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The origin of the incommensurability in the crystallographic shear (CS) structure of the ferri-
Manganite (Srg¢;Pbg 15)(Feg.7sMng25)O5 59, related to the cation deficient perovskite, has been
determined by careful analysis of the boundaries between the two variants constituting the phasoid.
High Resolution Electron Microscopy/HAADF-STEM images allow the structural mechanisms to
be understood through the presence of structural units common to both phases, responsible of the
incommensurate character observed in the electron diffraction patterns. The structural analysis
allows for identifying different types of CS phases in the Pb—Sr—Fe(Mn)—O diagram and shows that
the stabilization of the six-sided tunnels requires a higher A/B cationic ratio. A description of these
phases is proposed through simple structural building units (SBU), based on chains of octahedra
bordered by two pyramids. The (Srg¢1Pbg 15)(Feg75sMng25)05 29 CS compound exhibits a strong
antiferromagnetic and insulating behavior, similar to the Fe-2201 and “terrace” ferrites but differs by
the presence of a hysteresis, with a small coercive field.

Introduction

The interesting chemical and physical properties of the
“ABOs” perovskite compounds have attracted consi-
derable attention for a long time. A large part of this re-
search has been devoted to their ability to exhibit oxygen
(ABOs.,) and/or cation (A,BOs) nonstoichiometry me-
chanisms, which extensively multiply the possible deriva-
tive frameworks, casily accommodated through the
mixed valence and coordination of the B transition ele-
ments."? Theoretically, the octahedral framework of the
ReO;-type structure (x = 0) remains similar to that of the
ideal perovskite unit cell, but the existence range of these
“deficient perovskites™ is often limited to the intermediate
values [1 = x > 0.75]. Note however that in certain of
these “A,BO5” compounds, such as CaMn,0;,> or Ca-
FeTi»O,* the nonstoichiometry is only apparent because
the transition metal exhibits at least two oxidation states,
the lower one occupying a distorted site with the A cation
in an ordered way. In a more general way, the majority of
cation deficient compounds are characterized by a break-
ing of the octahedral framework,? as in the bronzes and
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bronzoids (e.g., A;,Nb3Oy>%) or the layered “hexago-
nal” perovskites (e.g., ref 7).

In the pseudobinary system Sr—Fe—O, iron atoms
adopt the IV, V, or VI coordinations leading to excep-
tionally rich systems of oxygen deficient perovskites
SrFeOs.,, within the existence range 0 < y < 0.58714
The limit composition SrFeO, 5 exhibits a brownmillerite-
type structure, where one octahedral layer [FeO,].. alter-
nates with one tetrahedral layer [FeO]., along ¢ (axis of
the intergrowth). By doping the Sr site with the iso-
valent Pb>", a stoichiometric formula is retained, but
the brownmillerite framework is broken by a shear opera-
tion along the (TOI)p plane in Pb2/3Sr1/3FeOz,515 (the
subscript p denotes the perovskite subcell).

Different investigations of the cation deficient A BOs_,
systems, with A = Sr and post-transition cations (Pb*",
TI**, and Bi**) and B=Fe and Mn, showed two structural
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families of related perovskite compounds. The first one
belongs to the layered structures, which can be described,
by reference to the superconducting oxides,'® as an inter-
growth of m perovskite layers with one triple rock salt
block, according to the general formula Fex(Sr.,A )Sr,,,. ;-
Fe,;;03,43.5-62» and denoted Fe-22(m-1)m'’~?%. It was
also shown that increasing the Pb>" content in these
framework provokes shear mechanisms with the for-
mation of a “terrace” structure for the composition
(Srg 54Pby 17)Fe05 1.2 The second family is character-
ized by modulated 1/2[110](%0/) crystallographic shear
(CS) structures in the Pb—Sr—Fe—0O system, according to
the formula Pb4m+3nFe4(m+,,)O10m+9,,24_26 and in the Pb—
Mn—O system.?” A brief state of the art on these complex
materials is given in the first section of the present paper.

Recently, a new Sr rich compound (Srg¢Pbg 1g)-
(Feg.7sMng »5)O5 »9 has been synthesized, which exhibits
a 1/2[110],(203),, crystallographic shear structure.?®
However, HRTEM and HAADF-STEM evidenced an
original characteristic with a matrix built on the co-
existence of two phases having the same monoclinic
supercell but slightly different structures. The difference
is situated in the so-called “translational interface” of the
framework, with the local formation of single six-sided
tunnels occupied by two columns of Pb*" cations in the
phase “1” (tunnels labeled “H” in ref 29) and two six-
sided tunnels “H” in the phase “2”. As a result, the struc-
ture has been described as a phasoid.*® However, an
electron microscopy investigation of numerous crystal-
lites revealed that losses of the periodicity are locally
observed, depending on the selected area.

