
Published: May 16, 2011

r 2011 American Chemical Society 2786 dx.doi.org/10.1021/cm103635g |Chem. Mater. 2011, 23, 2786–2794

ARTICLE

pubs.acs.org/cm

Stability of the Sr2B3O6.5�δ Phases (B = Fe, Co, Ga): Existence Range,
Structural and Physical Properties
H. Desmoulins, S. Malo,* O. Perez, D. Pelloquin, A. Maignan, and M. Hervieu

Laboratoire CRISMAT, UMR 6508 CNRS, ENSICAEN, 6 Boulevard du Mar�echal Juin, 14050 Caen Cedex 4, France

’ INTRODUCTION

Cobaltites and ferrites form large families of oxides, which
received for a long time a large amount of interest because of their
wide range of remarkable physical properties; this interest is still
increasing with the discovery of newmaterials having the original
frameworks. Among them, one family of layered compounds is of
importance by its structural relationships with the high tempera-
ture superconductor cuprates (HTSC), characterized by the
intergrowth of m ABO3 perovskite layers with one block of n
rock salt (RS)-type layers (n = 2 and n = 3, respectively).1,2 For
the different [n = 3, 1 e m e 5] members, a simplified notation
using four numbers (n � 1)2(m � 1)m commonly replaces the
complex A0

2Sr2Am�1BmO3mþ3 formulation.1 The B atoms are
transitionmetals (Cu,1�3 Co,4 Fe,5,6 andMn7 for the 22010s) and
A0 atoms are generally 5d106s2 cations such as Bi, Tl, Pb, and also
Hg (possibly partly substituted by alkaline earth or B). The
exceptional character of the Bi�Sr�Fe�O system lies in the
existence of two families of layered compounds: the Bi2Sr2
Am�1FemO3mþ3þδ (A = Sr, Ca) family, denoted Bi-22-
(m�1)m,5,6 and the Fe2A0

2Srm�1FemO3mþ3.5�δ
8�13 (A0 = Bi,

Sr) members, denoted Fe-22(m�1)m, respectively. The m = 1
member of the second family, Sr2Fe3

3þO6.5, exhibits an average
structure first described11�13 on the basis of a stoichiometric
oxygen content for trivalent B cations and the orthorhombic
unit cell, with a ≈ 2 ap

√
2, b ≈ ap

√
2 (ap is the parameter of

the perovskite unit cell), c2201 ≈ 19 Å. Further transmission
electron microscopy studies evidenced the actual modulated char-
acter of the Sr2Fe3O6.5�δ derivatives14�18 and the isostructural

Sr2(Ga1/3Co2/3)2CoO6.5�δ (Co-2201),
19 with wavelengths directly

correlated with the oxygen content. Another example of this cor-
relation is observed in the stoichiometric In-2201 compound
Ba2In3O6.5,

20 which exhibits the orthorhombic cell (2 ap
√
2 �

ap
√
2� c2201) but incommensurate modulated structures by Mg2þ

doping for In3þ.
In the present paper, we present the investigation of the

existence domain of the B-2201-type phase, Sr2B3O6.5�δ, with
B3þ = Fe, Co, Ga, by scanning a ternary diagram based on the
three B metal oxides. A large solid solution Sr2[Fe3�x(Cox�y

Gay)]O6.5�δ has been characterized, using X-ray powder diffrac-
tion, transmission electron microscopy, and energy dispersive
spectroscopy analysis. The evolution of the cell parameters and
wavelength of the modulated structures is given. We show the
effect of the joined introduction of Co andGa instead of Fe in the
Sr2Fe3O6.5�δ phase upon the structural, magnetic, and electronic
properties.

’EXPERIMENTAL SECTION

Synthesis. The Sr2(Fe3�xCox�yGay)O6.5�δ samples have been
prepared by scanning the ternary diagram “Sr2Fe3O6.5-Sr2Co3O6.5-
Sr2Ga3O6.5” Different thermal processes similar to those reported for
the two limit compounds, Fe-220113,15 and Co-2201,19 have been
considered for the first investigations (XRPD and EDS) in the present
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diagram; they confirmed the high sensitivity of the sample homogeneity
to the thermal process and oxygen pressure. We have then retained two
different synthesis processes applied to all the compositions. In the first
process, SrCO3, CoO4/3, Fe2O3, and Ga2O3 were intimately mixed in an
agate mortar. The samples were fired in alumina crucibles at 900 �C for
12 h, for decarbonation, pressed in the form of bars (2� 2� 10 mm3)
and, last, reacted in an oxygen flow for 24 h at 1100 �C. In the second
process, the stoichiometric amounts of SrO2, SrO, CoO4/3, Fe2O3, and
Ga2O3 have been introduced in a sealed silica tube, after pressed in bars.
The heating temperature was increased up to 1100 �C in 12 h and
maintained for 24 h at that temperature.

