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We theoretically and experimentally demonstrate that magnetic plasmonic gradient metasurfaces (GMSs) can
convert a spatially propagating wave to a one-way edge state or vice versa with high efficiency. Consisting of
an array of ferrite rods with a rotation gradient introduced to the rod dimers in the unit cell, GMSs can covert
an incident wave beam to a one-way edge state with efficiency over 77%, and almost fully radiate into free space
from the one-way edge state. The phenomenon arises from the unidirectional coupling of the spatial electromag-
netic wave with magnetic plasmonic GMSs, which is evidenced from the photonic band diagrams of the edge state.
The one-way edge state can radiate to or be excited from air with different angles by either engineering the gra-
dient of the GMSs or tuning the bias magnetic field. By designing magnetic plasmonic GMSs with more exquisite
configurations, we can expect many more nonreciprocal properties, adding additional freedom in manipulating
electromagnetic waves. © 2022 Chinese Laser Press

https://doi.org/10.1364/PRJ.437552

1. INTRODUCTION

Over the last few decades, one-way edge states [1–24] have flour-
ished as an exciting field and captured considerable attention in
both fundamental research and applied science. The quantized
Hall effect for electrons in heterostructures comes from the Hall
current, which is believed to be carried by an edge state [10] with
macroscopic circulation. Inspired by these fascinating discoveries
in electronic systems, there has been interest in exploring this
effect in photonic systems, where the electronic current is re-
placed by currents of electromagnetic radiation [11–16]. The
one-way propagation effect has been proved theoretically and ex-
perimentally based on photonic crystals [17–19], which has
opened the way for research on topological photonics. The topo-
logical edge state has set off a research boom due to its excellent
topological properties, such as robustness, defect immunity, and
backscattering suppression [20–24]. Also, another type of one-
way edge state associated with a magnetic surface-plasmon
(MSP) has been proposed [25]. Compared with the electromag-
netic edge state based on analogy of the quantum Hall effect, the
MSP [15,16,26–34] based edge state does not need to rely on
the periodicity of photonic crystals and can work even on homo-
geneous bulk systems. As a result, such edge states exhibit
surface-morphology-independent characteristics, adding consid-
erable flexibility to wave manipulation. However, one-way edge

states are localized modes that cannot be excited by spatial waves.
This limitation causes difficulties in applications.

Metasurfaces are types of two-dimensional planar metama-
terials [35,36] that enable simultaneous control over amplitude,
phase, and even polarization of photons by rectifying their
interactions with gradient metasurfaces (GMSs), giving rise
to a variety of novel functionalities with high performance.
Furthermore, GMSs exhibit superior properties, such as low
cost, low loss, easy fabrication, and, most importantly, integra-
tion compatibility for photonics and electronics [35]. Quite
many striking physical phenomena ranging from wavefront
shaping [37,38] and anomalous reflection and refraction
[39,40] to polarization conversion [41,42] and the photonic
spin Hall effect [43,44] were implemented theoretically and
experimentally, resulting in a great deal of promising applica-
tions from ultrathin wave plates [45,46] and metalenses [47,48]
to hologram design [49,50] and dynamic color display [51,52].
In addition, GMSs can also be employed to excite and guide a
surface wave and realize phase control [53,54]. Therefore,
GMSs can serve to bridge spatially propagating waves and
one-way edge states. However, the performance and related fea-
tures have been rarely considered so far.

In this paper, we aim to design a kind of GMS with ferrite
materials, termed magnetic plasmonic GMSs due to the exci-
tation of MSP resonance [31]. Different from the conventional
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GMSs made of dielectric or metallic materials, magnetic plas-
monic GMSs possess nonreciprocity in virtue of the time-
reversal-symmetry-breaking nature of ferrite materials under
a bias magnetic field, and are further enhanced by MSP reso-
nance [15]. The spatial propagating wave coupled into and ex-
cited by the one-way edge state is observed. The coupling and
excitation are shown to be tuned either intrinsically by the gra-
dient of the GMSs or extrinsically by the bias magnetic field.
As a result, GMSs can serve as high-efficiency transformers of
spatial propagating waves and one-way edge states, and the
transformation can be controlled. The physical mechanism
and nonreciprocal behavior can be clearly identified by exam-
ining the photonic dispersion curves. The experimental results
are in good agreement with the numerical results. The results
can be further extended to design nonreciprocal metasurfaces
with more exquisite configurations so that novel physics and
potential applications can be expected.

2. EXCITATION AND RADIATION OF ONE-WAY
EDGE STATE

To be specific, the magnetic plasmonic GMS is composed of an
array of ferrite rod dimers with a rotational gradient introduced
in the unit cell as illustrated in the insets of Fig. 1. The

single-crystal yttrium iron garnet is used for ferrite rods due
to the extremely low loss. The electric permittivity of the ferrite
rods is εs � 15� i3 × 10−3, and the magnetic permeability
of the fully magnetized ferrite rods along rod axes, namely,
the z direction, is given by [55]

μ
∧ �

 μr −iμk 0
iμk μr 0
0 0 1

!
, (1)

with

μr � 1� ωm�ω0 − iαω�
�ω0 − iαω�2 −ω2 , μk �

ωmω

�ω0 − iαω�2 −ω2 , (2)

where ωm � 2πf m � 2πγMs is the characteristic frequency
with the gyromagnetic ratio γ � 2:8 MHz∕Oe, Ms is the sat-
uration magnetization, and ω0 � 2πf 0 � 2πγH 0 is the spin–
wave resonance frequency, with H 0 as the sum of the bias
magnetic field applied along the z direction and the demagneti-
zation field. For a single-crystal yttrium iron garnet, the satu-
ration magnetization is Ms � 1750 G, and the damping
coefficient is α � 3 × 10−4, corresponding to negligible loss.
In this case, the magnetic property reacts only to the TM wave
mode with the electric field polarized along the rod axes.
As a result, a two-dimensional TM Gaussian beam is used
to illustrate the interaction with one-way edge states; except

