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Abstract: Due to the chirality of Weyl nodes, the Weyl systems can support one-way chiral zero 15 
modes under a strong magnetic field, which lead to nonconservation of chiral currents – the so 
called chiral anomaly. While promising for robust transport of optical information, the zero 
chiral bulk modes have not been observed in photonics. Here we design an inhomogeneous Weyl 
metamaterial in which a gauge field is generated for the Weyl nodes by engineering the 
individual unit cells. We experimentally confirm the presence of the gauge field and observe the 20 
zero order chiral Landau level with one-way propagation. Without breaking the time-reversal 
symmetry, our system provides a route for designing artificial magnetic field in 3D photonic 
Weyl systems, and may have potential for device applications in photonics. 

 
One Sentence Summary: A Weyl metamaterial with artificial magnetic field gives rise to zeroth 25 
chiral Landau level in the bulk. 
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Main Text: Three dimensional (3D) Dirac and Weyl (1-12) semimetals are topological phases of 
matter that support relativistic quasi-particles near the degeneracy points between two bands. 
Weyl points are two-fold band crossings with topological charges (or chiralities) (3,4), whose 
existence requires breaking time-reversal (TR) or inversion (I) symmetry of the Dirac system 
(5,13). As a Weyl point has a co-dimension 3=3-0, it is highly robust and cannot be eliminated 5 
unless two partners with opposite chiralities annihilate each other in k-space (3,14). Due to the 
band crossings resulting from accidental degeneracy, the positions of Weyl points can be 
designed by introducing structural change in the unit cells (14). These properties provide us a 
good opportunity for engineering gauge fields (artificial magnetic field) by designing the 
spatially-dependent displacement of Weyl points in the k-space. 10 

 Mechanical strain has been introduced to generate gauge field especially in 2D systems. 
Within the tight binding approximation, the strain tensor can be written in the form of the vector 
potential. Artificial magnetic field has been generated in 2D crystal lattice by strains (15-20). 
However, in 3D bulk crystals, artificial magnetic fields cannot be generated readily because 
these systems are not flexible. Thus research has concentrated on geometries such as films or 15 
wires to explore relevant effect induced by strains (21). Because of this limitation, artificially 
induced gauge fields have only been realized in 2D systems. Artificial magnetic field in 3D Weyl 
systems is expected to exhibit additional intriguing properties such as chiral transport of Weyl 
fermions. 
 In high energy physics, the chiral anomaly describes a phenomenon that the conservation 20 
law of the chirality (left-handed or right-handed) for the particles or waves is broken down when 
external electric and magnetic fields are applied in parallel in 3D Weyl systems (22). It was 
proposed that the chiral transport may be observed in crystals that support Weyl fermions (23). 
By applying an ordinary (24-26) or an artificial magnetic field (e.g. external strain) (21,27,28) to 
a Dirac or Weyl system, Dirac types of Landau levels can be formed. In particular, a special type 25 
of zeroth Landau level is expected to propagate only in the chiral (left or right) direction that is 
determined by the chirality of the corresponding Weyl points and the magnetic field direction. 
The presence of chiral zeroth Landau levels in Dirac/Weyl systems is the physical origin of 
chiral transport, which has been experimentally tested through the negative magnetoresistance in 
electronic systems (29-31). Recently, various 3D electronic (1,3,4) and photonic systems (2,6-30 
12) that support Dirac or Weyl degeneracies were discovered, providing a platform for 
experimentally detecting chiral zeroth Landau levels. However, the photonic counterpart has not 
been explored yet. 
 We experimentally realize an artificial magnetic field by designing inhomogeneous 
photonic structures based on the recently discovered ideal Weyl metamaterial (8). To engineer 35 
the photonic gauge field in 3D Weyl metamaterial, we must spatially vary the location of the 
Weyl points in k-space. The designed metamaterial has a hexahedron unit cell 
(3mm×3mm×4.5mm) (Fig. 1A), and each unit cell consists of a saddle-shaped connective 
metallic coil. The structure possesses four Weyl degeneracy points on the kz=0 plane (8). Here, 
through elaborate design of each individual unit cell at different locations, we introduce adiabatic 40 
variation of the unit cell structure to realize fine control over the locations of the Weyl points in 
the k-space, and meanwhile keeping the frequency of the Weyl points unchanged (Fig. 1A). The 
current distribution in the saddle-shaped coil can be solved with the LC circuit model. Using the 
effective medium approach (32), the constitutive parameters can be obtained [see Section 4 in 
(33)]. Specifically, the angle θ causes the angular shift of the Weyl points about the Γ point [see 45 
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Section 5 and Fig. S3 in (33)], whereas the offset d between the metal strip and the center of the 
via hole is carefully tuned to maintain the Weyl frequency. 

