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Abstract: Energy squeezing is attractive for its potential applications in electromagnetic (EM)
energy harvesting and optical communication. However, due to the Fabry-Perot resonance,
only the EM waves with discrete frequencies can be squeezed and, as far as we know, in the
previous energy-squeezing devices, stringent requirements of the materials or the geometrical
shape are needed. We note that the structures filled with epsilon-near-zero (ENZ) mediums as
reported in some works can squeeze and tunnel EM waves at frequencies (e.g. plasma frequency).
However, the group velocity is usually near zero, which means little EM information travels
through the structures. In this paper, low-loss energy squeezing and tunneling (EST) based
on unidirectional modes were demonstrated in YIG-based one-way waveguides at microwave
frequencies. According to our theoretical analysis and the simulations using the finite element
method, broadband EST was achieved and the EM EST was observed even for extremely
bended structures. Besides, similar EM EST was achieved in a realistic three-dimensional
remanence-based one-way waveguide as well. The unidirectional mode-based EST paves the way
for ultra-subwavelength EM focusing, enhanced nonlinear optics, and the design of numerous
functional devices in integrated optical circuits such as phase modulator.
© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1.

Introduction

One-way Electromagnetic (EM) waves propagating in systems in only one direction are similar
to those one-way edge modes founded in the quantum Hall effect [1]. The one-way EM modes
was experimentally observed in 2009 by using a microwave magneto-optical (MO) material, i.e.
yttriun-iron-garnet (YIG) [2]. This kind of one-way EM modes sustained at the MO interface
are named surface magnetoplasmon (SMP) and utilizing an external magnetic field to break
the time-reversal symmetry is a fundamental way to induce such one-way SMP [3,4]. In the
past decades, slowing or even stopping light attracts many attentions for its potential uses in
quantum optics, data storage and biosensing [5,6]. Metamaterials [7], metasurfaces [8], tapered
heterostructures and one-way waveguides were proposed to slow light or EM waves. Recently,
Tsakmakidis and his colleagues proposed an one-way waveguide consisting of one layer of
semiconductor (InSb) and in the waveguide, one metal layer was set to stop the EM wave, and it
was reported that the time-bandwidth limit in such one-way waveguide can be broken [9]. More
recently, we proposed several similar one-way waveguides and interesting phenomenons such as
slowing wave and truly rainbow trapping were reported as well [10,11].
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Squeezing electromagnetic waves at subwavelength or even deep subwavelength scale is
important for near-field microscopy [12,13], semiconductor laser [14], optical sensing [15] and
nonlinear optics [16,17]. Epsilon-near-zero (ENZ) materials refers to those materials with a
near-zero relative permittivity and owing to the special physical characters, they are widely used
in researches of metamaterial and metadevices. In the past two decades, researchers reported
several types of devices based on ENZ materials, in which the EM energy squeezing and tunneling
(EST) were observed [18–22]. Moreover, utilizing metamaterials and metasurface are believed
to be an efficient way to realize EM EST [23,24]. Recently, it was reported that, by utilizing
two-dimensional materials (graphene and hexagonal boron nitride), an ultimate confinement
limit of the length scale of only one atom was achieved based on a graphene-insulator-metal
structure [25].
However, the EM EST always suffers from the Fabry-Perot resonance and reflections, and
the coupling efficiency of the guided modes is always low. Therefore, to achieve EM EST,
researchers are required to carefully optimize the geometric shape and sift the materials. On
the other hand, one-way waveguide can support unidirectionally propagating EM waves without
backscattering and those one-way EM waves, as reported in many works, can nearly perfectly
bypass disorders or bends. In this paper, we theoretically study the propagation characters in
metal-dielectric-YIG-metal (MDYM) structures and by utilizing COMSOL software, EM EST
are achieved and verified in the YIG-based one-way waveguides. Moreover, the EM EST in
such waveguides are proved to be low-loss. Furthermore, similar EM EST are achieved in a
remanence-based three-dimensional (3D) MDYM waveguide as well. This kind of unidirectional
modes-based EM EST is useful for the oncoming optical communication system.
2.

