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The recent resurgence of bismuth ferrite (BiFeO3) as a multiferroic material was triggered by the revelation of its true bulk physical properties in the
mid 2000s. Subsequently, multiferroic properties of BiFeO3 have been found to improve when it is grown as epitaxial film owing to the biaxial strain
imposed by substrate materials. Since the crystal and microstructural modifications caused by the strain dominate the multiferroic property
changes in BiFeO3, tremendous efforts have been devoted to the investigation of structural changes in epitaxial BiFeO3 films. However, details
about strain-induced structural modifications remain elusive owing to the remarkably complex nature of BiFeO3. In this review, we discuss the
followings: (1) what are the pros and cons between transmission electron microscopy (TEM) and X-ray diffraction (XRD) techniques, (2) a noble
methodology of how to apply TEM and XRD to unambiguously identify crystal symmetries in epitaxial BiFeO3, and (3) once crystal symmetries are
clearly identified, how can the misfit strain be accurately evaluated. © 2018 The Japan Society of Applied Physics

1. Introduction

Multiferroic materials simultaneously exhibit coupled ferroic
order parameters. This coupling allows, for example, the con-
trol of the magnetic properties of a material through changes in
its ferroelectric properties. These materials offer significant
promise in a variety of smart energy applications including
high-efficiency photovoltaic cells with giant open circuit volt-
ages (>10V), ultra-low power spintronic-based computing
and data storage, piezoelectric-based energy harvesting for
self-powered sensor nodes, and the use of very low current
mechanisms in the switching of magnetic fields. BiFeO3

(BFO) is one such material that exhibits both ferroelectricity
and G-type antiferromagnetism above room temperature.1–3)

Its spontaneous polarization value was originally measured
at only ∼6 µC cm−2 along the [111] pseudocubic orientation,
which is lower than expected owing to sample leakage.4) How-
ever, the true spontaneous polarization value of ∼60 µC cm−2

along the [001] pseudocubic orientation (∼100 µC cm−2 along
the [111] pseudocubic orientation) was found later with the
availability of high-quality bulk BFO materials.5) Meanwhile,
with the availability of high-quality single crystal oxide sub-
strates in the early 2000s, BFO has been grown as thin films on
a variety of single crystal oxide substrates in an attempt to
modify its physical properties by imparting epitaxial strain to
the films.6,7) As a result, the crystal structure of BFO, i.e.,
rhombohedral with a space group of R3c in bulk form, is found
to be flexible enough to adapt over ∼6% percent of lattice
strain from substrates, which would, otherwise, cause fracture
in its bulk form. For example, various BFO phases have been
proposed, such as rhombohedral,8–12) tetragonal-like,13–17)

orthorhombic,18) monoclinic,19–22) orthorhombic-like mono-
clinic,23) and triclinic,24) depending on the crystal structures
and lattice parameters of the substrates used. In addition,
theoretical calculations demonstrate the existence of multiple

metastable BFO phases as a function of strain and tem-
perature.25) Despite these efforts, the crystal structure within
BFO thin films and its associated impact on spontaneous
polarization continue to be hotly debated primarily owing to
its remarkably complicated nature as pointed out by a recent
review article.26) This implies that the crystallographic details
of BFO thin films remain to be clarified.26)

In most of the previous experimental works dealing with
BFO thin films, pseudocubic notation has been used to
intuitively describe in-plane and out-of-plane directions of
BFO with respect to those of underlying substrates. However,
pseudocubic notation cannot accurately describe the rhom-
bohedral nature of the BFO crystal structure because it
disregards the ∼0.55° rhombohedral distortion in the BFO
unit cell as well as rhombohedral shifts in basis atom locations
in the unit cell.27) In order to precisely describe the crystal
structure of BFO, either rhombohedral or hexagonal notation
should be used. This is particularly important to precisely
evaluate the stress=strain effect on epitaxially grown BFO
films because their crystal structure and=or lattice parameters
are known to be flexible enough to accommodate many
percent of misfit strain induced by substrates.7,28) Another
conventional aspect of using pseudocubic notation for BFO is
that its pseudocubic lattice parameter of ∼0.396 nm is simply
compared with that of substrate materials to estimate the
lattice strains imposed by the substrate materials. This means
that BFO growth orientation is assumed to be the same as that
of the underlying substrate. For example, the (001) BFO is
assumed to grow on the (001) SrTiO3 substrate. While this
might be a reasonable assumption for some substrate mate-
rials, the possibility of BFO growing with different orienta-
tions with different crystal structures is excluded with this
assumption.

In addition, almost all of the X-ray diffraction (XRD)
based studies dealing with structural alteration in BFO thin
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films have assumed BFO unit cell distortion from its
undistorted pseudocubic unit cell to interpret location shift
and peak splits found in Bragg’s reflections from BFO.5,13–22)

However, it is worth pointing out that the locations of basis
atoms in the BFO unit cell should change when the unit cell
distortion occurs. If the changes in the locations of basis
atoms are sufficient to modify the symmetry of the BFO
crystal structure, the ramification of which should include
generation (and=or removal) of Bragg’s reflections in the
reciprocal space. This effect can be particularly important for
BFO in that BFO, being the combination of three constituent
atoms, generates more complicated effects in the reciprocal
space than materials with two (or one) constituent atoms do.
Thus, in order to understand the crystal structure as well as
strain status within BFO thin films, it is imperative to
consider both of the unit cell symmetry, i.e., lattice parameter,
as well as the locations of basis atoms in the BFO unit cell by
utilizing transmission electron microscopy (TEM) and XRD
techniques. While TEM readily provides wide-range recip-
rocal space information up to Q (scattering vector) ≃ 220
nm−1 including, for instance, crystal symmetry and existence
of extra Bragg’s reflections to adequately identify the overall
BFO crystal structure,29,30) XRD can provide localized
reciprocal space information with exceptional precision that
is highly effective for precise lattice strain evaluation based
on BFO crystal structure identified by TEM.