Single crystals were grown starting from SrCO3, CoO4/3, Fe2O3, and
Ga2O3 in the stoichiometric proportions. After decarbonation, the
mixtures (about 8 g) were introduced in alumina tubes deposited in a
vertical sealed silica ampule. The temperature was increased (100�/h)
up to 1250 �C, maintained at this temperature for 24h, decreased at
1200 �C, then to 1000 �C (2�/h), with a palier of 24 h, and last decreased
down to room temperature (100 �C/h). The structural characterization
of the single crystals using the superspace formalism21 will be reported
elsewhere, but we used the as-refined parameters for the calculated
electron microscopy images displayed in the present paper.
Transmission Electron Microscopy. Each of the as-synthesized

samples was systematically analyzed by coupling electron diffraction
(ED) and Energy Dispersive Spectroscopy analyses, using JEOL 200CX
and JEOL 2010 transmission electron microscopes. The high-resolution
electron microscopy study was carried out with a JEOL 2010F transmis-
sion electron microscope (Cs = 1 mm). For the TEM studies, 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.
For commensurate modulated structures, image calculations were
carried out with the Mac Tempas and JEMS software considering a
superstructure.
X-ray Diffraction. The X-ray powder diffraction study was carried

out at room temperature using a X-pert Pro (Panalitycal) vertical
diffractometer working with the Cu�KR radiation and equipped with
an X0 Celerator detector. Data were collected by 0.017� (2θ) step from
4� to 120�.
Transport and Magnetic Measurements. The electrical resis-

tivity wasmeasured by the four-probe technique using four ultrasonically
deposited indium contacts. The bars were glued by using a GE varnish
on the samples. Themagnetic properties were measured with the ACMS
option of the physical properties measurements system (PPMS Quan-
tum Design) operating from 5 K to 400 K. The alternating current (ac)
susceptibility was measured with f = 104 Hz and μ0hac= 10�3 T.

’RESULTS

State of the Art. In the ideal B3þ-2201 structure, one
perovskite-type slice [ABO3]¥ (A = Sr, Ba ; B = Co, Fe, Ga,
In, and so on) alternates, along cB, with one complex block, built
up from a double layer [B2O2.5]¥ sandwiched between two [AO]
layers (Figure 1a); this is the case of Ba2In3O6.5.

20 In the Fe-
22010s and Co-22010s, the modulated structures are character-
ized by the vector, qB = paB* þ rcB*: the component p varies with
the oxygen stoichiometry as p = (1/2 � δ) and the second
component is r = 1 in both compounds.14�19 Under our previous
processing conditions, the structure of (Fe)2Sr2FeO6.5�δ is
incommensurate with 0.4 e p e 0.46 and commensurate for
(Ga1/3Co2/3)2Sr2CoO6.33 (Figure 1a) with p = 1/3. In these
compounds, the modulated character originates from the oxygen
content of the double layers according to the formulation
[B2O2.5�δ]¥. At present, the structure refinements carried out
on different Fe-2201 and Fe-2212 compounds using a superspace

formalism21 showed that the B cations adopt four types of co-
ordination:17 octahedra in the perovskite layer and trigonal bipyr-
amids (TBP), tetragonal pyramids (TP) and monocaped tetra-
hedra (MT) in the double layer [B2O2.5�δ]¥ (Figure 1b). Four
types of structural building units (SBU), made of 2, 3, or 4 edge-
and corner-sharing polyhedra allow therefore to describe the com-
plex block [SrB2O3.5�δ]¥ sandwiching the perovskite layers.17

One SBU2made of two trigonal bipyramids (TBP) systematically
alternates with one of the three following units: SBU20 made of
two tetragonal pyramids (TP), SBU3 built up from one (TP)
sandwiched between two monocaped tetrahedra (MT) or SBU4
built up from 2(TP) sandwiched between two (MT) (Figure 1b).
The simplest commensurate structures can be described from
ordered sequences of SBUs: (SBU2þSBU20) for p = 1/2, (SBU2
þSBU3) for p = 2/5, and (SBU2 þSBU4) for p = 1/3. In the
incommensurate structures the regularity of the polyhedra se-
quence is broken. Owing to the mismatch observed between the
periodicities of the subcell and the one of the modulation, the
short-range order is lost although the long-range order is still
observed. The resulting sequence is more complex; an ad hoc
periodic insertion of SBU motifs in the sequence observed for the
commensurate cases allows the generation of the incommensurate
structure. Thus, the p = 0.46 case derives from the p = 1/2 case by
the periodic insertion of (SBU2 þSBU3) blocks.
(I). Existence Range of the B-2201-Type Structure Sr2-

(Fe3�xCox�yGay)O6.5�δ. As mentioned in the Experimental
Section, a first-step study has been applied to all the samples
by coupling XRPD, electron diffraction and EDS analyses on
numerous crystallites. The sample homogeneity was tested
by EDS analyses through the Sr/Fe/Co/Ga ratio of every crys-
tallite whereas the coupled ED study allows to check the
structural-type and to measure the component p of the modula-
tion vector of the B-2201 phases. Both techniques allowed to
detect impurities (even in small amount). In a general way, the
best results have been obtained for the samples prepared under

Figure 1. (a) Structure of the Sr2B3O6.33 commensurable 2201 phase
projected along [010] (B = Co, Ga) and (b) SBUs.
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oxygen flow. The ratioRB/Sr = [FeþCoþGa]/[Sr] (theoretically
RB/Sr= 1.5) has been determined from EDS analyses for each of the
synthesized samples. The ternary diagram “Sr2FeO3.5-Sr2CoO3.5-
Sr2GaO3.5” (Figure 2) is representative of the relative ratios of the
three cations located in the B sites of a B-2201 structure (numbered
in the diagram) and discussed in this paper.
( i). Electron Diffraction Study: The Modulation qB = p aB*.