 The metamaterial consists of metallic coils with spatially variant rotational angles [Fig. 
1B, Section 6 and Fig. S4 in (33) for the whole structure], with a uniform angular step △θ=0.2° 
between adjacent unit cells along the x direction, while the translational symmetry in the y and z 5 
directions are maintained. This leads to a linear relation θ=ax rad, with a=-2π×102/3/180 
(rad/m). The metamaterial has 101 unit cells in the x direction, so that the rotational angle θ 
ranges from 10° to -10° from one end to the other end. The offset parameter d has been adapted 
to ensure the Weyl points are located at the same frequency everywhere in the structure. To 
confirm the positions of the Weyl points in the k-space, the band structure is calculated with CST 10 
Microwave studio (Fig. 1C for θ=0). The system supports four Type I Weyl points (Q1-Q4). In 
the vicinity of each Weyl point, the effective Hamiltonian can be written as (4) 

0 0 0,
, , ,

( ) ( )W W
W ij i i j

i j x y z
H v k kσ σ

=

= ⋅ − + −∑w k k ,                                         (1) 

where σj are the Pauli matrices, σ0 is the 2×2 identity, ijv  is the element of an anisotropic velocity 
tensor, and 0

Wk  denotes the location of the Weyl point in the k-space. Here the identity σ0 is 15 

introduced into the Hamiltonian to describe the tilt of the cone-like dispersion near the 
degeneracy point (Fig. 1C). By rotating the metallic coil with a small angle θ, the four Weyl 
points rotate the same angle θ around kz axis simultaneously, leading to a displacement of the 
position of the Weyl point (see Fig. 1D, taking the Weyl point Q1 in Fig. 1C as an instance) 

0 / 2
W W
xk kθΔ ≈ , 0 / 2

W W
yk kθΔ ≈ − . The changes of velocity components in the effective 20 

Hamiltonian are almost negligible if θ is small [Section 7 and Table S2 in (33)]. One can simply 
derive a new Hamiltonian that characterizes the overall system, 

0 0 0( ) ( )W W
W ij i i i iH v k k Aσ σ≈ ⋅ − − + − −∑w k k A . Since θ is a linear function of the spatial 

coordinate x, one can approximately define the gauge field as the position shift of the Weyl point 
T

0 0[ / 2, / 2,0]W W Waxk axk= Δ ≈ −A k . The artificial magnetic field can thus be obtained by 25 

=∇×B A  to be T
0[0,0, / 2]Wak= −B . 

