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Dispersion management in guided wave optics is of vital importance for various applications. Topological pho-
tonics opens new horizons for manipulating unidirectional guided waves utilizing edge states. However, the ex-
perimental observation of spatiotemporal dynamics for guided waves with on-demand dispersion in topological
photonic crystal is an important issue awaiting exploitation. Herein, we experimentally investigate the spatio-
temporal properties of topological surface states with on-demand dispersion, where they are supported by a trun-
cated valley photonic crystal with surface modulation. We observe the electromagnetic dynamics of surface states
with typical dispersions, where dynamical trapping of an electromagnetic pulse mediated by the unidirectional
surface state with flat dispersion and backward beam routing using reversed dispersion properties are achieved in
photonic crystal slabs. Both numerical and experimental results substantiate the ultimate dispersion management
for topological surface states, which could pave new ways for the manipulation of electromagnetic waves on the
surface of photonic devices. © 2024 Chinese Laser Press

https://doi.org/10.1364/PRJ.530245

1. INTRODUCTION

Surface states are an interesting wave phenomenon that exists in
various kinds of wave systems [1], such as Shockley electronic
states at terminated semiconductors [2], elastic waves on the
surfaces of solids [3], and surface plasmon polaritons [4,5].
They possess distinct physical properties that are absent in bulk
media, facilitating numerous fundamental discoveries and im-
portant applications leveraged by their unique surface nature,
including but not limited to topological physics [6–8], pho-
tonic time crystals [9], communications [10,11], three-
dimensional waveguiding [12,13], unidirectional propagation
[14,15], lasing [16], and sensing [17], just to name a few.

Topological physics provides a new twist in manipulating
guided waves at an interface, where unidirectional transmission
immune to certain types of defects can be achieved [18,19]. As

a result, topological photonic crystals (PhCs), especially PhC
slabs supporting topological edge states, have attracted great at-
tention because of their capability in manipulating light at chip
scale. To date, several kinds of quantum-Hall-related topologi-
cal electronic states in condensed matter physics have been
extended to photonic systems [20–37], facilitating various on-
chip applications [34,38–48]. In particular, dispersion manage-
ment of topological PhCs can also provide an effective approach
to realize precise manipulation of light. The dispersion manage-
ment of either bulk bands or topological edge states enables
new possibilities to realize higher-order topology [49,50], topo-
logical lasers [51], topological slow light [32,33,52,53], and
topological rainbow trapping [54–56]. However, interfacing
two PhCs with opposite topological properties is indispensable
to sustain topological edge states, which substantially limits the
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on-demand dispersion manipulation of these edge states.
Topological surface states provide an effective means to over-
come this limitation, which offer more degrees of freedom to
modulate the dispersion of surface states [57–60]. Although
dispersion management of surface waves is crucial for achieving
versatile functionalities [6–9], on-demand manipulation of
dispersion properties of the topological surface waves remains
a promising but unsolved challenge. More importantly, the ob-
servation of spatiotemporal dynamics for these surface waves
with on-demand dispersion, which can pinpoint handcrafted
dispersion, is also absent, which prevents the advanced manipu-
lation of electromagnetic (EM) surface waves in spatiotemporal
dimensions.

In this paper, we theoretically propose and experimentally
demonstrate a concept of topological surface states with on-
demand dispersion, as shown in Fig. 1(a). The proposed topo-
logical surface states, where the electromagnetic field localizes at
the interface between the PhC slab with modulated boundary
cylinders and the air, are supported by a truncated valley PhC
with surface modulation, which provides more degrees of free-
dom for achieving on-demand dispersion management of the
surface states. Both the direction and magnitude of group
velocity (vg � dω∕dkx , where ω is the angular eigenfrequency)
of the surface states can be tailored substantially. Microwave
experiments for the observation of dynamical spatial trapping
of EM surface waves with flat dispersion in the time domain
and topological surface waves with opposite group velocities

serve as two typical examples to validate the proposed concept.
Our results could bring new insight in designing surface wave
based integrated devices with functional applications, such as
optical buffer, high-Q cavity, and backward beam routing.

2. RESULTS

A. Physical Properties of the Two-Dimensional PhC
The two-dimensional (2D) PhC is considered first, which will
be generalized to a three-dimensional (3D) case, i.e., a PhC
slab, in the next section. The 2D unit cell of the kagome PhC
with lattice constant a approximately equal to 26.7 mm is
shown in Fig. 1(b), which consists of three dielectric cylinders
in air with a radius of r � 0.15a and relative permittivity of
εr � 9.6. The height of the cylinders is infinite in the 2D case.
The inversion symmetry of the unit cell can be tuned by adjust-
ing the structural parameter d. The band structures for the
transverse magnetic (TM) modes (Ez polarized) of the kagome
PhC with (d � 0.5a) and without (d � 0.56a) inversion sym-
metry are shown in Fig. 1(c). A Dirac point is formed between
the first and second bands at the K ∕K 0 point when the inver-
sion symmetry of the unit cell is maintained. Moreover, when
the inversion symmetry of the PhC is broken (for example,
d � 0.56a), the Dirac point will be gapped out, giving rise
to a valley gap marked by the gray shadow, as shown in
Fig. 1(c). The phase distributions of the eigenmodes (Ez) at the
K point for the bands below and above the valley gap are shown
in Fig. 1(d), from which one can see that the phase windings of
the two bands are opposite, indicating their distinct topological
properties. The non-trivial topology in momentum space can
be characterized by the Berry curvature,

F �k� � ∇k ×An�k�, (1)

where

An�k� � hunkji∇kjunki (2)

is the Berry connection and junki is the spatially periodic part of
the Bloch function for the nth band. The Berry curvature dis-
tribution of the first band below the valley gap is shown in
Fig. 1(e), which exhibits opposite signs at the K and K 0 points,
indicating that gapping out the Dirac points can lead to non-
trivial valley Chern numbers at K ∕K 0 (note that the second
band above the valley gap has the opposite feature to the first
band and is thus not shown here).

