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Dirac bilayer metasurfaces as an inverse Gires-Tournois etalon

Ki Young Lee ,1,2 Kwang Wook Yoo,1 Francesco Monticone,3 and Jae Woong Yoon1,2,*

1Department of Physics, Hanyang University, Seoul 04763, South Korea
2Research Institute for Natural Sciences, Hanyang University, Seoul 04763, South Korea

3School of Electrical and Computer Engineering, Cornell University, Ithaca, New York 14853, United States

(Received 5 October 2023; accepted 25 September 2025; published 17 October 2025)

Efficient transmissive pure-phase resonances are highly desirable for optical modulation and wave front engi-
neering. Here, we propose a principle to realize a pure-phase resonance in an extremely broad transmission band,
as opposed to previous approaches restricted to operating in reflection mode or over a narrow spectral band. We
show that a glide-symmetric bilayer metasurface mathematically mimicking a two-dimensional Dirac semimetal
induces unidirectional guided-mode excitation and perfect leakage-radiation blazing at the transmission channel.
These effects create a peculiar resonant-scattering configuration, similar to the classical reflective Gires-Tournois
etalon, but in transmission, providing full 2π phase modulation with constant transmittance near 100%. Most
importantly, this effect persists over an extremely wide band, associated with topological effects. Hence, our
proposed approach produces a spectrally and parametrically robust pure-phase resonance effect in transmission,
which is highly beneficial for practical applications.
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I. INTRODUCTION

Nanophotonic phase-delay modulation enables various
optical devices including high-speed phase shifters [1], solid-
state beam scanners [2,3], three-dimensional (3D) display
pixels [4,5], spatial light modulators [6,7], orbital-angular-
momentum generators [8], metasurfaces [9], and many others.
In order to obtain remarkably large phase modulation from
subwavelength thin-film structures, resonant excitation of
localized states is typically required to produce a phase-
delay range greatly enhanced from the nonresonant spectral
background. Unfortunately, resonant phase delay is usually
accompanied by abrupt intensity variations, which is detri-
mental for most applications.

A pure-phase resonance is a peculiar effect in which a
phase delay can be realized over a full 2π range, as a function
of certain parameters (e.g., frequency or structural parame-
ters) while keeping the intensity constant, thereby providing
an ideal mechanism for nanophotonic optical-phase control
devices. A Gires-Tournois (GT) etalon is a well-known clas-
sical system that produces pure-phase resonances [10]. An
ideal GT etalon consists of two parallel lossless mirrors, one is
partially reflecting and the other is totally reflecting. The exis-
tence of a totally reflecting mirror makes the reflectivity of the
system fixed at 100%, while the reflection phase delay across
each interferometric resonance changes over a 2π range. An
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identical effect is obtainable in general if any lossless reso-
nance mechanism is included in a totally reflecting optical
system. Therefore, nanophotonic pure-phase resonance struc-
tures in such configurations have been widely investigated and
developed so far [11–14]. However, the effect is produced
only in reflection, causing various technical complications in
practice, such as the need for additional redirecting optical
paths, alignment issues, efficiency degradation, and optical
window restriction.

For these reasons, transmissive pure-phase resonances are
of great interest and some promising structures have been
previously proposed in the literature. Two main principles
have been investigated in this context. One is based on the
combination of spectrally overlapped electric and magnetic
dipole resonances in metasurface structures, i.e., periodic ar-
rays of scatterers, known as Huygens metasurfaces [15–18].
In this scenario, interference between electric and magnetic
dipole scattered fields suppresses the backward radiation
while enhancing the forward scattering. Combined with high
nonresonant transmission through a materially sparse struc-
ture, the transmission efficiency can remain remarkably high
at a fixed frequency while the transmission phase can span the
full 2π range by varying some structural parameter.

Another principle to realize a pure-phase resonance re-
sponse in transmission is based on the concept of quasibound
states in the continuum and the associated polarization vor-
tices in thin-film photonic crystal structures [19–23]. In this
approach, certain parametric tuning associated with the ver-
tical asymmetry of the structure slightly perturbs a bound
state in the continuum (BIC) so that it starts leaking radiation
toward a preferred single-radiation channel, hence causing an
asymmetric scattering effect similar to the hybrid electric-
magnetic dipole resonances if the preferred radiation channel
is on the transmission side.
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Although these approaches are capable of producing al-
most ideal pure-phase resonances in transmission, they are
fundamentally narrow-band effects and their parametric sen-
sitivity is inherently high because their intricate coupling
configurations must be critically balanced. These features sub-
stantially restrict their practical applicability.

In this paper, we propose a principle to realize a pure-
phase resonance effect in transmission, which persists across
a remarkably wide photonic band and is parametrically ro-
bust. Specifically, our approach is based on a glide-symmetric
bilayer metasurface with its synthetic band topology being
identical to a two-dimensional (2D) Dirac semimetal [24,25].
We find that its characteristic eigensystem structure at a
critical topological phase implies anomalous non-Hermitian
orthogonality and extreme asymmetry in leakage-radiation
distributions. These unique topological properties give rise
to unidirectional resonance excitation and perfect leakage-
radiation blazing at a single preferred radiation channel over
nearly an entire photonic band, resulting in an extremely
broad pure-phase resonance band in transmission. We provide
a comprehensive theory and full-wave numerical analyses to
elucidate this intriguing effect. Finally, we discuss potential
applications of the proposed effect. An ultrathin transmissive
phase modulator should be an immediate promising applica-
tion by employing appropriate index-tuning mechanisms such
as thermo-optic or electro-optic effects in dielectric media,
and electrical carrier effect in semiconductor platforms. In ad-
dition to such a rather straightforward application, we present
a decent numerical demonstration of a focusing metasurface
structure as a rudimentary example of wave front engineering
in transmission even in the presence of transversal nonlocality,
which is generally inherent in any guided-mode resonance
structures including our proposed cases here.

II. GENERAL FEATURES OF PURE-PHASE RESONANCES

In a resonant scattering problem, the outgoing wave com-
plex amplitude at an arbitrary radiation port can be expressed
as

A(ω) = Ac + Ad(ω) = Ac + ad
i�

(ω − ω0) + i�
, (1)

where Ac is the amplitude of the nonresonant pathway through
a broad continuum state, Ad(ω) is the amplitude of the res-
onant pathway through a narrow discrete state, ω is the
frequency of the incident wave, ω0 is the center frequency
of the discrete state excitation, and � is the dissipation rate
of the discrete state. This expression provides a simplified
physical picture (valid for a single narrow resonance) accord-
ing to which the nonresonant amplitude Ac forms the spectral
background and its interference with the resonant amplitude
Ad(ω) produces characteristic Fano line shapes in the intensity
and phase of A(ω). Note that Ad(ω) is expressed in terms of
resonance-excitation strength coefficient ad and normalized
Lorentzian function i�(ω − ω0 + i�)–1.

