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Unidirectional propagation based on surface magnetoplasmons (SMPs) has recently been realized at the
interface of magnetized semiconductors. However, usually SMPs lose their unidirectionality due to nonlocal
effects, especially in the lower trivial band gap of such structures. More recently, a truly unidirectional SMP
(USMP) has been demonstrated in the upper topological nontrivial band gap, but it supports only a single USMP,
limiting its functionality. In this work, we present a fundamental physical model for multiple, robust, truly
topological USMP modes at terahertz (THz) frequencies, realized in a semiconductor-dielectric-semiconductor
(SDS) slab waveguide under opposing external magnetic fields. We analytically derive the dispersion properties
of the SMPs and perform numerical analysis in both local and nonlocal models. Our results show that the
SDS waveguide supports two truly (even and odd) USMP modes in the upper topological nontrivial band
gap. Exploiting these two modes, we demonstrate unidirectional SMP multimode interference (USMMI), being
highly robust and immune to backscattering, overcoming the back-reflection issue in conventional bidirectional
waveguides. To demonstrate the usefulness of this approach, we numerically realize a frequency and magneti-
cally tunable arbitrary-ratio splitter based on this robust USMMI, enabling multimode conversion. We, further,
identify a unique index-near-zero (INZ) odd USMP mode in the SDS waveguide, distinct from conventional
semiconductor-dielectric-metal waveguides. Leveraging this INZ mode, we achieve phase modulation with a
phase shift from —z to 7. Our work expands the manipulation of topological waves and enriches the field of

truly nonreciprocal topological physics for practical device applications.

DOI: 10.1103/35r5-ngx2

I. INTRODUCTION

Topological electromagnetics (EM) [1-4] has gained sig-
nificant attention due to its intriguing physics and potential
applications [5]. One of the most remarkable features is the
existence of unidirectional EM edge modes [6,7] in nontriv-
ial topological band gaps, which can propagate in a single
direction while suppressing backward reflection, even in the
presence of defects [8,9]. These unidirectional edge modes
arise from the breaking of time-reversal symmetry through
an external magnetic field [10,11], and were first proposed
as analogues of quantum Hall edge states [12,13] in photonic
crystals (PhCs) [14]. Such PhCs-based unidirectional modes
have been demonstrated both theoretically [15—17] and exper-
imentally [18-23] at microwave frequencies.

As an alternative, surface magnetoplasmons (SMPs) have
been proposed for unidirectional propagation due to their
simple and robust structure [24-29]. Recently, we have re-
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alized unidirectional SMPs (USMPs) using gyromagnetic
and gyroelectric materials [30-34]. In the terahertz (THz)
regime, two types of USMP have been identified [35,36].
The first type, nontopological USMP, exists in the lower triv-
ial band gap of a magnetized semiconductor and transparent
dielectric (¢, > 0) waveguide [34,37-39], maintaining unidi-
rectional characteristics due to nonreciprocal flat asymptotes
[34]. However, these SMPs lose their strict unidirectionality
when nonlocal effects are included [40], as the asymptotes
vanish [41]. The second type, truly topological USMPs, exist
in the upper nontrivial band gap [36,42-45], characterized
by a nonzero gap Chern number (Cgyp) [46], at the interface
between magnetized semiconductors and opaque dielectrics
(¢, < 0), and are immune to nonlocal effects. These genuinely
topological USMPs were first theoretically proposed and
shown to exhibit robust unidirectionality against nonlocality
[36], and later experimentally demonstrated in a magnetized
InSb-metal waveguide [47]. Further, a low-loss broadband
USMP in the upper band gap was proposed in an InSb-Si-
air-metal waveguide [48], though only one truly USMP mode
is supported in these waveguides.

Moreover, multimode interference (MMI) has been re-
alized by coupling two or more conventional edge modes
[49,50], but these modes are bidirectional and suffer from

©2025 American Physical Society
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back reflection. To overcome this limitation, PhCs-based
MMI using multiple unidirectional modes has been proposed,
effectively suppressing backscattering [51,52]. More recently,
unidirectional MMI has been experimentally demonstrated
in a PhCs waveguide under two external magnetic fields at
microwave frequencies [53]. Using USMP, microwave MMI
and mode conversion is achieved by applying opposing mag-
netic fields [54]. However, unidirectional MMI and mode
conversion based on USMPs has not been reported at THz
frequencies.

In this work, we present a fundamental physical model
for multiple truly USMP modes at THz frequencies, dif-
fering from previously proposed waveguides that support
only one true USMP mode [36,47,48]. The model involves
a semiconductor-dielectric-semiconductor (SDS) waveguide
under opposing magnetic fields. We analytically derive and
numerically analyze the dispersion in both local and non-
local models, demonstrating that this waveguide supports
two truly even and odd USMP modes in the upper topo-
logical bulk mode band gap while these modes lose their
unidirectionality in the lower bulk mode band gap due to
nonlocal effects. Using these two modes, we realize unidirec-
tional SMP multimode interference (USMMI), which exhibits
strong robustness against defects and eliminates backscat-
tering, effectively overcoming the backscattering problem in
conventional bidirectional waveguides; similarly to the PhCs-
based MMI at microwave frequencies [53]. Additionally, we
demonstrate a frequency and magnetically tunable arbitrary-
ratio power splitter based on this robust USMMI, along with
mode conversion capabilities. Notably, we report a unique
index-near-zero (INZ) odd USMP mode in our waveguide,
contrasting with conventional semiconductor-dielectric-metal
waveguides that do not support the INZ mode [34]. This dis-
covery enables efficient phase modulation with a phase shift
of 2.

II. THEORETICAL PHYSICAL MODEL

The basic physical model of multiple truly THz USMP
modes in the SDS waveguide is illustrated in Fig. 1. In this
part, we theoretically derive the dispersion equations for the
SMP supported by the SDS structure in both local and nonlo-
cal models.

A. Dispersion of SMP in the local model

First, we derive the dispersion equation of SMP in the
local model. In our SDS system, the dielectric constant
and thickness of the dielectric layer are ¢, and 2d, respec-
tively. To break the time-reversal symmetry of the system,
opposing external magnetic fields (B; and B,) are imposed
on the semiconductors in the z direction. Consequently, the
semiconductors exhibit gyroelectric anisotropy, with two cor-
responding relative permittivity tensors [34,37]
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FIG. 1. Dispersion relation of SMP in the lower bulk mode band
gap for the local [(a) and (c)] and nonlocal [(b) and (d)] model.
(a) and (b) show the symmetric waveguide for w., = w., = 0.25w),
while (c) and (d) show the asymmetric waveguide for w., = 0.15w,,
and w,, = 0.25w,. The solid red and dashed blue lines show the
odd and even SMP modes. The inset shows the schematic of
the SDS waveguide. w., = 0.150w, and w., = 0.25w,, correspond
to the external magnetic fields By = 0.15 T and B, = 0.25 T, re-
spectively. The nonlocal parameter is 8 = 1.07 x 10° m/s, and
the other parameters are &, = 15.7, &, = 11.68, d = 0.04%,, and
w, = 4m x 10" rad/s.

scattering frequency, ., = eB;/m* (where e and m* are re-
spectively the charge and effective mass of the electron) is the
electron cyclotron frequency, w), is the plasma frequency, and
€0 18 the high-frequency relative permittivity. Note that with-
out an external magnetic field, it is a conventional isotropic
material (¢2, = 0 and &1, = ¢3). In the magnetized semicon-
ductor, the bulk modes have a dispersion relation of

k= ek @

for transverse-magnetic (TM) polarization, where k is the
propagation constant, kp = w/c is the vacuum wave number,
and &,, = &1, — &, /8%/_ is the Voigt permittivity. It has two
band gaps with ¢,, < 0. The upper boundaries of the lower
and upper band gaps are w,, = V7 /4 + w; — @, /2 and
= V. [4+ @, + /2 by k = 0 into Eq. (2). The lower
boundary of the upper band gaps are w, =Vl + a) by
k — oo into Eq. (2). The waveguide supports TM polar-
ized SMP. Solving Maxwell’s equations with four continuous
boundary conditions, the dispersion relation of SMP in the
local model can be derived as (for details see Appendix A)

2
e40tdd — l_[Mj (3)

with

£1,0q8v; — &r(€1,0; — kea;)

M; = ,
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where oy = Vk® —g,k3, o =
stituting k — oo into Eq. (3), the forward (+) and
backward (— ) asymptotlc frequencies are obtained

2 _&x + _
as spl Vw  Fao, = Fo)  and o), =
IWa?, +4a)2 2 T w,)

P exoter

Vk* — ey, k3. By sub-

Con31der a spemal symmetric case of By = B, (corre-
sponding to ., = w,,), we have g, = €1, = €1, &3, = &, =
£, &y, =&y, =& and o) = ap =, thus M; = M,, then
Eq. (3) becomes

1) Ev

o — k— + —agytanh(ozd) = 0, (4a)
&1 Er
1) Ev

o —k— + —aycoth(ayzd) =0 (4b)
€1 &y

for the even and odd modes, respectively.

