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Nonlinear scattering by PT-symmetric layered periodic structures with gain and loss saturation effects

We investigate the effect of gain saturation on scattering characteristics of PT-symmetric periodic stacks of the layers with balanced loss and gain. The closed form solutions for calculating the transmission and reflection of nonlinear system have been. It is shown that the non-reciprocal response of the nonlinear medium depends on parameters of the stack, angles of wave incidence and saturation intensity. The effects of nonlinearity on the exceptional points and symmetry breaking are systematically examined.

Introduction

The discovery of parity-time (PT)-symmetric media, motivated by fundamental studies of PT -symmetric quantum Hamiltonians [START_REF] Bender | Real Spectra in Non-Hermitian Hamiltonians having PT symmetry[END_REF], has shown significant potential for advancing toward the goal of new metamaterial design. PT-symmetry can lead to many exotic features of optical systems, including double refraction, unidirectional invisibility, nonreciprocal propagation, coherent perfect absorption, selective lasing and other intriguing nonlinear effects [START_REF] Makris | Beam dynamics in PTsymmetric optical lattices[END_REF][START_REF] Chong | PT-symmetry breaking and laser-absorber modes in optical scattering systems[END_REF][START_REF] Miri | Large area single-mode parity-time-symmetric laser amplifiers[END_REF]. A necessary condition for an optical structure to be PT-symmetric is that its complex refractive index distribution satisfies the condition     * n r n r     . However, the transition to a complex spectrum, which is called PTsymmetry breaking, appears upon the increase of the strength of imaginary part of   n r  .

To date, most of the studies in optical realizations of PTsymmetric media have connected stacked layers and films [START_REF] Savoia | Tunneling of obliquely incident waves through PT-symmetric epsilon-near-zero bilayers[END_REF][START_REF] Alaeian | Non-Hermitian nanophotonic and plasmonic waveguides[END_REF][START_REF] Shramkova | Scattering properties of PT-symmetric layered periodic structures[END_REF][START_REF] Gear | Parity-time symmetry from stacking purely dielectric and magnetic slabs[END_REF]. The research in this topic was primarily focused on the linear phenomena, whereas the nonlinear effects have attracted the growing interest only lately. The problem of plane wave scattering by the layered PT-symmetric grating with longitudinal distribution of loss and gain saturation inside the unit cell was explored in [START_REF] Witoński | Effect of Nonlinear Loss and Gain in Multilayer PT-Symmetric Bragg Grating[END_REF]. It was shown that the strong nonreciprocal response of the structure and the bistability effect depend on the gain and loss saturation value, on the value of input intensity and on the side of electromagnetic wave incidence. Moreover, gain and loss saturations can force the transition from broken symmetry phase to a PT-symmetric. To analyze the layered structure authors used the transfer matrix method dividing each layer of primitive cells into narrow stripes. As the result, the approximate expression of the output intensity, the reflection and transmission coefficients, as a function of the incident wave intensity, was obtained. The aim of this paper is to explore the scattering characteristics of periodic layered structure with balanced distribution of loss and gain, when dispersion and saturation nonlinear effects are taken into account. We provide a nonlinear model describing the field evolution in the periodic semiconductor layered system in the presence of saturable gain. The obtained solution enable fast quantitative analysis of the incidence angle effect on the scattered field intensities. The complex nonlinearity we use were derived using the two-level model. By assuming that the intensity of propagating waves is much less than the saturation intensity, the nonlinear susceptibility can be expressed as [START_REF] Marini | Amplification of surface plasmon polaritons in nonlinear medium with full saturation susceptibility model[END_REF]:

Problem statement and main equations
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where Solving the non-homogeneous Helmholtz equation perturbatively under the assumption that the nonlinear terms are small, enforcing the boundary conditions of field continuity at the interfaces of the stacked layers and using the modified transfer matrix method we obtain the closedform expressions for the reflection/transmission coefficient of the TM waves outgoing from the nonlinear PTsymmetric periodic stack. The nonreciprocity of the scattering process can be directly inferred from the analysis of the obtained expressions.
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PT-symmetry breaking

To elucidate the features of nonreciprocal scattering by nonlinear non-Hermitian system with gain saturation, the scattering characteristics of the TM waves have been examined numerically. It was observed that the influence of nonlinearity leads to considerable differences between the scattering characteristics of the corresponding linear and nonlinear systems and are pronounced in the frequency range close to the emission frequency.  have been simulated at variable parameters of the system (Fig. 2). The analysis of the eigenvalue spectrum dependence demonstrates that the PT-symmetry of nonlinear stack is broken, but we can get a set of points corresponding to the PT-symmetric phase of S-matrix changing the angle of electromagnetic wave incidence.

Conclusions

We have investigated the asymmetric and non-reciprocal features of the reflectance and transmittance of a multilayered structure with balanced distribution of loss and gain, when dispersion and saturation nonlinear effects are taken into account. The transition between symmetric and broken phases in the non-Hermitian system with gain and loss saturation effects has been considered. 

  Let us consider a finite PT-symmetric periodic stack composed of dielectric layers of identical thickness d and complex-conjugate dielectric permittivities i and   are positive) corresponding to balanced gain (G) and loss (L) regions. The layers are of infinite extent in the x0y-plane. The system is PT-symmetric about z=0. Let plane wave be incident at angle  i on a structure of thickness L=2N, where N is the number of structure periods. It is surrounded by linear homogeneous medium with dielectric permittivity a  as shown in Fig.1.
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 1 Figure 1: Geometry of the problem.

  which ensures the causality of dielectric permittivity.
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 2 Figure 2: Eigenvalues of the S-matrix for the nonlinear system at 01 02 10.9