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Time-varying effects have opened new possibilities for manipulating electromagnetic waves. However, their applications
so far are largely focused on exploiting the linear optical responses of the time-varying media. By contrast, correspond-
ing investigations on the prosperous nonlinear optical responses remain underexplored. In this study, we report an
experimental demonstration of time-varying effects in nonlinear terahertz (THz) generation using an optically pumped
ultrathin epsilon-near-zero (ENZ) film, i.e., indium tin oxide (ITO) film. We show that, upon optical pumping near the
ENZ wavelength, ultrafast carrier dynamics in the ITO film modulate its second-order nonlinear susceptibility [χ (2)],
thereby establishing a temporal boundary for the THz generation process. This results in significant amplitude and
spectral modulations on a sub-picosecond timescale. Additionally, by exploiting the tensor properties ofχ (2), we further
achieve ultrafast polarization modulations. Our work employs the optical time-varying effect in modulating nonlinear
THz generation, creating a pathway for achieving ultrafast and active THz generation and manipulation, as well as
understanding the associated material dynamics. © 2025 Optica Publishing Group under the terms of the Optica Open Access

Publishing Agreement

https://doi.org/10.1364/OPTICA.555318

1. INTRODUCTION

Time-varying effects have recently garnered considerable atten-
tion, offering new opportunities to exploit the temporal dimension
as an additional degree of freedom in engineering the electro-
magnetic waves [1–3]. These effects arise from light–matter
interactions in media where time-reversal symmetry is broken
by the rapidly changed material properties. In such time-varying
systems, photon behavior is governed by momentum conservation
rather than energy conservation [4]. Based on the inherent space–
time duality in Maxwell’s equations, temporal analogs of spatial
phenomena—such as temporal boundaries and the associated
temporal refraction and reflection—can be defined [5,6]. These
have led to the exploration of a variety of novel physical effects,
including linear adiabatic frequency shifts [7–9], double-slit time
diffraction [10], and photonic time crystals (PTCs) [11–16]. In
addition, intriguing concepts, such as optical non-reciprocity
[17–19], time reversal [20], time aiming [21], and inverse prism
[22], have also expanded the applications of time-varying research.

One general requirement of observing a time-varying effect is
that the varying speed of the material property should catch the
timescale similar to the frequency of the light field [1]. Transparent

conducting oxides (TCOs), such as indium tin oxide (ITO) and
aluminum zinc oxide (AZO), have recently emerged as prom-
ising platforms for studying time-varying effects in the optical
regime using a pump–probe configuration. This benefits from
their ultrathin nature, compatibility with nanoscale architectures,
ultrafast optical responses, and in particular, large nonlinearity
enhanced by epsilon-near-zero (ENZ) properties [23,24]. The
ENZ wavelengths of TCOs typically lie in the near-infrared (NIR)
range. When pumped by femtosecond pulses around the ENZ
wavelengths, significant time-varying optical properties can be
induced through intraband transitions [25–27]. However, these
have primarily been employed in modulating the linear optical
responses of the probe light. In fact, TCO films also support many
pronounced nonlinear effects, such as second-harmonic genera-
tion [28], third-harmonic generation [29], and THz generation
[30]. It can be anticipated that adding the time-varying capability
of TCOs to the modulation of nonlinear effects will give rise to
more prosperous novel phenomena and potential applications.

Actually, several studies in TCO films have indicated that time-
varying effects can play a part in the final nonlinear responses. For
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example, the effects of the spectral shift of high-harmonic genera-
tion [31] and the peak-to-peak amplitude shift of THz generation
[30], have been attributed to the time-varying ENZ wavelengths
under strong excitations. However, the time-varying effect and
the nonlinear frequency conversion processes are coupled together
within a single excitation pulse. Very recently, time-dependent
second-harmonic generations have been demonstrated in ITO-
based ENZ platforms using a pump–probe configuration [32,33],
where ultrafast and large modulation effects are observed. The
introduction of the pump beam greatly increases the degree of free-
dom for controlling the nonlinear responses. Nevertheless, related
investigations on time-varying nonlinear effects so far remain
largely underexplored, particularly for frequency down-conversion
processes.

