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The defect structure and charge transport mechanisms of layered perovskite-related structure
Sr4Fe6O12þδ in the form of epitaxial thin films are studied as a function of temperature, oxygen
partial pressure, and the type of substrate upon which they were grown. Values for the band gap,
oxidation, and reduction enthalpies are extracted by fitting the experimental data to a defect model
assuming a high oxygen deficiency. The electrical conductivity was dominated by p-type and n-type
electronic conductivity at high and low oxygen partial pressures, respectively, with no evidence of a
measurable ionic conductivity. Specimens cooled to below 400 �C after being annealed at different
pO2’s at elevated temperatures exhibited an activated conductivity whose activation energy Ea

increased from∼0.2 eV to∼1.0 eV as the pO2 at which the specimens were annealed decreased from 1
atm to 10-4 atm. These data, which are also examined with respect to the different epitaxial strains
induced by selecting substrates with different lattice mismatches, are analyzed in terms of a small-
polaron hopping mechanism. Subtle structure modulations, induced in the films by increasing
epitaxial strain, are shown to be capable of modifying the intrinsic transport mechanisms in
Sr4Fe6O12þδ and enhancing the electronic conductivity by an order of magnitude.

Introduction

Research in complex oxides with layered structures is
gaining interest among the solid state ionics research
community because of the outstanding mixed ionic-
electronic conductivities of some perovskite-related
structure transition-metal oxides, such as cobaltites,1,2

nickelates,3,4 or ferrites.5-7 This makes them attractive
candidates for improving the performance of electroche-
mical devices as cathodes for solid oxide fuel cells1,8 or as
active layers in resistive gas sensors.9,10 The layered
structure of these compounds often results in transport
properties that are highly anisotropic. Thin epitaxial films
therefore enable the study of charge transport along
specific crystallographic directions, thus offering better

insight into the nature of the anisotropy. Furthermore,
significant levels of strain induced in thin films by epitax-
ial growth on mismatched substrates offer the possibility
of studying the role that subtle structural changes can
have on transport mechanisms.
Studies of the high temperature electrical conductivity

of these materials, at different temperatures, and parti-
cularly at different oxygen partial pressures, can con-
tribute meaningful information about the defect equilib-
rium and ionic-electronic transport mechanisms. Among
complex oxides, perovskite-related iron oxides, such as
SrFexTi1-xO3, have been the subject of detailed studies
concerning their high-temperature electronic transport
properties.11 Recent structural studies on one of these
layered iron oxides, Sr4Fe6O12þδ, have revealed the appear-
ance of a modulated structure showing subtle variations
induced by oxygen stoichiometry and strain variations in
epitaxial films,12,13 thereby illustrating the complexity that
some layered compounds may reach. Figure 1 shows a
scheme of the Sr4Fe6O12þδ structure with δ = 0.8.
Sr4Fe6O12þδ presents an intergrowth structure, which con-
sists of an alternating stack along the b axis (vertical
direction in the figure) of SrFeO3 perovskite-type layers,
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with Fe-O coordinated octahedra, and Fe2O2þδ/2 double
layers of five-coordinated iron polyhedra. The variable
oxygen stoichiometry δ of the Fe2O2þδ/2 layers consists of
additional single oxygen rows that arrange periodically
along the a axis of the structure (horizontal in the figure)
inducing a modulated structure. The modulation is often
described in terms of a modulation vector q= Ram, in the
reciprocal space, related to the periodicity of the parent
structurewith vector am (that in real space corresponds to a
periodicity every twoFe-Ooctahedral, as it is shown in the
figure) times a parameter R that describes each particular
modulation. For a commensurate structure, the modula-
tion shows a long-range order and corresponds to an
integer number of octahedra units. The figure shows, as
an example, one of these cases with a modulation periodi-
city each 5 octahedra, than corresponds to R = 2/5. One
can easily imaginemore complex situations where there is a
combination of different arrangements along the a axis
giving place to an average modulation with noninteger
values of octahedral units, so the Rmodulation parameter
can show a continuous range of values. Therefore the
composition of the double layers is Fe2O2þR, and thus,
Sr4Fe6O12þ2R. The present study will analyze how the
modulation parameter R is implicated in the charge trans-
port properties.
In these type of semiconducting metal oxide com-

pounds, it is generally assumed that charge transport
takes place via a thermally activated small-polaron hop-
ping mechanism.14,15 Taking into account the Emin-
Holstein model for the adiabatic approximation,16 the
temperature dependence of the conductivity follows the
expression

σðTÞ ¼ ðA=TÞ expð-Ea=kTÞ ð1Þ
with k representing the Boltzmann constant, andEa andA,
the activation energy and preexponential factor , respec-
tively. The activation energy Ea and the preexponential

factor A, in turn, depend on the convolution of carrier
mobility and concentration.
In the present work, the planar conductivity of

Sr4Fe6O12þδ epitaxial films, deposited on different per-
ovskite substrates (NdGaO3, SrTiO3, and LaAlO3), was
studied over a wide range of oxygen partial pressures
(pO2) and temperatures. Changes in Ea as well as in A are
related to changes in oxygen stoichiometry, strain, and
structural modulation. The results demonstrate that
epitaxial strain may serve as a tool for modifying charge
transport mechanisms in thin films.

