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ABSTRACT: The light sources that power photonic networks are small and scalable, but they 

also require the incorporation of optical isolators that allow light to pass in one direction only, 

protecting the light source from damaging back-reflections. Unfortunately, the size and 

complex integration of optical isolators makes small-scale and densely integrated photonic 

networks infeasible. Here, we overcome this limitation by designing a single device that 

operates both as a coherent light source and as its own optical isolator. Our design relies on 

high-quality-factor dielectric metasurfaces that exhibit intrinsic chirality. By carefully 

manipulating the geometry of the constituent Silicon meta-atoms, we design three-

dimensionally chiral modes that act as optical spin-dependent filters. Using spin-polarized 

Raman scattering together with our chiral meta-cavity, we demonstrate Raman lasing in the 

forward direction, while the lasing action is suppressed by over an order of magnitude for 

reflected light. Our high-Q chiral metasurface design presents a new approach towards 

compactly isolating integrated light sources by directly tailoring the emission properties of the 

light source itself. 

 

Integrated photonics promises the broadband, high-density and high-speed 

interconnectivity necessary for advanced telecommunication networks and high-performance 

signal processing. Coherent light sources are critical components of such photonic systems, and 

these devices should be compact, efficient and preferably compatible with mature CMOS 

fabrication technologies [1]. While considerable progress has been made in developing 

integrated light sources [2-5], the resonant nature of these light sources dictates that these 

photonic systems are sensitive to small perturbations caused by unwanted reflections and 

defects [6]. An optical isolator solves this issue by serving as a one-way valve for light, in which 

light is blocked in one direction but allowed to pass in the opposite direction, protecting the 
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laser from back-reflections, reducing unwanted interference and allowing for greater 

interconnectivity [7]. Isolation is critical to the realization of photonic networks, without which 

we are limited to low-power sources with sparse interconnection and impractically long optical 

pathways. 

The most common embodiment of optical isolation, a Faraday isolator, relies on a fixed 

magnetic bias to break reciprocity for a time-reversed pair of modes. However, breaking 

reciprocity without further modal restriction is not sufficient to define isolation; consequently, 

a Faraday isolator includes polarization filters to restrict access to modes that would otherwise 

propagate in the forbidden direction. Unfortunately, the weak interaction of magnetic fields 

with most materials at optical frequencies makes a Faraday isolator much larger (>100 µm) 

than the integrated light sources we seek to isolate [8].  

New nonreciprocal photonic components attempt to overcome this scaling problem by 

enhancing light-matter interactions through resonant confinement in high quality factor (i.e. 

high-Q) dielectric structures [9-17]. In recent work, a periodic array of subwavelength nano-

antennas (i.e. a metasurface) is used to resonantly confine a circularly-polarized optical bias 

that breaks optical reciprocity [18]. Conveniently, the high-Q confinement of the metasurface 

cavity can also be used to amplify an optical pump or signal, similar to other periodic dielectric 

structures that have been used to demonstrate compact, low-threshold lasing [2,3,17]. 

Analogously to the requirement of polarization filters in a Faraday isolator, the metasurface 

cavity is nonreciprocal but requires further modal restriction to be isolated.  

Here, we present a new approach to isolate integrated light sources by tailoring the 

modal properties of the lasing cavity itself, specifically using a spin-selective chiral metasurface 

cavity excited with spin-polarized stimulated Raman scattering. Using full-field electromagnetic 

simulations, we explore a silicon metasurface composed of notched cylinders resonant in the 

near-infrared. By manipulating the coupling between neighboring cylinders in a dimer unit cell, 

we achieve an intrinsically chiral optical response with a spin-selective transmittance for 

orthogonal polarizations of circularly-polarized light. To break Lorentz reciprocity explicitly, we 

excite the metasurface with a spin-polarized Raman pump that mimics the magnetic bias in a 

Faraday isolator [18]. Consequently, a signal beam at a frequency Stokes-shifted from the 
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Raman pump is only amplified when the signal obeys photon-phonon spin selection rules 

imposed by the Raman pump in addition to separate spin selection rules imposed by the 

symmetry of the chiral metasurface (Figure 1a,b) [18,19]. A signal with a given polarization 

state transmits with amplification in one direction, but its reflection (or time-reversed signal) is 

suppressed in the metasurface cavity, resulting in a self-isolated lasing mode.  

