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We show that an optical transparency can be obtained by using only one single magneto-optical ring resonator. This
effect is based on the splitting of counterclockwise and clockwise modes in the ring resonator. Within a proposed resonator-
waveguide configuration the superposition between the two degeneracy broken modes produces a transparency window,
which can be closed, open, and modified by tuning the applied magnetic field. This phenomenon is an analogue of Autler—
Townes splitting, and the magnetic field is equivalent to the strong external pump field. We provide a theoretic analysis on
the induced transparency, and numerically demonstrate the effect using full-wave simulation. Feasible implication of this

effect and its potential applications are also discussed.
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1. Introduction

The coherent interaction of photon with atoms have at-
tracted much attention in the recent decades such as elec-
tromagnetically induced transparency (EIT)!'-3! and Autler—
Townes splitting (ATS).[>-131 ATS is the splitting of energy
levels induced by the strong field-driven interactions and quan-
tified by a transparency window in the absorption or transmis-
sion spectrum.®! Various application explorations have also
been proposed in the decades, which include millimeter wave

(o 111 and transfer

detection,”! light storage,!'"! optical isolation,
of orbital angular momentum.!'?! Simultaneously, the concept
of ATS has been transferred to other disciplines of physics,
such as nano-structured metamaterials and coupled resonator
arrays. 1426 Especially, on-chip sensors or nanoparticle de-
tection can be achieved by utilizing ATS-like effect.!16:17:2]
Both optical ring resonator (ORR)[?>"-3%) and whispering-
gallery micro-resonator (WGMR)!1>-1731.321 are the promis-
ing platforms for classic and all-optical analogs of ATS. Sim-
ilar to ATS, at least two resonances with different frequencies
should be properly designed and introduced so that light in-
teracts with them simultaneously or in some order.!!4-2> For
example, Peng et al. provided an experimental observation of
ATS-like spectra in integrated on-chip WGMR systems where
the input wave interacts with the two coupled WGMRs. 2! In
addition, an optical on-chip single microcavity system leading
to ATS-like transparency is considered by introducing surface
roughness,['*18191 material inhomogeneity,®! or the pres-
ence of scatterers!!®17:221 in ORR or WGMR, and it has the

obvious advantages of an easily fabrication and a compact size
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for better integration.

In this article, we propose a scheme in achieving an ATS-
like transparency by using only one single homogeneous res-
onator without introducing any roughness or scatterers in an
ORR. The key of this scheme is to utilize the splitting of
counterclockwise and clockwise modes in a single magneto-
optical (MO) ORR.*3] An ORR-waveguide configuration de-
sign is provided, which can simultaneously excite and utilize
the counterclockwise and clockwise modes. When the mode
degeneracy is broken, a transparency window is produced,
which can be closed, open, and modified by tuning the applied
magnetic field Hy. We argue that this effect is very similar to
that of ATS in quantum optics, and the external magnetic field
Hy plays the role of strong pumping field that induces a level
splitting in ATS.[®20] Numerical full-wave simulation proves
the feasibility of this scheme. Practical consideration on real-
ization and implication of this scheme, e.g., by using available
MO materials with a reduced geometric size, and the applica-
ble frequency band of this scheme are discussed.

2. Theory and simulation
2.1. Proposal

Here we propose an induced transparency effect by us-
ing a single ORR. If we look at one ORR or equivalently a
WGMR as shown in Fig. 1(a), we notice that it supports both
clockwise and counter-clockwise modes simultaneously. The
energy fluxes of them are opposite with each other, and can
be characterized by the associated optical orbital angular mo-
mentum (OAM) of £m. We are interested in the frequency

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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regime about a single resonance, thus we would like to neglect
the exact value of m for the sake of simplicity. We represent
the clockwise mode with positive OAM by L in characterizing
its left-handed nature, while the counter-clockwise with neg-
ative OAM by R. Albeit the L and R modes are degenerated
in frequency if the ORR medium is isotropic, only one mode
can be efficiently excited by an adjacent common waveguide

(28301 For example, if a wave is incident from the upper

bus.
common bus of Fig. 1(a) from the left side (represented by
bp), only the L. mode is excited.

To excite both the L and R modes in a single ORR simul-
taneously, we propose a compact ORR-waveguide configura-
tion as shown in Fig. 1(a). The incident wave is coupled into
two identical common buses with field amplitudes by = ap.