Experimental Section

High quality epitaxial b-axis oriented Sr4Fe6O12þδ thin films,

with thickness ranging from 5 to 300 nm, were deposited onto

(100) SrTiO3 (STO), (110) NdGaO3 (NGO), and (012) LaAlO3

(LAO) substrates by pulsed laser deposition at 750 �C and 1 Pa

of oxygen pressure, as described in previous work.17,18 The

structure for Sr4Fe6O13 as first reported by Yoshiasa et al.19

has cell parameters a=1.1103, b=1.8924, and c=0.5572 nm.

There is an obvious close matching between a-c planes of the

structure and the (100) planes of any cubic perovskite structure

because their planes consist of the same octahedra arrangement

(as it was described in previously). This does not happen in any

other plane of the structure. Therefore we can expect an

epitaxial arrangement of both structures in such a way that

their corresponding octahedral units lie parallel on top of each

other, as it is depicted in Figure 2. The Sr4Fe6O12þδ films grow

on the different substrates as follows. STO is cubic perovskite

with a= 0.3905 nm. If we consider a and c parallel to the [110]

direction of the substrate, the films grow on the substrates by

adjusting a/2 and c parameters of the films to
√
2aSTO (0.552

nm). This gives rise to amismatch of-0.52%and-0.89%along

a and c axis. NGO is an orthorhombic perovskite with a=

0.5424 nm, b = 0.5501 nm, and c = 0.7701 nm, so the (110)

plane is equivalent to a (001) plane of a cubic perovskite and

defines a rectangular plane with parameters ac=0.3863 nm and

bc=0.3854 nm. The films will grow on the (110) planes ofNGO

substrates by adjusting a/2 and c parameters to the ac and bc
parameters of the substrate. This gives a mismatch of about

-1.8% and -2.0%, respectively (slightly larger than on STO

substrate). LAO is a trigonal perovskite which can be described

Figure 1. Scheme of the Sr4Fe6O12þ2R structure with modulation vector
R= 2/5 (Sr4Fe6O12.8). It corresponds to a modulation taking place each
five Fe-O octahedral units along the a axis of the structure.

Figure 2. Planar view of the alignment of the Sr4Fe6O13 a-c plane of the
film on to the SrTiO3(001) plane of the substrate. The arrows indicate the
expected compressive strain induced in the film by the substrate mis-
match.
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as a distorted perovskite with a= c= 0.3789 nm and R= β=

γ= 90.12�. The (012) plane of this structure corresponds to the

(001) primitive perovskite cell, with an equivalent pseudocubic

cell parameter of a= 0.3789 nm. Therefore the films grown on

the (012) planes of LAO substrates give rise to a mismatch of

-3.6% (larger than STO and NGO). The negative sign of the

mismatch on all the considered substrates indicates that film has

a larger parameter than the substrates, so the films will have a

tendency to present an in-plane biaxial compressive strain when

grown epitaxially on these substrates.

The measured values of the cell parameters after film deposi-

tion have shown that thinner films of about 10-20 nm on STO

and NGO substrates are almost fully strained, and upon thick-

ness increase above a certain critical thickness (not precisely

defined, but might be closer to 20-30 nm) the strain progres-

sively reduces approaching expected bulk values. This is the

expected behavior of any defect-mediated strain relaxation

mechanism. Films on LAO have shown already cell parameter

values closer to the bulk ones even for the thinner films. This is

due to the larger mismatch between Sr4Fe6O13 and LAO sub-

strate (about -3.6%) which reduces the corresponding critical

thickness for a fully strained epitaxial growth to a value below

the explored range. Therefore all the films grown on LAO

correspond already to a fully relaxed structure. More details

about the relaxation mechanism upon thickness increase, and

the way this is related to the variations in the modulated

structure can be found in ref 13.

The thickness of the films, up to 100 nm, was measured by

X-ray reflectometry, while for thicker samples, values were

extrapolated from the growth rate determined for the thin films.

The strain in the films was calculated from the difference in

the cell parameters measured at a given thickness (the out-of-

plane b parameter was calculated by XRD from the 2θ angular

positions of different 0k0 reflections) and those of the asympto-

tic tendency at larger thicknesses (taken as the equilibrium

structure). The corresponding oxygen modulation parameter

R for each film (as described in the Introduction) was extracted

from the angular positions of different hk0 (k = odd) asym-

metric reflections in the reciprocal space maps, measured by

means of anX-ray PhilipsMRDdiffractometer equipped with a

four-angle goniometer and parallel beam optics. 12

The planarmeasurements of the conductivity were performed

on films deposited on 5� 5mm2 square substrates. Two parallel

stripes (typical dimensions of the electrodes were 3� 1mm2 and

the distance between them around 3 mm) were painted on the

surface of each sample withAg paste (SPI supplies) to be used as

electrodes, as it is shown in the inset of Figure 3. The conduc-

tances of the different substrates (purchased from Crystal

GmbH) were analyzed by applying the same type of Ag contacts

to bare single crystals and in the same temperature ranges as for

the films.

