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Structure determination of modulated structures
by powder X-ray diffraction and electron
diffraction

Zhengyang Zhou,®€ Luka$ Palatinus*® and Junliang Sun*®

Since the first discovery and description of materials, whose structures are not periodic, enormous efforts
have been made in studying these aperiodic structures. With these efforts including the development of
superspace group theory and structure solution algorithms, numerous incommensurately modulated struc-
tures which represent the vast majority of known aperiodic structures have been determined with single
crystal X-ray diffraction data. However, the determination of modulated structures remains very difficult for
polycrystalline materials. Powder X-ray diffraction and electron microscopy techniques yield remarkable infor-
mation for polycrystalline materials. By combining these two methods, modulated structures of polycrystalline
materials that impede solution by conventional methods can be determined. The power of these methods is
illustrated with the examples of the determination of modulated structures of polycrystalline materials.
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Introduction to the international collaboration

Electron diffraction methods have made enormous progress over the last decade. The determination of some structures using solely electron diffraction (ED)
techniques, or in combination with powder X-ray diffraction (PXRD) has now become convenient. However, the analysis of complex structures is far from
routine even with high-quality single crystal X-ray diffraction (SXRD) data, and the structure analysis of complex structures from ED and/or PXRD data is more
challengeable. The international collaborative researching projects of our group and of Lukas focus on synthetizing some new compounds which have some
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interesting functions and developing routine PXRD and ED methods to simplify the determination of complex structures of these new compounds.

1. Introduction

Since the first discovery and description of materials, whose
structures are not periodic," enormous efforts have been made
in studying these aperiodic structures. With these efforts
including the development of superspace group theory” '® and
structure solution algorithms,'” !
rately modulated structures (IMS) which represent the vast
majority of known aperiodic structures have been determined
with single crystal X-ray diffraction (SXRD) data. However, the
determination of modulated structures (MS) remains very
difficult for polycrystalline materials.

For polycrystalline materials, single crystals large enough for
SXRD are not available and materials are then often studied by

numerous incommensu-
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powder X-ray diffraction (PXRD). Reflections from differently
oriented crystallites are measured simultaneously, so reflections
with similar d-values are overlapped in the powder X-ray diffrac-
tion pattern, which hinders structure solution by PXRD
methods. Compared to X-ray diffraction, electron diffraction
(ED) patterns can be obtained from extremely small crystals.
Therefore, the crystal size limitation of X-ray crystallography is
not a problem for electron diffraction with a transmission elec-
tron microscope (TEM). But dynamical diffraction effects always
present in ED seriously complicate the quantitative analysis of
ED patterns for the determination of structures. By making a
general survey of the characteristics of PXRD and ED, it is found
that these two techniques are remarkably complementary,>
and several ways of combining them have been successfully
used to address MS that can’t be solved by either method
alone.

In this review the structure analysis of MS is focused. We
first outline basic concepts used in the structure determi-
nation of MS. Then the methods used to analyze the MS of
polycrystalline materials are described together with examples
of the determination of the MS of polycrystalline materials.
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2. Basic concepts
2.1. (1+1)DMS

The MS can be described as a section through a hypothetical
higher-dimensional structure periodic in a superspace.”™® The
simplest crystalline system: the 1D single atom chain with the
unit cell ¢1 (Fig. 1a) is used to understand this idea. In Fig. 1b,
the arrows indicate the modulations of atomic positions, the
hatch marks indicate the original atomic positions (average
positions), and the small solid circles indicate the atom posi-
tions after modulation (real positions).

