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Abstract: Terahertz (THz) near-field imaging and spectroscopy provide valuable insights
into the fundamental physical processes occurring in THz resonators and metasurfaces on the
subwavelength scale. However, so far, the mapping of THz surface currents has remained outside
the scope of THz near-field techniques. In this study, we demonstrate that aperture-type scanning
near-field microscopy enables non-contact imaging of THz surface currents in subwavelength
resonators. Through extensive near-field mapping of an asymmetric D-split-ring THz resonator
and full electromagnetic simulations of the resonator and the probe, we demonstrate the correlation
between the measured near-field images and the THz surface currents. The observed current
dynamics in the interval of several picoseconds reveal the interplay between several excited
modes, including dark modes, whereas broadband THz near-field spectroscopy analysis enables
the characterization of electromagnetic resonances defined by the resonator geometry.
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journal citation, and DOI.

1. Introduction

Metamaterials and metasurfaces have introduced a versatile platform to control light and
engineer light-matter interactions by employing arrays of subwavelength scale resonators [1-3].
Metasurfaces with advanced designs now exploit polarization-sensitive multiple photonic states
to achieve desired functionalities [4—10]. Concurrently, near-field spectroscopy and imaging
techniques have provided a valuable tool for their characterization [11-34]. In contrast to far-field
techniques, near-field approaches enable direct excitation and sampling of evanescent fields in
individual resonators [13—16,35]. In the terahertz (THz) frequency range in particular, near-field
techniques have revealed excitations and field distributions in THz resonators of various designs
and made of different materials [11,13,15,18,23,35,36] including topological insulators [28,29].
While near-field methods provide access to the scientifically rich domain of subwavelength-scale
electromagnetics, they still suffer from the complexity of elaborate experimental configurations
and signal processing techniques, which leads to the central question of near-field signal
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interpretation [11,13,15,18,23,37,38]. Various THz near-field imaging configurations have
revealed a multitude of physical phenomena, including the accumulation of charge carriers at the
nanoscale [30], launching of THz surface plasmon waves [18,21,22,28,29,31-33] and detection
of vectorial components of THz resonant fields [34]. However, near-field mapping of THz surface
currents so far has remained beyond the scope of near-field techniques, despite the key role these
currents play in determining the response of resonators and metasurfaces [39—41].

Here, we demonstrate the potential of aperture-type THz near-field imaging and spectroscopy
to detect surface currents in an individual asymmetric D-split-ring resonator and map their
spatial distribution evolving on the picosecond time scale. This resonator design supports several
polarization-sensitive modes, featuring distinctive surface current patterns [4,5,42,43]. By using
two orthogonal incident THz beam polarizations in our experiments and employing rigorous
electromagnetic simulations of the resonator and the full near-field probe, we demonstrate
that the spatial maps recorded by an aperture-type THz near-field probe with an integrated
detector [44] enable accurate reconstruction of the resonator’s surface current distributions on
the subwavelength scale. Interestingly, in both, simulated and experimental spatial maps, we
observe a higher spatial resolution than that expected from the probe aperture size [45]. The
ability to reveal THz surface current distributions and their dynamics on the picosecond time
scale with subwavelength spatial resolution and broadband THz spectroscopy analysis can open
doors to detailed mode characterization in plasmonic THz metamaterials and resonators.

2. Results and discussion
2.1. THz near-field measurements

Figure 1(a) illustrates the asymmetric D-split-ring resonator (ADSR) design featuring two
metallic D-shaped ring halves with asymmetric gaps and two connecting bars in the center. This
design was first investigated as THz resonator arrays using far-field THz spectroscopy [42], and
more recently as single resonators using aperture-type THz near-field spectroscopy [43]. Here,
we adopted the resonator design and fabricated resonators to support several modes in the range
of 0.7-2.5 THz with relatively high Q-factors enabled by a low-loss quartz substrate. Details of
the design and the fabrication process are reported in Supplement 1.