For every crystallite, the components of the modulation vector

qB = paB*þ rcB* were determined bymeasurements on the [010] and
[001] electron diffraction (ED) patterns. The r value remains con-
stant, r = 1, whereas p varies with the cation composition and the
oxygen content, depending on the synthesis process. For simplifying
the expression of the symmetry operators, the following centering
lattice {1/2 1/2 0 0; 1/2 0 1/2 1/2; 0 1/2 1/2 1/2} has been
adopted in the superspace; the vector becomes then qB = paB*.
Whatever the lines of the diagram (Figure 2), the component p

decreases as the Co and Ga contents increase. Starting from Fe-
2201 (sample #6), p decreases from 0.46 down to 0.41 for the Ga-
free compounds (#12), and down to p = 1/3 for the iron-free
compound (#1). Two typical examples are given in Figures 3

Figure 2. Existence range of the B-2201 phases for RB/Sr= 1.5. The
green domain corresponds to single phased samples.

Figure 3. (a) [001] and [010] (b) ED patterns with p = 0.38 (#11:
Ga0.45Co0.55Fe2O6.38). The indexations of the reflections, using four
hklm indices (qB = p aB*) are schematically drawn besides the experimental
patterns: the colors are associated with one reflection of the subcell and
its satellite.

Figure 4. (a) [010] ED pattern of the compound (#15:
Sr2Co1.05Ga0.9Fe1.05O6.33) with p = 1/3. The superposition of the
satellites is typical of a commensurate modulated structure; (b) evolu-
tion of the positions of the spots vs p along aB*.
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(#11) and 4 (#15). The [010] (Figure 3a) and [001] (Figure 3b)
ED patterns are characteristic of incommensurate structures with
p = 0.38 (#11); the intense spots are those of the subcell and the
weaker ones are satellites, all indexed using four hklm indices.
The unequal spacing of the satellites is the signature of incom-
mensurate modulations but the superimposition of the satellites
0004 with 2002 and 0002 with 2004 (Figure 4a, p = 1/3 for
sample #15) is typical of a commensurate modulated structure.
This p = 1/3 compound could be indexed in an orthorhombic 3D
supercell considering a tripling of the a parameter. The second
example (Figure 4b) presents the evolution, versus the p values,
of the spots positions along aB* in the [010] ED patterns, as
observed in the ternary diagram as the Fe content decreases.
Increasing the Ga content in the iron free cobaltite

Sr2Ga0.92Co2.08O6.5�δ (#13) retains an average p value close to
1/3 but induces an incommensurate character of the modula-
tions with p = 0.33( 0.02. In the solid solutions with a constant
Ga content, the p value varies only slightly from 0.33 to 0.36 for
the line #1 to #10 and remains almost constant for the line #13 to
#15 (see further their cell parameters evolutions).
As mentioned before, TEM studies14�18 showed that the

incommensurate character of the modulation is associated with
broken sequences of SBUs in the double layer [B2O2.5�δ] along
aB. For homogeneous B-2201 particles, the calculated p value of
the local sequences, recorded at the scale of a few tens nanome-
ters, is generally close to the average value of the whole sample.
However, in a few crystallites, segregation mechanisms can be
observed with the presence of zones characterized by two
different p values. As an example, the average p value of the
sample (#7) is 0.35( 0.02 but one of the crystallites exhibits two
superimposed systems of satellites with p1 = 0.31 (yellow indices)
and p2 = 0.41 (red indices). The indexation of such ED patterns is
complicated by the double diffraction effects of the p2 system, as
presented in Figure 5a with the 0002 satellite of the p1 system as

secondary source. In the second example (Figure 5b), besides the
satellites associated with p1 ≈ 0.33 (white arrows) and p2 = 0.44,
diffuse streaks are observed in the rows parallel to the aB* axis (#11
for an average value p= 0.38). In such crystallites, themechanisms
of segregation induce different nanostructural states. This point
will be discussed in the HREM section.
(ii). Second Ordering Phenomenon and Diffuse Scattering.

In the case of the commensurate structure p = 1/3, the intense
reflections and satellites can be indexed in the supercell asup ≈
3ap

√
2 ≈ 16.43 Å, bsup ≈ ap

√
2 ≈ 5.52 Å, and csup ≈ 19.13 Å.

