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Abstract: Topological photonics offers the possibility of robust transport and efficiency en-
hancement of information processing. Terahertz (THz) devices, such as waveguides and beam
splitters, are prone to reflection loss owing to their sensitivity to defects and lack of robustness
against sharp corners. Thus, it is a challenge to reduce backscattering loss at THz frequencies. In
this work, we constructed THz photonic topological insulators and experimentally demonstrated
robust, topologically protected valley transport in THz photonic crystals. The THz valley photonic
crystal (VPC) was composed of metallic cylinders situated in a triangular lattice. By tuning
the relevant location of metallic cylinders in the unit cell, mirror symmetry was broken, and
the degenerated states were lifted at the K and K’ valleys in the band structure. Consequently,
a bandgap of THz VPC was opened, and a nontrivial band structure was created. Based on
the calculated band structure, THz field distributions, and valley Berry curvature, we verified
the topological phase transition in such type of THz photonic crystals. Further, we showed
the emergence of valley-polarized topological edge states between the topologically distinct
VPCs. The angle-resolved transmittance measurements identified the bulk bandgap in the
band structure of the VPC. The measured time-domain spectra demonstrated the topological
transport of valley edge states between distinct VPCs and their robustness against bending and
defects. Furthermore, experiments conducted on a topological multi-channel intersectional
device revealed the valley-polarized characteristic of the topological edge states. This work
provides a unique approach to reduce backscattering loss at the THz regime. It also demonstrates
potential high-efficiency THz functional devices such as topologically protected beam splitters,
low-loss waveguides, and robust delay lines.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

The topological phases of matter have been extensively studied in recent decades due to their unique
boundary states and transport properties. Enlightened by the generality of the topological band
theory of electrons in solid-state systems [1], photonics systems with similar band structures have
provided an ideal platform to investigate the topological effects, giving rise to the rapidly growing
field of topological photonics. As an extension of topological insulators from condensed matter
physics to optics, photonic topological insulators (PTIs), have been proposed and experimentally
investigated from different approaches, such as photonic analogous to the quantum Hall effect
[2–7], quantum spin Hall effect [8–15], and quantum valley Hall effect [16–19]. As a unique
feature, topological edge states enable topologically protected light transport, which is robust
against sharp corners and fabricating imperfections, and allow unidirectional transport that can
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inhibit back reflection [4,12,13,20–24]. Up to now, PTIs have demonstrated substantial potential
in novel optical devices, such as reflectionless waveguides [4], robust delay lines [20], and
topological lasers [25–27].

The valley, a discrete degree of freedom (DOF) in condensed matter physics, refers to a pair
of degenerated but inequivalent states of the Brillouin zone, i.e., the K and K’ points. It was
first proposed in two-dimensional (2D) hexagonal crystals such as graphene and transition metal
dichalcogenides [28–31]. Those materials exhibit nontrivial Berry curvature in the K and K’
valleys of the band structure, which gives rise to a valley-dependent topological index. As a new
type of information carrier, valley DOF of photons also demonstrates potential applications in
valley-based information encoding and processing [32,33]. Breaking inversion symmetry has
been shown to induce a nontrivial valley Hall phase that generates opposite Berry curvatures in K
and K’ valleys in the momentum space [16,34]. To date, valley Hall PTIs and the resultant edge
states have been proposed and demonstrated in all-dielectric photonic crystals [16,24], plasmonic
crystals [35–38], and on-chip integrated devices [39,40].

Most experiments on the PTIs have been carried out in the microwave [4,13,18,21,22] and
optical frequencies [8,25–27], and the relevant researches are very limited at the terahertz (THz)
regime. The THz waves fall between infrared waves and microwaves in the electromagnetic
spectrum [41,42], which possess a large available bandwidth [43]. They are of considerable
importance for applications in communications technologies [44–48], biological and medical
sciences [49–51], homeland security [42,52–54], and space exploration [55–58]. However, the
lack of proper materials and technology makes it challenging to fabricate efficient THz devices
[59]. Applying the robust topological transport to THz systems would strongly encourage the
development of practical and robust devices for THz systems. For instance, due to the lack of a
high-power THz laser, an electrically THz quantum cascade laser based on topologically protected
valley edge states has been demonstrated. The valley edge states circulate around the cavity without
experiencing localization [60]. Recently, the effect of asymmetry on topological edge states
and relevant transmissions in an all-dielectric THz photonic crystal has been explored [61,62],
which might be particularly useful in 6G communications. In addition, robust THz topological
valley transport on the all-silicon chip has been realized to reduce the loss in communication
networks, and it enables real-time transmission of uncompressed 4K high-definition video
[40]. And topological THz planar air-channel metallic waveguides for communications are also
implemented by two-dimensional printing and gold-sputtering [15]. However, due to the complex
design and difficult fabrication, the mass production of complex THz devices seems formidable.

