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Experimental realization of topologically protected unidirectional surface
magnon polaritons on ceramic YIG ferrites
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Topologically protected, unidirectional surface magnon polaritons (SMPs) guided along the interface between
air and ferrimagnetic yttrium iron garnet slab structures, biased with an external static magnetic field in the Voigt
configuration, are realized experimentally by measuring the S-parameters between two small loop magnetic
dipole antennas that launch and receive the SMP. Transmission is compared in the two cases where an abrupt
change in the form of a step is present and absent in the interface. We find that transmission of the SMP peaks
near the same level in each case, a sign of its topological protection. In addition, the dependence of isolation on
slab thickness is investigated for a specified antenna configuration.
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I. INTRODUCTION

Recently, a connection to momentum space topology has
been made for plasmonic and ferrimagnetic continua biased
with an external static magnetic field in the Voigt config-
uration [1–9], where bulk electromagnetic waves propagate
in a direction perpendicular to the bias; see [10–14] for
comprehensive reviews. In this configuration, the field pro-
file (i.e., polarization) of the wave may be decomposed into
transverse-magnetic (TM) and -electric (TE) bulk modes,
where transverse is defined with respect to the propagation di-
rection. When the external bias is removed, these modes have
the same dispersion (i.e., their wave numbers are degenerate).
However, once the bias is applied, the degeneracy is lifted,
and a nontrivial band gap forms in the TM/TE dispersion
associated with plasmonic/ferrimagnetic continua over a fre-
quency range wherein the effective permittivity/permeability
experienced by the mode is negative. The nontrivial nature
of the band gap stems from the fact that time-reversal (TR)
symmetry in the material response is broken due to the applied
bias, which results in a nonzero Berry curvature, described
as a rotation in momentum space of the Berry connection,
defined in terms of the material response tensor and TM/TE
polarization [1,2].

From a topological perspective, a band gap in the disper-
sion of bulk modes is characterized by a topological invariant
(usually normalized to be integer-valued) called the gap Chern
number Cgap defined in terms of the Berry curvature associated
with modes that propagate below the band gap [12]. The
band gap is classified as topologically trivial when Cgap = 0
(a trivial gap Chern number may also indicate the absence of a
band gap in the dispersion) and nontrivial when Cgap �= 0. For
biased plasmonic/ferrimagnetic continua, it has been shown
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that the TM/TE gap Chern number is +1 [1,15], therefore
classifying the band gap as nontrivial. Moreover, when in-
terfaced with another material for which the bulk dispersion
is topologically trivial, the difference between gap Chern
numbers associated with each material, �Cgap = 1 − 0 = 1,
corresponds to the number of unidirectional surface wave
modes that propagate in the nontrivial bulk band gap. The
correspondence between bulk and surface wave modes made
via the gap Chern number, known as the bulk-edge corre-
spondence principle, has been studied extensively for periodic
photonic structures [16–21], and recently, the concept has
been extended to continuous media [22–24].

The unidirectional nature of the surface wave modes grants
them topological protection against reflection when encoun-
tering an abrupt change (e.g., a step) in the material interface
[25–27]. And, because these modes propagate in the nontrivial
bulk band gap, they are immune to diffraction into the bulk.
However, diffraction into the bulk of the interfaced trivial
medium is possible if it lacks a common band gap (e.g.,
air) [28]. While the aforementioned description in terms of
momentum space topology is not really needed (i.e., classi-
cal terms concerning nonreciprocity and band gaps already
describe the phenomena [10,29]), the language of topology
provides new insights into the underlying physics and allows,
for instance, the potential engineering of photonic structures
to achieve nontrivial gap Chern numbers [17], which could be
quite useful in designing nonreciprocal devices such as iso-
lators [30–33], gyrators [34], circulators [35], and directional
couplers [15,36].

Although the existence of topologically protected sur-
face wave modes supported by periodic photonic structures
has been experimentally verified [37–41], here we verify,
for the first time, the existence of a topologically protected
surface magnon polariton (SMP) mode (i.e., a type of sur-
face wave mode that arises from the coupling between
the electromagnetic-field and magnetic dipole polarization
of a material) guided along the interface between a bi-
ased ferrimagnetic yttrium iron garnet (YIG) continuum and
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air. To demonstrate topological protection, we measure the
S-parameters between two small loop magnetic dipole an-
tennas that launch and receive the SMP and show that
transmission of the SMP remains largely unaffected when an
abrupt change in the form of a step is present in the interface.

