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Abstract

We have stabilized the perovskite Lay;TiO; by adding LaFeOs; and shown that in general the stabilization mechanism for the
(1 — x)Lay;3TiO;_,LaFeO; mixture involves the formation of a solid solution for compositions with x > 0.04. The crystal structure of the solid
solution transforms from orthorhombic to tetragonal at x=0.2, becomes cubic in the range 0.3 <x < 0.8, and transforms again into orthorhombic
(typical for pure LaFeO;) for values greater than 0.8. Detailed impedance-spectroscopy measurements for various compositions and conditions
showed that the limiting step in the conduction mechanism was conduction across the grain boundaries. In the concentration range 0.04 <x <0.25
the room temperature conductivity increases up to 0.0017 S cm™!, after which it decreases again. Part of the initial increase is probably due to the
formation of free electrons in accordance with (Fer;) — (Fer;)* + . Other defect-formation mechanisms are also discussed, but are ruled out for
a variety of reasons. Another interesting phenomenon that also affected the average conductivity was identified, i.e., the variation of the average

particle size with composition.
© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Ceramics based on the perovskite Lay3TiO3 compound are
promising candidates for the manufacture of high-frequency
components, e.g., resonators and oscillators. It is well known
from previous studies that under normal atmospheric condi-
tions (containing oxygen) the perovskite Lay;3TiO3 compound
does not form due to the formation of vacancies at the La-
sites in the crystal structure.! Thus, heating a LayO3/TiO,
mixture in the molar ratio 1:3 up to ~1455°C in air
results in the formation of two phases: LasTigO»4 and
LayTir07.23 The preparation of the Lap;3TiO3 compound
(with the general formula Lay/3(V1,)13TiO3) is possible via
three routes: by heating the oxides in a slightly reducing
atmosphere,! by stabilizing the system with the addition
of other perovskites, e.g., LaAlO3,* SrTiO3> and PbTiO3,°
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or by the incorporation of alkaline ions into its crystal
structure.’

In our previous investigation* we proved that a small addi-
tion of LaAlO3 (4 mol%) to Lay;3TiO3 completely stabilized
the perovskite Lay;3TiO3 structure with doubled unit cell. Fur-
thermore, we showed that the stabilized La,/3TiO3 and LaAlO3
formed a solid solution in the whole concentration range. In
this solid solution, which can be described by a general formula
La@+x3Ti(1—xAlO3, the Ti ions on B sites are progressively
substituted by Al ions as the amount of added LaAlOj3 is
increased. We also found that by varying the Lay/;3 TiO3/LaAlO3
ratio several inherent materials properties, especially those
interesting for potential microwave application, were changed
continuously and in relatively wide ranges. For example, the
permittivity (¢) could be varied from 40 to 75, the quality fac-
tor Qxf; was increased from 12,000 GHz to 45,000 GHz and
the temperature coefficient of resonant frequency ty could have
values from 120 ppm/K to —25 ppm/K.8

Motivated by the wide-range tunability of the properties
of Lao4x3Ti(1—xAl O3 solid solutions, we wondered what
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happened if Al was replaced with an aliovalent element. We
speculated that in such a case, the solid solution could also
show tunable conductivity—owing to creation of defect struc-
tures, such as oxygen vacancies, free electrons/holes, etc. as a
function of composition. We further assumed that a good can-
didate for such a purpose would be iron in the form of LaFeO3
which itself exhibits a considerable p-type electrical semicon-
ductivity (1.5 x 1079 Scm™")%19 and, as such, has been found
interesting for applications in SOFCs, as catalysts and for gas
sensors.! =13 We hoped that a solid solution prepared by com-
bining LaFeO3 with Lay;3TiO3 would show an even higher
conductivity. LaFeOs is also a good choice from the structural
point of view: it crystallizes in the orthorhombic perovskite
structure with the lattice parameters a =5.553 A, b=5.563 A and
c=7.867 A1

There is a significant amount of data in the literature on the
conductivity mechanisms in pure LaFeO3. Goodenough!> found
that the basic mechanism involved a small-polaron hopping con-
duction that occurred via the d-electron band of Fe ions, which
is characteristic for the octahedral coordination of Fe>* with six
02~ neighbours. On the other hand, the ionic contribution to the
total conductivity in orthoferrites was assumed to be small and
could be neglected at temperatures up to about 1000 °C.'6 Fur-
ther investigations into the conduction processes confirmed the
previous assumptions that the major defects present in LaFeOs3
are p (Fe**), n (Fe?*), (VL.)"” and (V)**, so that the compound
could be represented by the general formula La;_,FeO3_..!7 It
was also suggested that the lanthanum vacancies may have been
introduced during the sample preparation and caused a deviation
from the stoichiometric ratio La/Fe = 1. Thus, the prevailing type
of electrical conductivity, i.e., p- or n-type, depends on p(o2) and
the La/Fe ratio.!”

