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Abstract: Over the past decade, orbital angular momentum
has garnered considerable interest in the field of plasmonics
owing to the emergence of surface-confined vortices, known
as plasmonic vortices. Significant progress has been made
in the generation and manipulation of plasmonic vortices,
which broadly unveil the natures of plasmonic spin-orbit
coupling and provide accessible means for light—matter
interactions. However, traditional characterizations in the
frequency domain miss some detailed information on
the plasmonic vortex evolution process. Herein, an exotic
spin—orbit coupling phenomenon is demonstrated. More
specifically, we theoretically investigated and experimen-
tally verified a temporally deuterogenic vortex mode, which
can be observed only in the time domain and interferes
destructively in the intensity field. The spatiotemporal evo-
lution of this concomitant vortex can be tailored with differ-
ent designs and incident beams. This work extends the fun-
damental understanding of plasmonic spin—orbit coupling
and provides a unique optical force manipulation strategy,
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which may fuel plasmonic research and applications in the
near future.

Keywords: deuterogenic plasmonic vortices; spatiotempo-
ral dynamics; orbital angular momentum

1 Introduction

Vortex beams carrying orbital angular momentum [1]-[4]
(OAM) have attracted continuous interest due to their
unique helical phase front characterized by the Hilbert fac-
tor e'» where [ (an arbitrary integer) and ¢ are the topo-
logical charge and azimuthal angle, respectively. Notably,
plasmonic vortices have also undergone substantial devel-
opment owing to their potential for on-chip particle manip-
ulation and information processing [5]-[8]. Typically, these
plasmonic vortices refer to surface plasmons [9]-[12] (SPs)
characterized by a dark spot and phase singularity at the
center, while exhibiting strong confinement of the OAM
in the evanescent field region with subwavelength dimen-
sions. Thus, understanding and controlling such plasmonic
vortices will pave the way for prospective applications,
such as light-matter interactions [13], quantum commu-
nication [14], [15], super-resolution imaging [16], and plas-
monic spanners for rotating both dielectric and metallic
particles [17]-[19].

With the advances in sub-wavelength optics and fab-
rication technology, studies in metasurfaces have greatly
facilitated the on-chip generation and manipulation of 0OAM
[10], [20]-[27]. Through constructing subwavelength artifi-
cial structures, along with the important spin—orbit cou-
pling [28]-[30], the spin angular momentum (SAM) carried
by an incident beam is converted to the plasmonic OAM
and excites the desired plasmonic vortex. In addition, the
spin—orbit interaction also inspires new mechanisms for
flexible control of plasmonic vortices, such as spatiotempo-
ral vortices with transverse OAM [31], [32], OAM multipli-
cation in plasmonic vortex cavities [33] and spatiotemporal
dynamic manipulation of plasmonic vortices [34]. Using a
set of Archimedean spiral slits, researchers also reported
the existence of a deuterogenic plasmonic vortex mode in
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the frequency domain [35]. These works provide a funda-
mental understanding of the near-field spin—orbit coupling,
which promises to flexibly manipulate plasmonic vortices
for emerging optical vortex-based technologies and further
on-chip applications [36].

In this paper, we theoretically demonstrate and exper-
imentally observe the existence of an unusual vortex mode
in terahertz (THz) regime, which appears concomitantly
with the conventional one only in the time domain and
interferes destructively in the field intensity pattern. The
detailed spatiotemporal dynamics of the plasmonic vortices
is studied with the generalized Huygens—Fresnel princi-
ple in numerical simulations and near-field scanning THz
microscopy (NSTM) in experiments. Thus, we can reveal
the general process of spin—orbit coupling in plasmonic
vortex lenses (PVLs). Meanwhile, flexible manipulation of
the temporally deuterogenic vortex mode can be achieved
through different designs. These unique spatial and tem-
poral distributions of optical forces are expected to ren-
der new effects and functions when they are exploited in
light—matter interactions.

