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Metasurfaces constitute an emerging technology, allowing for compact manipulation of all degrees of freedom of
an incident lightwave. A key ongoing challenge in the design of these structures is how to allow for energy-efficient
dynamic (active) operation, particularly for the polarization of incident light, which other standard devices typi-
cally cannot efficiently act upon. Here, we present a quasi-two-dimensional magneto-optic metasurface capable of
simultaneously high-contrast on/off operation, as well as rotation of the polarization angle of a linearly polarized
wave—that is, without converting the incident linear polarization to elliptical, which is normally particularly
challenging. Furthermore, the device’s operation is broadband, with a bandwidth of around 5 m, and can be con-
veniently manipulated using an external magnetic bias. Our findings, corroborated using two different full-wave
simulation approaches, may allow for functional metasurfaces operating in the terahertz (THz) regime, giving rise
to robust, energy-efficient, and high-dynamic-range broadband isolation, to be used for a wealth of optoelectronic

and communication applications.
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1. INTRODUCTION

Recently, there has been an increasing demand for devices
operating in the terahertz (THz) band (0.1-10 THz), among
others, due to their very promising applications in 5G/6G com-
munication networks [1-3]. In this respect, structures such as
THz photonic-crystal waveguides [4—6], metamaterials [7-11],
gratings or patterned surfaces [12-14], magneto-dielectric
metafilms [15], graphene plasmonics [16], structures for polari-
zation switching [17], and multiplexing [18], as well as THz
metasurfaces [19-21], have been investigated. Furthermore,
research is focused on making such devices easily tunable by
external agents [22,23]. For instance, thermally tunable THz
photonic crystals and surfaces have been proposed [24,25].
However, the temperature-dependent tunability lacks the fast
response, which is important for real-world applications.

To achieve fast active tuning, THz structures with electrical
[26,27] or magnetical [28] tunability have been emerged. For
instance, magnetically controlled THz directional scatterers
[29,30] have been recently proposed. Furthermore, the class
of magnetically active structures involves designs from THz
magneto-photonic crystals [31,32] to non-reciprocal wave-
guides [33,34] and Faraday rotators [35-38] to topological
insulators [39], with interesting abilities such as backscattering
immunity [40], magnetically induced transparency [41], and
non-reciprocal reflection [42]. A special class of Faraday rotators
for THz radiation isolation is magneto-photonic metasurfaces
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[43—45] that combine ultra-thin width with increased Faraday
rotation. We note here that an ideal Faraday isolator for lin-
early polarized light must transmit 100% of the incoming light
and rotate the polarization plane by 45° [46,47]. However, an
essential drawback in Faraday-active metasurfaces is the mod-
erate or low transmission that hinders the total performance of
magneto-optic isolators [48—55].

To overcome the problem of low transmission in ultra-thin
Faraday isolators, in this paper, we propose a novel magneto-
optic metasurface. This metasurface is composed of the strongly
directional core-shell particles demonstrated in a recent publica-
tion of ours [56]. Now, inter-particle interactions and multiple
scattering events, due to the lattice, result in highly transmittive
Faraday isolators. Using full-wave finite element simulations by
two independent commercial software, we seek strongly rotated
linearly polarized transmitted light in such periodic arrays.
Our results are supported by a consistent theoretical interpre-
tation. The remainder of the paper is organized as follows: In
Section 2.A, we examine the magneto-optical properties of the
isolated core-shell particle. We show strong forward scattering
of light in the presence of an experimentally reachable magnetic
field. In Section 2.B, we use the core-shell particle described
above as a building block for periodic arrangements of such.
Transmission in accordance with Faraday rotation is investi-
gated in such arrays, where magnetically switchable and tunable
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optical isolation is shown at THz frequencies. Finally, Section 3
concludes the paper.

