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Abstract: We present a method for the generation of THz pulses with tailored temporal shape
from nonlinear metasurfaces. The method is based on single-cycle THz emission by the
metasurface inclusions. We show that the spatial amplitude and phase structure of the nonlinear
response is mapped to the temporal shape of pulses emitted at certain angles. We specifically
show a method for reconstruction of desired pulses, generation of few-cycles pulses with tailored
carrier-envelope and all-optical control over the pulse shape by the pump pulse characteristics.
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1.

Introduction

The capability to form the temporal profile of terahertz waves (0.1-10 THz band) is essential
for numerous applications. In THz time domain spectroscopy, pulse shaping shows great
advantages, as it allows to obtain coherent control over quantum system. Multidimensional
molecular spectroscopy [1–3], magnetic spin waves manipulation [4,5], molecular alignment
[6], and control over semiconductor qubits [7] were demonstrated, just to name a few. Finally,
pulse shaping techniques in the THz regime can be also useful for development of fast wireless
communication links [8,9].
While pulse shaping techniques are well-explored and utilized over the entire optical regime
[10–12], in the THz band, where generation, manipulation and detection of radiation is significantly
more challenging, pulse-shaping techniques are still limited [13–20]. Partial THz pulse shaping
capabilities were demonstrated by using passive and active filters, based on metamaterial or
various photonic structures [21–24]. More extended pulse shaping capabilities were demonstrated
based on temporal shaping of ultrashort optical pulses, used for the generation of THz waves
in photoconductive antennas or nonlinear crystals [13–15]. In addition, engineered poling of
ferroelectric crystals was used for the generation of shaped THz pulses [16,25], and also spatially
controlled photo-injected charge carriers in waveguides were used for the excitation of arbitrary
phase controlled pulse trains [17,18].
Recently it was shown that single- and few-cycles THz pulses with pre-designed spatial profile
can be generated by nonlinear metasurfaces (NLMS) [26]. The metasurface is composed of
meta-atoms with resonant behavior at the near infrared (NIR), for enhanced nonlinear interaction
at the resonance frequency. The metasurface is excited with an ultra-short pulse, and consequently
a single-cycle THz pulse is generated [27]. The generated signal was measured to have peak
frequency of about 1 − 1.5 THz, and bandwidth of ∼ 3 − 4THz [26,27]. Since the meta-atoms are
designed to support localized surface plasmon resonances at the NIR regime, their nanoscale size
is deep-subwavelength relative to the THz wavelength (i.e. ∼1000 times smaller). Therefore, each
excited nonlinear element can be treated as a dipole emitting a single-cycle THz pulse. Moreover,
the capability to manipulate each meta-atom individually and locally, allows to engineer the
spatial structure of the nonlinear response of the metasurface, and consequently the emitted
waveform.
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It was experimentally shown, that a periodic modulation of the orientation of the meta-atoms
in the NLMS, results in a few-cycles THz pulse, with a varying carrier frequency according
to the emission angle [26]. In this work, we show theoretically that this can be treated as a
manifestation of direct space to time pulse-shaping (DST), that was previously demonstrated in
the optical domain [28–32]. We show that this concept can be generalized to the generation of
tailored THz pulse shapes based on the unique capabilities of engineered NLMS.
2.

Mathematical description

We consider a NLMS with varying nonlinear response s(x) along the x-axis. Under NIR excitation,
at normal incidence to the metasurface, the generated THz amplitude profile E(x, z = 0) is
proportional to the nonlinear response structure:
E(x, z = 0) ∝ s(x)

(1)

where z is the coordinate along the normal to the metasurface. The NLMS nonlinear response
structure, s(x), is decomposed to spatial Fourier components, i.e. to planar wave components
with kx momentum along the x-axis:
1
S(kx ) = √ ∫ s(x)e−ikx x dx
2π
whereas the inverse Fourier transform retrieves the spatial structure:

(2)

1
s(x) = √ ∫ S(kx )eikx x dkx
(3)
2π
The temporal shape of the emitted pulse, f (t) is decomposed to its temporal Fourier components,
F(ω) so that:
1
(4)
F(ω) = √ ∫ f (t)eiωt dt
2π
and
1
f (t) = √ ∫ F(ω)e−iωt dω
(5)
2π
The spatiotemporal structure of the field on the metasurface is therefore:
1
(6)
∫ dω ∫ dkx S(kx )F(ω)ei(kx x−ωt)
2π
During propagation
q of the emitted pulse along the z-axis, each momentum component accumulates
ω 2
phase kz (kx )z =
− kx2 z , resulting in:
c
E(x, t, z = 0) ∝ s(x)f (t) =

