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Abstract

High-order quantum nonlinearity is an important prerequisite for the advanced quantum technology
leading to universal quantum processing with large information capacity of continuous variables. We devise
a method of stroboscopic application of a highly nonlinear potential to an initial squeezed thermal state
of a mechanical oscillator of an optomechanical cavity. The mechanical states generated by the protocol
exhibit nonclassicality proving the higher-order quantum nonlinearity and rendering them a useful resource
for the mechanical quantum technology. We analyze the main sources of decoherence and estimate possible
achievable nonlinearities in the systems that are within reach with the current levitated optomechanical
experiments.

Quantum Information Processing with continuous variables (CVs) has achieved noticeable progress re-
cently [1]. In order to fully gain the benefits of CVs and to potentially access the universal quantum computation
one at least requires a nonlinear cubic potential [2]. A straightforward way to achieve the nonlinearity is to
induce controllable nonlinear force on a linear oscillator. A promising candidate to do so can be found in the
field of optomechanics [3] that focuses on the systems in which radiation pressure of light or microwaves drives
the mechanical motion. The optomechanical systems have reached a truly quantum domain demonstrating the
effects ranging from the ground state cooling [4] to the entanglement of distant mechanical oscillators [5]. Of
particular interest are the levitated systems in which the trapping potential of the mechanical motion is provided
by an optical tweezer [6]. Besides the inherently nonlinear optomechanical interaction met in the standard bulk
optomechanical systems the levitated ones posses the attractive possibility of engineering the nonlinear trapping
potential [7].

In the present letter we propose a high-order nonlinearity for optomechanical systems with time variable
external force. We theoretically investigate the dynamics of a levitated nanoparticle in presence of simultane-
ously a harmonic and a strong stroboscopically applied nonlinear potentials enabled by the engineering of the
trapping beam. Using Suzuki-Trotter expansion we induce the simultaneous action of the potentials and obtain
the Wigner functions of the quantum motional states achievable in this system. We directly observe nonclas-
sical negative Wigner function generated by highly nonlinear quantum interaction. The oscillations of Wigner
function reaching negative values witness the quantum dynamics required for nonlinear phase gate. We prove
a nonlinear combination of the canonical quadratures of an oscillator to be squeezed below the ground state
variance that is an important prerequisite of this state being a resource for the measurement-based quantum
computation. We focus our attention to realistic versions of nonlinear phase states, namely the cubic phase
state. The method allows straightforward extension to more complex nonlinear potentials which can be used
to flexibly generate other resources for nonlinear gates and their applications.
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