A single resonator was illuminated at normal incidence from the substrate side with short THz
pulses generated by an InAs source in a standard THz time-domain spectroscopy setup pumped by
100 femtosecond pulsed light from a Ti:Sapphire laser [46]. THz near-field maps were recorded
in the time domain using an aperture-type THz near-field probe (Fig. 1(b)). The probe featuring
a gold planar surface with a 10 x 10 um? aperture and an integrated photoconductive antenna
THz detector was positioned at ~5 + 2 ym from the sample.

The near-field probe directly detects evanescent THz fields coupled through the aperture
and it is sensitive to two electric field quantities: (1) the temporal derivative of the electric
field component parallel to the antenna orientation (along the x-axis), %; and (2) the spatial
derivative of the out-of-plane field component % . The second quantity tends to dominate the
near-field signal when the near-field probe is positioned over metallic regions [22,31,46]. By
raster scanning the resonator over the probe at selected points in time during the excitation by the
short THz pulse, we can map a combination of these two quantities in the xy-plane.

2.2. Single-mode regime

In the first experiment, we focused on a resonator excited with THz pulses polarized along
the x-axis, parallel to the resonator’s central bars (co-polarized). This configuration allowed
excitation of the dominant dipolar mode at ~0.76 THz. To gain insight into this process, we
modeled the resonator response and its surface current distributions using finite integration
technique (FIT) full-wave simulations in CST Microwave Solver. Following the excitation,
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Fig. 1. (a) Layout of the ADSR resonator illustrating key resonator parameters and labeled
A-D probe positions of near-field measurements. (b) Schematic of the near-field setup.
(c)-(e) Comparison of simulated surface current distribution (c) with measured (d) and
simulated (e) near-field spatial maps obtained with the aperture probe. The measurement was
conducted with a co-polarized incident electric field, at a moment of maximum near-field
signal during one of the oscillations in the time-domain waveform. (f) Blue line: simulated
time-domain waveform of the near-field signal at location A; red line: simulated dynamics
of the surface current at the same location. (g) Corresponding Fourier amplitude spectra and
their phase difference (inset) showing a /2 phase shift.
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oscillating surface currents develop in the resonator. The current distribution in the two halves
has equal x-components oscillating in phase and equal y-components oscillating in antiphase.
The x-component distribution of the current shows two regions of maximum current along the
central bars corresponding to parallel currents circulating in phase in the top and bottom halves of
the resonator (Fig. 1(c)). The currents oscillate at the frequency of 0.76 THz and the oscillations
persist for several cycles (Fig. 1(f),(g)).

In the experiment, we recorded a near-field THz map after the short THz pulse excitation
(t=4.26 ps), Sgxp(x,y), which closely resembles the simulated dipole-like surface current
distribution, with two regions of stronger near-field signal along the central bars of the resonator
(Fig. 1(d)). The aperture-type probe was previously found to detect the spatial derivative of the
E, field component of surface plasmon waves [31], %. However, this quantity is directly linked
to the surface currents in the resonator: a current along the x-axis i,(x,y) redistributes charges on
the resonator surface and these charges create an electric field normal to the surface, E,, which
varies along the x-axis. The aperture-type near-field probe therefore has the potential to reveal
the distribution of surface currents.

To test this hypothesis, we developed a full numerical simulation of the entire near-field probe
(including the THz detector antenna) and the resonator. The simulations of the THz antenna
behind the 10 x 10 um? aperture allowed us to numerically model the near-field signal, as it is
proportional to the voltage induced between the detector antenna tips. We then simulated the
raster-scanning of the resonator over the aperture, recording the voltage between the tips for
every position of the resonator. Combining the data from each resonator position allowed us
to construct very accurate spatial maps of the near-field signal, Sg;,(x,y), for every moment in
time. A simulated map showed excellent agreement with the experimental map (Fig. 1(d) and
1(e)), confirming that the near-field maps collected with the aperture probe indeed reveal the
distribution of surface currents in the resonator.