The aim of this paper is to determine the origin of the
incommensurability in the ferri-manganite (Srg g;Pbg. 1g)-
(Fep75sMng »5)O5 59, the nature of the junctions between
the two variants and the nanostructural mechanisms
operating. The structural relationship between the
different ferrites Fe-22(m-1)m and the Pb-site deficient
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Figure 1. a) Part of the Pb—Sr—Fe(Mn)O diagram (stars are associated
with CS structures exhibiting five- and six-sided tunnels and full circles to
the Fe-22 nm type structures). Projections along [010] of b) the Fe-2201
structure SryFeqO(3—s. The oxygen atoms of the double iron layer are
omitted, except the ones directly associated with the modulated structure
(red atom) and ¢) the 1/2[1 lO]I,(§05)p CS structure of PbgFe;0Ous.

perovskite-related compounds Pby,,, . 3,F€40141O10m-9n
are discussed, and their magnetic properties are presented.

State of the Art: The Layered Fe_22(m-1)m and the
1/2[110](h0l) CS Deficient Structures. The main structures
discussed in the present paper are represented in the pseu-
doternary diagram Pb—Sr—Fe(Mn)—O in Figure la. The
existence domain of the perovskite related Sr-deficient
phases, Sr;_FeO,s.,, ranges between 0 < x < 1/3. The
lower limit x = 1/3, with the theoretical composition Srys-
FeO, 147, 1s the only single-phased compound stabilized at
present. It corresponds in fact to the SryFeqO13—s phases,
characterized by different incommensurate modulated
structures having wavelengths correlated to the exact oxy-
gen content (i.e., to 0).'"° ' Along ¢, one perovskite-type
slice [SrFeQ3].. alternates with one complex triple rock salt-
type block [SrFe;O;5 )., so that the structure can be
associated with a 2201-type structure (notation adopted for
the superconducting cuprates and related'®). This structure
is schematically projected along [010] in Figure 1b, the
oxygen atoms of the double iron layer being omitted, except
the ones directly associated with the modulated structure.
Increasing the thickness of the perovskite slice leads to the
formation of a family of new materials, denoted Fe-22(m-
1)m, with the members m = 2 (Fe-2212) and m = 4 (Fe-
2234).2%2! The structure refinements carried out in the 4D
formalism?® showed three types of iron polyhedra (square
pyramids, trigonal bipyramids, and monocaped tetra-
hedra) in the double iron layer [Fe;O, 5 ). of the triple
rock salt layer. As discussed further, these structures
can be also considered as complex crystallographic shear
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Table 1. Dual Formulation of the Different Compounds Represented on the Diagram (Figure 1a) and Discussed Herein
formulation per cell cation deficient perovskite 1/2[110](hO1),, ref label
Fe,(Sr5.,Pb,)FeOg 5.5/2 (Sr2/3.4Pb)Fe0, 147 1/2[110](001), 16-18 Fe-2201
SroPbsFersO0¢3 (Sro.54Pbg.12)Fe05.167 29
Fes(Srs.+A)SrFe, 0 5.5/ (Sro.75.xA)FeO, 375 1/2[110](001),, 20 Fe-2212
Fez(Srz_XAx)SrgFeA;O14_(,5 (Sro_g3_xAx)F602_44 1/2[1 10](001)p 21 Fe-2234
Sr13Pb4F624053 (Sr0.54Pb0A17)F602_21 1/2[1 10]p(ll l)p 23 terrace
PbgFe)04s PbyoFeO, 4 1/2[110],(305),, 24
Pb,SroFeOq 5 (Sry/3Pb) 3)Fe0, 5, 1/2[110], (101),, 15 stoichiometric
Pb;sFei6039 Pbo 93sFe0 43¢ 1/2[110],(104),, 25
Sry7PbsFe; Mn;Og;3 (Sro.61Pbo.18)(Feg.7sMng 25)O02 29 1/2[1 lo]p(203)p 28 phasoid
Sr1gPby(Fe,Mn)»3064 (Sro.64Pbo.14)(Feg.7sMng 25)O02 29 1/2[110],(203), 28 phase “1”
Sr16Pbg(Fe,Mn)16063 (Sro.62Pbo 31)(Fep.7sMng 25)02.43 1/2[110],(203),, 28 phase “2”
Sr1oPbs(Fe,Mn);40¢3 (Srg.71Pbg »5)(Fe,Mn)O, 375 1/2[110],(102),, this work

structures (see the last section). In the Sr-rich part of the
Pb—Sr—Fe—O diagram (Figure la), the formation of
complex crystallographic shear (CS) planes has been also
observed for (Sro_54Pb0_17)FeOzA21,23 described as the inter-
growth of Fe-2201 and Fe-2212 structures. In this paper,
the formulation of the different compounds is given in
terms of a CS structure as well as in terms of a cation
deficient perovskite; the relationships are brought together
in Table 1.

CS structures of ferrites and manganites have been first
discovered in the lead rich part of the diagram (Figure 1a).
The large family of Pb-site deficient perovskite-related
compounds Pb4m+3nFe4(m+n)Ol0m+9n24_26 consists of dif-
ferent modulated 1/2[110](/01), CS structures having the
same average pseudocubic unit cell with a ~ q,, (a, is the
parameter of the perovskite unit cell), a modulation
vector ¢ =oaa * + yc *, and the superspace group X2/
m(o0y) with a centring vector [1/2,1/2,1/2,1/2]. The de-
tailed shear operation, which generates these CS struc-
tures, has been previously described.'>** The 1/2[1 10],,-
(§05)p CS structure of PblgFezoo4g (Pb0A9F602A4)24 is
taken as an example in Figure lc for describing the
structure-type of the members of the Pb-site deficient
perovskite-related compounds. The perovskite (P) “slice”
located in between two CS planes forming the “transla-
tional interface” (T.I.) has an average thickness of two
BOg octahedra (B = Fe). The BOg octahedra of the
perovskite layers and four pentagonal pyramids BOs
manage six-sided tunnels in the translational interface,
where two columns of Pb*" cations are located.