Although the modulation of the 1D atom chain is shown in
Fig. 1b, an alternative view being of greater utility was found.
In this alternative view, the arrows of Fig. 1b were replaced by
simple curves (sinusoidal wave with wavelength c2) (Fig. 1c). If
the ratio y (y = c1/c2) between c¢1 and c¢2 is rational, the
structure becomes commensurately modulated. If the ratio y is
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Fig. 1 A simple 1D modulated system. (a) Before modulation: all atoms
(filled circles) lie equally spaced along a straight line. (b) After modu-
lation: half the atoms shift to the left, and half to the right (arrows). (c)
Modulation in (b) represented as a simple cosine function. Reproduced
with permission from ref. 16. Copyright 2007 Wiley-VCH.
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irrational, the structure becomes incommensurately modu-
lated. With this convention in mind, the atoms originally
located at the average positions were moved either to the left
or to the right. Atoms shifted to the left are represented by
positive values of this sinusoidal curve, whereas negative
values represent the shift to the right.

Such a modulated 1D atom system (Fig. 1c) can be treated
as a section through a hypothetical (1 + 1)D crystal. The
second 1 in (1 + 1)D is used to distinguish the number of phys-
ically unreal axes. To illustrate this, the following mathemat-
ical artifice is introduced.

The positional modulation functions of Fig. 1c were rotated
by 90° around every original atomic position (Fig. 2). Then the
MS turns to a (1 + 1)D crystal. x5; and x4, are the cell axes of
this crystal. The period of xs, is ¢2, and the period of x; is dis-
cussed below. Then periodic curved lines are used to replace
the points to describe atomic positions.

As the 1D modulated system is the section through the (1 + 1)D
system along the horizontal physical axis, the interpretation of
this only horizontal physical axis should not be changed. But
the unit scale of the vertical axis without any physical meaning
can be changed discretionarily at will. The unit length is the
easiest choice so that ¢2 is of length unity. Through this
simple transformation, the unit cell of this (1 + 1)D crystal can
be expressed as

Xs1 = /€] +7, (2-1)
Xs2 = 17 (2 - 2)

and
o= cot (ci/y). (2-3)
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It should be noted that CMS in this review are all described
in a higher-dimensional space, but they can also be described
in a supercell.

2.2. (3+d)DMS

According to the (1 + 1)D MS mathematical artifice, the actual
MS can also be described as a section through a hypothetical
higher-dimensional structure periodic in a (3 + d)D super-
space. The basis vectors in the (3 + d)D direct superspace are

d
ag=a,—y oib; 1=1,2,3
SL 4 J; g¥y y “ (2_4)

as‘3+j=bj j=1,...,d

The {a4, a,, az} are the basis vectors in the physical space.
The o;; are the components of the modulation vectors.

Then, the generalized electron density py(xs) in the super-
space is a periodic function of the superspace vectors xs, with
a periodicity provided by the basis vectors {as;, as, gz, -y
ag 3.4f- The electron density in the physical space p(x) can be
obtained as the physical space section of py(x,).">

The structure factors Fs(Hg) in the reciprocal superspace
can be obtained by Fourier transformation of the generalized
electron density py(xs). According to the properties of Fourier
transformation, Fs(Hy) is a periodic function of the reciprocal
superspace vectors Hg, with a periodicity provided by the basis
vectors {ay,, a,, as, ..., a,; .} The relationships between the
basis vectors in the reciprocal superspace and direct super-
space are:

ask-a;,:szz k,l=1,...,34+d. (2—5)

The structure factors F(H,) in the physical reciprocal space
{a;, a;, a;} can be considered as a projection onto the physical
reciprocal space from the structure factors Fy(Hg). The relation-

Junliang Sun was born in
Suzhou, China in 1979 and
received his BSc (2001) and PhD
(2006) in chemistry from Peking
University (Prof. Jianhua Lin).
After finishing his post doctorate
at  Cornell  University and
. /i Stockholm University, he became

,g an  assistant  professor  at
4 Aﬂ

Stockholm University in 2009. In
Junliang Sun

2012, he moved to Peking
University in the program of
1000 young talents. His research
interests include the develop-
ment of a method for structure determination by X-ray and elec-
tron crystallography, and synthesis and applications of porous
materials and dense oxides.