An ideal pure-phase resonance appears when the coupling
configuration of a system satisfies the condition

ad = −2Ac, (2)

so that Eq. (1) reduces to

A(ω) = −Ac e2iα(ω), (3)

where α(ω) = tan–1[(ω–ω0)/�]. Clearly, Eq. (3) implies a
frequency-independent, constant intensity, I = |A|2 = |Ac|2,
and an abrupt 2π phase shift following arg(A) = π +
arg(Ac) + 2tan–1[(ω–ω0)/�] while ω varies around ω0 over a
sufficiently wide spectral region with respect to the resonance
linewidth �. In this respect, creating a pure-phase resonance
is simply the problem of finding a resonance structure where
Ac (nonresonant) and ad (resonant) are appropriately balanced
at a certain desired port to satisfy Eq. (2).

Such a condition can be easily obtained for a nonabsorbing
or largely overcoupled resonance state combined with a single
port corresponding to a single input channel and a single
output radiation channel (for example, a cavity with only a
reflection channel, and no transmission, as in a GT etalon). In
this case, temporal coupled-mode theory predicts |κ|2 = 2�

and ad = −κ2/� = −2 exp(2iφκ ) with φκ = arg(κ ), where
κ is the coupling constant between the port radiation and
the resonance modes. Subsequently, the pure-phase resonance
condition in Eq. (2) reduces to Ac = exp(2iφκ ). This implies
that the ideal pure-phase response for a single-radiation-
channel resonance is obtained if |Ac| = 1 and arg(Ac) = 2iφκ .
The strength condition of |Ac| = 1 is trivial for any nonab-
sorbing system with a single output radiation channel due
to energy conservation. Favorably, the phase condition of
arg(Ac) = 2iφκ is also naturally satisfied in the single port
case because the time-reversal symmetry requirement of the
scattering process dictates so in general [26,27].

Consider the blue circle in Fig. 1(a) for a phasor diagram of
a typical A(ω) in a single-port resonance case. A(ω) is a super-
position of the frequency-independent Ac and the Lorentzian
resonance amplitude Ad(ω), and it appears as a unit circle over
which the phase shifts without any intensity change, as shown
in Figs. 1(b) and 1(c). This is exactly the case for the classical
Gires-Tournois etalon [10] and for modern reflective dielectric
metasurfaces [11–14] in which the zero-order reflection chan-
nel is the only output radiation channel for both the resonant
and nonresonant pathways.

For a transmissive element supporting a single resonance,
unfortunately, the single-radiation-channel condition is not
generally achievable because of the coexistence of reflection
and transmission channels and the constraints imposed by the
reciprocity and time-reversal symmetry of linear systems. The
coexistence of two radiation channels is not simply a matter of
imperfect intensity and phase distributions at some tolerable
magnitudes. This intensity minimum is caused by a complete
destructive interference between the nonresonant amplitude
Ac and the resonant amplitude Ad(ω). As proved previously
[26,27], the time-reversibility restriction for two output-port
cases forces the phase difference between Ad(ω) and Ac to
be π at a frequency point where |Ad(ω)| = |Ac|, making the
destructive interference between them perfect at the intensity
minimum (i.e., zero). A phasor diagram of the typical A(ω) for
a two-port resonance is illustrated as the red circle in Fig. 1(a).
It necessarily passes through the origin and the associated
spectral profiles involve a zero in the intensity and a π jump in
the phase, seriously limiting its utility for phase modulation,
as indicated in Figs. 1(b) and 1(c).
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FIG. 1. General feature of pure-phase resonances. (a) Phasor
diagrams of the typical S(ω) for a single-radiation port resonance
and two-radiation-port resonance. Sc and Sd are the nonresonant
and resonant amplitudes, respectively, and S is their linear super-
position. (b), (c) Typical intensity |S|2 and phase arg(S) spectra
for the single-radiation-port and two-radiation-port resonances. The
two-port resonance involves an unavoidable intensity zero and an
associated π jump in the phase.

Considering these fundamental properties, an ideal trans-
missive pure-phase resonance is obtained only if the reflection
channel is closed in both the nonresonant and resonant path-
ways. Previously, resonant reflection channel suppression has
been obtained by using doubly resonant structures radiating
in the same channels, e.g., arrays of nanoparticle meta-atoms
where electric and magnetic dipole resonances are simulta-
neously excited [15–18]. In such structures, the backward
scattering channel (reflection) can be suppressed by destruc-
tive interference between the electric and magnetic dipole
radiation. In this way, one can design meta-atoms that cover
the full 2π phase range in transmission, as a function of
some structural parameters, while maintaining transmission
intensity close to unity. However, this only works within a
narrow spectral band in which the induced electric and mag-
netic dipole moment strengths and phases are coincidentally
optimal. In addition, in order to produce an ideal transmissive
pure-phase resonance, additional structural optimization and

tuning should be performed to suppress also the nonresonant
reflection channel without unfavorably affecting the resonant
reflection suppression condition. Therefore, the doubly res-
onant nanoparticle array approach is fundamentally narrow
band and demands careful parametric tuning of the unit cell
structures and array geometries to obtain high performance
and a robust pure-phase resonance response in transmission.

In addition, we note that a transmissive pure-phase res-
onance is distinguished from induced transparency effects
where a narrow transmission peak appears within a broad
reflection-resonance band [28–30]. For an induced trans-
parency effect in general, the transparency window includes
a characteristic spectral change of phase delay in the trans-
mission. However, this phase-delay change is inevitably
correlated with sharp change in the transmission intensity in
stark contrast to the transmissive pure-phase resonance where
the phase-delay change is obtained without any change in the
transmission intensity.

III. EXTREMELY BROAD PURE-PHASE RESONANCE
BAND

As an approach to producing a broadband pure-phase res-
onance response in transmission, we consider guided-mode
resonances in a glide-symmetric bilayer grating structure, as
shown in Fig. 2(a). Two identical grating layers are shifted
from each other by a distance a�, where a is the period and
� is the normalized glide shift. As conventional resonant grat-
ings do, this structure produces narrow scattering resonances
along dispersion bands at which any one of the diffraction
orders has an in-plane phase distribution matching that of a
leaky guided mode [25–27,31–34]. In the zero-order regime
below the first-order Rayleigh frequency, a leaky guided mode
couples to two radiation ports corresponding to the zero-order
reflection and transmission plane-wave channels, and thereby
gives rise to a two-port Fano-resonance profile with a typical
response as indicated in Figs. 1(b) and 1(c).

