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ABSTRACT: Factors affecting the structure and orientation
of the crystallographic shear (CS) planes in anion-deficient
perovskites were investigated using the (Pb,_,Sr,),_,Fe, O3y
perovskites as a model system. The isovalent substitution of
Sr** for Pb** highlights the influence of the A cation electronic
structure because these cations exhibit very close ionic radii.
Two compositional ranges have been identified in the system:
0.05 <z £ 0.2, where the CS plane orientation gradually varies
but stays close to (203),, and 0.3 < z < 0.45 with (101), CS
planes. The incommensurately modulated structure of
Pbg 79,510 16sF€1.04002.500 Was refined from neutron powder

(F'b1-zS rz)1—xFe‘i+x031v
0055:502
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diffraction data using the (3 + 1)D approach (space group X2/m(a0y), X = ("/5, /5, '/5 /2), a = 3.9512(1) A, b = 3.9483(1) A,
c=3.9165(1) A, f=93.268(2)°, q = 0.0879(1)a* + 0.1276(1)c*, R = 0.023, R, = 0.029, and T = 900 K). A comparison of the
compounds with different CS planes indicates that the orientation of the CS planes is governed mainly by the stereochemical
activity of the lone-electron-pair cations inside the perovskite blocks.

B INTRODUCTION

The formation of crystallographic shear (CS) planes is a well-
known mechanism of the anion deficiency accommodation in
oxides with ReO; (e.g, WOs, NbO,F) and rutile (e.g, TiO,,
VO,) structures.' > Both structure types are composed of MOy
octahedra bound in a 3D framework by sharing vertexes
(ReO;) or vertexes and edges (rutile). The anion deficiency in
these materials can be introduced either by reduction of the
metal cation or by substitution with other cations having lower
oxidation state (e.g, W* and Mo®" by Ti*, Ge**, Nb**, and
Ta").*"7 Either way, the overall oxygen content is decreased
through CS plane formation. The CS operation can be
represented with the following virtual steps: (1) cutting the
basic structure along a certain crystallographic plane; (2)
removing part of the O atoms along the cut; (3) closing the gap
by shifting one part of the structure with respect to another
over the displacement vector, which is a fraction of the lattice
translation.”> Typically, the CS operation does not alter the
cation coordination number but lowers the oxygen content
through a change in the connectivity of the MOg octahedra. It
introduces edge and face sharing into the ReOj; and rutile-type
structures, respectively.

Upon reduction of the oxygen content, the number of CS
planes increases and the distance between them becomes
shorter. In some cases, the increasing interaction between the
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CS planes can force them into ordered arrays, thus giving rise
to homologous series, e.g., Ti,0,,_1,% V,0,,_;,” (W,Mo),03,_1,
and W,0;,,'""" (n represents the number of octahedra
between the CS planes). Not only the spacing between the CS
planes but also their crystallographic orientation depend on the
reduction rate. For example, in slightly reduced WO;_5 down
to a composition of about WO, 4, the CS planes are confined
to the {102} planes (the plane indexes are represented
according to the basic cubic ReOs-type structure). Below a
composition of approximately WO,,,;, they exhibit {103}
orientation. At intermediate compositions, the {102} and {103}
CS planes coexist." A similar behavior of the CS planes is
observed when the oxygen content in WOj; is reduced by
replacing a small amount of W by other cations with lower
valence state.*”” Starting from the low-index {102} planes,
upon reduction of the oxygen content, the CS planes
subsequently change their orientation toward high-index
{103}, {104}, and {10m} planes and ultimately end up with
{1000}, which is equivalent to {001}. In ref 12, such behavior
was explained in a semiquantitative manner by the interplay of
the CS plane formation energy and the energy of their
interaction. The former term is mainly due to rupture of the
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Table 1. Composition, Unit Cell Parameters, Unit Cell Volume, and the Modulation Vector Components of the
(Pb,_.Sr,),_.Fe,,,0;_, (0.05 < z < 0.2) Compounds, the Interplanar Spacing between the CS Planes (d), and the Average
Number of the Octahedra between the Adjacent CS Planes (N)

cell parameters modulation vector

composition z a, A b, A ¢ A B, deg v, A3 a 4 a* A N®

Pby,004STo.04sF€1.04902 535 0.05 3.9166(1) 3.8996(1) 3.9249(1) 93.039(1) 59.861(3) 0.0797(1) 0.1283(1) 12.67 3.20
Pby s50ST0.00sF€1.04602.533 0.10 3.9170(1) 3.9052(1) 3.9080(1) 93.076(1) 59.692(2) 0.0823(1) 0.1283(1) 12.51 3.09
Pby 53,510 120F€1.04402.530 0.125 3.9174(1) 3.9077(1) 3.8948(1) 93.122(1) 59.542(3) 0.0846(1) 0.1286(1) 12.35 3.00
Pby.g135T0.144F€1.04302 528 0.15 3.9178(1) 3.9096(1) 3.8881(1) 93.142(1) 59.464(3) 0.0857(1) 0.1287(1) 12.28 2.95
Pbyg 79,510 165F€1.04002.529 0.175 3.9184(1) 3.9109(1) 3.8818(1) 93.200(1) 59.393(4) 0.0879(1) 0.1280(1) 12.21 2.89
Pby765ST0.192F€1.04002.525 0.20 3.9192(1) 3.9123(1) 3.8796(1) 93.210(2) 59.393(4) 0.0885(2) 0.1287(1) 12.13 2.85

a4 = 1/2[(a*/(a* sin® B) + /(& sin® ) — (2ay cos f)/(ac sin® f)1™2 N = (1 - 3y — a)/[2a(2 + y — @)].

W-O bonds. In a given structure, the formation energy
increases with increasing m of the {10m} CS planes. The latter
energy term is mainly due to the strain imposed by the CS
planes. It depends on the distance between the CS planes, but
in general it decreases with increasing m.314 Upon reduction,
this term becomes more important and evokes the transition to
higher-index {10m} CS planes.

Although the structure of perovskites ABO; is based on the
framework of corner-sharing BOg octahedra, similar to that of
ReO;, CS structures in perovskites are not common. The
presence of the A cations in cuboctahedral cavities of the
perovskite framework prevents a direct application of the CS
operation, which makes point vacancies a more favorable
mechanism of the anion deficiency accommodation.'”> The
formation of CS planes in the perovskite structure requires a
substantial rearrangement of the coordination environment of
both the A and B cations.'®” Thus, at the CS planes, the
corner-sharing BOg octahedra transform into edge-sharing
distorted BOg square pyramids. Together with the octahedra
from the perovskite blocks, they form a very asymmetric
coordination environment for the A positions, which can be
occupied by the lone-electron-pair cations (Pb** and Bi**) only.

