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Abstract: Compared to X-rays, electrons have stronger interactions with matter. In electron diffraction,
the low-order structure factors are sensitive to subtle changes in the arrangement of valence electrons
around atoms when the scattering vector is smaller than the critical scattering vector. Therefore,
electron diffraction is more advantageous for studying the distribution of atoms in the structure with
atomic numbers smaller than that of sulfur. In this work, the crystal structure of Srj Cag gNb,O7
(SCNO-0.8) was analyzed using single-crystal X-ray diffraction (SC-XRD) and three-dimensional
electron diffraction (3D-ED) techniques, respectively. Interestingly, the superstructure could only
be identified by the 3D-ED technique, while no signal corresponding to the superstructure was
detected from the SC-XRD data. The superstructure in SCNO-0.8 was disclosed to be caused by
different tilting of NbOg octahedra and the displacements of Sr/Ca atoms in the different atomic
layers perpendicular to the a-axis. Therefore, the application of 3D-ED provides an effective method
for studying superstructures caused by ordered arrangements of light atoms.

Keywords: three-dimensional electron diffraction; X-ray diffraction; superstructure

1. Introduction

Transmission electron microscopy (TEM) is a powerful tool for studying inorganic,
organic, and biological materials. In TEM, the accelerated electron beam is focused on the
specimen, and electrons interact with the material to produce diffraction. The structure of
the material can be qualitatively analyzed by electron diffraction from different directions.
Selected area electron diffraction (SAED) is one of the most commonly used electron
diffraction modes and can reflect the structural characteristics of a micro-region, such as
crystallinity, orientation, symmetry, and stacking faults. When collecting SAED data, it is
necessary to align the zone axis of the crystal, which requires operators to possess high skills
and patience. In addition, electron diffraction is dynamical. Electron multiple scattering
usually causes the diffraction intensity to disperse from the stronger diffraction spots to the
weaker diffraction spots, reducing the intensity difference between the diffraction spots
in the diffraction pattern. As a result, the structural information contained is reduced. It
can be seen that the relationships between diffraction intensities and the structure factor
are very complicated. The diffraction intensity is not only related to atomic arrangements
but is also affected by the sample thickness and the diffraction direction. Therefore, it is
very difficult to analyze the material’s structure quantificationally by electron diffraction.
The emergence of precession electron diffraction (PED) technology [1] makes it possible
to obtain the integral intensity of the diffraction vector from electron diffraction with
a single zone axis. The principle of PED technology is to use the upper deflection coil to
tilt the electron beam at a certain angle (the precession angle is typically 1~3 degrees) for
conical rotation, while maintaining the same area of the sample being irradiated. Below
the sample, the electron beams are simultaneously tilted in opposite directions so that
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the diffraction pattern remains stationary. Through the above operations, the electron
beam is no longer incident along the direction of the zone axis, thus avoiding all the
diffraction spots of the zone axis from becoming excited and interacted at the same time,
which not only weakens the influence of multiple scattering, but also makes it easier to
excite higher-order Laue zone diffraction spots. Compared to the diffraction spots obtained
from conventional SAED, where the intensities are averaged, the experimental diffraction
patterns obtained after precession exhibit significantly reduced dynamical scattering effects
and are closer to the kinematical diffraction patterns. In most cases, the PED patterns also
go to higher resolution than an SAED pattern collected from the same crystal. Therefore,
the structural information obtained using PED is more accurate. Using the diffraction
intensity of the kinematical approximation in PED, the structures of some materials have
been quantificationally determined, such as heavy oxide perovskite-related structures [2],
minerals [3], and zeolites [4].

