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Abstract

The electrical properties of the lanthanum-doped strontium ferrige Sry;La 3FeO are studied within the temperature
range 750—95 and the oxygen partial pressure range betweernt®l@nd 0.5 atm. The ferrite undergoes a transition from
perovskite-like to brownmillerite-like structure at an oxygen pressure of about &fm in the studied temperature range.

The observed pressure and temperature dependencies of the conductivity in the brownmillerite-like form of the ferrite are
related to the transition of the electron conductivity from the intrinsic regime, which is governed by the band gap of about 2
eV, to the extrinsic regime, which is controlled by the extra-stoichiometric oxygen in the brownmillerite-like phase. The
brownmillerite-like phase is shown to be a mixed conductor with the oxygen conductivity level rising to aboytdii3ad

about 900C. © 2001 Elsevier Science B.V. All rights reserved.

PACS: 71.20.Fi; 72.20-i; 72.20.Pa; 72.80- r
Keywords: Mixed conductor; Ferrite; Conductivity; Thermopower

1. Introduction semipermeability is sufficiently high for the applica-
tion. Unfortunately, the thermodynamic stability of
In recent years. the study of oxide materials hav- the cobaltites is unsatisfactory. Alternative and more
ing both electron and oxygen ion conductivity has stable oxides are perovskite-like ferrites. The lan-
received considerable attention, since they hold thanum-doped strontium ferrite Sr, lLa FeQ
promise for use as oxygen semipermeable mem- was shown to have substantial values of both p- and
branes in reactors for methane to syngas conversion.n-type electrof 1-B and oxygen-in 4-6 compo-
One particular research focus has been on alkaline nents of conductivity in the high-temperature range
earth-doped perovskite-like cobaltites where oxygen and at oxygen partial pressupg, above 10 4 atm.
In contrast to these reports, the data on conducting
properties of the ferrite at smaller partial pressure of
~ * Corresponding author. Tel.:+7-3432-49-91-61; fax:+7- oxygen are scarcg ]7. It is known only that the
3432-74-00-03. o T p-type electron conductivity is eventually replaced
E-mail address: kozhevnikov@imp.uran.ru by the n-type electron conductivity at sufficiently
(V.L. KozhevnikoV) . low po, [1-3]. Also, the question remains whether
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oxygen ion conductivity at low oxygen pressure is of
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state was assumed to be attained when changes in

the same level as in the high-pressure range. Thethe logarithm of the conductivity did not exceed
present study was directed at measuring electrical 0.1%/min and changes in thermopower did not ex-

conductivity in Sg, La, , FeQ s at 750-9%0 in

ceed 0.001V /min. The measurements were carried

the extended range of oxygen partial pressure out in the isothermal runs. Thermopower data were

10-1°-0.5 atm, evaluation of the oxygen ion contri-
bution, and elucidation of the mechanism of conduc-
tivity at large oxygen deficiency.

2. Experimental

The powder specimen & La FgQ was
made by a solid-state reaction method with appropri-
ate amounts of high-purity grade, La,O ,Fe; O and
SrCQ, . The starting reagents were calcined for 10 h
at 600C and weighed in a dry box. The X-ray
powder diffraction was used to confirm the single-
phase cubic perovskite with the elementary unit pa-
rametera = 3.8728+ 0.0002 A. The resulting pow-
der was pressed with a 1-kbar load into pellets 20
mm in diameter and 2 mm thick. The pellets were
sintered at 120 in air for 10 h. Densities were
about 93% of theoretical. Rectangular bars 2 X
18 mm were cut from the sintered pellets for electri-

corrected for the contribution of the platinum leads

[9].