By truncating the non-trivial PhC with a valley gap using
boundary cylinders with a radius re in the 2D super cell shown
in Fig. 1(f ), topological surface states with on-demand
dispersion can be obtained, where Bloch and perfectly matched
layer (PML) boundary conditions used in the simulations are
also marked in the figure. Because of the surface state nature,
one has more degrees of freedom to manipulate the dispersion
properties of the topological surface states by modifying the
structural parameters of the boundary cylinders. The radius
re of the boundary dielectric cylinders and the distance d s be-
tween the boundary cylinders and the bulk PhC are the key
parameters to achieve on-demand dispersion of the topological
surface states. The calculated eigenmode dispersions for seven
typical cases in terms of d s and re indicated in Fig. 1(f ) are
shown in Fig. 1(g) (see Appendix A). It can be seen that the
dispersion of the surface states is changed from concave to

Fig. 1. Topological surface states with on-demand dispersion.
(a) Schematic of the topological surface states with on-demand
dispersion. The dispersion of the topological surface states can be ef-
fectively manipulated by modifying the structural parameter d s.
(b) The unit cell of the 2D kagome PhC supporting topological surface
states. The lattice constant is a, and the 2D unit cell is formed by three
dielectric cylinders with a radius r � 0.15a. The relative permittivity
εr is 9.6. (c) Band diagrams of kagome PhCs with (blue, d � 0.5a)
and without (red, d � 0.56a) inversion symmetry. The valley gap gen-
erated at the K point by breaking the inverse symmetry of the unit cell
is indicated by the gray region. (d) Phase distributions of Ez at the K
point for the first and second bands. (e) Berry curvature for the
first band of the unit cell without inversion symmetry shown in (c).
(f ) The super cell of the 2D PhC supporting topological surface states.
The radius of the boundary cylinder is re , and the distance between the
boundary cylinder and the PhC is d s . (g) The eigenmode dispersion
of the super cell shown in (f ) with different structural parameters,
where a typical electric field distribution Re�Ez� of the surface state
is also provided in the inset. (h), (i) Schematics for the dynamical spa-
tial trapping of the EM pulse and backward beam routing mediated by
topological surface states with on-demand dispersion, respectively.
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convex by simply tuning d s. It means that the direction and
magnitude of the corresponding vg for the surface states can
be substantially modified, leading to reversed dispersion prop-
erties (see Appendix C). Because the dispersion of the surface
states experiences continuous shape change, a flat dispersion
can be achieved in the intermediate stage, as shown in
Fig. 1(g), facilitating the dynamical spatial trapping of an EM
pulse, as shown in Fig. 1(h). As can be seen from Fig. 1(g),
changing re will mainly shift the dispersion of a given shape,
indicating the opportunity for achieving on-demand dispersion
management at a given frequency (see Appendix D). At the
same time, leveraged by the guided modes with reversed group
velocities, on-chip backward beam routing could be achieved,
which is presented in Fig. 1(i).

B. Physical Properties of the PhC Slab with Finite
Height
As can be seen from the above analysis, the dispersion of the
topological surface states in this 2D PhC can be manipulated
precisely. Guiding by the total internal reflections at boundaries
parallel to the X -Y and X -Z planes, we can generalize the topo-
logical surface states from 2D to 3D using a PhC slab with
finite height. The schematic unit cell of the 3D kagome PhC
is shown in the inset of Fig. 2(a), where the radius of the di-
electric cylinders and the lattice constant are the same as those
of the 2D PhC, whereas the height of the unit cell is

h � 1.3483a. In order to obtain a topological bandgap similar
to the 2D case, the inversion symmetry of the unit cell is bro-
ken (d � 0.6a). The band structures for the quasi-TM modes
of the kagome PhC slab with (blue line) and without (red line)
inversion symmetry are shown in Fig. 2(a), where the results are
similar to the 2D cases (see Appendix E). This non-trivial unit
cell with a topological bandgap is used to design a super cell that
is similar to the 2D one, where the eigenmode dispersions of
the surface states with different d s (see Appendix E) are shown
in Fig. 2(b) (see Appendix A). The corresponding group indices
(ng � c∕vg , where c is the speed of light in vacuum) are also
provided in Fig. 2(c). Similar to the 2D case, the dispersion of
the topological surface states also experiences the shape change
from concave to convex with an increase of d s, and the group
index approaches infinity when d s � 0.8038a. It means that
the vg of this topological surface state is nearly zero. This in-
teresting phenomenon can be used to achieve dynamical light
trapping based on topological surface states. It should be noted
that the direction of vg is reversed for the case of d s � 1.0a and
a partial direction of vg is reversed for the case of d s � 0.7a,
which can also be seen from the band structures shown in
Fig. 2(b). Additionally, the mapping relationship among vg ,
d s, and re is too complex to be retrieved, which is out of the
scope of this paper. The data-driven deep learning method
could be a solution [61]. Figures 2(d) and 2(e) show the near-
field distributions of the electric field [Re�Ez�], Poynting

