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Maxwell’s demon-like nonreciprocity by non-Hermitian gyrotropic metasurfaces
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We show that Maxwell’s demon-like nonreciprocity can be supported in a class of non-Hermitian gyrotropic
metasurfaces in the linear regime. The proposed metasurface functions as a transmission-only Maxwell’s demon
operating at a pair of photon energies. Based on multiple scattering theory, we construct a dual-dipole model to
explain the underlying mechanism that leads to the antisymmetric nonreciprocal transmission. The results may
inspire new designs of compact nonreciprocal devices for photonics.
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Lorentz nonreciprocity in electromagnetics refers to
unique asymmetrical characteristics in the received-
transmitted field ratios when the source and detector
are exchanged [1,2]. Nonreciprocal elements such as
isolators, gyrators, circulators, or directional amplifiers
have already become vital components to route signals
along desired paths in microwave systems [3-8]. Photonic
isolation for protecting active components from backward
scattering is a key requirement in stable laser devices and
integrated photonic circuits [9-13]. The standard approach
to break Lorentz reciprocity in the linear regime relies
on the magneto-optical (MO) effect, i.e., the use of MO
materials with an asymmetrical permeability (or permittivity)
tensor [14-17], or parametric time-modulation composites
to completely reproduce the MO effect [9,18-22]. An
alternative strategy based on nonlinear materials has also
been proposed [23-30]. There are respective benefits as well
as limitations in different approaches [31,32]. It is believed
that metamaterials or metasurfaces may offer unprecedented
avenues to overcome some of the limitations.

For free-space photonics, linear elements in the form of
Lorentz nonreciprocal metasurfaces are experiencing a strong
surge of interest owing to their ultrathin thickness, con-
ceptual simplicity, and potential conformability. Photonics
could be a promising experimental platform for investi-
gating the role of information in the statistical mechanics
associated with Maxwell’s demon [33], which is a nonre-
ciprocal device controlling the passage of particles through
a thin wall according to their energy. To date, metasur-
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faces supporting the Maxwell’s demon-like selection of
photons have not yet been addressed. In this Letter, we pro-
pose a non-Hermitian gyrotropic metasurface composed of
dimer unit cells to achieve such demon-like antisymmet-
ric transmittance spectra for two photon energies at normal
incidence. It should be noted that there were successful
engineering designs supporting nonreciprocal absorption or
reflection using gyromagnetic cylinders [34-36], but none
of the mentioned designs could support demon-like action
for selective transmittance. Figure 1 schematically illustrates
the Maxwell’s demon-like nonreciprocity operation at two
photon energies, where the demon controls nearly perfect
one-way penetration of two different energy photons on a
particular side of the metasurface and, meanwhile, nearly
complete rejection of reverse flow. The underlying mecha-
nism of such demon-like nonreciprocity is explicitly revealed
by the cooperative effects of magnetic rotating dipole reso-
nance in gyromagnetic cylinders and electric dipole response
in dielectric cylinders in the proposed structure. However,
non-Hermiticity is found to be essential to the isolation prop-
erties, corresponding to the energy consumption of Maxwell’s
demon.

Let us consider a metasurface as shown in Figs. 2(a)
and 2(b), which is composed of an array of gyromagnetic and
isotropic dielectric cylinders arranged in the x direction with
a lattice constant A. For the sake of simplicity, the gyrotropic
and dielectric cylinders have the same radius r, and the center-
to-center distance between the adjacent cylinders is denoted
by a. A small lattice constant is chosen such that there are
no diffracted propagating beams for the metasurface over the
frequency range of interest. Under an external static magnetic
field Hy along the —z axis, the chosen gyromagnetic material,
i.e., yttrium iron garnet (YIG), is described by a permittivity
€, and an asymmetric permeability tensor i [37]:
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FIG. 1. Schematic diagram of antisymmetric Maxwell’s demon-
like operation supported by a metasurface composed of dimer unit
cells. The metasurface (a) forbids the penetration of photons with
frequency f; in downward incidence, while it (b) allows the pene-
tration of photons with frequency f; in upward incidence. The same
metasurface also (c) allows the penetration of photons with frequency
/> in downward incidence, while it (d) forbids the penetration of
photons with frequency f, in upward incidence.

