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Determination of the crystal structures of NdBaMn,¢: Coexisting polar and nonpolar phases
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The crystal structures of coexisting polar and nonpolar phases in A-site ordered NdBaMn,O¢ were investi-
gated by a combination of convergent-beam electron diffraction (CBED) and density functional theory (DFT)
calculations. A symmetry analysis of the CBED patterns from several segments of A-site ordered NdBaMn;O¢
at room temperature (RT ~ 293 K) revealed the presence of two crystallographic distinct phases with polar
C2mm (No. 38) and nonpolar Cmmm (No. 65) space groups. The combined method was used successfully to
determine the crystal structures of the coexisting phases with the same chemical composition and similar lattice
parameters. DFT calculations revealed that the comparable total energies of the two phases could be the origin

of their coexistence.
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The determination of crystal structures at the atomic level
is critical for understanding the functionality of newly syn-
thesized materials. The materials can be polar or nonpolar
depending on the charge distribution and structural geom-
etry. Polar structures, in contrast to nonpolar structures,
have received considerable attention in material science and
engineering because of their technologically significant fea-
tures such as piezoelectricity, pyroelectricity, ferroelectricity,
and second-order nonlinear optical properties [1-3]. Conse-
quently, characterizing the polar and nonpolar structures using
structure analysis methods such as x-ray diffraction (XRD)
and electron diffraction (ED) is critical.

XRD is one of the most commonly used methods for the
determination of the crystal structure. As the method is based
on the kinematical diffraction theory, it follows Friedel’s law,
which states that hkl and hkl reflections have the same in-
tensity for both polar and nonpolar structures. To identify the
polar structure, the anomalous scattering effect is included
in the XRD structure refinement [4—6]. One of the difficult
cases for the XRD is when polar and nonpolar structural
phases coexist in a material with domain sizes of less than
100 wm, the same chemical composition, and almost the same
lattice parameters. Then, a precise identification of coexisting
polar and nonpolar structures would be challenging because
of the overlapping of the diffraction peaks [7]. Therefore, it
is essential to adopt an effective method for examining the
coexistence of polar and nonpolar structural phases with the
same chemical composition and similar lattice parameters.

Convergent-beam electron diffraction (CBED), which is
entirely based on dynamical diffraction, can distinguish be-
tween polar and nonpolar structures [8—11]. However, the
CBED method requires an initial model structure to refine
the crystal structure. To obtain an initial model structure, an
application of first-principles calculations based on density
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functional theory (DFT) can be a reasonable solution. De-
pending on the determined space group symmetry, the DFT
calculations can predict several possible stable geometries of
an unknown structure [12].

In recent years, A-site ordered perovskite-type manganites,
RBaMn;,0O¢ (R = Y and rare-earth elements), have drawn con-
siderable attention due to their rich phase diagram [13-16].
Unlike other A-site ordered perovskite-type manganites, the
position of NdBaMn,Og (R = Nd) is on the phase boundary,
where two structural groups with tilting and no tilting of the
octahedra compete with each other [14,16]. So far, there is
still controversy about the polar and nonpolar structure of
NdBaMn,0Og at the room temperature (RT) phase [17-19].
The reason for the controversy may be structural coexis-
tence, as NdBaMn,Og is located near the phase boundary. In
this Letter, the coexistence of polar and nonpolar phases in
NdBaMn,Og at RT (*293 K) has been investigated using the
combined method of the CBED and DFT calculations.

Single-crystalline bulk specimens of NdBaMn,Og were
synthesized using the floating zone technique [17]. For
transmission electron microscopy (TEM), specimens were
prepared by crushing bulk single crystals and gluing small
segments to the copper grids. The size of each segment
was approximately 10—-100 um. CBED patterns were obtained
from different specimen areas within each segment. In this
study, 20 segments were examined using an energy filtered
TEM JEM-2010FEF, which was operated at a nominal ac-
celerating voltage of 100 kV. The TEM JEM-2010FEF is
equipped with a field-emission gun and an in-column Q-type
energy filter. The size of the electron probe is approximately
I nm in diameter.

