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 Functional properties of ferroelectric materials and biological systems alike are 
determined by complex set of mechanical, electrical and electromechanical interactions 
on the length scales from macroscopic to molecular. Understanding these systems 
requires capability to probe these interactions on these length scales – the goal that can be 
achieved by advanced Scanning Probe Microscopy techniques. We present an approach 
for three-dimensional electromechanical imaging, referred to as Vector Piezoresponse 
Force Microscopy. Nanoelectromechanics of PFM, including the structure of coupled 
electroelastic fields and tip-surface contact mechanics, is analyzed in detail. This 
provides a comprehensive description of contrast formation mechanism in PFM and other 
mechanical SPMs as well as a quantitative measure of the signal generation volume and a 
quantitative basis for the analysis of tip-induced polarization switching and local 
hysteresis loop measurements. An approach for combined imaging of elastic and 
electromechanical properties of materials is presented, extending PFM to four 
dimensions. These techniques, originally developed for the characterization of 
ferroelectric materials, allow local electromechanical and elastic properties to be probed 
in systems that are inaccessible by macroscopic techniques. Going beyond perovskites, 
the applicability of these techniques to the local elastic and electromechanical imaging of 
biological systems is demonstrated for objects from butterfly wings to bones. 3D 
piezoelectric properties and local elasticity of the butterfly wing are measured with 
nanoscale resolution and interpreted in terms of the relative orientation of chitin 
molecules in the wing scales. Electromechanical characterization of enamel and dentine 
layers in human tooth is demonstrated. The vector electromechanical response of a 
bundle of collagen molecules in a human tooth dentine has been visualized with 5 
nanometer resolution. An approach for imaging local polarization orientation from vector 
PFM data is demonstrated for PZT thin films and is further explored to study nanoscale 
phase separation in relaxor ferroelectric materials, yielding information on polarization 
orientation, crystallographic structure, and local elasticity in the single nanodomain and 
providing a new paradigm for the local probing of strongly correlated materials. 
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