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ABSTRACT: The demand for emerging applications at the
terahertz frequencies motivates the development of novel and
multifunctional devices for the generation and manipulation of
terahertz waves. In this work, we report the realization of
multifunctional spintronic-metasurface emitters, which allow
simultaneous beam-steering and full polarization control over a
broadband terahertz beam. This is achieved through engineering
individual meta-atoms with nanoscale magnetic heterostructures
and, thus, implementing microscopical control over the laser-
induced spin and charge dynamics. By arranging the spintronic
meta-atoms in the metagrating geometry, the generated terahertz
beam can be flexibly steered in space between different orders of diffraction. Furthermore, we demonstrate a simultaneous control
over the terahertz polarization states at different emission angles and show that the two control capabilities are mutually independent
of each other. The nanoengineered multifunctional terahertz emitter demonstrated in this work can provide a solution to the
challenge associated with a growing variety of applications of terahertz technology.
KEYWORDS: Terahertz (THz), Spintronic nanotechnology, Metasurface, Light-wave manipulation

The generation and manipulation of broadband terahertz
radiation have attracted widespread attention because it

can be used for a variety of applications including biomedical
imaging and spectroscopy,1−3 noninvasive inspection,4,5 and
high-speed wireless communications.6,7 In addition, in the
context of fundamental research, because the terahertz
spectrum covers the eigenfrequencies of many low-energy
excitations (phonons, magnons, and excitons) in condensed
matters and vibrational modes of macromolecules, it is
becoming increasingly useful in many different fields, enabling
studies such as manipulation of spin waves,8,9 coherent
excitation of phonon10,11 and exciton12,13 dynamics, control
of molecular rotation in the gas phase,14 etc. To fully exploit
these emerging applications, sophisticated control over the
terahertz waveform is essential. In particular, the ability to steer
the terahertz beam, while maintaining flexible and independent
control over its polarization state, could open up new
possibilities for many of the aforementioned applications. For
example, when biological molecules and medicines are
inspected by terahertz imaging and spectroscopy, the capability
of generating chiral terahertz waves with opposite helicity
could enable terahertz circular dichroism characterization,
which is especially sensitive to the handedness of chiral
macromolecules,15 while the ability to steer the beam to an
appropriate location could further make efficient scanning
imaging possible.16

For beam-steering, different types of grating devices have
been developed for the terahertz frequencies.17−19 By
implementing tunable materials such as graphene20,21 and
liquid crystals,22,23 or cascaded metasurface geometry,24

programmable control over the terahertz wavefront is also
demonstrated. For polarization control, on the other hand,
free-space terahertz elements including wire-grid polar-
izers,25,26 waveplates,27,28 and metasurfaces29,30 have been
designed. In particular, the terahertz metasurfaces have
attracted increasing interest in recent years, because of their
compactness, ease of fabrication, and unprecedented capability
in controlling terahertz waveforms.31−34 Although the
capability of beam-steering and polarization control has been
realized separately using these free-space elements, multifunc-
tional control using a single device still remains challenging. In
addition, such free-space manipulation of terahertz waves
usually requires inserting optical elements in the beam path,
and it encounters significant limitations related to low
efficiency and narrow manipulation bandwidth. Therefore, it
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would be extremely attractive if we can directly combine
efficient broadband terahertz emitters with the metasurface
technology, which could give rise to compact and broadband
terahertz sources with multifunctional and flexible control over
different properties of a terahertz beam.

It is worth mentioning that there have been a few attempts
using metasurfaces to manipulate terahertz waveforms directly
during the generation process. For instance, by utilizing the
optical rectification of a meta-atom, the pioneering work has
demonstrated the generation of broadband terahertz wave-
forms through nonlinear metasurface devices.35−38 It has been
shown that, by appropriately designing the electromagnetic
(EM) response of the meta-atoms, spatially separated
circularly39 and linearly40 polarized terahertz beams can be
generated and optically controlled. However, due to the low
nonlinear coefficients of noble metals (typically gold) that
make up the meta-atoms, the generation efficiency of these
devices is usually limited. Furthermore, in the previous work,
for generating one combination of the polarization and
wavefront state of the output beam, it is often necessary to
design and fabricate a specific metasurface structure.