An ORR is placed between the two common buses. The field

in the upper bus excites the L mode only, while that from the
lower bus excites the R mode. The output field characterized
by a complex transmission coefficient ¢ is obtained by consid-
ering the superposition between the transmitted field compo-
nents b, and a; [see Fig. 1(c)]. To mimic the split energy level
in ATS, we utilize the MO effect>3-3% to lift the degeneracy of
the L and R modes [see Fig. 1(b)]. A close analogue with the
strong-coupling-field-induced energy level splitting in ATS is
realized. The external applied magnetic field Hy is equivalent
to the strong pump beam in ATS, and its magnitude determines
the splitting of the L and R modes."*3! The resonances of L
and R modes induce strong dispersion on the corresponding
guided field in each common bus, and produce a transparency
window in the output spectrum ¢.
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Fig. 1. (a) Schematic of the proposed ORR-waveguide structure. The input bus is split into two identical common buses with an MO
ORR placed in between. Inset is the geometry parameters of the structure, which is marked in green in panel (a). (b) Magneto-optic
effect is introduced into the ORR to break the degeneracy of the L and R modes. (c) Wave in the upper bus excites the L mode, while
that in the lower bus excites the R mode. The output wave characterized by ¢ exhibits the superposition between the degeneracy broken

L and R modes.

2.2. Formulae

The influence of MO effect over L and R modes can be
briefly understood by the treatment proposed in Ref. [33]. Un-
der the excitation of an external magnetic field Hy, without
loss of generality we can assume that the permittivity tensor
of the MO ORR is expressed as

& j& O
eE=|—j& & 0|, (D)
0 0 SH

where the z direction is taken to be normal to the 2D plane
shown in Fig. 1(a). For the transverse magnetic (TM) po-

larized (i.e., magnetic filed along the z direction) mode, the
corresponding effective refractive index is given by ngﬂ =
(€2 — €2) /& With increasing off-diagonal element & the ef-
fective refractive index neg reduces, so the resonances of L
and R modes blue shift. The off-diagonal element & also de-
termines the broken symmetry between L and R modes, and
€2).33V If it is the

permeability tensor [ that becomes anisotropic in MO effect,

the splitting Af is proportional to &/ (&2 —

similar effect can apply to the transverse electrical (TE) polar-
ization.

To study the ATS-like transparency in the configuration
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shown in Fig. 1(a), we neglect details on the level splitting of
L and R modes, and assume that they are represented by ef-
fective indexes np, and ng, respectively. By labeling the field
components at each contact point as those shown in Fig. 1(a),
and assuming that the self- and cross-coupling coefficients of
L and R modes to the upper (lower) common bus are ¥, and
Ky (7 and k3), respectively, we obtain a set of equations as

follows:
ay = (nd} + Kiao)e® /2, )
a) = }/ualej‘pk/z, 3)
by = (Vb + Kubo)e /2, )
b\ = b eif/?, 5)
where
¢LRr = L rdf/c, (6)

d is the diameter of ORR, f = w/2m is the frequency, %, are
real, while k| are imaginary, with 7&,1 - Kil =1.

Solving the above equation set we can find that the field
inside the ORR is enhanced by factors

aj Ki
i e )
4R |a0‘ |1_yu,ne]¢R|
b] Ku
== 8)
qL |b0| |1_’}/u'}’[el¢1“

The magnitudes of g r are maximum at the Fabry—Pérot-like
resonances fi r given by ¢ r = 2|m|m, i.e.,

C
JLR = 2|m|

©))

dnL7R ’

where +m is the topological indexes of the L and R modes.
The complex transmission coefficient ¢ detected at the
output port is given by

, _ Yiao+Kid| + Yabo + Kuby

, 10
ap + by 10
which, with ag = by, can be explicitly expressed as
t:l( n—%he® | %—pe )ejnbks, (an
201 - Yu}’ie’]d)k 1— Yu%e](pl“

where k = 27 f/c, ny and s are the refractive index and the
path length of the common bus, respectively. In the case of
nr =np =nand Y = % =7, t becomes

1—¢l?

jnyks

r=vy
In the above consideration we have assumed that the path
lengthes through the two common buses are same (s, = s, =
s). If the path lengthes are unequal (s, # sp), additional item
is introduced, which can also be utilized, e.g., for filter appli-
cation.
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Fig. 2. Theoretical results on the (a) transmission spectra, (b) phase,
and (c) g1, and gr for symmetry conserved (red lines) and symmetry
broken (blue lines) cases, respectively. Here % = %, = ¥ =0.995. In the
symmetry conserved case, fi = fr = fo. In the symmetry broken case,
JL=0.998fp and fr = 1.002fy. The background phase term of nyks is
neglected in panel (b).