with the elements w; =14 w,wo/(0f — ®*) and p, =
W/ (a)(z) — w?), where wy = yH, is the precession fre-
quency, w,, = y4nM,, 4w M, is the saturation magnetization,
y is the gyromagnetic ratio, (¢ is the vacuum permeability,
and o is the angular frequency. The complex index of re-
fraction of the isotropic dielectric cylinder is n;, where the
imaginary part is denoted as k. This imaginary part contributes
to energy loss, which makes the dimer system non-Hermitian,
resulting in nonreciprocal transmittance based on asymmetric
absorption. Here, we limit the case to transverse electric (TE)
polarized waves (electric field along the z direction), and the
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FIG. 2. (a) Schematic diagram of the metasurface consisting of
gyromagnetic (blue) and isotropic dielectric (gray) cylinders. (b) Top
view of the unit cell of the periodic system in (a). Periodic conditions
are applied on the x axis throughout all calculations. Plane waves
illuminating from —y and +y directions are denoted as downward
incidence by a red arrow and upward incidence by a blue arrow,
respectively. (c) The numerical and analytical transmittance spec-
tra, represented as solid lines and open circles, respectively, under
downward (panel at top) and upward (panel at bottom) incidences.
The transmittance spectra of a lossless system in both directions are
shown as black dashed lines. The insets show the E, field patterns
of those cylinders at those transmittance extrema. (d) The transient
electric field E, at f} and f>. The marked arrows indicate the direction
of the incident waves. Material parameters are €, = 15, Hy = 500
Oe, and M; = 1750/(4) G, and ny; = 10 4 2.8i. Geometrical pa-
rameters are A = 50 mm, »r = 1 mm, and ¢ = 12 mm.

e~ time-dependent convention for the harmonic field is used
throughout this Letter.

We start with a scattering problem under the illumina-
tion of normal incident plane waves with the wave vector
along the downward (—y) direction and the upward (4y)
direction, as shown in Fig. 2(b). Previously, nonreciprocal
absorption or reflection phenomena at oblique incidence have
been demonstrated in microstructures consisting of arrays
of single gyromagnetic cylinders [34-36]. To support pho-
tonic isolation at normal incidence for Maxwell’s demon-like
action, additional symmetries (such as m-rotation symmetry
about the z axis) must be broken (which is provided by the
addition of dielectric cylinders). Under the assumption of
the point-dipole approximation, we may create a dual-dipole
field model for the entire metasurface system by treating the
gyromagnetic cylinder and the dielectric cylinder as a rotat-
ing magnetic dipole (MD) with angular quantum number —1
and damping electric dipole (ED) with angular momentum
quantum number 0, respectively, in multiple scattering theory
(MST) [38]. In such a dual-dipole approximation, a 2 x 2
matrix problem can be formulated, and the scattering fields
of the cylinders are related to the incident waves by

57 * ~ _1(F1
() = () @

where s' | and sg represent the scattering fields of the gy-
romagnetic and dielectric cylinders, respectively, and W~!
is an invertible response matrix in the eigenresponse the-
ory [38,39]. The above equation with a sign of “+” and “—”
represents the upward and downward incidence, respectively.
The transmittance at normal incidence is then given by [38]
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where b is the Mie scattering coefficient [40,41] and L and
& are the lattice sum and the relative lattice sum [42,43] sig-
nifying the contribution of the intraspecific and interspecific
coupling, respectively. The superscripts Y and d following the
Mie coefficient b represent the gyromagnetic and dielectric
material, respectively, and the subscripts (—1 and 0) behind
the symbols denote the angular momentum order [38]. The
nonreciprocity is triggered by the cross term £4& /kgA due
to the interference of the lattice coupling 2/kyA and purely
imaginary interspecific coupling & [38]. It should be noted that
removal of absorption in the dielectric cylinder (i.e., k = 0)
extinguishes the nonreciprocal transmittance but the phase of
transmission coefficients remains different.

The closed form in Eq. (3) directly illustrates the antisym-
metric nonreciprocal transmittance phenomena, as indicated
in Fig. 2(c) with scatter points shown as open circles. Nu-
merical results calculated with COMSOL MULTIPHYSICS are
also shown in Fig. 2(c) as solid lines, which shows a strong
agreement with the analytical results. The transient E, field
patterns of two tremendous transmittance difference points
at frequency fi = 3.79 GHz [Fig. 2(d), left panel] and f, =
3.814 GHz [Fig. 2(d), right panel], where the local minimum
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of the spectrum in one direction nearly corresponds to the
local maximum of the spectrum in the opposite direction,
demonstrate an imperfect Maxwell’s demon function similar
to Fig. 1. Atboth f and f5, the electric field strength of the di-
electric cylinder in low transmittance cases [Fig. 2(c), Insets,
right circle] is relatively higher than that in high transmittance
cases. This electric field strength may indicate the system
absorption and the nonreciprocal transmittance because the
loss is only introduced in the dielectric cylinder. Therefore, by
removing the loss in the dielectric cylinder, the transmittance
spectra become identical for both directions [Fig. 2(c), black
dashed lines]. The Maxwell’s demon in the dimer metasurface
therefore seems to be conceptually similar to the statistical
Maxwell’s demon in the sense of the energy consumption
for nonreciprocal flow. However, the demon-like action is
imperfect in this system (e.g., it does not completely forbid
or allow the penetration of photons on both sides [44]).

