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The ability of ferroelectric materials to form stable sub-10 nm domains makes
them one of the most promising materials for information storage applications. In the
last several years, domain patterning using scanning probe technology was
demonstrated to yield ~40 nm domains, corresponding to ~0.5 Tbit/in2 recording
density. At the same time, Piezoresponse Force Microscopy (PFM) is routinely
demonstrated to provide readout with ~3–5 nm resolution, i.e., two orders of
magnitudes higher recording density. To increase the achievable recording density, an
understanding of the tip-induced polarization switching process is crucial. Here we
analyze nanoscale polarization switching in ferroelectric materials by PFM using exact
solutions for electrostatic and coupled electroelastic fields below the tip. The solution of
the coupled electroelastic problem for piezoelectric indentation is derived and used to
obtain the tip-induced electric field and strain distribution in the ferroelectric material.
This establishes a complete continuum mechanics description of the PFM imaging
mechanism. The structure of tip-induced electroelastic fields is combined with the
Landauer approach to provide a quantitative description of tip-induced polarization
switching. It is proposed that the tip-induced domain switching can be mapped on the
Landau theory of phase transitions with the domain size as an order parameter. For a
point-charge interacting with a ferroelectric surface, switching of both first and second
order is possible depending on the charge-surface separation. For a realistic tip shape,
the domain nucleation process is first order in charge magnitude and polarization
switching occurs only above a critical tip bias. In pure ferroelectric or ferroelastic
switching, the late stages of the switching process can be described using a point
charge/force model and arbitrarily large domains can be created; however, the
description of the early stages of the nucleation process when the domain size is
comparable with the tip radius of curvature requires the exact field structure to be taken
into account. Optimal conditions for tip-induced polarization switching are determined
and compared with experimental results for LiNbO3 single crystals and PbTiO3 epitaxial
thin films.
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