The measurements were performed by AC impedance spec-

troscopy (by using a HP4192A frequency response analyzer in

the range from5Hz-10MHz), after letting the samples stabilize

for a sufficient time at a given temperature and oxygen partial

pressure (around 1 h for low temperatures, but the higher the

temperature the shorter the time needed to reach a stable value

of conductivity after exchanging oxygen with atmosphere).

Typical impedance spectra of a film on a NGO substrate

measured at different temperatures is shown in Figure 3. All

films show similar behavior that can be adjusted to a simple RC

circuit. The associated measured capacitance has a constant

12pF value, nondependent on measuring temperature, corres-

ponding to the stray capacitance of the measuring setup.

Therefore the film resistance values (contact resistance is negli-

gible) are extracted from the intersect between the impedance

arch and the real axis. The conductivity of the films was

calculated assuming the current flowed homogeneously across

the whole thickness of the films, and no substrate contribution

was considered.

As it was explained in detail in a previous report13 the STO

and LAO substrates show similar high temperature con-

ductances that are comparable to that of the thinner films in

the high temperature range (T>450 �C), so unfortunately very

little information could be extracted given the difficulties to

avoid the substrate contribution.However, NGO shows about 1

order of magnitude lower conductance that STO or LAO. For

that reason all the conductivity analysis with pO2 at high

temperatures have been performed only in films grown on

NGO substrates, with negligible contribution of the sub-

strate to the total conductivity. The large activation energies

of all substrates in comparison with films make their conduc-

tance to reduce considerably at temperatures below 450 �C
so the substrate contribution becomes negligible, and there-

fore film conductivities are directly extracted from total

conductances.

Results and Discussion

Figure 4 shows the temperature dependence (during
cooling) of the conductivity of a 180 nm thick epitaxial

Figure 3. Schematic drawing of the silver electrodes painted on the 5 �
5mm2 thin films and impedance spectroscopy spectra for a film deposited
on a NGO substrate measured at different temperatures. All films show
the same behavior and could be adjusted to a simple RC circuit.

Figure 4. Planar conductivity σT versus reciprocal temperature of a
180 nm Sr4Fe6O12þδ film deposited on NGO substrate measured at
different pO2 from 10-5 to 1 atm. The lines indicate the thermally
activated process at T below 400 �C.
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Sr4Fe6O12þδ film deposited onNGO,measured at a series
of different pO2’s. The logarithm of the conductivity is
observed to be linear with 1/T at lower temperatures up to
∼400 �C, as expected for a thermally activated process,
making it possible to estimate an activation energyEa and
a pre-exponential factor A, from eq 1. Above a tempera-
ture of about 400-500 �C, the conductivity, at any pO2,
no longer exhibits a simple thermally activated process,
but rather begins to saturate. Such saturation effects, and
even decreases in conductivity at elevated temperatures,
as observed here, have been reported in other mixed
valence oxides and are sometimes ascribed to p-type
carrier concentration depletion as the films begin losing
oxygen at elevated temperatures.20 Since the study of
both temperature regimes should provide complementary
information, they will each be treated in the following
sections.
Transport Properties up to 400 �C. Figure 5 shows the

extracted values of the activation energyEa, for films with
different thickness and grown on different substrates,
plotted against log pO2. Despite the scatter in Ea values,
all specimens exhibit similar behavior regardless of the
type of substrate and film thickness. Ea values strongly
increase with reducing pO2, ranging from∼0.2-0.4 eV at
1 atm to ∼1.0 eV at 10-4 atm of O2. In this lower
temperature regime, no oxygen exchange with the atmo-
sphere is expected, and consequently the oxygen stoichi-
ometry of the films should depend on the equilibrium
state attained at the higher temperatures at the different
pO2’s. The observed increase inEa at lower pO2must thus
be related to a progressive reduction in the oxygen
content of Sr4Fe6O12þδ. Such observations have been
reported previously for p-type Sr4Fe6O12þδ

21 bulk sam-
ples. In those cases, the increase in Ea has been related to
the progressive reduction of Fe3þ to Fe2þ. One possible
explanation is that this induces greater carrier localiza-
tion, thereby increasing the energy barrier for polaron
diffusion. Alternative explanations relate to the move-
ment of the Fermi energy toward midgap and the con-
sequent increase in the carrier ionization energy.
Figure 6 shows the dependence of the pre-exponential

factorA, derived for the same previous group of samples,
versus pO2 in a log-log scale. One observes a power
dependence that is approximately A � pO2

-1 with A
varying by about 4 orders of magnitude over the mea-
sured pO2 range. At high pO2, the larger scattering in
values of A is related to the fact that these data included
samples with a wider range of thicknesses. Figure 7 shows
the variation of the conductivity of a series of films with
different thickness deposited on NGO substrates and
measured at 1 atmO2. The conductivity is seen to increase
by about an order of magnitude as the film thickness
decreases from 340 to 10 nm. In Figures 8 and 9, the
activation energy Ea and preexponential factor A,
obtained from the low temperature regime, are shown

plotted versus film thickness for films deposited on
different substrates. As a general trend, Figure 8 shows
that Ea decreases with increasing thickness, with the
thickest films converging on the same value of Ea of
approximately 0.20 eV, independent of substrate. On
the other hand, the thinner films (e.g.,∼20-30 nm thick)
exhibit a scattering of Ea values ranging from ∼0.25 to
0.35 eV. In fact, the graph suggests a region where the

Figure 5. Activation energyEa variationwith pO2 for filmswith different
thickness and grown on different substrates.