Based on the above considerations, the main purpose of the
present investigation is to find whether the Lay/;3TiO3 structure
can be stabilized using LaFeOs3. In particular, we are interested
if such a stabilization can occur via the same mechanism as
in the case of LaAlO3,4 that is, by formation of a solid solu-
tion. We also expect that, unlike in the aforementioned case, the
stabilized structure (e.g., the solid solution) will exhibit a sig-
nificant conductivity, possibly dependent on composition but,
in any case, higher than that found for pure LaFeOs3. Using a
detailed impedance spectroscopy analysis in conjunction with
structural and microstructural observations, we also intend to
determine the conduction mechanism in the prepared samples.

2. Experimental

All the samples were prepared using a conventional solid-
state reaction technique and high-purity La; O3, TiO, and Fe, O3.
Since LapO3 has a strong tendency to form hydroxide and
carbonate with moisture and CO, from the air, the oxide was rou-
tinely checked prior to weighing with ignition tests at 1300 °C.

The weighed oxides in the proper ratio according to the nom-
inal formula (1 — x)Lay/3TiO3—xLaFeO3, where x was varied
between 0 and 1 were homogenized in a YTZ ball mill for 0.5 h
with ethanol. The dried mixtures were uniaxially pressed into
disks and fired in a tube furnace at 1400 °C for 20 h. After sinter-

ing, the samples were slowly cooled in the furnace. In the second
series of experiments the samples were air quenched after the
first sintering, and after crushing and homogenizing they were
again thermally treated at the same temperature. Like in the
previous case, the samples were slowly cooled in the furnace.

For the impedance-spectroscopy measurements the disks
were cut into 2-3-mm-thick slices, with some slices being
slightly thinner or thicker (see Fig. 6). Thin Au contacts were
sputtered on both sides of the disks using a Balzers Sputter
Coater 050.

The samples were analyzed using X-ray diffractometry
(XRD) (Endeavor D4, Bruker AXS). Polished and thermally
etched cross-sections were examined using a scanning electron
microscope (SEM, Jeol JXA 840A) equipped with an energy-
dispersive spectrometer (EDXS, Tracor Northern, NORAN,
Series II).

Impedance spectra were measured in the range 1 MHz to
20 Hz using a Hewlett Packard 4284a Precision LCR Meter. The
measurement device was connected to a laboratory-designed
gas-tight quartz tube equipped with four appropriately shielded
electrical contacts. The measurements were made in an atmo-
sphere of air or argon. For the activation energy measurements,
the quartz tube was inserted into a furnace. The temperature was
typically varied between 25 °C and 330 °C.

3. Results and discussion
3.1. Stabilization of theLay;3TiO3 perovskite structure

Fig. 1 presents micrographs of four samples containing dif-
ferent amounts of LaFeOs3 in the starting composition. Using
the (1 — x) Lay;3TiO3—xLaFeO3 notation, these samples corre-
spond to the following stoichiometries: (a) x=0, (b) x=0.01,
(c) x=0.02 and (d) x=0.04. The pure Lay03:3TiO, compo-
sition (x=0) shows the presence of La;TiO7 and LasTigOy4
phases, in accordance with the LayO3—TiO» phase diagram.?>
However, even the addition of 1 mol% of LaFeO3 (x=0.01) pro-
duces a partial stabilization of perovskite Lay/3TiO3, as can be
seen in Fig. 1b. At x=0.02 (Fig. 1c) a higher proportion of the
perovskite compound is formed, while at x = 0.04 a single-phase
microstructure is obtained (Fig. 1d). With a further increase in
LaFeO3 content (0.04 <x < 1), the stabilized Lay/;3TiO3 com-
pound with x=0.04 forms a solid solution with LaFeO3. Similar
behavior was observed in the system with LaAlO3,* but not in
the system with LaGaOj3, where the stability range of the solid
solution only extended within 0.06 < x <0.12.8

The X-ray diffraction analysis of the same set of four samples
confirms the findings from the microstructural studies (Fig. 2),
and further reveals that the stabilized Lay/3 TiO3 perovskite has a
doubled unit cell, as demonstrated by the superstructure reflec-
tions (Fig. 2, pattern (d)).

The stabilization mechanism of the perovskite Lay/3 TiO3 dur-
ing high-temperature formation can be described as follows:

(1— x)La2/3V1/3TiO3 + xLaFeO3
— (La@+x/3V(1-x/3)(Ti(1-xFex)O3 (D
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Fig. 1. SEM micrographs of (1 —x) Lay;3TiO3_,LaFeO3 compositions: (a) x=0, (b) x=0.01, (c) x=0.02 and (d) x=0.04 (bright phase: La;Ti»O7, gray phase:

Lay/3TiO3, dark phase: Lag TigOo4).