Fig. 2. Eigen- and excitation solutions of topological surface states in a PhC slab. (a) The band diagrams of the kagome PhC with (blue,
d � 0.5a) and without (red, d � 0.6a) inversion symmetry, where the 3D unit cell is shown by the inset. The height of the dielectric cylinders
is h � 1.3483a. The light and dark gray areas indicate the light cone and the bandgap, respectively. (b) The eigenmode dispersion of the super cell for
different structural parameters d s . (c) The corresponding calculated group indices of the topological surface states for different structural parameters
shown in (b). (d), (e) Real parts of Ez , Poynting vectors, and phase distributions of Ez for the cases of d s � 0.3a and d s � 1.0a, respectively. (f ) A
finite PhC slab consists of 23 periods along the propagation direction. The red star indicates the location of the CPMD sources, where the energy
fluxes PL and PR are calculated at two planes indicated by two blue dashed boxes (1.34a × 3.75a) labeled by L and R. Both planes are 3.5a away from
the boundary of the waveguide along the Y -axis, where parts of them are inside the PhC (2.2a in length) to take the whole surface state into account.
The background material is air. (g)–(j) The calculated normalized transmission spectra for different structural parameters d s , which are obtained by
integrating the power in the blue dashed boxes (see Appendix A). The value “1” (“−1”) represents the energy flux exclusively to the left (right) side.
The red and blue curves represent the transmission spectra under the excitation of pseudospin-down and pseudospin-up CPMD sources,
respectively. (k) The corresponding distributions of electric field jE j under the excitation of the same CPMD source (pseudospin-down) shown
in (g)–(j), where the red stars indicate the locations of the CPMD sources.
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vectors, and its phase distributions Arg�Ez� for the topological
surface states when d s � 0.3a and d s � 1.0a at kx � 1.1π∕a,
respectively. The corresponding Poynting vectors form a clock-
wise or anticlockwise rotation around the phase vortex center.
Therefore, electromagnetic energy flows from one supercell to
its unilateral supercell, forming an effective wave-guiding chan-
nel. The near-field distributions for the super cell with other d s
are provided in Appendix E. As can be seen from these figures, a
phase vortex center can be clearly identified near the boundary,
and the electric field (Ez ) is also strongly localized at the trun-
cated surface without any leakage to the air, validating the sur-
face state nature.

To study the propagation properties of the topological sur-
face states with on-demand dispersion, we consider a finite PhC
slab (23 periods along the propagation direction) under the ex-
citation of circularly polarized magnetic dipole (CPMD)
sources (see Appendix A), as shown in Fig. 2(f ). The normal-
ized transmission spectra at different d s excited by CPMD
sources with opposite pseudospin states (see Appendix A)
are shown in Figs. 2(g)–2(j), where pseudospin dependent uni-
directional propagation of the surface states can be clearly ob-
served. It should be noted that for cases of d s � 0.3a and
d s � 1.0a, the CPMD sources with the same pseudospin state
are placed at the same Y position in the waveguide, but their
transmission spectra show completely opposite characteristics
because of the reversed dispersion properties controlled by
d s. The near-field distributions of the electric field jE j for re-
versed dispersion properties under the excitation of the pseu-
dospin-down CPMD source are shown in Fig. 2(k), which can
intuitively validate the pseudospin-dependent unidirectional
transmission characteristic (see Appendix F) and indicate the
topological properties of the proposed surface states. In particu-
lar, for the case of ultra-flat dispersion (d s � 0.8038a) with
nearly zero vg , the electric field jE j is mainly localized close
to the CPMD source, and the dynamical EM wave trapping
in the surface waveguide will be demonstrated in the following.

C. Experimental Demonstrations
Microwave experiments are performed to validate the theoreti-
cal results, where the experimental setup is shown in Fig. 3(a).
A finite topological PhC slab composed of 23 periods along the
Y direction is fabricated using alumina ceramic cylinders
(εr � 9.6, tan δ ≈ 4 × 10−4, r � 4 mm, and h � 36 mm).
The boundary cylinders (re � r, h � 36 mm) are introduced
at the surface. Because a CPMD source at the considered fre-
quency range is difficult to implement, a magnetic dipole is
used to excite the topological surface states in the microwave
experiment. A home-made loop antenna is placed inside the
finite PhC waveguide, which is presented in the inset of
Fig. 3(a) (see Appendix B), where it mimics a magnetic dipole
with a dipole moment along the X direction. The normalized
spectra jS21j of an electric monopole antenna at the blue star
marked in Fig. 3(a) indicate the transmission characteristics of
surface states in the topological PhC slab, where different cases
of d s are shown in Figs. 3(b)–3(e) (see Appendix B). The cor-
responding simulation results calculated by the 3D finite differ-
ence time domain (FDTD) method are also provided (see
Appendix F). As can be seen from these figures, good agree-
ment between the simulation and experimental results can

be achieved, which confirms that the proposed topological sur-
face states can be excited effectively by using the loop antenna.
Furthermore, the distributions of jS21j measured at the area
marked by the red dashed rectangle in Fig. 3(a) for different
d s are provided in Figs. 3(f )–3(i). As can be seen from these
experimental results, the EM fields are mainly localized at
the surface of the PhC waveguide. Furthermore, the electric
field shown in Fig. 3(h) is mainly trapped at the location close
to the source, which agrees well with the simulation results
shown in Fig. 2(k). Moreover, in order to verify the reversed
dispersion properties for the cases of d s � 0.3a and d s � 1.0a
in experiment, Fourier transform is used to analyze the near-
field distribution acquired in experiment, where the correspond-
ing retrieved band structures are shown in Figs. 3(j)–3(m).
The corresponding simulation results of eigenmode disper-
sion (white dashed lines) are also provided, where they quali-
tatively agree with each other except for small frequency shift
caused by the permittivity uncertainty of the cylinders. By
increasing d s, the shape of the dispersion changes continu-
ously, from a concave type to a flat type and to a convex type
at last, enabling the realization of on-demand dispersion man-
agement for topological surface states. The flattest dispersion
is obtained at d s � 0.8038a, which can facilitate the exper-
imental observation of dynamical spatial trapping of EM
waves in the time domain.

