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Abstract

Structured light, particularly in the terahertz frequency range, holds considerable potential for a diverse range

of applications. However, the generation and control of structured terahertz radiation pose major challenges. In this
work, we demonstrate a novel programmable spintronic emitter that can flexibly generate a variety of structured
terahertz waves. This is achieved through the precise and high-resolution programming of the magnetization pattern
on the emitter’s surface, utilizing laser-assisted local field cooling of an exchange-biased ferromagnetic heterostruc-
ture. Moreover, we outline a generic design strategy for realizing specific complex structured terahertz fields in the far
field. Our device successfully demonstrates the generation of terahertz waves with diverse structured polarization
states, including spatially separated circular polarizations, azimuthal or radial polarization states, and a full Poincaré
beam. This innovation opens a new avenue for designing and generating structured terahertz radiations, with poten-
tial applications in terahertz microscopy, communication, quantum information, and light-matter interactions.

1 Introduction

Structured light, referring to custom light fields with tai-
lored intensity, polarization and phase [1, 2], is essential
in various fields of research and applications, including
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imaging [3], microscopy [4, 5], communication [6], quan-
tum information [7], and light-matter interactions [8,
9]. The terahertz frequency range is particularly intrigu-
ing due to its nonionizing nature, excellent penetration
capability, and its unique ability to carry fingerprint sig-
natures of condensed matter and biomolecules [10].
Thus, the expertise to generate and control structured
terahertz radiation holds great promise for advancing
terahertz applications. For instance, precise structuring
of terahertz wavefronts could enhance the spatial reso-
lution of terahertz microscopy [11, 12], enable terahertz
holographic imaging [13], and facilitate novel techniques
for terahertz spectroscopy and sensing [14]. Moreover,
structured terahertz waves with orbital angular momen-
tum (OAM) and OAM multiplexing could potentially
expand terahertz communication bandwidth [15, 16].
Spatial light modulators based on liquid crystals and
digital micromirror devices are commonly used to gen-
erate structured light at optical frequencies [17, 18].
However, their applications at terahertz frequencies face
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challenges due to the necessity for the larger sizes of
liquid crystals and digital micromirrors. The increased
sizes result in higher losses and voltage requirements
for liquid crystals, as well as manufacturing challenges
for micromirrors. Metasurfaces, utilizing subwave-
length meta-atoms, offer an alternative technology for
enhanced terahertz wave interaction, providing higher
spatial resolution and larger modulation depth [19-22].
However, these devices usually operate in free space and
need to be inserted into the beam path. Furthermore,
they often encounter limitations related to low efficiency
and narrow manipulation bandwidth. So far, most tera-
hertz metasurfaces demonstrated thus far are passive and
unifunctional, requiring the design and manufacture of
a specific device for different wave-manipulation func-
tions. Though a few reconfigurable metasurfaces have
been realized in the terahertz regime using novel mate-
rials such as semiconductors [23, 24], phase-transition
materials [25, 26], two-dimensional materials [27-33]
and nonlinear crystals [34], they still encounter limita-
tions related to scalability, bandwidth, and functionality
limitations.

Recent progress in spintronic terahertz emitters pre-
sents a new avenue to efficiently generate and actively
control terahertz waves within a single device. These het-
erostructure devices, composed of nanometer-thick fer-
romagnetic (FM) and heavy metal (HM) layers, enable
ultrabroadband terahertz emission through the spin-
to-charge conversion process via the inverse spin Hall
effect (ISHE) within the HM layer with strong spin—orbit
coupling [35-37]. Furthermore, by fabricating metallic
thin films into subwavelength structures (meta-atoms),
spintronic-metasurface emitters can produce terahertz
radiations with circular polarizations [38], controllable
wavefronts [39], and OAM [40].

Nevertheless, existing configurations of spintronic-
metasurface emitters have limitations, as the external
field can only uniformly saturate the FM magnetization
within each meta-atom, restricting the flexibility and
diversity for structured terahertz-wave generation. In
particular, this limitation hinders simultaneous manipu-
lation of spin and orbital angular momenta. To realize
diverse and complex functionalities, individual metas-
urface devices still need to be manufactured. Although
previous research has employed an inhomogeneous field
distribution to overcome this limitation and generate
elliptically polarized terahertz fields [41], this approach
lacks the necessary spatial resolution and field complex-
ity for arbitrary terahertz-wave manipulation.

In this work, we demonstrate a novel programmable
spintronic emitter with remarkable capability to generate
a variety of structured terahertz waves while simultane-
ously control both spin and orbital angular momenta.
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The emitter achieves this capability through the flexible,
micrometer-resolution programming of the magnetiza-
tion pattern at its surface, facilitated by the unidirectional
magnetic anisotropy within an FM layer exchange-cou-
pled with an adjacent antiferromagnetic (AFM) layer
[42]. The local magnetization direction becomes flexibly
programmable through a local field cooling process. Con-
sequently, with a high degree of freedom, we can meticu-
lously design and generate broadband terahertz beams
featuring diverse structured polarization states, including
spatially separated circular polarizations, azimuthal or
radial polarization states, and the creation of a full Poin-
caré beam. Our results demonstrate the immense poten-
tial of the programmable spintronic emitter for advanced
terahertz applications.