However, conventional PED only involves diffraction images collected along specific
low-index zone axes. Such a collection method can only record finite diffraction vectors,
whose completeness is low for complicated structure determination. Moreover, data of-
ten need to be collected for different crystals in order to achieve acceptable coverage,
complicating the data-merging procedure. In 2007, Kolb [5] first proposed the idea of three-
dimensional electron diffraction (3D-ED):gradual rotation of the crystal with a fixed-angle
step, collection of an electron diffraction pattern at each rotation angle, and reconstruction
of a three-dimensional reciprocal space based on the geometry relationship. Compared to
conventional in-zone ED patterns, the most obvious advantage of 3D-ED is that all reflec-
tions reachable in the tilt range of the TEM goniometer are sampled, thus maximizing data
completeness [6]. Since the angular relationship between the diffraction patterns is known,
it is possible to determine crystal parameters, extinction effect, diffraction intensities, and
other information by analyzing the distribution of reconstructed reciprocal lattice spots
in three-dimensional reciprocal space. The data collected using 3D-ED can be used to
analyze crystal structures in a manner similar to single-crystal X-ray crystallography [7].
Compared to single-crystal X-ray diffraction (SC-XRD), 3D-ED has advantages for studying
small-sized crystals [8,9] (<5 x 5 x 5 um?®) and polyphasic mixtures [10]. In recent years,
with the rapid development of 3D-ED technology, researchers have developed a variety
of data collection methods [11], such as automated diffraction tomography (ADT) [5],
rotation electron diffraction (RED) [12], precession-assisted electron diffraction tomography
(PEDT) [13], continuous rotation electron diffraction (cRED) [14], electron diffraction to-
mography (EDT) [15], fast electron diffraction tomography (fast-EDT) [16], fast automated
diffraction tomography (fast-ADT) [17], low-dose electron diffraction tomography (LD-
EDT) [18], and microcrystal electron diffraction (MicroED) [19]. These collection methods
are similar in concept, where a series of electron diffraction patterns are recorded from
a crystal tilted around the goniometer axis. EDT refers to data collection by gradually
tilting the crystal at a fixed angle and acquiring diffraction images at each tilting stage.
However, the recorded diffraction intensity suffers from imprecise integration due to gaps
between the positions of adjacent angles [16]. This missing wedge can be filled by the PED
mode [6]. The combination of EDT with PED for data collection is referred to as PEDT. The
3D-ED data collected through PEDT allows for direct dynamic refinement of the analyzed
structure, resulting in a more accurate structural model. 3D-ED technology has been widely
used in the structural analysis of various materials, such as ITQ-62 [20], SCM-14 [21], ITQ-
54 [22], UTL-DBU [23], and other molecular sieve structures, as well as in the analysis of the
molecular structures of lysozyme, protease, catalase, and other proteins [24-27]. However,
there are few reports on the use of 3D-ED to study the superstructures of materials.

The heavy atoms, which have more extranuclear electrons, have a stronger scattering
ability when interacting with X-rays, and the light atoms do not. Therefore, it is difficult to
determine the atomic positions of some light atoms, such as H, B, and O, when they coexist
with heavy atoms. In electron diffraction, the diffraction generated by core electrons can
be extended above the critical vector s (Is| =sin8/A), and the diffraction generated by
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the valence electrons is mostly confined below the critical vector s, typically in the range
of 0.2~0.6 A~1. Zhu [28] conducted a quantitative comparison of the sensitivity of the
atomic scattering factor to the valence charge distribution in X-ray and electron diffraction.
The study found that the scattering factors of light atoms with atomic numbers lower
than that of sulfur are more sensitive to valence charge density in electron diffraction than
X-ray diffraction. Therefore, 3D-ED can be used to study the superstructure caused by the
ordered arrangement of light atoms with atomic numbers lower than that of sulfur.

The Curie temperature of SroNb;O7 (SNO) crystals is above 1300 °C, which gives it po-
tential applications for high-temperature piezoelectric sensing [29-31]. In 2002, Daniels [32]
discovered the incommensurate modulation structure of SNO at room temperature by
SC-XRD. Subsequently, Lin [33] synthesized doped SNO Sr;_,CaNb,O7 (SCNO) and
studied its second-harmonic generation (SHG) effect. Although the satellite diffraction
peak, which was detected for SNO, was not observed in SCNO’s X-ray diffraction pattern.
Due to the weak interaction between X-ray and O atoms in the NbOg octahedrons, the
superstructure introduced by NbOg octahedrons with different tilting distributions may
be ignored.