B. Dispersion of SMP in the nonlocal model

We further derive the dispersion equation of SMP in the
nonlocal model. The nonlocal response in plasmonic mate-
rials originates from the convective and diffusive motion of
free electrons during an optical cycle. Several nonlocal mod-
els have been proposed, including the hydrodynamic model
[55-57], random phase approximation [58], and a quantum-
corrected model [59]. Among these, the hydrodynamic model
based on free electron gas [60] has been widely applied
in plasmonic materials, such as deep subwavelength metal
[61,62] and doped semiconductors (particularly n-type InSb)
[63]. Here, we investigate the nonlocal effects in the SDS
system using the hydrodynamic model of the free electron
gas, as recently reported in Refs. [36,41]. The response of
the gyroelectric semiconductors to EM field gives rise to

J

SOoOld/Sr()/ij + ipjs;-) + k()/j + ipj) + (

an induced free electron current J [36,40,41], which satis-
fies the hydrodynamic equation BEV(V - 1) + w(w + iv)] +
in] X w2 = iwwﬁsoeooE, where B is the nonlocal parame-
ter, and v is a phenomenological damping rate. Note that
B is proportional to the Fermi velocity vy (8% = 3v§ /5 for
v = 0), which is inversely proportional to the effective mass
of electrons m* [40]. Maxwell’s equations can be expressed as
V xH = —iweyecE+Jand V x E = iwuoH due to nonlo-
cal effects. The dispersion relation of bulk modes can be found
as [36,48]

Ok* + Djk* + F; = 0, )

where Q= pwo, D;=(p 8ook2 + a)a))(a) — ww) +
a)za)zj and F; = ek (0o — a)f,)2 — eockiw? a) . By solving

Eq. (5), we obtain two dispersion relations for the upper
and lower bulk modes: k; = (=D, + v/Dj — 4QF})/20 and
k,fj = (—D; — /D3 —4QF)/2Q, where the lower cutoff

frequencies are identical to w,, and wp; in the local model.
Here, k,; and k;; are the propagation constants. In contrast to
the local model, the upper cutoff frequency w,, does not exist
in the nonlocal model.

Combining hydrodynamic and Maxwell’s equations with
six continuous boundary conditions, the SMP dispersion in
the nonlocal model can be expressed as (for details see
Appendix B)

2
ol =TTw; (©)

with

— o) (s — 5)
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)

— wwcjky; + €k [ﬂ2k2 — ww + wi]

where y; = Vk* — kgj, pi= «/kfj — k%, and
Sj =
/ —w@yjz
S. =
J wwe; (K2 — e0ckd) +

Consider a special symmetric case, we have s; = s, = 5,5] =5, =5, p1 = p2

becomes

€000ty /€ (vs + ips tanh(agd) + (s — s )(k*

€00y /€ (vs + ips')coth(agd) + (s — s )(k*

for the even and odd modes, respectively.

III. SIMULATION RESULTS

In this part, we conduct a detailed numerical analysis
of the SMP dispersion based on the derived equations in
the SDS system and demonstrate many degrees of freedom
to manipulate SMP modes, including interference, power,

(wE — 800/32k8)kyj
= p, and y1 =y, = y; thus N; = Ny; Eq. (6)
— kjeso) — k(y +ip) =0, (7a)
—Keos) —k(y +ip) =0 (7b)

(

and phase, by full-wave simulation. Throughout the paper,
the gyroelectric semiconductor is assumed to be n-doped
InSb [36,41] with its typical parameters are €, = 15.7 and
w, = 47 x 10" rad/s (f, = 2 THz). Like in Refs. [36,41],
we take a nonlocal parameter 8 = 1.07 x 10® m/s for non-
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local hydrodynamic model at room temperature. Note that
B =0 in the local model. The nongyroelectric dielectric
layer is exemplified by silicon with a relative permittivity
of e, = 11.68.

A. The dispersion in the lower bulk mode band gap

We first analyze the dispersion of SMP within the lower
bulk mode band gap. This band gap ranges from 0 to w,,,

where w,, = waz /4 + wlz, — w,/2 when . > w.. The
special case of the symmetric (w., = w,,) waveguide is con-
sidered. Using Eqs. (4) and (7), we numerically calculate
the dispersion relations of SMPs in both local and nonlocal
models, respectively. In the calculation, we ignore the effect
of material loss (i.e., v = 0) and take d =0.04A, as an
example. Figure 1(a) shows the dispersion of SMP in the sym-
metric waveguides for w., = w., = 0.25w),,, corresponding to
By = B, = 0.25 T. As expected, the SDS structure supports
two SMP modes: odd mode (solid red line) and even mode
(dashed blue line). These two modes exhibit identical asymp-
totic frequencies (w;,, = w_,, a);;l = o] ,). Moreover, these
two modes propagate backward only within the frequency
range [a)s’p, g, ], corresponding to [0.6425w,, 0.8828w,]; As
a result, a unidirectional propagation range is formed, as seen
in the shaded yellow region in Fig. 1(a). However, when the
nonlocal effects (nonlocal parameter 8 = 1.07 x 10° m/s)
are taken into account [36,41], the dispersion relations of the
SMP modes differ significantly, as shown in Fig. 1(b). The dis-
persion curves increase with k, and the forward and backward
asymptotic frequencies of both modes vanish at large wave
numbers, leading to the disappearance of the unidirectional
propagation region within the lower bulk mode band gap.

To further investigate the phenomenon of unidirectional
disappearance induced by nonlocal effects, we analyze the
dispersion in the common case of asymmetric waveguide
(w¢, # w¢,) using Eqs. (3) and (6). As an example, o, =
0.15w, and w., = 0.25w,, which correspond to B; = 0.15 T
and B, = 0.25 T, and the other parameters are identical to
those of the symmetric waveguide. Figure 1(c) shows the
dispersion curve for the local model. Due to the asymmet-
ric structure, the SMP waveguide also supports even and
odd modes. The asymptotic frequencies for the odd modes
are a)s_l72 and a);], while those for the even modes are a)s_pl
and a)jz. As seen in the yellow shaded region, a unidirec-
tional window based on horizontal asymptotes clearly occurs
in [w:;l,a)az], corresponding to [0.685%w),, 0.8828w,]. For
comparison, the dispersion curve for the nonlocal model is nu-
merically calculated using Eq. (6). Similarly to the symmetric
waveguide, Fig. 1(d) further demonstrates the disappearance
of the asymptotic frequency when considering nonlocal ef-
fects, leading to the absence of the USMP window in the
asymmetric waveguide. Therefore, the results demonstrate
that for both symmetric and asymmetric waveguides, the SMP
modes lose their unidirectionality in the lower bulk mode band
gap when nonlocal effects are considered.

B. The dispersion in the upper bulk mode band gap

We further analyze the dispersion of SMP in the upper
bulk mode band gap [w,,, wp, |, Where w,, = v wgz + a)lz, and
wp, = a)gl /4 + a)lz, + ¢, /2, corresponding to the gray re-
gion in Fig. 1. We numerically calculate the dispersion of SMP

in the local model, and the parameters are consistent with
those in Fig. 1. Figure 2(a) shows the dispersion diagram for
the symmetric waveguide with w., = w., = 0.25w,. As seen
from the lines, this symmetric waveguide supports both odd
(red solid line) and even (blue dashed line) USMP modes in
upper bulk mode band gap [w,,, wp,], which corresponds to
[1.0308w),, 1.1328w,], marked by the grey shaded area. For
comparison, the dispersion of SMP in the nonlocal model
is also shown as circles in Fig. 2(a). Obviously, the disper-
sion curves for odd and even SMP modes almost completely
coincide for both the local and nonlocal models at small
wavenumbers. This result agrees well with the result that
the effect of nonlocality, proportional to 82k* in Eq. (6), is
expected to be small [36]. In contrast to USMP in the lower
trivial band gap, which exists at larger wavenumbers, the SMP
modes maintain their unidirectionality for small wavenumbers
in the upper topologically nontrivial band gap, even when
nonlocal effects are considered. These USMP modes exhibit
the nontrivial topological property, which results from the
nonzero gap Chern number Cg,, = =1 for the upper and lower
magnetized InSb [64], as shown in Fig. 2(a). The difference
in the gap Chern number is ACyyp = 1 — (—1) = 2. Thus, ac-
cording to the principle of bulk-edge correspondence [65,66],
the upper band gap supports two unidirectional topological
modes, which is consistent with the odd and even USMP
modes.

