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Abstract: This study introduces a topological photonic slow-light waveguide based on
a honeycomb unit cell, which allows for the convenient tuning of the group index and
bandwidth through the valley-locked effect. The topological properties of the unit cell
are initially assessed. By adjusting the air gap in the topologically protected photonic
crystal (PhC) waveguide, it is possible to continuously vary the group index from 47
to 6 and the normalized group index–bandwidth product (NGBP) from 0.495 to 0.573.
Furthermore, the chiral propagation characteristics and propagation loss of the topologically
protected PhC waveguide are evaluated. The findings indicate that the structure supports
chiral propagation and maintains a high transmission rate even after passing through
sharp corners. The results contribute to a deeper understanding of topological photonics
and suggest potential for applications in future photonic technologies, such as dynamic
topological photonic retarders and nonlinear localization enhancers.
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1. Introduction
Topological photonics, an interdisciplinary field that intersects photonics and topolog-

ical physics, has extensively promoted the development of both of these disciplines [1–8].
Due to the topological properties of photonic structures, many novel phenomena, repre-
sented by unidirectional backscattering-immune photonic edge states, have been demon-
strated [9–11]. Up to now, diversified topological photonic phases, including photonic Flo-
quet topological insulators [12,13], quantum spin Hall insulators [14–17], valley Hall insula-
tors [18,19], and hybrid topological insulators [20] have been observed and have found re-
markable applications in integrated [21], nonlinear [22–24], and quantum photonics [25,26].

Recent research has focused on exploring topological edge states, corner states, and
higher-order corner states in topologically protected photonic crystals (PhCs) [27–31]. These
states offer unique pathways for light propagation, enabling unprecedented control over
optical waves. Photonic topological insulators provide an effective way to constrain or
even avoid backscattering and bending losses induced by discrete unit cells [27,32,33].
Nowadays, the most popular measures to achieve topological phases are by breaking the
time-reversal symmetry [11,34] or by adjusting the geometric symmetries of the unit cell of
PhC [35–38]. PhCs are suitable for slow light applications due to their ability to engineer
the photonic band structure and achieve strong light–matter interactions within a compact
footprint. Just this year, control of the group delay has been realized by introducing a
non-Hermitian defect and using photoexcitation to adjust the relative strength of counter-
propagating waves [39]. This provides a new approach to the control of light group velocity.
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Slow light based on the dispersion characteristics of PhCs has been one of the hottest
research topics for at least two decades. Compared to slow light approaches using Bose–
Einstein condensates [40] or stimulated Brillouin scattering (SBS) [41], PhC-based slow light
can operate at room temperature on a highly integrated chip. Due to the introduction of
topology, slow light can be achieved at the edges of a PhC or at the interface of valley-locked
topological photonics [39,42–44]. Examples include micro ring topological PhCs [45,46]
and topological PhC resonators [47,48]. Apparently, the slow light in these systems is
determined by the size or the dielectric constant of the rod. Once the crystal is fabricated,
the group velocity cannot be tuned. However, group velocity manipulation is prominent,
especially in the fields of optical storage [49,50], nonlinear local enhancement [51], and
optical signal processing [52], et al. Therefore, convenient control of the group velocity
remains a challenge.

In this study, we propose a novel PhC model leveraging the valley-locked property to
achieve a continuously tunable group index for broadband slow light applications. The
proposed model is based on a honeycomb unit cell. Through comprehensive Finite Element
Method (FEM) calculations, we analyze the topological characteristics of this structure. We
explore its potential for group velocity control and discover that this type of waveguide
exhibits broadband slow light behavior. The group index can be continuously adjusted
within the range of 47 to 6 as the width of the topologically protected PhC waveguide varies.
Additionally, we calculate the group index of various PhC waveguides for wave packets
across different frequencies and the propagation loss in the presence of sharp corners. Our
findings indicate that the topologically protected PhC waveguides exhibit low loss and
stable transmission, with the group index continuously tunable from 47 to 6. This approach
may have implications for the development of next-generation photonic devices, such as
nonlinear localization enhancers and dynamical topological photonic retarders.

