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Abstract
Oxygen octahedral tilting has been recognized to strongly interact with spin, charge, 
orbital, and lattice degrees of freedom in perovskite oxides. Here, we observe a 
strain-driven stripe-like morphology of two supertetragonal (monoclinic Cc and Cm) 
phases in the strained BiFeO3/LaAlO3 thin films. The two supertetragonal phases 
have a similar giant axial ratio but differences in oxygen pyramid tilting mode. 
Especially, the competition between polar instability and oxygen pyramid tilting 
is identified using atomically resolved scanning transmission electron microscopy, 
leading to the polarization rotation across the phase boundary. In addition, micro-
twins are observed in the Cc phase. Our findings provide new insights of the coupling 
between ferroelectric polarization and oxygen pyramid tilting in oxide thin films and 
will help to design novel phase morphology with desirable ferroelectric polarization 
and properties for new applications in perovskite oxides.
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1 |  INTRODUCTION

The oxygen octahedral tilting, which is usually defined as 
the configuration of the corner-connective—BO6—octa-
hedra in perovskite oxides (ABO3), has been recognized 
to strongly interact with these degrees of freedom (spin, 
charge, orbital, and lattice)1‒3 and affect the macroscopic 
electrical/magnetic properties.4‒14 Among them, the inter-
play between ferroelectric polar order and octahedra tilting 
has been theoretically4 and experimentally5,13 studied in 
the ABO3 thin films, such as the ferroelectricity at the in-
terface between nonpolar ABO3 oxides,4,15,16 polarization 
rotation in PbTiO3 thin films,13 suppression of polarization 
in the BiFeO3 (BFO) thin films.5 Moreover, the manipu-
lation of polarization by oxygen octahedra tilting could 
further affect their ferroelectric or piezoelectric response 
to external electrical field, demonstrating an extraordinary 
opportunity to control the multifunctional properties in 
ABO3 oxides.

Different oxygen octahedral titling modes will modify 
the polarization in different ways.5,13 The ABO3 oxides thin 
films are always exhibited with plenty of phase structures 
with different oxygen octahedral titling modes stabilized 
by epitaxial strain. Therefore, it is expected to observe 
the coexistence of different octahedral titling modes with 
different resultant polarization modulation in the strained 
ABO3 thin films. BFO is a very promising porotype,17‒20 
which has the phase transition that follows the sequence R-
MA(R-like)-MC (T-like)-T phases21‒24 with the increasing 

epitaxial strain. The accurately structural determination of 
BFO has inferred that the T-like phase crystallizes in two 
different space groups, which correspond to Cc and Cm 
monoclinic phases that exhibit either an out-of-phase mode 
(R4

+) of the oxygen pyramids in two directions or an in-
phase mode (M3

+) in one direction, respectively.25,26 Their 
different oxygen pyramid tilting modes might contribute 
to the polarization rotation as predicted by first-principles 
calculations.27

Here, polarization rotation induced by oxygen pyramid tilt-
ing is directly observed by atomic resolution aberration cor-
rected scanning transmission electron microscopy (STEM) 
in the BFO/LaAlO3(LAO) thin films with an intermediate 
thickness of 40  nm. Two strain-driven stripe-like supertet-
ragonal phases (monoclinic Cm and Cc), both with a large 
tetragonality, exhibit obvious polarization rotation across the 
phase boundary induced by different oxygen pyramid tilting 
modes. Moreover, microtwins in the Cc phase with large in-
plane polarization are observed, which was not previously 
observed by X-ray or other macro-structural measurements.