2 Results

2.1 Temporally deuterogenic plasmonic
vortices

PVLs consisting of rectangular slit-pair resonators milled in
a metal film on a dielectric substrate are commonly used
when designing metasurfaces for plasmonic vortex gener-
ation [23], [24], [37]. Generally, for every single pair in the
design, two slit resonators are separated by a distance of
Agp/2 and arranged perpendicular to each other. All the slits
have the same geometric dimensions but different orienta-
tion angles, and the rotations of the slits are defined as

Orm = 8Pm/2+[2+ &

Hz,m = g(pm/2+ ap

where 0, , and 0, , represent the orientation angles of
the inner and outer slit resonators of the mth slit-pair,
respectively; g is a geometric phase factor describing the
rotation order across a whole turn along the circle in the
anticlockwise direction; ¢,, is the azimuthal angle of the
mth slit-pair with respect to the x-axis; and «, is the initial
orientation angle of the outer slit resonator at azimuthal
@, = 0 (see Section 1, Supplementary Materials). When cir-
cularly polarized (CP) light illuminates the sample from
the substrate side, since each slit can launch SPs with a
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different initial spin-dependent phase depending on its ori-
entation angle 6, a phase shift equal to 2gox is introduced,
known as the Pancheratnam-Berry phase or geometric
phase [24], [38]-[41], where ¢ € {+, —} stands for the spin-
direction of the right- and left-handed CP (RCP and LCP)
light. Another part of phase shift caused by the fixed change
of the azimuthal angle —2ox is also introduced, which is
independent of g. The superposition of these two phase
terms generates a spatially structured light field, namely,
a plasmonic vortex with a topological charge | = o(g — 1).
During this process, the SAM o/ carried by the incident
CP light is converted to the plasmonic OAM by spin—orbit
interaction.

We take the PVL with geometric parameters (g, a,) =
(7, 0) shown in Figure 1a for example. Based on the 2D Huy-
gens—Fresnel principle [42], the SP intensity distribution
under RCP incidence (o =1) can be calculated and the result
is displayed in Figure 1b. The field intensity exhibits a con-
centric ring-shaped distribution with an innermost bright
ring, which can be approximately described by a Bessel
function of order six, that is, I(R) | ]G(kSPR)|2, with kgp
being the SP wave number and R the radial coordinate. This
means that a plasmonic vortex with topological charge [, =
61is generated, which agrees well with the theoretical expec-
tation of I = (g — 1). However, interestingly, when we inves-
tigate the temporal evolution of the generated plasmonic
vortex with the generalized 2D Huygens—Fresnel principle
[34], it is noted that there is another vortex mode [, = 1,
existing at the center and concomitantly evolving with the
expected outer vortex [, as shown in Figure 1c and d. Such
a vortex observed only in the time domain is quite unique
and has not been reported before.

