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Point defects commonly exist in artificially prepared ferroelectric oxide films. Here, the local polarization
characteristics around a single point defect of Bi substitution in the Fe sites (antisite Bi, BiFe) in BiFeO3

(BFO) thin film, are studied at an atomic scale. Both first-principles theory and atomically resolved
scanning transmission electron microscopy images show that a single point defect expands the lattice
(~2.4% in-plane direction and 0.8% along out-of-plane direction) but suppresses the surrounding polar-
ization by more than ~27%. The suppression of polarization is due to the formation of a single unit cell of
non-ferroelectric Bi2O3, across which the accumulation of polarization bound charge induces a strong
depolarization field. Therefore, structure relaxation makes the Bi2O3 coherently polarized and mean-
while suppresses the surrounding polarization. Such point defects act as a pinning center to domain wall
motion, which gives rise to incomplete switching, fatigue, and aging of ferroelectric devices.

© 2019 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Ferroelectric materials are widely used in electronic [1e3], op-
tical [4], and piezoelectric devices [5]. Most of these applications
require the ability of reversible polarization switching that is
generally realized by the domain wall motion [1,6e8]. Defects that
inevitably exist in these crystallographic ferroelectric materials
dominate the switching behavior [6,8,9]. For example, previous
studies showed that domain nucleation always started from the
interface between the electrode and ferroelectrics [6,8], the fer-
roelastic domains and dislocations can weakly pin the domain wall
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motion [6,7], while the point defects may strongly hinder the
domain wall movement to form unswitchable “interfacial domain”
[8]. The defect structure dependent on ferroelectric switching
behavior can be understood by the polarization bound charge
screeningmechanism [10,11]. Specifically, at the defects, the broken
continuity of polar vectors causes an accumulation of polarization
bound charge which requires either structural relaxation or redis-
tribution of free carriers in order to minimize the depolarization
field otherwise destabilizing the ferroelectric phase [10e13]. Note
that for different types of defects, mechanical boundary conditions
(e.g., strain, strain gradient) and electrical boundary conditions
(e.g., stoichiometry, ionic and electronic doping) are different. In
this sense, the boundary conditions of defects determine the
compensation mechanism of polarization bound charge and
further govern the switching behavior. Therefore, in order to un-
derstand the defects dominated switching behavior in ferroelectric
devices, it is prerequisite to investigate atomic structure and
chemistry of individual defects and its effect on the local properties
such as polarization distribution (screen mechanisms).

The quantitative image analysis based on the aberration cor-
rected transmission electron microscopy allows us to precisely
measure the strain field, octahedral distortion, and polarization
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distribution around individual defect in ferroelectrics. For instance,
it was reported that suppression of polarization occurs at the sur-
face [13,14] and interface of ferroelectric/electrode [12,14,15], while
enhancement of polarization was also observed at heterointerface
of ferroelectric/ferroelectric [16]. The interfacial misfit dislocations
suppress the surrounding polarization [17], weakly pin 180�

domain walls motion [6], but strongly hinder the ferroelastic
domain walls movement [18]. Even if the dislocation locates in the
substrate [19], the influence would extend across the interface into
the ferroelectric layer and reduce the c-lattice parameter and
spontaneous polarization [15]. Recently, the second nanoscale
nonstoichiometric phase in BFO showed exotic polarization rota-
tion due to the presence of charge states [20]. The point defects also
commonly exist in ferroelectrics particularly in the ferroelectric
thin films made by molecular beam epitaxy (MBE) [8]. These zero-
dimensional crystal defects naturally carry charges, which are ex-
pected to have interactions with domain walls via strong charge-
charge interactions [8]. Particularly during polarization switching
under external electrical fields, since the domainwall configuration
commonly deviates from the equilibrium position to form charged
domain wall [6,8], stronger interaction occurs and may completely
hinder the domain wall motion [8]. However, it is very tedious to
identify the point defects due to their single-atom size [9], leaving
the properties of point defects and the interactions with domain
walls largely unknown [8].