Fig. 1. Electric-field patterns for a transverse magnetic (TM) Gaussian beam incident normally on the surface of a five-layer slab composed of an
array of ferrite rods in (a) a square lattice and with the upmost two layers of the slab in the illuminated region replaced by a magnetic plasmonic GMS
with the unit cell containing (b), (e), (f ) five pairs of rod dimers. The field intensity profiles close to the interface are shown in (c), (d), (g), (h),
corresponding to (a), (b), (e), (f ). (i) Schematic of the unit cell, in which the structure size and the direction of the magnetic field are marked.
(j) Amplified view of the near-field map of the connection area between the excitation region and propagation region of the edge modes, in which the
electric-field direction of the incident wave is marked. (k)–(n) Unit cells for the corresponding slabs, among which (l)–(n) are the same. The
operating frequency is 4.72 GHz, and the bias magnetic field is applied such that H 0 � 530 Oe.
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otherwise stated, the beam-waist radius is w0 � 2λ, with λ as
the operating wavelength. Based on the Mie theory [56] and
multiple scattering theory [57–60], we can simulate the exci-
tation and radiation of one-way edge states on metasurfaces,
and the photonic dispersion curves of the metasurfaces can
be retrieved to discover the underlying physics.

As a paradigm, we first consider an ordinary periodic surface
of a five-layer slab consisting of an array of ferrite rods arranged
as a square lattice in air. The lattice separation is a � 6 mm, the
rod radius is r � 2.5 mm, and the bias magnetic field is applied
such that H 0 � 530 Oe. The total reflection of a normally in-
cident Gaussian beam is observed as shown in Fig. 1(a),
and there appears no one-way edge state along the surface from
the field intensity profile close to the interface in Fig. 1(c).
The scenario is similar to the case of a dielectric or metallic
surface for a normally incident Gaussian beam. Then, we ex-
amine the performance for the upmost two layers replaced by
the GMSs with the unit cell consisting of an array of rod
dimers. The schematic of the structure is shown in Fig. 1(i).
The size of the unit cell is a0 � 6a � 36 mm, the interparticle
separation of the rod dimer is d � 9 mm with a rod radius of
r0 � 2.5 mm, and an appropriate rotational gradient is intro-
duced into the unit cell. In this case, the rest of the three-layer
slab beneath serves as the substrate. GMSs are introduced into
the region subject to illumination of the Gaussian beam.
Outside the illuminated region, the surface layer has the same
period as the substrate. For the unit cell containing five pairs of
equally separated rod dimers with the rotational angle θ uni-
formly varying from 60° to 75°, the configuration is shown
in the inset Fig. 1(l). Differently, the results are shown in
Figs. 1(b) and 1(d), where we can find explicitly the excitation
of the one-way edge state, coincident with the mechanism in
other systems [53]. To more clearly observe the excitation of
the one-way edge state on the magnetic plasmonic GMSs, we
simulated the electric-field patterns of the connection area be-
tween the excitation region and the propagation region, as
shown in Fig. 1(j). It should be pointed out that there exists
12a offset between the centers of the incident Gaussian beam
and the boundary of the excitation region, which can realize a
higher conversion efficiency. To quantitatively characterize the
conversion efficiency, we defined a rightward transmitted
power ratio C as follows:

C � I es�x�
I in

�
R
15a
0 Px�x, y�dyR
40a
−30a Py�x, y�dx

, (3)

where I es is the electromagnetic energy flux of the one-way edge
state at a specified position x, and I in is the electromagnetic
energy flux of the incident beam. In our simulation, we chose
the position of x � 70a to make sure that no reflected wave was
included, avoiding overestimation of conversion efficiency. In
calculation of the integration for I in, y � 20a is taken without
loss of generality. Actually, the one-way edge state can be ex-
cited from different angles. The conversion efficiency as a func-
tion of incident angle θinc is shown in Fig. 2 where the black
diamonds show the result for the ordinary periodic surface in
Fig. 1(a), and the blue triangles show the result for the GMSs in
Fig. 1(b). The figure shows that the highest conversion
efficiency happens at the Gaussian beam incident from −8°,

0°, and 9° on GMSs with rotational angles uniformly varying
from 45° to 60° (red circles), 60° to 75° (blue triangles), and 75°
to 90° (magenta triangles), respectively. Concretely, the highest
conversion efficiency is about 65% (red circles), 77% (blue tri-
angles), and 66% (magenta triangles), respectively. The one-
way edge state comes from the time-reversal-symmetry break-
ing of the magnetic system under the bias magnetic field, and
the magnetic GMS serves as a platform to couple the incident
Gaussian beam to the surface wave.

In addition to the excitation of one-way edge states, mag-
netic GMSs can also control and radiate electromagnetic waves.
For convenience, we consider only the case of a Gaussian beam
incident normally on the surface. As shown in Figs. 1(e) and
1(g), GMSs are reintroduced into the region at a distance of
60a away from the illumination of the Gaussian beam, and
evident radiation of a one-way edge state can be observed.
The unit cell containing five pairs of rod dimers with the same
range of rotational angles is shown in the inset Fig. 1(m), and
the other parameters are the same as those in Fig. 1(b). It is
remarkable that the region of the radiation of electromagnetic
waves depends only on the position of the reintroduced GMSs.
To verify this phenomenon, we introduced GMSs at a distance
of 120a from the illumination of the Gaussian beam as dem-
onstrated in Figs. 1(f ) and 1(h), and evident radiation of a one-
way edge state can also be observed. With the extremely low
loss of ferrite rods, the one-way edge state can be transmitted
and radiated almost lossless on GMSs, which can be seen from
the field intensity profile shown in Figs. 1(d), 1(g), and 1(h).
Therefore, such a system is the desired bridge between spatially
propagating waves and one-way edge states. Our findings may
pave the way for many applications, including surface plasmon
couplers, microwave radiation antennas, light absorbers, and
so on.