To investigate the coexistence of two structural phases,
a total energy calculation and structure optimization were
performed using a first-principles method based on DFT
[20-22] as implemented in the plane-wave self-consistent
field (PWSCF) codes within the QUANTUM ESPRESSO simulation
package [12,23]. Since an equivalent set of k points is essen-
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FIG. 1. CBED patterns at [001] incidence taken from (a) segment
I [19] and (b) segment II. Here, m indicates the mirror symmetry
parallel to electron incidence. In the ZOLZ pattern, the magenta
and blue arrowheads in (a) represent the reflection disks opposing
mirror symmetry, whereas the yellow arrowheads in (b) represent
the reflection disks having mirror symmetry. In the SOLZ pattern,
the red and green arrowheads in (a) represent the reflection lacking
mirror symmetry, whereas the green arrowheads in (b) represent the
reflection disks keeping mirror symmetry.

tial to accurately compare the total energies of the structures,
Brillouin zone sampling was performed using the Monkhorst-
Pack scheme [24] with a 4 x 4 x 4 k-point mesh for both
structural phases. The remaining calculation conditions were
kept the same as in Ref. [19]. The best-optimized struc-
ture for each structural phase was selected by conducting a
qualitative comparison of experimental and simulated CBED
patterns with [001], [100], and [010] incidences. To simulate
the CBED patterns, many-beam dynamical calculations were
performed using the optimized structures, structure factors
from the independent atom model, and estimated values of
atomic displacement parameters (the details of the estimation
are shown in Table S1 in the Supplemental Material [25]),
as implemented in the MBFIT simulation package [26-28].
In principle, the higher-order Laue zone (HOLZ) reflections,
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FIG. 2. CBED patterns at [010] incidence taken from (a) seg-
ment III and (b) segment I'V. Here, m indicates the mirror symmetry
parallel to electron incidence. In the ZOLZ pattern, the magenta
and blue arrowheads in (a) represent the reflection disks lacking
mirror symmetry, whereas the yellow arrowheads in (b) indicate the
reflection disks having mirror symmetry. In the SOLZ pattern, the red
and green arrowheads in (a) ensure the absence of mirror symmetry
perpendicular to the a axis, whereas the enlarged SOLZ pattern in
(b) shows the presence of 2mm symmetry.
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such as the first-order Laue zone (FOLZ) and second-order
Laue zone (SOLZ) reflections, have larger reciprocal lattice
vectors g than zeroth-order Laue zone (ZOLZ) reflections.
Owing to the large g vector, the intensities of the HOLZ
reflections are more sensitive to small atomic displacements
than the ZOLZ reflections [26,27]. Consequently, the HOLZ
reflections can be used to distinguish between two structures
with a small difference in atomic positions. To compare the
simulated and experimental CBED patterns, the position and
tendency of the intensity distribution inside the HOLZ reflec-
tion disks were visually checked.

To investigate the RT phase, more than 300 CBED patterns
were obtained from different areas of 20 segments and catego-
rized based on their symmetry. In order to better understand
the experimental CBED patterns, a schematic representation
of the CBED pattern is briefly explained in Fig. S1 [25].
Figure 1 shows the CBED patterns at [001] incidence ob-
tained from segment I and segment II. Figure 2 shows the
CBED patterns at [010] incidence obtained from two different
areas Al and A2 of segment III. The TEM images of the
segments with [001] and [010] incidences and corresponding
selected-area electron diffraction (SAED) patterns are shown
in Figs. S2 and S3 [25]. According to the obtained SAED
patterns from several segments at [001], [010], and [100] inci-
dences, the lattice type is determined to be C centered by the
extinction condition #k0 = 2n + 1, where r is an integer. All
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of the reflections are indexed by assuming an orthorhombic
unit cell with dimensions of 2ap. x 2by. X 2c¢pe, Where ap,
bpe, and ¢y indicate the lattice parameters of the pseudocubic
perovskite structure. In the CBED pattern at [001] incidence
as shown in Fig. 1(a), the ZOLZ pattern is observed in the
center which is extended with a different contrast, whereas
the HOLZ reflections, such as FOLZ and SOLZ reflections,
appear as ring-shaped diffraction intensities surrounding the
ZOLZ reflections. Both the ZOLZ and SOLZ reflections in
Fig. 1(a) exhibit a mirror symmetry perpendicular to the b axis
and mirror symmetry breakdown perpendicular to the a axis.
Compared with the zone-axis CBED pattern, the existence
of mirror symmetry is much more robust in the tilted CBED
pattern. To ensure the symmetry of each incidence, the CBED
patterns are taken with a slight tilt, as shown in Figs. S4-S7
[25]. From the observation of the zone-axis and tilted CBED
patterns of segment I, it is evident that there is no mirror
symmetry perpendicular to the a axis. By contrast, the CBED
pattern in Fig. 1(b) clearly shows 2mm symmetry, two mirror
symmetries perpendicular to the b axis and the a axis. The
symmetry breakdown perpendicular to the a axis of the CBED
pattern is not owing to the surface normal issue, as explained
in Figs. S8 and S9 [25].

