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Enhanced magnetochiral effects at microwave frequencies by a single metamolecule
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We have experimentally and numerically studied the directional birefringence of X-band microwaves by
magnetochiral (MCh) effects of a single metamolecule under dc magnetic fields at room temperature. Phase and
amplitude transmission coefficients from top and bottom, i.e., S parameters of S,; and S},, are measured for
the single metamolecule consisting of a copper chiral structure and ferrite cylinder in a waveguide. By applying
a dc magnetic field, we observe a difference between S,; and S;,, which is an emergence of the MCh effects
with simultaneous space-inversion and time-reversal symmetry breaking. Numerical calculation based on a finite
element method reproduces well the experimental results of the MCh effects. The MCh effect can be enhanced
by using the magnetic resonance of the ferrite cylinder. Notably, numerical calculation predicts that the MCh
effect is extremely enhanced by interacting magnetic resonance with a specific resonant structural optical activity,
leading to a giant MCh effect. The giant MCh effect observed in the present study originates from the one-way
transparency caused by the Fano resonance in the metamolecule.
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I. INTRODUCTION

Symmetry breaking is a fundamental interest in physics
[1-3]. In condensed matter, symmetry breaking causes in-
triguing electromagnetic properties [4]. The break in space-
inversion symmetry in chiral structures such as sugars, amino
acids, and proteins, causes reciprocal structural (natural)
optical activity. Broken time-reversal symmetry in magnetized
materials leads to nonreciprocal magneto-optical (MO) activ-
ity; that is to say, MO effects. These optical activities look
similar, but have different physical origins. The MO activity is
caused by the Lorentz force on electrons, whereas the structural
optical activity is due to electromagnetic induction in the chiral
structures.

It is natural and interesting to ask what electromagnetic
waves will experience when time-reversal and space-inversion
symmetries are simultaneously broken. A combination of MO
and structural optical activities, gives rise to the directional
birefringence independent of polarizations; that is, magne-
tochiral (MCh) effects [5-8]. The MCh effect is promising
for new functional devices such as a polarization-independent
nonreciprocal “one-way mirror.” Moreover, the quest for
large MCh effects paves a way toward the realization of a
synthesized gauge field; for example, an effective magnetic
field for electromagnetic waves [9,10]. The system with the
symmetries broken simultaneously is of interest also in terms
of topological spin textures like skyrmion [11]. The MCh effect
at room temperature is, however, much weaker than MO and
structural optical activities in natural materials [8,12-19]. A
similar phenomenon called the optical magnetoelectric (ME)
effect is observed in multiferroic materials [20-23]. Intensive
research efforts have been devoted to enhancing the optical
ME effect by using photonic crystals [24], gratings [25], and
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multilayers [26] mainly in optical regions. In this way, the
MCh effects can be enhanced by artificial structures [27]; for
example, metamaterials [28-31].

In a previous study [32], we reported the direct observation
of MCh effects in the X-band microwave region by a single
metamolecule consisting of a ferrite rod and a metallic
chiral structure at room temperature. A weak dc magnetic
field of 1 mT was found to induce the MCh effects at
frequencies of resonant structural optical activities, referred
to as chiral resonances. The MCh effects were increased as
the dc magnetic field was increased up to £200 mT. The
difference in nonreciprocal refractive index due to the MCh
effect was in the order of 1073, which was much larger than that
observed in natural materials at the visible frequencies [14].
The large MCh effect is associated with the chiral resonance
in the metallic chiral structure. However, the interaction of the
chiral resonance with the magnetic resonance by the ferrite rod
remained to be addressed. By applying strong magnetic fields,
the magnetic resonance of the ferrite rod approaches the chiral
resonance frequencies. This motivates a further enhancement
of MCh effects.

Here we report a comprehensive study of enhanced MCh
effects at microwave frequencies by a single metamolecule.
Microwave transmission coefficients, S parameters of S,; and
S12, are measured through the single metamolecule under
magnetic fields up to £400 mT. We observe the difference
between S;; and S, in amplitude and phase, which is
reproduced by numerical calculation based on a finite element
method. The difference is caused by the MCh effect with
simultaneous space-inversion and time-reversal symmetry
breaking. We demonstrate that the MCh effect can be enhanced
by using the ferrite meta-atom magnetic resonance. Moreover,
numerical calculation reveals an enormous enhancement of
the MCh effect by interacting the magnetic resonance with
a specific chiral resonance, leading to the giant MCh effect.
The enhancement mechanisms are revealed by investigating
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the electromagnetic field distributions in the metamolecule.
The present study paves a way toward the realization of a
synthesized gauge field for electromagnetic waves [9,10], and
is one further step for meta-condensed-matter physics using
metamaterials.

This paper is organized as follows. Section II shows the
experimental procedures and results of X-band microwave
transmission measurements through a single MCh meta-
molecule in a waveguide under strong magnetic fields. In
Sec. III, numerical calculations reproduce the experimental
results and shed light on the physics of the MCh effects. Sec. [V
outlines and discusses the mechanism of the enhanced and
giant MCh effects by the metamolecules, and Sec. V concludes
the paper.

