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Abstract:

The terahertz electrodynamics of few-layer WTe2 is dominated by the plasmon response.
However, terahertz surface plasmons with long wavelengths in two-dimensional
exfoliated crystals are typically confined by the lateral geometry. Direct visualization of
the plasmonic standing wave patterns is challenging due to the spatial confinement and
low quality factor of the surface plasmon, especially for samples that are only a few
monolayers thick. Here, we resolve subtle real-space features of the plasmonic response
of WTe2 by augmenting more common scattering amplitude experiments with the phase
contrast accomplished within the time-domain version of THz nano-imaging. Amplitude
and phase images allow us to quantitatively evaluate the evolution of the plasmonic
response at cryogenic temperatures in samples with variable thickness from 3 to 12
monolayers. The proposed imaging modality is universally applicable to the THz near-
field nanoscopy of low-dimensional materials.

Main Text:
Introduction

Scattering-type near-field microscopy (s-SNOM) is a powerful technique for
exploring the nanoscale electrodynamics beyond the diffraction limit [1]. A conducting
tip is used to enhance the electric field at the apex and scatters the incident light to the
far field, resulting in a spatial resolution that depends only on the size of the tip apex
(typically 30-200 nm) instead of the wavelength (typically 1-500 um) [2, 3]. The
technique provides a wealth of data in experiments probing nano- and mesoscale
phenomena, including polaritonic effects in low-dimensional systems [4, 5, 6, 7, 8, 9, 10],
phase transitions in strongly correlated materials [11, 12, 13, 14, 15], the
electrodynamics of photonic crystals [9, 16, 17] and free carrier distribution in nano-
structured devices [18, 19].



At infrared and visible frequencies, the s-SNOM technique employs two major
kinds of detection strategies: pseudo-heterodyne detection for continuous-wave (CW)
illumination and Fourier-transformed infrared spectroscopy for broadband pulses. Both
strategies modulate the tip-scattered signal by oscillating the tip vertically with respect
to the sample surface. The near-field (NF) signal is subsequently demodulated at the
integer harmonics of the tip oscillation frequency. For an imaging experiment with
monochromatic lasers, pseudo-heterodyne interferometry is utilized to acquire both the
amplitude and the phase of the artifact-free demodulated signal [20, 21, 22]. For
spectroscopic studies using coherent broadband illumination, a Michelson
interferometer is included in the light path to generate an interferogram, which is
subsequently Fourier-transformed to determine the frequency-dependent NF contrast
[23, 24]. Combining Fourier-transform infrared spectroscopy with real-space scanning
produces hyper-spectral images that provide both spectrally and spatially dependent
information. At Terahertz (THz) frequencies, the recent integration of quantum cascade
lasers (QCL) [25, 26], THz transceivers [27], gas lasers [28, 29], and backward-wave
oscillators [30] provide possible options for CW imaging. However, the available
frequencies are still much more limited compared to QCLs in the mid-IR.

For nanoscale implementation of time-domain spectroscopy (TDS), high
repetition rate broadband pulses generated with photoconductive antennas (PCAs) are
widely utilized [15, 10, 19, 31, 32, 33, 34]. Recently, high-power broadband THz pulses
generated using nonlinear optics, such as optical rectification [35] and tilted-pulse-front
schemes, have also been applied in THz NF microscopy [36]. The THz signal is detected
via two major approaches: white-light (WL) imaging and TDS. The white-light imaging
resolves the E field at the main peak £ of the time-domain THz pulse, corresponding to a
spectrally integrated NF contrast [15, 19, 10, 32, 31, 33]. Since the materials have a
complex optical response, E is associated with both the amplitude and the phase of the
scattered radiation. While WL imaging provides integrated nanoscale THz contrast, it is
impossible to recover the full complex NF signal including both amplitude and phase
contrast using this approach. The TDS method [15, 31, 32, 37, 38, 39] yields the THz near-
field amplitude and phase spectra via the Fourier transformation of the time-domain
signal. However, TDS is not suitable for fast imaging, especially since hyper-spectroscopy
(a combination of WL imaging and TDS) demands an exceedingly long data acquisition
time. To circumvent these technical issues, we introduce here a novel phase-resolved
detection method for pulsed illumination to rapidly access both the averaged amplitude
and the phase information in broadband THz nano-imaging (nano-THz).