Figure 6. Pre-exponential factor A variation with pO2 for films with
different thickness and grown on different substrates.

Figure 7. Planar conductivity σT versus reciprocal temperature of
Sr4Fe6O12þδ films with different thicknesses, deposited on NGO sub-
strate, measured at 1 atm pure O2. The lines indicate the thermally
activated process at T below 400 �C.
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maximum Ea values were obtained for films deposited on
LAO, whereas the minimum ones correspond to films
grown on NGO. Between those limits there are inter-
mediate values corresponding to films deposited either on
NGOor STO substrates. The substrate type clearly has an
influence on Ea. Figure 9 illustrates the dependence of A
on film thickness, with A decreasing more than an order
of magnitude, as the thickness increases from 10 to 300
nm.While in all of these films, the observed changes inEa

and A with thickness are rather small compared with
changes induced by pO2, the observed trends suggest that
the differences in film thickness may have associated with
them a slight variation in the overall oxygen content.
Note that both the magnitude of A and Ea increase when
reducing film thickness from 300 to 30 nmat constant pO2

of 1 atm; consistent with an equivalent change of about 1
order of magnitude in pO2. This suggests the possibility
that the thinner the film, the lower its oxygen content.
Despite the fact that it would seemmuch easier to oxidize
a thin film of a few nanometers compared to a thicker film
of several hundred nanometers, one cannot neglect the
possible role of strain in influencing oxygen incorpora-
tion into the film. As reported in previous studies, thinner
epitaxial films are generally more strained, with a typical
strain (ε) dependence on thickness (t) given by ε � t-1.12

The fact that Figure 9 shows a similar dependence,

A� t-1 (independent of substrate type), suggests a possible
relationship between changes in the pre-exponential factor
A and the residual strain. Compression of films along the
a-c planes by epitaxial strain increases the overlap of the
electron orbitals of the iron and oxygen atoms, thus leading
to a higher degree of covalence of the Fe-O-Fe bonds.
This feature has been reported to increase the electron-
hole mobility in small-polaron conductors such as
Sr4Fe6O12þδ and other strontium iron oxides 14 or doped
strontium iron perovskites 22 and would therefore contri-
bute to an increase of the pre-exponential factor A.
Given that A and Ea have both been shown to depend

on pO2 and thickness, it is reasonable to expect that there
might be also be a relationship between them. Figure 10
shows log A versus Ea for the full collection of films with
different thicknesses, grown on the three types of sub-
strates and measured at different atmospheres, from
1 atm to 3 � 10-4 atm. Despite the fact that the values
come frommeasurements performed under very different
conditions, they all follow a general common trend,
i.e., roughly a linear dependence between log A and Ea,
indicated by the dashed line in Figure 10. The lowest A
values of about 105Ω-1 cm-1 K correspond to the lowest
Ea values of about 0.2 eV, whereas the largest A values of
1010 Ω-1 cm-1 K correspond to Ea values above 1 eV.
This dependencemainly corresponds to the pO2 variation
over the samples (empty symbols). This phenomenon
is a common observation for a wide variety of activated
processes, and it is known as the “compensation law”
or “Meyer-Neldel rule”.23,24 There is a considerable
controversy over the origin of this effect25-29 with no

Figure 8. Activation energy Ea variation with thickness for films grown
on different substrates at 1 atmO2. The dashed lines indicate the limits for
maximum and minimum Ea values. Note that the minimum values are
obtained for films deposited on NGO, whereas the maximum values
correspond mainly to films on LAO.

Figure 9. Pre-exponential factor A variation with thickness for films
grown on different substrates at 1 atm O2.

Figure 10. Correlation between pre-exponential factor A and activation
energy Ea for films grown on different substrates and measured at
different pO2 (open symbols). The dashed line is a guide to the eye
following the average linear dependence. The gray symbols correspond
to the films with different thickness measured at 1 atm O2. The elliptic
areas correspond to the maximum and minimum Ea values in Figure 8.
Note that the gray symbols on LAO follow the general behavior, whereas
the gray symbols on NGO deviate from it.
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agreement on a microscopic explanation of the phenom-
ena.However, one could use this empirical relationship as
a means of detecting any deviations from this behavior.
Figure 10 also contains several series of data from films
with different thickness on different substrates measured
in 1 atm pureO2 (filled-in symbols). The data correspond-
ing to films deposited on LAO show the same dependence
as for the overall pO2 variation, whereas films on NGO
clearly deviate from the common trend. This is to be
expected given the variations in Ea versus film thickness
for the different substrates in Figure 8, with little corre-
sponding deviations in logA vs film thickness in Figure 9.
In an attempt to find a general empirical expression for

the conductivity dependence for all samples, one might
assume an energy Λ0= kT0 and a conductance σ0, as
characteristic parameters for a particular material or
family of materials following the same activated process.
Taking into account the observed relationship between
log A and Ea we could rewrite the expression for the
temperature dependence of the conductivity (1) as

