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ABSTRACT: Spintronic THz emitters (STEs) rely on spin current
acceleration or decay, resulting in a burst of broadband THz emission,
offering a new route to THz optics. Here, we demonstrate novel
metastructures of STEs for molding the vectorial focal distribution of the
emitted THz radiations. The metastructures also allow controlling the
characteristics of local fields. Performing combined micromagnetic-electro-
magnetic simulations, we demonstrate the generation of broadband THz
fields with designed vectorial, chiral, magnetic, or topological features and
discuss the potential of these fields for studying magnetic, multiferroic, and
chiral structures. The STEs metastructure is shown to produce higher-order
electric and magnetic multipoles as well as localized, longitudinal, broadband
magnetoelectric THz pulses. Furthermore, subwavelength features of the

THz cylindrical vector beam

near fields at a distance less than 10 pm can be tuned by steering the
magnetization of the metastructure. The results point to a new type of engineered STEs for the generation of structured broadband
THz fields, with potential applications in the fields of optoelectronics, optics, and ultrafast magnetism.

KEYWORDS: THz sources, vector beams, spintronic THz emitters, metastructure, chiral fields, magnetoelectric interaction

1. INTRODUCTION

Electromagnetic THz radiation has a variety of important
applications ranging from fundamental science to imaging and
information technology.l’2 In conventional THz emitters, an
infrared pump pulse triggers a swiftly decaying charge current
in a nonlinear or a photoconductive medium, resulting in free-
space coherent THz radiation." Recently, so-called spintronic
terahertz emitters (STEs) have been demonstrated. The STE,
in its basic realization (as schematically shown in Figure 1),
consists of a ferromagnet (FM) interfaced with a thin
nonmagnetic layer (NM) with strong spin—orbit coupling.’~>

Irradiating the STE with a femtosecond infrared (IR) laser
pulse generates a nonequilibrium charge distribution accom-
panied by a diffusive longitudinal spin-polarized current
because the mobilities of the spin-up and spin-down electrons
in the FM are different. When traversing the NM layer, this
spin current leads to a transversal charge current due to the
inverse spin Hall effect. The charge current decays on the
subpicosecond time scale leading to THz emission. The charge
current direction is perpendicular to the spin-current and the
magnetization directions.”™"

In this work, we focus on the application of STEs for the
generation of broadband THz pulses with engineered
spatiotemporal characteristics. In particular, we consider
broadband THz cylindrical vector beams (VBs), meaning
propagating THz fields with radial, azimuthal, or chiral
polarization textures. Current methods for generating VBs
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include photoconductive antennas,'”~'® mode conversion,'’
and velocity-mismatched optical rectification” (for further
methods, we refer to refs 21—24). VBs are useful for
optoelectronic and optospintronic applications,zs_28 since
various elementary excitations are in the THz range.
Broadband THz pulses can drive directed currents” or
excitations caused by the electric and magnetic longitudinal
field components.’””" Other promising applications include
optical tweezers and trapping,’> molecular orientation
control,> particle acceleration,”® and fluorescence micros-
copy.”

To produce structured electromagnetic fields, the vectorial
and spatial phase properties have to be shaped. The novel
approach presented here is based on exploiting the intrinsic
magnetic interactions that determine the magnetization
direction in a finite-size STE and engineering several separated
STEs into a metastructure to produce a desired spatial
magnetization profile M(r). In turn, M(r) sets the local
direction of the charge-current density that generates the
broadband THz fields with a polarization depending thus on
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Figure 1. STEs metastructures for generating broadband THz vector beams. STEs metastructure leading to (a) radially or (b) azimuthally
polarized broadband THz radiation. (c) Cross section of an individual STE comprising a nanoscale Pt layer deposited on a ferromagnetic
Co,FegB,, film followed by a W layer and all deposited on a sapphire substrate. (d) Spatial profile of the ground state magnetization of a single
STE (with dimension (128 X 512 X 1.8) nm®), as determined by an intrinsic interaction as well as with dipolar fields due to neighboring STEs. The
temperature is T = 298 K. The arrows on the STEs indicate the calculated direction of the ground state magnetization.