We can suppose that the Fe occupies the Ti sites homoge-
neously and that the number of vacancies at the La sites decreases
with increasing Fe content in the perovskite crystal structure.

3.2. Crystal structure of the solid solution
Lay;3TiO3—LaFeO3

A detailed inspection of the X-ray pattern in Fig. 2(d) reveals
that the profile of the fundamental (200) peak of the single-
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phase sample (x=0.04) is split into three lines corresponding to
(200), (020) and (002) (Fig. 3, pattern (a)).'® This indicates
that the stabilized Lay/3TiO3 has an orthorhombic distortion with
a double unit cell, similar to the case where the stoichiometric
Lay/3TiOs structure was stabilized by the partial reduction of
Ti** to Ti’* (1). With the increasing LaFeO3/Lay;3TiO3 ratio
the intensity of the splitting of this line diminishes, as exhib-
ited in patterns (b) and (c) in Fig. 3, which correspond to the
compositions x =0.10 and x=0.20, respectively. We can assume
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Fig. 2. X-ray powder-diffraction patterns of the (1 —x) Lay3 TiO3—xLaFeOs3 system: (a) x=0, (b) x=0.01, (¢c) x=0.02 and (d) x=0.04.
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Fig. 3. Part of X-ray powder-diffraction patterns of the (1 —x)

Lay;3TiO3_,LaFeOs system: (a) x=0.04, (b) x=0.10 and (c) x=0.20.

that the crystal structure of the solid solution transforms from
an orthorhombic to a tetragonal structure at x =0.2. The tetrago-
nality of the solid solution further decreases with the increasing
LaFeO3/Lay/3TiO3 ratio. Thus, at x=0.3 the weak, superstruc-
ture lines are still present (Fig. 4, pattern (a)), whereas above this
composition they disappear (see Fig. 4, pattern (b) correspond-
ing to the cubic structure). The solid solution Lay/3 TiO3—LaFeO3
remains cubic in the concentration range x~ 0.3 to x~ 0.8,
above which it transforms to the orthorhombic crystal structure
typical for pure LaFeO3 (Fig. 4, patterns (c) and (d)).

3.3. Electrical properties as a function of the composition
of Laz/3TiO3—LaFeO3

The complex-plane impedance spectrum of a (1 —x)
Lay/3TiOz—xLaFeOs3 pellet with the composition x=0.1 mea-
sured at room temperature is shown in Fig. 5a. All the other
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Fig. 4. X-ray powder-diffraction patterns of the (1 —x) Lay;3TiO3_LaFeO3
system: (a) x=0.30, (b) x=0.40, (c) x=0.80 and (d) x=1.0.
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Fig. 5. (a) Measured (open circles) and fitted (full circles) impedance response
of a sintered pellet with composition x=0.1 at 25 °C. The thickness of the pellet
was 2.7 mm and the diameter was 8 mm. The frequency range of measurement
was 10°~20 Hz. (b) The equivalent circuit used to fit the measured response. The
meaning of the CPE elements is explained by Eq. (2) (see main text).

samples, for all the temperatures investigated, had the same basic
shape in the complex plane. A detailed analysis shows that the
high-frequency part can be quite satisfactorily fitted with one
resistor (R) in parallel with a constant phase element (CPE),
while the low-frequency arc should be fitted with at least two
such terms, i.e., what appears as a single arc is, in fact, at least
two closely coupled arcs. Here, the impedance response of the
CPE is defined as:

1

e 2
(iw)fC )

ZcpE =
where i = /-1, w is the angular frequency of the excitation signal
and C is the capacitance®®?! when the exponent P is equal to
1 (a condition well satisfied in the present case). The whole
equivalent circuit and the fitted response (solid points) are shown
in Figs. 5a and b, respectively.

The physical-chemical meaning of the R-CPE terms is
assessed in the following way. The typical width of space within
the measured system where the given relaxation process occurs
is estimated from the formula for the capacitance of a parallel
plate capacitor:

gepA

w=—c 3

where ¢ is the relative dielectric constant of the medium, &g
is the permittivity of a vacuum, A is the surface area of the
electrodes and C'is the measured capacity. The estimated relative
dielectric constant of the present materials, regardless of the
precise composition, is of the order of 100. Using the three values
of C pertaining to the three CPE elements (see Fig. 5) gives the
following typical widths within the present pellets: (a) the width
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Fig. 6. Resistances determined on the basis of the equivalent circuit in Fig. 5 as functions of the pellet thickness. Graphs (a) and (b) correspond to a series of samples
with composition x =0.1, graphs (c) and (d) correspond to another series of samples with x=0.4. R1 is the resistance of the arc appearing at high frequencies, R2 + R3
is the total resistance of the arc appearing at low frequencies (i.e., the right arc in Fig. 5).

corresponding to the high-frequency process is about 11 wm,
(b) the two processes observed in the low-frequency arc have
similar typical widths: 120-240 nm. The latter values are in the
order of magnitude that corresponds to the two space-charge
regions created between the pellet and the two gold contacts.
The calculated space-charge widths should then correspond to
the so-called Debye length of the space-charge region:

“

where kp is Boltzmann’s constant, T is the temperature, e is the
charge of the carrier forming the space-charge region and cg is
the bulk concentration of that carrier.