II. EXPERIMENT

A. Sample preparation and measurements

An MCh metamolecule has been implemented by using a
Cu chiral structure (chiral meta-atom) and yttrium iron garnet
(YIG) ferrite cylinder (magnetic meta-atom). Figure 1(a)
shows a photograph of an MCh metamolecule in this study.
A Cu wire 0.55 mm in diameter was coiled clockwise four
times around the thread groove of the right-handed screw to
form the right-handed Cu chiral meta-atom, as illustrated in
the left part of Fig. 1(a). As shown in the right-hand side in
Fig. 1(a), the diameter and length of the YIG ferrite magnetic
meta-atom were 2 and 15 mm, respectively. The ferrite cylinder
is well insulating. The magnetic meta-atom was inserted in
the chiral meta-atom and the metamolecule was fixed in a
thermal-contraction tube.

N
GO0 =
()t>k) /
Cu chiral 15mm
u chira . .
4 tums Ferrite cylinder

FIG. 1. (a) Photograph of MCh metamolecule (center). The
diameter of the coin in the photo is 17.91 mm. Illustrations of Cu
chiral meta-atom (left) and ferrite magnetic meta-atom (right). (b)
Setup for numerical calculation. A metamolecule is put in the center
of the WR-90 waveguide. Both sides of the waveguide are terminated
with perfectly matched layers (PMLs).
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A single metamolecule was put into a WR-90 waveguide,
which was terminated at both ends by Agilent 281 A adaptors.
Because ac magnetic fields of microwaves in the waveguide
are parallel to the chiral axis of the MCh metamolecule, chiral
resonance can be excited. Two adaptors were connected via
the waveguide so that the polarization plane of an electric field
of the fundamental TE;y mode in an adaptor was parallel to
that in the other adaptor. The sample in the waveguide was
placed between two poles in an electromagnet for applying dc
magnetic fields. The dc magnetic field pHex Was monitored
by using a gauss meter equipped with a Hall element. 1o Hext >
0 (o Hext < 0) corresponds to magnetic field direction from
port 1 to port 2 (port 2 to port 1). The magnetic meta-atom
shows a soft magnetic nature so that the magnetization is
saturated by applying dc magnetic fields of approximately
50 mT. An X-band microwave source was an Agilent PNA
N5224 vector network analyzer. We measured S parameters
of S7; and S, corresponding, respectively, to transmission
coefficients from port 1 to port 2 and from port 2 to port 1,
simultaneously. All measurements were carried out at room
temperature.

B. Experimental results

Figures 2(a)-2(d) illustrate transmission amplitude spectra
for S (red curves) and S}, (blue curves) of the metamolecule
at various magnetic fields. Figures 2(e)-2(h) are corresponding
phase spectra. The microwaves above 7 GHz transmit, whereas
the microwaves below 7 GHz attenuate, which is the cut-off
frequency of the WR-90 waveguide. In Fig. 2(a), when
noHexy = 0 mT, we observe salient dips at 9.1, 12.2, and
13.4 GHz, which are respectively labeled A, B, and D. An
additional small dip is observed at 12.6 GHz as labeled C.
The dips are traced back to chiral resonances [33,34], which
are enhanced optical activities due to the resonance of the
chiral structures. The mode characters of the chiral resonances
are explored in more detail using numerical calculation in
Sec. III. The chiral meta-atom rotates the polarization plane
of the electric field of microwaves and the microwaves do not
transmit due to the parallel configuration of the adaptors at the
end of the waveguide.

The inset shows enlarged spectra for S;; (red) and Sj, (blue)
at the chiral resonance A. When o Hey = 0 mT, S; and S,
spectra are identical at the chiral resonance frequency. Phase
spectra exhibit dispersion-type signals at the chiral resonances
A, B, and D when poHeq =0 mT although they are too
weak to be observed in Fig. 2(e). The inset corresponds
to the enlarged phase spectra for Sp; (red) and Si, (blue)
around 9.1 GHz. $,; and S, phase spectra are identical when
HoHexy = 0 mT as well as amplitude spectra. The signals
demonstrate a dispersion-type shape in the phase spectra due
to the Kramers-Kronig relation.

When applying (1o Hex; of +201 mT [Fig. 2(b)], an appear-
ance of another large dip is seen at 8.5 GHz, which is labeled
E. The dispersion-type signal is exhibited in corresponding
phase spectra [Fig. 2(f)]. The signals are shifted to higher
frequencies as poHey is increased. In this way, an origin of
the signal E is magnetic resonance, which corresponds to
precession of electron spins in the ferrite magnetic meta-atom.
In Fig. 2(b), S»; (red) and S;, (blue) highlight a difference
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FIG. 2. Transmission S,; (red curves) and S, (blue curves) amplitude spectra [(a)—(d)] and phase spectra [(e)—(h)] of a single MCh
metamolecule under external dc magnetic fields of 0 mT [(a) and (e)], +201 mT [(b) and (f)], +260 mT [(c) and (g)], and +400 mT [(d) and
(h)]. Chiral resonances are labeled A, B, C, and D, while magnetic resonance is labeled E. Insets illustrate enlarged spectra for S,; (red) and

S12 (blue) of chiral resonance originally appearing at 9.1 GHz.

at the magnetic resonance E; the blue dip is much deeper
than the red one. The difference represents nonreciprocity in
microwave transmission.

The appearance of the magnetic resonance E is accompa-
nied by slight shifts of the chiral resonances. Moreover, as
shown in the insets in Figs. 2(b) and 2(f), S,; and S}, spectra
at the chiral resonance A are not identical. In Fig. 2(b), the dips
in S (red) at signals A are deeper than those in S, (blue). We
recall here that the magnetic resonance E is located at 8.5 GHz
when poHex = +201 mT. Nevertheless, nonreciprocity with
a finite difference between S,; and Sj, spectra is observed at
the chiral resonances.