As a testbed for our new approach, we investigate mono- and few-layer tungsten
ditelluride (WTe2) microcrystals, which have attracted much attention due to the rich
physical phenomena observed in this van der Waals layered material. For example, when
patterned into narrow ribbons, WTe2 microcrystals show hydrodynamic current flow
below 20 K [40]. When thinned down, the transport properties of WTe2 reveal a crossover
from 3D to a 2D electronic system. Spin-orbit coupling (SOC) gradually drives the
conduction and valence band away from the Fermi energy, leading to reduced sizes of
electron and hole pockets in momentum space [41]. Few-layer WTez further shows
various quantum transport and photo-transport behaviors [42, 43, 44, 45] due to the low



symmetry of the material. Additionally, an anisotropic plasma frequency [46, 47, 48]
gives rise to in-plane hyperbolic plasmonic behavior [49]. To investigate the layer
dependence of the Drude behavior on a micron-sized layered WTe: structure, we took
the advantage of the nano-THz technology [36] to break through the diffraction limit and
access the low energy electron response. In this letter, we report the phase-resolved
imaging data collected by the new technique. The phase channel not only provides critical
information to extract the electrodynamic property of the material, but also exhibits
prominent real-space feature of propagating surface plasmon modes.

Detection of the carrier-envelope phase of terahertz pulses

In a previous study [36], we overcame the diffraction limit and used the traditional
WL imaging technique to study the nanoscale THz response of WTe2. We concluded that
the temperature-dependent NF signal of 2L-12L WTe2 is dominated by the surface
plasmon (SP). In this report, we apply the phase-resolved NF imaging technique to
acquire more detailed maps of the amplitude and phase of the scattered light.
Experimental access to the full complex-valued NF signal has uncovered characteristic
features of the plasmonic response of WTez that remained obscured in our preliminary
report. New data confirm that the WTe2 plasmon has longer wavelength A, and higher
quality factor Q at low temperature. We also found an increase in plasma frequency and
a decrease in scattering rate at low temperatures. The complex-valued NF signals also
facilitate the extraction of the complex permittivity of WTe2 by modeling of the real-space
patterns.
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Figure 1|Sideband detection of THz near-field signal via time-delay modulation. a
Schematic diagram of the experimental configuration in analogy to Ref. /36/. b Schematic
time-domain THz signals of an insulating substrate and a conductive sample on the
substrate. The signals are different in both amplitude and carrier-envelope phase (CEP).
Due to the CEP shift, the main peaks of the sample and the substrate occur at different
time points. The shaded area indicates the range of the modulation of the measurement
time delay. The inset depicts the amplitude spectrum of the THz pulses.

The schematics of the proposed phase-resolved nano-THz experiments are
displayed in Fig. 1. In these experiments, THz radiation is generated through optical
rectification of optical pulses at 1030 nm (17 W at 750 kHz repetition rate) with a tilted
phase front onto a LiNbOs3 single crystal. The generated THz beam is filtered to be a
Gaussian beam with a center frequency of 1 THz and a full width at the half maximum of
200-300 GHz. The detection is achieved through EO sampling of the tip-scattered THz



pulse in ZnTe crystal gated by 20-fs pulses at 800 nm. The THz beam is focused onto an
80-um long Ptlr wire tip from Rocky Mountain Nanotechnology. The tip oscillates and
modulates the scattered NF signal at 0~70 kHz. The detected signal is demodulated at
the integer multiples of the tip oscillation frequency. Instead of detection at a fixed time
delay (as in conventional WL imaging), we periodically modulate the time delay of the
gate pulses at a frequency M < (). Consequently, the detected amplitudes occur at
carrier-band frequencies (nl) and sideband frequencies (n{l + mM). Here, the carrier
bands encode the in-phase part of the signal, and the first sidebands encode the out-of-
phase part. By combining signals from different channels, the method provides a reliable
estimation of the CEP. In the Supplemental Material [50],we provide a detailed
description of the method.