In Sec. II, we provide a brief review of the theory already
well established by the community that describes the topo-
logically protected SMP and provide numerical and simulated
results that give qualitative and quantitative insight into the
propagation characteristics. In Sec. III, we provide an exten-
sive overview of the experimental apparatus and a detailed
analysis of the measurements.

II. THEORY AND SIMULATION

In this section, we provide a brief review of the theory
necessary to predict the existence of a topologically pro-
tected SMP mode guided along the interface between YIG,
biased with an external magnetic field in the Voigt configu-
ration, and air. The material response, dispersion of guided
electromagnetic modes, excitation method, and the effects of
nonuniformity in the external bias distribution are discussed
in detail.

A. Material response

Magnetic anisotropy in the material response of ceramic
YIG ferrites is achieved by applying an external static (DC)
magnetic bias field H0 which induces a DC magnetization
M0 parallel to the bias. As a general consideration, the in-
ternal field of the YIG is reduced from the external field by a
demagnetizing term that depends on the geometry and bias
configuration. However, in the following analysis, we con-
sider a thin square plate magnetized in the Voigt configuration
[42] for which the demagnetizing term may be neglected [43].
The details of this contribution and its potential effect on the
response are therefore omitted for conciseness.

Working in the saturated regime of the YIG hysteresis
curve, we consider biases that are well beyond the coercive
field, which may be anywhere from 1 to a few Oe (i.e., ∼10 to
∼50 mT). In this regime, the DC magnetization is maximized
to the point of saturation Ms, and small signal analysis may
be used to linearize Maxwell’s equations governing electro-
magnetic wave propagation. The linear relationship between
a time harmonic (AC) magnetic-field H and resultant AC
magnetization M such that |H| � |H0| is given by H + M =
μ̄ · H, where

μ̄ = μ⊥(Ī − Ĥ0Ĥ0) − jμ×(Ĥ0 × Ī) + μ‖Ĥ0Ĥ0 (1)

is the relative permeability tensor derived semiclassically
from the Landau-Lifshitz-Gilbert equation [44] describing
precessional motion of the total magnetization vector Ms +
M. The dispersive tensor elements with respect to the radial
frequency ω = 2π f are given by

μ⊥ = 1 + ωsω̃0

ω̃2
0 − ω2

, μ× = ωsω

ω̃2
0 − ω2

, μ‖ = 1, (2)

where ωs = μ0γ Ms and ω̃0 = ω0 + jαω with ω0 = μ0γ H0;
the quantities μ0, ω0, and γ = geffμB/h̄ are, respectively, the
permeability of free space, Larmor precessional (resonant)

TABLE I. YIG response parameters.

Saturation magnetization μ0Ms 1820 ± 20% [Gs]
Effective Landé g factor geff 2.02
Resonance linewidth �H 18 + 20% [Oe]
Effective linewidth �Heff 3 [Oe]
Relative permittivity ε 15 ± 5%
Dielectric loss tangent tgδ 0.0002
Linewidth frequency f ∗

0 9.3 [GHz]

frequency, and gyromagnetic ratio defined in terms of the
effective Landé g-factor geff , Bohr magneton μB, and reduced
Planck constant h̄. Material losses are accounted for in the loss
rate α which is well defined on and off resonance at saturation
[45].

Resonant cavity methods make it possible to determine α

by measuring the linewidth �H associated with the imagi-
nary part of μ⊥ at resonance [46]. In the saturated regime,
α = μ0γ�H/4π f ∗

0 , where f ∗
0 denotes the resonant frequency

at which the linewidth is measured. Off resonance, losses
decrease significantly and the replacement of �H with �Heff

in the calculation of α is made.
Table I provides the necessary parameters used to calculate

the relative permeability tensor elements of the YIG obtained
from the specification sheet provided by the manufacturer,
Exxelia Temex. In addition to those already mentioned, the
table lists the relative dielectric constant ε and loss tangent
tgδ.