Figure 2(b) illustrates the dispersion curves for the asym-
metric waveguide with w. = 0.15w, and . = 0.25w,,.
Similar to the symmetric results in Fig. 2(a), the USMP modes
still exist, and the lines and circles almost completely over-
lap. However, the USMP band is compressed to the range
[1.0308w),, 1.0778w,], resulting from the asymmetric struc-
ture. Note that our waveguide supports high-order SMP mode
based on the total internal reflection (TIR) mechanism in the
upper band gap, which needs to be suppressed since they are
typically bidirectional. Their dispersion relations in a symmet-
ric waveguide can be obtained by substituting oy = ip into
Eq. (4), where p = V&,k3 — k*. To suppress the bidirectional
high-order mode in the upper band gap, the thicknesses of the
dielectric layer is required to satisfy \/e;kod < /2 atk =0
[48], corresponding to the critical value d. = wc/(2,/e,wp,)
with wp, = V7, /4 + o} + o, /2. For our symmetric waveg-
uide with w,, = w., = 0.25w,,, it is found that d. = 0.0641,.
To verify this, we calculated the dispersion curves for d =
0.064A,, and the results are displayed in Fig. 2(c). As ex-
pected, the lower cutoff frequency of the higher-order mode
is very close to wp, at k = 0. In this case, the high-order
mode does not influence the USMP band. Figure 2(d) shows
the dispersion curves for d = 0.094,,. Obviously, for d > d_,
three SMP modes are supported in the upper band gap, and
the USMP band is compressed by the bidirectional higher-
order mode. The result demonstrates that the USMP band is
signicantly affected by d. Therefore the thickness parameter
of the dielectric layer should be setto d < d..

Next, we will analyze the USMP bandwidth of the asym-
metric waveguide. When w., > @, the USMP bandwidth
Aw = wp, — wy, is characterized by

Aa)=1/wf.l/4—|—w,2,+wcl/2—1/wfz—i—w,% (8)
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FIG. 2. [(a)—(d)] Dispersion relations of SMPs in the upper bulk mode band gap. [(a), (c), and (d)] The symmetric waveguide for w., =
., = 0.25w,, and (b) the asymmetric waveguide for o, = 0.150, and w., = 0.25w,, corresponds to By = 0.15 T and B, = 0.25 T. The
dispersion curves almost perfectly coincide for the local (lines) and nonlocal (circles) models. The blue, red, and green show the even, odd, and
high-order SMP modes, respectively. The shaded yellow areas represent the USMP band. [(a) and (b)] d = 0.04A,, (c) 0.0644, and (d) 0.09A,,.
(e) The USMP bandwidth Aw as a function of w., and w,,, and the dashed white line corresponds to w,, = w,,. (f) H-field distributions in
the symmetric and asymmetric waveguide at @ = 1.05 w,,. [(g) and (h)] The analytical (line) and FEM (square) results of beat length L, as

a function of frequency w and external magnetic field B, respectively. The blue and red represent B, # B, and B,

= B,, respectively. The

dashed black line corresponds to w,, = 1.0778w),. The other parameters are the same as in Fig. 1.

Note that when ., < @, the roles of w., and w,, in the
Eq. (8) will be interchanged. Figure 2(e) illustrates the vari-
ation of bandwidth Aw with respect to w,, and ., which
correspond to related parameters B; and B;. Due to w., =
eBy/m* and w., = eB,/m*, the unidirectional bandwidth Aw
is magnetically controllable by varying B; and B,. It is found
that Aw exhibits a local maximum when w,, = w,,. The white
dashed line indicates the distribution of this local maximum,
which increases with w,,.

These results confirm that in the upper band gap, our
waveguide supports two truly USMP modes at THz fre-
quencies. The even and odd USMP modes maintain their
unidirectionality when considering nonlocal effects, which is
different from the situation in the lower band gap. Moreover,
the unidirectional characteristics of the SMP modes are equiv-
alent in both the local and nonlocal models. Therefore we will
take the local model in the subsequent numerical calculations
and simulations as an example, and our interest focuses on the
upper bulk mode band gap.

C. Unidirectional MMI based on two USMP modes

When two USMP modes are excited simultaneously and
interact with each other in the silicon layer, unidirectional
SMP multimode interference (USMMI) emerges. To verify
this phenomenon, we simulate wave transmission in both
symmetric and asymmetric waveguides with the nite element
method (FEM) using COMSOL Multiphysics, as shown in
Fig. 2(f). In the simulation, we position a magnetic cur-
rent point source with a frequency of w = 1.05w,, to excite
the SMP and take into account the material loss (i.e., v =

10’6a)p). As expected, USMMI is realized at THz frequen-
cies, and it can only propagate forward, not backward, in both
symmetric and asymmetric waveguides. The H-field distribu-
tion in the symmetric waveguide is identical at both InSb-Si
interfaces, whereas it differs in the asymmetric waveguide due
to structural asymmetry. Moreover, the H fields of USMMI
are periodic with a period of 2L, where the beat length L, is
denoted by [51,67]
b4
L, =

keven

- kodd ' (9)
where keyen (kodq) 18 the propagation constant of the even (odd)
mode, respectively. To further investigate the characteristics of
USMMI, we analyze the variation of L, with frequency and
the external magnetic field. Figure 2(g) shows the analytical
value of L, as a function of @ using Eq. (9) in the whole
USMMI range. It is evident that L, increases with  for both
symmetric (B; = B, = 0.25 T) and asymmetric (B; = 0.15T
and B, = 0.25 T) waveguides, corresponding to the red and
blue lines, respectively. Figure 2(h) shows L, as a function
of By, where w is fixed at 1.05w, as an example. As seen
from the solid red line, the analytical L, monotonically de-
creases with B; varying from 0.15 to 0.25 T, demonstrating the
magnetically controllable properties of USMMI by tuning two
symmetric magnetic fields (B; = B;). More interestingly, we
achieve magnetically controllable L, with a single-sided mag-
netic field, as indicated by the dashed blue line in Fig. 2(h).
Here, B; is fixed at 0.25 T as an example. L, monotonically
decreases with B;. Furthermore, we select multiple frequen-
cies and magnetic fields to calculate the simulated L, with
the full-wave FEM, as seen in the squares in Figs. 2(g) and
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FIG. 3. Arbitrary ratio power manipulation by frequency.
(a) Schematic of the H-shaped splitter based on USMMI. (b) Trans-
mission of SMP along channel P1 (1;) and total transmission ()
in the symmetric and asymmetric splitters. [(c) and (d)] Simu-
lated H-field amplitudes in the symmetric splitter at w = 1.059w,,
and 1.041w, (c), and the asymmetric splitter at @ = 1.05w, and
1.0335w,, (d). The parameters are the same as in Fig. 2.

2(h), respectively. Obviously, the FEM results are in per-
fect agreement with the analytical values. Note that USMMI
persists in the whole range, resulting from the magnetically
controllable USMMI band. This result confirms that USMMI
is controllable by both frequency and the external magnetic
field.

D. Frequency and magnetically tunable arbitrary-ratio
power splitter based on USMMI

By controlling the beat length L, of MMI with external
magnetic fields and frequencies, power manipulation has been
achieved in topological PhCs at microwave frequencies [53].
Here, utilizing USMMI, we achieve arbitrary ratio power ma-
nipulation at THz frequencies. To verify this, we propose an
H-shaped splitter, as shown in Fig. 3(a). The middle part is an
SDS waveguide supporting USMMI, while the left and right
parts are InSb-Si-metal waveguides with silicon thickness d
[34], which has the same dispersion equation as given in
Eq. (4a). A source, marked by a star, is placed at the input
channel S2 to excite USMP and USMMI. Consequently, it is
divided into the upper and lower outputs labeled as P1 and P2,
respectively. To illustrate this, we perform full-wave simula-
tions in both symmetric (B = B, = 0.25 T) and asymmetric
(B =0.15T, B, = 0.25 T) waveguides, and define the power
ratio of channel P1 (P2) to channel S2 as 1;(#,), and the total
transmission as n = n; + 0.