2 Programming of exchange-biased spintronic
emitters

Our experiments are based on a trilayer heterostructure,
which is composed of a 6-nm-thick IrMn; (AFM) layer,
a 3-nm-thick Fe,;Ni,y (FM) layer, and a 2-nm-thick Pt
(HM) layer, as illustrated in Fig. la. The entire hetero-
structure is deposited on a 0.5-mm-thick, double-side
polished Al,O5(0001) substrate. Further details about
sample preparation can be found in Methods. The selec-
tion of FM and HM materials follows standard practice
for spintronic emitters, extensively studied in previous
works [37, 43]. In our experiment, we optimized the
layer thickness to maximize terahertz-generation effi-
ciency. However, the thickness of the IrMnj layer is criti-
cal. While a thinner IrMn; layer may generate slightly
stronger terahertz waves, a robust exchange bias is estab-
lished only when the IrMn, layer thickness exceeds 6 nm
(see SM Fig. S17), which is the key to realize magnetiza-
tion programming (see below).

The interface exchange interaction between the FM
and IrMn, layers induces a strong unidirectional mag-
netic anisotropy within the FM layer, resulting in a net
magnetization (M) in the absence of an external mag-
netic field [42]. Under femtosecond laser excitation,
nonequilibrium spin-polarized currents (j,) are gener-
ated and transport from the FM to the Pt (HM) layer.
The spin polarization of j, aligns with M. The strong
spin—orbit coupling of HM then converts the longitu-
dinally propagating j, to transverse charge currents j,
according to the ISHE [36]: j. = yjs x M/|M|, where y
represents the spin-Hall angle of HM. As a result, the
trilayer heterostructure can emit ultrashort terahertz
pulses in a field-free environment upon excitation by
femtosecond laser pulses [44], with the polarization of
the terahertz field perpendicular to M. While the IrMn,
layer can also deflect spin-polarized currents through
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Fig. 1 Concept of the programmed exchange-biased spintronic terahertz emitter. a Schematic of the experimental setup. Femtosecond laser
pulses are applied to excite the programmed exchange-biased spintronic emitter, which induces spin-polarized current (j,) and local terahertz

NF E,. Structured terahertz vector fields are generated in the far field. b—d lllustration of the LAMP process. b The magnetization of the FM layer
(white arrows) is uniformly pinned in one direction by the exchange interaction with the AFM layer (red arrows). The magnetic hysteresis loop
before programming exhibits an exchange-bias field Hg. € The movement of the writing laser beam P,, on the sample surface in the presence

of the writing magnetic field H,, leads to a local field cooling, which resets the exchange bias direction in the programmed area (orange arrows)
aligned with H,,. d. When both P, and H,, are removed, the magnetization orientation in the FM layer is stabilized by the local exchange bias.

The hysteresis loop in the programmed regions is modified. e. Illustration of the design strategy to derive the magnetization (mag.) pattern M(r)
from the target field E,, (r). F. S. P: Free-space propagation. f. lllustration of different regions for the polarization angle of the local terahertz NF, O,

determined by the design strategy

ISHE, our experiments demonstrate that the terahertz
waves are dominantly generated in the HM layer (see
SM Fig. S16).

The programming of the magnetization pattern, M(r),
of the spintronic emitter is accomplished through the
laser-assisted magnetic programming (LAMP) method
[45], as illustrated in Fig. 1b—d. Initially, a uniform uni-
directional magnetic anisotropy is established within
the FM layer during the sample growth process (see

Methods), causing the hysteresis curves to shift due to
an exchange bias (Fig. 1b).

In the subsequent step (Fig. 1c), a femtosecond laser
beam (referred to as the writing beam) with a power of P,,
is focused onto the designated location in the presence of
a writing magnetic field H,,=1000 Oe. The writing laser
beam possesses a pulse duration of 110 fs, a repetition
rate of 36 MHz, and a central wavelength of 1030 nm.
The localized laser heating raises the temperature of the
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heterostructure beyond the Néel temperature [42], Ty,
while ensuring it remains below the Curie temperature of
the FM layer. As the laser spot traverses along the writ-
ing direction with a velocity of v,, the previously heated
area of the AFM film undergoes a local field cooling.
This field-cooling process induces a rearrangement of
the AFM spins within the patterned region due to the
exchange coupling with the adjacent FM layer when the
spin polarization of the FM layer is uniformly aligned in
the direction of H,, (Fig. 1c).

Consequently, once the writing laser P, and writing
field H,, are both removed (Fig. 1d), the magnetization
within the FM layer in the programmed area (orange
arrows) is pinned by the new unidirectional magnetic
anisotropy in the direction of H,, while the magnetiza-
tion in the unprogrammed area (white arrows) returns
to its original state. The exchange bias in the patterned
region is thus modified by this local field cooling process.
Further details about the LAMP method can be found in
Methods and Supplementary Materials (SM) section S1.

It is noteworthy to mention that resonant phonon
excitation in certain AFM materials can directly induce
local magnetization switching via optomagnetic effects
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[46—48], offering potential for magnetization program-
ming. However, current applications of these materials
require a terahertz or mid-infrared writing laser and low
temperatures.