3. PHOTONIC DISPERSION CURVES OF
ONE-WAY EDGE STATE

To gain a deeper understanding of the phenomenon, we cal-
culate the photonic dispersion curves as shown in Fig. 3 where a
photonic bandgap (PBG) can be observed for the magnetic
metamaterials due to MSP resonance [31], indicated by a dense
set of flat bands, so that the Gaussian beam can be totally
reflected as shown in Fig. 1(a). Then, we also calculate the

Fig. 2. Conversion efficiency is plotted as a function of incident
angle θinc for the ordinary periodic surface (black diamond line)
and GMSs with the rotational angle uniformly varying from 45° to
60° (red circles), 60° to 75° (blue triangles), and 75° to 90° (magenta
triangles). The working frequency is 4.72 GHz, and the other param-
eters are the same as those in Fig. 1.
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dispersion curves of edge modes for different interfaces as plot-
ted in Fig. 3(b) to illustrate the excitation of the one-way edge
state shown in Fig. 1. For the five-layer slab considered in
Fig. 1(a), the dispersion curves are two symmetric branches in-
side the PBG as marked by the black squares in Fig. 3(b). The
branches on the left half (right half ) correspond to the edge
states confined on the upper (lower) surface. But they actually
lie outside the light cone since the periodicity along the Γ − x
direction is a, not 6a, resulting in the band folding. The usage
of the unit cell in Fig. 1(k) is just for the convenience of com-
parison. As a result, the incident Gaussian beam cannot be
coupled to the edge mode so that no one-way edge state
can be excited, explaining the total reflection of the
Gaussian beam in Fig. 1(a). Differently, for the four-layer slab
in Figs. 1(b), 1(e), and 1(f ) with the unit cell containing five
pairs of rod dimers in Figs. 1(l), 1(m), and 1(n), the dispersion
curves lie inside the light cone as shown in Fig. 3(b), denoted
by blue triangles, where the high density of states and a match
of the parallel component of the wave vector at a working fre-
quency of 4.72 GHz for normal incidence ensure strong cou-
pling of the incident Gaussian beam with the edge modes as
shown in Figs. 1(b), 1(e), and 1(f ), resulting in excitation of
the one-way edge state. It is worthwhile to point out that
the one-way edge state on the ordinary periodic surface cannot
decouple back into a spatially propagating wave due to the
dispersion curves lying outside the light cone. However, for
the edge modes of GMSs, the dispersion curves lie inside
the light cone. Therefore, the one-way edge state can decouple
back into a spatially propagating wave, and the GMSs can
serve to manipulate the radiation of one-way edge states.
By tuning the range of rotational angles in the unit cells,
the dispersion curves can be flexibly controlled, adding

additional degrees of freedom in manipulating the radiation of
electromagnetic waves.

From the photonic dispersion curves in Fig. 3(b), it can be
found that the magnetic GMS with different rotational gra-
dients radiated the edge modes to different directions, and
the radiation angle θrad can be calculated analytically as follows:

tan θrad �
K x

K y
, (4)

where K x is the parallel wave vector, which can be obtained
from the dispersion curves of edge modes, and K y �
ω∕c � 2πf ∕c is the wave vector of a spatially propagating
wave, with f as the operating frequency and c as the light speed
in a medium. For example, when the rotational angle in the
unit cell ranges from 60° to 75°, the parallel wave vector
K x � 0 corresponds to the radiation angle θrad � 0°, and
the associated field pattern is shown in Fig. 1(f ). Actually, when
the rotational angle in the unit cell ranges from another gra-
dient or the rod dimers under another bias magnetic field,
the radiation angle of the edge mode will also change, which
is explained in the next section.

4. TUNABILITY BY THE ROTATIONAL
GRADIENT AND BIAS MAGNETIC FIELD

From the aforementioned analysis, it can be found that the ra-
diation characteristics of edge modes depend on the rotational
gradient of magnetic GMS as illustrated from both the pho-
tonic dispersion curves and electric-field patterns. To present
an even clearer picture, we simulated the field patterns for mag-
netic GMSs with different rotational gradients. When the rota-
tional angle in the unit cell is decreased to a smaller range from
45° to 60°, the photonic dispersion curves of the edge mode are