ω 2
2
1
(7)
E(x, t, z) ∝
∫ dω ∫ dkx S(kx )F(ω)ei(kx x−ωt) ei ( c ) −kx z
2π
 
The collection of light at specific angle at the far field, θ = arctan xz , means that the collected
field carries only a specific momentum component kx = ωc sinθ. Mathematically, it is introduced
to Eq. (7) as Dirac’s delta function:
q


ω 2
2
1
ω
E(x, t, z) ∝
(8)
∫ dω ∫ dkx S(kx )F(ω)ei(kx x−ωt) ei ( c ) −kx z δ kx − sinθ
2π
c
Integrating over kx gives the field at the collection site:
ω

z
1
E(x = z · tanθ, t, z) ∝
sinθ F(ω)e−iω(t− c·cosθ )
(9)
∫ dωS
2π
c
Which is simply a convolution between the kernel pulse form, i.e. the pulse shape of the
z
single-cycle generated by the meta-atom, delayed by t0 = c·cosθ
, and the metasurface structure

q
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directly mapped to time according to t = sinθ xc
E(x = z · tanθ, t, z) = s

 ct 
∗f (t − t0 )
sinθ

(10)

Qualitatively, all the meta-atoms are excited at the same time and generate synchronized pulses.
When measured at an angle relative to the normal to the surface, the pulses are delayed with
respect to each other, according to their origin on the metasurface. Therefore, the spatial distances
over the metasurface are mapped into temporal delays, and each point on the metasurface is
convoluted with the propagated kernel pulse, as also described in Fig. 1(a).

Fig. 1. (a) Working principle of THz-DST pulse shaping with NLMS. A near infrared
ultrashort pulse (NIR) excites a NLMS consisted of nonlinear meta-atom. Consequently,
each meta-atom emits a single-cycle THz pulse as a point source. When measured in the
far-field at an angle θ (i.e., collected and collimated after a slit), a train of single-cycle
pulses is formed. The train of pulses is formed according to the spatial distribution of
the meta-atoms on the meta-surface, and the nonlinear response of each emitter. (b) THz
emission spectrum from a NLMS based on SRRs as was experimentally measured before
[26]. (c) Temporal form of THz pulse emitted from the NLMS.

The following numerical calculations are based on emission spectrum and kernel pulse shape
that were experimentally measured before [26]. The spectral and temporal functions are shown in
Figs. 1(b)-(c). The pulse duration is of ∆t ≈ 1ps, which defines the possible temporal resolution
that can be achieved. We simulate the spatiotemporal structure of the pulse according to standard
beam propagation technique that was extended to broadband pulses. This was done by numerical
calculation of Eq. (7), which is based strictly on the Helmholtz equation.
3.

Double pulse generation

To demonstrate this concept, we simulate a pulse emitted from a NLMS constructed of two
regions of 0.2 mm and 0.4 mm, separated by 3.4 mm as depicted in Fig. 2(a). The calculated
pulse shape for θ = 15◦ and z = 11 cm is shown in Fig. 2(b). It can be seen that the pulse shape
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is consisted of two consecutive pulses with duration and amplitude proportional to the length of
the region on the NLMS were they originate. The dashed line is the calculated convolution of the
NLMS structure (s(x)) with the propagated kernel pulse (f (t − t0 )), according to Eq. (10). The
concept of direct space to time mapping is even clearer when the carrier envelope of the pulse,
i.e. the absolute value of the electric field, is compared with the NLMS structure. The carrier
envelope shows the same general structural features as the spatial nonlinear response. Moreover,
the carrier-envelopes of the convoluted pulse and simulated pulse show an exact match. The
complete angle dependent emission pattern presented in Fig. 2(c) shows two branches, each
associated with one of the regions on the NLMS. The time delay between the two generated
pulses is changing with respect to the measurement angle, due to the angular dependence of
the space-to-time mapping. This can be useful for single-shot pump-probe experiments, which
usually require a delay line for adjusting the temporal delay between the pulses. Here, all the
time differences can be realized at once. One must note however, that the duration of the actual
pulses changes as well according to the DST mapping. Another potentially useful feature is that
the structure of the pulses is reversed when measured at a negative angle. This occurs due to the
anti-symmetric behavior of the DST mapping.

