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ABSTRACT

In the past two decades, index-near-zero (INZ) modes and materials, with their spatial phase invariance and super coupling, gained increasing
attention for applications in all-optical/quantum computing and communication. However, the modulation of INZ modes is typically
complex and discontinuous, often achieved through intricate experimental methods, thereby hindering their widespread application. Here, we
propose two deep-subwavelength magneto-optical one-way waveguides and discover three broadband tunable INZ modes, exhibiting predict-
able behavior dependent on the external magnetic field (EMF). By utilizing these INZ modes, we design broadband tunable all-optical phase
modulators through straightforward EMF control. The tunable and predictable nature of INZ modes, combined with deep-subwavelength
phase modulators, may advance miniaturized all-optical communication and computation.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0209239
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Given the impending global energy crisis, the imperative to sub- and (effective) permeability near zero.”” INZ modes can be realized in
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stitute inefficient energy sources with sustainable and cleaner alterna-
tives, such as nuclear energy, is crucial. Furthermore, utilizing low-loss
and high-speed light/photon or electromagnetic (EM) waves for sig-
naling communication and computation, rather than electronic/elec-
trical energy, presents a viable solution. The challenge is to manipulate
EM waves in a simple yet efficient manner. Achieving zero-phase-shift
transmission and/or communication of EM waves would significantly
facilitate their manipulation. In this context, the index-near-zero (INZ)
mode has been proposed and extensively studied."”

Specifically, the INZ mode can be classified into three categories:
the e-near-zero (ENZ) mode with near-zero (effective) permittivity,3 the
u-near-zero (MNZ) mode with near-zero (effective) permeabi]ityf’3 and
the ¢-and-i-near-zero (EMNZ) mode with both (effective) permittivity

various systems, including waveguides near cutoff,”*” layered struc-
tures based on effective medium theory,m’11 resonant cavities via reso-
nant tunneling,'” and photonic crystals (PhCs) with Dirac-cone
dispersion.'”'® Despite significant progress in INZ-related theory and
manufacturing techniques, there remain limitations, such as prohibi-
tive fabrication costs and complex processes,” discontinuous operating
frequencies, relatively large device heights, and loss."” Finding an addi-
tional platform to flexibly tune the INZ mode across a wide range and
render it insensitive to fabrication imperfections remains a challenge.
Magneto-optical (MO) one-way waveguides/modes have gained
increasing attention in recent years due to their unique magnetically
controllable properties.'” *” Similar to topologically protected bound-
ary modes, MO one-way modes exhibit excellent “collimation” along
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the waveguide/surface.”"”” These modes can be broadly categorized
into two groups: PhCs made of MO materials and straight heterostruc-
tures consisting of continuous MO materials. In both cases, an external
magnetic field (EMF) is applied to break the time-reversal symmetry
of the system, resulting in one-way propagation. MO one-way modes
have been utilized in various optically functional devices, such as
filters”” and splitters.”*

Recently, “theoretically tunable” INZ modes were achieved using
one-way magneto-optical (MO) waveguides.” The modulation of the
INZ mode solely relied on adjusting the waveguide thickness parame-
ters, presenting practical challenges. In this study, we demonstrate that
by designing appropriate EMFs, two types of one-way MO waveguides
can realize tunable INZ modes across a wide range, with the bandwidth
contingent upon EMF alterations. We identify several predictable INZ
modes in these structures, each with a specific frequency-EMF relation-
ship. Remarkably, we achieve broadband phase modulators with a 27
phase shift (—n = 1) relying on these tunable and predictable one-way
INZ modes. We assess the loss effect and robustness of the INZ modes
through numerical simulations using the finite element method (FEM).

