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The crystal chemistry and electrical, oxygen permeation, and magnetic properties of the n = 3 member of

the Ruddlesden—Popper (R-P) series of phases LaSr;GaFe, - ,Co, 09 — 5, with0 < x < 2and 0 < § < 2,
have been investigated. While the orthorhombic cell parameters a and b and the unit cell volume decrease,

the ¢ parameter increases with increasing Co content. Conductivity measurements show that the samples
exhibit a thermally activated process, with 0.17 <E, < 0.35 eV. The oxygen permeation flux values (jO, ~

1 x 107" mol s™' em™2) at 900 °C across 1.5 mm thick LaSrsGaFe, _ ,C0,0;y — s membranes are two orders

of magnitude lower than those observed previously with other n

= 2 and 3 R-P phases (tetragonal) due to the

orthorhombic distortion and negligible oxygen vacancy concentration gradient across the membrane. The
reduction of the LaSr;GaFe, - ,Co,0;¢ - s phases in a mixture of 90% Ar and 10% H, leads to the formation
of LaSr;GaFe, _ ,Co,Oy _ ,,» phases containing Co?* and with orthorhombic symmetry. SQUID
magnetometer data indicates antiferromagnetic interactions and the presence of high spin Co** ions in the

LaSr;GaFe, - .Co0,09 _ ./, phases.

Introduction

Mixed conductors exhibiting both oxide-ion and electronic
conduction find applications as oxygen separation membranes’
and as electrodes in solid oxide fuel cells.? Perovskite oxides
such as La, _ ,Sr,Co, _ ,Fe, O3 _ ; are the most widely inves-
tigated mixed conductors, as they exhibit both high oxide-ion
and electronic conductivity.S’5 However, intergrowth oxides
based on perovskite-related structures, such as the Ruddlesden—
Popper (R-P) series of phases A, + 1B,,03, + 1 (A = rare earth
or alkaline earth, B = transition metal, and n = 1, 2 and 3),
have been investigated to a lesser extent. The crystal structures
of the A, + 1B,O3, + | phases are closely related to that of the
perovskite phase, in which # is the number of ABOj3 perovskite
blocks having corner-shared BOg octahedra alternating with
AO rock-salt layers along the c-axis.® The ABO; perovskite
phase belongs to the n = % member of this series.

Strontium iron oxides with iron in the 3+/4+ oxidation
states are known to form the Sr, ; 1Fe,Os, + | series of R-P
phases. In this series, the n = 1 and 2 members have a
tetragonal structure with nearly regular octahedral coordina-
tion for iron.”® The n = 3 member, SryFe;0,0, has also been
reported by Brisi and Rolando® to have a tetragonal structure
with the space group I4/mmm (Fig. 1). However, the synthesis
of SryFe;0q results in the formation of the secondary phases
Sr3Fe,05 and SrFe05.%1° Lee er al. '° reported the stabilization
of the pure n = 3 phase by a partial substitution of La®" for
Sr?* with 0.96 < x < 1.04 in Srs _ ,La,Fe;0;o _ 4. They also
reported a large degree of oxygen nonstoichiometry at high
temperatures in air for LaSr3Fe;O;p - s with 0 < 6 < 0.8.
More recently, Armstrong ef al.'' have reported the synthesis
and oxygen permeation properties of LaSrzFe; - ,Co,Oy9 — 5
with 0 < x < L1.5. While the substitution of Co for Fe
was found to improve the electronic conductivity due to
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the increase in the covalency of the B(3d)-O(2p) bond, no
significant changes were observed in the degree of oxygen
nonstoichiometry. Nevertheless, the oxide-ion conductivity
values obtained from oxygen permeation measurements were
found to increase with increasing Co content.'!