This journal is © the Partner Organisations 2016

View Article Online

Highlight

sl

c2

cl

Fig. 2 A simple 1D MS represented as a (1 + 1)D crystal. Atoms (filled
circles) lie at the intersection of the horizontal line (the physical space)
with a set of vertical periodic displacement functions. Drawn in this
fashion, an oblique 2D unit cell with unit cell vectors xs; and xs, can be
discerned. Reproduced with permission from ref. 16. Copyright 2007
Wiley-VCH.

ships between the basis vectors in the (3 + d)D reciprocal
superspace and those in the physical reciprocal space can be
expressed as

a; =a; i=1,2,3
. . (2-6)
as73+j:(1Jv+bj j=1,...,d

The b; (j =1, ..., d) are unit vectors which are perpendi-

cular to the reciprocal space {a;, a;, a;}. q; are the wave vectors
of the modulation waves defined as

(2-7)

3
quzaﬁa; (]‘:1,...,61)
i=1
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Then every diffraction vector in the physical reciprocal space
can be indexed by

H, :hla; + hza; + hsa; +---+ h3+jqj

(h1,ha, .. 2-8)

., h3yjintegers).

Fig. 3 shows the HRTEM image and corresponding FT
patterns of KNd(MoO,),.>> The modulation vector q of KNd
(M0O,), is 0.57789(4)a* — 0.14748(6)b* (a = 5.5202(2), b =
5.33376(5), ¢ = 11.8977(3) A and y = 90.9591(7)°). It is obvious
that the direction of the modulation wave is parallel to the
direction of the modulation vector ¢, and the wavelength is
reciprocal to the length of the modulation vector.

The relationship between the physical space and super-
space is summarized in Fig. 4."?

2.3. Symmetry in the superspace

The generalized electron density in a direct superspace is a
periodic function of the superspace vectors xs, with a period-
icity provided by the basis vectors {ag, asp, @szy -, Agzed)-
It thus follows that such a representation of an MS has sym-
metries according to a (3 + d)D superspace group.” It should
be noted that not all (3 + d)D space groups are possible as the
symmetry for an MS. Those denoted as superspace groups for
d = 1 were provided by Janner, Janssen and De Wolff,>*° and
for (3 + 2)D and (3 + 3)D were derived by Yamamoto,**** and

Fig. 3 [001] HRTEM image and the corresponding FT pattern of the
incommensurately modulated KNd(MoOy),. The inset represents a cal-
culated image based on the model, for a focus value of —60 nm and a
thickness of 2 nm. Reproduced with permission from ref. 23. Copyright
2006 American Chemical Society.
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Fig. 4 The relationship between the electron density and structure
factors is given by Fourier transform (FT) in the 3D or (3 + d)D space.

recently comprehensive tables have been derived and made
available on-line by Stokes, Campbell and van Smaalen.>®

2.4. Reflection conditions in the superspace

Let us consider the set of symmetry operators {Rs|ts}, which
form the superspace group of the structure. In complete
analogy to the standard periodic case, the structure factors in
the superspace transform according to

F(HgRs) = F(Hg)exp(—2niHs Tg). (2-9)
In addition, the Friedel’s law is
F(Hg)| = |[F(—H
[F(H,)| = [F(~Hy)| 010

p(Hs) = _(P(_Hs)-

{R|ts} is a (3 + d)D superspace crystallographic symmetry
operator,” and ¢ is the phase of the structure factor.
Conditions (2)-(9) must be obeyed also by all structure factors
with a diffraction vector that fulfills the condition H{Rs = Hy.?
Either F(Hj) is zero (an extinction), or the phase must be equal.
The latter condition provides the reflection conditions, given by

H;ts = n. n integers (2-11)

3. Determination of MS
3.1. PXRD

The PXRD diagram is a 1D projection of the reflections in the
reciprocal space (Fig. 5). The reflection overlap is the greatest
drawback of PXRD. The problem can be reduced by collecting
high resolution data at a synchrotron facility. But the high
resolution data cannot change the essence of PXRD. For the
MS, the reflection overlap in PXRD is much more serious,
because there the projection is not from a 3D lattice, but from
a (3 + d)D lattice. To the best of our knowledge, there has been
no fully ab initio structure solution in the superspace from
PXRD so far.

