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Sodium ‘‘stuffed’’ Ba2�xSrxFe4O8 ferrites: new cationic conductors
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Abstract

Sodium insertion in the tetrahedral layer structure of the ferrites Ba2�xSrxFe4O8 was performed by solid state reaction at 1220K

in air. Superstoichiometric oxides with the actual formula (Ba2�xSrx)1�y/4NayFe4O8—yp0.56; 0.60pBa/Srp1.67—were

characterized by X-ray and neutron powder diffraction. The hexagonal unit-cell volume shows an increasing dependence on the

sodium insertion when the Ba/Sr ratio reaches the largest values. The marked expansion of the c parameter is the likely signature of

the location of the inserted sodium cations within the interlayer space. One-half of the sodium cations partly sits on the Sr(Ba) sites

in octahedral coordination and the other half occupies extra octahedral and tetrahedral sites. ac conductivity measurements point to

a cationic conductivity whose thermally activated regime—Ea x 0.7 eV—evidenced from 570K, is unsensitive to the sodium content.

The bottleneck of the 2D sodium mobility regards the crossing of the oxygen triangular faces shared by the different polyhedra

within the interlayer space.

r 2002 Elsevier Science (USA). All rights reserved.
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1. Introduction

Recently, the new ferrites Ba2�xSrxFe4O8 have been
prepared [1]. Their structure consists of double layers of
FeO4 tetrahedra, connected by octahedra which partly
fill the interlayer space (Fig. 1). The formation of a
rather large homogeneity range of solid solution—
0.54pBa/Srp1.5—is ensured by the existence of a
partial disorder in the distribution of the Ba2+ and
Sr2+ cations in the centers of the crowns—12-fold
coordination—and in the octahedra. As a member of
the tridymite-like structures, the BaSrFe4O8 type [2,3]
has a relatively low tetrahedral framework density of
19.3 tetrahedral ions (T) per 1000 Å3 [4]. This value
compares rather well with those of the corresponding
silicates: from 22.6 T for tridymite toward the minimum
value of 12.7 T for the faujasite zeolite [4]. Conse-
quently, the BaSrFe4O8 type is expected to exhibit the
typical properties of the so-called stuffed derivatives of
silica, for example some extent of cationic mobility.
In order to check the occurrence of such a property, it

was decided to investigate the insertion of sodium
cations in the ferrites Ba2�xSrxFe4O8. In the following,

we report on the successful attempt in preparing super-
stoichiometric compounds with the formula
(Ba2�xSrx)1�y/4NayFe4O8. The crystal chemistry of these
oxides is described from the results of an X-ray powder
diffraction (XRPD) and neutron powder diffraction
(NPD) combined study. The existence of a mobility of
the sodium cations is discussed on the basis of the data
of ac conductivity measurements and a mobility path-
way is proposed.

2. Experimental

Appropriate mixtures of barium, strontium, sodium
carbonates and iron(III) oxide were heated in air, in
alumina crucibles, first at 870K for 6 h. After a
regrinding, an annealing at 1220K for 6 h, followed by
an air-quenching, was performed.
Seventeen as-prepared samples were characterized by

XRPD. Diffractograms were recorded in the angular
range 6–12012y on a Philips vertical goniometer
equipped with a secondary graphite monochromator
(CuKa radiation). The cationic composition of four
samples was determined by energy dispersive spectro-
scopy (EDS) using an analyser mounted on a JEOL
200CX electron microscope. In the case of the actual
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composition Ba1.04Sr0.74Na0.44Fe4O8, NPD data were
collected at room temperature in the angular range 6–
12612y, on the G41 diffractometer at the LLB, Saclay,
France (l ¼ 2:4266 Å). NPD and XRPD data of this
composition were combined in a Rietveld structure
analysis of both the geometrical and the magnetic
structures, Fullprof code [5].
Electrical measurements of five compositions were

performed on cylindrical disks (d ¼ 8mm, e ¼ 1mm)
compacted under 300 bars and sintered at 1220K in air.
A silver paste was painted on the disk faces and heated
up to 870K. Impedance measurements were performed
by using a EGG 5209 video bridge in the range 20Hz–
120 kHz.