In recent work, we proposed a novel spintronic-metasurface
terahertz emitter (SMTE), which successfully combines the

advantage of spintronic emitters for being ultra-broadband and
efficient41−43 and the powerful capability of metasurfaces for
light-wave manipulation.29,44,45 By controlling the magnet-
ization of the ferromagnetic (FM) materials, and, hence, the
EM response of the magnetic meta-atoms in the SMTE, the
efficient and flexible control of the polarization state of the
generated terahertz waves in a normal direction was
demonstrated.46 However, the demonstrated SMTE device
was not multifunctional, and only the spatially anisotropic EM
response of the individual meta-atoms was utilized. Taking
advantage of the sophisticated modern spintronic nano-
technology,47 it is possible to further engineer the collective
response of the entire metasurface by controlling the
microscopic spin and charge dynamics, which could greatly
enrich the device functions. This advancement will be essential
for realizing multifunctional SMTE devices, which can enable
the direct generation and manipulation of terahertz fields with
complex polarization textures in space48 or in ultrashort
temporal pulses.49

In this work, we close this gap by demonstrating the first
multifunctional SMTE, which is able to generate broadband
terahertz waves, while simultaneously realizing the beam-
steering and polarization control of the terahertz radiation.

Figure 1. Beam-steering and polarization control with nanoengineered multifunctional SMTE. (a) Schematic of the SMTE device for the
generation and manipulation of terahertz pulses (T.P.). An oriented external magnetic field (H) is applied in the x−y plane to control the
magnetization of the FM layers with a field angle of θH. Inset: The manipulation of the terahertz polarization state with the field angle. L-EP: Left
elliptical polarization. R-EP: Right elliptical polarization. LP: Linear polarization. (b) The schematic of the FM-layer magnetization (M), the spin
currents, and the charge currents in the type-A and -B heterostructures, when HcA > H > HcB. The terahertz pulse is emitted normal to the SMTE
surface. (c) Same as part b but under a magnetic saturation field (H > HcA). The terahertz pulses are emitted with an emission angle of φe in the x−
z plane. (d) Generation of short terahertz pulses from the type-A and -B thin films with the magnetic field strength H = 1000 Oe aligned in the x-
direction. The peak field amplitude (Vp) is labeled. Inset: Illustration of the spin current flows in the type-A and -B heterostructures after laser
excitation. (e) The terahertz spectra obtained by the Fourier transform of the transients in part d. (f) The hysteresis curves of Vp as a function of H
measured on the type-A and -B thin films.
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This is achieved by engineering individual meta-atoms with
different nanoscale magnetic heterostructures and making
them possess distinct coercivity. Hence, the microscopic laser-
induced spin and charge dynamics can be precisely controlled
by an external magnetic field, leading to the tunable
functionality of a single SMTE device. Here, we show that,
by arranging the spintronic meta-atoms in a metagrating
geometry and controlling the magnetic field strength, the
terahertz beam can be flexibly steered in space between the
different orders of diffraction. Furthermore, the full control of
the polarization state of the generated terahertz waves is
demonstrated for a wide range of emission angles, which is
enabled by the geometric confinement effect.46 Our results
show that, by introducing modern spintronic nanotechnology
into the design and fabrication of SMTE devices, we can realize
many more different functions of SMTE, which could meet the
challenges associated with the increasingly diverse applications
of the terahertz technology.