The objectives of this review are two folds as follows:
(1) In Sect. 3, we describe how TEM and structure factor

calculation can be utilized to precisely determine BFO crystal
symmetry, i.e., its crystal structure, as well as its epitaxial rela-
tionship with underlying substrate materials. While Sect. 3.1
focuses on how the rhombohedral symmetry in BFO can be
unambiguously distinguished from other possible symme-
tries, Sect. 3.2 is about a methodology to determine a new
BFO symmetry when none of the previously known BFO
crystals match the new BFO symmetry. Thus, Sect. 3 is solely
dedicated to the discussion about the precise BFO symmetry
identification.

(2) In Sect. 4, we discuss how variations within rhombo-
hedral nature in BFO can be precisely evaluated by XRD
technique once BFO symmetry is confirmed as rhombohedral
by TEM, XRD, and structure factor calculation.

2. Experimental methods

2.1 BFO thin film growth
An ultrahigh-vacuum (<2 × 10−6 Pa) radio-frequency (rf)
magnetron sputtering technique was used with a growth
temperature of ∼550 °C. The BFO films discussed in the
current study are as follows:

2.2 TEM and XRD analyses
Cross-sectional TEM samples were prepared by either con-
ventional mechanical polishing combined with Ar ion milling
or dual-beam focused ion beam technique, FEI Nova 600.
Low energy ion milling was followed by using Fischione
1040 Nanomill with 0.5 kV Ar ion to minimize beam-induced
damage. TEM analyses were performed using (1) JEOL JEM-
2100F equipped with a Gatan Orius 833 CCD camera for
bright-field, high-resolution TEM (HRTEM), and transmis-
sion electron diffraction, (2) JEOL JEM-ARM200F equipped
with probe and image aberration (Cs)-correctors and Gatan
Enfinium spectrometer for HRTEM, high-angle annular dark
field (HAADF)-scanning TEM (STEM) imaging and electron
energy loss spectroscopy (EELS), (3) a FEI Titan2 G2 80-200
probe Cs-corrected TEM equipped with a Gatan Enfinium
spectrometer for HAADF-STEM imaging and EELS.

XRD data were obtained using a Bruker D8 discover four-
circle X-ray diffractometer using Cu Kα radiation. A two-
dimensional area detector (Hi-STAR) was used for X-ray re-
ciprocal space mapping (XRSM). XRSM data were compared
with those obtained by transmission electron diffraction data.

3. Evaluation of biaxial-strain-driven symmetry modi-
fication using TEM combined with structure factor
calculation

3.1 BFO films grown on (100) SrTiO3 substrate:
Sample thickness effect on BFO crystal structure
Figure 1(a) shows a cross-sectional bright-field (BF) TEM
image of ∼30 nm BFO grown on a (100) SrTiO3 (STO) sub-
strate along the [010]STO zone axis. In order to study the crystal
structure of BFO, nano-beam electron diffraction (NBED)
patterns were obtained from the BFO film and STO substrate
with a ∼10 nm probe as shown in Figs. 1(b) and 1(d). At first
glance, the crystal structure of BFO seems to be the same as
that of the STO substrate because the four fold symmetry of
Bragg’s reflections found in BFO [i.e., Fig. 1(b)], is the same
as that in STO [i.e., Fig. 1(d)]. While it is tempting to assume
that BFO is forced to grow a cubic-perovskite crystal owing
to the biaxial strain imposed by the cubic-perovskite STO
substrate, it is required to verify whether rhombohedral BFO
as well as other BFO phases could possess any zone axis that
could show the same four fold symmetry in the NBED pattern.
In order to address this issue, the structure factor, Fhkl, where
hkl represents a specific Bragg’s reflection, was calculated on
the basis of kinematical approximation:

Fhkl ¼
X

n

fn exp½2�iðhxn þ kyn þ lznÞ�;

where fn is the atomic scattering factor for atom n at fractional
coordinates ðxn; yn; znÞ. Note that the structure factor can be
calculated only for the BFO phases that provide the necessary
crystallographic information including the (1) lattice param-
eter and (2) basis atom locations in a unit cell. Crystallo-
graphic details about nine different BFO phases as well as the
STO substrate can be found elsewhere.10,11,23) Interestingly,
it is found that the [241] zone axis of rhombohedral BFO
(r-BFO) matches well that in Fig. 1(b) as shown in Fig. 1(c)
in terms of symmetry and locations of Bragg’s reflections.
This provides another possibility for interpreting Fig. 1(b),
i.e., the rhombohedral crystal structure, in addition to the
possibility of cubic-perovskite crystal structure for the BFO