Terahertz near-field signal of representative materials
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Figure 2| THz near-field amplitude and phase for representative materials. The simulated
NF amplitude and phase of a 0.3-nm thin crystal. Panels a and b correspond to a band
insulator, ¢ and d to Dirac material with ¢ = 0, e and f to Dirac material with u = 5 meV,
g and h to Dirac material with ¢ = 25 meV. The optical constants (conductivities) utilized
for simulations are listed in Table 1. The simulations are calculatedat f = 1 THz and T =
0 K. i, j Horizontal linecuts (Y = 0) of amplitude and phase are extracted for a range of
chemical potentials (u = 0~37.5 meV). k, 1 NF signal map of an infinitely large metallic
sheet sample with arbitrary 2-dimensional conductivity 2% = ¢ - d at 1 THz. The dots
mark the results of Dirac materials simulated at different chemical potentials.

To demonstrate the sensitivity of the THz NF amplitude and phase images to a
material’s optical constant (permittivity), we simulated signals at a representative
frequency of 1 THz of a gapped insulator and Dirac semimetal at different doping levels



(Fig. 2). The parameters of the simulations are summarized in Table 1. The sample is
assumed to be a 0.3-nm thick 10 pm X 10 pm square stacked on top of a Si02/Si substrate.
The simulation is based on the real-space NF modeling documented in Ref. [36]. Since the
simulation assumes T = 0 K, the impact of thermal doping is not considered. In this
simulation, we assume the Dirac semimetal has a relatively low scattering rate y =
10 cm™! to highlight the doping dependence of the NF signal. In the Supplemental
Material [50], we also calculated results with a higher scattering rate, as reported, for
example, in graphene [51]. For the gapped insulator with e = 80 (Fig. 2a and 2b), the
difference in amplitude between the sample and the substrate is induced by the
difference in €; (e,~0). The phase of the gapped insulator is identical to that of the
substrate due to the lack of absorption. The neutral Dirac (Fig. 2c and 2d) material shows
a negligible contrast with respect to the substrate. Because of the absence of free charges,
only the interband transition contributes to the optical response. However, the quantum
conductance is not strong enough to generate observable near-field contrast in either
amplitude or phase channels.

Band Dirac Semimetal
Insulator u=20 U =5meV U =25 meV
€ 80 1+ 3700 —4200 + 1900i —2500 + 8000i
) 0 1x 1073 5x10~* 2.2%x1073
Ap (4p),Q - — 4 (1.9) um, 2 24 (12) um, 3

Table 1|The permittivity and conductivity of the simulated materials, the unscreened
(screened) plasma wavelength A, (4p) and the Q-factor of the screened SPs in Fig. 1. The

permittivity is calculated based on graphene band structureat T = 0 K andy = 10 cm™ 1.

For doped Dirac materials (Fig. 2c-2h), the surface electrodynamics is dominated
by the SPs. Atlow chemical potentials, the plasma frequency is low and comparable to the
probing THz radiation. The weak oscillator strength gives rise to a low amplitude signal
(Fig. 2e). However, because the probing frequency is close to the SP resonance, a strong
phase response is observed (Fig. 2f). At higher chemical potentials, the plasma frequency
increases. The real part of the dielectric function at 1'THz becomes more negative, and the
wavelength of the SP and the NF amplitude at 1 THz are increased (Fig. 2g). The up-shift
of the plasma resonance frequency reduces the overall phase response at simulation
frequency 1 THz (Fig. 2h). Because of the long wavelength of the SP screened by the
substrate and the low quality factor, the clarity of the SP fringe pattern is suppressed. To
study the chemical potential dependence (Fig. 2i and 2j), we extracted horizontal linecuts
along the sample. With increasing chemical potentials, the plasma fringes with growing
wavelength on opposite edges gradually merge and weaken in both channels. As a result,
the most significant feature of SPs at high chemical potential is the local enhancement of
phase images near the sample edge. Considering the entire doping dependence (vertical
axes of Fig. 2j), the spatial modulation in scattering response is more apparent in the
phase than in the amplitude channel. In Fig. 2k and 21, we map out the near-field
amplitude and phase for infinitely large sheet samples with arbitrary 2-dimensional
conductivities g, = 0 - d . By introducing the phase channel, we can estimate the
conductivity or permittivity of the investigated sample based on Fig. 2k and 21
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Figure 3| The phase-resolved THz imaging of a multi-terraced WTe2 microcrystal. a, b
Temperature-dependent normalized amplitude (S,/S;) and phase images (¢, — ¢,) of
WTe: as a function of temperature. The data in each image are subsequently normalized
on the Si02/Si substrate. The boundaries of all terraces are demarcated with dashed lines
in the images recorded at 33 K. Solid lines in the images taken at 295 K reveal the
trajectory of the linecuts analyzed in panels c and d. ¢ The amplitude and d phase linecuts
extracted from a and b. The linecuts in both channels are shifted along the vertical axis
for clarity. The modulations near the sample edges (marked with black arrows and
highlighted with blue shading) extend into the 12L region; the width of these peaks
depends strongly on the temperature. e, f Temperature-dependent unnormalized
amplitude (S;) and phase (¢,) averaged over all pixels in each terrace.

