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  1   .  Introduction 

 Many unexpected and intriguing properties of complex oxide 
interfaces have recently propelled these heterosystems to the 
forefront of materials research. [  1,2  ]  Fascinating phenomena can 
arise from interactions between atoms, their electron orbitals, 
charges, and spin states which are not found in the bulk mate-
rials, resulting in a wide range of properties including colossal 
magnetoresistance, [  3  ]  metal-to-insulator transitions, [  4  ]  supercon-
ductivity, [  5,6  ]  and coupling of lattice instabilities. [  7  ]  Concerted 
theoretical and experimental investigations have been carried 
out to determine the physical mechanisms underlying these 

interface interactions in terms of changes 
in atomic bonding, [  8  ]  symmetry breaking, 
charge transfer, electromagnetic coupling, 
and strain modulation. The extreme sen-
sitivity of many properties to structural 
distortions and crystal chemistry also 
provides various routes to control and 
engineer new functionalities in these sys-
tems. [  9  ]  For instance, strain engineering of 
epitaxial perovskite thin fi lms, [  10  ]  as well as 
controlling charge transfer across the oxide 
interfaces, has been widely used to obtain 
high ferroelectric Curie temperatures and 
polarization in a number of complex oxide 
thin fi lms by means of epitaxial growth or 
formation of superlattices. [  11–14  ]  

 Oxygen atoms provide the backbone 
of oxide perovskite structures in the form of a corner-shared 
octahedral network, and play a crucial role in accommodating 
the crystal lattice mismatch (strain) at a heterogeneous inter-
face. Direct observation of oxygen atoms near such an inter-
face would thus greatly accelerate elucidation of phenomena 
originating in the structural distortions to the parent lattice this 
strain induces. 

 BiFeO 3  (BFO) is a promising multiferroic for technolog-
ical applications and also of immense fundamental interest 
because its electric polarization is coupled to antiferromagnetic 
ordering at room temperature, making it possible to manipu-
late its magnetic properties by application of an electric fi eld, 
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atomic number (≈ Z  2 ). It has been widely used to image atom 
displacements in ferroelectric materials. [  13,27,38  ]  However, 
HAADF-STEM imaging is not sensitive to light elements such 
as oxygen and nitrogen, especially when heavy elements are 
also present. Even though octahedral tilts in BFO have been 
mapped from  Z -contrast STEM images, additional image pro-
cessing was required to do this, and no direct information 
about individual oxygen columns could be obtained. [  25  ]  A more 
recent development is the annular bright-fi eld (ABF) imaging 
technique, which can robustly image light elements and heavy 
elements simultaneously over a wide sample thickness, while 
still retaining a  Z -dependent image contrast (≈ Z  1/3 ), within a 
Cs-corrected STEM. [  39,40  ]  Its utility has been demonstrated by 
the successful imaging of two of the three lightest elements, 
Li, [  41,42  ]  and H. [  43,44  ]  In this study, we use ABF imaging to deter-
mine the degree of oxygen octahedral distortion near a coherent 
mixed phase BFO/LAO interface with atomic resolution. Polari-
zation relaxation near both the T-BFO/LAO and R-BFO/LAO 
interfaces can be ascertained directly by observation of the 
oxygen column positions.  

  2   .  Results and Discussion 

 BFO thin fi lms were grown on (001) LAO single crystal sub-
strates by pulsed laser deposition. A mixture of the stable 
super-tetragonal BFO phase with  c / a  ratio around 1.23, and the 
distorted rhombohedral BFO phase with  c / a  ratio around 1.09 
was obtained. [  24  ]   Figure      1  a shows a typical ABF image of T-BFO 
taken along [100] c . The black, dark grey and light grey contrast 
spots in the image correspond to Bi ( Z  = 81), Fe ( Z  = 26), and 
O ( Z  = 8) columns, respectively. In-plane displacements of 
all three constituent atoms of T-BFO can be observed clearly. 
For example, the Fe columns shift to the upper-left within the 
rectangles formed by four Bi columns. The leftwards compo-
nent of these displacements corresponds to in-plane polariza-
tion of Fe columns, confi rming the  Cm  symmetry. This is in 
agreement with previous theoretical investigations [    21  ]  showing 
that the monoclinic T-BFO phase without obvious octahe-
dral tilting ( Cm ) is favored under large compressive strains. 