3. Results and discussion

The isothermal plots of the logarithm of the con-
ductivity and thermopower in §r  Lg FeQO,  ver-
sus the logarithm of oxygen partial pressure are
shown in Fig. 1. The complicated character of the
curves may reflect changes both in the oxygen con-
tent and crystalline structure of the ferrite. In the
high-pressure limit where crystalline structure is that
of the cubic perovskite, the thermopower sign is
positive in accord with the p-type conductivity. Also,
the conductivity increases, whereas thermopower si-
multaneously decreases with the pressure increase.
Considering that o ~[h*] and a~ In(1/[h*]),
where[ h'] is concentration of electron holes, these
changes reflect the increase in the amount of hole

cal measurements. One specimen, equipped with buttcarriers with pressure, that is, with the increase of
electrodes and thermocouples, was used for measurethe oxygen content in the ferrite. The temperature

ments of thermopowes. The temperature gradient
along the sample was about 15/8m. Another

dependence of both conductivity and thermopower is
indicative of metallic-like behavior. The pressure

specimen was used in four-probe measurements ofdecrease below about 1 atm results in appearance

the d.c. conductivityo. The current leads were
tightly wound to the sample at 16 mm spacing,

of nearly flat portions on the isothermal plots of
conductivity and thermopower. However, metallic-

whereas the spacing between potential probes was 10ike character of conductivity remains preserved. X-
mm. The specimen was placed perpendicular to the ray diffraction patterns of the specimens quenched
specimen for thermopower measurements so that thefrom the values of oxygen pressure and temperature
temperature gradient along the sample was zero. Thecorresponding to flat portions on the conductivity
measurements were carried out in a cell utilizing curves confirm a crystalline structure related to
oxygen sensing and pumping properties of cubically brownmillerite. Therefore, the changes in electrical
stabilized zirconia as described elsewhgrg 8. The properties at about I¢ atm in the studied tempera-
cell was filled with a 50% Q , 50% C9O gas mixture ture range reflect a structural transition. The elemen-
in the beginning of the experiment and sealed. A tary unit parametersi=5.498,b = 11.862 andc =
typical value of the pump current necessary to main- 5.569 A of the quenched specimens are found in
tain a desirable oxygen pressure inside the cell did good correspondence with the data for, Sr LaFg O
not exceed 0.5 mA. The electrical parameters were given in Ref.[ 10 . The structure of Sr Laje;O can
measured with a high-precision voltmeter Solartron be viewed as the alternation along theaxis of
7081. The experimental data points were collected layers of iron—oxygen tetrahedra, where oxygen va-
upon achievement of equilibrium between the sam- cancies are ordered along theaxis, and layers of
ple and oxygen gas in the ambient. The equilibrium iron—oxygen octahedrd Fig.)2 . At a further de-
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Fig. 1. The isothermal plots of the logarithm of the conducti¢ity a and thermopower b versus the logarithm of partial pressure of oxygen.
The temperature step between isotherms RC50

-20 -16

crease in the pressure, thermopower increases tofrom 850°C to room temperature gi,, = 107'° atm
more positive values. Then, thermopower decreases,reveals the same characteristic pattern of the
approaches zero and changes to negative values withSr, LaFe, Q, phasé Fig.)3 . It is possible therefore
the pressure decrease. The behavior of the conductiv-that the jumps on the isotherms of thermopower and
ity isotherms in the same pressure range is character-conductivity are mainly related to changes in the
ized by sharp drops followed by flat minima g, 's electronic subsystem of the oxide. This conclusion is
corresponding to zero values of thermopower. At a supported by the transition to semiconductor-like
further decrease in the pressure, conductivity begins behavior in the temperature dependencies of conduc-
to increase. The X-ray of the specimen quenched tivity and thermopower as the pressure decreases.
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Fig. 2. A sketch of the crystalline structure of the ferrite
Sr,LaFe Q showing layers of the iron—oxygen octahedra and
layers of the iron—oxygen tetrahedra with tunnels formed by
ordered oxygen vacancie@ —Iron ion; O—oxygen ion; 0 —
oxygen vacancy.