A remarkable example of a perovskite-based system with the
CS structure is given by the (Pb,Bi);_.Fe,,,O;_, series. These
compounds are built of the perovskite blocks separated by the
equally spaced CS planes with an orientation of approximately
(509),, (the subscript “p” refers to perovskite subcell).'® In both
limiting compounds “Pb,Fe,O;” and BiFeO;, the oxidation
state of iron is 3+.'”*° The oxygen content in the series is
varied through changes of the Pb**/Bi** ratio. It affects only the
thickness of the perovskite blocks, whereas the orientation of
the CS planes almost does not change. This behavior differs
from that of the CS planes in the WO;-based structures, where
the orientation of the planes depends on the degree of
reduction. In perovskites, the orientation of the CS planes is
altered when the lone-electron-pair cations Pb** and Bi** are
partially substituted by alkali-earth cations (Ba** or Sr**)
occupying the A position of the perovskite blocks between the
CS planes. Such a replacement stabilizes the (101), CS planes
and results in the A B,O;, , perovskite-based homologous
series.””*? In the original papers, the orientation of these CS
planes is defined as (101),; however for consistency of the data
representation, in this contribution they will be defined as
(IOI)P. These options are interchangeable; the difference is
attributed to a slightly different choice of the perovskite
sublattice.

To elucidate the effect of the A cation on the behavior of the
CS planes in perovskites, we studied the replacement of Pb** by
Sr** in the (Pb,_,Sr,),_Fe,,,O;_, ferrites. The Pb** and Sr**

cations exhibit the same oxidation state and similar ionic radii
[r(Pb* )y = 149 A; (St*)xy = 1.44 A]>® Therefore, this
substitution highlights the effect of an A cation electronic
configuration (i.e., the presence or absence of the lone electron
pair) on the orientation of the CS planes in perovskites. In this
contribution, we demonstrate that variation of the CS plane
orientation is related to the stereochemical activity of the lone-
electron-pair A cations.

B EXPERIMENTAL SECTION

A preliminary investigation of Pb** substitution with Sr** in
“Pb,Fe,05” was conducted on samples with the general formula
(Pb,_.Sr,),Fe,0;. Several compositional ranges comprising the
perovskite-based compounds with different orientations of the CS
planes were identified. Then, the single-phase samples from these
compositional ranges were prepared and characterized (see Tables 1
and 4). All samples of lead—strontium ferrites were synthesized by a
solid-state reaction of PbO (Sigma-Aldrich, >99.9%), SrCO; (Aldrich,
>99.9%), and Fe,O; (Sigma-Aldrich, >99.98%). The starting
compounds were weighed according to the required stoichiometry,
thoroughly ground, and pelletized. The heat treatment was conducted
in several steps. After each step, the samples were reground and
pressed into pellets again. The first two annealing steps were 750 °C,
15 h and 850 °C, 25 h for all of the samples. The temperature of the
two subsequent steps was varied depending on the composition: 900
°C, 25 h (up to 22.5 atom % Sr), 950 °C, 25 h (from 25 to 60 atom %
Sr), and 1000 °C, 25 h (from 60 to 100 atom % Sr). Following the
same synthesis procedure, the Pby ;0,510 16sF€; 04002520 (17.5 atom %
Sr) compound was synthetized in the amount of ~10 g for neutron
powder diffraction (NPD) analysis.

Powder X-ray diffraction (XRD) was used to monitor evolution of
the crystal structure upon increasing strontium content as well as the
completeness of the reaction and the phase purity of the products. The
XRD patterns were collected on a Huber G670 Guinier diffractometer
[Cu Ka, radiation; curved Ge(111) monochromator; image plate].
The chemical composition of the samples was confirmed by energy-
dispersive X-ray (EDX) analysis conducted on a JEOL 5510 scanning
electron microscope equipped with an INCAx-sight 6587 system
(Oxford Instruments). The EDX spectra from at least 30 crystallites
were collected for each sample. The EDX results of the single-phase
samples are listed in Table S1 in the Supporting Information.

NPD data were collected on the high-resolution powder
diffractometer HRPT at the Laboratory for Neutron Scattering of
Paul Scherrer Institute (LNS PSI, Villigen, Switzerland).** A powdered
sample was placed in a vanadium container of 8 mm diameter. The
NPD patterns have been collected at the wavelength 1.8857 A in the
20 range of 8—160° at temperatures of 300 and 900 K, using a custom-
built tantalum radiation furnace.

Crystal structure analysis was performed with the JANA2006
package.”®

Transmission electron microscopy (TEM) was used in combination
with the powder diffraction techniques for the crystal structure
investigation. Electron diffraction (ED) patterns, high-angle annular
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dark-field scanning transmission electron microscopy (HAADEF-
STEM) images and EDX data were obtained using an FEI TecnaiG2
transmission electron microscope operated at 200 kV. Specimens for
TEM investigation were prepared by grinding the samples in ethanol
and depositing a few drops of the suspension on holey carbon grids.

The Pbg 9,510 165F€1.04002.520 sample enriched by 10% of >Fe was
examined in a Mdssbauer absorption study. A Mossbauer spectrum
was collected using a conventional constant-acceleration spectrometer
consisting of a nominal 1.85 GBq *’Co radioactive source in a rthodium
matrix mounted on an oscillating drive, secured on an optical rail with
a sample stage and a gas proportional detector. The velocity scale was
calibrated relative to a 25-um-thick a-iron foil using the positions
certified for (former) National Bureau of Standards standard reference
material no. 1541; line widths of 0.28 mm/s for the outer lines of a-
iron were obtained at room temperature. The dimensionless thickness
of the sample was determined to be 4.6 based on the chemical
composition and 'Fe enrichment. Absorption spectra were fitted
within the thin absorber approximation using the MossA fitting
program.® ® The isomer shift values are given relative to the zero
velocity of the a-iron calibration foil.

Magnetic susceptibility was measured on polycrystalline samples
using Quantum Design MPMS SQUID in the temperature range 2—
600 K in applied fields up to 7 T. Measurements above 400 K were
performed in sealed quartz tubes filled with helium gas.

B RESULTS

The composition of the anion-deficient perovskites modulated
with periodic CS planes in the Pb—Sr—Fe—O system can be
described with the general formula (Pb,_,Sr,) 1-+Fe10s3y
where z is attributed to the Pb/Sr ratio, x stands for a small iron
excess, and y is close to 0.5, maintaining the Sr**, Pb**, and Fe®"
oxidation states. The change of the CS plane orientation is
mainly associated with a variable strontium content. Therefore,
it is convenient to consider evolution of the system in relation
to the z parameter. The following compositional ranges can be
dlstmgulshed (1) 0 < z < 0.05, “Pb,Fe,0; -type defective
structures;” (2) 0.05 < z £ 0.2, a series of incommensurately
modulated perovskite-based compounds
(Pb,_,Sr,),_ Fe,,05_, with the (hO) orientation of the CS
planes; the orlentatlon changes from (508) to (9013) but
stays close to (203) (3) 02 <z<03,a two -phase region
where compounds with the (hol), and (101), CS planes
coexist; (4) 0.3 < z < 0485, solid ‘solution (Pbl_er ),Fe,05
with (101), CS planes; the structures of these compounds are
similar to that of the previously reported Pb, 33351, ¢¢,Fe, 05>
In all of these ranges, the Fe cations retain the oxidation state
3+. Above z = 0.45, the samples demonstrate partial oxidation
of Fe** to Fe*. Upon a further increase in the strontium
content, the structure gradually transforms toward SrFeO;. A
detailed investigation of these Sr-rich compositions lies beyond
the scope of this paper. Nevertheless, it is noteworthy that the
perovskite-based structure modulated with the CS planes can
be obtained if the Mn** cations are added into the system.*
0.05 < z < 0.2 Range: (Pb,_,5r,);_,Fe;,,0;_,. According
to the TEM data, the crystal structures of compounds in this
compositional range are similar to that of
(Pb,Bi),_ £e1 05, ' This is based on ordered arrays of
equally spaced (h0l), CS planes slicing the perovskite structure
into quasi-2D blocks The [010] ED pattern of
Pby 79,510, 16sF€1.04002.5200 @ representative member of the
(Pb;_,Sr,);_,Fe;,,O;_, series, is shown in Figure 1. This type
of pattern is characteristic for the structures modulated with
periodic planar interfaces. It is composed of parallel Bragg
reflection arrays, centered at the positions of the basic
perovskite reflections and oriented perpendicular to the CS