Fig. 2. (a) Structure of NLMS constructed of two separated regions of uniform arrays of
SRRs, marked I and II. (b) Real part (Re) and absolute value (Abs) of calculated pulse shape
for θ=15° according to simulation (sim) and convolution (con) as described in Eq. (10).
Pulses are associated with regions I and II (c) Angular dependent emission pattern as
simulated by broadband beam propagation technique. Dashed line corresponds with (b).

4.

Phase and amplitude modulation

One of the prominent advantages of metasurfaces in general, and NLMS for THz generation
specifically, is the capability to tailor the optical response at each point on the surface. Recently
it was shown that inversion of the SRR results with opposite phase of the emitted THz pulse
(See Fig. 3(a)), which allows binary engineering of the wavefront by spatial arrangement of the
SRRs orientation on the NLMS [26]. In addition to the discussed phase control, we suggest
here additional degree of freedom for pulse shaping, given by varying the amplitude of the local
emitted field. One method to control the amplitude of the emitted field is by clever detuning
of the geometrical structure of the single meta-atom as was shown before for second harmonic
generation [33,34]. Another way is to control the local concentration of the meta-atom, as
depicted in Fig. 3(a). In the latter case, it is necessary to take into account the near-field effects
[35], and additional collective effects, such as surface lattice resonances [36] that occur when the
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meta-atoms have particular spacing. Such collective effects result in non-linear ratio between
the concentration of meta-atoms and the effective local nonlinear response, and in addition
the emission phase is modified. The spatial resolution of the phase and amplitude variance is
determined by the size single unit cell of the metasurface, in the order of several hundreds of
nanometers, which is deep-subwavelength relative to the emitted THz waves. Therefore the
function s(x) can be manifested on the metasurface continuously by local manipulation of the
meta-atomic structure. The only constraint in this context is the maximal value of s(x), which
can be engineered to be the maximal available THz pulse amplitude emitted from a meta-atom.

Fig. 3. (a) Illustration of methods to manipulate the local nonlinear response of the NLMS.
The changes of the SRR array structure are shown at the top with the effect on the emitted
pulse shown at the bottom. (b) Nonlinear response of studied two phase and amplitude
modulated NLMS. (c) Simulated pulse shape emitted at 15° from NLMS structures presented
in (b).

To demonstrate the effect of amplitude and phase modulation we analyze a modified version of
the dual NLMS structure shown in the previous section. In the current case, the right-side region
is characterized with double amplitude and either same (NLMS 1) or opposite (NLMS 2) phase
of the local nonlinear response tensor relative to the left side region (Fig. 3(b)). The resulted
pulse sequences are shown in Fig. 3(c). The amplitude difference between the pulses is evident
as well as the effect of phase inversion. It can be seen that the absolute value of emission from
NLMS 1 and NLMS 2 is equal while the phase of the right pulse is inverted between generation
by NLMS 1 or NLMS 2.
5.

Pulse reconstruction by deconvolution

The degrees of freedom for local THz emission with continuous amplitude and binary phase
modulations, allow the generation of DST pulses by demand. According to Eq. (10), the spatial
nonlinear response of the NLMS, s(x), needed for the generation of an arbitrary pulse, can be
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calculated by deconvolution of the desired pulse and the propagated kernel pulse:
"
 x
 #
sinθ
F
T
E
c

s(x) = F T −1

F T f xc sinθ − t0

(11)