The simulations, with the ability to reproduce the near-field signal and its accuracy, also
provide a method for correlating the time-domain near-field signal to the surface current temporal
evolution. In Fig. 1(f), we compare time-domain waveforms of the simulated near-field signal
at the top central bar and the surface current at the same location (A). Both waveforms show
harmonic oscillations after the THz pulse excitation. Fourier transforms of the two waveforms
confirm that the oscillations are characterized by the same frequency and the same resonance
linewidth (Fig. 1(g)). We obtained practically identical amplitude spectra for the simulated
surface current and the near-field probe signal. We also observed a constant 5t/2 phase shift
between the surface current and the detected signal. The phase shift can be understood after
considering the nature of the detected near-field signal: the surface current leads to charge
redistribution within the resonator, creating an imbalance of charge and the corresponding normal
electric field. This field is detected by the near-field probe. Since the total charge (and the field)
is proportional to the time integral of the current, the detected near-field signal lags the current
dynamics. In the case of the surface current oscillating in resonance (Fig. 1(f)), the detected
signal results in the 7/2 phase shift. The inset of Fig. 1(g) shows the phase shift spectrum
obtained by comparing the Fourier spectra of the surface current and near-field signal within the
gray area in Fig. 1(f), which excludes the transient period of resonator excitation (0-4 ps). The
phase shift spectrum obtained using the entire waveforms is shown in Supplement 1.

These results demonstrate that experimental near-field maps accurately reconstruct the dis-
tribution of surface currents in the resonator and the time-domain spectroscopy analysis precisely
provides the corresponding resonance properties in the single-mode regime. In the following
section, we verify whether these findings hold in more complex cases of multimode resonator
excitation. In these cases, experimental near-field observations can offer insights into the dynamic
interplay between the resonator’s current distributions associated with specific resonator modes.
We will use the comprehensive model of the near-field probe in the numerical simulations to
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precisely verify the expected near-field spatial maps and their dynamics not only following the
short THz pulse excitation, but also during the excitation.

2.3. Multimode regime

We now examine the correlation between the experimental near-field maps and the surface current
maps when several resonances are excited simultaneously. We considered the same resonator but
changed the polarization of the incident THz field. The orthogonally polarized pulse (with the
electric field perpendicular to the resonator central bars, or cross-polarized) excites several modes
including a “dark” mode [43]. These modes are excellent for testing the ability of the near-field
probe to map the surface current distribution, as they are described by their distinctive current
distribution patterns [4,5,42,43]. In particular, the dark mode exhibits an antisymmetric current
pattern in the upper and lower halves of the resonator [42]. We note that in the cross-polarized
illumination experiment, the near-field probe is blind to the incident pulse field, and it only
detects the resonator-induced signal along the x-axis.

Figure 2(a) displays experimental near-field maps of the resonator measured at two selected
times, 1.69 ps and 2.36 ps. Numerical simulations of the experiment (Fig. 2(a), bottom panel)
closely resembles the experimental maps. Notably, both the experimental and simulated maps
show a higher spatial resolution than expected from the aperture size (10 um) [45], revealing
small features such as the gap in the arch of the resonator, which measures approximately 6 um.

Time (ps)

Frequency (THz)

— 4 8 0.7
a  _ t=169ps b. C —— Co-Pol. A
Co-Pol| __ B lo6—~
'N 0 A E 6 — B! E
- z x0.2| § c [958
WL | S -1 Erdfl0000mcmormmrn| Z D foaZ
e |2 == 24 0.4%
t=2.36ps | o S 033
5 -8 = V=
] @] 2,] 02
- 12 BMI\/\N\/VWM E g
> - 0.1
S 10 : 0 0.0
= A 0 1 2 3 4 5 6 7 05 1.0 1.5 20 25
® o Time (ps) Frequency (THz)
-g t=1.69 ps 3.0
& - 1 121e. —— Co-Pol. A
[o% — — —_—
IS - L E 10 Bt2s E
< - = 0+ 5 C 5
- S = 8 — D20z
£ o o
t=235ps | Y 158
c =] =]
] E=] +
= = 1.0=
- : = s
L.:) € 1S
- : Ve
-1 L . . . ' . v . 0 0.0
0o 1 2 3 4 5 6 17 0.5 1.0 15 2.0 2.5