In this work, we experimentally investigate, for the first time
to the best of our knowledge, the ultrafast temporal modulation
behaviors of broadband THz generation at the ITO interface
of an ITO film. The film is pumped with an obliquely incident
p-polarized NIR femtosecond laser pulse centered around its
ENZ wavelength, which modulates the THz generation from a
p-polarized probe pulse that is synchronized with, but tempo-
rally delayed from the pump pulse. By adjusting the time delay
between the pump and probe pulses, we observe an 80% broad-
band amplitude modulation and a 15% relative shift in the central
frequency of the THz generation, occurring within only a sub-
picosecond dynamic process. These results far exceed the speed and
bandwidth of previously reported THz modulation based on time-
varying linear effects in semiconductors and superconductors,
and are obtained without the need of resonant structures [34–37].
We explain these phenomena using a time-varying nonlinear
polarization model, where pump-induced changes in the lin-
ear susceptibility dynamically modulate the effective second-order
response and thus alter the THz emission in real time. Additionally,
when the polarization of the probe pulse is switched to circularly
polarized, strong modulations of the polarization orientation and
ellipticity of the generated THz wave are further observed. This
behavior is attributed to the changes in the relative complex ampli-
tudes of the tensor elements ofχ (2). Our experiments demonstrate
significant temporal modulations in the THz regime through
nonlinear interactions, providing a novel paradigm for studying
time-varying effects and achieving THz wave control.

2. TIME-VARYING NONLINEAR POLARIZATION

As a centrosymmetric material, ITO only supports second-order
nonlinear effects at the interface. In a perturbation framework,
where the light–matter interaction slightly influences the material
property, the second-order nonlinear polarization equation can be
typically expressed as [38]

P
(
ωg ;ω1, ω2

)
∝ χ (2)

(
ωg ;ω1, ω2

)
E (ω1)E (ω2) , (1)

where P is the nonlinear polarization; χ (2) is the second-order
nonlinear susceptibility; E (ω1) and E (ω2) are the electric fields
of the incident light with carrier frequencies of ω1 and ω2. In the
assumption that χ (2) is time-independent, energy conservation
associates the generated frequency ωg with the fundamental
frequencies byωg =ω1 +ω2. Under the perturbation approxima-
tion, χ (2) can be expressed as the product of linear susceptibilities
at the three frequencies involved in the nonlinear process:

χ (2)
(
ωg ;ω1, ω2

)
∝ χ (1)(ωg )χ

(1)(ω1)χ
(1) (ω2) , (2)

where χ (1) represents the linear susceptibility. In the context of
nonlinear interaction between the nonlinear media and a laser
pulse consisting of finite electric field components around carrier
frequency, the total nonlinear polarization atωg can be rewritten as

P (ωg )∝ χ
(1)(ωg )

∫
+∞

−∞

χ (1)(ω1)χ
(1)(ωg −ω1)E (ω1)E (ωg −ω1)dω1

= χ (1)(ωg )
[
χ (1)(ωg )E (ωg )

]
∗
[
χ (1)(ωg )E (ωg )

]
= χ (1)(ωg )

[
χ (1)(ω1)E (ω1)

]
∗
[
χ (1)(ω1)E (ω1)

]
,

(3)

where the asterisk (*) represents the convolution operation, and
the integration range (−∞,+∞) indicates all the possible second-
order nonlinear frequency conversion processes are included. This
equation reveals that the polarization spectrum is proportional
to the convolution of χ (1)(ω1)E (ω1) and itself. From Eqs. (2)
and (3), we can infer that controlling the linear optical property
of material allows for direct manipulation of all the second-order
nonlinear outputs. This is equivalent to the modulation of χ (2).
Here, we only focus on the part located in the THz frequencies,
corresponding to the output by the surface optical rectification
process (i.e., the difference-frequency mixing effect at the inter-
face). Each THz frequency component is contributed from all
possible combinations of ω1 and ω2 within the laser pulse satisfy-
ing ωTHz =ωg = |ω1| − |ω2|. If the material’s properties can be
switched at the speed of THz oscillations, it is expected that the
THz waveform would undergo time-dependent modulations.
This modulation results from energy coupling between photons
and materials, leading to the manipulation of the THz spectrum in
the frequency domain.

