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Abstract—We show that passive parity-time (PT) symmetric
metasurfaces can be utilized to appropriately engineer the resulting
far-field characteristics. Such PT-symmetric structures are capa-
ble of eliminating diffraction orders in specific directions, while
maintaining or even enhancing the remaining orders. A systematic
methodology is developed to implement this class of metasurfaces
in both one-dimensional and two-dimensional geometries. In two-
dimensional systems, PT symmetry can be established by employ-
ing either H-like diffractive elements or diatomic oblique Bravais
lattices.

Index Terms—Directional scattering, metasurfaces, PT-
symmetry.

I. INTRODUCTION

R ECENTLY, there has been considerable interest in synthe-
sizing optical structures and devices that simultaneously

exploit the presence of gain and loss domains, while main-
taining parity time (PT) symmetry [1]–[14]. PT symmetry first
emerged within the context of quantum field theories after recog-
nizing that a special class of non-Hermitian Hamiltonians can
exhibit entirely real eigenvalue spectra, as long as they com-
mute with the antilinear PT operator. In general, a necessary
(but not sufficient) condition for PT-symmetry to hold is that the
complex potential involved in such Hamiltonians should obey
V (r) = V ∗(−r), which directly implies that the real part of the
potential must be an even function of position, while the imag-
inary should be antisymmetric. Lately, such PT prospects have
been proposed in the field of optics by recognizing that the com-
plex refractive index distribution plays the role of an optical po-
tential. In this case, PT-symmetry demands that n(r) = n∗(−r).
This latter condition clearly indicates that the refractive index
profile must be symmetric, whereas the imaginary component
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(signifying gain or loss) must be an odd function in coordi-
nate space. In more general settings, where the problem must
be treated electrodynamically, this same symmetry can be in-
troduced provided that the complex permittivity now satisfies
ε(r) = ε∗(−r) [14]. PT-symmetric optical arrangements can
exhibit a number of exciting properties. These include for ex-
ample power oscillations, non-reciprocal light propagation and
Bloch oscillations [2]–[5], and unidirectional invisibility [12],
[13] to mention a few.

In recent years, optical metasurfaces, a special class of meta-
materials with reduced dimensionality, have also received con-
siderable attention. Such artificial surfaces can effectively con-
trol the flow of light through appropriately engineered subwave-
length, surface-confined features that can introduce abrupt phase
discontinuities after light encounters the interface [15]–[18]. So
far, several studies have successfully demonstrated the use of
optical metasurfaces in manipulating and controlling the phase,
polarization and angular momentum of the incident light [19]–
[24].

In this paper we show that one-dimensional (1-D) and two-
dimensional (2-D) optical metasurfaces endowed with PT-
symmetry can display several intriguing characteristics. As we
will see, PT-symmetry can be readily introduced in these sys-
tems through an appropriate amplitude and phase modulation
when imposed on the surface. Even though bulk non-Hermitian
gratings have been considered before in 1-D configurations
[25]–[35], here we extend these concepts in more complex set-
tings with particular emphasis on optical PT-symmetric meta-
surfaces. Such PT-symmetric structures are capable of eliminat-
ing diffraction orders in specific directions, while maintaining
or even enhancing the remaining orders. In our study we pro-
vide all-passive 1-D and 2-D metasurface designs suitable for
both the visible (532 nm) and NIR (1550 nm) bands. Such
PT-symmetric metasurfaces can provide an alternative avenue
to existing techniques [36]–[38] for effectively controlling a
number of diffraction orders through surface-confined passive
nano-features.

