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We demonstrate a magnetically controllable nonreciprocal Goos-Hénchen (GH) shift enabled by the magnetic
plasmonic gradient metasurfaces (GMSs) consisting of an array of ferrite rods with a rotation gradient introduced
to the rod dimers in the unit cell. The incident Gaussian beam is observed to exhibit an evident GH shift about
5A when it is incident from one side, whereas for the Gaussian beam incident from the geometrically symmetric
direction with respect to surface normal only a very small GH shift comes into appearance. The phenomenon
arises from the unidirectional coupling of the incident beam with the magnetic plasmonic GMSs due to the
time-reversal-symmetry-breaking nature of the magnetic system as evidenced from the photonic band diagrams
of the edge states. The unidirectional GH shift can also be implemented at different incident angles by either
engineering the gradient of the GMSs or tuning the bias magnetic field. By designing the magnetic plasmonic
GMSs with more exquisite configurations we can expect a lot more nonreciprocal properties, adding additional

freedom in manipulating electromagnetic waves.
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I. INTRODUCTION

As is well known, the reflection of a plane wave at
the interface between two homogenous media can be deter-
mined straightforwardly from geometric optics, whereas for a
bounded light beam with finite transverse extent the totally
reflected light beam will be shifted at the interface either
along the longitudinal direction on the incident plane, termed
the Goos-Hénchen (GH) shift [1] or along the transverse
direction normal to the incident plane, termed the Imbert-
Fedorov (IF) shift [2—4]. Physically, these lateral shifts arise
from diffractive correction due to the different reflection phase
changes of each plane-wave component of a light beam [5,6].
Theoretically, these lateral shifts can be clearly interpreted by
the stationary phase theory [7] and the energy flux method
[8] for the interfaces between homogeneous media involving
dielectrics [9,10], metals [11,12], nonlinear materials [13,14],
and graphene-related systems [15,16]. In a recent decade,
the phenomenon still captured intensive attractions owing to
the emergence of structured electromagnetic media, such as
photonic crystals and metamaterials, together with the poten-
tial promising applications in optical switching and sensing
[10,17,18]. Photonic crystals can mold the electromagnetic
properties by engineering the photonic dispersion curves so
that the Bloch surface wave can be excited and the phase
of the complex reflection coefficient can be tuned, rendering
more degrees of freedom to manipulate the GH and IF shifts
[19,20]. Metamaterials, in principle, can implement arbitrary
permittivity and permeability by creating artificial electric
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and magnetic responses, which provide new platforms to
examine the performance of the GH and IF shifts in the
systems not found in nature, typically, zero index materials
[21,22], negative index materials [5,23], hyperbolic materials
[24], and even custom-made transformation media [25]. Due
to its universality, the phenomenon was also observed in
other physics fields including acoustics [26], neutron physics
[27], especially, spintronics [28,29], and quantum mechanics
[30,31].

Metasurfaces are a kind of two-dimensional planar meta-
materials [32,33], which enable the simultaneous control over
the amplitude, phase, and even polarization of the photon by
rectifying its interaction with gradient metasurfaces (GMSs),
giving rise to a variety of novel functionalities with high
performance. Compared to the photonic crystals and metama-
terials, GMSs exhibit superior properties, such as low cost,
low loss, easy fabrication, and, most importantly, integration
compatibility for photonics and electronics [32]. Quite many
striking physical phenomena ranging from wavefront shaping
[34,35] and anomalous reflection and refraction [36,37] to
polarization conversion [38,39] and photonic spin Hall effect
[40,41] were implemented theoretically and experimentally,
resulting in a great deal of promising applications from ul-
trathin wave plates [42,43] and metalens [44,45] to holo-
gram design [46,47] and dynamic color display [48,49]. In
addition, GMSs can also be employed to excite and guide
a surface wave and, furthermore, realize the phase control
[50,51], which is closely related to the GH and IF shifts.
As a result, GMSs can be served to manipulate these lateral
shifts, whereas the performance and the related features have
been rarely considered so far. In this paper, we aim to de-
sign a kind of GMS with ferrite materials, termed magnetic
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plasmonic GMSs due to the excitation of magnetic surface-
plasmon (MSP) resonance [52]. Different from the GMSs
made of dielectric or metallic materials, the magnetic plas-
monic GMSs possess nonreciprocity in virtue of the time-
reversal-symmetry-breaking nature of ferrite materials under
a bias magnetic field, further enhanced by the MSP resonance
[53]. The nonreciprocal GH shift has been observed, which is
shown to be tuned either intrinsically by the gradient of the
GMS:s or extrinsically by the bias magnetic field. In addition,
the GH shift is shown to be reversed by reversing the direction
of the bias magnetic field, which is basically accomplished by
switching between positive and negative angular momentum
channels of the ferrite rods [54]. The physical mechanism of
the enhanced GH shift and the nonreciprocal behavior can
be clearly identified by examining the photonic dispersion
curves. Although the present paper is just a proof-of-concept
demonstration, the idea can be extended to design nonrecip-
rocal metasurfaces with more exquisite configurations so that
the novel physics and potential applications can be expected.