Figure 1 illustrates the mechanism by which an optical pump
(represented by the orange envelope) modulates THz generation
in time. The pump pulse, arriving at time t ′ relative to the probe,
perturbs the material’s linear optical response on sub-picosecond
timescales. Within a phenomenological framework where χ (2)

depends on the product of linear susceptibilities, such modulation
translates into a time-dependent nonlinear interaction strength.
As the broadband probe drives difference-frequency mixing, the
evolving nonlinear susceptibility alters both the amplitude and
spectral composition of the resulting polarization, imprinting
temporal structure onto the emitted THz field (blue envelope).

For an ultrathin ITO film to be investigated here, its relative per-
mittivity can be described using the Drude model:

εr = ε∞ −
ω2

p

ω(ω+ iγ )
, (4)

where ε∞ is the infinite-frequency permittivity, ωp =√
ne 2/(ε0m∗) is the static plasma frequency determined by

the carrier density n and effective mass of the free electrons m∗, and
γ is the collision frequency. It has been demonstrated that the ITO
film supports a Brewster mode around the ENZ wavelength [39],
where the normal component of the incident fields can be signifi-
cantly enhanced according to the boundary condition. Due to the
non-parabolic conduction band of ITO [40], a strong pump pulse
around ENZ wavelength can significantly modify the permittivity
of the ITO film by altering the effective mass m∗ of free electrons
through the excitation of intraband transition. This modification
introduces a time dependence to the plasma frequency ωp , which
ultimately leads to a time-varying permittivity εr (t − t ′) and thus a
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Fig. 1. Schematic of the dynamical nonlinear polarization model. The
originally static nonlinear process becomes time-dependent due to the
arrival of a pump pulse at time t ′. In the nonlinear dynamical nonlinear
box, the pump pulse rapidly changes the material property and then mod-
ulates the temporal waveforms of THz polarization, which introduces the
fast phase change and consequently the new frequency components.

linear susceptibility χ (1)(t − t ′)= 1− εr (t − t ′). Therefore, the
second-order nonlinear susceptibility also becomes time-varying,
as well as the associated nonlinear polarization, which can be
described as

χ (2)
(
ωg ;ω1, ω2; t − t ′

)
∝ χ (1)

(
ωg ; t − t ′

)
χ (1)

(
ω1; t − t ′

)
χ (1)

(
ω2; t − t ′

)
, (5)

P
(
ωg ; t − t ′

)
∝ χ (1)

(
ωg ; t − t ′

) [
χ (1)

(
ω1; t − t ′

)
E (ω1; t)

]
∗
[
χ (1)

(
ω1; t − t ′

)
E (ω1; t)

]
.

(6)

Clearly, the extent of modulation on the second-order responses
directly depends on the duration of the pump pulse, the material’s
dynamic response, and the pump–probe time delay t ′. Based on
these equations, numerical simulations were performed to model
the response of THz generation in time-varying media, providing
deeper insights into the dynamic behavior of the system (see Note 1
in Supplement 1).

3. EXPERIMENTAL SECTION

The ITO film investigated here was 50 nm in thickness, which
was deposited on an optical glass substrate via electron beam
evaporation and subsequently annealed in a tube furnace (see
Methods for details). The static optical constants of the ITO film
were characterized using a commercial ellipsometer. As shown in
Fig. 2(a), the gray dashed line indicates the ENZ wavelength is
around 1565 nm, where the real part of the permittivity crosses the
zero point, and the imaginary part is 0.49. Hall effect measurement
shows that the carrier concentration is−5.381× 1020 cm−3 with a
mobility of 35.04 cm2/(V·s) and a resistivity of 3.311× 10−4 �·s.
Thus, the effective electron mass of the ITO film is estimated to be
m∗ =∼ 0.41m0 with m0 being the free electron mass. In addition,
X-ray photoelectron spectroscopy (XPS), atomic force micro-
scope (AFM) image, and position-dependent THz generation
(based on the following setup) were also carried out to present the

sample quality, showing the main elements are indeed indium
(In), Tin (Sn), and Oxygen (O); the average roughness within the
test area is only 0.011 nm, and the fluctuation of the THz peak-
to-peak amplitudes is very small, respectively (see Figs. S3–S5 in
Supplement 1).

