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Weyl points are discrete locations in the three-dimensional momentum space where two bands
cross linearly with each other. They serve as the monopoles of Berry curvature in the
momentum space, and their existence requires breaking of either time-reversal or inversion
symmetry* . Although various non-centrosymmetric Weyl systems have been reported®,
demonstration of Weyl degeneracies due to breaking of the time reversal symmetry remains
scarce and is limited to electronic systems'*®. Here, we report the experimental observation of
photonic Weyl degeneracies in a magnetized semiconductor - InSb, which behaves as
magnetized plasma™ for electromagnetic waves at the terahertz band. By varying the magnetic

field strength, Weyl pointsand the corresponding photonic Fer mi-ar cs have been demonstrated.
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Our observation establishes magnetized semiconductors as a reconfigurable® terahertz Weyl
system, which may prompt research on novel magnetic topological phenomena such as chiral

M ajorana type edge states and zero modes in classic systems™?,

Weyl points as topologically chiral singularity points in the three-dimensional momentum space have

been extensively investigated in both quantum and classical systems'". In photonics, Weyl points have

7,23 24-26

been observed in various systems such as gyroid photonic crystals”””, metamaterials”™ ~, and
evanescently coupled helical waveguides®’. However, all the previously demonstrated photonic Weyl
points are exclusively based on systems with broken inversion symmetry'”. On the other hand, it has
been proposed that Weyl points due to breaking of the time-reversal symmetry may possess more
interesting properties such as axial anomaly, giant photocurrent and novel quantum oscillation
phenomenazg'3 0. They may enable multiple striking topological features such as Majorana type edge
states and zero mode”, which do not exist in inversion symmetry breaking systems. Although there
have been theoretical proposals on implementation of Weyl degeneracies by applying external

16,31

magnetic fields on finely designed photonic crystals ™', very few of them are easily realizable in

experiment due to the challenge in three-dimensional structuring of magnetic materials’>>>.
Interestingly, it was recently theoretically proposed that plasma, the fourth fundamental state of natural

34,35 . . 19 .
, can support Weyl degeneracies under external magnetic fields ~, as well as nonreciprocal

matter
wave transport36'38. Since there is no structuring involved, this represents a facile and tunable approach

for achieving photonic Weyl degeneracies arising from time-reversal symmetry breaking.

In this work, by applying magnetic field to intrinsic semiconductor InSb, we demonstrate photonic

Weyl points due to broken time reversal symmetry. Here InSb***°

is chosen because of its very small
effective mass of electrons (m* = 0.015my, where my is the free electron mass) that can lead to a
terahertz cyclotron frequency under a moderate applied magnetic field. Along the direction of
magnetic field, electrons can move freely. Therefore, the dielectric function is described by the Drude

model, and there exists a longitudinal bulk plasma mode along the applied magnetic field. However, in

the plane perpendicular to the magnetic field, the dielectric function is significantly modified due to



55
56
57
58
59
60

61

62

63
64
65
66
67
68
69

70

71

72

73

74
75
76
77
78
79
80

the cyclotron motion of electrons, which leads to the breaking of degeneracy between the left and right
circular polarizing (L/RCP) modes propagating along the magnetic field***®. The linear crossing
between the longitudinal plasma mode and a circular polarizing mode forms a Weyl point in the
magnetized plasma system'”. By considering the coupling between the electromagnetic wave and the
motion of the free charges in the plasma, we can derive a full Hamiltonian H as (see supplementary

information 1)19:

0 —k X /\exky —i/Vew E E
w, |k X/Vexky 0 0 Hl=wl|H (1)
iVew 0 (web — iyD)/w, |V v

where w, = \/ne?/ge,m* and w. = eB/m” are the plasma frequency and electron cyclotron

frequency, respectively, with n being the free electron density, ¢, the permittivity of vacuum and &, =16
the dielectric constant at high frequencies; £, is the vacuum wave vector at the plasma frequency, y is
the damping frequency and A = [g,, 0 ; 0, 0] with ¢, being the second Pauli matrix. By carefully
controlling the temperature, the carrier density of InSb can be tuned to give a plasma frequency around
w,/2n = 0.3 THz, which falls in the frequency range of our terahertz measurement setup. Depending on
the relative values of w. and w,, different numbers of Weyl points may show up in our system (see

supplementary information 2, Fig. S1). When w. > w,, there are two pairs of Weyl points appearing at

the plasma frequency with the momentum coordinates (kx, ky, kz) = (0,0, i\/ EoWe/ (W £ Wp)),

where the magnetic field is applied along z direction. Around the outer Weyl point (located at larger

k-), the first order k-p Hamiltonian expansion can be expressed as:
H, = (0o + 03) (MSk, + §PSB) + Noy 5k, — NoySk, ©)
with parameters M, N, P being linear dispersion coefficients defined by the coordinates at the outer

Weyl point, ¢ the cyclotron constant and o; the Pauli matrices as described in supplementary

information 3.

For a semiconductor InSb under a magnetic field strength of B = 0.19 T, the corresponding cyclotron
frequency is w./2n =~ 0.35 THz, which leads to the band structure shown in Fig. la, where plasma

frequency is taken as w,/2n = 0.31 THz. Along the magnetic field, four double degenerate Weyl points
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are located at the plasma frequency as expected. Here, we only consider the outer pair of Weyl points
as the inner pair with opposite topological charges are enclosed by the same equifrequency surface and
therefore they are not responsible for the observed topological features. Fig. 1b shows the projected
band structure around one of the outer Weyl points. It is shown that the dispersions of two participating
modes divide the momentum-energy space into four regions representing the bulk states and gaps,
respectively. This projected band morphology as a signature of photonic Weyl points can be observed
through the reflection spectra when scanning the wave vector k.. However, in the experiment, scanning
k, requires an angle resolved reflection system, which is incompatible with our magnetic terahertz
system. Equivalently, we can scan the magnetic field strength B instead of k., since they behave
similarly in constructing the parameter space of the Weyl point, as shown by the form of effective
Hamiltonian in Eq. 2. Fig. 1c shows the band structure constructed in the synthetic parameter space [k,
ky,, B] for a fixed incident wave vector of k. = 21/90 pum™. One can see that the linear crossing is
preserved in the substituted band structure (Fig. 1d, e), confirming the presence of Weyl points in the

synthetic parameter space (for detailed proof, see supplementary information 3).

In order to characterize the Weyl point, we apply a magnetic field along an in-plane direction (parallel
to the surface), as shown in Fig. 2a. It is expected that two Weyl points of opposite chiralities appear
along the direction of B field. They are both located outside the light cone. In order to probe the
reflection spectra around the Weyl points, we employ a grating to compensate the in-plane momentum
mismatch between the incident terahertz wave and the Weyl points. The aluminum grating, fabricated
directly on the surface of the InSb wafer, has a period of p =90 pum, a filling ratio of 2/3 and a thickness
of t = 1 pum. The sample is then placed in a low temperature environment of 7 = 50 K to provide a
plasma frequency of w,/2n = 0.31 THz with a damping factor of y/2n = 3x 10'° Hz. A normal incidence
configuration is employed with the magnetic field applied along the grating direction, as shown in Fig.
2b. A high resistivity float zone Silicon 50/50 terahertz beam splitter is used for the reflection spectra
measurement (refer to Methods). The grating provides a fundamental order wave vector of magnitude
G =2n/p to excite both the bulk and surface states supported by the magnetized InSb. As the magnetic

field strength is scanned from 0-1 Tesla, we measure the reflection spectrum. These measurements
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provide the projected band information as shown in Fig. 2¢, where the band crossing can be clearly
observed at the frequency of w,/2n = 0.31 THz and magnetic field of B = 0.19 T. Fig. 2d shows the
corresponding full wave simulation results that take into account the actual dissipation in the
magnetized plasma. Simulation results shown in Fig. 2d show good agreement with the experimental
results. On the other hand, when the grating direction is rotated away from the direction of magnetic
field, the crossing point disappears and a bandgap is formed, as shown in supplementary information 4,
Fig. S2. The experimental results confirm the presence of Weyl degeneracies in a magnetized

semiconductor system.