B. Dispersion of guided electromagnetic modes

To obtain the dispersion of guided electromagnetic modes
supported by a YIG slab of thickness 2h, biased with a static
uniform magnetic-field H0 = ẑH0 in the Voigt configuration
and interfaced with air, we treat the slab as invariant with
respect to the x-z plane and assume the propagation direction
is perpendicular to the bias (i.e., the wave-vector k is perpen-
dicular to H0), in which case the wave may be decomposed
into TE and TM modes, where transverse is defined with
respect to k. In the air and YIG regions, the electric ETE

z and
magnetic HTM

z vector components of TE and TM bulk modes
satisfy the source-free scalar Helmholtz equation,(

∂2
y − q2

x + [
k2

TE, k2
TM

])[
ETE

z , HTM
z

] = 0, (3)

where the bulk wave-numbers kTE = kTM = k0
√

εrμr in air,
and kTE = k0

√
εμeff and kTM = k0

√
εμ‖ in YIG; parameters

εr and μr are the relative permittivity and permeability of
air, μeff = μ⊥ − μ2

×/μ⊥ is the effective relative permeability
experienced by the TE modes in YIG, and k0 is the free space
wave number (all other parameters are defined in Sec. II A).
The magnetic (HTE

x , HTE
y ) and electric (ETM

x , ETM
y ) vector

components of TE and TM bulk modes are then recoverable
from Maxwell’s equations on solving Eq. (3) for ETE

z and
HTM

z .
Of particular interest are the topologically nontrivial TE

bulk modes of YIG which experience an effective permeabil-
ity μeff dependent on the external magnetic bias. Over the
frequency range ω ∈ [ωl , ωu], where ωu = ω0 + ωs and ωl =√

ω0ωu, the response may be characterized as an imperfect
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FIG. 1. (a) Dispersion of TE bulk, upper interface SMP, and nth
order guided modes (n ∈ {0, 1, 2, 3, 4}) for a 6-mm thick YIG slab
(i.e., h = 3 mm) biased with 500 mT in the Voigt configuration and
interfaced with air. The shaded frequency band highlights the TE
bulk band gap. (b) Skin depth of YIG in the band gap. (c) Confine-
ment of the SMP in the air and YIG regions. (d) SMP wavelength for
magnetic bias settings that decrease in magnitude from 500 mT in
steps of 25 mT. The shaded band-gap regions correspond to each bias
setting with maximum overlap occurring over a narrow frequency
band centered about ∼16.8 GHz. (e) Propagation length L of the
SMP shown to decrease with increasing loss rate α (i.e., increasing
effective linewidth �Heff ).

magnetic conductor with Re{μeff} < 0, which corresponds to
the nontrivial band gap that forms in the dispersion. As a
result, the YIG has a finite skin depth δ = 1/Im{kYIG} in the
band gap, where kYIG denotes the TE bulk wave number in
YIG (in the following, kAIR likewise denotes the TE bulk wave
number in air). Figure 1(b) shows how the skin depth varies
in the band gap associated with a 500 mT bias. At the lower
band-edge ωl , the YIG functions as a near perfect magnetic
conductor with δ ∼ 0 and gradually transitions back to an
insulator as frequency increases, with δ → ∞ as frequency
approaches the upper band-edge ωu.

After obtaining the field profile of TE bulk modes in the
air and YIG regions, the dispersion of TE guided modes
supported by the slab (i.e., SMP and guided via total internal

FIG. 2. FEM simulations performed in COMSOL of the SMP
excitation using a near-field magnetic dipole point source (src.)
oriented perpendicular to the upper interface and positioned near
the right edge of each biased YIG slab having dimensions (a)
50.6 mm × 1.8 mm and (b) 50.6 mm × 3.6 mm. In each simulation,
the computational domain is invariant with respect to the magnetic
bias H0 = ẑH0 where μ0H0 = 500 mT, and the operating frequency
is 17.9 GHz, corresponding to the band-gap center.

reflection) are obtained by enforcing continuity of ETE
z and

HTE
x at each interface. It can be shown that the dispersion

relation for TE modes guided by the slab via total internal
reflection is [47,48]

q2
xμ

2
r μ

2
×/μ2

⊥ = [κAIRμeff coth (κYIGh) + κYIGμr]