However, additional spots, associated to diffuse scattering lines
parallel to cB*, are observed in the ED patterns (see white arrows in
Figure 5c). The reconstruction of the (001)* plane, as those of the
upper layers, obtained for commensurate crystal (p = 1/3) by tilting
around cB*, is given in Figure 5c; the additional point-like spots are
drawn as open green circles for the hk0 and hk2 spots and as full
green circles for the hk1 ones. The positions of the diffuse lines
imply a doubling of the a parameter (aorder≈ 6ap

√
2≈ 33 Å) while

their diffuse character are the signature of a loss of coherency along
cB. Determining the origin of these phenomena needs the refinement
of single crystal XRD data, using a superspace formalism.21

(iii). Homogeneity Range. The whole ternary diagram has
been investigated. Following our synthesis modes, two domains
can be defined, as drawn in Figure 2: the green zone is associated
to the domain of single-phased samples, whereas the purple zone
is the limit of existence of the B-2201 phases characterized by
inhomogeneous or multiphased samples. The interest of the latter
domain is to suggest that the B-2201 homogeneity range could be
enlarged; only the first domain is detailed herein.Note that, contrary to
the limit compounds Sr2Fe3O6.46 (#6) and Sr2Ga2/3Co7/3O6.33 (#1),
we cannot specify the repartitionof eachof the threeB cations over the
RS and perovskite sites of the B-2201 structure; therefore, the general
formulation Sr2Fe3�x(Cox�yGay)O6.5�δ is used without differentiat-
ing the B cations in the perovskite and RS layers.

Figure 5. [001] SAED patterns of crystallites with two modulation vectors: (a) p1 = 0.31 (yellow indices) and p2 = 0.41 (red indices) #7) and (b) p1≈
0.33 (white arrows) and p2 = 0.44, note the diffuse streaks in the rows parallel to [100]* (#11:Ga0.45Co0.55Fe2O6.38). (c) Commensurate structure (p =
1/3): reconstruction of the reciprocal space by tilting around cB* and enlargement of three selected ED patterns. The additional point-like spots of
associated to the second ordering phenomenon (spots of (h0l) and (h2l) are open green circles and (h11) full green circles).
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The actual homogeneity domain of the Sr2Fe3�x-
(Cox�yGay)O6.5�δ phase is large; curiously, the synthesis of
Co-free sample Sr2(Fe3�xGax)O6.5�δ is the only one that failed,
multiphased samples being observed as soon as Ga substitution is
attempted. The limits of the main solid solution are summarized
in Table 1. According to our processes, the solid solution
Sr2(Fe3�xCox)O6.5�δ is limited to x≈ 0.2 (#12), the perovskite
SrFe1�xCoxO3 being detected by EDS and ED as x > 0.2. The
different limits reported for it22�24 can be correlated with the
various synthesis modes used by the authors and the difficulty to
detect the formation of the perovskite in XRPD patterns because
of the superimposition of the main peaks. However, it is important
to note that the Co-richest B-2201crystallites containing Fe (#21)
exhibit compositions close to Sr2(Fe0.75Co2.15Ga0.1)O6.5�δ (with
p ≈ 0.33) showing that 3% of Ga is able to stabilize a high Co
content in the Fe/Co-22010s.
The iron-free solid solution Sr2(Co7/3�yGa2/3þy)O6.5�δ is

extended up to y = 0.26 (#13). Sr2(Fe1.05Co1.05Ga0.9)O6.33 (#15),
which exhibits the constant maximum Ga content (30%), is the
limit point of the solid solution Sr2(Fe3�xCox�0.9Ga0.9)O6.5�δ

and close to the limit of the purple diagram, Sr2(GaCoFe)O6.5�δ

(#19), barycenter of the diagram. Two solid solutions, Sr2Fe3�x-
(Ga2/3Co7/3)xO6.5�δ (line #1 to #6, crossing the whole diagram)
and Sr2(Fe3�xCox�2/3Ga2/3)O6.5�δ (line #1 to #10 with Ga/
(Feþ CoþGa) = 2/9), have focused our attention because they
show the peculiar evolution of the cell parameters and transport
properties.
Remarks on the Cation and Oxygen Stoichiometry. For

certain powder samples, whatever their synthesis process, the
actual average ratios RB/Sr have been observed slightly larger than
1.5, which involves a Sr nonstoichiometry with regard to the ideal
ratio of a B-2201 phase and the formulation Sr2�εB3O6.5�δ for a
fully occupancy of the B sites. Varying the precursors and
annealing treatments showed that this RB/Sr ratio can be slightly
modified and the EDS analyses confirmed that the Sr content
could be varied between 2 and 1.85 (ΔSr/Sr = 0.075), which is
higher than the limit of the experimental error. This observation
raises the question of the oxygen content of these B-22010s. For
the first limit Fe-2201 (#6), the value p = 0.46 implies the formula
Sr2Fe3O6.46 (p = 1/2�δ) and the chemical titration gave oxygen
content close to 6.5.17 Both results lead to an iron oxidation
number close toþ3, consistent with the synthesis process carried
out under an oxygen flux and, therefore, with the intergrowth of
one SrB2O3.46 complex block with one stoichiometric SrBO3