We now demonstrate the utility of the phase-resolved WL imaging, using multi-
terraced semimetallic WTe2 microcrystals as a case study. The configuration of our
homebuilt THz-SNOM and THz generation and detection are schematically displayed in
the Supplemental Material [50]. In this experiment, we focus on the demodulation at the
2nd harmonic frequency of tip oscillation. The exfoliated microcrystals of WTez have a
variety of terraces. The boundaries of all regions are demarcated, and the layer numbers
are labeled in Fig. 3a. The entire microcrystal is encapsulated between the top (6 nm) and
bottom (20 nm) hexagonal boron nitride (hBN). The substrate of the structure is p-doped
silicon with a 285-nm SiO:2 cover layer.

The NF amplitude and phase of WTez are acquired from 33 Kto 295 K (Fig. 3a and
3b). In near-field imaging, dividing the higher-order signal by the lower-order signal is
proven to generate more generic near-field information [52]; thus the images and
linecuts are presented as S,/S; and ¢, — ¢p,. However, we observe that the ratio between
signals of different orders depends strongly on the geometry of the near-field tip, which
may change when scanning different images. As a result, tracking the temperature
dependence of the signal level is difficult. Therefore, we use S, normalized on the
subtrate in the same image to extract the averaged signal in Fig. 3e and 3f. With
decreasing temperature (Fig. 3e), the amplitude recorded in 3L-12L regions increases,



consistent with our earlier nano-THz experiment using conventional data acquisition
[36]. The 2L region exhibits a slightly enhanced amplitude at low temperatures, in
contrast to the previous study, where the signal on 2L is nearly temperature independent.
The phase values for all regions are also higher at lower temperatures. As for the layer
dependence, thicker WTe2 regions show higher NF amplitude. The phase shows the
opposite layer dependence.

The inconsistency between the 2L results here and the previous study [36] reveals
the importance of acquiring the full complex-valued NF signal. Firstly, by incorporating
the phase-resolved technique, we can separate the amplitude and phase degrees of
freedom. Since 2L WTez has a large phase compared to the substrate, the signal of 2L is
delayed compared to that of the substrate. The WL time delay when scanning the 2L is
not on the THz main peak. If we consider the main peak signal as the WL amplitude, the
acquired signal on 2L will be significantly lower than the real WL amplitude due to the
large phase contrast. Therefore, this phenomenon becomes more apparent at lower
temperatures where the phase difference increases in magnitude.

As discussed in Ref. [36], the NF signal of few-layer WTe2 is dominated by SP. In
Fig. 3c and 3d, we extracted linecuts at identical locations in all images in Fig. 3a and 3b
to demonstrate the real-space pattern of SP. At 295 K (Fig. 3c), the magnitude of the
scattering amplitude in the middle of the 12 L WTe2 region is higher than the that at the
border. At the 33 K, the contrast between the center and the border of 12 L is absent. In
the phase channel (Fig. 3d), peaks (indicated by arrows) are observed at all temperatures
and on both 12L/substrate and 3L/substrate edges. To clearly illustrate the temperature
dependence of the extent of the edge peak, phase linecuts in Fig. 3d are shifted vertically
and the peaks are highlighted with blue shades. The peak becomes more prominent and
extends more deeply into the sample at lower temperatures. As discussed below, the
strong and systematic temperature and thickness dependence of the edge peak in the
phase profile is an important indicator of the underlying optical properties of the
microcrystals. In the Supplemental Material [50], we also provide spectroscopic results
showing the consistency between the phase-resolved imaging and TDS.