3.1. Oxygen ion conductivity

The measured values of the minimal conductivity
for Sr,,La,;Fe0, ; in the semiconductor-like

I.A. Leonidov et al. / Solid State lonics 144 (2001) 361-369

regime, that is, in the low-pressure range, are about
an order of magnitude larger than the values found at
comparable temperatures in specimens with smaller
strontium content Sr, La FeQ, , where 0.£%
<1[1,7. At the same time, the obtained data are
very close to the results given in the study of the
samples withx=0.2 and 0.4 B. It was shown in
Refs.[ 1,2 that the lanthanum-rich ferrite is a band-
gap semiconductor and the total conductivity is the
sum of hole- and electron-like contributions chang-
ing with pressure ass, ~pS'/* and a,~ pgl/*,
respectively. Analogously, Kim et al.]3 accepted a
presence of the electron and hole contributions only
in their analysis of the conductivity in the stron-
tium-rich ferrite. However, this supposition was not
verified. Larger values of the minimal conductivity
in the strontium-rich ferrite compared to the ones in
lanthanum-rich ferrite can be related either to a band
gap considerably smaller than in the lanthanum-rich
compositions or to appearance of an additional con-
tribution from the other charge carriers, that is, oxy-
gen ions. Generally, the decreased value of the band
gap may result in the electron—hole disorder domi-
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Fig. 3. The X-ray( CuK) diffraction data and Rietveld refinement profile for the ferrite,Sr, La FgO

quenched fr6@ ®5@om

temperature aipg, = 10715 atm. The refinement was carried out with the use of structural data jor Sr;Lgffe D 10 . Dots are the raw

observed data. The solid line is the calculated profile. Tick marks below the profile mark positions of all allowed reflections. The difference
between the observed and calculated profiles is plotted at the bottom in units of difference divided by estimated standard deviation which is

the square root of the observed counts .
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Table 1
Calculated values for the conductivity parameters in,Sr o +a 0O at different temperatures
Parameter T (°C)

950 900 850 800 750
A 3.4%x 107t 2.6x 1071 1.9x 1071 1.4x 1071 9.0x 1072
B 1.3x107* 5.4x 107 ° 2.0x10°° 6.6x 1076 2.0x 1078
C 7.5% 10 9.6x 10* 1.2x 10? 1.5x 102 1.8x 102

nating over other processes of defect formation and values of these parameters at different temperatures
in flat minima on the conductivity isotherms. How- were found by fitting Egq.( 1 to experimental
ever, estimations of the band gap in the specimensisotherms of conductivity in Fig. 1 in the pressure
with x=10.2, 0.4[ 3 and 0.7 x<1[1,2 give the range of semiconductor-like behavior Table 1 . The
value of about 2 eV and are practically independent comparison of the calculated total conductivity with
of the relative amount of strontium to lanthanum. experimental data points is shown in Fig. 4. The
Therefore, it is necessary to take into account the temperature dependence of the derived ion conduc-
oxygen ion contribution for the correct description of tivity is shown with Arrhenius coordinates in Fig. 5.
conductivity in the ferrite Sr, La FeQ; with It is seen that the ion conductivity increases with
large strontium content at low oxygen pressure. temperature and the activation energy is equal to 0.8
The analysis of the pressure dependencies of theeV. This value is smaller than the activation energy
conductivity isotherms near the minima results in the 1.1 eV for the ion conductivity in the brownmillerite
ordinary expression for a mixed, oxygen ion—elec- ferrite SrFeQs, ; [ 8 and, therefore, the level of the
tron conductor oxygen ion conductivity is somewhat larger in
_ 14 114 Sr, - La, ,Fe . It is seen from Fig. 5 that the
o (T, Po,) =A(T) +B(T) po,”* + C(T) p; ", ox%eno'?on cé}orﬁmductivity in the browr?millerite-like
(1) phase of §,; Lg; FeQ , achieves a value of about

where A(T), B(T) and C(T) are temperature-depen- 0.2-0.3 $cm at 850-90%C, which is larger than

dent parameters related to the ion, electron and hole
components of the conductivity, respectively. The
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' 20 -16 -12 -8 Fig. 5. The Arrhenius plots for partial contributions and for
log(po /atm) minimal conductivity. Solid lines show linear fit to the data.
2 1—The oxygen ion contribution corresponding to temperature

