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In this paper, we present a new type of isolator based on one-way surface magnetoplasmons (SMPs)
at microwave frequencies, and it is the first time that an experimental prototype of isolator with
wideband and ultra-high isolation is realized using SMP waveguide. The proposed model with
gyromagnetic and dielectric layers is systematically analyzed to obtain the dispersion properties of
all the possible modes, and a one-way SMP mode is found to have the unidirectional transmission
property. In simulation and experiment with metallic waveguide loaded with yttrium-iron-garnet
(YIG) ferrite, the scattering parameters and the field distributions agree well with the analysis and
verify the one-way transmission property. The isolation is found to be as high as 80 dB and the typical
value of insertion loss is 1 dB. Besides, the one-way transmission band can be controlled by changing
the magnetic bias. From theoretical analysis and simulation, it is found that with a tiny value of 10
Oe of the magnetic bias, the relative bandwidth can be tuned to be greater than 50%. Compared with
conventional isolators, this one-way SMP isolator has the advantages of ultra-high isolation, wide
relative frequency band, and requires much smaller bias field, which has promising potential in non-
reciprocal applications.

Keywords Surface magnetoplasmons (SMPs), Gyromagnetism, Yttrium-iron-garnet (YIG) ferrite, Isolator,
Nonreciprocity

Isolators are important components in many communication systems, and are mainly used to suppress reflected
standing waves caused by impedance mismatches between highly-detuned components in microwave systems' .
One type of isolator, which utilizes resonance absorption, operates near gyromagnetic resonance®®. In such a
device, the magnetized ferrite slab resonates around its gyromagnetic frequency, hence the reverse power is
absorbed inside the ferrite bulk. Because of the resonant nature, this device is typically narrowband. Another
type of isolator is called field displacement isolator, and utilizes the electric field distribution differences between
the forward and reverse waves in a waveguide loaded with ferrite slab’~'°. A resistive sheet is placed at the loca-
tion where the forward wave has low electric field while the reverse wave has maximum electric field value, as a
result, the forward wave propagates with minimum attenuation and the reverse wave is absorbed. Nonetheless,
such isolator has complicated cavity geometry loaded with additional resistive layer. Additionally, isolator can
also be realized by combining a circulator with an external resistive load. In contrast to previous implementa-
tions, the reverse power in such cases is absorbed in an external load rather than being dissipated inside the
device itself. In the work of'!, a stratified dielectric and gyroelectric medium structure was developed as isolator
in millimeter wave, which realized non-reciprocal transmissions via different attenuation constants for forward
and reverse directions.

Recently, topological electromagnetics (EMs) with extreme optical effects has received great attention
which supports unidirectionally propagating modes. The unidirectional EM modes were first proposed in"?, as
analogs of quantum Hall edge states in photonic crystals (PhCs)!'®'”. Such modes were experimentally verified
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using magneto-optical (MO) PhCs with external static magnetic field'®. It is found that these unidirectional
modes are immune to backscattering'®2°. Since then, several schemes were reported to realize one-way propa-
gation, and among them, the one based on surface magnetoplasmons (SMPs) seems to be most attractive as it
has robust mechanism and simple geometry*'~?¢. Unidirectional SMPs with one-way propagating modes have
attracted much research interest due to the rich physics of nonreciprocal and topological materials”’ . In the
microwave domain, by using ferrite materials with remanence 31, it was also reported that unidirectional SMPs
can be achieved without an external magnetic bias *.

This paper proposes a novel scheme of nonreciprocity, which promises unidirectional transmission with
exceedingly high isolation based on gyromagnetic SMP waveguide. We first theoretically analyzed the dispersion
and transmission properties of one-way SMP, which is supported by rectangular waveguide loaded with dielectric
and gyromagnetic media, isolator was then designed and realized based on this SMP mode. The experimentally
observed isolation has reached up to 80 dB, surpassing the ideal isolation limited by the state-of-the-art tech-
nique. Besides, this SMP structure has much flexibility in designing and controlling its one-way transmission
properties, with the characteristics of wide relative bandwidth greater than 50%, tunable working frequency,
and ultra-low demand of magnetic bias.