Discussion

Simulations of nano-THz contrasts
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Figure 4| Real-space modeling of SP patterns in WTe2. a The amplitude and b phase
images. Simulations adequately reproduce key features of the T = 295 K experimental
data in Fig. 3 using permittivity values listed in Table 2. The values are based on Ref. [36].
¢, d The simulated amplitude and phase are calculated at T = 33 K. e, f The simulated
amplitude and phase linecuts of 12L WTe2 at the location indicated in a-d, identical to
those extracted from experiments. g, h We mark the estimated conductivities of 3L-12L
WTe, on the near-field amplitude and phase map generated by the lightning-rod model
[53]. The dashed line highlights conductivities corresponding to Q = 1.

To understand the imaging results, we simulated the real-space SP patterns at 295
K (Fig. 4a and 4b) and 33 K (Fig. 4c and 4d). The simulation assumes the NF signal of a
2D material is proportional to the z-direction (along the tip) polarization of a dipole at a
certain height near the sample surface. The concept of this method has been successfully
applied to model previous NF patterns at both THz [36] and mid-IR [54] [55] [56]
frequencies. The permittivity (conductivity) values of all regions in Fig. 4a-4d are
summarized in Table 2. The permittivity values used in the simulation are based on the
model in Ref. [36] and the conclusions drawn in [36] that the 2 L - 12 L. WTe2 can be
described by a semimetal with A = 10 — 20 meV. The real-space simulation focuses on
the SP pattern and the averaged signal is less important than that produced by the
lightning-rod model presented in Fig. 4g and 4h. Nevertheless, the simulated signal shows
the same layer number and temperature dependence as in the experiment.

Layer number € 0124 (US) Ap, Ap, Q of 2L or 12L

2L (295K) —-17(3) 30 80 nm, 28 nm, 0.05
+i350(100)

2L (33K) —450(100) 36 2 pm, 0.69um, 1
+ i450(100)

3L-12L (295 K) | —30(5) 20X N 67 X Nnm, 23 X N nm, 0.05
+1600(200) 0.8 um, 0.3 um for 12L

3L-12L (33 K) | —760(200) 30 X N 1.7 X N uym, 0.58 X N um, 1
+i760(200) 20 pm, 7 pm for 12L

Table 2|The permittivity of each region in the simulation in Fig. 4a and 4b. The
permittivity value is estimated based on Ref. /36/. We also estimated the uncertainty of
the simulated permittivity based on the quality of the simulation. For 3L-12L, the
wavelength is proportional to the layer number N. We note that the difference in the NF
signal of 3L-12L is solely caused by the difference in sample thickness.

We extracted linecuts (Fig. 4e and 4f) in the simulation to compare with the
experiment result on 12 L. In both the 33K and the 295 K simulation result, we observe
the same narrow edge peak in the phase channel as in the experiment. From 295 K to 33
K, the wavelength of the simulated SP increased by an order of magnitude even though
we do not observe a change in the length scale of the real-space pattern proportional to
the wavelength. The reasons are the low quality factor of the plasmon and the small size
of the sample. The amplitude is boosted and flattened, which agrees with the experiment
as well.



Besides the real-space pattern, we mark the conductivities (permittivities) for 3L-
12L WTe:z in the NF signal map in Fig. 4g and 4h together with the increase in wavelength
and quality factor. Because we assume 3L-12L WTe2 shares the same optical constant, the
2d conductivities of different regions are along a diagonal line corresponding to a specific
quality factor at each temperature. The maps clearly show that the dominating factor in
the increase in amplitude and phase on WTez from 295 K to 33 K is the dramatic increase
in the quality factor. The fast lengthening of the wavelength at 33 K boosts the value of
01 24, consistent with the transport measurement [57].
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Fig 5| Simulating THz plasma fringe patterns. In a and b, we maintain the wavelength
Ap = 10 um and tune the Q-factor. The Q-factor dependence of the amplitude and phase
linecuts are shown in false-color images. We highlight three curves with Q = 0.4, 1, and
1.6. The plasmon fringe is indicated by black arrows. In ¢ and d, we maintain the Q-factor
Q = 0.5 and tune the wavelength A,. We highlight three curves with 1, =8, 16, and 24
um. e, f The SP pattern depends critically on the phase shift 8 in the process of SP
reflection from the sample edge. The 8 dependence of the SP pattern is plotted. In the
inset, we illustrate the phase shift acquired by the reflected SP wave.

