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ABSTRACT: Active optical metasurfaces have attracted significant
research attention in recent times. The conventional thermal and
free-carrier induced index-tuning mechanisms have been widely
explored to realize dynamic modulation of the optical properties.
However, their modulation efficiency is limited by the intrinsic
response of functional materials. The recent advances in the
concept of PT (parity-time) symmetry and spatiotemporal
modulation of permittivity have opened new avenues to realize
dynamic tunability. In this work, we propose an all-dielectric PT-
symmetric metasurface to tune the intensity and angular response
of light through dynamic gain−loss modulation. Our approach
shows tunable asymmetric transmission in a vertically stacked
Ga0.5In0.5P phased-array metasurface. The overall metasurface is
optimized for operation at a wavelength of 655 nm (typical PL emission peak of Ga0.5In0.5P). The transmission is predominantly in
the zeroth diffraction order (η0 ∼ 0.80, η1 ∼ 0.18) for loss side normal incidence, and an amplified transmission is observed in the
first diffraction order (η0 ∼ 0.04, η1 ∼ 0.79) for gain side incidence. In addition to the asymmetric transmission for normal incidence,
the proposed metasurface also exhibits asymmetric amplification in transmission for oblique incidence. An optimal arrangement of
gain−loss resonators combined with tunable pumping (either optical or electrical) can pave the way toward on-chip reconfigurable
nanophotonic devices.

KEYWORDS: PT (parity-time) symmetry, phase-gradient metasurface, asymmetric transmission, tunable all-dielectric metasurface,
spectral singularity

The ability to control the intrinsic properties of light (viz.,
phase, intensity, wavevector, and polarization) using

passive subwavelength structures has enabled the development
of numerous beam-shaping photonic metasurfaces.1,2 Beam
shaping relies on engineering the phase accumulation as the
wave propagates through the metasurface.3,4 The desired phase
profile for a passive metasurface is defined by the physical
shape and arrangement of resonators, thus, fixing the
geometry-induced scattering properties at the time of
fabrication. The development of tunable active metasurfaces,
which enable the dynamic control of light, has gained
momentum in recent times.5,6 This opens the possibility of
realizing reconfigurable beam steering at optical wavelengths,
with potential applications in optical switching, adaptive
display technologies, and varifocal lenses, to name a few.7,8

In this context, one of the long-standing challenges has been to
develop practical and efficient techniques to arbitrarily mold
the outgoing wavefront of an optical source or a localized
nanoantenna. Dynamic tunability can be attained by a variety
of methods, including but not limited to (i) index tuning of
functional materials via external stimuli such as temperature,
optical pumping, or electrical bias (like ITO, phase-change
materials, liquid crystals, etc.),9−12 (ii) modification of carrier

concentrations by electrical or optical pumping in direct
bandgap semiconductors and graphene,13−16 (iii) manipulation
of resonances by mechanical means,17 for example, metasurface
on a stretchable substrate,18 and lately, spatiotemporal
modulation of permittivity.19−21 The modulation depth,
speed, and power consumption are some of the important
criteria for evaluating the efficacy of these techniques.22

Despite tremendous progress, the dependence of these
techniques on the intrinsic properties of the functional
materials hinders large-scale optical integration. There is a
need for further research to explore plausible ways for
advancing dynamic tunability in compact nanophotonic
devices.
The concept of parity-time (PT) symmetry23,24 has

generated new prospects for dynamic light control by allowing
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the modulation of the imaginary part of the refractive index.
Broadly, PT symmetry implies that the system is invariant
under both mirror-reflection (P-parity) and gain and loss
reversal (T-time) operations.25 The remarkable properties of
PT-symmetric systems near exceptional points (EPs)24,26 and
spectral singularities (SS),27,28 coupled with the flexibility to
dynamically vary the amount of gain, has led to the
demonstration of anisotropic scattering in a PT-symmetric
plasmonic dimer,29 preferential directionality in a PT-
symmetric Janus cylinder,30 unidirectional cloaking,31 tunable
degree of spatial coherence,32 active polarization control,33 and
nonreciprocal directional amplification by temporal gain−loss
modulation in a dielectric waveguide structure.34 There is
growing interest in extending the concept of PT-symmetry to
higher-dimensional systems like photonic crystals and
metasurfaces, which offer a broader design parameter space
than the predominantly 1D or quasi-1D structures studied so
far.35−37 In this paper, we investigate the influence of the
physical effects of PT-symmetry combined with a two-
dimensional (2D) phase gradient metasurface on the trans-
mission spectrum. We show that the proposed structure allows
dynamic control of the angular scattering, amplitude, and
efficiency of optical emission by modulating the amount of
gain−loss in the system.
Numerical Modeling. The proposed structure is a two-