Fig. 3. (a) Photonic dispersion curves for the bulk magnetic metamaterial of the square lattice, showing a photonic bandgap (PBG) on top of the
flat bands. (b) Photonic dispersion curves of edge modes along the Γ − x direction for the five-layer slab cutting out from the magnetic metamaterial
with the unit cell shown in Fig. 1(k) (black squares) and that with the upmost two layers replaced by the GMS, whose unit cell contains five pairs of
rod dimers with the rotational angle θ uniformly varying from 45° to 60° (red circles), 60° to 75° as shown in Fig. 1(l) (blue triangles), and 75° to 90°
(magenta triangles), and the bias magnetic field is applied such thatH 0 � 530 Oe. (c) Photonic dispersion curves of edge modes for a fixed magnetic
GMS with the rotational angle ranging from 75° to 90°; rod dimers under three different bias magnetic fields such that H 0 is equal to 530, 550, and
570 Oe, and the substrate has the sameH 0 equal to 530 Oe. The green dashed line marks the working frequency at 4.72 GHz in Figs. 1, 2, 4, and 5,
and the solid yellow lines mark the light lines. The other parameters are the same as those in Fig. 1.
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shown in Fig. 3(b), denoted by the red circles, where the paral-
lel wave vector K x < 0 at the working frequency of 4.72 GHz.
Based on Eq. (4), we can calculate the radiation angle
θrad � −8°, and the associated field pattern is shown in
Fig. 4(a). On the contrary, for the magnetic GMS with a rota-
tional angle in the unit cell increased to the range from 75° to
90°, the photonic dispersion curves of the edge mode are shown
in Fig. 3(b), denoted by the magenta triangles, where the par-
allel wave vector K x > 0 at the working frequency of
4.72 GHz. Based on Eq. (4), we can also calculate the radiation
angle θrad � 9°, and the associated field pattern is shown in
Fig. 4(e). Figures 4(b) and 4(d) are the same as Figs. 1(f )
and 1(h), given here just for the convenience of comparison.
To verify the defect immunity of wave propagation on the edge
of the magnetic GMS, we removed one ferrite rod from the
ordinary periodic surface, and the associated field pattern is
shown in Fig. 4(f ). From the inset of Fig. 4(f ), we see that
the electromagnetic wave automatically circumvents the defect
and keeps propagating instead of being backscattered, illustrat-
ing the robust feature of the wave propagation.

By tuning the configuration of the magnetic GMS, we in-
trinsically change the morphology of GMSs. It can be used to
control the electromagnetic properties of the magnetic GMS,
offering tunability on the radiation characteristics of edge
modes. However, it is not convenient in experiment or in ex-
ploring possible applications. To implement the controllability
with more degrees of freedom, extrinsic manipulation is pre-
ferred. Concretely, for a specific magnetic GMS with a rota-
tional angle ranging from 75° to 90°, we can tune the bias
magnetic field so that the electromagnetic properties can be
freely adjusted. As typical examples, the photonic dispersion
curves of edge modes for rod dimers under three different bias
magnetic fields are shown in Fig. 3(c) where the parallel com-
ponent of the wave vector is altered from K x > 0 to K x < 0 at

the operating frequency, similar to the intrinsic control in
Fig. 3(b). For both intrinsic and extrinsic cases, we note that
the radiation angle is changed from negative to positive. To be
specific, in Fig. 3(c), by tuning H 0 from 530 to 570 Oe, the
radiation angle is altered from 9° to −8°. However, we should
point out that for the magnetic GMS considered here, the

Fig. 4. Manipulating the radiation characteristics of the edge modes intrinsically by tuning the gradients of magnetic GMSs outside the illumi-
nated region with rotational angles ranging from (a) 45° to 60°; (b), (f ) 60° to 75°; and (e) 75° to 90°, and a fixed magnetic GMS in the region subject
to illumination of the Gaussian beam with the rotational angle ranging from 60° to 75°. The radiation angles corresponding to (a), (b), (e), and (f ) are
−8°, 0°, 9°, and 0°, respectively. The field intensity profiles close to the interface are shown in (c), (d), (g), and (h), corresponding to (a), (b), (e), and
(f ), respectively. (i)–(l) Unit cells for the corresponding slabs, among which (j) and (l) are the same. (m) Amplified view of the near-field map near the
defect in (f ). The working frequency is 4.72 GHz, and the other parameters are the same as those in Fig. 1.

Fig. 5. Manipulating the radiation characteristics of edge modes ex-
trinsically by tuning the bias magnetic field of the rod dimers outside
the illuminated region with (a) H 0 � 530 Oe, (b) H 0 � 550 Oe,
and (c) H 0 � 570 Oe, and the other ferrite rods have the same
H 0 � 530 Oe. The radiation angles are (a) 9°, (b) 0°, and (c) −8°.
The magnetic GMS has a rotational angle ranging from 75° to 90°,
as in Fig. 4(e), the working frequency is 4.72 GHz, and the other
parameters are the same as those in Fig. 1.
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controllable range of the radiation angle is still not large enough.
Fortunately, the one-way edge state can be switched to the op-
posite direction by reversing the magnetization, which cannot be
observed in a nonmagnetic system, offering an additional degree
of freedom in manipulating electromagnetic waves.

To present an even clearer illustration of how the radiation
characteristics of edge modes are controlled by the bias mag-
netic field, we simulated electric-field patterns under three dif-
ferent bias magnetic fields. The results are shown in Fig. 5
where we can find that the radiation angles of the edge
modes are 9°, 0°, and −8° under H 0 � 530, 550, and
570 Oe, respectively, as shown in Figs. 5(a)–5(c). This variation
indicates that the edge mode can be modulated by the bias mag-
netic field so that the radiation angle is changed, in agreement
with the above analysis. The field pattern in Fig. 5(a) is actually
the same as in Fig. 4(e), given here just for the convenience of
comparison. Following this concept, we can expect even
more nonreciprocal functionalities implemented by magnetic
GMSs.

5. EXPERIMENTAL RESULTS AND DISCUSSION

We conducted microwave experiments to demonstrate the cou-
pling and radiation of electromagnetic waves based on MSP. It
should be noted that in our previous work [34], the rod radii of
the substrate and rod dimers are different, which will not cause
any problems in the simulation, because we assume that all the
ferrite rods have the same magnetization. However, in the ex-
periment, the demagnetization factors of ferrite rods with dif-
ferent radii are different, so the magnetization of the rods is also
different under the same magnetic field. In this work, we re-
designed the geometrical parameters of the GMS; all ferrite rods
have the same radius. The magnetic GMS samples were fab-
ricated with commercial single-crystal yttrium iron garnet fer-
rite rods, whose material parameters were the same as those
used in the dispersion curve calculations, except that the rods
had finite height h � 10 mm.