II. NONRECIPROCAL GH SHIFT
AT NORMAL INCIDENCE

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
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FIG. 1. The 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) the square lattice and the
situation for the upmost layer of the slab replaced by a magnetic
plasmonic GMS with the unit cell containing (b) three and (e) and (f)
five pairs of rod dimers. The field intensity profiles for the incident
(black line) and reflected (red line) Gaussian beam are shown in (c),
(d), and (g), corresponding to (a), (b), and (e), respectively. Panel
(f) shows only the scattering field for (e) so that the reflected beam
can be clearly observed. Panel (h) is the same as (g), given for the
convenience of comparison. Panels (i)—(k) are the unit cells for the
corresponding slabs, among which panels (k) and (1) are the same.
The operating frequency is 4.76 GHz, and the bias magnetic field is
applied such that Hy = 500 Oe.

the ferrite rods is &, = 15+ i3 x 1073, and the magnetic
permeability of the fully magnetized ferrite rods along rod
axes, namely, the z direction, is given by [55]

r _i/’LK 0
a=line w0, (1)
0 0 1
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)

where w,, = 2m f,, = 2mry M, is the characteristic frequency
with the gyromagnetic ratio y = 2.8 MHz/Oe, M; is the
saturation magnetization, and wy = 27 fy = 2nyHy is the
spin-wave resonance frequency with Hy as the sum of
the bias magnetic field applied along the z direction and
the demagnetization field. For single-crystal yttrium iron
garnet, the saturation magnetization is My = 1750 G, and the
damping coefficient is o = 3 x 107*, corresponding to the
negligible loss. In this case, the magnetic property only reacts
to the TM wave mode with the electric field polarized along
the rod axes. As a result, the two-dimensional TM Gaussian
beam is used to examine the GH shift, except otherwise stated,
the beam-waist radius is wy = 3\ with A as the operating
wavelength. Based on the Mie theory [56] and multiple-
scattering theory [57,58], we can simulate the reflection
of a Gaussian beam from the metasurfaces, meanwhile,
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 the air. The lattice separation
is a = 12 mm, the rod radius is » =5 mm, and the bias
magnetic field is applied such that Hy = 500 Oe. The total
reflection of a normally incident Gaussian beam is observed as
shown in Fig. 1(a), and there appears no lateral shift along the
surface as illustrated in Fig. 1(c) from the complete overlap
of field intensity profiles for the incident and reflected beams.
The scenario is similar to the case of a dielectric or metallic
surface for the normal incident Gaussian beam. Then, we
examine the performance for the upmost layer replaced by
the GMSs with the unit cell consisting of an array of rod
dimers. The size of the unit cell is ag = 3a = 36 mm, the
interparticle separation of the rod dimer is d = 8 mm with
a rod radius of ryp = 2.5 mm, and an appropriate rotational
gradient is introduced in the unit cell. In this case, the rest of
the four-layer slab beneath is served as the substrate. For the
unit cell containing three pairs of equally separated rod dimers
with the rotational angle uniformly varying from 60° to 75°,
the configuration is shown in the inset (j). There is still no
GH shift as illustrated in Figs. 1(b) and 1(d). Differently, for
the unit cell containing five pairs of rod dimers with the same
range of rotational angle as shown in the inset (k), an evident
rightward shift of the reflected Gaussian beam close to three
wavelengths can be observed as demonstrated in Figs. 1(e)
and 1(g). From the field profile, we can find explicitly the
excitation of the surface wave, coincident with the mechanism
in other systems [19]. For convenience, we show in Fig. 1(f)
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solely the scattering field so that the reflected beam can be
clearly discerned. The unidirectional lateral shift comes from
the time-reversal-symmetry breaking 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. Therefore, this typical unidirectional lateral shift is
termed the nonreciprocal GH shift.

