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Abstract: 
Manipulating the polarization of light at the nanoscale is key to the development of next generation 
optoelectronic devices. This is typically done via waveplates using optically anisotropic crystals, 
with thicknesses of order the wavelength. In the terahertz (THz) frequency range, these waveplates 
have thickness ~1 mm, which makes them bulky and not integrable with on-chip devices. Here, 
using a novel ultrafast electron-beam-based technique sensitive to transient near fields at THz 
frequencies, we observed a giant anisotropy in the linear optical response in the semimetal WTe2, 
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and demonstrated that one can tune the THz polarization using a 50-nanometer thick WTe2 film, 
which acts as a broadband THz wave plate with thickness three orders of magnitude smaller than 
the wavelength. The observed circular deflections of the electron beam are consistent with 
simulations tracking the trajectory of the electron beam in the near field of the THz pulse. This 
finding offers a promising approach to enable atomically-thin THz polarization control using 
anisotropic semimetals and defines new approaches for characterizing THz near field optical 
response at far-sub-wavelength length-scales. 
 
Keywords: Terahertz, two-dimensional materials, Tungsten ditelluride, waveplate, ultrafast 
electron diffraction 
 
Main text: 
Birefringence is the optical property of a material in which the refractive index depends on the 
polarization of incident light. It serves as a direct measure of broken symmetry and anisotropy in 
the structure of materials, and acts as a probe of the novel electronic properties of materials, while 
simultaneously enabling numerous optoelectronic applications1,2. Birefringent materials are used 
to alter the polarization of light, either by rotating the angle of polarization or, as in the case of the 
quarter-wave plate, to convert linearly polarized light into circularly polarized light. Typically, a 
thickness on the order of the incident wavelength is required to accumulate this phase shift in the 
birefringent material. For instance, quartz has a birefringence Δ𝑛 = 0.009 at wavelength 𝜆 = 590 
nm, where Δ𝑛 is the difference in the index of refraction along principal axes of the material. It 
becomes a quarter-wave plate with thickness 𝑑 = 𝜆/(4Δ𝑛) = 16.4 µm. At a longer wavelength, 
𝜆 = 100 µm (Δ𝑛 = 0.044), it requires a significantly larger thickness of 𝑑 = 0.6 mm to act as a 
quarter-wave plate. Here, we observed significant changes in the polarization state of a THz pulse, 
akin to quarter-wave plate behavior, using a WTe2 crystal only 50-nm thick (thickness l/2000). 
Prior studies have investigated other anisotropic van der Waals semiconductors such as black 
phosphorus, ReS2 and ReSe2, with thickness ~l 3,4, quasi-1D semiconductor BaTiS3 (~l/3) 5, as 
well as the in-plane hyperbolic a-MoO3 semiconductor6,7 all of which show smaller birefringent 
responses. Recent efforts have additionally demonstrated novel types of polarization control at 
optical-near-IR wavelengths using atomically thin van der Waals materials but typically require 
cavity geometries to enhance the response in this ultrathin limit.8,9 The characterization of the 
photonic properties of these materials in both the near and far field remains poorly developed, 
especially in the small sample, sub-wavelength limit.   
 
WTe2 is a layered semimetal with a strongly anisotropic in-plane structure.10-13 The tungsten atoms 
dimerize along the crystallographic a-axis and form an array of quasi-1D metallic chains. Despite 
having a structural resemblance to a wire-grid polarizer, the actual optical functionality of WTe2 
is more complex. To study the electrodynamic anisotropy of WTe2 we used quasi-single cycle 
broadband THz light pulses with peak field ~625 kV/cm and frequency centered at 3 THz sent at 
normal incidence through a 50-nm thick WTe2 exfoliated crystal. Conventional means of 
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characterizing THz polarization via electro-optic sampling or polarized detection of the transmitted 
light cannot be implemented straightforwardly because of the small lateral size of the sample (110 
µm × 30 µm) relative to the THz spot size (~1 mm). In our experiments, the deflection of 100 fs 
relativistic electron bunches is measured to directly probe the THz polarization state in the near 
field14-16. This technique can discriminate the THz fields within the sample boundary by selectively 
probing the diffracted electron beam, even when the incident electron beam and terahertz spot 
sizes are significantly larger than the sample, thus providing sensitivity to the localized fields 
within a transversely small sample. The electrons have a relativistic kinetic energy of 3.1 MeV, 
which is crucial to ensure that the electron bunches travel at nearly the same speed (0.99c) as the 
THz light pulses, thus enabling measurement of the electric field polarization within the optical 
cycle of the THz light field. In particular, the electron bunches exhibit a momentum kick along the 
THz electric field polarization, referred to as THz streaking 17-19, thus enabling direct mapping of 
the THz polarization via measurement of the electron trajectory. 
 