dimensional metasurface, with each unit cell consisting of
vertically stacked PT-symmetric Ga0.5In0.5P nanopillars with
varying radii, as schematically illustrated in Figure 1a. Here
onward, we will address the material simply as GaInP. The
primary block of this supercell is a square lattice with interpillar
spacing p = 300 nm. The phase gradient is introduced along
the x-direction with four-level discretization by choosing the
nanopillars with radii 75, 85, 100, and 110 nm, making the
supercell periodicity Px = 1200 nm. This breaks the left−right
symmetry of the metasurface. In the y-direction, the metasur-
face is subdiffractive with periodicity Py = 300 nm. The gain−
loss modulation is incorporated along the z-direction, i.e.

longitudinal to the wave propagation direction, to realize PT
symmetry.
The refractive index profile for the GaInP38 meta-atom, with

dispersion, in the wavelength range of ∼630−660 nm is shown
in Figure 1b. The gain−loss modulation satisfies the complex
refractive index condition of n(−z, λ) = n*(z, λ), thus,
breaking the up−down symmetry. The geometric parameters
of the metasurface are optimized to get maximum asymmetry
at the wavelength of λ = 655 nm (typical photoluminescence
(PL) peak of GaInP). We note that the proposed metasurface
design can be scaled to other desired wavelengths, provided
that a material capable of providing gain at the given
wavelength is available and the geometric parameters are
optimized accordingly. The proposed GaInP metasurface can
be realized experimentally by choosing the loss resonator to
have intrinsic doping (and hence low gain) and the gain
resonator to have moderate p-doping (hence high gain;39 see
Supporting Information, S1, for experimental feasibility). The
structure is studied numerically by carrying out full-wave three-
dimensional (3D) simulations using Finite Element Method
(COMSOL Multiphysics). The simulation domain consists of
a rectangular supercell of the 2D array with periodic Bloch
boundary conditions along the x and y directions. The stacked
nanopillars representing the PT-symmetric GaInP resonators
are excited using port boundary conditions at the top and
bottom of the unit cell. The incident light is TM-polarized,
with an electric field oriented along the x-axis. The scattered
power in various diffraction orders supported by the lattice is
computed by adding the required diffraction orders in both
transmission and reflection ports.

Asymmetric Transmission for Normal Incidence. We
first show that the transmission from the proposed metasurface
is asymmetric for gain and loss side incidence; the asymmetry
is manifested in both refraction angle and transmitted power.
Despite asymmetric transmission, we note that the proposed
structure is a reciprocal device as the materials considered are
linear and time-independent, with a symmetric permittivity

Figure 1. (a) Schematic illustration of the PT-symmetric GaInP metasurface with TM polarized plane wave light (E-field along the x-axis at normal
incidence); gain−loss modulation is along the z-axis and it is parallel to the incident wave. The phase gradient is introduced along the x-axis with
increasing radii of nanopillars. The height of the gain and loss nanodisks is h = 250 nm each. The coupling between the gain and loss GaInP
nanodisks is determined by the gap thickness (g = 108 nm) of the SiO2 layer, and the overall structure is embedded in SiO2 to provide a symmetric
environment. For top-side illumination (i.e., loss side), the transmission occurs primarily in the 0th order and is weakly amplified. In contrast, when
illuminated from the bottom (gain side), an amplified transmission occurs predominantly in the 1st diffraction order. (b) The refractive index
exhibits dispersion of the form n(z, λ) = n*(−z, λ), which satisfies the PT-symmetry condition. Note that the imaginary part of the index is
expressed in terms of absorption/gain coefficient. (c) The relative diffraction efficiency (ηm = Tm/Ttot) and the far-field radiation pattern (inset) of
transmitted power at λ = 655 nm. The radiation pattern is normalized with its maximum value, which occurs asymmetrically for loss and gain side
incidences. The diffraction efficiency for loss side incidence is η0 ∼ 0.8, and the far-field transmission lobe is along the normal direction. For the
gain side incidence, the diffraction efficiency is η1 ∼ 0.79, with the maximum power being refracted along an angle, θ ∼ 22°, corresponding to the
1st diffraction order. A 4-fold amplification is observed for gain side incidence compared to the loss side.
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tensor.40 Figure 1c shows the diffraction efficiency of the
proposed metasurface for loss and gain side normal incidence.
Here, with the optical gain being involved, we compute the
relative diffraction efficiency by taking the power ratio in a
given diffraction order (Tm) to the total transmitted power
(Ttot), given by ηm = Tm/Ttot. The maximum diffraction
efficiency for transmission is in the zeroth order for loss side
incidence, corresponding to value η0 ∼ 80%, while for gain side
incidence, the maximum diffraction efficiency is observed in
the + first diffraction order, η1 ∼ 79%. The inset shows the far-
field radiation pattern of the transmitted power. The
transmission lobe is predominantly in the normal direction
for loss side incidence, whereas for the gain side incidence, an
amplified transmission lobe, is directed along θ = 22°,
corresponding to the first diffraction order.
Amplitude Control by Varying the Gain−Loss Factor.