When pgHey is increased up to +260 mT as shown in
Figs. 2(c) and 2(g), the frequency of the magnetic resonance
E shifts to approximately 10 GHz and overtakes the chiral
resonance A originally at 9.1 GHz. The nonreciprocity at the
magnetic resonance E becomes larger. Notably in the inset
of Fig. 2(c), the chiral resonance appears at a lower frequency
approximately 8.1 GHz, which s labeled A’, after being passed
by the magnetic resonance E. Interestingly, as demonstrated
in the inset, the nonreciprocity at the chiral resonance A’ flips

the sign; the dip in S, (blue) is deeper than that of S, (red)
for signal A’, while the dip in S, is shallower than that of
S, for the signal A. These results indicate that the chiral
resonance A jumps to A’ at a lower frequency and the sign
of the nonreciprocity at the chiral resonance is inverted after
being passed by the magnetic resonance E.

As [ Hext 1s increased up to +400 mT as shown in Figs. 2(d)
and 2(h), the magnetic resonance E shifts to 13 GHz and
demonstrates very large nonreciprocity. After overtaking by
the magnetic resonance, the chiral resonance B originally at
12.2 GHz is shifted to a lower frequency of 11.2 GHz, which
is labeled B’. The dip in S}, is deeper than that in Sy; at the
signal B’. The chiral resonance A’ at a lower frequency shifts
to a higher frequency of 8.7 GHz, which is close to the initial
frequency of the signal A.

Figure 3 demonstrates the differences between S»; and Sy,
i.e., nonreciprocity signals in amplitudes at various magnetic
fields from O to =400 mT. Figure 4 shows the corresponding
phase difference spectra. A featureless spectrum is obtained
with o Hexs = O mT (ablack line). The upper halves of Figs. 3
and 4 highlight signals due to nonreciprocity with o Hex > 0.
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FIG. 3. Differences in amplitudes between S;; and S, from 8 to
14 GHz of an MCh metamolecule under dc magnetic fields from O to
+400 mT.

When pgHexy = +11 mT in Fig. 3, a weak dip due to the chiral
resonance A emerged at 8.9 GHz. A dispersion-type signal is
observed at the same frequency in Fig. 4. An increase in jto Hext
leads to a blueshift and enhancement of the nonreciprocity
signals at the chiral resonances A, B, and C.

When pgHe = +201 mT, nonreciprocity signals associ-
ated with the magnetic resonance E appear at approximately
8.5 GHz in Figs. 3 and 4. The nonreciprocity signal due to the
magnetic resonance shifts to higher frequencies and becomes
larger as wHex is increased. Under woHexe = +250 mT, the
magnetic resonance E is overlapped with the chiral resonance
A, resulting in a disappearance in the chiral resonance A.
At poHeq = +280 mT, a peak labeled A’ is observed at
approximately 8.3 GHz, a slightly lower frequency below
9 GHz. The sign of the nonreciprocity signal due to the chiral
resonance is inverted. The nonreciprocity signal due to the
chiral resonance B shows a very similar behavior to that due
to the chiral resonance A. The nonreciprocity signals due to
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FIG. 4. Differences in phases between S;; and S;, from § to
14 GHz of an MCh metamolecule under dc magnetic fields from O
to £400 mT.

the magnetic resonance in Figs. 3 and 4 become significantly
large at +400 mT. The maximum values of amplitude and
phase differences were respectively 9.11 dB and 20.8° by the
magnetic resonance at approximately 13 GHz under 4400 mT.

Differential spectra for the reversed direction of the external
dc magnetic field (uoHex < 0) are also illustrated in the
lower halves of Figs. 3 and 4. While the appearance and
frequency shift of nonreciprocity signals are very similar to
those in poHex > 0, the sign is flipped with the direction
of the magnetic field. Figures 3 and 4 demonstrate that the
nonreciprocity signals at the magnetic resonance E and chiral
resonances A, B are odd with respect to o Hexi-

In the following section, we carry out a numerical simu-
lation to reproduce the experimental results. Nonreciprocity
signals at a much higher magnetic field are addressed. More-
over, the chirality dependence of the nonreciprocity signals
is studied numerically. We gain insight into the underlying
physics by visualizing the electromagnetic responses in the
metamolecule.
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III. NUMERICAL CALCULATION

A. Calculation setup

A numerical calculation based on a finite element method
is performed using COMSOL MULTIPHYSICS. Figure 1(b) il-
lustrates the calculation configuration. The metamolecule is
placed in the center of a WR-90 waveguide. The WR-90
waveguide is filled with air. The structural parameters of
the metamolecule and the waveguide are identical to those
in the experiments. The surfaces of the chiral meta-atom and
the waveguide are modeled as perfect electric conductors. Both
sides of the waveguide are terminated with perfectly matched
layers (PMLs). S,; and S, of microwaves with TE |y mode are
calculated.

The material parameters for the ferrite cylinder are modeled
as follows. The dielectric constant of the ferrite is set to 14.5 4
0.0029:;. When an external dc magnetic field is applied in
the +z direction, the ferrite with the anisotropic magnetic
permeability is magnetized in the 4z direction as

uw  —ik 0
aA=\1ik u 01, (D
0 0 o
where
K = i/‘LOXxyv ()
= ol + Xax)- 3

On the off-diagonal component, kx is proportional to the
external magnetic field and gives the MO activities such as
the Faraday effect.