In Fig. 2a, b, we demonstrate the flexible control of
exchange bias through the LAMP method. In these
experiments, we utilize the same femtosecond laser to
excite the specific regions of the heterostructure where
the magnetization programming was performed, ensur-
ing that the excitation laser power remained below the
threshold fluence (see below). The hysteresis curves are
obtained by plotting the signed amplitudes of emitted
terahertz waves (Fig. 2c, d) against the magnetic field
strength. The hysteresis curves before programming
are plotted as the dashed lines, which exhibits a robust
exchange-bias shift of H;z~500 Oe along y (Fig. 2a), and
a typical hard-axis-loop behavior along x (Fig. 2b).

In Fig. 2a, we explore two scenarios during the LAMP
process: applying H,, along+y (I) and -y (II) directions.
Note that under these conditions, the polarization of
terahertz radiation aligns with the x-axis (Fig. 2c). Here,
we observe a clear shift of the exchange bias when H,, is
applied in the opposite directions along y, leading to the
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Fig. 2 Results of the LAMP process. a The hysteresis curves along the y axis, obtained by measuring the signed amplitude of £, as a function

of the applied magnetic field H,. The dashed lines are the results obtained from the unprogrammed regions. The red and blue solid lines represent
the results from the programmed areas with H,, along+y (I) and along -y (I}, respectively, during the LAMP process. b Similar to a, hysteresis
curves are shown, but for magnetic fields along x. The orange and azure lines represent the hysteresis curves obtained from the programmed

area with H,, along +x (lll) and along -x (IV), respectively, during the LAMP process. c¢-d The terahertz waveforms under the zero-field condition
obtained from the programmed areas with H,, applied along different directions in the LAMP process. The solid lines depict the £, components,
while the dashed lines represent the £, components. The signed amplitudes of the waveforms are labeled by the solid triangles. e. The Kerr
microscopy images of the magnetic domains programmed under different writing laser powers (P,,). f The writing resolution in diameter (D,,)

as a function of P,, obtained from the Kerr microscopic measurements. The red solid line represents the fit to the empirical model
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opposite polarities of the emitted terahertz waves under
zero field (Fig. 2c). Similarly, in Fig. 2b, we further dem-
onstrate control of the exchange bias along the +x (III)
and -x (IV) directions, with the corresponding terahertz
waveforms shown in Fig. 2d. It is important to note that
the temporal terahertz waveforms exhibit remarkable
similarity (Fig. 2c, d), which is essential for the broad-
band application of our method.

In Fig. 2e, we present the Kerr microscopy images of
the programmed magnetic domains under different writ-
ing laser power P,. The diameter of the writing laser
beam (D,) is approximately 60 um on the sample surface,
moving at a linear speed of v,,=500 um s~! (see Meth-
ods). We observe that the domain width can be precisely
controlled by P,. To quantify this effect, we plot the mag-
netic domain width (D,) as a function of P,, in Fig. 2f. The
data can be well fitted to an empirical model

Dy, = %,/—ln(%), where P,;,=0.46 W represents a

threshold power (see SM Section S1), corresponding to a
threshold fluence of ~0.45 mJ/cm?. This threshold power
(P,,) denotes the minimum laser power required to reach
T\ under the current laser conditions. Furthermore, our
results reveal that the heterostructure suffers permanent
damage when P, exceeds 1.5 W (see SM Fig. S2). For
subsequent demonstrations, we prudently select a writ-
ing power of P, =1.2 W, providing a spatial resolution for
the magnetization-pattern programming of approxi-
mately 40 pum.

The magnetization pattern on each heterostructure
sample can be reliably reprogrammed by overriding old
pattern with newly designed ones. In addition, the exist-
ing pattern can be erased by a field-cooling process in a
heater oven. Throughout this study, we repetitively pro-
grammed a single heterostructure sample with various
patterns, observing no significant degradation of the
sample.

3 Design strategy of magnetization patterns

In order to generate a target far-field terahertz beam with
complex spatial and polarization characteristics, it is
important to establish a generic strategy for designing the
magnetization pattern M(r), where r denotes the position
vector in the transverse plane (Fig. 1le). Here, we adopt
the paraxial approximation and assume that the terahertz
electric fields are confined in the transverse plane. The
target far-field terahertz beam, under the circular polari-
zation basis (e; and ey), can be described as

Ear(r) = AL (1) Pt ®We; + AR (r)e/®*Wep (1)

In Eq. (1), AX® and ®p(r) denote the far-field ampli-

tar

tude and phase of the left- (right-) handed circular
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polarization [LCP (RCP)] component, respectively. The
local near-field (NF) terahertz waves at the emitter’s sur-
face, denoted as Ey;(r), can then be calculated following
scalar diffraction theory [49] (Fig. le):

Ene(r) = f Evar (ku ) G(k” ) ek Tdk 2)

Here, Emr (l(H) = f E;ur(r)e~®1Tdr denotes the Fou-
rier-space representation of the target field, with k| being
the transverse wavevector (Fig. 1e). The transfer function
of free-space propagation, G(k), is given by [49].

. 2 2
ePoVIKP=lail™ g | < 1Ko

G(k)) =
0, [k | > Kol

(3)

Here, K, represents the terahertz wavevector with
|IKo| = 27” (Fig. 1e), where X is the terahertz wavelength,
and z; is the distance from the emitter’s surface to the
transverse plane of interest.