In this study, the structure of Sr; ,CaggNb,O; (SCNO-0.8), synthesized using Lin’s
reported method [33], was investigated using 3D-ED. The results revealed that SCNO-
0.8 has a two-fold superstructure along the a-axis direction. The NbOg octahedron and
Sr/Ca atoms have different degrees of tilting and displacements in different atomic layers
perpendicular to the a-axis. By comparing the structure of SCNO-0.8 determined here with
that analyzed by traditional SC-XRD, as well as the incommensurate structure of SNO
reported in the literature, the relationship between the structure and nonlinear optical
(NLO) properties of SCNO materials was further clarified. This work provides an effective
method for studying the superstructures caused by the ordered arrangement of light atoms
with atomic numbers lower than that of sulfur.

2. Materials and Methods

In this study, the single-crystal sample (Figure S1) was provided by Lin’s research
group [33]. The ceramic sample of Sr; ,CapgNb,O7 (SCNO-0.8) was prepared using a solid-
state synthesis method using the raw materials SrCO3 (99.50%, Sinopharm, Beijing, China),
CaCO3 (99.50%, Sinopharm, Beijing, China), and Nb,Os5 (99.90%, Alfa Aesar, Shanghai,
China). These oxide powders were stoichiometrically weighed, mixed in ethanol by plane-
tary ball milling for 4 h, and then dried. The resulting powder was placed in an alumina
crucible and pre-calcined at 1200 °C for 2 h. After cooling, the powder was re-milled in
ethanol for 4 h and pressed into pellets with a diameter of 10 mm and thickness of 1.5 mm
using 6% polyvinyl alcohol (PVA, Hefei, China) as a binder. The pellets were sintered at
1330 °C for 2 h.

SC-XRD data were collected at room temperature using the Rigaku XtaLAB Synergy R
single-crystal X-ray diffractometer (Mo Ka radiation, A= 0.71073 A, Tokyo, Japan). An FEI
Tecnai G2 F20 S-TWIN transmission electron microscope (A = 0.0251 A, Hillsboro, OR,
USA) was used to conduct 3D-ED experiments on the samples using PEDT. For the 3D-
ED experiments, the sample tilt angle ranged from —64° to 47°, the tilt step was 1°, the
precession angle was 1°, and the camera exposure time was 2 s. A Rigaku D/max-2550V
powder X-ray diffractometer (Cu Ka radiation, A = 0.15405 nm, Tokyo, Japan) was used to
determine the phase of the powder.

Using the software CrysAlisPro [34] (version: 1.171.39) and Pets2 [35] (version:
2.2.20220915.1735) to reduce the SC-XRD data and 3D-ED data, respectively, the inten-
sity distribution of all diffraction vectors in the three-dimensional reciprocal space can be
obtained. Based on the intensity distribution of diffraction vectors in SC-XRD and 3D-ED
obtained by reduction, the structure analysis of the corresponding data was carried out in
Jana2006 [36] (Version: 20/02/2023) using the SHELXT [37] and Superflip [38] algorithms,
respectively. The least squares method was used to refine the structural parameters of
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the SC-XRD data and 3D-ED data based on kinematic diffraction theory and dynamical
diffraction theory, respectively.