The magnetic susceptibility tensor y is given by

on = wWoWy, (a)g - a)z) + wowmw2a2
o [a)% — (1 + 012)]2 + 4a)(%a)2a2
4 AW, [wg + (1 + (xz)] @
[a)g — w3(1 + 052)]2 + 4a)(2)a)2a2’
2wowm @
X =
» [a)g —0?(1 + 052)]2 + 4w}wra?
- 2 2 1+ 2
_ ww, [a)O w”( o )] )

[w% — (1 + 012)]2 + 4w(2)a)2052’

where wy = y o Hext, o = y oM, and o = y uoAH /(2w).
Here, w, is the Larmor frequency at juo Hext. @, 1s the Larmor
frequency at the saturation magnetization M,. « is the loss
factor, or the Gilbert damping factor, of the ferrite, and AH
is the corresponding linewidth. y is the gyromagnetic ratio of
the electron. Note that the material parameters of the ferrite
cylinder used in our numerical calculation are not the same
as those in the experiment; we used the specific parameters
for the ferrite from the literature [35]. The difference in
the parameters between the experiment and the numerical
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FIG. 5. Differences in calculated (a) amplitudes and (b) phases
spectra between S,; and S, between 8 and 15 GHz for an MCh
metamolecule under dc magnetic fields from +100 to +600 mT.
Magnetic resonance is labeled F', while chiral resonances are labeled
G,H,and I.

calculation influences the resonance frequencies. However, it
does not affect the physics behind the phenomena.

B. Numerical results

Figure 5(a) illustrates the calculated differential spectra in
amplitudes between S;; and Sj; of the MCh metamolecule
under dc magnetic fields. Figure 5(b) shows the corresponding
phase spectra. The external magnetic field o Hex Was varied
from 4100 to 4600 mT with steps of 20 mT. The chirality
of the chiral meta-atom is set to be right-handed, which is
same as the experiments. The spectra in Figs. 5(a) and 5(b)
highlight three features. The first is a nonreciprocity signal
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labeled F with broad linewidth, for example, at approximately
9 GHz with o Hexe = +300 mT. This signal shifts to a higher
frequency and becomes larger as poHex is increased. This
signal is thus caused by the magnetic resonance of the ferrite
magnetic meta-atom in the metamolecule.

The second feature is nonreciprocity signals with narrow
linewidth at approximately 10.6 and 13.7 GHz (labeled G and
H) when poHe = +100 mT. These signals are associated
with the chiral resonance in the metamolecule. The resonances
G and H in the numerical results correspond to those A and
B in the experimental results. As poHex is increased and
the magnetic resonance F of the ferrite magnetic meta-atom
approaches, the signals G and H slightly shift to higher
frequencies. The nonreciprocity signals G and H flip the sign
after being passed by the magnetic resonance F'. These features
are very similar to those observed in the experiment (Figs. 3
and 4).

The last feature is a nonreciprocity signal labeled I with
narrow linewidth at approximately 14.5 GHz in Fig. 5. This
signal is associated with the chiral resonance. The behavior
of the signal is, however, quite different from those of other
chiral resonances G and H at lower frequencies. The signal
I does not shift to a higher frequency as o Hex; is increased.
More importantly, the nonreciprocity signal / is strongly en-
hanced as the magnetic resonance approaches under (o Hexy =
+500 mT.

The sign of the nonreciprocity signals in the numerical
calculation flipped by changing the dc magnetic field direction,
although not shown here. Furthermore, neither only chiral
meta-atom nor magnetic meta-atom exhibited nonreciprocity
signals in the numerical calculation. We also confirmed in the
numerical calculation that 4 without the off-diagonal parts
(i.e., k = 0) of the metamolecule resulted in the reciprocity
signals.

In order to investigate the strong enhancement of the
chiral resonance /I in more detail, calculation was carried
out with varying poHex in the vicinity of +500 mT. Figure
6(a) illustrates the calculated amplitude difference of S,
and Si» as poHex is varied from +495 to +510 mT with
steps of 5 mT. Figure 6(b) shows the corresponding phase
spectra. The nonreciprocity signal I is extremely enhanced
with poHex of +505 mT. Additionally, in Fig. 6(a), the
symmetric dispersive structure of signal / under 495 mT
becomes the asymmetric peak structure under +505 mT.
Figures 6(a) and 6(b) demonstrate that, when poHex =
4505 mT, the amplitude and phase differences around
14.446 GHz are evaluated to be 48.26 dB and 166.8°,
respectively.

Figure 7 illustrates the pseudocolor plot for the calculated
differences in phase spectra between S, and S;,. The vertical
axis corresponds to the frequency in the range from 8 to
15 GHz. The horizontal axis corresponds to woHex from
4100 to +600 mT. In Fig. 7, the pseudocolor plot of
log[] arg(S>; — Si12)|] is shown in order to make weak chiral
resonances more visible. Three chiral resonances G, H, and
I are observed, together with the magnetic resonance F,
of which the frequency depends linearly on poHey. The
pseudocolor plot demonstrates that the chiral resonances
G and H have anticrossing features in the vicinity of the
magnetic resonance of the ferrite magnetic meta-atom [36].
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FIG. 6. Calculated differential spectra between Sj; and S,; of
amplitude (a) and phase (b) in the vicinity of poHex = +500 mT.
o Hey 1s varied from 495 to 510 mT with steps of 5 mT.

