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ABSTRACT: Loss in photonic devices is intentionally minimized, as it limits
the efficiency and potential functionalities. Here, we report a loss-assisted non-
Hermitian electromagnetic metasurface operating at an exceptional point
(EP), showing extraordinary angular asymmetry at EP condition. Spatially
engineered losses are essential for the exotic scattering response of this
metasurface. As a proof of concept, a functional EP metasurface, composed of
a judiciously tailored tri-meta-atom supercell, is shown to exhibit unidirec-
tional retro-reflection: totally suppressed reflection when light illuminates
from the left, but highly efficient reflection from the right. Our results open
promising possibilities for developing new mechanisms and designing
functional photonic devices for wave manipulation and fuse exceptional-
point physics with flatland optics.
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Electromagnetic metasurfaces, the planarized version of
three-dimensional metamaterials, have been investigated

as an ultrathin and multifunctional platform that could
significantly expand our capabilities to manipulate electro-
magnetic waves via engineering its microscopic subwavelength
unit cells, or so-called meta-atoms.1,2 Many fascinating
properties and applications have thus been achieved, such as
anomalous refraction/reflection,1,3 giant photonic spin Hall
effect,4−6 metalens,7,8 meta-holograms,9−11 direction-multi-
plexed or Janus wavefront control,12−14 angular-asymmetric
absorption,15,16 surface wave control17,18 and so on. In general,
these functions depend on modulating the real part of the
effective dielectric parameters of meta-atoms. However, loss
(such as radiation loss, Ohmic loss) is unavoidable, and is
usually minimized to enhance efficiency. As recently shown in
the exciting context of non-Hermitian physics, as a new degree
of freedom is provided by engineering the material response in
the entire complex plane of dielectric parameters, paving the
way to leveraging loss engineering and modulation for new
photonic devices27−38 and could be key to expanding the
functionalities of metasurfaces.39

Since complex non-Hermitian Hamiltonians were originally
introduced in quantum mechanics,19−21 the distinctive
performance at the parity−time (PT) phase transition point
(i.e., exceptional point) has inspired a similar concept in other
wave systems, such as optics,22 acoustics,23,24 circuits,25 and
even thermal diffusion.26 It should be noted that exceptional
points (EPs), as a more general concept, can be expected in a
larger non-Hermitian family.40−47 In optics, PT-symmetric
systems can be realized by considering balanced gain and loss,
as illustrated in the left panel of Figure 1(a), where the

eigenvalue spectrum can become real.36,37 Rich physics and
appealing applications around EPs have been realized.27−37

However, it is difficult to realize optical gain, considering the
stability of the system, limiting the exploration of EPs for
optics and photonics. Thus, all-passive systems without optical
gain have been examined and engineered to demonstrate
exotic EP-related phenomena. In 2013, Feng et al. demon-
strated a 1D all-passive optical waveguide system, showing a
unidirectional reflectionless effect sustained by an EP.38,47

However, such a 1D waveguide system is limited to two port
excitations, restricting its applicability in free space. Similar
functionalities for free-space radiation may open more
opportunities in EP physics. For example, metasurfaces were
recently utilized to study EP phenomena in polarization space
for free-space radiation.39,40 Nevertheless, this kind of EP effect
is realized in periodic structures and only utilizes 1D
propagating channels, which does not fully exploit the potential
applications of 2D metasurface systems. Two-dimensional
inhomogeneous metasurfaces with multiple channels may
provide abundant EP phenomena for various demanding
applications, which is still yet to be explored. Besides, there are
many inspirational EP physics in other passive non-Hermitian
systems.41−43
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Here, we build a non-Hermitian metasurface by interleaving
balanced loss and lossless regions, schematically shown in the
right panel of Figure 1(a). The non-Hermitian surface can be
constructed by a reflection-type metasurface, in which the
meta-atoms are composed by a dielectric layer sandwiched
between metallic sheets and metal H-shaped ring layers with
opening angle α. The local reflection phase can be arbitrarily
modulated by just changing α, as shown in Figure 1(c). Loss
can be introduced into the meta-atoms filling loss regions by a
slit with length w added in the metal backboard, which realizes
a leaky loss for the reflective system. Figure 1(b) intuitively
shows how the local reflection amplitude can be modulated by
changing w (details shown in Figure 3). As an example of
characterizing the EP effect, a two-port phase-gradient
metasurface with a lossy modulation is designed to support
only two radiative scattering channels of incident waves from
two opposite oblique incident angles: an extraordinary retro-
reflection and an ordinary specular reflection. The non-
Hermitian scattering matrix could thus be derived for this
two-port metasurface and exhibits an EP in the complex
eigenvalue space thanks to the presence of loss, at which a