The deconvolution by division of the desired pulse and the kernel pulse Fourier components is
problematic when calculated for frequencies which do not take part in the kernel spectrum due to
the division in low values. Therefore, for the purpose of deconvolution, the spectra are truncated
for frequencies higher than the maximal frequency, i.e. the highest frequency which has larger
power than the noise of the system. This varies with the properties of the system, such as the
type of NLMS, the pump pulse, and the detection scheme. Here the spectra were truncated above
3 THz.
To demonstrate reconstruction of a pulse, we present in Fig. 4(a) an arbitrary desired pulse
shape (blue curve). The deconvolution of the pulse shape with the single-pulse kernel (purple
curve), is presented by the yellow curve. This is used for the formation of the NLMS structure
(s(x)), according to the DST mapping for θ=15°. The simulated pulse shape emitted from the
calculated structure, s(x), is shown in red curve. A very good agreement is obtained between the
desired pulse and the emitted pulse. It is important to note that here the electric field itself is
shaped, whereas most pulse shaping techniques including optical-domain DST usually treat only
the carrier envelope. This method however, has fundamental limitations that originate from the
limited bandwidth of the single-cycle kernel pulse. Temporal features that are shorter than the
kernel pulse cannot be generated efficiently, due to the lack of the required high frequencies in
the kernel pulse. On the other hand, long temporal features cannot be generated as-well due to
the lack of low frequencies. These limitations are demonstrated in Fig. 4(b) in which a desired
pulse is not reconstructed properly due to the short and long temporal features of the required
pulse relative to the spectral content of the kernel pulse.

Fig. 4. (a) Reconstruction of desired pulse (blue) by deconvolution with the kernel pulse
(purple) to calculate the required NLMS structure (yellow) for pulse emission at 30°. Red
curve is the beam propagation simulated pulse. (b) Reconstruction of a desired pulse
exceeding the bandwidth limitations.

6.

Carrier envelope shaping

For some application the shape of the carrier envelop of short pulses can be instrumental. To
achieve carrier envelope shaping using DST, a multiple cycles pulse with a certain carrier
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frequency, ν, can be generated by a metasurface that has a sinusoidal nonlinear response with a
periodicity Λ as follows:
c
(12)
Λ=
νsinθ
This shows how the spatial periodicity is mapped to temporal frequency and vice versa. The
resulting metasurface is conceptually identical to a nonlinear metasurface photonic crystal
(NLMPCs) for THz generation, as was described theoretically and experimentally before [26].
The direction of THz emission from NLMPC is usually calculated by momentum matching
considerations, manifested in the nonlinear Raman-Nath diffraction condition. For normal
incidence, this condition can be simplified to
sinθ = ±

λ
Λ

(13)

where, λ is the THz wavelength in the ambient medium. It can be seen how the latter expression
is in fact identical to Eq. (12), which is derived according to the DST concept.
Next, the carrier envelope of the generated pulses can be shaped simply by multiplication of
the periodic structure with the desired envelope.
Figure 5(a) demonstrates the design of an NLMS for generation of two consecutive pulses
with different carrier frequencies, and arbitrary carrier-envelopes. The calculated emitted pulses
at θ=30° are composed of the carrier frequencies according to Eq. (12), with the corresponding
carrier envelopes, as can be seen in Fig. 5(b). It is important to note that such arbitrary control of
both carrier frequency and carrier envelop is very challenging to achieve by conventional pulse

Fig. 5. (a) Design of a NLMS for generation of two consecutive pulses with different carrier
frequency and envelope shape. (b) Emitted THz pulse at 30° from the NLMS described in
(a).
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shaping techniques. In addition, according to the same principle, the carrier frequency can be
modified along the pulse (e.g. a chirped pulse) simply by using a NLMPC with a varying period.
7.

All optical pulse shaping by pump manipulation

In the previous sections, we discussed the capability to shape the pulse according to the THz
emission from the NLMS, which relies mostly on the location and emission characteristics of each
of the meta-atoms on the NLMS. In this section we present the capability to use the NIR pump
as a knob for controlling the emission from each meta-atom, consequently allowing all-optical
control over the emitted THz pulse shape. One method to actively control the emission strength
is by controlling the input polarization. Prior knowledge of the effective nonlinear tensor of the
meta-atoms allows to calculate the pump polarization dependent emission. For example, it was
shown that the SRRs that were used before, are excited by pump polarized parallel to the base of
the SRR, and emit cross-polarized THz field. Assuming this is the most significant component
of the effective nonlinear tensor, we can change the polarization angle φ of the pump beam in
order to reduce the THz amplitude proportionally to the pump projection on the SRR base. This
can be used for more versatile control of the emitted pulse by using various orientation of the
meta-atom along the NLMS.
Figure 6(a) shows an NLMS built from two NLMS regions (similar to the NLMS in Fig. 2),
each of them consisted of SRRs rotated at 90° relative to each other. For the calculations in
(2)
Fig. 6(b) we take the assumption of quadratic interaction with dominant χyxx
component, where x
is the SRR base axis, according to the report by Luo et al [27]. As shown in Fig. 6(b), this allows
to generate two consecutive pulses with actively controlled amplitude ratio. While this example

