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ABSTRACT: A myriad of metasurfaces have been demonstrated
that manipulate light by spatially structuring thin optical layers.
Manipulation of the optical properties of such layers in both space
and time can unlock new physical phenomena and enable new
optical devices. Examples include photon acceleration and
frequency conversion, which modifies Snell’s relation to a more
general, nonreciprocal form. Here, we combine theory and
experiment to realize wavefront shaping and frequency conversion
on subpicosecond time-scales by inducing space-time refractive
index gradients in epsilon-near-zero (ENZ) films with femto-
second light pulses. We experimentally tune wavefront steering by
controlling the incident angle of the beams and the pump−probe
delay without the need for nanostructure fabrication. As a
demonstration of this approach, we leverage the ultrafast, high-bandwidth optical response of transparent oxides in their ENZ
wavelength range to create large refractive index gradients and new types of nonreciprocal, ultrafast two-dimensional (2D) optics,
including an ultrathin transient lens.
KEYWORDS: epsilon-near-zero, ultrafast optics, space-time refraction

1. INTRODUCTION
Photonic metasurfaces1−4 have radically changed the way we
engineer light−matter interactions and have taught us how to
spatially structure materials at a subwavelength scale to induce
space-variant phase-shifts. Consequently, photons propagating
through a metasurface can undergo changes in their
momentum, angular-momentum, and spin state. This has led
to a generalization of Snell’s law,2 a fundamental relation in
optics, and has enabled an entirely new family of 2D optical
elements, including flat lenses,5 holograms,6 and wave-plates.7

The similarity of space and time in Maxwell’s equations
suggests that further structuring of materials in the time-
domain can enable new physical phenomena and broaden the
range of applications.8 Therefore, temporally engineered
materials created by electrical,9−13 mechanical,14 and optical
modulation13,15,16 have gained recent attention. Light prop-
agating through time-variant metasurfaces undergoes time-
refraction-based frequency conversion8,17−24 and time rever-
sal,25 which modifies Snell’s relation to an even more general
nonreciprocal form.26−29 Recent research on ENZ materials
has demonstrated large refractive index modulation, which
enables large frequency-shifts at subpicosecond time-
scales.30−32 Certain transparent conducting oxides (TCOs)
possess ENZ characteristics in the near-IR wavelength range.
For this reason, they can serve as an excellent material platform
to demonstrate the nonreciprocal form of Snell’s law as well as

to realize ultrafast wavefront shaping with space-time refracting
optics.

In this paper, we capitalize on the generalized Snell’s law to
theoretically and experimentally investigate ultrafast beam
deflection by transiently inducing a refractive index gradient in
an indium tin oxide (ITO) film, which dynamically evolves in
space and time. The probe wavelengths are in the ENZ region,
where the real part of the permittivity is close to zero,
contributing to a large nonlinearity.30 We demonstrate a
nonreciprocal, all-optical wavefront shaping method in the
optical communication wavelength range, enabling pump−
probe angle-dependent beam deflection, operating even under
normal-incidence illumination conditions. We verify that the
deflection amplitude is maximized in the ENZ wavelength
range, where the nonlinearity is maximized. The role that the
pump−probe angle plays in beam steering is also studied. The
wavefront deflection magnitude is found to be nearly
proportional to the angle between the pump and probe
beams for small angles. We use this approach to demonstrate
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an ultrafast, flat-optic lens with a focal length of 101 mm.
While the beam focusing function may initially appear similar
to the Kerr-induced self-focusing effect, our research employs a
distinct mechanism to induce a spatial gradient of the refractive
index. This index gradient is dependent on the local incident
angle of the pump, which we show facilitates other
functionalities using a designed incident pump beam.

2. PRINCIPLE OF SPACE-TIME REFRACTION IN AN
ENZ FILM

It is known both theoretically and experimentally that the
frequency of photons can be shifted when they propagate in a
material with a temporally varying refractive index.20,22,33,34

The frequency shift can be expressed as

=
n

n
g (1)

where ng is the group index of the material.
We find here that the fast refractive index modulation also

makes ultrafast wavefront steering possible by inducing spatial
gradients in the refractive index. In a general form, the
spatiotemporal gradient that the pump induces in the ITO
modifies Snell’s law for the probe as follows:26,35−37

= +k k
x

sin sint t i i (2)

where ki = ωi/c and kt = ωt/c are the wavenumbers of the
incident and transmitted probe beams, and

x
is the spatial

gradient of the phase-shift imparted onto the probe beam
along the ITO surface. Equation 2 highlights that two
underlying mechanisms that cause deflections of the probe
angle from the conventional Snell’s relation: (1) The space-
gradient term,

x
; (2) The frequency shift δω discussed by eq

1 and the associated change in wave vector kt induced by the
time-gradient, which causes modification to θt. The impact of
both space- and time-gradient effects is discussed in more
detail in the following sections.