Here, we combine the density functional theory (DFT) with
atomically resolved Z-contrast image in scanning transmission
electron microscopy (STEM) to study the influential role of indi-
vidual point defect of Bi substitution in the Fe sites (antisite Bi, BiFe)
in an epitaxial bilayer of BFO on La0.7Sr0.3MnO3 (LSMO) electrode.
We find that point defects are formed by the substitution of Bi
atoms into the Fe sites, alongwith >37% reduction in polarization in
the region adjacent to the point defect. The experimental obser-
vations are in excellent agreement with theoretical calculations.
The reduction of polarization is due to the broken continuity of
polar vectors across the point defect where the depolarization field
drives the surrounding BFO to relax and thus alters the adjacent
polarization. The point defect has strong interactions with domain
walls acting as the pinning center to domain wall motion, which
mainly accounts for the incomplete switching, fatigue, and aging of
ferroelectric devices. This study reveals the atomic-scale polariza-
tion distribution near a single point defect, providing valuable in-
sights into understanding the failure mechanism of ferroelectric
devices.

2. Experimental and calculational methods

The 50 nm-thick BFO thin films with 20 nm-thick LSMO layer as
bottom electrode were epitaxially grown on TiO2-terminated (001)
SrTiO3 (STO) single crystal substrates using laser molecule beam
epitaxy system (Laser-MBE). A XeCl excimer laser with wavelength
of 308 nmwas used with an energy density of around 1.5 J/cm2 and
a repetition of 2 Hz. The STO substrates were etched by buffered HF
and annealed in flowing oxygen to get the atomic-flat TiO2-termi-
nated surface. During the growth of BFO layer, the substrate was
kept at 630 �C, and the oxygen pressure in the chamber was 15 Pa.
Before the growth of BFO layer, a 20 nm-thick LSMO layer was
deposited at 800 �C and 30 Pa.

Cross-sectional TEM specimens were prepared by mechanical
polishing followed by argon ion milling in Precision Ion Polishing
System 691 (Gatan). Ion milling procedure consists of two steps. At
the first stage of coarse milling, the guns were set at 4 keV with
angles 5� and�5�. In the following conditions, the guns were set at
1 keV for 5min with angles of 3.5� and �3.5�, and further lowered
to 0.1 keV for 2min for final surface cleaning. Atomic resolution
scanning TEM images were acquired using the FEI Titan Themis G2
operated at 300 kV. The convergence semiangle for imaging is
21.5mrad, and the collection semi-angles snap is 48e200mrad for
the high angle annular dark field (HAADF) image. The beam current
is ~70 pA. The HAADF image is simulated by using the software
COMPUTEM described by Kirkland [21].

Atom positions in the HAADF images are determined by
simultaneously fitting with two-dimensional Gaussian peaks to a
priori perovskite unit cell using aMatLab code [22]. Both the atomic
displacements and lattice constants are calculated based on the
atom positions. The spontaneous polarization for this thin film can
be calculated bymeasuring the relative displacements based on the
previous studies on Born effective charge method [23]. Displace-
ment vectors of the A columnwere measured relative to the center
of the surrounding B columns in the HAADF images, where A and B
can be Bi and Fe columns. Local ferroelectric polarization PS is
proportional to DFB as PS f ±DFB, and the relative displacement of
the Fe atom is in the opposite direction of the polarization [24],
whereas for Bi atom it is in the same direction of the polarization
[3,25].

The first-principles calculations were performed with the
projector-augmented wave (PAW) [26] pseudopotentials imple-
mented in Vienna Ab initio Simulation Package (VASP) [27]. We
used the generalized gradient approximation (GGA) [23] form of
exchange-correction functional to perform electronic structure
calculations and geometry optimization. A plane wave basis set
with a 400 eV kinetic energy cutoff is adopted. The structures are
considered to be fully relaxed until the total energy between
sequential ionic steps is less than 0.1meV and the Hellmann-
Feynman force on each atom is less than 0.01 eV/Å.