Theoretical analysis

The basic model of SMPs at microwave frequencies is illustrated in Fig. 1, which consists of a gyromagnetic
medium layer and a dielectric layer placed between two parallel metal plates. The dielectric layer has the relative
permittivity of &, and thickness of d;. With an external uniform static magnetic field (Hy) applied in z direc-
tion, the gyromagnetic material with thickness of d has the relative permittivity &,, and permeability tensor ji,,

K1 —ipy 0
Um = | iy 1 0 |, (1)
0 0 us3

where 11 = 14 wm(wy + ioa)/[(wy + ioa)? — w?], 1y = own/[(w + ioa)? —w?], and sz =1, with
wo = y (o|Hop| being the precession frequency, w,, = y oM being the gyrotropic frequency, and « is the damp-
ing factor related with the resonance linewidth AH. Here y is the gyromagnetic ratio, and M; is the saturation
magnetization. For the transverse-electric (TE) polarization, the bulk modes in the gyromagnetic medium
has the dispersion relation k = ,/g,i1,ko, where k is the wavenumber, p, = u; — 13/ (Voigt permeabil-
ity), and ko = w/c being the vacuum wavenumber, and there exists a bandgap with x, < 0, which ranges
from +/wo(wo + W) to (wo + wy,). Note that this bandgap vanishes if the medium is not magnetized (i.e.,
wy = Wy = 0).

The existence of the SMP mode in the considered system closely relies on the bandgap of the gyromagnetic
medium. For the SMP mode propagating along the interface between the gyromagnetic material and dielectric
at y = 0, the fields in the system are TE-polarized, and the nonzero component of the electric field (E) can be
written as

E.(x,y) = [Alexp(—otdy) + Azexp(ozdy)]exp[i(kx —wt)] ()
in the dielectric layer and

E.(x,y) = [Blexp(—ozmy) + Bzexp(amy)}exp[i(kx — wt)] (3)

in the gyromagnetic medium, where k is the propagation constant, g = /k2 — &,k3,and oty = 1/ k2 — epmpiy k3.
The nonzero components of the magnetic field (H, and Hy) can be obtained straightforwardly from E,. The metal
layer in this structure is assumed to be a perfect electric conductor (PEC), which is a good approximation for
microwave regime. Thus, the tangential component E, vanishes at the metal boundaries y = d; and y = —d»,
yielding Ay = —Ajexp(—2wyd;) and B, = —Bjexp(2ap,d;). By applying boundary conditions at the interface
y = 0, which require continuity of tangential field components E, and Hy, the dispersion relation of SMPs can
be obtained as

Metal

Figure 1. Schematic of the basic model of one-way SMPs at microwave frequencies.
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oqpy + (MZ )tanh(ozddl) =0. 4)
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It can be found that the SMP mode has an asymptotic frequency of (wg + @), at which k — oo.
As the dielectric cladding is terminated by metal boundary, the propagation constant (k) of the SMP mode
[k2

is allowed to be smaller than , /&, kg in this system. In this case, g = - srk(z) = ip,;, where pjis a real-valued
number. Correspondingly, the dispersion relation of the SMP mode becomes

n2

paty + (Ek + )tan(Pddl) =0. (5)

___m
tanh (o, d>)

The SMP mode with k < /g,ko can exist even when the thickness of the dielectric layer is close to zero, hence
it is rather different from regular modes, which are guided based on the total internal reflection. In the bandgap
of the gyromagnetic medium, the dielectric layer in this system may support regular modes with k < /& ko,
and these modes are bidirectionally propagating in general. Due to its transverse resonance, each regular mode
exists only when the thickness of the dielectric layer is larger than a certain value. The dispersion relation of the
regular modes has the same form as Eq. (5). These bidirectional regular modes need to be concerned about, as
they are a detriment to the unidirectional frequency window of the waveguide. It is desired that in the bandgap
of the gyromagnetic medium, regular modes can be suppressed by reducing the dielectric layer thickness.