III. PHOTONIC DISPERSION CURVES AND GH
AT OBLIQUE INCIDENCE

To gain a deeper understanding of the phenomenon, we
calculate the photonic dispersion curves as shown in Fig. 2
where a PBG can be observed for the magnetic metamaterials
due to the MSP resonance [52] indicated by a dense set of flat
bands so that the Gaussian beam can be totally reflected as
shown in Fig. 1. Then, we also calculate the dispersion curves
of edge modes for different interfaces as plotted in Figs. 2(b)
and 2(c) to illustrate the different GH shifts shown in Fig. 1.
For the five-layer slab considered in Fig. 1(a), the dispersion
curves are two symmetric branches inside the PBG as marked
by the black squares. But they actually lie outside the light
cone since the periodicity along the I'-X direction is a, not
3a, resulting in the band folding. The usage of the unit cell
in Fig. 1(i) is just for the convenience of comparison. As a
result, the incident Gaussian beam cannot be coupled to the
edge mode so that no GH shift can be achieved, explaining
the in situ total reflection of the Gaussian beam in Fig. 1(a).
For the five-layer slab in Fig. 1(b) with the unit cell in Fig. 1(j),
the dispersion curves are denoted by the blue triangles in

= None e 45°~60° 4 60°~75° v 75°~90°

0
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FIG. 2. (a) The photonic dispersion curves for the bulk magnetic
metamaterial of the square lattice, showing a photonic band gap
(PBG) on the top of the flat bands. (b) The photonic dispersion
curves of edge modes along the I"-X direction for the five-layer slab
cutting out from the magnetic metamaterial with the unit cell shown
in Fig. 1(i) (black squares) and that with the upmost layer replaced
by the GMS, whose unit cell contains three pairs of rod dimers with
the rotational angle 6 uniformly varying from 45° to 60° (red circles),
from 60° to 75° as typically shown in Fig. 1(j) (blue triangles), and
from 75° to 90° (magenta triangles). Panel (c) is the same as panel
(b) except that the unit cell contains five pairs of rod dimers with
the rotational angle varying in the same range. The unit cell with
the rotational angle ranging from 60° to 75° is typically shown in
Fig. 1(k). The green dashed line marks the working frequency at
4.76 GHz in Figs. 1 and 3, and the solid yellow lines mark the light
lines. The other parameters are the same as those in Fig. 1.

Fig. 2(b). Although they lie inside the light cone, there still
appears no coupling of the incident Gaussian beam with the
edge mode due to the small density of states and the mismatch
of the parallel component of the wave vector, corresponding
to the zero GH shift in Figs. 1(b) and 1(d). For the unit cells
with different rotational angles, the dispersion curves are also
shown in Fig. 2(b), and they exhibit similar styles, showing
that the edge mode of the GMS with this configuration is not
easy to tune, and the GMS is inappropriate for realizing the
GH shift. Differently, for the unit cell containing five pairs
of rod dimers in Fig. 1(k) the dispersion curves are shown
in Fig. 2(c) and denoted by the blue triangles where the high
density of states and the match of the parallel component of
the wave vector at the working frequency of 4.76 GHz for
normal incidence ensure the strong coupling of the incident
Gaussian beam with the edge modes as shown in Figs. 1(e)
and 1(f), resulting in the evident GH shift. Besides, by tuning
the range of rotational angle in the unit cells, the dispersion
curves can be flexibly controlled, adding additional degrees
of freedom in manipulating the GH shift.