Substrate materials Substrate orientation
BFO thickness

(nm)
Reference

SrTiO3 (100) ∼30 10

SrTiO3 (100) ∼300 11

SrTiO3 (100) ∼10 11

SrTiO3 (100) ∼3 31

LaAlO3 (100) ∼380 23

KTaO3 (100) ∼60 12
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film. The structure factor was also calculated for the [010]
zone axis of the STO substrate to investigate the epitaxial
relationship between the BFO film and the STO substrate as
shown in Fig. 1(e). In order to determine to which crystal
structure the BFO film corresponds, another cross-sectional
TEM sample was prepared along the [011]STO zone axis as
shown in Fig. 2(a). NBED patterns from BFO and STO were
obtained from the encircled areas in Fig. 2(a) and are shown
in Figs. 2(b) and 2(d). Unlike the cross-section along the
[010]STO orientation, the geometry of Bragg’s reflections in
Fig. 2(b), i.e., the BFO film, is distinctively different from
that in Fig. 2(d), i.e., the STO substrate, owing to extra
Bragg’s reflections such as ½11�3� and ½2�1�3� showing up only
in Fig. 2(b), which are not found in Fig. 2(d). Note that some
reflections denoted by arrows result from double diffrac-
tion.10,11) This indicates that the crystal structure in the BFO
overlayer is different from that in the STO substrate, i.e.,
cubic-perovskite. In fact, the structure factor calculation
clearly revealed that the NBED pattern in Fig. 2(b) can be
interpreted only by the [211] zone axis of r-BFO, as shown in

Fig. 2(c). In addition, structure factor calculation also proved
that cubic-perovskite cannot reproduce the NBED pattern in
Fig. 2(b). The structure factor along [011]STO was calculated
to investigate its epitaxial relationship with the r-BFO film
as shown in Fig. 2(e). In order to demonstrate that the dif-
ference in the geometry of Bragg’s reflections found between
Figs. 2(b) and 2(d) is not associated with CCD camera
artifact, HRTEM images of the BFO film and the STO
substrate were acquired from the areas enclosed in squares
denoted as 1 and 2 in Fig. 2(a), and shown in Figs. 3(a) and
3(b), respectively. Although differences in crystal structures
between Figs. 3(a) and 3(b) are difficult to identify from the
HRTEM image contrasts, their fast Fourier transform (FFT)
patterns are clearly different by revealing the same character-
istics found in the NBED patterns, i.e., the extra Bragg’s
reflections found only in the BFO film. Thus, it is concluded
that the extra Bragg’s reflections found in Fig. 2(b) are not
from CCD camera artifact but from the crystal structure of
r-BFO. It is worth noting that the angle between the [241]
[= Fig. 1(b)] and the [211] [= Fig. 2(b)] r-BFO is calculated

(b) (c)

204

224

(d) (e)

200

002

101

(a) Epoxy

Fig. 1. (a) Cross-sectional BF TEM image of ∼30-nm-thick BFO film
along [010]STO zone axis with NBED patterns from the encircled areas of
(b) BFO film and (d) STO substrate. The corresponding structure factor
calculations are shown in (c) and (e), respectively. Reproduced from Ref. 10
with permission.

(b) (c)

(d) (e)

102

120

200

011

213113

(a) Epoxy

1

2

Fig. 2. (a) Cross-sectional BF TEM image of ∼30-nm-thick BFO layer
along [011]STO zone axis with NBED patterns from the encircled areas of
(b) BFO film and (d) STO substrate. The corresponding SF calculations are
shown in (c) and (e), respectively. Reproduced from Ref. 10 with
permission.
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to be ∼45.0° which is in excellent agreement with the angle
between the [010] [= Fig. 1(d)] and the [011] [= Fig. 2(d)]
STO orientations, which is 45.0°. This also verifies the
validity of the current NBED and structure factor calculation
results. Thus, the epitaxial relationship between BFO and
STO is as follows:

½241� of r-BFO k ½010� of STO;
ð10�2Þ of r-BFO k ð100Þ of STO ½see Figs: 1ðcÞ and 1ðeÞ�;
½211� of r-BFO k ½011� of STO;
ð10�2Þ of r-BFO k ð100Þ of STO ½see Figs: 2ðcÞ and 2ðeÞ�:

ð1Þ
In order to further verify the current analytical methodology,
two new NBED patterns from r-BFO and STO were ob-
tained by tilting the [010]STO sample by ∼25° inside the TEM
column as shown in Figs. 4(a) and 4(c), respectively. Note
that the symmetry of Bragg’s reflections in Fig. 4(a) is
identical to that in Fig. 4(c), which seems to imply that the
crystal structure of the r-BFO film is the same as that of STO.
However, structure factor calculation clearly revealed that
although Fig. 4(a) corresponds to the [441] zone axis of
r-BFO, Fig. 4(c) corresponds to the ½13�1� zone axis of cubic-
perovskite STO, as revealed by structure factor calcula-
tion shown in Figs. 4(b) and 4(d), respectively. The angle
between ½13�1� and [010] of STO is calculated to be ∼25.2°,
which is in excellent agreement with ∼the angle of 25°
between the [441] and [241] of r-BFO. This further confirms
validity of the current approach for BFO phase identification.