(a)
Magnet set-1 \\z\‘\b'
I ] {,&f}
[~ | [ |~ NS
MO system
N | [NE s
Magnet set-2
2 ;
() o T
0 normal mode | N2 e
¢ O INZmode ”
g1 | 0
3 1
air Y x
YIG ®H,
-20 -10 0 10 20
K/Km
2
(d)
SE 1 :
3 s
__‘ [ ¥
air d air ‘\‘ [
YIG & d YIG ®H, \f
0 ¥
-20 -10 0 10 20 -20 -10 0 10 20
k/Km k/Km

FIG. 1. (a) The schematic of adjusting the effective index and/or phase angle of the
output wave. (b)—(e) Dispersion diagrams for (b) type-1, (c) type-2, (d) type-3, and
(e) type-4 one-way waveguides as the thicknesses of the air and YIG layers being
the same and d = 0.031n (Am = 27¢/wm). The green and black circles in (b-c)
represent the INZ modes and normal modes within the one-way regions, respec-
tively. The red and black lines represent surface modes in the respective structures.
The shaded areas indicate the bulk zones of an infinite YIG layer, while the blue
dashed line represents compressed bulk modes in finite YIG layers in all four struc-
tures. The other parameters used in the diagrams are ¢ =1 (for air) and
wy = 0.50n (for YIG).
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MO waveguides offer the advantage of adjusting performance and
functionalities via EMF modifications. Here, we propose that by care-
fully engineering the EMF [as illustrated in Fig. 1(a)], an MO system/
waveguide can effectively tune the output wave’s effective index from
near zero to infinity. Moreover, as the operating frequency approaches
the INZ frequency (wnz) of the waveguide, the output phase angle can
be tuned across a complete 27 range. These tunable effective index
and/or output phase angle characteristics hold significant promise for
applications in optical communication and computing.

Achieving a wide range of effective index values while keeping
the frequency consistent necessitates tunability of the wavenumber
from near zero (INZ wave) to infinity. Through theoretical analysis,
we identify two types of microwave waveguides capable of achieving
this objective. The first type of one-way structures (type-1) was
designed for trapping magnetic rainbows.”* As depicted in the inset of
Fig. 1(b), the type-1 structure is bounded by perfect electric conductor
(PEC) walls in the longitudinal direction. The second waveguide is
akin to the type-1 waveguide but features a lower boundary replaced
by a PMC wall [see Fig. 1(c)]. Although PMC is not a naturally occur-
ring material, high-impedance surfaces (HIS) have been demonstrated
as an effective means to create PMC or quasi-PMC in the micro-
wave' >’ and terahertz”” regimes.

To investigate the impact of a PMC boundary on the perfor-
mance of an MO one-way waveguide, we analyzed four different wave-
guide structures. The first two structures comprised the type-1 and
type-2 one-way waveguides, while the remaining two structures acted
as reference structures. Specifically, the type-3 one-way waveguide fea-
tured a PMC boundary on the upper side and a PEC wall on the lower
side [see the inset of Fig. 1(d)]. The type-4 one-way waveguide was
bounded by two PMC walls [demonstrated in Fig. 1(e)]. The disper-
sion equations for these one-way waveguides are given by the following
equation:
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where v, wg (=yuyHp, where y is the gyromagnetic ratio), and w,, are
the damping factor, the precession angular frequency, and the charac-
teristic circular frequency, respectively.”””” o and a4 denote the atten-
uation coefficients of the EM wave in the YIG and air layers,
respectively. d represents the thickness of the air and YIG layers.

W, = /iy — 13/ 1, defines the Voigt permeability. Utilizing Egs.
(1)-(4), we present the dispersion diagram of Surface Magneto-
Plasmons (SMPs) in Figs. 1(b)-1(e). Several Asymptotic Frequencies
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(AFs) are observed in the dispersion curves, with variations depend-
ing on the type of waveguide. In type-1 and type-3 waveguides, the
AFs (wg) are consistent with ol = wy+ vy as k — 400 and
oy, = o+ 0.50, as k — —oco. When the lower boundary is
replaced by a Perfect Magnetic Conductor (PMC) wall, an additional
surface band emerges due to the interaction between the PMC-YIG
and air-YIG surfaces. The dispersion equation for SMPs on the PMC-
YIG interface can be derived from Eq. (1) as k= ,/enfi;ko
(ko = w/c), resulting in an AF of a)s*p+ = wy. Notably, a portion of
the higher branch of red curves in Figs. 1(b) and 1(d) vanishes in
type-2 and type-4 waveguides [see Figs. 1(c) and 1(e)], attributed to
the absence of the PEC-YIG interface supporting those SMPs.”®

