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A Relative of Sr4Feg0;3 with Double Perovskite Layers:
BisSri4Fe24056, m = 2-Members of a Potential Series
[(Sr,Bi)2Fes07-51[(Sr,Bi)2Fe206l.n
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A new ferrite Bi4SI'14F€24056 (i.e., Bi4/3SI‘14/3F68018,66) has been synthesized. The hlgh-
resolution electron microscopy study of this oxide shows that its modulated structure consists
of an original intergrowth of double perovskite layers [(Sr,Bi):Fe;Og] with oxygen-deficient
[(Sr,Bi)oFesO7—s] layers. The latter are closely related to the [SroFe O7-s] layers observed in
Sr4FeOs3, that is, built up of FeOs bipyramids and distorted tetragonal pyramids. This new
oxide appears as the member m = 2 of a potential series [(Sr,Bi):Fe;O7_s] [(Sr,Bi)eFesOglm,
which offers a great possibility of cationic and oxygen nonstoichiometry, in connection with

the structure modulation.

The extraordinary ability of the strontium and bis-
muth strontium ferrites to form layered structures
involving perovskite layers has been demonstrated
these last 15 years by the discovery of Ruddlesden and
Popper phases Sr,+1Fe,03,+1,17 of the 1201 ferrite
Big4Sre 5Fe; 105,475 of the 2201 ferrites Bis—.Sro+.FeOg
with x ranging from 0 to ~0.9,% of the 2212 phases
Bis+.Sr3-FesOg15,"8 and of the 2223 ferrite BisSrs-
Fe, 012.9710 All of these oxides correspond to the inter-
growth of single or multiple perovskite layers with
single or double or even triple distorted rock salt-type
layers. Besides these compounds, the strontium ferrite
SryFe013, synthesized a long time ago,!! is of interest,
due to its original layered structure,213 which also
consists of single perovskite layers, but differs from the
other layered ferrites by the nature of the iron—oxygen
layers sandwiched between the perovskite layers. On
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the basis of these structural analyses, the intermediate
layers have been described as double ribbons of edge-
sharing distorted FeOs tetragonal pyramids alternating
with double ribbons of FeOs trigonal bipyramids, ac-
cording to the 1:1 sequence along d. Recent papers!*15
show that this oxide can exhibit an oxygen deficiency,
leading to the formulation SrsFesO13-5. Consequently,
its structure is modulated and considerably more com-
plex. The amplitude of the modulation vector was clearly
correlated to the oxygen stoichiometry.!

Bearing in mind the analogy of this structure with
that of the RP ferrites and with the bismuth strontium
ferrites, we have considered the possibility of existence
of a new family of materials, whose structures would
involve multiple perovskite layers, instead of singles
ones. We have thus investigated the Bi—Sr—Fe—0O
system, starting from nominal compositions based on
such hypotheses. We report herein on a new ferrite,
Bi4sSr14Fe24056, whose original modulated structure is
related to that of SryFesO13, double perovskite layers
replacing the single perovskite layers.

Experimental Section

The powder sample was prepared from a mixture of the
starting materials BizO3, FesOs, and SrO in a glovebox. The
different oxide powders, weighed in the stoichiometric ratio,
were ground in an agate mortar, pressed into bars, and sealed
in a silica tube. The mixture was heated at 1100 °C for 48 h,
with a heating rate of 2 °C/min, and was slow cooled at the
same rate.

Single crystals were grown starting from the same mixture
(Bi303, Fex03, and SrO) as the powder sample, pressed in an
alumina crucible, sealed in a silica tube, and then heated
according to the following thermal cycle: heating at 1200 °C
for 48 h, with a heating rate of 3 °C/min, and slow cooled to
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Figure 1. (a) [001], (b) [010], and (c) [100] ED patterns of
BisSri4Feq4056 indexed in a F-type subcell.

1000 °C at a rate of 5 °C/h, and then furnace cooled to room
temperature.

The powder X-ray diffraction (PXRD) analyses were carried
out at room temperature with a Philips diffractometer working
with the Cu Ka (A = 1.506 A) in the range 10° < 20 < 110°.

The oxygen content was determined by chemical analyses.
The sample was studied by transmission electron microscopy.
For this work, a small piece of sample was crushed in a mortar
containing alcohol, and then a droplet was deposited on a cop-
per grid covered with holey carbon film. Electron diffraction
was carried out with a JEOL 200 CX electron microscope
equipped with an eucentric goniometer (+60°). High-resolution
electron microscopy (HREM) was carried out with a TOPCON
002B microscope equipped with a +10° double tilt (V = 200
kV, Cs = 0.4 mm). Image calculations were carried out with
the MacTempas software. Both microscopes are equipped with
an energy dispersive spectroscopy (EDS) analyzer. The mag-
netic measurements were performed on a SQUID magneto-
meter (7" < 400 K) and a Faraday balance (300 K < T' < 800 K).