The painstaking efforts of structure factor calculations
followed by careful comparisons for all the reported crystal
symmetries for BFO including the pseudocubic symmetry
lead us to an invaluable insight as follows. Given that the
only difference between pseudocubic and rhombohedral sym-
metries is the rhombohedral distortion, i.e., the α angle of
∼0.55° followed by the rhombohedral shifts in basis atom
locations, the extra Braggs’s reflections showing up only in
rhombohedral BFO, i.e., their disappearance in all other BFO
symmetries including the pseudocubic, can be considered
as a signature characteristic of the rhombohedral nature in

BFO crystals. In other words, the disappearance of the extra
Bragg’s reflections in BFO diffraction pattern confirms
the rhombohedral symmetry breakdown in terms of lattice
parameters as well as basis atom locations in BFO crystals.
It is also worth noting that the literature shows slight struc-
tural variations in bulk rhombohedral BFO. For example,
while the a and c lattice parameters in hexagonal notation
reported in Ref. 27 are 0.57874 and 1.38688 nm, those in
Ref. 35 are 0.561853 and 1.39824 nm, respectively. This
leads to the fact that the a and c lattice parameters in bulk
BFO have variations of ∼0.82 for a and ∼0.71% for c
together with slight variations in the locations of basis atoms.
These variations in a and c lattice parameters, and basis atom
locations convert to the variations in lattice parameters a and
α angles in rhombohedral notation. Because of these varia-
tions, i.e., slight flexibility in the rhombohedral nature in
BFO crystals, slight location shifts found in a couple (or a

BFO

(a)

STO

(b)

Fig. 3. HRTEM images of (a) the squared BFO and (b) STO areas in Fig. 2(a). FFT patterns for the areas are shown in the insets. Reproduced from Ref. 10
with permission.

(d)

(b)

310

101

014

330

(c)

(a)

Fig. 4. NBED patterns from BFO (a) film and STO substrate (b) from
Fig. 1(a) with ∼25° in situ tilt. The corresponding structure factor calculation
results are shown in (b) and (d). Reproduced from Ref. 10 with permission.
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few) of pseudocubic Bragg’s reflections in electron diffrac-
tion or XRD are not sufficient to prove the breakdown of the
rhombohedral symmetry in BFO crystals. In other words,
rhombohedral symmetry breakdown in BFO crystals should
be determined by the disappearance of the extra Bragg’s
reflections rather than by slight location shifts in out-of-plane
and=or in-plane Bragg’s reflections that are defined by the
pseudocubic notation.

Thus, ∼300 nm BFO film was prepared along the [011]STO
zone axis (which is the zone axis that can confirm either the
existence or disappearance of extra Bragg’s reflections) to
investigate the effect of BFO film thickness on the BFO crystal
symmetry, and its cross-sectional image is shown in Fig. 5(a).
Selected-area electron diffraction patterns from BFO and STO
are shown in Figs. 5(b) and 5(c) with their corresponding
structure factor calculation results [see Figs. 5(d) and 5(e),
respectively]. Note that the Bragg’s reflections indicated by
white arrows in Fig. 5(b) are attributed to double diffraction
as mentioned earlier. One can immediately notice that the
rhombohedral characteristic of BFO in Fig. 5(d) stands out
with the signature Bragg’s reflections such as ð11�3Þ and ð2�1�3Þ.
In order to further verify the rhombohedral nature in BFO, a
HRTEM images was obtained using JEOL JEM-ARM200F
and shown in Fig. 6(a) with the corresponding HRTEM image
simulation result using the multislice method [see Fig. 6(b)].

The simulation parameters used for Fig. 6(b) are E = 300 keV,
Cs = 1 µm, defocus = 9 nm, and BFO thickness = 40 nm. One
can readily recognize that the locations of Bi atom columns
show alternating “strong” and “weak” contrasts horizontally
as well as vertically in Fig. 6(b). This characteristic is well
reproduced in Fig. 6(b), which verifies that the crystal struc-
ture of BFO is rhombohedral.11)

Figures 7(a) and 8(a) show cross-sectional BF TEM images
of ∼10- and ∼3-nm-thick BFO films along the [011]STO zone
axis, respectively, to further investigate the thickness effect on
thinner BFO films. While the NBED patterns in Figs. 7(c) and
8(c) show the cubic-perovskite characteristic of the [011]STO
zone axis, those for ∼10- and ∼3-nm-thick BFO films [see
Figs. 7(b) and 8(b)] show the rhombohedral characteristic,
i.e., the extra Bragg’s reflections discussed earlier. These
results clearly reveal that the BFO films grown on (100) STO
substrate possess the rhombohedral crystal symmetry when
their thicknesses are between from ∼3 to ∼300 nm. However,
the possibility of slight differences, i.e., variations, within
the rhombohedral symmetry in each BFO film could not be
excluded, and needs further study using, for example, the
XRD technique that provides better accuracy than the electron
diffraction technique in terms of measuring the locations
of Bragg’s reflections.

Now, let us consider why r-BFO films grow with the
epitaxial relationship with the STO substrate denoted as (1).
Figure 9 show atomistic models at the BFO=STO inter-
face along the (a) [010]STO (= [241]r-BFO) and (b) [011]STO
(= [211]r-BFO) zone axes. Note that these models are con-
structed by undistorted r-BFO and STO materials. It can be
readily noticed that the lattice plane spacings between r-BFO
and STO along the in-plane direction are highly similar. For
example, the differences in the in-plane lattice spacings are
∼2.3% in Fig. 9(a) and ∼1.8% in Fig. 9(b), indicating that the
lattice mismatch at BFO=STO is minimal. Thus, the minimal
lattice mismatch at BFO=STO interface is believed to be the
reason for the epitaxial relationship denoted as (1).
3.2 BFO film grown on (100) LaAlO3 substrate: Highly
compressive biaxial strain effect
Figure 10(a) shows a cross-sectional BF TEM image of BFO
grown on LaAlO3 (LAO) along the [241]LAO zone axis. One
can readily notice that the ∼380-nm-thick BFO film consists
of two zones with darker (denoted as zone I) and brighter
(denoted as zone II) contrasts. In order to acquire information
about the crystal structure in each zone. The NBED patterns
were obtained with ∼80 nm probe size from zones II and I as

(a)

(c)(b)

(e)(d)

102

120

200

011

213113

Fig. 5. Cross-sectional BF TEM image of ∼300 nm BFO film along
[011]STO zone axis with selected-area electron diffraction patterns from
(b) BFO film and (c) STO substrate. Structure factor calculations for BFO
and STO are shown in (d) and (e). Some reflections indicated by white
arrows in (b) result from double diffraction. Reproduced from Ref. 11 with
permission.