2.2 Decomposition of the slit-pair-based PVL
structure

To further explain the existence of the unexpected central
plasmonic vortex [;, we elaborate on the process of plas-
monic vortex generation by investigating separately the per-
formance of the inner- and outer-ring slit resonators. As
demonstrated in Figure 2a—c, the inner-ring slits (blue) with
R, = R, and the outer-ring slits (red) with R, = R; + Agp/2
together form the above slit-pair PVL structure with Agp
being the SP wavelength. Figure 2d presents a single slit res-
onator orientated by an angle of 8 with respect to the x-axis.
Here, we model the SPs excited from the slit as radiation
from a dipole source directed perpendicular to its longer
axis. Under normal CP incidence E;, = <\/§ /2 gi\/E /z),
the SP field at an arbitrary point P can be calculated as [43]
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Figure 1: Plasmonic vortex lens and the generated plasmonic vortices. (a) Schematic of the PVL structure composed by slit-pairs arranged in a circle.
(b) SP field intensity distribution in the xy-plane under RCP incidence. The white circle at the top-right corner denotes the spin direction of the
corresponding incidence, which is similar hereinafter. (c) Snapshots of the normalized SP field amplitude evolution in the xy-plane, from ¢, to t, with
a temporal interval of 0.5 ps. (d) Zoomed-in view of the central part (dashed circle) of (c). The more detailed evolution behaviors of this deuterogenic
plasmonic vortex are provided in Supplementary Movie 1, corresponding to an interval of 0.1 ps between each frame.
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Figure 2: Decomposed structures of the slit-pair-based PVL and corresponding numerical results. (a-c) The slit-pair-based, inner- and outer-ring
structures of the PVL shown in Figure 1a. (d) Schematic of a single slit resonator orientated by an angle of & with respect to the x-axis. Simulations of
the field intensity distributions (e-g) and phase patterns (i-k) of the generated plasmonic vortices under RCP incidence from different structures
corresponding to (a-c). The white dashed circles in (f, g) label the maximum interfered intensity with a radius of 522 pm (h, I) OAM spectra of the
generated plasmonic vortices. (m, o) Evolution snapshots of the normalized SP field amplitudes of PVL1 and PVL2, respectively, in the same temporal
dimension as Figure 1c. Zoomed-in views of the central part are shown on the right side of the snapshots. (n) Generalized amplitude values extracted
along the target orbit of /; from the PVL1 (blue) and PVL2 (red) structures.
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Here, E, is the complex amplitude of the SP field at
point P; x is the conversion efficiency from incident light
to the SPs; r is the vector from the slit resonator position
to point P; and & is the angle of r with respect to the x-axis.
This demonstrates that E; is comprised of two components,
namely, e¢ /2 and e(2/=%) /2. Intriguingly, the excitation
phases of these two components are both related to the
azimuthal angle £ with a spin dependence of ¢ and —o,
while the later also includes an abrupt geometrical phase
shift related to 6 with a spin dependence of 2¢. For the
former component, it has been demonstrated that the CP
light gives a phase of +2z along the loop of circular slits,
and hence a plasmonic vortex with the first-order Bessel
function can be obtained along with spin—orbit coupling
[5], corresponding to the generated OAM from the excitation
component e, For the latter component, in addition to the
contribution from the incident SAM, the generated OAM is
also accumulated from the orientation angle variance of the
slit resonators with respect to the center, which leads to the
excited dipole sources varying twice faster. Combining the
above two components provides the SP field excited from
the circle-shaped slit structure [20]

ER, @) o Ji, (kspRIES? + C, ; (kspRIE™? (1)

Here, |, = o and [} = o(g — 1), corresponding to
the generated two plasmonic vortex modes with a relative
phase difference C, = exp(2ica,). This means the inner-
ring metasurface excites the superposition of two equally-
weighted OAM states with different topological charges. As
an example, when PVL1 with geometric parameters (g, o,
n, Ry = (7, #/2, 60,1900 pm) is illuminated by RCP incidence
(c = 1), the corresponding SP intensity and phase distribu-
tions are displayed in Figure 2f, j. The intensity distributions
can be seen as the superposition of two OAM states with
l, =1and [, = 6, which leads to the structured patterns con-
taining one central ring (I, = 1) surrounded by 5 (|, — [|)
outsider lobes [20], coinciding with our prediction.

For the outer-ring structure PVL2 with geometric
parameters (g, ay, m, R)) = (7, n/2, 60, 2100 pm), due to
the similar distribution of the slit resonators along the
azimuthal angle ¢,,, this structure also excites two OAM
modes [, = 1 and [; = 6, as shown in Figure 2g, k.
Notably, the orientation angle difference between the mth
slit resonators of PVL1 and PVL2 in our orthogonal slit-pair
design, ie., A0 = 6,,, — 0,,, is embodied in the rota-
tion of the intensity patterns by a certain angle. Differ-
ently, considering the propagation distance of A4/2 due to
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the designed radius and the orientation angle change of
—7x/2, the excited SP field from PVL2 can be written as (see
Section 2, Supplementary Materials)

E(R, (p) - ]IO (kSPR)eiloff’ . eilr + Cl]ll(kSPR)eill(p
. gln(l—0) ")