On the other hand, the substitution of Ga* for Fe? /4"
in LaSr3Fe; — ,Ga,Ojy — s was found to increase the oxygen
nonstoichiometry and cause a structural transformation from
tetragonal to orthorhombic symmetry.'?> The solubility range
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Fig. 1 Crystal structure of tetragonal LaSr;Fe;O0yg — ;.
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of Gawasreportedtobe 0 < x < 2in LaSr;Fe; - .Ga, Oy — 512

Although the replacement of Fe by Ga increases the oxygen
nonstoichiometry, which may be beneficial for oxide-ion
conductivity, it is anticipated to decrease the electrical con-
ductivity. However, the decrease in electrical conductivity
could be suppressed by a simultaneous substitution of both
Co and Ga for Fe, as Co substitution for Fe in LaSr;Fe; _ -
Co0,0, _ s is known to increase the electrical conductivity.'!
In essence, such a simultaneous substitution can increase
the oxygen nonstoichiometry without significantly inhibiting
electrical conductivity. Accordingly, we investigate here the
synthesis, crystal chemistry, and electrical, oxygen permeation,
and magnetic properties of the intergrowth phases LaSr;Ga-
Fe, - ,Co,0g — 5 with 0 < x < 2. Additionally, the crystal
chemistry of the LaSr;GaFe, _ ,Co,O9 _ /> phases obtained
by reduction of the parent phases with H, is also presented for
x = 0,1 and 2.

Experimental

The LaSr;GaFe,; - ,Co,01g — 5 samples with 0 < x < 2 were
prepared by solid state reactions of SrCOs3, Fe;03, Co304, and
Gay0;. The required quantities of the raw materials were
ground and fired first at 1000 °C for 24 h in air. The resulting
powders were then reground, pressed into pellets, and fired in
air at 1200-1400 °C for 24 h. The melting temperature was
found to decrease with the Co content, and so the final firing
temperature was lowered from 1420 °C for x = 0 to 1200 °C
for x = 2. The intermediate compositions had a final firing
temperature of 1350, 1325, and 1250 °C for x = 0.5, 1, and 1.5
respectively. After heating at the final firing temperatures, the
samples were kept at 900 °C for 1 h, cooled at a rate of 1 °C
min~! to 500 °C, maintained at this temperature for 6 h, and
then cooled to room temperature at a rate of 1 °C min ™.

The samples were characterized by X-ray powder diffraction
recorded with a Phillips APD 3520 diffractometer using Cu-Ka
radiation and a graphite monochromator. The X-ray data were
collected from 260 = 10 to 100° with a counting time of 5 s per
0.02°, and refined by the Rietveld method with the DBWS-9411
program.'® The high temperature X-ray patterns were recorded
by spreading the samples on a resistively heated platinum
ribbon mounted in an Edmund Biithler HDK 1.4 chamber
coupled to a Scintag X1 diffractometer. The oxidation state of
(Fe,Co) and the oxygen content were determined by iodometric
titration.'* Thermogravimetric analysis (TGA) plots were
recorded with a Perkin-Elmer Series 7 thermal analyzer with
a heating rate of 1 °C min~! in flowing air, N,, or a mixture
of 90% Ar and 10% H,; the gases used had a purity of
>99.99%. High temperature (373 < T < 1213 K) conductivity
measurements were carried out in air with disc samples using a
four-probe dc technique with the Van der Pauw configuration.
Oxygen permeation measurements were carried out with sin-
tered, polished discs having a thickness of about 1.5 mm and
densities >90% of theoretical density. Measurements involved
exposure of one side of the disc to air (pO,’) and the other side
to a lower oxygen partial pressure (pO,"), controlled by flowing
He, and measurement of the oxygen flux with an SRI 8610C
gas chromatograph.'> Magnetic measurements were carried
out with a Quantum Design SQUID magnetometer in the
temperature range 5 < 7 < 320 K.