(a) (b)

Bi Fe O

Fig. 6. (Color online) (a) HRTEM image from the squared BFO area in
Fig. 5(a), and (b) shows the corresponding image simulation using multislice
method. The simulated image based on rhombohedral BFO phase well
interprets the characteristics of the HRTEM image. Reproduced from Ref. 11
with permission.
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shown in Figs. 10(b) and 10(c). NBED pattern from LAO [see
Fig. 10(d)] was obtained also to investigate the epitaxial
relationship between BFO and LAO. One can readily find that
the symmetry in Fig. 10(b) is the same as that in Fig. 10(d),
indicating that the crystal structure of BFO within zone II is
rhombohedral. The corresponding structure factor calcula-
tion results shown in Fig. 10(e) clearly reveal that the crystal
structure is rhombohedral with the space group R3c. On the

other hand, the symmetry and locations of Bragg’s reflections
in Fig. 10(c) are clearly different from those in Fig. 10(b).
This indicates crystal structure of BFO within zone I is not
rhombohedral. Since none of the BFO phases reported pre-
viously can reproduce the NBED pattern in Fig. 10(c), first-
principles calculation based on the density function theory
was implemented using the VASP code.23) As a result, the
[001] zone axis from a new monoclinic BFO (m-BFO) crystal,
i.e., space group: Cm, a = 0.9262 nm, b = 0.7582 nm, c =
0.3791 nm, α = γ = 90°, β ≃ 90° (see Table I in Ref. 23 for
locations of basis atoms in the unit cell), was found to
accurately reproduce the NBED pattern of Fig. 10(c) as
revealed in Fig. 10(f).23) In order to further confirm the
validity of the m-BFO structure, a cross-sectional sample of
another zone axis, i.e., [211]LAO, is prepared, and its BF TEM
image is shown in Fig. 11(a). NBED patterns from BFO
zone II, BFO zone I, and LAO are shown in Figs. 11(b)–
11(d), respectively. Note that the intensity maxima denoted by
white arrows in Figs. 11(b) and 11(d) are attributed to double
diffractions.23) The symmetry of Bragg’s reflections in
Fig. 11(b) is readily recognizable to be the same as that in

STO

BFO

(a)

(c)(b)

102

120

200

011

Fig. 7. (a) Cross-sectional BF TEM image of ∼10 nm BFO film along
[011]STO zone axis with NBED patterns from (b) BFO film and (c) STO
substrate. Some reflections indicated by white arrows in (b) result from
double diffraction. Reproduced from Ref. 11 with permission.

(c)(b)

(a)

Fig. 8. (a) Cross sectional BF TEM image of ∼3 nm BFO film along
[011]STO zone axis with NBED patterns from (b) BFO film and (c) STO
substrate.
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Fig. 9. (Color online) Atomistic models based on epitaxial relationships,
demonstrating BFO=STO interface along (a) [010]STO (= [241]r-BFO) and
(b) [011]STO (= [211]r-BFO) zone axes. Note that the misfit strains at BFO=
STO (when viewed from each zone axis) are calculated to be 2.3 and ∼1.8%,
respectively. Reproduced from Ref. 10 with permission.
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Fig. 11(d), suggesting that BFO within zone II has the
rhombohedral structure. Note that the signature reflections
such as ð11�3Þ and ð2�1�3Þ are clearly visible in Figs. 11(b) and
11(d), verifying their rhombohedral nature in the crystal
symmetries. However, the symmetry and locations of Bragg’s
reflections in Fig. 11(c) are different from those in Figs. 11(b)
and 11(d) with no such signature reflections, indicating
that the BFO crystal structure within zone I is not the rhom-
bohedral structure. Structure factor calculation results for
Figs. 11(b)–11(d) are shown in Figs. 11(e)–11(g), respec-
tively. They indeed reveal that BFO within zones II and I

corresponds to the [211] zone axis of rhombohedral BFO,
i.e., r-BFO, [see Fig. 11(e)] and [012] monoclinic BFO, i.e.,
m-BFO, [see Fig. 11(f)], respectively. On the basis of the
NBED analysis results in Figs. 10 and 11, the epitaxial
relationship between zone I, i.e., m-BFO, and the LAO
substrate is as follows:

½001�m-BFO k ½241�LAO;
ð200Þm-BFO k ð10�2ÞLAO ðalong ½241�LAOÞ;
½012�m-BFO k ½211�LAO;
ð200Þm-BFO k ð10�2ÞLAO ðalong ½211�LAOÞ: ð2Þ

(a)

(b)

(c)

(d)

(e)

200

(f)

(g)

102

112

220

020

102

112

Fig. 10. (a) Cross-sectional BF TEM image of ∼380 nm BFO film on
LAO substrate along [241]LAO zone axis with NBED patterns from
(b) zone II, (c) zone I, and (d) LAO substrate. Structure factor calculation for
the corresponding NBED patterns are shown in (e), (f), and (g), respectively.
Reproduced from Ref. 23 with permission.
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Pt protection(a)

