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Dynamic manipulation of the spin of photons is important for many applications ranging from 

optical sensing to optical information processing. In the past, the study on controlling the spin 

of light has focused on chiral materials, three-dimensional structures lacking any mirror 

symmetries. However, the complexity of fabrication of such structures has hindered their 

practical applications. In this work, the dynamic switching of optical chirality in two-

dimensional honeycomb photonic crystal - the so called photonic graphene is explored. In 

particular, optical spin-spin interaction mediated by the pseudospin states of the photonic 

graphene is proposed. A circularly polarized pumping beam can lift the degeneracy at the 

Dirac cones, leading to chiral responses for a probe beam incident along the direction of the 

Dirac points. Interestingly, the chirality is determined by the both the valley index and the 

spin of the pumping beam. The proposed nonlinear photonic graphene offers a new route to 

manipulate valley- and spin dependent phenomena in two-dimensional photonic systems. 

 
1. Introduction 

The spin of light refers to its circular polarization state, which provides an important route to 

facilitate manipulation of light propagation and detection of optical information. In nature, 
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chiral materials are ubiquitous and have different optical responses to the left- and right-

handed circular polarizations. Chirality exists in various structures of biomolecules at 

different levels from macro-molecules to supramolecules.[1-2] Precise dynamic manipulation 

of chirality is attractive because of its important applications in stereochemistry, materials 

science, chemical sensing, and integrated photonic devices.[3-6] A number of schemes have 

been employed to manipulate the chirality of natural molecules by use of the external stimuli, 

such as temperature,[7] light,[8] and electric field.[9] However, chirality in natural materials 

is extremely weak, requiring long propagation distance of light inside the media to observe 

noticeable chiro-optical effects. Since initially demonstrated,[10-16] chiral metamaterials 

have attracted much attention and various types of chiral metamaterials have been reported 

from microwave,[15, 17] terahertz[18] to optical frequency regimes.[19-20] While most of 

the chiral metamaterials demonstrated so far have a fixed chirality, there have been a number 

of demonstrations of active or switchable chiral metamaterials, which exhibit change of 

chirality under the excitation of external stimuli, such as optical pumping, applied voltage, 

magnetic field, and hydrogen-regulation.[21-28] However, these engineered chiral 

metamaterials generally require an array of bilayer metallic structures[25, 26] or even more 

complex three-dimensional metallic chiral structures,[23, 24] which increase the difficulty of 

device implementation.  

Not constrained to three dimensional chiral structures, spin selective interaction of light can 

also occur in low-symmetry planar structures when the combined configuration of light and 

the structure lacks mirror symmetry, which was termed extrinsic chirality.[29-34] In particular, 

it was proposed that circular dichroism (CD) can arise from the interaction of light with a 2D 

photonic crystal slabs of honeycomb lattice, an optical analogue of graphene. In graphene, 

two bands may linearly cross each other at edge of the Brilloiun zone, the so called Dirac 

points. At these Dirac points, the degenerated energy extrema lead to new discrete degrees of 
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freedom both in the real space and momentum space, the so-called pseudospin and valley 

pseudospin. The unusual optical effects arising from the special band structure of electrons 

have been observed in graphene, e.g. strong optical nonlinearity, spin-orbit interaction of 

light.[35, 36] Meanwhile, the photonic graphene has become a significant and powerful 

platform for studying extraordinary physical phenomena that are hard or inaccessible in 

natural graphene.[37, 38] Exploiting the angular momentum possessed by the pseudospin 

states at the Dirac points, the photonic graphene has been implemented to generate optical 

vortices through pseudospin selective excitation.[39] In particular, an inversion-symmetry-

broken staggered optical graphene (SOG) has been proposed to exhibit pseudospin-induced 

chirality based on the spin-pseudospin coupling under excitation of an obliquely incident 

circularly polarized light with in-plane momentum matching that of the Dirac points.[40]  

In this work, we demonstrate optical spin-spin interaction and hence switchable chirality in 

a nonlinear photonic graphene based on the principle of spin-pseudospin interaction in the 

nonlinear optical regime. Starting with a photonic graphene structure with a linear gapless 

dispersion at the Dirac points, the local nonlinear refractive index change illuminated by an 

oblique pump beam with in-plane momentum matching one of the Dirac points can open a 

photonic band gap. At each valley, the two pseudospin modes across the bandgap can be 

selectively excited by an incident probe beam with opposite spins, leading to valley, 

wavelength, and pump-spin (spin of the pump beam) dependent chiral responses. All optical 

control of the chirality in the nonlinear photonic graphene is numerically confirmed. Hence, 

the optical spin-spin interaction in nonlinear photonic graphene represents a facile, flexible, 

dynamic and lossless approach for achieving strong optical chirality. 