Broadband energy squeezing based on unidirectional modes

As reported in many works, the effect of energy squeezing is usually achieved in cavities
surrounded by metallic materials. Here, we propose a novel waveguide performed like a energy
compressor based on unidirectional EM modes. The inset of Fig. 1(a) shows the schematic
of that waveguide, which is composed of two layers of metal layers (treated as perfect electric
conductor(PEC) in microwave regime), one layer of dielectric (air) and one layer of YIG under
an external magnetic field H0 , i.e. the MDYM structure. The asymmetric relative permeability
tensor of YIG in this case takes the following form
⎡
⎢ µr
⎢
⎢
µ̄h = ⎢ iµk
⎢
⎢
⎢ 0
⎣

−iµk
µr
0

⎤
0 ⎥
⎥
⎥
0 ⎥
⎥
⎥
1 ⎥
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(1)

ωm ω
with µr = 1 + ωm (ω0 −iαω)
and µk =
. ω, α, ωm , ω0 = 2πγH0 (γ, the gyromagnetic
(ω0 −iαω)2 −ω 2
(ω0 −iαω)2 −ω 2
ratio) are the angular frequency, the damping coefficient, the characteristic circular frequency and
the precession angular frequency, respectively [26]. In the MDYM model, only the transverse
electric (TE) modes (kz = 0) are sustained on the air-YIG interface, and deriving from the
Maxwells’ equations and two boundary conditions in y direction, the dispersion relation of the
TE modes (SMPs) can be written as below

αh
µk
+ k] tanh(αd d) = 0
(2)
tanh(αh h) µr
√︂
√︁
where αd = k2 − εd k0 2 (k0 = ω/c) and αh = k2 − εh µv k0 2 (µv = µr − µk 2 /µr , the Voigt
permeability) demonstrate the attenuation coefficients of the SMPs in the air and YIG layers
[27]. In Eq. (2), by letting k → +∞ and k → −∞, we calculated two asymptotic frequencies
αd µv + [
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+ = ω + ω and ω− = ω + ω /2. As an example, the dispersion
(AFs) of the SMPs, i.e. ωAF
0
m
0
m
AF
diagram of the MDYM is shown in Fig. 1(a) for d = 0.1λm (λm = 2πc/ωm ) and h = 0.15λm .
The red line indicates the dispersion curves of SMPs and there is a clear one-way propagation
(OWP) band (shaded rectangle area) limited by two AFs. Moreover, the blue shaded zones and
the dot-dashed line respectively represent the bulk zones in the YIG layer and the light cone of
air, respectively. Different with the SMPs in infinite YIG based one-way waveguide, the SMPs
+ ,
in the MDYM waveguide strongly coupled with bulk modes when the frequency is near ωAF
making the horizontal dispersion curve branch in the k>0 region. To explain the theory of energy
squeezing in MDYM structures, in Fig. 1(b), the zoomed-in dispersion curves of SMPs are plotted
for three different values of d, i.e. d = 0.1λm (red line), d = 0.03λm (black line) and d = 0.01λm
(blue line). As a result, when reducing the thickness of the air layer, the dispersion curves rose up
− gradually disappeared, in other words, the dispersion valley
and the dispersion branch of ω<ωAF
in thick air case (d = 0.1) gradually rose up and in the thin air case (d = 0.01λm ), no SMPs are
− . Most importantly, although the dispersion curve rose up or
found in the frequency band ω<ωAF
dropped down when changing d, the whole OWP band remains unchanged since it is governed
by two AFs which are independent of d. Therefore, as shown the inset of Fig. 1(b), we believe
that the one-way propagating EM waves in the left thicker part can always nearly perfectly couple
with the sustained EM modes in the right part of the waveguide for the one-way propagation
character in both parts.

Fig. 1. (a) Dispersion diagram of the MDYM configuration as h = 0.15λm and d = 0.1λm .
The orange shaded area and the blue shaded areas represent the one-way propagation
band (OWP) and the compressed bulk zones in YIG, respectively. The dot-dashed line
demonstrates the light line in air. (b) Dispersion curves of SMPs for three different d, i.e.
d = 0.1λm (red line), d = 0.03λm (black line) and d = 0.01λm (blue line), as h = 0.15λm .
The inset of (a) shows a straight MDYM waveguide while the inset of (b) demonstrates a EM
compressor based on MDYM configuration. The other parameters are ω0 = ωm , λm ≈ 60
mm, εd = 1, εh = 15, α = 0 and H0 ≈ 1785 G.