Then we consider the propagation dynamics of the topologi-
cal surface states with on-demand dispersion. The simulated
spatiotemporal results are calculated by using 3D FDTD
method (see Appendix A), where they are presented in the right
column of Figs. 4(a)–4(c). In simulation, the central frequen-
cies of the time domain Gaussian pulse are set to 4.361 GHz,
4.465 GHz, and 4.511 GHz for three different d s, while the

Fig. 3. Steady results of microwave experiments. (a) The experimen-
tal setup and fabricated dielectric PhC slab to demonstrate the topologi-
cal surface states with on-demand dispersion. (b)–(e) Experimentally
acquired jS21j (red points) and calculated normalized electric field
amplitude jEz j (blue solid lines) for different structural parameters
d s acquired at the blue star marked in (a) under the excitation of a
loop antenna. (f )–(i) The distributions of jS21j for different d s measured
by a monopole antenna at the red dashed box outlined in (a).
(j)–(m) Experimentally retrieved band structures calculated by the
Fourier transform of the steady states and their corresponding simula-
tion results (white dotted line).
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width and offset of the Gaussian pulses are set to 40 ns and
100 ns, respectively. As can be seen from Fig. 4(b), the EM
pulse is trapped at the position of Y ≈ 11.2a for the case of
d s � 0.8038a, while for other cases (d s � 0.3a and d s �
1.0a) shown in Figs. 4(a) and 4(c), the EM pulses can transmit
through the PhC along the Y direction. To verify the theoreti-
cal results, inverse Fourier transform of the experimentally ac-
quired results in frequency domain is leveraged to validate the
dynamical spatial trapping of EM waves mediated by the topo-
logical surface states (see Appendix G). The retrieved results of
spatiotemporal dynamics in experiment are provided in the left
columns of Figs. 4(a)–4(c), whose central frequency, width, and
offset of the Gaussian pulses are the same as those used in the
simulation. It can be seen that the experimental results agree
reasonably well with the simulation ones. For the case with
the smallest vg [d s � 0.8038a shown in Fig. 4(b)], the electric
field is trapped at the center of the waveguide rather than
propagating along the waveguide. Meanwhile, the trapping po-
sition of the electric field in the waveguide can be effectively
manipulated (see Appendix G). This interesting phenomenon
may further facilitate the rainbow trapping based on topological
surface states [54–56]. Both the observations of different
dispersion relationships shown in Figs. 3(j)–3(m) and spatio-
temporal dynamics with distinct transmission properties shown
in Figs. 4(a)–4(c) consolidate the possibility of flexible
dispersion manipulation for topological surface states [62].
We further analyze the time dependent evolutions of surface
states in momentum space, where the experimental and simu-
lation results are shown in Figs. 4(d)–4(f ). There is a long-life
trapping mode for the case of d s � 0.8038a with the smallest
vg , where this mode exists in the range of 160 ns < t < 220 ns
with an almost constant wave number. The lifetime of

topological surface states in simulation is longer than the exper-
imental one, which is because of the material losses in the ex-
periment. It also should be noted that this long-life mode still
decays because of the finite size effect and material absorption
of the PhC slab. Meanwhile, there exists no EM wave for the
cases of d s � 0.3a and d s � 1.0a that possess higher vg in this
range. This interesting phenomenon indicates that the topo-
logical surface states with on-demand dispersion can achieve
nearly zero vg , enabling the observation of dynamical spatial
trapping of EM waves in the time domain.

To further provide an intuitive picture, jS21j proportional to
the electric field for three different d s at typical moments are
presented in Figs. 5(a)–5(c). The full videos are available in

Fig. 4. Spatiotemporal results of microwave experiments. (a)–(c) Evolutions of experimentally retrieved jRe�S21�j in spatial and time domains,
which are acquired along the blue line (Fig. 13 in Appendix G), and the corresponding simulation results are also provided. The red arrows marked in
(b) indicate the dynamical positions of the Gaussian pulse. (d)–(f ) Fourier transform of experimental results at every moment. The zoom-in views for
I, II, and III marked by the white dashed boxes are provided. The simulation results are also provided.

Fig. 5. Snapshots of spatiotemporal results in experiment.
(a)–(c) The near-field distributions of jS21j for different d s at four typ-
ical moments.
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Visualization 4, Visualization 7, and Visualization 8 (MP4).
For the topological surface state with the largest vg shown
in Fig. 5(a), it passes through the waveguide rapidly. With
the increase of d s (see Appendix G), the topological surface
state still exists in the waveguide at t � 141.0484 ns, which
indicates that the vg of topological surface states is significantly
reduced. The case of a flat dispersion (d s � 0.8038a) with the
smallest vg is shown in Fig. 5(b), from which one can see that
the topological surface state is effectively trapped at a certain
position of the waveguide. Further increasing d s to 1.0a, the
dispersion property of the surface states reverses, and the cor-
responding vg increases, where it can also pass through the
waveguide rapidly. According to the time domain data of the
experiment, the corresponding vg for d s � 0.3a, d s � 0.5a,
and d s � 1.0a is 0.16c, 0.08c, and 0.13c, respectively. These
results agree well with the experimental results shown in
Figs. 3(j), 3(k), and 3(m). It should be noted that the vg asso-
ciated with the topological surface state at d s � 0.8038a is dif-
ficult to quantitatively evaluate due to the spatial trapping of
the EM wave. However, the corresponding vg can be approx-
imately evaluated according to the retrieved band structure
shown in Fig. 3(l), which is about 0.001c. This vg is smaller
than the one (>10−6c) calculated by eigenmodes because of
the finite size effect.