Fig. 2. (a) Measured and simulated near-field signal maps for cross-polarized incident
electric field configuration; the maps were measured at t = 1.69 and 2.36 ps. (b) Time-domain
near-field signal measured in positions A-D, with triangles indicating the time instances
when the spatial maps in (a) were produced (yellow and purple triangles). (c) Measured
spectral amplitude normalized to the reference spectrum acquired at a substrate-only area
of the sample (dashed blue waveform in panel (d)). (d) Simulated near-field signal for the
near-field probe at positions A and C, compared to the incident pulse waveforms (Reference):
simulated (solid) and measured (dashed). (e) Simulated spectral amplitude in positions A —

D normalized to the simulated reference spectrum.
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High THz signal areas in the maps indicate locations where the resonator modes exhibit peak
amplitudes in the near-field signal. To analyze these modes, in Fig. 2(b) we show the near-field
signal waveforms recorded at selected locations (marked as B, B~!,Cand Din Fig. 1(a)), and the
corresponding Fourier spectra in Fig. 2(c). The spectra were normalized to a reference spectrum
(measured in the co-polarized configuration, blue solid and dashed waveforms in Fig. 2(d)). The
normalized near-field signal spectra show four modes with different peak amplitudes at different
locations on the resonator (Fig. 2(b) and (c)). These peaks correspond to the dark mode at ~0.84
THz and higher order modes at ~1.50, ~1.82 and ~2.50 THz, consistent with previous near-field
cross-polarized measurements on similar resonators [43]. The experimental spectra align well
with the simulated spectra, as illustrated in Fig. 2(e), although we observed a diminished dark
mode peak (see Supplement 1 for further details).

The Fourier analysis shows that multiple modes are simultaneously excited in the resonator.
Therefore, comparing the surface current distribution to the near-field spatial maps recorded in
time-domain becomes more complex. As the excited modes superimpose, the corresponding
surface current distribution is now a superposition varying in time. Furthermore, the n/2 phase
shift for every mode now corresponds to a different moment in time. To mitigate this difficulty,
we can compare surface current distributions and measured spatial maps at moments in time,
when surface current oscillations at a single frequency dominate. This can occur under two
conditions. Firstly, when only one mode remains in the tail of the waveform, and in this resonator
design, the dark mode remains in the resonator the longest, while the other modes have already
decayed (see Supplement 1, Fig. 3). This regime is similar to the single-mode excitation which
we have already discussed. Secondly, at the signal’s onset when the resonator responds to the
incident THz pulse, surface currents in the resonator are ‘driven’ at the central frequency of the
incident THz pulse. In this second case, the /2 phase shift is well defined in time. It corresponds
to t=Tg4/4, where Tq = 1.01 ps is the inverse of the pulse’s central frequency.
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Fig. 3. (a) Measured and (b) simulated near-field spatial maps measured at the signal
onset where the resonator is driven by the field of the incident THz pulse (r=1.52 ps).
(c) Corresponding simulated surface current distribution at t=1.52 — T4/4, where T4/4,
represents a /2 phase shift at the pulse’s central frequency, 1/7.