Figure 3(b) displays the transmission coefficients n; and
n versus w for both splitters. 1, oscillates arbitrarily be-
tween 0 and 1 in the unidirectional range from 1.0308w),
to 1.0778w,. Owing to the backscattering-immune property
of topologically USMP mode and the absence of reflection
at the corners, n remains close to 1 under low-loss con-
ditions. For the symmetric waveguide, n; =0 (7, = 1) at

(a) Symmetric (b) Asymmetric
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FIG. 4. Arbitrary ratio power manipulation by the external mag-
netic field. (a), (b) Transmission coefficients 7, 7, and n as
functions of magnetic fields B;. (a) By = B,, (b) By # B,, and B,
is fixed at 0.25 T. [(c) and (d)] Simulated H-field amplitudes in the
symmetric(a) splitterat B; = B, = 0.24Tand B, = B, = 0.22 T (c),
and the asymmetric (b) splitter at By = 0.232 T and B; = 0.19 T (d).
The working frequency is fixed at = 1.05w),,.

o= 1041w, and n; =1 (i, = 0) at @ = 1.059w,,; whereas
for the asymmetric waveguide, ny =0 (9, =1) at o =
1.0335w, and n; =1 (92 =0) at w = 1.05w,. For clarity,
the H distributions of both waveguides are presented in
Figs. 3(c) and 3(d), respectively. As expected, the power al-
most entirely flows into Channels P1 and P2 at v = 1.05%,
and 1.04lw,, and the interference length L satisfies L ~
IO.SLﬂ(a):l'(ﬁgwl,) ~1 1.5Ln(w:1,041wp) with an inverted (direct)
image at the corner in the symmetric waveguide. Simi-
larly, the power flow into channel P1 (P2) at w = 1.05w,
(103350)p), with L ~ S-SLn(a)zl.OSa)p) ~ 9-5Ln(a)=1.0335w,,) in
the asymmetric waveguide. The results demonstrate that a
frequency-tunable arbitrary-ratio power splitter is realized us-
ing USMMI.

Furthermore, the magnetically tunable power splitter based
on USMMI is demonstrated. To verify this, the frequency
is fixed at w = 1.05w),. Figure 4(a) shows the 7y, 1o, and n
versus B| by tuning two symmetric magnetic fields (B; = B5).
11 and 1, vary continuously from O to 1 as By changes within
the range of [0.15 T, 0.25 T]. As a special case, n; = 0 and
m=1latB;=B,=022T,andn; =1and n, =0at B; =
B; = 0.24 T. The corresponding full-wave simulation results
are displayed in Fig. 4(c). As expected, the power respectively
flows into channel P1 (P2) at By =0.22 T (0.24 T), and
the values of L satisfy L & 10.5L5,=0.247) ~ 9.5L7(8,=0.22T)
with an inverted (direct) image at the corner. This result
confirms the arbitrary ratio power manipulation by the mag-
netic field. More importantly, we propose a single-sided
magnetic control power splitter, which is much easier to op-
erate than the two-sided control in practical applications. To
demonstrate this, we set a fixed value of B, = 0.25 T as an
example and resimulate by only adjusting B;. As seen in
Fig. 4(b), the splitter achieves arbitrarily splitting ratios from
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XIN

FIG. 5. Comparison of our unidirectional waveguide with con-
ventional waveguide. (a), (b) Simulated H-field amplitudes of the
symmetric waveguide. (a) Robust USMP modes without backscat-
tering. (b) A conventional bidirectional mode with backscattering
from the metallic defect. [(c) and (d)] H-field distributions with
(solid lines) and without (dashed lines) the defects along the upper
InSb-Si interface. The operating frequency is w = 1.05w,, and other
parameters are the same as in Fig. 3.

0 to 1 as expected. When B; =0.232 T and B; =0.19 T,
the power is respectively directed to channels P1 and P2, as
shown in Fig. 4(d), demonstrating magnetically controllable
power manipulation with only one magnetic field. Therefore
a USMMI-based power splitter has been demonstrated to
achieve arbitrary ratios of power manipulation by the exter-
nal magnetic field intensity and frequency, resulting from the
frequency and magnetically controllable USMMI.

E. Robust USMMI at THz frequencies

To demonstrate the robustness of the USMMI, we intro-
duce a square metallic defect of 0.04A, x 0.08%, into the
waveguide, as highlighted by the grey part in Fig. 5(a). We
take a symmetric waveguide as an example. Figure 5(a) shows
the simulated H-field amplitudes for @ = 1.05w,. It can be
seen that the excited USMMI mode can smoothly bypass the
defect and still travel forward without generating a backward
wave from the defect. To clearly illustrate this phenomenon,
the H-field distributions along the upper InSb-Si interface are
displayed for both cases with (dashed line) and without (solid
line) defects in Fig. 5(c). As expected, the fields of USMMI
remain unchanged before the defect and quickly recover the
same amplitude after it. These results confirm the strong ro-
bustness of USMMI.

For comparison, we remove the external magnetic field
from the waveguide in Fig. 5(a), effectively making it a con-
ventional waveguide and resimulating it. Figure 5(b) shows
the simulated H-field amplitudes with the defect. The excited
wave is transmitted bidirectionally, and the H field radiates ev-
erywhere in this waveguide. To clearly show this, the H-field
distributions for conventional waveguides with and without
defects are plotted in Fig. 5(d). Without defects, the forward
and backward fields are symmetric (solid line). When the
defect is introduced, the field amplitudes become asymmetric
(dashed line), with an increase before the defect and a de-
crease after it, demonstrating the backward reflection induced
by the defect. These results demonstrate that our waveg-
uide supports a robust USMMI mode without backscattering

(a) (b)

v ® B1=0.25T Aly InSb
> 0.L)

X <.)-ﬁ . 12d

Commzs T we
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FIG. 6. (a) Schematic of multiple SMP modes conversion based
on the symmetric splitter. Simulated H.-field amplitudes for w =
1.08w,. The interference modes are converted to odd (b) and even
(d) modes. (c) The even mode is converted to the odd mode.

against defects, in contrast to the conventional bidirectional
waveguide with backscattering.

F. Multiple modes conversion and phase modulation
based on USMP

Based on the splitter, we further design a structure to
achieve the conversion among multiple modes, as shown in
Fig. 6(a). In this structure, the left and right parts are symmet-
ric waveguides, and the silicon thickness is d in the middle
part. The input mode is equally divided and then recombines
into a single output mode, with a phase difference Agp =
@o + 4kL,, where gy is the initial phase difference, and L, is
the position of the center of the metal bar along the y axis. It
is found that the incident mode can be converted to an even
mode when A¢ = 2nm (where n is an integer) and to an odd
mode when Ag = (2n + 1)r. The mode conversion satisfies
the equations

2 —
Bl for even mode,

L, (10)

- W for odd mode.

where n=...—-2,—1,0,1,2..., this indicates that mul-
timode conversion can be realized by tuning L,. We first
consider a special case of mode conversion from an even mode
to an odd mode, where ¢y = 0. Here, we take w = 1.08w),
as an example, corresponding to k = 2.153k,. Thus the the-
oretical value is found to be L, = 0.05804, for n = 0 using
Eq. (10). To verify this, we perform full-wave simulations
and the simulated H; field for w =1.08w), is displayed in
Fig. 6(c). The even mode is converted into odd modes when
L, = 0.0580%, as expected. Furthermore, our FEM simula-
tions demonstrate that the USMMI mode is converted into
both even and odd modes when L, = —0.02834, and L, =
0.0297X,, as shown in Figs. 6(b) and 6(d). It is found that
@o = 0.48827, and the values of L, also satisfy Eq. (10) when
n = 0. The results demonstrate that our structure achieves
not only the conversion between USMMI and single mode
but also the conversion between odd and even modes. Inter-
estingly, we further discover a unique index-near-zero (INZ)
odd USMP mode without phase variation (k = 0) supported
by the SDS waveguide at THz frequencies, which is distinct
from USMP in the conventional InSb-Si-Metal waveguides
[31,34]. These waveguides do not support INZ mode in the
upper nontrivial band gap. Based on the INZ odd mode in
our waveguide, THz phase modulation is achieved. To illus-
trate this, we first calculate the dispersion curves of odd and
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FIG. 7. [(a) and (b)] The dispersion of even and odd modes for different d values in the symmetric SDS waveguide. Insets in (b) show H,
field amplitudes of normal (green dot) and INZ (red dot) mode at @ = 1.0517w,,. (c) The schematic of the phase modulator by connecting two
SDS waveguides with d. (d) Simulated H, field amplitudes at @ = 1.0517w,,. (¢) The phase of H, is the output INZ modes along the lower
InSb-Si interface for the phase modulation (d). The parameters are d; = 0.024, and d, = 0.04A,,.