Results and Discussion

Electron Diffraction and Powder X-ray Diffrac-
tion. The electron diffraction study coupled with EDS
analysis carried out on numerous microcrystals of a
sample of nominal composition BisSr7Fe19095-5 allowed
the very homogeneous cationic composition “BisSr7Fe;s”
to be confirmed. The reconstruction of the reciprocal
space from the [001], [010], and [100] ED patterns
(Figure 1) shows that a first set of intense reflections
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Figure 2. [010] ED pattern indexed in the B-type supercell
with a ~ 3a,v/2, b ~ ayv/2, and ¢ ~ 26 A.
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Figure 3. Powder X-ray diffraction data for BisSr14Fe24Os6.
Arrows marked the superstructural peaks.

can be described in an orthorhombic sub-cell with a ~
b ~ a2 and ¢ ~ 26 A with reflection conditions
corresponding to a F' lattice with the possible groups
Fmmm, Fmm2, or F222. Besides those fundamental
reflections, a second set of extra reflections is observed
on the [001] and [010] ED patterns (Figure 1la,b),
characteristic of a modulated structure. The satellites
evidence a modulation vector with two components, pa*
+ gc¢*. For all of the crystallites studied by ED, the ¢
component of the modulation vector was equal to 1,
whereas the average of the p component is /3. So, for
clarity worries, only the p component of the modulation
vector will be reported hereinafter. Bearing in mind the
commensurate nature of the modulation, the structure
can be described in a supercell a ~ 3apV2, b ~ ay/2,
and ¢ ~ 26 A. The conditions limiting the reflections
hkl:h~+1 = 2n, Okl:k = 2n, and hk0:k = 2n are compatible
with the Bb2b and Bbmb space groups (Figure 2).
The lattice parameters refined from the powder X-ray
diffraction data in the supercell using the Bb2b space
group are a = 16.6100(5) A, b = 5.5602(2) A, and ¢ =
27.1310(7) A in agreement with the ED study. Consid-
ering the intensity and the number of peaks character-
istic of the supercell (Figure 3) and the parameters to
refine, the PXRD data were not sufficient for refining
an accurate structural model using the Rietveld method.
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Figure 4. [130] HREM images f;or Bi4Sr14F924O56 recorded
with focus values close to (a) =250 A, (b) —550 A, and (c) —1150
A. The theoretical images are shown as insets.

Structural Model by High-Resolution Electron
Microscopy. {100}, has been shown a very efficient
viewing direction for determining the stacking sequence
of the intergrowth structures, as in the RP phases,
superconducting cuprates, and derivatives.*516 In the
present phase, the [130] direction is the equivalent
one. Three images, picked out from the focus series, are
given in Figure 4. Focus values are estimated to —250
(close to Scherzer), =550, and —1150 A, respectively.
In Figure 4a (focus ~ —250 A), the zones of high elec-
tron density are imaged as darker spots, and the
contrast characteristic of perovskite-type derivatives
is clearly observed, in the form of five rows spaced
by about 1.9 A (i.e., ~ay/2) along ¢, made of staggered
dark spots separated by bright spots. The dark spots
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Figure 5. (a) [010] HREM image of BisSr14Fe240s56, (b) [100]
HREM image of BiaSrsMsOs, and (c¢) [010] HREM image of Sry-
F96013.

are associated to the strontium and iron positions of
the perovskite-like layers. These positions appear as
the bright dots in Figure 4b (focus ~ —550 A) and in
Figure 4c (focus ~ —1150 A), where the high electron
density zones are highlighted. These groups of bright
dots are separated by a double row of staggered gray
dots, spaced by about 1.5 A along ¢, associated to
a double row of iron atoms. These HREM images fit
with those expected for a structure built from the
intergrowth of double perovskite and [SroFe O7—s]l.-type
layers, the latter being derivative from the rock salt-
type layers.

The [010] HREM images (Figure 5a), which are
equivalent to the {110}, ones, can be compared to those
previously observed for BigSrsMsOg-type (2212) com-
pounds and for SryFegO13-5,'* as illustrated in Figure
5b and c. Note that the three structures are modulated
along one of the equivalent {110},. The relative posi-
tions of the [SrO] layers are similar in our compound
(Figure 5a) and the 2212’s (Figure 5b); the [SrO] layer
sandwiched between two octahedral iron layers is
indicated by one black arrow. The two structures mainly
differ by the contrast at the level of the rock salt block:
first, by the thickness of this rock salt block (the
difference > 2 A being drastic) and, second, by the
brightness of the spots associated to the cation positions
in the two medium [AO] layers sandwiched between the
two [SrO] layers (indicated by two arrowheads in Figure
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Figure 6. (a) Structural model of SrsFesO;35 and (b) schemati-
cally ideal model of SrsFesO13 (p = 0.5).

5a and b). The two bismuth layers of the 2212’s are
brighter and more spaced out.