To generate complex structured terahertz fields in the
far field, it is necessary to exert control over both the
amplitude and polarization states of E(r). First, the
amplitude |Ey(r)| can be regulated by varying the local
intensity of the excitation laser. In this work, as lasers
with Gaussian profiles were employed to excite various
programmed emitters, the amplitude design on E(r)
was not pursued. Second, the linear polarization of E(r)
aligns with the flowing direction of the transverse current
density j (r) at the same location following Ohm’s law
[36]: ENp(r) o j.(r). The orientation of the local magneti-
zation M(r) is then derived by \m& = I:zggiﬁl’ according
to the ISHE [36]. Further details about the design strategy
can be found in Methods.

4 Generation of complex structured terahertz
fields

Following the design strategy, we first demonstrate the

generation of terahertz beams with spatially separated

circular polarizations. Here, the target terahertz field can

be expressed as

(x+x0)2+y2

Etar(x,7) :Aoei[ v L_ik‘)xeL

(x=x9) > +y?

+Aoe_[ v }eikoxeR (4)

where A, is the field amplitude, w is the Gaussian beam
radius, and k, is the transverse wavevector defined
by ko = 2T”Isin(pel with ¢, being the emission angle.
The transverse offset of the beams at the target plane,
denoted as x,, is given by x9 = zp|tang,|. For this demon-
stration, we intentionally set ¢,= +30° for the terahertz
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waves with a wavelength of A=300 pum (corresponding to
1 THz). The radius of the excitation laser beam is set to
w=1.8 mm.

In Fig. 3a, b, we respectively plot the local terahertz
NF E,(r) and the corresponding magnetization pattern
M(r) obtained from our design strategy (see SM Section
S3). The separation of the terahertz waves carrying oppo-
site spin angular momenta results in a rotating local-
field polarization along x, and its spatial periodicity A is
600 pm.

For the experimental realization, we program a het-
erostructure sample with transverse dimensions of
1 cmx1 cm, following the pattern of M(r) shown in
Fig. 3b. Since the polarization of the emitted terahertz
wave is perpendicular to the local magnetization, we

Local THz near field, E ;. (r)
ay Y A=K R
ey U T
AP BER R
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employ a focused-beam excitation setup to evaluate the
accuracy of the programmed heterostructure. In this
setup, a laser beam is focused to excite the local magnetic
domains, and the laser spot is scanned along the x-axis
following the trajectory shown in Fig. 3a. Simultaneously,
the amplitudes of E, and E, terahertz components are
recorded (see Methods and SM Section S2). The results,
as depicted in Fig. 3¢, exhibit sinusoidal oscillations as a
function of the scanning position (x,) with a phase off-
set of 11/2 between E, and E,. The obtained results are in
excellent agreement with our wave-propagation simula-
tions (see Methods), which exhibits a chiral variation of
M(r) along x with a superlattice constant of A=600 pm.
These results clearly demonstrate the successful pro-
gramming of the exchange-biased emitter.
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Fig. 3 Programmed terahertz emitter with spatially separated circular polarizations. a The distribution of local terahertz NF E,(r) obtained
from the design strategy. The trajectory for the focused-beam excitation measurement is illustrated with a scanning position of x. b The
magnetization pattern M(r) obtained from Ey(r) in a. ¢ The symbols represent the signed amplitudes of the £, and £, fields obtained

from the focused-beam excitation measurements as a function of the scanning position, x;. The solid lines depict results obtained

from the wave-propagation simulations with a focused excitation laser spot and the trajectory shown in a. d—e The spatio-spectral distribution
of the experimentally measured terahertz waves with LCP and RCP, respectively, under the zero-field condition. The dashed lines represent

the spatial chirp of the terahertz waves. f-g Similar to d and e, simulation results obtained from the wave-propagation simulations for the LCP
and RCP components. h-i The three-dimensional temporal profiles of the terahertz waveforms emitted at ¢, = +30° and —30°, respectively
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The emission of terahertz radiation from the entire
programmed heterostructure is excited using an ampli-
fier laser beam (25 fs pulse duration, 10 kHz repetition
rate, and a central wavelength of 1030 nm) with a large
beam radius of approximately 1.8 mm, effectively cover-
ing multiple lattice constants. The excitation laser fluence
is reduced to below the writing threshold fluence. The
spatial distribution of the polarization states is subse-
quently detected using an angle-resolved detection setup
(see Methods and SM Section S7).

In Fig. 3d, e, we respectively present the experimental
spatial distribution of the LCP and RCP terahertz radi-
ations. The results reveal that the LCP and RCP radia-
tions are emitted at different angles, with LCP observed
at ¢,<0 and RCP at ¢,>0. Moreover, the terahertz
waves with the frequency of 1 THz are emitted at
¢,= £30°, consistent with our design. The diffraction
from the superlattice further results in the angular dis-
persion of the terahertz waves, as described by
f= M%W (Fig. 3d, e), where frepresents the terahertz

ysLocal THz field,E,,. (r)  y4Magnetization, M
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frequency and c is the speed of light. The angular dis-
persion may prove beneficial in some applications,
allowing the separation of different terahertz frequen-
cies through simple spatial filtering. The experimental
results can be well reproduced by our wave-propaga-
tion simulations (Fig. 3f, g), where the finite spot size of
the excitation laser and the experimental terahertz
spectrum are considered (see Methods). In Fig. 3h, i,
we present the experimental temporal profiles of tera-
hertz radiations emitted at ¢,=—-30° and 30°, respec-
tively, clearly showing distinct LCP and RCP chirality.