perovskite layer. For the Co-22010s with p = 1/3, an oxygen
content of 6.33 implies a calculated oxidation state of Co close to
þ2.85, assuming Ga3þ. In other words, a trivalent B3þ cation in
the Sr2B3O6.33 compound is incompatible with p = 1/3, even
considering a Sr-deficient phase. Different hypotheses can be put
forward to express these relationships between these parameters,

considering either a cation redistribution or an actual cation
deficiency. For a Sr1.8500.15 B3O6.33 sample
• the hypothesis 1 of a cation redistribution leads to the

formulation (Sr1.9B0.1)B3O6.33 with the localization of a
part of the B cations over the vacant Sr sites,

• the hypothesis 2 of an actual cation deficiency leads to the
formulation Sr2-εB 3-ε0O6.33.

These mechanisms allow to account an adequate ratio ∑B/
Sr = 1.5 up to 1.62. As examples the four limit compositions
deduced from these limit formulations are given in Table 2 for
compounds having a modulation vector p = 1/3. The first
solution induces a potential reduction of at least one of the B
cations, even if one of the cation (likely Co) suffers disproportio-
nation, but appears rather unlikely in an oxidizing process whereas
the second one retains the average trivalent oxidation state of the B
cations. Powder XRD data refinements cannot provide any answer
to this problem.
A deviation of the cation stoichiometry, with regard to the

theoretical one, has been also reported in the barium based In-
2201 compound Ba2In3�xO6.5�0.75x.

20 However, its nonstoichio-
metry mechanism concerns the B cations and the x value remains
very weak (xmax = 0.025). These different behaviors are consis-
tent with the ability of the Fe and Co cations to easily take
different valences, compared to the In cations. These results
suggest that the existence domain displayed in Figure 2 is more
complex with an extent in the quaternary diagram, in which the
ratio [(Feþ Coþ Ga)/Sr] can vary (1.5 e ∑B/Sre 1.6). This
extent has not been fully investigated.
(iv). Subcell Parameters of the B-2201 Compounds. The

subcell parameters have been refined from the XRPD data. The
refined values of several compounds are reported in Table 3, and
the parameters' evolution versus x is given in Figure 6 for lines
(#1�#10) and (#6�#1); the conclusions are similar for the other
lines of the diagram. In the whole domain Sr2(Fe3�xCox�yGay)
O6.5�δ, decreasing the oxygen content leads to an increase of the c
parameter and a decrease of a and b. The b/a ratio increases with
the Ga content along the different lines from 1.004 for the iron
compound (#6) to ≈1.007 for the Fe free compounds (line
#1�#13); it is maximum for #15, Sr2Ga0.9Co1.05Fe1 3 05O6.5�δ,
with a Ga content close to the third of the B cations. However, if
the common evolution in the whole domain is an increase of
the c parameter as iron content decreases, one interesting
peculiarity is observed. As observed in Figure 6 for the
Sr2Fe3�x(Ga2/3Co7/3)xO6.5�δ ((#6�#1) line, a slope break-
ing is observed in the evolution of a, b, c and p parameters
versus x close to the point #5; this corresponds to a ratio
Fe/(Co þ Ga) close to 0.6. This evolution is confirmed
through the inner points, not presented herein, of the diagram
(as for Sr2Fe3�xCo0.538xGa0.461xO6.5�δ (#6�#15)).
As the Vegard law is violated, this variation could be

correlated with a preferential occupancy of the RS and perov-
skite layers by specific B cations for x > 0.6, that is, as soon as
the ratio (GaþCo)/∑B is larger than 0.4. In Sr2Fe3O6.46 (#6),
only one kind of cation occupies the two types of layers
whereas, in Sr2(Ga2/9Co7/9)3O6.33 (#1), a cation ordering is
observed with (Ga1/3Co2/3)2 in the RS layer and (Co) in the
perovskite one. Starting from Fe-2201, these breaking points could
be associated with the appearance of a partial cation ordering.
(II). High-Resolution Electron Microscopy Study. (i). Com-

mensurate and Incommensurate Structures. The nanostructural
states of these B-2201 compounds have been characterized as a
function of the Fe and (Co/Ga) contents by high-resolution