II. 1D PASSIVE PT-SYMMETRIC METASURFACES

A. Design Approach

To analyze the optical properties of a PT-symmetric meta-
surface, we assume that the complex refractive index n(x) =
f(x) + ig(x) is periodically modulated on the surface. Here
f(x) and g(x) are periodic real functions having a spatial period
L, representing the length of each unit cell on this metasurface.
In this regard, n(x) can be expressed through a Fourier series
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as follows

n (x) = (a0 + ia′
0) +

1
2

∞∑

m=1

[(am + b′m ) + i (a′
m − bm )] eimθ

+
1
2

∞∑

m=1

[(am − b′m ) + i (a′
m + bm )] e−imθ (1)

where θ = 2πx/L. In Eq. (1), {am , bm} and {a′
m , b′m} repre-

sent the Fourier coefficients associated with the real f (x) and
imaginary g (x) components of the complex refractive index
distribution, respectively. The envisioned PT-symmetric meta-
surface is expected to be implemented solely using passive com-
ponents, i.e., the imaginary component g (x) will introduce only
loss.

Of interest would be to identify methods through which the
negative (or positive) diffraction orders emanating from this
PT-symmetric metasurface can be entirely suppressed while
the remaining orders (positive or negative) can be enhanced.
For this to occur one has to eliminate, for example, the
negative orders exp(−imθ) appearing in the Fourier series of
Eq. (1). This directly implies that b′m = am and a′

m = −bm .
From here, one obtains the following representations for
f (x) , g (x) that are necessary to suppress the negative
orders

f (x) = a0 +
∞∑

m=1

{
am cos

(
m

2πx

L

)
+ bm sin

(
m

2πx

L

)}

g (x) = a′
0 +

∞∑

m=1

{
am sin

(
m

2πx

L

)
− bm cos

(
m

2πx

L

)}
.

(2)

Equations (2) show that this is only possible as long as
the real and imaginary parts of the refractive index are inter-
twined through common coefficients am , bm . This index distri-
bution is PT-symmetric, when the terms in Eq. (2) associated
with the am , bm coefficients are considered separately. Simi-
larly, one can eliminate the positive orders eimθ provided that
b′m = −am and a′

m = bm , in which case the following relations
hold true

f (x) = a0 +
∞∑

m=1

{
am cos

(
m

2πx

L

)
+ bm sin

(
m

2πx

L

)}

g (x) = a′
0 +

∞∑

m=1

{
−am sin

(
m

2πx

L

)
+ bm cos

(
m

2πx

L

)}
.

(3)

Equations (2), (3) indicate that, in order to eliminate either
the negative or the positive orders, f (x) and g (x) must be PT-
symmetric partners. The diffractive configuration considered
here, essentially acts like a phase screen with a phase transmis-
sion function of the form exp(ik0n(x)d), where d represents
an effective depth. Equations (1)–(3) provide a methodology
for designing such unidirectional metasurfaces. Once the sub-
wavelength surface elements are positioned on the surface in

a PT-symmetric fashion, finite element simulations (FEM) are
then used to further optimize the performance of this arrange-
ment.

In general the allowed diffraction orders associated with
this metasurface system can be determined from �kdif f ,tan =
�kinc,tan + m�Glat , where �Glat is the reciprocal lattice vector of
this 1-D lattice, and �kinc,tan and �kdif f ,tan are the tangential
components of the incident and diffracted wave vectors, and
m is the diffraction order. Since we are investigating this sys-
tem in transmission mode, the previous relation implies that
n2sinβm = n1sinα + m(λ0/L), where n1 , n2 are the refrac-
tive indices of the incident and transmitted media, α is the angle
of incidence, βm is the diffraction angle and λ0 is the free space
wavelength.

B. PT-Symmetric Designs

Based on the aforementioned analysis we investigate the
optical properties of the structures shown in Figs. 1, 2 for the
wavelengths of 1550 and 532 nm, respectively. These config-
urations were conceived by matching the Fourier coefficients
in a discrete fashion. These systems were subsequently opti-
mized using finite element methods. For the 1550 nm design
(see Fig. 1) we employ silicon as the transparent material and
nickel for loss. On the other hand, the 532 nm design (see Fig. 2)
is based on sapphire (as the transparent medium) and again uti-
lizes nickel for loss. In general, the real part of the refractive
indices of the transparent and lossy materials are here approx-
imately equal in order to satisfy the PT-symmetry condition.
We would like to note that, while the imaginary component in
our designs is not exactly antisymmetric, their response is still
dictated to a great extent by PT symmetry. This is due to the
fact, that PT symmetric related processes can be quite robust
and hence can tolerate environments, where this symmetry is
not exactly satisfied. For both wavelengths, we assume normal
incidence and a TE-polarization, i.e., the electric field is parallel
to the 1-D stripes of this metasurface. Under these conditions,
the designs shown in Figs. 1 and 2 support up to six transmission
orders.