1.005

Equation (11) depicts that the transmittance of this con-
figuration is associated with the superposition between two
Fabry—Pérot-like resonances of the L and R modes. Figure 2
shows an example on the transmission spectra and phase when
the degeneracy of L and R modes is broken by the MO ef-
fect. We can see that, due to the mode splitting, the pri-
mary one resonance transmission dip splits into two separated
ones about the L and R resonances. The initial smooth vari-
ation of phase from 0 to 27 is replaced by two Fano-like dis-
persions. We also calculate the field amplitude ratios of g,
and gr characterizing the enhancement of field inside the MO
ORR. As is expected, the ratios have their maximum values of
(1—79%)7%5 ~ 10 about the L and R resonances. Since the L
and R modes have comparable quality-factors Q characterized
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by Egs. (7) and (8), and the above analysis does not involve the
effective refractive of index that implies the interferences be-

tween two Fano resonances. This transparency is an ATS-like
one. [16:22.25]

2.3. Simulation verification

In the above analysis we have neglected the possible dis-
persions over the refractive indexes (n, n, and ng) and cou-
pling coefficients (7, and & 1). Radiation loss is also ignored.
Here we perform a serial of full-field optical simulations by
using the finite element method (FEM) to verify the above
theoretical analysis. In the numerical simulations, width of
the waveguide in forming the ORR and the common buses is
worr = w = 0.4 mm, radius of the ORR is p = 10.2 mm. The
two identical common buses are long enough to avoid the cou-
pling between ORR and the curved waveguiding structure at
the input and output sides. Refractive index of the common
bus is set to be 2, and the surrounding medium is vacuum. For
the sake of simplicity, we assume that the values of elements
in the permittivity tensor of the MO ORR are constant, with
& =4

(a) 1.0
0.8
=
=}
£
2
s 04F
St
H
0.2

203.50 203.75 204.00 204.25

f (GHz)

Fig. 3. Simulation results of (a) transmission spectra and (b) phase for
& = 0 (red line) and & = 0.4 (blue line). Geometric parameters are
worr = w = 0.4 mm, p = 10.2 mm, and s = 0.6 mm. The background
contribution of npks in Eqs. (11) and (12) is taken into account.

204.50 204.75 205.00

To emphasize the superposition described by Eq. (11) and
get a clear exhibition on the associated field distributions, we
firstly set the gap s between ORR and each bus to be 0.6 mm,
and assume that the off-diagonal element & is 0 and 0.4, re-
spectively. The simulation results are shown in Figs. 3 and 4.

The maximum transmission coefficient T = |¢|*> does not reach
1 because the splitting and bending of the straight waveguide
at the input and output ports in connection with the common
buses produces a weak leakage damping on the guided modes.

Fig. 4. Distribution of field amplitude H at (a) fo = 203.815 GHz,
the transmission dip when & = 0, (b) fi., = 204.446 GHz, (d) fr =
204.58 GHz, and (c) f. = 204.513 GHz, when & = 0.4, respectively.
(e) and (f) Zoomed-out images of the distribution of transverse en-
ergy flux inside the MO ORR. Geometric parameters are Worr = w =
0.4 mm, p = 10.2 mm, and s = 0.6 mm.

From Figs. 3 and 4 we can see that when & = 0, where the
resonances of L and R modes are degenerated (fi = fr = fo),
only one transmission dip at fy = 203.815 GHz can be ob-
served. The phase of ¢ possesses a single Fano-type shape.
At the transmission dip fj the waves from the upper common
bus and the lower one superpose with each other, especially
inside the ORR [see Fig. 4(a)]. Transverse energy flux inside
the ORR is zero due to the balanced contributions of L and R
modes. The field components b; and a; are very weak.