The temporal modulation of THz generation was characterized
using a homemade THz time-domain spectroscopy (THz-TDS)
system in a pump–probe configuration. As illustrated in Fig. 2(b),
the setup was powered by a Ti:sapphire femtosecond laser ampli-
fier. The main output energy (3.5 mJ) was used to drive the optical
parametric amplifier (OPA) to generate the pump and probe pulses
in the NIR band. The pump pulses, with a pulse duration of 45 fs
and a central wavelength of 1500 nm, were reflected by a beam
splitter (BS) and then passed through a pair of optical wedges
(OWPs) and a delay line (DL1), both of which were mounted on
motorized translation stages for fine and coarse tuning of the pump
beam’s optical path. The probe pulses, transmitted through the BS,
were modulated by an optical chopper, which provided a reference
frequency of 370 Hz to enhance the signal-to-noise ratio during
the signal acquisition process using a lock-in amplifier. For both
the pump and probe beams, a neutral density filter (NDF) and an
achromatic half-wave plate (HWP) were used to control the pulse
energy and polarization, whereas a quarter-wave plate (QWP) in
the probe beam was used to achieve circular polarization. A lens
(L1) with a focal length of 500 mm was used to slightly reduce the
probe spot size to ensure an optimal overlap with the pump spot.
The incident angle of the probe beam was set to 45◦ relative to the
normal of the ITO film, while that of the pump beam was set to
67◦ to efficiently excite the Brewster mode, which enhances the
modulation of the ITO film (see Note 2 in Supplement 1). The
residual energy from the Ti:sapphire femtosecond laser ampli-
fier was attenuated by an NDF and guided to the THz detection
module through another delay line (DL2) for standard electro-
optic sampling using ZnTe crystal [30,41]. It is worth noting that
although both the pump and probe pulses have the capability to
generate THz waves, the collection axis of the detection module
was set to align with the THz wave generated from the probe beam,
which naturally filtered the majority of those from the pump beam.
More importantly, as the optical chopper was placed only in the
probe beam, this further ensured that only THz waves generated by
the probe beam were extracted. Additionally, according to the wave
vector conservation, the THz waves resulted from the difference-
frequency mixing between the pump and the probe beams in the
ITO film had a radiation angle of 79◦ relative to the optical axis
(z-axis), which significantly exceeded the collection range of the
detection module.

4. RESULTS AND DISCUSSION

In the experiment, maintaining a moderate probe intensity is
crucial to facilitate the nonlinear interaction in the ITO film
while avoiding significant modulation of the film by the probe
pulse itself. The optimal probe intensity was determined to be
7 GW/cm2 by characterizing the dependence of THz amplitude
on the probe intensity (see Note 3 in Supplement 1). With this
optimal probe intensity and using a p-polarized pump pulse, we
measured the changes in THz electric fields at a given sampling
time position of the THz waveforms as a function of both pump
intensity and the time delay between the pump and probe pulses.

As shown in Fig. 3(a), at a given pump intensity, the peak ampli-
tudes of the THz electric fields undergo asymmetric suppression

https://doi.org/10.6084/m9.figshare.29213039
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https://doi.org/10.6084/m9.figshare.29213039
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Fig. 2. Permittivity of the ITO film and schematic of the experimental setup. (a) The measured real part (blue) and the imaginary part (orange) of the
fabricated ITO film. The gray dashed line indicates the ENZ wavelength, where the real part approaches zero. The red dashed line represents the zero line
of the permittivity. (b) Schematic of the experimental setup for measuring the optical-pump-induced time-varying nonlinear THz generation. The box
labeled as the detection module represents a brief illustration of the standard THz electro-optic detection using a ZnTe crystal, which is composed of two
parabolic mirrors in a 4 f configuration for collecting THz waves, and balanced detection components for extracting the time-domain THz field. OPA,
optical parameter amplifier; BS, beam splitter; OWPs, optical wedge pairs; DL, delay line; NDF, neutral density filter; HWP, half-wave plate; QWP, quarter-
wave plate; L1, lens.