Here, we use a more straightforward structure to realize a two-dimensional (2D) valley photonic
crystal (VPC) at THz regime, which is composed of the triangular lattice arrangement of low-cost
metallic steel wires. It is shown that by tuning the relevant location of metallic steel wires in the
unit cell to break the mirror symmetry, the degenerated states at the K and K’ valleys were lifted,
creating a bandgap and producing a nontrivial band structure. Using a finite-element method to
quantify the band structure, the electromagnetic field distribution and valley Berry curvature at
the K and K’ valleys, we showed the topological phase transition in such types of THz photonic
crystals. Further, we demonstrated the emergence of valley-polarized topological edge states
between topologically distinct VPCs. Then we fabricated the THz samples, and directly measured
the transmittances of THz wave propagation along with differently-shaped interfaces, such as a
straight topological interface, a bending topological interface, and a topological interface with the
disorder. We confirmed the robustness of the one-way broadband topological transport and the
suppression of the backscattering of various types of defects at the interfaces between two VPCs
with different valley phases. Additionally, the results obtained from the experiments conducted
using the topological multi-channel intersectional device demonstrated the valley-polarized
characteristic of the edge states. The experimental results were in agreement with the simulations.
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2. THz VPC design and topological phase transitions

The designed THz photonic crystal consisted of metal cylinders arranged in a triangular lattice.
If we do not consider the propagation of light along the z-direction, the entire structure can be
considered two-dimensional, as depicted in Fig. 1(a). The unit cell contained three identical
metal cylinders with a diameter of d = 250 µm; the distance between the nearest columns was
set as t= 300 µm, and the lattice constant was a= 750 µm. Here, we primarily focused on
transverse-electric modes in which the Ez component vanishes. Based on Maxwell’s equations,
the wave equation for THz transport in such a photonic crystal can be derived as

∇ × (
1
ε(r)∇ × Hz(r)) = (

ω

c
)2Hz(r), (1)

where Hz(r) is the out-of-plane magnetic field, ε(r) is the position-dependent electric permittivity,
ω is the frequency, and c is the speed of light in the vacuum. The first Brillouin zone (FBZ)
of the triangular lattice is shown in the bottom-right part of Fig. 1(a). The calculations on the
photonic band structures of THz photonic crystals were carried out using a commercial software
package (COMSOL Multiphysics), and periodic boundary conditions were applied to the system.
The materials of the photonic crystals were assumed to be perfect electric conductors within the
targeted THz frequency range.

By varying the relevant location of metallic cylinders in the unit cell, the photonic band
structure of the THz photonic crystal can be tuned. As shown in Fig. 1(a), a rotation angle (θ)
of metal cylinder location is defined as the angle between one of principal axes of the unit cell
and the x-axis, which characterized the relevant location of metallic cylinders in a unit cell and
provided a flexible and steady control of the bandgap gradually by breaking the in-plane mirror
symmetry. A structure with the C3 symmetry has a period of 2π/3. In particular, in the case of
mirror symmetry in the x-direction, the photonic crystal possesses a pair of degenerate Dirac
points at the K and K’ valleys at 0.212 THz because of the C3v symmetry in the momentum
space, as shown in Fig. 1(b). When varying the rotation angle, the C3v symmetry can be broken,
which lifted the degeneracy at the K and K’ valleys and resulted in the formation of a bandgap.
Here, we focused on two cases: θ = 30° (VPC1) and θ = –30° (VPC2). We calculated the band
structures for VPC1 and VPC2, respectively. Because VPC2 is the mirror-symmetry partner of
VPC1, both VPC1 and VPC2 have the same band structure, as seen in Fig. 1(b). The simulated
Hz phase profiles at the K valley are presented in Fig. 1(c) for both two VPCs. For the two
lowest bands, there were two eigenstates with either left circularly polarized (LCP) light or right
circularly polarized (RCP) light. Although VPC1 and VPC2 possessed the same band structure,
the corresponding frequencies of the LCP (RCP) light were reversed at the same valley (as shown
in Fig. 1(c)), indicating a topological phase transition.