Under a typical material parameters with wg = 0.53w, &, = 13.5, and &, = 1, the dispersion curves of
possible modes in the proposed waveguide are numerically calculated for different d; values, d; = 0.014/,,,
di = 044 and dy = Ay, with fixed d, = 0.07 4, where A, = 27w¢/wp. As shown in Fig. 2, the solid blue lines
represent the SMP mode lying within the bandgap of the gyromagnetic medium, while the dotted lines are the
regular modes. The light lines of free space are represented by dashed red line as reference, and the bulk mode
zones in the gyromagnetic medium are represented by the green shaded areas. For thin dielectric layer as in
Fig. 2a, the dispersion line of SMP monotonically increases and continuously passes through k = 0 point, and
no regular mode exists within the bandgap of the gyromagnetic medium. The unidirectional window is high-
lighted with yellow shaded area. As the dielectric layer d; increases, the dispersion line drops down in the light
cone of free space. Meanwhile, a regular mode appears in the bandgap of the gyromagnetic medium, as seen in
Fig. 2b and c. The lower cutoff frequency of this regular mode decreases when d, increases, and consequently,
the unidirectional window is compressed from top. As comparison, we also plot the SMP dispersion curves in
Fig. 2d-f for the corresponding cases of semi-infinite gyromagnetic medium d, = oo. In such cases, the disper-
sion relation for SMP mode becomes.

agpy + <Olm + %k) tanh(addl) =0. (6)
1

It can be seen that as the gyromagnetic medium thickness d; is big enough, higher value will not change the
dispersion property too much, as it is surface wave along the interface and decaying inside the medium.

Figure 2. Normalized dispersion relations of SMPs for various dielectric thickness d; values (a) 0.0144,,, (b)
0.4, and (c) 4,,, with fixed d, = 0.074,,. Dispersion relations of SMPs for various dielectric thickness d; values
(d) 0.014 A, (€) 0.4, and (f) A, with semi-infinite gyromagnetic medium d, = oc. Here 4, = 27w¢/wm,

km = wm/c.
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Numerical simulation

To validate the proposed theory, we perform the simulation using time domain finite integral technique (FIT).
The setup of the simulation is shown in Fig. 3, a metallic waveguide is loaded with a slab of gyromagnetic ferrite
with thickness d; = 10 mm, a layer of air with d; = 2 mm above the ferrite, with dielectric constant &, = 1. The
waveguide is filled with high dielectric constant ceramics at both input and output ends to lower its cutoff fre-
quency. TE-mode guided wave is injected by SMA connectors along z direction. The locations of the connectors
are carefully chosen within x-y plane to match the input impedance of the SMP waveguide, and a waveguide
ridge is also introduced near the connectors for impedance matching. The gyromagnetic ferrite is set with the
parameters of 4 M = 750 Gs, &, = 13.5and AH = 30 Oe, with an external magnetic bias of Hy = 400 Oe. As
a result, w, = 13.193 x 10°rad/s, wp = 7.036 x 10°rad/s ~ 0.53wy,, d; = 0.0144,, and d5 = 0.074,,, which is
identical to the parameters in the theoretical analysis. Two cases with ferrite length | = 20 mm and [ = 40 mm
are simulated.

The simulated S parameters of the proposed structure are shown in Fig. 4. It can be found there is a wide
band between 2.3 and 3.1 GHz that the forward wave (S1) can be guided smoothly while the reverse wave (1)
is deeply suppressed, which is highlighted in grey shadow, and it agrees well with theory result in Fig. 2a with
one-way transmission band from w = 1.05w, to @ = 1.53w,. The isolation for the 20 mm long ferrite is 40 dB
and it reaches to 70 dB for the 40 mm length. This isolation is due to the one-way transmission property of the
SMP mode supported in this band. Despite the one-way transmission property, it can be seen there is still a
finite amount of reverse transmission for the shorter ferrite, which is due to tunnelling effect of evanescent wave
through the system. Longer ferrite with I = 40 mm can effectively suppress the tunnelling effect with ultra-high
isolation. It is also found there is a reciprocal pass band near the frequency of 1.6 GHz, which shows the exist-
ence of regular modes in the gyromagnetic ferrite, as estimated in theory around @ = 0.8w,. The transmission
is suppressed by the waveguide below the cutoff frequency 1.6 GHz. To get an insight into the transmission phe-
nomenon, the field distributions in simulation are drawn in Fig. 5, with a ferrite length of 100 mm to make the
field distribution clearer. It can be clearly seen inside the unidirectional window, the forward wave can be guided
through the SMP structure along the interface between ferrite and air, the effective wavelength can be found
to be small at lower frequencies of the one-way SMP band and approach infinite as the dispersion line crosses
k = 0, then it decreases as k increases to positive value region. On the contrary, the reverse wave is prohibited