Table 1. Selected Solid Solutions of the B-2201-Type Struc-
ture in the Diagram (Figure 2)

solid solution x limit values line of the diagram

Sr2(Fe3�xGax)O6.5�δ 0 #6

Sr2(Fe3�xCox)O6.5�δ 0 e x e 0.6 #6 to #12

Sr2(Co7/3-xGa2/3þx)O6.5�δ 0 e x e 0.26 #1 to #13

Sr2(Fe3�x(Co7/3Ga2/3)x)O6.5�δ 0 e x e 3 #6 to #1

Sr2(Fe3�xCox-2/3Ga2/3)O6.5�δ 1.6 e x e 3 #1 to #10

Sr2(Fe3�xCox-0.9Ga0.9)O6.5�δ 1.95 e x e 3 #13 to #15
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electron microscopy (HREM). In so complex materials, where
the three B cations have close atomic numbers and the positions
of the oxygen atoms in the double layer [B2O2.5�δ]¥ have a
crucial incidence on the contrast, the interpretation of such image
contrast needs to be confirmed by image calculations, using accurate
positional parameters that can only be obtained from refinements of
single crystal XRD data or coupled single crystal XRD/neutron
diffraction data. The results obtained for the two limit compounds
(#6) with p = 0.46 and (#1) with p = 1/3 have been previously
reported17,19 so that single crystal growths have been carried out for
mixed compositions of the diagram: Sr2Fe2.15Co0.55Ga0.3O6.5�δ

(iron rich and incommensurate) and Sr2Fe0.95Co1.25Ga0.8O6.5�δ

(Co rich and commensurate) close to #11 and #8, respectively.
Their refined structures in the superspace formalismand theorigins of
the disordermechanisms, generatingdiffuse scattering,will be detailed
elsewhere. However, supercell can be proposed to describe a
commensurate structural form. In this commensurate case (p = 1/
3), amodel has beenbuilt and refined fromsingle crystalXRDdata. In
Figure 7a, the (010) image recorded for the compound #8 is typical of
commensuratemodulated structureswithp=1/3 (the corresponding
ED pattern is in Figure 4a). Theoretical images were calculated using
the positional parameters refined for the Sr2Fe2.15Co0.55Ga0.3O6.33

single crystal and compared to the experimental ones. For a focus
value close to ScherzerΔf=�610Å and crystal thickness of 33Å, the
positions of the Sr cations appear as the darkest dots. At the level of
the double layer [B2O2.5�δ]¥ of the RS block, the small grayer dots
are correlated with the positions of the double trigonal bipyramids
(SBU2) sharing one oxygen atom. In between these two gray dots,
four darker ones are associatedwith the other polyhedra of the double
layer [B2O2.5�δ]¥, namely, tetragonal pyramids and tetrahedra
(Figure 1b), leading to a regular sequence (-SBU2-SBU4-).
The second [010]HREM image (Figure 7b) has been recorded

for crystallites of the compound #11, with p= 0.38 (ED in Figure 3)
and is typical of incommensuratemodulated structures. At the level
of the double layer [B2O2.5�δ]¥ two bright dots alternate with 3 or
4 gray ones. A regular alternation of 3 and 4 gray dots in between
the two bright dots (i.e., SBU2-SBU3-SBU2-SBU4-) would corre-
spond to a commensurate modulation with p = 4/11. The excess of
3 gray dots (Figure 7b) with regard to the perfect [-3-4] alternation
is consistent with the average value 4/11 < (p = 0.38) < 2/5 and
their insertionwith an ad hoc period in the double layer [B2O2.5�δ]
with the absence of short-range ordering.
(ii). Planar Defects. The formation of twinning domains,

which results from the lowering in symmetry with regard to

Table 2. Four Limit Formulations for Compounds Having a Modulation Vector p = 1/3

EDS analyses limit formulation Hyp. 1 calculated O.N. hyp. 1 limit formulation Hyp. 2 calculated O.N. hyp. 2

Sr-stoichiometry: Sr2B3O6.33 Sr2B3O6.33 þ2.89 Sr1.95B2.92O6.333 þ3

* 2.86 for #1

Sr-deficient Sr1.85B3O6.33 (Sr1.9B0.1)B3O6.33 þ2.86 Sr1.88B3O6.33 þ3

Table 3. Subcell Parameters and p Components of the B-2201-Type Structure

compositions No. a modul b c p F300 K (Ω cm) Ea (meV)

Sr2Fe3O6.46 #6 5.552(1)Å 5.574(1)Å 18.938(1)Å 0.46 10710 289

Sr2Fe2.4Co0.6O6.46 #12 5.5337(1)Å 5.563(1)Å 19.004(1)Å 0.41 5739 234

Sr2Co1.05Ga0.9Fe1.05O6.33 #15 5.476(1)Å 5.521(1)Å 19.130(1)Å 0.333 263.5 244

Sr2Co1.8Ga0.72Fe0.5O6.36 #7 5.448(1)Å 5.490(1)Å 19.175(1)Å 0.36 2.3 139

Sr2(Co7/9Ga2/9)3O6.33 #1 5.434(1)Å 5.4725(1)Å 19.203(1)Å 0.333 1.40 74

Sr2(Co0.69Ga0.31)3O6.33 #13 5.440(1)Å 5.475(1)Å 19.186(1)Å 0.333 0.28 124

Figure 6. Sr2(Fe3�xCox�yGay)O6.5�δ for y/(x � y) = 0.2/7 and 0.8: unit cell parameters evolution vs x of (a) a, b and p and (b) c.
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the ideal 2201-type subcell (aid = bid = ap
√
2), generates contrast