Fig. 4. Comparison of the experimentally measured total conduc- dependence of IdgAT). The activation energy is 0.8 eV. 2—The
tivity (square$ with the calculated conductivity solid lines in the electron contribution calculated from values of (egl) at po, =
low-pressure range. The temperature step between isotherms is10~16 atm. The activation energy is 2.35 eV. 3—The temperature
50°C. dependence of Idgr,,;,T). The activation energy is 1.0 eV.
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the ion conductivity in other known electrolytes based tetrahedra layers can generally be smaller than for
on cubically stabilized zirconia or perovskite-like the jumps over vacancies in the octahedra. However,
LaGaQ, [ 11 . The conductivity level is also higher the product of the redistributed oxygen concentration
than the value of 0.14 &m found in the ferrite by the vacancy concentration, which defines the
Srglay,Feq, ; from permeation experiments at jump availability, is larger in the layers of octahedra
103 < Po, <0.21 atm and 85€ [4] where the than the respective value in the layers of tetrahedra.
crystalline structure of Qi La, FeQ; is that of Therefore, the layers of the iron—oxygen octahedra,
perovskite. One can suppose from this comparison that is, the perovskite-like structural slabs, appear to
that the ion conductivity of §r, Lgs FeQ, inthe provide a more viable pathway for the oxygen migra-
high-pressure range, where crystalline structure of tion in the brownmillerite-like modification of the
the oxide is also perovskite like, may decrease also ferrite.
to nearly the same level of about 0.1 8n. The evaluated oxygen ion conductivity and data

As a rough approximation, all oxygen ions may for the total conductivity in Fig. 1 can be utilized
participate in the conduction while almost all oxygen together for plotting isotherms of the ion transfer-
vacancies are disordered and, thus, may equally beence numbersin §¢ La FeQO; . The ion conduc-
available as sites for oxygen ions to jump in the tivity level at Po, > 10°* atm is accepted to be
perovskite structure. Both factors contribute to the equal to that in the range of smallep, , for exam-
high level of the oxygen ion conductivity that is ple, 0.25 $cm at 900C, though this value is most
often observed in perovskites. In contrast, the oxy- possibly smaller in the high-pressure limit as pointed
gen vacancies existing in the brownmillerite-like out above. Therefore, respective parts of the
phase are orderefl Fig) 2. Such ordering usually isotherms are drawn with dashed lines, which repre-
renders a much reduced level of the ion conductivity, sent upper estimated levels for the transference num-
for example, in Ca TiFe @ where oxygen conduc- bers( Fig. 6 . This figure illustrates quite directly that
tivity does not exceed 0.01/m at 950C [12]. The the mixed metal oxide §r Lg FeQ, is an attrac-
case of the brownmillerite-like form of $¢ La tive material for the design of an oxygen semiperme-
FeQ,_; is peculiar because of the large size of the able membrane for the methane to syngas conversion
Sr?* ion, which results in only small differences in  process.
the pseudo-cubic perovskite lattice parameters
a/V2=b/3=c/V2 [10. It is possible therefore
that some amount of oxygen ions in the iron—oxygen The isothermal plots of the electron—hole conduc-
octahedra can leave their regular positions, thus tivity, as obtained by subtraction of the ion conduc-
forming oxygen vacancies in the octahedra, and fill tivity from the total conductivity, are shown in Fig.
structural vacancies, thus forming interstitial oxygen 7. The slope of the conductivity isotherms is equal to
ions, in the layers of iron—oxygen tetrahedra. This —1/4 at Po, values left of the minima where
anti-Frenkel disordering reaction may be presented thermopower is negative, whereas the slope- /4
as and thermopower is positive ap, values to the