σT ¼ ðσ0T0Þ exp -Ea
1

kT
-

1

kT0

� �� �
ð2Þ

where the expression for the pre-exponential factor is

A ¼ ðσ0T0Þ expðEa=kT0Þ ð3Þ
According to eq 2, the conductivity curves σT converge

in a constant value (σ0T0) at a characteristic temperature
(T0), called an isokinetic point. The existence of this
isokinetic point means, for some authors,29 the validity
of the above-mentioned compensation law.
From the slope of the log A versus Ea in Figure 10,

one extracts a common isokinetic temperature T0 =
730((130) �C for all samples. At this temperature all
curves following the same log A versus Ea dependence
should converge to a common σ0T0 value, although this is
not reached due to the depletion in the carrier density at
high temperatures. Since the samples deviating from the
general trend at 1 atm pure O2 in Figure 10 still show the
common slope when reducing the pO2, which means a
common T0 value, they are assumed to have a different
intercept (logσ0T0). This σ0 value could be thought of
as corresponding to an intrinsic parameter of the
Sr4Fe6O12þδ compound related with the hypothetical
maximum value that the conductivity may reach if there
was no energy barrier for diffusion.
Themost important differences causing variations in σ0

correspond to those already observed in the Ea versus
thickness variations plotted in Figure 8. These rely on the
substrate type and very likely would correspond to the
particular strain differences related to the modulated
structure observed for those films,13,17 described by a
characteristic R modulation parameter. Therefore, it is
possible to plot the extrapolated σ0 values (from the
intercept in Figure 10, assuming a constant slope with

T0 = 730 �C for all the samples) in terms of the R
modulation parameter, as shown in Figure 11 for films
with different thickness and grown on different sub-
strates. One observes that log σ0 increases with decreasing
R. The values range from σ0 ∼1-10 S/cm for films with
the highest R∼ 0.44 (the thickest films on NGO and STO
and all the films on LAO, with the lowest epitaxial strain)
as it would correspond to the equilibrium structure, up to
σ0 ∼ 100 S/cm for the films with the lowest R ∼ 0.40 (the
thinnest films on NGO that show the larger strain). This
observation supports the hypothesis that variations in
structure modulation, induced by epitaxial strain, modify
the conduction mechanism. This is also consistent with
the idea of considering Sr4Fe6O12þδ as a family of
Sr4Fe6O12þ2Rþz compounds with R varying in a contin-
uous range from 0.4 to 0.45, where each member with
different R value has a different intrinsic behavior. If we
compare films with constant thickness but different R
values, such as the thinner films of about 20 nm in
Figures 8 and 9, we observe that the change in R between
films grown on the different substrates does not cause any
substantial modifications in A, whereas Ea values de-
crease from 0.35 to 0.25 eV. The subtle oxygen changes
associated with the R variation would have varied bothA
and Ea, following the same trend of Figures 5 and 6, so
their effect in conductivity is compensated. This suggests
that the modulation parameter R directly affects the
activation enthalpy. The fact that the enthalpy is reduced
(without affecting the A factor) is the reason for the
increase of the conductivity by more than 1 order of
magnitude.
ConductivityDependency on pO2 atHigh Temperatures.

At temperatures above 400 �C, there is a reduction in the
electrical conductivity with decreasing pO2 (see Figure 4)
due to a depletion in the majority holes as the films lose
oxygen. Because the films have reached thermodynamic
equilibrium at the elevated temperatures, at the different
pO2’s, it is then possible to extract information from the
conductivity data about the defect equilibria, and with
complementary information (e.g., thermoelectric power
or thermogravimetric data), the carrier transport me-
chanisms. Although the transport mechanism in this kind

Figure 11. Dependence of the reduced conductivity σ0 on the Rmodula-
tionparameter corresponding toSr4Fe6O12þ2R films obtainedondifferent
substrates.