In order to further demonstrate the potential application of
the topological surface states with on-demand dispersion, we
design a triangular PhC waveguide structure for achieving beam
routing, which is presented in Fig. 6(a) (see Appendix H). A
dielectric waveguide with a square cross section (side length is
17.6 mm) and a dielectric resonator with a radius of 8 mm as

well as a height of 11 mm are used to mimic point sources with
different pseudo-spin states [34]. By modifying the input direc-
tion of the waveguide, the pseudospin states in the dielectric
resonator can be changed effectively to realize unidirectional
transmission. The normalized electric field amplitudes as a
function of the frequency for d s � 0.3a and d s � 1.0a at
the blue and red stars in the transmission direction are shown
in Figs. 6(b) and 6(c), respectively (see Appendix B). The sim-
ulation results qualitatively agree with the experimental results,
where the frequency shift between the simulation and experi-
mental results may come from the difference of permittivity or
size used between experiments and simulations. The corre-
sponding near-field distributions jS21j of the steady states
are provided in Figs. 6(d) and 6(e), and the dynamical results
are provided in Figs. 6(f ) and 6(g). The unidirectional trans-
mission with very small backward scattering in both steady and
dynamical results further consolidates that the proposed surface
states possess topological properties. Meanwhile, these experi-
mental results can also indicate that reversed dispersion proper-
ties can be achieved by modifying the structural parameter
d s. Red arrows and blue triangles indicate the propagation di-
rections of the EM pulse and the location of the PhC slab struc-
ture, respectively. It can be seen that reversed dispersion
properties can be used to route the EM pulse along different
directions, where negative propagation direction with respect to
the input one can also be achieved as shown in Figs. 6(d) and
6(f ). As demonstrated by all the simulation and experimental
results, the proposed topological surface states with on-demand
dispersion provide promising opportunities to precisely tailor
the magnitude and direction of vg on the surface of photonic
devices. Furthermore, our proposed PhC slab can effectively
reduce the size of topological optical devices, facilitating com-
pact optical integration of topological photonic devices.

3. DISCUSSION AND CONCLUSION

In summary, we theoretically propose and experimentally dem-
onstrate a concept of topological surface states with on-demand
dispersion. The dispersion properties of the surface guided
modes can be feasibly tailored by changing the structural
parameters of the boundary cylinders. The ultimate manage-
ment of dispersion for the topological surface states enables
the direct experimental observation of dynamical EM pulse
trapping. Our experimental results validate the existence of
topological surface states, and their EM dynamics further con-
firms the on-demand dispersion management. The unprec-
edented dispersion management of topological surface wave
states might provide a paradigm shift for dispersion engineering
in topological PhCs, which not only enables the on-demand
manipulation of topological surface guided waves, but also ef-
fectively reduces the size of topological waveguides compared
with conventional PhC waveguides based on topological edge
states between two different PhCs. It is anticipated that our
findings could pave new ways for the ultimate management
of dispersion for the topological surface waves and shed new
light on designing topological microcavities with higher Q fac-
tor, surface state based rainbow trapping, and functional optical
integration of topological PhC devices.

Fig. 6. Experimental results of backward beam routing. (a) The ex-
perimental setup and fabricated dielectric PhC slab to demonstrate the
beam routing effect. (b), (c) Experimentally acquired jS21j (red points)
and simulated electric field amplitude jEz j (blue solid lines) for differ-
ent structural parameters d s obtained at the positions marked by the
blue and red stars in (a), respectively, where the excitation of the loop
antenna is placed on the dielectric waveguide. (d), (e) The acquired
distribution of jS21j for d s � 0.3a and d s � 1.0a measured by a mo-
nopole antenna. Red arrows and blue areas indicate the direction of
transmission and the location of the PhC slab, respectively. (f ), (g) The
typical near-field distributions of jS21j at a specified moment (t �
114.009 ns). The central frequencies of the reconstructed pulses
are set to 4.362 GHz and 4.507 GHz, respectively. And the
corresponding pulse width and offset are set to 40 ns and 100 ns,
respectively.
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APPENDIX A: NUMERICAL METHOD

For the eigen-solutions, the eigenmode dispersions of the bulk
PhC and the surface states are calculated by the finite-element
method (FEM). In order to calculate the dispersion of bulk
PhC or surface states of the 2D and 3D cases, Bloch boundary
conditions and PMLs are applied at the boundaries of the unit
or super cell shown in Figs. 1(b) and 1(f ), while PMLs are also
used in the �Z directions for the 3D unit cell and super cell.
For the excitation solutions, the unidirectional topological sur-
face states excited by the CPMD sources shown in Fig. 2(f ) are
also calculated by using FEM. CPMD sources are composed of
two orthogonal magnetic dipole emitters with dipole moments
in the X and Y (−Y ) directions to mimic the local pseudospin-
down (pseudospin-up) source. The energy flux PL (PR) as a
function of excitation frequency in the 2D PhC case is calcu-
lated at the dashed line L (R) marked in Fig. 7(a) of Appendix C
using a pseudospin-down (pseudospin-up) source, and the cor-
responding results for 3D cases are calculated in the blue
dashed box L (R) marked in Fig. 2(f ). Based on these results,
the normalized transmission spectra (TN ) can be defined in
Eq. (A1),

TN � PL − PR

PL � PR
: (A1)

The broadband transmission responses and time domain
simulation results of the surface states considered in experiment
are calculated by using FDTD method, which are all excited by
a magnetic dipole source. PMLs are used in the �X , �Y , and
�Z directions.