3. Results
3.1. Crystal Characterization of SCNO-0.8

Daniels [32] reported that SNO has an incommensurate structure, and its modulated
structure originated from the different tilting of NbOgy octahedra and the displacement
of Sr1 atom. In order to further determine the fine structure of SCNO-0.8, SC-XRD and
3D-ED were applied. Figure la—c are reconstructed 0kl, h0l, and hk0 plane diffractions
based on SC-XRD data, respectively. Based on SC-XRD, the cell parameters of SCNO-0.8
could be determined as a = 3.9379(3) A, b = 26.7970(19) A, c = 5.6484(6) A, a = p = ¢ =90°,
with orthorhombic symmetry. The reflection conditions were h + k = 2n, h0l, h, | = 2n,
00l, I = 2n, suggesting the space group of Cmc2;. The SHELXT [37] algorithm was then
used to analyze the structure. The coordinates and anisotropic temperature factors of
all atoms in the structure were refined by using the least squares method based on the
kinematical diffraction theory. Table S1 shows the crystallographic data and refinement
parameters of SCNO-0.8 SC-XRD. Analysis of the data shows that the crystal structure
of SCNO-0.8 determined by SC-XRD was consistent with that reported by Lin [33], and
a superstructure was not observed. 3D-ED data were then collected on single-crystal
samples using PED tomography. The diffractions of the 0kl plane, 10! plane, and /k0 plane
were reconstructed from the data, as shown in Figure 1d—f, respectively, which deduced
a significantly different result from that obtained from the single crystal data. Along the a*
direction, in addition to the main diffraction spots, which satisfied the reflection conditions
of an orthorhombic unit cell with space group Cmc2; with strong intensity, there were
also many satellite diffraction spots with weaker intensity on the 10! plane and kO plane
(marked by red-dashed boxes), indicating the existence of a superstructure in the a-direction.
The (200)c, (202)c, (002)c, and (004)c crystal planes (where the subscript C denotes an
orthorhombic unit cell with space group Cmc2;) marked by green arrow in Figure S2c
can all be found with corresponding diffraction spots in Figure S2a. However, the (100)c
crystal plane does not show a diffraction spot due to the extinction effect. Nonetheless,
the presence of relatively weak diffraction spots (indicated by white dots) in Figure S2c
suggests a doubling of certain interplanar spacings. For example, the (100)c and (200)c
crystal planes can be indexed as (200)p and (400)p crystal planes (with subscript P indicating
the superstructure unit cell). The (200)p crystal plane satisfies the reflection condition, thus
there is no extinction in the diffraction pattern of the superstructure. The (100)p and (300)p
crystal planes adjacent to them do not show diffraction spots due to the extinction effect, but
nearby weak diffraction spots (marked by white arrow) that satisfy the reflection conditions
can be indexed as (101)p, (301)p, (101)p, and (301)p crystal planes. Similarly, weak diffraction
spots (indicated by white dots in Figure S2c) along the a-direction can also be observed in
Figure S2d. Therefore, the reciprocal space of these superlattice reflections in Figure le,f
can be indexed as ha* + kb* + Ic* & 1/2a*, where h, k, and [ are integers. Hence, the cell
parameters of SCNO-0.8 can be determined as a = 7.834(5) A, b=26.67(3) A, c=5.634(3) A,
and « = B =y =90° based on 3D-ED. The reflection conditions are 0k, k = 2n, h0l, h + [ = 2n,
001, I = 2n, indicating the space group of Pmn2;. The Superflip [38] program was then used
to solve the fine structure. The coordinates and isotropic temperature factors of all atoms
in the structure were refined by using the least squares method based on the dynamical
theory of diffraction, and the exact structure of SCNO-0.8 could then be obtained. The
results show that SCNO-0.8 has a superstructure and the unit cell expands by 2 times in the
a-direction. Table 1 shows the crystallographic data and dynamic refinement parameters,
and Table 52 shows the structural parameters after dynamic refinement. Tables S3 and S4
show the bond length and bond angle data, respectively.
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Figure 1. (a—c) are the Okl plane, 10! plane, and hk0 plane diffraction patterns, respectively, that were
reconstructed from the SC-XRD data. (d—f) are the Okl plane, 10! plane, and /k0 plane diffraction
patterns, respectively, that were reconstructed from the 3D PEDT data.

Table 1. Crystallographic data, details of the experiment, and dynamical refinement of PEDT.

. 1s . Sl‘l.zcag.sNb207
Stoichiometric Formula (SCNO-0.8)
Crystal system Orthorhombic
Space group Pmn2,
a,b, ¢, (A) a =7.834(5), b = 26.67(3), c = 5.634(3)
V4 8
Radiation (A) 0.0251
Temperature (K) 293
Number of frames 112
Range of data collection (°) —64 to 47
Tilt step (°) 1
Precession angle (°) 1
h k1 —7<h<7,-16<k<16,-5<1<5
Measured reflections 1449
Observed reflections (I > 30 (I)) 884
Thickness (nm refined) 429.1931
Robs, WRobs 0.1059, 0.1205
Rau, wR,p 0.1886, 0.1252
Maximum /minimum residual electrostatic 0.5, —0.4

potential (e/ A3)
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3.2. Characterization of SCNO-0.8 Powder

Figure 2a shows powder X-ray diffraction data for SCNO-0.8. All diffraction peaks are
consistent with the PDF#47-0492 card, and no diffraction peaks ascribed to any impurity
phases were detected. Figure 2b shows the SAED collected by SCNO-0.8 powder along
the [010] direction. It can be found that there were also several satellite diffractions with
weaker intensities around the main diffraction point, indicating that the superstructure
characteristics of SCNO-0.8 in the a-direction will not disappear due to the change in crystal
size. Figure S3 shows the SAED data collected under the condition of maintaining the
electron dose rate at less than 0.36 e~ s~' A~2. Similarly, in addition to the strong main
diffraction spots, it can also be found that there were many relatively weak diffraction spots
(marked by the red arrows), indicating that the superstructure of SCNO-0.8 is not caused
by electron irradiation produced by high electron doses in 3D-ED technology.