To understand the evolution of the topological phase, we explored the eigenfrequencies of the
LCP (RCP) states at K valley as a function of the rotation angle θ in different photonic crystals (to
see Fig. 1(d)). As the rotation angle increased from θ = 0 to θ = 30°, the frequencies of the LCP
states increased gradually, whereas the frequencies of the RCP states decreased. Alternatively,
the frequency changes of the K’ valley chiral states were opposite. The state exchange with
opposite chirality occurred at θ = 0 or θ =±60°, where the mirror symmetry resumed. Once the
mirror symmetry was broken, the degenerate states were lifted, resulting in a bandgap. Around
the degenerate points, the LCP and RCP states sequence was inverted, signifying a topological
phase transition.

Next, we tried to show different topologies in VPC1 and VPC2 from the point of view of Berry
curvature. Based on the Hamiltonian in the system [16–18]ĤK/K′ = vDσxδkx + σyδky + vD∆pσz,
the local Berry curvature of the first band at the K/K’ valley can be analytically calculated by
ΩK/K′ = ±

∆p

2(δk2+∆p
2)

3/2 . Here, vD is the group velocity, δk = k − kK/K′ is the reciprocal vector
with respect to the K/K’ point, σi (i= x, y, z) denotes the Pauli matrices, and ∆p is proportional
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Fig. 1. The THz photonic crystal and its bulk band diagram. (a) Schematic of the THz
photonic crystal, which was composed of metal cylinders. The red dashed line denotes
a unit cell. The diameter of the cylinder was d = 250 µm, the distance between adjacent
cylinders was t= 300 µm, and the lattice constant was a= 750 µm. The rotation angle θ
of metal cylinder location is the angle between one of principal axes of the unit cell and
the x-axis. (b) Bulk band structure of the photonic crystals with θ = 0° (black dashed line),
and θ =±30° (solid red line). (c) Phase profiles at the K valley of the two lowest bulk bands
for VPC1 (θ = 30°) and VPC2 (θ = -30°). The color scale shows z-oriented magnetic field
Hz, and the blue and red arrows respectively denote LCP and RCP states. (d) Calculated
eigenfrequencies of LCP (red curve) and RCP (blue curve) states at the K valley when θ
varied.

to the bandwidth of bandgap. In order to consolidate the analytical results, we numerically
calculated the distribution of the Berry curvature of the first band in the FBZ and confirmed
the valley Hall topological phase in these two THz photonic crystals. Figure 2(a) showed that
non-zero Berry curvatures of both VPC1 and VPC2 were primarily localized near the K or K’
valley. In the case of VPC1, the Berry curvature was opposite in sign for the K and K’ valleys,
i.e., a peak at K while a dip at K’ (left panel in Fig. 2(a)). On the contrary, VPC2 reversed the
Berry curvature distribution of K and K’ valleys (right panel in Fig. 2(a)). Then the valley Chern
numbers can be derived by

CK/K′ =
1

2π

∫
HBZK/K′Ω(k)d2k, (2)

where Ω(k) is the Berry curvature, and the integration is carried over half of the FBZ surrounding
the K or K’ valley [16]. We had CK = 1/2 and CK′ = -1/2 for VPC1, and CK = -1/2 and CK′ = 1/2
for VPC2. The signs of valley Chern numbers for VPC1 and VPC2 were opposite at the same
type of valley, indicating different nontrivial topologies in VPC1 and VPC2. Anyway, it should
also be noted that due to the time-reversal symmetry, the global integration of the Berry curvature
over the FBZ was zero in both VPC1 and VPC2.
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Fig. 2. Topologically protected edge waves with different valley polarization. (a) Distribution
of Berry curvature of VPC1 (left panel) and distribution of Berry curvature of VPC2 (right
panel). (b) Dispersion relation for the ribbon-shaped supercell comprising 20 unit cells with
domain walls in the center. The shaded regions represent the projected bulk dispersions,
and the solid/dashed lines represent Type-A/Type-B interfaces. (c) Schematics of supercells
with different interfaces. The magnified area shows the intensity distribution of |Hz | near
the interface at the K valley and the Poynting power flow denoted by the black arrows.