The electron diffraction investigation of the (Srg¢;-
Pby.13)(Fep75sMng 25)O05 29 compound28 has evidenced the
existence of two types of patterns, associated with com-
mensurate and incommensurate modulations, so that the
description of the patterns implied the introduction of a
modulation vector (pa * + rc *) with each reflection in-
dexed hay + kb + lcj+ mq with hk.Im integer. The
commensurate structure was described using the vector
q = 2/25a}+-3/25¢%, with the centering vector [1/2 1/2
1/2 1/2] and the 12/m(pOr) superspace group. The para-
meters of the monoclinic supercell of (SrgePbg ig)-
(Feg7sMng »5)05 59 have been reﬁnead28 from powder
X-ray diffraction data to a,, =27.595(2) A, b,, =3.8786(2) A,
¢ = 13.3453(9) A, and f3,, ~ 100.126(5)° (the subscript m
denotes the monoclinic supercell). Due to the complex nano-
structure of the (Sry 6 Pbyg.18)(Fep75Mng25)O- 29 phasoid with

the existence of two variants associated with the commen-
surate structure, only the latter was documented in our
previous paper.”® Each of the two variants exhibits a 1/
2[110],(203),, crystallographic shear (CS) (Figure 2a). The
phase “1” is characterized by the existence of single tunnels
“H” bordered by two groups of four edge sharing pyra-
mids, the structural unit B4O14; two pentagonal cages are
managed between two adjacent B4O14 units. The phase “2”
is characterized by the existence of two tunnels “H” which
share a B,Og unit built up from two edge sharing pyramids
and are bordered by two groups of B4O14 structural units.
The two “translational interfaces” differ by the sequences
of the six-sided tunnels and the groups of edge sharing
pyramids located in between, which can be characterized as
follows (Figure 2a)

phase”1” :

-one tunnel”H”-one unit B4O4-one unit B4Oy4

phase”2” :

-one tunnel”H”-one unit B,Og-one unit”H”-one unit B4O14

As a result, the main difference between the two
variants is in fact the occupancy factor of 2 atomic sites,
schematically drawn in Figure 2b. The first site is occu-
pied either by the B cation of a BOs pyramid (B = Fe or
Mn) in phase “1” or by an A®" cation (likely Pb*") in
phase “2”. The second site is an oxygen position which is
empty or fully occupied, transforming a BOs pyramid in
phase “1” into a BOg octahedron in phase “2” (small
vertical arrow). The theoretical compositions per mono-
clinic cell are SrgPby(Fe,Mn),30¢4 for the phase “1” and
Sri6Pbg(Fe,Mn),50¢3 for the phase “2”. The two limit
models therefore exhibit the same amount of cations,
Pb+Sr+(Fe4+Mn) = 50. The presence of these two vari-
ants in the form of nanophases has justified the descrip-
tion of the material as a phasoid *, with the general
formula of the average structure SrisPby(Fe+Mn)ys-
M,Og3-e, wWith M being any cation of the framework as
shown in Figure 2b. It is important to recall that these
two formulas correspond to the hypothesis that the ca-
tions located in the six-sided tunnels “H” are only Pb*"
and that all the others, namely five-sided tunnels and
perovskite cages, are only occupied by Sr*"; they are
supposed to simplify the description of the models and
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Figure 2. Projections along[010] of the 1/2[110],(203),, CS structure of a)
the phase “1” Pb,Srg(Fe,Mn),5044 and phase “2” PbgSr;¢(Fe,Mn),60¢3
and b) the differences at the level of the interface between the ordered “1”
and “2” structures and representation of the average structure of the
phasoid.

structural mechanisms since the results obtained in the
diagram show that the two cations are both able to
occupy the different sites in these complex frameworks.

Experimental Section

The powder compound was prepared in a glovebox starting
from PbO, SrO, Fe,O3, and Mn,Oj3 in the stoichiometric ratio.
The mixture was then pressed into bars, sealed in a silica tube,
heated at 1100 °C for 48 h with a heating rate of 1.5 °C/min,
and slowly cooled at the same rate. More details can be found
in ref 28.

Energy dispersive analyses carried out on 50 crystallites
evidenced an average cation ratio of Sri;PbsFe, Mn;, and
electron diffraction confirmed the CS nature of the crystallites.?®
No secondary phase has been detected from the X-ray powder
diffraction (XRPD) study. The synthesis conditions are consis-
tent with a trivalent oxidation state of the Mn and Fe cations

Chem. Mater., Vol. 22, No. 5, 2010 1791

(confirmed by redox titration), so that the composition Sr;;Pbs-
(Fe,1Mn;)Og3, has been proposed.