APPENDIX B: MICROWAVE EXPERIMENT

The experimental setup for performing the near-field measure-
ment of the S parameters proportional to certain components of
the electromagnetic fields is shown in Fig. 3(a). A home-made
loop antenna mimicking a magnetic dipole with the dipole mo-
ment along the X direction is connected to a vector network
analyzer (VNA, R & S ZNA67), which is used to generate a
dipole like radiative EM wave (4 to 5 GHz). In order to map
out the corresponding electric field (jEz j) distribution on the
surface of the PhC slab, the electric monopole antenna is used,
whose jS21j is acquired at the rectangle region marked in
Fig. 3(a). The antenna is mounted on a scanning platform
(LINBOU, NFS03 Floor Version) connected to the VNA.
As a result, jS21j proportional to the electric field component
as a function of frequency and position can be obtained. The
PhC slab is placed on a foam substrate (εr ≈ 1), whose permit-
tivity is similar to air, and the substrate effect can be neglected.
Microwave absorbers are used to minimize the impact of echo
signals. Based on the experimental data S21�x, y,ω� obtained
from the electric monopole antenna, the propagation dynamics
of the topological surface states can be retrieved by using the
inverse Fourier transform [63]. A time domain pulse produced
by a magnetic dipole source is used to excite the topological
surface states, whose corresponding spectrum can be repre-
sented by G�ω − ω0�, where ω0 is the central frequency. The
measured data S21�x, y,ω� or simulated steady state solutions

in the frequency domain are filtered by the spectrum of a tar-
geted retrieved EM pulse,

S�x, y,ω� � S21�x, y,ω�G�ω − ω0�, (B1)

and then the corresponding time domain results can be
acquired by applying the inverse Fourier transform to
Eq. (B1),

S21�x, y, t� �
1

2π

Z
S�x, y,ω�eiωtdω: (B2)

In order to verify the accuracy of the experimental data, 3D
FDTD results are used to validate the retrieved EM wave
propagation dynamics of the topological surface states.

APPENDIX C: EXCITATION OF TOPOLOGICAL
SURFACE STATES IN THE 2D PHC STRUCTURE

The normalized transmission spectra for the reversed cases of
concave (d s � 0.3a) and convex (d s � 1.0a) dispersion excited
by CPMD sources with opposite pseudospin states (see
Appendix A) are shown in Figs. 7(b) and 7(c), where pseudo-
spin dependent unidirectional propagation of the topological
surface states can be clearly observed. It should be pointed
out that the same CPMD source is placed at the same position
in the waveguide, which is marked by the red star shown in
Fig. 7(a), but their transmission spectra show completely
opposite characteristics because of the reversed dispersion prop-
erties manipulated by d s. The near-field distributions of the
electric field jE j for reversed dispersion properties under
the excitation of the pseudospin-down and pseudospin-up
CPMD sources are shown in Figs. 7(d) and 7(e), which can
further validate the pseudospin dependent unidirectional trans-
mission characteristic mediated by the reversed dispersion
properties.

Fig. 7. Excitation solutions of topological surface states in the 2D
PhC structure. (a) Schematic of the 2D PhC structure for topological
surface states. The location of CPMD sources is marked by the red
star. (b), (c) The calculated normalized transmission spectra for topo-
logical surface states with different structural parameters d s , which can
be obtained by integrating the power along the gray dashed lines
(L and R) marked in (a) (see Appendix A). The red and blue curves
represent the transmission spectra under the excitation of pseudospin-
down and pseudospin-up CPMD sources, respectively. (d), (e) The
corresponding distributions of electric field jE j under the excitation
of CPMD sources with opposite pseudospin states.
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APPENDIX D: TOPOLOGICAL SURFACE STATES
OF 2D PHC STRUCTURES WITH DIFFERENT
STRUCTURAL PARAMETERS

Because of the nature of surface states, one has more degrees
of freedom to manipulate the dispersion properties of the
topological surface states by modifying the geometry parame-
ters at the boundary of the super cell. In order to further
validate that on-demand management of the dispersion of
topological surface states can be realized by the proposed PhC
structure, we calculate the eigenmode dispersion of the topo-
logical surface states with various structural parameters, as
shown in Figs. 8(a) and 8(c). As can be seen from these figures,
the dispersion of the surface states is changed from concave to
convex by simply changing d s, which indicates that the
direction and magnitude of the corresponding group velocity
(vg ) for the surface states can be substantially modified.
Furthermore, by changing re , the normalized frequencies of
dispersion of the topological surface states can also be modu-
lated effectively while keeping the vg almost unchanged.
Figure 8(b) provides the near-field distributions of electric field
[Re�Ez�] and its phase distributions [Arg�Ez�] for the surface
states when d s � 0.3a, d s � 0.71a, and d s � 1.0a at
kx � 1.1π∕a, respectively. At the same time, the near-field
and phase distributions of Ez for different re are also provided
in Fig. 8(d) when d s � 0.5a. As can be seen from these figures,
a phase vortex center can be clearly identified near the boun-
dary, and the electric field (Ez) is also strongly localized at the
truncated surface without any leakage to the air, validating the
surface state nature. As a result, the shape of dispersion for
topological surface states can be manipulated effectively by
changing d s while the normalized frequencies of topological
surface states can also be controlled by changing re , enabling
the on-demand dispersion of topological surface states.

APPENDIX E: TOPOLOGICAL SURFACE STATES
OF PHC SLABS WITH DIFFERENT STRUCTURAL
PARAMETERS

Guided by the total internal reflections at the X –Y and Y –Z
planes, one can generalize the 2D topological surface state to its
3D counterpart using a PhC slab with a finite height. The sche-
matic unit cell of the 3D kagome PhC is shown in Fig. 9(a),
where the lattice constant and radius of the dielectric cylinders
are the same as those of the 2D PhC and the height of the unit
cell is h � 1.3483a. In order to obtain a topological bandgap
similar to the 2D structure, the inversion symmetry of the unit
cell is broken by d � 0.6a. The band structures for the quasi-
TM modes of the kagome PhC slab with (blue line) and with-
out (red line) inversion symmetry are shown in Fig. 9(b), where
the results are similar to the 2D cases. The light and dark gray
areas represent the light cone and the bandgap, respectively.
The distributions of Re(Ez) and Arg(Ez) for the structure with
inversion symmetry at the K point are shown in Figs. 9(c) and
9(d), while the results of structure without inversion symmetry
are provided in Figs. 9(e) and 9(f ). As can be seen from these
figures, when the inversion symmetry of the unit cell is broken,
the phase windings of the K valley states appear in the unit cell
of the valley PhC, which indicates that gapping out the Dirac
points leads to non-trivial PhC with a topological valley gap.
This non-trivial unit cell is used to construct a super cell that
is similar to the 2D super cell. The schematic of the 3D super
cell is shown in Fig. 9(g). The corresponding distributions of
Re�Ez� and Arg�Ez� for the surface states when d s � 0.5a,
d s � 0.7a, and d s � 1.0a at kx � 1.1π∕a are also provided.
As can be seen from these figures, a phase vortex center can
be clearly identified within the boundary sites, and the electric
field (Ez ) is also strongly localized around the truncated boun-
dary without any leakage to the air, similar to the 2D case.