The most important signature of a Weyl system is the presence of Fermi-arcs. The photonic Fermi-arcs

in the original momentum space are explored in the supplementary information 5 where the surface
states are found to be separated into two separated frequency bands: w < w, and w > \/wj + wZ with

opposite signs of k,, respectively, due to the magnetic field induced cyclotron resonance. These two
branches of surface states are observed in the experimentally measured f-B plot manifested as
absorption lines in the reflection spectra. The theoretically calculated surface states are indicated by a
black dashed line in both the experimental and simulated results in Fig. 2¢c-d, which fits well with the

corresponding surface states induced absorption.

To further explore the surface state features in the magnetized Weyl system, a second experimental
configuration is employed as shown in Fig. 3a, in which the incidence terahertz beam and the applied
magnetic field are arranged to form angles 6 = 45° and o = 45° with respect to the sample normal and
sample surface, respectively. In this configuration, a beam splitter is not required and therefore the
signal noise ratio of the measurement is improved by approximately four times in comparison to that of
normal incidence. Rotating the grating around x axis by an angle of ¢ as shown in Fig. 3a (bottom-left
inset) provides a non-zero k, to excite the off k. axis surface states on the £, - k. plane, as shown in Fig.
3a (right insets). Meanwhile, due to the tilted incidence, the degeneracy between £1* grating order is
lifted. The +1* order excitation wave vector is given by [k, k.].1 = [£G sing, =G cosg + kj sin45°] as

illustrated in Fig. 3a (bottom-left inset), where ¢ is the angle formed between the grating momentum
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and z axis. For a given magnetic field, it is expected that the £1* order with opposite signs of k, can
excite surface states at the two aforementioned frequency bands (see supplementary information 5, Fig

S3).

In this tilted configuration, the Weyl points are projected onto the sample surface with a smaller

in-plane wave vector (kz=i\/ € Wc/2(we — wp)), as shown in Fig. 3b. A different sample with a

greater grating periodicity of p = 120 um is therefore designed to match the momentum. The new
sample has a similar plasma frequency w,/2n = 0.31 THz as the previous one. The projected bulk
bands on B — fplane are plotted for ¢ = -30° and -45° in Fig. 3c and f, where the bulk states excited by
the £1% grating orders have a large overlap with each other and are indicated by navy and purple color,
respectively. The surface states excited by the 1% grating orders are also calculated and shown in Fig.
3¢ and f, respectively. At each grating angle ¢, the 1% order excitations with opposite signs of k, form
two separate branches, which merge into each other at zero applied magnetic field B. It is also
observed that at increasing ¢, the angle between two surface state branches widens, due to the increase
in the slopes of the dispersion. It can be noticed that the surface state is interrupted around the
cyclotron position, which is caused by the strong cyclotron resonance that leads to relatively high
reflection®. For a negative ¢, the diffraction orders that excite the two surface state branches switch in

comparison to that with a positive ¢ (see more discussion in supplementary information 6, Fig. S4).