2. Design of the Topologically Protected PhC Waveguides
The design of our PhC is based on a honeycomb Dirac photonic crystal (DPC), as

depicted in Figure 1a. In the proposed structure, a (red rods) and b (blue rods) represent two
distinct types of dielectric rods in the photonic crystal unit cell. By adjusting the dielectric
constants, two unit cells with C3 symmetry are obtained. The red and blue regions are filled
with materials having dielectric constants of εa = 11.7 and εb = 5, respectively, and both
have diameters of Da = Db = 0.36a. Figure 1b illustrates the calculated band structure of
the DPC, where the frequency f is normalized to ωa/(2πc). Notably, degenerate Dirac
cones are observed at the K and K′ points. Figure 1c presents the band diagram of the
transformed PhC after the replacement of dielectric materials. The degenerate Dirac cones
are disrupted in this configuration, forming a complete bandgap.

The phase distributions at the K and K′ points for the 1st and 2nd bands are depicted in
Figure 1e. We observe that, at the K (K′) points, the phase vortices of the 1st and 2nd bands
have opposite directions. This implies a signature of topological properties [4,28,39,53]. We
further employed the Wilson loop method to calculate the Chern numbers [54,55] of the
split bands. The formula for calculating the Chern number is given by the following:

cK/K′ =
1

2π

∫
HBZ

Ωn(k)d2k, (1)

Here, HBZ denotes the half Brillouin zone; Ωn(k) represents the Berry curvature, defined
as Ωn(k) = ∇k × An(k), where n is the band index and An(k) is the Berry connection. The
computed Berry curvatures for the 1st and 2nd bands are shown in Figure 1d,f, respectively.
Specifically, the Chern number for the K point of the st band and the K′ point of the 2nd
band is calculated to be cK1 = cK′2 = − 1

2 . Meanwhile, the Chern number for the K′ point
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of the 1st band and the K point of the 2nd band are found to be cK2 = cK′1 = 1
2 . Using the

valley Chern number formula cv = cK − cK′ , the valley Chern number for PC1 is cv1 = −1,
and for PC2 it is cv2 = 1. The two structures with opposite Chern numbers are depicted
in Figure 1a, labeled as valley topological PhC 1 (VTPC1) and valley topological PhC 2
(VTPC2), respectively.

Figure 1. Construction of unit cell and its band structure. (a) Structures of DPC, VTPC1, and VTPC2,
where red and blue represent two different dielectric materials εa and εb, respectively; (b) band
structure of DPC; (c) band structure of VTPC1; (d,f) Berry curvature of the 1st and 2nd bands in (c);
(e) phase diagrams (OAM) of K and K′ in (c).

3. Tunable Slow Light in Valley-Locked PhC Waveguides
By breaking the spatial inversion symmetry, the originally degenerate bands split,

creating valleys with opposite pseudospins at the K and K′ points, evident in their con-
trasting orbital angular momenta (OAM), which signifies the onset of valley-locked effect.
Previous calculations indicate VTPC1 (cv1 = −1) and VTPC2 (cv2 = 1) have opposite valley
Chern numbers. Thus, the mirror-symmetric supercell structure depicted in the figure
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can produce topologically protected edge states with a valley-locked effect. This imparts
spin polarization to the topological edge states, enabling the chiral one-way transmission
of incident light with selected polarization. For instance, VTPC1 supports right-handed
circularly polarized light moving rightwards, while VTPC2 supports left-handed circularly
polarized light moving rightwards. This characteristic allows for high robustness trans-
mission even at sharp corners, a property we confirmed through subsequent topological
property verification of the system during adjustment.

Leveraging the valley-locked effect and the properties of the K and K′ points, we
constructed two PhC supercells using VTPC1 and VTPC2, each composed of 5 × 1 unit
cells, as indicated by the green and purple frames in Figure 2a. This figure illustrates a
compound photonic supercell comprising VTPC1, VTPC2, and an air gap. The opposite
pseudospin directions of these two structures realize a valley topologically protected
PhC waveguide.