× [κAIRμeff tanh (κYIGh) + κYIGμr], (4)

where κ2
ν = q2

x − k2
ν for ν ∈ {AIR, YIG}. Cutoff frequencies

for nth-order modes that propagate above/below the band gap
are recovered when qx = kAIR,

ω±
n =

√
−Bn ± √

B2
n − 4ACn

2A
: n ∈ {0, 1, 2, . . . }, (5)

where

A = 4h2(ε − μrεr ), (6)

Bn = 4h2
(
μrεrω

2
l − εω2

u

) − n2π2c2, (7)

Cn = n2π2c2ω2
l . (8)

In the thick slab limit h → ∞, Eq. (4) factors into the disper-
sion relations of SMP modes that propagate in the band gap at
the upper and lower interfaces of the slab [42,47],

0 = (κYIGμr + κAIRμeff − qxμrμ×/μ⊥)

× (κYIGμr + κAIRμeff + qxμrμ×/μ⊥). (9)
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FIG. 3. (a) Uniform and nonuniform magnetic bias distributions considered in FEM simulations performed in COMSOL using a near-field
magnetic dipole point source (src.) to generate the SMP field profiles on the YIG slab structure outlined in panels (b) and (d), respectively.
(c) A spatial average of the magnetic-field magnitude normal to the uppermost interface, defined in Eq. (10) and normalized with respect
to the maximum value associated with the nonuniform distribution. The dark shaded band centered about the selected operating frequency
f = 13.5 GHz corresponds to the band-gap center associated with the uniform bias distribution, while the light shaded band corresponds to
the broadened band gap associated with the nonuniform distribution. In each simulation, the computational domain is invariant with respect to
the magnetic bias direction ẑ.

Solutions for qx that satisfy the nth order guided [Eq. (4)]
and SMP [Eq. (9)] mode dispersions are denoted kSMP and
kTEn, respectively, and must be obtained via numerical root
search since there exist no closed form solutions. While the
dispersion of nth order guided modes is clearly reciprocal due
to the q2

x dependence, it can be shown that each SMP mode
is unidirectional at the upper/lower interfaces of the slab,
propagating in the ±x̂ direction for operating frequencies ω ∈
[ωl , ωu − ωs/2) and ∓x̂ direction for ω ∈ [ωu − ωs/2, ωu].

The dispersion of TE bulk, upper interface SMP, and nth
order guided modes is shown in Fig. 1(a) for h = 3 mm and
μ0H0 = 500 mT. The SMP mode branch that propagates in
the −x̂ direction for ω ∈ [ωu − ωs/2, ωu] attenuates differ-
ently on either side of the interface at rates κAIR and κYIG into
the air and YIG regions. The higher these rates are the more
tightly confined the SMP is to the interface. Confinement C =
1/Re{κ} of the SMP is shown in Fig. 1(c). At the lower band-
edge ωu − ωs/2, the SMP is not well confined to the interface
in the air region with C → ∞ but tightly confined in the YIG
region with C ∼ 0. As frequency increases, confinement in-
creases/decreases in the YIG/air regions. In Fig. 1(d), the SMP
wavelength λ = 2π/kSMP is shown for a few bias settings that
decrease in magnitude from 500 mT in steps of 25 mT. As
bias decreases, the spectral location of the band-gap red shifts.
Over a narrow band centered about ∼16.8 GHz, the band gap
is common to all magnetic biases, and for a set frequency, each
SMP mode exists within it having wavelengths that decrease
with bias. The figure also suggests that if a nonuniform bias,
slowly varying with respect to the SMP wavelength, were
distributed across the slab, the band gap would effectively

broaden (i.e., the transmission of bulk radiation between two
points in the spatial plane would be blocked over a broader fre-
quency range), with a strong SMP excitation likely possible at
some operating frequency within the broadened band gap due
to SMP mode overlap. In fact, simulation and experiment later
confirm this theory. Figure 1(e) shows the profound effect
that loss has on the propagation length L = 1/[2Im{kSMP}].
However, for this application, the band gap is far enough from
the resonant frequency ω0 (i.e., off resonance, �Heff = 3Oe is
used to define the loss rate α) and so loss does not significantly
damp the SMP mode.