Figure 1. [010] ED pattern of Pby 0,5ty 16sF€104002.520-

planes. The ED pattern can be completely indexed using the
superspace approach with the diffraction vectors H = ha* + kb*
+ Ic* + mq, where a*, b*, and c* are reciprocal vectors of the
perovskite sublattice and q = aa* + yc* is a modulation
vector.*® The length of the q vector is inversely proportional to
the doubled interplanar spacing between the CS planes in real
space. The ED pattern indexation reveals a systematic reflection
condition h + k + | + m = 2n due to the superspace centering
translation ['/,, '/, '/, '/,], which suggests the (3 + 1)D
space group X2/m(a0y) (where X stands for the centering
vector) or its acentric subgroups. This group is a nonstandard
setting of the B2/m(af30) superspace group.’'

The XRD patterns of (Pb;_,Sr,),_ +Fe 05, can be
consistently indexed using ED data (Figure Sl in the
Supporting Information). Evolution of the unit cell parameters
and components of the modulation vector in the
(Pbl_erz)l_xFe1+xO3_y series (0.05 < z < 0.2; Table 1) reveals
systematic structural changes upon increasing strontium
content. The most pronounced changes are associated with
the orientation of the CS planes. The a component of the
modulation vector gradually increases, while the y component
remains almost unchanged. The (h0l), indexes describing the
orientation of the CS planes with respect to the axes of the
perovskite subcell are related to the components of the
modulation vector as h/l = a/y. The h/l ratio varies from
0.6212 [~(508), orientation] for z = 0.0 to 0.6876 [~(9013),
orientation] for z = 0.2. Thus, although the orientation of the
CS planes systematically changes, it stays close to the (203),
plane (h/l = 0.667). The compositions listed in Table 1 are
derived from the structural model describing the occupational
modulation associated with the CS planes (see further in the
text). These compositions are in a good agreement with the
nominal compositions used for synthesis and have been
confirmed by the EDX analysis (see Table S1 in the Supporting
Information).

The [010] high-resolution HAADF-STEM image of
Pby 795510 168F€1 04002520 is shown in Figure 2. In this image,
the intensity of the dots is proportional to the average atomic
number of the projected columns and scales as Z", where 1.6 <
n < 1.9.*> Pb-containing atomic columns appear as bright dots
(Zp, = 82) and form square-pattern regions, which are
attributed to the perovskite blocks. Weaker dots between the
bright dots are the Fe—O columns (Zg, = 26; Zo = 8). The
pure oxygen columns are not visible. Sr (Zs, = 38) occupies
part of the Pb positions in the perovskite blocks. The periodic
CS planes are discernible by shorter projected distances
between the (Pb, Sr)- and iron-containing columns (marked
with arrowheads in Figure 2a). A similar atomic arrangement
has been observed for the (Pb,Bi);_ JFer 05y family."® Owing
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Figure 2. (a) High-resolution HAADF-STEM image of
Pbyg795Sr0168F€1.04002.520- The CS planes are indicated with arrow-
heads. (b) Enlarged fragment of the image showing segments of the 1/
2[110](101)P and 1/2[110] (OOI)P CS planes.

to this similarity, one can assume that the (3 + 1)D structure
model constructed for (Pb,Bi),_,Fe,,,0;_, can also be applied
for (Pb,_,Sr,),_.Fe;,,05_,. This model comprises a set of
occupational domains defined for the A, B, and three O
positions of the basic perovskite structure in the form of crenel
functions.> It was built based on the concept that the (hOl)P
CS planes can be represented as an ordered sequence of two
parent fragments 1/2[110](001)P and 1/2|:110](101)P (where
1/2[110] denotes the shear vector along the plane; see Figure 3
in ref 16; Figure 2b). The parameters of the crenel functions are
expressed through the components of the modulation vector a
and y, which unequivocally define the orientation of the (hOl)P
planes and the thickness of the perovskite blocks.

This structure model implies that the A-site cations are
randomly distributed over all of the A positions in the structure.
It is indeed a good approximation for the Pb*" and Bi** cations

in the (Pb,Bi),_.Fe,,,0;_, family because they exhibit similar
crystal chemistry and scattering power for both X-ray and
neutron radiation. However, in the (Pb,_.Sr,),_.Fe,,,O5_,
structures, the difference in the scattering power and
coordination preferences of the Pb** and Sr** cations is more
pronounced. Taking into account that the A-site coordination
environment at the CS planes is very asymmetric, only the
lone-electron-pair cations Pb** can be accommodated in these
positions. The A positions inside the perovskite blocks can be
jointly occupied by the Sr** and Pb** cations. Such a cation
distribution is also confirmed by the HAADF-STEM images,
where the dots attributed to the A-site cations appear brighter
at the CS planes rather than inside the perovskite blocks
(Figure 2). A similar arrangement of Pb** and alkali-earth
cations was found in the perovskite structures modulated by the
1/2[110](101), CS planes.***' The (3 + 1)D structure model
for (Pb,_,Sr,),_,Fe,,,0;_, was correspondingly modified to
account for the partially ordered Pb** and Sr** cation
distribution. The single A position occupational domain was
split into three parts. One domain corresponds to the mixed
Pb/Sr position inside the perovskite blocks, and the other two,
related by an inversion center, correspond to the Pb positions
at the CS planes on both sides of the perovskite blocks. The
parameters of the model are summarized in Table 3. The details
of the model construction are provided in the Supporting
Information.