Results and discussion
1 Crystal chemistry

Fig. 2 shows the X-ray powder diffraction patterns of the
LaSr;GaFe, — ,Co0,019 — 5 samples for 0 < x < 2. All the
patterns could be indexed on the basis of an orthorhombic unit
cell similar to that reported for the LaSr;GaFe,O1q — s phase,12
which is an n = 3 member of the R—P series. The orthorhombic

LaSr,GaFe, Co O,

x 105

* perovskite
W unknown

x=2.0

Intensity / arb. units

40 60
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Fig. 2 X-Ray powder diffraction patterns of the LaSr;GaFe, _ .-
Co,01g — s samples with 0 < x < 2. Since some of the reflections of the
secondary perovskite phase overlap with that of the R—P phase, the first
four reflections of the perovskite phase are indicated by marks at the
bottom of the figure below the pattern of the x = 0 sample.

distortion is a consequence of the Ga substitution for Fe. A
negligible amount of a secondary perovskite phase was
observed for samples with 0 < x < 1 as indicated by a
weak reflection around 20 = 40 °. For x = 1.5 and 2, a weak
reflection corresponding to an unidentified phase was detected
around 20 = 32°. The compositions synthesized in this study
are indicated by circles and asterisks in the ternary diagram
shown in Fig. 3, in which the axes represent the fractions of Fe,
Co, and Ga in the B site, with a constant A site composition of
LaSr;. In addition, the compositions previously reported in the
literature in the series LaSr;Fe; — Co, Oy — s with 0 < x <
1.5 and LaSrsFe; _ .Ga, Oy — s with 0 < x < 2.0'% are
indicated on the Fe-Co and Fe-Ga lines, respectively, with
filled squares and triangles. A tentative boundary between the
orthorhombic and tetragonal phases is indicated. Attempts to
prepare LaSr;Ga; - ,Co0,0yo — 5 samples with x >2 or x < 2
(indicated by asterisks on the Ga—Co line) resulted in the
formation of increasing amounts of secondary phases.

The crystal structures of the LaSr;GaFe, _ Co,Ojy - 5
samples with 0 < x < 2 were refined by the Rietveld method
on the basis of the orthorhombic space group Fmmm, adopted

Tetragonal Orthorhombic
1.00 Al A A 0.00
0.00 0.25 0.50 0.75 1.00
Fe Ga

Fig. 3 Schematic ternary Ga-Fe-Co diagram, indicating the location
of the samples with various fractions of Ga, Fe or Co in the B site of the
n = 3 member of the R-P phase LaSr3(Ga,Fe,C0)3;0,g — 5: (W) ref. 12;
(A) ref. 13; (O, *) this work.
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Fig. 4 Variation of the oxygen content and average oxidation state of
Fe and Co with Co content in LaSr;GaFe, - ,Co,O¢ — 5.

previously for LaSr;GaFe,O;o _ s.!? During the refinement,
the oxygen contents of the samples were fixed at the values
obtained from iodometric titration. Fig. 4 shows the variation
of the oxygen content and the average oxidation state of
(Fe,Co) with Co content in LaSr;GaFe, — ,Co,O;y - 5. The
data show that the oxygen content decreases with increasing Co
content from 9.6 at x = 0t0 9.0 at x = 2, leading to an average
oxidation state of 3+ for Co in LaSr;GaCo,0y. The errors in
the oxygen content values are +0.02. The low X-ray scattering
factor of oxygen atoms compared to the heavier La and Sr
atoms hinder us from determining precisely the position of the
oxygen vacancies in the crystal lattice using X-ray diffraction.
Nevertheless, in analogy with other n = 3 R—P phases, such as
LaSr3Fe3010 — (5,10 LaSr3FeGa2010 — 5,12 Ca4Mn2Fe09A7516
and Sr;Mn,FeOy g,'® the oxygen vacancies are most probably
located at the O(2) and O(4) sites. Accordingly, the oxygen
vacancy concentration obtained from the wet iodometric
titration data was distributed evenly between the O2 and O4
sites and the O1 and O3 sites were kept at full occupancy in our
refinement of the crystal structure. The observed and calculated
profiles and the difference between the two for LaSr;GaCo,0¢
with Co®* are shown in Fig. 5. The refined structural para-
meters for LaSr;GaCo,Qq are listed in Table 1.