Fig. 8. Eigen-solutions of topological surface states in a 2D PhC
structure. (a) The eigenmode dispersion of the super cell shown in
Fig. 1(f ) with different structural parameters d s . (b) The correspond-
ing distributions of Re(Ez ) and Arg(Ez ) for the topological surface
states at kx � 1.1π∕a shown in (a). (c) The eigenmode dispersion
of the super cell shown in Fig. 1(f ) with different structural parameters
re . Here, d s � 0.5a (a is the lattice constant). (d) The corresponding
distributions of Re(Ez ) and Arg(Ez ) for the topological surface states at
kx � 1.1π∕a shown in (c).

Fig. 9. Topological surface states in a PhC slab with finite height.
(a) The 3D unit cell of the kagome PhC supporting topological surface
states. The lattice constant is a, and the 3D unit cell is formed by
dielectric cylinders with a radius r � 0.15a and a height h � 1.3483a.
The relative permittivity εr is 9.6. (b) The band diagrams of the ka-
gome PhC with (blue, d � 0.5a) and without (red, d � 0.6a) inver-
sion symmetry. The light and dark gray areas indicate the light cone
and the bandgap, respectively. (c), (d) Distributions of Re(Ez ) and Arg
(Ez ) of the gapless PhC at the K point for the first and second bands.
(e), (f ) Distributions of Re(Ez ) and Arg(Ez ) of the non-trivial PhC
with a valley gap at the K point for the first and second bands. (g) The
3D super cell of the PhC slab supporting topological surface states.
The corresponding distributions of Re�Ez� and Arg(Ez ) at kx �
1.1π∕a for different structural parameters d s are also provided.
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APPENDIX F: EXCITATION OF TOPOLOGICAL
SURFACE STATES IN THE PHC SLAB

The near-field distributions of the electric field jE j for different
structural parameters d s under the excitation of the pseudospin-
up CPMD source are shown in Figs. 10(a)–10(d), where pseu-
dospin dependent unidirectional propagation of the topological
surface states can be clearly observed. It should be pointed out
that for the cases of d s � 0.3a and d s � 1.0a, the same CPMD
source is placed at the same Y position in the waveguide
marked by the red star shown in Fig. 2(f ), but their transmis-
sion spectra show completely opposite characteristics because of
the reversed dispersion properties manipulated by d s, as shown
in Fig. 2(b). In particular, for the case of ultra-flat dispersion
(d s � 0.8038a) with nearly zero vg shown in Fig. 10(c), the
electric field jE j is mainly localized close to the CPMD source,
which indicates that the EM wave is dynamically trapped in the
middle of the waveguide. Because a CPMD source in the con-
sidered frequency range is difficult to be fabricated, a magnetic
dipole with a dipole moment along the X direction is used to
excite topological surface states in the microwave experiments.
As a result, we also calculate the near-field distributions of jEz j
at specified frequencies for the finite topological PhC slab
under the excitation of a magnetic dipole source, which are pro-
vided in Figs. 11(a)–11(d) (see Appendix A). As can be seen

from these figures, the EM fields are mainly localized at the
surface of the PhC waveguide without any leakage to the
air. Furthermore, the electric field shown in Fig. 11(c) is mainly
trapped at the location close to the source, which agrees well
with the cases using CPMD sources shown in Fig. 2(k).

APPENDIX G: PROPAGATION DYNAMICS OF
THE TOPOLOGICAL SURFACE STATES IN THE
PHC SLAB

We further consider the propagation dynamics of the topological
surface states with on-demand dispersion. The inverse Fourier
transform is used to postprocess the frequency domain data
to retrieve the time dependent near-field distribution of topologi-
cal surface states (see Appendix B). A fixed carrier with Gaussian
envelope generated by a magnetic dipole in the time domain,

Et � sin�−w0�t − t0��e−��t−t0�∕2σ�2 , (G1)

where ω0 is the central frequency, t0 is the offset, and
σ � PW∕�2 ffiffiffiffiffiffiffiffiffiffiffiffi

log�2�p � (PW is the pulse width) is used to excite
the topological surface states in the PhC slab. The frequency
domain data are the S parameters acquired by the VNA (see
Appendix B) or the simulation data calculated by using
FDTD method (see Appendix A). Then, the inverse Fourier
transform of the frequency domain data is performed to obtain
the evolution dynamics of the topological surface states in the
time domain (see Appendix B).

To benchmark the retrieved results, we use the frequency
domain data extracted from the 3D FDTD simulations to re-
trieve the dynamics of the topological surface states first. The
frequency dependent distributions of electric field Ez in the
frequency range of 4–5 GHz at the red dashed box shown
in Fig. 12(a) are calculated. Then, the dynamical results in time

Fig. 10. Excitation solutions of topological surface states in the
PhC slab. (a)–(d) The distributions of electric field jE j under the ex-
citation of the same CPMD source (pseudospin-up) for the cases of
d s � 0.3a, d s � 0.5a, d s � 0.8038a, and d s � 1.0a.

Fig. 11. Topological surface states under the excitation of the mag-
netic dipole source. (a)–(d) The near-field distributions of electric field
amplitude (jEz j) for the cases of d s � 0.3a, d s � 0.5a, d s � 0.8038a,
and d s � 1.0a. The red star represents the location of the magnetic
dipole source.