The experimental setup for the radiation of a one-way edge
state is shown in Fig. 6(e). The sample is surrounded by absorb-
ers with only one edge exposed to air. The sample was sand-
wiched between two parallel metallic plates with a gap of
10 mm, which supports TEM mode waves of up to
15 GHz. The incident wave beam was formed in the wave-
guide, which was excited by a line source. In the waveguide,
the E field was polarized perpendicularly to the metallic plates.
The wave beam was perpendicularly projected on the sample
away from the waveguide port about 2λ. A probe was used to
measure the field intensity profiles close to the interface. The
measurements were made with the Agilent PNA-X N5247A
vector network analyzer. A uniform bias magnetic field along
the z axis was provided by a big Helmholtz coil with an inner
diameter of 260 mm, which was large enough to guarantee a
spatial uniform bias magnetic field.

For an ordinary periodic surface of a five-layer slab, theoreti-
cally, the total reflection to the normally incident Gaussian
beam is observed, as shown in Fig. 6(a). The surface field in-
tensity profile shows the field is localized in the region where
the incident beam width is covered. Out of the region, the field
tends to zero, indicating no one-way edge state is excited. The

experimental results (red line) are in good agreement with the
numerical results (black line), as shown in Fig. 6(c). Then, we
examine the performance of magnetic GMSs; the simulation
result is shown in Fig. 6(b), and the measured field intensity
profiles along the surface are shown in Fig. 6(d), where we
can find that the field is not only localized near the incident
wave beam center but also present at a surface away from
the center, which shows explicitly the excitation of the one-
way edge state. The measured results (red line) well fit the
numerical simulation (black line). However, it should be
pointed out that the field intensity in Fig. 6(d) is much weaker
than in Fig. 1(d) due to the relatively smaller amount of inci-
dent energy illuminating the sample.

Under the conditions of the experimental setup in Fig. 6(e),
we simulated the field pattern of the real experimental setup by
COMSOL Multiphysics, as shown in Fig. 6(f ). The measured
results (red line) are in good agreement with the numerical re-
sults (black line) shown in Fig. 6(g). The experiments demon-
strate that magnetic GMSs can convert a spatially propagating
wave to a one-way edge state, and the excited one-way edge
state can also be radiated to free space.

6. CONCLUSION

In conclusion, we have designed a kind of magnetic plasmonic
GMS to bridge spatial propagating waves and one-way edge
states. The one-way edge state can be radiated to or excited
from different angles by either intrinsically tuning the gradient
of the GMSs or extrinsically tuning the bias magnetic field for a

Fig. 6. (a) Electric-field pattern for a TM Gaussian beam incident
normally on the ordinary periodic surface. (b) Upmost two layers of
the slab in the illuminated region replaced by a magnetic plasmonic
GMS. (e) Image of the experimental sample with the top plate re-
moved. The magenta star marks the position of the line source.
(f ) Electric-field pattern for the conditions of the experimental setup
in (e). The field intensity profiles for the theoretical results (black line)
and experimental results (red line) are shown in (c) and (d), corre-
sponding to (a) and (b), respectively. (g) Field intensity profiles for
the radiation field of a one-way edge state. The working frequency
is 4.72 GHz for experiments and simulations, and the bias magnetic
field is applied such that H 0 � 530 Oe. The beam-waist radius of the
Gaussian beam is w0 � 0.5λ.
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specified magnetic GMS. The physical mechanism can be dis-
covered by examining the dispersion curve of the edge mode
where a single branch of the dispersion curve signifies the non-
reciprocal characteristic of magnetic GMSs, and the variation of
dispersion curves with respect to the rotational gradient and the
bias magnetic field explains the controllability of the radiation
angle. In particular, the extrinsic manipulation with a bias mag-
netic field can flexibly control the radiation angle, operating
frequency, and direction of the one-way edge state. Our find-
ings provide an efficient way to couple and radiate electromag-
netic waves based on GMSs. It is anticipated that our results on
magnetic GMSs can also be generalized to topological physics.

Funding. National Natural Science Foundation of China
(61771237, 61671232, 11574275).

Acknowledgment. The authors acknowledge assistance
from the project funded by Priority Academic Program
Development of Jiangsu Higher Education Institutions and
Jiangsu Provincial Key Laboratory of Advanced
Manipulating Technique of Electromagnetic Wave.

Disclosures. The authors declare no conflicts of interest.

REFERENCES
1. M. Rechtsman, J. Zeuner, Y. Plotnik, Y. Lumer, D. Podolsky, F.

Dreisow, S. Nolte, M. Segev, and A. Szameit, “Photonic Floquet topo-
logical insulators,” Nature 496, 196–200 (2013).

2. R. Süsstrunk and S. Huber, “Observation of phononic helical edge
states in a mechanical topological insulator,” Science 349, 47–50
(2015).

3. P. H. Zhou, G. G. Liu, Y. H. Yang, Y. H. Hu, S. L. Ma, H. R. Xue, Q.
Wang, L. J. Deng, and B. L. Zhang, “Observation of photonic antichiral
edge states,” Phys. Rev. Lett. 125, 263603 (2020).

4. G. Harari, M. A. Bandres, Y. Lumer, M. C. Rechtsman, Y. D. Chong,
M. Khajavikhan, D. N. Christodoulides, and M. Segev, “Topological
insulator laser: theory,” Science 359, eaar4003 (2018).

5. M. A. Bandres, S. Wittek, G. Harari, M. Parto, J. Ren, M. Segev, D. N.
Christodoulides, and M. Khajavikhan, “Topological insulator laser:
experiments,” Science 359, eaar4005 (2018).