distinguished Janus scattering feature arises: high-efficiency
retro-reflection from the negative incident angle (see Figure
1(e)) and a fully suppressed retro-reflection from the positive
one (see Figure 1(d)). Our findings reveal the important
potential of realizing non-Hermitian physics in passive
metasurfaces via exploiting the loss degree of freedom to
enable exotic meta-devices with extreme functionalities.

■ RESULTS

For a typical reflective phase-gradient metasurface, the
deflection angles of different diffraction modes can be
determined by momentum conservation:

k mK kx xi rξ+ + = (1)

Here, kxi = k0 sin θi and kxr = k0 sin θr are the incident and
reflective wavevector components parallel to the metasurface
(along the x direction), respectively, k0 is the free-space
wavevector, and θi and θr correspond to angles of incident and
reflected waves (positively valued if the wavevector kx > 0, and

negatively valued if vice versa).
x

d
d

ξ = φ is the phase gradient

along x, i.e., the derivative of the phase with respect to x, and φ
is the local phase of the meta-atom as a function of x. K = 2π/P
is the reciprocal lattice vector induced by the periodicity of
metasurface, P is the supercell period of the metasurface, and m
(0, ±1, ...) denotes the order of the diffraction channels.
In this work, our two-port surface system is established to

possess an extraordinary retro-reflection output port and an
ordinary specular reflection output port for incident waves
from two input ports, i.e., along the incident angles of ±45°.
This gives the diffraction modes of k k / 2xr 0= ± with fixed
incident wave as k k / 2xi 0= ± . To realize such a system, our
phase-gradient metasurface is required to satisfy ξ = 2|kxi| and ξ
= K, according to eq 1. In such a manner, the extraordinary
retro-reflection corresponds to m = −2 and the ordinary
specular reflection gives m = −1 when the incident wave comes
from the left, i.e., θi = 45° and k k / 2xi 0= ; the extraordinary
retro-reflection fulfills m = 0 and the ordinary specular
reflection is m = −1 when the incident wave comes from the
right, i.e., θi = −45° and k k / 2xi 0= − . To construct our
phase-gradient metasurface, a periodic supercell consisting of
three subunits is adopted. On the basis of this two-port
framework, we first build an effective medium (EM) model [ε
= 1, μ(x)] (where ε and μ represent the effective permittivity
and permeability of metasurface, respectively) in parameter
space to demonstrate the EP phenomenon at the wavelength
λ0 = 1550 nm (see Sections 1 and 2 of the Supporting
Information3,48). Although the μ-type metasurface model [ε =
1, μ(x)] is just more suitable for reflection-type metasurface
based on sandwich structures like meta-atoms shown in this
work,48 the proposed approach of how to find an EP solution
does not depend on the type of EM model in practice. As an
example, here the EM metasurface is designed with a 100 nm
thickness and backed up with a mirror. The width P of the

supercell is about 1096 nm (i. e .,
2
0λ
).

For the two-port system, the total electromagnetic field for
each port is the superposition of the incident waves (input)
and the scattered waves (output) along the opposite direction
Ψ(ρ⃗L(R)) = Ψ+

L(R)e−ik ⃗0·ρ⃗L(R) + Ψ−
L(R)eik ⃗0·ρ⃗L(R), where L(R)

corresponds to the left (right) port, ρ⃗L(R) is the propagating
displacement vector of electromagnetic wave along the left