3. Results and discussion

3.1. Range of existence of the compositions

(Ba2�xSrx)1�y/4NayFe4O8

The formation of sodium-inserted ferrites was ob-
served in a wide range of compositions, namely:
0.60pBa/Srp1.67 and nominal values of yp1.15. The
extent of barium–strontium replacement compares well
with that of the parent ferrites Ba2�xSrxFe4O8
(0.54pBa/Srp1.5). Note only a small shift of the Ba/
Sr ratio toward the barium-rich values.
The problem of the actual amount of sodium present

in the inserted ferrite was considered from the results of
the EDS analysis of four nominal compositions, y ¼ 0:4;
0.6, 0.9 and the limiting value 1.15. Approximately 20
microcrystals of each composition were retained. First
of all, it was checked that the presence of any element

other than Ba, Sr, Na and Fe was never detected. This
allows to rule out the incorporation of aluminum from
the crucible, occurring during the synthesis. Table 1
reports the nominal and actual values of their sodium
content together with the corresponding values of their
nominal and actual Ba/Sr ratio. Clearly, the actual value
of the Ba/Sr ratio is rather close to the nominal one,
whereas the actual sodium content, ya, is significantly
lower than the nominal one, y. The systematic presence
of microcrystals of extra phases was observed, namely
NaFeO2 and iron oxides, in agreement with the NPD
phase analysis. Assuming that the Ba/Sr ratio remains
unchanged and the actual sodium content is the half of
the nominal one, a tentative calculation of the percen-
tage of inserted sodium ferrite to be formed was
undertaken. In any case, the minimum value of this
percentage, calculated as equal to 100 (1�y/4)/(1+y/4),
is always larger than 50%, i.e. 55% for the limiting
nominal value y ¼ 1:15:
The main interesting feature regarding the existence of

these sodium-inserted ferrites is the mutual dependence
of the mechanism of sodium insertion and the barium
for strontium substitution. Fig. 2 gives the variation of
the barium–strontium balance versus the actual value of
inserted sodium ya. DxBa–Sr is the value of the maximum
extent of the Ba–Sr replacement, for a given value of ya,
in the formula ðBa2�xSrxÞ1�ya=4

NayaFe4O8ya; the actual
value of inserted sodium is considered as equal to half of
the nominal one y. Up to ya ¼ 0:25; DxBa–Sr remains
close to the maximum value 0.5 observed in the parent
ferrites Ba2�xSrxFe4O8. Then it decreases first strongly

Fig. 2. Variation of the barium–strontium balance DxBa–Sr versus the

actual sodium content ya.

Fig. 1. Perspective view of the structure of the ferrites Ba2�xSrxFe4O8 :

Ba(Sr) occupy the centers of the crowns formed by the (Fe4O8) double

tetrahedral layers. The interlayer space is partly filled by Sr(Ba)

octahedra.

Table 1

Nominal and actual values of the sodium content and the Ba/Sr ratio

in the sodium-inserted ferrites (Ba2�xSrx)1�y/4NayFe4O8 (from EDS

results)

Sodium content Ba/Sr ratio

Nominal y Actual ya Nominal Actual

0.40 0.18 1.25 1.22

0.60 0.30 1.43 1.40

0.90 0.44 1.38 1.40

1.15 0.56 1.38 1.36
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and soon afterward smoothly, to the value 0.2 for ya ¼
0:55: A further increase of ya results in a vanishing of the
barium for strontium substitution. In this respect, it has
to be noticed that any attempt to prepare sodium-
inserted ferrites from mixtures with nominal sodium
contents y41.15 was unsuccessful.

3.2. Hexagonal cell constants: dependence on the inserted

sodium

The diffractograms of all the as-prepared samples
were indexed in the BaSrFe4O8-type hexagonal cell. The
values of ah and ch show a variation which depends both
on the amount of inserted sodium and the barium–
strontium replacement. The extent of variation of ah is
small, Dah=0.01 Å, and remains equal to that found for
the parent ferrites Ba2�xSrxFe4O8 [1]. Conversely, Dch is
larger: 0.09 Å instead of 0.06 Å. This anisotropical effect
can be understood as the signature of an increasing
amount of sodium. More in detail, one can separate the
respective contributions of the barium–strontium repla-
cement and the sodium insertion. In Fig. 3 is considered
the variation of the hexagonal unit-cell volume Vh of the
compositions ðBa2�xSrxÞ1�ya=4