In the case of the valley Hall effect, the non-zero valley Chern numbers denoted a nontrivial
intrinsic topology, thus indicating the presence of robust edge states at the interface between two
topologically distinct VPCs. The bulk-boundary corresponding principle ensured the emergence
of edge states under the condition of a difference in valley Chern numbers (|CV | = | CK – CK′ | = 1)
across the interface. Thus, we constructed a ribbon-shaped supercell comprising 20 unit cells
with domain walls in the center; Fig. 2(c) shows the simulated band structure. Here, Type-A refers
to the structure with VPC1 in the lower half and VPC2 in the upper half. In contrast, the opposite
configuration is referred to as Type-B. As expected, the band structure of the ribbon-shaped VPC
with supercells revealed the presence of two edge states that intersected each other at the K and K’
valleys (Fig. 2(b)). It can be seen that the group velocity for both Type-A and Type-B interfaces
at K and K’ valleys was opposite. Additionally, we found that the intensity distribution |Hz | was
confined to the area near the interface and that the corresponding Poynting vectors (black arrows)
for the two different interfaces at the K valley shown in the insets in Fig. 2(c) were consistent
with the directions of the group velocity, as predicted. This is a manifestation of valley-chirality
of the valley Hall effect, which can be summarized as follows: the valley-polarized edge states
were locked in one propagating direction in the absence of inter-valley scattering.

3. Experimental demonstration of valley edge states and robust topological
transport

To experimentally demonstrate the topological valley transport in the VPCs and the valley edge
states between topologically distinct VPCs, we fabricated three types of THz VPC samples:
VPC1, VPC2, and various assembly of VPC1 and VPC2. Steel wires with the diameter d= 250
µm used as cylinders were arranged in the requirements of lattices in VPC1, VPC2, and their
assembly, respectively. It is worth to mention that the diameter of cylinders should be within
the appropriate range to guarantee a large bandgap and photonic crystal modes. Here, for the
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convenience of experimental measurements (a larger bandgap around 0.2 THz), we choose
d = 250 µm. To maintain the shape of lattice stable, a metal plate with the thickness of 50 µm
was attached at ends of cylinders, in which the holes with the diameter of 250 µm was also etched.
The photograph of an assembled sample was shown in Fig. 3(b), which used two metal plates with
lattice shown in Fig. 3(a). The measurements were carried out using a THz real-time spectrometer
(EKSPLA/THz, Lithuania), as schematically shown in Fig. 3(c). The linearly polarized THz
waves along y direction went through a metal waveguide which was applied to enhance the THz
signal intensity and optical collimation, and then coupled into the VPC sample from the left end
of the topological interface. After passing through the VPC sample, the propagating waves were
collected by detector as shown in Fig. 3(d). By comparing the measured transmission spectrum
intensity of each sample to the reference spectrum, we obtained their transmittance spectra.

Fig. 3. Transmission measurements for THz VPCs. (a) Photograph of a fabricated sample,
where the inset is a magnification to show the detailed structure. (b) Assembled experimental
sample, where the inset is a partial enlargement of the sample. (c) Experimental setup used
to perform transmittance measurements. (d) The magnified photograph corresponds to the
red dotted frame in (c). (e) Calculated dispersion relation for the bulk VPC1 sample along
with k//; the light-blue shadowed region corresponds to the bulk bandgap, and the red line
are artificially labeled light cone. (f) Measured dispersion map for VPC1, the gray dotted
area represents the bulk bandgap, and the black line represents the light cone.