In the second case, we demonstrate the generation
of an azimuthally polarized terahertz beam. The target
terahertz field can be expressed under the radial coor-
dinate (r, ¢) by

I‘2 }"2
_Wei(¢+%)eL +Aoe_ﬁ3_i(¢+%)eR

(5)

Eir(r, @) = Age
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Fig. 4 Programmed terahertz emitter with azimuthal polarization. a The distribution of local terahertz NF E,(r) obtained from the design strategy.
The trajectory for the focused-beam excitation measurement is illustrated with a radius of r, and a scanning angle of 6,. b The magnetization pattern
M(r) obtained from E,.(r) in a. ¢ The symbols represent the results from the focused-beam excitation measurements as a function of the scanning
angle, 6. The solid lines depict results from the wave-propagation simulations with a focused excitation laser spot and the trajectory shown in a.
d1-d4 The experimentally measured intensity (|E,,|?) and phase profiles of the emitted terahertz waves at a frequency of 0.47 THz for polarizations
parallel to y (lly) and perpendicular to y (Ly). e1-e4 Similar to d, simulation results obtained from the wave-propagation simulations
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In Fig. 4a, b, we plot the local NF E,;(r) and the mag-
netization pattern M(r), respectively. The design pro-
cess is described in SM Section S4. The generation of
azimuthally polarized terahertz fields requires a radially
polarized distribution of M(r) (Fig. 4b).

For the experimental realization, we reprogram the
same heterostructure according to the pattern of M(r) in
Fig. 4b. In the focused-beam excitation setup, we scan the
laser spot along a circular trajectory around the center,
with a radius of r;=250 pm (Fig. 4a). The E, and E, ampli-
tudes are plotted in Fig. 4c, exhibiting sinusoidal behav-
iors against the scanning angle 0, with a phase offset of
11/2. These results confirm the radial distribution of M(r).

The emission of terahertz radiation from the entire het-
erostructure is excited using a femtosecond laser ampli-
fier (50 fs pulse duration, 1 kHz repetition rate, and a
central wavelength of 780 nm). The excitation beam
is normal incident to the emitter’s surface with a beam
radius of 4.5 mm, its beam center aligned with the center
of the programmed structure. The excitation laser flu-
ence is below the writing threshold fluence. The spatio-
temporal profiles of the radiation are measured using a
polarization-resolved terahertz digital holographic imag-
ing system [50] (TDHIS, see Methods and SM Section
S8).

In Fig. 4d1, d2, we present the experimentally meas-
ured spatial profiles of the intensity (|E,,,|?) and phase of
the terahertz radiation, respectively, for the polarization
component parallel to y (||y), while Fig. 4d3, d4 depict the
corresponding results for the polarization orthogonal to
y (Ly). The observed profiles exhibit two distinct lobes
along a line perpendicular to the polarization direction,
with the polarities of the terahertz waves flipping across
the beam center. These results provide clear evidence for
the generation of azimuthally polarized terahertz beams.
Our wave-propagation simulations reproduce these
experimental results, as shown in Fig. 4el—e4.

Interestingly, despite employing a Gaussian beam pro-
file for the target terahertz field [see Eq. (5)], the rapid
polarization rotation within a small area at the beam
center results in diffraction with a transverse wavevec-
tor exceeding 2m/A, which is forbidden in free-space wave
propagation [see Eq. (3)]. As a result, both the experi-
mental and simulation results exhibit a suppression of
the field intensity at the beam center.

In Fig. 4d, e, we present the results obtained specifically
at the terahertz frequency of f=0.47 THz. The results at
other terahertz frequencies are provided in SM Section
S4, highlighting the broad bandwidth of the generated
azimuthally polarized terahertz beams. Additionally, by
programming M(r) to an azimuthally polarized distri-
bution, we can effectively generate broadband radially
polarized terahertz radiation (see SM Section S5).
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By achieving flexible and subwavelength control over
the polarization states of local terahertz emitters, we
acquire the capability to manipulate both the spin and
orbital angular momenta of the far-field terahertz beams.
In the last case, we demonstrate this capability by gen-
erating a terahertz beam that provides all the states of
polarization in the beam cross-section, also known as
the full Poincaré (FP) beam [51]. The polarization prop-
erties of the FP beam have attracted attention due to its
potential applications in various fields, generating special
optical forces [52], achieving a flat-top intensity profile
[52], facilitating single-shot polarimetry measurements
[53], and generating polarization speckles [54]. Our
work could extend these applications to the terahertz
wavelengths.

The target terahertz beam is a superposition of two
lowest order Laguerre-Gaussian (LG) beams (with a
radial index of p=0), carrying opposite circular polariza-
tions. Here, we choose the scalar LG beam (the Gauss-
ian beam) for the LCP field, while assigning the LG beam
with OAM of /=-2 to the RCP field. Consequently, the
target field can be defined as

2 -5 o [ 2r? -5
Etar (r, ) = ARCES () e "k Lzlv | <2> ¢er +Are "iee;
o\ we Wi
(6)
where Ap;) and wp() represent the field amplitude and

the beam radius of the RCP (LCP) light, respectively, &
denotes a phase difference between the RCP and LCP

I . . .
components, LIL‘ is the generalized Laguerre polynomi-
als, and Cli,G is  the

CI;G =,/ ﬁ In this design, we set wp=550 um and
w; =333 pm, respectively, to fit the LCP beam within the

singularity at the center of the RCP beam. The target ter-
ahertz frequency is f=0.5 THz, and the phase 9 is set to
be -1.2m.

