Cooperative effect in nonlinear response of nondipole-type excitons confined in multiple nano-layers
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   Recent progress of nano-fabrication technologies has increased the degrees of freedom to design photo-functions. For example, the magnitude of optical nonlinearity shows drastic size dependence within a wide range of sample size beyond the long wavelength approximation (LWA) regime if excitons are confined in high-quality thin-film[1]. In this phenomenon, the interplay between nanoscale spatial structures of the matter system and the radiation field plays an important role; the nondipole (odd parity) type excitonic states cause a large nonlinear response or an ultrafast radiative decay in a particular thickness region[1][2]. 

   Within the linear response, it has been predicted that such strong coupling between radiation and nondipole-type excitons is more strengthened in the multiple layered-structure through the coherent coupling of excitons in the respective layers via radiation[2]. However, it is not clear if this effect can be observed actually through the optical signal, because contributions from neighboring modes other than that with enhanced radiative width might blot out the fast component of the signal in the short pulse response.

   In order to clarify this point, we extend our theoretical method for the real time analysis [3] to be applied to the multiple layered-structure by incorporating the retarded interaction between the different active layers into calculations. In this method, we solve the simultaneous equations to determine the source current density j(r,t) and the vector potential A(r,t) self-consistently as functions of time and microscopic position. As a model system, we assume the multiple GaAs layers divided by AlGaAs 5-nm-thick barriers. The center-of-mass motion of excitons is confined in each GaAs layer.

    Considering the degenerate four-wave mixing, we calculate the dependence of nonlinear signal on the delay time between the pump and test pulses.  As a result, when the thickness of GaAs layer is nearly 110 nm, the large nonlinear signal from the second (nondipole-type) excitonic state appears with a very fast radiative decay, and this decay time decreases almost in inverse proportion to the number of GaAs layers. In this effect, the coupled mode monopolizing the radiative width contributes to the signal dominantly in spite of the beating between many neighboring levels. This superradiance effect of nondipole-type excitonic states would realize highly efficient optical functions beyond the limit of the coherent length of excitons.
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