Intensity (a.u.)

()

PDF#47-0492 SrCaNb,0,

_.IIII_III

Ll L A

e B A e B v

10

20

2Theta (degree)

40 50 60 70 80

Figure 2. (a) The powder X-ray diffraction pattern of SCNO-0.8samples (b) The SAED patterns
collected along [010] zone axis of SCNO-0.8 powder sample.

Due to the strong interactions between electrons and matter, traditional SAED often
exhibits significant dynamical effects. It can be understood that when the electron beam
passes through the material, it undergoes multiple diffractions, resulting in the occurrence
of multiple scattering dynamical effects. These effects disperse the diffraction intensity
from the stronger diffraction spots to the weaker ones, resulting in an average intensity
of the diffraction spots. As a result, the diffraction intensity obtained from conventional
SAED is not accurate, which increases the difficulty in structural analysis [39]. The 3D-ED
technique used in Section 2 of this article, compared to SAED captured along low-index zone
axes, provides more comprehensive data and significantly reduces the effects of multiple
scattering. Moreover, the data collection for 3D-ED only requires tilting the sample along
a single axis, which reduces the difficulty for operators during data acquisition. Therefore,
in this study, 3D-ED data is chosen for structure refinement instead of SAED data.

4. Discussion

The SCNO crystal structure belongs to the perovskite layer structure (PLS), with n = 4
of the general formula of A;B,O317. The n also represents the number of constituent NbOg
octahedral layers that stack along the b-axis in SCNO [40-42]. For Sr/Ca ions, there are
six different crystallographic sites, which can be classified into two groups: one within the
perovskite slab and coordinated by 12 oxygen atoms, and another near the boundary of
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the perovskite slab and coordinated by 10 oxide ions. For each position, it is occupied by
mixed Sr/Ca with a ratio of 0.6/0.4.

Figure 3a,b represent the crystal structures determined by SC-XRD and 3D-ED, re-
spectively, viewed along the a-axis direction. Through comparative analysis, it was found
that in the structure determined by 3D-ED, there was a position shift of Sr/Ca atoms in
different atomic layers perpendicular to the a-axis (as shown in the black-dashed circle
in Figure 3b), while the NbOg4 octahedron exhibits locally differential twists in the b—c
plane. As shown in Figure S4a,b, the Nb-O-Nb angle changes correspondingly in both
cases. In SCNO-0.8, as determined by SC-XRD, there is a mirror-symmetric plane inside the
[Nb,O11]%~ dimer (Figure 3c), and the connection mode along the a-axis of the [Nb,Oq1 ]2~
dimer is O3-Nb1-03-Nb1-03, and all the Nb-O bond lengths in this direction are 1.994 A.
In contrast, in the superstructure of SCNO-0.8 as determined by 3D-ED, the [Nb,Oy1 12~
dimer has a slightly twisted conformation (Figure 3d). Two Nb3Og polyhedra have chiral
symmetry, and their connection mode is O8-Nb3-09-Nb3-O8. The length of the Nb-O bond
changes (2.004 A for O8-Nb3 and 1.993 A for 09-Nb3), and the two Nb-O-Nb angles are
also different (161.8° in SC-XRD > 157° in 3D-ED), indicating multiple directional twists
of the NbOy octahedron in the superstructure. Figure 3e,f represent the crystal structures
determined by SC-XRD and 3D-ED, respectively, viewed along the c-axis direction. The
Nb1Og and Nb20Og polyhedra drawn in Figure 3e correspond to those in Figure 3¢, with
no tilt occurring. In contrast, the polyhedra Nb3Og and Nb60)y drawn in Figure 3f can
correspond to Figure 3d, both showing a tilt. This could be the origin of the superstructure.
Based on the 3D-ED structural characterization in Section 3.1 of this paper, it can be con-
firmed that the superstructure, compared to the average structure obtained from SC-XRD,
needs to be described with twice the lattice parameter a (as shown by the black solid box in
Figure 3f). The displacement of Sr/Ca atoms in the SCNO-0.8 superstructure and different
tilting of NbOg octahedra are mainly due to the fact that when Ca?* with a smaller ionic
radius replaces Sr?*, the NbOg octahedron rotates and twists to alleviate the internal stress
and maintain structural stability [43—46].