Note that the loss of MO materials, e.g. YIG, has no significant impact on the one-way
propagation character of the SMPs in one-way waveguides [9,10]. In this paper, the loss effects
are considered by setting α = 0.001 in the simulations using finite element method (FEM). In
Fig. 2, we performed a full wave simulation with f = 1.75fm to reveal the high performance
energy squeezing based on our proposed MDYM configuration. Figures 2(a) and 2(b) are the
simulated electric field and magnetic field distributions, respectively. One can clearly see that the
excited EM wave unidirectionally propagate to the end of part 1 of the waveguide and further
propagate to the narrow part (part 2) until it reaches to right most end. In addition, no interference
was observed in both Figs. 2(a) and 2(b), which is in agreement with above analysis. More clear
results of such supercoupling between the EM modes in part 1 and part 2 are shown in Fig. 2(c),
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demonstrating the electric field (blue line) and the magnetic field (red line) distributions along
the air-YIG interface. Different with the decreased amplitude of the electric field in part 2, the
magnetic field is significantly enhanced in the narrow region and the magnetic field reaches
the maximum value on the right terminal end which is set to be a PEC wall. Due to the ability
of immune to back-scattering, this kind of energy squeezing should be high performance and
here we emphasize that, compared to the SPP- or ENZ-based structures, our proposed thick-thin
MDYM waveguides can squeeze SMPs with frequencies falling within a continuous broadband
frequency band, i.e. the OWP band.

Fig. 2. Simulated (a) electric field and (b) magnetic field distributions as f = 1.75fm
(working frequency), d1 = 0.1λm , d2 = 0.01λm and h = 0.15λm . (c) The amplitudes of
the electric field and magnetic field along the air-YIG interface. L1 = L2 = 60 mm and the
source was located at x = L1 /3.

In Fig. 3, several FEM simulations were performed to show the broadband squeezing property
of our proposed thick-thin MDYM waveguide and in this case we focused on the distributions of
the electric field component (Ez ). Four working frequencies, i.e. 1.6fm , 1.7fm , 1.8fm and 1.9fm
were chose in the simulations. As a result, complete one-way propagating EM waves and clear
energy squeezing were observed in the eight simulations in Fig. 3. Moreover, all of the excited
EM waves propagates to +x direction and, in part 1, according to the dispersion relation shown in
Fig. 1(b) (red line), the higher the frequency, the larger the values of |k| (the wavenumber), which
makes the phase of Ez reaches 2π easier for the case of f = 1.9fm than the case of f = 1.6fm . In
part 2, the phase changing becomes complicate since the values of k can be negative or positive.
In a word, Fig. 3(a) indicates that our designed MDYM structure has the ability of squeezing EM
waves with frequencies in a broadband OWP region (in this case the bandwidth of the OWP band
equals 0.5ωm ). On the other hand, as shown in Fig. 3(b), the thickness of air in part 2 of the
MDYM waveguide is three times of the one in simulations shown in Fig. 3(a), and the EM waves
were squeezed in both cases, which proves that changing the vertical thickness of the air cannot
break the process of energy squeezing in the MDYM structure. The transmission efficiencies
in +x direction of the FEM simulation in Fig. 3 are illustrated in Fig. 4 for L1 ≤ x ≤ L1 + L2 .
It is obvious that, for both cases, i.e. d2 = 0.01λm case and d2 = 0.03λm case, the higher the
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frequencies of the propagating EM waves, the lesser the propagation loss. In addition, as shown
in Fig. 2, the EM waves in the thin part of the thick-thin MDYM structure were compressed and
the corresponding dissipation in the YIG layer become stronger than the one in the thick part.
Therefore, in Fig. 4, the loss in the case of thicker air (d2 = 0.03) is much lesser than the one in the
case of d2 = 0.01 since more energy decayed in the YIG layer. It is worth to note that even though
the losses seem like huge and only near 20% energy remains for the case of f = 1.6fm as shown
in Fig. 4(a), one should notice that if we set L2 = 10 mm, more than 80% energy will remain and
the corresponding transmission efficiency can be more than 93% when considering f = 1.9fm .
Therefore, the thick-thin MDYM structure can perfectly squeeze unidirectionally propagating EM
waves with high efficiency regardless of the thickness of the air at subwavelength scale. Recently,
the impact of nonlocality on one-way modes was widely discussed [28,29]. In our opinion,
the nonreciprocity in the proposed MDYM structure is derived from the impact of the external
magnetic field on the spin of electron in the YIG layer [30], avoiding the adverse influence of the
nonlocal effect on the one-way propagation property. Besides, we note that the one-way modes
in the YIG-based one-way waveguide proposed in this paper are "complex frequency" modes
[5,11]. Therefore, we believe that the unidirectional SMPs in the MDYM system are robust and
topological even considering the nonlocality, and such (topological) one-way EM modes have
been confirmed by experiments [2].

Fig. 3. Simulations for multi-frequencies one-way propagating EM waves for (a) d2 =
0.01λm and (b) d2 = 0.03λm . Four working frequencies from top to bottom are respectively
1.6fm , 1.7fm , 1.8fm and 1.9fm . The other parameters are the same as in Fig. 2.