even modes for different silicon thicknesses 2d in the upper
band gap, as shown in Figs. 7(a) and 7(b), respectively. Both
dispersion curves shift to the left as d decreases. For a given
frequency (w), the propagation constant (k) of the even mode
gradually approaches zero (keyen — 0), but keyen # 0 as d
decreases, whose dispersion is the same as that of the conven-
tional InSb-Si-Metal waveguides [34]. In contrast to the even
mode, the most significant difference from the odd mode is the
presence of the INZ mode (kogq = 0). As an example, the cor-
responding frequency for the INZ odd mode is w = 1.0517w),
when d = 0.04),, marked by the red dot in Fig. 7(b). Unlike
the regular even and odd modes, this INZ odd mode exhibits
a stable phase. To clearly verify this, we perform full-wave
simulations of the INZ mode at @ = 1.0517w,,, as seen in the
right inset of Fig. 7(b). For comparison, the result for the regu-
lar odd mode when d = 0.022, is displayed in the left inset. It
clearly demonstrates the zero-phase-shift transmission of the
INZ odd mode, which is consistent with the theoretical results.

Next, utilizing the INZ odd USMP mode, we design a
structure to achieve phase modulation with a phase shift of
2m, as shown in Fig. 7(c). This structure consists of two
symmetric waveguides with different d, and the left part with
2d; supports a non-INZ odd mode, while the right part with
2d, supports an INZ odd mode. The point source (marked by
the star) is positioned at a distance of L, from the interface
(dashed line). By adjusting L,, we can precisely control the
output phase ranging from —m to m. To verify this, we per-
form simulations for different L, values at = 1.0517w,,. As
an example, d; = 0.021, and d, = 0.041,, corresponding to
the green and red dots. Figure 7(d) shows the simulated H,
field amplitudes for L, = 279.5, 325.25, and 389 um, with the
corresponding output phases being —m, 0, and 7. To more
clearly demonstrate this, we plot the phase of the H, field

along the lower InSb-Si interface for these three L, values, as
shown in Fig. 7(e). As expected, the output phases are —r,
0, and 7 due to the “supercoupling” effect [54,68]. These
results show that our waveguide can realize all-optical phase
modulation with a phase shift ranging from —m to 7.

IV. DISCUSSION

Note that the performance of the SMP mode is strongly
dependent on the waveguide parameters, such as thickness,
dielectric constant of the dielectric layer, and the applied
magnetic field. The effects of dielectric thickness and mag-
netic field strength are previously illustrated in Fig. 2, using
silicon (Si) as a representative material. Here, we further an-
alyze the effect of the dielectric constant on the waveguide
characteristics by replacing Si (¢, = 11.68) with a polymer
(¢, = 2.28). Numerical calculations of the dispersion rela-
tions are performed for a symmetric waveguide with w,, =
we, = 0.1w,. Figure 8(a) shows the dispersion curves for
d =d. =0.157x,, where d. =mc/(2,/e,wp,) is the criti-
cal value d of the polymer. Evidently, two USMP modes
(red and blue lines) are supported in the upper bulk mode
band gap [1.005w,, 1.0513w,]. When d = 0.24, > d., the
waveguide supports three SMP modes in the upper band gap:
unidirectional even and odd SMP modes, and a bidirectional
high-order SMP mode, as shown in Fig. 8(b). These results
are consistent with those presented in Fig. 2. Furthermore,
replacing Si with a polymer, the critical thickness 2d,. of
the dielectric layer is increased from 0.128X, to 0.3144,. It
is noteworthy that the thickness can be further extended to
4, by employing a uniaxial e-near-zero (UENZ) material, as
described in Ref. [69]. The results indicate that our waveguide
supports two USMP modes for different dielectric materials.

235303-8



MULTIPLE TRULY TOPOLOGICAL UNIDIRECTIONAL ...

PHYSICAL REVIEW B 111, 235303 (2025)

1.1
(a)

high-order “._

(b)

high-ofder **.
1.05 ¢

/o

—0Odd

polymer --Even

0.9
-5 25 k?k 2.5 55 -25 0 25 5

P P

FIG. 8. The dielectric layer is replaced by polymer (g, = 2.28)
instead of Si (¢, = 11.68). [(a) and (b)] Dispersion relations of SMPs
for the symmetric (w,, = w., = 0.1w,) waveguide. (a) d = 0.1574,,
and (b) 0.21,,. The blue, red, and green lines show the even, odd, and
high-order SMP modes, respectively.

Furthermore, more topological USMP modes can be sup-
ported by introducing metallic truncations to our InSb-Si-InSb
waveguide, as the InSb-metal interface supports USMP mode
[36]. To verify this, we calculated the dispersion relations
of the waveguide shown in Fig. 9(a). Figures 9(c) and 9(d)
illustrate the dispersion curves for symmetric and asymmet-
ric waveguides with d = 0.04A, and h = A,. Clearly, both
waveguides support four USMP modes: the InSb-Si interfaces
support USMP1 and USMP2, while the upper and lower
InSb-metal interfaces support USMP4 and USMP3, respec-
tively. For clarity, we simulated the wave propagation at w =
1.05w), in the symmetric waveguide, as shown in Fig. 9(b). As
expected, the middle InSb-Si-InSb structure supports forward
USMMI based on USMP1 and USMP2, while the upper and
lower InSb-Metal interfaces support backward USMP prop-
agation. These results demonstrate that multiple topological

(a) (©)1.25
PEC
‘ D 1.15
h &
—) 3&
2d J < 105

2= InSb-Si-InSb
. ITT InSb-Metal

FIG. 9. Multiple USMP modes. (a) Schematic of the Metal-InSb-
Si-InSb-Metal waveguide. (b) Simulated H, field amplitudes for =
1.05w,. [(c) and (d)] Dispersion relations of SMPs for the symmetric
(we, = 0., = 0.25w),) and the asymmetric waveguide (w., = 0.15w,
and ., = 0.25w),) in the upper bulk mode band gap. The other
parameters are h = A, and d = 0.044,,.

modes can be realized by introducing metallic truncation to
our system.

V. CONCLUSION

In this work, we have proposed and investigated a slab
waveguide consisting of a nongyroelectric dielectric layer
sandwiched between two gyroelectric semiconductors sub-
jected to opposite external magnetic fields. The dispersion
characteristics of SMPs are analytically derived in both local
and nonlocal models. Our numerical results show that the
waveguide supports two truly USMP modes in the upper
topological bulk mode band gap. However, in the lower bulk
mode band gap, SMPs lose their strict unidirectionality due
to nonlocal effects. By leveraging the two USMP modes, we
demonstrate a magnetically controllable USMMI at THz fre-
quencies. Notably, USMMI exhibits strong robustness against
defects, with no backscattering, in contrast to conventional
bidirectional waveguides, which are susceptible to backscat-
tering. Furthermore, we realized a frequency and magnetically
tunable arbitrary-ratio splitter based on robust USMMI, en-
abling precise control of the splitter’s properties. Additionally,
multimode conversion is achieved based on the splitter. We
also identify a unique index-near-zero (INZ) odd USMP mode
supported by our waveguide, distinct from conventional InSb-
Si-Metal waveguides. Utilizing the INZ mode with zero phase
shift transmission, we have designed a phase modulator that
precisely controls the phase from —m to 7. These results in
mode manipulation utilizing USMP—encompassing interfer-
ence, power, and phase control—offer a novel approach for
the flexible manipulation of THz topological waves.
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APPENDIX A: DERIVATION OF DISPERSION FORMULA
IN LOCAL MODEL