2 |  EXPERIMENTAL RESULTS 
AND DISCUSSION

40 nm and 57 nm BFO thin films were epitaxially grown on 
(001)-oriented LAO single crystal substrates using pulsed laser 
deposition (PLD). Figure 1A shows a low magnification high-
angle annular dark-field STEM (HAADF-STEM) image of a 

F I G U R E  1  Stripe-like tetragonal 
phases in BFO/LAO films of thickness 
40 nm. A, Low magnification HAADF-
STEM image. B, Enlarged image and 
schematic diagram show the stripe-like 
phases. C, Schematic diagram of stripe-like 
phases. D, High-resolution HAADF-STEM 
image with FFT inset. A red circle marks a 
1

2
(110) extra spot. E, DDF images generated 

from the extra spots in (D). F, G, FFTs 
of the Cc and Cm phases, respectively. 
All the images are taken under the [100] 
zone axis [Color figure can be viewed at 
wileyonlinelibrary.com]
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40 nm BFO film. Stripe-like bright and dark contrast is clearly 
observed, as shown in the enlarged image in Figure 1B. It should 
be noted that the stripe-like contrast can be distinguished from 
that produced by R-like and T-like phases, which appears in 
films of greater thickness,20 such as the 57 nm BFO thin film in 
Figure S1. In order to further understand the atomic structures 
of the two phases, high-resolution HAADF-STEM images 
were recorded in Figure 1D. A fast Fourier Transform (FFT) is 
displayed in the inset. The spots in the FFT are split along the 
c direction because of the large lattice mismatch between LAO 
and BFO. The c/a ratio is estimated to be ~1.23, as a result of 
the larger tetragonality of the T-like phase. After carefully ex-
amining FFTs from different localized areas, two T-like phases 
are found in Figure 1F,G. The primary difference is the pres-
ence of extra 1

2
(110) superreflection spots. The generation of a 

digital dark-field (DDF) image from the extra spots base on the 
STEM images reveals two T-like phases in Figure 1E.

As the rich phase structures of BFO have already been 
widely studied before, our results here should be also within the 
realm of these possibilities. By comparing the two T-like phases 

with previous experimental and theoretical results and carefully 
examining these structure models in the literatures,25,26,28 it can 
be inferred that they are monoclinic Cc or Cm phases with the 
atomic model in Figure 2A,D, respectively. Although some 
other possibilities might exist, the explanations here might be 
the most reasonable one. More detailed analysis can be found in 
Figure S2. The phase with the extra 1

2
(110) spots corresponds to 

the Cm phase, with an in-phase mode (M3
+) of oxygen pyramid 

tilting in one direction that doubles the unit cell of BFO. Figure 
2B shows the simulated diffraction pattern of Cm phase along 
the [100] direction, consistent with the FFT analysis above and 
the nanodiffraction result in Figure 2C. The oxygen pyramid is 
ordered along the [110] direction, as indicated by a red dotted 
line in Figure 2A, with the oxygen pyramid tilting alternately 
toward the left or right. Note that the Cm phase here is the same 
as the T-like phase in the 57 nm BFO film in Figure S1, con-
sistent with previous reports28,29. The phase without the extra 
1

2
(110) spots is the Cc phase, which always exists in ultrathin 

BFO films on LAO.26,28 The stripe-like morphology with two 
T-like phases, rather than a mixture of T-like and R-like phases, 

F I G U R E  2  Atomic model and 
electron diffraction patterns for the Cm and 
Cc phases. A, D, Atomic models of the Cm 
and Cc phases, respectively, viewed along 
the [100] direction. The red dotted lines 
mark (110) planes with ordered oxygen 
pyramid tilting. B, E, Simulated electron 
diffraction patterns corresponding to the 
structural models in (A) and (B) along 
[100] direction, respectively. C, F, Electron 
nanodiffraction patterns of Cm and Cc 
phases, respectively [Color figure can be 
viewed at wileyonlinelibrary.com]
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is observed at intermediate thicknesses of BFO on LAO. 
Additionally, the Cc and Cm phases show almost no obvious 
difference in chemical composition as discussed in Figure S4.