The CBED pattern at [010] incidence as shown in Fig. 2(a)
exhibits the absence of mirror symmetry perpendicular to the
a axis. By contrast, the ZOLZ and SOLZ reflections exhibit
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FIG. 3. Unit cells of possible optimized crystal structures of NdBaMn,Og at RT viewed from the a-axis direction. Two possible optimized
structures of the C2mm phase: (a) Optimized structure OS-1 exhibiting almost no octahedra tilting around the a axis, and (b) optimized
structure OS-2 exhibiting alternative octahedra tilting around the a axis. Here, the magenta arrows indicate the shifting of the Mn atom along
the a axis and the black arrow on the projected structure indicates the possible direction of the spontaneous polarization (P;). Two possible
optimized structures of the Cmmm phase: (c) Optimized structure OS-3 with almost no octahedra tilting around the a axis, and (d) optimized
structure OS-4 with alternative octahedra tilting around the a axis. The violet and green arrows indicate the displacement of Nd and Ba atoms,
respectively. The red arrows in (b) and (d) indicate the shifting of the O1 atom along the b axis. In the C2mm phase, the MnOg octahedron
has two nonequivalent Mn-O5 distances. In the Cmmm phase, two Mn-O5 distances in the MnOg octahedron are equal. Here, m indicates the

mirror symmetry parallel to the view direction.
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the presence of mirror symmetry perpendicular to the a axis as
indicated by the arrowheads as shown in Fig. 2(b). It is worth
noting that the CBED patterns observed from all segments at
[100] incidence are similar and exhibit 2mm symmetry.

The observed symmetries of the CBED patterns from seg-
ment | and segment III(A1) indicate that the structure lacks
mirror symmetry perpendicular to the a axis, which is in good
agreement with polar space group C2mm (No. 38) reported in
Ref. [19]. On the other hand, the observed symmetries of the
CBED patterns from segment II and segment III(A2) indicate
that the structure belongs to the nonpolar space group Cmmm
(No. 65), exhibiting a mirror symmetry perpendicular to the
a axis. Although the symmetries of the CBED patterns at
[001] and [010] incidences for the C2mm phase differ from
those of the Cmmm phase, as shown in Figs. 1 and 2, the
corresponding SAED patterns are similar. The SAED patterns
from the two phases cannot be distinguished from each other
under the same experimental conditions, indicating that the
lattice parameters of the C2mm and Cmmm structural phases
are not significantly different. It should be noted that during
examining 300 CBED patterns from 20 segments, the major-
ity of the segments (®90%) exhibit C2mm symmetry, while
a limited number of the segments (*10%) exhibit Cmmm
symmetry. Therefore, the C2mm phase is expected to be the
major phase of NdBaMn,Og at RT, and Cmmm is the minor
phase. Although the CBED patterns from a small number of
specimen segments indicate the coexistence of both C2mm
and Cmmm phases in the same segment, it is difficult to
observe a clear domain boundary from the TEM image, as
shown in Fig. S2(c) [25]. In this case, the four-dimensional
(4D) scanning TEM (4D-STEM) imaging method, which is
appropriate to examine the distribution of the two symmetry
regions, can be a potential way to observe the domain bound-
ary. As a segment with two phases simultaneously is rarely
observed, the domain size is expected to be more than 100 um.