Figure 1a illustrates the trajectory of the electron beam through a pinhole that exhibits THz 
streaking along the vertical or horizontal electric field direction. The electron beam is detected by 
a camera located downstream, from which the transverse displacement is measured. Figure 1b 
shows the experimentally measured streaking at various incident THz polarizations through a 
pinhole (without WTe2 sample). The finite pulse duration of the electron bunches and ~100 fs 
timing jitter resulted in an elongated streaking image, instead of a displaced point-like image, and 
show the as-expected linear trajectory along the incident THz polarization. This is in contrast to 
an otherwise undisturbed point-like image in the absence of an applied THz field. Such a 
fundamental, coherent light-matter interaction should occur not only for linear THz polarization 
but also for elliptical and circular THz polarizations (Fig. 1c). The effect of THz streaking through 
WTe2, with the crystallographic axes shown in Fig. 2a-b, is well captured by the electron 
diffraction pattern from the sample (Fig. 2c-f). In the absence of external fields, the diffraction 
pattern consisted of a two-dimensional array of point-like Bragg peaks along the crystallographic 
a and b axes (Fig. 2c). In the presence of THz fields aligned along these axes, however, all of the 
Bragg peaks exhibited a linear THz streaking, similar to the pinhole case, while preserving the 
diffraction pattern (Fig. 2d-e). In particular, the electron beam deflected along the vertical and 
horizontal directions when the incident THz polarization is along the crystallographic a and b axes, 
respectively. Remarkably, when the THz field is polarized at 45° with respect to the a and b axes 
– thus sampling the anisotropic index of refraction – every Bragg peak showed a circular trajectory 
(Fig. 2f), in stark contrast with the linear trajectory expected for isotropic materials (see 
Supplementary Movies M1-4, showing that all Bragg peaks made this circular motion in a 
concerted manner only for the case where the THz field samples both a and b axes). 
 
To investigate this unique streaking behavior, we isolated the brightest Bragg peak (200) and 
monitored the streaking image for various orientations of the linearly polarized incident THz field 
with respect to the b-axis (Fig. 3a). The streaking images show a clear progression from linear to 
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elliptical to circular trajectories and then back to linear as we rotated the incident THz polarization 
through 90 degrees. This behavior is identical to that of a quarter-wave plate. Note that the brightest 
intensity persisted at the center of every image, indicating the fraction of electron bunch (temporal 
duration ~100 fs) that trailed behind the THz pulse duration (~150 fs for the main cycle), 
influenced also by the timing jitter between electron and THz pulses. We also found that the 
streaking diameter increased linearly with THz field at +45°, while preserving a circular trajectory 
(Fig. 3b-c). This behavior is consistent with a deflection by the Lorentz force 𝐹⃗ = −𝑒.𝐸0⃗ + 𝑣⃗ × 𝐵0⃗ 5 
where both the electric and magnetic components of the THz field contribute linearly to the 
deflection, with opposite sign (see also Supporting Text S1).15 Conversely, by tracking the electron 
deflection downstream we deduce the corresponding amplitude and polarization vector of the THz 
field in a time-resolved manner through the relation 𝐸0⃗ (𝑡) = 𝐸!.𝑥8𝜃"(𝑡) + 𝑦8𝜃#(𝑡)5, where 𝐸! (~0.8 
MV/cm) is a proportionality constant and 𝜃"(𝑡), 𝜃#(𝑡) are the time-dependent deflections in 
milliradians. The linear increase of the deflection with THz field (Fig. 3c) further indicates that the 
birefringence we observed is a linear optical effect, which is independent of the incident electric 
field strength. Our observation is consistent with a recent measurement where circularly polarized 
THz light was prepared in advance and directly sent through a pinhole to deflect a co-propagating 
electron beam 20.  
 
To determine the handedness of the circular polarization, we studied the electron trajectories 
through measurement of the streaking snapshots (+45°) at increasing time delay 𝑡 between the 
electron bunch and the THz pulse (Fig. 4a). Note that the snapshots are flipped images of the actual 
trajectories as seen from the electron beam source due to a folding mirror (after the phosphor 
screen) downstream to project an image on the camera. In addition, the electron’s deflection is 
opposite to the applied THz electric field due to electron’s negative charge in the Lorentz force 
(Supporting Text S1). Hence, the snapshots in Fig. 4a provide an identical representation of the 
amplitude and polarization vector of the THz electric field (in the near field). The trajectory started 
at the center of the image and rotated counter-clockwise, with the loop spanning the upper half of 
the image. This behavior is consistent with a quasi-single cycle left-circularly polarized THz pulse, 
with the convention of handedness viewed from the light source. In this way we can assign the 
handedness of the other THz polarizations depicted in Fig. 3a. That is, we obtained a left-circularly 
polarized THz pulse using an incident THz field polarized at +45° and +225°, and a right-circularly 
polarized THz pulse using an incident field polarized at +135° and +315°. This is exactly the 
condition required to produce circularly polarized light by means of a quarter-wave plate. One can 
obtain the effective birefringence between the a and b axes through its phase retardation, Δ𝜙 =
$%
&
𝑑Δ𝑛 where 𝑑 is the sample thickness, Δ𝑛 the effective birefringence, and 𝜆 the wavelength. By 