For two-port nonreciprocal systems, absorption loss is a
necessary condition to attain nonreciprocal transmittance [1].
The implement of intrinsic loss in real systems, however,
affects the nonreciprocal performance in a complex way.
In many nonreciprocal designs, intrinsic loss leads to the
inevitable insert loss of devices for attaining ideal non-
reciprocity [12,45,46], while the two-port magnon-photon
cavity system has demonstrated the isolation in the presence
of damping of modes [7]. In our case, the metasurface effec-
tively manipulates the nonreciprocity by simply controlling
the absorption of dielectric cylinders. Such a simple phe-
nomenon is based on the same reflectance on both sides of
the metasurface [38] and the conservation of energy. There-
fore AT=T — Tt = —AA, where AA = A~ — A" is the
difference in absorption.

4
AT = 2 Bl68) “)

denotes the absorption in each incident direction, and g =
Re(L + 1/ bg — 2/ko ) represents the damping coefficient.

In Fig. 3, we show the relations among the transmittance
(T) from Eq. (3), the absorption (A) in Eq. (4), and the
scattered field amplitude (sg) of the dielectric cylinder. It is
found that all three quantities show antisymmetric features
with two opposite extrema located at f = f; and f = f5,
sandwiching the single-cylinder gyromagnetic resonance at
f = fo = 3.80 GHz. The asymmetric absorption characteris-
tics, following the dependence of |(sg)1|2, should therefore
be the reason of triggering the nonreciprocal transmittance
in the presence of k (i.e., the imaginary part of the dielec-
tric constant). As k increases, the transmittance difference
(AT) [Fig. 4(a), density plot] and absorption difference (AA)
[Fig. 4(b), density plot] become different in sign around f;
and f>. The extrema of AA by Eq. (4) (Fig. 4, white circles
and black spheres) also appear at f = f; and f = f,. The
locations of those extrema near f; and f, are insensitive to
k since they are nearly pinned by the single-cylinder gyro-
magnetic resonance, corresponding to the frequency which
satisfies Im(1/6" | + L) = 0. The k dependences of the nu-
merical and analytical values of AA at the two frequencies
show an excellent agreement [see Fig. 4(c)]. Therefore the
scattered field amplitude of the dielectric cylinder is a good
quantity to illustrate the nonreciprocity mechanism.

0.0t
3.7

FIG. 3. Comparison of analytical transmittance (T) spectra (solid
lines with open circles), analytical absorption (A) spectra (solid lines
with half-filled circles) from Eq. (4), and the magnitude of the scat-
tered field of the dielectric cylinder (|sg|) (green solid lines) under
(a) downward incidence and (b) upward incidence, denoted by the
superscripts — and +, respectively. The local extrema of the three
spectra under two incidences are simultaneously located at f; and f>,
marked by the black dashed lines.

To gain a deeper insight into the cooperative effect of MD
in the gyromagnetic cylinder and ED in the dielectric one,
we firstly schematically illustrate the cooperative effect in the
dimer metasurface. The isolated gyromagnetic cylinder array
[Fig. 5(a), blue cylinder] and the isolated dielectric cylinder
array [Fig. 5(a), gray cylinder] exist in their own collective
resonance modes. By merging these two arrays, these two
collective modes will couple and form two hybrid modes
[Fig. 5(a)]. In the eigenresponse theory [39], the eigenvalues
of the response matrix W ! are given by [38,47]

1 1 -1 1 1\2
T 2L+ (S \/(go—,?) + 482

2L+ ) (L +57) —€7]

l/w, =—

&)

for the corresponding eigenvector g, , where

QY>
gy = ( (6)
X Qd .

represents the xth eigenmode of the dimer system. o' and
o? in Eq. (6) denote the components corresponding to the
gyromagnetic and dielectric cylinders, respectively, in the unit
cell after cooperative coupling.
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FIG. 4. The effects of k, the imaginary part of the dielectric con-
stant, on (a) numerical transmission difference AT and (b) numerical
absorption difference AA. The white circles and black spheres in
(a) and (b) represent the peak and depth locations of difference of
A in Eq. (4), respectively. (c) The vertical cross section of (b) at f;
and f>, showing the effect of k on AA at those frequencies. Excellent
agreements are obtained between the closed form (CF) in Eq. (4) and
numerical results.