From the photonic dispersion curves in Fig. 2(c), it can
be found that the magnetic GMS with different rotational
gradients couples to the edge modes at different directions.
For the unit cell with the rotational angle ranging from 60°
to 75°, the normal incidence corresponds to the strongest
coupling and leads to the largest GH shift. When the rotational
angle in the unit cell is decreased to a smaller range from
45° to 60°, the oblique incidence with k; < O (the Gaussian
beam incident from the right-hand side at the incident angle
Oinc = —6°) corresponds to the best coupling and exhibits
an evident GH shift according to the match of the parallel
wave vector for the incident beam and the edge mode in
Fig. 2(c). The associated scattering field pattern is shown in
Fig. 3(a) where we can find a notable rightward lateral shift,
although the reflected Gaussian beam is deformed a little bit.
Differently, for the Gaussian beam incident from the left-hand
side at a geometrically symmetric angle 6;,c = 6°, only a tiny
lateral shift is demonstrated as shown in Fig. 3(b) due to the
mismatch of the Gaussian beam with the edge mode as can
also be discerned from the field intensity profile shown in
Fig. 3(d). On the contrary, for the magnetic GMS with the
rotational angle in the unit cell increased to the range from
75° to 90°, the rightward lateral shift is relatively larger for
the Gaussian beam incident from the left-hand side with the
incident angle 8;,. = 4° as shown in Figs. 3(e) and 3(g), which
coincides with the associated photonic dispersion curve in
Fig. 2(c) where k; > 01is required to achieve a better coupling.
As a result, the GH shift is smaller for the Gaussian beam
incident from the right-hand side with the incident angle
Oinc = —4°, but the rightward lateral shift is still evident. The
situation is distinct from that shown in Figs. 3(a) and 3(b)
due to the relatively smaller oblique incident angle, which
can be explained detailedly in the next section. It should be
noted that for all the cases the rightward GH shift is observed,
which is determined by the orientation of the bias magnetic
field. By reversing the bias magnetic field from the z to the
—z direction, the GH shift will be reversed to be the leftward
lateral shift.

As pointed out in the pioneering work by Yu’s Group,
the abrupt phase change at each scatter in the unit cell of
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FIG. 3. Nonreciprocal GH shift for a TM Gaussian beam inci-
dent obliquely on a five-layer slab with the upmost layer a magnetic
GMS of the rotational angle from 45° to 60° (a) and (b) and 75° to
90° (e) and (f). The oblique incident angles corresponding to panels
(a), (b), (e), and (f) are —6°, 6°, 4°, and —4°, respectively. The field
intensity profiles close to the interface for the incident (black line)
and reflected (red line) Gaussian beam are shown in (c), (d), (g), and
(h), corresponding to (a), (b), (e), and (f), respectively. The working
frequency is 4.76 GHz, and the other parameters are the same as
those in Fig. 1.

metasurface can give rise to an effective momentum vector,
resulting in anomalous reflection and refraction [36]. Differ-
ently, from the electric-field patterns shown in Figs. 1 and 3,
it is clear that the incident angle is equal to the angle of reflec-
tion, indicating that there is no effective momentum vector
compensating the wave vector of the reflection beam from the
magnetic GMS. The purpose of our paper is to manipulate
the GH shift, and we thus try to avoid the occurrence of
anomalous reflection. Actually, the anomalous reflection can
be achieved by constructing the magnetic GMS with an appro-
priate rotational gradient. The magnetic GMS in the present
paper is served to tailor the surface mode so that the coupling
strength can be controlled, offering a degree of freedom to
manipulate the GH shift. Although we cannot obtain the exact
formula to give the direct connection between the GH shift
and the coupling strength to the surface wave, in several
historical literatures [19,20,59,60] the enhancement of the
GH shift was implemented by exciting the surface waves. To
illustrate the similar effect in our paper qualitatively, we have
simulated the field patterns for the Gaussian beam incident
on the magnetic GMS at different angles as shown in Fig. 4
where we can find that the largest GH shift appears at normal
incidence as shown in panels (a) and (c), corresponding to
the strongest coupling as indicated from the photonic band
diagram in Fig. 2(c). The GH shift decreases evidently with
increasing the incident angle to be 6, = 10° as shown in
panels (b) and (d). When the incident angle is increased to
be 6i,c = 20° or 30°, corresponding to even weaker coupling,
nearly no evident GH shift can be discerned by examining
panels (e)—(h). Therefore, the weaker the incident photons
couple to the surface wave, the smaller the GH shift is. In

_o.o (9)_/\

FIG. 4. The electric-field patterns for a TM Gaussian beam inci-
dent on a five-layer slab with the upmost layer a magnetic GMS of
the rotational angle from 60° to 75° at the incident angle (a) 6, = 0°,
(b) Oy = 10°, (e) Oy = 20°, and (f) Oy, = 30°, respectively. The
field intensity profiles close to the interface for the incident (black
line) and reflected (red line) Gaussian beams are shown in (c), (d),
(g), and (h), corresponding to (a), (b), (), and (f), respectively. Panels
(a) and (c) are the same as Figs. 1(f) and 1(h), given here for the
convenience of comparison.

principle, by engineering the magnetic GMS the coupling
strength can be flexibly controlled, and thus the GH shift can
be tuned.