Fig. 4. Analysis of the transmission efficiencies in simulations shown in (a) Fig. 3(a) and
(b) Fig. 3(b).
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Robust energy squeezing and tunneling

One of the most important advantages of one-way waveguides is the robustness of the unidirectional
propagation character of SMPs, which in our opinion make it possible to squeeze and recover the
waves in a U type MDYM channel. In Fig. 5, we designed two kinds of U-type channel and the
first channel is straight with the parameters are the same as the one in Fig. 3(a) except for the
values of L2 , while the second channel is bended with the radius of the corner r = 7 mm. For the
first channel, we investigate the energy squeezing and tunneling (EST) in cases of different L2 .
According to the simulation results illustrated in Fig. 5(a), in both simulations the excited waves
unidirectionally propagated to the right most end of the waveguide and were completely squeezed
in the squeezing part. More importantly, as we expect, the EM waves recovered in the recovering
part with no obvious reflection. More distinct results are shown in the last diagram of Fig. 5(a),
where the distribution of the simulated Ez was illustrated by using finite difference time domain
(FDTD) method. It can be clearly seen that energy squeezing and recovering were observed
at t = 30 Tm (Tm = 1/fm ). Another striking result shown in Fig. 5(a) is that the length of the
squeezing part only influence the phase of the EM waves at the end surface of the squeezing part
and it has no obvious impact on the supercoupling between the SMPs in the thick and the thin
MDYM waveguide. Since the supercoupling effects remain the same regardless of the values
of the thickness of the air and the length of the squeezing part, our proposed unidirectional
SMPs-based EST are untouched by the Fabry-Perot resonance. In Fig. 5(b), we designed a
extraordinarily bended U-type MDYM channel and the simulated electric field component Ez is
shown in the second diagram. According to the simulation results, the excited unidirectional EM
wave was squeezed in the squeezing part and channelled through the half-circle shape bend, and
recovered in the recovering part of the MDYM structure. Again the loss effects can be greatly
eliminated by carefully designing the waveguide parameters L1 and r.

Fig. 5. Two kinds of U-type MDYM channel. The schematic and simulated Ez for (a)
straight channel and (b) bended channel with L2 = 30 mm and r = 7 mm. For both (a) and
(b), the working frequency was set to be f = 1.75fm . The last diagram of (a) represents the
simulated Ez using finite difference time domain (FDTD) method in the straight U-type
MDYM channel with L2 = 30 mm. The other parameters are the same as in Fig. 3(a).

Besides, the dispersion characters of the SMPs in the MDYM structures can be engineered by
controlling the external magnetic field, which will further correction the OWP band. Therefore,
as shown in Fig. 6, two AFs (red and black lines) are plotted as functions of ω0 (ω0 = 2πγH0 )
and the colored zone indicated the OWP regions for 0<ω0 ≤ ωm . As a result, according to
our calculation, the robust EST can be achieved in an appreciable band (0.5ωm <ω<2ωm ) by
optimizing the external magnetic field. In order to verify the exactness of the conclusion, we
performed FEM simulations in the straight U-type MDYM structure shown in Fig. 5(a) with
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ω0 = 0.5ωm . Two working frequencies are chosen, i.e. f = 1.2fm (marked by the lower green
star) and f = 1.4fm (marked by the upper green star) and for both frequencies, the EM waves
were squeezed and recovered just like above simulations shown in Fig. 5. Consequently, owing to
the capability of unidirectionally squeezing and recovering EM energy, the MDYM configuration
(or one-way waveguide) is proved to be a powerful and high performance candidate in optical
communication and optical integrated circuit.

Fig. 6. The AFs (or the OWP band) as a function of ω0 . The insets indicate the simulated
electric field distribution for f = 1.4fm (upper inset) and f = 1.2fm (lower inset) when
ω0 = 0.5ωm (green dashed line) which corresponds to H0 ≈ 892.5 G.

4.

3D electromagnetic compressor based on remanence

YIG-based one-way waveguides, as reported in many works, sustain the transverse electric (TE)
modes [31] rather transverse magnetic (TM) modes. In this paper, the components of the TE
modes are Ez , Hx and Hy . The Z-direction electric component makes it possible to cover the
structure with metals (PEC walls) in the direction of H0 (-z) with no influence on the one-way
propagation character of the SMPs because the electric component is always perpendicular to the
PEC boundaries [32]. Considering the realistic 3-dimensional (3D) condition, in this subsection,
we design the 3D MDYM channel based on remanence. Figure 7 demonstrates the schematic of
our designed 3D channel, in which the air and YIG are surrounded by four layers of metal and the
channel is divided into three parts, i.e. the incident part, the squeezing part and the recovering
part. The lengths of three parts are respectively L1 , L2 and L3 while the height of the channel
(h0 ) was set to be 4 mm in this paper.
The relative permeability of YIG in this subsection takes the form [30]
⎡
⎢ µ1
⎢
⎢
µ̄ = ⎢ iµ2
⎢
⎢
⎢ 0
⎣