3. Results and discussions

We first investigate the potential effects of a single BiFe defect on
the properties of BFO by quantum mechanical DFT calculations.
Two supercells are constructed, comprising 4� 4� 2 cells of BFO
primitive cell of the trigonal system. In one of the supercells we
replace a Fe atom with Bi atom in the middle of the super cell as
substitution (Fig.1(a)), and the other is perfect 4� 4� 2 cells of BFO
primitive cell as a reference. For the DFT study of these geometrical
models, self-consistent calculations would stop only when all of the
atoms are fully relaxed and the system reaches the lowest energy.
Based on the previous studies [23], the spontaneous polarization
for BFO can be calculated by measuring the relative displacements
of each atoms DFB with respect to the center of four surrounding
atoms [28,29]. Positions of Bi atoms represent positive centers and
positions of Fe atoms represent the negative center because each Fe
atom is the center of the ferrite octahedron. With accurate atom
coordinates, we calculate the distance between the positive and
negative charge centers, and then the electric dipole moment, to
calibrate the local polarization. The calculated polarization
(Fig. 1(b)) map shows that the polarization decreases to ~47.5 mC/
cm2 in the substitution site, nearly 37% smaller than that in the
reference super cell (~75.8 mC/cm2).

In Fig. 2(a), a HAADF image of a point defect is also simulated on
the basis of a large cell consisting of one substituted and nineteen
normal cells stacking together along c axis. This simulated Z-
contrast image (Z is the atomic number) further depicts that each
high-intensity Bi cation is surrounded by four low-intensity Fe
cations representing the projected perovskite unit cells of the
rhombohedral BFO, whereas lighter oxygen, however, is invisible
due to the weak scattering at high angles. Another striking struc-
tural feature is that the central Fe column is much brighter than
that of the others due to the substitution a heavy Bi atom, which is
also confirmed by the right-side intensity profile corresponding to



Fig. 1. Simulated polarization distribution for a single point defect BiFe in BiFeO3 (BFO). (a) An atomistic mode of a point defect BiFe. (b) The corresponding two-dimensional (2D)
displacement map between Bi and Fe atoms. Every color foursquare parallelism corresponds to a cation column in the left image. The red triangle highlights the location of point
defect. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 2. Simulated and experimental observation of a point defect BiFe. (a) Simulated image of an area contains a point defect BiFe. The intensity profile at right corresponds to the
dashed line in the image. (b) Experimental Z-contrast image of an area contains a point defect BiFe. The right line intensity profile corresponds to the dashed blue line. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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dash blue line.
Experimentally identifying the substitional BiFe defect and

measuring the surrounding polarization is a great challenge
because the single atom sized point defect buried inside the crystal
is usually invisible for most of characterization techniques. A
HAADF image viewed along the [100] direction of the BFO thin film
in Fig. 2(b) shows a point defect. The thickness of epitaxial BFO thin
films is 50 nm with 20 nm LSMO buffered electrodes grown on
(001) SrTiO3 single crystal substrates by pulsed-laser deposition.
During film-growth, we have not introduced any other elements. In
addition, the contrast of the point defect in the Z-contrast image in
Fig. 2 shows that the experimental contrast is in good agreement
with simulation. Thus, the bright atom in the Fe sites should be Bi,
i.e., substitution of a heavy element Bi into the Fe site. Therefore,
this defective unit cell turns out to be Bi2O3. The formation of the
Bi2O3 was related to the film growth process, which has no
connection with the BFO decomposition [30,31]. Due to the clamp
effect from the surrounding unit cells, the atomic structure of such
defective unit cell does not change significantly except for the slight
expansion of the lattice constant as shown in Fig. 3 and Fig. S1, i.e.,
the lattice constant of the point defect unit cell becomes larger,
while the vicinity unit cell is smaller as confirmed by both exper-
imental and theoretical investigations. With the expansion of the
defective unit cell, oxygen octahedron occurs deformation and the
distance between positive and negative centers becomes smaller,
that is, the polarization is reduced. The lattice expansion at such a
point defect can be understood by the much larger ionic radius of
Bi3þ (1.17Å) than that of Fe3þ (0.645Å) [32]. We have measured
many point defects BiFe from different regions and all of them show
the same trend of lattice changes as shown in Fig. 3. The formation
energy of this defect is about � 6.451 eV, suggesting such defects
could stably exist in the thin film [33e35].

