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ABSTRACT: Crystallographic shear (CS) planes provide a new structure-generation
mechanism in the anion-deficient perovskites containing lone-pair cations. Pb,Sr,Bi,FesO g,
anew n = 6 representative of the A B,O;, , homologous series of the perovskite-based ferrites
with the CS structure, has been synthesized using the solid-state technique. The structure is
built of perovskite blocks with a thickness of four FeOg4 octahedra spaced by double columns
of FeOj edge-sharing distorted tetragonal pyramids, forming 1/2[110](101), CS planes
(space group Pnma, a = 5.6690(2) A, b = 3.9108(1) A, ¢ = 32.643(1) A). Pb,Sr,Bi,FeOy,
features a wealth of microstructural phenomena caused by the flexibility of the CS planes due
to the variable ratio and length of the constituting fragments with {101}, and {001},
orientation. This leads to the formation of “waves”, “hairpins”, “I-shaped” defects, and
inclusions of the hitherto unknown layered anion-deficient perovskites Bi,(Sr,Pb)Fe;Oy ¢ and
Bi;(Sr,Pb)Fe,O;;s. Using a combination of diffraction, imaging, and spectroscopic

transmission electron microscopy techniques this complex microstructure was fully characterized, including direct determination
of positions, chemical composition, and coordination number of individual atomic species. The complex defect structure makes
these perovskites particularly similar to the CS structures in ReO;-type oxides. The flexibility of the CS planes appears to be a
specific feature of the Sr-based system, related to the geometric match between the SrO perovskite layers and the {100},

segments of the CS planes.

1. INTRODUCTION

Planar defects that change the composition of the parent crystal
structure (so-called nonconservative defects) are always
fascinating because of their direct relation to compositional
flexibility and properties of the materials.'~* Ordering of planar
defects leads to new structures or even whole homologous
series. In the latter case, changes in chemical composition are
caused by stepwise variation of the spacing between the defect
planes. Famous examples of compositional changes related to
the arrangement of planar defects are provided by crystallo-
graphic shear (CS) planes in ReOj-type oxides. The three-
dimensional cubic framework of the parent ReOj structure is
built up of corner-sharing ReOy octahedra, reminiscent of the
perovskite ABO; structure with all vacant A positions. The CS
mechanism, which reduces the oxygen content, can be
represented in the following virtual steps (see Figure 1). The
parent framework is cut along a certain (h0l) crystallographic
plane (in Figure la the orientation of the plane is (103)) and a
fraction of the oxygen atoms is removed along the cut. To close
the gap, one part of the structure is displaced with respect to
another over a vector R which is a fraction of the basic lattice
translation (in Figure 1b R = 1/ 2[101]).> Constructed in this
way, the CS operation reduces the oxygen content, eliminating
oxygen vacancies by changing the connectivity scheme of the
metal—oxygen (M—O) polyhedra. In ReO;-type oxides a CS
operation transforms corner-sharing MOy octahedra (yellow in
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Figure 1b) into edge-sharing octahedra along the CS plane
(green in Figure 1b).5"® Any complex CS plane with (h00)
orientation can be considered as a combination of two low-
index fragments (001) and (101) with lengths p and g,
respectively.” For example, the (103) CS plane in Figure 1 can
be represented as 2 X (001) + 1 X (101) (p = 2, q = 1). For the
displacement vector R = 1/2[101] along a (h0l) CS plane, the
(101) fragment represents the conservative part of the defect
(antiphase boundary), since the displacement vector lies within
the (101) plane. The (001) fragment is the nonconservative
part responsible for the compositional change. A variation of
the p and q fractions of the (001) and (101) parts is at the
origin of the rich microstructure and compositions of the CS
structures. Changing the p/q ratio enables the CS planes to
make sideway steps, locally change the orientation and
interplanar separation, acquire a wavy shape, and even form
U-shape defects, called “hairpins”.'""

In the ABO; perovskites the 12-coordinated cavities of the
framework are filled with large A cations, whereas they remain
empty in the ReOj structure. Oxygen deficiency in perovskites
is usually accommodated through oxygen vacancies, which
decrease the coordination number of the B cations from 6
(octahedron) to S (tetragonal pyramid), 4 (tetrahedron or
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Figure 1. Generation of the 1/2[101](103) CS plane in the ReO;-type
structure: (a) cut of the parent structure along the (103) lattice plane,
where the white squares mark the oxygen atoms which appear to be
artificially duplicated due to this cut and the black squares mark the
oxygen atoms which will be removed due to the shift; (b) application
of the R = 1/2[101] displacement vector, where the (001) and (101)
fragments are marked.