Nevertheless, guided-mode resonances in the proposed
structure, for certain optimal parameter values, produce an
almost ideal pure-phase resonance band similar to what
one would expect for single-port resonances, as shown in
Figs. 2(b) and 2(c). See figure caption for the optimal pa-
rameter set that we considered for these results. In Fig. 2(b),
we show the transmittance (T) and transmission phase (φt )
spectra in the (in-plane) wave vector-frequency plane. In the
lower vicinity of the first-order Rayleigh frequency νR(+1),
we find a band of almost ideal pure-phase resonances, i.e.,
constant intensity at T ≈ 1 with full phase range �φt ≈ 2π .
Remarkably, this resonance persists over an extremely broad
spectral band from 0.19c/a (108 THz) to 0.38c/a (217 THz).
This band is 1382-nm wide in wavelength and covers nearly
the entire first-order guided-mode resonance band within the
zero-order regime.

Figure 2(c) shows phasor diagrams for the complex trans-
mission coefficient t (λ) at selected angles of incidence.
For λ0 = 1.55μm, t (λ) appears as a unit circle represent-
ing an ideal pure-phase resonance. At wavelengths of 1.8
and 2.15μm, the resonant phasor circles deviate from the
unit circle inward. Therefore, the transmission intensity is
not strictly constant any longer but creates an asymmetric
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FIG. 2. Extremely broad pure-phase transmission resonance band in a glide-symmetric bilayer waveguide grating. (a) Schematic of the
proposed structure. Two identical grating layers with period a, fill factor F, and core and cladding indices of refraction n1 and n2 are laterally
shifted by a distance a�. Guided modes propagating toward the left (ψL ) and right (ψR ) induce guided-mode resonances. (b) Transmittance
(T) and transmission phase (φt ) spectra for an optimal structure under transverse-electric (TE) polarized light incidence. The parameters are
a = 525 nm, F = 0.8, d = 200 nm, n1 = 3.48 (Si), n2 = 2.45 (Si3N4), and � = 1/4. νR(±1) indicates the first-order Rayleigh frequency.
(c) Phasor diagrams of transmission coefficient t (λ) at several selected angles of incidence, in which the range of λ is ±100 nm with respect
to the center wavelength λ0. These three selected λ0’s are indicated in panel (b) by the horizontal dotted linecuts. (d) Core-index-dependent
transmitted wave front change at the pure-phase resonance for λ = 1.55μm and θ = −3◦.

Fano-resonance profile. This deviation results from imperfect
satisfaction of Eq. (4)—the optimal thickness condition with
respect to the wavelength. Although the transmission inten-
sity is not constant, the magnitude of the intensity change is
insignificant (within 20%).

If we define an operating wavelength range as the range
supporting transmission resonances with the intensity mini-
mum exceeding 50% while keeping a full 2π -phase shift, we
obtain a 900-nm-wide range from 1.45 to 2.35μm. Although
the phase modulation should be operated around restricted
conditions around the guide-mode dispersion band, one can
obtain full 2π transmission-phase modulation over almost
an 1-µm-wide spectral domain. Importantly, the obtained
operation range is an order of magnitude wider than the
typical 3%–5% fractional bandwidths obtained with previous
approaches based on hybrid electric and magnetic dipole scat-
tering (Huygens metasurfaces) [15,17] or polarization vortices
associated with quasibound state in the continuum [21].

This almost ideal pure-phase resonance in transmission is
applicable for efficient wave front control devices, e.g., meta-
surfaces, by suitably tuning its parameters. For example, we
calculated transmitted field distributions as a function of core
index change on the order of 10−2 and the results are shown in

Fig. 2(d). A full one-wavelength shift in the transmitted wave
front is obtained without any significant change in the trans-
mitted light intensity. Interestingly, this pure-phase resonance
band appears to be accompanied by extreme asymmetry. Un-
der TE illumination, it is produced only at the phase-matching
condition for the guided mode (ψR) propagating toward the
right (+x direction), whereas no resonance feature is observed
[see Fig. 2(b)] for the other guided mode (ψL) propagating
toward the left (−x direction).

The optimal parameter set to observe these effects is not
obtained through blind optimization, but by requiring the sys-
tem to satisfy the following conditions:

Optimal film thicknessd ≈ π jK−1
c , (4)

Interlayer crossover coupling χ1 = 0, (5)

Optimal glide shift � = ±1/4. (6)

Here, j is a positive integer and Kc = (εck2
0−k2

x )1/2 is the
effective out-of-plane wave vector component with εc and kx

denoting the effective dielectric constant of the grating layer
and the in-plane wave vector of incident light, respectively.
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In addition, χ1 denotes the amplitude of coupling between
the left- and right-propagating guided modes through two se-
quential first-order diffractions, one in the lower grating layer
and another in the upper grating layer, thereby we refer to it
as the interlayer crossover coupling. See Sec. S1 in the Sup-
plemental Material [35] for a detailed mathematical treatment
leading to these conditions. If these conditions are satisfied,
both the nonresonant and resonant reflection channels are si-
multaneously closed and the desired single-radiation channel
condition is obtained.

Considering the three requirements in Eqs. (4)–(6) in fur-
ther detail, Eqs. (4) and (5) in principle depend on frequency
and in-plane wave vector kx, and thereby result in restric-
tions in operation bandwidth and angular range. In particular,
Eq. (5) for interlayer crossover coupling χ1 reduces to a
thickness condition as d ≈ 2π j′K−1

c , where j′ is a positive
integer. Therefore, Eq. (5) ensures Eq. (4) to be simultane-
ously satisfied, and thereby both conditions are restricted by
identical frequency or kx dependences. The thickness condi-
tion is simply the single-layer antireflection or equivalently
weak Fabry-Pérot-resonance condition for the effective ho-
mogeneous film, which is much broader than Guided-Mode
Resonance (GMRs) or Mie-type resonances in general. Please
note that resonance bandwidth inversely scales with reso-
nance quality factor Q, whose order of magnitude is typically
104–102 for conventional GMRs and merely 1 for weak
single-layer Fabry-Pérot resonances.

The necessary conditions for the suppression of the res-
onant reflection channel are Eqs. (5) and (6), and they are
associated with unique interaction configurations at a glide-
symmetric non-Hermitian topological nodal phase, as we will
explain in detail in the next section.

IV. NON-HERMITIAN TOPOLOGICAL PROPERTIES

In the spectral region of interest, guided modes propagating
toward right (ψR) and left (ψL) are internally coupled to each
other primarily through second-order diffraction processes
and they are externally coupled to the radiation continuum
primarily through first-order diffraction processes. Guided-
mode eigenstates in the considered structure, at the vanishing
interlayer crossover coupling condition in Eq. (5), can be
described by a non-Hermitian binary eigenvalue problem

[ωc + iγ + (m + iγ ) cos(2π�)σ1 + vkxσ3]|ω±〉 = ω±|ω±〉,
(7)

where σ j is the Pauli matrix, ωc is the center frequency of the
second-order stop band, i.e., the frequency of the second-order
Bragg condition for the guided modes, γ is the radiation rate
of the guided modes in the absence of internal coupling, m is
the internal coupling constant, v is the in-plane group speed
of the guided modes, kx is the Bloch wave vector, and |ω±〉 =
[ψR± ψL±]T. See Sec. S1 in the Supplemental Material [35]
for mathematical details of this description.