Fig. 4(a) is the displacement map of a point defect and its sur-
rounding vicinity [36]. Notably, the existence of point defect does
not change the direction, but reduces the magnitude of surround-
ing displacement vectors. The magnitude of the displacement
around the point defect is plotted atom by atom in Fig. 4(d), the
displacement is smaller as compared to the rest of region, indi-
cating suppression of polarization. At the point defect column, the
magnitude jDFBj is reduced to ~0.471 Å, which is nearly 27% smaller
than that of averaged value of ~0.653 Å for outermost layers. And
other point defects in different regions show the same trend as
shown in Fig. 4(b) (c) and (e) (f).

The suppression of surrounding polarization can be interpreted
by the screening mechanism of polarization bound charge at the
defects. Across the point defect, the broken continuity of polar
vectors leads to the accumulation of polarization charge, which
drives the surrounding BFO to relax to compensate the polarization
charge otherwise the unscreened depolarization field destroys the
ferroelectricity. Meanwhile the point defect itself, BiFe that is a
single unit cell of Bi2O3, is coherently polarized. The Bi2O3 is sup-
posed to be non-ferroelectric. Along the polarization direction,
polarization bound charge is opposite on the two sides of point
defect. Thus, a strong electrical field is generated and applied to the
single unit cell Bi2O3, driving the Bi away from the center, as the
theoretical calculation suggested in Fig. 1. It can be also understood
by a general symmetry-conforming property of point defects
[37e40] that polar lattice defect aligns along spontaneous-



Fig. 3. The point defect BiFe in the other regions of the same specimen and the lattice contant change. (a) The point defect BiFe in the other regions of the same specimen. (b) Lattice
constant change in the horizontal direction around the point defect. (c) Lattice constant change in the vertical direction around the point defect.

Fig. 4. Displacement map of a point defect region. (a) A Z-contrast image of Fig.2(b) overlaid with displacement vectors (shown by yellow arrows), DFB vector. (b) and (c) Z-contrast
images corresponding to the #1 and #2 overlaid with the displacement vectors (shown by yellow arrows), DFB vector. Note that the magnitude around the point defect becomes
smaller. (d) (e) and (f) The corresponding 2D displacement maps. Every color foursquare parallelism corresponds to a cation column in the left image. The red triangles highlight the
locations of point defect. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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polarization orientation and has the same symmetry with the
neighbors.

The experimental results of polarization suppression (~27%) and
coherently polarized point defect are basically in good agreement
with the DFT calculations (~37%) except that the theoretically
calculated polarization at the point defect is smaller than that of the
experimentally measured values. Note that the contrast of an ‘atom’

in the HAADF image is determined by an atom column along the
electron beam propagation direction rather than a single atom. For
a Fe column containing a BiFe point defect, the unit cell of the defect
and neighbors along the electron beam direction has smaller
displacement while those far away from defect remain unchanged.
All these unit cells contribute together to the contrast of HAADF
image. Therefore, the experimentally measured value is averaged
from the reduced displacements around the point defect (‘true’
value) and normal case far away from the defect. In this sense, the
suppression of polarization at the defect should be even more
significant than that in Fig. 4 and therefore DFT calculation likely
gives a better estimation of the true value.