The schematic of the SMTE for generating and controlling
the terahertz waves is illustrated in Figure 1a. The SMTE
device is excited by femtosecond laser pulses with a pulse
duration of ∼24 fs, a center wavelength of 1030 nm, and a
repetition rate of 100 kHz. The excitation laser pulses are
generated by high-quality pulse compression enabled by
solitary beam propagation in periodic layered Kerr
media.50,51 The laser beam is normal incident from the
substrate side onto the SMTE sample along the z-axis, with the
beam radius ∼1.5 mm on the sample. The excitation pulse
energy is ∼12 μJ. An external magnetic field (H) is applied in
the x−y plane, which enables the control over the magnet-
ization (M) of the ferromagnetic materials. The field angle θH
is defined as the relative angle between H and the y-axis (see
Figure 1a). The emitted terahertz waveforms are detected by a
space-, polarization-, and time-resolved terahertz spectroscopy

setup based on electro-optic sampling (EOS)52,53 (see
Supporting Information section S1).

The SMTE device is composed of nanometer-thick stripe-
patterned ferromagnetic/nonmagnetic (FM/NM) heterostruc-
tures. As illustrated in Figure 1b and c, when the
heterostructures are excited by femtosecond laser pulses,
nonequilibrium spin-polarized electrons are generated in the
FM layer and subsequently diffuse to the NM layer, resulting in
a longitudinal spin current (js).

54 Due to the inverse spin-Hall
effect (ISHE), the spin current is further converted into a
transverse charge current (jc), by jc = γjs × M/|M|, leading to
broadband terahertz emission.42 Here, γ is the spin-Hall angle
of the NM material. To control the generated terahertz waves,
we have fabricated two types of magnetic heterostructures in a
single SMTE device: type-A FM/NM and type-B NM/FM
(see Figure 1a−c), using the micro−nano processing
technology. In both structures, the NM layer is a 3 nm Pt
layer and the FM layer is a 1.5 nm Fe layer, but they are grown
in reversed order. Therefore, after laser excitation, the spin
currents (js) flow in the opposite directions (+z-direction in
the type-A structure and −z-direction in the type-B structure,
Figure 1b and c). To further implement control over the FM-
layer magnetization in different stripes, we have predeposited
an antiferromagnetic (AFM) CoO (3 nm)/NiO (1.5 nm) layer
in the type-A heterostructure. Therefore, the interfacial
exchange interaction between the AFM and FM layers
substantially increases the coercive field strength of the type-
A structure.55 The difference in thickness is then compensated
by predepositing a 4 nm-thick Al2O3 layer in the type-B
structure. The “lattice” of the metasurface is composed of these
two types of stripes, periodically stacked along the x-axis. The
stripe width is l = 20 μm, and the spacing is d = 20 μm. Each
type of the heterostructures alternatively repeats n = 5 times in
space, forming a “superlattice” with a lattice constant of L = 2n

Figure 2. Hysteresis behaviors of the SMTE device. (a) The microscope image of the stripe-patterned metasurface. (b) The image obtained by the
Kerr microscopy measurement under an external magnetic field of H = 200 Oe aligned along the +x-direction. The bright color of the stripes
represents the magnetization (M) along the +x-direction, while the dark color represents M pointing to the −x-direction. (c) Same as part b but for
H = 1000 Oe. (d) The hysteresis curves of Vp obtained from SMTE along two emission angles of φe = 0° and 40°. The same routes as in Figure 1f
are labeled here, with the corresponding spin polarizations in the type-A and -B stripes. (e) The terahertz spectra measured at φe = 0° and 40°
under H = 200 Oe. (f) Same as part e but for H = 1000 Oe.

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.2c03906
Nano Lett. 2022, 22, 10111−10119

10113

https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c03906/suppl_file/nl2c03906_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c03906?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c03906?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c03906?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c03906?fig=fig2&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.2c03906?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


× (l + d) = 400 μm (see Figure 1a). Details of sample
fabrication are provided in Supporting Information section S2.