It is known from our recent work [24] that Eq. (7) al-
lows us to treat the suggested glide-symmetric grating as
a 2D Dirac semimetal, which has its nodal point at � =
±1/4. The nodal point condition exactly coincides with the
conditions in Eqs. (5) and (6), strongly suggesting that the

FIG. 3. Anomalous orthogonality of guided-mode eigenstates at
the topological nodal phase. Degree of nonorthogonality as a mea-
sure of cross-projection magnitude of the two eigenstates is indicated
as a function of glide-shift parameter � and in-plane wave vector kx .

transmissive pure-phase resonance effect shares its underly-
ing physics with 2D topological semimetals. Indeed, peculiar
eigenstate properties and asymmetric leakage-radiation blaz-
ing effects provide a firm physical foundation for the almost
ideal pure-phase resonances at the nodal-point condition.

First, the anomalous orthogonality of the eigenstates plays
a key role. Eigenstates of non-Hermitian Hamiltonians are in-
evitably nonorthogonal in general scenarios. In our proposed
structure, coupling of guided modes to the radiation contin-
uum is an essential feature and the associated radiation loss
results in non-Hermiticity, as parametrized by the leakage-
radiation rate γ of the guided mode in Eq. (7). Therefore,
at the critical topological phase for m = 0 and � = 0, the
conventional Dirac point splits into two exceptional points
and the eigenstates become nonorthogonal in a similar manner
as in conventional topological, non-Hermitian, guided-mode
resonance effects [36–38].

For � = ±1/4, however, inter-guided-mode coupling
represented by the term with σ1 in Eq. (7) vanishes. Con-
sequently, the exceptional points merge into a Dirac point,
the imaginary eigenvalue splitting vanishes to form a flat
imaginary band, and the eigenstates become orthogonal
throughout the entire frequency bands even in the presence
of non-Hermiticity. We note that these atypical non-Hermitian
properties are identical to those of 2D non-Hermitian topolog-
ical semimetals [24,39].

We numerically confirmed the anomalous orthogonality in
the considered case, as shown in Fig. 3(a). We indicate degree
of nonorthogonality by taking the cross-projection magnitude
X = |〈ω+|ω−〉| as a function of in-plane wave vector kx and
glide-shift parameter �. X vanishes throughout the entire kx

domain at � = ±1/4. This property is an immediate conse-
quence of the emergence of the Dirac point.

In further detail, Eq. (7) implies an expression for the
eigenstates as

|ω±〉 = N (kx )

[ √
�ω ± vkx

±√
�ω ∓ vkx

]
, (8)
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where

�ω = 1
2 (ω+ − ω−) =

√
(vkx )2 + (m + iγ )2cos2(2π�),

(9)

is the complex frequency splitting and N (kx ) ≈ |2�ω|–1/2 is a
normalization constant. In the weak radiation-loss limit with
|m| >> γ , the degree of nonorthogonality is then expressed
as

X = |〈ω+|ω−〉| 	 γ |vkx cos(2π�)|
(vkx )2 + m2cos2(2π�)

. (10)

This expression conveniently explains the features ob-
served in Fig. 3(a). The orthogonal eigenstate condition (X =
0) is found at kx = 0 (� point) and � = ±1/4. These condi-
tions are evident in Eq. (10) because X ∝ |kx cos(2π�)|. The
orthogonality at the � point is also consistently understood
by Eq. (8), which reduces to |ω±〉 = 2–1/2 [1 ± 1]T at kx = 0
regardless of � value.

At � = ±1/4, the orthogonality persists over the entire
Brillouin zone even in the presence of radiation loss (γ �= 0)
and, hence, we refer to this effect as “anomalous orthogo-
nality.” This is an immediate consequence of the decoupling
between the right and left guided modes (ψR and ψL) at the
topological nodal-phase condition. At this special condition,
�ω = |vkx| according to Eq. (9) and its application to the
eigenstate expression in Eq. (8) results in

|ω±〉 =
[

1
0

]
or

[
0
1

]
. (11)

The decoupled orthogonal eigenstates at this specific con-
dition have no dependence on kx and, as discussed in the
following, extremely asymmetric responses might be created
over the entire resonance band. Here, it appears that the lattice
structure at � = ±1/4 does not provide any net effect on the
guided modes because the inter-guided-mode coupling van-
ishes. However, this specific lattice structure has remarkable
effects on the leakage-radiation distribution, leading to an
almost ideal pure-phase resonance as explained in the next
section.

V. PERFECT BLAZING IN LEAKAGE RADIATION

The decoupled guided-mode states and their interaction
with the radiation continuum at � = ±1/4 induce perfect
blazing of leakage radiation toward a single preferred diffrac-
tion order and, consequently, lead to the effective realization
of a single-port resonance in transmission.

In Figs. 4(a)–4(e), we show �-dependent frequency bands
and their partial leakage-radiation strengths toward the cover
(κc) and substrate (κs) media for the upper (ω+) and lower
(ω−) band states. For � = 0 or 1/2, ω± bands have a typ-
ical anticrossing structure and the partial leakage-radiation
strengths are symmetric along both vertical and lateral axes,
i.e., |κc| = |κs| and κc or s(kx) = κc or s(−kx ). In the other cases
for 0 < D < 1/2, |κc| �= |κs| and κc or s(kx) �= κc or s(−kx )
in general. This up/down and left/right asymmetry in the
leakage-radiation distribution can be intuitively understood as
resulting from the broken mirror symmetry of the structure
with respect to x-y and y-z planes.

Importantly, we see several very peculiar characteris-
tics in these cases. First, the leakage-radiation distribution
is extremely asymmetric at � = 1/4. The frequency bands
show a typical Dirac point appearing at the topological
nodal phase resulting from complete decoupling between the
right and left guided modes, i.e., |ωR〉 = |R〉 = [0 1]T and
|ωL〉 = |L〉 = [0 1]T over the entire frequency domain. The
leakage-radiation distributions of these completely decoupled
guided-mode eigenstates are also completely decoupled in
such a way that κc = 0 (no radiation toward the cover) for
|ωR〉 while κs = 0 (no radiation toward the substrate) for |ωL〉.
We refer to this effect as asymmetric perfect leakage-radiation
blazing in a similar sense to the classical blazed gratings that
maximize the diffraction efficiency at a selected diffraction or-
der by matching ray-optical and diffractive-optical angles. In
our case, however, the blazing happens for the cover and sub-
strate zero-order waves, not different diffraction orders, and
its underlying physics is different from the classical blazed
gratings.