M(r)/IM(r)l. In this way, the vectorial and focal feature of the
THz radiation can be tuned on a submicron scale. The concept
is validated by performing combined micromagnetic and
electromagnetic simulations. We show that the STEs
metastructures emit broadband THz fields with radial or
azimuthal polarization or chiral fields with structured spin-
angular momentum (SAM) densities. We note that for
narrowband coherent fields, the control of chirality, SAM,
and orbital angular momentum can be achieved by several
methods that include spatial light modulators,* spiral phase
plates or mirrors,””** liquid crystals (g-plate),”” subwavelength
gratings with dielectric grooves,”’ metasurfaces (spatially
varying optical response) based on anomalous reflection and
refraction phenomena,*"** besides silicon-based Huygens’
dielectric metasurfaces, and ]—plates.43_45 STEs are, however,
broadband emitters due to the intrinsically diffusive and
damped nature of the charge current density (due to Ohmic
losses).

The work is organized as follows. Section 2 provides details
on the materials and working principle of the STEs
metastructure. Section 3 contains the analysis of the temporal,
spectral, and polarization features of the THz fields. Section 4
presents a scheme for chiral THz fields generation and
discusses possible applications of the emitted fields.

2. ENGINEERED SPINTRONIC THZ EMITTERS

We study STEs consisting of magnetized Co,zFegoB,
(CoFeB) as the FM, and Pt and W as the normal metal
(NM) spin—orbit scatterer (details of their optical properties
are discussed in ref 46). The concept and general results are
independent of the specific material, however. The meta-
structures (Figure la,b) consist of air-separated individual
STEs (Figure 1c) deposited on a substrate. For one STE, the
CoFeB layer thickness is 1.8 nm, and that of Pt is 2 nm. The W
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layer thickness is 2 nm, and the sapphire substrate thickness is
larger than S0 pm.

As specific examples for generating structured broadband,
THz fields, we consider the schemes in Figure 1a,b as the basic
building units that can be repeated as well-separated concentric
(or stacked) rings to enhance the emitted power without
compromising the qualitative features of the fields in the center
of the structure. An essential property of the operation
principle is the spatial distribution of the ground state magnetic
ordering M(r), which is determined by intrinsic interactions
within the individual STEs such as exchange interaction,
magnetic anisotropies, and demagnetization fields, as well as by
the dipolar interactions between the STEs. We infer the
ground state from full-numerical micromagnetic simulations
based on the Landau—Lifshitz—Gilbert equation (technical
details are provided in the Supporting Information, SI). Our
scheme exploits the effect of the shape anisotropy, which leads
to a spatial dependence of M(r) on the geometric shape of a
nanostructure (the STE in our case). M(r) within an individual
STE is determined by magnetic interactions within the STE as
well as by the dipolar fields due to the next neighboring STEs.
An example is shown in Figure 1d. M(r) is basically
homogeneous, except for small variations at the boundaries.
The reason is that the radius of the metastructure is much
larger than the dimensions of a single STE. And the STEs are
well separated (as to make use of the shape anisotropy and
suppress inter-STEs dipolar fields). The established ground
state magnetization profile of the metastructures is indicated by
the arrows in Figure la,b.

Starting from the magnetic ground state inferred from the
simulations, we assume the metastructure is irradiated by an IR
laser with an electric field E;z. Previous studies in refs 3—35
established an experimentally verified model for how Ep
interacts with a single STE, leading to the generation of a
directed charge current density j. (due to spin diffusion of hot
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Figure 2. Local temporal and spectral features of STEs-generated fields. (a) The experimentally reported (ref 4) input signal applied to the STEs in
the metastructure. E,,, denotes the peak field. The red line indicates the time at which Figures 3 and 4 are evaluated. The frequency (b) and the

time (c) dependencies of the beam produced by the pattern in Figure la with 24 STEs in the plane across the beam at the indicated vertical
distance z from the metastructure center (x = 0, y = 0, z = 0). In (b) and (c), y = 0.