The similarity with SrsFesO13—s (Figure 5¢) lies in the
nature of the modulation, the contrast at the level of
these two medium layers. The contrast at the level of
these pyramidal layers in the oxide SrsFesO13-5 (Figure
5¢) is mainly based on the 1:1 alternance along @ of two
bright sticks spaced by 2.9 A with two less bright sticks
spaced by 3.4 A, triple bright sticks appearing addition-
ally which are distributed in a modulated manner
according to the p = 0.47 modulation vector.1* In fact,
the contrast within the pyramidal layers is different in
the present oxide. The sequence along a (Figure 5a)
consists of two bright sticks spaced by 2.9 A, alternating
with quadruple less bright sticks spaced by 3.4 A,
leading to a tripling of the a parameter (indicated by
white symbols in the image). From these observations,
it clearly appears that the modulation of the structure
at the level of the rock salt block of this new phase can
be deduced from the structure of SrsFegO13 (Figure 6a).
In the perfectly stoichiometric SrysFesO13, one double
[FeslBP ribbon of edge-sharing FeOs trigonal bipyra-
mids alternates with one double [Fey].,™F ribbon of edge-
sharing distorted tetragonal FeOs pyramids along a
(Figure 6a), corresponding to a modulation vector p =
0.50. These structural characters are schematically
drawn in Figure 6b for a simple reading. As one oxygen
deficiency is created from time to time in the SroFe 07—
slice, a double [Fes]. P ribbon is replaced by a triple
ribbon of edge-sharing FeOs polyhedra. In fact, this
phenomenon takes place, according to a modulated
periodicity along d (p = 0.47). In the case of SrsFesO13-s,
we have previously shown that p was related to 6 by
the expression p = (1 — 6)/2.1* Thus, considering that
in this new phase, double perovskite layers [(Sr,-
Bi),Fe 012]. replace the single perovskite layers [Sra-
Fey0¢]., and that the oxygen deficiency originates from
the [SroFes O7-s]e alone, this oxide can be formulated
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Figure 7. (a) Schematically ideal model of BisSri4Fez4O56 and
(b) structural model of BisSrisFegsOse.

Bi4/3SI‘14/3F68019_(3 with 6 = 1/3, becausep = 1/3 (i.e., Bi4-
Sri14Fe24056), in agreement with the redox titration
which indicates that practically the totality of iron is
trivalent.

The ideal structural model of BisSri4Fes4Os6 can then
be described as the stacking along ¢ of one double
perovskite layer (Sr,Bi)4FesO12 with an oxygen-deficient
[(Sr,Bi)sFe 075l layer. In the [(Sr,Bi):Fe O7-sl layer,
one double ribbon of trigonal bipyramids [Fey].PP
alternates with one quadruple ribbon of distorted pyra-
mids, along d, explaining the tripling of the “a” param-
eter; this ideal model is schematically drawn in Figure
7a, to be compared to Figure 6b.

Preliminary XRD investigation of a single crystal of
this new phase allows one to confirm the general
structural features of the above ideal model, but shows
that the coordination of iron in the [(Sr,Bi)2FesO7-¢le
layer is actually more complex than that proposed in
this simple model. Especially, it appears that FeO,
tetrahedra are formed besides the FeOs trigonal bipyra-
mids and FeOs; tetragonal pyramids. The accurate
structure of these [(Sr,Bi)sFesO7-sl. layers and the
linking of the iron polyhedra will be detailed elsewhere.
The theoretical image calculations were carried out
starting from the ideal positions deduced from our model
(Figure 7b) and the first results of the single-crystal
X-ray diffraction refinements. The calculated images are
inserted with the [130] experimental images. They fit
with the experimental images through focus series,
confirming their interpretation and the proposed model.
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The contrast associated with the FeOs trigonal bi-
pyramids is translated by (¢ + ¢)/2 between two suc-
cessive [(Sr,Bi):Fe O7-sl. layers, in agreement with the
B centering of the supercell. Such a disposition of the
trigonal bipyramids allows one to decrease the strains
in the structure. It can be seen also that the flexibility
of the double perovskite layer allows one to accom-
modate the waving of the layers.

Concluding Remarks

From these results, it appears that a new family can
be predicted, which derives from the SryFegO13-s series,
as was recently evidenced,'* by replacing the single
perovskite layers by double perovskite layers. This
potential new family can be formulated [(Sr,Bi); FesO7—¢]
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[(Sr,Bi)oFes0gl,,, where m represents the number of
perovskite layers. For the m = 2 member, oxygen
stoichiometry is able to generate different phases by
varying the sequence of double ribbon of trigonal bi-
pyramids and distorted pyramids. In this series, (Sr,-
Bi)sFegO19 represents the limit member which corre-
sponds to the replacement in SryFegO;3 (Figure 6a) of
single perovskite layers by double perovskite layers.

These considerations suggest that this structural
family offers a large possibility to accommodate a
variation of oxygen stoichiometry. The detailed high-
resolution electron microscopy study of different samples
of nominal composition BisSrsFes4O56-5 confirms this
viewpoint.
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