IV. TUNABILITY BY THE ROTATIONAL GRADIENT
AND THE BIAS MAGNETIC FIELD

From the aforementioned results, it can be found that the
GH shift is strongly dependent on the rotational gradient
of the magnetic GMS as illustrated from both the photonic
dispersion curves and the electric-field patterns. To present an
even clearer picture, we have calculated the GH shift as the
function of the incident angles 6;,. for the magnetic GMSs
with different rotational gradients. The results are shown
in Fig. 5(a) where the solid black line in panel (a) shows
the corresponding result for the magnetic GMS concerned
in Figs. 3(a) and 3(b). The abrupt change in the GH shift
indicates that it is strongly dependent on the incident angle,
resulting in the remarkable difference for the geometrically
symmetric incidence, in good agreement with the field pattern
analysis. The peak value of the GH shift is about 254, close to
5X. In addition, for the whole range of the incident angles,
the GH shift is positive (namely, rightward lateral shift),
signifying a nonreciprocal feature of the GH shift in the
system. Then, we turn to the magnetic GMS considered in
Figs. 1(e) and 1(f), and the corresponding result is denoted
by the red solid line, showing the largest GH shift about
3\ for the normal incidence, inconsistent with the photonic
dispersion curves shown in Fig. 2(c). For the magnetic GMSs
inspected in Figs. 3(e) and 3(f), the result is depicted by the
blue solid lines where only a slow variation of the GH shift
is exhibited with respect to the incident angle. Therefore, the
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FIG. 5. (a) The GH shift is plotted as the function of incident
angle 6,,. for three different magnetic GMSs with the rotational
angles ranging from 45° to 60°, from 60° to 75°, and from 75° to
90°, respectively, under a bias magnetic-field Hy = 500 Oe. (b) For
a fixed magnetic GMS with the rotational angle ranging from 45° to
60°, the GH shift is plotted as the function of incident angle 6,,. under
three different bias magnetic fields such that Hj is equal to 460, 480,
and 500 Oe, respectively. The working frequency is 4.76 GHz, and
the other parameters are the same as those in Fig. 1.

difference in the GH shift is not evident in Figs. 3(e) and 3(f)
compared to that shown in Figs. 3(a) and 3(b). Actually, it is
known that the reflection phase @ at the interface between two
homogeneous media is a function of the incident angle 6;,.. As
a result, the GH shift can be calculated analytically according
to Artmann’s formula [7],

1 do
D=—— , 3)
k dBinc

where k is the wave number in the background medium. Dif-
ferently, the magnetic GMS in our paper is an inhomogeneous
interface, and thus the reflection phase cannot be obtained
analytically. However, based on Eq. (3) and the simulation
results shown in Fig. 5, we can arrive at a very interesting
conclusion that the reflection phase & exhibits the most
significant variation with respect to the incident angle 6y,
when the strongest coupling of the incident photons with the
magnetic GMS is triggered. As a consequence, the tunability
of the GH shift by the magnetic GMS can be interpreted as
the manipulation of the reflection phase by controlling the
rotational gradient. By examining Fig. 5 once again, we can
find that a relatively larger GH shift will emerge at the peak
when the curve is more sensitive to the incident angle, in

agreement with the above analysis to some extent.
By tuning the configuration of the magnetic GMS, we
intrinsically change the morphology of the GMS. It can be
used to control the electromagnetic properties of the magnetic

GMS, offering the tunability on the GH effect. However, it is
not convenient in experiment or in exploring possible applica-
tions. To implement the controllability with more degrees of
freedom, the extrinsic manipulation is preferred. Concretely,
for a specific magnetic GMS with the rotational angle ranging
from 45° to 60°, we can tune the bias magnetic field so
that the electromagnetic properties can be freely adjusted.
As the typical examples, the GH shift under three different
bias magnetic fields are shown in Fig. 5(b) where the peak
value of the GH shift can be flexibly tuned, similar to the
intrinsic control in panel (a). For both the intrinsic and the
extrinsic cases, we note that the incident angle associated
with the peak value is changed from negative to positive.
To be specific, in panel (b), by tuning Hy from 460 to
480 Oe, the incident angle at the peak is altered from 3° to
—3°. This transition can be clearly demonstrated by examin-
ing the photonic dispersion curves, similar to that shown in
Fig. 2(c) where the parallel component of the wave vector
is altered from k; > O to k; < O at the operating frequency
when the rotational angle is transformed. However, we should
point out that for the magnetic GMS considered in present
paper the controllable range of incident angle is still not large
enough. Fortunately, the GH shift for the normal incidence
with 6;,. = 0 already has a notable magnitude, which cannot
be observed in a nonmagnetic system. Moreover, the GH shift
can be switched to the opposite direction by reversing the
magnetization, offering an additional degree of freedom.