Although the reflection overlap hinders the ab initio struc-
ture solution of MS, MS determination by refinement is

This journal is © the Partner Organisations 2016
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Fig. 5 Projecting an electron diffraction pattern on a powder X-ray
diffraction pattern. Note that not all reflections on the powder pattern
are present on the electron diffraction pattern. These reflections belong
to other reciprocal lattice sections. Reproduced with permission of the
International Union of Crystallography from ref. 27.

probable. A commonly known structure type is treated as the
origin model of the refinement of MS. The amplitudes of the
positional and occupational modulation functions are gener-
ally obtained in the refinement starting from arbitrary small
values and verified against the Fourier maps in the superspace.
There are more than 35 MS that have been refined against
PXRD and/or NPD in the superspace in the period of
1989-2014.>%"% It might not be comprehensive, but might be
sufficiently representative to obtain the importance of PXRD
which are widely employed for the analysis of MS.

3.2. ED

ED patterns can be obtained from small individual single crys-
tals of the material that constitute the powder sample. Based
on the crystal orientation during the data collection, the ED

This journal is © the Partner Organisations 2016
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data collection can be divided into two main approaches: col-
lection of zone-axis patterns and acquisition of 3D diffraction
data.

3.2.1. Zone-axis ED patterns. If the crystal is oriented with
a high-symmetry direction parallel to the incident beam, an
almost undistorted image of a high-symmetry reciprocal plane
can be recorded. Such an image provides a wealth of infor-
mation on the lattice parameters, symmetry and the possible
presence and orientation of the modulation vectors. However,
such an orientation leads to the excitation of many electron
beams simultaneously and particularly severe dynamical
effects. Therefore the oriented patterns are used essentially
mainly for qualitative analysis of the structures.

To make the quantitative determination of structures from
ED patterns true, a method called precession electron diffrac-
tion (PED) was introduced 20 years ago.®* In the PED method
(Fig. 6), the electron beam is rocked in a hollow cone (at a
fixed angle to the optic axis) above the sample and then
de-rocked below the sample. With this method, only a few
reflections are excited simultaneously and the intensities are
integrated over many orientations of the incident beam.®

3.2.1.1. CaEuy(WO,), In view of the first determination of
MS by zone-axis ED in the superspace,®® eight zone-axis PED
patterns were collected, resulting in a dataset with 406 main
reflections and 51 satellite reflections.

The intensities of these reflections were used to refine the
(3 + 1)D MS. At the beginning of the refinement, a rigid body

A
Y

C2 lens aperture

Upper deflection coils

Circular motion of beam

A
Y

Objective pre-ficld

Specimen

Objective past-field < >
Circular motion of diffraction S e

pattern

Lower deflection coils

Intermediate lens

Diffracted beam Central beam

Stationary diffraction pattern
Fig. 6 Schematic ray diagram for precession electron diffraction (PED),

illustrating the rocking/de-rocking action of the beam before and after
the specimen.®®
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approximation for the WO, tetrahedra was applied. After the
convergence was achieved, the rigid body constraints were
replaced by soft constraints on W-O distances, and the atomic
coordinates of W and O atoms were refined. The positional
modulations of all atoms were not refined due to the limited
amount of observed satellites. By analogy to the known struc-
ture modulations in other scheelite-type oxides, the modu-
lation was assumed to be essential for ordering of the cation
vacancies.””””' The occupational modulations of Ca and Eu
atoms were therefore introduced and refined with crenel func-
tions.”” The refinement was finally converged with a value of
Ran = 17.9%, which is well acceptable for PED data. Fig. 7
shows the occupational modulations of Ca and Eu obtained
from the refinement. Fig. 8 shows the cation-vacancy ordering
in the 7a x 9b x 1¢ commensurate approximant.