>

planar square), or even 2 (dumbbell)."*"'* When the A sites in
perovskites are at least partially occupied by lone electron pair
cations (Pb*, Bi**), the oxygen nonstoichiometry can also be
accommodated through the CS mechanism, similar to that in
ReOj-type structures. In perovskites, the CS operation
transforms the corner-sharing octahedra into edge-sharing
distorted tetragonal pyramids, doing so decreasing the oxygen
content with respect to the parent perovskite framework.
Examples of the low-index 1/2[110] (TOI)p and 1/2[110]
(001), CS planes are shown in Figure 2a,b, respectively (the
first part, 1/2[110], stands for the displacement vector R along
the CS plane; the second part, (hOl)P, denotes the orientation
of the CS plane with respect to the perovskite subcell).”*~>* CS
planes with different (hOl)P orientations can be realized in
perovskite-based structures depending on the ionic radii and
electronic configuration of the A and B cations. Compounds
with (101), CS planes form homologous series by varying the
thickness of the perovskite blocks between the neighboring CS
planes. The general formula of such a series is A,B,O;,_,, where
A = Pb, Bj, Ba, Sr, B = Fe, Sc, Ti, Sn, Mn, Co, and n = 4—6
(Figure 2c represents the n = 6 member of the series).”* > The
number of the homologue n stands for the thickness of the
initial perovskite blocks cut by the CS planes, expressed as the
number of B—O polyhedra counted in the direction
perpendicular to the CS plane (c axis). CS planes with complex
(hOl)P orientations are better described as incommensurately
modulated structures, which have been observed in perovskite-
based ferrites and manganites.””**** Similar to the CS
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Figure 2. Structures of the low-index CS planes: (a) 1/2[110](101),;
(b) 1/2[110](001),,. (c) Crystal structure of the n = 6 member of the
A,B,05,_, homologous series. Perovskite blocks (marked by brackets)
are spaced by 1/2[110] (TOl)p CS planes, which transform corner-
sharing BOg octahedra (yellow) into the edge-sharing BO; tetragonal
pyramids (blue). Cations A are shown as orange spheres.

structures in binary oxides, the (h0l), CS planes in perovskites
can be represented through the simple constituting fragments
{101}, and {001},. The local variation of the ratio between
these fragments can lead to a complex behavior of the CS
planes in perovskites.

In this work, we report on the investigation of the new
compound Pb,Sr,Bi,FesO 4, which is the n = 6 member of the
A,B,O3,_, series. Pb,Sr,Bi,FecO,4 demonstrates an exception-
ally complex microstructure, associated with a peculiar behavior
of the CS planes. It was characterized in detail by means of
transmission electron microscopy, including the direct deter-
mination of atomic positions, chemical composition, and
coordination number of the B cations. The study was carried
out using aberration-corrected scanning transmission electron
microscopy (STEM), providing subangstrom resolution. The
visualization of atomic columns of both heavy and light
elements is possible with high angle annular dark field
(HAADF) and annular bright field (ABF) STEM techni-
ques.*”* The combination of STEM with electron energy-loss
spectroscopy (STEM-EELS) or energy-dispersive X-ray
(STEM-EDX) spectroscopy allows the acquisition of chemical
maps at atomic-column resolution.*' ~*® Mapping of the iron
coordination number is possible by STEM-EELS, through
mapping of the iron L,; EELS fine structure.”’~*

2. EXPERIMENTAL SECTION

The Pb,Sr,Bi,FeO,4 samples were synthesized using a high-
temperature solid-state reaction of PbO (Sigma-Aldrich, >99.9%),
SrCOj; (Aldrich, >99.9%), Bi,O; (Aldrich, 99.9%), and Fe,O; (Sigma-
Aldrich, >99%). The starting materials were mixed in the molar ratio
1:1:0.5:1.5, thoroughly ground, pressed into pellets, and annealed in
air at 750 °C for 24 h and at 850 °C for 24 h or at 900 °C for 15 h with
intermediate regrinding. Increasing the annealing temperature from
850 to 900 °C alters neither the X-ray powder diffraction pattern nor
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the microstructure of the material. A further temperature increase
results in a decomposition of the compound, which is associated with
the high volatility of lead oxide and the segregation of bismuth
strontium ferrite with a perovskite structure.