Fig. 6. (a) Structure of a NLMS consisted of two perpendicular oriented SRRs. (b) Emitted
THz pulse from the NLMS described in (a), at 15° for various pump polarization. (c)
Nonlinear coefficient dependency on NIR pump wavelength. Different resonant behavior is
shown for two SRRs with different geometry. (d) NLMS structure consisted of two SRRs
with different geometry and resonance frequency, as described in (c). (e) Emitted THz pulse
from the NLMS described in (d) at 15°, for various pump wavelengths.
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consists of separate regions with different types of meta-atom, in general interweaving different
types of meta-atoms can be used to achieve more complex pulse structures. Furthermore, thanks
to the ability to control the polarization of the emitted light (i.e., by the orientation of the SRRs),
pulses with mixed polarization states can be generated as well. It is important to notice that this
simplified description does not take into account additional nonlinear response tensor terms that
might exist in a nonlinear meta-atom, and requires further investigation and optimization.
Another method to manipulate the strength of the interaction between the pump beam and
the meta-atoms is by using their frequency response. Previous works have shown that the THz
emission, e.g. from SRRs, strongly depends on the plasmonic resonances of the meta-atom. The
localized surface plasmon resonance can be tuned by geometrical considerations. Therefore,
using more than a single size of the meta-atoms along the NLMS, can result in active pulse
shaping by changing the pump wavelength. For example, we assume two different SRRs building
blocks, each with a different resonant response, as described in Fig. 6(c). The construction of
a NLMS with two regions, each constructed of SRRs with different resonance frequency, as
described in Fig. 6(d), results in pump wavelength-controlled pulse shapes. Specifically, the
amplitude ratio between the two emitted pulses is modified by the pump wavelength, as shown in
Fig. 6(e).
The demonstrations presented above for all-optical control of the emitted THz pulse shape
show the principle in a highly simplistic way. The all-optical control knobs can be used to
generate many more complex functionalities, e.g. optical control over the carrier frequency,
optical manipulation of the length of the pulse, and multiplexing of various pulse shapes. The
unique features of NLMS that allow the mentioned pulse shaping capabilities are accompanied,
in principle, to the conventional pump controlled pulse shaping techniques that were presented
before, e.g. spatial and temporal shaping of the pump [14].
8.

Conclusion

We have shown that nonlinear metasurfaces provide a versatile platform for the generation of
THz pulses with an engineered temporal shape. The treatment of each THz emitting meta-atom
as a single-cycle source with tunable phase and amplitude, allows tailoring the temporal structure
of the THz field emitted at a certain direction, by their arrangement along the metasurface,
corresponding to DST concept. Calculations show that the emitted pulse shape takes the form
of the convolution between the meta-atoms single-cycle pulse, and the metasurface structure
directly mapped to time according to t = sinθ xc . We show that this allows to use deconvolution in
order to design structures that emit pulses with desired shape, within the constraints of bandwidth
limitations. In addition, we provide several examples for exploiting the unique capabilities
of structured nonlinear metasurfaces for various pulse shaping functionalities. We show that
single, dual, or trains of few-cycle pulses with tailored envelopes and carrier frequencies can
be generated. For generation of dual, or trains of pulses, emission to different angles shows a
continuous delay between the pulses. This may be very interesting for various pump-probe, or
coherent control applications. Moreover, pulses that are generated to positive and negative angles
show an interesting time reversal relation. Finally, we also show that the pulses encoded on
the NLMS can be different for each pump polarization state or excitation wavelength, allowing
all-optical control over the emitted pulse shape, and advanced multiplexing.
The presented technique is based on one dimensional modulation, however, exploiting the
two-dimensional nature of the NLMS suggests even more versatile control over the emission.
For example, enhanced efficiency can be obtained at a focal point by circular arrangement
of the meta-atoms [32], or flexible spatiotemporal wavepacket formation. The concept of a
three-dimensional nonlinear metamaterial is even more intriguing and may expand the capability
to control the generated THz wavepacket. Exploration of the THz generation mechanism in
metasurfaces, along with extensive optimization can bring to significant enhancements to the

Research Article

Vol. 27, No. 15 / 22 July 2019 / Optics Express 20846

conversion efficiency and bandwidth control [37–39], which will improve the pulse shaping
prospects.
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