3.2.2. Electron diffraction tomography. The crucial step
towards the widespread applicability of ED data for ab initio
structure solution was the development of 3D electron diffrac-
tion methods, generally called Electron Diffraction
Tomography (EDT). These methods arose as a result of the
development of the automated control in the TEM, and
inspired by the development of X-ray diffraction techniques
and the success of using PED for structure solution,”?
several automated methods have been developed for complete
3D electron diffraction data collection and processing:
automated diffraction tomography (ADT),*”"*¢ rotation electron
diffraction (RED)*”*° and integrated electron diffraction
tomography (IEDT).”" All these methods are just different
instances of the same principle, which differ in details and
technical implementation.

3.2.2.1. ADT. In an ADT method, the data is acquired
through sequentially tilting a selected crystal around an
arbitrary crystallographic axis with a variable tilt step down to
0.1 degree.’” Such a data set may miss main crystallographic
zones, but as it includes a large number of high-index reflec-
tions, the overall number of collected reflections is typically
higher than that achieved by manual electron diffraction data
collection. So ADT data contains nearly all reflections present
in the covered wedge of the reciprocal space.

3.2.2.2. RED. The RED method combines coarse gonio-
meter tilts (~2.0°) with fine electron beam tilt steps (usually

View Article Online
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® Eu+Ca

Fig. 8 Outline of cation-vacancy ordering in the 7a X 9b X 1c commen-
surate approximant. WO, tetrahedra are not shown. The dimers (marked
in orange) and trimers (marked in yellow) of the vacant cationic columns
are marked with red rectangles. Reproduced with permission from ref.
66. Copyright 2013 American Chemical Society.

~0.10°-0.40°) for electron diffraction pattern collection. This is
similar to collecting the single crystal X-ray diffraction data by
the rotation method with a 2D area detector. RED data collec-
tion is controlled using the RED data collection software
package.”® Typically, more than 1000 ED frames are collected
in about one hour and used for structure determination.
3.2.2.3. IEDT. Integrated electron diffraction tomography is
very similar to the previous methods. However, the rotation of
the crystal around the tilt axis is continuous and diffraction is
recorded during the tilting of the crystal. Each recorded
pattern is thus an integration of the reciprocal space over a
small tilt range. This data collection strategy is closest to the
standard data collection used in SXRD data collection.

A(Eu) A(Eu)
0.0 0.2 0.4 0.6 0.8 1.0
A(Ca) A(Ca)
o>
0.0 0.2 0.4 0.6 0.8 1.0

Fig. 7 Schematic view of the crenel domains in the superspace. The Eu domain (blue) is centered at x; = 0 with A = 1/2. Two crenel domains of Ca
(grey) are centered at x§ = 5/16 and 11/16 with A = 1/8, respectively. Reproduced with permission from ref. 66. Copyright 2013 American Chemical

Society.
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All EDT methods have been applied successfully to the
phase identification and structure determination of a variety
of 3D periodic materials,®”"*%°%97° but so far no MS has been
determined purely with EDT data in the superspace.

3.2.3. Combination of EDT and PED. An alternative to the
ZA-PED geometry and pure EDT data, which is now preferred
by many, is EDT combined with PED (PEDT).'” In PEDT, a tilt
series of patterns is collected the same way as with standard
EDT techniques, but each pattern is recorded with the PED
technique.

3.2.3.1.  1'-Cus.(Si, Ge). In the case of n'-Cus.,(Si, Ge),’*" a
single crystal was tilted in steps of 1° (—31° to 50°), and in
each step two 2° precession angle electron diffraction patterns
(200 ms exposure and 5 s exposure) used to accurately extract
the intensities of both the strong and the weak reflections
were collected.

The reflections extracted from PEDT data (Fig. 9) belonging
to the Laue class 31m (Rin(31m) = 16.75%) were indexed with a
hexagonal basic unit cell corresponding to n-Cus,,Si with two
modulation vectors q; = a(a* + b*) + 1/3c* and q, = —2aa* +
ab* + 1/3c*. The value of a was determined from the positions
of the spots in the [001] zone axis SAED to be 0.244(1).