A schematic of the metasurface is shown in Figure 1c. The unit cell of the metasurface 

array is composed of two silicon (n = 3.45) cylinders in a square lattice, each 600 nm tall and 

600 nm in diameter with a lattice periodicity of 1.2 µm. Both cylinders in the dimer unit cell are 

modified with the introduction of notches, 160 nm in diameter and 300 nm in depth. In one 

cylinder, the notch is translated in the y-direction, while in the other cylinder, the notch is 

translated in the x and –z-directions. The geometry is necessarily three-dimensionally chiral, as 

a planar chiral geometry will maintain a symmetric response in the forward and backward 

directions and therefore cannot act as a filter for the same handedness of light from both 

directions [20,21]. To the best of our knowledge, intrinsic chirality has not been observed in a 

subwavelength/non-diffracting dielectric metamaterial system [22-25].  

While spin-selective optical properties have been reported in plasmonic (i.e. metallic) 

metasurfaces, three-dimensional chirality in dielectric metasurfaces requires near-field 

interactions that are not guaranteed with a geometrically chiral structure. For any material 

platform, optical chirality is defined by the coupling of electric and magnetic fields along the 

same direction, as described by the generalized constitutive relations [20], 

 𝐷" = 𝜀!𝜀𝐸̿' +
"
#!
𝜉𝐻̿"; 𝐵' = "

#!
𝜁𝐸̿' + 𝜇!𝜇̿𝐻". (1) 

Here, 𝜀,̿ 𝜇̿, 𝜉 ,̿ and 𝜁  ̿are 2 × 2 complex-valued matrices representing permittivity, permeability, 

and coupling of the magnetic (electric) field to electric (magnetic) dipoles, respectively. The 

coupling terms are more explicitly written for reciprocal media as, 

 𝜉̿ = 	−𝜁$̿ = 3 𝜉% 𝑖𝜉&
𝑖𝜉& 𝜉%

5 (2) 

where the off-diagonal components indicate omega-type bianisotropy and the diagonal 

components are strictly chiral. Plasmonic structures support effective dipole moments that rely 

on incident light interacting with free electrons on the surface of the metal, where an electric 
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dipole resonance is easily achieved by orienting a wire along the direction of the incident 

electric field, and a magnetic dipole resonance is achieved by shaping the wire into a current 

loop (e.g. a split ring resonator) [26]. Accordingly, the magnetic resonance in plasmonic objects 

is inherently coupled to the electric resonance from which it is formed, and therefore the 

magnetic resonance of a plasmonic geometry is already a coupled magnetoelectric mode. In 

contrast, dielectric structures support both electric and magnetic modes inherently within the 

volume of the material itself, as described by Mie theory [27], and these modes are decoupled 

from one another. Engineering chiral modes in dielectric objects therefore requires us to 

carefully consider how geometric perturbations and symmetry conditions affect coupling of the 

independent modes. 

 To achieve a three-dimensionally chiral metasurface, we employ a four-step approach to 

designing the constituent nanoantennas and unit cell: i) spectrally overlapping the electric and 

magnetic modes; ii) breaking in-plane mirror symmetry to couple the overlapped modes; iii) 

eliminating rotational symmetry to reorient the direction of the electric mode relative to the 

magnetic mode; and iv) breaking the remaining in-plane mirror symmetry to remove all 

symmetry of the unit cell and induce a spin-selective response. We first tune the spectral 

position of the electric and magnetic resonances individually by modifying the diameter and 

height of the cylinders, respectively [28,29] (Supplemental Information section I [30]). Then, we 

introduce a notch into the center of the cylinders that breaks mirror symmetry in the plane of 

the metasurface to couple the electric and magnetic modes.  