In order to evaluate the performance of these configurations,
we consider an extinction ratio, defined as the ratio between the
diffraction efficiencies associated with the positive orders to that
of the negative orders and vice versa. The FEM results corre-
sponding to the aforementioned structures are shown in Figs. 1,
2. As expected, if no loss is incorporated in the system (Hermi-
tian case), light propagates symmetrically after this metasurface,
as shown in Figs. 1(c), 2(c). In this case the positive and negative
orders are exactly the same. This scenario changes once loss
from nickel is introduced. The resulting field distributions and
Poynting vector plots are shown in Figs. 1(d), 2(d). Under these
conditions, the light is skewed in one direction, towards the
lossy side. The physical reason behind this symmetry-breaking
behavior has to do with the redistribution of energy flow within
the system. In other words, the Poynting vector now develops
an additional transverse component that is needed to supply
energy to the lossy domains. For the 1550 nm design, the FEM
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Fig. 1. 1-D metasurface design for 1550 nm with dimensions L = 1520 nm, h1 = 230 nm, h2 = 310 nm, w1 = 280 nm, w2 = 80 nm, d1 = 50 nm,
d2 = 60 nm. The transparent material is silicon with a refractive index nSi = 3.4757 [38], while the lossy medium used is nickel with a refractive index
nNi = 3.4378 − 6.7359i [39]. (a), (c) Hermitian case (when no loss is incorporated) and corresponding near-field and Poynting vector (arrow plots), (b), (d)
PT-symmetric case (when loss is introduced) and corresponding near-field and Poynting vector distributions, (e) transmission order efficiencies for the Hermitian
case (green) and PT-symmetric case (yellow) and extinction ratios between the positive and corresponding negative orders (blue).

Fig. 2. 1-D metasurface design for 532 nm with dimensions L = 1050 nm, h1 = 470 nm, h2 = 380 nm, w1 = 200 nm, w2 = 90 nm, d1 = 150 nm,
d2 = 90 nm. The transparent material is sapphire with refractive index nA l2O 3 = 1.7718 [40], while the lossy material is nickel with refractive index nNi =
1.7764–3.776i [39]. (a), (c) Hermitian case (when no loss is incorporated) and corresponding near-field distribution and Poynting vector (arrow plots), (b),
(d) PT-symmetric case (when loss is introduced) and corresponding near-field distribution and Poynting vector plot, (e) transmission order efficiencies for the
Hermitian case (green) and PT-symmetric case (yellow) and extinction ratios between the positive and corresponding negative orders (blue).

simulations show that the extinction ratio between the ±1
orders is approximately 65 (18 dB), for the ±2 is 20 (13 dB) and
for the ±3 the extinction ratio is approximately 6 [see Fig. 1(e)].
On the other hand, the design intended for 532 nm exhibits
optimum performance for the ±2 orders where the extinction
ratio is 1800 or 33 dB. Meanwhile for the remaining two orders
it ranges between 62 to 16 [see Fig. 2(e)]. In essence, these
metasurface designs can effectively suppress the positive (nega-

tive) orders by exploiting the symmetry-breaking induced by PT
symmetry.