Previous studies reported that after electrical switching a point
defect, BiFe, was observed at a negatively charged 180� domain-
wall, indicating the strong pinning effect of such point defect on
domain wall motion [8]. Similar pinning effect of point defect BiFe
on 109� domain wall is observed in this work. In the HAADF image
over laid with the polarization direction color maps in Fig. 5 (see
also Fig. 6), a point defect exists at an inclined (bent) 109� domain



Fig. 5. A point defect at a 109� domain wall in BFO. (a) A Z-contrast image of a region containing a point defect at a negatively charge 109� domain wall. The large white arrows in
the image label the polarization direction. The color corresponds to the polarization angle. The unit of color is degree. (b) The enlarged view of Z-contrast image corresponding to
the region of white frame in the (a) shows the point defect indicated by the black arrow. (For interpretation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)

Fig. 6. The polarization map of a region with a point defect beside the 109� domain
wall. (a) Spatial distribution of the displacement vectors overlaid on the HAADF STEM
image. (b) The corresponding color maps of the magnitude of polarization. The color
and its intensity represent the polarization magnitude. The below red line intensity
profile corresponds to the highlighted red region, and the right blue line intensity
profile corresponds to the blue region. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)
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wall. From the first principles calculations [41,42], the 109� domain
wall lying on {100} planes has the lowest energy. Therefore, this
curved 109� domain wall must be negatively charged. It is
reasonably concluded that the interactions between point defect
and domain wall drag the 109� domain wall deviate from the
equilibrium position to be bent. Such strong charge-charge in-
teractions make the point defect a strong pinning center to 109�

domain wall motion, similar to the strong pinning effect on 180�

domain wall motion [8].
We also calculate the electronic structure of such defective BFO

supercell. Compared to the perfect BFO cell (Fig. S2), when a Bi
atom is substituted with a Fe atom, an extra band appears. This
energy band, which appears close to the Fermi level, is contributed
by the point defect Bi atom and its surrounding Fe and O atoms, as
evidenced from local density of states (LDOS) calculations. Bader
charge analysis [43] shows that the electrons are more dispersed in
the surrounding oxygen octahedron, and those Fe atoms next to the
point defect have lost more electrons. It also shows the decrease of
charge density of Bi atoms along the polarization direction. This
result is also in accordance with and provides further evidences to
the decrease of polarization around the point defect. Charge
density changes and redistributes because of the point defect, and
the optical properties are also expected to change due to the for-
mation of defective state.

In ferroelectric devices, the interaction between point defect
and domain wall during electrical loading causes incomplete
switching and influence the properties such as hysteresis loop [44],
dielectric constant [45], piezoelectric constant change and cycling
stability. In fact, the pinning effect of the point defect on domain
wall motion is believed to be responsible for aging and fatigue in
ferroelectric thin films and devices [46,47]. The aging and fatigue
phenomena have been frequently observed in almost all ferro-
electrics and are usually supposed to be detrimental.

4. Conclusion

In summary, our combined first principles calculations and
quantitative image analysis clearly depict the existence of the BiFe
point defect and its significant impact on the properties of BFO.
Both experiment and theoretical calculation confirm that the
surrounding polarization of the defect is significantly suppressed,
while the point defect itself is coherently polarized. The Bi sub-
stitution also causes lattice expansion. The suppression of polari-
zation can be understood by the screening mechanisms, i.e., across
the point defect the polarization bound charge drives the structure
relaxation to minimize the depolarization field, leading to sup-
pression of polarization. The same type of point defect is observed
at a bent (charged) 109� domainwall, showing a strong interaction
with the domain wall. The pinning effect of the point defects
should be largely responsible for the aging and fatigue of ferro-
electric devices. Our findings can help us to explain the past
incomplete switching events in ferroelectric thin films, provide
useful insights into understanding of aging and fatigue phenom-
ena in ferroelectric devices, and open the door to manipulate the
local polarization in the monatomic level through defect
engineering.
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