Although the perfect leakage-radiation blazing appears
throughout the entire frequency bands for � = 1/4, strong
blazing effect is still persistent even for � �= 1/4, as shown
in Figs. 4(b) and 4(d). In particular, for these intermediate
conditions, almost perfect blazing is found at two opposite kx

points on the ω− band. Specifically, looking at the radiation
rate spectra for the ω− band in Figs. 4(b) and 4(d), we see
κs ≈ 0 or κc ≈ 0 at kx = ±0.01 × 2π/a. The almost perfect
blazing for � �= 1/4 at these points is associated with the
presence of a bound state in the continuum located at the
� point (kx = 0) for � = 0 and 1/2, as further elucidated
below.

In order to better understand the leakage-radiation blaz-
ing conditions, we calculate ratio of the leakage-radiation
strengths |κc/κs| for ω+ and ω− bands on the kx-� plane as
shown in Figs. 4(f) and 4(g), respectively. The perfect blazing
effect over the entire bands is clearly seen at � = 1/4, where
the ratio |κc/κs| is maximized (radiation toward cover) or
minimized (radiation toward substrate). In Fig. 4(h), we show
excited eigenstates and their leakage-radiation distributions
at � = 1/4 at four selected conditions I–IV, indicated in
Figs. 4(c), 4(d), and 4(g). We confirm that the perfect blazing
is closely related to the eigenstates |R〉 and |L〉 such that |L〉
emits radiation only toward the cover while |R〉 emits radia-
tion only toward the substrate. For the ω− band in Fig. 4(g),
the map areas for � �= 1/4 reveal additional strong blazing
conditions (|κc/κs| > 10+2 or |κc/κs| < 10−2) that are con-
nected to the BIC at � = 0 and ±1/2.

To further elucidate this behavior, we can use the coupled-
mode theory by Kazarinov and Henry [31] to determine
closed-form expressions for the leakage-radiation strength
as

|κc±| =
√

2γ |ψL± cos[π (� − 1/4)]

− ψR± sin[π (� − 1/4)]|, (12)

|κs±| =
√

2γ |ψR± cos[π (� − 1/4)]

− ψL± sin[π (� − 1/4)]|, (13)

and these expressions provide comprehensive understanding
of the leakage-radiation blazing properties revealed in the
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FIG. 4. Perfect blazing of leakage radiation. (a)–(e) Glide-shift-dependent photonic bands (top) and corresponding leakage-radiation rates
toward the cover (middle) and substrate (bottom) near the second-order Bragg condition (stop band). ω± denotes the upper (+) and lower (−)
band, respectively. κc and κs represent leakage-radiation rates toward the cover and substrate, respectively. Leakage-radiation asymmetry ratio
|κc/κs| as a function of glide-shift parameter � and in-plane wave vector kx for ω+ (f) and ω− (g) bands. (h) Field distributions for four selected
perfect leakage-radiation blazing conditions I, II, III, and IV. Parametric locations of these conditions are indicated in panels (c), (f), and (g).

numerical analyses. Here, ψR± = 〈R|ω±〉 and ψL± = 〈L|ω±〉
and the expressions are derived by taking spatial symme-
tries and interferences between the two grating layers into
account. See Sec. S2 in the Supplemental Material [35] for
detailed mathematical treatment. Note in Eqs. (12) and (13)
that the spatial-symmetry property ψL±(−kx ) = ψR±(+kx ) of
the eigenstates results in |κc±(−kx )| = |κs±(+kx )|. Therefore,
the blazing conditions for the cover and substrate leakage
radiations symmetrically appear with respect to the � point,
as found in Figs. 4(f) and 4(g).

For � = ±1/4, Eqs. (12) and (13) reduce to

|κc±| =
√

2γ |ψL±|&|κs±| =
√

2γ |ψR±|for� = 1/4

|κc±| =
√

2γ |ψR±|&|κs±| =
√

2γ |ψL±|for� = −1/4 (14)

Clearly, for � = 1/4, the leakage radiation toward the
cover is exclusively from |L〉, while the leakage radiation
toward the substrate is solely from |R〉, as seen in Fig. 4(h).
Therefore, perfect blazing at the cover or substrate zero order
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occurs for resonance band ωR or ωL that takes |R〉 or |L〉 as
the eigenstate, respectively.

For � �= ±1/4 in contrast, Eqs. (12) and (13) imply that
perfect blazing (κc = 0 or κs = 0) is obtained for the follow-
ing conditions:

ψL±
ψR±

= ±
√

�ω ± vkx

�ω ∓ vkx
=

{
tan[π (� − 1/4)]forκc± = 0

cot[π (� − 1/4)]forκs± = 0
.

(15)

Equation (15) quantitatively describes the strong blazing
conditions connected to the BICs in Fig. 4(g). In the close
vicinity of the BIC that is located at the band edge of the ω−
band for � ≈ 0, for example, the blazing condition of Eq. (15)
reduces to vkx/�ω ≈ 2π� for κc− = 0 or vkx/�ω ≈ −2π�

for κs− = 0. This is exactly consistent with the feature re-
vealed at the bottom of Fig. 4(g) where the blazing conditions
for the cover and substrate leakage radiations linearly branch
off from the � point toward the left and right, respectively, as
� increases from 0. In addition, one can easily find that there
is no sensible solution to Eq. (15) for the ω+ band, which
explains why the blazing condition for the ω+ band appears
only at � = ±1/4, as shown in Fig. 4(f).

These leakage-radiation properties described by Eqs. (12)
and (13) enable a simple and intuitive model that quantita-
tively describes the transmission intensity and phase spectra.
Specifically, we construct a temporal coupled-mode model
of scattering amplitudes. For the nonresonant scattering pro-
cesses in this model, we treat the grating structure as an
effective homogeneous thin film. For the resonant scattering
processes on the other hand, we take the binary eigenstates
in Eq. (7) as resonance states. We assume that coupling
strengths between the resonance states and radiation chan-
nels are given by Eqs. (12) and (13). Although the model
only assumes time-reversal symmetry, reciprocity, and energy
conservation for the states given by Eq. (7), with coupling
strengths in Eqs. (12) and (13), the calculation results for the
angle-dependent intensity and phase spectra in transmission
and reflection are quantitatively consistent with rigorous nu-
merical analysis based on the finite-element method (FEM).
See Sec. S3 in the Supplemental Material [35] for a detailed
mathematical derivation and its comparison with numerical
calculation results.