III. 2-D PASSIVE PT-SYMMETRIC METASURFACES

A. Design Approach

Following a rationale similar to that used in the 1-D case,
in order to identify designs capable of eliminating diffraction
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Fig. 3. H-like design: (a) H-element and corresponding lattice, (b) coordinate plane and quadrants, (c) FEM results of the transmission order efficiencies,
normalized near-field distributions and Poynting vector plots for the 1550 nm design with dimensions L = 800 nm, wx = 520 nm, thx = 90 nm, wy = 160 nm,
thy = 180 nm, dx = 110 nm, and h = 160 nm. The transparent material is silicon and the lossy material is nickel as in Fig. 1, (d) Same as in (c), for the 532 nm
design, with dimensions L = 520 nm, wx = 410 nm, thx = 100 nm, wy = 110 nm, thy = 90 nm, dx = 40 nm, and h = 160 nm. The transparent material
is sapphire, while the lossy material is nickel as in Fig. 2. In (c) and (d), the brackets [m, l] denote transmission orders.

orders in certain directions, while enhancing the remaining
orders, we again employ Fourier analysis. In this case, the com-
plex refractive index distribution n (x, y) = f (x, y) + ig(x, y)
is to be periodic on the surface of the PT-symmetric structure,
where f (x, y), g (x, y) are real periodic functions, with spatial
periods Lx , Ly along the x-axis and y-axis respectively. The
parameters Lx , Ly physically represent the dimensions of each
unit cell on the PT-symmetric metasurface in the x-direction

and y-direction, correspondingly. By expanding n (x, y) into a
2-D Fourier series we obtain

n (x, y) =

1
2

∞∑

m,l=0

{[(
am,l + c′m,l

)
+ i

(
a′

m,l − cm,l

)]
eimθx eilθy +
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Fig. 4. (a) Unit cell of the diatomic oblique Bravais lattice, (b) geometric
transformation from the honeycomb lattice (left), to the diatomic oblique Bravais
lattice (right), and (c) corresponding transmission orders.

[(
am,l − c′m,l

)
+ i

(
a′

m,l + cm,l

)]
e−imθx e−ilθy +

[(
bm,l + d′m,l

)
+ i

(
b′m,l − dm,l

)]
eimθx e−ilθy +

[(
bm,l − d′m,l

)
+ i

(
b′m,l + dm,l

)]
e−imθx eilθy

}
(4)

where θx = 2πx
Lx

, θy = 2πy
Ly

. In Eq. (4) {am,l , bm,l , cm,l , dm,l}
and {a′

m,l , b
′
m,l , c

′
m,l , d

′
m,l} are the Fourier coefficients of the

functions f (x, y) and g (x, y), respectively.
In order to achieve a unidirectional deflection, i.e., a

suppression of the diffraction orders in all three quad-
rants (e−imθx eilθy , e−im le−ilθy , eimθx e−ilθy ) except for the
first (eimθx eilθy ), the relations c′m,l = am,l , a′

m,l = −cm,l ,
bm,l = d′m,l = b′m,l = dm,l = 0 should hold. Consequently,
f (x, y) , g (x, y) take the form

f (x, y) =
∞∑

m,l=0

{
am,,l cos

(
m

2πx

Lx
+ l

2πy

Ly

)

+ cm,l sin
(

m
2πx

Lx
+ l

2πy

Ly

)}

g (x, y) =
∞∑

m,l=0

{
am,l sin

(
m

2πx

Lx
+ l

2πy

Ly

)

− cm,l cos
(

m
2πx

Lx
+ l

2πy

Ly

)}
. (5)

From Eqs. (5), we conclude that the index distribution n(x, y)
is PT-symmetric, when the am,l , cm,l terms in Eq. (5) are sep-
arately considered. These coefficients were imposed on 2-D
scattering configurations and optimized using FEM.