Subsequently, we calculated the band structures as the parameter g varies from 0 to
a. Figure 2b–d display the band diagrams of the compound PhC supercells with g1 = 0,
g2 = 0.5a, and g3 = a, respectively. The red curves denote the topological edge states
of these supercells, protected by the valley-locked effect, with energy concentrated at the
interface of the VTPC1–air–VTPC2 topological PhC waveguide. The blue curves show the
edge states between the PhC’s upper/lower boundaries and air, with energy localized at the
top of VTPC1 and the bottom of VTPC2, exhibiting higher energy loss during transmission.
The blue regions signify the bulk states. It can be observed that, in the region marked
by green triangles, the slope remains consistently positive throughout the continuous
variation range of g, indicating that the group velocity is always positive in this region.
Moreover, as g increases, the frequency range of the band structure gradually widens (the
bandwidth variation with g is shown in Appendix A Figure A1b), suggesting the potential
for broadband tunable group velocity control using this band.

To quantitatively analyze the slow-light capability of the topological mode in such
topologically protected PhC waveguides, we calculate the average group index ng of the
topological edge state, which is defined as follows [56,57]:

ng(ω0) =
1

∆ω

∫ ω0+∆ω/2

ω0−∆ω/2
ng(ω)dω, (2)

where ∆ω is the range over which the group index ng(ω0) changes by 10% in the edge
state, and ω0 is the center frequency of ∆ω. The group index ng(ω) = c/vg = c/(dω/dk),
where c is the phase velocity, and vg is the group velocity. Then, we adopt an important
parameter, normalized group index–bandwidth product (NGBP), to evaluate the slow-light
characteristics [58]: NGBP = ng(ω0)× ∆ω

ω0
.

In Figure 2e, the red (blue) curve shows the relationship between the average group
index (ng) and the normalized group index–bandwidth product (NGBP) as the gap width
g changes. With increasing g, ng decreases and the normalized bandwidth increases (the
relationship between the average group index and the normalized bandwidth (∆ng ≤ 10%)
as g changes is shown in Appendix A). Specifically, when g = 0, NGBP starts at 0.36, peaks
at 0.571 near g = 0.75a, then drops to 0.554. Meanwhile, ng decreases from 46 to 6.9. These
results show that, within g ∈ [0, a], both ng and NGBP are continuously tunable.

The existence of a maximum normalized group index–bandwidth product (NGBP) in
our PhC model highlights a fundamental trade-off between the group index and bandwidth,
originating from the constraints imposed by dispersion relations. In PhCs, the dispersion
relation, which connects the normalized frequency f and wave vector k, governs the
group index and bandwidth [59]. Near photonic bandgap edges or in flat-band regions,
the dispersion curve flattens, resulting in a high group index ng and pronounced slow-
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light effects [60]. However, these flat dispersion regions are typically confined to narrow
frequency ranges [61], as shown in Figure 2b–d, which further supports the observation
that a large group index leads to a small bandwidth ∆ f . This restriction implies that
simultaneously achieving an extremely high group index and a very wide bandwidth is
impossible. Thus, photonic crystal slow light, restricted by this physical limitation, has a
maximum NGBP.

Figure 2. Configuration of a compound photonic supercell and its simulated physical properties.
(a) A supercell of the compound PhC structure; (b–d) band structures for g1 = 0, g2 = 0.5a, and
g3 = a, respectively; (e) variation in NGBP and ng with different values of g.