taking 𝑑 = 50 nm and 𝜆 = 100 µm (3 THz) to produce an ideal quarter-wave phase retardation 
(Δ𝜙 = 𝜋/2), we obtained an effective birefringence of Δ𝑛 = 500. We note that the response is 
broadband with no indication of significant stretching of the incident field, as shown in Supporting 
Fig. S6.  
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WTe2 is a semimetal and it has a large dielectric function at THz frequencies similar to those in 
typical metals, e.g. aluminum and gold (𝜀 ∼105) 21,22. However, unlike most metals, WTe2 is 
strongly anisotropic because of the spontaneous formation of quasi-1D metallic chains along the 
a-axis10 (Fig. 2a). Although in principle the dielectric function has contributions from both 
electrons and phonons, our ab initio electronic structure calculations (DFT and diagrammatic 
techniques) and prior experiments showed that the intraband electronic contribution dominates the 
conductivity at THz frequencies (Supporting Information S4). Hence, the dielectric functions can 
be approximated using a Drude model.23-25 In this model, the dielectric function is given by 𝜀 ≈
−𝜔',),*$ /(𝜔$ + 𝑖𝜔/𝜏),*), which can be separated into real and imaginary parts, 𝜀+ =
−𝜔',),*$ /(𝜔$ + 1/𝜏),*$) and 𝜀$ = (𝜔',),*$ /𝜔𝜏),*)/(𝜔$ + 1/𝜏),*$) where the subscripts a and b 
define anisotropic values for the plasma frequency and scattering time along the two in-plane 
crystallographic axes. The distinct Drude behavior along the two axes is apparent from the 
anisotropy in the electronic band structure, i.e. strongly dispersive along 𝑘) and weakly dispersive 
along 𝑘* 11, with differing dc/ac-conductivities. The real part of the dielectric functions become 
very large and negative when approaching 3 THz and show significantly different values for light 
polarized along a and b axes23, consistent with the large and broadband birefringence we observed. 
Supporting Information section S6 provides additional details on the Drude response of the film 
and estimates the required anisotropic materials parameters required to induce the observed large 
birefringences within an approximate 2D model for the transmitted field.26 We find significant 
phase shifts approaching p/3 even within this simple model using values ta=100 fs, tb=30 fs, 
wp,a=5800 cm-1, wp,b=4000 cm-1, with the anisotropic plasma frequencies consistent with reference 
23. Fig. S9 shows the associated frequency dependent dielectric function in a Drude model using 
these values. Supporting Information section S8 describes ab-initio electronic structure 
calculations of the anisotropies in the scattering times and other Drude parameters. The ab-initio 
calculation provides supporting evidence for significant anisotropies of the correct sign in the 
dielectric constant and in the induced phase shift, but predict somewhat smaller magnitudes in the 
anisotropic scattering times than experimentally extracted. We note that similar anisotropies in 
both the scattering times and Drude weights have been recently experimentally reported27. A 
quantitative model likely requires consideration of contributions beyond the simple Drude model.  
 
To simulate and quantify more accurately the trajectories of the streaked electrons within the THz 
near field, we used a frequency domain finite-element solver to obtain both the electric and 
magnetic field 3D distribution and Fourier coefficients that represent the interaction of the THz 
pulse (with spectral content 0.1-5 THz) with the WTe2 thin film, including the effects from the 
SiN window substrate, and using the Drude model parameters given above. We used 30 Fourier 
coefficients to fully construct the frequency spectrum of the THz pulse. Snapshots of the electric 
fields in the z-x plane in the vicinity of the sample shows transient behavior the field components 
and leads to a delay, or phase offset, between the two polarizations, shown in Fig. 4b (more details 
in Supporting Information S10). Such 3D transient field maps were then used in space-charge 
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particle tracking code (GPT*) to track the electrons from the UED rf-gun through the sample, 
downstream to the detector, following previous work19. The results, shown in Fig. 4c, indicate that 
the electron trajectories track the polarization of the THz pulse in the near fields of the WTe2 
sample and show results consistent with experiment (Fig. 4a). Figure 4d shows the simulated 
helical trajectory of the electron beam in the near field of the sample for THz field incident at 45 
deg. This behavior is obtained solely from material anisotropy when excited with polarization state 
at 45° with respect to the in-plane axes. Indeed, a film with isotropic properties only shows linear 
streaking (Fig. 4e) proving that the material anisotropy plays a key role in the THz transmission 
and the near field response.  Additionally, similar calculations in the large transverse film limit 
show that these effects are not arising solely from edge effects which play a small role in the near 
field birefringence (Supporting Information S10).  
 