C. SMP excitation

To excite the SMP mode, the easiest way is to use a near-
field source that induces a time harmonic magnetic dipole
moment perpendicular to the air-YIG interface. For example,
this type of excitation may be implemented experimentally
using a small loop magnetic dipole antenna with the loop
oriented in the plane of the interface. Figures 2(a) and 2(b)
show field maps of the SMP excitation above 1.8- and 3.6-
mm thick YIG slabs using a magnetic dipole point source
operating at the band-gap center frequency associated with a
uniform 500 mT bias. To generate the field maps, finite ele-
ment method (FEM) simulations are performed in COMSOL,
where the computational domain in each case is invariant
with respect to the bias direction ẑ. Due to a nonzero con-
finement C ∼ 0.6 mm in the YIG, as shown in Fig. 1(c),
the magnetic-field components of the SMP normal to the
upper and lower interfaces begin to interfere considerably as
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thickness decreases from 3.6 mm, which forms a quasistand-
ing wave within the slab.

D. Effects of nonuniformity

In Sec. II B, we speculated from Fig. 1(d) that if a
nonuniform bias, slowly varying with respect to the SMP
wavelength, were distributed across the YIG between two
points in the spatial plane, the band gap would effectively
broaden since transmission of bulk radiation between the
points would be blocked for operating frequencies within the
broadened range. In addition, due to SMP mode overlap, we
speculated that a strong SMP excitation would likely be pos-
sible for some operating frequency within the broadened band
gap. In what follows, we provide a simulation that confirms
this theory.

Drawing a connection between the simulation described
here and the measurement described in Sec. III B, we consider
the YIG slab structure shown in Figs. 3(b) and 3(d) which
contains an abrupt change in the form of a step along the upper
interface. The structure is biased with (b) a uniform 346mT,
and (d) an interpolated nonuniform distribution obtained from
measurement. The bias distributions in each case are shown in
Fig. 3(a). In Fig. 3(c), a spatial average of the magnetic-field
magnitude normal to the uppermost interface defined by

〈|Re{Hy}|〉 = 1

x f − xi

∫ x f

xi

|Re{Hy(x, y0)}|dx, (10)

with xi = −34.5 mm, x f = 16.1 mm, and y0 = 3.6 mm, is
shown for the uniform and nonuniform bias distributions,
where each quantity is normalized with respect to the maxi-
mum value associated with the nonuniform distribution. The
averaged field provides qualitative insight into how intense
the field is at the uppermost interface over a broad range of
frequencies. For the uniform and nonuniform distributions,
the field peaks as a result of SMP propagation at the center
of the dark shaded frequency band, which corresponds to the
band gap associated with the uniform distribution. Outside of
this region where the SMP does not propagate, bulk radia-
tion contributes to a nonzero field at the interface. However,
for the nonuniform distribution, bulk radiation is suppressed
significantly in the lightly shaded band corresponding to the
broadened band gap relative to the case where the bias is
uniform. Figures 3(b) and 3(d) show the SMP field profile
for the uniform and nonuniform distributions, respectively,
when the operating frequency is 13.5 GHz, corresponding to
the band-gap center associated with the uniform bias. For the
nonuniform distribution, SMP wavelength differs at various
points along the interface in a way that is consistent with
Fig. 1(d).

III. EXPERIMENT

To demonstrate the effectiveness of topological protection,
we designed an experiment to measure transmission of the
SMP between two small loop magnetic dipole antennas dis-
placed a short distance above the upper interface between air
and various YIG slab structures, including those considered
for simulation in Secs. II C and II D. Each structure is cre-
ated by layering YIG plates having dimensions of 50.6 mm ×

FIG. 4. Top view of the apparatus used to conduct the exper-
iment, where two neodymium ferromagnets in series bias a YIG
slab in the Voigt configuration, and two small loop magnetic dipole
antennas (labeled ant. 1,2) mounted onto 1.85-mm coaxial cables,
displaced a small distance above the upper interface by an insulating
cover (white), transmit and receive at operating frequencies between
4 and 22 GHz. The inset in the top right corner shows a zoomed view
of the antennas formed by connecting the inner SMA conductor to
the outer via a piece of 19 AWG copper wire with the enamel stripped
off. A vector network analyzer (not shown) measures transmission.