A key characteristic of this bianisotropic (magnetoelectric) coupling is asymmetry in 

reflection, which for a lossless material appears in the relative phase of the reflection [31]. This 

asymmetry cannot be observed in transmission because the phase relationship of the electric 

and magnetic nearfields remains constant as the wavevector orientation remains constant, 

while flipping the wavevector direction in reflection also flips the phase relationship of the 

magnetoelectric coupling. Figure 2a plots the transmission through the notched metasurface 

and the difference in the forward and backward reflected phase. The transmission reveals a 

broad reflective background from the dipolar magnetic and electric modes (1700-2100 nm), 

and the differential reflected phase reveals a weak but nonzero bianisotropic response (𝜉& ≠ 0) 
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with |∠𝑟' − ∠𝑟(| = 0.03𝜋, where ∠𝑟' is the phase of reflected light incident from the forward 

direction (Figure 1b). Here, the strength of magnetoelectric coupling is limited by the low Q-

factor associated with such broad magnetic and electric resonances. Regardless of the strength 

of the response, we now have a symmetry breaking tool to control magnetoelectric coupling 

and therefore the phase relationship between the electric and magnetic response of the 

metasurface [32,33]. Note, however, that this response remains degenerate for orthogonal 

polarizations due to the presence of four-fold rotational symmetry in the metasurface lattice. 

To differentiate orthogonal polarization states, we eliminate rotational symmetry from 

the lattice by translating the notch in the x-direction in one cylinder and symmetrically in the y-

direction in the neighboring cylinder. This translation reorients the direction of the dipole 

moments without the further removal of silicon, so as to not disrupt the dipolar characteristic 

of the modes that occur within the volume. Importantly, this subtle symmetry breaking also 

increases the Q-factor of the metasurface, resulting in a strong bianisotropic response 

|∠𝑟' − ∠𝑟(| = 𝜋. Illuminating the metasurface with light polarized along the ±45° symmetry 

axes, two distinct peaks in transmission, with Q’s of 7040 and 6980 and are seen for the two 

polarization states at 1865.3 nm and 1865.7 nm, respectively (see Figure 2b). This splitting is 

characteristic of a dimer unit cell, which exhibits a lower energy symmetric (bonding) mode and 

a higher energy antisymmetric (antibonding) mode. Here, the mirror symmetry across the +45° 

axis is the only symmetry remaining in the lattice that prevents a chiral response. 

Finally, we break all symmetry of the unit cell by shifting the notches to the bottom of 

every other cylinder, leading to a chiral, spin-selective response in transmission. A chiral 

medium must orient at least some component of the electric and magnetic dipole moments 

along the same direction [34], which we accomplish by exploiting a coupled dimer unit cell. This 

configuration allows the electric dipole of one cylinder to couple with the magnetic dipole of its 

neighbor, resulting in a nonzero 𝜉%  term in Equation (2) [35,36]. Consequently, we achieve the 

chiral optical response shown in Figure 2c. On resonance at 1865.5 nm, left- and right-handed 

circularly-polarized (L- and R-CP) light is transmitted with a relative difference of 𝐿𝐶𝑃 𝑅𝐶𝑃 = 5⁄  

(Supplementary Information [30] section II). This difference can be enhanced even further 

[30,37-39], but here we are more limited by polarization conversion between L-CP and R-CP 
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and not the difference in transmittance between L-CP and R-CP. The two distinct peaks at 

1865.3 nm and 1865.7 nm in Figure 2c exactly correspond to the two eigenstates produced in 

Figure 2b, which have only changed in direction and not in energy. Importantly, by relying solely 

on small notches, the electric field remains concentrated within the silicon (Figure S2a [30]). 