To verify the results obtained from our band calculations, we selected g1 = 0,
g2 = 0.5a, and g3 = a for comparison to demonstrate significant group delay. Wave
packets with corresponding bandwidths were injected into three topologically protected
PhC waveguides. Figure 3 illustrates the simulated intensity distributions of light waves in
the topologically protected PhC waveguides at central frequencies f 1 = 0.369, f 2 = 0.353,
and f 3 = 0.342. For g1 = 0, the spatial distance ∆x1 = 0.982a between the centers of
the wave packets at two arbitrary time points, 330 fs and 390 fs; for g2 = 0.5a, the spatial
distance ∆x2 = 16.725a between the time points 390 fs and 690 fs; and, for g3 = a, the
spatial distance ∆x3 = 16.456a between the time points 240 fs and 390 fs, as shown in
Figure 3(a2,a3,b2,b3,c2,c3), respectively. According to the formula for the group index
ng = c

(∆x/∆t) , the calculated group index is ng(g1 = 0) ≈ 46.71, ng(g2 = 0.5a) ≈ 3.71, and
ng(g3 = a) ≈ 6.967. These results are consistent with our previous calculations shown in
Figure 2e.

This method for modulating group velocity in our model is grounded in the valley-
locked effect, achieved by adjusting the air-gap width of topologically protected PhC



Photonics 2025, 12, 332 6 of 12

waveguides without altering the original structure. Instead of modifying the PhC rods’
size or dielectric constants, we can adjust ng and NGBP conveniently by changing the
spacing between VTPC1 and VTPC2. This approach ensures robust light transmission in
topologically protected PhC waveguides and enables broadband tunable slow light. To
guarantee the topological protection of the gap during adjustment, we computationally
verify two key topological features—chirality [62–64] and robustness [65–67]—which are
well-known benchmarks in valley-locked PhCs [44,68].

Figure 3. Temporal evolutions of input Gaussian pulses in three PhC waveguides. (a1) PhC waveg-
uides with g1 = 0. (a2,a3) Intensity distributions of the input Gaussian pulse at t = 330 fs and
390 fs, respectively. (b1) PhC waveguides with g2 = 0.5a. (b2,b3) Intensity distributions of the
input Gaussian pulse at t = 390 fs and 690 fs. (c1) PhC waveguides with g3 = a. (c2,c3) Intensity
distributions of the input Gaussian pulse at t = 240 fs and 390 fs, respectively. Red arrows indicate
the incident site and direction.

4. Topological Transmission Characteristics of Valley-Locked PhC
Slow-Light Waveguides

To verify the topological transmission properties of the valley-locked topological slow
light waveguides, we constructed straight waveguides for the three selected characteristic
parameters of the topologically protected PhC waveguides, as shown in Figure 4(a1,b1,c1).
As illustrated, two excitation sources with opposite orbital angular momentum characteris-
tics (indicated by the green and blue circles) were placed in the waveguide to separately
excite each straight waveguide.

The computational results are presented in Figure 4(a2,a3,b2,b3,c2,c3). The results
show that, at the slow light central frequency, when excited by a pair of opposite green
(blue) chiral sources, the light waves in the PhC waveguide always propagate to the right
(left). Chiral excitation plots for more characteristic parameters are shown in Appendix B.
In contrast, the light excited by the left-handed orbital angular momentum source always
propagates to the left. This demonstrates that all three waveguides are valley-locked, and
we can control the propagation direction of the light waves by using incident light with
different orbital angular momenta. This showcases the chiral propagation characteristics of
the valley-locked structure.

To verify the topological transmission properties of the valley-locked topological slow-
light waveguides, we further calculated the propagation of topologically protected PhC
waveguides with two sharp corners for the three characteristic parameters. The structures
are shown in Figure 5(a1,b1,c1), where the red and blue arrows represent the input and
output ports, respectively. We calculated the transmission rates for the three waveguides,
with the results shown in Figure 5(a3,b3,c3). Figure 5(a2,b2,c2) show the transmission
effects of the three structures, corresponding to the frequencies marked by the triangles in
Figure 5(a3,b3,c3). As can be seen, even with two sharp corners, the transmission rates of
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the three structures remain at a high level under the protection of the valley-locked effect,
demonstrating the robust transmission characteristics of this type of valley-locked tunable
slow-light topologically protected PhC waveguide.