In particular, the model predicts transmission coefficients
for cover-side light incidence

τ14 = it + κ1
2

i(ω − ω0) − �
, (16)

τ23 = it + κ2
2

i(ω − ω0) − �
, (17)

where τ14 and τ23 are transmission coefficients for +kx and
−kx, respectively. Here, it represents the nonresonant trans-
mission coefficient, κ1 and κ2 are coupling constants of the
resonance states with the corresponding transmission chan-
nels, ω0 = Re(ω±) is the resonance center frequency, and
� = Im(ω±) is the decay rate of the resonance state. For the
optimal conditions of � = 1/4 and Eq. (5), the parameters
take values as t ≈ 1, κ1 ≈ (2γ )1/2 exp(iπ/4), κ2 ≈ 0, and

� ≈ γ . See Sec. S3 in the Supplemental Material [35] for the
associated closed-form expressions of these parameters.

Then, τ14 in Eq. (16) for the transmission toward the per-
fectly blazed channel reduces to

τ14 ≈ i + 2γ

ω − ω0 + iγ
= i

ω − ω0 − iγ

ω − ω0 + iγ
. (18)

This is identical to Eq. (1) with nonresonant ampli-
tude Ac = i and Ad = −2i, and hence it satisfies the
ideal pure-phase resonance condition in Eq. (2), i.e.,
Ad = −2Ac. Note that the right-hand side of Eq. (18)
clearly represents frequency-independent constant intensity at
|τ14| = 1 and frequency-dependent phase arg(τ14) = π/2 −
tan−1[(ω − ω0)/γ ], which is expected for a phasor along the
unit circle as indicated by the blue circle in Fig. 1(a) for a
single-port resonant-scattering amplitude. Thus, rather strik-
ingly, the considered transmissive element behaves exactly
as an open resonator connected to a single-radiation channel
over a very broad bandwidth. In contrast, τ23 in Eq. (17) for
the transmission toward the closed channel reduces to τ23 ≈
i = constant which does not have any frequency-dependent
resonance feature in the intensity and phase. Therefore, our
topological-state and leakage-radiation theory of the bilayer
glide-symmetric grating structure fully captures the underly-
ing physics of the asymmetric pure-phase resonance effect in
transmission. We note that Eq. (18) is also in consistency with
alternative generic desrciptions based on complex poles and
zeros for resonance responses as provided in Refs. [40,41].

VI. TRANSMISSION SPECTRA OF THE PURE-PHASE
RESONANCE BANDS

In this section, we show how the pure-phase resonance
band gradually emerges in consistency with our proposed
theory in Secs. III–V. Figure 5 shows the angle-resolved trans-
mittance and phase-delay spectra for � increasing from 0 to
1/2. Note that this corresponds to the numerical calculation
results of the transmission spectra for the cases shown in
Figs. 4(a)–4(e).

For � = 0, the transmittance spectrum shows typical
Fano-shape GMR featuring a zero-transmittance minimum,
phase-delay change limited within π , and left-right symme-
try. A symmetry-protected BIC clearly appears at the lower
band edge ω−(θ = 0) in consistency with Fig. 4(a).

For � = 0.15, the BIC for � = 0 splits into two narrow-
band pure-phase resonances at θ = ±2◦ and the phase-delay
spectrum becomes considerably asymmetric in contrast to the
symmetric transmittance (intensity) spectrum. In the phase-
delay spectrum, magnitude of the resonant change remarkably
decreases the resonant phase-delay change magnitude. The
BIC splitting in the ω− band is also indicated in the leakage-
radiation blazing spectrum in Fig. 4(g) and fundamentally
identical to the polarization-vortex topological effect that
causes narrow-band pure-phase resonances or equivalently
unidirectional GMRs, as previously studied in Refs. [19–23].

For � = 1/4, the GMR bands in the transmittance spec-
trum almost entirely vanish, while only a pointlike resonance
at θ = 0 is left behind. In contrast, the transmission phase-
delay spectrum has a clear resonance band of 2π phase
change exclusively along the right-going guided-mode band.
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FIG. 5. Glide-shift-dependent resonant transmission features. Numerical calculation results of angle-resolved transmittance (a) and trans-
mission phase (b) spectra of the incident light from the up port according to the grating configurations for a given �.

Combining the wide angle and frequency spectra in Fig. 2(b)
with Fig. 5 for � = 1/4, we confirm that strong pure-phase
resonance effect is persistent over the entire right-going
guided-mode resonance band below the first-order Raleigh
frequency νR(±1) beyond which the number of plane wave
radiation ports exceeds two. � point at θ = 0 is the only
exception of the pure-phase resonance within this frequency
and angle range below νR(±1). At � point, the left-going
and right-going guided modes are equally excited and they
independently emit leakage-radiation waves toward the reflec-
tion and transmission ports, respectively. The excitation of
the left-going guided mode opens up the resonant reflection
port that was closed for θ �= 0 and thereby the pure-phase
resonance vanishes threat.

We note that this drastic broadening of the pure-phase
resonance and leakage-radiation blazing band at this quarter-
period glide-shift condition is fundamentally independent of
the existence of a BIC and associated polarization-vortex
topological effect. Instead, it originates from the anomalous
non-Hermitian orthogonality of the guided-mode eigenstates
and asymmetric interference between diffraction amplitudes
as we have explained through Secs. IV and V. The leakage-
radiation blazing spectrum in Fig. 4(f) is one direct evidence
of the causal independence of our case from the previous
polarization-vortex topological effect. In Fig. 4(f), the uni-
directional perfect blazing at � = ±1/4 for the ω+ band
obviously does not have any association with the BIC feature
in contrast to Fig. 4(g) for the ω− band. In further detail,
the unidirectional leakage-radiation blazing at � = ±1/4 is
independent of kx according to Eq. (14) and thereby appears as
a broad-band property. For the BIC-connected, polarization-
vortex topological feature, it is obtained at a specific kx

value as Eq. (15) describes, implying a narrow-band effect in
principle.

If � increases further from 1/4 below 1/2, i.e., 1/4 <

� < 1/2, the full-band pure-phase resonance quickly fades
away while the BIC-connected narrow-band features remain,

as shown in Fig. 5 for � = 0.35 in which the transmittance
and phase-delay spectra are almost identical to those for � =
0.15. We note that this similarity of the transmission intensity
and phase spectra with respect to the quarter-period glide-shift
condition is fully captured by the leakage-radiation blazing
properties according to Eqs. (12) and (13).

For � = 1/2, as in the right panels of Figs. 5(a) and
5(b), the transmission intensity and phase spectra become
symmetric with respect to kx because the structure is mirror-
symmetric. For � > 1/2, the spectra are simply identical to
those presented in Fig. 5 with kx being inverted to −kx.

In summary of our underlying physics description through
Secs. II–VI, we identify two fundamental requirements for a
transmissive pure-phase resonance in a generic two-radiation-
port scattering system and explain how to realize it in a
glide-symmetric bilayer GMR structure. The two essential
conditions are zero nonresonant transmission and unidirec-
tional emission of the resonant mode to the transmission
side. We elaborate a minimal model of guided-mode band
structures and leakage-radiation properties in the proposed
structure based on two counterpropagating guided modes,
three space-harmonic fields, and their diffractive coupling
processes.