o o right of the minima. This behavior is characteristic of

Vo.tert Ooer= Oter t V0, 0a (2) agnonstoichiometric semiconductor. The appearance
where \, , and \ .., denote vacant oxygen posi- of the conducting electrons in the ferrite may be
tions in layers of the iron—oxygen tetrahedra and explained by the loss of the lattice oxygen in the
octahedra, respectively. Hence, two pathways for low-pressure limit
oxygen migration may be envisioned. The first is _ _ 121 ~2—1-1 10
reI)z/i?ed to gmvement >(l)f the interstitial oxygen over 0*"=1/20,+2¢ K,=[e]O"] po/z
structural vacancies that form one-dimensional tun- = Kpexp( —AH,/KT). (3
nels in the layers of tetrahedra, whereas the secondHere, K? is a constant andAH, is the reaction
involves oxygen ion jumps over a two-dimensional enthalpy. Supposing that the loss of oxygen is much
network of vacancies in the layers of octahedra. The smaller in comparison with the total amount of oxy-
activation energy for ion jumps in the iron—oxygen gen in the crystalline lattice, and neglecting the

3.2. Electron—hole conductivity
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1.0

Fig. 6. The isothermal dependencies of the oxygen ion transference numbers versus the logarithm of oxygen partial pressure. Th
temperature interval between isotherms iSG0Data points correspond to values &/ o. Solid lines serve as guides to the eyes. Dashed
lines in the high-pressure range represent evaluated data.

mobility activation energy for electrons, the propor- the conductivity activation energy for electrons must
tionality o, ~[e"] ~ pgzl/“ consistent with the ex-  be aboutA H, /2. The respective value is found to be
periment follows from the equilibrium constant. Also, equal to 2.35 eV from the Arrhenius plot @f T at
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Fig. 7. The isothermal logarithmic plots of the electron—hole contribution in the conductivity depending on oxygen pressure. The
temperature step between isotherms 850
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Po, = 107 1% atm( Fig. 3 . Thus, neglecting the mi- Assuming temperature-activated mobility for both
gration energy for electrons, the enthalfyyd, may electron- and hole-like carriergy, ,=(u} /T)exp
be estimated as equal to 4.7 eV. This value lies in (—¢, ,/KT), it follows from the plot of logo,,,,T)
line with the trend for the enthalpy to decrease with versus ¥T that(E; + ¢, + &,)/2=1.0 eV(Fig. 5 .
lanthanum content in $r, La FgO;  as demon- As argued, the value, of the hole mobility activa-
strated in Refs[ 1]2 where it was found thaH, tion energy is nearly zero. Therefof&, + &,) = 2.0
decreases from 7 eV at=1to 4.5 eV atx = 0.75. eV, which is equal exactly to the gap value given
The hole contribution increasing with the pressure to above if £, = 0. This derivation confirms the forbid-
the right of the minima symmetrically with the in- den gap being equal to about 2.0 eV and additionally
crease of the electron contribution with the pressure supports a small value of the mobility activation
decrease to the left of the minima in Fig. 7 is energy for electrons in §¢r La FeQ; at a small

indicative of the internal equilibrium reaction oxygen pressure, that is, at large oxygen deficiency.
Notice that the migration activation energy is also
O=e +h" K;=[e ][h"]=KPexp(—E,/KT). found close to zero both for electrons and holes in
(4) the lanthanum-rich $r, La FeQ, , where 0Z5
x<1[1,2.
Here, K? is a constant ancE, is a band gap. The The results presented in this paper show that the

parameterC(T) in Table 1 is practically invariable ~ concentration of electronic carriers in the low-pres-
with temperature and, thus, suggests a small activa- SU'e limit is governed by the band gap in the ferrite.
tion energy both for the mobility and for the concen- 1he band gap may be expected when there are only
tration of holes. On the other hand, combining equi- trivalent iron ions in the oxide, that is, charge com-

librium constantsk . and K.. one can obtain pensation is purely ionic. Therefore, the formula of
3 v the ferrite can be presented as, Sr ,ka FKgQ  at