Figure 3. Field distributions emitted by STEs-metastructures. The fields components
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and display the spatial, temporal, and vectorial properties of the THz emission. Variations from green to orange color indicate the change from
positive to negative polarity of the field while propagating along the z-axis. Field emitted from the metastructure in Figure 1a are in insets (a)—(c),
and those from the structure in Figure 1b are in insets (d)—(f). The metastructures consisting of six STEs define the x—y plane. All snapshots are

taken at the time 0.53 ps.

carriers and inverse spin Hall effect). It is shown
experimentally and theoretically that j. is relatively weak such
that j. can be related linearly to a local electric field E,.
Henceforth, we adopt this model. The direction of E, is
orthogonal to M(r). The time structure of E, follows that of j..

For evaluating the experimental feasibility of our scheme, we
use for the simulations presented here the time profile of E,,
the one determined by experiment,” and transform it into the
frequency domain, where the calculations are performed
(compare Figure 2a; any other profile can be adopted).
Current experiments achieve a peak electric field of E,, ~ 300
kV/cm.*

Starting with E,, we performed electromagnetic simulations
and obtained the field distributions in the time and the
frequency domains (full technical details are in SI).

3. ANALYSIS OF THE RADIATED FIELDS

3.1. Temporal and Spectral Features. Solving the
Maxwell equations in the frequency domain, we obtain the
spectral content of the beams as well as the local temporal
evolution. Both the spectral and temporal aspects depend on
the distance along the beam axis and vary across the beam.
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Figure 2 shows typical results for the fields emitted from the
metastructure shown by Figure la with 24 STEs. During the
propagation, the fields emanating from individual emitters
interfere so that certain frequencies are suppressed or
enhanced (cf. Figure 2b). This effect is most pronounced in
the vicinity of the beam axis. The time signal reflects this
behavior with a delay concerning the input field set by the
propagation time (cf. Figure 2c).

3.2. Polarization Textures. Figures 3 and 4 show the
simulation results for the fields’ spatial distributions radiated by
the metastructure in Figure la or b. The qualitative features are
only weakly dependent on frequency, and hence, we confine
the discussion to one frequency. The propagating fields are
fully formed after a few microns along the z-axis. All field
components possess discrete rotational symmetry with respect
to the z-axis. The number of emitters determines the symmetry
order.

Figures 3 and 4 display the radial (E,), azimuthal (E,), and
longitudinal (E,) components of the emitted electric fields for
metastructures having 6 or 24 STEs (with the same radius).
Figure 3a—c corresponds to the metastructure in Figure 1la,
while Figure 3d—f corresponds to that in Figure Ib.
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Figure 4. Spatial field distributions radiated by dense STEs-metastructure. Distributions of the electric fields generated by 24 STEs ordered in the
metastructure in Figure 1a (insets a—c) or Figure 1b (insets d—f). The metastructure defines the x—y plane. All snapshots are taken at the time 0.53
ps. Insets (g)—(i) show the magnetic field distributions for the metastructure in Figure 1b. Other parameters, notations, and color coding are the

same as those in Figure 3.

Figure 3a—c is evidence that the metastructure in Figure la
generates propagating fields with dominant radial and
longitudinal components, while Figure 1b yields THz radiation
with a dominant azimuthal component. Thus, we conclude
that the metastructure in Figure la or b yields, respectively,
predominantly radially or azimuthally polarized beams.

To make this observation more quantitative, we consider at
first analytically the free-space VB solutions of the Maxwell-
equations with radial and azimuthal polarization and categorize
a beam according to its electric and magnetic multipoles
(details are in SI): Radially (azimuthally) polarized VB
contains only electric (magnetic) multipoles. Then, we expand
our simulation results for the propagating part of the fields in
vector spherical harmonics and obtain the multipole content of
the fields for a particular metastructure numerically (see SI). In
this way, we are able to specify the type of the generated field
as well as its quality (judged by the distribution of the
contributing multipoles). It is found that the order of the
multipoles is related to the number of STEs. The multipole
analysis confirms that the metastructure in Figure la or b
radiates radially or azimuthally polarized VBs with the quality
being enhanced with an increasing number of STEs (at a fixed
radius of the ring).