−iµ2
µ1
0

⎤
0 ⎥
⎥
⎥
0 ⎥
⎥
⎥
1 ⎥
⎦

(3)

iαωr
ωr
9
where µ1 = 1 + ω(1+α
2 ) and µ2 = − ω(1+α2 ) . ωr = 2π × 3.587 × 10 rad/s represents the
characteristic circular frequency. The dispersion relation in the remanence-based 2D MDYM
structure
√︂ can directly be derived from Eq. (2) by replacing the attenuation efficient αh by

αh1 =

k2 − εh µv1 k02 (µv1 = µ1 − µ22 /µ1 ). As shown in Fig. 8(a), the solid lines indicate
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Fig. 7. Schematic of a 3D MDYM channel based on remanence.

Fig. 8. (a) Dispersion diagram of 2D (solid lines) and 3D (marked by stars) MDYM
structures for d1 = 0.1λr (red lines) and for d1 = 0.01λr (yellow line). The shaded area
represents the OWP band while the dashed line demonstrates the light line in air. (b)
Simulated electric field distribution in the 3D simulation as f = 0.75fr along the intersection
line of a XZ plane (y = 0.005λr ) and a XY plane (z = −0.5h0 ). The inset shows the
simulated electric field in our designed 3D MDYM structure. The other parameters are
ωr = 2π × 3.587 × 109 rad/s, d1 = 0.1λr , d2 = 0.01λr , h0 = 4 mm and α = 0.001.

the dispersion curves of SMPs for d = 0.1λr (red line) and d = 0.01λr (yellow line) and
λr = 2πc/ωr ≈ 83.6 mm. The stars in Fig. 8(a) represent the corresponding solutions of the 3D
dispersion equation by using the mode analysis module of COMSOL and we found that all the
stars are on the solid lines. In the 3D simulation, we set α = 0.001, L1 = L3 = 10 mm, L2 = 30
mm and h = 0.15λr . The thicknesses of the air of the incident, squeezing and recovering part are
respectively d1 = 0.1λr , d2 = 0.01λr and d3 = 0.1λr . The inset of Fig. 8(b) shows the distribution
of the simulated electric field and we found that, similar with above 2D simulations, the EM
wave was excited by the source located at x = L1 /2 and it channeled through the squeezing part
with the transmission efficiency close to 86.72%. Subsequently, the EM waves transmitted into
the recovering part and the energy accumulated at the end surface. The purple line indicates
the amplitudes of the electric field along the intersection line of y = d2 /2 and z = h0 /2. It is
worth noting that the electric field in the recovering part is stronger than the one in the squeezing
part because some of the electric-field energy transfer to magnetic-field energy to maintain the
supercoupling effect between the thin and thick part of the MDYM waveguide. Moreover, the
smooth line also demonstrates that the EM wave travel through the waveguide without reflection
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or backscattering and the EM energy is truly squeezed and recovered in such a remanence-based
MDYM channel.
5.

Conclusion

In conclusion, we have proposed a novel metal-dielectric-YIG-metal (MDYM) configuration
and theoretically investigated the capability of such MDYM structure in energy squeezing and
tunneling (EST). Based on the theoretical analysis and the simulations using COMSOL software,
the MDYM configuration, owing to the one-way propagation character of the SMPs, has been
proved to be high-performance in squeezing the EM energy. Besides, continuous and broadband
EST were achieved based on the one-way SMPs in MDYM structures, which, to our knowledge,
has never been reported before. The vertical and lateral lengths of the squeezing part has also
be discussed and, interestingly, different with the energy squeezing based on ENZ materials,
Fabry-Perot resonance has no obvious impact on the capability of energy squeezing in such
MDYM waveguides. Moreover, in two kinds of our designed U-type MDYM channel, due to the
supercoupling between the one-way EM modes in incident, squeezing and recovering parts, the
EM waves traveled unidirectionally and channelled through the U-type MDYM channel even
when the squeezing part is greatly bended. Finally, we designed a realistic 3D MDYM channel
for EST based on remanence and similar EST were observed in such 3D structure. Our findings
pave a way to squeeze energy at ultra-subwavelength scale and the theory proposed in this paper
is highly possible to be applied in terahertz or even visible regime.
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