 To confirm the existence of the gauge field in the system, we employ a near field 
scanning technique (Fig. 2A), with the excitation point source located at five different positions 
along the x direction on the bottom surface (labeled by 1, 2, …, 5). For each location of the 
excitation source, a detector scans across the overall top surface to obtain the electric field 30 
distribution. With a discrete Fourier transform, the distribution of field amplitude in the k-space 
can be obtained. The detected signal intensity in the k-space strongly relies on the source 
position, where the local eigen states are strongly excited. Thus, it is expected that with the 
increase of x, the four Weyl points are shifted in the k-space following the blue arrows in Fig. 
2B, with the direction of the generated gauge field for each Weyl point along z or –z direction as 35 
indicated by the right panel of Fig. 2B. Figure 2C shows the experimental results corresponding 
to different source locations at a frequency of 13.48GHz, which is higher than the Weyl 
frequency. Note that this selected frequency is outside the energy gap between the two 1st order 
Landau levels, so as to avoid the impact of chiral zero modes. It is seen that the four Weyl points 
rotates around the kz axis at the four excitation locations, confirming the existence of the spatially 40 
dependent pseudo-gauge field. For comparison, we plot the corresponding numerical results of 
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Weyl point positions in Fig. 2D, which are consistent with the experimental results. The gauge 
fields for each Weyl node are estimated based on the experimental results, which show 
reasonably good agreement with the simulation result, which is about 477 m-2 [see Section 8 in 
(33)]. 

 Chiral zeroth Landau levels for relativistic particles can be generated in 3D Dirac or 5 
Weyl systems when external or artificial magnetic field is applied (21,25-28). Our designed 
inhomogeneous Weyl metamaterial with artificial magnetic field provides an ideal platform for 
observing the photonic counterpart of chiral zero modes. The dispersions of Landau levels are 
expressed as [see Section 9 in (33) for deriving details] 

2 2
2 2 2 2

2 2

2 , 0

[ sgn( ) ] , 0

z z z z

n

zz
z z

v w
w k v k nBv v w n

v

v v w
w B k n

v

ω

χ

⊥ ⊥
⊥ ⊥ ⊥

⊥

⊥ ⊥

⊥

⎧ −
⎪ ± + − >
⎪

= ⎨
−⎪

+ =⎪
⎩

,                            (2) 10 

where v⊥  and w⊥  are rescaled velocities taking into account the tilt of the cone-like dispersion 
near the Weyl points (33), zw = 0 for our sample, and χz is the chirality of each Weyl point. The 
Landau levels are calculated by Eq. (2) and presented in Figs. 3A and 3B. Determined by both 
the directions of the artificial magnetic fields (Fig. 2B) and the chiralities of Weyl points [Table 
S5 in (33)], the zeroth Landau levels in two Weyl points Q3 and Q4 (Figs. 3A, C) have the group 15 
velocities in the positive z direction. In contrary, Weyl points Q1 and Q2 (Figs. 3B, C) have 
chiral zero modes with group velocity in the negative z direction. The group velocities of zeroth 
Landau levels at these four Weyl points (Q1-Q4) respect both time reversal and mirror symmetry 
[see symmetry analysis in Section 9 of (33)].  For an excitation point source located on the 
bottom surface (Fig. 3D), it is expected that only the up-propagating zeroth Landau levels in Q3 20 
and Q4 can be excited and detected on the top surface. Due to the conservation of the in-plane 
momentum, the reflection at the top surface cannot couple to down-going Landau levels in Q1 
and Q2. In the experiments, the Fourier transform of the field patterns on the top surface shows 
that the Weyl points Q3 and Q4 are much more pronounced than Q1 and Q2 in the vicinity of the 
Weyl frequency [(E3-E5) in Fig. 3]. Within the gap formed between the first order Landau 25 
levels, the ratio between the measured intensities of the up-going Landau and that of the down-
going Landau levels exceeds 5 [Section 10 and Fig. S9 in (33)]. However, if the source 
frequency is far from the Weyl frequency [(E1-E2 and E6-E7) in Fig. 3], the four Weyl points 
are almost equally excited. On the contrary, for the point source located on the top surface (Fig. 
3F), Weyl points Q1 and Q2 are more strongly excited than Q3 and Q4 [(G3-F5) in Fig. 3] close 30 
to the Weyl frequency, while at other frequencies [(G1-G2 and G6-G7) in Fig. 3], all four Weyl 
points are equally excited. Thus, our experiments directly confirm chiral propagation of the 
zeroth Landau levels in Weyl systems. We further confirm the robust transport of the zero chiral 
modes against reflection by inserting a defect layer of dielectric slab or air in the middle of the 
sample and measuring the amplitude of the transmitted bulk modes [Section 11 and Fig. S10 in 35 
(33)]. 
 We have designed an inhomogeneous Weyl metamaterial in which the positions of the 
Weyl points in the k-space are dependent on the spatial coordinate. The observed shift of the 
Weyl point positions is equivalent to a pseudo-gauge field (or an artificial magnetic field) in the 
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system. The ability to design the Weyl metamaterial provide a route for generating artificial 
magnetic field in 3D photonic systems, and provides an ideal platform for exploring novel 
topological phenomena enabled by strong magnetic fields (21,25-28). The chiral zeroth Landau 
level, which is a one way propagative bulk mode, can be applied for robust transport of photons 
in the bulk medium.  5 