Ceramic

Figure 3. Simulation structure of the proposed one-way SMPs.
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Figure 4. Simulated S parameters of the SMP waveguide with different ferrite lengths (a) I = 20 mm, (b) I = 40
mm.

Scientific Reports |

(2024) 14:17474 | https://doi.org/10.1038/s41598-024-68602-5 nature portfolio



www.nature.com/scientificreports/

2.4 GHz
2.5 GHz

2.6 GHz
2.7 GHz
2.8 GHz
2.9 GHz
3.0 GHz
3.1 GHz

Forward transmission

Reverse transmission

tcHz: PCICOTOT B I TOTCOTOTC)

Figure 5. Simulated field distributions at different frequencies for forward and reverse transmissions. The
length of the SMP waveguide is | = 100 mm in the simulation.

from entering the waveguide and is stuck at the input end to gradually wear off. It is worth mentioning that the
blocked reverse transmitted wave is not reflected to the feeding port, which means the signals from both ports
are well injected into the SMP system, here the forward wave can be guided to the output while the reverse wave
will be converted to thermal dissipation. Besides, from the phase animation in simulation, the Poynting vector
(red arrow in Fig. 5) and wavenumber vector (orange arrow in Fig. 5) have opposite directions below 3 GHz
with negative k value as theory predicted, and they are in the same direction above 3 GHz with positive value of
k. For comparison, the wave field at 1.6 GHz beyond the bandgap of the gyromagnetic medium is also shown,
and evidently, it is a reciprocal regular mode that is mainly guided by the ferrite medium layer.

For the one-way SMP mode, the energy is confined near the interface between the ferrite and air, its trans-
mission loss is mainly caused by the loss of ferrite, which is related to the resonance linewidth AH. Taking the
loss effect into account, we calculate the real and imaginary parts of the propagation constant for different AH
values, and the results are plotted in Fig. 6. It can be seen that it has higher loss at two ends of the one-way SMP
band, and increasing the value of AH will generate higher value of transmission loss. Such result is verified by
the simulation in Fig. 4, where the forward transmission is lower at the two edges of the one-way SMP band
and has higher value in the center. The typical value of transmission loss is 1.5 dB for | = 20 mm and 2.5 dB
for I = 40 mm. It should be noted there is still room for improvement of the insertion loss with refined design.
Furthermore, we will explore the schemes of the one-way SMP system with minimized insertion loss. In Fig. 7a,
the saturation magnetization M; and the external static magnetic field Hy are carefully tuned to keep the center
frequency of the SMP mode unchanged. It is found that with higher value of M, and smaller Hy, the forward
propagation loss of the SMP mode is lower and the one-way SMP mode has wider frequency bandwidth, the
resonance linewidth is kept constant AH = 30 Oe. The values of M;, Hyand AH set here are all reasonable and
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Figure 6. Real and imaginary part of the propagation constants with different values AH. The effect of the

resonance linewidth on the real part of the propagation constant is almost negligible.
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Figure 7. (a) Real and imaginary part of the propagation constants with different values of M; and Hy, and (b)
the corresponding transmission properties of the proposed one-way SMP waveguide in simulation.

commercially available. The transmission properties from FIT simulation in Fig. 7b clearly verify the lower
insertion loss and wider bandwidth with larger M;.

