ sub-
strate strongly affects the optical response of antenna arrays
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operating in the ENZ spectral region through a strong coupling
between the Ferrell-Berreman mode in the ENZ substrate and
the antenna resonance. Far away from the antenna resonance
and outside of the ENZ region, light is only weakly affected by
the system, while closer to the wavelength where Re(e) = 0
the Ferrell-Berreman mode and the fundamental resonance
of the dipole antenna strongly couple, leading to a splitting of
the antenna resonance into two new resonances. In addition,
our optical field analysis shows that these two resonances have
very different optical behavior. On one resonance the field is
enhanced both on the antenna and within the ITO layer, where
the Ferrell-Berreman mode is exited. On the other resonance,
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the field enhancement is limited to regions near the dipole
antenna, with weak coupling to lossy surface plasmon modes
at the ITO-glass boundary. Our work provides a simple model
describing the optical behavior of dipole antenna arrays on
thin ENZ substrates and paves the way toward uses of such
structures, for example, for further enhancement of the already
strong nonlinear response of ENZ systems [3,10].
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LARGE OPTICAL
NONLINEARITY OF
NANOANTENNAS
COUPLED TO AN
EPSILON-NEAR-ZERO
MATERIAL

CONTRIBUTION STATEMENT:

For this project, I performed the laboratory measurements and
data analysis. Subsequently, I developed the numerical model
and wrote the first draft. At first, we were expecting only
a larger n; values due to field enhancement—but in the ex-
periment, we observed very large An and the sign of n;, also
seemed to vary as a function of wavelength. Both of these were
in total contradiction to our measurements of ITO film only.
These results befuddled us for a while. The eureka moment
came while I was biking along the Ottawa river—the sign and
magnitude of An in this system are determined by the plas-
monic antennas due to the time-varying resonance. A detailed
account of contributions can be found in the section titled "Au-
thor contributions".
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Large optical nonlinearity of nanoantennas
coupled to an epsilon-near-zero material

M. Zahirul Alam®?, Sebastian A. Schulz®'23, Jeremy Upham, Israel De Leon®* and Robert W. Boyd'®

The size and operating energy of a nonlinear optical device
are fundamentally constrained by the weakness of the non-
linear optical response of common materials'. Here, we
report that a 50-nm-thick optical metasurface made of opti-
cal dipole antennas coupled to an epsilon-near-zero material
exhibits a broadband (~400 nm bandwidth) and ultrafast
(recovery time less than 1 ps) intensity-dependent refractive
index n, as large as —3.73 + 0.56 cm? GW-", Furthermore, the
metasurface exhibits a maximum optically induced refrac-
tive index change of +2.5 over a spectral range of ~200 nm.
The inclusion of low-Q nanoantennas on an epsilon-near-
zero thin film not only allows the desigh of a metasurface
with an unprecedentedly large nonlinear optical response,
but also offers the flexibility to tailor the sign of the
response. Our technique removes a longstanding obstacle in
nonlinear optics: the lack of materials with an ultrafast non-
linear contribution to refractive index on the order of unity.
It consequently offers the possibility to design low-power
nonlinear nano-optical devices with orders-of-magnitude
smaller footprints.

All-optical signal processing and computation are often hailed
as breakthrough technologies for the next generation of computa-
tion and communication devices. Two important parameters of
such devices—energy consumption and size—critically depend
on the strength of the nonlinear optical response of the materials
from which they are made. However, materials typically exhibit an
extremely weak nonlinear optical response. This property makes
designing subwavelength all-optical active devices extremely dif-
ficult. Therefore, all-optical active devices tend to have large foot-
prints, which limits the integration density to many orders of
magnitude smaller than what can be achieved in state-of-the-art
electronic integrated circuits™. Thus, materials with much stronger
nonlinear optical responses are needed to enable integrated high-
density on-chip nonlinear optical devices.

Over the years, several approaches have been explored to enhance
the intrinsic nonlinear optical response of materials, including local
field enhancement using composite structures*, plasmonic struc-
tures”® and metamaterials’'?. However, these techniques offer only
limited control over the magnitude (and sign when applicable) of
the wavelength-dependent nonlinear response, and typically involve
a trade-off between the strength of the nonlinearity and the spec-
tral position of the peak nonlinear response. It has been reported
recently that materials with vanishingly small permittivity—com-
monly known as epsilon-near-zero or ENZ materials—exhibit
intriguing linear’"'” and large nonlinear responses"'*~*'. However,
an ENZ material has a large nonlinear response over only a rela-
tively narrow spectral range. Furthermore, the zero-permittivity

wavelength, strength of the nonlinear response, and losses depend
on the optical properties of the ENZ material. In comparison to pre-
vious works"'® where strong nonlinear responses were reported in
ENZ materials, here we show that many of these constraints can be
overcome by incorporating engineered nanostructures on an ENZ
host material. Specifically, we report a new approach to engineer an
optical medium with an unprecedentedly large intensity-dependent
refractive index using nanoantennas coupled to a thin ENZ material.
The simple design concepts presented here provide exquisite control
over engineering the sign and magnitude of the nonlinear refractive
index, and can be used in an all-dielectric CMOS-compatible fab-
rication process to miniaturize nonlinear optical devices by orders
of magnitude. We experimentally demonstrate that a metasurface
geometry is uniquely suited to engineer a broadband and ultrafast
nonlinear response orders of magnitude larger than those of any
previously reported solid-state materials at optical frequencies.

The rationale for using a coupled ENZ-nanoantenna system as
the building block for nonlinear optical devices is straightforward.
Let us consider an optical antenna placed on a material exhibit-
ing an intensity-dependent refractive index. A laser beam that is
nearly resonant with such a system experiences a large effective
linear refractive index. However, the resonance wavelength of a
nanoantenna depends on its geometrical parameters and the refrac-
tive index of the surrounding medium. Thus, a small change in the
refractive index of the substrate material leads to a spectral shift of
the system’s linear resonance as a consequence of the dynamic varia-
tion of the resonance wavelength of the nanoantenna. As a result,
a high-intensity beam at a nearly resonant wavelength experiences
a significantly different refractive index than that experienced by
a low-intensity beam, as illustrated in Fig. 1, resulting in a large
effective nonlinear refractive index change of the ENZ-nanoan-
tenna system, An. Moreover, the field enhancement provided by the
nanoantennas decreases the energy requirements for the nonlinear
response. As a result, such a system can exhibit a broadband and
large intensity-dependent refractive index.

We note that An can be either positive or negative, depending
on the spectral position of the optical signal relative to that of the
resonance at low intensity. Therefore, the sign, magnitude, wave-
length position and bandwidth of An are no longer constrained
by the ENZ substrate, but instead can be tailored by plasmonic or
dielectric nanoresonators. These features make the system flexible
enough to engineer both the magnitude and sign of the nonlinear
response simply by engineering the linear dispersion, by appropri-
ately choosing the antenna parameters and by choosing an ENZ
host that exhibits the required nonlinear response”'s.

We demonstrate the principle of operation using a metasur-
face”** consisting of a two-dimensional array of gold optical
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Fig. 1| Design concept and linear response of the coupled structure.

a, A small nonlinear change in the substrate material’s refractive index
results in a significant spectral shift of the resonance wavelength of an
antenna. As a result, light of high intensity experiences a dramatically
different refractive index (An) and a different absorption (Aa) compared
with those experienced by low-intensity light. b, The structure is composed
of a gold dipole antenna array of 27 nm thickness on a glass substrate.

A 23-nm-thick indium tin oxide (ITO) layer is sandwiched between the
antenna array and the glass substrate. ¢, Scanning electron microscopy
micrograph of the fabricated antenna array. d, The thin ENZ medium
supports a bulk plasma mode near the zero-permittivity wavelength®043-,
When a dipole antenna array with resonance at ~1,420 nm (due only to the
presence of the glass substrate) is placed on an ITO-glass substrate, the
transmission curve shows a splitting of the transmission resonance due to
strong coupling between the fundamental mode of each antenna and the
ENZ mode®"*, The variation between the experimental result and the FDTD
simulation—with antennas of dimension 362 nm x108 nm x 27 nm—can be
attributed to inhomogeneous broadening of the linewidth of the antennas
due to fabrication imperfections.

antennas on a thin ENZ layer, which in turn is deposited on a glass
substrate (Fig. 1b). In this structure, an antenna plays three crucial
roles: (1) it dictates the linear dispersion of the overall system, being
responsible for a large effective refractive index at frequencies near-
resonance; (2) it efficiently couples light at normal incidence to the
ENZ layer; and (3) it provides a moderate optical field enhance-
ment. We find that the interaction of the antennas with the ENZ
layer simulatenously increases the refractive index change An for a
constant incident intensity compared to the bare ENZ, and lowers
the intensity threshold for the onset of the nonlinear response due
to the moderate field enhancement inside the ENZ layer.

NATURE PHOTONICS

We used a 23-nm-thick film of indium tin oxide (ITO) as the
ENZ layer. The real part of the permittivity of ITO crosses zero at
A=1,420nm. We chose the geometric parameters of the antenna
such that its fundamental dipole resonance occurs at this wave-
length. The thin ITO layer supports a lossy bulk-plasma mode at
the zero-permittivity wavelength?-*'. The linear optical transmis-
sion measurement of the metasurface (Fig. 1d) shows two distinct
dips that result from the strong coupling-induced splitting between
the fundamental mode of the antenna and the bulk-plasma mode of
the ENZ layer. The coupled system exhibits two resonances, a main
resonance centred at A=1,280nm and a weaker resonance centred
at A= 1,640 nm. The wavelength separation between the resonances
(~330nm) is larger than the 3dB linewidth of the antenna reso-
nance on glass substrate alone (~30nm)*"**. This strong coupling
plays a significant role in the nonlinear response of the system.

We performed a series of Z-scan measurements* for various laser
wavelengths to characterize the nonlinear response of the metasur-
face at normal incidence. We kept the incident intensity at the focus
nearly constant at I~ 0.150 GW cm™ for all wavelengths. The polar-
ization of the incident optical field was always along the long axis of
the antenna. The metasurface exhibits both an intensity-dependent
refractive index and an intensity-dependent absorption. The former
is characterized by the effective nonlinear refractive index, n,= An/I,
and the latter by the effective nonlinear absorption coefficient,
p=Aall, where An and Aa are, respectively, the changes in the
effective refractive index and in the effective absorption resulting
from illuminating the medium with an incident intensity of I. The
results are shown in Fig. 2a,b. We find that the nonlinear response
is strongly enhanced across the entire spectral range of interest,
1,180nm <4 <1,560nm. The sign and magnitude of the nonlinear
parameters depend on which side of the linear resonance is under
investigation, and can be reproduced using a semi-quantitative
numerical model describing the redshift of the linear dispersion
of the coupled structure caused by the positive-valued intensity-
dependent refractive index of ITO (see Supplementary Section
"Two-temperature model').

The metasurface displays a feature-rich and wavelength-
dependent nonlinear response that can be used to control both
the magnitude and the sign of the nonlinear parameters. The
measured 7, (Fig. 2a) show extremely large values at the negative
(A=1,240nm) and positive (1=1,300nm) peaks, associated with
the main resonance of the system. The absolute maximum response
[n,|=3.73+0.56cm*GW~! is almost 2,000 times larger than the
maximum #, of the bare 23-nm-thick ITO at 1=1,400nm (see
Supplementary Section 'Nonlinear response of ITO'") and is three
orders of magnitude larger than that of a recently reported highly
nonlinear metamaterial”®. The magnitude of n, decreases steadily
as a function of increasing wavelength (4> 1,300 nm). Nevertheless,
even at a red-detuned wavelength (41=1,480nm), the nonlinear
index, n*=0.589 +0.088 cm”* GW ™, is six orders of magnitude larger
than that of silica glass and over two orders of magnitude larger
than the nonlinearity of a high-conductivity ITO film at the ENZ
region at normal incidence'. Similarly, the measured values of f
(Fig. 2b) have a positive or negative sign depending on the opti-
cal wavelength. The values of § for A< 1,250nm and 4> 1,440nm
are negative, indicating saturable absorption, whereas the values
for 1,250nm <A< 1,440nm are positive, indicating reverse satu-
rable absorption. The absolute maximum value of f is a factor of
three smaller than that of a highly nonlinear metamaterial made
of structured plasmonic metamolecules'’. Alternatively, one could
design the antenna array in a way to exhibit a much larger f range*
to realize an ultralow-power saturable or reverse saturable absorber
for applications in ultrafast lasing, optical limiters and on-off all-
optical switching.

The nonlinear dynamics of the overall system are primarily dic-
tated by the nonlinear response of the ITO film'. A positive change
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Fig. 2 | Nonlinear response of the coupled system. a, Effective nonlinear
refractive index n,, measured using a Z-scan technique. The metasurface
exhibits a large nonlinear response. The intensity-dependent refractive index
of the metasurface is almost six orders of magnitude larger than that of

SiO,, even for a highly red-detuned wavelength (1=1,540nm). b, Nonlinear
absorption . Solid lines show the simulated n, and f§ values, calculated using
a two-temperature model while taking the non-parabolic conduction band
structure of the ITO into consideration (see Supplementary Section 'Electronic
dispersion relation in ITO"). The semi-quantitative numerical simulation
predicts the main features of the wavelength-dependent nonlinear response.
Error bars correspond to the uncertainity in measured values due to distortion
of the Z-scan traces. ¢, Pump-induced change in the transmittance of the
probe at 1,280 nm. Dashed vertical lines represent the 10—90% transient
time. The slow recovery time is dictated by the electron-phonon coupling
strength and the quality factor of the resonance of the coupled system.

in the refractive index of ITO—resulting from an ultrafast redshift
of the plasma frequency—Ileads to a redshift of the main resonance
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of the coupled system due to the change in the coupling conditions
between the antenna and the bulk plasmon mode of the ITO. A laser
pulse at a red-detuned (blue-detuned) wavelength thus experiences
an increase (decrease) in effective refractive index, that is, a positive
(negative) value of the intensity-dependent refractive index. Thus,
by choosing appropriate geometric parameters of the antenna array
and the zero-permittivity wavelength of the ENZ film, one can con-
trol the sign of the nonlinearity.

We studied the temporal dynamics of the resonant nonlinear
response using a degenerate pump-probe transmittance measure-
ment at 4=1,280nm. The measurement (Fig. 2c) revealed a rise
time of ~260fs and recovery time of ~600fs. The rise-time mea-
surement was constrained by the temporal width of the pump
pulse, suggesting an onset of nonlinearity with sub-100fs dynam-
ics. The total response time (the rise time plus the recovery time)
at the resonant wavelength is only 53% larger than that of the bare
ITO film (see Supplementary Information Fig. 10). The relatively
slower response time can be attributed to the resonance effect of the
coupled structure. The nonlinear response of the coupled structure
can be further improved by using nanoantennas with higher qual-
ity factor Q, but possibly at the expense of a slower response time™.