The bulk chemical composition of the sample was confirmed by
energy dispersive X-ray (EDX) spectroscopy analysis performed on a
JEOL 5510 scanning electron microscope (SEM) equipped with an
INCAx-sight 6587 system (Oxford instruments). The EDX spectra
from 90 individual crystallites were measured. The phase analysis of
the material was conducted with X-ray powder diffraction (XPD).
XPD patterns were recorded on a Huber G670 Guinier diffractometer
(Cu Ka; radiation, curved Ge(111) monochromator, transmission
mode, image plate).

The samples for transmission electron microscopy (TEM) were
made by crushing the powder in ethanol and depositing the
suspension on a copper grid covered with a holey carbon film.
Selected area electron diffraction (ED) patterns and high angle annular
dark field scanning transmission electron microscopy (HAADF-
STEM) images were taken on a FEI Tecnai G2 microscope operated
at 200 kV. Part of the HAADF-STEM images and annular bright field
scanning transmission electron microscopy (ABF-STEM) data were
obtained on a FEI Titan 80—300 “cubed” microscope operated at 300
kV and equipped with a probe aberration corrector. Electron energy-
loss spectroscopy (STEM-EELS) measurements were performed on
the same microscope operated at 120 kV using the same microscope
parameters and the procedure elaborated and described in ref 50.
EDX-STEM experiments were conducted on an FEI Titan G2
microscope equipped with a Super-X detector and operated at 200 kV.
The results were recorded using probes with convergence semiang]es
in the 21—25 mrad range (with a probe size of about 1 A). The probe
current ranged between 50 and 200 pA. Chemical maps were acquired
on a 64 X 64 pixel array using iterative drift correction and with a 25
ps dwell time.

3. RESULTS

The overall cation composition of the obtained material was
determined by SEM-EDX as Pb;g(;)Sr; 02)Biz1(2)Fes0(4)Om
which agrees well with the nominal composition
Pb,Sr,Bi,FesO 4. The XPD pattern of Pb,Sr,Bi,Fe 0,4 can be
indexed on an orthorhombic lattice with the unit cell
parameters a = 5.6690(2) A, b = 3.9108(1) A, and ¢
32.643(1) A (Figure S1 of the Supporting Information). The
unit cell parameters are in agreement with those estimated for
the A,B,O5,_, homologues (Figure 2c) using the formula a ~

a2, bxa,cx97A+ (n—2)a, \/2(71—6 a, ~ 3.9 A, the
cell parameter of perovskite structure; 9.7 A is an apgrommate
thickness of the slab between the perovskite blocks).”> The ED
patterns of Pb,Sr,Bi,Fe,O,4 (Figure S2 of the Supporting
Information) confirm the lattice parameters and reveal the
Pnma space group, characteristic of low-temperature A,B,O;,_,
polymorphs with even n.>’ However, the XPD pattern suffers
from a strong asymmetry of the reflections, their hkl-dependent
broadening, and their displacements from the ideal positions (a
theoretical XPD profile is given in Figure S3 of the Supporting
Information). The difference between the theoretical and
experimental XPD patterns suggests the presence of numerous
extended defects in the structure. To be able to uncover these,
transmission electron microscopy was used.

The HAADF-STEM images of Pb,Sr,Bi,Fe,O ¢ are shown in
Figure 3 and Figure S4a of the Supporting Information. The
brightness of the dots on these images is roughly proportional
to the average atomic number Z along the corresponding
atomic columns. The brighter pairs of dots in the image are
associated with the double Pb/Bi columns (Zp, = 82, Zy; = 83).
The A positions of the perovskite block are jointly occupied by
the Sr/Bi/Pb cations and appear weaker (Zg, = 38). Dots
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Figure 3. Overview HAADF-STEM images along the [010] direction,
indicating the complex defect structure of the Pb,Sr,Bi,FecO ¢ crystals.