50.6 mm × 1.8 mm. Using a vector network analyzer, trans-
mission is measured at operating frequencies in the range of 4
to 22 GHz.

A full top view of the apparatus used to conduct the experi-
ment is shown in Fig. 4. Two 2in3 neodymium magnets coated
in nickel, manufactured by K&J Magnetics, are connected in
series to provide a magnetic bias distribution across the thin
edge of each structure. Individually, the magnets provide a
maximum surface field of ∼575 mT. Additional perspective
views of the apparatus are shown in Figs. 5(a), 5(c), and 6(a).

A. Isolation dependence on slab thickness

For the system under study, signal isolation in the band gap
is a measure of how efficiently the SMP is received by one
antenna over the other. Since the SMP is unidirectional, an
SMP launched by antenna 1 (ant. 1) takes the upper interface
path, while an SMP launched by antenna 2 (ant. 2) takes the
lower interface path. Due to the way the antennas are posi-
tioned, when the SMP is transmitted via the upper interface
path, the flux is received more efficiently because there would
be neither diffraction at the edges nor scattering at the antenna
feeds before being received. However, for a thin slab such as
the one shown in Fig. 2(a), a nonzero confinement may result
in the magnetic field of an SMP taking the lower interface path
being detected at the upper interface by the receive antenna
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FIG. 5. (a), (c) Perspective views of the apparatus for single and
double stacked YIG plates having a combined thickness of 1.8 and
3.6 mm. In each case, the ẑ component of magnetic bias is measured
using a gauss meter in the vicinity of 480 and 495 mT at a variety of
points along the upper interface path between antennas. (b), (d) Mea-
sured transmission spectra for the 1.8- and 3.6-mm thick slabs,
respectively. Transmission is nonreciprocal and peaks as a result of
SMP propagation in the expected band-gap region associated with
the measured bias.

(i.e., ant. 1). In this case, path preference becomes less clear
and would result in low isolation.

Figures 5(a) and 5(c) show a perspective view of the appa-
ratus for 1.8- and 3.6-mm thick slabs constructed from one
and two-layered YIG plates. Using a MF100 Gauss meter
by Extech Instruments, the ẑ component of magnetic bias
(i.e., the bias component perpendicular to the line of sight
between antennas) is measured in the vicinity of (a) 480 mT
and (b) 495 mT, with slight deviations from these values at
various points along the upper interface path. In Figs. 5(b) and
5(d), the corresponding measured S-parameters are shown.
Transmission of the SMP is nonreciprocal (i.e., S21 �= S12)
with S21 peaking well within the expected band-gap region
(shaded) associated with the measured bias. For this antenna
configuration, we find a substantial increase in isolation when
the slab thickness increases from 1.8 to 3.6 mm.

B. Topological protection

The third slab structure under consideration is one having
a step in the upper interface path comparable to one SMP
wavelength. Layering four YIG plates, the structure shown in
Figs. 3(b) and 3(d) is created by sliding the bottom plate out
by 18.4 mm. This places its maximum dimension at 69 mm,
slightly larger than the magnet dimension. As a result, the
bias is substantially nonuniform across the structure relative
to the previous two cases considered, but does not vary too
significantly so as to dramatically alter the underlying physics.
Figure 6(a) shows a perspective view of the apparatus, with

FIG. 6. (a) Perspective view of the apparatus for the YIG
slab structure shown in Figs. 3(b) and 3(d), formed by stack-
ing four YIG plates and sliding the bottom plate out 18.4 mm.
The entire structure is centered on the magnet which results
in a near symmetric nonuniform bias distribution across the
structure [see Fig. 3(a) for the interpolated distribution]. Points
labeled {1, 2, 3, 4, 5, 6} correspond to locations along the upper
interface where the magnetic field is measured in the vicinity
of {160, 266, 366, 330, 285, 148} mT. The distance of each point
from point 1 are {8.8, 34.5, 50.6, 58.3, 69} mm. (b) Measured S-
parameters for a three-layered structure, similar to those shown in
Figs. 5(a) and 5(c), with the bias measured in the vicinity of 450 mT.
(c) Measured S-parameters for the slab structure shown in (a). In (b),
the shaded frequency band corresponds to the band gap associated
with the measured bias. In (c), the lightly shaded band corresponds
to the broadened bulk band gap associated with the nonuniform
bias distribution, and the dark shaded band centered about peak S21

corresponds to the band gap associated with a uniform 275 mT bias.