or, conversely, its electrical properties by application of a mag-
netic fi eld. [  15,16  ]  In bulk form, BFO belongs to rhombohedral 
space group  R 3 c  with antiphase octahedral tilting and ionic 
displacements from the centrosymmetric positions about and 
along the <111> c  directions (where “c” refers to pseudo-cubic 
symmetry). [  17  ]  When deposited as thin fi lms, however, BFO 
can take on structural forms not observed in the bulk state 
due to epitaxial strain from the substrates. Earlier theoretical 
studies demonstrated that epitaxial strain can stabilize BFO in 
its tetragonal form with  P 4 mm  symmetry, thereby preventing 
the rotational distortions observed in the  R 3 c  bulk phase. [  18  ]  
When subjected to this constraint, the theoretical ground state 
of BFO has a massively reduced in-plane lattice parameter of 
3.67 Å and a “super-tetragonal” unit cell with  c / a  = 1.27 ( a  is 
the in-plane lattice parameter and  c  is the out-of-plane lattice 
parameter). Indeed, a nearly tetragonal phase with an unusu-
ally large  c / a  ratio close to 1.3 has been reported to be stabilized 
in highly strained BFO fi lms grown on a (001) LaAlO 3  (LAO) 
substrate. LAO has rhombohedral symmetry with a pseudo-
cubic lattice parameter  a  = 3.79 Å, giving a lattice mismatch 
of about 4.3% relative to rhombohedral BFO (pseudocubic lat-
tice parameter  a  = 3.96 Å). [  14  ]  Theoretical calculations predict 
that the tetragonal BFO phase has an enhanced polarization, 
roughly 1.5 times that of a bulk single crystal, [  18  ]  a remarkable 
increase that has also been confi rmed experimentally. [  19,20  ]  Also, 
according to fi rst-principles calculations, by starting from the 
 P 4 mm  symmetry and allowing in-plane polar displacements 
(along [110]), it may be possible to obtain a monoclinic phase 
with  Cm  symmetry that could be more stable, [  21,22  ]  a predic-
tion supported by recent experimental results. [  13,14,23  ]  A strain-
driven rhombohedral (R phase) and super-tetragonal (T phase) 
mixed phase in BFO thin fi lms grown on LAO substrates has 
also been reported to exhibit attractive physical properties, 
namely, electrically controllable spontaneous magnetism. [  24  ]  
However, despite the importance of the substrate in stabilizing 
the tetragonal-like BFO (T-BFO) phase, detailed local structures 
of the BFO/LAO interface, especially the degree of distortion 
of oxygen octahedra and the source of the ferroelectric polari-
zation, remain unknown, in contrast to the situation for bulk 
BFO. The lack of such data makes it diffi cult to explain the sta-
bility of the super-tetragonal BFO phase and design strategies 
for manipulating, optimizing or improving its properties. 

 Ferroic properties are a sensitive function of the relative posi-
tions of anions and cations in the structure, so that quantita-
tive analysis requires identifi cation and characterization of the 
positions of the light-element atoms, namely oxygen, [  25–27  ]  in 
addition to the heavier metal atoms. Recently, the development 
of spherical aberration correcting technology (Cs-correction) [  28  ]  
for transmission electron microscopes (TEM) has markedly 
improved the spatial resolution of TEM and scanning TEM 
(STEM) apparatus. [  29–33  ]  For example, oxygen columns have 
been directly imaged in ferroelectric materials with Cs-corrected 
high-resolution TEM (HRTEM), thereby enabling the origin of 
their ferroelectric polarization to be identifi ed. [  34–37  ]  One draw-
back of this technique is that it requires preparation of very high 
quality TEM specimens, usually thinner than 10 nm. 