To demonstrate active tunability of transmission with optical
pumping in the proposed metasurface, we analyzed (i) the
strength of the direction-dependent amplification and (ii) the
angular radiation pattern of the transmission lobe with
dynamic control of gain and loss in the system. We define
the non-Hermiticity factor, ξ = γ × m(n), where γ is the
modulation parameter, also referred to as the gain−loss factor,
and m(n) is the magnitude of gain and loss coefficients for
GaInP. A Hermitian system with no loss and gain is
represented by γ = 0, whereas γ ≠ 0 represents a non-
Hermitian system; the value of γ = 1 indicates the maximum

possible absorption and gain coefficients upon optical pumping
(typical values shown in Figure 1b).
Figure 2a−c shows the transmission for normal incidence in

different diffraction orders as a function of the wavelength and
gain−loss factor (γ). With our notation, negative values of γ
refer to incidence from the loss side of the metasurface, while
positive γ corresponds to the gain side incidence. The
transmission in the zeroth order, T0, is identical for
illumination from loss and gain side, that is, for either sign-
parity of γ. In contrast, asymmetric power distribution can be
observed in the −1st and 1st order. The highest asymmetry
occurs at |γ| = 0.85, corresponding to the emergence of lasing
spectral singularity (SS). In ref 41, Krasnok et al. have
categorized different scattering anomalies based on zeros and
poles of the scattering matrix (S-matrix) constructed using
complex-valued scattering coefficients. The spectral singularity
is categorized as one of the scattering anomalies wherein the
scattering coefficients show a divergent behavior. The
divergence of the total transmission (and reflection, not
shown here) at λ = 655 nm is evident in Figure 2d. According
to the literature, the divergent characteristics at SS are
analogous to the unbounded scattering behavior at the lasing
threshold.42

Nonetheless, there is a subtle distinction between conven-
tional lasing behavior and the SS anomaly observed here at |γ|
= 0.85. In a conventional laser, the light trapped inside a high-
Q cavity experiences amplification when the net gain of the
active material overcomes the cavity and material losses at the

