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Bismuth Ferrite: Atomic Visualization and Strain Mapping of Phase Transition

accuracy, and low noise electrical measurements. Simultaneous 
heating and electrical stimuli can be applied with our new 
electrothermal E-chips. In addition to its superior hardware, 
Aduro is controlled with the Protochips Clarity software, which 
is an easy-to-use, advanced workflow-based platform. Aduro is 
the only in situ solution on the market today that offers heating, 
electrical and electrothermal in one complete package. Aduro 
E-chips are available in a variety of geometries and coatings that 
suit many types of experiments and enable scientists to perform 
studies that were previously unfeasible. 

Introduction
Multiferroic materials, which show more than one ferroic order 
such as electric, elastic or magnetic, simultaneously, have gained 
in popularity among research groups since the discovery of 
TbMnO3 and BiFeO3 (BFO) in the early 2000s. Change in their 
microstructure, under presence of electric field, magnetic field 
or heat, triggers fascinating properties enabling exceptional 
multifunctional applications. BFO, one of the most promising 
multiferroics, has applications in photovoltaic, magnetoelectric 
devices, spintronics and sensors. The microstructure of BFO can 
change spontaneously under the presence of an adequate electric 
field, and the magnetization state altered by ferroelectric domain 
arrangement. However, domain behavior in BFO, including 
nucleation, growth and stability, is not well understood, and 
before the next generation of functional devices can be developed, 
new research is required. 

Polymorphism in BFO, where rhombohedral-like (r-like) and 
tetragonal-like (t-like) phases coexist, results in formation of a 
morphotropic phase boundary (MPB). The theoretical strain 
difference between the r-like and t-like phases is approximately 
15%. In pyroelectric applications the structure-polarization 
relationship can be controlled via temperature, in addition to 
an external electric field. Although the pyroelectric coefficient 
of BFO is high at room temperature, it degrades significantly 
above Curie temperature (~400 °C), and only t-like BFO remains.  
Extensive studies using techniques such as atomic force 
microscopy (AFM) and X-ray, have investigated the macroscopic 
phase transition in BFO substrates and thin films. However,  

an atomic scale analysis combined with quantitative structural 
characterization is still needed.

The transmission electron microscope (TEM) enables researchers 
to analyze and quantify structural and chemical properties at the 
atomic scale. The Protochips Aduro system broadens the imaging 
and analytical capabilities of the TEM by enabling ultrafast and 
ultra stable heating between room temperature and 1200 °C, 
and picoAmp level electrical measurements with voltages up to 
55 V. Semiconductor MEMS devices, called E-chips, offer best in 
class temperature uniformity (0.4%, across the imaging area) and 

Figure 1:  (left)  Sequential bright-field imaging of the r-like to t-like 
phase transformation upon increase of temperature from room to 
250 °C. (right)  Corresponding SAED patterns confirming structural 
evolution observed in the bright-field images.

http://www.sciencedirect.com/science/article/pii/S2211285515003250
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Researchers in the Wen-Wei Wu group at National Chiao Tung 
University, Taiwan, studied the r-like to t-like phase transition 
of BFO substrates using a JEOL 2100F field emission scanning 
transmission electron microscope (STEM) operating in TEM 
mode. The experiments were carried out with thermal E-chips at 
temperatures up to 300 °C with a ramping rate of 0.2 °C/s. In situ 
TEM images and corresponding diffraction patterns were collected 
to investigate the microstructural phase transition. Geometric 
phase analysis (GPA) was carried out on high-resolution images 
to quantify strain changes as a function of structural evolution. M. 
J. Hytch [1] developed the GPA technique which uses fast Fourier 
transform (FFT) patterns obtained from high-resolution images 
to calculate strain and orientation maps. Bulk thin film samples 
were grown via pulsed laser deposition methods and TEM  
samples were prepared using focused-ion beam (FIB). A layer 
of SiO2/Pt was deposited via e-beam evaporation techniques in 
the FIB to protect the samples and minimize contamination and 
damage during preparation.

Discussion
In Fig. 1 (left) the images show an in situ heating experiment where 
MPB movement and a phase transformation occurred. Upon 
heating from room temperature to 200 °C, the t-like phase width 

Experiment

Figure 2: (a-d)  snapshots derived from an in situ  heating experiment 
movie revealing the MPB movement in atomic scale. Corresponding 
maps indicate evolution of strain upon phase transition. (e-h)  atomic 
models suggest formation of an intermediate phase during r-like to 
t-like transition. 
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phase transition. These results contribute to understanding the 
fundamental mechanism of such phase transitions, and should 
lead to more practical applications of multiferroics.

Applications
The researchers used atomic scale imaging with quantitative 
analysis combined with high performance in situ heating to 
reveal new insights into the different structural behavior and 
thermal response in BFO. With this new knowledge researchers 
can develop applications and practical devices based on this and 
similar materials. These results also extend into other material 
behavior including domain wall kinetics, phase transitions in shape 
memory alloys, diffusion processes and dislocation behavior. 
Geometric phase analysis augments TEM observations to better 
reveal local structural information. Such data can only be obtained 
from high-resolution images and videos with outstanding stability 
and temperature accuracy of an Aduro system. Additionally, the 
Aduro system offers an innovative and unique approach via E-chip 
devices that encompass a wide variety of experiments and it is 
compatible with nearly all microscopes from JEOL, FEI and Hitachi.
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nearly doubled. Upon further heating to 250 °C, the entire thin 
film transformed into t-like phase and the MPB disappeared. The 
researchers note that the growth and dynamics of the r-like to 
t-like phase transition observed here were not captured during 
experiments with the AFM. Through statistical analysis they 
showed that between 100-150 °C the phase transformation 
rate was reduced and possibly correlated to the thermal energy 
accommodated by the t-like structural transition itself. Selected 
area electron diffraction (SAED) patterns revealed more detail 
regarding the phase transition. As shown in Fig. 1 (right), 
diffraction spots corresponding to the r-like phase, indicated with 
yellow arrows, were closer to the t-like diffraction spots, indicated 
with red arrows, upon increasing the temperature. This suggests 
that during the phase transition, the r-like phase became highly 
distorted, before completely transforming into t-like phase.

High-resolution images, with their corresponding strain maps, 
shown in Fig. 2 a-d revealed the MPB movement and phase 
transition with better clarity. The images were derived from an 
in situ movie, which is available online as Supplementary Movie 2 
on the publisher’s website. There was no detectable change 
up to 250 °C, however, at 261.2 °C, the MPB became wider as 
shown with a shaded blue triangle. At 262.4 °C, the MPB inclined 
angle decreased by 10° and at 270.6 °C, the t-like phase was 
preserved and stable. The corresponding strain maps under 
each image revealed strain evolution upon the phase transition. 
Atomic models, shown in Fig. 2 e-h, also suggest that formation 
of the intermediate phase is responsible for the r-like to t-like 
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