corresponding to the Fe—O columns are pale, since Zg, = 26
and Zg = 8. The atomic arrangement conforms to the AgB4O 4
structure with 1/2[110], (101) CS planes®?' (see Figure
2¢).”® The pairs of Pb/B1 columns are situated inside the six-
sided tunnels formed by the FeOy4 octahedra sharing corners
with the double columns of edge-sharing FeOg distorted
tetragonal pyramids (Figure S4b of the Supporting Informa-
tion). These double columns can occur in two distinct mirror-
related configurations, arbitrarily called “left” (L) and “right”
(R). The ordering of these configurations in alternating layers is
at the or1§1n of polymorphism in the A,B,O;,_, homo-
Iogues.26 733 In Pb,Sr,Bi,FesO,4 violation of the perfect L—
R—L—R sequence of layers was occasionally observed (Figure
S4a of the Supporting Information). However, this type of
defect is not relevant to the study presented in the current
paper.

The most exciting and peculiar defects are associated with
deviations of the orientation of the CS planes from (101), and
segregation of an anion-deficient perovskite-based phase
between several adjacent CS planes (Figure 3). These defects
will be further analyzed in detail.

In the HAADF-STEM image in Figure 4 the CS planes
appear as wavy rows of double Pb/Bi columns. Although the
orientation of the CS planes significantly deviates from (101),,
short (101), segments can still be identified (they are marked
by white stralght lines in Figure 4). The (101), segments within
one CS plane are separated by (001) or (100) fragments that
introduce steps. A hlgh—magmﬁcatlon HAADF- STEM image of
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Figure 4. [010] HAADF-STEM image of a crystallite with a
fluctuating orientation of the CS planes. The (101)p fragments of
the CS planes are marked as white lines on top of the image.

such a step is shown in Figure Sa. The cation arrangement
within this structural fragment can be inferred directly from the
image (Figure Sb). It strongly resembles the (001), CS plane
segments found in the (Pb,Bi),_.Fe,,,O;_, family of anion-
deficient perovskites modulated by ~(509), CS planes.* On
the basis of the structure of these compounds the coordination
environment of the cations can be provisionally completed with
the O atoms (Figure 5d). The (001), segments of the CS
planes are built of quadruple square-pyramidal chains. Similar
to the double-pyramidal chains of the (101)P CS planes, the
pyramids in the quadruple chains are connected by sharing
basal edges. The simulated HAADF-STEM image of the
constructed model, calculated using the QSTEM 2.0 software,>!
is in good agreement with the experimental image (Figure Sc).
As can be seen in Figure 4, the length g of the (101),
segments varies significantly, being on average between three
and nine repeat periods of the perovskite unit cell. The (001),
or (100), fragments introduce the steps. The length p of such a
fragment is always one perovskite repeat period (along [100]
for the (001), fragment or along [001], for the (100),
fragment). Thus, the orientation of the CS planes depends
on the length of the (101)  segments and the type of steps
separating them (either (001), or (100),). It is noteworthy that
the CS planes change their orientation cooperatively, because
the thickness of the perovskite blocks between the CS planes is
restricted by the Fe oxidation state and oxygen content. The
fluctuating orientation of the CS planes results in a crosslike
diffuse intensity on the [010] ED pattern (see Figure S5 of the
Supporting Information). A detailed description of the ED
patterns performed with the formalism of superspace
crystallography™” is given in the Supporting Information. As a
result of the ED pattern analysis one can estimate the chemical
composition of the structure with a fluctuating orientation of
the CS planes. It is (Pb,Sr),00,Bi;ssFes066015954 With an
average separation between the CS planes of 4.3 FeOyq
octahedra along the a, axis (see the Supporting Information
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Figure S. (a) Enlarged HAADF-STEM image of a sideway step. (b)
Arrangement of the cation columns. Green spheres correspond to Pb
columns, orange to Sr, and small blue and yellow spheres to Fe. The
interface is represented as a combination of the fragments (101),
(green) and (001)p (red) CS planes. (c) Calculated HAADF-STEM
image. (d) Structure model with the FeO; (blue) and FeOy (yellow)
polyhedra.

for details). The average number of FeOg octahedra is close to
the number found in the n = 6 structure, where they are 4. The
chemical composition is also not very far from the nominal
Pb,Sr,Bi,FecO,s composition but demonstrates a clear Bi
depletion. Below we will show that the remaining Bi is situated
in the inclusions of the perovskite phase between the CS
planes.