 On the other hand, high angle annular dark-fi led (HAADF) 
imaging in a Cs-corrected STEM provides sub-Angstrom res-
olution and an intuitive image contrast proportional to the 

      Figure 1.   Typical ABF images of a) super-tetragonal BiFeO 3 , and b) dis-
torted rhombohedral BiFeO 3  along the [100] c  zone axis. The atomic struc-
ture of both BiFeO 3  phases obtained from fi rst-principles calculations is 
overlaid on the ABF images. The white arrow indicates the polarization 
direction. 
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discerned because of a lack of contrast. To determine the atomic 
terminations of the BFO fi lm and LAO substrate, intensity pro-
fi les along arrowed lines 1 and 2 were taken, with the results 
given in Figure  2 c. Profi le 1 corresponds to La and Bi columns, 
and profi le 2 to Al and Fe columns. The abrupt decrease in 
intensity coincides with the position of the interface, and is 
marked by the dashed line in Figure  2 c. We can clearly see that 
the Bi columns in BFO align with the Al columns in LAO, with 
an AlO 2 /BiO/FeO 2  stacking confi guration at the interface, con-
fi rming that the interface is coherent. Similarly, the R-BFO/
LAO interface was observed by HAADF-STEM, as shown in 
Figure  2 b. The same AlO 2 /BiO/FeO 2  stacking confi guration 
at the interface was revealed. Interestingly, the lattice gradu-
ally inclines to the left, indicating a relaxation of the constraint 
caused by the LAO substrate. This is consistent with the forma-
tion of the distorted R-BFO phase.  

 The in-plane lattice parameter and the out-of-plane lattice 
parameter can also be measured from the HAADF image. 
Values of          a    BFO  are very uniform throughout the fi lm, and 
are similar to that of LAO. However,        c                          BFO  increases gradu-
ally from the interface to within the fi lm, indicating a drastic 
relaxation of the lattice in the  c  direction away from the inter-
face. A plot of  c / a  ratios as a function of distance for both the 
T-BFO/LAO and R-BFO/LAO interfaces is given in Figure    2 d. 
It shows that the lattice relaxation occurs within a distance of 
about 3–4 perovskite unit cells (the interface transition layers 
in Figure  2 d). The                c / a  ratio inside bulk T-BFO is 1.23 ± 0.01, 
which is slightly smaller than the value of 1.27 (when  a  = 
3.665 Å and  c  = 4.665 Å) obtained from fi rst-principles calcu-
lations. [  18  ]  However, the  c / a  ratio inside bulk R-BFO is 1.13 ± 
0.01, much smaller than that of T-BFO. The gap in the  c/a  ratio 
between T-BFO and R-BFO can be clearly seen in Figure    2 d, 
consistent with an energy gap between the two, as found by the 
fi rst-principles calculations. [    22  ]  

The  Cm  symmetry allows in-plane polar displacements (along 
[100]), whose magnitudes depend on the strain level. Further 
evidence of the in-plane polarization is contained within the 
positions of the oxygen columns, which match very well with 
those predicted from fi rst-principles calculations of T-BFO with 
C m  symmetry (inset of Figure    1 a; see Experimental Section). 
These also unambiguously show that the Fe ion is bonded to 
fi ve oxygen atoms to form an Fe-O pentahedron, consistent 
with recent HAADF-STEM observations. [    45  ]  From these struc-
tural modifi cations, a uniquely defi ned ferroelectric polariza-
tion can be calculated, as represented by the white arrow in 
Figure    1 a. Note here that in the T-BFO the off-center displace-
ments of the transition-metal (Fe) atoms (in an almost entirely 
upwards direction in Figure  1 a) occur in the opposite direction 
to the total ferroelectric polarization (pointing in a downwards 
direction in Figure  1 a), which is the opposite behavior to that 
of the transition-metal (Ti) atoms in BaTiO 3 . Figure      1 b shows 
a typical ABF image of R-BFO taken along [100] c . Columns of 
all three elements, Bi, Fe, and O, can be resolved clearly and 
match well with the atomic structure of distorted R-BFO (inset 
of Figure      1 b). Fe-O 6  octahedra can be distinguished, as opposed 
to the Fe-O 5  pentahedra in T-BFO. The out-of-plane lattice 
vector is inclined about 3° to the left. The Fe columns were 
shifted to the upper-left inside the Bi frame, corresponding to 
a lower-right polarization, as represented by the white arrows 
in Figure      1 b. Such observations confi rm that ABF imaging is a 
powerful tool to reveal the type and shape of Fe–O  x   polyhedra 
and polarization directions in both T-BFO and R-BFO.    