2. RESULTS AND DISCUSSION
A. Isolated Core-Shell Scatterer

At first, we study the individual core-shell scatterer in air, shown
in Fig. 1(a), that will serve as the building block of the magneto-
optic surface. We note here that core-shell particles and arrays
of such are possible using modern nano/micro-fabrication
techniques [57-59]. This core-shell particle consists of a high-
permittivity dielectric core with €., =20¢; (with & being
the free space permittivity) of 14 pum radius, coated by 220 pm
radius InSb shell. We also consider an external magnetic field
B = Bz, as shown in Fig. 1(a). Upon magnetization, the InSb
permittivity is described by a tensor of the form

€(B) iex(B) 0
—ie(B)  e«(B) 0 |. (1
0 0 €3

€msh(B) =

The components of this tensor are complex functions of
the frequency due to the dissipative and dispersive behavior
of the material. In particular, €;(B)=¢€p€c0{l — (@ + 7V)
wy Jo/l(@+iv)* = 2(B)]},  €(B) = cpecolw (B)w, /o]
[(w+iv)? — w?(B)]}, and €3 = €pecc[l — a);/a)/(a) +iv)]
[60]. In the above relations, €, =15.6 accounts
for interband transitions, ®, = (N.e?/ey)€no/m*)/? =
47 x 10'? rad/s is the plasma angular frequency (with N, the
electron density, ¢ the elementary charge, and m* = 0.0142m,
the electron’s effective mass, where m, is the electron’s rest
mass), @.(B)=eB/m™* is the cyclotron angular frequency,
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Fig. 1.  (a) Schematics of the scatterer under consideration con-
sisting of a high-index dielectric core of radius 14 um and an indium
antimonide (InSb) coating of thickness 6 um. Linearly polarized light
impinges along the z axis, while an external static magnetic field is
parallel to the incident light. (b) Scattering cross section for external
magnetic field B =0T (gray curve) and B =0.2T (black curve).
(c) Asymmetry parameter defined in Eq. (3); the legends are the same
asin (b).

and v =0.001w), is the damping angular frequency associated
with losses. Obviously, under zero external magnetization, InSb
becomes isotropic with €1 (0) = €3 and €,(0) = 0.

The scatterer under consideration is illuminated by linearly
polarized light, as shown in Fig. 1(a). The respective scattering
cross section Q. is defined as the ratio of the scattered far-field
power over the time-averaged incident power flow, i.e.,

1
sc — n- sscdS- (2)
Q |Sinc| %

In Eq. (2), n is the unit vector pointing outwards from (and
normal to) the spherical surface of radius 7, as » — 00, and S
is the scattered far-field time-averaged power flow. Calculations
for Q. have been performed using both our semi-analytical
method described in full detail in [56], and the commercial
finite element solver COMSOL.

Figure 1(b) depicts the corresponding Q. spectra versus
the free space wavelength A for B =0T and B =0.2T in the
gray and black curves, respectively. We use an indicative value
of the external magnetic field, close to those examined in Ref.
[56], without any further optimization. As it is evident, the
semi-analytical method and COMSOL are in excellent agree-
ment. For the non-magnetized case, we see two resonant modes
between 155-160 pm. Using typical multipolar decomposi-
tion for the scattered far-field, as the one implemented in [56],
it comes out that the sharp resonance slightly above 155 pm
corresponds to an electric quadrupole (EQ) mode, while the
second resonance close to 175 pm corresponds to an electric
dipole (ED) mode. Both of them are of plasmonic character.
Obviously, the high-Q EQ mode is highly confined to the
particle, as indicated by its high lifetime in the scattering cross
section spectrum. In view of this, when placed within a lattice
of similar spheres, the EQ modes will interact weakly among
each other. On the other hand, the broader ED mode has low
lifetime, and its field leaks in the space outside of the particle and
thus will interact efficiently with modes of neighboring spheres
to produce collective modes. Further insight can be obtained by
employing the asymmetry parameter ¢ [30] plotted in Fig. 1(c),
ie.,