(28) Viscor, P. Phys. Rev.B 2002, 65, 077201.
(29) Yelon, A.; Movaghar, B. Phys. Rev. B 2002, 65, 077202.
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of materials is considered to correspond to small-polaron
hopping, it is still possible to find evidence of a band gap
between valence and conduction bands. Small polaron
hopping is a result of carriers with low carrier mobility
(narrow valence or conduction band) interacting with a
polarizable lattice which self-traps the carrier within a
potential well within the band. So, for example, if the
material has shallow oxygen vacancy donors, the ionized
electrons within the conduction band will exhibit a hop-
ping energy in addition to any ionization energies. Simi-
larly for electrons and holes generated by excitation
across the band gap, those carriers will exhibit a con-
ductivity with a temperature dependence which includes
both Egap/2 plus a hopping energy (see also relevant
discussion in ref 33). Following the development of the
defect model in ref 11 we list the following key defect
reactions in Table 1. The first reaction corresponds to
intrinsic thermal generation of conduction band electrons
(ecb

0) and valence band holes (hvb
•) from valence band

electrons (evb) being excited into empty conduction band
states (hcb). The np product then is given in the mass
action relation in terms of the conduction and valence
band density of statesNC,V, which in turn depends on the
electron and hole effectivemassesme,h*, and the band gap
energy Eg. The second reaction corresponds to intrinsic
thermal generation of oxygen Frenkel pairs made up of
doubly charged oxygen vacancies (VO

••) and interstitials
(Oi

//) by moving a normal oxygen ion (OO) into a nor-
mally empty interstitial site (Vi). The third reaction
corresponds to a reduction reaction in which a normal
oxygen ion leaves the lattice for the gas phase leaving
behind a doubly charged oxygen vacancy and two

conduction band electrons. The fourth reaction corre-
sponds to an oxidation reaction in which oxygen from the
gas phase enters the lattice by filling an oxygen vacancy
and becomes doubly negatively charged by creating holes
in the valence band. The fourth reaction is only added as a
convenience (see below) since it is not an additional
independent reaction. Finally, the last expression relates
to the requirement that the solid remain overall neutral
and so the sum of all negative charges on the left must
equal the sum of all the positive charges on the right. In
addition to oxygen vacancies (VO

••) and interstitials (Oi
//),

introduced by the anion Frenkel disorder, the defect
model must also take account of all intentional and
unintentional acceptor and donor impurities designated
by [A’] and [D•], respectively.
When the oxygen disorder is high and fixed [VO

••]0,
either due to impurities (e.g., 2[VO

••]0 ≈ [A’]) or a high
intrinsic ionic disorder (e.g., [VO

••]0 ≈ KAF
1/2), then one

can solve for n by substituting [VO
••]0 for [VO

••] in eq 10 to
obtain

n ¼ K
1=2
R ½V ••

O �-1=2
0 pO

-1=4
2 ð14Þ

and then substitute that solution into eq 5 to solve for p as

p ¼ KIK
-1=2
R ½V ••

O �1=20 pO
þ 1=4
2 ð15Þ

Equivalently, we could use eq 12 directly to solve for the
hole concentration and this is given by

p ¼ K
1=2
OX ½V ••

O �1=20 pO
þ 1=4
2 ð16Þ

On the other hand, at very low pO2, one expects the
reduction reaction to control and the electroneutrality
equation can be approximated by n=2[VO

••], then solv-
ing for n with the help of eq 10, we obtain

n ¼ ð2KRÞ1=3pO-1=6
2 ð17Þ

Figure 12 shows the electrical conductivity plotted as a
function of pO2, in a log-log plot, measured over a much

Table 1. Listing of the Key Defect Reactions, Corresponding Mass Action Relations, and the Electroneutrality Equation

defect reaction mass action relation

evb þ hcbTecb
= þ hvb

• ð4Þ np ¼ KI ¼ NCNV expð-Eg=kTÞ ð5Þ

NC,V ¼ 4:82 3 10
15
3 ðm

�
e, h=m0Þ3=2 3T3=2½cm-3� ð6Þ

OO þViTVO
•• þOi

== ð7Þ ½VO
••�½Oi

==� ¼ KAF ¼ KAF
0 expð-ΔHAF=kTÞ ð8Þ

OOTVO
•• þ 2ecb

= þ 1

2
O2 ð9Þ ½V••

o �n2pO1=2
2 ¼ KR ¼ KR

0 expð-ΔHR=kTÞ ð10Þ

1

2
O2 þVO

••TOO þ 2hvb
• ð11Þ p2=½V••

O �pO2
1=2 ¼ KOX ¼ KOX

0 expð-ΔHOX=kTÞ ð12Þ

Electroneutrality Equation

nþ 2½O==
i � þ ½A0� ¼ pþ 2½VO

••� þ ½D•� ð13Þ

(30) Bredesen, R.; Norby, T.; Bardal, A.; Lynum, V. Solid State Ionics
2000, 135, 687–697.

(31) Patrakeev, M. V.; Mitberg, E. B.; Leonidov, I. A.; Kozhevnikov,
V. L. Solid State Ionics 2001, 139, 325–330.

(32) Patrakeev, M. V.; Leonidov, I. A.; Kozhevnikov, V. L.; Kharton,
V. V. Solid State Sci. 2004, 6, 907–913.