To present an even clearer illustration how the nonrecipro-
cal GH shift is controlled by the bias magnetic field, we have
simulated the scattering electric-field patterns at the optimal
incident angle and under three different bias magnetic fields
[corresponding to three peaks shown in Fig. 5(b)]. The results
are shown in Fig. 6 where the rightward GH shift does not
exhibit evident difference for the incident angles 6;, = £3°
under Hy = 460 and 480 Oe as shown in panels (a)—(d). This
arises from the weak angular dependence of the GH shift,
in agreement with the slowly varying curves in Fig. 5(b).
However, we can still observe that the relatively larger GH
shift is switched from the left-hand side incidence with
Oinc = 3° in panel (a) to the right-hand side incidence with
Oinc = —3° in panel (c). This transition indicates that the edge
mode can be modulated by the bias magnetic field so that the
optimal coupling angle is changed. When the bias magnetic
field is increased to Hy = 500 Oe, the angular dependence
becomes significant around the peak as indicated by the black
solid line in Fig. 5(b), in good agreement with the remarkably
different behaviors shown in Figs. 6(e) and 6(f). The field pat-
terns in Figs. 6(e) and 6(f) are actually the same as Figs. 3(a)
and 3(b), given here just for the convenience of comparison.
It is emphasized that by reversing the bias magnetic field
from the z to the —z direction the GH shift is reversed to the
opposite direction as clearly demonstrated in Figs. 6(g) and
6(h), which originates from the nonreciprocity of the magnetic
system. In particular, the reversion manipulation also works
for both oblique and normal incidences, making the switching
effect flexibly controlled. It should be noted that the magnetic
GMS can also be operated as a coupler to convert the incident
wave into the surface mode and simultaneously control the
phase, reminiscent of the earlier work by Sun and co-workers
[50]. Differently, in our case the incident wave will be coupled
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FIG. 6. Manipulating the nonreciprocal GH shift extrinsically by
tuning the bias magnetic field so that Hy, = 460 Oe for (a) and (b),
H, = 480 Oe for (c) and (d), and Hy = 500 Oe for panels (e)—(h).
The incident angles are 3° for (a) and (d), —3° for (b) and (c), —6°
for (e) and (h), and 6° for (f) and (g), respectively. The magnetic
GMS has the rotational angle ranging from 45° to 60°, the same
as Fig. 5(b), the working frequency is 4.76 GHz, and the other
parameters are the same as those in Fig. 1.

unidirectionally due to the time-reversal-symmetry-breaking
nature of the magnetic GMS under a bias magnetic field. Fol-
lowing the concept in the present paper, we can expect even

more nonreciprocal functionalities implemented by magnetic
GMS.

V. CONCLUSIONS

In conclusion, we have designed a kind of magnetic plas-
monic GMSs composed of an array of ferrite rods with a
rotation gradient introduced to the rod dimers in the unit cell.
It can be operated as a platform to implement nonreciprocal
GH shift, which can be controlled intrinsically by tuning the
rotational gradient or extrinsically by tuning the bias magnetic
field for a specified magnetic GMS. The physical mechanism
can be discovered by examining the dispersion curve of the
edge mode where a single branch of the dispersion curve sig-
nifies the nonreciprocal characteristic of the magnetic GMS
and the variation of dispersion curve with respect to the rota-
tional gradient and the bias magnetic field explains the angular
dependence of the phenomenon. In particular, the extrinsic
manipulation with a bias magnetic field can flexibly control
the optimal incident angle, the operating frequency, as well
as the unidirectionality of the GH shift. The proof-of-concept
demonstration of the nonreciprocal GH effect supported by
the magnetic GMS can serve as a guide for experimental
verification and potential applications.
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