According to the superspace model, the composition of the
(Pb,_Sr,);_,Fe;,,0;_, compounds is expressed through the
components of the modulation vector by the formula
Pb,,(Pb,Sr),_3,_,Fe|_4,,03 43, It defines the amount of Pb
at the CS planes and (Pb, Sr) inside the perovskite blocks, Fe in
the B positions, and the oxygen content. However, the Pb/Sr
ratio cannot be directly calculated from the structure model.
Therefore, to retrieve the composition of the compounds listed
in Table 1, the Pb/Sr ratio was taken as that used for synthesis
of the single-phase samples. The obtained cation compositions
are in good agreement with the EDX data. Apart from the
cation composition, the structural model adequately describes
the oxygen content. The composition provided by the model
corresponds to the iron oxidation state 3+, which is confirmed
by Mdssbauer spectroscopy (see below). One can calculate that
the superspace model yields the same iron oxidation state for all
compounds of the series. It is fully consistent with the almost

Pbo.7925r0.168F €1.04002.520

©Pb @Pb,Sr

e.Fe =0

Figure 3. (a) Representative fragment of the Pby,Sr) 165F€) 04007520 structure 12a X 1b X 8c. (b) Crystal structure of Pb, 33351, ¢6;Fe,Os plotted as
a 8a, X 1b, X 8c, supercell. The Fe atoms in octahedral and square-pyramidal coordination are shown in green and yellow, respectively; the A
positions in the perovskite blocks are shown in blue and those in six-sided tunnels in orange. Horizontal and inclined lines represent fragments of the

(001)p and (101)P CS planes, respectively.
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invariant thickness of the perovskite blocks upon isovalent
substitution of Pb** by Sr** (Table 1). A different situation was
observed for (Pb,Bi),_,Fe,,,O;_, where the anion deficiency
depends on the Bi’*/Pb*" ratio and the thickness of the
perovskite blocks increases upon increasing oxygen content.
The occupational superspace model reproduces the sequence
of atomic layers inside the perovskite blocks and at the CS
planes. However, it does not describe deformation of the
perovskite framework induced by the periodically placed CS
planes. To take this into account, modulation of the atomic
displacements must be considered. This was done for the
Pby 795510 168F€1 04002520 compound during the Rietveld refine-
ment of the structure using the NPD data. The material is
antiferromagnetically ordered at room temperature, and the
corresponding magnetic reflections appear on the NPD
patterns. The magnetic structure solution of this incommensur-
ately modulated phase is far from being trivial and will not be
performed here. To avoid the magnetic contribution, the NPD
data were collected at 900 K, well above the Néel temperature.
The details on the Rietveld refinement are provided in the
Supporting Information. The NPD profile after the Rietveld
refinement is shown in Figure 4. Selected crystallographic data
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Figure 4. Experimental, calculated, and difference NPD patterns of
Pby.70,S10.165F€1.04002.520 after Rietveld refinement. Black and green
vertical bars indicate the positions of the main and satellite reflections,
respectively.

and the refinement parameters of Pby 9,51 6sF€) 04002520 are
given in Table 2. Atomic coordinates in the basic structure,

Table 2. Selected Crystallographic Data and the Refinement
Parameters of Pby 70,510 16sF€1.04002.529
formula Pby795510.168F 104002529

space group X2/m(a0y), X = (/5 /o /o 1)

a, A 3.9512(1)

b A 3.9483(1)

¢ A 3.9165(1)

p, deg 93.268(2)

q 0.0879(1)a* + 0.1276(1)c*
calculated density, g/cm? 7.55(2)

T, K 900

radiation neutron, A = 1.494 A

20 range; step, deg 6 <260 < 161; 0.05

Rg (all reflections) 0.023
Ry (main reflections) 0.013
Rp (satellites of order 1—4) 0.022, 0.040, 0.037, 0.033

Rp, Ryp 0.029, 0.037

parameters of the crenel functions, parameters of the displacive
modulation functions, and the atomic displacement parameters
(ADPs) are listed in Table 3. The distribution of the
interatomic distances between the Fe, Pb/Sr, and Pb positions
and the surrounding O atoms are plotted versus the internal
coordinate t (t = x, — q-r) in Figure S.

A representative 12a X 1b X 8c fragment of the
Pby 70,510 168F€1 04002529 structure is shown in Figure 3a. Both
(OOI)P and (101)P segments of the CS planes can be
distinguished by the chains of distorted FeO; square pyramids
connected through the common basal edges. The correspond-
ing Fe positions are indicated in yellow. The (001), segments
correspond to the groups of four pyramids, and the (101),
segments correspond to the groups of two pyramids. Pyramidal
chains together with the FeOg octahedra of the perovskite
blocks delimit six-sided tunnels running along the b axis, which
are filled with Pb** cations.

The "Fe Mossbauer spectroscopy data corroborate the
chemical composition and structure of Pbg 7,5ty 16sF€1.04002.520-
In the room-temperature spectrum, the main contribution
comes from two magnetic sextets denoted as O and P, which
cover approximately 90% of the total absorption area (Figure
6). The minority contribution is attributed to the third
magnetic sextet (denoted as T, ~5.4% of the total absorption)
and to two paramagnetic doublets (denoted as E, and E,;
~4.6% of the total absorption). Because
Pby 79,510 16sF€1.04002.520 is magnetically ordered at room
temperature, we assume that the paramagnetic doublets are
of extrinsic origin. The chemical shifts for all contributions are
characteristic for Fe cations in the oxidation state 3+ (Table S3
in the Supporting Information).*® The sextet O with the largest
chemical shift of 0.39 mm/s is attributed to octahedrally
coordinated Fe* cations in the perovskite blocks. The
linewidth (full width at half-maximum, fwhm) of this sextet is
slightly larger than that of the Fe®* cations in octahedral
positions in similar structures, such as PbBaFe,O;>° This
broadening is likely associated with the variable polar distortion
of FeOg octahedra in the Pby ;0,51 145F€ 104002520 Structure (see
Table S and the Discussion section). The sextet P with the
smaller chemical shift of 0.32 mm/s can be attributed to the
FeOs-distorted tetragonal pyramids at the CS planes. The large
broadening of this sextet (fvhm = 0.86 mm/s) likely arises
from the presence of the groups of two and four edge-sharing
FeOj pyramids, resulting in very distinct Fe—Fe contacts. In the
double pyramidal chains, each Fe cation has two Fe nearest
neighbors, whereas in the quadruple pyramidal chains, 50% of
the Fe cations have four Fe nearest neighbors. The smaller
chemical shift (0.305 mm/s) of the sextet T suggests that these
Fe atoms have lower oxygen coordination, inferred to be
tetrahedral. Although the refined structure does not contain
tetrahedrally coordinated Fe positions, one can assume that a
small fraction of FeQO, tetrahedra can be formed in the
perovskite blocks because of the presence of point oxygen
vacancies. With this assumption, the atomic ratio of the Fe
cations in the perovskite blocks and at the CS planes is 49:51
(as estimated from the relative areas of the contributing
sextets), which is in agreement with the 51:49 ratio determined
from the (3 + 1)D structure model (see the Supporting
Information).