6. M. Parto, S. Wittek, H. Hodaei, G. Harari, M. A. Bandres, J. Ren, M. C.
Rechtsman, M. Segev, D. N. Christodoulides, and M. Khajavikhan,
“Edge-mode lasing in 1D topological active arrays,” Phys. Rev.
Lett. 120, 113901 (2018).

7. K. V. Klitzing, G. Dorda, and M. Pepper, “New method for high-accu-
racy determination of the fine-structure constant based on quantized
Hall resistance,” Phys. Rev. Lett. 45, 494–497 (1980).

8. X. Xi, J. W. Ma, S. Wan, C. H. Dong, and X. K. Sun, “Observation of
chiral edge states in gapped nanomechanical graphene,” Sci. Adv. 7,
eabe1398 (2021).

9. K. V. Klitzing, “The quantized Hall effect,” Rev. Mod. Phys. 58, 519–
531 (1986).

10. B. I. Halperin, “Quantized Hall conductance, current-carrying edge
states, and the existence of extended states in a two-dimensional
disordered potential,” Phys. Rev. B 25, 2185–2190 (1982).

11. Z. Wang, Y. D. Chong, J. D. Joannopoulos, and M. Soljačić,
“Reflection-free one-way edge modes in a gyromagnetic photonic
crystal,” Phys. Rev. Lett. 100, 013905 (2008).

12. J. X. Fu, R. J. Liu, and Z. Y. Li, “Robust one-way modes in gyromag-
netic photonic crystal waveguides with different interfaces,” Appl.
Phys. Lett. 97, 041112 (2010).

13. J. Shen, S. Y. Liu, H. W. Zhang, S. T. Chui, Z. F. Lin, X. Fan, X. M.
Kou, Q. Lu, and J. Q. Xiao, “Robust and tunable one-way magnetic
surface plasmon waveguide: an experimental demonstration,”
Plasmonics 7, 287–291 (2012).

14. S. T. Chui and Z. F. Lin, “Probing states with macroscopic circulations
in magnetic photonic crystals,” J. Phys. Condens. Matter 19, 406233
(2007).

15. S. Y. Liu, W. L. Lu, Z. F. Lin, and S. T. Chui, “Magnetically controllable
unidirectional electromagnetic waveguiding devices designed with
metamaterials,” Appl. Phys. Lett. 97, 201113 (2010).

16. S. Y. Liu, W. L. Lu, Z. F. Lin, and S. T. Chui, “Molding reflection from
metamaterials based on magnetic surface plasmons,” Phys. Rev. B
84, 045425 (2011).

17. S. Raghu and F. D. M. Haldane, “Analogs of quantum-Hall-effect edge
states in photonic crystals,” Phys. Rev. A 78, 033834 (2008).

18. F. D. M. Haldane and S. Raghu, “Possible realization of directional
optical waveguides in photonic crystals with broken time-reversal
symmetry,” Phys. Rev. Lett. 100, 013904 (2008).

19. Y. Poo, R. X. Wu, Z. F. Lin, Y. Yang, and C. T. Chan, “Experimental
realization of self-guiding unidirectional electromagnetic edge states,”
Phys. Rev. Lett. 106, 093903 (2011).

20. L. Lu, J. D. Joannopoulos, and M. Soljačić, “Topological photonics,”
Nat. Photonics 8, 821–829 (2014).

21. X. C. Sun, C. He, X. P. Liu, M. H. Lu, S. N. Zhu, and Y. F. Chen, “Two-
dimensional topological photonic systems,” Prog. Quant. Electron. 55,
52–73 (2017).

22. Y. Wu, C. Li, X. Hu, Y. Ao, Y. Zhao, and Q. Gong, “Applications of
topological photonics in integrated photonic devices,” Adv. Opt.
Mater. 5, 1700357 (2017).

23. A. B. Khanikaev and G. Shvets, “Two-dimensional topological photon-
ics,” Nat. Photonics 11, 763–773 (2017).

24. T. Ozawa, H. M. Price, A. Amo, N. Goldman, M. Hafezi, L. Lu, M. C.
Rechtsman, D. Schuster, J. Simon, O. Zilberberg, and I. Carusotto,
“Topological photonics,” Rev. Mod. Phys. 91, 015006 (2019).

25. Z. F. Yu, G. Veronis, Z. Wang, and S. H. Fan, “One-way electromag-
netic waveguide formed at the interface between a plasmonic metal
under a static magnetic field and a photonic crystal,” Phys. Rev. Lett.
100, 023902 (2008).

26. W. L. Barnes, A. Dereux, and T. W. Ebbesen, “Surface plasmon sub-
wavelength optics,” Nature 424, 824–830 (2003).

27. A. V. Zayats, I. I. Smolyaninov, and A. A. Maradudin, “Nano-optics of
surface plasmon polaritons,” Phys. Rep. 408, 131–314 (2005).

28. S. A. Maier, Plasmonics: Fundamentals and Applications (Springer,
2007).

29. F. J. G. de Abajo, “Colloquium: light scattering by particle and hole
arrays,” Rev. Mod. Phys. 79, 1267–1290 (2007).

30. J. N. Gollub, D. R. Smith, D. C. Vier, T. Perram, and J. J. Mock,
“Experimental characterization of magnetic surface plasmons on meta-
materials with negative permeability,” Phys. Rev. B 71, 195402 (2005).

31. S. Y. Liu, J. J. Du, Z. F. Lin, R. X. Wu, and S. T. Chui, “Formation of
robust and completely tunable resonant photonic band gaps,” Phys.
Rev. B 78, 155101 (2008).