Figures 5a, b display the distributions of E,(r) and
M(r), respectively, obtained from our design strategy
(see SM Section S6). The spin angular momentum of the
emitted terahertz wave is generated by the spatial rota-
tion of M(r), while the vortex Fresnel zone plate pattern
of M(r) leads to the generation and focusing of the OAM
beam. The accuracy of our programmed heterostructure
is again verified by the focused-beam excitation measure-
ments (Fig. 5¢). A complete mapping of the entire hetero-
structure is provided in SM Fig. S12.

The terahertz emission is excited by the same femto-
second laser amplifier used in the last case and meas-
ured by the TDHIS system. The excitation beam radius is
4.5 mm. In the right panel of Fig. 5d, we plot the experi-
mental intensity profiles and phases of the RCP and LCP

normalized constant:
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Local THz field,E,; (r)

¥t Magnetization, M(r)
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Fig. 5 Programmed terahertz emitter for the full Poincaré beam. a The distribution of local terahertz NF E,,(r) obtained from the design strategy.
The trajectory for the focused-beam excitation measurement is illustrated with a radius of r; and a scanning angle of 6,. b The magnetization pattern
M(r) obtained from E,.(r) in a. ¢ The symbols represent the results from the focused-beam excitation measurements as a function of the scanning
angle, 8. The solid lines depict results from the wave-propagation simulations with a focused excitation laser spot and the trajectory shown in a.

d The experimental distribution of polarization ellipses across the beam cross-section of the FP beam. The red-colored ellipses correspond to LCP,
while the blue ones represent RCP. Right panel: The experimentally measured intensity |E|? and phase profiles of the RCP and LCP components

of the FP beam. e. The distribution of polarization ellipses obtained from the wave-propagation simulations. Right panel: The simulation results

of the intensity and phase profiles of the RCP and LCP components

terahertz components at a frequency of f=0.5 THz. We
observe that due to the aberration of the vortex zone
plate, the vortex at the center of the RCP beam splits
into two in the far field. Still, the phase of the RCP beam
varies by 2m as it rotates by an angle ¢ of -180° around
the two vortices, demonstrating the generation of OAM
with /=-2. The LCP beam exhibits a simple Gaussian
profile with a flat phase distribution, consistent with our
design. The results obtained by the wave-propagation
simulation are also shown in the right panel of Fig. 5e for
comparison.

We calculate the Stokes parameters S, S;, S, and S,
allowing us to further determine the orientation and
ellipticity of the terahertz fields across the beam cross-
section. In Fig. 5d, we plot the experimental distribu-
tion of polarization ellipses. The interference of /=0 and
[=-2 vortex beams results in a complex polarization

distribution, exhibiting variations from LCP at the beam
center to RCP at the fringes, and linear polarizations with
changing orientations at the boundaries. We find that the
polarization states cover the entire Poincaré sphere for a
beam radius of 800 pum, confirming the generation of FP
beam (see SM Section S6). The corresponding simulation
results are shown in Fig. 5e.

5 Discussion

In this work, we show that the flexible programming
of the exchange-biased magnetic heterostructure ena-
bles the direct generation of various structured tera-
hertz beams with complex polarization distributions. In
the above demonstrations, we did not perform ampli-
tude design on E,(r), as lasers with Gaussian profiles
were utilized to excite various programmed emitters.
To exert control over local NF amplitudes, spatial light
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modulators can be further employed to manipulate the
amplitude profiles of excitation lasers.

It is important to acknowledge that, owing to the inher-
ent capability of generating only linearly polarized Ey;
locally, a crucial constraint arises: the NF terahertz ampli-
tudes for the LCP and RCP components must be equal
at all locations, leading to Ak,F(r) = AﬁF(r) at the emit-
ter’s surface. As a consequence, both LCP and RCP tera-
hertz fields are simultaneously generated in the far field.
In situations where terahertz beams with a pure polariza-
tion state are of interest, one can strategically design the
magnetization pattern so that desired polarization state
is focused at the center, while surrounding it with other
polarizations. By employing simple spatial filtering, this
pure polarization state can be isolated and utilized. This
concept was demonstrated by the LCP Gaussian beam
in the last demonstration, where different spatial phase
gradients were applied on the LCP and RCP light beams,
allowing for their spatial separation in the far field.

Furthermore, by fabricating the heterostructures into
appropriately oriented micro-structures, one can induce
confinements onto the local charge currents [38-40].
This enables independent control over the x- and
y-components of the local terahertz fields, potentially
facilitating the realization of an arbitrary terahertz wave
generator.

During the submission of this work, we became aware
of the recent publication by Pettine et al., which dem-
onstrates the nanoscale manipulation of local charge
currents using asymmetric nanoantennas via the photo-
thermoelectric effect [55]. As an immediate application,
the authors demonstrated the generation of radially and
azimuthally polarized terahertz fields. Although in this
study, a 40-um programming resolution was employed
for various demonstrations, we note that the ultimate
spatial resolution of our LAMP method can be signifi-
cantly reduced to~ 250 nm, as recently demonstrated in
Ref. 45. Consequently, our approach offers an alternative
for manipulating nanoscale charge currents with pro-
gramming capability.