Figure 1. Principle of the non-Hermitian metasurface at the EP. (a)
Traditional non-Hermitian system constructed with balanced loss and
gain regions (left), while the proposed non-Hermitian metasurface
consists of loss and lossless regions (right). The meta-atoms in the
lossless region of the non-Hermitian metasurface based on real
structures are composed by a dielectric layer sandwiched between the
metallic sheet and the metal H-shaped ring layer with opening angle α
and a leaky loss introduced into the meta-atoms by a slit in the metal
base. (b) Local reflection amplitude versus the length w of the slit at α
= 115° for the lossy meta-atom of the non-Hermitian metasurface
based on real structures. (c) Local reflection phase versus the opening
angle α of the lossless meta-atom of the real non-Hermitian
metasurface. The normalized scattering field of the non-Hermitian
metasurface [ε1 = 8, ε2 = ε3 = 1; μ1 = 0.8, μ2 = 0.5 + i2.49, μ3 = −3.1]
at the EP for the incident waves from (d) the left-side port and (e)
the right-side port, respectively. (f) Extraordinary retro-reflection
amplitudes |r0| and |r−2| and the ordinary specular reflection amplitude
|r−1| varying with Im[μ2] for the EM metasurface. (g) Evolution
trajectories of eigenvalues E± of the scattering matrix in the complex
plane with the increase of Im[μ2] (along the directions of the red and
blue arrows) for the EM metasurface.
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(right) port, + (−) represents the parallel wave vector of the
propagating wave kx along the x positive (negative) direction,
and Ψ+ (respectively Ψ−) is the amplitude of the propagating
mode with kx > 0 (respectively kx < 0). By a simple analysis,
the amplitude Ψ+

L/Ψ−
R of the incident wave and the amplitude

Ψ−
L/Ψ+

R of the scattering wave can build a quantitative
relationship by the scattering matrix S:
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where r−2
L and r0

R are the retro-reflection coefficients for the
incident waves from the left and right port, respectively; r−1

L

and r−1
R are the specular reflection coefficients for the incident

waves from the left and right port, respectively, which are
identical due to reciprocity. For convenience, the reflection
coefficients r0

R, r−2
L , r−1

L , and r−1
R are simplified as r0, r−2, and r−1

hereafter.
In this work, an EP solution can be achieved on the EM

metasurface [ε1 = 8, ε2 = ε3 = 1; μ1 = 0.8, μ2 = 0.5, μ3 = −3.1]
(where [ε1, ε2, ε3] and [μ1, μ2, μ3] represent the permittivities
and permeabilities of the three subunits, respectively) in
parameter space. When a loss (represented by the imaginary
part Im[μ] of μ) is introduced into one subunit (e.g., subunit 2
with Im[μ2] ≠ 0), an angular-asymmetric scattering feature
depending on adjusted loss can be observed. For the periodic
inhomogeneous metasurface, the mode-expansion theory
(MET) can allow the quantitative analysis of the reflection
coefficient of every scattering channel.3,49 In Figure 1(f), the
retro-reflection port shows an asymmetric evolution with
Im[μ2] increasing, where the amplitude of r−2 obviously
decreases first and then increases, while the amplitude of r0 is
stable around 0.73. Especially, the r−2 equals 0 when Im[μ2] =

2.49, which indicates that the extraordinary retro-reflection
from the left port is completely suppressed. In the perspective
of S matrix, the eigenvalues E r r r1 0 2= ±± − − will coalesce
when one of the retroreflective coefficients r0 and r−2 is equal
to 0. Figure 1(g) shows the evolution trajectories of the
calculated eigenvalues E± of the S matrix with the increase of
Im[μ2] (i.e., along the directions of the red and blue arrows).
Obviously, an EP appears in the complex eigenvalue space
when the two eigenvalues E± coalesce at Im[μ2] = 2.49 (where
r−2 = 0). To further demonstrate the non-Hermitian
metasurface at the EP, we employ the finite element method
(FEM) simulations to calculate the scattering field for the
incident waves from two ports, respectively. As shown in
Figure 1(d) and (e), the retro-reflection mode is indeed
completely suppressed for the left port while still keeping a
relatively high intensity for the right.
Here we further show the details of achieving an EP solution

for the non-Hermitian metasurface in parameter space. The
local reflective phases of the three subunits in the supercell can
be supposed as φ0 − Δφ, φ0, and φ0 + Δφ, where Δφ = 2π/3
and φ0 acts as the reference phase. Then, the effective
dielectric parameters of the three subunits can be retrieved
from the EM model when φ0 is fixed (see Figure 2(e) and
Section 1 of the Supporting Information). Here, three different
metasurfaces based on the EM are chosen to explore when φ0,
as an illustrating example but without losing any generality, is
−0.4π, −π, and −1.6π. The normalized scattering intensities
versus kx are calculated by MET for the incident waves from
the left (see Figure 2(a)) and right (see Figure 2(b)),
respectively. Obviously, different metasurfaces (corresponding
to different φ0) have the same scattering features once the
phase gradient is fixed. Interestingly, this situation will be
changed when the loss is introduced. As shown in Figure 2(c)