32. A. Ishikawa, S. Zhang, D. A. Genov, G. Bartal, and X. Zhang, “Deep
subwavelength terahertz waveguides using gap magnetic plasmon,”
Phys. Rev. Lett. 102, 043904 (2009).

33. Y. Poo, R. X. Wu, S. Y. Liu, Y. Yang, Z. F. Lin, and S. T. Chui,
“Experimental demonstration of surface morphology independent
electromagnetic chiral edge states originated from magnetic plasmon
resonance,” Appl. Phys. Lett. 101, 081912 (2012).

34. H. B. Wu, Q. L. Luo, H. J. Chen, Y. Han, X. N. Yu, and S. Y. Liu,
“Magnetically controllable nonreciprocal Goos-Hänchen shift sup-
ported by a magnetic plasmonic gradient metasurface,” Phys. Rev.
A 99, 033820 (2019).

35. A. V. Kildishev, A. Boltasseva, and V. M. Shalaev, “Planar photonics
with metasurfaces,” Science 339, 1232009 (2013).

36. N. F. Yu and F. Capasso, “Flat optics with designer metasurfaces,”
Nat. Mater. 13, 139–150 (2014).

37. B. Walther, C. Helgert, C. Rockstuhl, F. Setzpfandt, F. Eilenberger,
E. B. Kley, F. Lederer, A. Tünnermann, and T. Pertsch, “Spatial
and spectral light shaping with metamaterials,” Adv. Mater. 24,
6300–6304 (2012).

38. Y. B. Xie, W. Q. Wang, H. Y. Chen, A. Konneker, B. I. Popa, and S. A.
Cummer, “Wavefront modulation and subwavelength diffractive
acoustics with an acoustic metasurface,” Nat. Commun. 5, 5553
(2014).

616 Vol. 10, No. 2 / February 2022 / Photonics Research Research Article

https://doi.org/10.1038/nature12066
https://doi.org/10.1126/science.aab0239
https://doi.org/10.1126/science.aab0239
https://doi.org/10.1103/PhysRevLett.125.263603
https://doi.org/10.1126/science.aar4003
https://doi.org/10.1126/science.aar4005
https://doi.org/10.1103/PhysRevLett.120.113901
https://doi.org/10.1103/PhysRevLett.120.113901
https://doi.org/10.1103/PhysRevLett.45.494
https://doi.org/10.1126/sciadv.abe1398
https://doi.org/10.1126/sciadv.abe1398
https://doi.org/10.1103/RevModPhys.58.519
https://doi.org/10.1103/RevModPhys.58.519
https://doi.org/10.1103/PhysRevB.25.2185
https://doi.org/10.1103/PhysRevLett.100.013905
https://doi.org/10.1063/1.3470873
https://doi.org/10.1063/1.3470873
https://doi.org/10.1007/s11468-011-9305-5
https://doi.org/10.1088/0953-8984/19/40/406233
https://doi.org/10.1088/0953-8984/19/40/406233
https://doi.org/10.1063/1.3520141
https://doi.org/10.1103/PhysRevB.84.045425
https://doi.org/10.1103/PhysRevB.84.045425
https://doi.org/10.1103/PhysRevA.78.033834
https://doi.org/10.1103/PhysRevLett.100.013904
https://doi.org/10.1103/PhysRevLett.106.093903
https://doi.org/10.1038/nphoton.2014.248
https://doi.org/10.1016/j.pquantelec.2017.07.004
https://doi.org/10.1016/j.pquantelec.2017.07.004
https://doi.org/10.1002/adom.201700357
https://doi.org/10.1002/adom.201700357
https://doi.org/10.1038/s41566-017-0048-5
https://doi.org/10.1103/RevModPhys.91.015006
https://doi.org/10.1103/PhysRevLett.100.023902
https://doi.org/10.1103/PhysRevLett.100.023902
https://doi.org/10.1038/nature01937
https://doi.org/10.1016/j.physrep.2004.11.001
https://doi.org/10.1103/RevModPhys.79.1267
https://doi.org/10.1103/PhysRevB.71.195402
https://doi.org/10.1103/PhysRevB.78.155101
https://doi.org/10.1103/PhysRevB.78.155101
https://doi.org/10.1103/PhysRevLett.102.043904
https://doi.org/10.1063/1.4747810
https://doi.org/10.1103/PhysRevA.99.033820
https://doi.org/10.1103/PhysRevA.99.033820
https://doi.org/10.1126/science.1232009
https://doi.org/10.1038/nmat3839
https://doi.org/10.1002/adma.201202540
https://doi.org/10.1002/adma.201202540
https://doi.org/10.1038/ncomms6553
https://doi.org/10.1038/ncomms6553


39. N. F. Yu, P. Genevet, M. A. Kats, F. Aieta, J. P. Tetienne, F. Capasso,
and Z. Gaburro, “Light propagation with phase discontinuities: gener-
alized laws of reflection and refraction,” Science 334, 333–337 (2011).

40. X. J. Ni, N. K. Emani, A. V. Kildishev, A. Boltasseva, and V. M.
Shalaev, “Broadband light bending with plasmonic nanoantennas,”
Science 335, 427 (2012).

41. J. P. Balthasar Mueller, N. A. Rubin, R. C. Devlin, B. Groever, and F.
Capasso, “Metasurface polarization optics: independent phase con-
trol of arbitrary orthogonal states of polarization,” Phys. Rev. Lett.
118, 113901 (2017).

42. Z. Y. Li, M. H. Kim, C. Wang, Z. H. Han, S. Shrestha, A. C. Overvig, M.
Lu, A. Stein, A. M. Agarwal, M. Lončar, and N. F. Yu, “Controlling
propagation and coupling of waveguide modes using phase-gradient
metasurfaces,” Nat. Nanotechnol. 12, 675–683 (2017).

