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Abstract

We report a systematic study of the non-stoichiometry and high-temperature transport properties of the perovskite related mixed

conductor Sr3Fe2O6þd. The variation of the oxygen content ð6þ dÞ with T and equilibrium oxygen partial pressure ðpO2Þ was

obtained by thermogravimetry within the range: 10�5opO2o1 atm:; 400pTp1100 �C. From the experimental values of the oxygen

chemical potential (mO2
), the partial molar enthalpy (hO2

) and the partial molar entropy (sO2
) were determined for the composition

range 6:00o6þ do6:55. A simple defect model based on the mass action law assuming localized charge carriers and oxygen

vacancies was used to reproduce the thermodynamic data.

Electrical resistivity measurements as a function of pO2 at constant temperature were obtained within the interval

650pTp1000 �C. The activation energy values for the electrical transport process at constant oxygen content values were

obtained from the combination of electrical conductivity and thermogravimetry data. The electrical transport data are in agreement

with the small polaron model.

r 2005 Elsevier Inc. All rights reserved.
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1. Introduction

The search of new materials with mixed conductivity
has focused in the last decade the attention of material
scientists in view of its use as cathode materials for solid
oxide fuel cells (SOFC), and oxygen separation mem-
branes [1,2]. These applications require materials with a
high thermodynamic stability, a high catalytic activity
for oxygen dissociation and a thermal and chemical
compatibility with solid electrolytes.
Manganites and cobaltites of La with perovskite

structure have been extensively studied for using as
cathodes in SOFC [3–6].
e front matter r 2005 Elsevier Inc. All rights reserved.
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The La-manganites exhibit good thermal and chemi-
cal compatibility with YSZ (Yttria stabilized zirconia)
solid electrolyte. However, they are not suitable to be
used in SOFC that operates at intermediate tempera-
tures T�700 �C (IT-SOFC) since its ionic conductivity
decreases considerably with the consequent diminution
of the rate of O2 reduction. The La-cobaltites show
better ionic conductivity properties than those of La-
manganites, but they react with YSZ solid electrolytes at
high temperatures.
Among the mixed conductors materials with perovs-

kite structure, the Fe-cobaltites with formula
ðLa; SrÞðCo;FeÞO3�d show high oxygen permeation
properties and therefore fulfill the mixed conductivity
condition required for electrochemical applications. In
particular the cubic phase SrFe0:2Co0:8O3�d exhibits the
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Fig. 1. Crystal structure of tetragonal A3B2O7 (s.g. I4=mmm).
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highest ionic conductivity ð0:01osio1 Scm�1
Þ of these

perovskites. Unfortunately, this material tends to loose
oxygen and decompose under the operating conditions
at high temperatures ð900 �CÞ and reducing environ-
ments ðN2;CH4Þ. On the other hand, around 3� d�2:5
at To800 �C, it undergoes a structural transition to a
brownmillerite phase with orthorhombic symmetry
involving the ordering of oxygen vacancies. This
transition affects the oxygen permeation properties
and its mechanical integrity [7,8].
The layer compounds with perovskite related struc-

ture of general formula Anþ1BnO3nþ1 (A ¼ La; Sr,
B ¼ Fe;Ni;Co, and n ¼ 1; 2; 3) can be also considered
for electrochemical applications since the presence of
mixed conductivity has been recently reported for some
of them [9–11]. The so-called Ruddlesden–Popper (R–P)
phases, show better thermodynamic stability that the
Fe-cobaltites and they do not present any phase
transition within the working temperature and oxygen
partial pressure ðpO2Þ ranges used for electrochemical
applications. The structure of these layered compounds
consists of n perovskite layers alternating with rock salt
blocks. The electronic properties of compounds belong-
ing to each homologous series are different between
them. Thus, for instance the Sr2FeO4 compound
ðn ¼ 1Þ, is semiconductor, while SrFeO3 ðn ¼ 1Þ is
metallic and the Sr3Fe2O7 ðn ¼ 2Þ show an intermediate
behavior [12]. Particularly, the n ¼ 2 series are easy to
obtain as single-phase materials. Fig. 1 shows the crystal
structure for the A3B2O7 compound. The structural
stability and the oxygen permeation properties of the
Sr3�xLaxFe2�yCoyO6þd compounds have been recently
studied due to the existence of mixed conductivity
properties. The values of the ionic conductivity si reach
values between 0.01 and 0:05 Scm�1 and the electronic
conductivity se varies between 20 and 100 for the
ðSr;LaÞ3ðCo;FeÞ2O6þd compounds [10].
The knowledge of the thermodynamic stability and