The measured reflection spectra are shown in Fig. 3e and Fig. 3h for ¢ = -30° and -45° (see
supplementary information 7, Fig. S5 for more measured results), respectively, which presents the
superposed band projection for both bulk and surface states. The corresponding simulation results for
the reflection spectra shown in Fig. 3d and g are in good agreement with the experiment results. It is
noticed that there exists a cut-off for the surface state branch at higher frequencies, due to the limited
momentum provided by the grating (see supplementary information 8, Fig. S6). Higher grating orders
are also excited in the experiment, which contribute to the absorptions along the surface state branch at

the higher frequencies beyond the cut-off of the first grating order.
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For a given grating diffraction order, the projection of photonic Weyl point can also be described in the
parameter space [¢, B]. Using the same configuration as in Fig. 3a, a sample with higher plasma
frequency of w,/2n = 0.53 THz and grating periodicity of p=150um is measured (supplementary
information 9, Fig. S7). The Weyl point which is projected at location (k,, k.) = (0, G + ky sin45°) in the
momentum space turns into (¢, B) = (0, 0.472) for the +1% grating order (supplementary information
10, Fig. S8). The projected dispersion of the bulk states with respect to B for ¢ =0 is shown in Fig. 4a,
where a linear crossing indicating an effective Weyl point is observed. The linear dispersion with
respect to ¢ around the effective Weyl point is confirmed in Fig. 4b. The calculated surface states for
different grating orientation angle ¢ are shown in Fig. 4c and d, where it is clearly shown that larger
orientation angles lead to steeper dispersion in B. A photonic Fermi-arc in the B-¢ plane can thus be
constructed at a given frequency. For the +1* grating order excitation, the photonic Fermi-arcs together
with the bulk bands at two different frequencies 0.46 THz and 0.6 THz are shown in Fig. 4e and f,
respectively. The experimental data (cyan hollow dots) are in good agreement with the theoretical
result. The small deviation between measurements and theory may arise from the nonlocal effect, i.e.
spatial dispersion, of the material***. It should be noted that due to the presence of loss, the Weyl
point transforms into exceptional ring'’, which possesses the same topological charge as a Weyl
point. The size of the ring is calculated based on the actual dissipation of the semiconductor and is
found to be negligibly small (see supplementary information 11, Fig. S9). Meanwhile, a discussion of

the loss and surface wave resonance is shown in supplementary information 12, Fig. S10.

The demonstrated time-reversal breaking Weyl points in magnetized plasma will promote the
investigation of topological phases in magnetoplasmon®*, where classical chiral Majorana edge states
and zero modes have been proposed. Moreover, by introducing spatially variant magnetic field or
temperature, synthetic gauge potential can be realized, which may enable observation of other
topological exotic effects, such as chiral** and gravitational” anomaly, which are initially investigated
in high energy physics and astrophysics. The observed Weyl points and topological surface states in
the magnetized InSb also represent the first demonstration of topological phases in the terahertz band,

which may facilitate the development of terahertz topological devices.
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M ethods:

The low temperature and high magnetic field environment are provided by a liquid Helium based
commercial SpectroMag system from Oxford Instruments. The magnetic field is generated by a
superconducting coil with controllable electric current, and the temperature can be controlled by
adjusting the heater power to balance with the liquid helium cooling circulation. Four terahertz (THz)
transparent windows are embedded in the system for spectrum characterization. A fixed magnetic field
direction is aligned to be along two opposite windows and allows for both Faraday and Voigt
configuration. A fiber based THz time-domain spectroscopy (TDS) system is used for the terahertz
reflection measurement and the THz antennas can be freely arranged to fit with the experimental
configuration. The THz beam from transmitter antenna was focused onto the sample with a THz lens
and the reflected wave was collected and delivered to the receiver antenna with another lens in the
tilted incidence configuration. For the normal incidence case, a 50/50 beam splitter is arranged to
redirect the reflected THz wave. The THz beam width is around 5-8mm at the sample surface and the

sample size is 15mmx15mm.

For the THz TDS measurement, both the sample and reference signals are acquired. The reflection
signal of samples at room temperature 7=300K is taken as the reference, with InSb acting as metal for
THz wave to achieve total reflection of incident THz wave. A time delay range of 100ps after the main
THz pulse is scanned for both the sample and reference signals, which corresponds to a frequency
resolution of 10GHz. The Fourier-transformed signal of sample is normalized with the reference to
give the reflection spectrum. During the measurement, the magnetic field is scanned with a step size of
0.01Tesla, so that the reflection spectra on f~-B plane can be obtained. In order to reduce the effect of
Fabry-Perot resonance between top and bottom surface of InSb, the measured sample (h=625 pum) is
attached with another bare InSb substrate (cut from the same InSb wafer) at the bottom to achieve a

sample thickness of #/=1250 um, as described in the main text.