The lattice parameters of the LaSr;GaFe, - ,Co, Oy - s
samples with 0 < x < 2.0 that were annealed in air are given in
Table 2. While the a and b parameters decrease with increasing
Co content, the ¢ parameter increases, with a net decrease in
cell volume as the Co content increases. Also, the orthorhom-
bic distortion in the a—b plane increases with Co content and it
tends to saturate at about 1.15% for x > 1.5. While the
decrease in the @ and b parameters can be understood by

b LaSr,GaCo,0,
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Fig. 5 Observed and calculated X-ray diffraction data and the
difference between them for LaSr;GaCo,0¢ at room temperature.
The positions of the reflections are also marked.
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Table 1 Structural parameters of LaSr;GaCo,O9 at room tempera-
ture”

Atom Site

Occupancy X y z
(Ya La, 3 Sr)l 8i 1 0 0 0.579(1)
(% La, 3 Sr)2 8i 1 0 0 0.701(1)
(1/3 Ga, 2/3 Co)l 4a 1 0 0 0
(1/3 Ga, 2/3 Co)2  8i 1 0 0 0.145(2)
o1 16j 1 A Ve o 0.139(5)
02 8i 0.75° 0 0 0.070(5)
03 8i 1 0 0 0.215(6)
04 8e 0.75° Va 0 0

“Space group: Fmmm; a = 5.393(1), b = 5.456(1), ¢ = 29.080(5) A,
V = 855.68(3) A*. R,, = 13.07%, R, = 1041%, S = 2.86. "The
oxygen vacancies were located at the O2 and O4 sites, in analogy
with the previous data in the literature.!®'>!® The oxygen vacancy
concentration was distributed evenly between the two sites (02 and
04 sites) and the occupancies for the O2 and O4 sites were fixed
based on the oxygen content values obtained from the iodometric
titration.

considering the substitution of a smaller Co**#* for Fe**/4*,

the increase in the ¢ parameter necessitates consideration of
the change in cationic size as well as the increase in the oxygen
vacancy concentration.

With respect to oxide-ion conductivity, the LaSr;Fe; _ -
Co,0j¢ - s and Lag3Sry7Fe; - (Co,0O; _ s systems exhibit
oxygen permeation flux values of the same magnitude as some
of the perovskite phases, e.g. Lag4SrgsCoosFeg,03 — 5 and
SrFe.75C00.505 — 5.!7'® However, in the case of the presently
investigated LaSr;GaFe, _ ,Co,0j — s system, the observed
orthorhombic distortion may represent an important draw-
back to the oxide-ion conductivity. As a simple rule, for ionic
conduction, the crystal structure must provide partially
occupied equivalent crystallographic sites for the mobile ions
to move.'° For example, the perovskite phase SrCog gFep,05 — s
exhibits an increment in the oxygen permeation flux value
with increasing temperature associated with a structural trans-
formation from an oxygen vacancy-ordered brownmillerite
structure (orthorhombic symmetry) to a vacancy-disordered
cubic structure.”

With the objective of evaluating the structural behavior of
the Co-rich samples of the presently investigated system, we
performed high temperature X-ray diffraction measurements
in air on the LaSr;GaCo,0Og phase. The sample maintains
the orthorhombic symmetry from room temperature to 900 °C.
Both the ¢ and b parameters increase with temperature and the
degree of orthorhombic distortion does not show any change.
Similarly, the ¢ parameter and the unit cell volume also increase
with temperature. The thermal expansion coefficients for the
three crystallographic directions were computed from X-ray
diffraction data. The obtained values are 11.9 x 107 ° K~ 'in
the a-b plane and 13.6 x 107° K™! along the c-axis. These
values are slightly higher than the thermal expansion coefficient
of yttria-stabilized zirconia (10.3 x 10~¢ K ™!), which is used as
an electrolyte in solid oxide fuel cells (SOFC), but similar to
those of the perovskite phases La; — Sr,MnO5? that are used
as cathodes in SOFC.