the defect structure at high temperatures and its relation
with the transport properties are essential to evaluate
the behavior of these materials for high-temperature
electrochemical applications. Besides, the study of the
effects of cation substitution on the starting material
(Sr3Fe2O6þd) requires a deep knowledge on their
fundamental properties.
Recently, Patrakeev et al. [13] have reported the

transport properties of the Sr3Fe2O6þd compound
within a wide range of pO2. The electrical conductivity
for d40 is analyzed using a point defect model assuming
the formation of localized electron–holes ðFeþ4Þ. The
electrical conductivity data are fitted with a s / pO

1=4
2

dependence [13].
The aim of the present work was to study in detail the

high-temperature thermodynamic properties and the
electrical conductivity of the Sr3Fe2O6þd compound for
d40, within the temperature range 400oTo1100 �C
and 10�5opO2o1 atm. The thermodynamic study was
carried out by equilibrium pO2 measurement as a
function of T and oxygen content ð6þ dÞ. From these
data the partial molar properties sO2

and hO2
were

evaluated. The dependence of both sO2
and hO2

vs. 6þ d
is discussed assuming a defect model involving the
presence of random charge localized carriers and a
random distribution of oxygen vacancies. The measure-
ments of oxygen content as a function of T and pO2

together with the electrical conductivity data allowed us
to determine the activation energy for the conduction
process and to confirm the presence of double charged
oxygen vacancies. The electrical conductivity values are
in agreement with the small polaron model.
The data of the present work are compared with those

of other perovskites such as ðLa;SrÞðFe;CoÞO3�d and
ðLa;Ca; SrÞCrO3�d since their structures are related with
the R–P phases and therefore a similar behavior should
be expected [13–20].
2. Experimental

The Sr3Fe2O6þd sample was synthesized following an
acetic-based gel route using high-purity Fe acetate
(99.9% GFS Chemicals) and SrCO3 (99.99% Alfa
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Fig. 2. Isotherms of log pO2 vs. ‘‘6þ d’’ for Sr3Fe2O6þd at several

temperatures.
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Aesar) as raw materials [10]. The obtained gel was dried
and decomposed at 450 �C for 30min in air. An
intermediate heat treatment was performed at 950 �C
for 12 h in air. Dense samples were obtained by pressing
the powders into pellets with a final heating treatment at
1300 �C under pure O2 for 20 h with a cooling rate of
1 �C=min. The presence of single-phase materials was
checked by XRD with a Philips PW1700 diffractometer
using CuKa radiation and a graphite monochromator.
The diffractogram was refined by the Rietveld method
in the I4=mmm space group with lattice parameters a ¼

3:8678 (1) (A and c ¼ 20:173 (1) (A. The homogeneity of
the samples was confirmed by SEM observations and
EDS analysis.
Isothermal measurements of the equilibrium pO2 vs.

oxygen content were performed using a highly sensitive
thermogravimetry equipment [21] consisting of a sym-
metrical thermobalance based on a Cahn 1000 electro-
balance coupled to an electrochemical gas blending
system. This electrochemical system (zirconia pump and
oxygen sensor) [22] provides a controlled Ar–O2 atmo-
sphere for the thermobalance with pO2 values ranging
from 10�6 to 1 atm. The thermobalance allows the
determination of sample mass changes within 
10 mg,
i.e. for our samples of about 0.6 g of Sr3Fe2O6þd, were
determined changes in 6þ d within 
0:0003. The
equilibrium criterion for the thermodynamic measure-
ments was ‘‘constant sample weight with time, within