The anticrossing nature of the chiral resonances G and H is
caused by the hybridization with the magnetic resonances F'.
Contrastingly, Fig. 7 highlights that the chiral resonance [
is independent of poHex: and does not show an anticrossing
feature.

The chirality dependence of the nonreciprocity signals
is investigated numerically since it is difficult to prepare
identical chiral meta-atoms reproducibly and precisely in
experiments as in our previous report [32]. In the calculation,
the metamolecule chirality was switched by changing the
chirality of the chiral meta-atom. Figure 8(a) illustrates the
amplitude difference spectra between S,; and S, of the right-
handed metamolecule, while Fig. 8(b) illustrates those of the
left-handed metamolecule. In these figures, (1o Hex is increased
from +100 to 4600 mT with steps of 50 mT. Figures 8(a)
and 8(b) demonstrate that the sign of the nonreciprocity
response at the chiral resonance frequency of 10.6 GHz flips
its sign depending on the meta-atom’s chirality. Furthermore,
the nonreciprocity signal sign associated with the magnetic
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resonance (e.g., at 10.5 GHz under poHexe = +350 mT) also
depends on the chirality. The sign of the phase differential
spectra also flips depending on the chirality of the chiral
meta-atom (not shown).
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FIG. 8. Differences in calculated amplitude spectra between S,
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MCh metamolecules. External dc magnetic field varies from 4100 to
4600 mT with steps of 50 mT.
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IV. DISCUSSION

A. Enhanced MCh effects with chiral
or magnetic resonances

The present experimental results of microwave trans-
mission through a single metamolecule under dc magnetic
fields highlight the nonreciprocity signals in the differential
spectra for Sy; — Sy in Sec. II. The signals were observed at
frequencies of the chiral resonances or magnetic resonance.
The nonreciprocity signal due to the magnetic resonance
shifted to higher frequency and was significantly enhanced as
o Hexe was increased. On the other hand, the nonreciprocity
signals due to the chiral resonances shifted slightly to higher
frequencies as the magnetic resonance approached, and then
jumped to lower frequencies flipping sign as the magnetic
resonance was surpassed. By changing the direction of po Hext,
the sign of the nonreciprocity signals associated with both
chiral and magnetic resonances was flipped (Figs. 3 and
4). We have succeeded in reproducing these experimental
results by numerical calculation as described in Fig. 5 in
Sec. III. Moreover, numerical calculation indicated that the
sign of the nonreciprocity signals was flipped by changing the
chirality of the chiral meta-atom in the metamolecule (Fig. 8).
These experimental and numerical studies demonstrate that
the nonreciprocity signals were odd with respect to both the
magnetic field and chirality. Additionally, the numerical calcu-
lation pointed out that neither chiral meta-atom nor magnetic
meta-atom exhibited nonreciprocity signals. Therefore, the
nonreciprocity signals observed in this study are an emergence
of MCh effects because the MCh effect is represented by the
cross products of MO (i.e., k) and structural optical activities
(i.e., chiral parameter &).

The direct observation of the MCh effects is attributed to
two advantages for the metamolecule in microwave regions
[32]: the chiral resonance in the chiral meta-atom [34] and
the large magnetic response of the magnetic meta-atom in
microwave regions. Notably, the MCh effect can be obtained
by the magnetic resonance even in the absence of the chiral
resonance since the space-inversion symmetry of the system
is broken. The present experimental and numerical results in
Figs. 3-5 highlight that the MCh effect due to the magnetic
resonance is much larger than that due to chiral resonances
except for the chiral resonance I in the calculation. The
MCh effect due to the magnetic resonance brings about
the maximum values of amplitude and phase differences as
9.11 dB and 20.8°, respectively, experimentally observed at
approximately 13 GHz under (o Hexy = +400 mT.

The phase and amplitude differences in the transmission
coefficients can be converted to the nonreciprocal differences
in the real and imaginary parts of refractive indices An’
and An”, respectively [32]. Consider the one-dimensional
structure composed of the single metamolecule inserted into a
rectangular waveguide. Here, An" and An” between S, and
S1» of unpolarized waves are described as follows:

An =niy —ns1 = An' +iAn". 6)

An is a Lorentz-type function of the operational frequency,
and is related to the phase and amplitude of the complex
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transmission coefficients as follows:

, c A¢
An' = ——A¢p =~ —47.7 x —, @)
2r fl fl
. c Al
An" = ————— Al =~ =550 X —, ®)
407 (logpe) f1 fl

where A¢ denotes the phase difference /S, — £, in radian
and A/ the amplitude difference |S>;| — |Si2| in decibel at
the MCh effects. The frequency f is measured in GHz,
and [ represents the length of the metamolecule measured in
millimeters.

In the present experiments, from Eqs. (6)—(8) with [ =
15 mm and f = 13 GHz, we evaluated An’ ~ —8.9 x 1072
and An” >~ —2.6 x 107! maxima at poHex = +400 mT. An’
and An” should satisfy the Kramers-Kronig relation, so that
the magnitude of them is in the same order. Our previous study
focused on the MCh effects under lower dc magnetic fields
[32] reported that An’ ~ 5.4 x 1073 and An” ~ 1.5 x 1072
maxima at ;tg Hexy = +200 mT. Thus the MCh effect enhanced
by the magnetic resonance in the present experiments is
one order of magnitude greater than that of the previous
experiments.