The structural study was carried out by transmission electron
microscopy (TEM). A small piece of sample was crushed in an
agate mortar containing n-butanol, and a droplet was deposited
on a copper grid covered with holey carbon film. Electron
diffraction (ED) was carried out with a JEOL 200 CX micro-
scope. The microscope used for high resolution TEM
(HRTEM) was a JEOL 4000EX operating at 400 kV. The Z-
contrast images were obtained on a JEOL 3000F microscope
working in scanning transmission mode (STEM) unit, and
images were recorded using a high-angle annular dark field
(HAADF) detector. High-resolution images were simulated
using the Mac Tempas software.

The magnetization measurements were carried out in a
SQUID magnetometer (Quantum Design).

Results

The description of the material in the form of nanodo-
mains of two phases forming a phasoid®® was a first and
important approach of its real nature, but this description
does not allow all the experimental observations to be
explained. They especially deal with the existence of ED
patterns exhibiting a weak deviation with regard to the
commensurate supercell, although the two variants are
characterized by a similar unit cell. The global symmetry
of the ED pattern is monoclinic, and the reflection con-
ditions are in agreement with the centering vector [1/2 1/2
1/2 1/2].

The ED pattern of the commensurate structure (a,, =
27.595(2) A, b,, = 3.8786(2) A, ¢,, = 13.3453(9) A, and
B = 100.126(5)°) is schematically drawn in Figure 3a
with the satellites (red dots) of the commensurate mod-
ulation vector along the [203] direction of the perovskite
subcell (blue dots and subscript p). Two enlarged schemes
allow understanding the indexation of the pattern using
the four indices hkim. The lower one represents the
monoclinic unit cell in the form of a red rectangle with
a % parallel to the [203];¥ direction and ¢ ¥ parallel to the
[1OT];§‘ direction; it corresponds to a¥ = Hggo1, b = b*,
and ¢ = Hjoi1o. The enlarged scheme (upper one) re-
presents the 101, and 200,, basic reflections of the perov-
skite subcell and the satellites located in between. The
particular values of ¢ = 2/25a; + 3/25¢} involve that four
satellites are aligned along [101]¥ with the basic reflec-
tions of the perovskite subcell and regularly spaced (see
the yellow area). All reflections are indexed in this en-
larged scheme. Note that for this commensurate structure
each of these spots is the superposition of two satellites,
the sum »_|m| of the m values of two associated hklm
satellites, 20440/20210 or 10330/30320 for example, is 50,
i.e. the order along the [203]} direction.

In the experimental patterns of incommensurate mod-
ulations (Figure 3b), the aperiodicity is clearly detected
from the positions of the satellites, which are no longer
aligned along the rows parallel to [IOT];‘, with unequal
interspot distances. This is highlighted in the enlarged
scheme in Figure 3b, which presents a zone of the pattern
equivalent to that of the commensurate phase in Figure 3a
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Figure 3. a) Ideal and schematic [010] ED patterns of the commensurate
structure, with the perovskite reflections (blue dots) and satellites (red
dots). The bottom-enlarged scheme presents the monoclinic unit cell and
the indexation using four Aklm indices. The yellow part of the pattern,
between the 101, and the 200, reflections, is enlarged to highlight that the
two basic reflections and satellites are aligned. b) Experimental [010]
pattern characteristic of an incommensurate modulated structure. The
satellites located between the 1010 and 2000 reflections are enlarged in the
right part of the pattern; only the visible satellites are indexed. ¢) Example
of three patterns showing the satellites evolution with ¢.

(follow the dotted line). The intensity decrease of the
satellites close to the basic reflections, independently of
the dynamic effect, is another phenomenon associated
with this loss of the commensurability. It is correlated to
the fact that the couples of satellites are disassociated in
the incommensurate structures; only the more intense
satellites are indexed in the enlarged scheme. In the
experimental ED pattern of Figure 3b, the modulation
wave vector is approximately ¢ = 0.0787a;+ 0.1179c;;.
The evolution of both the position and intensity of the
satellites is illustrated in Figure 3c, where the correspond-
ing zones of three patterns have been enlarged. Different
relative positions are indeed possible for the satellites, as a
function of the p and r components of the modulation
vector. In Figure 3cl, the aperiodicity is barely visible (p
and r remain very close to 0.08 and 0.12) and is only
detectable by the elongated form of the satellites close to
the basic reflections (see enlarged part): this elongation
results from a tiny displacement of the two associated
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Figure 4. Compared enlarged [010] images to outline the complementa-
rities information of (a) HAADF STEM and (b) HRTEM.

satellites (as 50540 and 10110 for the circled spot) as soon
as p is different from 2/25 or r from 3/25. The experimen-
tal pattern (p = 0.0787 and r = 0.118) is enlarged in
Figure 3c3, whereas in Figure 3c2 an intermediate one
with p = 0.0797 and r = 0.118 is represented. It clearly
appears that these values remain very close to those of the
commensurate 1/2[110],(203),, structures.