Geometrical phase analysis (GPA)30 was further used to 
map the strain fields in the thin films. Figure 3A,C show 
experimental maps of in-plane (exx) and out-of-plane (eyy) 
deformation, respectively. The stripe-like contrast is clear 
in the in-plane deformation map because of the different 
in-plane lattice parameters a. However, the deformation exx 
is very small, as indicated by the line profile in Figure 3B. 
The difference in out-of-plane deformation between the Cm 
and Cc phases is negligible. Maps of the lattice parameters 
a, c, and c/a determined from accurately measured atomic 
positions are shown in Figure 3D-F. These results are con-
sistent with the GPA analysis, with aLAO ≈ aCc > aCm and 
cCm ≈ cCc > cLAO. The large tetragonality of ~1.23 and 1.21 
are respectively observed for Cm and Cc phases in Figure 
3G, with a transition region of approximately 3-4 unit cells 
at both interfaces, indicating a relaxation of the lattice in the 
growth direction away from the interface.31 The variation of 
the in-plane lattice parameter a is shown in Figure 3H. For 
the Cc phase, it is uniform throughout the film. While for the 
Cm phase, it has a constant value only for the first 5-6 unit 
cells, after which it gradually decreases by ~5 PM Therefore, 
very small difference in lattice parameters and strain is exist-
ing between the Cc and Cm phases, except for the different 
oxygen pyramid tilting modes.

In BFO, the lattice is strongly coupled to the polarization. 
Different oxygen pyramid tilting modes could lead to different 
ferroelectric properties of the Cm and Cc phases. Figure 4A 
shows unit cell by unit cell polarization mapping across a phase 

boundary. The polarization is defined as the displacement of 
Fe atom columns with respect to the center of four nearest Bi 
atom columns surrounding it. Figure 4B shows a correspond-
ing HAADF-STEM image with an overlaid map of the lattice 
parameter a, on which the Cm and Cc phases can be identified. 
The polarization direction rotates from ~87° in the Cm phase 
to ~64° in the Cc phase, as indicated in Figure 4C. The Cm 
phase has a giant out-of-plane and a small in-plane polariza-
tion, resulting in a tetragonal-like polarization. In the Cc phase, 
the in-plane polarization is very high. Although the monoclinic 
distortions of the Cc phase could explain why the polarization is 
not aligned strictly along [001] direction,28 it cannot contribute 
to such a large polarization rotation in the highly tetragonal Cc 
phase. Apart from the very small difference in lattice param-
eter a, the different oxygen pyramid tilting modes should be 
the primary origin of the differently polarized states. The Cc 
phase with a large in-plane polarization is further confirmed by 
analyzing different areas in Figure S3 in the stripe-like phases. 
Note that the tilting angle of the polarization in the Cc phase 
in Figure S3 does not always have a single value, indicating 
that there is a different degree of competition in different parts 
of the film, which might be caused by the varied proportion 
of microtwins in the Cc phase discussed below. Previous theo-
retical calculations have revealed the important role of oxygen 
octahedra tilting, which opposes any natural enhancement of 
the out-of-plane polarization.27 The antiferrodistortive rotation 
of oxygen pyramids with an in-phase (R4

+) mode and polar in-
stabilities of the Cc phase compete with each other and con-
tribute to a ground state that has a large in-plane polarization. 
The value of polarization remains almost the same for the Cc 
and Cm phases, as shown in Figure 4D, in contrast to previous 

F I G U R E  3  Mapping of strain field and lattice parameters of the stripe-like phases under the [100] zone axis. A, C, In-plane (exx) and out-of-
plane (eyy) deformation, respectively, measured using GPA. B, Line profile obtained from the rectangle in (A), illustrating the deformation across 
the phase boundary. D-F, Lattice parameters a, c and c/a, respectively. Lattice parameters c/a (G) and a (H) of Cc and Cm phases measured as a 
function of distance from the interface in BFO/LAO (40 nm) thin films [Color figure can be viewed at wileyonlinelibrary.com]
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calculations27 stating that the Cc phase has a lower total ampli-
tude of polarization with a similar misfit when compared with 
the Cm phase. The c/a value for the Cc phase (~1.21) is much 
larger than the theoretical prediction (~1.15)27 and not observed 
before. Our results provide the experimental evidence of a com-
petition between oxygen pyramid tilting and out-of-plane polar-
ization in the stripe-like morphology of the BFO films.