Here, we first calibrate the terahertz emission from the two
different types of heterostructures. In Figure 1d, we plot the
transients of the terahertz waves (EA and EB) generated by the
homogeneous thin films. The magnetic field (H) saturates the
sample magnetization (M) along the x-axis with a field strength
H = 1000 Oe, where H denotes the strength of the magnetic
field. Because the spin current js flows reversely along z in the
two thin-film samples (inset of Figure 1d), EA and EB exhibit
opposite polarities with an approximately equal field
amplitude. The corresponding terahertz spectra are also
identical, which can cover a broad frequency range of 0.1−
4.5 THz (Figure 1e). In Figure 1f, we present the hysteresis
curves of the type-A and -B thin films by plotting the
normalized peak amplitudes (Vp) of the terahertz transients.
The magnetic field H remains aligned along the x-axis. We find
that the coercive field strength of the type-B heterostructure
(HcB) is ∼50 Oe, while that of the type-A structure (HcA) is
extensively increased to ∼380 Oe due to the interfacial
exchange interaction between the AFM and the FM layer.55

Using the optical lithography and ion-beam etching (see
Supporting Information section S2), we fabricate the SMTE
device with the stripes that consist of the type-A and -B
heterostructures (Figure 1a), and the two types of stripes can
well preserve the difference in coercivity. The control over the
magnetization of the individual meta-atoms can be clearly
demonstrated by the Kerr microscopy measurements (see

Supporting Information section S3). In Figure 2a−c, we
present the microscopy images of the sample magnetization in
a metasurface “superlattice” under different H. The magnetic
field is first saturated along the −x direction and then sweeps
to the saturation along the +x direction. During the sweeping,
we find that the two types of stripes first possess opposite
magnetization when H = 200 Oe (see Figure 2b) and then
they are switched to align with each other when H is
sufficiently high (e.g., H = 1000 Oe in Figure 2c).

The hysteresis curves of SMTE probed at the emission
angles of φe = 0° and 40° are plotted in Figure 2d. Here, φe is
the emission angle of the terahertz beams in the x−z plane
(Figure 1c). For the angle-resolved measurements, the
excitation laser beam remains normal incident to the SMTE
sample, while the terahertz emission at different φe is exposed
to the detection system by rotating the sample about the y-axis
(see Supporting Information section S1). The normalized peak
amplitudes (Vp) are plotted. By sweeping H following the [a]
→ [b] → [c] → [d] route, we observe sequential switch-on
and -off of the terahertz emission along φe = 0°. This can be
understood by the constructive and destructive interference of
EA and EB, whose polarities can be switched by different H.
Similar behaviors can be observed when H sweeps along the
[d] → [b′] → [c′] → [a] route (Figure 2d), but the polarity of
the terahertz wave is reversed. Also shown in Figure 2d, we
observe that the off-axis terahertz radiation (e.g., φe = 40°)
exhibits a complementary hysteresis behavior when compared
to the normal emission (φe = 0°). The corresponding terahertz

Figure 3. Beam-steering capability of the SMTE device. (a) The schematic of the local-field amplitude of Es on the surface of SMTE when H = 200
Oe. (b) Same as part a but for H = 1000 Oe. (c) The experimentally measured spatio-spectral distribution of the terahertz wave amplitudes under
H = 200 Oe, with a spectral range from 0.2 to 5.0 THz and an emission angle φe from −2° to 47°. (d) Same as part c but for H = 1000 Oe. The
white dashed lines in parts c and d represent the spatial chirp of the terahertz waves at q = 0−3 diffraction orders. The q = 3 diffraction order is
labeled by the square box. (e and f) The model results for H = 200 and 1000 Oe, respectively, in direct comparison with the experimental results in
parts c and d.
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spectra obtained at φe = 0° and 40° are presented in Figure 2e
and f for H = 200 and 1000 Oe, respectively. We observe that,
for the off-axial terahertz wave, the spectral bandwidth is
narrower and the center frequency is different compared to the
normal emission (Figure 2e and f). This can be attributed to
the spatial chirp induced by the metagrating (see below).
These results clearly demonstrate the controllable beam-
steering capability of SMTE.