HREM and HAADF-STEM Observations. In this
study, we have only considered the recurrent nonstoichio-
metry phenomena, which could be considered as significant
to explain the incommensurate modulation observed in the
ED patterns. As previously shown,? the high resolution
electron microscopy (HRTEM) and high-angle annular
dark field (HAADF) STEM techniques are complementary
for detailed analysis of this complex material. The informa-
tion they display is compared in parts a and b of Figure 4.
The HRTEM images provide characteristic contrasts on the
formation of perovskite-type blocks separated by complex
rows of tunnels, which can be directly compared to those
observed in the ferrite Pb;gFesOas.2* One example of a
[010] enlarged HRTEM image is given in Figure 4b, with the
high electron density zones appearing as the darker ones
(focus close to —190 A). At the level of the translational
interface, a schematic drawing of the Fe(Mn)Og octahedra
blocks is superposed on this experimental image, the six-
sided tunnels, where the Pb>" cations are likely located and
are represented by white hexagons and the cations (Sr*"
and/or Pb>") located in the pentagonal cages by yellow
circles. The interesting characteristic of the present CS struc-
tures with regard to the ferrites >* deals with the presence of
strontium and lead in the matrix, two cations with a
significant difference in Z (Pb = 82 and Sr = 38), perfectly
suited for HAADF STEM imaging. The intensity related to
a column of atoms is indeed proportional to Z" (1 < n < 2).
The enlarged [010] HAADF STEM images of the present
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a)

b)

Figure 5. “Map” of the arrangement of the structural units in the
translational interface, as obtained by the [010] HAADF STEM techni-
ques (the phases “1” and “2” are labeled at the level of the interface). a)
Enlarged image corresponding to a coherent boundary between the
phases “1” and “2”: the FFT evidences the alignment of the intense
satellites with the basic reflections of the perovskite. b) Image character-
ized by different boundaries. The white shadowed zone corresponds to the
defective boundary. The FFT evidences the misalignment and the de-
crease of intensity of the satellites.

material are characterized by zones of bright dots, which are
associated with the cations located in the tunnels at the level
of the translational interface. In Figure 4a, the brighter dots,
i.e. higher Z, are correlated to the positions of the Pb>"
cations (green dots surrounded by a white hexagon) in the
single and double tunnels H: one single hexagon associated
with the phase “1” and two hexagons for the phase “2”. In
between two interfaces, the gray dots are correlated to the
Sr** positions, and a possible minor amount of Pb*"
cations, located in the perovskite cages.

These HAADF STEM images provide a “map” of the
distribution of the “higher Z” cations in the crystal, i.e. the
relative arrangement of the different tunnels (double
and single) along the interface. Two examples are given in
Figure 5, in which the tunnels and pentagonal cages have
been represented by green and white dots, respectively, and
the nature of the phase “1” or “2” is mentioned to evidence
the different domains and the arrangement of the different
structural units in the interface. The enlarged image in
Figure 5a corresponds to part of a crystallite where the
adjacent domains “1” and “2” exhibit a perfect translation of
the cell along a , as well as along ¢, over the domain
boundaries (white dotted line). The associated Fast Fourier
Transform FFT of these domains exhibiting coherent boun-
daries confirms that a unique commensurate pattern is
obtained with satellites aligned along the [101]# direction.
In Figure 5b, different boundaries are observed, and the
FFT of this region shows an incommensurate modulation
similar to that of Figure 3b despite the HAADF STEM
“map” evidences only the presence of these two phases. The
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Figure 6. a) Coherent boundary “1” —“2” schematically projected along
[010]. b) Topological representation of the different coherent boundaries
and the additional vectors of translation associated with the discommen-
suration in the defective junction “17—*2".

origin of the discommensuration should be therefore con-
nected to these different types of junction between the “1”
and “2” domains.

Origin of the Discommensuration. To determine the
origin of the discommensuration, we should consider
the expected sequences of the structural units along ¢ .
They are [-tunnel-B4O4-B4O14]... for the phase “1” and
[tunnel-B,Og-tunnel-B4O4]... for the phase “2”. The
different junctions observed in the experimental images
(Figure 5) are schematically drawn in Figure 6.

- coherent domain boundary (DB): in the commensurate
structure (dotted lines in Figure 5a), the translation ¢ ,, is
respected, and the sequence of the junction [phase “2”] —
[phase “17] is

[tunnel-BZOg -tU.IlIlCl-B40l4] [-tunnel-B4014-B4014]

A coherent domain boundary (DB), the junction of the
“2” and “1” phases ensures the periodicity so that the
interface remains perfectly parallel to (203),, (Figure 6a).
In the left part, the junction between the two phases
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“1” — “2” along a ,, is also perfectly ensured. This is
observed in Figure 5(a and the left part of b), with a
translation vector (a m/2 + € ;/2) of the equivalent part of
the two structures through the (DB) parallel to (101),,.
This is the expected arrangement in a commensurate
structure, as shown from the FFT (Figure 5a) associated
with this part of the image.

In a “defective” boundary (white shadowed rectangular
zone in Figure 5b), the sequence is

[-tunnel-B4O4-B4O4-tunnel-B4O4-tunnel-
B,Og -tunnel-B4O14-tunnel-B2Og-tunnel-B4O14-]

The five first units [tunnel-B4O14-B4014-l‘unnel-B4014]
correspond to the correct units sequence in the phase “17.
However, the following units [funnel- B,O ;,~tunnel-B,Og-
tunnel-B4O4-tunnel-B,Og-tunnel-B,044-] also adopt a
correct sequence expected in the phase “2”. In fact, one
part of the sequence [-tunnel-B,O;4] is consistent
with a normal sequence of each of the two phases but is
“abnormal” in a coherent sequence of junction phase “1”
— phase “2”. This group [-tunnel-B,0 4], belonging to
both domains at the level of the junction involves
a translation t. # ¢, between the two domains “1”
and “2”.