The fabricated samples VPC1 and VPC2 were characterized by the angle-resolved transmittance
measurements to identify bulk band dispersions. Considering that a VPC1 sample comprised 4
periodicities along the x-axis (total length 3.0 mm) and 32 periodicities along the y-axis (total
width 20.8 mm or so), we let the incident THz wave propagate along the x-axis, through the
sample VPC1. Then we rotated the sample in the x-y plane along the z-axis so as to change
the incident angle α, thus causing the momentum component along the interface tangential
component to continuously vary. Our experiments measured the transmittances when the incident
angle α varied from 0◦. to 66◦. These angle-resolved transmittances were further merged into
the dispersion map, using the relation between the in-plane vector k// and incident angle α as
k// = 2π sinα / λ (Here λ is the wavelength of the incident THz wave). Figure 3(f) shows the
measured dispersion map, where the bulk band was branched, and the bandgap was clearly
observed between 0.19–0.24 THz. This observation is consistent with the calculated photonic
band structure of the VPC1 sample, in which we use periodic conditions in both x and y directions
(as shown in Fig. 3(e)), based on the COMSOL Multiphysics platform. The difference between the
experimental data and numerically calculated results was minimal, which was likely attributable
to the imprecise operations of the measurement process. Due to thgeometric symmetry between
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VPC1 and VPC2, VPC2 can be obtained by rotating 180◦ of VPC1 along the z-axis. The
measured dispersion map of VPC2 is almost consistent with the result of VPC1. Here, we
demonstrated the existence of a bulk bandgap in VPC1 and VPC2.

The fascinating property of valley Hall topologically protected edge states is that they are
robust against defects without inter-valley scattering. To demonstrate robust topological transport,
we employed a Type-A structure waveguide channel consisting of VPC1 and VPC2; the VPC1
was placed on top of the VPC2, and they both comprised 20 unit cells along the x-axis and 10 unit
cells along the y-axis, as shown in Fig. 4(a). A line light source was placed to the left of the edge
waveguide channel; it was set to operate at 0.21 THz to excite the edge states; we also applied
the scattering boundary condition in the outer region to avoid the reflection of THz wave. The
intensity distribution results for |Hz | clearly show that the THz waves could propagate along the
edge of the waveguide channel (along the x-axis) without any significant scattering. Furthermore,
the THz wave was localized near the channel and did not diffuse to the VPC1 or VPC2 region;
this indicates that the bulk region was insulating. In addition, the following two different types of
defects were introduced under the premise of the preceding straight waveguide channel: (1) the
structure units were selected and replaced at random near the interface, consequently introducing
disorder (Fig. 4(b)); and (2) the interface was transformed into a Ω-shaped channel with 120°
turns (Fig. 4(c)). By introducing the THz wave at the same position as previously mentioned,
we found the simulated magnetic field distributions (Fig. 4(b) and 4(c)) confirmed that the THz
wave propagates smoothly along the interface; notably, there was no backscattering, despite the
existence of the disorder and bending.

Fig. 4. Simulated and experimental results for the evaluation of topological transport
robustness. (a)–(c) Simulated intensity distribution results for |Hz | field at 0.21 THz for a
straight interface (a), disordered interface (b), and bending interface (c); each inset shows a
top view of each of the three topologically distinct interfaces. (d) Measured time-domain
spectra for THz radiation transmitted through a straight interface (red curve) and through the
bulk, which did not contain an interface (black curve). (e) Measured transmittance results
for the four different interface conditions, i.e., the straight interface (red curve), disordered
interface (blue curve), bending interface (green curve), and no interface (black curve). (f)
The phase shift results were measured for the four different configurations with respect to
waves that were freely propagating through air.

To experimentally demonstrate the robust topological transport, we performed transmittance
measurements on three different waveguide channels, with either side of which containing 20×10
unit cells. Firstly, we measured the time-domain signal, E(t), of the THz pulse transmitted
through a sample with a straight interface waveguide channel shown in Fig. 4(d) as an example,
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and it transmitted through the above bulk sample VPC1 (without any interface) for comparison.
Then, from the measured time-domain signals, we obtained the measured transmittances of
four VPCs, as shown in Fig. 4(e). The light-blue shadowed region corresponds to the bulk
bandgap, which ranged from 0.19-0.24 THz. The low transmittance (approximately −40 dB)
of the bulk sample VPC1 without the waveguide channel indicated the presence of a bandgap.
On the contrary, the relatively high transmittances (approximately −10 dB) of the samples with
an interface waveguide channel revealed the presence of edge states. The transmittances of
all three differently shaped interfaces were very similar, and the transmission through each of
these interfaces was relatively high within the bandgap. Thereafter, we can find the transmission
efficiency through each interface was nearly unaffected by the defects. Although there exists
the loss in the sample, which mainly comes from the mode mismatch between the sources
and the topological interfaces (the intrinsic loss of metal in THz regime is very limited), the
observations are also in good agreement with the simulated results. The measured phase shifts
of the transmitted THz waves with respect to that of the freely-propagating THz waves in the
air were shown in Fig. 4(f). The extent of the phase shifts induced by the edge states decreased
when the incident wave frequency increased; conversely, the phase shifts of the bulk state varied
relatively smoothly. The phase shift trends of the disordered interface and bending interface were
similar to those of the straight interface. All of the measured transmittance results and phase shift
results reveal the intrinsic robustness of the topological edge states against disorder and bending.