The far-field terahertz wave (Efar) emitted at an angle of φe
under a magnetic field strength of H is determined by the
coherent summation of the terahertz waves emitted from all
the stripes that compose the metasurface and are excited by the
laser pulse. Hence, the spectral component with a terahertz
angular frequency ω is given by

(1)

where Es(ω, x,H) is the terahertz radiation generated at the
spatial position of x on the metasurface and is the
x-component of the terahertz wavevector, with c denoting the
speed of light. Equation 1 simply corresponds to the spatial
Fourier transform of Es(ω, x,H). Because the waveforms of EA
and EB are identical (Figure 1d), we can further decouple the
terms of the oscillating electric fields. As a result, Efar is
determined by the spatial distribution of the Es amplitude
(Figure 3a and b). Clearly, the stripe-patterned SMTE here

works as a metagrating composed of the spintronic meta-
atoms, with the periodicity Λ controllable by the external
magnetic field.

In order to show the complete spatial and temporal profiles
of the steered terahertz wave packet, we conduct scans of the
terahertz waveforms in a wide emission angle (φe). As shown
in Figure 3c, when H = 200 Oe and EA and EB have the same
polarity (+1), we only observe the normal emission (zeroth
order). With the metagrating periodicity Λ = 40 μm (Figure
3a), the first-order (q = 1) diffraction would appear at
≈ 0.157 μm−1. This value is larger than the wavevector of a 5
THz EM wave, the upper frequency limit of the spectrum (k ≈
0.105 μm−1). Therefore, no terahertz emission at large angles
can be observed. In stark contrast, when we increase H to 1000
Oe, since the EA and EB have the opposite polarities (±1), the
destructive interference suppresses the emission of the q = 0
order. Meanwhile, the metagrating periodicity is changed to Λ
= 400 μm (Figure 3b), which yields the q = 1 order wavevector
of kx ≈ 0.0157 μm−1. The first-order metagrating diffraction
leads to the spatial chirp of the terahertz waves by

(the white dashed lines in Figure 3d), which is in excellent
agreement with our experimental results. Furthermore, we also
observe a weak q = 3 order emission at larger emission angles,
but its intensity is <12% of the q = 1 order (Figure 2f). Similar
results would also be observed for q = −1 and −3 in the region
where φe < 0. We note that the emission of the q = ±2

Figure 4. Polarization-control capability of the SMTE device. (a) The schematic of the geometric confinement effect in a single stripe of the
heterostructure. The transverse charge current jcx is confined by the boundaries of the stripe which induces charge accumulation at the boundaries.
The resultant capacitive effect leads to a relative phase shift Δϕ between the Ey and Ex components of the generated terahertz wave. (b) The full
measurement of the Ex temporal profiles of generated terahertz waves at the emission angle φe in the range from 0° to 45°. The magnetic field H is
applied with θH = −40° and H = 1000 Oe. (c) Same condition as part b but for the Ey component. The time zeros are labeled by the black dashed
lines in parts b and c. (d) The three-dimensional temporal profiles of the terahertz waveforms emitted at φe = 40° under different field angles θH =
−50° and 50°. The SMTE with the stripe width and spacing of d = l = 10 μm is chosen for higher ellipticity. Different helicities of the terahertz
waves, left elliptical polarization (L-EP) and right elliptical polarization (R-EP), are labeled. The magnetic field strength is H = 1000 Oe.
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diffraction orders is forbidden here considering the symmetry
of the metagrating; i.e., the superlattice possesses the mirror
symmetry of the positive and negative polarities. In Figure 3e
and f, we present the wave-propagation simulations, and the
results exhibit excellent agreement with the experimental
results. In the simulation, the finite spot size of the excitation
laser, as well as the experimental terahertz spectrum, are
considered (see Supporting Information section S6).