Topological Model of the Defective Boundary. In the top
part of the image (Figure 6b), the above-mentioned
sequence of the structural units and an overlap of the
two phases (see the double arrows) are drawn. The
common [tunnel-B,0 ;4] unit in the translational interface
(colored in orange) is associated with a block of four iron
octahedra in the perovskite slice (the fifth polyhedron of
the perovskite block being one of the pyramids of the
B4O14 unit). The modulation vectors of the two domains
remain parallel to (203), but are not collinear; they suffer
a translation, which is outlined in Figure 6b by two rows
of dotted lines. As a result, the defective boundary can be
regarded as built up from the common structural group,
i.e. [tunnel-B,0 4] and the associated octahedra, locally
shared by the phases “1” and “2”. This structural group
can be considered as built on the t and a ,, vectors (see
Figures 5 and 6), defining a monoclinic cell, with 1 djg2 =
Am ((11()2 Sll’lﬁ ~ Sapf) b102 ~ b ~ Ap, C102 = ‘t‘,‘ and
Bio2 ~ 108°4; it corresponds to a 1/2[101](102), CS
perovskite related structure with the theoretical composi-
tion Srlon4Fel6O38 (Or (Sr0.71Pbo_25)F602_375 per perov-
skite unit).

The formation of such defective boundaries through
structural units common to the two phases is susceptible
to involve additional translations along ¢ ,, in the adja-
cent domains. One example is given in Figures 5 and 6,
with two vectors t . and t > which also lead to a misalign-
ment of the cells along a ,. This is observed in the image
of Figure 5b and illustrated in the right part of Figure 6,
with € =a ,/24+b n/2+¢ m/2.

These local translations by t . and t > provoke ruptures in
the translation in the interface with resulting dis-
placement vector R, responsible for the incommensurate
character observed in the diffraction patterns (see the FFT).
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The different experimental values of the component of the
modulation vectors (pa * + r¢ *) are a function of the nature
and the number of boundaries in the area selected in the
microscope.

The simple drawing in Figure 6a shows that the junc-
tions between the two phases can be coherent from a
crystallographic point of view. They are therefore suscep-
tible to generate perfect phasoid compounds with nano-
phases exhibiting only 3D coherent boundaries according
to different arrangements, from a “disordered” model up
to ordered intergrowths of the two phases “1” and “2”,
along a ,,, as well as along ¢ ,,. If the latter ones can be
stabilized, the commensurate supercell of these as-built
intergrown phases would have a peculiar character, with
the a or ¢ parameter being an integer multiple of the a,, or
¢, of only one mother cell, instead of two in the common
intergrowth structures.

Chains as Structural Building Units (SBU) in the
1/2[110],(hkl), CS Structures. CS Structures of the Fe-
22(m-1)m Members. The phases “1” and “2” can be
considered as the two possible limit ordered states, ob-
served in the form of nanophases, of the average phasoid
compound SrsPbs(Fe,Mn),sM4O¢3...>° To understand
the relationship between the complex structures of these
cation deficient perovskites and the mechanism respon-
sible for the discommensurations, we shall start from one
of the simplest ferrites SrFeO, s.

This anion deficient SrFeO, s ferrite'® is an ordered
brownmillerite, but, as soon as a cation deficiency is
observed (Sr;_FeO, s, with 0 < x < 0.33), ED shows
that the perovskite-like framework is destroyed. The sam-
ples are multiphased with the coexistence of SrFeO, 5.,
and different ferrites Fe-22(m-1)m, each m member
having the composition Fez(Srz)Srm_lFem02,5m+4.5_53 1.32
(Figure 1a). Following the approach proposed for the
Aurivillius family by Boullay et al.,** these phases can be
regarded as 1/2[110],(001),, CS structures, the double Bi
layers of the latter being replaced by double iron layers.
The periodicity between the shear planes is directly
related to m and therefore to the ratio Sr/Fe. To illustrate
the 1/2[110],(001),, CS character of these Sr rich ferrites,
the idealized structure of the m = 2 member?’ is drawn in
Figure 7a: along ¢ p» finite chains of two octahedra
bordered by two pyramids are observed and translated
by a p- The FeO, polyhedra (x = 5or 6) of these units
share their corners along ap and cp in one slice, the
junction between the slices is ensured through the pyr-
amids in the translational interface. The m = 3 member
Fe,(Sr,)SroFesOy 5.5 (or SrggFeO; 3) is built up accord-
ing to a similar mechanism from chains of three octahedra
bordered by two pyramids (red colored in Figure 7b).
According to this structural mechanism, the so-called
terrace structure Sry3PbsFesyOsg,> previously described
as a complex intergrowth of Fe-2201 and Fe-2212

(31) Bredesen, R.; Norby, T.; Bardal, A.; Lynum, V. Solid State Ionic
2000, /35, 687.

(32) Mellenne, B. PhD Thesis, Caen, December 20th, 2005.

(33) Boullay, Ph.; Trolliard, G.; Mercurio, D.; Perez-Mato, J. M.;
Elcoro, L. J. Solid State Chem. 2002, 164, 252.
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forming the translational interface.

members, can also be reconsidered using a 3D shear
vector as a 1/2[110],(111), CS structure.