The near fields in the immediate vicinity of the emitter are
dictated by the individual STE hosting the local current-
density distribution. Interference sets in at a distance
comparable to the separation length between the STEs, in
which case, the global geometry/topology of the metastructure
starts to affect the structure of the field. Comparing Figure 3
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and Figure 4, we conclude that, with an increased number of
STEs, the propagating parts separate from the local fields at a
smaller distance and become more focused, meaning the
vectorial properties (in terms of radial or azimuthal polar-
ization) become well-defined. Figure 4g—i also evidence the
relevance of the STEs structure for magnetic applications. The
THz magnetic field can be collimated to a region around the
propagation direction well below the metastructure size (cf.
Figure 4i).

4. CHIRAL FIELD GENERATION AND INTERACTION
WITH MATTER

The STEs metastructures, Figure lab, are capable of
generating radially and azimuthally polarized THz fields. This
does not mean that these fields embody a finite chirality-
density,”” C. In fact, for an electromagnetic field oscillating

with the angular frequency w, the time-averaged C is given
by47

w

C S{E-H*}.

28 (1
Thus, C # 0 implies a finite amplitude of the components E,
and H, of the electric and magnetic fields and also a finite
phase difference between them. Purely radially or azimuthally
polarized vector beams, such as those shown in Figures 4, have
vanishing chirality-density (electric and magnetic field
components are mutually orthogonal). A field with a finite C
is desirable for studying chiral matter. The exchange of C
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Figure 5. Metastructure, field distribution, and the chirality-density of the field. (a) Metastructure as a combination of Figure la,b for generating
chiral broadband THz fields. (b) Electric field distribution at a frequency of 20 THz. The arrow in the top right corner indicates the unit vector
length. The position and width of the STE are indicated by red bars at the x-axis. (c) The spatial distribution of the time-averaged chirality density

at the same frequency.

between fields and sources (in the absence of currents) is
governed by the continuity equation

dC+V-E =0 ()
with E, denoting the chirality flux-density. For the special case
of harmonic fields within a source-free space, F, is proportional

48,49

to the spin angular momentum density given by

1
S = —G{¢E* X E + uH* X H}
4w

©)

S is of a key importance for trapping and spinning of
particles.”

4.1. STE Metastructures for Chiral Field Generation. A
hint on which metastructures generate THz fields with finite
chirality is inferred from Figure 4c and i, for which,
respectively, |E| and IH,| are finite. Thus, enclosing the
metastructure in Figure la within that in Figure 1b should
produce fields with finite electric and magnetic z-components
with strong localization around the z-axis.

For the metastructure in Figure 5(a) (we ensured that the
depicted arrows correspond to the ground state magnet-
ization), we calculated the emitted THz fields (Figure Sb). The
Figure Sb indicates that the electric field amplitude is maximal
within a narrow region around the z-axis. The longitudinal
component is dominant. The same applies to the magnetic
field. As the field multipole expansion is linear, we can expect
that the structure in Figure S generates fields with sizable
electric and magnetic multipoles with the intensity being
focused around the propagation direction. The strongly
localized nature of the z-components of the electric and the
magnetic fields around the z-axis is reflected in sizable chirality-
density near the optical axis. The required phase lag between |
E,| and IH,| (cf. eq 1) is brought about by the different radii of
the angularly and radially magnetized ring structures in Figure
Sa. The precise position along the optical axis where the time-
averaged chirality-density is maximal depends on the frequency
of the field (because of the key role of interference). The
maximum of C(w) correlates with the axial distance from the
emitter, which may be useful for spectroscopic investigations.