Figure 2. Transmission spectra as a function of gain−loss factor γ (γ = 0 represents a Hermitian system whereas γ ≠ 0 represents a non-Hermitian
system, with −ve and +ve values of γ corresponding to incidence from loss and gain side respectively). (a−c) The transmission is identical for
illumination from both the loss and gain side incidence in the 0th order, while asymmetry is observed in −1st and 1st diffraction order for either
side incidence. Extreme asymmetry is observed at γ = 0.85 and λ = 655 nm, corresponding to the occurrence of spectral singularity. (d)
Transmission at SS shows a diverging peak for gain side incidence, which is ∼2 orders of magnitude larger than that for loss side incidence. Note
that the 0th order transmission is identical. (e) Eigenvalues of the scattering matrix as a function of gain−loss factor γ. Two subsets of eigenvalues,
one corresponding to loss side incidence shows subunitary evolution (lies inside the unit circle, as illustrated in the inset), while the other subset
corresponding to gain side incidence far exceeds unit circle, implying amplification. This shows that the system is in the PT-symmetric phase for
loss side incidence and the PT-broken phase for gain side incidence. (f) Phase plot for 1st order transmission coefficient. At γ = 0.85 and λ = 655
nm, phase singularity is evident with a topological charge of −1 (clockwise encirclement of 2π phase).
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lasing threshold. The overall losses in the system are
predefined by the cavity design and material composition.
Hence, with a further increment in gain above the lasing
threshold, the light continues to amplify until the gain
saturation is reached. Whereas in the case of SS, the light
trapping dynamics for amplification are predominantly
governed by the amount of loss and gain in the system. The
phase acquired in both loss and gain materials facilitates
building high-Q resonance. At the optimum phase condition,
when the amplification perfectly balances the radiation losses,
the outgoing scattered fields become divergent. In contrast to
the conventional laser, an additional increment of gain or loss
in the system perturbs the critical phase condition contributing
to amplification, and hence, the divergence falls off. It should
not be surprising as the similar counterintuitive pump-
dependence of the laser has been experimentally demonstrated
in PT-symmetric systems near an EP.43,44 Similar works
relating to the scattering anomalies’ emergence and behavioral
evolution with varying amounts of gain−loss in the photonic
system could be found in refs 45 and 46. With this observation,
we show that adding a large amount of gain to the system is
not necessary. Rather, a careful design of the structure will lead
to the occurrence of SS, even with lower gain values.
To get further insight into PT-dynamics in the proposed

system, we plot the eigenvalues of a scattering (S) matrix for
varying gain−loss contrast γ at wavelength λ = 655 nm, as
shown in Figure 2e. It can be seen that there are two subsets of
eigenvalues corresponding to incidence from the loss and gain
side of the metasurface. A unit circle that signifies the unitarity
of the S-matrix for a Hermitian system is shown in the dashed
line. The eigenvalues of a system deviate from the unit circle
whenever the PT-symmetric system is in broken-phase.25 A
branch of eigenvalues corresponding to incidence from loss
and gain sides lie inside and outside the unit circle,
respectively, as illustrated in the inset of Figure 2e. At the
spectral singularity, the eigenvalue corresponding to gain side
incidence at γ = 0.85 far exceeds the unit circle, implying
strong amplification. The observed asymmetry in the trans-
mission is a direct consequence of the emergence of different
states of the PT-phase for either side of incidence: PT-
unbroken phase for loss side incidence and broken PT-phase
for gain side incidence. Figure 2f shows the phase response in
the first-order transmission. The scattering phase is undefined
at γ = 0.85 and λ = 655 nm in the given parameter space,
resulting in a phase singularity. The integral phase (modulo

2π) encircling the phase singularity is defined as the
topological charge q, and the direction of the encirclement
determines its sign. As per the convention, counterclockwise
encirclement is termed as positive charge and vice versa. The
phase singularity at γ = 0.85 has a topological charge q = −1.
The ability to obtain lasing with the associated phase
singularity will find applications in generating arbitrarily
oriented spatiotemporal vortex beams, as proposed in ref 47.

Directivity Control by Varying the Gain−Loss Factor.
To analyze the directional behavior of transmission as a
function of the modulation parameter, we plotted the
normalized angular far-field radiation pattern for varying γ, as
shown in Figure 3a,b. For reference, we have plotted the
radiation pattern for the Hermitian case (γ = 0) in magenta.
For loss side incidence (Figure 3a), the transmission lobe
becomes stronger and narrower along the normal direction as
the system is tuned away from the Hermitian regime and
attains a moderate amplification (∼3-fold) relative to the
Hermitian case. While for gain side illumination (Figure 3b),
the dominant radiation lobe moves toward angle θ ∼ 22°,
corresponding to the first diffraction order with increasing non-
Hermiticity and attains the peak amplification ∼12-fold at γ =
0.85. The overall variation in the amplitude and angular
spectrum of transmission with varying gain−loss factor is
summarized in Figure 3c. We define the asymmetry factor ζ =
(Tgl − Tlg)/(Tgl + Tlg), where Tgl and Tlg represent
transmission when light propagates from gain-to-loss and
loss-to-gain sides, respectively. The asymmetry factor ζ = 0 for
the Hermitian case as the up−down symmetry is preserved in
the absence of optical loss and gain. With increasing non-
Hermiticity (γ → 0 to 1), the asymmetry increases gradually,
with a sharp rise at γ = 0.85, wherein the SS emerges. The
maximum difference between the two opposite-side trans-
missions is around ∼90% for λ = 655 nm. Similarly, we
calculated the difference in the angular direction of the
dominant transmission lobe as a function of γ, given by Δθ =
|θgl| − |θlg|, plotted on the right-side axis in Figure 3c. At γ =
0.85, corresponding to the maximum asymmetry in the
transmission amplitude, the emission lobes differ spatially by
an angle Δθ ∼ 24°. Here, the pump intensity controls the PT-
symmetry dynamics and is integral to breaking and restoring
up−down symmetry. Thus, the transmission properties of the
proposed metasurface can be continuously tuned by varying
the strength of gain−loss in the system, demonstrating