B. Frequency shift and sign inversion of MCh effects

Experimental and numerical results demonstrate that the
MCh signals at chiral resonance frequencies begin to shift
to higher frequencies as the magnetic resonance approaches.
After being passed by the magnetic resonance, the MCh
signals revive at lower frequencies with an opposite sign.
The shift is explained by the effective permeability in the
WR-90 waveguide, which is described by u £ k. Effective
permeability, except for i — «, has a singularity as a function
of poHexi- As oHex 1s increased below the singularity, the
positive effective permeability increases, bringing about a
shift in the chiral resonance frequency to a higher frequency.
Above the singularity, the effective permeability becomes
negative and increases with 1o Hex, resulting in the significant
redshift of the chiral resonance frequency. As (o Hex: is further
increased, the chiral resonance shifts to a higher frequency and
arrives at the initial chiral resonance frequency.

The sign reversal after being passed by the magnetic
resonance is further evidence of the MCh effect, which is
proportional to the product of the chiral parameter £ and the
off-diagonal component of the permeability «. « flips its sign
in the vicinity of the magnetic resonance of the ferrite magnetic
meta-atom. Following the sign inversion, the sign of the MCh
signal is reversed. In order to elaborate the physics underlying
the sign reversal, the power flow is calculated in the vicinity
of the magnetic resonance of the ferrite magnetic meta-atom.

Figure 9(a) illustrates the calculated Poynting vector flow
at the surface of the magnetic meta-atom under poHex =
4400 mT (chiral resonance H) as indicated by a lower arrow
in the inset. The incident microwave is transmitted in the +z
direction (i.e., from port 1 to port 2). Since (g Hext of +400 mT
causes magnetic resonance F' at approximately 11.8 GHz, the
chiral resonance H is located at a higher frequency compared
to the magnetic resonance; in other words, before being
passed by the magnetic resonance. In Fig. 9(a), the Poynting
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FIG. 9. Poynting vector flow in the vicinity of magnetic resonance
of ferrite magnetic meta-atom at (a) 14 GHz under +400 mT and (b)
13.15 GHz under +500 mT. The length of the cone is proportional
to the Poynting vector amplitude. The insets illustrate the enlarged
spectra of Fig. 5(a).

vector exhibits helical flow directed to the +z direction. By
contrast, Fig. 9(b) illustrates the Poynting vector flow under
oHe = +500 mT (chiral resonance H’) as indicated by
an upper arrow in the inset. Under 4500 mT the magnetic
resonance F' shifts to approximately 14.5 GHz. This figure
therefore corresponds to the case with the chiral resonance
H'’ after being passed by the magnetic resonance. Whereas
the Poynting vector flow is helical, it is directed to the —z
direction; that is to say, opposite to the incident direction of
microwave in Fig. 9(a). These results indicate that the power
flow is reversed in the vicinity of the magnetic resonance of
the ferrite magnetic meta-atom. This reversal of power flow
is consistent with the explanation from the viewpoint of the
effective medium in the waveguide.

C. Eigenmodes of chiral and magnetic resonances

We have numerically reproduced the spectral features
of the MCh effects observed in the experiments. However,
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FIG. 10. Electric field distributions of three chiral resonances
under 4100 mT. Resonance frequencies are 10.6 (a), 13.7 (b), and
14.5 GHz [(c) and (d)], respectively. Cones and pseudocolor plots
indicate electric field vectors and intensities, respectively. Vector
fields in the y-z plane are illustrated in (a)—(c), whereas those in
the z-x plane are illustrated in (d). Insets illustrate electric charge
distributions. Purple arrows in (d) are applied electric fields on the
metamolecule, while green arrows are electric fields induced by
charge distribution by electric charge on the chiral meta-atom.

the eigenmodes of the chiral resonances appearing in the
spectra have yet to be characterized. The eigenmodes were
numerically calculated using the eigenmode solver of COMSOL
MULTIPHYSICS. Figures 10(a)-10(c) illustrate electric field
distributions calculated at 10.6, 13.7, and 14.5 GHz under
oHext = +100 mT (chiral resonances G, H, and [ in Fig. 5),
respectively. The cones and pseudocolor plots represent the
electric field vectors and intensities, respectively.

The electric field at chiral resonance G in Fig. 10(a) exhibits
spatially symmetric distribution with respect to the center of
the metamolecule. By contrast, the electric field at the chiral
resonance H is antisymmetric as illustrated in Fig. 10(b).
This difference in the spatial symmetry is caused by the
charge distributions as schematically illustrated in the insets.
Under these field distributions, the chiral resonances G and H
exhibit anticrossing behaviors in the vicinity of the magnetic
resonance F of the ferrite meta-atom. The chiral resonance /
at 14.5 GHz that does not exhibit anticrossing shows, however,
completely different electric field distributions.