o0

A2 nd
£77Q 3 Re{(@m)* Fun + (byn)* G} (3)
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InEq. (3), the term (m = 0, n = 0) is excluded from the sum-
mation, Re denotes the real part, 4,,, and 4,,, are the expansion
coefhicients of the scattered electric field expressed in the form of
a multipolar decomposition [56], the asterisk denotes complex
conjugation, and F;, = Puubin + Quunim.ni1 + Rundm.n—1,
Gmn = Poinmn + anbm,nJrl + Rmnbm,nfly with Pmn =
min/(n+1), Qu=[rr+2)nr-—m+)Hn+m+1)/
(n+1)?/2n+1)/@2n+3)]1"2 and Ry =[(n — )(n+1)
(n—m)(n+m)/n*/(2n —1)/2n + 1)]"/2. In particular, if
g < 0, more radiation is scattered backwards, while when ¢ > 0
the scattering is more forward-directed. g in Eq. (3) involves the
expansion coefficients of the scattered electric field; therefore,
it is computed by our semi-analytical method [56]. Observing
Fig. 1(c), we conclude that for the non-magnetized case (gray
curve) and for lower wavelengths, i.e., from 147-153 pm, the
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particle strongly backscatters the incident light. The scatter-
ing is forward directional only for a narrow region close to the
EQ mode, while for higher wavelengths the scattering is not
directional.

When the sphere is magnetized, the InSb shell becomes
gyroelectric (optically anisotropic), which results in a far more
different optical spectrum, as shown by the black curve in
Fig. 1(b). Similar spectral features in almost identical scatterers
have been extensively discussed in [30,56], and thus we will
only review them briefly. Starting from lower wavelengths,
we observe a sharp resonance close to 150 pm. In addition,
from the corresponding g-parameter black curve of Fig. 1(c),
this resonance is strongly directional, scattering light in the
forward direction. This is a Zeeman split magneto-plasmonic
resonance, due to the anisotropy induced by the magnetization
[30,56,61]. Other Zeeman split modes also exist, which are not
efficiently excited when light impinges along the magnetization
axis, as discussed in [56]. In addition, a Fano-like asymmetric
resonance [62] also appears in the spectral window of Fig. 1(b),
close to 159 pm. One should keep in mind that, for wavelengths
from 150-159 pm, the isolated particle, when magnetized,
scatters light in the forward direction. The forward-scattering
directionality in the particular bandwidth promises that an
appropriate arrangement of such scatterers would result in a
highly transmittive surface, since the optical characteristics of
individual scatterers are often retained, or even enhanced, in
periodic lattices of such [63].

B. Layer of Core-Shell Scatterers

We place core-shell particles, identical to the one studied in
Section 2.A, in a square planar periodic arrangement of perio-
dicity (lattice constant) 2, as shown in Fig. 2. The incoming field
impinges normally to the plane of the array and is linearly polar-
ized. The applied external magnetic field B is co-parallel with
incident light, i.e., along the z axis, as shown in Fig. 2, whereas
the so called Faraday effect takes place by rotating the polariza-
tion plane of the transmitted light. We assume A > 2, hence no
diffraction beams exist. The incident light is polarized in the x
direction. In the non-magnetized case, the transmitted/reflected
field is also polarized in the same direction. However, when
the structure is magnetized, there are two (complex) transmis-
sion coefficients z,, ty, along the x and y axis, respectively, due
to the Faraday effect. The total transmittance 7 is defined as
T=|t|>+ 2, |2, where, in general, the transmitted light is
elliptically polarized. The respective Faraday rotation ¢ and
ellipticity angle 1 are calculated by [64]

1 _; 2Re{s, /)

= —tan” | — 2% 4

LT R PPN @
1 —21 .

p= Len-12Imin /6] (5)
2 1+ 2, /8

In cases where =0, the transmitted light is linearly
polarized.