We note that our design principle is scalable and can be
adapted to more complex beam-steering functions. For
example, by introducing more spintronic meta-atoms with
different strengths of coercivity, which can be realized by
varying the thickness of the AFM layer,55 our simulations show
that the device can flexibly switch the terahertz beam in space
between the q = 0, q = ±1, and q = ±2 orders controlled by the
external magnetic field (see Supporting Information section
S8). In addition, the intensity of the higher-order diffraction
(e.g., q = 3) can be suppressed, enabling high-quality beam-
steering. This can be realized by modulating the emission
amplitudes from individual meta-atoms or by limiting the
terahertz emission bandwidth (see Supporting Information
section S7). The former can be achieved by precisely
controlling the thickness of the FM or NM layer through the
micro−nano processing technology.43

In Figure 4, we further demonstrate the full control of the
terahertz polarization state. This is enabled by changing the
field angle θH (inset of Figure 1a), which leads to the
transverse geometric confinement on the laser-induced charge
currents (jc),

46 as illustrated in Figure 4a (see Supporting
Information section S5). In Figure 4b and c, we present the
experimentally measured spatiotemporal structures of the Ex

and Ey components at the field angle of θH = −40°. The
magnetic field strength is H = 1000 Oe, and the terahertz-field
amplitudes are normalized at each φe for clearly presenting the
phase difference. For simplicity, the time zero is taken as the
symmetrical center of the Ex temporal profiles. The q = 1 order
emission can be well observed ranging from φe = 10° to 45°,
and some weak leakage of the q = 0 order is found in the range
of 0°−5°. Because of the spatial chirp of the q = 1 order,
terahertz waves with higher frequency are emitted at smaller
φe, which also yields a shorter pulse duration. When comparing
the results in Figure 4b and c, a clear phase difference Δϕ can
be observed between the Ey and Ex components, which leads to
the elliptically polarized (EP) terahertz waves. For l = 20 μm
and θH = −40°, Δϕ is typically ∼2.0 rad over the 0.1−4.5
terahertz bandwidth, resulting in an overall ellipticity of ε ∼
0.6, consistent with the previous results.46 The spatiotemporal
results in Figure 4b and c can be well reproduced by the
numerical simulations using the frequency-domain solver of
COMSOL Multiphysics (see Supporting Information section
S4). In Figure 4d, we present the full control of the
polarization state of the generated terahertz wave along φe =
50°. The three-dimensional terahertz waveforms at different
field angles θH and under H = 1000 Oe are presented. When
θH = −50°, the left-handed elliptically polarized (L-EP)
terahertz waves can be generated, defined from the point of
view of the receiver. By controlling θH, the ellipticity and
handedness of the terahertz wave can be continuously tuned
(see Supporting Information section S5). These results
combined clearly demonstrate that the multifunctional device
can provide full control of the terahertz polarization state over
a wide range of emission angles.

In conclusion, we show the realization of the nano-
engineered multifunctional SMTE device, which enables the
generation of broadband terahertz waves, and meanwhile
possesses beam-steering and polarization-control capabilities.
The demonstrated capability could open up new applications
in terahertz spectroscopy and imaging. Moreover, we believe
that our prototype only shows the tip of the iceberg of the
design principle. By further introducing different magnetic
materials,56 spintronic effects,57,58 complex meta-atom de-
signs,29,45 and the laser-assisted magnetic-printing technol-
ogy,59 it has great potential to develop advanced multifunc-
tional metasurface emitters that can realize complex terahertz
waveforms, including terahertz vortex beams48 and toroidal
pulses.49 Furthermore, the switching speed of the current
device is limited by the use of a conventional electromagnet in
our experiments. The switching speed can be significantly
increased to the microsecond time scales by, for example, using
an ac magnetic field.60
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