Table 2 Lattice parameters, unit cell volume, and orthorhombic
distortion in the a-b plane of LaSr;GaFe, _ ,Co,0jy - s at room
temperature

(a — by
X alA blA clA VIA® b (%)
0.0 5.465(1) 5.492(1) 28.74(1) 862.6(3) 0.50
0.5 5.446(1) 5.495(1) 28.82(1) 862.4(3) 0.91
1.0 5.425(1) 5.482(1) 28.87(1) 858.5(3) 1.11
1.5 5.409(1) 5.471(1) 29.00(1) 858.2(3) 1.15
2.0 5.394(1) 5.455(1) 29.08(1) 855.7(3) 1.13
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Fig. 6 TGA plots of LaSr;GaFe, _ ,C0,0¢ — s recorded in nitrogen
and air with a heating rate of 1 °C min™'.

2 Variation of oxygen content with temperature

The variation of the oxygen contents of the LaSr;GaFe, _ .-
Co,01p - 5 (0 < x < 2) samples with temperature were
determined by TGA measurements in air and N, (Fig. 6). The
samples do not show any weight loss for 7" < 400 °C, indicating
that the samples do not lose oxygen up to 400 °C. While the
samples with 0 < x < 1 lose oxygen for 7' > 400 °C both in air
and N, atmospheres, the x = 2 sample does not show any
oxygen loss up to 800 °C. The stability of the x = 2 sample
compared to the other samples with lower Co contents is due to
a lower oxidation state of around 3+ for Co in the former
(Fig. 4). The loss of oxygen at 7" > 800 °C in the x = 2 sample
is due to a reduction of some of the Co>* ions to Co®*, as we
will see later during the reduction in a mixture of 90% Ar and
10% H,. At a given temperature, the amount of oxygen loss
decreases with increasing Co content; for example, the weight
loss decreases from 0.38 wt% for x = 0 to 0.05 wt% for x = 2.0
at 900 °C in N,.

3 Electrical conductivity

Arrhenius plots of the variation of electrical conductivity (o)
with temperature for LaSr;GaFe, - ,C0,019 - s (0 < x < 2)
in air in the temperature range 450 < 7 < 1200 K are shown
in Fig. 7. All the samples show thermally activated behavior at
low temperature, and an activation energy was computed from
the linear range of the plots (330 < T < 570 K). One of the
insets in Fig. 7 shows that the activation energy increases with
Co content from 0.17 at x = 0to 0.3 eV at x = 2. The electrical
conductivity versus temperature plot of the x = 0 sample
exhibits a maximum at about 7" = 400 °C, which corresponds
to the start of oxygen loss from the structure, as seen in the
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Fig. 7 Variation of the electrical conductivity of LaSr;GaFe, _ .-
Co,010 - 5 (0 < x < 2.0) with temperature in air. The upper and lower
insets show, respectively, the variation with Co content of the
activation energy computed from data in the temperature range
330 < T < 570 K and the electrical conductivity at 7 = 900 °C.
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Fig. 8 Variations of oxygen permeation flux of LaSr;GaFe, _ ,Co,-
00 — s with log (pO,'/pO,”). The measurements were conducted at
900 °C with 1.5 mm thick samples.

TGA plot (Fig. 6). The decrease in conductivity at higher
temperature 7 > 400 °C is due to a decrease in the carrier
concentration caused by the loss of oxygen. Although the other
samples with x = 0.5 and 1 do not show any distinct maximum,
the slope of the curve changes around 400 °C due to the oxygen
loss from the lattice. The change in the slope becomes less
pronounced as the Co content increases due to the decreasing
amount of oxygen loss. The variation of ¢ with Co content at a
fixed temperature of 900 °C is displayed in the lower inset of
Fig. 7. The electrical conductivity increases by approximately
one order of magnitude from 2 to 36 S cm™! at 900 °C on
increasing the Co content from x = 0 to x = 2. However,
at lower temperatures, the Fe-rich samples have higher
conductivity due to the higher oxygen content and oxidation
state of (Fe,Co), which is also reflected in a lower activation
energy (inset in Fig. 7) of the thermally activated process. The
electrical conductivity values at high temperature (7 > 800 °C)
of the LaSr;GaFe, _ ,Co,0;¢ - s samples with high Co con-
tent (1.5 < x < 2) are lower than those obtained for the
LaSr;Fe; — (Co,0y — s phases without Ga,'! but similar to the
values reported for the n = 2 member of the R-P phases
Lay 3Sra 7Fe; — ,C0,0; — 5 with 0.0 < x < 1.