The CS planes are often terminated by “hairpins”, which
appear as U-turns in the HAADF-STEM images (Figure 3). A
high-magnification HAADF-STEM image of such a defect is
shown in Figure 6. This fragment can be also described as a
combination of the following low-index fragments:

oo x (101), + 1/2 x (001), + 2 x (T01),
+3/2 % (100), + oo X (101),

where the length of the fragments is indicated as the number of
perovskite repeat periods along the [100],, [101],, and [001],
directions for the (001), (101),, and (100), planes,
respectively. In addition to the “hairpin”-type defects, angular
defects (“I'-shaped” fragments) are formed (Figure 7). Instead
of terminating two neighboring CS planes, these defects form a
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Figure 6. (a) Enlarged HAADF-STEM image of a “hairpin”-like
defect. (b) Model showing the distribution of the cation columns.
Green spheres correspond to Pb columns, orange to Sr, and small blue
and yellow spheres to Fe.
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Figure 7. HAADF-STEM image of Pb,Sr,Bi,FesO 4 showing the “T"-
shaped” defects.

large step from one (101),, fragment to another. These defects
can be described as

o0 X (101), + 1 X (001), + k x (T01), + 1 x (001),
+ 00 x (101),

Figure 8 shows atomic resolution STEM-EDX maps of an
area that includes CS planes and a “hairpin”-like defect.
According to the maps, the A positions on the CS planes and
“hairpins” are mainly occupied by Pb atoms. Sr is detected in
the A positions of the perovskite blocks, and Bi is equally
distributed among all A sites.
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Figure 8. HAADF-STEM images from the area with CS planes and
“hairpin”-like defects together with STEM-EDX chemical maps for Pb,
Sr, Bi, and Fe from the same area.

The “hairpin” and “T'-shaped” defects are typically accom-
panied by perovskite blocks of a significantly increased
thickness. The thickness of such perovskite inclusions can
vary over a wide range, up to more than 50 perovskite unit cells.
According to the HAADF-STEM images (Figure 3), the
structure of such inclusions is characterized by a layered A
cation ordering. The HAADF-STEM image of an inclusion is
given in Figure 9. The bright dots are attributed to the Pb/Bi/
Sr columns, forming a square pattern with a spacing of ~4.0 A,
matching the A positions of the perovskite structure. Layered A
cation ordering occurs along the ¢, direction: two layers of the
brighter dots (designated as “A2” columns) alternate with
either one or two layers of less bright dots (designated as “A1”
columns). The brightness difference is more pronounced on
the enlarged images and the corresponding intensity profiles.
Some areas possess perfectly ordered structures (for example,
A2—A1-A1-A2; see Figure S6 of the Supporting Informa-
tion), while others form intergrowths, such as in Figure 9,
where A2—A1—-Al1—A2 and A2—A1—A2 fragments are present
simultaneously. Because of the layered ordering, the periodicity
along the ¢, direction increases: ¢ ~ 3a, for the A2—A1—A2
ordering, and ¢ ~ 4a, for A2—A1—A1—A2 ordering.

Complementary HAADF-STEM and ABF-STEM images
from an inclusion are shown in Figure 10a,b. In the ABF-STEM
image, the darker dots are associated with the projections of the
A2 columns and the lighter dots correspond to the projected
Al columns. Dots of the Fe—O columns and pure oxygen
columns are weak yet visible. Between the neighboring Al
layers as well as between Al and A2 layers, the O columns are
clearly seen at the positions characteristic for the perovskite
structure (the corresponding projected octahedra are outlined
with blue lines in Figure 10c). One can notice that the oxygen
columns of the FeO, layer between the Al and A2 layers are
shifted toward the A2 layers. The dots corresponding to the
FeO, layers sandwiched between adjacent A2 layers appear
considerably blurred, indicating an oxygen deficiency in these
layers. Some oxygen columns in the layers are completely
absent; they are marked by squares in Figure 10c. The oxygen
deficiency leads to a lack of coordination environment for the
A2 cations, which is compensated by a shift of the oxygen
atoms in the FeO, layer between A1—A2 layers toward the A2
layer.