The insertion loss of the unidirectional waveguide is determined by the attenuation constant of the SMP
mode, and evidently, it is also related to the geometric parameter d;. From Fig. 8a, as the air layer thickness d;
increases, the real part of k (phase constant) increases, while the imaginary part (attenuation constant) decreases
in the unidirectional window. This is mainly because wider air layer causes the SMP field less distributed inside
the ferrite medium, so the SMP wave experiences less ferrite loss. The transmission coefficients in simulation
are plotted in Fig. 8b and agrees with the calculation in Fig. 8a. We further analyze the influence of the ferrite
thickness (d>) on the transmission property of the unidirectional waveguide. The calculated phase and attenu-
ation constants of the SMP mode for different d; values are plotted in Fig. 9. Interestingly, the attenuation con-
stant of the SMP mode can also be reduced with larger d; at higher frequencies. The field of the SMP mode in
the gyromagnetic medium is an evanescent field, whose distribution is characterized by the penetration depth
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Figure 8. (a) Real and imaginary part of the propagation constants with different values of d;, and (b) the
corresponding transmission properties of the proposed one-way SMP waveguide in simulation.
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Figure 9. (a) Real and imaginary part of the propagation constants with different values of d», and (b) the
corresponding transmission properties of the proposed one-way SMP waveguide in simulation.
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8 = 1/a,. Itis found that § = 8.5 mm at the frequency 3 GHz. Therefore, in the case of d, = 5 mm, the evanes-
cent field does not undergo sufficient attenuation as it reaches the metallic bottom, resulting in a strong reflected
field. The superposition of downward and upward evanescent fields enhances the field amplitudes within the
gyromagnetic medium. In contrast, when d, = 20 mm, the field of the SMP mode almost monotonously decays
in the gyromagnetic medium, and it becomes very weak at the metallic bottom. Clearly, a smaller thickness of
the ferrimagnetic medium concentrates the field energy, thereby enhancing energy density and consequently
increasing the energy dissipation in the gyromagnetic medium.

Provided with alternative options of ferrite material, the one-way SMP structure has much flexibility in
designing an isolator and can achieve superior performance. A representative example is depicted as in Fig. 10,
a one-way SMP mode with dispersion line presented in dotted red line and its corresponding transmission coef-
ficients in forward and reverse directions shown in blue lines, with saturation magnetization 47 M; = 1200 Gs
and static bias magnetic field Hy = 10 Oe. It is seen the SMP mode can be obtained by applying an extremely
small magnetic bias, so that it is feasible to utilize pre-oriented ferrites to fabricate self-biased isolator which
operates without permanent magnets to drastically decrease the size of the components. The relative bandwidth
is higher 50% with typical insertion loss of 1 dB and isolation of greater than 50 dB. These preliminary results
demonstrate the possibility of realizing high isolation and wide bandwidth isolator with remanent magnetization
in the absence of external magnetic field.