 Next, we focus on the BFO/LAO interface.  Figure    2  a shows 
a typical HAADF image of the T-BFO/LAO interface viewed 
along [100] c . The arrangement of columns of heavier elements, 
namely Bi, Fe, La, and Al, can be clearly resolved because of 
the strong  Z -dependent contrast of HAADF image. The inter-
face is atomically sharp, although oxygen positions cannot be 

      Figure 2.   Termination and lattice relaxation of BiFeO 3 /LaAlO 3  interfaces. a) HAADF image of T-BiFeO 3 /LaAlO 3  interface along the [010] c  zone axis. b) 
HAADF image of R-BiFeO 3 /LaAlO 3  interface along the [010] c  zone axis. c) Image intensity profi le along arrows 1 and 2 in (a). d)  c / a  ratios of T-BFO 
and R-BFO as a function of distance from the interface. 
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 The ferroelectric behavior of the fi lm is undoubtedly related to 
the nature of the interface termination and lattice relaxation, but 
the degree of oxygen octahedral distortion and polarization relaxa-
tion are perhaps even more important.  Figure      3  a shows an ABF 
image of the T-BFO/LAO interface along the [100] c  zone axis. The 
different elemental columns can be distinguished clearly, coin-
ciding well with the overlaid atom structure model, and the inter-
face structure is consistent with that from the HAADF image. In 
accordance with the increase in the  c  parameter from the inter-
face upwards, the oxygen octahedra gradually elongate until one 
oxygen atom becomes separated, eventually resulting in an oxygen 
pentahedral arrangment around Fe, as shown in Figure      3 a.                

 To determine the polarization of the BFO thin fi lm, dis-
placements of Fe columns from the position at the centre of 

Bi rectangles were measured. Interestingly, we fi nd that the Fe 
columns in the fi rst and second BFO monolayers are shifted 
to the lower-left from the centre of the Bi rectangles by about 
0.28 ± 0.11 Å and 0.13 ± 0.07 Å, respectively, corresponding 
to  c / a  ratios of 1.03 and 1.13, respectively. This indicates that 
these two transition layers should be strained R-BFO. However, 
starting from the third monolayer, the displacement of Fe col-
umns switches to the upper-left, gradually increasing until the 
column positions correspond to those in the metastable T-BFO 
structure shown in Figure      1 a. According to these ion displace-
ments and oxygen position data, the polarization relaxation at 
the interface region can be determined, as shown schematically 
in Figure  3 b. The direction and size of the arrows indicate the 
direction and amplitude of polarization, respectively.                                   

      Figure 3.   ABF images and polarization pinning diagrams for BFO/LAO interfaces along the [100] c  zone axis and the corresponding polarization relaxa-
tion. a) ABF image and b) polarization pinning diagram showing relaxation of T-BFO near the T-BFO/LAO interface. c) ABF image and d) polarization 
pinning diagram showing relaxation of R-BFO near the R-BFO/LAO interface. The size and direction of the arrows indicate the amplitude and direction 
of polarization, respectively. 

Adv. Funct. Mater. 2014, 24, 793–799
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that increasing      c / a  increases the polarization, and the polari-
zation direction gradually switches to the [001] direction, in 
agreement with experiment. The calculated giant spontaneous 
polarization ( P  = 1.28 C m               –2 ) in the super-tetragonal-like struc-
ture ( c / a  = 1.27) is also consistent with experiment. [  20  ]  In addi-
tion, the tilting angle decreases with the increasing of  c / a  and 
shows a different behavior for the rhombohedral-like structure 
( c/a  less than 1.15) and the tetragonal-like structure ( c / a  larger 
than 1.18).              

 Figure  4 b shows the  c / a  ratios of BiFeO 3  grown on different 
substrates, which were taken from the literature. [  13,18,21,26  ]  Bulk 
R-BFO with  c / a  = 1.0 was used as a reference for the strained 
R-BFO phase. Tetragonal BiFeO 3  with  P 4 mm  symmetry and  c / a  
= 1.27 was used as a reference for the strained T-BFO phase. 
Under an in-plane two dimensional compressive strain (the 
lower horizontal axis), the  c / a  ratio of R-BFO increased and 
can be tuned continuously. When the mismatch strain reaches 
–4.3% (corresponding to that induced by the LAO substrate), 
the T-BFO phase appears. In this case, the  c / a  ratio increases 