Several model structures were constructed prior to struc-
ture optimization by estimating the atomic positions allowed
by the determined space group. For the C2mm and Cmmm
structural phases, 30 and 34 distinct model structures, respec-
tively, were generated from the different combinations of the
Nd, Ba, Mn, and O positions. The initial crystal structures
of the C2mm and Cmmm phases were relaxed by perform-
ing DFT calculations using the QUANTUM ESPRESSO package.
After structure relaxation, the optimized structures of each
structural phase were categorized into two groups: The first
group showed no tilting of MnOg octahedra about the a axis
as shown in Figs. 3(a) and 3(c), whereas the second group
showed tilting of the MnOg octahedra about the a axis (al-
ternative shift of Ol atoms along the a axis) as shown in
Figs. 3(b) and 3(d). The competition of the tilting and no-
tilting structures of NdBaMn;,Og could be due to the position
of NdBaMn,Og¢ on the phase boundary, where the tilting and
no-tilting structural groups compete with each other [14,16]
as discussed in Fig. S10 [25]. As these two types of optimized
geometries of the NdBaMn,Og structure are energetically sta-
ble, it is difficult to select the best-optimized structure only
from DFT calculations. To obtain the most reliable structures
for the C2mm and Cmmm phases, the experimentally obtained
CBED patterns at [001], [100], and [010] incidences are vi-
sually compared with the simulated CBED patterns using
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FIG. 4. Comparison between experimental and simulated CBED
patterns at [001] of C2mm phase. Experimental CBED pattern at
[001] incidence from (a) segment I. Simulated CBED patterns at
[001] incidence using (b) OS-1 and (c) OS-2 optimized structures.
Here, m indicates the mirror symmetry parallel to electron incidence.
Simulated CBED patterns. The thicknesses of both simulated CBED
patterns are 650 A.

optimized structures OS-1, OS-2, OS-3, and OS-4. Figure 4
shows the comparison between experimental and simulated
CBED patterns at [001] incidence for the C2mm phase, and
for the Cmmm phase, the comparison is shown in Fig. S11
[25]. Tt is found that the simulated CBED patterns at [001]
incidence using no-tilting structures OS-1 and OS-3 well re-
produce the experimental CBED patterns, whereas the tilting
structures OS-2 and OS-4 are far from the experimental pat-
terns. Therefore, the optimized structures OS-1 and OS-3 with
no tilting of MnOg octahedra are selected as reliable crystal
structures of the experimentally observed C2mm and Cmmm
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phases, respectively. The DFT calculations show that the dif-
ference in total energy between OS-1 and OS-3 is negligible
(differ by 0.1 meV/atom) as shown in Fig. S12 [25]. The
comparable total energies of the C2mm and Cmmm structural
phases could be the origin of their coexistence.

The crystal structure of the polar C2mm phase with no tilt
of MnOg octahedra as shown in Fig. 3(a), agrees with the
previous study [19]. The displacement of the Nd (Nd1 and
Nd2) and Ba (Bal and Ba2) atoms along the a axis are in
opposite directions. The displacements of the Mn (indicated
by magenta arrowheads) and O atoms along the a axis destroy
the symmetry in which the mirror plane crosses each Mn site
perpendicular to the a axis, resulting in two different Mn-O5
distances. Such displacements of the Mn and O atoms can
induce spontaneous polarization along the a axis, as indicated
by the black arrow in Fig. 3(a). In the case of the nonpolar
Cmmm phase, both Nd and Ba atoms are displaced in the
same direction as shown in Fig. 3(c). The shifting of Mn and O
atoms along the a axis is limited by the space group symmetry,
resulting in Mn-O5 distances being equal. The polar C2mm
structure can be distinguished from the nonpolar Cmmm struc-
ture by the absence of mirror symmetry perpendicular to the
a axis in real space. The absence of mirror symmetry in
the polar C2mm phase is due to the breakdown of inversion
symmetry caused by the failure of Friedel’s law as discussed
in Fig. S13 [25]. The observation of similar CBED patterns for
the C2mm and Cmmm phases at [100] incidence from several
segments are compatible with similar projected structures for
both phases in the [100] direction, as shown in Fig. S14 [25].

In conclusion, the crystal structures of coexisting polar
and nonpolar phases have been investigated by combining

CBED and first-principles DFT methods, with experimen-
tal CBED patterns visually compared with simulated CBED
patterns. The combined method successfully determined the
crystal structures of coexisting polar C2mm (No. 38) and
nonpolar Cmmm (No. 65) phases of NdBaMn,Og at RT, ex-
hibiting no tilting of MnOg octahedra. The observed SAED
patterns indicated that the lattice parameters of both phases
were nearly same. The DFT calculations suggested that the
comparable total energies of both phases could be the origin
of their coexistence. As the CBED method is sensitive to
atomic positions and the DFT structure optimization can pre-
dict energetically stable structures, comparing experimental
and simulated CBED patterns can guide in selecting the most
reliable crystal structure. Hence, the combination of CBED
and DFT methods can be a powerful tool for analyzing the co-
existing or mixing states of a material. The current strategy is
expected to work not only with multiphase materials but also
with locally deformed structures, such as domain boundaries
and interfaces.
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