Figure 3. Far-field radiation pattern of transmission with increasing γ → 0 to 0.85. (a) The dominant angular lobe for incidence from the loss side
progresses along the normal direction, reaching ∼3-fold amplification at SS, whereas (b) for gain side incidence, the dominant radiation lobe
advances toward the 1st diffraction angle, attaining ∼12-fold amplification. (Normalization is done with reference to the Hermitian case, γ = 0,
highlighted in magenta color.) (c) Asymmetry factor ζ (left axis) and angular deviation Δθ (right axis) of transmission with varying gain−loss
contrast. At γ = 0.85 (SS), the maximum asymmetry in transmission amplitude is ∼0.9, and the angular asymmetry is ∼24°.
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direction-sensitive amplification and a tunable radiation
pattern strongly dependent on the pump intensity.
Asymmetric Transmission for Oblique Incidence. In

addition to the asymmetric transmission for normal incidence
from gain and loss sides, the proposed metasurface exhibits
broken symmetry for waves incident from +θi and −θi angles,
respectively. Figure 4a,b shows the transmission spectra for
loss and gain side incidence with the angle of incidence swept
from θi → −60° to 60° or equivalently, the in-plane
momentum corresponding to k∥

i = k0 sin(θi), where k0 =
2π/ λ. It is well-known that the collective diffraction in the
periodic arrangement of plasmonic scatterers leads to spectrally
narrow surface modes called surface lattice resonances
(SLRs).48 A similar phenomenon is observed in dielectric
metasurfaces formed by Mie scatterers in periodic arrange-
ments, termed Mie-SLRs.48 The superposition of sharp lattice
resonances arising through in-plane diffraction orders (also
called Rayleigh anomalies RAs),49 with the broad localized Mie
resonances of the individual scatterers, result in the overall
enhancement of light scattering while imparting directivity.50,51

The RA condition for radiative modes in a square lattice with
p i t c h p = 3 0 0 n m i s g i v e n b y

n k k m G k m G( ) ( )x ySiO 0 1
2

2
2

2
= + + + , where G = 2π/p is

the lattice momentum, m1 and m2 are the integers
corresponding to Bragg diffraction order along x and y
directions, respectively. Figure 4c shows spectra of scattering
efficiency Qscat of individual PT-symmetric nanocylinders (r =
85 nm) for varying oblique incidence from the loss and gain
side of the nanocylinder. The dispersionless behavior of the
Qscat band with respect to in-plane momentum k∥ is due to the
localized nature of Mie resonances of individual nanocylinders.
We note that the scattering efficiency is asymmetric for
incidence from the loss and gain sides. The enhanced
transmission, seen as bright spots in Figure 4a,b, arises from
the hybridization of multipolar Mie resonances with RAs. The
dispersion of amplified transmission follows the RA condition;
the linear dispersion, highlighted with dotted lines in Figure
4a,b, corresponds to (±1, 0) diffraction orders in the plane of
incidence (x−z). In contrast, parabolic dispersion, highlighted
with solid blue curves, corresponds to the (0, ±1) order,
perpendicular to the incidence plane (y−z). Indeed, the
excellent correspondence of the dispersion of transmission
peaks along the linear RA condition confirms the role of strong
diffractive coupling in enhancing the light emission from the
metasurface.
The maximum amplification of transmitted light is observed