Thus, these two structures together constitute the pre-
viously mentioned slit-pair-based PVL and the concentric
ring-shaped field distribution is caused by the interference
between the SPs excited from PVL1 and PVL2. Compar-
ing Eq. (1) and Eq. (2), we can see that the interference
between two rings is constructive for [, but destructive for
l, due to the = phase difference at the central frequency.
This leads to that only one plasmonic vortex mode with
topological charge I, = 6 can be observed in the intensity
field whereas the first-order vortex [, at the center dis-
appears, as shown in Figures 2e and 1b. To further ver-
ify this interference, we extracted the complex SP fields
E(0) in terms of the Laguerre—Gauss basis set, respectively
from PVL1 and PVL2 along the target orbit where the max-
imum intensity is located, as indicated by the white dashed
circles in Figure 2f and g. As demonstrated in Figure 2h,
ly = +1 and [, = +6 are the two main components in the
OAM spectra of the generated plasmonic vortices for both
PVL1 (blue) and PVL2 (red). Due to propagation attenua-
tion, the amplitudes from PVL2 are slightly weaker than
those from PVL1 (see Section 2, Supplementary Materials).
Figure 21 illustrates the extracted phase of the above two
dominant components. It can be clearly seen that, for [, =1,
the phases from PVL1 and PVL2 are opposite with a z phase
difference, indicating the destructive interference, which is
also obvious in the central parts of their phase distributions.
Whereas for [, = 6, the complex SP fields from the two struc-
tures are in-phase. This accounts for the ignored presence
of the special deuterogenic plasmonic vortex [, in previous
frequency-domain studies.

In order to further reveal the spatiotemporal dynam-
ics of this interesting deuterogenic vortex, we investigated
the temporal evolution process of the excited plasmonic
vortices by tracking the formation, revolution, and decay
stages of the plasmonic OAM in real time [44]. Figure 2m-o
illustrate the time-resolved evolutions of the generated plas-
monic vortices from the above designed PVL1 and PVL2
structures with a temporal interval of 0.5 ps, respectively.
For the inner structure PVL1, in the formation stage (snap-
shots 1-3 in Figure 2m), the SP are excited from the slit
resonators along with the spin-orbit conversion. Due to
the induced geometric phase, it can be seen clearly that
the initial SP excitations from all directions synchronously
form 12 converging spiraling wavefront threads (the gray
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dashed lines) surrounding the central two threads, indicat-
ing the formation of two vortices, [; = 6 and [, = 1. This
is followed by the concentration of the SPs into the target
orbit, where the inward and outward counter-propagating
SPs interfere to form the radially standing but azimuthally
rotating vortex field (snapshot 4). At this revolution stage, 12
rotating lobes (6 with positive amplitude shown in orange
and 6 with negative amplitude in blue) can be observed,
corresponding to the steady-state e%? phase of [;. The cen-
tral two lobes, one with positive maximum in red and one
with negative maximum in blue, correspond to the e'? phase
distribution of [;. In the decay stage (snapshots 5-8), the
SP fields form an outward-propagating spiraling wavefront
and then diverge, while the handedness of the wavefront
flips compared to that in the formation stage (snapshots 3
and 5), see Section 3, Supplementary Materials. It should be
noted that @, in the design determines the relative phase
difference between the generated plasmonic vortices [, =
6 and [, = 1, and thus directly affects the temporal evo-
lution process (see Section 4, Supplementary Materials). As
indicated by Figure 20, the temporal evolution of excited
plasmonic vortices in PVL2 is roughly the same, containing
the formation (snapshots 1-4), revolution (snapshot 5) and
decay (snapshots 6—8) stages, except for the time delay due
to the path difference A = A,/2 compared with that of PVL1

To further study the temporally deuterogenic plas-
monic vortex l,, we extracted the amplitudes of SPs on
the target orbit of [, from PVL1 and PVL2, respectively.
As demonstrated in Figure 2n, 20 points were chosen uni-
formly along the target orbit and the generalized ampli-
tude values were extracted. The blue curve stands for the
amplitudes from PVL1 structure and the red one is from
PVL2. It can be concluded that the two curves almost flip
upside down, alternating with one in the peak while the
other in the valley, which proves the destructive inter-
ference of [, from the two structures on account of a =
phase difference. However, the absolute amplitude values
of the peak and valley are not exactly the same because
the excitation signal is not a perfect single frequency one,
and this leads to the destructively interfered vortex [, to be
observed in the temporal evolution with a weak amplitude
(see Section 5, Supplementary Materials). Different from its
disappearance in the intensity distribution, this temporally
deuterogenic vortex [, reflects the interaction process dur-
ing the interference between PVL1 and PVL2.