Finally, we investigated the nonlinear contribution to the
refractive index at higher intensities by measuring the nonlinear
phase shift A¢ as a function of intensity at four different wave-
lengths (Fig. 3), two tuned to the main resonance (41=1,250nm
and 4=1,265nm) and two red-detuned from the main resonance
(A=1,360nm and A=1,440 nm). The maximum resonant nonlinear
phase shift was A¢=0.677rad, which can occur due to a refrac-
tive index change of approximately —2.74 for propagation through
a 50-nm-thick material. Even at A=1,440nm (a highly red-detuned
wavelength), the change to the refractive index is ~2.6, while the
change in the transmittance is less than 6%. Such a broadband,
large and ultrafast optically induced change in the refractive index
is unprecedented. In most cases, saturation effects become evident
for an incident energy density larger than ~2 pJ pm™2, which is lower
than the damage threshold of the gold antennas. The saturation of
An can be attributed to various causes, including large damping of
the low-conductivity ITO, which limits the maximum achievable
temperature of the free electrons. Furthermore, the increased elec-
tron temperature spectrally widens the resonance of the coupled
structure, limiting the maximum phase shift achievable. Thus, ENZ
materials with lower intrinsic damping could increase the satura-
tion threshold. The nonlinear response could be further enhanced
by maximizing the overlap between the near-field of the antennas
and the ITO layer, by choosing antennas (dielectric or metallic) with
higher quality factors, and by choosing an ENZ material with lower
intrinsic damping'®*.

We note that when the ENZ medium is sufficiently thick, the
antenna resonance becomes locked to the zero permittivity wave-
length of the ENZ material”’. Nevertheless, a metasurface that
incorporates a thick ENZ material will also exhibit an enhanced
nonlinear response because a dynamic change in the substrate’s
refractive index necessarily modifies the resonance wavelength of
the antenna. The strategy introduced in this Letter can be consid-
ered as a temporal analogue of the typical space-gradient metasur-
face?”?>”. Thus, by combining both strategies one could design an
all-optical space-time gradient metasurface to break the geometri-
cal and temporal symmetry on-chip***, design ultrafast temporal
holograms and control the directivity of emission using an optical
gate signal*®*!.

In summary, we have demonstrated that a metasurface geom-
etry is uniquely suited to achieving large nonlinear refraction. We
have shown that a metasurface may exhibit an extremely large
intensity-dependent refractive index if an ENZ medium is incor-
porated into the design. The technique introduced in this Letter
offers flexibility in customizing both the wavelength-dependent
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Fig. 3 | Maximum nonlinear contribution to the refractive index as a function of incident energy density. \We determined the maximum nonlinear contribution
to the refractive index by measuring the phase shifts at four different wavelengths for a series of different incident energy densities. Even at a highly red-
detuned wavelength of 1,440 nm, the maximum nonlinear contribution to the refractive index is larger than 2.5. These results show that the metasurface
exhibits a large refractive index change across a wide bandwidth. We note that the saturation effects present in the plots can be modelled to extract the
effective fifth-order nonlinear coefficients. The error bars correspond to the uncertainty in measured values due to the distortion of the Z-scan traces.

magnitude and the signs of the nonlinear refractive index and the
nonlinear absorption coefficient in any optical frequency of inter-
est. The 50-nm-thick proof-of-concept metasurface exhibits a large
broadband nonlinear response with sub-picosecond recovery time.
The maximum absolute value of the nonlinear refractive index of
the metasurface is three orders of magnitude larger than the bare,
planar ITO at normal incidence'. As a benchmark comparison, it
is also seven orders of magnitude larger than that of glass and four
orders of magnitude larger than those of GaAs and As,S; (ref. **).
However, the large absorption in the coupled structure is a con-
straint. From the operational point of view, perhaps a more impor-
tant criterion is the maximum achievable nonlinear phase shift over
one absorption length. The maximum theoretical absorption in the
structure (including the ohmic loss in metal) over the entire spec-
tral range of interest is less than 40% (see Supplementary Section
'Field enhancement and absorption'). Further improvements to the
design and material selection, such as dielectric nanoantennas and
an ENZ material with less damping, may reduce the overall absorp-
tion while increasing the efficiency. More interestingly, the mag-
nitude of the maximum nonlinear contribution to the refractive
index (>2.5) is comparable to or larger than the linear refractive
index of typical optical materials. Our findings introduce a new
paradigm for developing efficient nonlinear media for applications
involving low-power, high-integration-density nonlinear nano-
photonic devices, and also demonstrate a subwavelength nonlinear
metasurface for ultrafast all-optical control of the phase, amplitude
and polarization of light.

Methods

Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
org/10.1038/s41566-017-0089-9.
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Methods

Design. We used a commercial finite-difference time-domain (FDTD) software
(Lumerical FDTD solutions) to design the metasurface. The material dispersion
was taken into account by using experimental values for the permittivity of ITO.
The permittivity of the ITO film was measured using a spectroscopic ellipsometer.
The antenna was designed by choosing the length-to-width ratio in such a way

so that the fundamental dipole resonance of the antenna in the absence of the

ITO film (that is, assuming only the glass substrate) lies near the zero crossing
wavelength of the permittivity of the ITO film. The fabricated antennas had average
dimensions of ~370 nm X 110 nm X 27 nm (the designed dimension was

~355nm X 110 nm X 27 nm) and the unit cell dimension was 600 nm X 600 nm. The
ITO film was 23 nm thick with a surface resistivity of ~80 Q[

Fabrication. The 500 pm X 500 pm antenna array was fabricated on commercially
available ITO on glass substrates (PGO GmbH). The antenna patterns were defined
in a bilayer poly(methylmethacrylate) resist using electron beam lithography (Raith
Pioneer 30kV), followed by Au deposition and a liftoff step. Intraparticle proximity
error correction was used to ensure sharp corners and a good rectangular shape of
the antennas™.

Measurements. The linear response of the metasurface was measured using a
thermal light source and a custom-built transmittance measurement system.

We used a single-beam Z-scan technique to measure the nonlinear response of
the system using a regeneratively amplified femtosecond laser pumped optical
parametric amplifier as the source laser. The pulse width was ~140fs. A pair of
apertures was used to produce a beam with a circularly symmetric trimmed Airy
profile (that is, only the central lobe of an Airy pattern) in the far-field. A pair of
achromatic doublet lenses was then used to collimate and enlarge the beam. Part
of the collimated beam was routed to a reference photodiode to monitor power
fluctuations. The rest of the collimated beam was focused onto the sample using
an achromatic doublet lens with antireflection coating. The diffracted light after
the sample was split using a pellicle beamsplitter, and routed to a pair of detectors
for closed- and open-aperture measurements. The sample was mounted on a
computer-controlled motorized translation stage. For each position of the sample
we recorded truncated mean values (the lowest 25% and highest 25% values were
discarded before calculating the mean) from the photodiodes averaged over ~3,000
pulses. Due to the diffractive propagation required to produce a collimated beam
with an Airy profile, the beam diameter at the Z-scan lens varied as a function of
wavelength. Specifically, the input beam diameter varied from 10.2 +0.15mm to
14.65+0.15mm for A=1,160nm to A=1,560 nm. The beam was focused onto the
sample using an antireflection-coated achromatic doublet lens of ~100 mm focal
length. The closed-aperture detector was placed 285 mm away from the Z-scan
lens. We did not use any aperture before the closed-aperture detector because

the active area (5 mm diameter) of the detector was much smaller than the beam

NATURE PHOTONICS

diameter. The use of an even smaller aperture adversely affected the measurement
by reducing the signal-to-noise ratio.

We used the Fresnel-Kirchhoff diffraction integral with a fast-Fourier-
transform-based beam propagation method to simulate the experimental beam
propagation over the entire set-up. We were thus able to calculate the z-dependence
of the light falling onto the closed- and open-aperture photodiodes. We wrote
the numerical beam propagation program using Julia language®’, which allows
arbitrary order nonlinear refraction and absorption to be taken into account. We
have observed that at high intensity fifth-order nonlinear absorption becomes
significant, and at non-resonant wavelengths it can almost completely cancel the
third-order nonlinear absorption.

Numerical model of the nonlinear refractive index. To calculate the nonlinear
refractive index, we carried out a series of linear FDTD simulations of the antenna-
ITO structure by varying the plasma frequency of the ITO. We then calculated the
homogenized refractive index from each set of s-parameters, resulting in a plasma
frequency-dependent effective index distribution of the coupled system. We then
calculated the time-dependent electronic temperature using a semiclassical two-
temperature model. The plasma frequency of the ITO layer was calculated based
on the electronic temperature (see Supplementary Section "Two-temperature
model'). Based on the calculated plasma frequency and the set of homogenized
refractive indices, we calculated the time-dependent change in the refractive
index. The effective nonlinear coefficients #, and § were determined by dividing
the time-averaged homogenized refractive index (normalized by the pulse shape)
by the incident intensity. In this model, we ignore the intrinsic nonlinearity of the
metal and the change in absorption of the coupled system due to the temperature-
dependent change in the damping coefficient (imaginary part of the permittivity)
of the ITO layer. This leads to an overestimation of § obtained from the numerical
model for all wavelengths far from the saturation intensity. Hence, we scaled down
the f values by a factor of 3.0 to fit the numerical result to that obtained in

the experiment.

Code availability. All relevant code used in this paper are available from the
corresponding author upon reasonable request.

Data availability. All relevant data used in this paper are available from the
corresponding author upon reasonable request.
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Linear response of ITO

We measured the permittivity of the 23 nm ITO using ellipsometry (Fig.S1). For the entire spectral range the following
Drude-Loretz model can quantify the permittivity:

(85 _8°°)a)t2 _ wg (1)
o} —0?—iTyw ©*+il;0

€=Ex+

We use the following values for the parameters. €. = 3.1178, & = 3.8466980, w, = 7.42969 x 109 rad/sec, W, = 2.6594 x
10'5 rad/sec, Ty = 0.534217 x 10" rad/sec, [; = 0.231806 x 10'3 rad/sec.
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Figure S1. Permittivity of ITO: The real part of permittivity of the low conductivity ITO crosses zero at 1420 nm.
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Figure S2. Strong coupling: Length dependent variation in the transmittance of gold dipole antenna on glass in the absence
of an ITO layer (left panel) and with an ITO layer between the antenna and the substrate (right panel).

Linear response of the coupled system
A thin ENZ layer supports a bulk plasma mode with wavevector-dependent radiative and nonradiative properties at the zero
permittivity wavelength. This mode has been theoratically and experimentally investigated in a number of papers.'-> When a
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dipole antenna with resonance near the bulk plasma mode is placed on the ITO layer, the antenna mode and the bulk plasma
mode interacts. This interaction results in strong coupling induced splitting of the antenna resonance. Fig. S2 shows an
anti-crossing in the coupled structure which is a signature that antenna-ITO is in strong coupling regime. This artificial polariton
splitting (~ A /4) is one of the largest observed in metamaterials.®~ The shape and the magnitude of the resonance dips of
the ITO-antenna coupled structure depend on the coupling strength and the material parameters. The spectral width of the
resonance of the coupled system at the shorter wavelength is narrower than that of antenna only.

Electronic dispersion relation in ITO
ITO has a non-parabolic conduction band.® Following Kane’s model”-® of semiconductor we can write the energy-wavevector
(E, k) dispersion relation for a conduction band electron of ITO as

nk?

—— =E+CE?, 2)

2m

where C = 0.4191 eV~ is the non-parabolicity parameter and we have used the value reported by Liu et. al.® m = 0.4m, is the
effective mass of the electrons. From the above relation we find

k=1/2mE(1+4CE) /1, (3)

2m 1+2CE
dk =\ 5 ———=dE. “4
V 72 2VE + CE? )
The number of states available for a given magnitude of wavevector || can be found by constructing a spherical shell of radius

|k| and thickness dk. The volume of this spherical shell in the momentum space is 47k>dk . The number of k states within the
spherical shell, g(k)dk, is

1 1%
g(k)dk = -5 x 2. 4nk2§dk. (5)

The factor 2 is the spin degeneracy factor of electrons. The factor 1/23 is to avoid counting indistinguishable wavefunctions
differing in signs only. Now by using Eqns. (3) and (4) and by dividing by the volume V, we can find the density of states
g(E), defined as the number of electron states in the conduction band per unit volume over an energy range dE,

V2, m. 3 1
8(E) = 7 (-5)? [(1+CE)]* (1+2CE) (6)

The total number of electrons n can be found by integrating the product of the Fermi-Dirac distribution function (frp) and
the density of states over all energy range

= " frp(E1(T,), T.)g(E)dE, ™
0

where p(T,) is the electro-chemical potential which depends on the electron temperature T, due to the conservation of total
electron number in the conduction band. Thus, the electron number conservation requirement results in decreasing value of the
chemical potential with increasing electron temperature.

We can write the plasma frequency as” 1°

W) = —© [ a+2ce) @(“CEZ))? <_afFD<E,u<z;>,Te>> | )

= 3mgen? Jo OF

9frp
oE

level. For electrons in a room temperature solid the thermal broadening function is narrow and is zero beyond a few kg7 from
the Fermi level. However, an elevated electron temperature leads to the broadening of this function due to a strong modification
of the Fermi-Dirac distribution. The modification of the Fermi-Dirac distribution is much stronger in ITO than a noble metal
due to the lower heat capacity constant of the free electrons of ITO. This results in an electron-temperature-dependent plasma
frequency of ITO due to the temperature dependence of the electro-chemical potential (the effective mass of the electrons) as
required by Eq.(7). For a given electronic temperature we find the chemical potential from Eqn. (7), and use Eqn. (8) to find
the plasma frequency of ITO which we insert into the Drude-Lorentz model of ITO to calculate the permittivity of ITO at an
elevated electron temperature. For a parabolic band (C = 0) the above expression reduces to the well known expression of the
plasma frequency.'?

The expression ( — ) is a measure of the strength of the thermal broadening of the electronic distribution around the Fermi
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Two-temperature model
The free-electron dynamics in ITO are metal-like and can be described by the Drude model. The third-order self-focusing
nonlinearity of ITO in the ENZ regime is dominated by the response of the free-electrons. To describe this nonlinear mechanism,
we use a phenomenological two-temperature model.!'~'3 The nonlinear process due to the hot-electron dynamics has a finite
response time and the maximum response is delayed with respect to the peak of the laser excitation. In noble metals the total
relaxation time of the hot electrons is a few picoseconds and is limited by the electron-phonon interaction time. However
the response of the ITO thin film deviates from that of the metal in three important ways: i) unlike noble metals, ITO has no
interband transition resonance in the visible or infrared range of the optical spectrum; ii) the free-electron density in ITO is
almost two orders of magnitude smaller than that of noble metals such as gold, resulting in much smaller electron heat capacity
and larger change in the electron temperature if all other parameters are held constant; and iii) owing to a relatively smaller
free-electron density, the Fermi level is quite low in the conduction band (~ 1 eV for ITO). Due to the last property, infrared
radiation at ENZ wavelengths can excite even the lowest-energy conduction band electrons (in contrast, the Fermi level of gold
is ~ 6.42 eV and IR light only excite only those electrons that sit near the Fermi level).