In this Appendix, we demonstrate Eq. (3) in the main text.
In the local model, the magnetic field of SMP has nonzero
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components and Maxwell’s equations as follows [36]:
H, = Ae Y pilkx—on y=d, V x H=—iwgpesE+ J
H, = (G 4+ Gre @)=l _g <y <d, (Al V x E = iwpoH,
H,, = Ce™ k) y< —d BV (V - ) + o0+ in)] + 0] X 02 = ioolegeE.

for the upper semiconductor layer, middle dielectric layer,
and lower semiconductor layer, respectively. Using Maxwell’s
equations V x H = —iwegpecE and V x E =iwuoH, the
nonzero components (E, and E)) of the electric field in each
layer can be directly derived from H, in Eq. (A1), thus E, can
be written as

(ialsll — ikszl)

Ex - _ Ae—ozlyei(kx—wt) y 2 d
1 ’ 9
WEEY, €1,
o .
E, = —- d (Gle"“’y — Gze_"‘”)e’(l"‘_w”, —d<y<d,
LwENE,
Ex _ (ia28]2 - ik€22)ceia2},ei(kx7w,) y < —_d.
: WENE,E1,
(A2)
According to the boundary conditions of fields, H, and E,
are continuous at boundaries y = —d and y = d. Considering

the continuity of H;, which requires H;, |,—s= H; |,—4 and
H,, |y=—4= H; |y=—4, we obtain from Eq. (A1)

Ae—ald — Gleoldd + Gze_add,

(A3)
Ce™! = Ge™1 4 Gpe®d,
Considering the continuity of E,, which satisfies E,, |,—4=
E; |y—q and E;, |,—_4= E, |y—_4, we obtain from Eq. (A2)

&2 _ Ay _
<k—' — ozl)Ae ad — &, —(Gle‘“d — Gje “dd),
e, &y

( ¢ _ Ol2>C€a2d = 8U2a—d(G2e°‘"d - Gle_“dd). (A4)

812 r

By eliminating the four coefficients A, C, G, and G, in
Egs. (A3) and (A4), the dispersion relation of SMPs can be

derived as
[ _ E,-(s|,a1—k821)]|:1 . Er(glzaz_k522)]
dogd __ &1, %, 81, %d vy
e = , A5
1+ (e, a1—kea, ) 1+ er(e1,a0—key,y ) (AS)
81, 0a €y, £1,0aEy,

which corresponds to Eq. (3) of the main text.

APPENDIX B: DERIVATION OF FORMULA
IN NONLOCAL MODEL

In this Appendix, we demonstrate Eq. (6) in the main text.
When nonlocal effects are taken into account, the dispersion
relation of SMP can be derived by solving the hydrodynamic

(BD)

Since the SDS waveguide only supports the TM mode (H, =
H, = E; = 0), the above equations for the lossless case (v =
0) can be expressed as

OE, OE, 7
—_— = =iw s
O dy MHolly
9H. . -~
= —iwepEcoEy + Jy,
dy
9H, . -~
_a_y = —lC()S(]SDoEy + Jy,

82| 0 P LTt = v e
- J; +iwwd, = iow, g0exEy,
oxz  9xdy ? P £0%0

927,
ﬁz[— .

32J~y 2T i T — i 2 E
Sx3y 8_)12 + w'Jy — iww.Jy = iow,” E0EsoEy.

(B2)

In the nonlocal model, the nonzero field components
(Ex, Ey, H;) and the normal component (J) are found to have
the form [48]

e

= (Al expiply +A/le*y1y)ei(kx7wt),

= —i(s;A; PV + S/IA/le*VIY)gl(kxfwt)q

U

=

¢

i . )
= o (LiA €Y + LAl e Y)ek=en y > g
0

)

= —ikH,, + iweoeky,, (B3)

Sl

1

for the upper semiconductor, and they can be written as

l

Y = (Aze—lﬂzy —{—A/ze”y)e’(k"_”'),

> : —i /A7 N\ i(kx—ot
E,, = i(s2Aze "2 + s, A" )ell ),

i

2

2

i , o
= ———(LyAye P 4 LS AL )=o)y < —d
wo

t

Ty, = —ikHz + i0goeoEy, (B4)

for the lower semiconductor, the parameters are given in the
main text. According to the continuous boundary conditions
of electric fields, we have E,, |y—q= E\ |y=q and E, |,—_4=
E |y——g4. Combining this with the first equations in Egs. (B3)
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and (B4) and the second equations in Eq. (A2), it is found that

Ale’p‘d +A/1€ nd _ _

. (Gre®d — Gre™?),
LWENE,

od

Azeif"?d —G—A/ze_yzd = - (Gle_add - G2eadd)‘ (BS)

1wenE,
According to_the continuous boundary conditions of mag-
netic fields, H;, |,—4= H; |,—¢ and H,, |,—_q= H; |,—_q. By
combining the third equation in Eqs. (B3) and (B4) with the
second equation in Eq. (A1), we obtain

i .
—— (LA e LA e ™) = Gre®? 4 Gpe 9,
WHo

L (L™ 4 LAY e ) = Gre ™ 4 Gye®d. (B6)
wlo

Unlike the local model, an additional boundary condition for
the nonlocal hydrodynamic model is required at the mag-
netized InSb-Si interface (x-z plane): J - $ = 0 [41]. This is
because the theoretical basis of this model is based on the

J

assumption that the electron density sharply vanishes per-
pendicular to the interface. Thus the additional boundary
condition can be written as Jy, |y—¢= 0 and J,, |y—_g= 0. Us-
ing the last equations from Eqgs. (B3) and (B4), we have

RiA1eP! 4 RiA e =0,

RyAe”? + RIALe™4 =0 ®7
242" + RyAqe =0,

where R; = ﬁLJ- + wepenes; and R/j = wLij + weoeoos;-,
with L; = —ks; 4+ ip; and L; = —ks} -y, j=12. By
eliminating the six coefficients A, A,, A}, A}, G, and G,
in Egs. (BS) to (B7), the dispersion relation of SMPs can be

derived as
2
et = [T (B8)
j=1

with

y, _ Eoctale(y;s; + ip;s;) + Ky; +ipj) + (k* = kgeoo) (s = 5))

T eaorta/er(yjsj +ip;s) — k(v +ipy) — (K — K3eoo) (s — 57)

which corresponds to Eq. (6) of the main text.

[1] L. Lu, J. D. Joannopoulos, and M. Soljaci¢, Topological pho-
tonics, Nat. Photon. 8, 821 (2014).

[2] Y. Hu, M. Tong, T. Jiang, J.-H. Jiang, H. Chen, and Y. Yang, Ob-
servation of two-dimensional time-reversal broken non-Abelian
topological states, Nat. Commun. 15, 10036 (2024).

[3] F. R. Prudéncio and M. G. Silveirinha, Ill-defined topological
phases in local dispersive photonic crystals, Phys. Rev. Lett.
129, 133903 (2022).

[4] C. A. Rosiek, G. Arregui, A. Vladimirova, M. Albrechtsen, B.
V. Lahijani, R. E. Christiansen, and S. Stobbe, Observation of
strong backscattering in valley-Hall photonic topological inter-
face modes, Nat. Photon. 17, 386 (2023).

[5] B. Bahari, A. Ndao, F. Vallini, A. El Amili, Y. Fainman, and B.
Kanté, Nonreciprocal lasing in topological cavities of arbitrary
geometries, Science 358, 636 (2017).

[6] Z.-X. Gao, J.-Z. Liao, F.-L. Shi, K. Shen, F. Ma, M. Chen, X.-
D. Chen, and J.-W. Dong, Observation of unidirectional bulk
modes and robust edge modes in triangular photonic crystals,
Laser Photon. Rev. 17, 2201026 (2023).

[7] X. Yu, J. Chen, Z.-Y. Li, and W. Liang, Topological large-area
one-way transmission in pseudospin-field-dependent waveg-
uides using magneto-optical photonic crystals, Photon. Res. 11,
1105 (2023).

[8] X. Ao, Z. Lin, and C. T. Chan, One-way edge mode in a
magneto-optical honeycomb photonic crystal, Phys. Rev. B 80,
033105 (2009).

[9] A. B. Khanikaev and A. Alu, Topological photonics: Robust-
ness and beyond, Nat. Commun. 15, 931 (2024).