NayaFe4O8; versus the
Ba/Sr ratio (2-x)/x, in a comparison with the parent
ferrites Ba2�xSrxFe4O8. For the low values of the Ba/ Sr
ratio—Ba/Srp0.94—there is no supplementary expan-
sion of the structure to be due to the sodium insertion.
This is no longer true for larger values of the Ba/Sr
ratio: the unit-cell volume of the sodium-inserted ferrites
increases with respect to the parent ferrite and this is
more and more pronounced for the largest values of
the Ba/Sr ratio. Finally, it has to be emphasized that
the insertion of sodium cations makes easier the
substitution of barium for strontium, resulting in a shift
of the homogeneity range of the compositions
ðBa2�xSrxÞ1�ya=4

NayaFe4O8 toward larger values of the
Ba/Sr ratio, (Ba/Sr)max # 1.67 instead of 1.5 in the
parent ferrites. This fact is of importance for the
structural study, namely in order to find the most likely

location of the sodium cations in the tetrahedral
structure.

3.3. Structure calculations: location of the inserted

sodium cations

Structure calculations of the actual composition
Ba1.04Sr0.74Na0.44Fe4O8 were carried out in terms of a
combined XRPD and NPD study. The NPD data were
recorded in the range 6–12612y with a step size 0.0512y.
The presence of the extra phases NaFeO2, a-Fe2O3
corundum and Fe3O4 magnetite, was introduced in the
NPD calculations but not in the XRPD one, where the
extra peaks are too weak to be detected. The XRPD
data were recorded by using specific experimental
parameters in three angular ranges: 10–6212y, step size
0.0212y; 62–12012y, step size 0.0312y and 120–14012y,
step size 0.0412y.
Concerning the NPD data, the as-recorded diffracto-

gram includes the contribution of the magnetic struc-
ture, as evidenced from the presence of several
supplementary reflections. In agreement with the early
data reported on the antiferromagnetism of BaSrFe4O8
[2], these magnetic reflections can be indexed on the
basis of a hexagonal cell identical to the geometrical one,
which result points to a propagation vector k={0,0,0}.
The NPD refinement calculation was performed with
iron atoms labelled in the following way : (1) 1/3, 2/3, z

(2) 1/3, 2/3, �z (3) 2/3, 1/3, �z (4) 2/3, 1/3, z. Several
models were checked but the only model that is able to
reproduce the experimental data is given by a G-type
structure, i.e. S1–S2+S3–S4, following the notation of
Bertaut with moments aligned along the c-axis. The
value of the iron magnetic moment (3.2 mB) is compa-
tible with Fe3+ and is consistent with the existence of
antiferromagnetic interactions along the c-axis and in
the (a,b) plane. Although the double tetrahedral layers
are connected to each other by non-magnetic atoms, the
magnetic ordering is well ensured along the c direction.
The main goal of the structure calculations regarded

the presence and the location of the sodium cations
inserted in the tetrahedral layer structure of BaSrFe4O8.
Due to intrinsic limitations, one could not expect to
propose a fully unambiguous answer to this problem. In
this respect, the existence of extra phases, which was
taken into account in the Rietveld procedure, was
assumed not to prevent to get meaningful results. As a
matter of fact, their calculated overall amount never
exceeds 15%, in agreement with the value 18% deduced
from a phase composition analysis. The true difficulty
concerned the crystal–chemical models to be used for
the location of sodium cations. First of all, it has to be
stated that the chemical inhomogeneity does not
concern this problem. It is a usual property of the open
structures to exhibit several possible sites for the
location of the inserted atoms, no one being strongly

Fig. 3. Variation of the hexagonal unit-cell volume Vh versus the Ba/

Sr ratio in the sodium-inserted ferrites (gray squares) and for

comparison, in BaSrFe4O8 (black symbols).