Elemental STEM-EDX maps of the inclusion with an A2—
A1—Al1-A2 ordering are shown in Figure 11. The EDX maps
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Figure 9. [010] HAADF-STEM image from the area with a
perovskite-structure-type inclusion. Parts with “A2—A1—A1—A2” and
“A2—A1-A2” ordering are indicated with brackets. For both types of
ordering the areas are outlined. The enlarged fragments together with
the corresponding intensity profiles are shown at the bottom of the
image. Less bright A layers are designated as “Al” and brighter as “A2”.

demonstrate that the Al columns are occupied mainly by Sr
with some amount of Bi and the A2 columns are occupied
mainly by bismuth with some amount of Sr. Although the signal
of Pb on the EDX spectra is rather low, a small Pb signal is
detected in both A2 and Al positions (the compositions of the
A2 and Al positions will therefore be designated as
Bi;_,(Sr,Pb), and Sr,_,(Bi,Pb),, respectively). On the basis of
both the STEM-EDX results and the analysis of the intensity
distribution on the HAADF-STEM images (see Figure S7 in
the Supporting Information), one can speculate that Bi and Sr
are intermixed in the Al and A2 layers with the prevalence of Sr
in the Al layers and Bi in the A2 layers.

The EELS spectra shown in Figure 12a indicate that the fine
structure of the spectrum measured from the FeO, layers
between two A2 layers (red curve) is significantly different from
that of the FeO, layer between the Al and A2 layers (blue
curve) (for details see the Supporting Information and ref 50).
The position of the L yeak on both spectra corroborates the
Fe oxidation state +3.*”>*7% The blue EELS spectrum is
characteristic for Fe in octahedral coordination environ-
ment,*”*® whereas the red EELS spectrum corresponds to a
lower oxygen coordination, most likely being a S-fold rather
than a 4-fold coordination of iron.*® The maps in Figure 12b
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images. (c) Image representing the ABF-STEM image (b) with
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shown with blue lines; polyhedra in oxygen-deficient layers are shown
with red lines. Red squares indicate oxygen vacancies.

Figure 11. HAADF-STEM image from the area with an A2—AI—-Al—

A2 layer alternation and STEM-EDX chemical maps for Bi, Sr, Fe, and
Pb from the same area.
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Figure 12. (a) EELS spectra from the 6-fold coordinated Fe sites
(blue) and 5-fold coordinated Fe sites (red). (b) Column by column
coordination mapping. Fe in octahedral coordination is blue; Fe in
tetragonal-pyramidal coordination is red (top, experimental EELS
maps; bottom, maps after low-pass filtering).

reveal that the B positions between the Al and A2 layers and
between two Al layers are occupied by iron in a 6-fold
coordination, corresponding to the FeO, composition, whereas
positions between two A2 layers are taken by iron in a S-fold
coordination, corresponding to the FeO,s composition. This
confirms the conclusion on the layered ordering of oxygen
vacancies made from the ABF-STEM images.

4. DISCUSSION

The Pb,Sr,Bi,Fes0 4 material demonstrates an exceptionally
rich and complex microstructure. The perovskite structure is
fragmented by crystallographic shear planes, which on average
adopt the (101), orientation, resulting in a Pnma orthorhombic
structure reminiscent of that of the n = 6 member of the
A,B,0;,_, homologous series.”>>" However, numerous defects
are present, which are caused by the significant fluctuations in
the orientation of the CS planes: ie., abrupt turns due to the
“T"-shaped” defects or even termination of the CS planes due to
the “hairpin”-type defects. Although, at first glance, these
defects seem to be very different, they are all based on the
insertion of (100), or (001), segments of the CS planes
between (101), segments. The microstructural behavior of the
Sr-based system significantly differs from that of the Ba-based
system. In the Ba-based A,B,O;,_, compounds with the (101)P
CS planes PbBaFe,O; (n = 4), Pb,Ba,BiFe 0,3 (n = §), and
Pb, (Ba, ;Bi,Fec0,s (n = 6), defects are associated with a
violation of the ordered sequence of the L and R tunnels and an
occasional variation of the thickness of the perovskite blocks
(stacking faults).>*" Fluctuation of the CS planes orientation
and, moreover, formation of the “hairpin” and “I"-shaped”
defects were not observed in the Ba-based compounds. One
can speculate that the large Ba** cations prevent the formation
of (100), or (001), segments, which are responsible for the
variation of the CS plane orientation. These segments are
geometrically quite rigid, as they are composed of sheets of
edge-sharing FeO; pyramids (see Figure Sd). Layers with a
similar geometry are formed in the Sr,FecO,,,,, com-
pounds,**~** where they alternate with the —SrO—FeO,—
SrO— perovskite blocks. This demonstrates the geometric
match of the (100), and (001), segments with the in-plane
dimensions of the SrO perovskite layer and explains the
tendency of the Sr-based system to adopt such fragments. For
the larger Ba®* cations (r(Ba®*) = 1.61 A, r(Sr**) = 1.44 A, CN
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= 12), similar Ba,BO,,,, structures cannot be obtained with
the Fe®" cation (r = 0.645 A, CN = 6, high-spin state) but can
be stabilized with larger B cations: e.sg., In* (r=0.80 A, CN =
6) and Mg** (r = 0.72 A, CN = 6). 2,60