In conclusion, our study introduces a novel program-
mable spintronic emitter that enables the generation of
diverse structured terahertz waves. This approach uti-
lizes the laser-induced local field cooling of an exchange-
biased magnetic heterostructure, which allows precise
and micrometer-level programming of the magnetiza-
tion pattern on the emitter’s surface. Our method offers
highly flexible and broadband control over the polari-
zation states across the terahertz beam cross-section,
which can open up new possibilities for various applica-
tions in terahertz microscopy, quantum information and
communications.
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6 Methods

6.1 Sample fabrication

The trilayer heterostructures Pt/Py/IrMn; were depos-
ited on the double-side polished Al,05(0001) substrates
using magnetron sputtering, where Py is the permalloy
Fe, Ni . In our experiments, the Al,04(0001) substrates
were chosen because of their high thermal conductivity.
We also prepared samples on the SiO, substrates, which
exhibit a lower laser-damage threshold due to relatively
lower thermal conductivity. All the Al,O; substrates
were first ultrasonically cleaned in acetone, alcohol, and
deionized water. Then, they were annealed at 150 °C for
one hour in the sputtering chamber with a base pres-
sure of 2x107® torr. The substrates were mounted on a
sample holder equipped with a pair of permanent mag-
nets that can apply a bias field during sample growth,
achieving a field strength of approximately 250 mT. All
the Pt, Fe,;Ni,o, and IrMn; films were grown by sputter-
ing at room temperature under a working Ar pressure of
3 mTorr. The IrMn, layer was grown through co-sput-
tering from the Mn and Irgy)Mng, targets. The thickness
of all the layers was determined by the sputtering time,
and their growth rates were calibrated by X-ray reflectiv-
ity measurement. The growth rate is 0.22 A/s for Pt lay-
ers, 0.26 A/s for the Fe,,Ni., layers, and 0.44 A/s for the
IrMnj, layers. Finally, an 8-nm Al,O, layer was deposited
to prevent oxidation.

6.2 LAMP method

The LAMP method was performed using a custom-made
magnetic writing system. The schematic is shown in SM
Fig. S1. The writing laser used was a power-stabilized
fiber oscillator (FIBRE SP, Nanjing Keyun Optoelec-
tronics Ltd.) with a pulse duration of 110 fs, a repetition
rate of 36 MHz, a central wavelength of 1030 nm and a
maximum power of 3.3 W. The power of the writing laser
beam was adjusted by a combination of a half waveplate
and a polarizer. The writing laser beam was focused using
a 20-cm lens onto the sample surface, resulting in a beam
diameter of approximately 60 um. The trilayer hetero-
structure was mounted on a 2D motion stage, allowing
precise motion along the x and y directions with a pre-
cision of<1 um and a full range of 25 mm. The mag-
netic patterns were written by the raster-scanning of the
sample position at a linear speed of v,,=500 um s~'. For
setting the angle of local magnetization, an orientated
electromagnet was employed, providing a writing mag-
netic field (H,,)) of 1000 oe in the x—y plane.

In this study, the writing power was determined
through characterization of the programming outcomes
using MOKE microscopy. As shown in Fig. 2 e, f, for each
heterostructure sample with different growth conditions,
we first conducted programming tests on the sample by
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writing short lines under different writing powers. Then,
the programmed regions were examined using a MOKE
microscope, and the width of the programmed lines as
the function of writing power was determined (Fig. 2f).
This approach enables us to determine the threshold
writing power (P,,) and select an appropriate writing
power to achieve a specific writing resolution. While we
observed slightly different parameters for samples grown
under different conditions, parameters remained robust
for samples grown under the same conditions.

6.3 Design strategy

The local NF terahertz waves at the emitter’s surface,
E,\(r), can be calculated following Eqs. (1-3). These
local NF terahertz waves can be expressed in the circu-
lar polarization basis: Enrp(r) = (I]{‘]F(I')GL + G]{;F(r)eR.

The complex amplitude o]f,er)

a]f[(FR) (r) = Af\[(g ) ()L™ where A%g ) and ¢L(r) denote

the amplitude and phase of the NF LCP (RCP) compo-
nent, respectively.

Because  only linearly  polarized  terahertz
waves can be generated locally from the pro-
grammed magnetic domains, we have an impor-
tant constrain: AIL\U:(r) = Aﬁp(r) =Anr(r). As a
result, the NF terahertz waves can be expressed as
Eng(r) = Anp(r) [e:@ey, + e¥rMeg].

In order to manipulate the terahertz NF, it is essen-
tial to control both the field amplitude, A,(r), and the
phase terms ¢ ). The amplitude control can be achieved
by manipulating the local intensity of excitation lasers,
which can be realized by spatial light modulators. In this
work, as lasers with Gaussian profiles were utilized to
excite various programmed emitters, we did not perform
the amplitude design on E,;(r).

On the other hand, the phases of the LCP and RCP NF
components ¢, ) can be controlled by the polarization
orientation of local terahertz NF. To facilitate the design
process, we further define

0(r) = [¢r(r) — ¢r(r)]/2 @)
Y (r) = [pr(r) + ¢r(r)]/2

(r) can be represented by

Here, 0(r) represents the polarization orientation of
E,(r) constrained in the range of [0, ), and y(r) further
defines the polarity of the terahertz NF. The polarization
direction of Eygr) is then determined by

6(r), cos[y(r)] >0
ONE(r) = { 9(1‘)(42 T, cEﬁ[(w)(]r)] <0
ous distribution of ¥ (r) is discretized to the regions
where cos[y(r)] >0 and cos[y(r)] <0. When cos[y(r)] <0,
it indicates a spatial reversal of local field polarization,
representing a 1 phase shift of the local terahertz wave
(see Fig. 1d).

