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Magnetically controllable multimode interference
in topological photonic crystals
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Abstract

Topological photonic insulators show promise for applications in compact integrated photonic circuits due to their
ability to transport light robustly through sharp bendings. The number of topological edge states relies on the
difference between the bulk Chern numbers across the boundary, as dictated by the bulk edge correspondence. The
interference among multiple topological edge modes in topological photonics systems may allow for controllable

functionalities that are particularly desirable for constructing reconfigurable photonic devices. In this work, we
demonstrate magnetically controllable multimode interference based on gyromagnetic topological photonic
insulators that support two unidirectional edge modes with different dispersions. We successfully achieve controllable
power splitting in experiments by engineering multimode interference with the magnetic field intensity or the
frequency of wave. Our work demonstrates that manipulating the interference among multiple chiral edge modes can
facilitate the advancement of highly efficient and adaptable microwave devices.

Introduction

Over the last decade, topological photonics'™* has
emerged as a promising field of research, drawing
increasing attention for its intriguing physics and poten-
tial applications. Inspired by the quantum Hall effects and
quantum spin Hall effects in condensed matter physics,
significant research efforts have been devoted to investi-
gating and achieving analogous topological phases and
band theory in photonic systems. Among the interesting
effects associated with topological systems, one of most
remarkable is the presence of non-reciprocal topological
edge modes, which arise from the broken time-reversal
symmetry. The number of the chiral edge modes (CEMs)
is determined by the bulk topological invariants according
to bulk-edge correspondence®, and they are robust to
general types of disorders. Multiple CEMs can arise when
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the Chern number difference across the interface is
greater than one.

Conventionally, multimode interference is realized by
modifying the size of waveguides®*>®, including their
width or length, or controlling the refractive indices of the
system with electrooptic effect®®*, However, back
reflection loss*' is a key problem that leads to perfor-
mance limitations of traditional multimode interference
devices. Based on the backscattering-immune property of
topologically protected CEMs, topological multimode
waveguide can overcome this limitation with one-way
propagation, and support higher mode density and cou-
pling efficiency'®, thereby offer opportunities for design of
novel topological devices for power manipulation.

To date, most proposed solutions for manipulating
multimode interference in topological systems involve
modifying the structural dimensions of channels'®**~*%,
such as, by changing the length of the incident channel to
adjust the propagation phase of the incident wave'®. It has
also been reported that adjustable current partition of
valley edge states can be achieved by controlling the
coupling strength between the incident and outgoing
channels with bending angles®™*. However, the
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requirement for varying the geometry of the system with
these techniques severely restricts their practical utility.
Recently, some researchers have proposed to manipulate
interference of multiple CEMs with structure-
independent parameters, such as external magnetic
field*' and frequency’®>. However, experimental
demonstrations of multimode interference in topological
photonic crystals are still lacking. Though the inverted,
doublefold, and direct images of input field can be located
by beam length®**!, the underlying mechanisms of the
process of multimode interference still remain elusive,
and further investigation is required to elucidate the
underlying principles.

In this work, we achieve controllable multimode inter-
ference in a topological photonic heterostructure wave-
guide formed by two gyromagnetic photonic crystals,
where the oppositely biased magnetic fields broke the
time-reversal symmetry. The power splitting ratio origi-
nating from multimode interference is controlled by the
propagating phase difference between two CEMs (Fig. 1a),
which depends on the incident frequency (Fig. 1b) or
magnetic field intensity (Fig. 1c). Using the transfer matrix
method, we develop a theoretical model to elucidate the
fundamental mechanisms underlying tunable multimode
interference in the heterostructure. Our experimental
results confirm the controllability of multimode inter-
ference of CEMs through magnetic field or frequency
manipulation.

Results
The mechanism of multimode interference in topological
photonic crystals

Figure 2a depicts an H-shaped heterostructure wave-
guide with two domains, A and B, denoted in green and
blue, respectively. Each domain is composed of a trian-
gular lattice of yttrium iron garnet (YIG) rods with a
lattice constant 2 = 16 mm and a rod radius » = 2 mm.