10mg’’. This equilibrium criterion was verified over a
period of 24 h for the low T and pO2 range of
measurements. The oxygen content was determined by
in situ reduction in dry H2 at 1000

�C assuming SrO and
Fe as final products. The equilibrium pO2 isotherms
were determined within the T and pO2 range:
400pTp1100 �C; 10�5ppO2p1 atm.
DC resistivity measurements at high temperatures and

controlled pO2 were carried out by a standard four
probe method on a rectangular sample of
1:5mm� 5mm� 20mm.
3. Results and discussion

3.1. Thermodynamic measurements and partial molar

properties

In Fig. 2 are plotted the equilibrium pO2 isotherms as
a function of the oxygen content ‘‘6þ d’’. All isotherms
were perfectly reproducible upon oxidation (reduction)
and subsequent reduction (oxidation). Therefore, they
must be considered stable equilibrium states of the
Sr3Fe2O6þd compound. The equilibrium times were a
few hours for the high T and pO2 range and more than 2
days for low T and pO2 values.
The equilibrium pO2 data do not indicate any phase

transition within our range of measurements. This is in
agreement with a previous high-temperature XRD study
under controlled pO2 [10] performed within a T and pO2

range similar to that of the present study.
From the equilibrium pO2 data shown in Fig. 2, the

oxygen chemical potential of the gas and the oxide phase
can be determined by the relation:

moxideO2
ðP;TÞ ¼ mgasO2

ðP;TÞ ¼ m0O2
ðTÞ þ RT lnðpO2Þ, (1)

where m0O2
ðTÞ is the reference state at 1 atm. (see Ref.

[23]), R is the gas constant and T the temperature in K.
The variation of moxideO2

ðP;TÞ with the oxygen content at
several temperatures is shown in Fig. 3. moxideO2

ðP;TÞ is
practically linear for high values of ‘‘6þ d’’ and
decreases more rapidly as the oxygen content ap-
proaches to 6. This rapid variation suggests an appreci-
able contribution of the configurational entropy to
moxideO2

ðP;TÞ due to the stabilization of the Sr3Fe2O6

compound with all Fe as Fe3þ. For high values of
‘‘6þ d’’ the more significant contribution to moxideO2

ðP;TÞ

is mainly due to the enthalpy term.
The partial molar properties sO2

and hO2
are defined

through the thermodynamic relationship:

mO2
¼ hO2

� sO2
T (2)

and can be computed from the data of Fig. 3 by the
following expressions:

hO2
¼

qðmO2
=TÞ

qð1=TÞ

����
d

(3)

and

sO2
¼ �

qðmO2
Þ

qðTÞ

����
d
. (4)

In Figs. 4 and 5 are shown both sO2
and hO2

data as a
function of the oxygen content ‘‘6þ d’’, respectively.
The sO2

increases as 6þ d decreases. For d ¼ 0 and
d ¼ 1, the end-compounds Sr3Fe2O6 and Sr3Fe2O7 of
the Sr3Fe2O6þd solid solutions are obtained.
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Fig. 4. Partial molar entropy, sO2
, as a function of oxygen content

‘‘6þ d’’.

Fig. 5. Partial molar enthalpy, hO2
, as a function of ‘‘6þ d’’.

Fig. 3. Oxygen chemical potential for Sr3Fe2O6þd at several tempera-

tures obtained from thermogravimetry data.
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The mixing entropy of ðSmixÞ for the end-compounds
(d ¼ 0 and d ¼ 1) must rapidly approach to zero
with divergent slopes. Therefore, the partial molar
entropy

sO2
¼

qSmix

qn
Ooxide
2

�����
T ;P;ni

should diverge at d ¼ 0 and 1. This is in agreement with
the rapid increase of sO2

in Fig. 4 as d approaches zero,
which indicates the presence of an ordered compound
and that the main contribution to the entropy is of
configurational nature. This behavior is similar to that
reported for the ðLa; SrÞðFe;CoÞO3�d perovskites as d !