For 2 =70 pm, we perform full-wave electrodynamic simu-
lations using two commercial finite element solvers, COMSOL
and High Frequency Structure Simulator (HFSS), to fully
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Fig. 2. (a) Graphical representation of the metasurface under
consideration that constituted of a periodical arrangement (lattice
constant# = 70 pm) of identical core-shell particles, as those discussed
in Fig. 1. Linearly polarized light impinges normally, while an external
static magnetic field is parallel to the incident light. The Faraday
rotation angle ¢ lies in the xy plane.

validate our results. The results are shown in Fig. 3. In Fig. 3(a),
we depict the transmission spectra for B = 0T (gray curve) and
B =0.2T (black curve), while in Fig. 3(b) we plot the corre-
sponding Faraday rotation and ellipticity angle for B =0.2T
(black solid and dashed curves). Obviously, the results from
the two independent commercial software are in agreement
in both Figs 3(a) and 3(b). At zero magnetization, the indi-
vidual particles behave as typical metal-dielectric scatterers,
exhibiting a strong reflective/absorbing band around 155 pm,
as shown by the double-arrow blue dashed line. Such absorbing
bands, or reflective for perfect electric conductors, are typical
in lattices of metallic spherical particles or shells [65,66]. This
strong interaction is primarily attributed to the significant
overlap between the ED modes of the individual scatterers. At,
155 pm where transmittance is almost zero, at zero magnetic
field, we plot the respective normalized electric-field profile of
Re{E,}/ max{Re{E,}} in Fig. 3(c)/top. From this plot, it is
evident that the field below the metasurface is almost null. This
transmittance-blocking band is interrupted by a narrow-band
transmitting channel due to a weak interaction between the
quadrupolar modes of the individual scatterers.

By switching on the magnetization, the surface of Fig. 2 is
mostly transmittive, with the exception of wavelengths smaller
than 149 pum and greater than 159 um. The transmittance
dropping close to 150 pm and 151 pm is associated with col-
lective magneto-plasmonic bands associated with the weakly
interacting Zeeman split modes. The band around 159 pm
is associated with the Fano resonance of the individual scat-
terer. In the intermediate region, i.e., between 151 um and
159 pum, we observe increased transmittance accompanied by
an increased Faraday rotation (¢ angle), as shown in Fig. 3(b) by
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Fig.3. (a) Transmission spectra for external magnetic field B =0T

(gray curve) and B=0.2T (black curve). The double-arrow blue
dashed line depicts the strong reflection/absorption around 155 pm.
(b) Corresponding Faraday rotation and ellipticity angle for B =0.2T.
The double-arrow blue dashed line at 155 pum depicts the location
where the ellipticity angle  becomes zero. For B = 0T, both angles are
zero. (c) Normalized field profiles. Top: B = 0T; bottom: B = 0.27T.

the black solid curve. Moreover, at 155 pum, the ellipticity angle
n [dashed curve in Fig. 3(b)] becomes zero, which means that
the transmitted light is linearly polarized. The normalized field
profile at the above-mentioned wavelength, pointed out with
the double-arrow blue dashed line, is shown in Fig. 3(c)/bottom.
Noteworthy, an almost-zero ellipticity angle is preserved over a
broad wavelength band, as shown in Fig. 3(b). Such a property
is very promising for real-world applications, such as magneto-
photonic isolators [43—45]. Therefore, our attention is focused
on the linearly polarized outputlight.

Next, we discuss the robustness of the metasurface perform-
ance under off-normal incidence of light. In Fig. 4(a), we show
the transmission spectrum for angles of incidence from 0° to
30°. The case of normal incidence (0 = 0°) is already shown in
Fig. 3(a). In Fig. 4(a), we observe that for = 10° (blue line),
the transmittance remains almost unchanged. This calcula-
tion indicates that the metasurface is almost immune to small
deviations of the angle of incidence 6 (0°-10°). By further
increasing 6, we observe a respective reduction of the maximum
transmission. However, even for 6 =30° the transmission
remains above 0.75, which is still high enough for applications.
Another aspect worth noting is the non-reciprocal behavior
of the magnetized metasurface. In the Faraday configuration,
which is the one discussed here, the external magnetic field can
be either parallel or anti-parallel to the incidence of light. Up to
now, we discussed the parallel case. By changing the sign of the
external magnetic field, we denote that the field is anti-parallel,
i.e., along the negative z direction. The respective transmittance
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Fig.4. (a) Transmission spectra for the configuration of Fig. 3(a) at