variation along aB at the level of the double layer [B2O2.5�δ]¥.
Two large [010] and [100] oriented domains are shown in
Figure 8a (#8); the twinning boundary (TB) is not coherent and
appears in the form of a succession of short boundary segments,
roughly parallel to the vector tB = (1/p1)aB þ cB (p1 = 0.38) and
translated along aB. This orientation of the boundary can be linked
to the different distortions of the BOn polyhedra and the waving of
the layers through their connection at the interface. Despite the
small b/a discrepancy of the subcell parameters (varying between
1.004 and 1.008), these phenomena have been almost rarely
observed in the ternary diagram, whatever the x and y values.
Intergrowth defects along cB are also rarely observed.One example

of a defective member m = 6 observed in the sample #11 is given in
Figure 8b; it corresponds to the intercalation of 6 adjacent perovskite-
type layers in between two [SrB2O3.5-δ]¥RS blocks. Such a behavior
was also reported for the two parent oxides Sr2Fe3O6.46 and Sr2(Ga2/
9Co7/9)3O6.33.

17,19 Note that this structural mechanism is different
from those obtained for the series Sr2�zAzFe3O6.5�δ (withA=Bi, Tl,
Ba, Pb, andLa), inwhich the insertionof other cations in the Sr sites25

is accommodated through intergrowth defects, contrary to the
insertion of a great variety of B cations in the pure Sr based B-2201
framework.

(III). Transport Properties. The transport measurements
between 225 K and 400 K showed that the (Sr,A0)2Fe3O6.5�δ

compounds exhibit a semiconducting behavior,25 with a resistiv-
ity F300 K≈ 104Ω cm and activation energy close to 300 meV at
300 K (note that the resistivity values previously reported22�24

cannot be directly compared because they have beenmeasured at
800�900 �C). Their antiferromagnetic-like behavior was asso-
ciated with a strong coupling at 180� (Fe3þ�O�Fe3þ) with high
characteristic temperatures, ranging between 700 K and 800 K.25

Depending on the synthesis parameters (especially tempera-
ture and oxygen partial pressure), the intermediate [Fe2O2.5�δ]¥
and [Ga2/3Co4/3O2.5�δ]¥ double layers of the RS block accom-
modate more or less oxygen, which is responsible for their large
anion conductivity in the cobaltite. At present, the electrical
conductivity of Sr2Ga2/3Co7/3O6.33 is too low to use this oxide as
a thermoelectric material at high temperature in air (σ300 K = 0.7
S cm�1). Nonetheless, the significant lower electrical conductiv-
ity of Sr2Fe3O6.5�δ indicates that the transport mechanism is
different in ferrites and cobaltites. The high spin state of Co3þ

(t2g
4eg

2), which makes the conduction in an eg broad band, is
assumed to be likely responsible of this difference, whereas the
very stable high spin state configuration of trivalent iron (t2g

3eg
2)

is much less favorable to the electronic delocalization.
The transport measurements of these B-22010s have been

carried out for the different points of the diagram, to understand
the evolution of themagnetic and electronic properties versus the

Figure 7. (a) Experimental and calculated [010] HREM images of a
commensurate modulated crystal (#8), the brighter dots are correlated
with the Sr positions. (b) [010] HREM image of the incommensurate
modulated structure of #11 (p = 0.38).

Figure 8. (a) [010] and [100] oriented domains (#8) and (b) m = 6
defective member (#11).
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iron and cobalt ratio. In the studied T range, no magnetic field
effect (up to 7 T) could be detected on the resistivity data.
( i). Electrical Conductivity. As above-mentioned, the electrical

conductivity (σ) is much larger for the (Co/Ga) phase than that
of the Fe-rich phase.25 Accordingly, whatever the composition
line in the ternary diagram is, σ increases as one starts from the
pure Fe-composition (#6) toward the (Co/Ga) phases (#1 to
#13). However, this trend is not monotonic as shown in
Figure 9a for the compositions with Fe/∑B g 0.6. For these
compositions, the room temperature electrical resistivity (F)
keeps values near 104 Ω cm with activation energies (EA) near
∼250 meV.

By increasing further the (Co/Ga) content, F values decrease
abruptly down to 102 Ω cm for compositions such as Fe/∑B ≈
0.6 as shown by the curves in Figure 9b. This change by more
than 2 orders of magnitude can be understood as the creation of
percolative -(Co�O�Co)- pathways and occurs in the zone
where a cation rearrangement has been proposed to explain the
cell parameters evolutions.
Such an interpretation is consistent with the values F300 K ≈