(33) Tuller, H. L. In Oxygen Ion and Mixed Conductors and their
Technological Applications NATO Advanced Study Institute Series,
Tuller, H. L., Schoonman, J., Riess, I., Eds.; Kluwer Acad. Publ. Ser.:
2000; Vol. 368, pp 57-74.
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wider pO2 range, at different temperatures (from 500 to
800 �C) for a 240 nm film deposited on NGO. For
comparison, similar data reported for bulk ceramic sam-
ples are included.30,31 At high pO2, from 10-5 atm to
1 atm, the film conductivity shows a linear dependencewith
a slope close to the theoretically predicted þ1/4 corres-
ponding to p-type conductors - see eq 15 or 16. Measure-
ments performed on other films showed a similar trend.
The higher conductivity of the films, by about an order of
magnitude than the reportedbulk values, is likely related to
the fact that in the films, transport takes place along the a-c
plane of the structure, thus reflecting the anisotropy of the
material, rather than the lower average value for bulk
polycrystalline samples. As the pO2 decreases (pO2 <
10-5 atm), the conductivity exhibits a change in slope
and thereby a minimum in conductivity at intermediate
pO2. Extrapolation of the observed dependencies in the
higher and lower pO2 regions indicates that the conductiv-
ity minimum moves to higher pO2 value with increasing T
in a manner similar to that reported for bulk samples. At
low pO2, between10

-8 atmand10-14 atm, the conductivity
data showa slope of about-1/4 inpO2dependence, typical
for n-type electronic conductivity (see eq 14), while at pO2

< 10-14 atm, the slope tends to -1/6 (see eq 17), or even
lower. The -1/6 slope, corresponding to an intrinsic
regime, dominated by the formation of oxygen vacancies
and electrons, has been observed in bulk samples in the
same extreme range of low pO2.

22

Since the film conductivity represents the summation of
contributions from electrons, holes, and ions, and the
assuming that the electronic contributions exhibit a
pO2

(1/4 dependence while the ionic conductivity is inde-
pendent of oxygen partial pressure ([VO

••]= [VO
••]0), then

we can express the overall conductivity as

σtot ¼ σe þ σion þ σh

¼ σ0
npO2

-1=4 þ σion þ σ0
ppO2

þ1=4 ð18Þ

with σn,p
0 being the extrapolated electronic or hole con-

ductivity, respectively, at pO2= 1 atm and assuming pO2

independent mobilities.

When trying to adjust the experimental data to expres-
sion 18, an optimal fit is achieved by assuming a negligible
ionic contribution, i.e., σion=0.Although the presence of
ionic conductivity in thismaterial could not be completely
ruled out, it appears to be much lower than that of the
predominant electronic conductivities, over the whole
pO2 region analyzed. Fitting curves for the different
temperatures are also depicted in Figure 12. Values
obtained for σn,p

0 from the fitting routine for each tem-
perature are plotted in Figure 13 as a function of recipro-
cal temperature. In the p-type region, at higher pO2, the
conductivity is mainly due to holes, and σp

0 is found to
exhibit a weak temperature dependence with an activa-
tion energy Eσ,h of -0.064 (0.006) eV as illustrated in
Figure 13a. The activation energy for p-type conduction
should, taking into account eq 16, be given by

Eσ, h ¼ ΔHox

2
þEμ, h ð19Þ

in which Eσ,h is the hopping energy for holes and ΔHox

is the oxidation enthalpy. This small value of Eσ,h is
presumably due to the compensation of the expected
temperature-activated transport mechanism, counterba-
lanced by the loss of electronic holes due to loss of oxygen
to the atmosphere upon heating. Assuming a polaron
hopping activation enthalpy Eμ,h of about 0.17 eV,
extracted from the thicker film data obtained in the lower
temperature region in Figure 7, we can extrapolate an
oxidation enthalpy ΔHox of -0.47 ( 0.10 eV.
Similarly, the temperature dependence of σn

0 is shown in
Figure 13b. The activation energy for n-type conduction
Eσ,e should, taking into account eq 14, be given by

Eσ, e ¼ ΔHred

2
þEμ, e ð20Þ

in which Eμ,e is the hopping energy for electrons, and
ΔHred is the enthalpy for oxygen reduction. In this region,
some authors maintain that the carrier mobility in
Sr4Fe6O12þδ does not depend on temperature,32 so we
can assumeEμ,e=0. From the calculated slope in Figure 13
of 0.71(0.12) eV, it is thus possible to extract an enthalpy for
oxygen reduction ΔHred of 1.42((0.2) eV.33 This can be
comparedwith a valueof 1.05 eV, reported from theoretical
studies,34 and amuch larger value of 3 eV, reported for bulk
ceramic samples.32 A rough value of the gap could
be calculated by noting that Egap = (ΔHred þ ΔHox)/2 =
0.48 eV.
It is also possible to extract the energy gap by plotting

theminimum in the electronic conductivity obtained from
the conductivity-pO2 dependence versus reciprocal
temperature.12,35,36 Since the total electronic conductivity
in a semiconductor is given by σ= σeþ σh= neμeþ peμh,
the minimum conductivity σmin corresponds to the
point where the extrapolation from the n- and p-type

Figure 12. Isothermal conductivity variations with pO2, at elevated
temperatures of a 240 nm film. Bulk values are also shown for compar-
ison.30,31 Solid lines correspond to the best fit to the experimental values
for each temperature assuming power dependence with (1/4 slope for
p- and n-type conductivities.