When a nonzero g of 0.4 is introduced, the transmission
dip shifts to fo = 204.513 GHz. This blueshift can be ex-
plained because the corresponding effective refractive index is
briefly given by n%; = (¢2 — &2)/&, which becomes smaller
when g increases. Furthermore, due to the MO effect the
transmission dip splits into two separated ones, and produces
a transparency window about fc. Phase of ¢ is characterized
by two correspondingly Fano-like shapes. For the distribution
of field intensity, at the transmission dips of fi and fg shown
in Figs. 4(b) and 4(d), field inside the MO ORR is almost ho-
mogenous because only one of the L and R modes dominates.
The dominated mode determines the observable direction of
transverse energy flux, see Figs. 4(e) and 4(f). Using Fig. 4(b)
as an example here, at this frequency the L mode is resonant
enhanced inside the MO ORR. As a result, the wave by from
the upper common bus is resonantly coupled into the MO ORR
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via the Fabry—Pérot-like resonance of Eq. (8). This resonance
substantially reduces the transmitted field b, and increases the
reflected wave b;. Superposition pattern between b, and ag
components can be clearly observed in the above section of the
lower common bus. The field b, in the later section of the up-
per common bus is zero. For the wave incident from the lower
common bus, it is weakly coupled into the MO ORR because
the R mode is out of resonance. For the induced transparency
windows at fc shown in Fig. 4(c), because the L and R modes
are all out of resonance, the waves in both common buses do
not efficiently coupled into the MO ORR, rending observable
transmittance at the output port.

2.4. Further feasible analysis and discussion

With an academic curiosity, the FEM simulation pre-
sented in Subsection 2.3 demonstrates the physical mechanism
of the proposed ATS-like transparency. A large & value of
0.4 is considered. The geometric parameters are chosen in the
way that the field is only moderated enhanced inside the MO
ORR. However, in realistic situation a large & value requires
a huge external applied magnetic field Hy that may beyond
the-state-of-the-art techniques.3*33401 Also, it is interesting
to ask whether the mechanism can be realized in structure with
a compact size. A feasible analysis on these practical implica-
tion issues is required.

4
3L
g W e =0.002
‘0
2
g 2ot
wn
=]
E +1 ex=0.005
1k
O 1 " 1
203.785 203.790 203.795 203.800
f (GHz)

Fig. 5. Simulation results of the transmission spectra for different
nonzero off-diagonal elements & = 0, 0.002, 0.005, and 0.01, respec-
tively. Here the distance s between the common bus and the MO ORR
is increased to 1.15 mm to enhance the Q factor. Other parameters are
worr =W = 0.4 mm and p = 10.2 mm. In Bi:GdIG a field Hj in the
order of 0.02 T can easily render & = 0.002.

For the first problem on the large value of g, it can be
easily avoided by increasing the Q = f/Af factor of the trans-
mission dips. When the Q factor is increased, i.e., the dip
width Af is substantially reduced, it becomes easier to dis-
tinguish the weaker frequency split in L and R modes asso-
ciated with a smaller & value. An enhanced Q factor can

be obtained by simply increasing the values of self-coupling

coefficients 3 and y,. Figure 5 shows the FEM simulation
results when the distance between the common bus and the
MO ORR is increased to 1.15 mm. We can see that the corre-
sponding width Af of the transmission dip becomes narrower,
to ~ 0.001 GHz that is around two orders smaller than the
value of 0.07 GHz shown in Fig. 3. Now we can distinguish
the weak degeneracy broken modes and obtain a transparency
window even at & = 0.002. If Bi-doped gadolinium iron gar-
net (GdBi)3FesO;, (Bi:GdIG) commercially available is uti-
lized as the MO medium, a field Hy in the order of 0.02 T!40]
can easily excite the required nonreciprocal anisotropy.

180.25

180.50

fB=0.20f,

198.00} fu

Frequency (GHz)

198.25} fr ] . @-fe

198.50 1
1.0 0.8 0.6 04 0.2 0.0
Transmission

Fig. 6. Simulation results of (a) transmission spectra when fg = 0 (red
curve), and 0.20f}, (blue curve), respectively. The distributions of field
around the MO ORR at the transmission dips and transparency win-
dows are plotted in (b) fo = 180.466 GHz, (c) fi = 197.971 GHz, (d)
fc =198.111 GHz, and (e) fr = 198.231 GHz, respectively. Geomet-
ric parameters are worr = w = 0.4 mm, p = 0.8 mm and s = 0.38 mm.
The topological indexes of the L and R modes are m = 7. This figure
shows that the structure can be substantial reduced.
For the problem in applying this scheme to structure with
a reduced geometric size, the main obstacle is the increased
radiation loss and the corresponding reduced Q factor when
the radius of the ORR decreases. We should utilize an MO
material with a possible large & value. Semiconductors with
proper doping associated with strong dispersions on & and &
can be utilized. Consider InSb with a doping density n of
3.747 x 10" cm™3 as an example,**! the elements of per-
mittivity tensor are & = €, — fpz(f2 — i) & =
2 —1(42 _ (2 4 i1 2042 4 5211
Jefpf (T = feg+ifT) " and & = e — f (f* +if°T) ",
respectively. Here &. = 15.68 is the permittivity at high
frequency, f, = 464.45 GHz is the bulk plasma frequency,
and I" = 0.0001 represents damping. A static magnetic field
Hy=0.05T can render fg = 0.20f,. Figure 6 shows the FEM
simulation results by using InSb in forming the MO ORR. Ra-
dius of the InSb ORR is 1 mm, and the gap between the ORR
and each waveguide is 0.38 mm. All the other parameters are
identical to these present before. We can see that an induced
transparency can be obtained as well, and the topological in-
dex of the excited mode is reduced to C. Distributions of field
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at the transmission dips and transparency window are similar
to those in Fig. 4.