4 Oxygen permeation properties

Fig. 8 shows the variation of oxygen permeation flux (jO,) as a
function of the oxygen partial pressure gradient log (pO,'/pO,")
at a constant temperature of 7 = 900 °C for 1.5 mm thick
LaSr;GaFe, — ,Co,0;p — 5 (0 < x < 2) disks. The samples
exhibit jO, values of the order of 10~° mol s~ em ™2, without
any particular trend with Co content. The flux values are 2
orders of magnitude lower than those obtained for other R-P
phases such as Lag 3Sr, 7Fe; - ,C0,07 _ 5 (n = 2 member) and
LaSr3Fe; - ,Co,O19 - s(n = 3 member).”’17 Due to the low
oxygen permeation rates of the LaSr;GaFe, - ,Co0,0j¢ — 5
membranes, the oxygen partial pressure measurements of pO,”
were at the detection limit of our gas chromatograph. We
believe that the low oxygen permeation flux values in spite of
a significant amount of oxygen vacancies in the structure is
due to the orthorhombic distortion and the very low oxygen
concentration gradient across the membrane. As evident from
the TGA data in Fig. 6, the difference in the oxygen content
values between air and N, atmosphere at a given temperature
(for example, 900 °C) is very small, which results in a negligible
oxygen vacancy concentration gradient from the high pO, side
(air) to the low pO, side across the membrane. The low oxygen
concentration gradient leads to poor driving force for oxygen
permeation and, thereby, low oxygen permeation flux values.

5 Chemical stability in reducing atmospheres

With the objective of evaluating the chemical stability of
the LaSr;GaFe, - (Co.Oyy — 5 phases, we carried out TGA

J. Mater. Chem., 2002, 12, 2390-2395 2393
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Fig. 9 Variations of the oxygen content of LaSr;GaFe, _ ,C0,09 — 5
with temperature in a mixture of 90% Ar and 10% H,. The plots were
derived using the room temperature oxygen content values obtained
from the iodometric titration and the TGA data collected in a mixture
of 90% Ar and 10% H,.

measurements in a mixture of 90% Ar and 10% H,. The
variation of the oxygen content with temperature are shown
in Fig. 9. The room temperature oxygen content values given
in Fig. 9 were determined by iodometric titration (Fig. 4). All
the samples begin to lose oxygen above about 400 °C. The
x = 0 sample shows a plateau at 7 > 500 °C, corresponding
to the formation of LaSr;GaFe,Oq,. The plateau extends to
high temperatures (900 °C) and no evidence of decomposition
was detected. The samples with x = 1 and 2 also show a
plateau at 7 > 500 °C, corresponding to the formation of the
phases LaSr;GaFeCoOg and LaSr;GaCo,Og, respectively,
with an oxidation state of +2 for Co, assuming +3.2 for Fe.
However, the x = 2.0 sample exhibits a dramatic decrease in
oxygen content around 7" = 800 °C due to the decomposition
of the sample at high temperatures. The data indicate that
the chemical stability in reducing atmospheres decreases with
increasing Co content.

Fig. 10 shows the X-ray diffraction patterns of the
LaSr;GaFe, _ ,Co,0O9 _ ,» samples that were obtained after
heating the samples in a mixture of 90% Ar and 10% H, to
the plateau regions of the TGA plots in Fig. 9. A comparison
of the X-ray patterns with those recorded before the reduc-
tion (Fig. 2) indicates that the new phases also preserve the
orthorhombic symmetry. The crystal structures of these phases

LaSr,GaFe, Co O, ,
x=0.0
el
2
c
S
g
=
©
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Fig. 10 X-Ray powder diffraction patterns of the LaSr;GaFe, _ ,-

Co,0y _ ,,» samples that were obtained after heating to the plateau
regions in the TGA plots of Fig. 9 in a mixture of 90% Ar and 10% H,.
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Table 3 Lattice parameters and unit cell volume of LaSr;GaFe, _ .-
CO,\‘O‘) — x/2