According to the delayed two-temperature model, after the laser pulse is absorbed, the generated hot electrons acquire a
non-thermal energy distribution and act as a delayed source of energy. The overall dynamics of the conduction band electrons
can be described by the following system of phenomenological coupled differential equations:'?

cﬁ];t(’) = —gep(Te(t) —Ti(1)) + Tee((ft))’
G 9;1 = gep(To(t) =Ti(1)) + rj:t(h,)’
W) _ N(1) N(r)
o 2T.(1) Tt +P, )

Here, N is the non-thermal energy density stored in the excited electrons, g, is the electron-phonon coupling coefficient, 7, (T;)
is the free-electron (lattice) temperature, C, (C;) is the heat capacity of the electrons (lattice), T,. (T.p) is the electron-electron
(electron-phonon) relaxation time, and P is the time dependent absorbed power density (i.e., rate of energy density absorbed in
the material). We have ignored thermal diffusion processes in Eq. (9). In the transverse dimension the beam size greatly exceeds
the electrons thermal diffusion length and hence we also ignore the transverse dependence. We have also ignored the thermal
diffusion in the longitudinal direction by assuming constant absorbed energy density due to small thickness of the ITO film.

Next we estimate the different parameters for ITO that appear in Eq. (9). We calculate the electron heat capacity C, by
using!#

/E afFD ( e), T)dE (10)

E

We take the lattice heat capacity C; = 2.54 x 10° Jm 3K to be a constant due to relatively small change in the lattice
temperature.

The electron-electron scattering rate (I',, = 1/7,,) determines the time duration electrons require to reach to thermal
equilibrium with each other. We use the following relation to estimate the temperature dependent electron-electron scattering
rate'®

? 27kp T, \ 2
I'pfe=—7—7-—+11 11
4n2wp<n>l *( o ) (an

The electron-phonon scattering rate (I',,;) depends on the lattice temperature and the Debye temperature of the lattice
(®p =900K)

2 AT O/
T, =T dz| . 12
o0 = o[5+®%/0 ez_lz} (12)

The electron-phonon coupling coefficient (g.,) determines the rate of the energy exchange between the excited hot electrons
and the vibrational modes of the lattice. Due to the strong modification of the conduction band electron distribution, even the
electrons with initial energy much below the Fermi level take part in this energy exchange process. Hence we estimate the
electron-phonon coupling coefficient using a relation which includes the density of states of the conduction band'*

ﬂkB

_ 3fFD
o = ooy e < (h0y ) > [ f(B) =5 . (13)
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where A, is the electron-phonon mass enhancement parameter and the second moment of phonon spectrum < (710),,;,)2 > is an
empirical parameter. We take 4., < (ha)ph)2 >=0.0042 eV? are a few times smaller than nobel metals such as gold.'*
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Figure S3. Field distribution: The plots show the field distribution at two resonances (4 &~ 1280 nm and A = 1640 nm).
The left panel shows the field distribution of the resonance at the short wavelength (the resonace of interest for this report). The
right panel shows the field distribution at the resonance located at the long wavelength (we have not investigated the response at
this wavelength). The z-components of the electric field profile shows the main difference between the two modes of the
coupled structure. The edges of the antennas are rounded with a rounding radius of 7 nm. We plot the wavelength-dependent
intensity enhancement along the vertical black line in the next figure.
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Figure S4. Wavelength-dependent intensity enhancement: Shown inside the ITO layer of the coupled structure, for a
fixed x-position — along the vertical black line in Fig. S3 — when excited from air.

Field enhancement and absorption

The antennas placed on the ITO film allow electric field to be concentrated inside the ITO structure resulting in enhancement
of the field intensity. Figure S4 shows the calculated intensity enhancement factor, as a function of position and wavelength,
sufficiently far from the antenna edge to avoid hotspots. The fabricated dipole antennas differ from the simulated ones due to
the fabrication imperfection which results in antenna edges being rounded off. We took this into account in the simulation by
rounding the edges (7 nm rounding radius) of the antennas. Furthermore, in our calculation of the two-temperature model we
take the calculated intensity enhancement (averaged over the ITO thickness) by considering the electric field enhancement
sufficiently far away from the antenna edge (along the vertical black line in the lower left panel of Fig. S3).

The absorption spectrum of the coupled system also differs significantly from the absorption coefficient of the bare ITO (Fig.
S5). Due to the stronger interaction of light with the ITO and the loss introduced by the plasmonic antennas, the absorption
coefficient is higher close to the resonances of the coupled system (maximum absorption is ~ 30% within the spectral range
of interest in this paper). Thus the antenna array increases the absorbed power density in the ITO film which results in the
enhancement of the nonlinear response of the overall system. However, a significant fraction of the power is absorbed by the
antennas which can be reduced by using dielectric antennas.

Nonlinear response of ITO

We measured the nonlinear response of the 23-nm-thick ITO sample use a Z-scan technique at normal incidence. The 23-nm-
thick ITO film exhibits wavelength dependent positive nonlinear refraction and saturable absorption. The maximum value of n;
is ~ 1.5 x 1073 at A = 1400 nm with ~ 200 GW /cm? incident intensity. Thus ~ 200 GW /cm? of incident intensity induces a
change of 0.15. It can be explained, to first approximation, due to a 5% red-shift in the plasma frequency. In order to find
the nonlinear response of the ITO film, we measured the nonlinear response of the ITO coated substrate (float glass) and the
nonlinear response of a similar substrate seperately while keeping the incident intensity constant. We then used the relation
n21T0 = (n2A,ITO—With—subslrateLITO—Wilh—substrate - n27substraleLsubstrate)/ Lito to find the n; of the ITO layer. Here, L denotes the
thickness.

Refractive index homogenization

The effective linear refractive index of the medium depends on the Q-factor of the resonator and the coupling dynamics between
the antennas and the ENZ film. We used the metamaterial homogenization procedure introduced by Smith et al.!” to calculate
the effective refractive index of the hybrid structure. We use the following set of equations to find both the real and the imaginary
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Figure S5. Absorption: Calculated absorption profile by the ITO-antenna coupled structure. The two peaks in the profile -
one at a shorter wavelength than the zero-crossing wavelength and one at a larger wavelength - further confirms the strong
coupling dynamics between ENZ mode and the antenna mode. Within the spectral range of interest the the theoratical
maximum absorption is ~ 34%.

part of the homogenized effective linear refractive index (Figure S7)

Say = /511522
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(1—s40)% =53,

1 521
Neff = lo 14
= o rdrolk [1_%;}] (14)

We calculated the plasma-frequency-dependent homogenized refractive index by calculating the s-parameters using a series
of FDTD simulations while manually varrying the zero permittivity wavelength of the ITO film. The two-temperature model
and the plasma-frequency-dependent homogenized refractive index of the overall system allows us to calculate the nonlinear
refractive index of the antenna-ITO coupled system.

Change in plasma frequency and nonlinear index

To first approximation the change in the refractive index of ITO and that of the coupled system can be attributed to the red-shift
of the plasma frequency as a function of incident intensity.” %181 For example, a 5% change in the plasma frequency
(Aw, = 5%) leads to a change in the refractive index of the bare ITO layer by ~ 0.16 at A = 1400 nm which can be achieved
with incident intensity of 100 GW /cm?. Whereas, for the coupled system a red-shift of the plasma frequency leads to a much
larger change in the refractive index. Depending on which spectral side of the resonance is under investigation, the change
in the refractive index, An, can be either positive or negative. For example, in the coupled system Aw, = 5% leads An = —5
and An = 1.16 at A = 1280 nm and A = 1440 nm respectively (Fig. S8). However, experimentally we measure Anyax & —2.5
at 1280 nm and Anp,x ~ 2.5 at A = 1440 nm. Thus, this simple analysis based on the red-shift of the plasma frequency
overestimates the Anp,x on- and near- resonance but underestimates the changes far from the resonance. The change in the
electronic temperature not only red-shifts the plasma frequency of the ITO but also increases the damping coefficent, i.e. the
imaginary part of the permittivity. As a result, the resonance width of the coupled system broadens in addition to the red-shift
of the resoance due to the change in ®,, as a function of the incident intensity. A broadened resonace of the coupled system
reduces Anp,x at on- or near-resonance wavelengths and enhances Anp,x at far from resonance. The presence of the antennas
thus amplify the change in the refractive index by upto a factor of 20. Moreover, the presence of the antenna introduces an
intensity enhancement of at least a factor of ~ 50 at normal incidence (Fig. S4). Thus, even at the saturation intensities these
two effects combined can explain a factor of 1000 enhancement of the value of n, of the coupled structure compared to that of
the the bare ITO at A = 1400 nm.
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Figure S6. Measured nonlinear response of low conductivity ITO: (a) The effective nonlinear refractive index n, as

measured using Z-scan. We use a 23-nm-thick ITO, which is used as the ENZ layer in the coupled structure, for this

measurement. (b) The nonlinear absorption coefficient 3.
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Figure S7. Homogenized refractive index: We used a refractive index homogenization technique to obtain the effective

index of the antenna-ITO coupled system. The large effective nonlinear response can understood as the light induced

time-dependent shift and reshaping of the homogenized linear dispersion of the coupled system.
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Figure S8. Change in the refractive index due to a red-shift of the plasma frequency: The plot shows that due to the
presence of the antenna, a 5% change in the plasma frequency can lead to a much larger change in the refractive index in the
coupled structure compared to the bare ITO. Moreover, the required incident intensity to induce a constant amount of red-shift
in the plasma frequency is much smaller in the coupled structure than the bare ITO due to the field enhancement. Here, we
calculate the change in the refractive index An simply by subtracting \/€(®),) from 1/€(0.95@,). In order to calculate the
refractive index for a particular plasma frequency, we use the Lorentz-Drude model and the homogenized refractive index for
the bare ITO and the coupled system respectively.

Z-scan traces

We show representative Z-scan traces in the presence of large nonlinear absorption in Fig. S9a (A = 1340nm). To obtain
the nonlinear measurements, we use a pellicle beam splitter placed right after the sample to divide the beam in order to
simulatenously measure closed- and open-aperture signals. We also use a reference photodiode to monitor the power fluctuation.
We do two sets of measurements for each wavelength in order to calculate np and 3 values: one set of measurements with the
incident intensity low enough so that nonlinear response is absent; and the other set with an incident intensity large enough
(~ 150MW /cm?) to induce a nonlinear response. We normalize the open-aperture signal by dividing the high intensity signal
(normalized by the reference signal to account for the power fluctuation) by the low intensity signal (normalized by the reference
signal to account for the power fluctuation). In order to find the value of the imaginary part of the phase shift we fit the
normalized data to curves generated numerically, as described in the method section. For the closed-aperture signal we find the
best fit after dividing the closed-aperture data by the open-aperture data. Finally, we calculate the n; and 3 values from the
phase shifts using the standard equations.?’

We perform a series of measurements with varying intensity to find the maximum possible phase shift — and the change in
the refractive index — as shown in Fig. 3. We observed that for a sufficiently large incident intensities the fifth-order nonlinear
effects can become important (Fig. S9b). This is the case for some of the data points in Fig. 3. In such cases, we do not
divide the closed-aperture signal with the open-aperture signal in order to decouple the nonlinear refraction from the nonlinear
absorption. Instead, we find the real part of the nonlinear phase shift by finding the best fit lines while taking the third- and
fifth-order nonlinear absorptions into account (Fig. S9b). The phase shifts obtained with such large intensities were used to find
the maximum intensity-dependent change in the refractive index (An) shown in Fig. 3 of the main text. The values of ny and 8
were obtained using a much lower input intensity, as mentioned above.
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Figure S9. Z-scan traces: (a) Unprocessed (top panel) and processed data (bottom panel) for Z-scan signals at A = 1340 nm
for incident intensity of ~ 158 MW /cm?. We obtained the normalized closed-aperture signal after dividing the closed-aperture

signal with the open-aperture signal. We obtain the nonlinear phase shifts values - real phase shift = 0.055 rad and imaginary
phase shift = 0.043 rad - by fitting the data with the numerically obtained curves (solid lines). (b) Normalized open- and
closed-aperture signal at A = 1440 nm for real phase shift of ~ 0.57 rad which is equivalent to An = 2.61. In this case, both
third- and fifth-order nonlinear absorptions are important. In order to extract the phase shift from the z-scan traces, it is
necessary to normalize the signal in such a way so that the transmittance far from focus approaches 1.0.

‘ Reference Inz|(cm?/GW)  A(nm) ‘
ITO (R; = 70 — 100 ©/sq.)'® 4.0x1073 1000
ITO (R; =8 —12 Q/sq.)'® 1.6x 1073 1000
Dimer antenna-ITO!8 5.9x%x 1072 1000
ITO (R, = 4.5 Q/sq.)"’ 2.6x1073 1240
ITO (R, = 80 Q/sq.) (this work) 1.5%x1073 1400
Dipole antenna-ITO (this work) 3.73 1240

Supplementary Table 1. Comparison of nonlinear response of ITO and hybrid ITO-antenna system at normal incidence.
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(low conductivity) or thick (high conductivity) ITO films. We normalized the x-axis such that the zero pump-probe delay time
corresponds to the maximum transmittance for visual aid.
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We show that standard approximations in nonlinear optics
are violated for situations involving a small value of the lin-
ear refractive index. Consequently, the conventional equation
for the intensity-dependent refractive index, #(1) = ny + n,1,
becomes inapplicable in epsilon-near-zero and low-index me-
dia, even in the presence of only third-order effects. For the
particular case of indium tin oxide, we find that the 1@, 505,
and ¥ contributions to refraction eclipse the linear term;
thus, the nonlinear response can no longer be interpreted as
a perturbation in these materials. Although the response is
non-perturbative, we find no evidence that the power series
expansion of the material polarization diverges. © 2017
Optical Society of America

OCIS codes: (190.0190) Nonlinear optics; (190.3270) Kerr effect.

https://doi.org/10.1364/0L.42.003225

Nonlinear optical effects are crucial to many applications in
photonics, performing essential functions in lasing, frequency
conversion, and entangled-photon generation, among others
[1-4]. Due to the small intrinsic nonlinearities of common
photonic materials, there has long been the desire to increase
optical nonlinearities in order to increase conversion efficien-
cies, miniaturize device footprints, and reduce power require-
ments in optical devices. Much of the recent work has been
towards enhancing nonlinearities by structuring materials, for
example, using high-Q micro-cavities [5-7] or photonic crys-
tals with slow light propagation [7,8].