The exploration on this proposal is not limited to the
above analysis. We also wander what is the applicable fre-
quency range for this design and how to determine it. The fre-
quency range of the ATS-like effect varies with different MO
materials, which goes roughly from 5 GHz to 17 THz.[4!-43]
The effective frequency range for the given MO material is
also worthy of study (see Appendix A). Meanwhile, it is in-
teresting to study the influence of waveguide width in forming
the MO ORR on the induced transparency window and the dif-
ference of ORR and cylinder (see Appendix B). Last but not
least, can this proposal be verified by experiment and what
are its applications? In fact, with the-state-of-the-art tech-
niques researchers can fabricate ORRs for operation up to in-
frared and visible light already.!!%-304647] On-chip MO opti-
cal resonators monolithically integrated on silicon have also

43441 Particularly, Yuan et al. experimen-

been demonstrated.|
tally demonstrate an isolator with ultrahigh isolation ratios by
coupling the MO material InSb with a ring resonator.!*3! Tt
further validates the experimental feasibility of our proposal.
Since the values of & and g can be tuned by manipulating
the external magnetic field Hy [see Figs. 3 and 5], the pro-
posed nonreciprocal induced transparency is dynamically tun-
able, to open, close, and change the transparency window for
various applications that have been widely discussed in slow-

light society. 48]

3. Conclusion

In summary, we have proved the feasibility in realizing an
ATS-like transparency effect by using a single MO ORR. This
effect is based on the mode splitting on the L and R modes
in the MO ORR. Within a proposed ORR-waveguide config-
uration design the superposition between the two degeneracy
broken modes produces a transparency window, which can be
closed, open, and modified by tuning the external pump field
(i.e. the applied magnetic field). We provide a theoretic anal-
ysis on the transmission, and numerically demonstrate the ef-
fect using FEM simulation. We also prove that the proposed
scheme can be realized by MO materials commercially avail-
able. Such an analogue of ATS transparency and the associ-
ated slow light effect!*®! can be subsequently utilized for var-
ious on-chip applications such as those in integrated optical

circuits. [13-201

Appendix A: Discussion of applicable frequency
range

The above theoretical analyses and simulations show that
the induced transparency window for the given OAM of +m
occurs in a narrowband. For example, in Subsection 2.3, the

operating frequency is around 204 GHz when |m| = 61. From
Eq. (9), we deduce that the two transmission dips can be tuned
flexibly by changing the radius of MO ORR p or OAM of
+m for the given effective indexes np g, which is related to
& and g.
the functions of frequency, which limit greatly the frequency
band of ATS-like effect. We take the MO material InSb with
/B =0.20f, discussed in Subsection 2.4 for illustration in the
following.

However, in actual MO materials & and & are

0.9 T T T

Transmission

0.3F m=13 L

176 180 184 188 192
Frequency (GHz)

184F

Af (GHz)

180

Frequency (GHz)

176

11 12 13 14 15

Fig. Al. (a) Simulation result of transmission spectra with different
OAM of +m when fg = 0.20f, and (b) the corresponding two trans-
mission dips fi,, fr and dip splitting Af. Here the MO material is InSb
with a doping density n = 3.747 x 103cm™3. Geometric parameters
are worr = w = 0.4 mm, p =2 mm, and s = 0.38 mm. This figure
shows the effective bandwidth of InSb under a static magnetic field Hy
of 0.05 T.