the structure centered on the magnet. Points {1, 2, 3, 4, 5, 6}
correspond to locations along the upper interface path where
the ẑ component of the bias is measured. The measured values
and relative distances from point 1 are provided in the figure
caption and shown in Fig. 3(a).

Figures 6(b) and 6(c) show the measured transmission for
a three-layer slab, similar to the one and two layer slabs
shown in Figs. 5(a) and 5(c) with the ẑ component of the bias
measured in the vicinity of 450 mT, and the elongated four-
layered structure biased with a nonuniform field distribution.
In Fig. 6(b), the shaded frequency band corresponds to the
band gap associated with the measured bias, and in Fig. 6(c),
the lightly shaded band corresponds to the broadened band
gap associated with the nonuniform bias distribution, while
the dark shaded band centered about peak S21 has the same
bandwidth and location as the band gap associated with a
uniform 275 mT bias. In all of the four cases considered,
SMP transmission peaks in the band gap near the same level
(i.e., 20 log10 |S21| � −20dB), demonstrating that the SMP is
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FIG. 7. Measured S-parameters for the slab structure shown in
Fig. 6(a) when the bias is removed, where slight deviations in S21

and S12 are attributed to a small remnant magnetization. At operating
frequencies beyond ∼5 GHz, a fair amount of transmission occurs
due to bulk radiation that is guided by the structure via total internal
reflection. When biased, transmission is suppressed significantly in
the broadened band gap as shown in Fig. 6(c).

indeed topologically protected against reflection. For refer-
ence, a transmission measurement obtained in the absence
of bias (i.e., with the magnet removed) for the four-layered
structure is shown in Fig. 7.

A peak in S21 is directly correlated with a peak in the
magnetic flux associated with the SMP received by antenna
2. Likewise, the received flux may be correlated with a spa-
tial average of the magnetic-field magnitude normal to and
distributed across the uppermost interface. In Fig. 3(c), it
is shown that this spatial average obtained from simulation
peaks within the broadened band gap over a frequency band
corresponding to the band gap associated with a uniform
346 mT bias and confirmed this peak was in fact due to SMP
propagation by examining the field profile shown in Fig. 3(d).

However, in experiment, we find that S21 peaks within a fre-
quency band corresponding to the band gap associated with
a uniform 275 mT bias. The slight spectral shift of the SMP
resonance observed in experiment is likely attributed to de-
magnetization (which we did not account for in our model),
since the total bias field H0 is not strictly oriented in the Voigt
configuration (i.e., in the simulation, we only consider the bias
component perpendicular to the line of sight between anten-
nas). In addition, the broadened band gap effectively blocks
transmission of bulk mode radiation between two points in
the spatial plane which is evident from both simulation and
experiment.

IV. CONCLUSION

In this work, we obtain experimental evidence of topologi-
cally protected unidirectional SMPs guided along the interface
between air and various YIG slab structures biased with an
external magnetic bias field in the Voigt configuration. The
SMPs are transmitted and received via two small loop mag-
netic dipole antennas placed a distance across from each other
near the interface. We show that for a fixed antenna position,
isolation in the band gap increases with thickness as a result
of the lower interface path becoming less preferred than the
upper interface path. In addition, we show that the SMP is
topologically protected against reflection when encountering
an abrupt change in the interface as peak transmission of the
SMP remains largely unaffected. Furthermore, we show in
simulation and experiment that a fair degree of nonuniformity
in the bias distributed across the structure has the net effect of
broadening the bulk band gap without compromising the SMP
resonance.

ACKNOWLEDGMENTS

The authors thank Samaneh Pakniyat and Ali Hassani
Gangaraj for helpful discussions pertaining to COMSOL sim-
ulations and Swadesh Poddar for his training on the vector
network analyzer. Funding for this research was provided by
the National Science Foundation under Grant No. EFMA-
1741673.