0.3 < z < 0.45 Range: Solid Solution (Pb,_,Sr,),Fe,0s.
A member of this solid solution with z = 0.333,
Pb, 3335r667F€,05, was investigated earlier.”® It has a perov-
skite-based structure modulated with the (101)P CS planes.
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Table 3. Occupational Model of the (Pb,_Sr,),_,Fe,,,0;_, (0.05 < z < 0.2) Series of Structures, Numerical Values of A,

Parameters of the Displacive Modulation, and ADPs for Pb 9,51, 1¢5F€1.04002.529

displacive modulation parameters®

atom X9z %40 A

Fe 0,0,0 0 1-a+yp)/2 S, = 0.0031,
0.5198 S,3 = —0.041(2)

PbSt®  0,0,0 '/, (1=3a-y)/2 A =00720,
0.3043 AS, = —0.047(1)

Pb 0,0,0 Q+a+y)/4 «a A3, = 0.0720,
0.0879 A, = —0.047(1)

o1 0,'/,0 0 (I-a+y)/2 S,1 = 0.0456,
0.5198 8,3 = —0.051(4)

02 1,00 0 1+a-3y)/2 S,1 = 0.0459,
0.3525 S;3=0

03 0,0/, 0 1-a-y)/2 S,1 = 0.0438,
0.3922 S,3 = —0.042(8)

S.1 = 0.0638,
S.3 = 0.042(2)
A3, = 00131,
A3, = 0.043(1)
A3, = 00131,
A3, = 0.043(1)
S.1 = 0.2284,

S, = 0.049(3)

S, = 0.1511,
S.; = 0.060(6)

S, = 0.1100,
S5 = 0.027(7)

U, = 0.0208(3)
Uy, = 0.049(1)
Uy, = 0.031(1)

U, = 0.040(1)
U,, = 0.061(2)
U,=0
U, = 0.034(1)
U, = 0.019(2)
U,=0
U, = 0.041(2)
U, = 0.047(3)
U,=0

ADP,c A2

U,, = 0.015(1)
U,=0

U,, = 0.044(2)
Us=0

U,, = 0.052(2)
U, = 0.004(2)

Us; = 0.045(3)
Uy =0

Uy, = 0.039(3)
Uy, =0

Us; = 0.025(2)
Uy =0

“The occupancy factor 0.724Pb + 0.276Sr. It is given by the £ = 1 — 2[(1 + @ — 7)/(1 — 3a — 7)] parameter (see the Supporting Information). ®The
atomic displacement modulation of the PbSr and Pb atoms is restricted to that of the imaginary atom AUX. It is modulated with the harmonic
functions: *%* = % + Y {A sin(27nx,) + Aj cos(2znx,)}. The modulation of other atoms (Fel, O1, O2, and O3) is given by r* = 1§ +

En{slin—lpu—l[z(M - x4,0)/A] + S;nPZn[Z(x4 -

%40)/Al}. In these equations, r” is the position of atom v, rf is the basic position of atom v, # is the

order of the modulation wave, and P,(x) = [1/(2"n! )](d"/dx")[(x* — 1)"] are the Legendre polynomials. Polynomials of two orders are required to
describe one order of the modulation wave; i.e., P; and P, form the first modulation wave, P; and P, the second wave, etc. The A, and S, parameters
are the coeflicients in expansion. The first-order coeflicients S} are the maximum linear displacements of atom v. The X2/ m(aO}/) (X=C/"Y2"

'/,)] symmetry rules out even modulation of the atoms, s0 AS = 0, Sy, = 0, r*™* =

10 + Y {A; sin(27nx,)}, and v = 1§ + X, {85, Pyi[2(5, —

%40)/A]}. “The anisotropic temperature factor has the form # = exp(—27°Y, Y Uiaahhy); Uy = 1/33,2,Usaaaa;
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Figure S. t plot of the Fe—O, Pb—O, and PbSr—O interatomic
distances in the Pbyg;9,Srg 6sF€1 04002520 structure. The symmetry-
related atomic domains are marked identically. The colors correspond
to those chosen for the structure representation in Figure 3.

The crystal structure is described on the orthorhombic lattice
with the Pnma space group and the unit cell parameters related
to those of the basic perovskite structure as a = \/ 2a, b~ a,
and ¢ & 4\/ 2a,. We have established that the lead/strontium
content can be varied without altering the structure in the 0.3 <
z < 0.45 range. The unit cell parameters for different z values
are listed in Table 4. Typical XRD and ED patterns of
(Pb,_,Sr,),Fe,O; are represented in Figures SS and S6 in the
Supporting Information, respectively. The composition of the
compounds was confirmed by EDX analysis (Table S1 in the
Supporting Information).

The crystal structure of (Pb,_,Sr,),Fe,O; is illustrated in
Figure 3b. It is shown as an 8a, X 1b, X 8c, supercell, so it can
be easily compared to the (Pbl_erg Fe1 03, structure in
the 0.05 < z < 0.2 range. These structures share the same
building principles. They are based on the perovskite
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Figure 6. Room-temperature *’Fe Mossbauer spectrum of
Pbg 79,510 165F€1.04002.520- Different contributions are color-coded (see
the text and Table S3 in the Supporting Information).

framework fragmented by periodic CS planes. However, the
orientation of the planes is different. In (Pb,_,Sr,),Fe,0 and
(Pb,_Sr,);_,Fe;,,0;_,, the CS planes lie upon the (101), and
(hol), (h/1 = 0.621— 0688) lattice planes, respectively. In the
HAADF STEM images, the (101) CS planes (Pb,_,Sr,),Fe,O;
appear as rows of double lead columns running paralle] to the a
axis of the orthorhombic lattice or the [101], direction of the
perovskite sublattice (Figure 7).

Intermediate Range 0.2 < z < 0.3. In this compositional
range, the phases with the (101), and (h0l), CS planes coexist
(see Figure S7 in the Supportlng Inforrnatlon) Besides the
macroscopic phase separation, the structures form coherent
intergrowths on a nanoscale level. A representative [010]
HAADEF-STEM image of a crystal comprising domains of both

dx.doi.org/10.1021/ic4012845 | Inorg. Chem. 2013, 52, 10009—10020



Inorganic Chemistry

Table 4. Evolution of the Cell Parameters of (Pb,_,Sr,),Fe,0; (0.3 < z < 0.45)

cell parameters

perovskite sublattice parameters

composition z a, A b A ¢ A v, A3 a,=cy A by A B, deg v, A
Pb, ,SroeFe,05 0.3 5.6886(2) 3.9247(1) 21.1179(8) 471.47(5) 3.880 3.925 94272 58.935
Pb, 3:8r96Fe,05 0.335 5.6880(2) 3.9240(1) 21.1133(6) 47124(4) 3.880 3.924 94279 58.905
Pb, 451y, Fe, 05 0.35 5.6841(1) 3.9229(1) 21.1036(4) 470.57(6) 3.878 3923 94266 58.821
Pb, ,SrosFe,05 04 5.6825(1) 3.9220(1) 21.0900(4) 470.02(5) 3.876 3922 94287 58753
Pb, ,SrysFe,05 0.45 5.6796(1) 3.9212(1) 21.0827(4) 469.52(6) 3.874 3921 94277 58.691
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Figure 7. High-resolution HAADF-STEM image of Pb,,Sr,gFe,Os.
The CS planes are indicated with arrowheads.

structures is shown in Figure 8. The (101)P and (hOl)P CS
planes are marked with white and dark lines, respectively. The
boundaries between the domains lie on the (100), and (001),
planes. The coherent intergrowths of these structures are
formed owing to a similar thickness of the perovskite blocks
and very close parameters of the perovskite subcell (compare
data in Tables 1 and 4).