To exhibit the A, and Q dependence of the SP pattern, we tuned both parameters
in a wide range in the simulation. By increasing the Q-factor from 0.2 to 2 (Fig. 5a and 5b)
and maintaining A, = 10 um, the amplitude fringe (indicated by black arrows in Fig. 5a)
becomes visible. In the phase channel (Fig. 5b), the overall value increases with
increasing Q-factor and the phase fringe (indicated by black arrows) becomes visible as
well. In Fig. 5c and 5d, we demonstrate the 1, dependence of the SP pattern by fixing the
Q-factor at 0.5. The wavelength dependence of the overall value is analogous to the result
shown in Fig. 2i and 2j. The longer A, diminishes the visibility of the plasmon fringe in
both the amplitude and phase channels due to the limited sample size.

The SP pattern is determined by the phase shift 8 acquired by the reflected wave
from the sample edge (inset of Fig. 5e). In Fig. 5e and 5f, we demonstrate modeling with



6 = 0 — . To emphasize the features near the edge, the model calculates an SP with
screened wavelength A = 8 um and Q = 0.25 at 1 THz near the left end of a one-
dimensional ribbon (L = 10 um). Because of the screening of the p-doped Si, the
dispersion of the SP is close to linear, and therefore the wave packet is not distorted in
the propagation. In the amplitude channel (Fig. 5e), the signal on the edge gradually
decreases with increasing 6. When 6 = m, the wave reflection is analogous to mechanical
waves propagating on a string with a fixed end, leading to a low response near the edge.
In the phase channel (Fig. 5f), the peak near the edge becomes a valley at a high phase
shift. Compared to higher frequencies, THz-range SPs are more easily screened by the
metallic gating material beneath the sample due to their long wavelengths. Therefore, the
screened plasmon acquires a reflection phase shift 8 = 0 [58]. In the current sample
configuration, the Si substrate is highly p-doped and shows moderate metallicity (p =
0.01 —0.02 Q- cm). Accordingly, the SP reflection phase shift is tuned to 0 in the
modeling in Fig. 4 and Fig. 5a-5d, which matches reasonably well with the experimental
data.

Because the illumination in the experiment is pulsed instead of CW, we must
consider the launching and detection of the SP pattern in the time domain. As shown in
the inset of Fig. 5e, the signal is the interference between the tip-launched plasmon and
the edge-reflected plasmon. The edge-reflected plasmon is launched by the tip at an
earlier time point. For WTez, the speed of the propagating SP is estimated to be on the
order of v~10 um/ps [36]. Therefore, the reflected wave takes a non-negligible time
(~picoseconds) to travel back to the tip. In this experiment, we detect near the main
peak E of the pulse. The reflected wave is launched at an earlier time # when the THz
excitation field is lower. This phenomenon induces an artificial damping factor to the
observed SP fringe. We therefore predict that SP fringe patterns can be more easily
observed at a larger time delay than the main peak. More details are documented in the
Supplemental Material [50].

In conclusion, we devised, implemented, and validated a sideband detection
method capable of extracting the averaged amplitude and phase of broadband THz
signals. We demonstrate the utility of the novel imaging modalities for few-layer WTe:.
With a small time-delay oscillation, the in-phase and out-of-phase frequency components
of the signal encoded in alternating carrier-bands and sidebands can be easily detected
through lock-in amplification. Applying this method to the nano-THz investigation of a
multi-terraced semimetallic WTe2 microcrystal, we demonstrated the NF amplitude and
phase pattern of an SP confined in a relatively small sample geometry. We simulated the
SP pattern over a broad parameter space of plasmonic wavelength, quality factor, sample
thickness, etc. By comparing these simulations with the experiment, we extracted the
permittivity of few-layer WTe2. The advantage of the sideband detection method over
traditional white-light imaging is that the amplitude and the phase degrees of freedom
can be independently extracted. The full complex-valued signal provided by the method
is the key to studying the damped plasmonic and polaritonic behaviors at THz
frequencies and applies to metallic as well as dielectric systems. Compared to hyper-
spectral imaging, this represents a practical method to efficiently achieve averaged phase



information in the challenging THz frequency range with less beam time and fewer
resource requirements.
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