Termination of the CS planes or abrupt variation of their
orientation results in extended anion-deficient inclusions
between the CS planes. These inclusions have a perovskite-
based structure with layered ordering of the A cations coupled
with a layered ordering of the oxygen vacancies. Two bismuth-
rich Bi;_,(St,Pb), (A2) layers alternate either with one or two
strontium-rich Srl_y(Bi,Pb)y (Al) layers. According to STEM-
EELS, the FeO, layer between two adjacent Bi,_,(Sr,Pb),
layers consists of FeOjy tetragonal pyramids. In the ABF-STEM
images the oxygen vacancies in such FeO, ; layers appear to be
disordered (an ABF-STEM image from a large area is shown in
Figure S9 of the Supporting Information). The structure can be
represented as a stack of the following layers along the c, axis:

—[FeO, ;—Bi,_,(Sr, Pb),0—FeO,
—( Srl_y(Bi, Pb)yO—FeOZ)n—Bil_x(Sr, Pb),O—FeO, .

where n = 1, 2; and the resulting composition is Bi,(St,Pb)-
Fe;Og s for the A2—A1—A2 ordering and Bi;(Sr,Pb)Fe, Oy, 5 for
the A2—A1—A1—A2 ordering. The crystal structure of these
tentative phases can be modeled using the TEM data. Taking
into account the A site ordering, the random distribution of the
anion vacancies in the FeO,  layers, and the fact that the
inclusions seamlessly coalesce with the perovskite blocks of the
CS (Pb,Sr,Bi,Fe,0¢) structure, one can deduce that the unit
cell parameters of Bi,(Sr,Pb)Fe;Oy s and Biy(Sr,Pb)Fe,O;; 5 are
related to those of the perovskite sublattice as a = a, b~ bp, c
~ 3¢, and a ® a,, b ® b, ¢ ® 4c,, respectively. The parameters
of the perovskite subcell of the A¢BsO,¢ CS structure are a, =,
~ 3929 A, b, ~ 3.911 A, and monoclinic angle § = 92.4° (for
details see the Supporting Information). Owing to the coherent
intergrowth of the inclusions and the CS structure, the
parameters of the perovskite sublattices of these structures
must be metrically close. However, careful analysis of the
HAADF-STEM images reveals that the monoclinic angle f of
Bi,(Sr,Pb)Fe;Oq s and Biy(Sr,Pb)Fe,O, ¢ is rather close to 90°
(see Figure S10 of the Supporting Information). Therefore, for
simplicity, an orthorhombic Pmmm symmetry has been
assumed. To construct the structural model of Bi;(Sr,Pb)-
Fe,O,;5 with the A2—A1—Al—A2 ordering, the x and y
coordinates of the atoms in all layers were fixed to be either 0
or 1/2. The z coordinates were estimated from the ABF-STEM
images. It was done by measuring the intensity profiles of the
atomic rows along the z direction and fitting them with a set of
Gaussian peaks in the Fityk software.®’ Positions of the peaks
were used to determine relative atomic coordinates (Table S1
of the Supporting Information). The resulting structural model
is shown in Figure 13. Two limiting cases are illustrated for the
oxygen-deficient FeO,; layers. In the first case the FeOjq
pyramids are arranged in such a way that vacant oxygen
positions form chains along the b, direction. In the ABF-STEM
images these chains are seen as missing oxygen columns. In the
second case the vacant and occupied oxygen positions form a
chess-board arrangement within the layer. Viewed along the b,
axis, this arrangement produces diffuse spots on the ABEF-
STEM images. On the basis of the TEM data, one can assume
that in the real structure these limiting configurations are
combined. The structure of Bi,(Sr,Pb)Fe;Oq is similar to that
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Figure 13. (a) Two idealized models of the inclusion structure: chain
or chess-board ordering of oxygen vacancies. (b) Top view of the two
types of FeO, g layers.