Importantly, the minimal model reveals fundamental
underlying physics along two different lines. One is non-
Hermitian band topology. Our model allows a non-Hermitian
Hamiltonian description for the resonant states and frequency-
dispersive characteristics, which have a direct mathematical
correspondence to Dirac semimetals in the presence of leak-
age losses. The anomalous Dirac point, not conventional
exceptional point, at the quarter-period glide-shift condition
indicates robust formation of purely unidirectional resonant
excitation, which is one necessary condition for pure-phase
resonances. In another aspect, our model allows more fun-
damental, diffraction-interference description of the proposed
effect. The anomalous Dirac-point formation is understood by
complete destructive interference between the second-order
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diffraction amplitudes, i.e., Bragg-reflection amplitudes, in
the upper and lower layers. In addition, the leakage-radiation
amplitudes toward the upper and lower surrounding media
are described in terms of two interfering contributions from
the left-going and right-going guided modes whose com-
plex amplitudes are fully determined by the closed-form
non-Hermitian Hamiltonian, as indicated in Eqs. (7)–(9),
(12), and (13). Intriguingly, these equations fully capture
two unidirectional resonance features that independently in-
duce pure-phase resonances in the transmission. One is a
broadband feature at the quarter-period glide-shift condition
that we mainly propose in this paper. The other one is a
narrow-band feature connected to the BIC point, which cor-
responds to previously proposed, polarization-vortex charge
separation. In our model, narrow-band nature of this feature
is readily understood with Eq. (15) that it must appear at
a specific kx point where leakage-radiation waves separately
from the left-going and right-going guided modes cancel each
other. Therefore, our model provides a conceptually sim-
plest physical description of the narrow-band unidirectional
photonic-lattice resonance and its abstract polarization-vortex
topological properties in terms of elementary wave properties
of diffraction and interference.

VII. POTENTIAL APPLICATION

Combined with appropriate index-tuning mechanisms or
spatial parameter distributions, i.e., suitable spatial structur-
ing, the pure-phase transmission resonance may have a wide
range of application areas as a compact flat optical device,
such as phase modulators and wave front control metasur-
faces. Considering the wave front engineering capability in
particular, precise manipulation of local phase delay is a key
feature. Although the proposed pure-phase resonance effect in
transmission provides an efficient mean for controlling global
phase delay over the cross section of an optical beam in the ab-
sence of undesirable intensity variations, it is unclear whether
the phase delay in the proposed structure is locally control-
lable within an acceptable level in practice. This question
naturally arises because diffractive properties from guided-
mode resonances are inherently collective responses involving
multiple unit cells typically on the order of 10–1000. Thereby,
precise phase match of the incident light to the dispersion
relation and nonlocal properties of the diffracted light are
unavoidable [42–44].

In this respect, we perform a set of numerical experiments
on metasurface lensing functionality based on the proposed
pure-phase resonance effect. We set a 2D FEM model of our
proposed bilayer metasurface structure such that its trans-
mission phase-delay distribution φ(x) follows a quadratic
function as

φ(x) = φ0 − πx2

λ f
, (19)

where φ0 is a reference phase delay at the center (x = 0)
and f is the desired focal length. This quadratic phase-delay
distribution is wrapped within a [0, 2π ) range, resulting in
piece-wise continuous Fresnel zones. The wrapped phase-
delay distribution is coded into a corresponding period
distribution a(x; f ).

We first tested a trial design based on the structure con-
sidered in Fig. 1. The 2D FEM model in this test consists
of a 80-µm-wide bilayer metasurface with its period a(x; f )
distribution is inferred from its transmission phase spectra
combined with Eq. (19) for f = 40, 60, and 80μm at wave-
length 1.5μm. The outer boundaries of the computational
domain are surrounded by three perfectly matched layers
and one incident port that emits a 40-µm-wide cylindrical
Gaussian beam toward the metasurface structure. Unfortu-
nately, we found no clear signature of a focal spot in the
FEM simulation results. We attribute the failure in this case
to the strong nonlocal response of the structure. Effective
propagation length of the guided mode in the first trial cases
is Leff ∼ 230a, which we estimate from the resonance qual-
ity factor Q ∼ 4400 and group speed v ∼ 0.35c using the
relation Leff ≈ (2π )–1Q(v/c)a, which is approximately valid
for resonant gratings around the first-order Bragg condition
in general. It is therefore not surprising to see no local
phase-delay effect in this high-Q and long-propagation-length
regime.

In order to significantly reduce the effective propagation
length to enable a sufficiently stronger local phase-delay re-
sponse, we modify the structure. We change the host medium
from Si3N4 (n2 = 2.45) to SiO2 (n2 = 1.5) to increase the
index contrast. In addition, we modify the thickness of the
Si grating layer from 200 to 250 nm and fill factor from 0.8
to 0.6. These modifications are favorable for increasing the
radiation decay rate of the guided mode since the confinement
factor of the guided mode to the grating layer and the diffrac-
tion strength are enhanced with such parametric changes.
With these modified design parameters, the resonance quality
factor and group speed for this modified structure are Q = 43
and v = 0.37c, resulting in effective propagation length Leff ∼
2.5a, which seems very promising to expect an improved local
phase-delay response in contrast to the original structure with
Leff ∼ 230a.

In Figs. 6(a) and 6(b), we show transmission intensity T
and phase delay arg(t) spectra. Along the blazed-state reso-
nance condition indicated by the dark-red dashed curve, the
T spectrum is persistently high above 0.8 over most of the
spectral domain of interest, except for the � point, while
maintaining a 2π phase shift around it, as expected. For a
reference resonance state at 1.5μm wavelength and 10◦ angle
of incidence, we calculate T and arg(t) as the grating period a
changes from 600 to 800 nm, as shown in Figs. 6(c) and 6(d).
These results confirm T > 0.8 over the entire period range,
while arg(t) changes over almost a full 2π span. Note that
a pure-phase resonance does not occur at normal incidence
because both left-going and right-going guided modes are
equally excited and consequently the one-port radiation effect
is no longer sustainable. Therefore, the focusing effect cannot
be produced at the normal-incidence condition unfortunately.
Using this period-dependent response, we then create a meta-
surface with a period distribution that realizes a phase profile
according to Eq. (19) for the desired focal length f = 40, 60,
and 80μm.