Fig. 12. Benchmarks of the retrieved propagation dynamics using
simulated data in the frequency domain. (a) A finite PhC slab support-
ing topological surface states. The location of the magnetic dipole is
marked by the red star. The distributions of Re�Ez� in the frequency
and time domains are extracted by the 3D FDTD method at the red
dashed box. (b)–(d) Retrieved time dependent Re�Ez� using the fre-
quency domain data obtained by the 3D FDTD method and the
direct output results of the 3D FDTD method at the blue star marked
in (a). The retrieved near-field distributions [Re�Ez�] at the red dashed
box and the direct output results of the 3D FDTD method at typical
moments are also provided. The central frequencies of the Gaussian
pulse are set to 4.361 GHz, 4.465 GHz, and 4.511 GHz for the cases
of d s � 0.3a, d s � 0.8038a, and d s � 1.0a, respectively, while the
width and offset of all pulses are 40 ns and 100 ns, respectively.
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domain of the topological surface states are retrieved by using
the inverse Fourier transform. The retrieved time dependent
Re�Ez� using the simulated frequency domain data at the blue
star marked in Fig. 12(a) and the distributions of jRe�Ez�j at
typical moments in time are provided in Figs. 12(b)–12(d) (full
details can be found in Visualization 1, Visualization 2, and
Visualization 3, MP4). These results are compared with the
ones directly outputted from the 3D FDTD simulations. The
retrieved results are consistent with the numerical simulations
in the time domain. Based on these results, we can confirm that
the propagation dynamics of the topological surface states in
our experiments can be effectively analyzed by utilizing the
retrieval strategy. We further study the propagation dynamics
of the topological surface states with on-demand dispersion in a
finite PhC slab shown in Fig. 13(a) via microwave experiment.
The dynamical results in the time domain are also calculated
by using the 3D FDTD method (see Appendix A), where they
are presented in Figs. 13(b) and 13(c). In simulation, the cen-
tral frequencies of the Gaussian pulse are 4.384 GHz and
4.427 GHz for the cases of d s � 0.5a and d s � 0.7a, respec-
tively, while the width and offset of the Gaussian pulses are
40 ns and 100 ns, respectively. As can be seen from these fig-
ures, the EM pulse is trapped at the position of Y ≈ 15a for the
case of d s � 0.7a. And for the case of d s � 0.5a, the EM
pulses can transmit through the PhC slab along the Y direction
rapidly. To verify the theoretical results, we retrieve the propa-
gation dynamics using the acquired experimental results in
frequency domain to validate the dynamical trapping of the
EM pulse mediated by topological surface states with a flat
dispersion. The corresponding retrieved pulse propagation dy-
namics are also provided in Figs. 13(b) and 13(c), whose center
frequencies, widths, and offsets of the Gaussian pulses are the
same as those in the simulation. It can be seen that the exper-
imental results agree well with the simulated ones (see
Appendix B). For the case with a smaller vg (d s � 0.7a),
the electric field is trapped at the waveguide rather than propa-
gating through the waveguide. The difference between exper-
imental and simulation results may be due to the difference in

material properties used in the simulation and experiment. To
provide an intuitive picture, the retrieved jS21j proportional to
the electric field for two cases of d s at various specified mo-
ments in time are presented in Figs. 14(a) and 14(b) (full details
can be found in the Visualization 5 and Visualization 6, MP4).
For the case of d s � 0.5a, the topological surface state still ex-
ists in the waveguide at t � 141.0484 ns, which indicates that
the vg of topological surface states is lower than the case of
d s � 0.3a. Moreover, with the increase of d s to 0.7a with a
higher vg, the EM wave is trapped by the topological surface
states rather than transmitting to the end of the waveguide.
Interestingly, compared with the case of d s � 0.8038a, the
EM wave is trapped closer to the end of the waveguide because
its vg is larger than the case of d s � 0.8038a. These results
agree well with the results of group indices shown in Fig. 2(c).

APPENDIX H: THE PHC SLAB STRUCTURE FOR
BEAM ROUTING

The top view of the beam routing structure is shown in
Fig. 6(a). The overall structure for the beam routing is com-
posed of a topological surface waveguide at the surface of a ka-
gome PhC with a triangle shape, a dielectric resonator, and a
dielectric waveguide with a square cross section (the side length
is 17.6 mm). The radius and height of the dielectric resonator
are 8 mm and 11 mm, respectively, which is used to mimic

Fig. 13. Propagation dynamics of topological surface states.
(a) Schematic of the finite PhC slab supporting topological surface
states. The location of the magnetic dipole is marked by the red star.
(b), (c) Evolutions of experimentally retrieved Re(S21) in time domain
for the cases of d s � 0.5a and d s � 0.7a, which are both acquired
along the blue line shown in (a). The corresponding 3D FDTD results
are also provided. The central frequencies of the Gaussian pulses are set
to 4.384 GHz and 4.427 GHz for the cases of d s � 0.5a and
d s � 0.7a, respectively, while the width and offset of the two pulses
are 40 ns and 100 ns, respectively.

Fig. 14. Snapshots of time domain experimental results. (a),
(b) The near-field distribution of jS21j for the cases of different d s
at four typical moments.

Fig. 15. The PhC slab structure for beam routing. The top view of
the PhC structure and the straight coupling waveguide shown in
Fig. 6.
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point sources with different pseudo-spin states. When the EM
waves produced by a magnetic dipole are coupled from above
(below) to the waveguide shown in Fig. 15, it will generate an
anticlockwise/clockwise phase vortex at the dielectric resonator
[34]. Therefore, the direction of the unidirectional transmis-
sion of the topological surface states can be manipulated, where
a beam router can be achieved.
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