Experimental measurement
To verify the theoretical analysis and numerical simulation above, we carried out the experiment as shown in
Fig. 11, a SMP waveguide is placed vertically between two magnetic poles of an electromagnet (YK230404-122)
with uniform static magnetic field, whose strength can be adjusted between 100 and 10,000 Oe by tuning the
applied voltage supply. A slab of yttrium-iron-garnet (YIG) ferrite of 10 mm thickness is placed in a metallic
waveguide with an air gap of 2 mm apart from the sidewall. The YIG ferrite is designed and claimed to have the
same material parameters as those in simulation, with saturation magnetization 4m M; = 750 Gs and resonance
linewidth AH = 30 Oe. Two ceramics are placed on each end of the waveguide connected with relative permittiv-
ity of 90 to reduce the waveguide cutoff frequency, so that microwave signal can enter the waveguide in the SMP
band. Microwave connectors are placed perpendicular to the waveguide to feed TE wave into the SMP system.
The S parameters of the SMP waveguide are measured using Vector Network Analyzer (Ceyear 3672E
10 MHz-67 GHz), the obtained results are plotted in Fig. 12 for the ferrite of 20 mm length, with the external
magnetic bias tuned to be approximately H, = 1100 Oe. For plate shape ferrite, the demagnetization factor is
approximately N = 1, the internal bias magnet of ferrite is Hy = H, — My, here M is the magnetization of the
ferrite, which is closed to the saturation magnetization M;. It can be seen from Fig. 12a there is a wide band of
one-way propagation ranging from 2.4 to 3 GHz, with reverse isolation of 40 dB, which is basically agrees with
previous simulation. It can be seen the one-way SMP bandwidth is slight narrower than that in simulation, the
reason is quite because the practical ferrite parameters are not perfectly identical to the values in simulation,
where M, may be a little smaller than expectation leading to narrower bandwidth, as the above analysis. In
addition, the return loss is deteriorated compared with simulation. This is probably because some unexpected
fabrication and assembly error is accidentally introduced in experiment, this imperfection in turn impacts the
transmission coefficient. We re-calculate the de-embedding coefficients Sy14. = S21/ \/ A =11 = I$21%)
and Sy54, = Slz/\/(l —1$111)Q = [822]?) to remove the imperfect matching influence in Fig. 12b, the typical
transmission loss is about 1 dB. Despite the difference, the measurement results still reveal the evident one-way
propagation effect and its outstanding isolation performance. Figure 13 shows the results of the 40 mm long
YIG with the same parameters. It can be seen the isolation can be as high as 80 dB and the typical value of
transmission loss is about 1.5 dB. We should emphasize that the prototype in our experiment is not assembled
and tuned well enough to get ideal matching performance, and ferrite material parameters seems deviates from
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Figure 10. Calculated propagation constant and simulated transmission coefficients with 47 M, = 1200 Gs and
H() = 10 Oe.
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Figure 12. (a) Experimental results of the proposed one-way SMPs for 20 mm long YIG ferrite, and (b) the
transmission properties with de-embedded unmatching effect.
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Figure 13. (a) Experimental results of the proposed one-way SMPs for 40 mm long YIG ferrite, and (b) the
transmission properties with de-embedded unmatching effect.
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our expectation. Even though, we still verify the excellent performance of ultra-high isolation and relative low
transmission loss, and we believe through careful designing the material and geometric parameters of the SMP
system, the insertion loss can be further improved.

The propagation constant can be obtained from the transmission phase difference between the two SMP
structures with 40 mm and 20 mm length, that is k = [Phase(S2140) — Phase(S2120)]/ Al, as shown in Fig. 14.
The experimental extracted dispersion line is consistent with the theoretical predictions, and further illustrates
the one-way transmission induced by the SMP mode. As we adjust the static magnet bias by tuning the electro-
magnet current supply, the one-way transmission passband shifts to higher band as the magnet bias increases,
as shown in Fig. 15a, such one-way SMP mode disappears when no magnet bias is imposed as plotted in blue
line. The calculated dispersion lines with different static magnetic bias in Fig. 15b confirm validity of our theory.
This character can be utilized in tunable isolator.

Conclusion

In this paper, we proposed and theoretical analyzed a new kind isolator based on one-way SMP, and it is the first
time that a fully functional prototype of isolator with ultra-high isolation is realized using SMP mode waveguide.
By designing the ferrite and dielectric layers with proper material parameters and geometric dimensions, we
obtained SMP with one-way transmission. The S parameters and the field distributions from simulation agree well
with the analysis and verify the one-way transmission property. Experiments were then carried out in metallic
waveguide loaded with YIG ferrite. The isolation is found to be as high as 80 dB with low static magnetic bias,
and the typical value of transmission loss can be 1 dB when removing the unideal matching effect. The one-way
transmission band can be tuned as the magnetic bias changes. To demonstrate the extraordinary performance
of the one-way SMPs as isolator, we provided an example with the relative bandwidth greater than 50 %, and
an extreme low demand of magnetic bias of only 10 Oe, which is possible to be realized based on remanence
without bulky magnetic bias. Compared with conventional isolator, this one-way SMP mode isolator has not only
high-performance but also flexible properties with tunable working frequency, and this new isolator concept has
great potential in a variety of non-reciprocal applications.
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Figure 14. Extracted dispersion curve from experiment.
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