B =0.2T for incident light at an angle 6 with respect to the z axis.
The black solid line corresponds to 8 = 0°, the blue line corresponds
to 0 = 10°, the green line corresponds to 6 = 20°, while the red line
corresponds to 6 = 30°. With square symbols, we show the respective
transmission at normal incidence of light (0 = 0°) for the reversed
magnetic-field case, i.e., B = —0.2T. (b) Faraday rotation and elliptic-
ity angles at normal incidence of light for the reversed magnetic-field
case, i.e., B=—0.2T. The dashed double-arrow line depicts the

location where 17 becomes zero.

for B=—0.2T, at normal incidence, is shown with square sym-
bols in Fig. 4(a). As shown, the transmittance of the anti-parallel
(reversed) magnetic-field case is the same as that of the parallel
one. However, by looking at the respective Faraday rotation and
ellipticity angles in Fig. 4(b), we observe that they have opposite
signs with respect to the parallel case. The reason behind this
is the non-reciprocity induced by the external magnetization,
which induces opposite signs to the respective Faraday rotation
angles.

To further highlight the performance of the metasurface,
we calculate the respective transmittance and Faraday rotation
characteristics of an InSb slab. We consider two cases: one for
slab thickness 4 =12 um and one for 4 =40 um. The first
case corresponds to an (roughly) effective thickness of the
InSb coating only. The second case corresponds to the total
thickness of the metasurface. The transmittance and Faraday
rotation of the metasurface should exceed those of a respec-
tive homogeneous magneto-optic (InSb) slab. In Fig. 5(a), we
show the transmittance at B =0T (gray line) and B=0.2T
(black line) for the InSb slab with 4 = 12 um. As is evident,
in the wavelength region of interest, the transmittance for the
unmagnetized slab varies from almost unity (at lower wave-
lengths) to roughly 0.4 (at higher wavelengths). By switching
on the external magnetic field (B = 0.2T), the transmittance
ranges roughly from 0.6 to 0.5, which means it is significantly
lower than the respective transmittance of our metasurface
close to its operation wavelength (152-155 pm). Similarly,
in Fig. 5(b), we show the transmittance at B =0T (gray line)
and B = 0.2T (black line) for the InSb slab with 4 = 40 um.
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Fig. 5. (a) Transmittance at B =0T (gray line) and B=0.2T

(black line) for an air-located homogeneous InSb slab with 4 = 12 pm.
(b) Transmittance at B = 0T (gray line) and B = 0.2T (black line) for
an air-located homogeneous InSb slab with & =40 um. (c) Faraday
rotation angle (solid line) and ellipticity angle (dashed line) for the
magnetized slab (B =0.2T) with 4 =12 um. (d) Faraday rotation
angle (solid line) and ellipticity angle (dashed line) for the magnetized
slab (B = 0.2T) with 4 = 40 pum.

Now, the transmittance of the unmagnetized slab drops abruptly
at higher wavelengths, although the transmittance of the mag-
netized slab remains close to 0.5 in the wavelength region of
interest, i.e., 152-155 um. We should keep in mind that in
both cases our metasurface exhibits significantly higher trans-
mittance (close to 0.85 in the wavelength region of interest).
Next, we examine the Faraday rotation and ellipticity angle in
such homogeneous-slab cases. Particularly, in Fig. 5(c), we show
the corresponding Faraday rotation (solid line) and ellipticity
(dashed line) angles for the slab with 4 = 12 pm. Although the
Faraday rotation angle reaches almost —40°, the ellipticity angle
significantly deviates from 0°. This means that the transmitted
light is elliptically polarized and therefore does not meet our
goal for linearly polarized light in the output of our polarization
rotator/isolator. In the same respect, the ellipticity angle for the
slab with 4 = 40 pum, shown in Fig. 5(d) with a dashed line, is
close to 45°, which leads to the conclusion that the transmitted
light is almost circularly polarized. In view of the above, our
designed magnetically active metasurface significantly outper-
forms the corresponding homogeneous slab made of the same
magnetically active material.