The structure of n'-Cus.(Si, Ge) was solved by charge flip-
ping in the superspace.’® As the charge flipping algorithm is
independent of the (super)space group symmetry, it is possible
to obtain symmetry information by analysis of the recon-
structed electron density.”! This procedure found the super-
space group P31m(a, a, 1/3)000(—2a, a, 1/3)000, in agreement
with the diffraction symbol determined from the diffraction
data. Based on the ab initio reconstructed superspace elec-
tron density, the MS was described as sheets of Cu clusters
separated by honeycomb layers of mixed Si/Ge positions.

View Article Online

Highlight

The shape of the Cu clusters in the sheets strongly varied with
the modulation phase, and the predominant form was an ico-
sahedron. The striving of the Cu layers to form icosahedral
clusters was deemed to be the main driving force of the
modulation.'*

Later investigations showed that the honeycomb layers were
not formed purely by Si/Ge, but that they were in fact a mixture
of Cu and Si/Ge."” The determination of this disorder was
beyond the sensitivity of the electron diffraction data.

The MS determination of 1n/'-Cu;..(Si, Ge) was the first time
that three-dimensional electron diffraction data with a
high coverage of the reciprocal space was used for the solution
of MS employing the charge flipping algorithm in the
superspace.

3.3. Combination of ED and PXRD

Although the recent developments in ED have led to a number
of structure determinations,®®”* %% the residual dynamical
effects present in the ED data are still too strong to allow for
accurate structure determination using kinematic theory. As
an example of the limitation of ED data, the occupancy factors
of Ca and Eu in CaEu,(WO,), are in fact modulated
harmonically,’®® but the residual dynamical effects in PED
introduce an apparently complete ordering of Ca, Eu and
vacancies. It is thus desirable, where possible, to combine the
results of ED with other methods.

3.3.1. Combination of zone-axis ED patterns and PXRD

3.3.1.1. Ba,gsCa, 15Ins0;,. The first combination of
zone-axis ED and PXRD to determine MS in the superspace
was performed on the mixed metal oxide Bag.g5Cay 15INg010. %
Most of the peaks in the PXRD pattern could be indexed with a
hexagonal unit cell (P6;/m, a = b = 9.8880(1) and ¢ = 3.2170(1) A),

Fig. 9 3D distribution of diffracted intensities in the reciprocal space. (a) Projection along a*—b* with the basic unit cell and modulation vectors is
indicated. Vectors qs and —q, point partly toward the reader (cf. part b of this figure); other vectors lie in the plane of the drawing. (b) Three layers
viewed along c*. Blue, [ = 2/3; green, [ = 1; red, | = 4/3. Reproduced with permission from ref. 101. Copyright 2011 American Chemical Society.
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but a few smaller peaks were not indexed. Therefore, zone-
axis ED data were used to confirm the unit cell and symmetry.
The reflections in the [001] zone axis SAED pattern (Fig. 10a)
were compatible with the hexagonal unit cell. The [100] zone
axis SAED pattern (Fig. 10b) contained satellite reflections. In
Fig. 10b, intense satellites were observed along q; = 1/3a* +
1/3b* + yc¢* and q, = 1/3a* + 1/3b* — yc*. However, no mixed
satellites of the type q; + q, could be observed. The diffraction
pattern was therefore interpreted as stemming from at least
two twin domains, and the MS of Ba, g5Ca, 15Ins0;, was deter-
mined as (3 + 1)D. The choice of only one modulation vector,
q = 1/3a* + 1/3b* + yc*, was not compatible with a (3 + 1)D
hexagonal class superspace group and was only compatible
with the trigonal class superspace group P3(1/3, 1/3, y) or
P3(1/3, 1/3, y). When all of this information was included in the
refinements of PXRD and NPD, the MS could be determined.