Figure 2. Theoretical demonstration of the angular-asymmetrical scattering features with loss for the EM non-Hermitian metasurface at the
wavelength of 1550 nm. The two-port metasurface based on EM is designed with 100 nm thickness and backed up with a mirror. The width P of
the tri-meta-atom supercell is about 1096 nm. The local reflective phases of the three subunits in the supercell can be supposed as φ0 − 2π/3, φ0,
and φ0 + 2π/3, where φ0 acts as the reference phase. Different φ0 correspond to different EM metasurfaces. Normalized scattering intensities of the
(a, b) lossless and (c, d) lossy EM metasurfaces calculated by MET when φ0 is designed at −0.4π, −1.0π, and −1.6π, respectively, for the incident
waves from (a, c) the left port and (b, d) the right port. (e) Reflection phase φ0 versus the effective permeability μ2 as θi = 45° for the
homogeneous metasurface. So the effective dielectric parameters of the three subunits can be retrieved from the database when φ0 is fixed. Retro-
reflection amplitudes of (f) r−2 and (g) r0 as functions of φ0 and Im[μ2] for the EM metasurface, respectively.
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and (d), these scattering characteristics become seemingly
random when a loss (e.g., Im[μ2] = 2) is introduced into the
subunit 2 (of which the site chosen is not special due to the
periodicity of the supercell and the loop of φ0 within 2π).
Furthermore, the calculated retro-reflection amplitudes |r−2|
and |r0| versus Im[μ2] and φ0 for the corresponding
metasurfaces are shown in Figure 2(f) and (g). Obviously,
the retro-reflection features for the incident waves from the left
port and right port become asymmetric as the loss is
introduced into the EM metasurface. Especially around φ0 =
−π, |r−2| is gradually suppressed with Im[μ2] increasing, while |
r0| remains stable in this region, which shows the expected
angular-asymmetric retro-reflection suppression. After a slight
adjustment for the subunit 1 of the EM model at φ0 = −π, an
EP solution of the non-Hermitian metasurface [ε1 = 8, ε2 = ε3
= 1; μ1 = 0.8, μ2 = 0.5 + i2.49, μ3 = −3.1] based on EM can be
fixed (see Figure S3 in the Supporting Information).
As a proof of concept, a Janus retro-reflective measurface at

EP has been experimentally demonstrated at 11.8 GHz. Figure
3(a) shows the partial picture of the sample (with 340 × 360
mm2 size), consisting of lossless and lossy regions, of which the
supercell constructed by three subunits (α1 = 20°, α2 = 115°,

α3 = 152°, see Figure S5 in the Supporting Information) is
composed of the H-shaped metal ring (r = 3.5 mm, t = 0.2
mm) and a rectangular dielectric spacer (εr = 3, a = 6 mm) on
a metal base, as shown in Figure 3(b). The finite difference
time domain (FDTD) method shows the reflection phase
versus α at θi = 45° (see Figure 1(c) and Figure S5(a) in the
Supporting Information). A leaky loss is introduced into
subunit 2 by a 0.2-mm-width slit in the metal base. The length
w of the slit is further adjusted to change the effective loss of
subunit 2. Figure 3(c) displays the FEM-simulated scattering
intensities R0, R−2, and R−1 versus w for the non-Hermitian
metasurface with infinite size (i.e., periodic boundary condition
along the x direction) where an asymmetric retro-reflection is
observed. Especially, the retro-reflection mode from the left
port is completely suppressed (R−2 = 0) when w = 9.9 mm,
while the retro-reflection efficiency (R0) from the right port
still remains around 96%. Interestingly, the ordinary specular
reflection R−1 stays naturally weak (∼2%) in the whole region,
which may be due to the stable phase as the loss changed for
the real structure (see Figure S6 in the Supporting
Information).