Domain A

i(kx=ot)

e

Frequency O
=
<

(2]

B
>

Domain B

P2

Fig. 1 The proposed scheme for controllable power splitting
through manipulating multimode interference. a The schematic of
a H-shaped heterostructure waveguide composed of two domains, A
and B. The star indicates the position of source. The differences
between the wave numbers of two CEMs depend on incident
frequency (b) and the external magnetic field intensity (c)
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The YIG rods are magnetized by an external magnetic
field applied in the positive (negative) vertical direction to
domain A (B). The domains are separated by an air gap
with a width of w = 1.094, which modifies the dispersion
behavior of CEMs. We focus on the transverse magnetic
(TM) modes for the formation of the bulk bands of
domains A and B, as shown in Fig. 2b. The Dirac points in
the bulk band structure of domains A and B are gapped
due to the breaking of time-reversal symmetry in the
presence of external magnetic field, while the Chern
numbers of the relevant bulk bands are indicated in the
panel. Two gapless unidirectional edge states are present
in the air gap (Fig. 2c), as determined by the difference
between the gap Chern numbers of domain A and B
through the bulk-edge correspondence®. Domains A and
B each contribute one edge mode and these two topolo-
gical modes hybridize to form mode 1 and mode 2 that
propagate in the air gap, with quasi-asymmetric and
quasi-symmetric distribution of electric field E, about y =
0, respectively, as shown in the right pane of Fig. 2c.
Based on the backscattering-immune property of
topologically protected CEMs at the intersections of this
H-shaped waveguide (S and P point), we then develop a
theoretical model that captures the essence of the pro-
pagation properties of CEMs in our system with the

transfer-matrix method:
eik 1l 0
0 eikzl

where A;(A,) represents the CEM excited in channel S1
(S2), while B;(B;) denotes the mode probed in channel P1
(P2). The source/detection points are located far from the
connection point (S or P point) of the H-shaped
waveguide. The wave numbers k; and k;, represent the
wave numbers of mode 1 and mode 2, respectively, and
the length of the channel M is denoted by / (see details in
the Materials and methods). To visually demonstrate the
interference between two CEMs, we here introduce the
power splitting ratio of channel P1 and P2, which is
defined as:
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The power splitting ratios for the source being placed in
channel S1 and S2 can be obtained from Egs. (1) and (2)
as:
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Fig. 2 The configuration of heterostructure and the phase difference of the two CEMs. a The schematic of the AJAir|B heterostructure structure,
where domain A (B) is subjected to a positive (negative) external magnetic field. The width of the air gap is w. b The bulk band structures for domains
A and B, with the Chern numbers of the first and second bands being tagged, respectively. ¢ Left panel: the projected band structure for
heterostructure AJAir|B. The yellow area represents the frequency range of the band gap (11.80-12.73 GHz). The green (blue) line indicates mode 1(2).
Right panel: The corresponding electric field distribution E,. The phase difference of two CEMs as functions of magnetic field intensity (d) and
frequency (e)
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where Ap = (ko — k)l is the phase difference between the
mode 1 and mode 2 propagating in the same direction.
Remarkably, the power splitting ratio is regulated by the
interference between two CEMs, which is solely subject to
the phase difference Ag within the framework of transfer
matrix description. To further unveil the mechanisms of
controllable multimode interference, the dependence of
propagating phase difference Ag on the frequency and
magnetic field are revealed in Fig. 2d, e. These figures
show that the phase difference Ag increases monotonically
with frequency for a given magnetic field but decreases
monotonically with increasing magnetic field intensity at a
fixed frequency. Consequently, the interference between
two CEMs in our heterostructure waveguide is customiz-
able by adjusting magnetic field intensity or incident
frequency, leading to controllable power splitting ratio.