3.3.1.2. PbBIiNDsO;s This example dates twenty years after
the determination of MS of BaggsCa, 5INg0;,, and it
illustrates how the developments of the methodology and of
the light sources have enabled tackling more complex
problems of MS determination in the superspace.

View Article Online

Inorganic Chemistry Frontiers

Fig. 11 shows the zone-axis ED patterns of the compounds
PbBiNb;O,5 (PBN).'* In Fig. 11a, the diffraction pattern of
PBN is similar to the [110] zone SAED patterns of other (3 + 2)
D tetragonal TTB compounds.'®® The main reflections and
satellite reflections can be indexed by the basic TTB cell (a = b
~ 12.5, ¢ ~ 3.9 A) and modulation vector a(a* + b*) + yc*
(@ = 0.3, y = 0.5), respectively. In order to determine the super-
space group of PBN, RED data was collected from the sample
which was selected by the second biggest selected area aper-
ture (diameter 500 nm). Fig. 11b is the reconstructed 3D reci-
procal space viewed along the ¢* axis. Although there are two
orthogonal modulation wave vectors in Fig. 11b, it is hard to
say that the MS of PBN is (3 + 2)D. Twinning, which is a notor-
ious problem in MS determination, can also generate a similar
pattern. In order to circumvent the effect of twinning, the
smallest selected area aperture (diameter 100 nm) was used to
select different areas to obtain SAED patterns. It is obvious
that the [001] zone SAED pattern of PBN (Fig. 11c) doesn’t
agree with the (3 + 2)D tetragonal symmetry. There is no modu-
lation vector along a(a* — b*) + yc*. Thus PBN is a (3 + 1)D
orthorhombic TTB compound.

(®)
0020
1122

0011
<

°
oon

1100

Fig. 10 Electron diffraction pattern of Bag gsCa 15InsO12. (@) [001] zone axis. (b) [100] zone axis showing extra spots appearing near the main spots
of the hexagonal lattice. Reproduced with permission of the International Union of Crystallography from ref. 103.

0RO D

\
\
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A
~ (2)
=

Fig. 11 Electron diffraction pattern of PbBiNbsO. (a) SAED patterns along [110]rs showing different orders of satellite reflections, which are posi-
tioned in both [ = 0 and [ = 1/2 planes. The numbers in the orange circles represent the orders of modulation and q is the modulation vector. The
indices are labeled on the basis of a basic TTB cell. (b) The reconstructed 3D reciprocal space view along the c* axis. The white, red, and green spots
indicate the main reflections, first order, and higher order satellite reflections respectively. There are two orthogonal modulation wave vectors:
q1 and q,. (c) SAED patterns along [001]+7g. Reproduced with permission from ref. 104. Copyright 2015 American Chemical Society.
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According to the SAED patterns, the nonpolar space groups
€222 (no. 21) and Cmmm (no. 65), and polar space groups
Cmm2 (no. 35, polar axis along the c¢ axis) and Cm2m
(or C2mm, no. 38, polar axis along b or a) are all compatible
with the reflection conditions. The nonpolar space groups
were excluded due to the existence of the second harmonic
generation (SHG) signal and ferroelectric behavior for PBN.

In situ synchrotron radiation PXRD data in the temperature
range of —73 to 427 °C were applied to study the polar axis.
The nearly linear thermal expansion behavior of the ¢ axis and
the nonlinear trends of both a and b axes (Fig. 12) indicate a
polar axis within the a-b plane. Finally, the exact direction of
the polar axis (along b) was determined based on the physical
property perspective that the ferroelectric long-range ordering
tends to elongate the polar axes in pseudo-cubic or pseudo-
tetragonal structures.'®

The modulation vector q (0.61199(8)a* + 0.5c*) was deter-
mined by the Le Bail fitting against the room temperature
synchrotron radiation PXRD. Thus the (3 + 1)D superspace
group of PBN is Cm2m(a 0 0.5)000 (a = 17.65852(10),
b =17.67709(10), ¢ = 3.87645(3)).