Recently, a class of low-index materials called epsilon-near-
zero (ENZ) materials, whose real part of the electric permittivity
€' vanishes at a certain wavelength, has emerged as a promising
platform to achieve unprecedented large nonlinear responses
[9-11]. For example, in indium tin oxide (ITO), the nonlinear
contribution to the index of refraction A7 has achieved a value
0f 0.72 [9]. This value is considerably larger than what has been
achieved in highly nonlinear chalcogenide glasses (An ~ 107°9)
[12-14], and could enable all-optical switching in a propagation
length smaller than a single wavelength. With recent develop-
ments in the integration of zero-index metamaterials, whose

0146-9592/17/163225-04 Journal © 2017 Optical Society of America

zero-refractive-index wavelength can be arbitrarily selected to
suit the application [15-19], it has become critical to conduct
an in-depth investigation of the nonlinear optical response of
low-index media.

The recently demonstrated magnitude of nonlinear re-
sponses of ENZ materials is paradigm-shifting, and questions
certain established fundamental assumptions in the field of
nonlinear optics. For example, in a recent publication on the
nonlinearity of aluminum-doped zinc oxide (AZO), the au-
thors claim that “the ENZ nonlinearity in AZO [is] in a regime
where the approximation of expanding the material polariza-
tion in a power series breaks down” [10]. Here, we theoretically
and experimentally explore the consequences of a vanishingly
small permittivity on the nonlinear optical response.

We begin by deriving an expression for the intensity-
dependent index of refraction caused solely by the third-order
nonlinear susceptibility y®). For simplicity, we assume a cen-
trosymmetric material and neglect the tensor nature of the sus-
ceptibility, as well as material magnetic responses. This set of
assumptions is reasonable for most nonlinear optical materials [4].

To the lowest nonlinear order, the polarization of a material
illuminated by a monochromatic laser field is described as

PIOT = g PN = B + 3O ERL (1)
Here, £ is the complex amplitude of the applied electric field and

7V = e 1 corresponds to the linear response of the material,

with (1) being the linear relative permittivity. Thus, the relative
permittivity, including only the )((3) nonlinearity, is

e= e + 3O |E] @

Since all of these quantities may be complex, we define the
complex relative permittivity as € = ¢’ + ze'’ and the complex
refractive index as 7 = n’ + in", where a single prime denotes
the real part, and the double prime denotes the imaginary part,
respectively. These two quantities are related by [20]

n= e = /e 4 30| E 3)

Together, these equations can be used to obtain the com-
plex, intensity-dependent index of refraction 7 due to third-
order contributions. We find that
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n=\/nm+ 2nyml, (4)

where we take 7, = Ve to be the linear refractive index, / to
be the optical field intensity
I = 2Re(ng)egc| E)?, (5)

and we introduce the standard definition for the nonlinear
index of refraction [4,20]

3,0

=% (6)
4nyRe(ng)egc

In order to obtain a simpler relation for 7, Eq. (4) is usually

expanded in a power series under the assumption that
|2n51 [ ny| << 1 [4], yielding

/ 7 1 1
0 0

In most materials, |27,/ /7| is very small so that only the low-
est order correction term is kept, resulting in the intensity-
dependent refractive index being widely defined as

n=ny+ nzl- (8)

ny

Hence, the change of the refractive index due to the nonline-
arity is An = n-ng & nyl.

At this point, we pause to address a few concerns with this
derivation when considering a vanishingly small index. First,
in an ENZ material, An/ny can be larger than unity (e.g., in
Al-doped ZnO, this ratio has been shown to equal 4.4 [10]). In
this case, the assumption that permits the power series expan-
sion of Eq. (7) and leads to Eq. (8) is violated. Therefore, this
power series strictly does not converge, and Eq. (8) is not a valid
approximation of the intensity-dependent index of refraction.

Second, Eq. (4) reveals an issue that is not immediately ap-
parent from Eq. (8). As |ny] = 0, n approaches zero as well,
appearing to eliminate all refraction, including any nonlinear-
ities. This conflict in fact also exists within Eq. (8)—as
|ny] = 0, the optical field intensity vanishes while, simultane-
ously, 7, = oo, leaving their product (7,/) in Eq. (8) seem-
ingly undefined. Note that 7y is only introduced in the
nonlinear contribution to Eq. (4) in order to obtain Eq. (8) in
the appropriate limit, and it is this factor of 7, that leads to the
ostensible divergence of 7, for low-index materials. No artificial
effects of this kind appear when we phrase the nonlinear optical
response purely in terms of the susceptibility and the electric
field. ¥®|E)? remains a robust measure of the nonlinear re-
sponse, even when 7, and / take on exceptional values.

Thirdly, it is confounding to accurately interpret what it
means to have an intensity that is identically zero when Re(7)
vanishes in Eq. (5). When employing the optical field intensity
instead of the complex field amplitude, we also need to address
whether 74 or 7 should be used in its definition, which is typ-
ically not an important consideration when An < 1.

We must conclude that it does not seem beneficial to intro-
duce 7, or the nonlinear index of refraction, as defined in
Eq. (8), in the context of low-index materials. In order to avoid
these issues, we posit that it is preferable to use the intensity-
dependent index of refraction, as defined in Eq. (3), with the
square root, the nonlinear susceptibility, and the electric field
amplitude directly. Though this equation is present in standard
textbooks on nonlinear optics [4], it appears only as a step in
the derivation for Eq. (8). Here, we have identified, to the best

Letter

of our knowledge, the first case where its use becomes necessary
to model the optical response.

We demonstrate the significance of these insights by con-
sidering experimental results. Except where explicitly stated,
we focus our discussion on the single wavelength where the
linear permittivity Re(¢!")) = 0, which typically corresponds to
the wavelength where the index is at its lowest, and A7 has been
shown to attain its peak value [9]. In the experiment, originally
reported in Ref. [9], the transmission and reflection are mea-
sured through a thin film as a function of intensity. Since the
index change is so large, the Fresnel coefficients at the boun-
daries of the film change dramatically, which allows for the de-
tection of measurable changes in these quantities as a function
of intensity. We then extract both the real and imaginary parts
of the refractive index from the measured transmission and
reflection using a transfer-matrix method [21]. The measure-
ments are performed on a 310 nm thick film of ITO using
150 fs pulses at an oblique angle of 30°. The linear permittivity
of ITO has a zero-crossing at A = 1240 nm and a correspond-
ingly large nonlinearity at this wavelength [9]. However, it does
not exhibit a true instantaneous Kerr nonlinearity, as the material
exhibits a finite optical recovery time [22,23]. Additionally,
extracting nonlinear coefficients using this method will be highly
dependent on external factors other than the microscopic proper-
ties of the material. For these reasons, we denote the nonlinear
orders of the susceptibility as effective susceptibilities and re-
strict our discussion to a fixed pulse width, wavelength, and
angle of incidence.

We begin by examining input intensities up to
50 GW /cm?, above which higher-order nonlinearities begin
to make significant contributions to refraction. We present
the outcome of this measurement in Fig. 1 as a function of
the free-space incident pulse intensity /. We also plot
Eq. (8) for comparison, using values extracted from independent
ellipsometry and Z-scan measurements (Re(7y) = 0.44 and
Re(n,) = 0.016 cm?/GW) [9,24]. This equation provides
an adequate estimate of the index at low intensities, but quickly
fails to describe the refractive index as the intensity increases.

|E[2/ (GV/m)?

0 0.05 0.10 0.15 0.20
1.2 T T T

--- n=mng+nyl

11— n=1/e® +3xB)|E2 Pt

Re (n)

Io/ (GW/cm?)

Fig. 1. Intensity-dependent index of the refraction of ITO at
A = 1240 nm, where the real part of the linear permittivity e vanishes.
Equation (8) performs poorly at describing the refractive index at most
intensities (dashed blue line). Using Eq. (3), we obtain much-improved
agreement with the measurement without additional fit parameters (red
line). 7y and £ refer to the free-space intensity and the corresponding
field magnitude for a plane wave inside the material, respectively.



BEYOND THE PERTURBATIVE DESCRIPTION OF NLO | 53

Letter

In comparison, we plot Eq. (3) using these same material values.
The resulting curve follows the measured refractive index much
more accurately. We stress that the form of this curve is due solely
to the square-root nature of Eq. (3); it is not caused by any ab-
sorption-based saturation effects or higher-order contributions to
the nonlinear susceptibility. Recall that this form of the equation
has been derived assuming only third-order contributions to the
nonlinear polarization. Our treatment is different from a polyno-
mial fit to the refractive index, since it preserves the original def-
inition of 72, and describes some of the nonlinear behavior, even
in lowest order. At higher input intensities, the curve begins to
deviate significantly from the measured values, due to the emer-
gence of higher-order nonlinear effects. We discuss the contribu-
tion of these nonlinearities to refraction in the following.

The nonlinear polarization PNL(E) can be defined to be a
complex function of the electric field amplitude. Its explicit
form may depend highly on the experimental realization and
the microscopic model that describes the material. Therefore,
its analytical form might not be accessible at all. In the present
context, we are content with expanding the nonlinear polariza-
tion in a power series and describing the interaction by its macro-
scopic properties. Thus, our method can be applied even if there
exists no good microscopic model for the material response.

For a single-beam input, we represent the material polari-
zation with the following power series:

PYOVE) = eoE Y _cixP|EV, ©
jodd
where ¢jisa degeneracy factor [4]. We have included only odd
orders of ¥ because only those contribute to refraction.
We extract € from Eq. (9) and fit to the real and imaginary
parts of the intensity-dependent refractive index of ITO for
intensities up 275 GW /cm?. The resulting curve correctly de-
scribes both 7" and 7' at all intensities (Fig. 2). The extracted
7 values are listed in Table 1. The real part of 7, calculated
using y® extracted in this process is Re(7,) = 0.016 cm? /GW,
in agreement with the previous measurement.
We use Pearson’s statistical chi-squared value to determine
the most appropriate fit for this dataset [25]. Fits with fewer
nonlinear orders than y7) yield a significantly larger statistical

E[/ (GV/m)?
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Fig. 2. Despite the saturation behavior at high intensities, we can
correctly fit both the real and imaginary parts of the index of refraction
of ITO for intensities up to 275 GW/cm? with the addition of
appropriate ® and ¥ terms.
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Table 1. Values Extracted from the Fit to Eq. (9) with a
Third-, Fifth-, and Seventh-Order Nonlinearity

Re()? /(10-m/Vy-!

j Im(x)?/(10m/Vy-!
1 -0.980 4 0.008 0.36 £ 0.01

3 1.60 + 0.03 0.50 £ 0.05

5 -0.63 £ 0.02 -0.25 £0.04

7

(7.7 £0.3) x 102 (3.5+0.8) x 102

error (i.e., larger chi-squared). Including orders beyond x
only improves the statistical error marginally, indicative of over-
fitting. We thus attribute the nonlinear refraction of ITO to
7%, ¥, and ¥ nonlinearities at the investigated intensities.

To examine the contributions of different orders to the re-
fractive index, we plot them as functions of intensity in Fig. 3.
At the highest input intensities, the linear refractive index
makes only the fourth largest contribution to the total refractive
index, providing further evidence that nonlinear optical effects
cannot be treated solely as perturbations to linear optics. In fact,
for an accessible range of operating intensities, nonlinear effects
dominate the optical response of this material.

At the maximum utilized pump intensity, [, =
275 GW /cm?, the y©® term makes the largest contribution
to the total refractive index; this term contributes more than
the y® term, which is typically considered to be the dominant
mechanism for 7, and Az. Additionally, the y) term is also
significant, accounting for 20% of the total susceptibility.

Next, we use these extracted values to directly address
whether the large nonlinearities that have been observed in
ENZ materials violate traditional formulations of nonlinear
optics that are based on the power series expansion of the
nonlinear polarization.

The convergence of the power series in Eq. (9) can be
determined using the ratio test

f;'+2)(("+2)|E|j+1

lim —
fj)((/)|E|]_1

joo

< 1. (10)

When this inequality is satisfied, the series converges. Thus, we
see that An/n and 7, are not the relevant quantities for a dis-
cussion on convergence of the nonlinear polarization, even
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Fig. 3. Absolute contribution of the various orders of the nonlinear
susceptibility to the refractive index of ITO at the wavelength where
Re(eV) = 0. These contributions are estimated using the values for

7% in Table 1.
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though their magnitude is critical to the convergence of Eq. (7).
Instead, the various nonlinear orders of the susceptibility )
determine its convergence. We note from Fig. 3 that the first
few terms in the series violate the inequality since, at the maxi-
mum intensity investigated, the fifth-order contribution to re-
fraction (7.6 £ 0.3) is larger than the third order-contribution
(5.30 = 0.09) which, in turn, is larger than the linear contri-
bution (1.043 £ 0.004). However, the corresponding ratio be-
tween the y7) and y©® terms obeys the criterion in Eq. (10).

Though we have no access to the coefficients in the limit of
j = o0, we remark that they must be negligible at the inves-
tigated intensities, since we can accurately fit to the refraction
without them. For example, ¥ was not found to be sta-
tistically different from zero; therefore, its contribution to the
refractive index is insignificant, even at the maximum intensity
investigated and, in particular, must be smaller than the seventh-
order term, obeying the convergence criterion. Thus, we con-
clude that the large nonlinear index of refraction that is observed
in ENZ materials is nonetheless consistent with a power series
description of the nonlinear polarization.

The above treatment and discussion prominently demon-
strate that there is indeed a need to reinterpret established
quantities related to the optical response in materials with small
indices of refraction. We conclude that, in this unique scenario,
it is no longer appropriate to use the approximation of the
intensity-dependent index of refraction that only depends
linearly on the intensity, even when only accounting for y©
nonlinearities. Instead, we have introduced a more general
equation with a square-root dependence. The linear slope with
which the community is familiar is merely a special case of
Eq. (3) for when the linear index is large. Because it is based
on so few assumptions, our method will continue to work in
cases that are not explicitly considered in this Letter, such as if
|9] > 0 or |An/n| ~ 1. The generalized equation developed
here has the benefit of preserving the standard historical defi-
nition of 72, as a function of y® [Eq. (6)], as well as the physical
definition of 7, as the initial slope for the refractive index with
respect to the applied optical intensity, i.e., 7, = lim;_0n/dl.
However, since the definition of 7, is problematic in the
context of low-index materials, )((3) or An should be used to
characterize materials, instead.