The first mechanism of beam wavefront shaping arises from
a spatial gradient of the refractive index, which is demonstrated
in Figure 1a,b. Upon photoexcitation, hot carriers are created
that induce a dynamically varying refractive index, n(t), which
is changing at a rate t( )n

t
.30 We will describe the optical

measurements and modeling to quantify this rate later in the
manuscript. Assuming a pump pulse with a planar wavefront
traveling through the material with a group velocity of vg(pump),
different locations are excited at different time delays Δτ,
experiencing temporal index change n(t + Δτ). Two locations
with a space interval of Δz′ in the pump propagation direction
are separated by a time interval Δτ = Δz′/vg. A spatial gradient
in the refractive index is established (Figure 1b), with
magnitude:

= = · =n
n
z

n
t

t
z v

n
t

1

g(pump) (3)

The spatial gradient ∇n induces the phase gradient ∂ϕ/∂x
term, as indicated in eq 2, which is proportional to the
projection of the spatial gradient along the film surface ∂n/
∂x.15 When the steering magnitude is small, the angular shift
can be written in a straightforward form:

= | | =n
n

l
v n

n
t

lsin sin( )
1 1

sin( )probe probe
0

pp
g(pump) 0

pp
(4)

where δl = δz/cos(θprobe) is the distance that the probe beam
propagates and θpp is the local angle between pump and probe
propagating directions. A more general form of the wavefront
steering equation and details of the derivation are discussed in

Figure 1. Space-time refraction. (a) The space-variant refractive index induced by a pump pulse is indicated by color with n1 (blue) and n2 (red)
defining the indices before and after pump, respectively. A normal-incident probe beam (orange) is deflected away from the pump beam (red)
direction when n1 < n2. The black and orange dashed lines indicate the envelopes of the point sources and wavefronts of the probe beam according
to Huygens’ principle. (b) Time-variant refractive index at different locations in space (A and B in (a)). Assuming an equal pump fluence at the
locations, A and B have the same temporally varying index with a time delay. The difference of the refractive index at a point in time between A and
B induces the space-variant refractive index in (a). (c) Iso-frequency contour of momentum. The momentum must point from the center to a point
on the isofrequency contour or in a reverse direction. The radius of the contour is determined by the frequency and the refractive index of the
material (k = nω/c0). The black dashed lines are equally spaced from the kz and kz′ axes, which enforce momentum conservation in the tangential
direction. This demonstrates the space-time refraction process, including the refraction that occurs at the air−ITO interfaces (processes 1 and 3) as
well as the refraction with space-time-variant index in ITO (process 2; shown for an assumed increase in index and a frequency redshift).
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the Supporting Information. By the integration of eq 4 along
the path of the probe beam, the deflection angle can be
determined. In the context of this study employing the ITO
film platform, the film thickness is on the order of micrometers
and the photon propagation time is approximately 10 fs, which
is short compared with the time scale of index change. These
values suggest minimal variations in the parameters outlined in
eq 4, including θpp, ∂n/∂t, n0 and vg(pump). Consequently, these
parameters can be treated as constants, enabling simplification
of the integral for calculating the deflection angle using the
following equation:

= l
v n

n
t

1 1
sin( )

l g
probe

(pump) 0
pp

(5)

In addition to spatial gradients, the temporal gradient in the
refractive index also induces a frequency shift that contributes
to the beam deflection. Refraction occurs at the interfaces
between the air and ITO film (processes 1 and 3 in Figure 1c),
as well as on virtual interfaces inside the ITO, which are iso-
index planes generated by the spatial gradient of the index
(process 2 in Figure 1c). In both cases, conservation of
momentum holds for tangential directions, so the momentum
of both the incident and refracted beams have equal
projections along the x or x′ directions, at the start and end
of the black dashed lines. The wavefront steering δθprobe from
the spatial gradient in the film is demonstrated in process 2 in
Figure 1c. As mentioned by eq 1, the frequency of the probe
pulses is shifted with temporally varying refractive index, which
does not break the in-plane conservation of momentum (