When all of this information was included in the refine-
ments of synchrotron radiation PXRD and anomalous dis-
persion PXRD data, the exact shapes of the occupational
modulations of Bi and Pb atoms and positional modulations
of all atoms were determined.

Through the examples of Ba, gsCa, 15In01, and PBN, it is
obvious that zone-axis ED and PXRD are remarkably comp-
lementary. The reflection overlap of PXRD hinders the detec-
tion of satellite reflections, finding the components of the
modulation vector(s) and analyzing the superspace symmetry.
The dynamical effect of zone-axis ED makes the quantitative
determination of MS hard. Therefore zone-axis ED patterns are
used to detect satellite reflections, to find the components of
the modulation vector(s) and to determine the superspace
symmetry exactly, and PXRD are used to refine modulation

3.92

17715 4
17700 - 4391
17.685 |

4390

17,670 <

< o

z 4389

< 17.655 -
17.640 - 4388
17.625
1387
17610

a0 0 10 200 300 400

Temperature (°C)
Fig. 12 Thermal expansion behavior obtained by the Le Bail fitting of
the in situ synchrotron radiation PXRD data. The solid lines are a guide

to the eye. Reprinted with permission from ref. 104. Copyright 2015
American Chemical Society.
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Fig. 13 Part of the structure of BisNbsO;5 showing both the continuous
and discontinuous perovskite blocks and [Bi>O,] slabs. Reproduced with
permission from ref. 115. Copyright 2013 American Chemical Society.

vector(s) and modulation functions (positional and
occupational). In addition, zone-axis ED and PXRD are most
conveniently achieved, so the combination of zone-axis ED and
PXRD becomes the most common method to determine MS of
polycrystalline materials in the superspace. There are more
than 12 MS that have been determined with this combination
in the superspace in the period of 1996-2015,2%1027104,106-114

3.3.2. Combination of PEDT and PXRD

3.3.2.1. BisNb3;0;5. The first determination of MS by PEDT
and PXRD in the superspace appeared in the structure deter-
mination of BisNb;O;5.""> The analysis of zone-axis patterns as
well as the 3D reciprocal space reconstructions from data
obtained by PEDT, the structure was found to be orthorhombic
with the modulation vector q = 0.1758(6)b*. The analysis of
systematic absences indicated the presence of a b-glide per-
pendicular to c. The solution was obtained from the PEDT
data by the program Superflip using charge flipping in the
superspace. The solution revealed the stacking of perovskite
blocks separated by [Bi,O,] slabs along ¢, typical for Aurivillius
phases, but the structure contains additional shears, which
lead to the presence of both continuous and discontinuous
perovskite slabs in the structure (Fig. 13). The superspace
electron density was used to construct the initial structure
model, including some (but not all) oxygen positions. The
missing oxygen positions were added based on the known
crystal chemistry of the related phases. This model was then
confirmed by Rietveld refinement against PXRD data.

4. Summary and future

Electron diffraction methods have made enormous progress
over the last decade. The determination of periodic structures
using solely ED techniques, or in combination with PXRD has
now become almost routine. However, the analysis of MS is far
from routine even with high-quality SXRD data, and the struc-
ture analysis of MS from ED and/or PXRD data is a real

Inorg. Chem. Front,, 2016, 3, 1351-1362 | 1359
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challenge. In this review we summarize the methods used for
this purpose and we illustrate a series of examples to show
that it is nowadays possible to obtain detailed structural
information on MS in this way.

The main hindrance in accurate structure determination
from electron diffraction data is the presence of dynamical
diffraction effects. To obtain accurate structure models, these
effects need to be taken into account during structure refine-
ment. The method of dynamical refinement from electron
diffraction data has recently been developed®®® and success-
fully applied to periodic structures."*®""” The generalization of
the method for MS in the superspace is under development.
Once finished, it should be possible to obtain accurate and
detailed structural information on MS from electron diffrac-
tion data collected on a single nanocrystal.
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