Fig. 3. Measured THz amplitude modulations versus time delay under various p-polarized pump intensities and modulation comparison with those
under the s -polarized pump. (a) Temporally modulated THz electric field under various pump intensities and time delay t ′, sampled at a given detection
time of the generated THz pulse. The pump intensities are represented using the color bar and the minimum in each curve was marked with purple asterisk.
(b) Measured complete time-domain THz electric field signals under various pump intensities, where the gray dashed line indicates the sampling position of
the results in (a). (c) Corresponding THz spectra of the time-domain signals in (b). The spectral extrema at pump intensities of 0 and 40 GW/cm2 are indi-
cated by the gray arrows and dashed lines. (d) Comparison of the THz amplitude modulation effects under the p-polarized and s -polarized pumps.

and recovery dynamics within the 1.3 ps time delay range. Initially,
the pump pulse arrives after the probe pulse and gradually over-
takes it as the time delay increases. The amplitude modulation
of the generated THz waves is attributed to the rapidly varying
nonlinear susceptibility amplitude, while the asymmetric feature is
determined by the convolution of the pump envelope and the ITO
response. As the pump intensity increases from 0 to 40 GW/cm2,
the suppression of the peak amplitudes monotonically intensifies.

Beyond 40 GW/cm2, a saturation phenomenon occurs. The
minima of each curve, marked by the purple asterisks, indicate that
the time delay corresponding to the strongest modulation shows
a slight deviation at different pump intensities. This deviation
may be attributed to the modification of the inherent response of
the hot electrons in the ITO film by the pump, which is linked to
the redistribution of electrons’ energy states inside the conduc-
tion band and thus the effective electron mass. This modifies the
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Fig. 4. Measured THz central frequency shifts versus time delay at the pump intensity of 40 GW/cm2. (a) Measured time-domain THz electric field sig-
nals at various time delay between the pump and probe pulses, where the time delay is denoted by the color bar. (b) Corresponding THz spectra of time-
domain signals in (a). As the time delay increases, the spectral peak evolves from the pink region to the purple region, and then returns to the pink region.
(c) Normalized THz spectra in (b), where distinct frequency shifts as time delay is observed. (d) Static central frequency of the generated THz waves (orange
dashed line) without pump and the dynamical central frequency (blue solid line) as the time delay increases. Two maxima at 0.5 and 0.8 ps sandwiching a
minimum at 0.69 ps are observed, relating to the maximum and minimum amplitude modulation rates in Fig. 3(a), respectively.

material dispersion and thus affects the waveform of the generated
THz time-domain signal. The nearly vanished THz amplitude
at 43.3 GW/cm2 is likely an artifact caused by changes in the
temporal waveform of the generated THz waves.

At the specified pump–probe time delay of 0.68 ps, we mea-
sured the complete traces of the THz electric fields at various pump
intensities, as shown in Fig. 3(b), where the gray dashed line indi-
cates the sampling position of the results in Fig. 3(a). As the pump
intensity increases, the peak of the THz electric field gradually
reduces. However, even at a pump intensity of 53.3 GW/cm2, a
weak but distinct THz signal is still presented, with the gray dashed
line crossing over its zero point owing to the slightly evolving
waveform. The corresponding THz spectra, shown in Fig. 3(c),
exhibit a broadband modulation over the generated THz waves.
The gray dashed lines and arrows indicate the maximal amplitudes
of Astatic and Amodu, measured at the pump intensities of 0 and
40 GW/cm2, respectively. The amplitude modulation depth,
defined as MA = (Astatic − Amodu)/Astatic, is calculated to be 80%,
corresponding to a THz power modulation of 96%.

We also measured the THz signal from a 0.2 mm thick 〈110〉-
cut ZnTe crystal under the same probe condition without the
pump. The THz peak-to-peak value is about 0.26 of times of
that of the ZnTe crystal, which can serve as a rough indicator of
the absolute modulation range of THz generation here. This
also helps estimate the change of the effective sheet second-order
susceptivity χ (2)s as the time delay and pump intensity change
[42], the largest modulation range of whom is approximately
0.06× 10−16

− 0.3× 10−16 m2/V. Detailed information can

be found in Note 4 in Supplement 1. Additionally, we measured
the THz amplitude modulations under the orthogonal polar-
ized pumps using the same pump intensity of 40 GW/cm2, see
Fig. 3(d). The results show that the modulation depth under the p-
polarized (red) pump is approximately three times higher than that
under the s -polarized (blue) pump. This increased modulation
depth under the p-polarized pump is attributed to the effective
excitation of the Brewster mode in the ENZ film at an angle of 67◦.