While this intrinsically chiral metasurface exhibits asymmetric transmission for a given 

polarization state, it necessarily remains reciprocal without a time-dependent or nonlinear 

modification to the constitutive parameters. 

The metasurface becomes a self-isolated light source when a circularly-polarized pump 

bias is introduced. In particular, we utilize spin-polarized stimulated Raman scattering (SRS) to 

explicitly break reciprocity. Pumping a Raman-active crystal with sufficiently intense light 

results in the spontaneous creation of a phonon, which generates a Stokes-shifted spectral 

sideband (Figure 1b) [40]. Introducing a second light source at the sideband frequency 

stimulates this process, resulting in Raman amplification of this second, signal beam [2,19]. This 

process defines stimulated Raman scattering and Raman lasing. Considering stimulated Raman 

scattering in a spin-polarized basis, spin selection rules arise for photon-phonon interactions 

that dictate when stimulated emission occurs. This condition is met in silicon for pump and 

signal beams of opposite handedness when propagating in the same direction, which we refer 

to as the forward direction [18,41,42]. While a spin-polarized Raman bias is sufficient to achieve 

nonreciprocal gain for a time-reversed pair of modes, a signal propagating in the backward 

direction will still experience gain if the signal is not polarized with the appropriate handedness, 

as is the case upon reflection of the signal (Fig S3 [30]). However, in a three-dimensionally chiral 

metasurface, the modes which correspond to the Raman forbidden polarization are restricted 

from being excited.  

The symmetry of the Raman tensor describes how the phonon mode vibrates spatially in 

response to the pump electric field [43]. We note that when pumping silicon with circularly-

polarized light, the pump induces an antisymmetric susceptibility perturbation, in which 𝜒)* =

−𝜒*), where 𝜒 is the susceptibility modification. This process provides amplification for one 

circularly-polarized mode of a time-reversed pair and consequently breaks reciprocity. The 

details of the Raman tensor and calculation are described in the section III of the 
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Supplementary Information [30] (see also Reference [18]). Moreover, the local field 

confinement provided by our high-Q metasurface can greatly reduce the necessary pump 

power. The existing structure exhibits local field enhancement of |𝐸| |𝐸!|⁄ = 74 at 1865.5 nm 

and Q’s of 4810 (at 1865.3 nm) and 5100 (at 1865.7 nm) while maintaining the rotation of the 

local electric field (Figure S2 [30]).  

 The resulting isolator-like behavior and nonreciprocal lasing is described in Figure 3a. 

We fix the pump to be L-CP and observe transmission (t) and reflection (r) of the signal as we 

vary the pump power. While the metasurface is designed for intrinsic chirality, the presence of 

linear birefringence dictates that the polarization basis of the chiral mode is neither entirely 

circular nor linear. To accommodate the ellipticity of the metasurface eigenmodes, we consider 

a signal polarized in the basis of the chiral resonance, which we obtain by solving for the 

eigenvectors of the transmission scattering matrix (Supplemental Information [30] section III.i). 

The signal polarization state by this method is given by its Jones vector, E = [0.9803 + 0i, -0.1822 

+ 0.0770i], which is nearly linearly-polarized. For this polarization state, we begin to observe 

amplification of a forward-propagating signal (t+) and suppression of its reflection (r-) starting 

around 2 MW/cm2 (Figure 3a). A backward-propagating signal (t-) is suppressed and does not 

experience gain. We consider this system in an entirely circular basis and an entirely linear basis 

in section IV of the Supplemental Information [30], and we observe amplification of the forward 

signal and suppression of the backward signal regardless of the signal polarization. Therefore, 

the dominant and appreciable gain giving rise to lasing only occurs for a signal polarization state 

and single propagation direction, making our three-dimensionally chiral metasurface a self-

isolated laser.   