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

[2] S. A. Hassani Gangaraj, M. G. Silveirinha, and G. W. Hanson,
Berry phase, berry connection, and chern number for a con-
tinuum bianisotropic material from a classical electromagnetics
perspective, IEEE J. Multiscale Multiphys. Comput. Techn. 2,
3 (2017).

[3] S. H. Gangaraj, A. Nemilentsau, and G. Hanson, The ef-
fects of three-dimensional defects on one-way surface plasmon
propagation for photonic topological insulators comprised of
continuum media, Sci. Rep. 6, 30055 (2016).

[4] A. Okamoto, R. Shindou, and S. Murakami, Berry curvature
for coupled waves of magnons and electromagnetic waves,
Phys. Rev. B 102, 064419 (2020).

[5] S. A. Hassani Gangaraj and F. Monticone, Physical Violations
of the Bulk-Edge Correspondence in Topological Electromag-
netics, Phys. Rev. Lett. 124, 153901 (2020).

[6] S. A. Hassani Gangaraj, G. W. Hanson, M. G. Silveirinha,
K. Shastri, M. Antezza, and F. Monticone, Unidirectional and
diffractionless surface plasmon polaritons on three-dimensional
nonreciprocal plasmonic platforms, Phys. Rev. B 99, 245414
(2019).

[7] S. Pakniyat, A. M. Holmes, G. W. Hanson, S. A. H. Gangaraj,
M. Antezza, M. G. Silveirinha, S. Jam, and F. Monticone, Non-
reciprocal, robust surface plasmon polaritons on gyrotropic
interfaces, IEEE Trans. Antenn. Propag. 68, 3718 (2020).

[8] S. Pakniyat, Y. Liang, Y. Xiang, C. Cen, J. Chen, and G. W.
Hanson, Indium antimonide—constraints on practicality as a
magneto-optical platform for topological surface plasmon po-
laritons, J. Appl. Phys. 128, 183101 (2020).

[9] 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).

214433-7

https://doi.org/10.1103/PhysRevB.92.125153
https://doi.org/10.1109/JMMCT.2017.2654962
https://doi.org/10.1038/srep30055
https://doi.org/10.1103/PhysRevB.102.064419
https://doi.org/10.1103/PhysRevLett.124.153901
https://doi.org/10.1103/PhysRevB.99.245414
https://doi.org/10.1109/TAP.2020.2969725
https://doi.org/10.1063/5.0030544
https://doi.org/10.1364/OPTICA.425290


HOLMES, SABBAGHI, AND HANSON PHYSICAL REVIEW B 104, 214433 (2021)

[10] T. Ochiai, Non-reciprocity and topology in optics: one-way
road for light via surface magnon polariton, Sci. Technol. Adv.
Mater. 16, 014401 (2015).

[11] G. W. Hanson, S. A. H. Gangaraj, and A. M. Nemilentsau,
Unidirectional, defect-immune, and topologically protected
electromagnetic surface waves, in The World of Applied Elec-
tromagnetics: In Appreciation of Magdy Fahmy Iskander, edited
by A. Lakhtakia and C. M. Furse (Springer International Pub-
lishing, Cham, 2018), pp. 569–604.

[12] S. A. H. Gangaraj and G. W. Hanson, Momentum-space topo-
logical effects of nonreciprocity, IEEE Antenn. Wirel. Propag.
Lett. 17, 1988 (2018).

[13] K. Shastri, M. I. Abdelrahman, and F. Monticone, Nonrecipro-
cal and topological plasmonics, Photonics 8, 133 (2021).

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

[15] S. A. H. Gangaraj and G. W. Hanson, Topologically protected
unidirectional surface states in biased ferrites: Duality and ap-
plication to directional couplers, IEEE Antenn. Wirel. Propag.
Lett. 16, 449 (2017).

[16] Y. Hatsugai, Chern Number and Edge States in the Integer
Quantum Hall Effect, Phys. Rev. Lett. 71, 3697 (1993).

[17] S. A. Skirlo, L. Lu, and M. Soljačić, Multimode One-Way
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