According to the time-varying nonlinear polarization model,
the transient modulation at the THz rate introduces an additional
channel for energy transfer between the generated THz waves
and the time-varying ITO film. Consequently, frequency shifts
in the nonlinear THz generation are anticipated when the probe
pulse interacts with the ITO film at the rising and falling edges
of the pump pulse. To validate this hypothesis, we measured the
THz electric fields at various pump–probe time delays with a 62 fs
interval, while maintaining the THz time range, pump intensity,
and polarization as those in Fig. 3(a). The measured THz tem-
poral waveforms and their corresponding spectra are displayed in
Fig. 4(a) and Fig. 4(b), respectively. As the time delay increases,
the frequencies of the THz peak amplitudes alternate between
approximately 1.0 (indicated by the pink area) and 1.37 THz
(the blue area). The normalized THz spectra plotted in Fig. 4(c)
clearly illustrate an overall frequency blue shift, confirming that
the generated THz photon energy acquires an ultrafast redistribu-
tion in response to the time-dependent modulation. Figure 4(d)
presents a quantitative analysis of the central THz frequency as a
function of time delay, where the central frequency is defined as the

https://doi.org/10.6084/m9.figshare.29213039
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mathematical expectation of the THz spectrum:

νc =

∫ ν2
ν1
ν|A(ν)|2dν∫ ν2

ν1
|A(ν)|2dν

, (7)

where ν1 = 0.1 THz and ν2 = 3.0 THz define the integral range
due to the limited dynamic range of the experimental setup. We
observed a significant dependence of the central frequency on the
time delay, with a maximum central frequency shift of 0.2 THz.
Notably, two peaks of frequency blue shift occur around 0.5 and
0.8 ps, corresponding to the rapid amplitude suppression and
recovery progresses in Fig. 3(a). Intriguingly, a frequency shift
valley is observed around 0.69 ps, corresponding to the minimal
modulation rate where the maximal THz amplitude modu-
lation is achieved. These features mentioned above support our
intuitive interpretation of the underlying physics governing the fre-
quency shift in a nonlinear interaction process with a time-varying
medium. Specifically, the ultrafast time-dependent modulation
relaxes the constraint of the law of conservation of energy, which
establishes a channel for energy transfer. This can be regarded as
a generalization of those processes in the regime of linear optical
response. As a result, the relative frequency shift of 15% is achieved,
which is defined by Mν = (νmodu − νstatic)/νstatic × 100% with
νstatic and νmodu representing the THz central frequency with-
out the pump (orange dashed line) and the largest THz central
frequency at a pump intensity of 40 GW/cm2 (blue solid line),
respectively.

To interpret the above temporal modulations, the proposed
dynamical nonlinear polarization model was applied, which can
well reproduce the measured modulation trends of THz ampli-
tude and frequency shift (see Note 1 in Supplement 1). In these
simulations, we comparatively studied the roles of various linear
susceptibilities χ (1) that contribute to the nonlinear response. It is
found that the time-varying linear susceptibility in the NIR band
primarily governs the modulations, with t ′ dependence ruling the
amplitude and t dependence ruling the frequency shift, while the
contribution of the time-varying linear susceptibility in the THz
band is negligible (see Fig. S2 in Supplement 1). As our case applies
femtosecond laser excitations, which contain broad frequency
components, it is not suitable to calculate the time-varying χ (2)

using Eq. (5) as it works for a single-frequency THz generation
from two probe frequency components, whereas each THz fre-
quency component here is contributed from a lot of potential
combinations of the probe frequencies. Moreover, though Eq. (6)
was used to calculate the time-varying THz generation, the con-
volution relation and the dispersion feature make it challenging
to extract the exact time-varying χ (2) within the pump duration,
which needs further studies.

On the other hand, ITO commonly exhibits a large change
in material properties under strong pump conditions, which is
generally considered a non-perturbative process. In our model,
the time-dependent modulation originates from the change of the
effective electron mass by the strong pump, which then affectsχ (1)

of the ITO film. This process is non-perturbative and described
simply using the Drude model. However, the measured THz
generation arises from the difference-frequency mixing process
of the weak probe pulse, which can be perturbative. Namely,
our model can be considered as a perturbative THz generation
process modulated by a time-varying non-perturbative process,
whose effectiveness is verified by our calculated results in Note
1 in Supplement 1. The discrepancy may be attributed to the

potentially involved non-perturbative influence, which requires
further theoretical investigation. Nonetheless, our model helps
reveal the temporal modulation effect of THz generation in a
consistent manner with the measurements. The more accurate
prediction may be done using numerical simulations based on the
Maxwell-hydrodynamic model and the two-temperature model
[25,43].