In the earlier study introducing the concept of deutero-
genic plasmonic vortex [35], based on the Archimedean
spiral slits-based PVL, the authors rectified the ignored
approximation of slit radial distance and observed that
the generated vortices are compound and kaleidoscopic.
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In contrast, our work utilized a slit-pair-based PVL, where
both the inner- and outer-rings excite two plasmonic vortex
mode, [, and [;. Through properly designing the separation
distance, one mode undergoes instructive interference but
the other interferes destructively. Nevertheless, the destruc-
tively interfered mode can also be observed in temporal
evolution. Consequently, our proposed deuterogenic vortex
mode is a temporal one, which can be observed only in the
time domain and interferes destructively in the intensity
field.

2.3 Experimental verification

As proof-of-concept experiments, we fabricated samples
working at 0.75 THz and characterized the generated plas-
monic vortices using a fiber-based NSTM system. As
schematically shown in Figure 3, the in-fiber femtosecond
source is split into two beams, one used to generate THz
radiation (blue) and the other to detect SP fields (yellow).
In the transmitter modules, the femtosecond beam with a
fiber-based delay line (FDL) first illuminates onto a com-
mercial photoconductive antenna to generate broadband
THz radiation. Other devices, such as a THz lens, a polarizer
and a quarter-wave plate are placed between the antenna
and the sample to generate the target incident beam and
excite SPs. The other beam illuminates onto a commercial
THz near-field probe [45], in which the movement of excited
carriers forms a current proportional to the detected THz SP
field (see methods). The basic idea of NSTM is to temporally
record the waveform, step by step, by changing the FDL to
sample the SP field at different time-delays and eventually
obtain the whole time-domain signal. This direct measur-
ing and imaging process gives access to full amplitude and
phase information with subwavelength spatial resolution
and deep sub-optical-cycle temporal resolution.

Figure 4 illustrates the microscopic images of the fab-
ricated samples (Figure 4a—d) and the experimental near-
field results of the SP field intensity (Figure 4e—g) and
phase (Figure 4i-k) distributions in the frequency domain
under RCP incidence at 0.75 THz. Clearly, these results agree
well with the numerical investigations shown in Figure 2.
Both PVL1 and PVL2 excited two equally weighted plas-
monic vortex modes [, = 1 and I, = 6. In the slit-pair-
based PVL, the small bright intensity ring corresponding
to [, vanished (indicated by the white dashed circle in
Figure 4e), leaving only the outer brightest ring, whose
radius corresponded to the first extremum of the Bessel
function of [;. To see the relative intensity of the individ-
ual OAM modes more clearly, we decomposed the com-
plex field in terms of the Laguerre—Gauss basis set along
the target orbit where the maximum intensity is located.
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jZD translation
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Figure 3: Schematic of the experimental NSTM setup to detect
the vertical component of the SP field Ez. LP, Linear polarizer;
QWP, Quarter-wave plate; FDL, Fiber-based delay line.

As demonstrated in Figure 4h, the OAM modes [, = 1 and
[, = 6 were the two dominant components. The phase of the
extracted field in Figure 4l indicates destructive interfer-
ence for the former but constructive for the latter, verifying
our explanation.