 Similarly, the R-BFO/LAO interface was also observed by 
ABF imaging, as shown in Figure          3 c. The interface structure is 
consistent with that from the HAADF image and with the over-
laid structure model. With the increase of the      c  parameter from 
the interface upwards, the oxygen octahedra gradually begin 
to tilt, eventually reaching a tilting angle to the left from the 
perpendicular of about 3° for the strained R-BFO. Interestingly, 
we fi nd that the Fe columns in the fi rst and second BFO mon-
olayers are shifted to the lower-left from the centre of the Bi 
rectangles and the displacements are gradually decreased, cor-
responding to  c / a  ratios of 1.04 and 1.09, respectively. This indi-
cates that these two transition layers are also strained R-BFO. 
However, starting from the third monolayer, the displacement 
of Fe columns switches to the upper-left, gradually increasing 
until the column positions correspond to those in the dis-
torted R-BFO structure shown in Figure    1 b. This means that 
the polarization in the fi rst two BFO monolayers is different 
from that in the rest of the R-BFO thin fi lm, so that the fi rst 
two monolayers constitute an interface domain. The polariza-
tion relaxation at the interface region is shown schematically in 
Figure  3 d. A domain wall (nearly head-to-head) parallel with the 
interface is revealed which is similar to recent observations by 
Kim et al. [          46  ]              

 Based on the above observations, changes in polarization and 
phase stability can be ascribed unambiguously based on the 
atomic alignments and concomitant structural relaxation taking 
place at the T-BFO/LAO and R-BFO/LAO interfaces. The fi rst 
two BFO monolayers at both interfaces exhibited similar behav-
iors in terms of lattice relaxation and polarization relaxation, 
which is most likely a result of interface pinning       [  47    ]  or charge 
compensation [          37    ]  between the BFO and LAO (or a combination 
of both). In the case of T-BFO, the strong constraint by the LAO 
substrate results in a remarkable Fe ion displacement and for-
mation of metastable T-BFO. However, in the case of R-BFO, 
the substrate strain is at least partially relaxed, so that the strain 
is lower than the critical strain to form T-BFO, thus main-
taining the R-BFO phase, albeit under strain. Furthermore, the 
fi rst two BFO monolayers in both interfaces are subjected to a 
nearly hydrostatic strain, which suppresses the tilting of Fe–O 6  
octahedra,       [  48  ]  as shown in Figure    3 a,c. Starting from the third 
BFO monolayer, the polarization pinning effect of the LAO 
substrate is suffi ciently weak to allow the BFO lattice to relax 
signifi cantly. These large structural relaxations testify to the 
“softness” of the BFO crystal, accommodating the large strain 
induced by formation of a coherent interface and achieving 
energetic stability within a narrow region. This intrinsic lat-
tice fl exibility provides opportunities for structure and property 
tuning through appropriate nanoscale engineering.         

 To gain a better understanding of the ferroelectric relaxation 
at the BFO/LAO interface, we also carried out fi rst-principles 
calculations of BFO with different  c / a  ratios within a pseudo-
cubic monoclinic basis (see Experimental Sectionfor details). 
We fi nd that the polarizations of the most stable state in BFO 
structures are tilted, in accord with experimental observations. 
Interestingly the state with its in-plane polarization along the 
[100] direction is more stable than that along the [110] direc-
tion. Fixing the in-plane polarization direction to be [100], we 
plot the magnitude and tilting angle   θ   of the polarization in 
BFO with different  c   / a    ratios in  Figure        4  a. Figure  4 a reveals 

      Figure 4.   Polarization of BFO and the strain effect on BFO phase sta-
bility. a) The magnitude and tilting angle,   θ  , of the polarization in BFO 
with different  c / a  ratios from fi rst principles calculations. The in-plane 
polarization is along the [100] direction. b) Substrate strain effect on the 
stability of T-BFO and R-BFO phases. The competition between displace-
ment of Fe ions and rotation of Fe–O 6  octahedra is dependent on the 
strain levels and there exists a critial mismatch around –4.3% strain rela-
tive to R-BFO. The  c / a  ratios of ideal T-BFO, T-BFO on YAlO 3 , R-BFO 
on La 0.7 Sr 0.3 MnO 3  and SrTiO 3 , and ideal R-BFO were taken from the 
literature. [  13,18,21,26  ]  
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suddenly from ≈1.14 (R-BFO) to ≈1.23 (T-BFO). In contrast, 
when T-BFO is subjected to an in-plane two dimensional ten-
sile strain (the upper horizontal axis), the  c / a  ratio decreases 
gradually and the phase changes to R-BFO at 3.3% strain. In 
the case of the strained R-BFO, the tilting of Fe–O 6  octahedra 
is dominant in the structure even though it was suppressed 
and the displacement of Fe ions was favorable with the increase 
of compressive strain. However, the displacement of Fe ions 
(Fe–O 5  pentahedra) is dominant in the strained T-BFO though 
the tilting of Fe–O 5  pentahedra appears with an increase in ten-
sile strain. Thus, the phase stability of R-BFO and T-BFO is a 
result of competition between the tilting of Fe–O 6  octahedra 
and the displacement of Fe ions, as predicted by the fi rst princi-
ples calculations. [  21  ]   