0 [14–17].
The partial molar enthalpy hO2

increases slowly with
6þ d. A similar behavior but with a higher slope has
been observed for the ðLa;SrÞðFe;CoÞO3�d perovskites.
For these compounds the variation of hO2

with the
oxygen content is attributed to the contribution of the
delocalized carriers created in the Co band by the
oxygen vacancy formation [14–16]. Recently, a point
defect model considering localized charge carriers and
defect interactions for the ðLa;CaÞCrO3 perovskite has
been reported [24]. In this case, the interactions between
defects modify the standard enthalpy and therefore hO2

.
The non-ideality is included through the activity
coefficients of each defect species.
The ðLa;SrÞFeO3 material also presents localized

charge carriers [13,16,17]. Recently, Patrakeev et al.
[13] reports a similar behavior for the Sr3Fe2O6þd

compound. Therefore, the existence of localized charge
carriers in the Anþ1BnO3nþ1 ðn ¼ 1; 2;1Þ perovskite
related compounds seems to be associated to the
presence of Fe in the B site. This assumption is
confirmed in the present study by electrical resistivity
measurements (see 3.3). Thus, we attribute the variation
of the partial molar enthalpy as a function of ‘‘d’’ to a
deviation of the ideal solution model due to point
defects interactions.

3.2. The defect model and the partial molar properties

In the Sr3Fe2O6þd compound, we consider that the
oxygen non-stoichiometry, at high temperatures, is
accommodated by filling the lattice oxygen vacancies
sites available in the Sr3Fe2O6 compound. We assume
that Sr3Fe2O6 is the stoichiometric composition of a
highly acceptor-doped compound, which can be gener-
ated by doping with Sr an undoped stoichiometric
reference compound such as SrLa2Fe2O7 [25]. This
approach is similar to that performed by Metha et al. for
the analysis of the oxygen defect model in YBa2Cu3O6þy

[26]. Thus, the reference compound for the incorpora-
tion of oxygen excess using the Kröger–Vink notation is
expressed by ðSr0LaÞ2ðSr

x
SrÞðFe

x
FeÞ2ðO

x
OÞ6V

��
O where the

replacement of two La by Sr generates two negative
charges ðSr0LaÞ, which are compensated by the created
oxygen vacancy V��

O , Fe
x denotes a Feþ3 and, Ox

O is a
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regular lattice oxygen ion. The crystal sites for the
oxygen vacancy are not specified in this reference
compound, but different empty crystallographic sites
can be considered for the computation of the config-
urational entropy. Thus, in addition to the Oð1Þ
crystallographic site indicated by a study of neutron
powder diffraction (NPD) at room temperature [27], the
presence of oxygen vacancies at high temperatures in the
Oð2Þ and Oð3Þ sites may be also taken into account for
the computation of the configurational entropy.
The proposed defect model equation for the oxygen

incorporation disregarding the oxygen crystallographic
site and considering localized charge carriers is ex-
pressed by the equation:

ðSr0LaÞ2ðSr
x
SrÞðFe

x
FeÞ2ðO

x
OÞ6V

��
O þ

d
2
O2

2ðSr0LaÞ2ðSr
x
SrÞðFe

x
FeÞ2ð1�dÞðFe

�
FeÞ2dðO

x
OÞ6þdðV

��
O Þ1�d ð5Þ

or the equivalent expression.