The A/B Ratio. Thus, different 1/2[110],(hkl), CS
structures are observed in a rather small existence domain
of the Pb—Sr—Fe(Mn)—O diagram (Figure la); they
differ by the form of the tunnels and cages managed in
the framework and the nature of the cations located in it.
In the Pby,,i3,F€a040O10mron CS structures,>*2° the
perovskite cages and pentagonal and hexagonal tunnels
are indeed only occupied by Pb**, whereas in the Fe,(Sra.,-
A))Sr,,,1Fe,,034 3562 CS'7722 and terrace? structures,
Fe® " is also located in the sites of the rock salt blocks with
Sr** and Pb*". It appears that the two CS structures
characterized by the lowest (Sr+Pb)/(Fe4+Mn) ratio
do not exhibit six-sided tunnels: namely the Fe-2201
phase (Sr2/3_XPbx)FeOz_16723 and the “terrace” structure
(Srg.54Pbg.17)F €055, (respectively dark pink and orange
in Figure 1a). This analysis shows that the stabilization of
the six-sided tunnels requires a higher A/B cation ratio.

The Chains as Structural Building Units. The two
1/2[110],(203), CS structures constituting the phasoid
(SroléleO.18)(Feo.75Mn0.25)02_29 can be described using
other SBU, which do not especially characterize the
translational interface but the whole structure. These
SBU are the chains of octahedra, parallel to ¢, and
bordered by two pyramids; different structures are drawn
in Figure 7 to outline the nature and arrangement of these
SBU. As above-mentioned, the 1/2[110],(001), CSS of
the Fe-2212 (Figure 7a) and the Fe-2223 member
(Figure 7b) are built up of chains of two and three
octahedra, respectively. In Figure 7d, the limit “phase
2” of the 1/2[110],(203),, CS structure is built from two
chains of two octahedra (yellow colored, similar to those
observed in the Fe-2212 phase) alternating with one chain
of three octahedra bordered by two pyramids (similar to
those observed in the Fe-2223 phase). The limit “phase 1”

of the 1/2[110],,(203),, CS structure is also built from two
chains of two octahedra bordered by two pyramids (yellow
colored, as observed in the phase “2” and the Fe-2212
phase) alternating with a third chain, which can be de-
scribed by one chain of two octahedra bordered by two
pyramids and one shifted unit of two pyramids (hatched in
Figure 7c), which manages pentagonal tunnels.

The study of the defective junctions between the nano-
domains “1” and “2” showed that they result from the
sharing of one common structural group related to the
1/2[110],(102), CS structure unit cell. The structure of the
1/2[110],(102),, CS structure can be also described as built
of only from the SBU consisting of two octahedra bor-
dered by two external pyramids (Figure 7e).

The mechanism of junction of these chains is similar to
the one described for the 1/2[110],(001),, CS structure: the
pyramids and octahedra of adjacent chains are corner shar-
ing along a pand c p» forming “perovskite” slices parallel to
(h0I),; the junction between the slices is ensured through the
external pyramids of each chain by a translation (a /2 + b /
2) but leads to the formation of distorted cages or five- and
six-sided tunnels at the level of the interface.

Origin of This Defective Junction. Considering the
investigated part of the diagram, it appears that the chains
of two octahedra bordered by two pyramidsis a structural
building unit observed in the different CS structures of the
pseudoternary diagram (Pb)—Sr—Fe—O (Figure la): the
Fe-2212,% the 1/2[110],(102),, the 1/2[110],(101),," and
the 1/2[1 10]1,(305)p (ref 24 and Figure 1c) CS structures.
The fact that this unit is a membership of all these CS
structures suggests its easy formation, which could be one
of the important structural keys.

The second hypothesis is linked to a chemical factor
correlated to the actual average composition PbsSr;-
(Fe»1Mn7)Og3..,, as determined by the EDS analysis of
numerous crystallites®™ and the general formula of the
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Figure 8. M(T) curves recorded in ZFC and FC modes, under a field of
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phasoid, PbySr¢(Fe,Mn),sM4O¢;3.. wWith M being any
cation of the framework (Figure 2b). Three theoretical
limits of this formula draw a triangle represented in
Figure 1a (long and short dotted lines); the 1/2[110],-
(203),, phase “2” Sr;sPbg(Fe,Mn),s0¢3 and the 1/2[110],-
(203),, phase “17 SrigPby(Fe,Mn),30¢4 CS structures are
two of its limits, but, from the compositional point of
view, another one is the Pb-rich limit of the Fe-2201struc-
ture 1/2[110],(001),, CSS, with My = Sry, PbsSrygFe;cOgs.
This remark supports the aforementioned one about the
important role of the A/B ratio on the stabilization of the
different types of tunnels. The actual average composi-
tion of the phasoid PbsSri7(Fe;;Mn;)Og;., (red star in
Figure 1a) is in the center of this triangle; this is expected
considering the two theoretical limit models, Pb4Srg-
(Fe,Mn),30¢4 for the phase “1” and PbgSrig(Fe,
Mn),4Og¢3 for the phase “2” (blue stars in Figure la),
because it is consistent with the HRTEM and HAADF
STEM images.