Figures 10(c) and 10(d) depict the electric fields at the
chiral resonance [ in the y-z and z-x planes, respectively.
Figure 10(c) demonstrates that the electric fields are excluded
from the metamolecule. The exclusion of the electric fields
is more clearly seen in the field distribution in the z-x
plane as highlighted in Fig. 10(d). The inset in Fig. 10(d)
illustrates a schematic of the electric charge distribution
pattern corresponding to the field distribution. Because the
electric fields induced by the surface charge (green arrows)
are antiphase to the applied electric fields (purple arrows),
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(a) Electric field (V/m)

(b) Magnetic field (A/m)

FIG. 11. Electromagnetic field distributions at 14.446 GHz under
oHex = +505 mT. (a), (c) Electric field vectors in the z-x plane are
indicated by red cones. Pseudocolor indicates electric field intensity.
(b), (d) Pseudocolor of magnetic field intensity. Incident microwaves
in (a) and (b) are from port 1, whereas that in (c) and (d) is from
port 2.

the electric fields in the metamolecule are canceled out.
This is the reason why the electric fields are excluded from
the metamolecule at the chiral resonance /. Owing to the
“exclusive” nature, the chiral resonance has a weak coupling
with the magnetic resonance of the ferrite magnetic meta-atom.
Therefore, this chiral resonance I has no splitting features in
the vicinity of the magnetic resonance F as shown in Fig. 7.

D. Giant MCh effect with both chiral and magnetic resonances

The exclusive nature of the chiral resonance does not bring
about strong coupling with the magnetic resonance. On the
contrary, numerical calculation demonstrates that the MCh
effect was extremely enhanced by overlapping the magnetic
resonance F to the exclusive chiral resonance /. Figures
6(a) and 6(b) highlight that, in calculation, the maximum
values of amplitude and phase differences at the MCh effect
due to the chiral resonance I around 14.446 GHz under
woHexy = +505 mT were 48.26 dB and 166.8°, respectively.
If we suppose / =15 mm and f = 14 GHz, we evaluate
An’ >~ —6.6 x 10~ and An” ~ —1.26 maxima from Egs. (7)
and (8). The MCh effect predicted here in the calculation is
gigantic and one order of magnitude greater than the enhanced
MCh effect observed in the present experiments.

The field distributions under the MCh resonance is studied
to reveal the origin of this giant MCh effect. Figure 11
illustrates the field distributions in the chiral resonance [ at
14.446 GHz under 4505 mT, where the amplitude difference
becomes maximum. Figures 11(a) and 11(b) correspond to
the incidence from port 1, whereas Figs. 11(c) and 11(d)
correspond to that from port 2. In Figs. 11(a) and 11(c), the
electric field distribution patterns in the z-x plane exhibit the
exclusive nature found in Fig. 10(d), indicating that the chiral
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meta-atom is on resonance when excited from either port.
Due to the exclusive chiral resonance, the magnetic fields are
also excluded from the chiral meta-atom, bringing about weak
magnetic fields near the center of the metamolecule. These
features are commonly observed in Fig. 11.

Contrary to the common features, two significant differ-
ences depending on the incident directions can be found in the
field distribution patterns. The first is the field intensity. All
the field intensities when excited from port 2 [Fig. 11(c)] are
remarkably higher than those from port 1 [Fig. 11(a)], indicat-
ing that the metamolecule is on strong resonance when excited
from port 2. The second is the magnetic field distributions. The
magnetic field intensity when excited from port 1 [Fig. 11(b)] is
high near both ends of the ferrite meta-atom, whereas that from
port 2 [Fig. 11(d)] is high only near the left end of the ferrite
meta-atom. This indicates large nonreciprocal transmission of
microwaves. When excited from port 2, the exclusive chiral
resonance is on strong resonance. The ferrite meta-atom is also
on the magnetic resonance, which is enhanced by the coupling
with the chiral resonance. However, due to the exclusive nature
of the chiral resonance, the magnetic resonance can be strongly
enhanced only near the end of the ferrite meta-atom. Under
this field distribution, the incident microwave is absorbed near
the left end of the ferrite meta-atom and is attenuated near the
right end. The high magnetic field is thus observed only near
the left end of the ferrite meta-atom.

In contrast, all the field intensities excited from port 1
are lower than those of port 2, indicating that the resonance
state excited from port 1 is weak. Under the weak resonance,
absorption due to the magnetic resonance is small. Thus,
the incident microwave is not attenuated at the right end
of the ferrite meta-atom. The combination of the weak and
exclusive nature of the chiral resonance causes the weak
magnetic resonance near both ends of the ferrite meta-atom.
Therefore, the absorption due to the magnetic resonance shows
a remarkable difference, which results in the large-amplitude
difference between S,; and Sj5.

E. Origin of the giant MCh effect

In Fig. 12, the calculated amplitude spectra for S>; and S},
under poHexe = +505 mT are drawn by red and blue solid
curves, respectively. A green dashed curve corresponds to
the calculated amplitude spectrum for S,; with only magnetic
meta-atom as a control. The green dashed curve has a broad dip
at approximately 14.6 GHz, which is caused by the magnetic
resonance of the ferrite meta-atom. In the vicinity of the
magnetic resonance, there is the exclusive chiral resonance
at 14.5 GHz indicated by a vertical black dashed line. The
interaction between the magnetic and chiral resonance brings
about the Fano-resonance feature in the amplitude spectra,
which is found in the sharp dip in the S}, spectrum.