Additionally, as shown in Fig. 1, INZ modes with k=0 exist in
type-1 and type-2 waveguides. Particularly, a unique INZ mode [indi-
cated by the upper green circle in Fig. 1(c)] is observed in the lossless
case (v¥=0) when k=0 and w = w, (= +\/wo(wy + ®y)). This
unique INZ mode has a specific frequency that can be tailored by
adjusting the EMF (). This finding is noteworthy since numerous
reported INZ materials operate solely at specific, discontinuous fre-
quencies, even with complex manufacturing processes.”* Figure 2(a)
illustrates the relationship between the INZ frequency (winz = ws)
and wy. With an increase in the EMF, the INZ frequency also rises.
Importantly, Fig. 2(a) shows a continuous range of INZ frequencies
from near zero to 1.5w,,. The robustness of these INZ modes was con-
firmed through simulations. As shown in Fig. 2(b), we designed a com-
posite structure with two type-2 waveguides, placing the source on the
right YIG layer to excite left-going non-INZ modes. The excited wave
propagated from right to left, and upon encountering the left wave-
guide, it coupled to the INZ wave with near-zero-phase shift due to the
“super-coupling” effect, similar to that observed in ENZ systems. The
INZ wave clearly bypassed the imperfection, demonstrating perfect
one-way propagation characteristics. Thus, the material’s loss had
minimal impact on the INZ modes.

In addition, Fig. 1 illustrates two additional INZ modes, one in
the type-1 waveguide [green circle in Fig. 1(b)] and another one in the
type-2 waveguide [lower green circle in Fig. 1(c)]. These INZ modes
are also tunable by modifying the EMF, akin to the aforementioned
INZ mode. To assess the robustness of these INZ modes, we conducted
further simulations as shown in Figs. 2(c)-2(f). We introduced imper-
fections (air holes) into the structures and applied two working fre-
quencies in both type-1 and type-2 structures to compare the behavior
of regular SMPs and INZ modes. The simulations demonstrated that
both the one-way SMPs and INZ modes can bypass the air hole with-
out reflection. As demonstrated in Fig. 2, the alteration of the lower
boundary can invert transmission direction of the one-way modes.
Yet, the one-way bands depicted in Figs. 1(a) and 1(b) typically do not
overlap. With a PEC bottom boundary, the one-way band extends
from wy, to 1.5wy,, allowing only forward (4Xx) one-way waves to
transmit. Conversely, replacing the bottom boundary with PMC sup-
ports only backward (—x) one-way waves with o < wy, in the wave-
guide. Thus, it is notable that our proposed configurations hold
promise for manipulating signal transmission behavior, a crucial
aspect in all-optical communication.

We also performed simulations in bent one-way waveguides
[depicted in Figs. 2(d) and 2(f)] to assess the robustness of the modes
under more stringent conditions. The results showed that both the
one-way SMPs and INZ modes are robust under such conditions.
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FIG. 2. (a) Frequency of the INZ mode (wnz = ws) as a function of wg. (b)
Verification of the robustness of INZ modes for @y = 0.5wp, [indicated by the black cir-
cle in (a)]. An imperfection with the height Ah = 1 mm was introduced on the PMC-YIG
interface. The joint structure used for simulation is shown in the first panel of (b), which
consists of two parts of the type-2 waveguide made of YIG with different values of .
Specifically, wg = 0.5wp, was set for YIG-L, and wy = 0.4wy, was set for YIG-R.
® = 0.86wn, v = 0.001, 49 = (1/0.86)An, and d = 0.034, = 0.02487,. (c)-(f)
Simulation results for (c) and (d) type-1 and (e) and (f) type-2 one-way waveguides. (c)
and (e) The lines represent the phase angle of E, along the air-YIG interface (c) from
the source to the end, and (e) from the end to the source. Air holes with a radius of
r=0.5mm were set on the air-YIG interface. The working frequencies in the simulations
are marked by green (INZ frequencies) and black (reference frequencies) circles in Figs.
1(b) and 1(c), respectively. The INZ frequencies are @ = 1.18wp, (d = 0.03544,) and
w = 0.709wy, (d = 0.02134), while the reference frequencies are w = 1.05wn,
(d = 0.0315/0) and @ = 0.6wp (d = 0.0184). Simulations for INZ frequencies are
indicated by green lines or green rectangular boxes. The parameters used in the simula-
tions are d = 0.03/,, and » = 0.001.