Figure 5 illustrates the experimentally measured spa-
tiotemporal evolution of the generated plasmonic vortices
in the above three PVLs with at an interval of 0.5ps,
identical with that in the simulation. Here, we show the
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Figure 4: Microscopic images of the fabricated samples and
experimental results. (a-c) Microscopic images of the fabricated samples
composed by identical slit resonators. (a) PVL structure based on 60
slit-pairs. (b) PVL1 structure with R, = 1900 pm. (c) PVL2 structure with R,
= 2100 pm. (d) Fabricated slit with geometric parameters: Width =10 pum
and length =70 pm. Experimental results of the field intensity
distributions (e-g) and phase patterns (i-k) of the generated plasmonic
vortices corresponding to PVLs (a-c) under RCP incidence, respectively.
(h, ) Extracted OAM spectra.

time-resolved snapshots of the SP fields in the xy-plane and
the extracted absolute SP amplitudes on the target orbit of ;.
Torecognize the temporally deuterogenic vortex [, zoomed-
in views of the central part in the SP field are also provided
in Figure 5h. Although the interference for [, is destructive,
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Figure 5: Measured time-resolved snapshots of the SP field based on the NSTM system, generated from the slit-pair-based PVL (a), inner PVL1 (c) and
outer PVL2 (e) at an interval of 0.5 ps. (b) Zoomed-in views of the central part of (a). (d) Generalized amplitude values extracted from PVL1 (blue) and

PVL2 (red)
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one can still observe the two rotating lobes at the center
besides the outer 12 converging and spiraling wavefront
threads, as numerically predicted in Figure 1. According to
Figure 5c—e, both PVLs excite two equally weighted plas-
monic vortices with topological charges [, =1 and [, = 6,
covering the formation, revolution, and decay stages in
the lifetime, which verified the whole interference process.
In addition to the fabrication- and measurement-induced
errors, the deviations between numerical and experimental
results can be mainly attributed to the slight difference
between the numerical and actual SP waveforms. Never-
theless, the experimental results complied well with those
from the numerical investigation, and experimentally veri-
fied the existence of the temporally deuterogenic plasmonic
vortex with high temporal and spatial resolutions, which is
accessible only in the time-domain investigation.

Compared with traditional time-resolved measurement
techniques such as the two-photon photoemission elec-
tron microscopy [44] which mainly rely on the interfer-
ence between light in the signal and reference branches to
achieve characterization, the NSTM adopted in our work
can directly detect the electric components perpendicular
to the surface, making it possible to acquire more exact
evolution dynamics of surface plasmons. In addition, the
full amplitude and phase information can be simultane-
ously and accurately measured which allows us to investi-
gate the deeper mechanism of the constructive or destruc-
tive interferences between plasmonic vortices. It should be
emphasized that since the waveforms were experimentally
obtained with consecutive time steps of 20 fs in our system,
it is possible to reveal the plasmonic vortex evolution in
deeper sub-optical-cycle temporal resolution. Supplemen-
tary Movie 2 shows a more complete and detailed evolution
process with the interval between each frame corresponds
to 20 fs in experimental results.

3 Discussion

So far, we have numerically explained and experimen-
tally verified the fact that the deuterogenic plasmonic
vortex mode [, appeared only in the time domain along
with plasmonic spin-orbit interaction, which reveals an
exotic spin—orbit coupling phenomenon. Previous studies
have not reported this phenomenon due to the destruc-
tive interference of [; at the central frequency, whenever
the slit-pair is separated by an odd multiple of Ag/2. It
is worth mentioning that, when the two slits are sep-
arated by quite a large distance, the deuterogenic vor-
tex mode would be recognizable in the intensity pattern
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due to the obvious amplitude difference between PVL1
and PVL2. Nevertheless, these structures lose the feasibil-
ity and generality for both basic researches and practical
applications (see Section 6, Supporting Information). Actu-
ally, the pulsed pump light, rather than a continuous single-
frequency light source, allows us to observe the existence
of the deuterogenic plasmonic vortex in temporal evolution
process. In fact, with the rapid development of femtosecond
lasers, many fundamental light science research and future
applications require pulsed light excitation. Therefore, our
research on the unique temporally deuterogenic vortex is
of great importance for many practical applications related
to time-varying characteristics. One of the most appropri-
ate occasions is plasmonic rotators. Due to the existence of
the central plasmonic vortex, real-time rotating of multiple
particles can be realized through reasonable designs since
the temporally existing vortex modes, [, and [;, are endowed
with different angular velocities and orbits, providing dif-
ferent scattering forces [46]. This allows the rotation speed
and radius of the controlled particles to be designed on
demand by manipulating the topological charges of the
excited plasmonic vortices. In addition, the rotation direc-
tion can be flexibly flipped depending on the chirality of
the incident beams (see Section 7, Supporting Information).
Compared with traditional optical rotators, our design
based on the plasmonic vortices can achieve manipulation
with higher degrees of freedoms and on a scale smaller than
the diffraction limit.