V��
O þ 1

2
O2 þ 2Fex

Fe2Ox
O þ 2Fe�Fe, (6)

where Fex
Fe=Fe

�
Fe denotes the Fe

þ3=Feþ4 redox couple.
The crystal site balance and the electroneutrality

condition lead to the following expressions for the defect
concentrations:

½Fex
Fe� ¼ 2ð1� dÞ

½Fe�Fe� ¼ 2d

½V��
O � ¼ 1� d

½Ox
O� ¼ n þ d ð7Þ

where n takes the value 0, 4 and 6 and ‘‘n þ d’’
represents oxygen sites in the Oð1Þ, Oð1Þ and Oð3Þ, and
Oð1Þ, Oð2Þ and Oð3Þ crystal sites, respectively. In this
approach, the oxygen vacancies are distributed with
identical probability in the ‘‘n þ d’’ available oxygen
crystal sites.
The end member ðSr0LaÞ2ðSr

x
SrÞðFe

x
FeÞ2ðO

x
OÞ6V

��
O is an

oxygen acceptor and the oxygen excess is incorporated
in the oxygen vacancies sites generating holes localized
in the Feþ4 ions. The analysis of XPS data at room
temperature of the Sr3Fe2O6þd compound [28] has
confirmed that the electronic configuration of the Fe
ions is mainly 3d4

ðt32ge
1
gÞ. This defect model is similar to

that used for describing the oxygen non-stoichiometry in
the La1�xSrxFeO3�d system [13,17].
The equilibrium reaction for the defect model, Eq. (6)

leads to the following equation for the chemical
potentials:

1
2
mO2

þ ðmV��
O
� mOx

O
Þ þ 2ðmFex

Fe
� mFe�

Fe
Þ ¼ 0. (8)

The chemical potential for each defect species i is given
by

mi ¼ m0i ðTÞ þ RT ln ai ¼ m0i ðTÞ þ RT ln gi½i�, (9)
where ai is the activity, gi the activity coefficient and ½i�

the concentration of i species. For an ideal solid solution
the activity coefficients are gi ¼ 1 and the activity is
identical to the concentration ½i�.
The substitution of Eqs. (7) and (9) in Eq. (8) leads to

the next relationship between the oxygen chemical
potential, the standard chemical potentials and the
concentration of the defect species:

mO2
ðP;TÞ ¼ 2 ðm0Ox

O
ðTÞ � m0V��

O
ðTÞÞ

h

þ2ðm0Fe�
Fe
ðTÞ � m0Fex

Fe
ðTÞÞ

i

þ 2RT ln
gOx

O
g2Fe�

Fe

gV��
O
g2Fex

Fe

þ 2RT ln
Ox

O

� �
Fe�Fe
� �2

V��
O

� �
Fex

Fe

� �2 . ð10Þ

From the comparison of Eq. (10) with Eq. (2), and in
agreement with the regular solution model, we obtain
for the partial molar enthalpy,

hO2
¼ �2h0V � 4h0Fe þ 2RT ln

gOx
O
g2Fe�

Fe

gV��
O
g2Fex

Fe

, (11)

where h0V ¼ hOV��
O
� h0Ox

O
and h0Fe ¼ h0Fex

Fe
� h0Fe�

Fe
are the

standard molar enthalpy of oxygen and electronic
defects. The third term of Eq. (11) contains the deviation
from the ideal solution due to defect interactions. The
expression for sO2

is given by

sO2
¼ � 2s0V � 4s0Fe � 2R ln

½Ox
O�½Fe

�
Fe�

2

½V��
O �½Fex

Fe�
2

¼ � 2s0V � 4s0Fe � 2R ln
ðn þ dÞd2

ð1� dÞ3
, ð12Þ

where s0V ¼ s0V��
O
� s0Ox

O
and s0Fe ¼ s0Fex

Fe
� s0Fe�

Fe
; s0Fe repre-

sents the difference in entropy between the 3d5
ðFeþ3Þ

and 3d4
ðFeþ4Þ states due to differences in degeneracy n

of both magnetic states which gives a value of s0Fe ¼

�4:25 Jmol�1 K�1 [14]. From the fitting of the experi-

mental data with Eq. (12) and, using the value of s0Fe and

n ¼ 4, we obtain for s0V ¼ �51 Jmol�1K�1. This value is

close to those reported by Lankhorts et al. [14] for the

La0:6Sr0:4Co1�yFeyO3�d materials ð�45os0Vo� 35Þ.