2. Results and Discussion 

Figure 1a and 1b presents a schematic illustration of the proposed nonlinear photonic 

graphene and the corresponding Brillouin zone in the reciprocal space. The slab with periodic 
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holes can be fabricated using the standard semiconductor nanofabrication technology. The 

ultrathin dielectric slab is constituted by a Kerr nonlinear optical material with a relative 

refractive index given by 𝑛 = 𝑛# + 𝑛%𝐼 = 𝑛# +
'
%
𝑛%𝑛# 𝜀)/𝜇)|𝐸./0|% , where 𝑛# = 3.477 is 

the linear relative refractive index, 𝑛%  denotes the Kerr coefficient, I and |𝐸./0|  are the 

intensity of the optical field and the magnitude of the local complex electric field, respectively. 

The Kerr coefficient 𝑛% is selected as 1.5×109':	[cm%/W], which falls in the range of typical 

nonlinear coefficients of semiconductors and polymers.[41-43] The lattice constant and the 

diameter of the air holes are a and d, respectively. In the simulations, 𝑑 = 0.3𝑎  and the 

thickness of the dielectric slab h is chosen as	0.21𝑎. The simulated results are performed 

using a full 3D finite element method (COMSOL Multiphysics).  

  The band structure of the transverse electric (TE)-like mode in the linear regime without 

pumping is shown in Figure 1c. Here we focus on a linearly dispersed Dirac point located at 

𝜔) = 0.9090×2πc/𝑎, which lies within the light cone and therefore it can be excited directly 

by external light. Meanwhile, this frequency is relatively far away from those of adjacent TE- 

eigenmodes and TM-like eigenmodes, providing a clear transmission spectrum in a wide 

frequency range. Note that each Dirac point can be addressed by incident light from three 

equivalent directions from free space. The full conical dispersion relation of the eigenmodes 

around K point (4π/3a, 0) is plotted in Figure 1d. Where, the two bands linearly cross each 

other at the Dirac point in the two dimensional monentum space. Figure 1e and 1f show the 

magnetic field (|Hz|) and the phase (arg(Hz)) distributions of the double-degenerate modes at 

the Dirac point respectively. Due to the C3v symmetry of the photonic graphene at the K point, 

these two modes exhibit opposite threefold rotational symmetry and have opposite phase 

vortices located at A and B sublattices respectively, and hence are defined as pseudospin 

states. The linearly dispersed bands at Dirac point (K or Kʹ) [Figure 1(d)] can be described by 

an effective Hamiltonian defined in the pseudospin space as, 
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𝐻=𝑣𝐹𝑞𝑥𝜎𝑥𝜏𝑧+𝑞𝑦𝜎𝑦,		𝒒=𝒌−K(Kʹ)	
   

                                       (1) 
where 𝑣W is the slope of the conical dispersion, σ and τz are Pauli matrices describing the AB 

sublattices (pseudospin) and the valley degrees of freedom (τz equals 1 and −1 for K and Kʹ 

valleys), respectively. Since the photonic graphene in the linear regime possesses the 

inversion symmetry, that is, it is invariant under the inversion operation exchanging the 

sublattices A and B, the mass term (diagonal elements) in the linear Hamiltonian [Eq. (1)] is 

zero. 

In the nonlinear regime, the inversion symmetry of the photonic graphene can be broken by 

a circularly polarized intense pumping along the direction of one of the Dirac points. When 

the frequency and wave vector of the pump beam match those of a Dirac point of the photonic 

graphene, one of the two pseudospin states (corresponding to sublattice A or B) with the 

matched angular momentum is predominantly excited. It results in an asymmetric distribution 

of the pump beam around the sublattices A and B in the photonic graphene. Figure 2a showes 

the magnitude 𝐸  of the electric field on the symmetric plane in the z direction at the 

frequency 𝜔) for the right-handed circularly polarized (RCP) pump light incident at K with 

the intensity 0.7 MW/cm2. Note that the same field pattern can also be excited by a left-

handed circularly polarized (LCP) pump light with incident momentum matching that of Kʹ. 