It is noteworthy that the one-way INZ modes in all waveguide types
are transverse electric (TE) modes. Unlike regular ENZ modes, the
group velocity of this type of INZ modes is not near-zero.”” Therefore,
our proposed INZ modes resemble doped ENZ modes, exhibiting
EMNZ response exclusively to TE waves.

Variations in the EMF lead to changes in the AFs and dispersion
curves, thereby altering the frequencies of the INZs in both type-1 and
type-2 waveguides. Figures 3(a) and 3(c) illustrate the relationship
between the EMF and the INZ frequencies analyzed in Fig. 2.
Remarkably, the INZ frequency is “predictable” for both configura-
tions. Even more exciting is our finding of a nearly linear relationship
between w, and winz in type-1 waveguides, as depicted in Fig. 3(a).
The equation for this relationship can be expressed as

Nz = 0.95500 + 0.702p,. 3)
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FIG. 3. INZ frequencies as a function of wy in (a) type-1 and (c) type-2 waveguides.
The dispersion diagrams in (b) and (d) show a zoom-in view of the INZ modes
when @y is gradually increased from 0.1wn, to wn, as indicated by the black
arrows. The stars in (c) represent the modes with & = wp, and the effective index
nest = ck/w experiences a transition from extremely small values (near the INZ
region, marked by the black vertical line) to extremely large values (near the AF
region).

Using Eq. (3), one can predict the INZ frequency conveniently
for a specific EMF. For example, when @ = 0.45y,, Eq. (3) yields
oz ~ 1.1320y,. Simulation results [inset of Fig. 3(a)] confirm nearly
constant electric-field intensity along the propagation direction for
o = 1.132w,, and wy = 0.45wy,. Specifically, the phase shift A¢ is
approximately 0.0269 radians after propagating a length of 20 mm,
corresponding to about 0.3774¢. Thus, this tunable INZ, predictable
with the EMF, accurately represents a linear tunable INZ system.
Figure 3(b) illustrates variations in dispersion curves near the INZ
modes as ®, changes from 0.1wy, (bottom line) to w, (top line), with
the shape and slope of the dispersion curve remaining almost constant.
Importantly, in type-1 waveguides, the effective index (n¢) of the
SMP can be tuned over a wide range, from near zero (around the INZ
frequency) to infinity (around the AF). This adjustable neg is crucial
for coupling or communicating between waveguides.

The relationship between winz and w, for the type-2 structure is
shown in Figs. 3(c) and 3(d). For this structure, the equation relating
INZ and o, can be expressed as

oz = 0.57202% + 1.340w4 + 0.1820,, (4

when wy = 0.45wy,, Eq. (4) gives oz = 0.669wy,, and the simula-
tion results for these parameters are shown in the inset of Fig. 3(c),
where a near-zero-phase shift is observed as well. The phase shift Agp
is approximately 0.0577 radians after propagation through a length of
20 mm, which corresponds to approximately 0.223 /.

The all-optical phase modulator is a pivotal component among
all-optical devices, which can be constructed employing configurations
such as the Mach-Zehnder interferometer.”*”” Designing phase mod-
ulators with the INZ structures is promising because it preserves the
majority of phase information in the EM signal. However, applying

ARTICLE pubs.aip.org/aip/apl

INZ modes in flexible and broadband phase modulation remains chal-
lenging due to potential reflections and narrow bandwidth limita-
tions.”” We note here that the formed bands are robust against
dissipative losses,””* and that our magneto-optical structures are also
amenable to a plethora of further (e.g., nonlinear’”*") effects, allowing
potentially for high-speed modulation.”!