The corresponding [010] ED pattern of the intergrowth
crystal is shown in Figure 9a. The pattern combines features
specific to both structures. The intensity maxima of the Bragg
reflections are positioned in accordance with the reciprocal
lattice of the (Pb,_,Sr,),Fe,Os structure modulated with (IOI)P
CS planes. The reflections are arranged in rows parallel to the

Figure 9. (a) ED pattern of the intergrowth crystal with the varying
orientations of the CS planes. (b) Enlarged fragment of the pattern
showing that the diffuse intensity streaks appear because of the variable
modulation vector (white and gray arrows).

[101], reciprocal direction. Many of these reflections exhibit
cross-shaped diffuse intensity, with the constituting streaks
oriented along the a* and c* directions. The streaks along a*
can be interpreted as a set of closely positioned satellite

TR B RUREREFIAS]
 $F I ifFRETRLE
SEETI i L]

Figure 8. HAADF-STEM image of (Pb,_,Sr,),_,Fe,,,0;_, (z = 0.225) showing the intergrowth of the domains with different orientations of the CS
planes. The boundaries between the domains with ( 101)p planes and the domains with (hOl)P planes are indicated with arrowheads. The fragments
of (101)P and (hOl)P planes are marked with white and dark lines, respectively.
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reflections originating from the domains, with the CS plane
orientation deviating from (101),. A schematic representation
of the corresponding q-vector variation is illustrated in Figure
9b. Similar to evolution of the single-phase
(Pbl_ZSrz)l_xFe1+xO3_y compounds, the q vector changes the
orientation mainly because of the & component, whereas the ¥
component remains nearly unchanged. The diffuse intensity
streaks along the c* axis are of the same origin. However, they
arise from the domains with the CS plane orientation flipped
with respect to the (101), plane (compare the domains on the
right- and left-hand sides of the HAADF-STEM image in
Figure 8).

Magnetic Properties. We studied the magnetic behavior of
two samples, Pbg;0,Sr165F€1.04002520 (2 = 0.175) and
Pb,,SrysFe,O5 (z = 0.4), which are representative of the
structures modulated with the (h0l), (0.05 < z < 0.2) and
(101)P (0.3 <z £0.45) CS planes, respectively (Figure 10). At

: Pb, 70,80, 10aF €, 0000 g (2 = 0.175)

i
o

™

-
@

l——i— ¢ 1T 4 7T

Pb,.Sr,.Fe,0, (z = 0.4)

Magnetic suscepfibility »10°, emu/mol

20 b

o 100 200 300 200 500 60C
Temperature, K
Figure 10. Magnetic susceptibility of Pby0,Srg 6sF€1 04002520 (2 =

0.175, top panel) and Pb,,SrysFe,O; (z = 0.4, bottom panel)
measured in applied fields of 1 and 7 T.

first glance, these two samples show drastically different
magnetic behavior. The susceptibility of
Pby 795510 165F€1.04002.520 is weakly field-dependent and in-
creases with the temperature. The Pb4Sry,FeO,s sample
shows a much higher susceptibility and therefore is strongly
field-dependent and decreases upon heating. This difference is
due to a minor ferromagnetic component present in the
Pby¢Sry4FeO, s sample. Unfortunately, reliable measurements
above 600 K are not possible because both samples decompose
in the inert atmosphere (sealed quartz tube filled with helium
gas). Nevertheless, the data tentatively collected above 600 K
show clearly that the ferromagnetic signal of the
Pby¢Sry4FeO, sample disappears around 740 K, which is
close to the Curie point of PbFe,,0,,.>® Therefore, we ascribe
this ferromagnetic signal to a minor impurity of lead hexaferrite
or similar phases. A remnant magnetization of just 0.1 pg/fu
(see the Supporting Information) corresponds to less than 0.5
wt % of the impurity phase that cannot be observed by standard
characterization techniques.

Below 600 K, the susceptibility of Pby 9,5ty 165F€1.04002.520
shows only a weak temperature dependence, as expected for a
collinear antiferromagnet below its Néel temperature Ty. We
expect that the Néel temperatures of both
Pby 70,510.168F€1.04002.520 and PbySro JFeO, s are above 600 K,

similar to Pb, ogBay¢,Fe, 05 (Ty = 625°*) and
Pby 64Big32Fe1 0405 675 (T = 608 K'®). A small but reproducible
kink at 48 K in the susceptibility of Pbg;9,Srq 165F€1,04002.520
might indicate another magnetic transition (e.g., spin
reorientation). Details of this transition require further
investigation.

B DISCUSSION

The perovskite-based structures modulated by periodic CS
planes exist in a wide range of strontium concentrations. At low
strontium content, the orientation of the CS planes in the
(Pb,_,Sr,);_Fe, 03, series (0.05 < z < 0.2) systematically
changes but stays close to (203),. This is accompanied by a
slight variation in the thickness of the perovskite blocks (see
Table 1), which is required to maintain the 3+ oxidation state
of the Fe cations. A further increase in the strontium content
stabilizes the (101), CS planes. These planes are preserved in
the 0.3 < z < 0.45 range and result in the structure of the
(Pb,,,Sr,),Fe, O solid solution. Such behavior of the CS planes
in the Pb—Sr—Fe—O system can be understood by analyzing
distortion of the perovskite blocks in each compositional range.

An enlarged fragment of the Pby ;9,51 ssFe; 04002529 crystal
structure is shown in Figure 11. At the center of the perovskite

Figure 11. Enlarged fragment of the Pbg ;9,51 65F€;.04002.529
structure. The white arrows indicate (exaggeratedly) the displacement
of the Fe®* cations from the basal planes of the octahedra, which
results in one short, one long, and four intermediate Fe—O distances.
The black arrows demonstrate that the rotation of the octahedra
connected to the rigid chains of quadruple tetragonal pyramids is
prevented, unless there is significant distortion of the Fe—O polyhedra.

block, the FeOg octahedra are weakly distorted and feature six
almost equal Fe—O distances (Table S). The octahedra on the
left- and right-hand sides from the central FeOg octahedron
acquire noticeable distortion by shortening one of the Fe—O
bonds along the ¢ axis. The coordination number of these Fe
atoms can be represented as 1 + 4 + 1, with one short, one
long, and four intermediate Fe—O bonds (Table 5). The degree
of distortion that the FeOg4 octahedra gain on going from the
center toward the periphery of the perovskite blocks is best
illustrated by evolution of an octahedral distortion parameter as
a function of the t coordinate (Figure 12a). The parameter
measures the distortion as a mean-square relative deviation of
the Fe—O bond length from the average: A . = 1/63.._,°[(l; —
T)/T]%, where I; is the Fe—O bond length and [ is the average
over all six Fe—O distances in the octahedron.®” At the center
of the perovskite block (f = 0), the parameter is small, A =
0.2 X 1073, but it rapidly increases to A, = 7.8 X 107 for the
octahedra near the CS planes (t = 0.132). For reference, the
degree of distortion can be compared with the off-center
displacement of the Ti*" cations in PbTiO;, which also occurs
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Table 5. Fe—O Interatomic Distances in the FeO4 Octahedra in the Perovskite Blocks of Pby 9,8ty 16sF€1.04002.520"

distance®© t=0 t=0.132
Fe—O1" 1.9742 2.002(2)
Fe—01° 1.9742 2.002(2)
Fe—02! 2.013(9) 2.18(2)
Fe—02? 2.013(9) 1.99(3)
Fe—03' 2.045(14) 2.469(14)
Fe—03? 2.045(14) 1.918(18)

min max average
1.9742 2.002(2) 1.98
1.9742 2.002(2) 1.98
2.01(1) 2.18(2) 2.05
1.99(3) 2.023(5) 2.02
2.045(14) 2.469(14) 222
1.918(18) 2.045(14) 1.97