4.2. Interaction of the Emitted THz Fields with
Matter. Being able to generate localized, broadband THz
fields with shaped vectorial and chiral properties, the question
is how to functionalize these features for material studies.
Therefore, we revisit the radiation interaction with matter.
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Generally, the free energy F, of a system may change to F upon
coupling to external electromagnetic fields E, H as”'

P ) = [ fav=F®,M) - [ (RE+uMcH) AV
v 14
- / R{eEY°E + p,H'y"H + E'qH} dV
v

- fV O(EH?, HE?, E*, H®) dV (4)
Pg and M stand for pre-existing spontaneous ferroelectric
polarization and magnetization, and y° and ™ are the material-
dependent tensors of electric and magnetic susceptibility,
respectively. a is the (necessarily Hermitian) tensor of linear
magnetoelectric susceptibility that describes the magnetic
(electric) responses to external electric (magnetic) fields.
Higher-order responses may contribute but are not considered
here. The polarization and magnetization in the presence of
the fields follow from

of
i 5 E,- J i

1o

P 5H; iE{1j2;3}
o O,

(5)

For FM or antiferromagnetic materials, we can study the local
magnetic dynamics (and the THz response y™) for a sample
deposited above the center of the metastructure shown in
Figure 1b. This structure produces around the z-axis a strong
magnetic field only (cf. Figure 4i). For a ferroelectric material,
similar arguments apply for studying the response by using the
metastructure Figure la (cf. the field in Figure 4c). Linear
magnetoelectric samples can be studied by monitoring and
comparing the response to the fields generated by Figure 1a or
b. The quadratic magnetoelectric response is as well separately
accessible P; = y;;HE;: By stacking the metastructures, Figure
la)b on top of each other, one may produce fields that have
strong E, and H, components localized around the axis
(roughly the sum of fields in Figure 4c(i)), in which case y,,,
can be studied. The quadratic magnetoelectric response is not
necessarily chiral. To elaborate on where our chiral fields,
shown in Figure 5, may be useful, for example, for enantiomers.
We recall that the microscopic electric (p) and magnetic (i)
dipoles induced in response to E and H are given by

"H + iéE]

p = (er°E — igH) and p = (){
Ho

(6)
with g being a coupling constant. The contribution to the free
energy-density f depends on the chirality-density of the
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external fields because it contains the term
%g(E*~H — H"E) = ¢S{H"E} « C. Variations in C of
our THz fields (for instance, its sign) allows for sensing of
the chiral content in the sample (via monitoring the response
in p and p), similarly as discussed in refs 47, 52, and 53. Also,
the spatial structure of C = C(r, t) of our fields (shown in
Figure 2c) can be exploited for chiral spectroscopy with
spatiotemporal resolution which is particularly useful for spatial
distributions of nanoscopic chiral structures or molecules for
which g = g(r).

Notably, our metastructures focus and structure the intensity
profile and the vectorial properties on the submicrometer scale
(cf. Figure 4,2). This allows studying materials with anisotropic
electric and magnetic susceptibilities, which for instance, has
the form

)(jjc = (Er - 1)5jk + ife(zjk and )(]I: = (ﬂr - 1)5jk + ife(zjk
(7)

€qjtc is the Levi-Civita symbol, and f is a real constant. Inserting
eq 7 in F and recalling that F is a scalar, we conclude that the
anisotropic responses imply a distinct dependence on fields of
the form S(E* x E), or S(H* X H),, having a component-
by-component proportionality to the SAM-density (not shown
for brevity, but can be inferred from Figure 5 and eqs 1, 4, and
3). We recall that, in the IR and XUV regimes, SAM textured
fields have already been demonstrated, for instance, in refs
54—57, and the present proposal allows extending such studies
to the THz regime.

5. CONCLUSIONS

We introduced a novel, STEs-based method for the generation
of broadband vector beams in the THz regime. Quantifying the
emitted fields via their electric and magnetic multipoles, we
evidence the possibility of producing radially or azimuthally
polarized broadband THz fields as well as chiral fields with
structured spin angular momentum density embodying a finite
chirality. By analyzing the coupling of the fields to matter, we
pointed out several applications of the generated fields. An
extension of the current scheme for strongly miniaturized STE
should account for finite-size effects such as possible backward
charge current that leads to a lowering of the signal
amplitude.’®® Also, for dense STEs packing, dipolar
interaction may lead to noncollinear magnetic ordering and
the mechanism of the charge current generation need to be
revisited.
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