We perform an eigenmode analysis of the metasurface to provide direct evidence of 

lasing behavior and exemplify the response dependence on the signal frequency. As seen in 

Figure 3b, the metasurface exhibits negative damping (i.e. gain) at increasing pump powers for 

both of the chiral eigenmodes, where the zero-crossing for the two eigenmodes occurs at 

approximately 14.5 MW/cm2 for the eigenmode at 1865.7 nm and 18 MW/cm2 for the 

eigenmode at 1865.3 nm. The difference between the transmitted signal and its reflection can 

be maximized by tuning the signal frequency relative to the two eigenfrequencies of the 
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metasurface, which can also be modified by modifying the metasurface dimensions 

(Supplementary Information [30] section IV). Generally, we observe that a Raman lasing mode 

exists in which the lasing cavity (i.e. the chiral metasurface) is self-isolating and the reflection is 

suppressed, regardless of the signal polarization or signal power. 

In summary, we present a submicron lasing cavity with a nonzero chirality parameter 

and asymmetric permittivity that, together, impose isolation on the lasing mode emitted from 

that cavity. Here, optical isolation is not considered as an additional photonic component but as 

a feature built natively into the light source itself. Importantly, we break Lorentz reciprocity 

with a spin-polarized Raman bias that avoids dynamic reciprocity, which has no lower size limit 

and can be applied to a wide array of dielectric materials [18]. We present a broad parameter 

space over which the lasing properties can be optimized, including modifying the chiral 

resonance by changing the nanoantenna dimensions, tuning the signal frequency relative to the 

two eigenmodes of the metasurface, and/or modifying the signal polarization. To further 

reduce the lasing threshold, this platform could capitalize on recent developments in ultra high-

Q and doubly-resonant cavities [44-46]. Beyond subwavelength nonreciprocal and 

multifunctional integrated light sources, our three-dimensional chiral metasurface could also 

enable advances in topological photonics and nanophotonic sensing platforms [22,47-51]. 
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Figure 1: (a) Schematic of self-isolated metasurface laser. The Raman pump (purple) results in stimulated emission at the Stokes 
frequency (yellow). Left: In a traditional laser cavity, the original lasing mode (red) is destroyed when reflected light re-enters 
the cavity (yellow). Right: Due to spin-selective modal restriction of the metasurface cavity, the lasing mode remains 
undisturbed upon reflection. (b) Energy diagram for Raman decay of a pump photon into a Stokes photon and a phonon, with a 
reference legend defining forward/backward transmission/reflection. (c) The chiral metasurface, comprised of cylinders in a 
dimer unit cell arranged in a square lattice with periodicity a = 1.2 µm and antisymmetric notches, where d = 600 nm, h = 600 
nm and d’ = 160 nm. 
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Figure 2: Transmission (a-c) and differential reflected phase to show bianisotropy (a,b) for the given unit cell geometry and 
associated point group symmetry (inset), where d = 600 nm, h = 600 nm and d’ = 160 nm. (a) Cylinders notched in the center: 
Transmission shows low-Q response over which electric and magnetic dipolar modes exist, and the differential reflection 
reveals weak but nonzero bianisotropy. (b) Translating the notches antisymetrically: Transmission reveals two high-Q 
resonances corresponding to illumination with +45deg and -45deg polarization, both of which exhibit strong bianisotropy in the 
phase of reflection. (c) Inverting every other notch: Differential transmission is observed for illumination for left-handed versus 
right-handed circularly-polarized light, indicating chirality. 
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Figure 3: (a) Transmittance and reflectance of the signal as a function of the pump power with a left-handed circularly-polarized 
pump. Inset: The plot is recreated with a decibel scale. (b) The imaginary component of the complex eigenfrequencies of the 
chiral metasurface, plotted as a function of the pump power. Red corresponds to the 1865.3 nm eigenmode and yellow 
corresponds to the 1865.7 nm eigenmode from Figure 2. 

 

 

 