Notice that, there are totally two interfaces here, i.e., ITO–air
interface and ITO–substrate interface. Both are capable of gen-
erating THz waves. However, owing to the ultrathin feature of
the ITO film, THz waves are nearly generated at the same time.
Meanwhile, though the THz wave generated at the ITO–substrate
interface undergoes a screening effect owing to the conductive
feature of ITO, the amplitude (power) transmission is ∼0.35
(∼0.12), and the phase change is near neglectable, indicating that
the THz waves are also radiated nearly at the same time (see Fig.
S9 in Supplement 1). This corresponds to a constant interference
between the THz waves generated at the two interfaces. Therefore,
we can simply consider their contributions as a whole.

In addition to the modulations of THz amplitude and fre-
quency shift, we also experimentally demonstrated the ability
to manipulate the THz polarization through time-varying non-
linearity. Based on our previous research, the polarization of the
generated THz waves from a homogeneous and isotropic ITO
film is primarily determined by two independent tensor elements
of χ (2) : χ1 = χzzz, χ2 = χxzx = χxxz = χyzy = χyyz [44]. In the
aforementioned experiments, only the tensor elements associated
with the x and z coordinates were used, where the p-polarized
probe pulse could only result in p-polarized THz generation. Our
model calculation in Note 1 in Supplement 1 actually considers
these element contributions as a whole, which does not affect the
underlying modulation physics. In order to acquire the degree of
freedom in polarization manipulation, circularly polarized (CP)
probe pulses were used to further access the y -dependent tensor
elements. In this case, each tensor element should be considered
individually. In a simple picture of constant modulation, we can
assume a relationship between χ1 and χ2 by χ1 = ηe iζχ2, then
the ratio of the y - and x -polarized components of the THz electric
field can be expressed as

E y

E x
= σ

A y

Ax
e iδ, (8)

where σ =±1 represents the CP handedness of probe pulses with
+1 and −1 denoting left-handed CP (LCP) and right-handed
CP (RCP), respectively. The amplitude ratio A y/Ax and phase
difference δ are functions of η and ζ (see Note 5 in Supplement 1).
Consequently, a change in the relative complex amplitude of χ1

andχ2 can enable the modulation of the THz polarization.
Here, the measured polarization state of the THz electric field

is represented using Stokes parameters [45], which are related with
the Jones vector parameters by

S0 = A2
x + A2

y ,

S1 =
(

A2
x − A2

y

)
,

S2 = 2σ Ax A y cos(δ),

S3 = 2σ Ax A y sin(δ). (9)
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Fig. 5. Measured THz polarization modulations versus time delay at the pump intensity of 40 GW/cm2. (a) Broadband THz polarization state evolu-
tions under the LCP (long dashed lines), RCP (short dashed lines), and p-polarized (solid lines) probe excitations, which are depicted by normalized Stokes
parameters on a Poincaré sphere. The THz frequencies ranging from 1.0 to 1.6 THz are represented by the color bar. The polarization ellipse in the upper
panel of the middle column illustrates the definitions of the orientation angle ψ and ellipticity ε on the Poincaré sphere, while the lower panel shows a
schematic of the coordinate definition used in the discussion of the polarization modulation. (b) and (c) Orientation angles and ellipticities versus time delay
extracted from the results in (a).

As shown in Fig. 5(a), the Stokes parameters, normalized
by S0, are plotted on the Poincaré sphere within the range of
1.0–1.6 THz, using the coordinate system of S1S2S3. The cor-
responding THz frequencies are indicated by the color bar in the
right column. As the time delay increases (indicated by the black
arrows), the Stokes parameters of the THz waves induced by the
LCP (long dashed line) and the RCP (short dashed line) probe
pulses exhibit antisymmetric evolution paths on the backside of
the Poincaré sphere. This behavior is consistent with the prediction
of Eq. (9), which indicates that the signs of S2 and S3 will reverse
when the handedness of the probe pulses is opposite, while the sign
of S1 remains. However, under p-polarized probe excitation, the
measured data deviate from the expected point of [1,0,0], which
is likely due to experimental errors caused by system noise and
imperfect p-polarization of the probe pulse.