Figure 3. Experimental demonstration of unidirectional retro-reflection for the real non-Hermitian metasurface at 11.8 GHz. (a) Picture of the
fabricated non-Hermitian metasurface, consisting of loss and lossless regions, schematically showing extremely asymmetric retro-reflection at the
EP. (b) Supercell of the real non-Hermitian metasurface consists of three subunits (with α = 20°, 115°, 152°) composed by a 3-mm-thick dielectric
layer (εr = 3) sandwiched between the metallic sheet and the metal H-shaped ring layer (r = 3.5 mm, t = 0.2 mm). The lossless subunits consist of
two identical meta-atoms with the fixed size (a × a mm2, a = 6 mm), and the leaky loss is introduced into subunit 2 by a 0.2-mm-width slit with a
length of w = 9.9 mm. Here, all of the thicknesses of the metal films are 36 μm. (c) FEM-simulated reflectivities R0, R−2, and R−1 versus w for the
non-Hermitian metasurface (with infinite size). (d, f) FEM-simulated and (e, g) experimental near-field Ex pattern of the non-Hermitian
metasurface (with real size) on the xz plane for the incident waves from (d, e) the left port and (f, g) the right port. FDTD-simulated far-field
intensity of the non-Hermitian metasurface (with real size) versus the detected angle for the incident waves from (h) the left port and (i) the right
port, respectively.

ACS Photonics pubs.acs.org/journal/apchd5 Letter

https://dx.doi.org/10.1021/acsphotonics.0c01440
ACS Photonics 2020, 7, 3321−3327

3324

http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.0c01440/suppl_file/ph0c01440_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.0c01440/suppl_file/ph0c01440_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.0c01440/suppl_file/ph0c01440_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.0c01440/suppl_file/ph0c01440_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.0c01440/suppl_file/ph0c01440_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.0c01440/suppl_file/ph0c01440_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.0c01440?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.0c01440?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.0c01440?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.0c01440?fig=fig3&ref=pdf
pubs.acs.org/journal/apchd5?ref=pdf
https://dx.doi.org/10.1021/acsphotonics.0c01440?ref=pdf


To show the exotic performance of the non-Hermitian
metasurface at the EP, the near-field and far-field scattering
responses are characterized in microwave experiments. In
experiments, a horn antenna is used as the incident source is
placed 1 m away from the sample at specified angles of
incidence. For near-field experiments, a monopole antenna tip
used as the receiver along the the x direction is sweeping in the
xz plane (y = 0) to measure the Ex field distribution. For far-
field experiments, another horn antenna used as the receiver
was placed 3 m away from the sample and could be freely
moved around the sample to receive the far-field scattering
signals. Both the incident horn and the receiver are connected
to a vector network analyzer (Agilent E8362CPNA) so that the
receiving signals can contain both amplitude and phase
information (details in Section 3 of the Supporting
Information). The scattering field distributions (Ex) via the
FEM simulation are shown in Figure 3(d) and (f), and the
experimental measurements for θi = 45° and θi = −45° are
shown in Figure 3(e) and (g), respectively, which show a good
agreement on the distinct contrast of the two retro-reflection
fields. Of course, strictly, there is still a little difference
especially for the specular reflection mode, which may result
from sample error (i.e., the etch tolerance is 1.5 mil and the
permittivity tolerance of the used F4B material is 0.03) and the
incident source error. For the far-field measurements, the
angular distributions of the scattering field at θi = ±45° cannot
be precisely measured due to the axial overlapping between the
incident horn and the receiving horn (see Figure S7(a) in the
Supporting Information). Therefore, we measure the far-field
distributions at θi = ±30° and θi = ±60° to indirectly
demonstrate our design, which matches well with the expected
results (see Figure S7(d)−(g) in the Supporting Information).
Furthermore, we characterize the far-field scattering features of
the sample with real size at θi = ±45° with FDTD simulations
as shown in Figure 3(h) and (i). As expected, the retro-
reflection mode from the left port is nearly completely
suppressed (the efficiency is ∼4%), while the retro-reflection
efficiency reaches 90% for the right port. The extremely
angular asymmetry hardly can be realized on traditional
lossless metasurfaces or a metagrating.50 Moreover, we also
note that such an asymmetric scattering effect can exist within
a certain range of incidence angle and frequency band for the
non-Hermitian metasurface based on the real structure at the
EP (see Figures S7(h) and S8 in the Supporting Information).

■ CONCLUSION
To summarize, we proposed a non-Hermitian metasurface that
combines the classical phase-gradient approach with modu-
lated loss. The passive system can achieve an EP by balancing
lossless and lossy regions. The extremely angular-asymmetric
scattering suppression emerging at the EP has been
theoretically and experimentally demonstrated. Our inves-
tigations provide a new perspective to design an asymmetric
optics system and further inspire the exploration of a more
complex EP or higher-order EP solution for metasurfaces.
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