0 pgl" values corresponding te,,;, in Fig. 7. Changes
) in conductivity and thermopower isotherms in Fig. 7
(Kn[O ]) show that variations of oxygen content in the oxide
Sty ;La, ;FeQ, ¢ caused by moderate increade
B — AH,/2 ) f1/4 (5) crease in the pressure are so small that the amount of
KT Po,” additional holegelectrons appearing in the oxide in
response to the oxygen intgkeslease is much
This expression gives the correct slope for the con- smaller than the amount of holgslectrons existing
ductivity isotherms to the right of the minima in Fig.  in the oxide owing to the thermal excitation accord-
7. Moreover, we must conclude that the near equality ing to reaction( 4 . The appearance of nearly flat
E,—AH,/2= —0.35 eV is satisfied. Hence, the portions on the plots of conductivity and ther-
forbidden energy gap in the brownmillerite-like form  mopower at a more pronounced increase in the pres-
of the ferrite Sg; Lg ; FeQ ; is equal to about 2.0 sure suggests that the conductivity acquires an impu-
eV. It is close to values ok, in Sr,_, La, FeQ_; rity-controlled character, that is, becomes governed
given elsewhere for 0.7§ x<0.9 (2 eV [1,2, by the amount of the extra-stoichiometric oxygén
x=0.4(1.9eV andx=0.2(1.7eV[3. The band in Sr ,La,;Fe0, 5 - In other words, we suppose
gap may alternatively be estimated from the tempera- that the impurity-like band of acceptor states appears

0'p~[h+]=

X exp( -

ture dependence of the minimal conductiviy;, in above the top of the valence band upon incorporation
Fig. 7. Expressing concentration of electrons and of some small, but critical amount of the extra-
holes viaa,,, and respective mobilitieg, and u,, stoichiometric oxygen in the brownmillerite-like
we can rearrange E€.)4 in the form phase. The simultaneous transition of the oxide from
, semiconductor- to metal-like behavior may be inter-
K; = K exp( —E, /KT ) = [Umm/zG( " Mp)l/Z] ) preted as related to the shift of the Fermi level from

6 a mid-gap position to the array of impurity-like
(6) states. It is important to notice that the pressure
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increase, that is, the increase of the oxygen content Acknowledgements

in the oxide, finally results in the transition from
brownmillerite-like to perovskite phase and in a si-
multaneous and smooth increase of the conductivity.
Such an evolution may possibly be related not to the
structural transition only but to the broadening of the
impurity band also and its overlap with the states at
the top of the valence band with a progressive
incorporation of oxygen in the structure.

4. Conclusion

The electrical conductivity and thermopower were
measured in the strontium ferrite Sr La FeQ
in the temperature range 750-960and oxygen
pressure varying between 1¥ and 0.5 atm. De-

creasing oxygen pressure results in the transition of

the perovskite-like structure into brownmillerite-like
structure Sy, L3, FeQqs s below about 1Datm.
The electron—hole conductivity in the brownmil-

lerite-like phase is shown to be governed by the band

gap of about 2.0 eV. The increasing extra-stoichiom-
etry in Sg; La, s FeQ ¢5. 5 results in appearance of
acceptor states above the top of the valence band an
transition of the conductivity to the impurity-con-
trolled regime. The brownmillerite-like form of the
ferrite is shown to be a mixed conductor with the
oxygen conductivity level achieving about 0.38n

at about 908C and p,, = 10*° atm. It is argued
that oxygen conduction takes place mainly in the
perovskite-like layers of the structure.
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