Figures 5(b) and 5(c) illustrate another way of showing the tem-
poral polarization modulation, which plot the orientation angles
ψ and ellipticities ε of the THz polarization ellipses extracted from
Fig. 5(a), respectively. Theψ and ε are defined by the correspond-
ing geometric angles on the Poincaré sphere, which are described in
the plane facing the opposite direction of the THz wave vector. The
traces of the THz orientation angles and ellipticities versus the time
delay under both the LCP and RCP probe excitations show two
peaks/dips around 0.62 and 0.5 ps, as indicated by the gray dashed
lines, respectively. In specific, the maximum modulations on the
orientation angles achieve 50◦ and −38◦ at 0.62 ps for LCP and
RCP probe excitations at 1.3 THz, while those on the ellipticities
achieve −17◦ and 12.6◦, respectively. This observation suggests a

complex temporal modulation of the relative complex amplitude
of χ1 and χ2. Notably, the ellipticity exhibits greater dispersion
than the orientation angle, which is a natural outcome of the dis-
persive nature of Eq. (8) and the intrinsic constraint relationship
between the amplitude ratio and phase difference (see Note 6 in
Supplement 1). This also indicates that the relative complex ampli-
tude of χ1 and χ2 is also time-varying within the pump duration.
The above dynamical nonlinear polarization model needs to be
optimized with both time-dependent χ1 and χ2 to fit the modula-
tion behavior, which can be quite complicated. However, for the
aim of showing the overall temporal modulation, we can neglect
the time-varying effect within the pump pulse and simply treat the
χ (2) tensor at each time delay as an effective constant with respect
to the probe frequencies. Then, the relative complex amplitude
of χ1 and χ2 at each THz frequency can be determined. Taking
1.3 THz as an example, the corresponding averaged amplitude and
phase of χ1/χ2 are modulated by 70.7% and 64.5◦, respectively
(see Fig. S10 in Supplement 1).

6. CONCLUSION

In summary, we have experimentally investigated time-varying
nonlinear effects on broadband THz generation in optically
pumped ITO films. We observe a significant broadband amplitude
modulation achieving 80% and a relative central frequency shift
of 15% (absolute shift of 0.2 THz) in the generated THz waves
within a sub-picosecond scale under 40 GW/cm2 p-polarized
pump and 7 GW/cm2 p-polarized probe excitations, which
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can be attributed to the ultrafast changes in the complex ampli-
tude of χ (2) during the emission process. Such a modulation
ability surpasses the majority of linear effect-based THz modu-
lators, where external THz sources are required (see Table 1 in
Supplement 1). The measured maximum temporal modulation
range of the effective sheet second-order nonlinear susceptivity
χ (2)s is 0.06× 10−16

− 0.3× 10−16 m2/V. Moreover, we fur-
ther show that the temporal modulation of the relative complex
amplitudes χ1/χ2 of the tensor elements of χ (2) allows control
of the THz polarization, which is verified using CP probe excita-
tions. The maximum modulations on the orientation angles and
ellipticities are 50◦ and−17◦ for the LCP probe excitation, while
−38◦ and 12.6◦ for the RCP probe excitation, respectively. This
work advances our understanding of time-varying phenomena in
the nonlinear THz generation regime, marking a key step toward
achieving ultrafast modulation through cross-scale nonlinear
conversion. Our findings not only unveil a novel mechanism for
temporal manipulation in the THz domain but also introduce a
promising strategy for dynamic control of THz waves, paving the
way for future developments in time-varying optics and ultrafast
nonlinear photonics.

7. METHODS

First, the 50 nm thick ITO film was deposited onto a 0.7 mm thick
optical glass substrate using e-beam evaporation at a deposition rate
of 3 Å/s and a high voltage of 5 kV. Next, the deposited ITO film
was placed in a tube furnace, which was subsequently evacuated to
1.3 kPa and inflated with 50 kPa nitrogen. Then, the ITO film was
preheated from room temperature to 100◦C and held for 5 min.
After that, the ITO film was rapidly heated to 500◦C within 10 s
and held for 2 h. At last, the ITO film was naturally cooled back to
room temperature over 5 h. This annealing process significantly
increases the carrier concentration in the ITO film and blue shifts
its ENZ wavelength to 1565 nm.
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