for normal incidence from the gain side (brightest spot in

Figure 4. Transmission spectra for oblique incidence from (a) loss and (b) gain side of the metasurface. In addition to the asymmetric transmission
for the loss and gain side incidences, there is an asymmetry with respect to +θi and −θi angles of incidence. Linear and parabolic dispersion
corresponding to (±1, 0) and (0, ±1) RAs, respectively for p = 300 nm, are highlighted with dotted yellow lines and solid blue curves. The (±1, 0)
linear dispersion is repeated along the angles corresponding to ±1st and ±2nd diffraction orders for Px = 1200 nm. (c) Mie scattering efficiency of
single PT-symmetric nanocylinder (r = 85 nm) shows a broader peak with asymmetric efficiencies for incidence from loss and gain sides. Notably,
the dispersion is flat, showing no dependence on the parallel momentum, k∥. Amplified spectral peaks (bright spots) appear at the locations of Mie-
SLRs, corresponding to the coupling of individual PT-symmetric resonators through in-plane diffraction orders (RAs). (d) By virtue of reciprocity,
the transmission for incidence at θi = −22° from the loss side is largely amplified in accordance to the observed amplification in the 1st order
diffraction channel (θt = −22°) for normal incidence from the gain side. The radiation pattern for incidence from angles |θi| = 22° from (e) loss and
(f) side of the metasurface. The radiation patterns, in either case, are similar but show asymmetric amplification with respect to +ve and −ve angle.
Transmission from the loss side experiences relatively more amplification compared to the gain side. The asymmetric transmission from the loss
and gain sides is due to the breaking of up−down and left−right symmetries for angular incidence, providing different interaction paths through the
resonant and nonresonant loss and gain nanoantennas.
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Figure 4b) and also for oblique incidence at θi = −22° from the
loss side (brightest spot in Figure 4a). We explain this
observation using the principle of reciprocity, schematically
illustrated in Figure 4d. The resultant momentum of
transmitted light with gain side incidence can be given as
kt
gain = ki

gain + kG, where kG = 2π/Px is the additional
momentum imparted by phase gradient (details discussed in
the subsequent section). By virtue of reciprocity, if we traverse
back along θi = 22° from the loss side, the resultant
momentum relation follows as kt

loss = ki
loss − kG, making the

light transmit again in first diffraction order, making θt = 0° on
the gain side. (Following the sign convention with respect to
incidence from the ±z axis, θi = 22° from the loss side
effectively translates to θi = −22°). This further confirms that
the proposed system is a reciprocal device, despite the
asymmetric response of the transmission.
We plot the far-field radiation pattern for the angle of

incidence corresponding to −1st and 1st diffraction angle, |θi| =
22° from loss and gain side incidence, as shown in Figure 4e
and f, respectively. Although the radiation patterns for positive
and negative angles of incidence in each figure are similar,
there is an asymmetric amplification in the far-field pattern. In
contrast to normal incidence, the transmission for oblique
incidence from the loss side experiences relatively more
amplification than the gain side. Up−down symmetry breaking
associated with PT-symmetric potential excites a different set
of electric and magnetic multipoles depending on the
illumination direction; the broken left−right symmetry due
to phase gradient provides a different interaction path for light.
The combined effect of broken up−down and left−right
symmetries on the wave propagation in the respective
directions is integral to realizing asymmetric response. Thus,
interesting directional scattering patterns or even complete
suppression of radiation from one side of angular incidence can

be realized by tailoring the interaction path of light through
resonant/nonresonant gain and loss nanoantennas.

■ DISCUSSION

For a phase gradient metasurface, the in-plane momentum of
incoming (k∥

i = k0 sin(θi)) and outgoing (k∥
t = k0 sin(θt))

plane waves are related through generalized Snell’s law, given
by k∥

t = k∥
i + kG, where kG = 2π/Px = ∇φ is an additional

momentum imparted by the geometric phase gradient.3 To
better understand the observed emission properties of the
metasurface, we present a simple model by separating the
bilayer metasurface into gain and loss sublayers. We show here
that for loss (gain) side incidence, the gain (loss) resonators
predominantly decide the amplitude and direction of
propagation of the transmitted wave. The proposed PT-
symmetric stacked metasurface largely inherits the individual
amplitude and phase response of its constituent sublayers, that
is, the “only gain” and “only loss” metasurface.
We first analyze the transmission spectra for a gradient