J. Choisnet et al. / Journal of Solid State Chemistry 170 (2003) 435–442 437



energetically favored. It is why the contribution of the
air-quenching to a supplementary disorder of the
inserted ions is likely to be negligible. In the structure
of BaSrFe4O8, beside the sites which are occupied, i.e.
the centers of the crowns and the octahedral sites which
connect the double layers, some extra site(s) have to be
considered, as a logical consequence of the super-
stoichiometric sodium composition. In this respect,
there are only two fully different ways:
(i) the whole sodium cations sit within the crowns—

the [Ba,Sr,Na]
XII sites—on the basis of the presence of

two sodium cations in the free void due to the absence of
one barium (strontium) cation, i.e. the structural
formula [Ba0.78�uSruNa0.44]

XII [Sr0.74�uBa0.26+u]
VI

Fe4O8;
(ii) one-half of the sodium cations sit in the interlayer

octahedra replacing strontium(barium) cations—the
[Sr,Ba,Na]VI sites—while another half occupy some
octahedral Xoc or(and) tetrahedral Xt extra sites in
the interlayer space, as visible in Fig. 4a and 4b.
The structural formula is: [Ba1�uSru]

XII [Sr0.74�uBa0.04+u

Na0.22]
VI ½Na0:22�

Xoc;XtFe4O8:

The Rietveld refinement procedure was based on the
BaSrFe4O8 model, S.G. P%31m [2]. The first set of

calculations regarded the case of the location of the
whole sodium cations within the crowns. In agreement
with the existence of a weak and diffuse residual density,
approximately 10% of the Ba(Sr) peak, a tentative
position of Na at 1.3 Å from the center of the crown, x #
0.09; y # 0.23; z # 0.09, was considered. After refining
first all the variable parameters, except the position and
the isotropic B thermal factor of Na and then, the
position and the B factor of Na, a convergence was
reached: RBN, Rmagn, RBX1 RBX2 RBX3 equal to 6.7,
8.9, 7.6, 8.2, 10.0, respectively. The calculated intera-
tomic distances concerning the sodium atoms are not
realistic, as for example, one Na–O distance which is
close to 2 Å. Consequently, the presence of the whole
sodium cations within the crowns, as a result of the
replacement of one barium by two sodium cations,
should be ruled out. The diffuse residual electron density
is more likely to be ascribed to a large anisotropic
motion of the barium cations.

The second set of calculations took into account the
presence of sodium cations in the interlayer space. An
examination of the interatomic distances in the two
types of interlayer extra sites, the Xoc and Xt sites, gives
the following values:
—the six Xoc—O distances are equal to 2.51 Å, i.e.

rather large values for sodium cations in octahedral
coordination. Simultaneously, there are two apical
Xoc—Fe distances close to 2.22 Å: one can suppose that
they will not trigger so strong repulsive forces, if we keep
in mind that a significant screening of the electrostatic
repulsions will occur, as a result of the oxygen face
sharing by the (NaO6) Xoc site and the (FeO4)
tetrahedron (Fig. 4a).
—in the tetrahedral Xt site, the mean Na–O distance is

rather short, 2.26 Å, as the average of the four values :
2.12–2� 2.25 Å and 2.40 Å. Due to a face sharing of the
Xt sites with the [Sr,Ba,Na]VI sites (Fig. 4b), the
simultaneous occupation of these two sites is not
possible, Xt.
—[Sr,Ba,Na]VI # 1.75 Å. Consequently, the occupa-

tion of the Xt sites by sodium cations has to be paired
with the existence of a sodium vacancy in the
[Sr,Ba,Na]VI site.
On the basis of these observations, it was decided to

check, at first, the occupation of the Xoc sites and then,
the coupled occupation of the Xoc and Xt sites. In both
cases, the calculation procedure was the same. Starting
from the BaSrFe4O8 model as a first step, the likely
positions of Na were derived from the results of the
NPD Fourier analysis. The structural formulas and the
corresponding positions of Na are as follows:
[Ba1�uSru]

XII [Sr0.74�uBa0.04+u Na0.22]
VI ½Na0:22�

XocFe4
O8; Xoc in: x # 0.33; y # 0.67; z # 0.50, [Ba1�uSru]

XII

[Sr0.74�uBa0.04+u Na0.11&0.11]
VI ½Na0:22�

Xoc ½Na0:11�
Xt

Fig. 4. Extra sites with respect to the octahedral [Na]VI in the

interlayer space: (a): octahedral Xoc sites; (b): tetrahedral Xt sites

(the FeO4 tetrahedra are omitted).
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Fe4O8; Xoc as above and Xt in: x # 0.31; y ¼ 0:0;
z # 0.54.
The starting value u=0.18, derived from BaSrFe4O8