4. Observation of topological valley-polarized transport in THz multi-channel
VPCs

We designed a topological multi-channel intersectional device to show the robustness of the
topological transport of the valley-polarized edge states. Figure 5(a) illustrated that this device
consisted of three Type-A shaped interfaces and a Type-B shaped interface; it also included
an input port and three output ports labeled as Port 1, 2, and 3. According to the results of
theoretical analysis, the propagating direction of the edge states is dependent on the valley-
polarized characteristic; in Fig. 5(a), the black and green arrows respectively indicate K and K’
valley-polarized edge states. These edge modes with Type-A and Type-B configurations were not
coupled in forward propagating because of differences in the valley-polarized characteristics.
Thus, if the valley was conserved at the intersection point, the incident THz wave was expected to
follow the path toward Port 1 or 3, but not Port 2. Indeed, the simulated results for the intensity
distribution of |Hz | confirmed this hypothesis (Fig. 5(b)).

We fabricated this topological multi-channel intersectional device with a similar fabrication
approach, and the geometrical parameters were the same as that described in Sec.3. The THz
waves were input at the center of the outer-left end, and the transmittances were measured
at the output Port 1, Port 2, and Port 3, respectively. The measured time-domain signal and
transmittance spectral results for the three output ports are illustrated in Fig. 5(c) and Fig. 5(d),
respectively. From Fig. 5(d), one may find that the signal measured at Port 1 and 3 was consistently
higher than that measured at Port 2, although there was slight signal intensity at Port 2 due
to the scattering. These results support the idea that the forward propagation of THz wave
at multi-channel intersections is related to the interface type, or, more accurately speaking, is
strongly dependent of the valley-polarized characteristic of edge states. This feature can be
exploited in the design of a novel topologically protected THz beam splitter.
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Fig. 5. Simulated and experimental topological results for the valley-dependent edge states.
(a) Schematic of the topological multi-channel intersections; the black and green arrows
respectively denote the direction of THz wave propagation at the K and K’ valleys. (b) The
simulated intensity distribution of |Hz | field. (c) The measured time-domain spectral results
for THz radiation transmission by different ports; the red, black, and blue curves respectively
correspond to the time-domain spectra measured from Port 1, 2, and 3. (d) The measured
transmittance from Port 1, 2, and 3; the blue shaded region denotes the bulk bandgap.

5. Conclusions

This article theoretically and experimentally demonstrated THz topological valley transport in
metallic photonic crystals composed of metallic cylinders arranged in a triangular lattice. The
calculated band structure, valley Chern numbers, and field distributions of THz waves confirmed
the topological phase transition in the THz photonic crystals. Further, it demonstrated the
emergence of valley-polarized topological edge states between topologically distinct VPCs. The
experimental measurements on the angle-resolved transmittance showed that the bulk bandgap
indeed existed in the band structure of VPC. The experiments also demonstrated the topological
transport of valley edge states between two distinct VPCs and their robustness against both bending
and defects. Moreover, the experiments confirmed the multi-channel THz topological propagation
of the valley-polarized edge states and their valley-dependent transport. Our studies indicate
that the implementation of valley Hall photonic insulators is straightforward and beneficial at
the THz frequency range. Especially, the THz topological insulator can exploit the broadband
benefit, and THz transmission of their valley edge states dramatically reduces backscattering
loss. We prospect that the VPCs may have potential applications in high-efficiency transmission
devices for THz waves as low-loss waveguides, topological beam splitters, robust delay lines, and
logical gate devices.
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