[10] Y. Hadad and B. Z. Steinberg, Magnetized spiral chains of plas-
monic ellipsoids for one-way optical waveguides, Phys. Rev.
Lett. 105, 233904 (2010).

[11] J. Chen and Z.-Y. Li, Prediction and observation of robust one-
way bulk states in a gyromagnetic photonic crystal, Phys. Rev.
Lett. 128, 257401 (2022).

[12] F. D. M. Haldane and S. Raghu, Possible realization of di-
rectional optical waveguides in photonic crystals with broken
time-reversal symmetry, Phys. Rev. Lett. 100, 013904 (2008).

[13] R. E. Prange and S. M. Girvin, The Quantum Hall Effect
(Springer, New York, 1987).

[14] J. D. Joannopoulos, R. D. Meade, and J. N. Winn, Photonic
Crystals: Molding the Flow of Light, 2nd ed. (Princeton Univer-
sity Press, Princeton, NJ, 2008).

[15] Z. Wang, Y. D. Chong, J. D. Joannopoulos, and M.
Soljaci¢, Reflection-Free one-way edge modes in a gyro-
magnetic photonic crystal, Phys. Rev. Lett. 100, 013905
(2008).

[16] L. Lu, H. Gao, and Z. Wang, Topological one-way fiber of
second Chern number, Nat. Commun. 9, 5384 (2018).

[17] Y.-T. Fang, P. Gong, and F. Bu, Bound band in the continuum
from merging of topological edge states and magnetic interface
states, Opt. Laser Technol. 171, 110309 (2024).

[18] Z. Wang, Y. D. Chong, J. D. Joannopoulos, and M. Soljaci¢,
Observation of unidirectional backscattering-immune topo-
logical electromagnetic states, Nature (London) 461, 772
(2009).

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

[20] M. Wang, R.-Y. Zhang, L. Zhang, D. Wang, Q. Guo, Z.-Q.
Zhang, and C. T. Chan, Topological one-way large-area waveg-
uide states in magnetic photonic crystals, Phys. Rev. Lett. 126,
067401 (2021).

235303-11


https://doi.org/10.1038/nphoton.2014.248
https://doi.org/10.1038/s41467-024-54403-x
https://doi.org/10.1103/PhysRevLett.129.133903
https://doi.org/10.1038/s41566-023-01189-x
https://doi.org/10.1126/science.aao4551
https://doi.org/10.1002/lpor.202201026
https://doi.org/10.1364/PRJ.487374
https://doi.org/10.1103/PhysRevB.80.033105
https://doi.org/10.1038/s41467-024-45194-2
https://doi.org/10.1103/PhysRevLett.105.233904
https://doi.org/10.1103/PhysRevLett.128.257401
https://doi.org/10.1103/PhysRevLett.100.013904
https://doi.org/10.1103/PhysRevLett.100.013905
https://doi.org/10.1038/s41467-018-07817-3
https://doi.org/10.1016/j.optlastec.2023.110309
https://doi.org/10.1038/nature08293
https://doi.org/10.1103/PhysRevLett.106.093903
https://doi.org/10.1103/PhysRevLett.126.067401

SHENGQUAN FAN et al.

PHYSICAL REVIEW B 111, 235303 (2025)

[21] P. Zhou, G.-G. Liu, Y. Yang, Y.-H. Hu, S. Ma, H. Xue, Q. Wang,
L. Deng, and B. Zhang, Observation of photonic antichiral edge
states, Phys. Rev. Lett. 125, 263603 (2020).

[22] F. Chen, H. Xue, Y. Pan, M. Wang, Y. Hu, L. Zhang, Q. Chen,
S. Han, G.-g. Liu, Z. Gao, P. Zhou, W. Yin, H. Chen, B. Zhang,
and Y. Yang, Multiple brillouin zone winding of topological
chiral edge states for slow light applications, Phys. Rev. Lett.
132, 156602 (2024).

[23] G.-G. Liu, S. Mandal, X. Xi, Q. Wang, C. Devescovi, A.
Morales-Pérez, Z. Wang, L. Yang, R. Banerjee, Y. Long, Y.
Meng, P. Zhou, Z. Gao, Y. Chong, A. Garcia-Etxarri, M. G.
Vergniory, and B. Zhang, Photonic axion insulator, Science 387,
162 (2025).

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

[25] B. Hu, Q. J. Wang, and Y. Zhang, Broadly tunable one-way
terahertz plasmonic waveguide based on nonreciprocal surface
magneto plasmons, Opt. Lett. 37, 1895 (2012).

[26] W. Gao, B. Yang, M. Lawrence, F. Fang, B. Béri, and S.
Zhang, Photonic Weyl degeneracies in magnetized plasma, Nat.
Commun. 7, 12435 (2016).

[27] K. L. Tsakmakidis, K. Baskourelos, and T. Stefariski, Topo-
logical, nonreciprocal, and multiresonant slow light beyond
the time-bandwidth limit, Appl. Phys. Lett. 119, 190501
(2021).

[28] D. E. Fernandes and M. G. Silveirinha, Topological origin of
electromagnetic energy sinks, Phys. Rev. Appl. 12, 014021
(2019).

[29] T. Ozawa, H. M. Price, A. Amo, N. Goldman, M. Hafezi, L. Lu,
M. C. Rechtsman, D. Schuster, J. Simon, O. Zilberberg, and 1.
Carusotto, Topological photonics, Rev. Mod. Phys. 91, 015006
(2019).

[30] S. Li, K. L. Tsakmakidis, T. Jiang, Q. Shen, H. Zhang, J.
Yan, S. Sun, and L. Shen, Unidirectional guided-wave-driven
metasurfaces for arbitrary wavefront control, Nat. Commun. 15,
5992 (2024).

[31] Y. Zhou, P. He, S. Xiao, F. Kang, L. Hong, Y. Shen, Y. Luo,
and J. Xu, Realization of tunable index-near-zero modes in
nonreciprocal magneto-optical heterostructures, Opt. Express
30, 27259 (2022).

[32] K. L. Tsakmakidis, O. Hess, R. W. Boyd, and X. Zhang, Ultra-
slow waves on the nanoscale, Science 358, eaan5196 (2017).

[33] J. Xu, Y. Luo, K. Yong, K. Baskourelos, and K. L. Tsakmakidis,
Topological and high-performance nonreciprocal extraordinary
optical transmission from a guided mode to free-space radia-
tion, Commun. Phys. 6, 339 (2023).

[34] K. L. Tsakmakidis, L. Shen, S. A. Schulz, X. Zheng, J. Upham,
X. Deng, H. Altug, A. F. Vakakis, and R. W. Boyd, Breaking
Lorentz reciprocity to overcome the time-bandwidth limit in
physics and engineering, Science 356, 1260 (2017).

[35] D. Jin, L. Lu, Z. Wang, C. Fang, J. D. Joannopoulos, M.
Soljaci¢, L. Fu, and N. X. Fang, Topological magnetoplasmon,
Nat. Commun. 7, 13486 (2016).

[36] S. A. H. Gangaraj and F. Monticone, Do truly unidirectional
surface plasmon-polaritons exist? Optica 6, 1158 (2019).

[37] J.]J. Brion, R. F. Wallis, A. Hartstein, and E. Burstein, Theory of
surface magnetoplasmons in semiconductors, Phys. Rev. Lett.
28, 1455 (1972).

[38] K. L. Tsakmakidis, Y. You, T. Stefariski, and L. Shen, Nonrecip-
rocal cavities and the time-bandwidth limit: Comment, Optica
7, 1097 (2020).

[39] S. A. H. Gangaraj, B. Jin, C. Argyropoulos, and F. Monticone,
Broadband field enhancement and giant nonlinear effects in ter-
minated unidirectional plasmonic waveguides, Phys. Rev. Appl.
14, 054061 (2020).

[40] S. Raza, S. I. Bozhevolnyi, M. Wubs, and N. A. Mortensen,
Nonlocal optical response in metallic nanostructures, J. Phys.:
Condens. Matter 27, 183204 (2015).

[41] S. Buddhiraju, Y. Shi, A. Song, C. Wojcik, M. Minkov, I. A. D.
Williamson, A. Dutt, and S. Fan, Absence of unidirectionally
propagating surface plasmon-polaritons at nonreciprocal metal-
dielectric interfaces, Nat. Commun. 11, 674 (2020).

[42] S. A. H. Gangaraj and F. Monticone, Topological waveg-
uiding near an exceptional point: Defect-immune, slow-light,
and loss-immune propagation, Phys. Rev. Lett. 121, 093901
(2018).