43. X. B. Yin, Z. L. Ye, J. Rho, Y. Wang, and X. Zhang, “Photonic spin Hall
effect at metasurfaces,” Science 339, 1405–1407 (2013).

44. W. J. Luo, S. L. Sun, H. X. Xu, Q. He, and L. Zhou, “Transmissive
ultrathin Pancharatnam-Berry metasurfaces with nearly 100% effi-
ciency,” Phys. Rev. Appl. 7, 044033 (2017).

45. N. F. Yu, F. Aieta, P. Genevet, M. A. Kats, Z. Gaburro, and F.
Capasso, “A broadband, background-free quarter-wave plate based
on plasmonic metasurfaces,” Nano Lett. 12, 6328–6333 (2012).

46. A. Pors and S. I. Bozhevolnyi, “Efficient and broadband quarter-wave
plates by gap-plasmon resonators,” Opt. Express 21, 2942–2952
(2013).

47. M. Khorasaninejad, Z. Shi, A. Y. Zhu, W. T. Chen, V. Sanjeev, A.
Zaidi, and F. Capasso, “Achromatic metalens over 60 nm bandwidth
in the visible and metalens with reverse chromatic dispersion,” Nano
Lett. 17, 1819–1824 (2017).

48. O. Avayu, E. Almeida, Y. Prior, and T. Ellenbogen, “Composite func-
tional metasurfaces for multispectral achromatic optics,” Nat.
Commun. 8, 14992 (2017).

49. G. X. Zheng, H. Mühlenbernd, M. Kenney, G. X. Li, T. Zentgraf, and S.
Zhang, “Metasurface holograms reaching 80% efficiency,” Nat.
Nanotechnol. 10, 308–312 (2015).

50. W. W. Wan, J. Gao, and X. D. Yang, “Metasurface holograms for
holographic imaging,” Adv. Opt. Mater. 5, 1700541 (2017).

51. X. H. Zhang, J. J. Jin, M. B. Pu, X. L. Li, X. L. Ma, P. Gao, Z. Y. Zhao,
Y. Q. Wang, C. T. Wang, and X. G. Luo, “Ultrahigh-capacity dynamic
holographic displays via anisotropic nanoholes,” Nanoscale 9, 1409–
1415 (2017).

52. X. Y. Duan, S. Kamin, and N. Liu, “Dynamic plasmonic colour display,”
Nat. Commun. 8, 14606 (2017).

53. S. L. Sun, Q. He, S. Y. Xiao, Q. Xu, X. Li, and L. Zhou, “Gradient-index
meta-surfaces as a bridge linking propagating waves and surface
waves,” Nat. Mater. 11, 426–431 (2012).

54. O. Y. Yermakov, A. I. Ovcharenko, A. A. Bogdanov, I. V. Iorsh, K. Y.
Bliokh, and Y. S. Kivshar, “Spin control of light with hyperbolic meta-
surfaces,” Phys. Rev. B 94, 075446 (2016).

55. D. M. Pozar, Microwave Engineering, 4th ed. (Wiley, 2012).
56. W. H. Eggimann, “Scattering of a plane wave on a ferrite cylinder at

normal incidence,” IRE Trans. Microwave Theory Tech. 8, 440–445
(1960).

57. D. Felbacq, G. Tayeb, and D. Maystre, “Scattering by a random set of
parallel cylinders,” J. Opt. Soc. Am. A 11, 2526–2538 (1994).

58. K. M. Leung and Y. Qin, “Multiple-scattering calculation of the
two-dimensional photonic band structure,” Phys. Rev. B 48, 7767–
7771 (1993).

59. L. M. Li and Z. Q. Zhang, “Multiple-scattering approach to finite-
sized photonic band-gap materials,” Phys. Rev. B 58, 9587–9590
(1998).

60. S. Y. Liu and Z. F. Lin, “Opening up complete photonic bandgaps in
three-dimensional photonic crystals consisting of biaxial dielectric
spheres,” Phys. Rev. E 73, 066609 (2006).

Research Article Vol. 10, No. 2 / February 2022 / Photonics Research 617

https://doi.org/10.1126/science.1210713
https://doi.org/10.1126/science.1214686
https://doi.org/10.1103/PhysRevLett.118.113901
https://doi.org/10.1103/PhysRevLett.118.113901
https://doi.org/10.1038/nnano.2017.50
https://doi.org/10.1126/science.1231758
https://doi.org/10.1103/PhysRevApplied.7.044033
https://doi.org/10.1021/nl303445u
https://doi.org/10.1364/OE.21.002942
https://doi.org/10.1364/OE.21.002942
https://doi.org/10.1021/acs.nanolett.6b05137
https://doi.org/10.1021/acs.nanolett.6b05137
https://doi.org/10.1038/ncomms14992
https://doi.org/10.1038/ncomms14992
https://doi.org/10.1038/nnano.2015.2
https://doi.org/10.1038/nnano.2015.2
https://doi.org/10.1002/adom.201700541
https://doi.org/10.1039/C6NR07854K
https://doi.org/10.1039/C6NR07854K
https://doi.org/10.1038/ncomms14606
https://doi.org/10.1038/nmat3292
https://doi.org/10.1103/PhysRevB.94.075446
https://doi.org/10.1109/TMTT.1960.1124754
https://doi.org/10.1109/TMTT.1960.1124754
https://doi.org/10.1364/JOSAA.11.002526
https://doi.org/10.1103/PhysRevB.48.7767
https://doi.org/10.1103/PhysRevB.48.7767
https://doi.org/10.1103/PhysRevE.73.066609

	XML ID funding