The chemical and structural factors, with the common
SBU of two octahedra bordered by two pyramids belong-
ing to structures very close in composition could explain
the easy formation of the defective junctions (and there-
fore the discommensuration) phenomena.

Magneto-Transport Properties. Figure § presents the
magnetization measured under 0.3 T, both in zero field
cooled and field cooled modes. The value of magnetiza-
tion is small, close to 0.08 emu/mol at 5 K, and the two
curves are separated almost in the whole T range. Also,
the value of susceptibility at 400 K is still different from
zero. These two experiments point to a transition tem-
perature above 400 K. This of course prevents any
Curie—Weiss-like analysis of the susceptibility.

Figure 9 presents the M(H) loop recorded at 5 K. Under
high magnetic field (5 T), the magnetization remains very
small, with 0.12 ug/f.u. A small hysteresis is observed, with a
coercive field close to 1000 Oe. A similar behavior is ob-
served at high T, and the hysteresis is still observed at 300 K,
with a smaller value of the magnetization in 5 T (0.08 ug/f.u.
instead of 0.15 at 5 K). This small magnetization is associa-
ted with an insulating behavior, with p > 10° Q.cm at 300 K.

The small values of magnetization measured here and
the likely high value of the transition temperature indicate
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a strong antiferromagnetic behavior in these oxides. This
behavior is typically observed in related structures such as
“terrace” structure, in Pb,Sr;3Fe»40s3.2> The 180° Fe**—
O—Fe’" interactions are strongly antiferromagnetic
with, e.g. T = 750 K in LaFeO5.** Compared to pre-
vious results, a very small hysteresis is observed on the
M(H) loop. The difference with the previously investi-
gated structures is the substitution of Mn® " for Fe’ " and
the formation of tunnels, which cut the [BO,].. perovskite-
type planes in the translational interface. Following the
Kanamori-Goodenough rules, for 180° Mn*"—0O—Fe’*
superexchange can be AFM or FM.*> Calculations have
shown that the superexchange interactions should be
antiferromagnetic.’® In perovskites, the Mn*"—0Q% —
Fe*" interactions are reported to be strongly AFM."’
However, in most cases, these results are obtained in iron
doped manganese perovskites with a mixed Mn**/Mn**
valency. For pure Mn®" and Fe’", there are only a few
reports. The introduction of Mn® " in BiFeO5 was used as
a way to induce ferromagnetic interactions.*®* % It was
shown that magnetization increases as x increases, and a
small hysteresis can be obtained in BiFe;_.Mn,O5 for x >
0.1.* The value of the coercive field is close to 1000 Oe,
and the magnetization obtained at 5 T and 10 K for x =
0.3, ie. roughly the same Fe’'/Mn®" ratio as in
(Sro.61Pbg.18)(Feg75sMng »5)O5 59, 1s similar to the one
observed in Figure 9, close to 1000 emu/mol. Compared
to BiFe;.Mn,05,°**? not only octahedral but also pyr-
amidal environments have to be considered and could
also play a role on the appearance of hysteresis. A
complete understanding of the magnetic structure is still
lacking, but the appearance of hysteresis could also be
due to FM interactions between Mn>" and Fe’ .
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Concluding Remarks

A detailed analysis of the FFT taken from HRTEM
and HAADF-STEM images of adjacent domains exhi-
biting coherent boundaries parallel to (100),, and/or
(001),, shows that they lead to commensurately modu-
lated ED patterns. Moreover, these techniques allow to
evidence that the incommensurability phenomena are
associated with the formation of defective boundaries
through structural units groups, [(tunnel-B,0,;,) and as-
sociated octahedra], which are a common part of the
normal sequences encountered in the variants “1” and
“2”. The presence of these common structural unit groups
leads to a misalignment of the “1” and “2” monoclinic
supercells along a ,, and are susceptible of involving
additional translations along ¢, in the adjacent do-
mains. These local translations provoke ruptures in the
periodicity and are responsible for the incommensurabi-
lity observed in the diffraction patterns. The experimental
values of the modulation vectors (p a * + r ¢ *) are a
function of the nature and the number of boundaries in
the area selected for obtaining the diffraction pattern.

The analysis of the CS phases in the Pb—Sr—Fe-
(Mn)—O diagram has shown that the stabilization of
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the six-sided tunnels requires a higher A/B cation ratio
and is allowed to propose a new mode for describing these
CS structures. They are built up from simple chains,
running along ¢ p» of octahedra bordered by two pyra-
mids; the adjacent chains share their polyhedra corners
along a p and c p» to form “perovskite” slices parallel to
(h0l), and the junction between the slices is ensured
through the external pyramids of each chain leading to
the formation of distorted cages or five- and six-sided
tunnels at the level of the translational interface. This
model allows the understanding of the relationship be-
tween the variants observed in the phasoid 1/2[110],-
(203),, the 1/2[110],(001),, the Fe-2212,*° and the
1/2[110],(102),, CS structures.

The strong antiferromagnetic and insulating behavior
is very similar to the one obtained for other CS ferrites of
the system.?>?’ The evidence of a hysteresis, with a small
coercive field, reflects interesting magnetic properties; the
investigation of these new materials is in progress.
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