In what follows, we demonstrate that a two- or three-part broad-
band phase modulator can flexibly modulate the INZ mode and outgo-
ing phase by designing the EMFs. Figure 4(f) illustrates a three-part
composite structure with varying EMFs. The EMF in the first part is
set to a specific value (wy = 0.5wy,) to excite a unidirectional SMP. In
the second segment, the EMF is assumed to gradually decrease accord-
ing to wy = 0.5wy, — (0.5 — 0.312)w,, /L1 X (x — L0O). According to
Eq. (3), the EMF in the third part is set to a specific value
(wo = 0.312wm) to facilitate the coupling of the incoming EM wave
into an INZ mode. As depicted in Figs. 4(b)-4(e), the excited SMP
transfers unidirectionally and gradually couple into an INZ mode with
an effective wavelength that increases. Further details are presented in
Fig. 4(a), where the orange line represents the phase oscillation of E,
along the air-YIG interface from the source location to the end. The
smoothness of the orange line suggests that by modulating the value of
L;, one should theoretically obtain a continuously varying output
phase, i.e., the value at point A. Alternatively, one could simplify the
structure by removing the second part. Despite the experimental chal-
lenges posed by realizing precisely abrupt EMF changes, the theoretical
exploration of the two-part modulator retains research significance. As
illustrated by the blue lines in Figs. 4(a) and 4(g), with L; = 0, the inci-
dent wave can couple to an INZ mode in the terminal section via one-
way propagation, inducing a minor phase shift near the junction.
Consequently, the output phase can be controlled by varying L.

@ =

arg(E,) (rad)

T

0 70 100 170
A x T X (mm) T
source | ] T ] ] )
I
(©)! S0000000000008°008
1

() DU - ———
(e):—
1 Lo 1 L1 1
air
YIG ®H, ®H; ®H,

U]

FIG. 4. (a)—(e) Simulation results for phase modulation as = wp, and the EMFs
in three parts are Hp, Hy, and H,, while the corresponding g is 0.5cwn,
[0.5— (0.5 —10.312) /Ly x (x — Lo)]@wm, and 0.312wn, respectively. (f) The sche-
matic diagram of the three-part phase modulator. (g) Simulation result of two-part
phase modulator where Hy = Hy. @ = wp, Ly = 70 mm, Ly = 100 mm, and the
other parameters are the same as those in Fig. 2.
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FIG. 5. (a) Achieving phase shift from —= to 7 by modifying Ly. (b)-(e) Simulation
results for phase modulation as @ = wy, for different Ly [indicated by arrows in
(a)]- () The schematic diagram of the two-part phase modulator. (g) Phase velocity
(k) as a function of ey in the type-1 structure. The inset illustrates an approximately
7 phase shift in the two-part phase modulator for Ly = 60 mm under two different
EMFs (Ho).

In the two-part joint structure shown in Fig. 5(f), different EMFs
are applied to the waveguides, specifically wy = 0.5wy, for the first
and @y = 0.312wy, for the second. Based on our previous analysis of
the three-part joint structure, we expect that the output phase angle
will be affected by the length of the first part structure (Ly). Figures
5(b)-5(e) demonstrate the electric-field distribution for different values
of Ly [indicated by arrows in Fig. 5(a)], showing that the output E,
propagates in the second part without a phase shift, while the output
phase varies. Figure 5(a) shows the correlation between Ly and the out-
put phase angle of E,, clearly demonstrating phase modulation ranging
from —n to 7 through L, adjustment. Similarly, phase modulation can
also be achieved in the two-part system by adjusting the first EMF.
Figure 5(g) illustrates that larger w, consistently leads to smaller k.
Based on the fitting curve, a two-part structure with Ly = 4,, = 60
mm was designed. In this scenario, Ak ~ 0.5k, as ®, changes from
0.2620y, to 0.235wy,. An almost m (= Ak x Ly) phase shift is
observed in this system, as depicted in the inset.

In conclusion, we have introduced two deep-subwavelength
(~0.0149) MO one-way waveguides and identified three predictable
and precisely controllable one-way INZ modes: INZ modes with

oz = v/ 0o(Wo + W), linearly tunable INZ modes, and INZ
modes at the PMC-YIG boundary. Through careful design of the EMF
in the waveguide, we can modulate the effective index of the EM wave
and potentially convert the wave into an INZ mode. The predictable
INZ modes offer significant advantages over other INZ modes in
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existing systems, such as ENZ metalenses.” Contrary to other INZ
modes, our proposed INZ modes exhibit tunable behavior across a
continuous and broad band eliminating the need for any system con-
figuration alterations. Instead, tunable behavior is achieved solely
through the adjustment of EMF. Furthermore, the use of a two- or
three-part structure enables precise control of the phase modulation of
the outgoing EM wave through EMF engineering, thereby realizing an
all-optical phase modulator with a phase shift ranging from —= to 7.
These findings hold the potential to drive advancements in diverse
fields such as all-optical/quantum communication and computing.
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