(34) Fisher, C. A. J.; Islam,M. S. J. Mater. Chem. 2005, 15, 3200–3207.
(35) Choi, G.M.; Tuller, H. L.; Goldschmidt, D. Phys. Rev. B 1986, 34,

6972–6979.
(36) Choi, G. M.; Tuller, H. L. J. Am. Ceram. Soc. 1988, 71, 201–205.
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conductivities shows the same values σe = σh. Therefore

σmin ¼ σe þ σh ¼ 2σe ¼ 2σh ¼ 2neμe ¼ 2peμh ð21Þ
and

σ2
min ¼ 4pne2μeμh ð22Þ

where p and n are the hole and electron carrier densities,
respectively, e is their charge, and μe,h are their mobilities.
Since the pn product can also be expressed in terms of the
gap energy Eg (eq 5), the following expression is obtained
in combination with 22

pn ¼ NCNVe
-Eg=kT ¼ σ2

min

4e2μeμh
ð23Þ

Then the relationship between the minimum conduc-
tivity and the gap energy is obtained as

σmin ¼ 2eðNCNVμeμhÞ1=2e-Eg=2kT ð24Þ

If we assume thermally activated mobilities with en-
ergies Eμ,e = 0 and Eμ,h = 0.17 eV, for electrons and
holes, respectively, in the analyzed range, and given that
gap energyEg depends onT asEg=Eg

0- βT, it is possible
to obtain a value for the intrinsic gap energy

Eðσel,minÞ ¼ ðE0
gap=2Þþ ðEμ, e þEμ, hÞ=2 ð25Þ

directly from the slope of ln (σmin) versus reciprocal
temperature 1/T, of about E(σel,min) = 0.34 (0.07) eV, as
depicted in Figure 14, from which a value of Eg�=0.51(
10 eV is obtained. This value is in close agreement to the
value of 0.48 eV, obtained above proving the consistency
of the two methods. These values are considerably lower
when compared to other related perovskites reported in
the literature with Eg� values between 2 and 3 eV.11

However, there are no previously reported experimental
values of the gap in Sr4Fe6O12þδ which would allow for a
direct comparison. Optical reflectivity experiments per-
formed on 240 nm thick films showed band gap energy
values ofEg= 1.6-1.8 eV. These optical band gap values
are much larger than that estimated from the transport
measurements. Significant differences can exist between a
much smaller indirect thermal gap and its larger direct
optical gap. Thus if Sr4Fe6O12þδ exhibits an indirect band
gap, then values obtained from photon absorption are
not directly comparable to processes involving momen-
tum transfer from phonons as in the charge transport
measurements.

Conclusions

Electron hole conduction in the Sr4Fe6O12þδ phase is
thermally activated at temperatures below∼400 �Cwith a
characteristic activation energy Ea and pre-exponential
factor A. Both parameters are considerably affected by
oxygen stoichiometry and filmmicrostructure. Increasing
oxygen deficiency by reduction decreases the planar con-
ductivity in the p-type region because of a depletion of
electron-hole carriers. The activation energy Ea andA at
reduced temperatures increase markedly when the pO2 at
which the specimens are annealed at elevated tempera-
tures is decreased possibly in response to higher carrier
localization. The values of log A are found to increase
linearly with increasingEa, following a so-called compen-
sation law, and, on this basis, onemight define an intrinsic
energy kTo and conductivity σ0 characteristic of electro-
nic charge transport in Sr4Fe6O12þδ, valid for any given
oxygen stoichiometry. Only the subtle variations in the
modulated structure observed in thismaterial, induced by
the epitaxial strain, modify this compensation law. The
reduction in the modulation periodicity, induced by the

Figure 13. Dependence of reduced conductivities σp
0 (a) and σn

0 (b)
(obtained from the fit curves in Figure 11) on reciprocal temperature
for a 240 nm film deposited on NGO.

Figure 14. Dependence of the conductivity minimum σmin versus reci-
procal temperature.
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increasing compressive strain in epitaxial films, enhances
the intrinsic σ0 value by about 1 order of magnitude, with
little modification of kTo. This may be explained by an
increased overlap of the iron and oxygen electron orbitals
due to compression of the films along the a-c basal
planes leading to a higher degree of covalence of the
Fe-O-Fe bonds. This further suggests that epitaxial
strain can be used in a complementary fashion to the
currently used method of aliovalent doping in fundamen-
tal studies of charge transport in complex transitionmetal
oxides as well as enabling the tailoring of their mixed
electronic-conductivities.
The low temperature dependence of conductivity is

correlated with the thermodynamic equilibrium attained
at higher temperatures. Reduction (ΔHR)= 1.43 eV) and
oxidation enthalpies (ΔHOX = -0.47 eV) were success-
fully extracted by application of appropriate defect

expressions to the temperature and pO2 dependent elec-
trical conductivity. A thermal band gap energy of Eg� ∼
0.5 eV was obtained from an analysis of the temperature
dependence of the conductivity minimum. This differed
considerably from the optical band gap energy of about
Eg = 1.6-1.8 eV, pointing to an indirect band gap in this
material.
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