. Here, the continu-
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In various demonstration cases, the pattern of 6(r) and
Y(r) can be numerically derived from the target fields
[Egs. (4—6)] using the design strategy, thereby allowing
for the calculation of the polarization distribution of
Ep(r). According to Ohm’s law [36], the local charge cur-
rent density is directly proportional to the local terahertz
NE, given by j.(r) o< Enr(r). Finally, the magnetization

pattern is determined by the ISHE [36]: &Eg‘ = dz E:;iijl

6.4 Wave-propagation simulations

The simulation of far-field terahertz waves was car-
ried out through wave-propagation simulations using a
Python program. In this simulation, broadband terahertz
pulses with a spectrum matching the experimental signal
were assigned to emit from the surface of a programmed
spintronic emitter. The polarization orientation and
polarity of the locally emitted wave, Ey(r), were set
according to the magnetization pattern M(r). The ampli-
tude of Ey(r) was determined based on the local inten-
sity of the excitation laser. The far-field spatio-spectral
profiles of the E, and E, components were then obtained
by considering the propagation of each frequency com-
ponent of the terahertz waves to the far-field plane.

To simulate the experimental results obtained from the
focused-beam excitation measurements, the simulations
employed a small excitation laser spot traversing across
the sample surface following the designated trajectories.
The simulation results of the E, and E, fields were plotted
in comparison with the experimental results.

6.5 Focused-beam excitation setup

The programmed magnetization pattern was verified
using a focused-beam excitation setup. The schematic
of the focused-beam excitation setup is shown in SM
Fig. S4. This setup utilized the same fiber laser employed
during the LAMP process. The laser beam was focused
onto the programmed heterostructure achieving a
beam radius of 250 pm, while the laser power density
was limited to less than 9.2x10” W cm™ The emitted
terahertz waves were collected and focused by a pair of
off-axis parabolic mirrors. The E, and E, components
were selected by a terahertz polarizer, and respectively
detected using the electro-optic sampling (EOS) method.
The EOS crystal utilized was a 1-mm thick GaP crystal.
The heterostructure was moved by the 2D motion stage
following the designed trajectory, and the terahertz fields
emitted from the illuminated areas were recorded.

6.6 Angle-resolved terahertz detection setup

The large angle distribution of the terahertz waves with
spatially separated circular polarizations was measured
using an angle-resolved terahertz detection setup. The
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setup is illustrated in the SM Fig. S14. The excitation
pulses were obtained from a Yb:KGW laser amplifier
(PHAROS SP, Light-Conversion) with a repetition rate of
10 kHz, a center wavelength of 1030 nm. The spectrum
of laser pulses was first broadened using an all-solid-state
pulse compressor based on periodic layered Kerr medium
(PLKM) [56, 57]. The pulse compression from 170 to
25 fs was achieved through dispersion correction using
a set of chirped mirrors. The excitation laser beam was
focused on the sample surface, resulting in a beam radius
of approximately 1.8 mm. The programmed sample was
positioned on a rotation stage that allowed rotation about
the y-axis, exposing terahertz radiations emitted at differ-
ent angles (¢,) to a polarization-resolved EOS detection
setup. The excitation laser beam remained normal inci-
dent onto the sample surface. A terahertz polarizer was
employed to select the E, and E, components.

6.7 TDHIS setup

The schematic of the setup is shown in SM Fig. S15.
This system represents an extension of terahertz time
domain spectroscopy, wherein both the terahertz and
probe beams are expanded to realize spatial imag-
ing. In this study, we employs a Ti:Sapphire regenera-
tive amplifier (Spitfire Ace, Spectra-Physics) to generate
an ultrashort pulse of 50 fs with a central wavelength of
780 nm, a 1 kHz repetition rate, and a 9 mm spot diam-
eter. The laser beam is divided into two beams: the gen-
eration beam and the detection beam. The generation
beam excites the sample to generate the terahertz waves,
detected by a 2-mm thick ZnTe crystal. Between the sam-
ple and the detection crystal, a 500-pm thick silicon wafer
is placed to block the remaining generation beam. Using
a half waveplate (HWP) and a polarizer (P), we control
the polarization state of the probe beam. The probe
beam, upon reflected from the front surface of the ZnTe
crystal, is modulated by the terahertz beam via electro-
optic effect in the crystal. Consequently, the polariza-
tion of the probe beam is altered. This modulated probe
beam is captured by the detection unit, which consists
of a quarter waveplate (QWP), a Wollaston prism (WP),
two lenses, and a charge-coupled device (CCD). We cap-
ture two mutually orthogonal components of the probe
beams, the difference between which is proportional to
the applied terahertz-field amplitude on the crystal. By
altering the time delay between the terahertz and probe
pulses, the spatial distributions of terahertz field at dif-
ferent delay times can be obtained. At each pixel of the
CCD image, a time-domain signal of terahertz wave can
be extracted. Following Fourier transform, the phase
and amplitude spectra of the terahertz wave at this pixel
can be obtained. Thus, the spatial, phase, and amplitude
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information of the far-field terahertz beam can be simul-
taneously measured [58].
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