= · =
Ä
Ç
ÅÅÅÅÅÅ

É
Ö
ÑÑÑÑÑÑk n( ) 0

c
), and as a result, the temporal gradients

of index do not contribute to beam deflection inside ITO.
However, the deflection from temporal gradients appears upon
the refraction from ITO into the air, where frequency
conversion Δω imparted from time-variant index induces a
momentum shift Δk=Δω/c0. In the last iso-frequency contour
of process 3 in Figure 1c, the momentum of the refracted beam
ends on the blue dashed contour, which has a radius difference
Δk with the original wavevector indicated by the blue solid
contour. The Δk from the frequency conversion also
contributes to the beam deflection. The difference of the
refraction angle from the solid iso-frequency contour to the
dashed contour in process 3 indicates the contribution of the
wavefront steering from a frequency shift generated by
temporal index modulation.

In special conditions when the pump beam is normally
incident, it generates spatial gradients of the index
perpendicular to the ITO-air interface. With a given incident
angle θprobe, an angular frequency ω, and an accumulated
frequency shift through the medium Δω, an optical beam will
be deflected by

=
+

·i
k
jjj y

{
zzzarcsin sin( )probe probe probe (6)

The total beam deflection therefore results from both the
transverse spatial index gradient and the time-varying index, as
indicated by eqs 4 and 6.

This beam deflection contributed from the temporal
gradient of refractive index is nonreciprocal. This effect occurs

Figure 2. Ultrafast modulation of the frequency and direction of an optical beam. (a) Static wavelength-dependent permittivity. (b) Transient
refractive index (real part) at 1540 nm. (c) The rate of change of the index, dn/dt, with different pump fluences at 1540 nm. (d) Normalized
transient spectrum and (e) integrated transmissivity (black) and central wavelength (red) as a function of pump−probe delay, measured at a pump
fluence of 0.23 J/cm2. (f) Normalized transient distribution in the angular direction. (g) Integrative transmissivity (black) and central deflection
angle (red) as a function of pump−probe delay, with a pump fluence of 0.31J/cm2. In (d)−(g), the incident angle of the probe beam is 20°, and the
pump beam is normally incident.
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when the variation in the refractive index induced by pump
pulses disrupts the time symmetry of the system. Specifically,
considering a scenario with an increasing refractive index, a
probe pulse propagating through the pumped ITO-film system
experiences a redshift in frequency and an increase in
refraction angle. A beam propagating in the opposite direction
accumulates additional redshift and refraction angle increase,
rather than exhibiting propagation opposite to the incident
direction, which make the temporal deflection process
nonreciprocal.

3. RESULTS
3.1. Experimental and Simulation Study on the

Transient Beam Deflection. The experiments are conducted
on ITO, which is a common transparent conductive oxide
following a Drude-metal-like optical behavior with a real
permittivity close to zero at near-infrared wavelengths, tunable
by doping.38 The sample is a commercially obtained 800 nm
thick ITO film grown by CVD on a quartz substrate. After
cleaning, the sample is annealed in a forming gas atmosphere at
300 °C for 18 min to tune the ENZ condition to λ ≈ 1550 nm.
Optical pulses at 800 nm and of 55 fs pulse duration are
generated by a Ti:sapphire amplifier at a 1 kHz repetition rate,
and an optical parametric amplifier is used to generate the
probe pulse in the ENZ region (see details in the Supporting
Information).

The static and dynamic optical properties of the material are
first characterized. The static permittivity is first calculated by
measuring the transmissivity T(λ) and reflectivity R(λ) (shown
in Supporting Information Figure S2) at multiple incident
angles and polarization with the setup as shown in Figure S1.
The experimental data are used to fit to a Drude model as the
dielectric function using the transfer matrix method. The
results indicate that the real part of the permittivity r vanishes
at 1548 nm (Figure 2a). The ITO sample is then pumped with

800 nm pulses at different fluences, and the transient
transmissivity T(λ,t) and reflectivity R(λ,t) are measured.
These measurements are then used to calculate the time-
dependent Drude parameters. The transient index n(t) and its
rate of change dn(t)/dt at 1540 nm are plotted in Figure 2b,c.
The peak temporal gradient of index occurs at the rising edge
of the transient transmission curve, where the strongest space-
time refraction is predicted to occur. The dynamic character-
istics of the imaginary part of the refractive index exert an
influence on the absorption and transmissivity of the probe
beam yet do not contribute to the frequency and deflection
angle shift. The characterization and calculation of the
imaginary of the index are in the Supporting Information.