We have demonstrated how to extend our generalized equa-
tion to incorporate higher-order nonlinear terms and absorp-
tion. Besides the assumption that the nonlinear susceptibility
can be expanded in a power series, this treatment tracks the
measured refraction for intensities up 275 GW /cm? without
the need for a detailed microscopic model or empirical satura-
tion equations [26,27]. Though our treatment cannot make
predictions for even higher intensities, it enables quantitative
statements regarding the convergence of the material polariza-
tion. It may also be used to systematically estimate the magni-
tude of higher-order contributions. Incidentally, we have shown
that the nonlinear properties of ITO are even more striking
than previously realized. At the highest probed intensities, the
index of refraction is dominated by a fifth-order nonlinearity
whose contribution grows roughly with /2. We have also
detected significant contributions to refraction caused by sev-
enth-order nonlinearities. The nonlinear contributions from
7@, ¥®) and ;((7) terms each exceed the linear refraction term,

Letter

making ENZ materials, to the best of our knowledge, the first
solid-state platform to possess this property.

Finally, we have quantitatively shown that there is no evi-
dence that the power series expansion for the nonlinear polari-
zation in ENZ materials diverges at the wavelength where the
linear permittivity vanishes. However, the dominant higher-
order nonlinear contributions that have been observed reveal that
ENZ materials operate in a regime where nonlinear optical
effects can no longer be treated as a perturbation to linear optics.
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refraction in an epsilon-near-zero material

Yiyu Zhou 145 M. Zahirul Alam?4, Mohammad Karimi?, Jeremy Uphamz, Orad Reshef® 2, Cong Liu 3
Alan E. Willner3 & Robert W. Boyd® "2

Space-time duality in paraxial optical wave propagation implies the existence of intriguing
effects when light interacts with a material exhibiting two refractive indexes separated by a
boundary in time. The direct consequence of such time-refraction effect is a change in the
frequency of light while leaving the wavevector unchanged. Here, we experimentally show
that the effect of time refraction is significantly enhanced in an epsilon-near-zero (ENZ)
medium as a consequence of the optically induced unity-order refractive index change in a
sub-picosecond time scale. Specifically, we demonstrate broadband and controllable shift (up
to 14.9 THz) in the frequency of a light beam using a time-varying subwavelength-thick
indium tin oxide (ITO) film in its ENZ spectral range. Our findings hint at the possibility of
designing (3 4+ 1)D metamaterials by incorporating time-varying bulk ENZ materials, and they
present a unique playground to investigate various novel effects in the time domain.
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axwell’s equations describe how an electromagnetic

wave is modified by a material. The spatial boundary

condition associated with Maxwell’s equations can be
used to derive the well-known Fresnel equations and Snell’s law.
A spatial variation in refractive index leads to reflection and
refraction of a light beam incident on the boundary. As a con-
sequence, the wavevector of the transmitted light changes,
whereas the frequency is conserved. The spatial boundary can be
abrupt (nonadiabatic) in refractive index variation such as at a
glass-air interface. Or, the boundary can be smoothly varying, i.e.,
adiabatic in space, such as in a gradient-index lens. In both cases,
the refracted beam of light must have a different k-vector
(Fig. la), where |k| =2nn/A, n is the refractive index of the
medium, and A is vacuum wavelength of light. As the equations
describing the paraxial wave propagation are unchanged upon the
interchange of time and a spatial coordinate, one can define a
boundary of refractive index in the time coordinate in a dual
fashion to that in the spatial coordinates!~>. This effect is known
as time refraction.

The concept of time refraction is presented in Fig. la. Let us
assume that an optical pulse of frequency f; is traveling in a dis-
persionless medium with a refractive index of n,. At t=t¢; the
refractive index changes from 7, to #,. As a consequence of the
broken time translation symmetry, the frequency of light has to
change because of the change in the refractive index while leaving
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Fig. 1 Concept of time refraction. a A spatial boundary defined by a
refractive index change from n, to n, leads to a change in the wavevector of
a light beam as it passes through the boundary and is described by mi; =
n,A, (left panel). A refractive index boundary defined in time leads to time-
refraction effect of a light beam as it passes through the boundary and is
described by mf; = n,f, (right panel). Here f is the frequency of light waves
in the medium. b The permittivity of an ITO film used in the experiment.
The inset shows the simplified experimental setup and the shaded region
shows the spectral range of interest in this work. ¢ Simplified illustration of
the temporal index change An(t) of ITO excited by a pump pulse. d The
frequency of the probe redshifts (blueshifts) if the pump beam lags (leads)
the probe. At near-zero delay both redshift and blueshift can occur.

the wavevector unchanged®. The change in frequency, according
to the dispersion relation ¢/f= 117, can be expressed as n,f; = n,f,
= (n; + An)(f; + Af), where Af=f,—f; is the change in the fre-
quency of light after it encounters the temporal boundary; An =
n,—n; is the change in the refractive index; and c is the speed of
light in vacuum. Consequently, we can express the change in
frequency as Af= —An+fi1/(n; + An). Thus, the frequency shift
may be red (blue) if the change in index An is positive (negative).
This effect is strongest when An/(n; + An) is large. In a regular
dielectric medium such as silicon®, An/(n, + An) can only be on
the order of 1073. In contrast, in a highly nonlinear low-index
medium, An/(n; + An) can approach unity due to the near-zero
linear refractive index n; and the large nonlinear index change
An®-11. Thus, a highly nonlinear low-index medium is a natural
platform with which to generate a large frequency translation
using time refraction. In addition to frequency conversion, a time-
varying medium with a large index change can also be used to
investigate many novel effects in the time domain such as all-
optical nonreciprocity!>!3, negative refraction'4, photonic topo-
logical insulators!®, photonic time crystals!®, achromatic optical
switches!7, and the dynamic Casimir effect!8.

A number of effects have been used to experimentally imple-
ment a time-varying medium, such as free-carrier dispersion!9-24,
Kerr nonlinearity?>—28, laser-induced plasma?-32, and opto-
mechanical interaction®3. The magnitude of frequency conversion
in a time-varying medium fundamentally depends on the avail-
able index change. This is in contrast to other nonlinear optical
effects such as four-wave mixing®, where the constraints of weak
nonlinearity can be almost entirely overcome through use of a
very long interaction length34. Resonant structures such as micro-
ring resonators and slow-light photonic crystals, tend to exhibit
enhanced sensitivity to the change in the material’s refractive
index. Such resonant structures can be used to somewhat sidestep
the restrictions imposed by the intrinsically low nonlinearity of
materials to obtain appreciable adiabatic frequency conversion
(AFC)19-22.35-39 Using these techniques, adiabatic frequency
conversions up to 280 GHz (or ~0.145% of the carrier frequency)
have been previously demonstrated?). Nevertheless, all prior
demonstrations of AFC have exhibited the following limitations:
narrow operational bandwidth20:3438,39; relatively long interac-
tion length1921-25,33,36,37.40; Jimited tunability with respect to the
magnitude and sign of shift!®-244%; the requirement of inhomo-
geneous structure limiting wide adoptions into various plat-
forms!9-24:33,35-39; and the possible requirement of out-of-plane
above-bandgap excitation pulses20.

Here, we show that we can simultaneously overcome all of the
above-mentioned shortcomings by using a homogeneous and
isotropic epsilon-near-zero (ENZ) medium of subwavelength
thickness. Using a series of pump-probe measurements, we
demonstrate optically controlled total frequency translations of a
near-infrared beam of up to 14.9 THz (redshift of 11.1 THz and
blueshift of 3.8 THz)—that is, over 6% of the bandwidth of the
carrier frequency—using a 620-nm-thick ITO film. The effect of
frequency translation is broadband in nature, ie., the central
wavelength of the degenerate input pump and probe pulses can
be tuned over a 500 nm range. We also find that the effect is
maximum near the zero-permittivity wavelength of ITO.

Results

Nonlinear optical response of the ENZ material. An ENZ
material is defined as a medium that has a near-zero linear
permittivity, and consequently low linear refractive index. The
near-zero permittivity in such a medium leads to highly non-
intuitive linear effects*!~43 and strong nonlinear light-matter
interactions®#4-47, In order to implement a temporal boundary
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with a large index change, we make use of the large and ultrafast
optically induced change in refractive index of a 620 nm thick
ITO film in its near-zero-permittivity spectral range. ITO is a
degenerately doped semiconductor and near its zero-permittivity
wavelength (1240 nm), the linear permittivity of the ITO sample
can be well described by the Drude model (Fig. 1b). The temporal
nonlinear optical response of ITO can be described by the two-
temperature model when excited by an optical pulse with a
central wavelength close to the ENZ region®*%. The optical
excitation of ITO near the ENZ region leads to a strong mod-
ification of the Fermi-Dirac distribution of the conduction band
electrons. The highly nonequilibrium distribution of electrons,
within the formalism of the Drude model, leads to an effective
redshift of the plasma frequency owing to the momentum-
dependent effective mass of the electrons. According to the two-
temperature model, the rise time of the change in the refractive
index is limited by the thermalization time of the conduction
band electrons owing to electron-electron scattering. The rise
time also depends on the energy deposition rate in the ITO film
and thus has a strong dependence on the temporal envelope of
the pump pulse. Once the pump pulse peak leaves the ITO film,
the index returns to the initial value within a sub-picosecond time
scale through electron-phonon coupling (Fig. 1c). Owing to
the time-dependent nature of the index change induced by the
intensity of the pump pulse, the frequency of probe pulse can be
redshifted or blueshifted depending on the pump-probe delay
time (see Fig. 1d).

Measurements at the near-zero-permittivity wavelength. In
order to measure the magnitude of the frequency translation
using ITO, we performed a set of degenerate pump-probe
experiments with ~120 fs pulses and recorded the spectra of the
probe beam as a function of the delay between the pump and the
probe for varying pump intensities. The ITO film has two 1.1-
mm-thick glass slabs on both sides. Both pump and probe beams
are p-polarized, and the intensity of the probe beam is kept low to
avoid nonlinear effects (See Methods and Supplementary Note 1
for more details). The results for Ay = Ayump = Aprobe = 1235 nm
at the pump-probe delay time of +60 fs is shown in Fig. 2. The
pump induces a nonlinear change in the refractive index of ITO
with a rate that depends on the pump intensity, the temporal
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Fig. 2 Pump-induced frequency translation at a fixed delay time. a-b The
frequency of a 1235 nm probe beam redshifts at the delay time ty= —60fs
in @ and blueshifts at the delay time ty=60fs in b. The insets show the
relative position of the pump and the probe. The top-most (bottom-most)
spectra in both panels correspond to the largest (zero) pump intensity and,
consequently, the largest (zero) change in the refractive index.

envelope of the pump, and the intrinsic nonlinear dynamics of
the ITO. When the pump pulse is delayed with respect to the
probe, i.e., pump-probe delay time ¢4 < 0, the probe experiences a
rising refractive index and thus its spectrum redshifts (Fig. 2a). If
the probe reaches the ITO after the peak of the pump pulse is
passed (4> 0), it experiences a falling refractive index change and
the spectrum of the probe blueshifts (Fig. 2b). We also note that
for t4=0 both blueshift and redshift can occur (Fig. 1d). As the
thickness of the ITO film is only 620 nm, 120 fs pump, and the
probe pulses never reside entirely within the ITO thin film
(Fig. 1d). Thus, the magnitude of the frequency shift of the probe
pulse becomes dependent on the index change rate An/At it
experiences while transiting through the ITO film. We extract the
effective values of the index change rate based on the experi-
mental data through numerical simulations (see Supplementary
Note 2). In numerical simulation we use the slowly varying
envelope approximation and, as a result, the predictions of our
model are only dependent on the envelope-averaged dynamics of
the ITO.

We find that both the pump intensity and the value of the
pump-probe delay time modify the spectra of the transmitted
probe. We present the results for Ao = 1235 nm for three pump
intensities in Fig. 3a-c. In general, the time refraction leads to the
modification of amplitude, bandwidth, temporal width, and the
carrier frequency of the probe pulse (see Supplementary Note 3).
In order to focus on the spectral shift, the magnitude of spectrum
for each pump-probe delay value is individually normalized in
Fig. 3. We find that when the absolute value of the pump-probe
delay time |t4] is increased, the magnitude of the frequency
translation for the probe decreases. Furthermore, when pump-
probe delays are small, the leading portion of the probe pulse
experiences an increase in refractive index (thus redshifts),
whereas the trailing portion experiences a decrease of refractive
index (thus blueshifts). This is evident in Fig. 3a-c by the
presence of two peaks at t4 =0. For a fixed pump-probe delay
time an increase in pump intensity leads to larger change in index
and, as a result, a larger shift in the central frequency of the probe
pulse. Furthermore, we find that the fall time of the index change
is slower than the rise time of the index change. The fall time of
the index change is longer because it—within the formalism of
the two-temperature model—is dictated by the intrinsic
electron-phonon coupling rate, the maximum temperature of
the conduction band electrons, and the thermodynamical
properties of the lattice. As a result, the rate of decrease in index
after the pump leaves the ITO film is smaller compared with that
of the rising edge, and therefore the magnitude of the achievable
redshift for a constant pump intensity is larger than the
achievable blueshift. At a sufficiently high pump intensity, we
observe an appearance of a large blueshifted spectral peak when
the pump is at 1235 nm owing to higher-order nonlinear optical
effects. At a peak pump intensity of 483 GW cm~2 the blueshift
can be as large as 10.6 THz (~52 nm in wavelength), and the total
maximum frequency translation can be larger than 20 THz (see
Supplementary Note 4). This value corresponds to a fractional
frequency shift (Af/fy) of ~9%.

We model the time-refraction effect in ITO using the nonlinear
Schrodinger equation, and the split-step Fourier method is used
to numerically solve the Schrédinger equation*s. We use an
iterative algorithm to calculate the approximate shape of the
time-varying nonlinear phase variations induced by the index
change to fit the experimentally measured spectra (see Supple-
mentary Note 2). The simulation results are shown in Fig. 3d-f.
Our numerical model is in excellent agreement with the
experimental data, confirming that the origin of the shift is
owing to the rapid change of index experienced by the probe
pulse while transiting through the ITO sample.
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Fig. 3 Experimental and simulated probe spectra at 1o = 1235 nm. a-c Experimental probe spectra as a function of the pump-probe delay time for varying
pump intensities. The spectral magnitude for each pump-probe delay is normalized individually. d-f The corresponding numerically simulated probe
spectra modeled by the nonlinear Schrédinger equation. The spectra of the probe show a strong dependence on the pump intensity and pump-probe delay
time. For a pump intensity of 268 GW cm~2, the total frequency translation at this wavelength is 10.8 THz.