The metasurface discussed in Figs. 3 and 4 consists of core-
shell particles with inner radius R; = 14 pm and outer radius
Ry =20 um arranged in a square arrangement of lattice con-
stant @ at B =0.2T. Since these parameters have not been
optimized, it is obvious that these degrees of freedom can be
tuned in order to approach perfect isolation, i.e., ¢ =45° and
T =100%. At first, we keep the lattice constant 2 and the inner
radius R; fixed and change the outer radius R;, as shown in
Figs. 6(a) and 6(b). In Fig. 6(a), we show the wavelength Ao,
at which output polarization is linear ( = 0). In this case, Ao
shifts to higher wavelengths as R, increases. In Fig. 6(b), we
plot the respective transmittance 7 and Faraday rotation angle
@ at Ag versus R,. We observe that, by increasing the particle’s
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Fig.6. (a) Wavelength A, versus R, for the zero ellipticity angle fora

metasurface with lattice constant 2 = 70 wm. (b) Left axis/black curve:
transmittance versus R, for B = 0.2T at wavelength X. Right axis/red
curve: Faraday rotation angle versus R, at Aq. (c) Wavelength A,
versus a for zero ellipticity angle for a metasurface with R, =20 pum.
(d) Left axis/black curve: transmittance versus  for B = 0.2T at wave-
length 2. Right axis/red curve: Faraday rotation angle versus « at A.
(e) Wavelength A versus B for zero ellipticity angle for a metasurface
with lattice constant 2 = 53.5 um and R, = 20 pm. (f) Left axis/black
curve: transmittance versus B at wavelength A¢. Right axis/red curve:
Faraday rotation angle versus B at Ay.

outer radius R, the transmittance at Ag is decreased, while the
respective Faraday rotation angle is increased. Such a behav-
ior indicates a trade off between transmittance and Faraday
rotation, when changing R,; the optimization of ¢ results in
a loss in transmitted light. Therefore, we keep R, at 20 pm in
the next optimization study. In Fig. 6(c), we plot A versus the
lattice constant 2, while in Fig. 6(d) the respective transmittance
T and Faraday rotation angle ¢ is at Ag. For > 60 um, the
transmittance increases while ¢ decreases. Obviously, when the
lattice becomes more sparse (by increasing #), the transmittance
is increased. The increment in 7 is followed by a decrement
in ¢, because light interacts less with the individual scatter-
ers. However, for 2 < 60 pum, there is a peak for both 7" and
@ at 2 = 53.5 um, with 7= 94% and ¢ = 45°. These values
indicate a very efficient Faraday isolator, capable of real-world
applications. Finally, the robustness of the metasurface’s per-
formance versus small deviations of the external magnetic field
is examined. In Fig. 6(e), we plot the change in A versus B. We
observe that A remains almost the same under small deviations
of B. Similarly, in Fig. 6(f), we observe that both ¢ and 7 retain
their high values irrespective of the precise value of B.
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3. CONCLUSIONS

In summary, we have presented the design and full-wave analysis
of a magnetically switchable metasurface allowing for attain-
ing robust and high-contrast isolation at THz wavelengths.
Our device was made of high-index spherical dielectric meta-
particles, cladded with a magnetized semiconductor, InSb.
Upon application of an external magnetic field, the device can
almost be perfectly switched on and off over a relatively broad
range of wavelengths. Crucially, the device does not alter the
linear polarization of the incident lightwave despite the fact
that its individual meta-atoms, when on their own, typically do.
The straightforward design of the structure and the combined
functionalities it provides may make it appealing for a range of
applications in optoelectronic and communication systems.
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