[1], was retained in both cases.
After refining the positional variables and the

isotropic thermal factors of all the atoms except those
of sodium which remained fixed, the Ba/Sr balance,
variable u, was introduced in the calculation. Then, a
tentative variation of the atomic coordinates of the
sodium cations was considered: only the variables yoc
and xt can be calculated. The corresponding results are:
—Xoc sites: a large shift from the starting position was

calculated, 0.60 Å. This results in a lengthening of the
two Naoc–Fe distances: 2.22-2.31 Å and a splitting of
the set of six Naoc–O distances, 2.51 Å, in three longer
ones: 2.99, 2.80, 2.79 Å and three shorter ones: 2.36,
2.35, 2.10 Å
—Xt sites: no significant shift was calculated. Conse-

quently, the four Nat–O distances are very close to the
starting values : 2.11, 2� 2.26 and 2.32 Å.
A convergence was reached for the final values of the

variable parameters reported in Table 2. In this last
calculation procedure, the isotropic thermal factors of
the sodium cations were taken into account. The first
model which corresponds to an occupation of the Xoc

sites only, has a slightly better confidence. The experi-
mental, calculated and difference NPD patterns of this
model are plotted in Fig. 5. As expected, the values of
the overall set of atomic parameters and their standard
deviations as well, are nearly unsensitive to the different
occupations of the Xoc and Xt sites. In both models,
large values of BNa, the thermal factors of inserted
sodium cations, were calculated. Certainly, due to the
constraints which were applied, a precise discussion of
the meaning of BNa is not possible. However, one has to

bear in mind that in the open structures of superionic
conductors, abnormally large values of the thermal
factors of inserted cations are systematically found: for
example, in 1D titanogallates of alkaline cations, BK,
BRb, BCs are equal to 8.0–9.2 and 11.1 Å

2, respectively
[6] and in 1D quadruple rutile chain structures of
sodium ferrititanates the calculated value of BNa is
5.5 Å2 [7]. In this respect, the value 7.8 Å2 calculated for
BNa in the Xoc sites is likely to be related to a potential
mobility of the sodium cations in these new phases.
To sum up the different results of this structural

study, it is useful to give a statement of the
information obtained on the structure of the ferrite
Ba1.04Sr0.74Na0.44Fe4O8, according to their degree of
certainty. At first, the insertion of the sodium cations
occurs in the interlayer space, i.e. between the double
tetrahedral layers and not within the crowns. This was
the rather likely hypothesis to be based on the
anisotropic increase of the c parameter of the unit cell.
It is undoubtedly ensured by the results of the structure
calculations. In any case, a half of the inserted sodium
will be found in some supplementary distorted octahe-
dral sites (Xoc). The other half will be substituted for
strontium (barium) cations in octahedral coordination.
However, it cannot be precluded that a part of these
sodium cations, at best the half, will leave this Sr(Ba)
octahedral sites in order to occupy some neighboring
distorted tetrahedral sites (Xt). This structural scheme,
namely the simultaneous occupation of Xoc and Xt sites
seems to be possible, as it will allow the compression of
the Na–O bonding in tetrahedral coordination to be
relaxed by the Na–O underbonding in octahedral
coordination. This is visible in a simple way from the
calculated mean value of the Xoc–O distances and Xt–O
distances which is equal to 2.41 Å.

Table 2

Atomic parameters of the structure of the composition Ba1.04Sr0.74Na0.44Fe4O8, SG P%31m; as obtained from a combined NPD and XRPD Rietveld

analysis

At. Param. Modela Modelb At. Param. Modela Modelb

u 0.18(2) 0.17(2) Xoc Na0.22 Na0.22
(XII) occup. Ba0.82/Sr0.18 Ba0.83/Sr0.17 y 0.55(1) 0.55(1)

(XII) B (Å)2 1.26(8) 1.29(8) Xoc B (Å)2 7.8(3) 4.6(2)

(VI) occup. Sr0.56/Ba0.22 Sr0.57/Ba0.21 Xt — Na0.11
Na0.22 Na0.11&0.11 x — 0.318(3)

(VI) B (Å)2 0.29(7) 0.10(7) Xt B (Å)2 — 3.3(2)

Fe z 0.2269(2) 0.2270(2) O2 x 0.3399(6) 0.3398(6)