Measurements over a broad spectral range. Next, we investigate
the dynamics away from the zero-permittivity wavelengths. We
repeat the measurements at different excitation wavelengths from
Ao =1000 nm—1500 nm. For each excitation wavelength and
pump intensity, we extract the maximum frequency translation of
the probe over a range of pump-probe delay time (see Supple-
mentary Note 5). We summarize the wavelength- and intensity-
dependent maximum frequency translations in Fig. 4a—e. Here, we
limit the pump intensities to avoid the occurrence of significant
higher-order nonlinearities. Our results reveal a number of trends.
First, both the total achievable frequency translation (redshift and
blueshift) and the maximum achievable redshift for a constant
pump intensity are the highest near 1235 nm (where Re(e) = 0)
than at other wavelengths. For example, at Ay =1495nm the
measured maximum magnitude of the redshift (5.4THz) is a
factor of two smaller than what can be achieved at A; = 1235 nm
using a lower pump intensity. Nevertheless, we find that the total
maximum fractional frequency translation (Af/fy) at near-zero
permittivity is unprecedentedly large (Fig. 4f). The maximum total
frequency translation of 14.9 THz (redshift of 11.1 THz and
blueshift of 3.8 THz) at Ay = 1235 nm (redshift plus blueshift) is
over 53 times larger than what was achieved using a silicon ring
resonator of a 6 um diameter exhibiting a Q-factor greater than
18,00020. In contrast, the propagation distance in our material is
only 620 nm which is 30 times shorter in physical length and four
orders of magnitude smaller than the effective interaction length
in a high-Q cavity. Moreover, our results show the operation

bandwidth of ITO is much larger than what can be achieved using
high-Q resonant structures.

Discussion

As the refractive index of the ENZ material depends on the
intensity of the pump, the work presented here may be formally
described by cross-phase modulation with a delayed response®.
However, the concept of time refraction is independent of the
source type of the index change (e.g., thermally, optomechani-
cally, or electrically induced index change) and is a more general
effect than the simple cross-phase modulation that arises
when the temporal boundary is specifically induced by an optical
pulse. Furthermore, in contrast to a typical four-wave-mixing-
based frequency conversion, the frequency shift obtained
through time refraction does not depend on the frequency dif-
ference between the pump and the probe and is completely
free from phase-mismatching. Although in this work the
pump and the probe are frequency degenerate and produced
from the same source using a beam splitter, it is not necessary
for the beams to be frequency degenerate. Nevertheless, the
maximum frequency shift with minimum energy expenditure
can be achieved when both the pump and the probe lie within
the ENZ spectral range. As the maximum index change happens
at the zero-permittivity wavelength, the probe will undergo
maximum frequency shift if its wavelength is at or near the zero-
permittivity wavelength, whereas the energy expenditure will be
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Fig. 4 Wavelength-dependent time-refraction effect. a-e Experimentally measured maximum redshifts and blueshifts at different wavelengths g as a
function of peak pump intensities. f The red line denotes the fractional redshift |Af.eql/fo as a function of probe beam’s central frequency fq at a peak pump
intensity ~450 GW cm~2. The real part of the linear permittivity Re(e) of ITO film at the corresponding central frequency fg is shown in the top axis. The
black line shows the total fractional shift (redshift plus blueshift) measured at the maximum pump intensities before the onset of higher-order nonlinear
optical effects. We find that both the maximum fractional redshift and the total shift occur near the zero-permittivity wavelength.

minimum if the wavelength of pump is also at or near the zero-
permittivity wavelength.

In conclusion, we have shown that a subwavelength-thick ITO
film can be used to obtain unprecedentedly large (~6.5% of the
carrier frequency), broadband and tunable frequency translation.
The large time-refraction effect in the ENZ material raises the
intriguing possibility of wavelength conversion over an octave
using a time-varying ENZ medium. The magnitude of the fre-
quency translation is primarily limited by the linear loss, higher-
order nonlinear optical effects, dispersion, and the interplay
between the pulse width and the interaction time. We note that
the ENZ spectral region of ITO and other conducting oxides can
be tuned at any wavelength between 1 um and 3 pm by choosing
the appropriate doping level*>>0. Furthermore, because the effect
is present in a bulk, homogeneous and isotropic material, one can
engineer nanostructures incorporating ENZ media such as plas-
monic waveguides, photonic crystal waveguides, and dynamic
metasurfaces to arbitrarily control the sign and the magnitude of
the frequency shift in order to build efficient octave-spanning
frequency tuners while simultaneously lowering the required
pump power by a few orders of magnitude®. For example, an
appropriately engineered ITO-based platform can be used to shift
an entire band of optical signals in the frequency domain. Such
devices may find practical usage in quantum communication
protocols requiring conversion of visible photons to infrared>!
and in classical coherent optical communications®>3. We
anticipate that the large time-refraction effect, we report here, can
be exploited to engineer magnet-free nonreciprocal devices>*>2,
spatiotemporal metasurfaces!, and to investigate photonic time
crystals and other topological effects in the time domain!®-0
using free-space or on-chip ENZ-based structures.

Methods

Measurements. We use a tunable optical parametric amplifier (OPA) pumped by
an amplified Ti:sapphire laser of ~120 fs for the experiments. The output of the
OPA is split into two beams to produce the degenerate pump and probe beams

| (2020)11:2180 | https://doi.org/10.1038/s41467-020-15682-2 | www.nature.com/naturecommunications

using a pellicle beam splitter. Both beams are rendered p-polarized. The pump beam
is focused onto the sample by a 25 cm lens yielding to a spot size of ~100 pm. The
probe beam is focused by a 10 cm lens and its spot diameter is ~45 um at 1235 nm.
Although the spot size can change when the wavelength of the OPA output is
adjusted, we always keep the probe beam spot size significantly smaller than the
pump beam so that the probe beam experiences a nearly uniform change in the
refractive index in the transverse dimensions. The angles of incidences are 15° and
10° for the pump and probe, respectively. The transmitted probe light is coupled to
an optical spectrum analyzer via a multimode fiber with a 50 um core diameter. The
commercially available ITO thin film (PGO GmbH) has a thickness of 310 nm and
is deposited on a 1.1-mm-thick glass substrate. We sandwich two such ITO films to
make the 620 nm thick ITO sample by using a customized sample holder with
adjustable tightening screws (See Supplementary Note 6). We use a translation stage
to control the delay time between the pump and the probe beams. The experimental
setup is presented in Supplementary Note 1.

Data availability

All data supporting this study are available from the corresponding author upon request.

Code availability
All relevant computer codes supporting this study are available from the corresponding
author upon request.
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Supplementary Note 1: Experimental setup

We use a wavelength-tunable optical parametric amplifier (TOPAS prime, Spectra Physics) pumped by an amplified Ti:sapphire
laser (Mai Tai, Spectra Physics) as the ultrafast pulse source. A 45:55 pellicle beamsplitter (BP245B3, Thorlabs) is used to split
the input beam, and a high-precision translation stage (DDSM 100, Thorlabs) is used to tune the delay time between pump and
probe pulses. We use a thin film polarizer mounted on a rotation stage and a Glan-Taylor polarizing beam splitter to control the
pulse intensity while keeping the polarization to be p-polarized. We use a multimode fiber with 50 pm core diameter to collect

the probe pulse after the sample and use an optical spectrum analyzer to record the spectra of the probe.

1.1 mm thick glass
Translation stage ~ 4

=] )

/\\ 620 nm thick ITO

MMF

E‘ Glan-Taylor polarizer
Film polarizer

| Neutral density filter

Supplementary Figure 1. The schematic of the experimental setup. In the pump beam arm, we rotate the first polarizer to
control the peak pump intensity. BS, pellicle beamsplitter. OPA, optical parametric amplifier. OSA, optical spectrum analyzer.
MMEF, multimode fiber.

Supplementary Note 2: Numerical simulation

We use a split-step Fourier method to solve the nonlinear Schrodinger equation (NLSE)! to model the nonlinear interactions

between the pump and the probe beam pulses propagating through the ITO sample. We ignore all nonlinear optical effects

higher than the third-order effects”. The propagation of the probe pulse through the time-varying ITO can be described as>
0A A B d’A | ax

d
0A  0A oA . - 1
a0 TPigr TG g =i Al —ta lpump (1))4, 0
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Supplementary Figure 2. a, Amplitude and phase of the optical pulses at 1235 nm retrieved by frequency-resolved optical
gating. b, Numerically retrieved nonlinear phase variations A@e(#) at different pump intensities. The dots represent the
numerical results and the solid lines connecting the dots are to facilitate visualization. ¢, The experimentally measured redshifts
and blueshifts as a function of pump intensity are represented by the solid lines, and the calculated maximum local frequency
shifts are represented by hollow circles.

where A(z,1) is the slowly varying envelope of the probe pulse, Bi = (1/vg) is the inverse of the group velocity, B, = %(1 /ve)
is the group velocity dispersion, c¢ is the speed of light in vacuum, #4 is the pump-probe delay time, and @y is the angular
frequency of the light beams. The effective time-dependent refractive index index Anef(f, loump) on the right-hand side is
a function of pump intensity and the delay time between the pump and the probe. This term acts as the driving term for
the nonlinear pulse propagation and is responsible for the frequency translation. The relative permittivity of ITO around its

epsilon-near-zero spectral range can be modeled by a Drude function as*
£(0) = & — 0 /(0" +iyo), 2

where €., = 3.80, @ = 27c/A is the frequency of light, w, = 27 -473 THz is the plasma frequency, and y = 0.0468 -2 -473 THz
is the damping rate. The refractive index of ITO can thus be expressed as n(®) = \/m . The dispersion coefficients can
be calculated as f3,, = (%E)w:%, where (®) = Re(n(w))®/c. At A = 1235 nm we have B; = 1.53 x 107 fs m~! and
B> =1.10 x 108 fs> m~!. The dispersion length is found to be Lp = T /B> = 47.1 pum, where ZMTO =120 fs is the
FWHM pulse width. Since the dispersion length is two orders of magnitude larger than the ITO thickness of 0.62 um, we

neglect higher-order dispersion terms.

For the numerical simulation we ignore the changes in Ane(¢) that occur at the time scale of the oscillation of the carrier
waves of the pump pulse. We only take into account the pump-envelope-dependent changes in the refractive index. Thus, in our
simulation we approximate Aneg(#) as a function of the envelope of the pump pulse only. We use an iterative least squares
curve fitting algorithm to extract an approximate shape of pump-intensity-dependent Anc(¢) that results in the experimentally
obtained output probe spectra for a fixed pump intensity as follows: (1) We begin with an initial guess Anéﬁ(t). For j-th iteration,
the corresponding index change is denoted as Angff(t). (2) For the index change Angff(t) and a specific pump-probe delay time 7,

we use Anéff(t —1) in Supplementary Eq. (1) and perform the split-step Fourier method to generate an output pulse A’(zy,;t}),
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where z; = 620 nm. The output spectrum can be calculated via Fourier transform as S/(f,}) = | [ A/ (z1,t;t}) exp(—i2zft) dt|>.
We repeat this procedure for different delay times and therefore obtain the two-dimensional spectrogram S/(f,tq) with
—200 fs < tg <200 fs. (3) We use a fitting algorithm (Isqcurvefit, MATLAB) to fit S/(f,#4) to the experimental data S*P(f,t4)
by adjusting Angff(t). In other words, Anéff(t) is the parameter to be tuned iteratively. The final results of S/(f,#4) at different

pump intensities are presented in Fig. 3(d-f) in the manuscript.

In order to obtain the temporal amplitude and phase of the input probe pulses at the wavelengths of interest, i.e. A(z = 0,7),
we performed a series of frequency-resolved optical gating (FROG) measurements’. In our simulation we always assume a
homogeneous index change throughout the entire ITO film for simplification. We also ignore the time difference of the index
change between the front and the back ends of the sample since the transit time through the sample is roughly two-orders of
magnitude smaller than the temporal width of the pump pulse. We also ignore the Fresnel-reflection- and absorption-induced
change in the pump intensity inside the sample for simplification. In addition, we also ignore nonlinear change in dispersion.
The experimentally measured temporal amplitude and phase of the input probe pulse at 1235 nm is shown in Supplementary

Fig. 2a.

An alternative way to understand the effect of index change is to use the concept of a local frequency shift. The local
frequency shift can be used as an approximate estimation of spectral shift and can be expressed as®
I 1 dAgesr(r)

Af(r) = EAw(t) =

3)

where the nonlinear phase variation induced by Anegr iS A@egi(f) = k- L - Anege(f), where k = 21/ A is the wavenumber, and
L = 620 nm is the ITO thickness. The retrieved phase variation A@efr is displayed for different peak pump intensities in

Supplementary Fig. 2b. For a given A, the maximum local frequency redshift is determined by the rising edge of the

nonlinear phase change as Afieq = min(Af(¢)) = — ﬁ %, while the maximum local frequency blueshift is determined by
the falling edge as A fye = max(Af (7)) = fﬁ %. The numerically retrieved maximum local frequency shifts at different

pump intensities are shown in Supplementary Fig. 2¢c. The retrieved maximum local frequency shifts are in good agreement

with the experimentally measured frequency shifts.

Supplementary Note 3: Additional time refraction effects and unnormalized spectra

Since the focus of this work is on frequency translation, we presented spectral data with normalized amplitude in the main
text. However, time refraction also affects the amplitude of the frequency-translated pulse’. Let us consider the simplest

time-refraction model — a Gaussian pulse with carrier frequency wp and pulse width 7j is travelling through a medium whose
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refractive index changes from n; to n,. We assume that the longitudinal length of the medium is larger than the longitudinal

length of the pulse. In such an idealized case the input (Ej,) and output (Eqy) pulses can be expressed as®

12 . n 5 .
En=Ep 6Xp(*TT02)€XP(*1w0t), Eoue = (EEO) eXp(*m) exp(—laa)ot). “4)

The above simple model shows that the time refraction effect can modify amplitude, temporal width (by Fourier relation
the spectral width), and the central frequency. Therefore, the relative changes in spectral amplitude may also be of interest.
Below we present the spectral data for five different probe wavelengths for various pump-probe delays in Supplementary
Fig. 3-7, where the spectral peak magnitude in the absence of pump pulse is normalized to unity. However, it should be
noted that in addition to time refraction there are several other competing effects in ITO that can significantly modulate the
transmittance of the probe pulse. Since the ITO has a small linear index and exhibits a large nonlinear index change, the Fresnel
reflection coefficients exhibit strong time-dependent variations. In addition, due to saturable absorption, the imaginary part
of the refractive index and, consequently, the loss in ITO can drop significantly in the presence of a pump pulse. Thus the
spectral amplitude of the probe for a given pump-probe delay and pump intensity depends on time-refraction effects, nonlinear
changes in Fresnel reflection coefficient, and changes in absorption. Therefore a sophisticated model is required to isolate
these three effects to accurately quantify the effect of time refraction on the amplitude, which is beyond the scope of this work.
Nevertheless, it can be noticed that for all wavelengths of interest, the transmittance of the probe beam significantly increases

when the probe is blueshifted.