“The distances at the center of the blocks correspond to ¢ = 0; near the CS planes — to t = 0.132. ®The distances are measured in angstroms.
“Superscripts 1 and 2 indicate the Fe—O distances to the symmetry equivalent O atoms, i.e. O1'(x,y,z) and O1*(xy—1,z); 02'(xy,z) and O2*(x—

Ly,z); 03'(xy,2) and 03*(x,y,z—1).
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Figure 12. t plots of the octahedral (a) and cuboctahedral (b)
distortion parameters of the perovskite blocks in the
Pby 79,5t 16sF€1.04002.520 structure. The dotted line indicates the
value of A of the Pb, 33351, Fe, Oy structure.

toward one of the O atoms. The corresponding A, (PbTiO;),
calculated from the structural data in ref 38, is 4.3 X 1073.
However, in contrast to ferroelectric PbTiO;, in
Pby 79,510 168F€1.04002.520 local dipoles on the opposite sides of
the perovskite block are antiparallel and compensate each
other, thus forming an antipolar structure.

The antipolar distortion is also supported by the displace-
ment of the A cations within the perovskite block. They shift
along the ¢ axis toward the O1 and O2 atoms, which form the
square bases of the FeOg octahedra and the FeOyj tetragonal
pyramids (Figure 3). This results in a highly asymmetric
coordination environment for these A positions, with some
short and some long PbSr—O distances (Figure S). Apparently,
this asymmetry is promoted by the hybridization of the Pb 6p
states with the antibonding [Pb 6s—O 2p]* states, which is
generally considered to be the effect of a stereochemically active
lone electron pair.*® Similar to the octahedral distortion
parameter, deformation of the A cation coordination environ-
ment can be quantified with a cuboctahedral distortion
parameter: A o = 1/12Y,,"2[(I, = 1)/1)% here I, and T are
the PbSr—O distances and average, respectively. The ¢ plot of
the A o parameter is shown in Figure 12b. It demonstrates a
trend similar to that of A_,. At the center of the perovskite
block, the distortion of the A cation cuboctahedral coordination

is negligible (A poee = 0.4 X 1072), but it increases drastically
for the positions next to the CS planes (A o = 25.1 X 107).

In the (Pb,_,Sr,),Fe,O; structure modulated by (101), CS
planes (0.3 < z < 0.45), the pattern of atomic displacements is
somewhat different. The PbSr and Fe coordination environ-
ment becomes distorted along the ¢ axis of the orthorhombic
lattice, which is equivalent to the [101]P direction of the
perovskite sublattice. In the Pb, 333Sry¢s,Fe,O5 structure, the
octahedra demonstrate four Fe—O bonds of similar length
(1.97 Ax 2,1.94 A, and 1.96 A) and two longer ones (2.12 and
2.11 A).2® The resulting octahedral distortion parameter A, =
1.4 X 107 is substantially lower than that for the octahedral
positions near the CS planes in Pbg 9,51y 165F€1.04002.520- The
octahedral distortions in these structures are compared in
Figure 12a, where the value of A . (Pb,333Sry¢Fe,Os) is
indicated with a dotted line.

A visual inspection of the Pb, 33351, ¢s,Fe,O5 structure reveals
that within the perovskite blocks the distortion of the A-site
coordination environment is associated with the displacement
of the A cations from the center of the cuboctahedra along the
[IOI]P direction as well as with the cooperative tilt of the FeOy
octahedra about the b axis. Apparently, the octahedral tilt is
necessary to compensate for the mismatch of the A—O and
Fe—O interatomic distances in the perovskite blocks. Although
a distance mismatch exists in the entire compositional range
0.05 < z < 0.4S5, there is no octahedral tilt in the
(Pbl—zsrz)l—xFel+x03—y series (0.0S < z < 0.2). The bands of
quadruple edge-sharing FeOj tetragonal pyramids are rigid
fragments in the (Pb,_.Sr,);_,Fe;,,O;_, structure; they
suppress the octahedral rotation. As can be seen in Figure.11,
the connection topology between these bands and the
octahedra of the perovskite blocks does not allow the
octahedral tilt about the b axis without introducing an
unfavorable strain. In this structure, the bond distance
mismatch is relieved through deformation of the Fe—O
framework. In the structure of the (Pb,_,Sr,),Fe,O; solid
solution (0.3 < z < 0.45), only the chains of double edge-
sharing FeOy pyramids are present at the CS planes. These
chains can tilt left or right following the FeOg octahedra of the
perovskite blocks and do not restrict the octahedral tilting
(Figure 13).

In the (Pb,_,A,),Fe,Os (A = Sr, Ba) structures, the
octahedral tilt depends on the average ionic radius of the A
cation. It can be suppressed by introducing larger A-site cations,
such as Ba®* [r(Ba®)yy = 1.61 A]>® without altering the
structure. In Pb, 3351, 4,Fe,Os, the angle of the octahedral tilt is
about 7° (the exact value cannot be measured unequivocally
because of the octahedral distortion). In the
Pb, 3351y 4;..Ba,Fe,O5 solid solution, this value gradually
decreases to ~4° for Pb;3Sre;3Bag33Fe,05.* Increasing the
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Figure 13. Contribution of the double edge-sharing pyramidal chains
to the cooperative tilt of the octahedra about the b axis in the
(Pb,_,Sr,),Fe, Oy structure.

size of the A-site cation suppresses the octahedral tilt even
further, down to ~1° in Pb, osBaye,Fe,0s.>" In this limiting
case, the A position coordination environment in the perovskite
blocks demonstrates almost no distortions (A . = 0.5 X
1073), whereas the octahedral distortion is similar to that in
Pb, 333510 6,Fe,05 with A, (Pb, osBagg,Fe,05) = 1.7 X 1073,
Thus, the (Pb;_,A,),Fe,O; (A = Sr, Ba) structures exist with
both well-pronounced and suppressed octahedral tilt. In spite of
a sufficient difference of the ionic radii of Pb** and Ba®*
[r(Pb**)xy = 149 A; r(Ba*)xy = 1.61 A]> the reported z
homogeneity range of the (Pb,_,Ba,),Fe,O; structures is very
similar to that of (Pb,_,Sr,),Fe,Os, established in this work.
Therefore, one can speculate that the ionic radii mismatch is
not the main factor influencing the orientation of the CS
planes. To clarify the role of this factor, a structure with even
smaller A-site cations should be considered. However, to date,
no perovskite CS structures are known with non-lone-electron-
pair A cations smaller than Sr**.