The simulation is carried out with the ‘frequency domain solver’ module of the commercial software
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CST microwave studio. In the simulation, the InSb substrate is modeled as gyrotropic dispersion

material.

Data Availability

The data that support the findings of this study are available from the corresponding authors upon

reasonable request.
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Figure captions:

Figure 1 | Bulk states of lossless magnetized InSh. a, The band structure and Weyl points in
magnetized plasma system. The parameters used in the calculation are: w,/2n=0.31 THz, B=0.19 T
and no damping is considered. b, Band projection around the outer Weyl point, whose coordinate is (%,
ky, k) = (0, 0, 10.8) k, with k, indicating the vacuum wave vector at plasma frequency. ¢, Band
structure with & been substituted by B. A fixed value of k. = 10.8 £, is assumed and the magnetic field
scanning range is 0 < B < 1T. d, Dispersion along B around the outer Weyl point in C. €, Similar to d but

along k). ko indicates vacuum wave vector.

Figure 2 | Observation of terahertz Weyl point in a magnetized semiconductor system. a,
Schematic of the sample with metal grating on top of the InSb substrate. The specified magnetic field
direction is along grating, geometric parameters are: p = 90 um, 2 = 1250 pm and # = 1 pm. b,
[lustration of the experiment setup for terahertz reflection measurement. Two terahertz antennas are
placed to be right angle and form a normal incidence onto the sample. ‘BS’ indicates the 50/50 beam
splitter. The sample is placed in a commercial equipment with low temperature environment, where
the built in superconducting coils provide tunable magnetic field strength. Linear polarization of
incidence wave is indicated. Cc, Experimentally measured reflection spectra. The band crossing
coordinate can be estimated as w,/2n = 0.31 THz and B=0.19 T. d, Reflection spectra calculated with
full wave simulation, a damping factor of /21 = 3x10'° Hz is considered in the simulation. Red/blue

curves are the bulk states and black curves are surface states under lossless assumption, respectively.

Figure 3 | Surface states under tilted incidence excitation. a, Schematic experiment configuration
with respect of 6=45° and a=45°. The rotation angle of grating is ¢ about x-axis. £1* grating order
momentum is coupled with incidence wave and excites surface states for corresponding grating angle
¢. The material parameters for the sample are w,/2n = 0.31 THz and y/2n = 3x 10'° Hz. b, Projected

Weyl points on the sample surface plane. ¢, £1% grating order excited bulk bands within the range of k,
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€[-100ky, 100ky] (+1* bands are indicated with navy color and -1* with purple) and surface states for
¢ = 30° on the B - f'plane. Here we set y = 0. d, Simulated reflection spectra for ¢ = 30°, ~=10mm, as
well as the calculated surface states (black dashed) under +1% grating order excitation. €,

Experimentally measured reflection spectra for ¢ =30°, #/=1250 um. f-h, Similar to c-ebut for ¢ = 45°.

Figure 4 | Photonic Weyl points and Fermi-arcsin the synthetic space. a, Projected band along ,
axis on the /- B plane, within the range of k, € [-100ky, 100k,] for ¢=0°, the Weyl point can be found
around B=0.472 T. b, The linear dispersion along ¢. ¢, +1* order grating selected surface state on B - f
plane for ¢p=-30°, -45°, -60°. d, Similar to c but for ¢=30°, 45°, 60°. e, Constructed photonic
Fermi-arcs on (B, ¢) space for frequency of f/~=0.46 THz, within the range of k. € [-100ky, 1004;]. f,

Similar to e but for /0.6 THz. Cyan hollow dots indicate experimentally measured results.
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