Deterministic Control over Symmetry States in Mixed Phase BiFeO3

D. Edwards'", N. Browne', K. Holsgrovel, A. Naden', S.O. Sayedaghaeez, B. Xu?, S. Prosandeev?,
D. Wang3, D. Mazumdar4, A. Guptas, S. Neumayer6, B. Rodriguezé, N. Bassiri—Gharb7, S.V. Kalinin®,
M.A. Arredondo', R.G.P. McQuaid', L. Bellaiche?, J.M. Gregg' and A. Kumar'
'School of Mathematics and Physics, Queen’s University Belfast, Belfast, BT7 INN, United Kingdom
*Physics Department and Institute for Nanoscience and Engineering, University of Arkansas,
Fayetteville, Arkansas 72701, USA
*Electronic Materials Research Laboratory, Key Laboratory of the Ministry of Education and International
Center for Dielectric Research, Xi'an Jiaotong University, Xi'an 710049, China
*Department of Physics, Southern Illinois University, Carbondale, Illinois 62901, USA
>Center for Materials for Information Technology, University of Alabama,
Tuscaloosa, Alabama 35487, USA
6Conway Institute of Biomolecular and Biomedical Research, University College Dublin, Belfield,
Dublin 4, Ireland
’G.W. Woodruff School of Mechanical Engineering, Georgia Institute of Technology, Atlanta,
Georgia, 30332-0405, USA
$Center for Nanophase Material Sciences, Oak Ridge National Laboratory, Oak Ridge,
Tennessee, 37831, USA
*David Edwards: dedwards06@qub.ac.uk

Under a sufficiently large compressive epitaxial strain imposed via substrate, thin films of BiFeO; transform
into functionally active, nanoscale mixtures of tetragonal-like (T) and rhombohedral-like (R) monoclinic
phases.!"! The interfaces between these R and T phases are highly elastically strained, remaining almost
dislocation free despite substantial differences in strain and polarization.!"* The fact that the films are also
energetically in a mixed phase space, should result in profound property malleability or plasticity,”* where
the relative proportion of phases in the films and therefore their resulting properties can be readily varied in a
continuous manner in response to external forces.

We investigate the use of local applied stress as a tool for achieving deterministic reversible control of the
mixed phase populations in BiFeOs; thin films and subsequently as a means to exert direct control over the
piezoresponse behaviour. We show that the phase population can be reversibly controlled through selective
application of stress and electric field to increase the proportion of R and T phase respectively. This observed
competition between phases is shown to be consistent with first-principles based effective Hamiltonian
simulations employed to evaluate the thermodynamic competition under the influence of epitaxial strains,
applied uniaxial stresses and electric fields. We experimentally verify the theoretical predictions by systematic
application of uniaxial stress and electric field through an atomic force microscopy probe, illustrating
deterministic control of coexisting phases in BiFeOj; films. This enables quantitative predictions of the phase
population of films grown to a range of compressive epitaxial strains and how these films will respond to
external forces. Further study of the hysteretic behaviour of the films under applied stress demonstrates control
over the electric field induced switching and provides a robust understanding of the observed R-T phase
transitions. The work demonstrates how the property malleability of mixed phase BiFeO; can be exploited to
achieve deterministic control over phase populations and resulting functionality, presenting an invaluable tool
for growth of films with targeted functional properties. Similar approaches to those presented here are
envisaged to be broadly applicable to thin functional oxide films in general.
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