Experimental demonstration of controllable multimode
interference

Figure 3a shows a snapshot of the experimental setup.
In the photonic heterostructure, the YIG rods are

sandwiched between two flat aluminum plates. Several
small holes are drilled for probes to access the field
through the top plate. Both the holes diameter and slots
width are 2 mm. The upper and lower boundaries of the
heterostructure are interfaced with absorbent materials,
while the remaining boundaries are interfaced with alu-
minum blocks. Both the aluminum plates and blocks
imitate the PEC boundaries to prevent the TM modes
from escaping. We start by verifying the unidirectional
propagation characteristic of the CEMs. A point source is
sequentially placed at the two ends of the heterostructure
waveguide (point S and point P in Fig. 2a) and the
transmission is measured at the opposite end. The
resulting measurement is shown in Fig. 3b, where S21 and
S12 represent the measured transmission spectra from S
to P and P to S, respectively. The asymmetric transmis-
sion in the bandgap explicitly validates the chirality of the
CEMs. To obtain the dispersions of the CEMs, we place a
needle source at different location to excite each CEM at
its maximum electric field strength. Then we measure the
relevant out-of-plane electric field distribution E, via
near-field scanning. After applying Fourier transforma-
tion, the dispersions of mode 1 and mode 2 are plotted
using color maps in Fig. 3¢, d, respectively, which agree
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Fig. 3 Experimental characterization of the properties of CEMs. a Photograph of the experimental setup. The YIG rods with a height of 6 mm are
sandwiched by two aluminum plates to construct a topological photonic crystal waveguide with lattice constant a = 16mm. b 521 (S12) is the
measured transmission spectrum at point S (P) when the point source is placed on the point P (S) shown in Fig. 2a. The selective measurement of
mode 1 (c) and mode 2 (d) at different position of the waveguide. The color map is obtained from experiment data, while the gray area, green, and
blue dot lines are the numerical results

well with the numerical results, despite the slight hor-
izontal lines resulting from Fabry—Pérot effects caused by
the scattering loss of the experimental setup.

To achieve controllable interference of CEMs with a
magnetic field, one can tune the magnetic field strength by
adjusting the distance between the YIG rod and the mag-
net pillar. The correlation between the magnetic field and
the distance is measured by a magnetometer, with the
results presented in Fig. S2. As expected, the magnetic field
strength B decreases monotonically with distance h,
enabling us to modify the magnetic field applied to the YIG
rods. We probe the transmission at channel P1 and P2
when the excitation source is respectively placed at channel
S1 and S2 (denoted by stars in Fig. 2a) with an incident
frequency f = 12.13 GHz. In Fig. 4a, the measured power
splitting ratio is represented by circles, which show good
agreement with the numerical results plotted by solid lines.
Figure 4b shows that the plot of the theoretically calculated
power splitting ratio is in good agreement with the
numerical result as a function of magnetic field strength,
indicating the validity of the transfer-matrix method.

The energy distribution along the P1 and P2 channels is
further investigated under three different magnetic fields,
represented by the grey dashed lines in Fig. 4a. For clarity,

we focus on the configuration in which channel S1 is
excited. At B = 0.055T, the power splitting ratio is roughly
0.5 and the power flow is nearly symmetric about y =0
(Fig. 4c), which indicates that the CEMs divided equally. As
the magnetic field intensity increases to B = 0.097T, the
CEMs are primarily transferring energy into channel P1
but strongly suppressed in channel P2, reaching a power
splitting ratio close to 100%, as shown in Fig. 4d. With
further increase of magnetic field, the power splitting ratio
begins to decline. At B=0.175T, as shown by Fig. 4e,
most of the power flows into channel P2. The measured
signals attenuate along the sample edges mainly due to the
scattering loss caused by small air gaps between the YIG
rods and the aluminum plates as well as the slot drilled on
the top aluminum plate for measurement, nonetheless,
good agreement between the measured electric field dis-
tributions (left panel) and simulated results (right panel)
can still be achieved as shown in Fig. 4c—e.