Figure 3(a) and (b) show an experimental near-field map at the pulse’s onset and the
corresponding simulated image. Using the /2 phase shift for the driving frequency, we can find
the related surface current distribution (shown in Fig. 3(c)). The near-field signal distribution,
which corresponds to the x-component of the current, reveals alternating regions of positive
(+1) and negative (-1) currents in the central bars and curved arms of the resonator. The pattern
resembles a standing wave pattern of a high order mode, where the current direction alternates
along the upper and lower resonator rings. One can observe a clear positive signal at position
B!, with a mirrored negative signal on the opposite half of the resonator (position B). The
same patterns can be seen in the simulated surface current distribution (c) and in the simulated
near-field image (b). There is excellent agreement between the three maps, highlighting that even
in the complex case of multimode excitation, near-field images recorded by the aperture-type
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probe can represent the current distribution in the resonator. This technique can therefore serve
as an effective tool to investigate not only single-mode excitation, as shown in Fig. 1, but also
multimode surface current excitations, as depicted in Fig. 2.

As a final comment, we note that maps of surface currents in the resonator can be also obtained
in the frequency domain. It would enable direct correlation of experimental near-field maps to
the current distributions for individual modes. This analysis however requires lengthy acquisition
of full THz time-domain waveforms for every point in the map, and it is beyond the scope of this
work. Nevertheless, we can use our numerical model of the near-field signal to compare simulated
near-field images with the current distributions at the frequencies of individual modes. These
maps are compared in Fig. 4 for the supported modes when excited by co-polarized (Fig. 4(a)
and (d)) and cross-polarized (Fig. 4(b,c,e.f)) THz pulses: the bright mode at ~0.76 THz, the dark
mode at ~0.84 THz and the mode at ~1.50 THz.
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Fig. 4. (a)-(c) Simulated current distributions and (d)-(f) near-field spatial maps at three
resonances excited with co-polarized (a),(d) and cross-polarized (b),(c),(e),(f) incident
electric field. The color scale for the modes excited by cross-polarized THz pulses is
condensed to enhance the color saturation and show the distribution across the entire
resonator.

Once again, we observe a strong resemblance between the simulated near-field probe maps
and the surface current distributions. Notably, the frequency-domain spatial maps (and the
corresponding current distributions) in Figs. 4(d) and (f) closely mirror the time-domain maps
in Fig. 1(d) and Fig. 2(a), respectively. In the latter case, it suggests that the dominant mode in
the resonator at that moment (= ~1.69 ps, Fig. 2) is the 1.50 THz mode, even though it decays
rapidly. The local near-field spectra (Fig. 2) confirm that the 1.50 THz mode is the dominant
mode (based on the mode’s relative amplitude). It is important to note that in all the figures,
the simulated current distributions only depict the x-component of the surface current for direct
comparison to the experimental results. The orthogonal component of the surface current can be
mapped by rotating the near-field probe by 90 degrees.

3. Conclusion

This work highlights the unique potential of aperture-type THz near-field microscopy for
investigations of surface currents and their dynamics in individual conductive THz resonators.
We have demonstrated that experimental near-field maps enable accurate reconstruction of
the surface currents distribution and its evolution in the asymmetric D-split-ring resonator for
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single-mode and multimode excitation cases. The local time-domain spectroscopy analysis is
particularly powerful in the latter cases, as it enables extracting the resonance properties and
the corresponding spatial distribution of surface currents. We supported our analysis with full
numerical simulations of the near-field signal recorded by the aperture-type near-field probe.
The simulations also allowed us to confirm that the experimental near-field measurements with
the aperture-type probe tend to exhibit a spatial resolution better than the expected spatial
resolution based on the aperture size. We anticipate that the unique capability to map THz surface
currents in subwavelength-size THz resonators demonstrated in this work, will facilitate the
research on plasmonic THz metamaterials and metasurfaces by providing useful insights into the
physics of devices made from conventional and emerging materials, including superconductors
and topological insulators [39—41,47]. While the aperture-type near-field probe is limited in
spatial resolution, the resolution is sufficient for mapping the patterns of surface currents in THz
resonators with features as small ~5 ym.
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