[43] S. A. H. Gangaraj and F. Monticone, Coupled topological sur-
face modes in gyrotropic structures: Green’s function analysis,
Antennas Wirel. Propag. Lett. 17, 1993 (2018).

[44] K. Baskourelos, O. Tsilipakos, T. Stefanski, S. F. Galata, E. N.
Economou, M. Kafesaki, and K. L. Tsakmakidis, Topological
extraordinary optical transmission, Phys. Rev. Res. 4, 1.032011
(2022).

[45] F. Monticone, A truly one-way lane for surface plasmon polari-
tons, Nat. Photon. 14, 461 (2020).

[46] M. G. Silveirinha, Chern invariants for continuous media, Phys.
Rev. B 92, 125153 (2015).

[47] Y. Liang, S. Pakniyat, Y. Xiang, J. Chen, F. Shi, G. W. Hanson,
and C. Cen, Tunable unidirectional surface plasmon polaritons
at the interface between gyrotropic and isotropic conductors,
Optica 8, 952 (2021).

[48] J. Yan, Q. Shen, H. Zhang, S. Li, H. Tang, and L. Shen, Broad-
band unidirectional surface plasmon polaritons with low loss,
Opt. Express 31, 35313 (2023).

[49] L. Liu, Y. Wang, F. Zheng, and T. Sang, Multimode interference
in topological photonic heterostructure, Opt. Lett. 47, 2634
(2022).

[50] X. Ma, Y. Li, Q. Xu, and J. Han, Terahertz plasmonic functional
devices enabled by multimode interference, Opt. Laser Technol.
171, 110391 (2024).

[51] L. Liu and Y. Wang, Unidirectional mode interference in
magneto-optical photonic heterostructure, Opt. Laser Technol.
161, 109224 (2023).

[52] S. A. Skirlo, L. Lu, and M. Soljaci¢, Multimode one-way
waveguides of large Chern numbers, Phys. Rev. Lett. 113,
113904 (2014).

[53] W. Tang, M. Wang, S. Ma, C. T. Chan, and S. Zhang,
Magnetically  controllable multimode interference in
topological photonic crystals, Light Sci. Appl. 13, 112
(2024).

[54] C.Liu, Z. Zhao, T. Guo, J. Xu, X. Deng, K. Yuan, R. Tang, K. L.
Tsakmakidis, and L. Hong, Robust multimode interference and
conversion in topological unidirectional surface magnetoplas-
mons, Opt. Lett. 50, 1253 (2025).

[55] C. Ciraci, R. T. Hill, J. J. Mock, Y. Urzhumov, A. 1. Fernandez-
Dominguez, S. A. Maier, J. B. Pendry, A. Chilkoti, and D. R.
Smith, Probing the ultimate limits of plasmonic enhancement,
Science 337, 1072 (2012).

235303-12


https://doi.org/10.1103/PhysRevLett.125.263603
https://doi.org/10.1103/PhysRevLett.132.156602
https://doi.org/10.1126/science.adr5234
https://doi.org/10.1103/PhysRevLett.100.023902
https://doi.org/10.1364/OL.37.001895
https://doi.org/10.1038/ncomms12435
https://doi.org/10.1063/5.0068285
https://doi.org/10.1103/PhysRevApplied.12.014021
https://doi.org/10.1103/RevModPhys.91.015006
https://doi.org/10.1038/s41467-024-50287-z
https://doi.org/10.1364/OE.461237
https://doi.org/10.1126/science.aan5196
https://doi.org/10.1038/s42005-023-01462-z
https://doi.org/10.1126/science.aam6662
https://doi.org/10.1038/ncomms13486
https://doi.org/10.1364/OPTICA.6.001158
https://doi.org/10.1103/PhysRevLett.28.1455
https://doi.org/10.1364/OPTICA.384840
https://doi.org/10.1103/PhysRevApplied.14.054061
https://doi.org/10.1088/0953-8984/27/18/183204
https://doi.org/10.1038/s41467-020-14504-9
https://doi.org/10.1103/PhysRevLett.121.093901
https://doi.org/10.1109/LAWP.2018.2859796
https://doi.org/10.1103/PhysRevResearch.4.L032011
https://doi.org/10.1038/s41566-020-0662-5
https://doi.org/10.1103/PhysRevB.92.125153
https://doi.org/10.1364/OPTICA.425290
https://doi.org/10.1364/OE.504997
https://doi.org/10.1364/OL.460722
https://doi.org/10.1016/j.optlastec.2023.110391
https://doi.org/10.1016/j.optlastec.2023.109224
https://doi.org/10.1103/PhysRevLett.113.113904
https://doi.org/10.1038/s41377-024-01433-1
https://doi.org/10.1364/OL.541177
https://doi.org/10.1126/science.1224823

MULTIPLE TRULY TOPOLOGICAL UNIDIRECTIONAL ...

PHYSICAL REVIEW B 111, 235303 (2025)

[56] M. Kupresak, X. Zheng, G. A. E. Vandenbosch, and V. V.
Moshchalkov, Comparison of hydrodynamic models for the
electromagnetic nonlocal response of nanoparticles, Adv.
Theory Simul. 1, 1800076 (2018).

[57] G. R. Fonseca, F. R. Prudéncio, M. G. Silveirinha, and P. A.
Huidobro, First-principles study of topological invariants of
Weyl points in continuous media, Phys. Rev. Res. 6, 013017
(2024).

[58] P. Feibelman, Microscopic calculation of surface-plasmon dis-
persion and damping, Phys. Rev. B 9, 5077 (1974).

[59] R. Esteban, A. G. Borisov, P. Nordlander, and J. Aizpurua,
Bridging quantum and classical plasmonics with a quantum-
corrected model, Nat. Commun. 3, 825 (2012).

[60] P.Halevi, Hydrodynamic model for the degenerate free-electron
gas: Generalization to arbitrary frequencies, Phys. Rev. B 51,
7497 (1995).

[61] N. A. Mortensen, Mesoscopic electrodynamics at metal sur-
faces: — From quantum-corrected hydrodynamics to micro-
scopic surface-response formalism, Nanophotonics 10, 2563
(2021).

[62] P. E. Stamatopoulou and C. Tserkezis, Finite-size and
quantum effects in plasmonics: manifestations and theoretical

modelling Mater.
(2022).

[63] J. R. Maack, N. A. Mortensen, and M. Wubs, Size-
dependent nonlocal effects in plasmonic semiconductor parti-
cles, Europhys. Lett. 119, 17003 (2017).

[64] S. Pakniyat, S. A. H. Gangaraj, and G. W. Hanson, Chern
invariants of topological continua: A self-consistent non-
local hydrodynamic model, Phys. Rev. B 105, 035310
(2022).

[65] M. G. Silveirinha, Bulk-edge correspondence for topological
photonic continua, Phys. Rev. B 94, 205105 (2016).

[66] S. A. H. Gangaraj and F. Monticone, Physical violations of
the bulk-edge correspondence in topological electromagnetics,
Phys. Rev. Lett. 124, 153901 (2020).

[67] L. Soldano and E. Pennings, Optical multi-mode interference
devices based on self-imaging: Principles and applications,
J. Lightwave Technol. 13, 615 (1995).

[68] N. Engheta, Pursuing near-zero response, Science 340, 286
(2013).

[69] Q. Shen, J. Yan, Y. You, S. Li, and L. Shen, Terahertz large-area
unidirectional surface magnetoplasmon and its applications,
Sci. Rep. 13, 21945 (2023).

[invited], Opt. Express 12, 1869

235303-13


https://doi.org/10.1002/adts.201800076
https://doi.org/10.1103/PhysRevResearch.6.013017
https://doi.org/10.1103/PhysRevB.9.5077
https://doi.org/10.1038/ncomms1806
https://doi.org/10.1103/PhysRevB.51.7497
https://doi.org/10.1515/nanoph-2021-0156
https://doi.org/10.1364/OME.456407
https://doi.org/10.1209/0295-5075/119/17003
https://doi.org/10.1103/PhysRevB.105.035310
https://doi.org/10.1103/PhysRevB.94.205105
https://doi.org/10.1103/PhysRevLett.124.153901
https://doi.org/10.1109/50.372474
https://doi.org/10.1126/science.1235589
https://doi.org/10.1038/s41598-023-49348-y