We also note that the absorption loss in ITO in the ENZ spectral range is large compared to standard dielectric materials. We
note that a fair figure of merit for such a medium should be the magnitude of nonlinear change over one absorption length.
Clearly ITO cannot be used to make optical fibre or nanophotonics waveguides of hundreds of microns in length. The crucial
advantage of these ENZ materials over other conventional materials is that one needs to propagate over only a sub-micron
distance in a nonlinear ENZ material for a comparable effect that is achieved by a hundreds of microns long nanophotonic
waveguide made of a conventional photonics material. It should be noted that for this work we are using a commercially
available sample that has never been optimized for the purpose of this work. In addition, there are still many opportunities to
further enhance the performance of ENZ materials. A few promising routes are: i) use an ENZ material with higher electron
mobility, ii) nanostructure the ENZ material or include plasmonic systems to achieve higher effective index change within
reduced thickness and loss, iii) integrate ENZ material with optical waveguides as the cladding, etc. We also note that in the
presence of strong pump the transmittance of the probe can actually increase due to the increased refractive index and reduced
loss. Finally, we note that the use of optical amplifiers to boost a weak signal is a standard system protocol. Furthermore, the

recent advancement in short pulse amplification might also be of interest for particular applications’.
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Supplementary Figure 6. a-d, The experimentally measured spectra of 1398 nm probe pulse at different pump intensities.
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Supplementary Note 4: Effects of fifth-order nonlinearity
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At a high pump intensity of greater than 450 GW cm~2 close to the zero permittivity wavelength we observe onsets of
higher-order nonlinear optical effects. For example, at A9 = 1235 nm at a pump intensity of 480 GW cm™2 we observe a
relatively large blueshifted peak as shown in Supplementary Fig. 8a due to an effective fifth-order nonlinear optical process. In
a pump-probe transmission measurement this effective fifth-order process leads to a sudden drop in the transmission of the
probe Supplementary Fig. 8b. From these results we conclude that the effective fifth-order process has an opposite sign to that
of the effective third-order process and that the relevant time scales for the fifth-order-nonlinearity-induced blue shift is much

shorter compared to the effective third-order-nonlinearity-induced blue shift at lower intensities.

Supplementary Note 5: Normalized spectra at other wavelengths

Here, we provide the detailed measurement results for pump-probe wavelengths ranging from A = 1000 nm to 1500 nm in

Supplementary Fig. 9-14.
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Supplementary Figure 9. a-d, The experimentally measured spectra of 1000 nm probe pulse at different pump intensities.
The magnitudes of the measured maximum redshift and blueshift are denoted by the corresponding white dashed lines.
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Supplementary Figure 10. a-d, The experimentally measured spectra of 1060 nm probe pulse at different pump intensities.
The magnitudes of the measured maximum redshift and blueshift are denoted by the corresponding white dashed lines.
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Supplementary Figure 11. a-d, The experimentally measured spectra of 1184 nm probe pulse at different pump intensities.
The magnitudes of the measured maximum redshift and blueshift are denoted by the corresponding white dashed lines. The
subpanel d also shows the an additional blueshifted peak (6.4 THz) due to the effective fifth-order nonlinear process.
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Supplementary Figure 12. a-d, The experimentally measured spectra of 1305 nm probe pulse at different pump intensities.
The magnitudes of the measured maximum redshift and blueshift are denoted by the corresponding white dashed lines.The
subpanel d also shows the an additional blueshifted peak (7.4 THz) due to the effective fifth-order nonlinear process.
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Supplementary Figure 13. a-d, The experimentally measured spectra of 1398 nm probe pulse at different pump intensities.
The magnitudes of the measured maximum redshift and blueshift are denoted by the corresponding white dashed lines.
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Supplementary Figure 14. a-d, The experimentally measured spectra of 1495 nm probe pulse at different pump intensities.
The magnitudes of the measured maximum redshift and blueshift are denoted by the corresponding white dashed lines.

Supplementary Note 6: Analysis of the air gap between ITO films

In our experiment, we form a 620-nm-thick medium by sandwiching two commercially available 310-nm-thick ITO films
deposited on 1.1-mm-thick glass. However, a white-light interferometric measurement reveals that there remains an air gap
between two layers of the ITO thin films. We measure the air gap to be roughly 2200 nm thick. Air has a higher refractive index
than ITO at the wavelengths of interest (e.g. niro = 0.42 4 0.42i at Ap = 1240 nm) and the air gap has a thickness slightly larger
than the free-space wavelength. Thus one may expect that there is an unintended weak cavity effect due to thin film interference
effects for our structure. However we posit that this unintended air gap affects our results minimally for two reasons. First,
compared to ITO the nonlinear response of the air gap at the pump intensities relevant for this experiment is negligible. Second,
the effective third-order nonlinear response of ITO leads to an increase in refractive index at all wavelengths of interest in
this work. Thus at high pump intensities for which the frequency translation of the probe pulses are the largest, the thin-film

interference effects effectively disappears.
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Light can carry both spin and orbital angular momentum. It is known that a conversion from
spin to orbital angular momentum of light naturally occurs at the focal plane of a nonparaxially
focused circularly polarized beam. However, that angular momentum conversion is spatially
localized at the focal plane and vanishes upon collimation of the nonparaxial beam into a
paraxial one. Here, we experimentally show that a permanent conversion of spin-to-angular
momentum can naturally occur from a nonparaxial field due to the asymmetry in the Fresnel
coefficients in the presence of a homogeneous isotropic thin film of arbitrary dielectric constant.
We also show that the conversion efficiency can be significantly enhanced in the presence of an
epsilon-near-zero thin film due to the highly nonparaxial nature of light-matter interaction.

OCIS codes:
http://dx.doi.org/10.1364/optica. XX. XXXXXX

A circularly polarized photon carries spin angular mo-
mentum of 7 due to the nature of the electric field polar-
ization vector. In addition, a spatially structured photon
with a helical phase front can carry orbital angular mo-
mentum (OAM) of £I7, where | is the number of windings
in the phase front and is an integer [1-3]. The polariza-
tion and the spatial degrees of freedom of a light beam
are typically taken to be decoupled in standard parax-
ial optics. Thus, when one changes the polarization of
a light beam using a half-wave plate, the spatial mode
does not change. However, when light interacts with
wavelength-scale inhomogeneities of a material, the prop-
agation of a particular OAM mode can become dependent
on the spin degree of freedom. This effect is somewhat
analogous to the spin-orbit interaction of electrons in a
solid and is known as the spin-orbit interaction (SOI) of
light [4-7]. Such spatial modes of light have been used to

probe fundamental light-matter interactions, which has
led to the finding of a number of promising applications in
classical and quantum optics including optical manipula-
tion, trapping, superresolution imaging, high dimensional
quantum communication, selective excitation of modes
in nanoparticles etc. [2, 6, 8-15]. A light beam carrying
OAM can be generated in various ways: cavities, astigma-
tism, forked holograms, spiral phase plates, and spatial
light modulators [16-19]. All of these techniques rely on
introducing phase discontinuity in the wavefront and do
not necessarily depend on the polarization of the input
light beam. In contrast, structures made of Berry phase
elements can be used to convert a beam carrying only the
spin angular momentum of light into a beam carrying
OAM by using a g-plate, dielectric or plasmonic antenna
array that introduce position-dependent geometric phases
and holograms [20-23]. Furthermore, spin-orbit interac-
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Fig. 1. a) When a circularly polarized nonparaxial light
beam propagates in an ENZ medium (e = 0.0001 +
0.0003i), the z-polarized component of the electric field
grows in relative strength to become the dominant elec-
tric field component. b) The absolute value of difference
in Fresnel transmission coefficients of TE and TM po-
larized light for a 300-nm-thick film. c) The relative and
absolute efficiency of permanent conversion from spin
angular momentum to paraxial OAM with the opposite
handedness.

tion naturally arises in the Fourier plane of a nonparax-
ial circularly symmetric focused field [24-26]. However,
upon collimation to the paraxial regime, the effect simply
disappears. In this paper, we show that the spin-orbit
coupling that naturally arises in a nonparaxially focused
circularly polarized beam can be used to produce propa-
gating paraxial OAM modes of | = %2 in the presence of
a thin film at the focal plane. The permanent conversion
from a circular polarization, of left or right handedness,
to an OAM mode of opposite handedness with | = +2
occurs due to the polarization-dependent asymmetry in
Fresnel coefficients. Thus, the effect is present for any
type of optical interface. Furthermore, we show that the
efficiency of conversion of spin angular momentum to
orbital angular momentum is significantly enhanced in
the presence of an epsilon-near-zero (ENZ) thin film.

The behaviour of light at an interface is determined by
the complex values of the relative permittivities (¢) and
the relative permeabilities (y1) of materials on the both
sides of the interface. At optical frequencies, a nonmage-
netic material has unit permeability and thus the values
of the relative permittivites of the two materials primarily
dictate the light-matter interactions at the interface. A ma-
terial is defined as a dielectric or metalife > lande < —1
respectively. Since the turn of the century, there has been
growing research interest in understanding and utilizing
the light-matter interaction in materials with vanishingly
small permittivities, otherwise known as epsilon-near-
zero (ENZ) materials. Such a material has a permittivity
value that lies between +1 (-1 < € < 1). In general the
permittivity of a material is a complex number, and if the
imaginary part is small while the real part is zero or near
zero, the refractive index is also near zero (n = 1/€). Con-
sequently, the wavelength (A = A(/#n) inside the medium
gets stretched, the phase velocity (v = c/n) diverges, and
the electric field becomes spatially "static-like" over the
entire material while oscillating in time. Epsilon-near-
zero materials allow tunneling of electromagnetic waves
through deep subwavelength narrow channels and arbi-
trary bends, enhances the directivities of antennas, and
leads to strong nonlinear light-matter interactions [27-31].
Due to the stretching of wavelength, the propagation of
the light beam in such a medium can become highly non-
paraxial (i.e. the beam waist on the order of the effective
wavelength inside the medium). It has been shown that
nonparaxial focusing of a circularly polarized Gaussian
beam gives rise to a conversion of the spin angular mo-
mentum to orbital angular momentum at the focal plane
[24-26]. Since the wavelength is stretched in an ENZ
medium and due to the fact that an obliquely incident k-
vector bends away from the surface normal, a nonparaxial
light beam becomes even more nonparaxial as it enters an
ENZ medium, leading to a much stronger conversion of
spin angular momentum to orbital angular momentum in
a low index medium.

The propagation of a Gaussian light beam (Gaussian
amplitude distribution in the transverse xy plane) and its
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Fig. 2. a) Experimental setup. b) The image of the mea-
sured intensity and phase profiles of two arms of the
interferometer part of the setup above. We measured
interference and the phase structures for both a micro-
scope slide and 310-nm-thick ITO on glass. at the focus
of the high-NA objectives in the experimental setup.

interaction with a material can be described using parax-
ial wave equations if the the transverse beam size is much
larger than the wavelength of light, i.e. the electric field
does not appreciably change in amplitude within one
wavelength of light along the direction of propagation
(along z) [32]. Thus, in the Fourier space a well defined
k-vector with minimum spread is used to describe the
light-matter interaction. The beam divergence — a mea-
sure of how quickly a beam spreads in the transverse
plane as it propagates — is inversely proportional to the
beam waist. Thus, if the waist or spot size of the beam is
on the order of wavelength, a large spread of k-vectors
are needed due to a large beam divergence to describe the
light-matter interaction. A high numerical aperture (NA)
objective can focus light to a spot size that is on the order
of the free-space wavelength of light. The light-matter
interaction at the focal plane of such as objective is de-
scribed by the rules of nonparaxial optics and requires a
large spread of k-vectors to be modeled [33]. It has been
reported by several authors that when focused using a
high-NA objective, a circularly polarized light beam (with
right or left helicity) leads to an excitation of an electric
field distribution that carries orbital angular momentum.
For example, let us assume that we are focusing a right cir-
cularly polarized Gaussian beam with zero orbital angular
momentum using a high NA objective. Within the context
of ray optics, a high-NA objective rotates a meridional ray
proportional to the NA of the lens and produces a conical
distribution of k-vectors at the focal plane within a solid
angle defined by the NA of the lens. Since polarization
is always defined with respect to the plane transverse to
the k-vector, the plane of the polarization also rotates by
an angle defined by the NA. Due to this 3D rotational
transformation of the electric field by the lens, and the
requirement that the total angular momentum (spin and
orbital angular momentum) of light transformed by a ro-
tationally symmetric lossless system is always conserved,
the z-polarized component of the electric field acquires a
circular polarization of opposite handedness with a vor-
tex component with [ = 2, i.e. has an azimuthal phase.
The excitation of the OAM component at the focal plane
has been experimentally verified through rotation of gold
particles. The relative magnitude of the z-component
carrying the orbital angular momentum component is di-
rectly proportional to the NA of the optical system [25].
However, typically only a small fraction of the overall
power is carried by the component. As a next step we will
discuss that if focused onto an epsilon-near-zero material,
the z-polarized component can become much stronger
compared to the transverse components.

Let us now consider propagation of a light beam that
is nonparaxially focused at hte interface between air and
an ENZ material. If one places a slab of material with
near-zero permittivity at the focal region, Fresnel refrac-
tion requires that the refracted angle inside the medium
of a non-normal k-vector -light is incident from air- is
larger than the incident angle and consequently, the beam
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Fig. 3. a) The permittivity of ITO as measured using a
spectroscopic ellipsometer. (b) Theoratically calculated
and measured fractional efficiency. The fractional ef-
ficiency is defined as the the ratio of the power of the
vortex carrying beam to that of the total output light.

becomes even more nonparaxial. In general, if the plane-
wave spectrum of a beam is not small with respect to the
radius of the circle (= 1/(A/n)) centered at the origin in
the Fourier space, the beam is considered to be nonparax-
ial. Thus, as refractive index approaches zero, the radius
of the circle vanishes, such that in the limit of € — 0 + 0i
(Re{n} — 0) even a paraxial k-vector can produce non-
paraxial light due to a larger divergence of the beam and a
significant stretching of the wavelength (A = Aq/c). How-
ever, in this work we focus on the case where a nonparax-
ially focused beam — that is, nonparaxially focused in air
— enters into an ENZ medium from air. To understand
the coupling strength between the spin angular momen-
tum to orbital angular momentum, we will look into the
relative strength of the z-component of the electric field
of strongly focused beam in an ENZ medium. Figure 1a
shows how the z-component of the electric field varies as
a function of propagation distance inside an ENZ medium
(e = 0.001 + 0.0003i). It can be seen that as the beam prop-
agates z-component of the electric field gets larger at the
expense of the transverse components. For a sufficiently
long propagation distance, the power carried by the z-
component can even become many times larger than the

transverse components. This occurs due to the remarkable
fact that the propagation of light in an ENZ medium is
highly nonparaxial due to the effective stretching of the
wavelength (A = lambdagy/+/€). In a lossy ENZ medium
the real part of the refractive index approaches zero but
does not completely vanish. Nevertheless, even in a lossy
ENZ material a beam that is nonparaxial in air can be-
come significantly more nonparaxial. Thus, the spin-orbit
interaction of light naturally occurs in nonparaxial optics,
and can dominate the behaviour of light propagation in
an ENZ medium.