Bi;(Sr,Pb)Fe,O,,; they differ just by two —Srl_y(Bi,Pb)yO—
FeO,— layers.

Although the (Bi;_,Sr,)FeO;_, system has been intensely
studied, materials with the described structure and composition
have not been reported before. M0ssbauer spectroscopy
confirms that in the (Bil_ZSrZ)FeO3_y system (at least for z <
0.67) Fe has the oxidation state +3 and the anion deficiency is
accommodated through the formation of oxygen vacan-
82765 However, still the exact arrangement of the vacancies
is not completely clear. According to different Mossbauer
studies, in addition to octahedral coordination, Fe has
tetrahedral®*®® or both tetrahedral and pyramidal coordina-
tion.*>** TEM studies demonstrate the complex microstructure
of (Bi,_.Sr,)FeO;_, crystals (02 <z < 0.67,°"% 2= 0.67,% z =
0.25%). Splitting the structure into relatively extended oxygen-
complete and oxygen-deficient blocks was proposed for the 0.2
< z < 0.67 region,” with a tetragonal-pyramidal coordination
of Fe’* in the oxygen-deficient block. For the z = 2/3
compound, an intralayer ordering of the Sr and Bi cations was
also observed.”® For z = 0.85 material, an ordering of oxygen
vacancies, similar to that in SrgFegO,;, was suggested.”’
Apparently, none of these situations is realized in the locally
observed Bi,(Sr,Pb)Fe;O4 and Biy(Sr,Pb)Fe,O,; structures
in our samples. Here, the layered ordering of the oxygen
vacancies and the interlayer ordering of the A cations are
coupled. From simple electrostatic considerations, one could
expect segregation of the Sr** cations near the oxygen-deficient
electrically neutral FeO, 5 layers, rather than next to negatively
charged FeO, layers, which would be more attractive for the
Bi** cations. However, the experimentally observed structure is
just the opposite. A plausible explanation for the segregation of
the Bi®" cations near vacant oxygen positions has been provided
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by Withers et al,”” who pointed out that the stereochemical
activity of the lone pair on the Bi’* cation could play a role,
acquiring sufficient free space if directed toward a vacant
oxygen position. The fact that the Bi,(Sr,Pb)Fe;Ogs and
Bi;(Sr,Pb)Fe, O, s structures have never been observed before
might be related to their stabilization by the epitaxial strain
created by the CS matrix.

Concerning the “hairpin”-like defects, one should recall the
nonstoichiometric oxides derived from the ReOj; or rutile TiO,
structures.”' "> Because of the absence of the A cations in the
octahedral framework, the CS mechanism affects only the
connectivity scheme of the octahedra and does not change the
coordination number of the metal. TEM data confirm that it is
very common for nonstoichiometric oxides that CS planes with
different orientations coexist within one crystal. The “hairpin”-
like defects have also been observed both in TiO, 5'° and
W,0;,_,."* Van Landuyt and Amelinckx'® proposed that in
TiO,_; “hairpins” are involved in the generation mechanism of
the CS structures. For the other CS phases, however, other
mechanisms were developed: for example, one based on
cooperative cation migration75 or one implying a dislocation-
limited anion vacancy loop.”® Therefore, it is more likely that
the formation of CS planes in oxygen-deficient oxides occurs by
various mechanisms, depending on the composition of the
compound. The CS generation in the perovskite-based
materials is still an open question. For example, in the Pb—
Fe—O system the CS plane formation goes through an
intermediate intergrowth structure with alternating perovskite
and Aurivillius-type blocks.”” However, in other systems none
of the microstructural features, which could be related to the
presence of an intermediate phase, were observed. Concerning
the Pb—Sr—Bi—Fe—O system studied here, it is difficult
(although not impossible) to claim that “hairpins” in
Pb,Sr,Bi,FesO ¢4 are involved in the CS growth. Apparently,
this type of defect is characteristic for Sr-based CS plane
structures due to the specific geometric conditions discussed
above and does not appear in the Ba-based or Pb/Bi-based
systems. Thus, CS plane growth through the “hairpin” defects
cannot be a universal mechanism for CS plane formation in
perovskites.
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