The SHG effect is closely related to polarization features, and the mutual superposition
of polyhedral spontaneous polarization affects the macroscopic SHG performance of the
crystal. The space group of the SCNO-0.8 superstructure is Pmn2;, which belongs to the
orthomorphic crystal system. There is a 21-pole axis in the c-direction, which leads to the
non-coincidence of charge centers of atoms along the c-axis, forming a dipole moment and
causing spontaneous polarization. On the contrary, the displacements of atoms along the
a-axis and b-axis are neutralized by the presence of mirror and sliding planes, respectively.
Therefore, the dipole moments of the polyhedron along the a-axis and b-axis do not
contribute to the spontaneous polarization of the crystal. From the structural point of
view, the dipole moment of SCNO-0.8 originates from the distortion of three polyhedral:
NbOg, AOq3, and AOqg (A = Sr/Ca). To better understand the synergistic effect of local
dipole moments from different types of polyhedra, the local dipole moments (LDM) of
each polyhedron were calculated using the bond valence sum approach [47,48]. Table 2
shows the dipole moment of the polyhedron along the polar axis c-axis of the SCNO-
0.8 superstructure. It was found that the contribution of the overall net dipole moment
mainly comes from the NbOg octahedron. Tables S5 and S6 are the dipole moments of
each polyhedron of SCNO-0.8, as determined by SC-XRD and 3D-ED, respectively. By
comparison, the dipole moments of the NbOg octahedron in the superstructure along
the three directions a, b, and ¢ have all changed, as shown in Figure 3c,d for the Nb1Og
and Nb3Og4 octahedra. The dipole moments of two adjacent Nb1Og octahedrons in the
a-direction of the SCNO-0.8 structure, as determined by SC-XRD, are the same and equal to
0 Debye. However, in the superstructure, the dipole moment of a single Nb3O¢ octahedron
along the a-direction is greater than 0 (1.37 Debye), but the dipole moment is neutralized
due to the presence of mirror planes in the a-direction and thus has no contribution to
the net dipole moment. Similarly, the dipole moment in the b-direction also changes, but
there is a slip plane in the b-direction, which also results in the neutralization of the dipole
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moment. In the c-direction of the polar axis, the local dipole moments in two structures
also changed. There are six distinguishable crystallographic sites for Nb atoms in the
superstructure, and their dipole moments along the c-direction are all different. Compared
with the average structure of SCNO-0.8, as determined by SC-XRD, the octahedral dipole
moments of Nb1Og (2.13 Debye), Nb2Og (1.81 Debye), and Nb3Og (2.04 Debye) are all
smaller than that of Nb1Oy in the average structure (2.42 Debye). The dipole moments of
Nb4Og (2.45 Debye) and Nb6Oy (4.19 Debye) in the superstructure are in between those of
Nb1Og and Nb20g (4.33 Debye) in the average structure. The octahedral dipole moment
of Nb50g (5.01 Debye) is larger than that of the average structure. It can be seen that the
variation of local NbOg polyhedral dipole moments in the superstructure is more diverse
than that of SCNO-0.8, as determined by SC-XRD, but the average contribution of the
NbOg octahedra to the unit cell net dipole moment in both structures are close to each other.
Because the NbOg octahedron has different degrees of tilting in all directions, SCNO-0.8
exhibits a superstructure, which causes a change in the dipole moment. At the same time,
due to the displacement of atomic Sr/Ca, the dipole moment of the (Sr/Ca)O, polyhedron
also changes.

Table 2. Magnitude (in Debye) of the polyhedral local dipole moments for superstructure SCNO-0.8
along the polar c-axis direction.