We next define the reciprocal lattice vectors as
−→
G1 = 2π(−→a2 ×

�z)/{−→a1 · (−→a2 × �z)} and
−→
G2 = 2π(−→z ×−→a1)/{−→a1 · (−→a2 × �z)},

where −→a1 , −→a2 are the unit cell vectors, while �z is the unit
vector along the z-axis, normal to the considered unit cell.
The diffraction orders supported by the metasurface system

can be determined from �kdif f ,|| = �kinc,|| + m
−→
G1 + l

−→
G2 , where

the pair of integers [m, l], represents the transmission order,
�kdif f ,|| and �kinc,|| denote the tangential components of the
diffracted and incident wave vector, respectively. The normal
component of the diffracted wave vector can be found from
�kdif f ,⊥ =

√
(k0n2)2 − |�kdif f ,|||2�z, where n2 is the refractive

index in the transmission medium. Finally the corresponding
elevation and azimuth propagation angles can be evaluated from
θ = cos−1(kdif f ,z /k0n2) and ϕ = tan−1(kdif f ,y /kdif f ,x)
respectively, where kdif f ,x , kdif f ,y and kdif f ,z are the x−, y−
and z− components of the diffracted wave vector.

B. PT-Symmetric H-Like Designs

We next consider the diffraction behavior of a 2-D PT-
symmetric metasurface comprised of H-like elements (see
Fig. 3). Such metasurface is locally and globally PT -symmetric
around a central point. These designs are investigated for the
wavelengths of 1550 and 532 nm using FEM. As in the 1-D case,
the materials considered here are silicon and nickel (1550 nm),
while for the 532 nm design are sapphire and nickel. Given that
each H-like element is passively PT-symmetric [see Fig. 3(a)],
one expects that the entire metasurface will exhibit this same
symmetry. In performing FEM simulations, we assume normal
incidence with the electric field linearly polarized along the y-
axis. Based on the chosen dimensions and the wavelength of
operation, we deduce that these configurations support up to
eight transmission orders.

For the 1550 nm design, the extinction ratio is 65 (18 dB) be-
tween the [1, 1] and [−1, −1] transmission orders [see Fig. 3(c)]
when the loss of nickel is taken into account (PT-symmetric
metasurface). This is in stark contrast to its corresponding Her-
mitian design, where the ratio is unity and the transmitted field
distribution is completely symmetric. This same ratio is ap-
proximately 11 for the [0, ±1] orders and 6 for the [±1, 0]
orders. In Fig. 3(c) an overall deflection of the near field is ob-
served in the y = 0, x = 0 and x = y planes, which stems from
the significant asymmetry in the diffraction efficiencies of the
transmission order pairs {[1, 0], [−1, 0]}, {[0, 1], [0, −1]}, {[1,
1], [−1, −1]}. This strong asymmetry arises from the fact that
the lossy material is mostly present in the first quadrant, while
it is completely absent from the third. On the other hand, even
though the lossy material is equally distributed in the second
and fourth quadrants it still leads to reduced efficiencies to the
transmission orders [−1, 1], [1, −1] that happen to be below
1%.

Similar results are obtained for the 532 nm design. The extinc-
tion ratio between the [1, 1] and [−1, −1] transmission orders
reaches up to a value of 65, while for the [0, ±1] orders and
[±1, 0] orders is 12 and 10 respectively [see Fig. 3(d)]. Field
distributions and Poynting vector plots, as obtained from FEM,
are also shown in this same figure.

We know that this suppression/enhancement behavior is a
direct result of the judicious distribution of transparent and lossy
elements on this metasurface. As we will see in the next section,
such diffractive elements can be arranged in a different manner,
while still retaining the overall PT-symmetric characteristics.
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Fig. 5. Oblique diatomic Bravais lattice design: (a) unit cell and corresponding lattice, (b) coordinate plane, (c) FEM results of the transmission order efficiencies,
normalized near-field distributions and Poynting vector plots for the 1550 nm design with dimensions L = 750 nm, D = 260 nm, d = 290 nm, h = 330 nm,
and φla t = 60◦. The materials and respective refractive indices are the same as in Fig. 1, (d) FEM results of the diffraction efficiencies, normalized near-field
distributions and Poynting vector plots for the 532 nm design with dimensions L = 460 nm, D = 160 nm, d = 180 nm, h = 330 nm, and φla t = 60◦. The
materials and respective refractive indices are the same as in Fig. 2. In (c), and (d), the brackets [m, l] denote transmission orders.