Fig. 11. (a) Cross-sectional BF TEM image of ∼380 nm BFO film on
LAO substrate along [211]LAO zone axis with NBED patterns from
(b) zone II, (c) zone I, and (d) LAO substrate. Structure factor calculation for
the corresponding NBED patterns are shown in (e), (f), and (g), respectively.
Reproduced from Ref. 23 with permission.
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This result confirms the validity of the monoclinic structure
calculated using density function theory. To further study the
growth mechanism of zones I and II on LAO, an atomic
resolution high-angle annular dark-field (HAADF)-scanning
TEM (STEM) image was obtained at m-BFO=LAO interface
and shown in Fig. 12. Note that the lattice plane in LAO runs
smoothly through m-BFO with no apparent sign of lattice
imperfections such as misfit dislocations. This indicates that
(1) the LAO=m-BFO interface is atomistically coherent and
(2) the biaxial misfit strain imposed on the m-BFO layer may
not be released. If atomistic models are constructed on the
basis of the epitaxial relationship (2) as shown in Fig. 13, one
can readily notice the lattice misfits between m-BFO=LAO
viewed along [241]LAO [see Fig. 13(a)] and [211]LAO [see
Fig. 13(b)] are ∼0.0%. On the other hand, the lattice mismatch
between r-BFO and LAO along the in-plane direction is, for
example, ∼5.3% when calculated for ð1�12Þ of r-BFO and
ð1�12Þ of LAO. Thus, it is believed that the minimal lattice
mismatch of ∼0.0% found between m-BFO and the LAO
substrate is the reason why m-BFO rather than r-BFO grows
on the LAO substrate. However, as m-BFO grows further, the
biaxial constraint originating from LAO should weaken such
that m-BFO can no longer maintain its monoclinic structure.
This will lead to r-BFO growth, i.e., its equilibrium BFO
phase, on top of m-BFO.

Note that BFO has been reported to epitaxially grow on
the LAO substrate as the so-called “supertetragonal” or
“pseudotetragonal” phase with a c=a ratio of ∼1.24.15,17,32–34)
Hereafter, we call this as t-BFO. Zeches et al. have obtained
the unit cell size of t-BFO with a ≃ 0.384 nm, b ≃ 0.376 nm,
and c ≃ 0.465 nm by measuring in-plane and out-of-plane
Bragg’s reflections by XRSM and θ–2θ XRD analysis.15)

They performed atomic resolution STEM imaging of t-BFO
to demonstrate the structural difference between t-BFO
and r-BFO.15) Interestingly, electron diffraction and FFT
patterns from t-BFO (provided in supporting material) clearly
show characteristics that are highly comparable to those in
Fig. 10(c), i.e., NBED along the [001]m-BFO zone axis, in
terms of the symmetry and intensity profile of Bragg’s
reflections.15) Infante et al. also reported on t-BFO grown on
LAO with its unit cell being a ≃ 0.379 nm (in-plane orienta-
tion) and c ≃ 0.466 nm (out-of-plane orientation) using the
HRTEM technique combined with geometric phase analy-
sis.32) More recently, Rossell et al.33) and Pailloux et al.34)

have also reported that the c=a ratios of t-BFO were ∼1.27
and ∼1.24, respectively. It is interesting to note that the
out-of-plane lattice spacing=in-plane lattice spacing along

[241]LAO zone axis for m-BFO is ∼1.22. This is highly
comparable to the c=a ratio of ∼1.24 reported for t-BFO.
In particular, Pailloux et al.34) also prepared a cross sectional
TEM sample along the [001]psedutocubic LAO substrate for
selected-area electron diffraction analysis. The selected-area
electron diffraction pattern shows characteristic Bragg’s
reflections at the 1=2(100)pseudocubic BFO. These characteristic
Bragg’s reflections together with their symmetry make the
pattern highly comparable to those shown in Fig. 10(c).
Furthermore, the pyramidal bonding geometry between Fe
and O atoms for t-BFO is found to be the same as that found
for m-BFO (see Fig. 14). The results shown above seem to
indicate that t-BFO is highly comparable to (or possibly the
same as) m-BFO discussed here. However, it should be noted
that although the morphology of t-BFO in previous works
shows slanted and=or vertical grains that grow together with
r-BFO along the surface normal direction,15,17,32–34) m-BFO
discussed here shows a lateral thin layer between r-BFO and
the LAO substrate. Besides, although the growth technique
used for t-BFO are either pulsed laser deposition or molecular
beam epitaxy, m-BFO is grown by ultrahigh vacuum rf
magnetron sputtering which may provide different BFO film
growth kinetics. More importantly, previous works estimate
only the size and symmetry of the t-BFO unit cell in terms of

m- (zone I)

Fig. 12. [241]LAO cross-sectional HAADF-STEM image at m-BFO
(= zone I)=LAO interface showing smooth lattice plane transition from LAO
to m-BFO with no obvious sign of lattice imperfections. Reproduced from
Ref. 23 with permission.
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Fig. 13. (Color online) Atomistic models at m-BFO (= zone I)=LAO
interface along (a) [241]LAO (= [001]m-BFO) and (b) [211]LAO ([012]m-BFO)
zone axes. Note that the misfit strains at m-BFO=LAO (when viewed from
each zone axes) are calculated to be ∼0.0 and ∼0.0%, respectively.
Reproduced from Ref. 23 with permission.
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how a t-BFO unit cell is strained (or modified) with respect to
r-BFO. Since no complete crystallographic data (specifically
the locations of basis atoms in a unit cell) for t-BFO are
as of yet available, it is not possible to directly compare
the structural details of m-BFO (see Table I in Ref. 23)
with those of t-BFO. Thus, it is not clear whether m-BFO
discussed here is the same as t-BFO or not. Further study is
necessary to elucidate this point.