Due to the Kerr nonlinearity of the material, an asymmetric distribution of the refractive index 

variation around the sublattices A and B appears in the slab as shown in Figure 2b. Thus, the 

inversion symmetry of the photonic graphene is broken. This necessarily opens up the band 

gap at the Dirac points, and a mass term is introduced. The greater the pump intensity is, the 

greater the refractive index variation. For a pump beam less than 1 kW/cm2, the refractive 

index change of the photonic graphene is less than 10-4 and the effect of pump light on the 

properties of the slab is negligible. When the intensity of the pump beam is increased to 0.7 

MW/cm2, the maximum modulation of the nonlinear refractive index reaches 0.045 near 
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sublattice A. For a RCP pump light with the intensity of 0.7 and 1.0 MW/cm2, the modulated 

full conical dispersion relations of the eigenmodes near K point are shown in Figure 3a and b, 

respectively. Obviously, a band gap is opened at the Dirac point. The frequencies of the upper 

and lower band edges are shown in Figure 3c. The band-gap width increases linearly with the 

intensity of the pump beam and the center frequency of band-gap decreases linearly due to the 

increase of average refractive index. 

 Taking into account the broken inversion symmetry induced by the pump beam, an 

effective nonlinear Hamiltonian can be introduced to discribe the nonlinear photonic graphene 

close to the Dirac point.  

𝛼𝐼𝑝+𝑣𝐹𝑞𝑥𝜎𝑥𝜏𝑧+𝑞𝑦𝜎𝑦−(β𝐼𝑝𝑆𝑝𝜏𝑝)𝜎𝑧,    𝒒=𝒌−K(Kʹ)                       (2) 

where the Pauli matrix zσ is added to account for the opening of the band gap due to the 

breaking of the inversion symmetry in the photonic graphene. Ip is the intensity of the 

pumping beam, αIp denotes the shift of central frequency with the intensity of the pumping 

beam, βIp is the mass term due to the breaking of symmetry between A and B sublattices, Sp 

represents the spin of the pumping beam (Sp equals 1 and −1 for RCP and LCP), and τp 

represents the Dirac point that the pumping beam is incident at (τp equals 1 and −1 for K and 

Kʹ point). Based on the above Hamiltonian, the frequencies for the two pseudospin states at 

𝐼𝑝±β𝐼𝑝𝑆𝑝𝜏𝑝. Similar to the band structure of electrons in honeycomb lattice (such as 

graphene and MoS2), the band gap at the Dirac point of photonic graphene should open when 

its inversion symmetry is broken. Thus, the band gap is determined by the asymmetric 

distribution of the refractive index variation around sublattices A and B. Due to the time-

reversal symmetry (which interchanges K and K' points) of the photonic graphene, the band 

gaps at K and K' valleys appear identical, but they interact oppositely with spin polarized light.  
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Note that the lower (upper) pseudospin state (A sublattice) can be excited by a probe beam 

directed at K (Kʹ) with a circularly polarized beam of spin 1 (-1). Consequently, the resonance 

of the probe beam depends on both the direction and spin of the probe beam and that of the 

𝐼𝑝−β𝐼𝑝𝜏𝑝𝜏𝑟𝑆𝑝𝑆𝑟 where Sr = ±1 represents the spin of the probe beam, and τr = ±1 represents 

the Dirac point ( K or Kʹ point) that the probe beam is directed at. Therefore, the resonance 

frequency of the probe beam is a direct manifestation of the interaction between the spin of 

the pump beam and that of the probe beam, whereas the sign of the interaction is controlled 

by whether the pump beam and probe beam are directed at the same or opposite Dirac points.  

To confirm that the transmission of a probe beam exhibits a spin-dependent transmission 

under the pump of a circular polarization, in the simulation, the refractive index distribution 

introduced by the non-uniform field of the circularly polarized pump beam incident at K point 

is used to calculate the transmission for the probe beam incident at Kʹ point. In the absence of 

the pump beam, the transmission spectra of the RCP (red solid line) and LCP (blue solid line) 

probe light are shown in Figure 3d. There is a resonance dip in the transmission spectra at the 

frequency of 0.9094×2πc/𝑎, which is attributed to the diminishing density of state of the 

photonic mode at the Dirac point. The circularly polarized beams with opposite spin exhibit 

identical transmission spectra due to the degeneracy between the two pseudospin modes. The 

transmission of the probe beam is not affected when the intensity of the pump beam is less 

than 1 kW/cm2 due to the very small refractive index modulation of the slab. With the 

increase of the incident pump intensity, the nonlinear effect becomes more pronounced. The 

transmission spectra of the RCP/LCP probe light for the pump intensity of 0.7 MW/cm2 are 

shown in Figure 3d by the dashed lines. The transmission spectrum of the incident probe 

beam is spin-dependent, as evidenced by an obvious separation between the transmission dips 

of RCP and LCP probe beams. There is also a redshift of the resonances for the RCP/LCP 

probe light due to the overall increase of the refractive index under pumping. Each pseudospin 
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mode primarily couples with probe light of a particular spin with matched angular momentum. 