2.3 Ω cm and F300 K ≈ 1.4 Ω cm for 16%-Fe and 0%-Fe,
respectively. The fact that the charge hopping is ensured by the
Co�O�Co network beyond about 40% of (Co/Ga) at the B
site, is confirmed by the EA values which are all close to∼100 meV
(Figure 9c), that is, much smaller than the values found for the
Fe-rich composition.
(ii). Magnetism. As shown in Figure 10a, the reciprocal mag-

netic susceptibility curves strongly differ for the endmembers Fe-
2201 (#6 with a magnetic transition at Tm = 750 K as shown in
the inset of Figure 10a) and Co-2201 (#1 with Tm ∼ 150 K as
shown in Figure 10b). Such behavior reflects the different mag-
netic exchanges for Fe3þ�O�Fe3þ and Co3þ(Ga3þ)�O�Co3þ

(Ga3þ)-. As a consequence of such a difference, by diluting the
Fe3þ�O�Fe3þmagnetic regions by (Co3þ/Ga3þ) substitution, it
is found that themagnetic transition temperature decreases regularly

Figure 9. (a) T (lower x-scale) and 1/T (upper x-scale) dependencies
of the electrical resistivity F for several Fe-rich compounds #5, #16, and
#18. (b) F(T) and (c) F(1/T) curves for a Fe-rich compound (#11) and
for compounds containing increasing (Co/Ga) content (from 1.38 for
sample #9 to 7/2 for sample #1) beyond the threshold (Co/Ga)/(Feþ
Co þ Ga) = 40%. A clear change in the magnitude of the activation
energy is deduced from the change of slope of the F(1/T) curves.

Figure 10. (a) χ0(T) curves increasing the Fe content from 0 (#1) to 2
(#11). χ�1(T) curve for the Fe-2201 phase (#6) is given as an inset. (b)
χ�1(T) curves for the Co-2201 phase (#1) and for the compound #8
(Sr2(FeCo1.3Ga0.7)O6.5�δ). The vertical arrows indicate the magnetic
transition, which T increases with iron content.
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from 750 K to ≈305 K for 25% of (Co/Ga) (#11) and then to
260 K for 45% of (Co/Ga) (# 9). If one considers themuch smaller
χ�1 values for the Fe-rich phases (Figure 10a), it is obvious that the
Sr2Fe3O6.5�δ phase exhibits a ferromagnetic-like component, which
is not present in the (Co/Ga) phase.
Thus, the effect of the (Co/Ga) substitution is double: (i) it

dilutes the B�O�B magnetic interactions as Ga3þ is a d10 S = 0
cation and (ii) it creates disorder in the magnetic network implying
also Co3þ�O�Co3þ and Fe3þ�O�Co3þ interactions unlike in
the Fe-rich limit member. For the (Co/Ga)-2201 samples, the
preferential occupation of the S = 0 Ga3þ cations in the double
layers of the RS block is also probably hindering the magnetic
coupling perpendicular to the perovskite layers. This might change
the magnetic coupling from 3D to 2D along the (Co/Ga) for Fe
substitution. Neutron diffraction experiments are now needed to
allow the magnetic structure evolution to be established.

’CONCLUSION

The investigation of the ternary diagram of Sr2Fe3�x(Cox�y

Gay)O6.5�δ phases evidenced a large homogeneity domain of the
B-2201-type phase, isostructural to the end members Sr2Fe3
O6.46

17 and Sr2Ga2/3Co7/3O6.33.
19 The coupled electron diffrac-

tion and energy dispersive spectroscopy analyses allowed the
determination of the single phased domain obtained following
two defined synthesis processes, but they also show its pos-
sible extension by non stoichiometrymechanisms and/or varying
the processes. The electron diffraction study confirms that all the
structures are modulated, in commensurate or incommensurate
ways. The evolution of the subcell parameters, refined fromX-ray
powder diffraction data, and wavelength of the modulated
structure show the effect of the joined introduction of Co and
Ga in the Sr2Fe3O6.5�δ phase upon the structures. Starting from
Sr2Fe3O6.46, a violation of the Vegard law through slope break-
ings is observed in the evolution of cell parameters and modula-
tion vectors versus x. These variations are observed close to
compositions with Fe/∑B ≈ 0.6 and assumed to be correlated
with a rearrangement of the different B cations between the RS
and perovskite layers. The refinements of XRD data recorded on
different single crystals of the ternary diagram would shed light
on this point. The HREM study showed that the most important
source of disorder in the matrixes is associated with the sequence
of polyhedra along aB, involving possible disproportionation
or diffuse diffusion mechanisms. It is important to outline that
twinning boundaries and intergrowth defects are rather rare phe-
nomena despite the great variety of the B cations in the frame-
work.

The study of physical properties, electrical conductivity and
magnetic susceptibility, for the Sr2Fe3�x(Cox�yGay)O6.5�δ com-
pounds demonstrates that both properties can be changed in
between those of the Fe and (Co/Ga) limit members. However,
this change is not monotonic for the electrical conductivity as a
(Co,Ga) content beyond the threshold value of Fe/∑B < 0.6 is
necessary to go from a transport characterized by an activation
energy of the Fe-rich phase to that of the (Co,Ga)-rich phase. In
that respect, this solid solution is of interest to study the electrical
percolation effects and its coupling to the magnetic properties.
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