4. Precise strain measurement combining TEM and
XRD techniques

Figure 15(a) shows a cross-sectional BF TEM image of
∼60 nm BFO grown on the (100) KTaO3 (KTO) substrate
along the [011]KTO zone axis. Note that the BFO films show
strain contrasts running across the entire BFO thickness as
denoted by white arrows. This indicates biaxial lattice strain
imposed by the KTO substrate is not relaxed. An NBED
pattern obtained from the BFO layer with∼40 nm probe size is
shown in Fig. 15(b). One can readily notice that it corre-
sponds to [211] of the r-BFO because of r-BFO signature
Bragg’s reflections such as ½11�3� and ½2�1�3�. None of these
reflections appear in the NBED pattern [see Fig. 15(c)] from
the KTO substrate that has the cubic-perovskite structure. In
order to further study the crystal structure within the BFO film,
another BF TEM image of the same sample along the [001]
zone axis is shown in Fig. 16(a). Strain contrasts within the
BFO film are still visible, as indicated by white arrows, which
is consistent with Fig. 15(a). NEBD patterns from the BFO
film and KTO substrate are shown in Figs. 16(b) and 16(c).
Although the four fold symmetry of Bragg’s reflections
in Fig. 16(b) is the same as that in Fig. 16(c), Fig. 16(b) is
associated not with the [010]pseucocubic BFO zone axis, but with
the [241]r-BFO zone axis as discussed earlier. Thus, Figs. 15
and 16 clearly reveal that the crystal structure of the BFO film
is indeed rhombohedral. On the basis of the results of NBED
analysis, the epitaxial relationship is found to be as follows:

½211� of r-BFO k ½011� of KTO;
ð10�2Þ of r-BFO k ð100Þ of KTO;
½241� of r-BFO k ½010� of KTO;
ð10�2Þ of r-BFO k ð100Þ of KTO: ð3Þ

O

Fe

Bi

pyramid

Fig. 14. (Color online) Atomic model of m-BFO showing pyramidal
bonding geometries between Fe and O. Reproduced from Ref. 23 with
permission.
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Fig. 15. Cross-sectional BF TEM image of ∼30 nm BFO grown on KTO
substrate along [011]KTO zone axis with NBED patterns from (b) BFO film
and (c) KTO substrate. Reproduced from Ref. 12 with permission.

102

112

100

001

101210

(a)

(c)(b)

Fig. 16. Cross-sectional BF TEM image of ∼30 nm BFO grown on KTO
substrate along [010]KTO zone axis with NBED patterns from (b) BFO film
and (c) KTO substrate. Reproduced from Ref. 12 with permission.
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Note that the epitaxial relationship (3) found for the KTO
substrate is the same as the epitaxial relationship (1) derived
for the STO substrate. Atomistic models based on epitaxial
relationship (3) reveal that the lattice mismatch at the BFO=
KTO interface can be accurately calculated to be ∼0.35%.12)
This is smaller than ∼0.76% estimated on the basis of
the pseudocubic assumption to describe r-BFO. This result
suggests that investigation of the epitaxial relationship
between the BFO film and the substrate material is required
to accurately calculate the true misfit strain applied to BFO.
Note that if the BFO film is found to be r-BFO, hexagonal
notation, rather than pseudocubic notation, is required to
accurately describe r-BFO. On the basis of the epitaxial
relationships (1) and (3), it is concluded that the BFO film
epitaxially grows as r-BFO, i.e., its equilibrium phase, when
the misfit strain against the substrate falls between ∼2.3% of
compressive strain and ∼0.35% of tensile strain.

It is worth mentioning that despite the importance of the
rhombohedral signature Bragg’s reflections, i.e., the extra
Bragg’s reflections, no discussion was made about it until
very recently.10–12,23) This is presumably because almost all
of the previous XRD and TEM works have used pseudocubic
notation rather than hexagonal notation to describe the
r-BFO crystal. Since pseudocubic notation disregards the
∼0.55° rhombohedral distortion as well as the slight shifts in
basis atom locations in the unit cell that accordingly follow
as a result of the rhombohedral distortion,27) the existence
of rhombohedral signature Bragg’s reflections could well
be overlooked, so that no efforts have been made to study
those Bragg’s reflections.12) Figure 17(a) shows a XRSM
result near an rhombohedral signature Bragg’s reflection, i.e.,
ð2�1�3Þr-BFO, obtained using a two-dimensional area detector
as shown in Fig. 17(a). Its intensity is much lower than
other fundamental Bragg’s reflections such as ð2�2�2ÞBFO and
ð3�2�4ÞBFO, as expected from the structure factor calculation
in Fig. 2(c) and X-ray powder diffraction result.35) However,
its signal clearly shows up above the background noise, as
revealed in one-dimensional intensity profile along the 2θ
orientation, as revealed in Fig. 17(b). This confirms the con-
sistency among XRD, NBED, and structure factor calcula-
tion results in terms of demonstrating the existence of the
rhombohedral signature Bragg’s reflections.

