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Zero chiral bulk modes in 3D Weyl metamaterials
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bDepartment of Electrical and Computer Engineering, National University of Singapore, Singapore 117583, Singapore

In the Weyl semimetals, a special type of one-way chiral zero
mode (CZM) can be supported if a strong magnetic field is applied.
The corresponding CZM is related to the zero-order Landau level
for relativistic particles in Dirac or Weyl systems. This special
energy level can lead to chiral anomaly, which describes the phe-
nomenon of breaking the conservation of chirality [1]. Under the
action of an effective magnetic field, the zeroth Landau mode can
be expected to propagate only in the chiral direction according to
the chirality (left-handed or right-handed) of the Weyl points
and the magnetic field direction. Distinguished from the topologi-
cal insulators, such a one-way propagation mode is a bulk state
rather than a surface state or edge state that travels along the
interface. Recently, the discovery of Dirac or Weyl degeneracies
in the electronic and photonic systems brings opportunities for
experimental detection of the chiral zeroth Landau levels [2,3].
Notwithstanding, the chiral Landau level in the 3D photonic sys-
tem has not been observed yet.

To form the CZM, it is crucial to establish an effective magnetic
field, which is closely correlated with the structure of metamateri-
als. In periodically microstructured systems, the degenerate Weyl
point is in twofold linear degeneracy between two energy bands
in the 3D systems [4,5]. Since the corresponding spatial dimension
is the same as that of the Pauli matrices, the Weyl point is highly
robust and cannot be eliminated unless two partners with positive
and negative chiralities annihilate each other in the momentum
space [6]. As the currently known types of Weyl degeneracy all
belong to the category of accidental degeneracy, the positions of
Weyl points can be flexibly modulated in the momentum space,
which provides a good opportunity for engineering artificial gauge
fields [7]. The main method of designing the effective magnetic
field reported previously is based on the mechanical strain [8,9].
According to the tight-binding approximation, the stress tensor
can be expressed as a vector potential, which results in the desired
magnetic field. This method has been widely used in 2D systems.
However, owing to the weak scalability, the effect of stain is seri-
ously restricted in 3D systems. Because of this limitation, artifi-
cially induced fields have only been experimentally realized in
2D systems. It is still a challenge to construct 3D effective magnetic
field.

Jia et al. [10] recently reported a novel approach to establishing
the artificial magnetic field in spatial inhomogeneous 3D Weyl
photonic metamaterial systems by designing the microstructures
of unit cells. Instead of the traditional method of designing fields
with the tight-binding approximation theory, they achieved the
aperiodic modulation of the unit cells based on the effective med-
ium theory [11]. Thus the adiabatic evolution of the locations of
Weyl points in the momentum space is realized, which results in
an equivalent gauge field. They have designed a hexahedron unit
cell (3 mm � 3 mm � 4.5 mm), and the inner structure of each unit
cell is a saddle-shaped connective metallic coil embedded in a
dielectric block with the permittivity 2.2, as is shown in Fig. 1a.
The positions and the frequency of the Weyl points can be adjusted
through changing the rotational angle h and the offset distance d.
For a detailed illustration, a uniform angular step Dh = 0.2� along
the x direction is set, which leads to a linear relation h = ax
(a = �1.1636 rad/m). If the total number of unit cells is set to be
101, h will range from 10� to �10�. Moreover, to ensure equal fre-
quency Weyl points in the whole structure, the parameter d should
be carefully engineered throughout the system. Correspondingly,
the band structure is calculated, and the Weyl points are shown
in Fig. 1b. From the figure, it can be seen that this system supports
four type I Weyl points (Q1–Q4).

According to such a system, the interaction Hamiltonian can be

written as Hw � w � k� kW
0 � A

� �
I2 þ

P
v ij ki � kW0i � Ai

� �
rj; where

I2 is the 2 � 2 identity, rj are the Pauli matrices, vij belongs to an
anisotropic velocity tensor. Moreover, w is the tilt factor of the

Weyl cone, k is the wave vector, and kW
0 describes the location of

theWeyl point in the momentum space. In this equation, the gauge

field is denoted by A, whose expression is A =DkW � [axkW0 =
ffiffiffi
2

p
,

�axkW0 =
ffiffiffi
2

p
, 0]T. Thus the artificial magnetic field can be derived

by B =r� A as B = [0, 0, �axkW0 =
ffiffiffi
2

p
]T. Based on the near-field scan-

ning technique, the corresponding system is detected. The results
show that the Weyl points Q1 to Q4 move in the momentum space
following the blue arrows (left panel in Fig. 1c) as the increase of x.
Correspondingly, the generated effective magnetic field for each
Weyl point lies along the +z or�z direction, as is shown in the right
panel of Fig. 1c.

The artificial magnetic field can induce chiral Landau energy
levels, and the directions of group velocity are different for these
Weyl points. Specifically, owing to the positive topological charge,
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the group velocities of the zeroth Landau levels in Q3 and Q4 are in
the +z direction, which are along the magnetic field. In contrast,
Weyl points Q1 and Q2 have CZMs with group velocity against
the magnetic field in the �z direction. Therefore, for the excitation
applied on the bottom surface, there are only up-propagating zer-
oth Landau levels in Q3 and Q4, which can be detected on the top
surface. The conservation of in-plane momentum prevents the
reflection at the top surface from coupling to down-going modes
in Q1 and Q2, which makes Q3 and Q4 much brighter than Q1
and Q2 on the measured field patterns in the vicinity of the Weyl
frequency (panels D1–D3 in Fig. 1d). On the contrary, if the point
source locates on the top surface, Q1 and Q2 are more obvious than
Q3 and Q4 (panels E1–E3 in Fig. 1e). Based on these results, the chi-
ral propagation of zeroth Landau levels is confirmed. Furthermore,
the robust unidirectional transport of CZMs against backscattering
originating from a defect layer of dielectric slab or the air in the
middle of the sample is also verified.

The capability to tailor the micro/nano-structures of Weyl
semimetals provides a powerful method of engineering the
pseudo–gauge field in 3D photonic systems. This type of metama-
terial provides a good platform to explore various novel topological
phenomena induced by strong magnetic fields. Moreover, the
observed CZM is of great value in designing new photonic devices

owing to its unidirectional transport characteristic in the bulk
medium.
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