As the Cc phase with a large in-plane polarization and 
tetragonality has not been predicted by theoretical calcu-
lation, it might be a metastable phase observed here in the 
strained BFO thin films. The further detailed analysis reveals 
the microtwins in the Cc phase as shown in Figure 5A, 5, 
which are absent in the Cm phase. The microtwins are re-
solved by giving the rotation angle of atomic planes in the 
grown direction, which was calculated by the GPA script de-
veloped by Christoph T. Koch. We attribute these microtwins 
to the 180° in-plane rotations in the Cc phase along the [100] 
or [−100] directions. The corresponding atomic model is 
shown in Figure 5C. The rotation angle of ~3.8° in the model 
is consistent with the experimental rotation map shown in 
Figure 5A. The existence of microtwins can partially accom-
modate the internal strain and stabilize the metastable Cc 
phase. Obviously, the microtwins are not homogeneous in 
the Cc phase as shown in Figure 5A, which might contribute 
to the varied titling angle of polarization as discussed above.

Based on the above structural and strain analysis of the 
BFO/LAO thin films, we attribute the formation of these phase 
structures observed here to the appropriate strain at an inter-
mediate thickness. For very thin BFO film, such as 7 nm as 
reported before26, the Cc phase is stabilized in the whole thin 
films without any microtwins. For the thick BFO film, such as 
57 nm here, the Cm and R phases are coexisting. Therefore, the 
transition from Cc to Cm phase will occur with the increasing 
film thickness. We speculate the phase evolution as follows. 
Firstly, the Cc phase is stabilized in the very thin BFO films 
but the microtwins are absent owing to the fully strain state. 
Then, with the increasing thickness, partial strain will be grad-
ually relaxed through forming the microtwins in the Cc phase. 
Furthermore, some regions of Cc phase will transform into the 
Cm phase with the increasing strain relaxation. Consequently, 
the stripe-like phase morphology of Cm and Cc phases are 
formed.

3 |  CONCLUSION

In summary, the nanoscale strain-driven stripe-like su-
pertetragonal phases are observed in a BFO/LAO thin 
film of intermediate thickness. Stripes are formed of Cc 
and Cm phases, with a large tetragonality and different 
oxygen pyramid tilting modes. The competition between 
oxygen pyramid tilting and out-of-plane polarization is 

F I G U R E  4  Polarization mapping of the Cc and Cm phases under 
[100] zone axis. A, Mapping of polarization across a phase boundary. 
B, Mapping of lattice parameter a superimposed onto an HRSTEM 
image. C, D, Histograms of polarization and tilt angle from (A), 
respectively [Color figure can be viewed at wileyonlinelibrary.com]

F I G U R E  5  Microtwins in the Cc phases under the [100] zone 
axis. A, Rotation map of the Cc and Cm stripe-like phases in the 
growth direction. The units in the color bar are degrees. B, Enlarged 
area shows microtwins in the Cc phase in the marked region in (A). 
C, Atomic model of an in-plane 180° rotation in the Cc phase [Color 
figure can be viewed at wileyonlinelibrary.com]
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directly observed, leading to the polarization rotation in 
the Cc phase. Microtwins in the Cc phase are identified to 
release the strain of the metastable phase. Our results dem-
onstrate the direct experimental evidence of the interplay 
between polarization rotation and oxygen pyramid tilting 
in the strained BiFeO3 thin films, which might be used to 
design desirable ferroelectric polarization and properties in 
perovskite oxides.
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