Here, introducing the complex amplitudes of the magnetic
(Am) and chiral (Acyp) resonances, this interaction is modeled
by the following equations of motion for the complex ampli-
tudes in the steady state [37]:

Om +iym)Am — K Ach = 15, &)
—KAym + (8cn + iven)Ach = £25in, (10)
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FIG. 12. Calculated amplitude spectra for S,; (red) and S)»
(blue) of the MCh metamolecule between 13 and 15 GHz under
oHexe = +505 mT. The amplitude spectrum of $,; calculated only
with magnetic meta-atom is plotted also by a green dashed curve as
reference. Third chiral resonance frequency is indicated by a vertical
black dashed line.

where 8y and §¢y, correspond to the frequency detunings from
the magnetic and chiral resonance frequencies, respectively.
ym and ycn are respectively the damping constant of the
magnetic and chiral resonances. K is the coupling parameter
between the two resonance modes. g; and g, represent the
coupling parameter of the magnetic and chiral resonances with
the incident microwave Sj,, respectively.

Depending on the strength of coupling between the two
resonance modes, solutions of the coupled-mode equations
give rise to the anticrossing or Fano-resonance response.
As clearly illustrated in Fig. 7, the anticrossing appears in
the coupling between the magnetic resonance F and the
chiral resonances G and H. The Fano resonance appears in
the coupling between the chiral resonance / and magnetic
resonances F, which is found in the S, spectrum of Fig. 12.
This difference in the coupling feature is elucidated by the
field distributions of the chiral resonances. As discussed in
the eigenmode analysis in Fig. 10, the chiral resonance [
excludes the incident electric field from the metamolecule.
This feature results in the weak coupling between the two
resonance modes. On the other hand, the chiral resonances
G and H do not exclude the incident electric field from the
metamolecule, resulting in the strong coupling between the
meta-atoms.

The giant MCh effect is traced back to the Fano resonance.
Moreover, the gigantic feature originates from the strength
difference between the Fano resonances of S, and S,
as shown in Fig. 12. This difference is the result of the
nonreciprocity of the interaction between the meta-atoms [38].
The chiral resonance is reciprocal. The chiral meta-atom is
therefore on resonance when excited from either port. Whereas
the magnetic meta-atom is also on resonance when excited
from either port, the resonance has nonreciprocity such as
Faraday rotation. Thus the interaction between the magnetic
resonance F and chiral resonance [ has nonreciprocity,
resulting in the nonreciprocal coupling parameter K described
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by K(—) # K (<), where the arrows indicate the propagation
direction of the incident microwave, k / |E|.

The coupling parameter when excited from port 2 results
in strong Fano resonance, whereas that from port 1 results in
quite weak resonance. This nonreciprocity in the resonance
leads to the large amplitude difference. In other words, the
metamolecule strongly absorbs the incident microwaves when
excited from port 2, whereas it is almost transparent to the
incident microwaves when excited from port 1. Namely, one-
way transparency is realized in the MCh metamolecule. Very
similar phenomena have been reported in natural materials
at low temperature and/or under very strong magnetic field:
in chiral-lattice magnet Cu,OSeO3 for microwaves [39,40]
and multiferroic CuB,0y4 for near-infrared light [23]. In the
multiferroic materials, the one-way transparency is traced
back to the interference between the E1 and M1 transitions
under the condition that the two transitions have the same
amplitude. Similarly, the interaction between the magnetic
resonance F and chiral resonance I gives rise to the one-way
transparency in the MCh metamolecule. Following the large
amplitude difference caused by the one-way transparency, the
phase difference between S;; and Sj, becomes larger due
to the Kramers-Kronig relation. We conclude that the giant
MCh effect observed in the present study originates from the
one-way transparency caused by the Fano resonance in the
metamolecule.

V. CONCLUSIONS

In conclusion, we have experimentally and numerically
studied enhanced MCh effects at microwave frequencies by
a single metamolecule. Microwave transmission coefficients
S>1 and Sy, through a single metamolecule consisting of a
copper chiral structure and ferrite cylinder were measured
under poHex up to £400 mT. By applying poHex, the
difference between S,; and Si, was observed in amplitude
and phase, which was caused by the artificial MCh effect with
simultaneous space-inversion and time-reversal symmetry
breaking. As woHex Was increased, the MCh signal associated
with the magnetic resonance was shifted to a higher frequency
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and enhanced under strong poHex. In contrast, the MCh
signals associated with the chiral resonances shifted slightly to
higher frequencies and became large as the magnetic resonance
approached, while the signals jumped to lower frequencies
flipping sign after passed by the magnetic resonance. The
nonreciprocal differences in the real and imaginary parts of
refractive indices due to the enhanced MCh effects observed
in the experiments were increased up to An’ ~ —8.9 x 1072
and An” ~ —2.6 x 107! maxima by applying poHex =
4400 mT.

The experimental results were reproduced well by nu-
merical calculation using a finite element method. Notably,
we predicted in the numerical calculation that the MCh
effect was significantly enhanced to An’ ~ —6.6 x 10! and
An" >~ —1.26 maxima by interacting the magnetic resonance
with the “exclusive” chiral resonance at a higher frequency.
The mechanism of the giant MCh effect was revealed by in-
vestigating eigenmodes and electromagnetic field distributions
in the metamolecule. Nonreciprocal Fano resonance between
the magnetic resonance and exclusive chiral resonance in
the meta-atoms is a key in the giant MCh effects. As a
consequence of the nonreciprocal Fano resonance, one-way
transparency is realized in the MCh metamolecule at room
temperature and convenient magnetic field strength. These
conditions are quite preferable for practical applications such
as a one-way mirror. The present study enables us to obtain
large directional birefringence, opening the door toward the
realization of a synthetic gauge field, for example, an effective
magnetic field for electromagnetic waves [9,10], and toward
meta-condensed-matter physics using metamaterials.
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