Therefore, probe beams of different spins experience different resonance frequencies, leading 

to a strong circular dichroism in transmission. Figure 3e shows the amplitude (|Hz|) 

distributions of the magnetic field excited by the probe beam at the two resonant frequencies 

(𝜔' = 0.9058×2πc/𝑎	for LCP and 𝜔% = 0.9065×2πc/𝑎 for RCP). Clearly, both the field 

distributions excited by the two circularly polarized probe beam show similar patterns as the 

pseduospin modes of corresponding angular momenta, with the LCP pattern mainly 

concentrated around sublattice A, while RCP pattern mainly concentrated around sublattice B. 

The CD, which characterizes the different transmissions of the opposite spins, reaches 13.5% 

at the frequency of 0.9055×2πc/𝑎 [Figure 3d]. The significant difference in the transmission 

between the RCP and LCP incidence probe beams confirms the presence of strong optical 

chirality arising from the pumping induced nondegenerate pseudospin modes. As shown by 

Figure 3c (Solid dots), the frequencies of the resonance dips in the transmission spectra of 

RCP and LCP probe beams are in a good agreement with the calculated band gap. 

 

The CD spectra of the probe beam for different intensities of the pump beam are calculated 

and shown in Figure 4a. The strength of the chirality can be controlled by the intensity of the 

circularly polarized incident pump light. By increasing the pump intensity, the maximum 

value of CD and the bandwidth of chirality behavior increase, meanwhile the peak in the CD 

has a red shift. The maximum CD can reach up to 18% for the pump intensity of 1.5 MW/cm2. 

The observed CD change is a direct consequence of the dynamical control of the chirality due 

to the spin-spin interaction between the pump beam and the probe beam. When the spin of 

pump beam is flipped, the corresponding CD is also flipped as shown in Figure 4b. 

 

3. Conclusion 
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In summary, a novel optical spin-spin interaction is proposed based on photonic graphene 

possessing strong nonlinear responses. We further demonstrate dynamic control of the 

chirality via the pseudospin mediated optical spin-spin interaction. The all-optical control of 

the chirality of the photonic graphene can be tuned by controlling both the incident pump light 

spin, direction, and intensity. The nonlinear photonic graphene not only represents a flexible, 

lossless approach for achieving strong optical chirality, but also provides a dynamically 

tunable and reconfigurable approach of Dirac dispersions. Our results may open up a new way 

to manipulate the valley-dependent effects in photonic graphene and offer an alternative route 

to realizing dynamic manipulation of spin and tailoring the light-matter interaction such as 

controlling group velocity of plasmons or the motion velocity of source. [44-45] 
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Figure 1. Schematic illustration and band structure of the chirality controllable photonic 

graphene. a) The structure of the photonic graphene slab with two same sublattices (A and B). 

The arrows represent circularly polarized pump and probe beams, respectively. The green/red 

probe beam has same/opposite spin with the pump beam. b) The first Brillouin zone where the 

locations of two inequivalent corners are marked by K and Kʹ. c) The band structure for TE-

like modes in the linear photonic graphene slab. The blue solid lines indicate the light cone. d) 

The full conical dispersion relation of the eigenmodes near K point. e) The magnetic field 

(|Hz|) and f) the phase (arg(Hz)) distributions at the eigenfreguency ω). 
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Figure 2. The magnitude of the electric field and the refractive index change on the 

symmetric plane in the z direction for the pump light with the intensity of 0.7 MW/cm2. a) 

The electric field 𝐸 . b) The refractive index change. 
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Figure 3. The full conical dispersions for different intensities of the pump light and the 

transmission characteristics of the nonlinear photonic graphene slab. a)-b) The dispersions for 

0.7 MW/cm2 and 1 MW/cm2, respectively. c) The frequencies of upper and lower band edges 

(solid line) and dip frequencies in transmission spectra of RCP and LCP probe beams (solid 

dots). (d) Calculated zero-order transmission spectra of RCP/LCP probe light and the CD for 

without pumping (RCP, LCP and CD) and with the pump intensity of 700 kW/cm2 (RCPʹ, 

LCPʹ and CDʹ). (e) The local magnetic field (|Hz|) distributions at the two resonant 

frequencies (𝜔' = 0.9058×2πc/𝑎	for LCP probe light and 	𝜔% = 0.9065×2πc/𝑎 for RCP 

probe light). 
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Figure 4. Calculated CD for the probe light as a function of different pump intensities (a) and 

CD under the RCP and LCP pump beam with the intensity of 0.7 MW/cm2 (b). 
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