The frequency conversion of the transmitted probe beam is
measured with a spectrometer. The probe beam is also sent to
the photodiode, which is scanned along the transverse
direction of the probe beam to map its angular distribution.
With a probe beam incident at 20°, a transmissivity of 4% is
measured. By applying a normally incident pump beam, the
transient transmissivities are observed, with the rising and
decaying slopes corresponding with the modulation and
recovery of the refractive index (Figure 2e−g). A red-shift
and increase in the refraction angle are observed at the rising
slope of the transmissivity, as shown in Figure 2d−g. This
matches the calculations from eqs 5 and 6 when the refractive
index is increased. Both the frequency conversion and the
deflection angle have maximum amplitudes at a time delay for
which the rate of change in the refractive index is largest, as
expected. The probe wavelength is tuned using an optical
parametric amplifier from ∼1400 to ∼1700 nm. Simulated and
measured results both show maximum results near the probe
wavelength of 1548 nm. The wavelength dependent results
verify that the frequency and angle shift effects are enhanced at
the ENZ wavelength because of the vanishing real permittivity
and large relative index change Δn/n (Figure 3a,b).

Figure 3. Wavelength and incidence angle dependence. (a) Simulated and measured probe wavelength-dependent wavelength shift and (b) angle
shift at fluences of 0.08 and 0.23 J/cm2, pumping at normal-incidence and probing at 15°. (c) Simulated and (d) measured wavelength and angle
shift as a function of the incident angle of the pump when the probe is at normal incidence. (e) Simulated and (f) measured wavelength and angle
shift as a function of the incident angle of the probe, while the pump is directed at normal incidence.
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As noted, both spatial and temporal index gradients
contribute to beam deflection. To separate the two
mechanisms, we experimentally verify the response in two
experimental conditions: (1) probe normally and pump at
various angles (Figure 3c,d), where the effect of the time-
varying index is negligible, and (2) pump normally and probe
at various angles (Figure 3e,f), where the spatial index gradient
is zero along the sample surface. It is predicted by the cosine
term in eq 3 that a large pump−probe angle enables a stronger
space-time refraction because of a larger projection of the
spatial index gradient on the transverse direction of the probe
beam. A larger incident angle of the probe beam also increases
the frequency conversion and deflection angle, as it provides a
longer propagating length and light-matter interaction time in
the ITO film. The experimental results of the deflection angle
fit the expectation above, in positive correlation with the
pump−probe angle. Additional interesting phenomena that are
not covered by eqs 4 and 6 are also observed: in the
experiments, a decreasing frequency shift is observed at larger
incidence angles, with a saturation and decrease of probe angle
deflection in the case of a normally incident probe (Figure
3d,f). This can be understood from the fact that the probe
pulse has a finite spatial profile with a spatial photon
distribution. At an off-normal incident angle, photons in a
pulse arrive at the ITO surface with different pump−probe
delays, lowering the averaged frequency shift and deflection
angle. Taking this averaging effect into consideration with
measured probe beam width (35 μm) and a pulse duration (55
fs), simulation of both frequency conversion and beam
deflection matches the experimental results well (Figure
3c,e). A wavefront steering of 0.4° and frequency conversion
of 14 nm is observed.

3.2. Realization of an Ultrathin Transient Lens.
Ultrafast wavefront shaping defines novel opportunities to
manipulate light. Bending wavefronts with spatial gradients of
the refractive index is utilized in self-focusing, which has been
investigated since the 1960s.39−41 This effect is generally
realized using weak χ(3) effects and detectable only when
accumulated over a long distance. Operation near the ENZ
frequency in ITO enables the observation of this effect in thin
films. In self-focusing or beam deflection with nonlinear
refraction, the spatial gradient of the index in nonlinear
materials is induced by an intensity gradient of the beam spot,
usually with a Gaussian-like transverse profile. However, this
approach typically does not support more complex wavefront
structuring. Here we show how the incident angle and pump−
probe delay-controlled wavefront shaping can enable addi-
tional more complex dynamic 2D optics including the transient
induction of an ultrafast lens. A focused pump pulse is
divergent after the focal point with increasing incident angles
from the beam center to the edge (Figure 4a,b). As the
deflection amplitude is proportional to the sine of the angle
between the pump and probe sin(θpp), as indicated in eq 4, the
ITO film functions as an ultrafast lens to focus light. Within a
small angle approximation and paraxial approximation, rays in
the probe beam at different distance from the axis r will be
focused to a spot, with a focal length (details in the Supporting
Information) of