Figure 4. Chiral propagation analysis of PhC waveguides (a1–a3,b1–b3,c1–c3,d1–d3) represent the
computational results for the cases of g1 = 0, g2 = 0.5a, g = a, and DPC, respectively.

Figure 5. Robust transmission analysis of slow-light valley-locked topological protect PhC waveg-
uides: (a1,b1,c1) depict photonic waveguide structures with two sharp corners, where the red arrow
indicate the input port of the wave packet and the blue arrow denote the output port, respectively;
(a2,b2,c2) show the excitation effects of the photonic waveguides for three sets of parameters, with
excitation frequencies corresponding to the points marked by triangles in (a3,b3,c3); (a3,b3,c3) present
the transmission rate diagrams for the three photonic waveguides.
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5. Summary
In this work, we designed a topological photonic slow-light waveguide with tunable

group index and bandwidth, based on the honeycomb unit cell and leveraging the valley-
locked effect. Initially, we computed the unit cell’s topological properties, including the
band structure and topological edge states, to ensure the stability of the waveguide design.
By adjusting the air gap between the two PhC layers, we achieved continuous tuning of the
group index (from 47 to 6) and the normalized group index–bandwidth product (from 0.495
to 0.573), showing the flexibility of our approach. We also characterized the waveguide’s
chiral propagation and propagation loss, observing robust transmission even after sharp
corners, which suggests practical applications in complex photonic circuits.

Unlike traditional slow-light tuning methods, our approach adjusts the spacing be-
tween two PhCs without changing the dielectric constant or size of the medium rods,
offering a simpler and more versatile solution. Experimentally, VTPC1 and VTPC2 can be
built on separate substrates, using high-precision piezoelectric ceramics to control the g
parameter. This method ensures tunability while maintaining the PhC’s unit cell structure,
making it compatible with existing fabrication techniques. The tunable gap width allows
precise control of the group velocity on photonic chips and realizes a topologically protected
edge state robust to disorders, ensuring reliable performance in practical scenarios. These
features make the system suitable for complex computations in light-based chips and for
storing [49,50] and releasing optical signals in optical storage [52], with potential for future
photonic devices. However, there are some limitations. First, modulating the group index
by adjusting the air gap requires extremely high precision from devices like piezoelectric
ceramics, which may increase the fabrication complexity and cost. Second, the honeycomb
unit cell limits the design of waveguides with arbitrary bending angles, which could be
a challenge for certain applications. Overall, our work provides a tunable platform for
slow-light applications, contributing to advancements in photonic technologies such as
on-chip optical communication, signal processing, and quantum computing.
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Appendix A. Group Index and Bandwidth Variation with g
To better illustrate the variation in the average group index and bandwidth with the

change in g, we separately plotted the variation in the average group index and bandwidth
with the parameter g, as shown in Figure A1a,b.

Figure A1. (a) Relationship between average group index and g; (b) relationship between bandwidth
and group index.

Appendix B. Chiral Validation Calculations of PhC Waveguide for More
g Parameters

Figure A2. Chiral propagation analysis of PhC waveguide for different g parameters. (a1–a3,b1–b3,
c1–c3,d1–d3,e1–e3,f1–f3,g1–g3,h1–h3,i1–i3,j1–j3,k1–k3,l1–l3) represent the computational results
for the cases of g1 = 0, g2 = 0.1a, g3 = 0.2a, g4 = 0.3a, g5 = 0.4a, g6 = 0.5a, g7 = 0.6a, g8 = 0.7a,
g9 = 0.8a, g10 = 0.9a, g10 = 1.0a and DPC, respectively.
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To more comprehensively verify the chiral characteristics of the PhC waveguide under
different parameters, we performed validation calculations for the PhC waveguide with g
varying in the range of [0, a] in steps of 0.1a. As shown in Figure A2, the results indicate
that the PhC waveguide exhibits chiral propagation characteristics across the entire range
of g ∈ [0, a].
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