The normalization of eigenmodes and the biorthogonality
relation suggests [38]

o - )

(e ).- (), ®
which quantitatively classifies g' and g* as g" : |o¥| > |0“|
and g : |o"| < |0“]. Following the understanding of the
absorption and scattered field amplitude of the dielectric
cylinder, g* and g' can be realized as the loss dominant mode
and transmissive dominant mode, respectively. |o?| in the two
eigenmodes shows the antisymmetric pairs of step-function-
like characteristics with the transition point at fy ~ 3.80 GHz
[Fig. 5(b)]. This result indicates that g; belongs to g* before
fo and g, belongs to g* after fy. As |o?| in the two eigenmodes
shows a large difference before or after fy, the absorption
seems to be dominated by g only, and these two eigenmodes
would likely be the on-off state of the gate controlled by the
Maxwell’s demon.

To illustrate whether the gate would be opened or closed
by the Maxwell’s demon, we write the scattered field of the
cylinders through eigendecomposition as

sY | ¥ 2
<d) =Y nig ®)
S =l

where 7T = (0% F o})/w, is the complex excitation coef-
ficient of the xth eigenmode, sensitively dependent on the
downward (—) or upward (+) illumination. Equation (8)
shows the contribution of eigenmodes to the scattered field
amplitude according to their excitation coefficients. As the
absorption should be mainly contributed by the loss dominant
eigenmode, a discussion of that excitation coefficient would
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FIG. 5. (a) Schematic diagram of mode hybridization of a gyro-
magnetic (blue) and dielectric (gray) cylinder array. The collective
resonance modes of an isolated gyromagnetic cylinder array (MD,
denoted as a blue arrow) and an isolated dielectric cylinder array
(ED, denoted as a gray arrow) are hybridized into absorptive dom-
inant modes g* (Jo”| < |o“|) and transmissive dominant modes g"
(le¥| > |e“]) by merging the two arrays. (b) The magnitude of the
component corresponding to the dielectric cylinder |o?| in two eigen-
vectors, g; (green line) and g, (orange dashed line). The crossing
point of the two lines is found at fy = 3.80 GHz. (c) The magnitude
of the excitation coefficient, |1ﬁ2|, to the two eigenvectors, g; and
g, under upward (or downward) wave excitation. The subscripts 1,
2 of |n| refer to the excitation of the eigenmodes with corresponding
indices. The superscripts — and + denote the downward and upward
incidences, respectively.

illustrate the absorption of the system, which would be inter-
preted as the probability that Maxwell’s demon would close
the gate.

Before the frequency fy, where g; is g*, [n]| gradually
increases to a maximum [Fig. 5(c), red solid line], whereas
|an| drops to a local minimum [Fig. 5(c), blue solid line],
giving rise to the asymmetrical absorption: the rise in the
downward absorption and gradual drop in the upward ab-
sorption. Similarly, after fy, where g, is gA, the distinct
variation of excitation coefficients of [n, | [Fig. 5(c), red
dashed line] and |17§L | [Fig. 5(c), blue dashed line] can produce
the remarkable nonreciprocity in absorption, subject to the
light illumination. As a consequence, it is revealed that the
excitation of the dominant absorptive modes governs the non-
reciprocal transmission and thereby the intriguing demon-like
operation. It is worth noting that the dimer system remains
nonreciprocal by following similar arguments, when the in-
trinsic material absorption is only introduced in the gyrotropic
cylinder.

In summary, we propose an ultrathin metasurface that
can produce antisymmetric nonreciprocal transmission peak-
and-depth pairs. The metasurface functions as an imperfect
Maxwell’s demon for normal incident photons. It is found
that the antisymmetric (nonreciprocal) transmittance is in-
duced directly by the asymmetrical absorption in lossy
dielectric cylinders under the cooperative effect of the ro-
tating magnetic dipole and linear electric dipole excited
in the metasurface. Eigenresponse theory using a simple
2 x 2 matrix truncated from multiple scattering theory is
employed to reveal the underlying mechanism. Moreover,
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the ultrathin property of the proposed metasurface is eas-
ier to realize in practical applications compared with the
traditional bulky Lorentz nonreciprocal devices. Our re-
sults may inspire designs of novel nonreciprocal devices for
photonics.
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