The semimetal nature of this material renders the absorption coefficient to be larger than those 
found in typical birefringent materials but still corresponds to a rather high transmission coefficient 
in this nanoscale limit. We estimated using the best fit dielectric constant values from the 
experiment and in a 2d model for the complex transmission coefficient (equation S3) values of 
order 20% for the THz field for a 50 nm film. So while somewhat lossy, this shows a reasonably 
high transparency for nanoscale film thicknesses. Additional measurements described in 
Supporting Information S7 show tabletop THz transmission measurements with thicker WTe2 
samples and compare to other isotropic systems, supporting these estimates. 
 
In conclusion, we observed a giant birefringence in the anisotropic semimetal WTe2 by 
characterizing the THz polarization state in the near field through the deflection of femtosecond 
diffracted electrons. Such a large birefringence arises from the strongly anisotropic structure of 
WTe2 as the metallic W ions dimerize along the crystalline a-axis and form an array of quasi-1D 
metallic chains. Our finding suggests the use of WTe2 for potential applications with respect to 
THz circular dichroism and characterization of chiral materials28. For instance, the recently 
observed spontaneous gyrotropic electronic order in 1T-TiSe2 allows one to induce chirality on 
demand using circularly polarized far-infrared light in the near field29, and this should extend to a 
broader class of materials with energy gaps at THz frequencies. Our findings furthermore provide 
a new means for characterizing electromagnetic fields in the near field of materials, including 
possible hyperbolic responses.27,30 More broadly, this work demonstrates new possibilities for the 
development of ultrathin waveplates for on-chip two-dimensional opto-electronic applications at 
THz frequencies.31-35 
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Movies M1 to M4 
M1 – THz streaking through a pinhole at increasing time delay 
M2 – THz streaking through 50-nm thick WTe2 with field polarized along a-axis 
M3 – THz streaking through 50-nm thick WTe2 with field polarized along b-axis 
M4 – THz streaking through 50-nm thick WTe2 with field polarized at 45° from a-axis 
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Figure 1. Streaking electrons using electric field from THz light pulses. (a) Electron beam is deflected 
along the vertical or horizontal direction depending on the electric field polarization. (b) Measured THz 
streaking of electron beams through a pinhole using THz light pulses at various linear polarization. (c) 
Schematic of circular streaking of electrons within a WTe2 50-nm thin film for a circularly polarized THz 
pulse in the near field. 
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Figure 2. THz streaking nested in WTe2 diffraction pattern. (a) Lattice structure of WTe2 ab-plane. (b) 
Optical microscope image of an exfoliated 50-nm thick, 110 µm × 30 µm WTe2 sample on a SiO2/Si 
substrate. (c) Measured electron diffraction pattern through WTe2 with no applied THz E-field. (d-f) 
Measured electron diffraction pattern with THz E-field polarized along a-axis (d), along b-axis (e), and at 
45° with respect to a and b axes (f).  
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Figure 3. Polarization and field strength dependences of THz streaking. (a) Measured THz streaking 
at various incident THz polarizations through WTe2. We obtained left-handed trajectories at 45° and 225°, 
and right-handed trajectories at 135° and 315°. (b) Measured electron streaking trajectory (45°) at 
increasing THz electric field strength up to a maximum of 625 kV/cm. (c) Measured electron deflection 
amplitude at increasing THz electric field strength shows a linear dependence. The vertical error bars 
represent standard deviations. 
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Figure 4. Capturing the THz trajectory motion in time. (a) Measured THz streaking at increasing time 
delay 𝑡 between the electron bunch and the THz light pulse. The incident THz polarization is fixed at 45° 
with respect to a and b axes. (b) (top panel) THz time profile measured using EO-sampling (grey), and 
simulated fields within the sample (at z = 0) decomposed along the in-plane a (vertical) and b (horizontal) 
axes, showing significant birefringence. (bottom panel) Simulated beam deflection at detector plane and 
decomposed into orthogonal components, as compared to data (extracted from measurements shown in a).   
(c) Modeled electron trajectory obtained from 3D simulations of the WTe2 film interacting with the THz 
pulse in the near field, at z = 0, at various time delays. (d) Simulated helical trajectory of electron in near 
field. (e) Simulations comparing assumed isotropic to anisotropic optical properties. 
 
 
 

Page 15 of 15

ACS Paragon Plus Environment

Nano Letters

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Page 15 of 15 
 

TOC Graphic 
 
 

 

Page 16 of 15

ACS Paragon Plus Environment

Nano Letters

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60