 

Note added: During the review of our paper we noticed a recent work which claimed 
demonstration of chiral zero mode in acoustic systems (34). 
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Fig. 1. Structure and dispersion of the inhomogeneous Weyl metamaterial. (A) Schematic of 
the saddle-shaped metallic coil, whose rotational angle θ and offset distance d between the center 
of the via and the metal strip can be varied to tune the positions and the frequency of the Weyl 
points. The metallic structure is embedded in a dielectric (dielectric constant 2.2) block with 5 
dimension 3mm×3mm×4.5mm. (B) Photograph of the top surface of the sample. The rotational 
angle θ has a linear gradient in x, with a variation from positive to negative with a uniform step 
△θ=0.2° between adjacent unit cells along x direction. The sample has 101 unit cells both in x 
and y directions, and the rotational angle θ ranges from 10° to -10°. (C) Dispersion diagram of 
the Weyl metamaterial with θ=0, four tilted type I Weyl cones labeled by Q1-Q4 are located in 10 
different quadrants. The result is calculated with CST Microwave Studio (D) CST simulated 
results of the position shift of the Weyl point Q1 as the spatial coordinate x varies. The angle of 
the connection of Weyl point with Γ point relative to Γ-M connection varies simultaneously with 
the rotational angle θ from 10° to -10°. 
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Fig. 2. Pseudo-gauge field generated by the spatially dependent rotational angle θ. (A) 
Experimental setup for detecting gauge field. The source is located at five different positions on 
the bottom surface as labeled from 1 to 5. (B) Shifting of the locations of Weyl points (left panel) 
and the directions of artificial magnetic field (right panel). The blue arrows denote the shifting 5 
direction of the Weyl points Q1-Q4 as x coordinate (or rotational angle θ) varies. The spatial 
shift of the Weyl points is equivalent to the presence of a gauge field. (C) Equi-frequency 
contour |Ez| measured using setup (A) at frequency 13.48GHz, with panels 1-5 corresponding to 
the results for source located at 1-5 in (A). (D) Numerical results of Weyl point positions with 5 
panels corresponding to the five locations in (A). Results are calculated by CST microwave 10 
studio. 
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Fig. 3. Chiral zero mode in inhomogeneous Weyl metamaterial. (A and B) Band structures of 
Landau levels for Weyl points Q3 and Q4 and Weyl points Q1 and Q2 respectively, with az 
being the side length of unit cell in z direction. The group velocities of chiral zero modes in (A) 
and (B) are along opposite directions. (C) Chiral transport of Weyl photons for Weyl points Q1-5 
Q4. The red arrows indicate the direction of group velocity at each Weyl point. (D and F) 
Experimental setups for detecting down-going and up-going chiral zero modes, respectively. The 
source is located on the upper center and bottom center respectively. (E and G) Equi-frequency 
contours (|Ez|) measured by setups (D) and (F). Panels 1-7 correspond to different frequencies. 
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Two Weyl points surrounded by white dashed circles are much stronger excited than the other 
two in panels C3-C5 and F3-F5, at those frequencies close to the Weyl frequency. 