C. PT-Symmetric Diatomic Oblique Bravais Lattice Designs
In this section we use an oblique Bravais PT lattice design

in order to achieve unidirectional deflection in the diffraction
orders of this metasurface. To do so, we utilize a diatomic con-
figuration, similar to that shown in Fig. 4. The various quan-
tities associated with this system are La, Lb, d, and ϕlat [see
Fig. 4(a)].

In its Hermitian manifestation, such a honeycomb system
will symmetrically excite the diffraction orders. Even if PT-
symmetry is passively imposed and therefore some of the orders
are eliminated [see Fig. 4(c)], the diffraction is still angularly

balanced under normal incidence. Hence, in order to enhance
some of the orders at the expense of others, the PT diatomic
cell must assume an oblique shape with an angle ϕlat above
30°. This latter necessity arises from geometric considerations.
More specifically, the honeycomb lattice [see Fig. 4(b)] is
characterized by the relations La = 2 ∗ Lb∗ cos(ϕlat), Lb =
2 ∗ d ∗ cos(ϕlat) and ϕlat = 30◦. Given the underlying sym-
metry of a honeycomb lattice, even in the PT-symmetric case,
we don’t observe directional scattering towards a particular
angular sector. In order to break this spatial symmetry,
we have relaxed the requirement Lb = 2 ∗ d ∗ cos(ϕlat) to
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Lb/(2 ∗ d ∗ cos(ϕlat)) > 2. FEMs indicate that under these
conditions, orders propagating in a particular angular sector
can be enhanced, while the rest are eliminated. In the examples
that follow we use ϕlat = 60◦. Note that under this oblique
transformation, the PT-symmetry condition is still retained in
each cell and in the lattice in general.

For the sake of comparison, two designs are again analyzed
at 1550 and 532 nm. In both cases, the same materials are used
as in Section III-B. Here we assume normal incidence, with
the electric field linearly polarized in the horizontal direction
[azimuthal plane ϕ = 0, Fig. 5(b)]. Under these conditions, the
simulated structures support six transmission orders.

For the 1550 nm design [see Fig. 5(c)], the extinction ratio
between the rightward [1, 1], [1, 0] and the respective leftward
orders [−1, −1], [−1, 0] is approximately 40 (16 dB) when
loss is employed (PT-symmetric case). Such an asymmetry in
the diffraction efficiencies justifies the strong bending of the
near field in the azimuthal planes ϕ = 0, ϕ = 30 and ϕ = −30.
On the other hand, in the azimuthal plane ϕ = 90 no deflection
occurs. The diffraction efficiencies of the transmission orders
[0, ±1] propagating in the same plane, are much less than 1%
and thus do not alter the propagation of the power flow. Similar
effects are observed for the 532 nm design [see Fig. 5(d)]. More
specifically, in the PT-symmetric case the extinction ratios
between the rightward [1, 1], [1, 0] and the respective leftward
orders [−1, −1], [−1, 0] scales up to 30 (15 dB), which results
in the asymmetric scattering of the near field in the azimuthal
planes ϕ = 0, ϕ = 30 and ϕ = −30. Instead in the azimuthal
plane ϕ = 90 the scattering pattern remains symmetric since
the diffraction efficiencies of the propagating orders [0, ±1]
are reduced to much below 1%.

IV. CONCLUDING REMARKS

In conclusion, we have shown that by merging two recently
developed concepts, those associated with PT-symmetry
and metasurface optics, one can design systems with highly
directional scattering characteristics. Passive PT-symmetry can
be readily introduced in these arrangements by judiciously
exploiting loss. In this study, all-passive one-dimensional and
two-dimensional metasurface designs have been investigated.
In two-dimensional settings, we have shown that PT symmetry
can be established by employing either H-like diffractive
elements or diatomic oblique Bravais lattices. PT-symmetric
metasurfaces can provide an alternative avenue to existing
techniques for effectively manipulating the resulting diffraction
orders through surface-confined passive nano-features.
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