Fe B (Å)2 0.53(2) 0.54(2) O2 z 0.2853(3) 0.2854(3)

O1 B (Å)2 1.40(7) 1.43(7) O2 B (Å)2 1.12(3) 1.15(3)

Two structural models are reported.
a [Ba1�uSru]

XII [Sr0.74�uBa0.04+u Na0.22]
VI ½Na0:22�

XocFe4O8: R factors, NPD: RB=0.064, RP=0.144, RWP=0.119, Rmagn=0.049. XRPD: RB for the

three angular ranges (1) 0.052, (2) 0.063, (3) 0.079.
b [Ba1�uSru]

XII [Sr0.74�uBa0.04+u Na0.11&0.11)
VI ½Na0:22�

Xoc ½Na0:11�
XtFe4O8: R factors, NPD: RB=0.068, RP=0.146, RWP=0.120, Rmagn=0.052.

XRPD: RB for the three angular ranges (1) 0.057, (2) 0.064, (3) 0.073. The different sets of atomic positions are: 1a (0,0,0) for [Ba, Sr]
XII; 1b (0,0,1/2)

for [Ba, Sr, Na]VI; 2c (1/3, 2/3, 0) for O1; 4 h (1/3, 2/3, z) for Fe; 6k (x, 0, z) for O2 and ½Na�Xt with z=0.545(fixed); 12 l (x, y, z) for ½Na�Xoc with

x=1/3(fixed) and z=1/2(fixed).
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4. ac conductivity measurements: evidence for Na+

mobility

Four compositions of sodium-inserted ferrites—ac-
tual values ya ¼ 0:25; 0.4, 0.45, 0.5 and BaSrFe4O8 for
comparison, were retained for ac conductivity measure-
ments in the temperature range RT-875K. As an
example, the complex impedance plots of the actual
composition Ba0.93Sr0.82Na0.5Fe4O8, at three tempera-
tures, are shown in Fig. 6. Semicircles are systematically
observed within the experimental temperature range.
The ionic contribution to the conductivity was obtained
by extrapolation of the low-frequency region of the
semicircles to the real axis. The conductivity of
Ba1.07Sr0.8Na0.25Fe4O8, the smallest actual value ya

herein considered, is close to 10�6 S cm�1 at 630K: this
temperature is assumed to correspond to the beginning
of the ionic conductivity regime for ya ¼ 0:25: The value
of this limiting temperature decreases as a function of
the sodium amount. In the best case, namely the
composition ya ¼ 0:5; the ionic conductivity exists from
570K, S x 10�5 S cm�1. In the parent ferrite BaSrFe4O8,
composition ya ¼ 0; a conductivity close to 3�
10�7 S cm�1 was measured at 730K. This value is
approximately 1000 times weaker than the correspond-
ing conductivity measured in the composition ya ¼ 0:5:
One can deduce from this information that the
contribution of the electronic conductivity which is
logically expected to occur in any ferrite, is very low
and consequently, the sodium-inserted ferrites herein

Fig. 5. Experimental (dots), calculated (lines) and difference NPD patterns of Ba1.04Sr0.74Na0.44Fe4O8. Vertical bars indicate, respectively, the whole

reflections of the title phase, the magnetic contribution, the extra phases NaFeO2, Fe3O4 and a-Fe2O3.

Fig. 6. Complex impedance plots obtained for the actual composition Ba0.93Sr0.82Na0.5Fe4O8 at three temperatures.
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studied can be reasonably considered as cationic
conductors.
The total ac conductivity s was considered in its

dependence on the temperature. As the experimental
temperature range of ionic conductivity is rather small,
570-870K, it was decided to plot log(s) versus (103/T).
Fig. 7 shows that a linear regime is systematically
observed. The linear plots rank well versus ya; i.e. the
total conductivity increases regularly: in the best case,
ya ¼ 0:5; the conductivity increases from 3� 10�5 to
3� 10�4 S cm�1 in the range 630-780K. In the non-
inserted structure of BaSrFe4O8, the low level of
conductivity, not larger than 10�6 S cm�1 at 870K, is
ascribed to the contribution of the electronic conductiv-
ity Ea x 0.45 eV. Remarkably, the activation energy of
the cationic conductivity is constant and equal to
0.69(2) eV, whatever ya composition is considered.
This is the proof that a well-defined mechanism of
cationic mobility occurs in these sodium-inserted
ferrites.
As deduced from the structure analysis, the whole