4 Conclusions

In summary, we reported the existence of a unique
temporally deuterogenic plasmonic vortex mode during
spin—orbit coupling and revealed its spatiotemporal distri-
bution and the corresponding evolution of the plasmonic
OAM. This deuterogenic vortex can be tailored with differ-
ent PVL designs and vortex beam incidences. The general
principle not only helps us understand the intrinsic nature
of plasmonic spin-orbit interactions, but also presents a
novel avenue to manipulate compound vortex modes. The
unusual evolution process forms a special optical force
distribution in both spatial and temporal domains, which
stimulates new research on the mechanism and potential
applications of on-chip integrated devices. In addition, the
proposed plasmonic OAM manipulation strategy is general
and can be directly applied to the infrared and visible
regimes. Thus, this exotic spin—orbit coupling phenomenon
is expected to render new effects when they are exploited in
light—matter interactions.
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5 Methods

5.1 Sample fabrication

The samples were fabricated by conventional photolithography, met-
allization, and spin-coating processing. First, thermal evaporation was
employed to deposit a 200 nm-thick aluminum film on a 2 mm-thick
double-side polished high-resistivity silicon wafer. Then a layer of
photoresist (AZ P4000) was spin-coated on the aluminum film. The
patterns for the plasmonic vortex couplers were exposed by standard
lithography. The photoresist and aluminum in the exposed area were
removed by development and etching processes, respectively. Finally,
the remaining photoresist in other area was washed away by acetone,
leaving the aluminum film perforated with the desired structures on
the silicon wafer. To enhance the confinement of the SPs on the metal
surface, a 10 pm-thick polyimide layer was coated on the whole struc-
ture. The dimension of the slit resonators was set to be 70 pm X 10 pm
for a working frequency of 0.75 THz, corresponding to Agp ~ 400 pm.

5.2 Measurement

A fiber-based NSTM system was employed to experimentally generate
the incident THz radiation and detect the generated plasmonic vortices.
Femtosecond fiber laser output with ~50 fs pulse width and 1550 nm
central wavelength is split into two beams. After passing through a
fiber-based delay line, one of the beams is used in the transmitter
modules to illuminate a commercial photoconductive antenna and
excite electron-hole pairs on its surface. Under an external voltage,
these carriers will accelerate and generate a transient photocurrent,
producing broadband THz radiation. The generated THz radiation is
collimated by a THz lens and passes through a linear polarizer (LP) to
form a linearly polarized THz beam. Through adjusting the angle of the
subsequent 1/4 wave plate with respect to the LP, experimental results
under CP incidence can be obtained. In the detector modules, the other
beam is converted to free space light by a fiber collimator and then sent
through a frequency doubling crystal (BBO). Focused by a lens and then
reflected by a mirror, it ultimately illuminates onto the commercial THz
near-field probe. The THz probe is fixed on a 2D electrically controlled
translation stage to scan and obtain the full amplitude and phase infor-
mation of SP fields with a high spatial resolution. In our experiment,
all the measurements were obtained at a plane about 75 pm above the
sample surface, and the scanned range was set to be 2 mm X 2 mm with
a 40 pm step. The sampling step was chosen as 20 fs corresponding to
~1/66 of the optical-cycle at 0.75 THz.

Abbreviations

OAM orbital angular momentum
SPs surface plasmons

SAM spin angular momentum
NSTM  near-field scanning terahertz microscopy
PVLs plasmonic vortex lenses

cP circularly polarized
FDL fiber-based delay line
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