The manipulation of the interference between CEMs by
frequency is also demonstrated experimentally. Figure 5a
shows the dependence of the measured splitting ratio of
two CEMs at the left intersection on the incident fre-
quency at a fixed magnetic field B = 0.140T, which is
generally consistent with the numerical and analytical
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Fig. 4 Experimental observation of power splitting tuned by changing external magnetic fields. a, b The measured and theoretical (analytical)
power splitting ratio of two CEMs as functions of magnetic field strength. The circles represent experimental data, lines depict the numerical results
and the filled circles represent analytical results. The red (blue) color indicates the emitter is placed at channel S1(S2). Right panel: numerical electric
field distributions at frequency of f = 12.13 GHz along the left boundary of the AJAir|B heterostructure under distinct magnetic field strength:

B = 0.055T (c), B=0.097T (d) and B = 0.175T (e), respectively. Left panel: the measured electric field distributions, which are consistent with the
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results as depicted in Fig. 5b. Note that there are some
dips resulting from Fabry—Pérot effects introduced by the
scattering loss in the measured splitting ratios, due to the
inevitable fabrication errors in the wideness of aluminum
plates and height of YIG rods. The numerical energy
distributions at selected frequencies of f=11.90 GHz,
f=12.03GHz, and f=1222GHz are displayed in Fig.
5c—e, respectively. The power splitting ratios are respec-
tively 0%, 50%, and 100% at these three frequencies, which
are consistent with the results shown in Fig. 5b. The
measured energy distributions, associated with the
numerical results, are also shown in the left panel of
Fig. 5c—e, which is in good agreement with the results
shown in Fig. 5a.

Discussion

To summarize, we have demonstrated controllable
interference of CEMs in a heterostructure photonic
waveguide by adjusting the magnetic field and frequency.
We have also developed a theoretical model using the

transfer-matrix method to elucidate the underlying
mechanisms of the magnetically tunable multimode
interference. The power splitting ratio of our waveguide
system within the investigated magnetic field intensity
(frequency) range, resulting from the multimode inter-
ference, is quantitatively controlled by the propagating
phase difference between two CEMs, which is subject to
magnetic field intensity and wave frequency. Hence the
interference of CEMs at the topological channel inter-
section can be manipulated without the requirement for
modifying the geometric configuration of the waveguide.
Our approach provides a panoramic view of the under-
lying multimode interference. Meanwhile, the realization
of controllable multimode interference also sheds light on
the related applications in microwave devices such as
switches, signal processors, and isolation devices.

Materials and methods
The underlying mechanism of manipulating power
splitting can be unveiled with transfer-matrix method. We
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start by demonstrating the wave propagation property at
the right-hand-side intersection, as shown in Fig. S4.
When the CEM excited in channel S1(S2) arrives at the
intersection, both mode 1 and mode 2 in the multimode
channel M are excited. In general, it is difficult to give an
analytical quantitative form for the response at the corner.
However, for current topological systems, due to the
existence of symmetry and unidirectionality, the results
will be relatively clean. Note that the electric field dis-
tribution of mode 1 is quasi-antisymmetric about y =0,
while the electric field distribution of mode 2 is quasi-
symmetric, which gives rise to

o1 (y) = —p1(—y) (5)

() = @2 (—) (6)

where ¢,(y) with i = 1,2 denotes the normalized field
distribution of mode 1 or mode 2 along y direction. Then

the coupling coefficients between the incident CEMs and
two hybridized modes is defined as

Kij X /3C (Pi(y)(/’s;‘(y) L,j=1,2 (7)

where @g;(y) with j = 1,2 represents the incident wave
along y direction when channel S1 (S2) is excited.
Considering the symmetry of the incident/outgoing wave,
the transmission matrix corresponding to right-hand-side
intersection is

(8)

C —C]
c C

o-|

Since the arbitrary phases of the incident signal and
hybridized modes can be compensated, which has a
negligible effect on the results, C herein is a positive real
number. According to the law of energy conservation and
topology-protected unidirectional transmission, QgQS =
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1, then we can easily obtain C = % Due to the symmetry
of H-sharp waveguide, we can also find the transmission
matrix related to the intersection at the left by Qp = Q..
In channel M, it’s worth noting that the propagating phase
of both modes is determined by their wave number
(represented by k; and k,) and the length of the channel
M (denoted as I). Therefore, the propagation of CEMs in
the whole waveguide is demonstrated in term of transfer

matrix is given by

L

- 1 1 ikol 1 1
Bl 1= wllo el A

©)

where A; (A5) corresponds to the CEM excited in channel
S1 (S2), while By (B,) represents the probe in channel P1
(P2).
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