The computation of the partial molar entropy
strongly depends on the defect model considered. Thus,
for itinerant charge carriers, the following expression is
achieved:

sO2
¼ �2s0V � 2R ln

½Ox
O�

½V��
O �

¼ �2s0V � 2R ln
ðn þ dÞ
ð1� dÞ

.

(13)

On the other hand, if associated defects such as
ðFex

Fe . . .V
��
O . . .Fex

FeÞ are taken into account, the partial
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Fig. 6. Isotherms of the electrical conductivity as a function of

log pO2.
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molar entropy is given by the following equation:

sO2
¼ � 2s0Fe::V::Fe þ 2s0Ox

0
þ 4s0Fe�

Fe

� 2R ln
½Ox

O�½Fe
�
Fe�

2

½ðFex
Fe . . .V

��
O ::Fex

FeÞ�

¼ � 2s0Fe::V::Fe þ 2s0Ox
0
þ 4s0Fe�

Fe

� 2R ln
ðn þ dÞd2

ð1� dÞ
. ð14Þ

The experimental data of sO2
have been fitted with Eqs.

(12)–(14) and n ¼ 0; 4; 6. In Fig. 4 we show the fitting of
Eq. (12) with n ¼ 0, 4 and 6 in addition to the fitting of
Eqs. (13) and (14) with n ¼ 4. No significant differences
for the fitting of Eqs. (13) and (14) with n ¼ 0, 4 and 6
were obtained. The fitting parameters are the standard
molar entropy s0i for the different i species involved in
each defect reaction. These parameters take different
values depending on the defect equation and the n value.
The best fitting is obtained with localized charges and
oxygen vacancies random distributed with identical
probability either in the Oð1Þ and Oð3Þ or all the oxygen
sites Oð1Þ, Oð2Þ and Oð3Þ. It is clear that itinerant charge
carriers give sO2

values far from the experimental ones
and other defects such as oxygen vacancies only in the
Oð1Þ site or defect associations ðFex

Fe . . .V
��
O . . .Fex

FeÞ

show a poor agreement. The existence of oxygen
vacancies at the Oð3Þ oxygen site suggested from the
fitting of the partial molar entropy should be in
agreement with the presence of high ionic conductivity
at high temperatures exhibited by this compound [10].
The jump of oxygen ions ðrðO2�

Þ ¼ 1:4 (A) through the
oxygen lattice involving directly jumps along the route
Oð1Þ ! Oð1Þ0 has a small probability due to the narrow
spacing available between two adjacent Sr cations
(�1 (A). Therefore, the high ionic conductivity necessa-
rily involves the presence of empty oxygen sites in the
Oð3Þ lattice position [29].
The dependence of the partial molar enthalpy with the

oxygen content gives us an insight into the defect
interactions. Thus, in agreement with Eq. (11) for an
ideal solution (gi ¼ 1) with localized charge carriers, the
hO2

is independent on the oxygen content [14]. A
dependence of hO2

with 6þ d indicates a deviation from
the ideal solution model. The data of Fig. 5 show a slight
increase of hO2

with increasing 6þ d and therefore the
presence of defect interactions for the Sr3Fe2O6þd

material. The good fitting of the sO2
data considering

a random distribution of point defects suggests that the
defect interaction are weak enough to prevent defect
associations (clusters) or ordering. Consequently, the
deviation of the ideal solution is evidenced only in the
increases of hO2

with d. The dependence of hO2
with ‘‘d’’

within the experimental errors can be assumed as linear.
This linear dependence is related to the activity
coefficients through the next relationships:

RT ln
gOx

O
g2Fex

Fe

gV��
O
g2
Fe0

Fe

¼ ad, (15)

and

hO2
¼ �2h0V � 4h0Fe þ 2ad, (16)

where the ‘‘a’’ parameter is obtained from the experi-
mental data and is related to the defect interactions
through the values of the activity coefficients gi. The
average value for ‘‘a’’ obtained form the linear fitting of
the data shown in Fig. 5 is 17
 2 kJmol�2. This value
thus computed only represents an average over the
temperature range of measurements, since ‘‘a’’ depends
on T. The hO2

data give for h0V þ 2h0Fe a value of
¼ 74KJmol�1, which is considerably lower than those
between 330 and 370KJmol�1 determined for the
La0:6Sr0:4Co1�yFeyO3�d system [14]. The ‘‘a’’ parameter
is one order of magnitude lower than those obtained by
Onuma et al. [25] for La1�xCaxCrO3�d. Onuma et al.
[25] reports negative values of ‘‘a’’ ranging between
�400 and �250 kJmol�2. These negative values are due
to the fact that in La1�xCaxCrO3�d d represent the
concentration of oxygen vacancies, while our d values
indicate the concentration of extra oxygen in Sr3Fe2O6.
The low value of ‘‘a’’ obtained for Sr3Fe2O6þd, suggests
that the defect interactions are weaker than those
determined for La1�xCaxCrO3�d. The increase of the
partial molar enthalpy hO2

with d indicates that the
mixing enthalpy ‘‘Hmix’’ between the two end com-
pounds Sr3Fe2O6 and Sr3Fe2O7 is negative. Therefore, if
Hmixo0, Gmix ¼ Hmix � TSconfigo0 at all temperatures
and consequently the tendency to immiscibility is
prevented.

3.3. Electrical conductivity

Fig. 6 shows the isotherms of the electrical conduc-
tivity as a function of pO2. The slope of the logðsÞ vs.
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Fig. 7. Electrical conductivity ‘‘s’’ as a function of ‘‘d’’ at several

temperatures.

Fig. 8. lnðsT3=2Þ vs. 1=T for Sr3Fe2O6þd at different oxygen contents.
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logðpO2Þ curves is close to 1=4 at high temperatures and
low pO2 values. This slope decreases as pO2 increases
and T decreases. A positive slope corroborates the
formation of electron hole p-type carriers ðFeþ4Þ and the
value close to 1=4 confirms the presence of doubled
oxygen charged vacancies V��

O proposed in the defect Eq.
(6). This behavior is similar to that recently measured by
Patrakeev et al. [13] for Sr3Fe2O6þd and pO2o10�5 atm:
who propose a conduction mechanism by small polar-
ons.
The conductivity ðspÞ can be expressed by the

following equation:

sp ¼ Nppemp ¼
2

Vu:c:
xpemp, (17)

where p is the concentration of p-type carriers, Np is the
volume concentration of Fe, xp its molar fraction, e the
electron charge, mp the mobility and, Vu:c: is the unit cell
volume. Since we assume that the carriers in Sr3Fe2O6þd

are localized, and in agreement with Eq. (7) we have

xp ¼ ½Fe�Fe� ¼ 2d. (18)

A rough estimation for the mobility can be obtained
from Eq. (17) assuming that it does not depend on
½V��

O �. Thus, taking Vu:c: ¼ 301:8 (A
3
from XRD data at

room temperature, we obtain values for the thermal
activated mobility’s ranging between 0:015ompo
0:03 cm2 V�1 s�1, for 0:2oxpo1. These values are close
than those reported by Patrakeev et al for the same
compound [13].
At high temperatures and low pO2 where the carrier

concentration is small, we can assume that the mobility
mp is independent of the carrier’s concentration (p). In
this limit ½Ox