Major factors that control the orientation of the CS planes
are associated with the stereochemical activity of the Pb**
cations. The structure with the (101), CS planes creates an
unfavorable bonding situation for the lone-pair cations located
inside the perovskite blocks. For the Pb*" cations in
(Pb,_,Sr,),Fe,Os, the displacements in the neighboring unit
cells of the perovskite block are always antiparallel, thus causing
a competition of two lone-pair cations for the 2p orbitals of the
same O atoms (Figure 14). Apparently, such a structure would
be stabilized when the lone-pair cations in the perovskite blocks
are largely replaced by alkali-earth cations. Changing the
orientation of the CS planes by introducing the (001),

segments increases the number of A positions in the perovskite
blocks along the a direction. As can be seen from the scheme in
Figure 14, this significantly reduces the number of unfavorable
A cation pairs, thus making the perovskite blocks more suitable
for accommodation of the lone-pair cations. This trend is
consistent with evolution of the CS plane orientation in the
005<z<L02 compositional range, where upon an increase in
the Pb concentration, the fraction of the (001)P segments on
the CS planes increases (the a/y ratio decreases). Furthermore,
it is in accordance with the ~(509)P orientation of the CS
planes in the (Pb,Bi),_,Fe, O3, family, where the A positions
are occupied exclusively by the lone-electron-pair cations Pb**
and Bi**. A complete elimination of the alkali-earth cations
significantly reduces the fraction of the (IOI)P segments on the
CsS planes (a/Y)[(PbJBi)l—xFel+xO3—y:| < (a/Y)'
[(Pbl_erZ)l_xFe1+xO3_y:|). However, the (IOI)P segments
cannot be eliminated completely from the anion-deficient
perovskite structure because they are responsible for reducing
the oxygen content. The displacement vector 1/2[110], of the
CS plane has no component orthogonal to the (001),
segments, and this type of plane cannot change the oxygen
content of the structure.'”

Another factor governing the orientation of the CS planes is
a fraction of the A positions located at the CS planes with
respect to that in the perovskite blocks. In the Pb—Sr—Fe—O
system, upon a decrease in the concentration of the lone-
electron Pb** cations, the perovskite blocks become less flexible
and cannot accommodate the structure distortions associated
with the presence of the (001), CS plane fragments. In this
case, the structure with the (101), CS planes is stabilized
because it causes much lower distortion of the perovskite
framework. Changing the orientation of the CS planes
redistributes the Pb** cations in the structure. To illustrate
this, the fraction of the A positions inside the hexagonal tunnels
at the CS plane can be quantified with the parameter y = 4a/(1
+a —y) X 100% (see the Supporting Information for details).
In other words, the y parameter stands for the fraction of A
positions with a strongly asymmetric coordination and
occupied exclusively by the Pb>* cations. In the
(Pb,_Sr,);_,Fe,,,O;_, series, y varies from 33.5% (z = 0.05)
to 36.9% (z = 0.2), whereas in the structure of the
(Pb,_,Sr,),Fe,O5 solid solution, @ = 50%. Thus, in the
structure with the (101)P CS planes, the Pb** cations are
accumulated at the CS planes in the asymmetric coordination
without introducing unfavorable distortions of perovskite

(h0l), CS planes
Pbo.793Sr0.168F €1.04002.529

(101), CS planes
Pbo.es7Sro.333Fe02

Figure 14. Schematic representation of the A cation and anion sublattice distortions in the perovskite blocks of the structures with the (h0l), and
(101)P CS planes. The displacement of the A-site cations is shown with exaggerated arrows. The (101)P and (001)P CS plane segments are indicated
with horizontal and inclined black lines, respectively. The red dotted lines correspond to the planes formed by the O atoms. Pairs of adjacent A

cations shifting toward the same O layer are enclosed in ovals.
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blocks. It is noteworthy that the fraction of Fe®* cations in the
square-pyramidal coordination at the CS planes does not
change significantly in the entire compositional range 0.05 < z
< 0.45. Being quantified as y = 47/(1 — a + y) X 100% (see the
Supporting Information for details), it varies in the
(Pb,_,Sr,),_Fe;,,O;_, series from 489% (z = 0.05) to
49.5% (z = 0.2) and is equal to 50% in (Pb,_,Sr,),Fe,Os.

B CONCLUSIONS

Stereochemically active lone-electron-pair cations are essential
for the formation of CS planes in anion-deficient perovskites. In
this study, we have demonstrated that these cations not only
give rise to the CS planes but also largely influence their
crystallographic orientation. Systematic investigation of the CS
structures in the (Pb,_,Sr,),_Fe,,,0;_, perovskites reveals two
distinct compositional ranges: 0.05 < z < 0.2, where the CS
plane orientation gradually varies but stays close to (203),, and
0.3 <z <045 with (101)P CS planes. Thus, upon a reduction
in the amount of lone-pair cations, the (203), CS structure
transforms into the structure with the ( 101[3p CS planes.
Because charge and size differences between the Pb and Sr
cations cannot be the factors governing the orientation of the
CS planes, we relate this effect to the specific bonding of the Pb
cations to the O atoms in these structures. For compounds with
a high concentration of lone-pair cations, structures with the
(101), CS planes are not typical because of unfavorable
bonding situations with competition of the lone-pair cations in
the perovskite blocks for the 2p orbitals of the same O atoms.
Besides, the orientation of the CS planes is affected by the
decreasing flexibility of the perovskite blocks associated with
the decreasing concentration of the lone-pair cations because
the nonstereochemically active cations are prone to a
symmetric coordination environment. We should note that a
further decrease of the lone-pair cation concentration might
again stabilize the CS planes with complex (h0l), orientation.
Indeed, the fraction of lone-pair cations involved in the
formation of CS planes is lower for the (h0l), CS planes than
for the (101), planes. However, the detailed structure would
also depend on other factors, such as the oxidation state of the
transition element, defining the separation between the
adjacent CS planes.

B ASSOCIATED CONTENT

© Supporting Information

Crystallographic data of Pby ;9,51 ssFe€1.04004.529 in CIF format,
EDX data of the compounds synthetized in this work,
representative XRD patterns in each compositional range
discussed, details on the construction of the (3 + 1)D
occupational structural model of (Pb;_,Sr,);_.Fe;,,0;_, (0.0
< z < 0.2), details on the Rietveld refinement of the
Pb79:S10.165F€1.04002.55 crystal structure, ED pattern of
Pb, ,Sry 3Fe,O5, magnetization curves of
Pby 79,510 16sF€1.04002.520 and Pb,,Sr;sFeOs measured at 2 K,
and parameters of the ’’Fe Mossbauer spectrum of
Pby 79,510 165F€104002.520- This material is available free of
charge via the Internet at http://pubs.acs.org.
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