  3   .  Conclusions 

 In summary, we have revealed, by means of state-of-the-art 
ABF and HAADF imaging with a Cs-corrected STEM, that a 
continuous expansion of the BFO crystal lattice, elongation 
of oxygen octahedra, and displacement of Fe ions occur at 
coherent super-tetragonal BFO/LAO and rhombohedral BFO/
LAO heterointerfaces. A similar pinned interface transition 
layer about two unit cells thick was directly observed at both 
interfaces. The continuous ferroelectric polarization relaxations 
observed at both T-BFO/LAO and R-BFO/LAO interfaces show 
very different features, which is a result of competition between 
the tiliting of Fe–O                       6  octahedra and the displacement of Fe ions. 
Such information is important for rationalizing the varied and 
complex phenomena of BFO, and adds to our rapidly growing 
understanding of the ferroelectric behavior of complex oxide 
heterointerfaces. Additionally, the methods used here are appli-
cable to a wide range of materials, enabling direct observation 
of atomic structures with unprecedented detail, and should 
thus further the development of materials nanoscience and 
nanoengineering.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            

  4   .  Experimental Section 
  Pulsed Laser Deposition : The epitaxial BFO thin fi lm containing a 

mixture of tetragonal and rhombohedra phases was fabricated by pulsed 
laser deposition in conjunction with high-pressure refl ective high-energy 
electron diffraction from a BFO target with 10% excess bismuth. An 
LaAlO                     3  (001) single crystal was used for the substrate. The substrate 
temperature and oxygen partial pressure were kept at 700 °C and 
100 mTorr, respectively, during the deposition. Following deposition, the 
oxygen partial pressure was increased to 1 atm and the fi lm was cooled 
to room temperature. More details of the growth conditions and basic 
characterization methods can be found in an earlier study.         [    49  ]                                                            

  STEM Observation : Cross-sectional TEM specimens were prepared by 
a standard procedure which included mechanical grinding, polishing, 
precision dimpling, and ion milling. STEM observations were performed 
using a Cs-corrected STEM (JEM-2100F, JEOL, Co., Tokyo, Japan) 
operated at 200 kV and equipped with a spherical aberration corrector 
(CEOS Gmbh, Heidelberg, Germany), which provided a minimum probe 
of about 1 Å in diameter. During ABF imaging, a probe convergence 
angle of 25 mrad and a detection angle of 8–25 mrad were used.                                                                                                 

  First-Principles Calculations : Total energy calculations were performed 
within the framework of density-functional theory using the projector 
augmented wave (PAW) method implemented in the Vienna  Ab Initio  

Simulation Package (VASP).     [  50  ]  The exchange-correlation potential was 
treated with the generalized gradient approximation (GGA). In case 
of bulk T-BFO, an energy cut-off of 500 eV was used for the plane 
wave expansion of the PAWs and a 10 × 10 × 10 Monkhorst-Pack grid 
for            k -point sampling during self-consistent calculations. Structural 
relaxations were performed until the Hellman-Feynman forces on the 
relaxed atoms were less than 1 meV Å –1 . Local orbital-resolved densities 
of states and local magnetic moments were calculated by projecting the 
wave functions onto spherical harmonics centred on particular atoms, 
as implemented in VASP. The in-plane lattice constant of BFO was 
held fi xed at 3.81 Å, which is the theoretical lattice constant of cubic 
LAO. A pseudocubic monoclinic basis was adopted to simulate the 
polarization tilting in T-BFO,       [    22,51  ]  and for different  c / a  ratios all internal 
coordinates were fully relaxed to obtain the most stable polarization 
direction. The Berry phase technique was used to calculate ferroelectric 
polarizations.   [  52  ]                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 
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