O� � 6, ½V��
O � � 1, ½Fex

Fe� � 2, ½Fe�Fe� ¼ 2d,
and according to the mass action law sp / ½Fe�Fe� / p

1=4
O2
,

which agrees with the high-temperature data shown in
Fig. 6. At low T and high pO2, the carrier concentration
increases and the above condition is no more valid.
Therefore, a deviation of the 1=4 slope should be
expected as is shown in the data of Fig. 6. As the carrier
concentration increases, another localized carrier may
occupy the neighboring site. In this case the mobility is
also a function of the carrier concentration due to site
blocking [30] and in the frame of the small polaron
theory within the non-adiabatic approximation in which
the electron-transfer matrix element J is assumed to be
much smaller than the lattice relaxation energy Er [30],
the mobility is given by

mp ¼
ð1� xpÞea2J2

kT_

p
4EakT

� �1=2
exp �

Ea

kT

� 	
, (19)

where a is the hopping distance, e is the electron charge,
T is the temperature, Ea is the small-polaron activation
energy, related to Er and, k and _ are respectively the
Boltzman and Planck constants.
Form Eqs. (17) and (19), the conductivity is expressed
by

s ¼
2xpð1� xpÞe

2a2J2

Vu:c:k_T

p
4EakT

� �1=2
exp �

Ea

kT

� 	
. (20)

By combination of electrical conductivity and thermo-
gravimetry data an experimental relation between s and
the carrier concentration ðdÞ can be established. This
relation at different temperatures is shown in Fig. 7. It
can be seen that for a given oxygen content value, the
electrical conductivity increases as T increases, confirm-
ing the expected thermally activated behavior for the
small polaron mechanism.
In Fig. 8 are presented the lnðsT3=2Þ vs. 1=T data for

different ‘‘6þ d’’ values. For each value of ‘‘6þ d’’ the
lnðsT3=2Þ vs. 1=T data show a linear behavior with a
slope decreasing with increasing ‘‘6þ d’’. In Fig. 9 are
plotted the Ea vs. ‘‘6þ d’’ values determined from the
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Fig. 9. Activation energy ‘‘Ea’’ as a function of ‘‘6þ d’’. The solid line
is a guide for the eye.
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lnðsT3=2Þ vs. 1=T slope within the interval
6:14p6þ dp6:44.
The values of Ea for 6þ do6:14 are not shown since

they present a high scatter mainly due to the errors in
the pO2 vs. 6þ d determination close to 6þ d�6:00. An
appreciable dependence of Ea with ‘‘6þ d’’ can be seen,
which is consistent with the small polaron theory [31]
and it is attributable to the overlap between the polarons
clouds. This overlap is not negligible for high concen-
trations of polarons and therefore for small distance
between them. An elementary electrostatic approach
[31] predicts a dependence of the activation energy with
the distance between polarons due to polarization effects
of the type ð1=r0 � 1=RÞ, where r0 is the radius of the
polaron and R the distance between polarons. Thus, as
R increases, the activation energy increases. An inter-
esting feature of Fig. 9 is the observed saturation of Ea

for 6þ do6:20 suggesting that the polaron clouds
should not overlap for 6þ do6:20.
4. Conclusions
�
 The high-temperature thermodynamic measurements
allow the determination of the partial molar entropy
and enthalpy as a function of the oxygen content.
�
 We used a simple but rough approximation for
computing the configurational entropy that is the
assumption on identical probability for distributing
the oxygen vacancies in the different oxygen crystal
sites. In fact, the oxygen occupancy at the Oð1Þ, Oð2Þ
and Oð3Þ crystal sites should be quite different since
the bonding energy for these sites must not be the
same. However, our approach clearly suggests that
oxygen vacancies at high temperatures are also
present at Oð2Þ and Oð3Þ sites, in addition to those
indicated by a NPD study at room temperature for
Oð1Þ site.
�
 The partial molar enthalpy indicates a weak interac-
tion between defects excluding any degree of defect
associations (clusters) or ordering.
�
 The combination of the high-temperature thermo-
dynamic data with resistivity measurements allows
the determination of the dependence of the conduc-
tivity with temperature at fixed values of the oxygen
content. The conductivity is thermally activated and
is consistent with a small polaron type behavior.
�
 The set of thermodynamic and resistivity data
confirm the defect model proposed for the
Sr3Fe2O6þd material.
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