The simulation results are provided in Figs. 6(e)–6(g). We
show the designed period distributions on the bottom and
the corresponding transmitted field intensity distributions on
top. The incident Gaussian beam is 40-µm-wide in its full
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FIG. 6. Numerical demonstration wave front control. (a), (b) Transmittance T and transmission phase arg(t) spectra for a structure with
parameters a = 700 nm, F = 0.6, d = 250 nm, n1 = 3.48 (Si), and n2 = 1.5 (SiO2). (c), (d) T and arg(t) as a function of period for a pure-phase
resonance condition at wavelength λ = 1.5μm and angle of incidence θ = 10◦. (e)–(g) Focusing of an incident Gaussian beam for desired
focal length fd = 40, 60, and 80μm. The period distribution on the bottom of each panel is configured so that the device yields the desired
focal length in the ideal local-response regime. fa denotes focal length obtained through simulation.

width at half maximum for all three cases. As seen clearly,
we obtain well-defined focal spots for all cases. The obtained
focal efficiencies and numerical aperture are 59% and 0.95
for f = 42μm, 61% and 0.62 for f = 62μm, and 64% and
0.46 for f = 86μm, respectively. The focal efficiency indi-
cates partial optical power within the Gaussian focal spot
with respect to the total scattered outgoing power from the
metasurface structure. The focal-length errors are around 6%
from their desired values. We consider that this error is related
to the nonlocal response of the resonant transmission effect,
as we discussed earlier in this section. Besides the focal-
length error, these simulation results suggest highly promising
performance as the reflection of the incident Gaussian beam
is lower than 1.7% and the power efficiency of the focal
spot, i.e., portion of the optical power contained within the

focal spot area, is higher than 60%. Moreover, different from
Huygens metasurfaces based on localized magnetic-electric
dipole resonances, our design guarantees similar performance
metrics over a very broad wavelength range, albeit for differ-
ent angles of incidence at different wavelengths, as suggested
by the results in Figs. 6(a) and 6(b).

We point out several technical limitations of our exemplary
and rudimentary numerical demonstration for its applications
to wave front engineering surfaces. Although the pure-phase
resonance here persists over a broad spectral window, it
should not be confused with a broadband pure-phase reso-
nance in a conventional sense as implying that the pure-phase
modulation is available under broadband and wide-angular
light incidence. The pure-phase resonance itself in our case is
a narrow-band resonance occurring along a specific dispersion
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curve as a guided-mode resonance. Therefore, the incident
light should be monochromatic and highly directive at an
angle prescribed by the dispersion curve, e.g., 10◦ at wave-
length 1.5μm in Figs. 6(e)–6(g). Change in the operation
wavelength requires corresponding shift of the incident angle
for securing the desired focusing effect. In addition, the focus
is subject to a chromatic aberration as explicitly appearing in
Eq. (19).

In spite of these limitations, one may still take some techni-
cal advantages of our proposed approach for monochromatic-
light applications that are abundant in laser-based optical
technologies. For example, Pancharatnam-Berry phase meta-
surfaces are recognized as an efficient method for achieving
broadband transmissive phase modulation through nonreso-
nant effects [45,46]. However, compared to our approach,
they have several disadvantages. First, accumulating suf-
ficient polarization-dependent phase difference requires a
considerable thickness, similar to traditional diffractive op-
tical elements. Second, attaining near-unity transmission is
fundamentally challenging due to inherent limitations of
nonresonant refractive optical properties and the unavoid-
able presence of the zero-order component [47,48]. Third,
applying time-varying phase modulation without resonance
mechanisms is difficult. Considering these limitations, our
proposed method offers advantages such as achieving high
transmittance with reduced thickness and enabling temporally
variable phase control.

In potential realization in experiments, some promising
fabrication techniques have been developed recently. In Ref.
[49], sophisticated bilayer metasurfaces were successfully
fabricated with a standard overlay lithography with addi-
tional conformal deposition-etch steps. In another technique,
a glide-symmetric bilayer waveguide grating that is basi-
cally identical to our proposed structure was created by
utilizing polymer-filling and dry-etch planarizing steps [50].
These techniques do not involve harsh mechanical planariz-
ing processes. Therefore, precise realization of our proposed
structure is practically feasible.

VIII. CONCLUSION

In conclusion, we have proposed a Dirac bilayer meta-
surface in a topological nodal phase as a unique platform to
enable pure-phase resonances in transmission with their oper-
ating band persisting over an extremely wide spectral window,
as opposed to previously proposed structures. We have devel-
oped a complete theory to study the topological guided-mode
eigenstates, the glide-symmetric leakage-radiation properties,
and their contribution in the resonant scattering process.
Based on this theoretical framework, we have found that the
transmissive pure-phase resonance is enabled by the anoma-
lous non-Hermitian orthogonality of the eigenstates and a
perfect leakage-radiation blazing effect, which are, in princi-
ple, inherently broadband. We confirm quantitative agreement
between our theory and rigorous numerical calculations. Fi-
nally, we numerically demonstrate a wave front-controlling
metasurface functioning as a transmissive microlens with re-
markably high efficiency.

From a fundamental viewpoint, the proposed structure
is asymmetric along both the vertical and lateral axes and
thereby an asymmetric response may be expected. Neverthe-
less, our theory suggests that appropriate choices of a struc-
tural parameter set, within moderate value ranges, can induce
extremely asymmetric responses at certain critical conditions
associated with the topological phase of a structured medium.
This implies that the proposed effect should be robust against
imperfections and parametric drifts generally unavoidable in
practice. Therefore, the proposed structure and its underlying
physics should be applicable for the realization of various,
highly robust, transmissive metasurface elements. Immediate
application areas are phase modulators and wave front control
devices such as electro-optic phase shifters, solid-state beam
steering elements, orbital-angular-momentum generators, and
various holographic optical elements, which can take techni-
cal advantages of operating efficiently in transmission mode.
In addition, the anomalous non-Hermitian orthogonality and
leakage-radiation blazing effects may find their own inde-
pendent applications including unidirectional or antireflecting
couplers with virtually maximal efficiencies.

Although we provide simplified numerical analysis of
planar focusing by 2D models for the proof-of-concept
demonstration, its extension to 3D conical focusing is readily
possible in principle by taking a 2D parametric modulation
in one-dimensional (1D) periodic or quasiperiodic structures,
as previously incorporated in Ref. [51]. Therein, a conical fo-
cusing mirror was created by 1D quasiperiodic high-contrast
grating structure with its period and fill factor are continuous
functions of 2D in-plane position coordinates. The identical
approach is directly applicable to our proposed structure.

From another perspective, the extremely asymmetric re-
sponses in our system share their underlying physics with
the 2D Dirac semimetal phase. This suggests that similar or
related effects are potentially obtained in other topological
systems such as Weyl-semimetal-like systems as 3D extension
of the 2D Dirac semimetal [52,53]. We believe it is of great
interest to further investigate theoretically and experimentally
how the extreme asymmetry in such a 2D topological system
manifests in its 3D extensions and how it may open opportu-
nities for applications.
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