amount of inserted sodium cations is found in the
interlayer space where they occupy three sites, namely
the [Sr,Ba,Na]VI sites and the Xoc and Xt extra sites. A
mobility pathway within the interlayer space can be
proposed (Fig. 8a):
—starting from a [VI] site (1), a sodium cation reaches

first one of the six nearest tetrahedral Xt sites;
—then, from a Xt site it moves toward one of the two

possible octahedral Xoc sites (2) and further, one of the
five surrounding Xt sites (3);
—as a last step, the sodium cation leaves the latter Xt

site to join either a [VI] site (4), from which position a
cyclic mechanism will occur.

In any case, such a mobility pathway requires the
crossing of oxygen triangular faces shared by these
polyhedra (Fig. 8b). In this respect, there are only two
different cases: the triangular face shared by a [Na]VI

and a Xt site and the triangular face shared by a Xt and a
Xoc site. The calculated distances between the center of
these triangles and their apices are 2.16 Å and 2.14 Å,
respectively. These values are shorter than the usual one
for the Na–O distance which is close to 2.4 Å. Clearly,
one has to see in these data the ‘‘bottleneck’’ of the
mobility pathway. Under these conditions, the cationic
conductivity cannot occur at RT and the activation
energy (Ea # 0.7 eV) is not as low as in typical Na

+ ionic
superconductors: 0.16 eV in sodium b-aluminas [8],
0.20 eV in quadruple rutile chain sodium ferrititanantes
[7]. On the contrary, these sodium-inserted tetrahedral

Fig. 7. Logarithmic plots of the conductivity s versus 1000/T obtained

in four sodium-inserted ferrites (ya=actual sodium content) and

BaSrFe4O8 (ya=0).

Fig. 8. Mobility pathway of sodium cations in the interlayer space: (a):

black circles, open triangles and circles feature, respectively, the [VI],

Xt and Xoc sites; (b): oxygen triangular faces shared by a [Na]VI and a

Xt site (gray) and by a Xt and a Xoc site (hatched).
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ferrites well compare with the alluaudite-type sodium
complex phosphate Na2FeMn2(PO4)3 [9]: in that case,
the activation energy of the sodium mobility in the
channels of the mixed tetrahedral–octahedral structure
is close to 0.77 eV. In the same way, the value reported
for the conductivity s at 750K, 8� 10�5 S cm�1 [9] is not
very different from the value 3� 10�4 cm�1 we obtained
for the composition ya ¼ 0:5:
Finally, it must be emphasized that a further

extension of the dimensionality of the mobility pathway
seems to be precluded. As a matter of fact, a migration
of the sodium cations across the triangular face of the Xt

site which is perpendicular to the z-axis is strongly
hindered since the calculated distance for the ‘‘bottle-
neck’’ is 1.80 Å. These sodium-inserted ferrites are
typical 2D cationic conductors. The mobility concerns
the interlayer space, it cannot be extended to the double
tetrahedral layers.

5. Concluding remarks

We have demonstrated for the first time, the
possibility to interpolate additional cations in the
BaSrFe4O8-type structure. Such a property is in agree-
ment with the close relationships of this structural type
with the silica-like tretrahedral oxides which exhibit a
great ability to form stuffed derivatives. The originality
of these superstoichiometric tetrahedral oxides with
respect to stuffed derivatives of silica deals with the
insertion of sodium cations in the interlayer space, the
large sites within the crowns remaining fully occupied by
barium and strontium cations. As a result, sodium
cations sit for 50% in the octahedral Sr(Ba) sites and for

50% in new distorted octahedral and tetrahedral sites.
Such a cationic distribution generates for these Na-
stuffed ferrites some extent of bidimensional cationic
mobility. The latter is indeed significant at temperatures
higher than 570K. The extra tetrahedral sites are likely
to take a prominent part because they allow a migration
both toward ‘‘nominal’’ and extra octahedral sites,
within the interlayer space, the displacement in the
perpendicular direction being sterically hindered. This
study opens the route to the generation of new stuffed
tetrahedral frameworks which rank apart from the
numerous silica like oxides.
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