metasurface encompassing only gain and loss nanodisks, as
shown in Figure 5a and b, respectively. The light transmission
from “only gain” metasurface shows weak amplification with a
peak around the wavelength λ = 654 nm and almost all the
power being emitted in zeroth order. On the other hand, “only
loss” metasurface shows significant attenuation in transmission
(Ttot ∼ 0.1), with most of the power being distributed in the
1st order. To understand the phenomenon of asymmetric
emission and the role of these individual responses, we
consider the electric field profile oriented along the x-direction
(Ex), as the light propagates through the metasurface for loss
and gain side incidence in Figure 5c and d, respectively. The
electric field, Ex, is normalized with its maximum value for the
respective sides of incidence. There are important observations
to be made for light emission from either side of the

Figure 5. Transmission for a phase gradient metasurface consisting of (a) “only gain” nanodisks (h = 250 nm) show a moderately amplified peak in
the 0th order, and that of (b) “only loss” nanodisks (h = 250 nm) show attenuation with the power predominantly in the 1st diffraction order.
Transverse electric field profile Ex for normal incidence from the (c) loss and (d) gain side of the metasurface. The power emission from the gain-
side layer of metasurface (either transmission or reflection, depicted by bold yellow arrows) is along the normal direction, manifesting the slab-like
nature due to strong near-field coupling. At the same time, the wavefront (bold gray arrows) tilts when exiting from the loss-side layer of the
metasurface, illustrating the phase gradient characteristic. The phase profile across the cut lines (black dashed) on the (e) reflection and (f)
transmission is almost flat on the gain side, while it shows 2π wrapping on the loss-side layer.
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metasurface: (i) The electric field, while exiting from the gain
side of metasurface (either transmission or reflection), does
not exhibit any significant phase gradient, that is, ∇φ ≅ 0. The
four constituent nanoantennas of the supercell are strongly
coupled in the near-field regime due to field amplification
imparted by the gain media. This strong coupling gives the
geometrically gradient supercell a unified slab-like behavior.
The resultant in-plane momentum equates to k∥

t = k∥
i as kG =

0, directing the light as per Snell’s law. (ii) The electric field
exiting from the loss side of the metasurface shows a tilted field
profile. Unlike the case of the gain-side metasurface, the four
constituent nanoantennas on the loss side of the metasurface
retain the lateral phase gradient response introduced by
varying sizes of nanodisks. The resultant phase wrapping of ∇φ
≅ 2π channels light into the desired angle, governed by the
equation, k∥

t = k∥
i + kG.

The accumulated phase of light emitted toward the
reflection and transmission sides of the metasurface is plotted
in Figure 5e,f. The phases are calculated along the cut lines
across the transverse E-field plot shown in Figure 5c,d. The
phase profile across the gain-side (yellow color lines) depicts a
minimal phase gradient, while the phase along the loss-side
(gray color lines) shows a 2π phase wrap in both the
transmission and the reflection directions. This further
reinforces our simple model and explains asymmetric light
propagation for loss and gain side illumination.

■ CONCLUSION

In conclusion, we demonstrated a PT-symmetric phase-
gradient metasurface that offers new possibilities for realizing
dynamic control of light without relying on functional
materials. We showed extreme asymmetry in transmission
amplitude as well as far-field radiation pattern for normal and
oblique incidence from either side of the metasurface. The
maximum asymmetry is observed at a non-Hermiticity value of
γ = 0.85, corresponding to the emergence of spectral
singularity. As a proof of concept, we demonstrated dynamic
beam steering with direction-dependent amplitude via gain−
loss modulation. The asymmetry in emission is strongly
dependent on the pump intensity and opens up the possibility
of dynamically and reversibly tuning the optical emission
properties of the metasurface. We note that the optical gain
needed is practical (∼104 cm−1) for experimental realization.
Finally, we discussed the mechanism behind asymmetric
amplification and angular emission spectrum by analyzing the
individual transmission response of loss and gain sublayers of
the metasurface. The key asset is the direction-dependent near-
field coupling that imparts either a flat or a 2π phase profile.
The prospect of dynamic control of the phase shift using
external stimuli can lead to various breakthrough technological
outcomes like beam steering, varifocal lenses, vortex beam
generators, and nonreciprocal amplifiers/attenuators.
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