·
f r t

n t z v

t L
( , )

( )

( )n
t

0 g(pump)

(7)

which is, critically, independent of the radius r, thus enabling
focusing with minimal off-axis aberrations. We simulate the
light intensity distribution with ultrafast focusing for the case of

Figure 4. A transient ultrafast lens. (a) Setup diagram: The pump beam is focused upstream of the sample by a lens and becomes divergent on the
ITO film. (b) Ray diagram. Incident angle of the pump beam is zero in the center of the beam spot and increases along the radius direction, which
deflects the probe beam with larger angle. The probe beam is focused on one spot on the optical axis. (c) Simulated light intensity mapping of a
1540 nm beam undergoing focusing: a pump beam with a fluence of 0.23 J/cm2 is focused 3 mm from the sample (at the white dashed line). A
perfectly collimated Gaussian probe beam is assumed (fwhm = 30 μm). No small angle or paraxial approximation is used in the simulation. The
transient behavior of the effective lens in (c) is experimentally studied by detecting the focusing of a divergent probe beam. (d) Normalized angular
distribution of the probe beam as a function of pump−probe delay. (e) The transmissivity change (ΔT, black) and changing rate of the
transmissivity (δT/δt, red). (f) The beam spot size (full width at half of maximum) of the probe beam spot as a function of pump−probe delay is
plotted, with a maximum effect of focusing at the pump−probe delay for which the rate of change in the index is maximized.
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a 1540 nm probe beam focused by a pump beam with fluence
of 0.23 J/cm2 at a spot 3 mm before the sample (Figure 4c).
The results show that the probe beam is focused 147 mm
away, with a small spherical aberration. The ultrafast lensing
effect is also verified by experiments, with the same pump
conditions as in Figure 4c. Limited by the size of the sample, a
slightly divergent probe beam is used. The beam spot width
after the ITO film is observed to transiently contract (Figure
4d,f), consistent with an expected positive lens. As expected,
this beam focusing effect is maximized at the rising edge of
transient transmittance, which is the pump−probe delay with
the largest index changing rate consistent with eq 5 (Figure
4e,f). We note that the beam spot size (full width at half-
maximum, fwhm) is also influenced by the transient trans-
mittance, because our pump intensity is not perfectly uniform,
with a higher fluence in the center. A fwhm contraction of the
beam spot contributed by the nonuniformity of pump intensity
can be seen at t = 0 in Figure 4f, where the changing rate of
index (Figure 4e, red) is zero and induces zero beam focusing
effect. Because this effect arises from the uniform transmittance
change, by subtracting the influence of the transient trans-
mittance change, a 5.9% reduction in the beam spot size due to
the focusing action with time leads to an estimated ultrafast
lens with a focal length of 101 mm, in reasonable agreement
with the theoretical estimated value. In the simulation, the
transient refractive index change process with a normally
occurring pump beam is used to calculate the beam deflection.
However, at the outer part of the pump beam spot, at an
oblique incident angle, the nonlinearity may be larger than at
normal-incidence,30 which results in a larger focusing effect.
This indicates a possible reason that the simulation under-
estimates the focusing effect of the ultrafast thin lens compared
to the experimental results.

4. CONCLUSION
In conclusion, we use the space-time refraction of light to mold
the flow of an optical beam, dynamically controlling its
direction and additionally realizing a transient lensing effect.
Ultrafast wavefront shaping with spatiotemporal refraction is
achieved by inducing refractive index gradients that develop
within 100 fs and recover on subpicosecond time scales. The
rapid subpicosecond index recovery may enable the con-
struction of photonic time crystals (PTCs) or other time
structures,42−44 unveiling new physical phenomena and
applications. The phenomenon is strongly enhanced near the
ENZ wavelength because of the increased nonlinear material
response. Two processes enable control of the deflection of
light from conventional Snell’s law, including the frequency-
shift enabled by time-refraction and a modulation in the spatial
gradient of the refractive index determined by the crossing
angle of pump and probe beams. This shows that wavefront
shaping is possible not only through fabrication of nanostruc-
tures, but can also be engineered all-optically, enabling new
forms of transient flat optics. The utilization of pump angle
controlled index modulation presents a novel approach to
induce a spatial gradient in metamaterials, offering the
potential for enhanced effects when combined with nanostruc-
tures. Furthermore, the successful demonstration of the
ultrafast thin lens serves as compelling evidence of the ability
to construct dynamic 2D flat optics by using ENZ materials.
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