X alA blA /A VIA3

0 5.455(1) 5.521(1) 28.959(5) 872.0(3)
1.0 5.438(1) 5.483(1) 29.241(5) 871.9(3)
2.0 5.364(1) 5.395(1) 29.919(5) 865.9(3)

were, therefore, refined by the Rietveld method based on the
structural model used earlier for LaSr;GaCo,0y9 (see Table 1).
The lattice parameters and unit cell volume are listed in
Table 3. The oxygen vacancies are known to be localized
mainly in the O(2) sites in the analogous LnyNizOg (Ln = La,
Nd) phases that were obtained by a reduction of LnyNiz;Oy,
resulting in a 4-fold coordination for Ni*/?* in LnsNi;0g.2"*?
Also, the LnO-LnO rock-salt layers rearrange to give an Ln,O,
fluorite arrangement in LngNi;Og. Unlike the LngNi;Og
phases, the LaSr;GaFe, _ ,Co0,0y _ . phases maintain the
original orthorhombic crystal structure without any structural
change as both iron and cobalt do not prefer square coplanar
coordination. This observation suggests that the oxygen defi-
ciency may not be constrained to the O(2) sites in LaSr;Ga-
Fe, - .Co,0O9 _ 5. Nevertheless, further detailed study with
neutron diffraction is needed to locate precisely the distribution
of oxygen vacancies in the LaSr;GaFe, _ ,C0,09 _ ./, phases.

6 Magnetic properties

The variation of the inverse molar magnetic susceptibility with
temperature for the LaSr;GaFe, _ Co,0;9 - s samples is
shown in Fig. 11. The magnetic measurements were carried out
both under zero-field-cooled (zfc) and field-cooled (fc) condi-
tions with a magnetic field of 0.1 T. The Weiss constant
obtained from the linear extrapolation of the high-temperature
region (220-320 K) is negative for all the samples, indicating
antiferromagnetic interactions. However, no Neel temperature
could be determined from our measurements. The magnetic
moment u. obtained from the slope of the linear extrapola-
tion varies from 5.15 up for LaSr;GaFe,O9¢ to 4.77 ug for
LaSr3;GaCo,0y . The piepr value (4.77 ug) obtained for the x =
2 sample agrees closely with that expected (4.89 ug) for high
spin Co®* (t*y, €%y (S = 2). Also, the pr value (5.15 up)
obtained for the x = 0 sample is close to that (5.34 ug) expected
based on the coexistence of 40% high spin Fe** and 60% Fe**
according to the experimentally determined oxygen content.
The inset in Fig. 11 shows the variation of the molar magnetic
susceptibility with temperature. The presence of a maximum
only in the zfc curves at around 7' = 50 K suggests spin-glass
behavior without long-range magnetic ordering.
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Fig. 11 Variation of the inverse molar magnetic susceptibility of
LaSr;GaFe, _ Co,0y — s with temperature. The inset shows the
variation of molar magnetic susceptibility with temperature.



Conclusions

The n = 3 member of the R-P phase, LaSr;GaFe, _ .C0,0O¢ — 5,
has been synthesized for 0 < x < 2. The samples have an
orthorhombic structure (space group Fmmm) that is isotypic
with the LaSr;GaFe,O;9 - s phase. The oxygen content
decreases with increasing Co content. The samples exhibit a
thermally activated conduction process with the activation
energy increasing with Co content. The samples exhibit low
oxygen permeation flux values that are 2 to 3 orders of
magnitude lower than those of the other R—P phases, such as
LaSrsFe; — .Co,0; - sand Lag 3Sr> 7Fe, - .Co,07 _ 5, due to
the negligible oxygen vacancy concentration gradient across
the membranes and the orthorhombic crystal symmetry. The
samples yield orthorhombic LaSr;GaFe, — ,Co,Oy _ /> phases
with Co®>" upon reduction with H,. The LaSr;GaFe, _ -
Co,0j¢ - s samples exhibit weak antiferromagnetic interac-
tions with high spin Co>".
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