Figure Al(a) shows the FEM simulation result of trans-
mission spectra at the frequency range from 176 GHz to
192 GHz, where the induced transparency windows with |m| =
11,12,13,14,15 are excited. Here the geometry parameters
are worr = W = 0.4 mm, p = 2 mm, and s = 0.38 mm.
The frequency band is basically consistent with the theory.
Due to & > g > 0, the operating frequency should satisfy
f > 173 GHz. Then the splitting decreases with increasing
frequency as shown in Fig. A1(b), which is in accordance with
Af < & /(€2 — €).13% For |m| > 15, it becomes more dif-
ficult to distinguish the weaker frequency splitting in L and
R modes. In short, the effective range of f is about 176—
192 GHz for InSb with the magnetic field Hy = 0.05 T, and
we can modify it by tuning the applied field for practical appli-
cations. For example, the applicable frequency range is about
170-190 GHz when fg = 0.18 f},, which can be easily achieved
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by reducing Hy. Moreover, the applicable frequency range can

be tuned by utilizing different MO materials.[41=4]

Appendix B: Influence of waveguide width in
forming MO ORR

To better explore the influence of waveguide width worr
in forming MO ORR, we firstly set the permittivity tensors of
the MO ORR and common bus are the same as those in Sec-
tion 2.3, which ensures that n;, and ng are constant and d is
the only variable in Eq. (9). As shown in Fig. B1, L and R
modes move to higher frequency and the frequency splitting
increases with decreasing worr. Here other parameters are
w=0.4 mm, s =0.6 mm, p = 10.2 mm, and |m| = 61. It can
be explained by the equivalent diameter of MO ORR. Though
p is a constant, the electromagnetic field in MO ORR is not
uniformly distributed but concentrated on the outer side. That
is to say, the decreasing worr leads to the decreasing outer ra-
dius pout = p +0.5woRrr and equivalent diameter of MO ORR
d, in turn results in the increasing fi r and Ay.

0.35

236 N

232 0.30

0.25
224

Frequency (GHz)
Af (GHz)

220
0.20

216

2124 : : : : 0.15
0.26 0.28 0.30 0.32 0.34 0.36

wogrr (mm)

Fig. B1. The two transmission dips fi, fr and dip splitting Af ver-
sus width of the waveguide in forming MO ORR. Here the values of
elements in the permittivity tensor of the MO ORR are constant, with
& =4 and g = 0.4. Other geometric parameters are w = 0.4 mm,
p =10.2 mm, and s = 0.6 mm. The topological indexes of the L and R
modes are m = +61.

Meanwhile, we prove the feasibility that the analogue of
ATS transparency can be achieved when the MO ORR is re-
placed by an MO cylinder, which is just the limit case that
Pout = WorR. To avoid the radiation loss when p is a small
value, we take InSb with fg = 0.20f, for illustration. As
shown in Fig. B2, fi r and Ay no longer change when worgr
is greater than 0.7 mm. It is just the case that the equiva-
lent diameter does not change when wogrr is large enough.
Here we set poue = p + 0.5worr = 1 mm, w = 0.4 mm, and

s = 0.38 mm. The FEM simulation results of field distribu-
tion in fL, fc, and fr are shown in Figs. B3(b)-B3(d). Here
Pout = WORR, 1.€., the MO cylinder replaces the MO ORR. It is
proved again that the outer radius of MO ORR p, has greater
influence on fi g and Af.

198.5p T T T T T 10.5
JR—— fl
198.0 —— fn
_ e Ap 104
g 197.5
< 1970 193 =
g 7.7./.,.,.,.,.,.,.,.,.,.,.7.,.,.7.7. :\_//
96.5 S~
% 196.5 {02 4
o .
= 196.0
H10.1
195.5
195.0L L L ! 10.0

1 1
0.4 0.5 0.6 0.7 0.8 0.9 1.0
worr (mm)

Fig. B2. The two transmission dips fi,, fr and dip splitting Af versus
width of the waveguide in forming MO ORR when fg = 0.20f,. Other
geometric parameters are w = 0.4 mm, Poyt = P + 0.5worr = 1 mm,
and s = 0.38 mm. Here the MO material is InSb with a doping density
n=3.747 x 10'3 cm~!3. The topological indexes of the L and R modes
are m = £7.

1.00
1
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3 0.75
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2
g |
E
S 0.50F
=
fu fr
0.25 L 0
195.0 195.5

Frequency (GHz)

Fig. B3. Simulation results of (a) transmission spectra when fg =
0.20fp. The distributions of field around the MO cylinder at the
transmission dips and transparency window are plotted in (b) fi =
195.286 GHz, (c¢) fc = 195.406 GHz, and (d) fr = 195.523 GHz, re-
spectively. Radius of the MO cylinder is 1 mm, other parameters are
w = 0.4 mm and s = 0.38 mm. The topological indexes of the L and R
modes are m = £7.
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