Dipole Dipole Dipole
Polyhedral Morlronents Polyhedral Morlralents Polyhedral Morlr)lents

SrlOw —1.46 CalOw —3.01 Nb106 —2.13

Sr2010 —-3.7 Ca2010 —4.11 Nb206 —1.81

SI‘3010 0.11 Ca3010 —1.15 Nb306 —2.04

Sr40qp 2.06 Ca40qp 2.05 Nb4Og¢ —2.45

SI'SOlz 6 Ca5012 5.57 Nb506 —5.01

SI‘6012 —2.1 Ca6012 —1.2 Nb606 —4.19

Z 16 16 16
Average 0.11 —0.14 —2.98
Total 1.80 —2.23 —47.74
Weight 0.89% 99.11%

For the average and total LDMs calculations, the site multiplicities and occupancies
were considered.

This study also calculated the polyhedral dipole moment of the parent material SNO
with an incommensurately modulated structure (Table S7). Compared with Table 2, it can
be seen that with the doping of Ca?*, the counteraction effect of the SrOy polyhedron at the
A site on the net dipole moment is eliminated. Meanwhile, the NbOg octahedron shows
greater torsion, and its contribution to the net dipole moment increases to about two times.
This is consistent with Lin’s [33] report that the increase in net dipole moment enhances
NLO properties and thus improves SHG performance.
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Figure 3. (a) Structure of SCNO-0.8 view along the a-axis; (b) superstructure of SCNO-0.8 view
along the a-axis; (c) [NbyO11]%>~ dimer of SCNO-0.8 along [011] direction; (d) [NbyO11]%~ dimer of
SCNO-0.8 superstructure along [011] direction. (The black-dashed box shows the offset Sr atom, and
the red-dashed box shows the twisted [Nb,O11]% dimer); (e) structure of SCNO-0.8 viewed along the
c-axis; and (f) superstructure of SCNO-0.8 viewed along the c-axis (unit cell of SCNO-0.8 marked by
the black solid box).

5. Conclusions

In this paper, the structure of SCNO-0.8 was investigated using both SC-XRD and
3D-ED techniques. Unlike the average structure determined by SC-XRD, 3D-ED detects the
superstructure of SCNO-0.8 along the a-direction. By analyzing crystal structure parameters
and calculating polyhedral dipole moments based on bond valence theory, it was found that
the superstructure of SCNO-0.8 originated from the different degrees of tilting of the NbOs
octahedron and the displacement of the Ca/Sr atoms. Compared to SNO, NbOg octahedral
distortion plays a major role in the increase in dipole moment and the enhancement of SHG
properties. It can be seen that 3D-ED technology, as a powerful new tool, has advantages
for studying superstructures caused by the ordered arrangement of light atoms. It has
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potential applications in analyzing the structure of compounds containing elements with
an atomic mass lower than that of sulfur.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/ cryst13060924/s1, Figure S1: SCNO-0.8 single crystal image; Figure S2:
(a) and (b) are the 10! plane and hkO plane diffraction pattern, respectively, that were reconstructed
from the SC-XRD data respectively, that were reconstructed from the SC-XRD data. (c) and (d) are
the K0! plane and kO plane diffraction pattern, respectively, that were reconstructed from the 3D
PEDT data. (Each rectangle in the figure represents the unit cell of orthorhombic structure, and
the white dots represent superstructure diffraction spots with relatively weak intensity); Figure S3:
The SAED patterns collected along [401] the zone axis of the SCNO-0.8 powder sample; Figure S4:
(a) NbOg polyhedral of SCNO-0.8 average structure view along the a-axis, (b) NbOg polyhedral
of SCNO-0.8 superstructure view along the a-axis; Table S1: SC-XRD crystallographic data and
structural refinement parameters; Table S2: Final dynamic refined superstructural parameters of
SCNO-0.8; Table S3: Bond distances in the superstructure of SCNO-0.8; Table S4: Bond angles in the
superstructure of SCNO-0.8; Table S5: magnitude (in Debye) of the polyhedral local dipole moments
for SCNO-0.8 with average structure; Table S6: magnitude (in Debye) of the polyhedral local dipole
moments for superstructure SCNO-0.8; Table S7: magnitude (in Debye) of the polyhedral local dipole
moments for incommensurately modulated structure SNO.
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