Now let us turn our attention to how the ∼0.35% biaxial
strain applied along the in-plane direction could turn up along
the out-of-plane direction. It is worth noting that although the
transmission electron diffraction technique provides a wide
range reciprocal lattice information which makes it advanta-
geous over XRD for investigating crystalline symmetry, its
accuracy is limited to ∼2% with Bragg’s reflections in the
zero-order Laue zone.36) On the other hand, XRD provides
better resolution in a highly localized area in a reciprocal
space. In addition, XRD data are volume-averaged over the
entire BFO film, i.e., up to the ∼mm (or above ∼mm) scale,
which inherently ensures more signals than transmission
electron diffraction data, which are obtained from a highly
localized area, i.e., less than 2–3 µm typically. Thus, XRD is
clearly advantageous over transmission electron diffraction
in terms of the precise measurement of reciprocal lattice
information from the entire volume of a BFO film.12)

Figure 17(c) shows an XRD θ–2θ scan along the surface
normal, i.e., out-of-plane, direction. Note that the Bragg’s

peak locations of (100)KTO, (200)KTO, and (300)KTO are 2θ =
22.28° (= 0.3987 nm), 45.44° (= 0.1994 nm), and 70.80°
(= 0.1329 nm), respectively. These match well with corre-
sponding Bragg’s peak locations of an unstrained KTO
material.37) On the other hand, the Bragg’s peak locations
of ð10�2ÞBFO, ð20�4ÞBFO, and ð30�6ÞBFO in Fig. 17(c) are calcu-
lated to correspond to 0.3928, 0.1966, and 0.1311 nm,
respectively. These lattice plane spacings are ∼1.6% smaller
than 0.3994, 0.1997, and 0.1331 nm of the corresponding
lattice plane spacings from unstrained r-BFO,35) indicating
that the lattice plane spacing in BFO along the out-of-plane
direction is decreased owing to the biaxial tensile stress
along the in-plane direction. This leads to a Poisson’s ratio
of ∼0.68 determined using the equation ν = εxx=εzz=(εzz=
εxx − 2), where εxx and εzz are the in-plane and out-of-plane
lattice mismatches, respectively.38,39) This Poisson’s ratio is
slightly higher than ∼0.49 previously reported for BFO thin
films.38) The discrepancy could be due to two factors: (1)
the use of different BFO growth techniques, i.e., pulsed
laser deposition (previous work) vs ultrahigh vacuum sputter-
ing (current work) and (2) the presence of single-domain
microstructure with less source of strain release (current
work) vs multidomain microstructures with possibly more
sources of strain release such as dislocations and grain
boundaries (previous work). However, further study is
necessary to elucidate this point.
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Fig. 17. (Color online) XRSM demonstrating the existence of ð2�1�3ÞBFO
reflection with (b) its intensity profile as a function of 2θ. (c) XRD with q-2q
geometry, i.e., along surface normal orientation, demonstrating that the
locations of ð10�2ÞBFO, ð20�4ÞBFO, and ð30�6ÞBFO Bragg’s reflections appear at
slightly higher 2θ angles than those of (100)KTO, (200)KTO, and (300)KTO
Bragg’s reflections. Reproduced from Ref. 12 with permission.

Jpn. J. Appl. Phys. 57, 0902A5 (2018) STAP REVIEW

0902A5-10 © 2018 The Japan Society of Applied Physics



In summary, the relationship between the substrate-
induced biaxial strains and the subsequent crystal structures
induced in BFO films grown using ultrahigh vacuum rf mag-
netron sputtering is illustrated in Fig. 18 in relation to other
perovskite-based oxide materials. Note that the lattice misfit
values estimated on the basis of conventional pseudocubic
assumption of BFO (in black) deviate from the ones derived
from the epitaxial relationships determined experimentally
for STO, LAO, and KTO (in red). This clearly indicates that
the precise measurement of the lattice misfit, i.e., lattice
strain, within epitaxial BFO films requires the identification
of the crystalline phase as well as the epitaxial relationship of
the films with the substrate materials.

5. Conclusions

The precise crystal structure and strain measurement strategy
for epitaxially grown BFO films are reviewed by using
examples of BFO films grown with different thicknesses and
substrates. The step-by-step procedure is as follows:

(1) To investigate overall crystal and microstructures in a
BFO film, the combination of multi-zone axes transmission
electron diffraction pattern analysis and structure factor calcu-
lations is required to confirm the three-dimensional structural
characteristic within the BFO film. (This is particularly im-
portant owing to the remarkably complex nature of the BFO
crystal structure as demonstrated, for instance, in Figs. 1, 2,
and 4.)

(2) If the BFO film match none of the previously known
phases, first-principles calculation (or other computational
methods) may need to be implemented to provide an
atomistic structural model of a new BFO phase for which
the structure factor can be calculated. The structure factor
calculation results should be compared with transmission
electron diffraction patterns along multiple zone axes to
ensure the validity of the atomistic structural model.

(3) The epitaxial relationship between the BFO film and
the substrate needs to be subsequently constructed to accu-
rately calculate the misfit strain at the BFO=substrate inter-
face. XRD and XRSM can be used to accurately evaluate
the lattice plane strain (and=or distortion) resulting from the
biaxial strain imposed by the substrate if necessary.

It is concluded that TEM is highly effective in determining
the overall crystal symmetry because this technique provides
wide-area reciprocal space information, which is crucial to
the proper evaluation of the symmetry that uniquely depends
on the crystallographic details of BFO, i.e., space group,
lattice parameter, and locations of all basis atoms in a unit
cell. On the other hand, for the precise measurement of the
lattice strain and possible variations within the symmetry,
XRD is advantageous over TEM owing to its capability to
measure a localized reciprocal space with superior precision.
Thus, it is critically important to utilize both of the TEM and
XRD techniques for the comprehensive structural analysis of
epitaxial BFO films.
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