The polarization-dependent asymmetry in the Fresnel
coefficient and the strong interaction of spin and angu-
lar momentum can be used to generate paraxial OAM
with [ = £2 efficiently. It is well known that the Fresnel
coefficients for any interface depend on the angle of inci-
dence and the polarization. The difference in the Fresnel
transmission coefficients for TE and TM polarized light
is largest when the permittivity of a thin film approaches
zero. The impedance of an infinitely thick ENZ medium is
infinite suggesting that no light can be coupled into such
a medium. However, the transmittance of a transversely
magnetic (TM) polarized plane wave through an ENZ slab
is inversely proportional to the electrical thickness of the
slab [31]. Furthermore, TM light of near-zero angle of in-
cidence shows a large tunneling through such a medium.
In contrast, a TE polarized plane wave shows no such
anomalous large transmission coefficient even when the
permittivity is near zero. Figure 1b shows permittivity-
dependent difference in transmission for a 300-nm-thick
film for a free space wavelength of 1 ym. It can be seen
that the difference in the Fresnel transmission coefficients
of TE and TM polarized waves is the largest when the rel-
ative permittivity is close to zero. The difference shows a
resonance for the near-zero-permittivity due to the phase
discontinuity and the anomalous tunneling for TM polar-
ized light. The resonance broadens in the presence of loss
and the peak moves to a larger angle of incidence.

The strong Fresnel transmission asymmetry and the
large spin-to-orbit conversion that happens in an ENZ
medium leads to a permanent generation of OAM beams
with | = %2, where the sign depends on the handed-
ness of the input circular polarization. Figure 1c shows
permittivity-dependent conversion efficiency for a 300-
nm-thick medium placed on the focus of a high-NA lens
(NA =0.9). Both relative and absolute conversion efficien-
cies have resonances for vanishing permittivity. We define
relative efficiency as the ratio of power in the OAM com-
ponent to the total output power, and absolute efficiency
as the ratio of power in the OAM component at the out-
put to total incident power. We now verify these effects
experimentally.

Figure 2a shows the experimental setup. A linearly po-
larized beam from a supercontinuum source that is spec-
trally filtered is sent through a linear Glan-Taylor polarizer
and a quarter wave plate to introduce circular polariza-
tion of either left or right handedness. We used a high-NA
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(NA=0.9) microscope objective to tightly focus the Gaus-
sian beam onto the target sample. The objective enables
tight focusing of the beam to roughly a micron spot size
in air. The transmitted light is collected with a high NA =
1.3 immersion oil microscope objective in confocal align-
ment to collimate the output beam. As the converted and
non-converted beams have opposite handedness, they can
be separated as follows. We use a quarter wave plate to
project each circular polarization components to a linear
basis, i.e. convert into vertical or horizontal polarizations.
A polarizing beam splitter (PBS) is then used to divide
both parts in two separate beam paths. We then record
the far field patterns and the angular spectra of the two
separated beams. The back focal plane can be imaged
optionally with a set of two lenses in 4f configuration. We
record the converted and the non-converted beams with
an infrared camera. To verify that the converted beam
possesses the predicted OAM with | = £2, we perform
a phase measurement with a Mach-Zehnder interferom-
eter. The two output beams from the two output ports
of the PBS are interfered on a camera after letting one
of the beams pass through a half waveplate and a linear
polarizer so that both beams have the same polarization
and amplitude at the plane of the interference. We used
the recorded spectra to reconstruct the azimuthal phase
of the OAM beam [34]. We then also reconstructed the
transverse phase of the OAM-carrying beam to remove
all ambiguity. The interference pattern recorded by the
camera depends on the carrier frequency and the trans-
verse phase. The transverse phase can be reconstructed by
applying a series of transformations: Fourier transform
the interference pattern; filtering to get rid of the carrier
frequency and the lower sideband; frequency translation
of the leftover upper sideband to the zero frequency; and
finally, we do an inverse Fourier transform and take the
natural logarithm of the inverse Fourier. The imaginary
part of the logarithm returns the transverse phase of the
OAM beam.

In order to verify the effect we did two sets of exper-
iments. In the first set of experiments we measured the
efficiency of conversion and the investigated the intensity
and phase profile of the output beam by following the
procedures described above using a simple microscope
slide. We chose the microscope slide to show that spin-to-
orbit conversion can be achieved using a generic interface.
Figure 2b shows the interference patterns for glass. The
presence of two fork dislocations in the interference fringe
and the two 27t windings in the reconstructed phase con-
firms that the generated OAM beam has a topology | = 2.
We measured the fractional conversion efficiency for glass
to be 0.53% and 0.62% for right and left handed polarzed
input light beam.

In the second set of experiments we measured the
wavelength-dependent conversion efficiencies using a
310-nm-thick ITO layer on a glass substrate, as well as
the intensity and the phase profile of the output beam
(2b). ITO is a highly doped semiconductor. At the near-
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Fig. 4. (a) Absolute conversion efficiency as a function
of wavelength and permittivity.

IR frequency, the permittivity of ITO can be modeled
using Drude parameters. Figure 3a shows the permit-
tivity of ITO as a function of wavelength. Thus, a set
of wavelength-dependent measurements in the spectral
range of 1100 nm to 1500 nm allows us to measure the
conversion efficiencies as a function of permittivity. These
measurements also allow us to probe the effect of low
refractive index. In the spectral range of interest the per-
mittivity of ITO goes from a value slightly less than 1 to a
negative value of —2. We find that at 1100 nm the permit-
tivity of ITO is 0.8 + 0.25i and the conversion efficiency
is 0.23% (input is right handed circularly polarized). The
conversion efficiency steadily increases as we tune the
laser to a longer wavelength and reach a peak. We find
that the maximum fractional conversion efficiency is not
obtained at the zero-crossing wavelength of ~ 1240 nm
but at a slightly larger wavelength of 1280 nm where
€ = —0.235809 + 0.381i. The fractional conversion effi-
ciency is both a function of the real and the imaginary part
of the index. Due to the finite imaginary part of the permit-
tivity, the refractive index does not reach zero when the
real part of the permittivity is zero, and for our material
the real part of the refractive index continues to decrease
as the wavelength is increased. At the same time, the
imaginary part of the refractive index also increases with
increase in the wavelength. The interplay of both parame-
ters then lead to a peak at a wavelength which is slightly
longer than the zero-permittivity wavelength. Neverthe-
less, the maximum fractional conversion efficiency of 5%
at 1280 nm wavelength is roughly 10 times larger than
what was obtained at 1100 nm or that obtained for a sim-
ple air-glass interface. We note that a beam with a free
space wavelength of 1280 nm has an effective wavelength
of larger than 3 ym inside the ITO layer. Thus, a beam that
is nonparaxial in air due to high-NA focusing becomes
even more nonparaxial inside the ITO layer resulting in a
stronger spin-orbit coupling. For an incident wavelength
that is longer than the zero permittivity wavelength, the
relative conversion efficiency slowly decreases because
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of the existence of a fairly large imaginary part of the in-
dex. To verify the experimental result we subsequently
performed a series of FDTD simulations. We find that
the fractional conversion efficiency measured agrees well
with the FDTD results although there is a constant offset,
and we measure a slightly lower efficiency than what is
expected based on the FDTD calculations. We attribute
these differences primarily to the calibration uncertain-
ties of the detector and to Fresnel reflection as the light
passes through various optical elements placed before the
detectors after the confocal arrangements.

In Figure 4 we show the absolute conversion efficiency,
that is, the ratio of the power in the OAM carrying beam
to the total incident power. Since the measurement of
the incident beam power after a tight focusing objective
is problematic, we take the wavelength-dependent trans-
mittance values obtained in the FDTD simulation and
the measured relative efficiency to calculate the absolute
efficiency. The absolute efficiency is a product of the trans-
mittance and the fractional efficiency. It can easily be
seen that the absolute efficiency also shows a peak at the
low permittivity wavelength. Specifically, we note that
the peak of the absolute efficiency is at 1240 nm, which
is exactly the wavelength where the ITO has zero real
permittivity. The absolute efficiency goes up as the per-
mittivity goes down from a positive value to zero and
then the efficiency goes down as the permittivity becomes
negative (and the transmittance also goes down due to
the negative values of the permittivity). Nevertheless, we
note that the absolute efficiency show a pole at the zero
permittivity wavelength.

In conclusion, we have shown that the spin angular
momentum to orbital angular momentum conversion that
occurs at the focal plane of a high-NA objective can be
made permanent with the presence of any interface. This
occurs primarily due to the asymmetry in the Fresnel coef-
ficients. Furthermore, the effect is greatly enhanced in the
presence of an ENZ medium due to the effective stretch-
ing of the wavelength and the presence of a pole in the
differential Fresnel transmission coefficient for TE and TM
light. We note that an even larger conversion efficiency
can be achieved if the imaginary part of the permittivity
be lowered as that sets the floor of the refractive index at
the ENZ wavelengths [35, 36]. Furthermore, the propa-
gation of a paraxial beam in air can become nonparaxial
in an ENZ material if the absorption is low or if perimit-
tivity and the permeability are both simulateneously zero
resulting in near-zero refractive index. For such a material
the enhanced spin-to-orbit conversion can be observed
even for a beam that is paraxial in air and not require
a tight focusing geometry. Our findings have implica-
tions in the nonlinear propagation of optical beam in an
ENZ medium, designing ENZ-based metasurfaces, and
for designing nanophotonic devices that exploit the spin-
orbit-interactions. We also note that the large nonlinearity
that is typically associated with an ENZ medium can be
used to introduce dynamic control of the spin-to-orbit

coupling in nanophotonics [30].
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CONCLUSION

In this thesis, I have presented six research publications on the
linear and the nonlinear responses of epsilon-near-zero materi-
als.

In the introductory chapter, I tried to give the intuition as to
why in a zero-permittivity material the nonlinear response can
become the dominant optical response. This view challenges
the long-standing assumptions of nonlinear response, namely
that the nonlinear optical responses are only perturbative to the
linear optical response. The results presented in Chapters 2 and
5 should convince a reader the value of the above claim.

We have shown in Chapters 3 and 4 how strong-coupling-
induced dynamics between low-Q plasmonic antennas and a
thin ENZ film can be used to design nonlinear optical nanos-
tructures with a tailored sign at a wavelength of interest while
simultaneously enhancing both An by a few times and the non-
linear refractive index coefficient n, by three orders of mag-
nitude compared to the bare ENZ film. Specifically, we note
that the An ~ £2.5 extracted from such material at a sub-ps
timescale is larger than the linear refractive index of most ma-
terials at the visible and near-IR frequencies.

In Chapter 7 we have presented how the time refraction ef-
fect can be used to translate the carrier frequency of an optical
pulse by nearly 15 THz using a sub-wavelength-thick ENZ ma-
terial. The performance of our system, defined as frequency
shift per unit propagation length, is four to seven orders of
magnitude larger than all previously demonstrated solid-state
systems [14]-[18]. We note that with the advent of high pow-
ered lasers large adiabatic frequency conversions have been
demonstrated using plasmas [19]-[21]. The typical interaction
lengths in a gaseous plasma are a few hundred microns. In
contrast, we demonstrated appreciable frequency shifts in ITO
with four to eight orders of magnitude lower pump intensity
as well as at least four orders of magnitude shorter interac-
tion length. Furthermore, ionization of a high-pressure gas jet
system is not suitable for integration, whereas our we used a
CMOS-compatible material. Furthermore, AWC resulting from
laser-induced ionization exhibits only a limited redshift due to
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the long relaxation time of gaseous plasma and thus lacks tun-
ability in the sign of frequency shift.

8.1 CONCLUDING REMARKS

Perhaps the holy grail of research in modern nanophotonics is
to find efficient ways for the complete spatiotemporal control
of the vectorial nature of a light field by another light field. For
these techniques to be technologically relevant the required in-
teraction volume must be much smaller than A3. In this aspect,
our findings that the low linear refractive index of a material
can dictate how strong the nonlinear optical responses a mate-
rial possess is a breakthrough in furthering our understanding
of light-matter interactions in the nanoscale.

We have used indium tin oxide, a highly doped semiconduc-
tor, as an ENZ medium. The zero-permittivity in such a mate-
rial arises from a large density of free electrons in the conduc-
tion band. In contrast, laser excitation near the phonon reso-
nance of a material can show show ENZ behaviour in the mid-
IR frequency range. On the other hand, metamaterial-based
implementations can exhibit ENZ response—as per the effec-
tive medium approximation—from the UV to RE It is not en-
tirely clear how agnostic the nonlinear enhancement is to the
specific mechanisms underlying the ENZ response. It is also
worth investigating as to what parameters set the upper limit
for the maximum achievable nonlinear changes in the refractive
index in each class of ENZ materials. Furthermore, it is likely
that in Drude-type ENZ materials and in highly correlated ox-
ides and nitrides the collective dynamics of electrons play a
strong role in determining the magnitude of the nonlinear re-
sponse. It would be worth investigating the coherence prop-
erties of such dynamics, and to see if there are any emergent
or topological aspects to these interactions in nanostructured
ENZ materials. The integration of plasmonic nanostructures as
shown in Chapters 3 and 4 present unique opportunities to im-
plement all-optical control to mold the far-field pattern of an
optical field with low pump power. This particular technique
can be extended to be used in silicon-based integrated optical
platforms. For example, one can envision an optical switch
that is designed by incorporating a single ENZ-based nonlinear
plasmonic or dielectric antenna on the cladding of a waveguide
for controlling the propagation dynamics of the guided modes.
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Similarly, there are exciting opportunities in achieving ultra-
fast control of quantum properties of emitters embedded in an
ENZ medium. The spontaneous emission rate of an emitter de-
pends on the local density of optical states (LDOS). The sponta-
neous emission rate of an emitter can be dynamically controlled
by varying the LDOS. ENZ materials present unique opportu-
nities in this aspect for three reasons. First, the near-zero refrac-
tive index of an ENZ material suggests that spontaneous emis-
sion is suppressed inside such a material. Second, the large
ultrafast nonlinear change in the refractive index provides a
way of controlling the LDOS in an ultrafast manner. Further-
more, a large, ultrafast, and localized change to the LDOS can
be imparted by modulating the optical properties of nanostruc-
tures such as dynamically tuning the resonance wavelength of
plasmonic cavities in the vicinity of an ENZ medium. It is not
clear as to what happens to the quantum state of an emitter if
the density of the state is modified in a nonadiabatic but peri-
odic manner. This gives rise to an interesting question. Is there
a specific topological nature to the emission dynamics that can
be impressed on to quantum emitters experiencing a large time-
periodic modulation of the density of states? Research in this
direction will also allow one to investigate the nonlinear prop-
erties of thermal emission in ENZ materials.

In the above discussion, I have raised a few questions moti-
vated by the results presented in this thesis. It is clear that the
extraordinarily large change in refractive index in ENZ materi-
als raises many research questions and opportunities. As such
this field is poised to be very active for the next decade.
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