Based on Egs. (3) and (4) and the known dielectric con-
stant (¢=100), we find that at room T the concentration of
charge carrier(s) that constitute(s) the space charge is about
2.5 x 10-1 x 10" cm—3. We will assume that this same type
determines the total conductivity of our samples.

Based on the well-established models of ceramic
materials,>>23 we expect that at higher frequencies the
bulk grain and/or grain-boundary response due to the present
polycrystalline sample will be observed. As mentioned above,
the fit at the highest frequencies is already good enough if only
one R-CPE term is used (see also Fig. 5). This means that,
in fact, either the bulk grain or the grain-boundary response
strongly prevails. From the calculated width (Eq. (3)) associated
with this response (11 wm), we immediately realize that it
cannot be due to the bulk response because the actual thickness

of the pellet measured in Fig. 5 was about 245 times higher
(about 2.7 mm). This leads us automatically to a conclusion
that at high frequencies we must observe the response of the
grain boundaries between the two electrodes, while the bulk
grain response should be negligibly small. In other words, the
grain-boundary conductivity is much smaller than that of the
grain and thus prevails in the high-frequency response.

In order to further verify the proposed conduction model,
we performed another independent test: we measured the
impedance spectra of pellets with different thicknesses. To avoid
spurious effects, and to allow for some generalization, two paral-
lel series of samples with different compositions were measured.
We fitted all the measured spectra with the equivalent circuit
shown in Fig. 5b. The low- and high-frequency resistances as
functions of the pellet thickness are shown in Fig. 6. We can see
that for both parallels the high-frequency resistance is propor-
tional to the pellet thickness (Fig. 6a and c). This confirms that
the high-frequency response is due only to the inherent prop-
erties of the pellet. The magnitude of the low-frequency arc
(the sum of both low-frequency resistances), however, does not
show any systematic dependence on the pellet’s thickness. This
is expected because the contact resistance between the deposited
metal and the underlying pellet is a highly sensitive quantity
depending on the sputtering conditions, the handling, etc.

In the next experiments we checked to see if in the present
temperature range (25-300°C) oxygen vacancies could play
any role in the conduction mechanism. First, we found that the
oxygen partial pressure had no influence on the grain-boundary
conductivity (Fig. 7). This could indicate that up to 300 °C the
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Fig. 7. Influence of atmosphere (air, argon) on the Arrhenius plot for the high-
frequency conductivity (calculated from R1 and the pellet dimensions). To avoid
possible effects due to pre-heating in a given atmosphere, different pellets (pre-
pared from the same batch) were used for each of the measurements. The dashed
line serves as a guide for the eye only.

oxygen defects are either present in a very small concentration
or are frozen in position. The role of these vacancies will be
further discussed in the next section.

Fig. 8 shows that the Arrhenius activation energy is more or
less independent of composition in the range from 0.1 <x < 0.45
and has a value of 0.175+£0.005eV. This implies that within
this compositional range the conduction mechanism probably
remains the same. It is unusual, however, that the isothermal
conductivity as a function of composition (see the two selected
conductivity isotherms in Fig. 9) reaches a maximum at a given
composition. Namely, it is difficult to imagine a scenario where
either the concentration of defects and/or their mobility would
reach a maximum at a certain composition, if the conduction
mechanism remains unchanged. We tried to find an alterna-
tive explanation for this unusual phenomenon. In particular, we
noticed that the average grain sizes of samples having a differ-
ent composition varied quite significantly. Indeed, as shown in
Table 1, the average grain size has a maximum exactly at the
composition x =0.25, where the conductivity maximum is also
observed (cf. Fig. 9). Of course, a bigger grain size means a
smaller number of grain boundaries between the electrodes and
thus a lower resistance (higher conductance). To be sure of this
effect, we additionally prepared samples with the same compo-
sition but with different average grain sizes (we achieved these
with different sintering times). As expected, and in agreement
with our conduction model introduced above, the conductivity
was roughly proportional to the average grain size (not shown).

Despite the considerable grain-size effect on the conductivity,
we must emphasize that the variation in grain size alone cannot
explain the variation of the conductivity in Figs. 8 and 9. For
example, going from x=0.1 to x =0.04, the conductivity drops
by more than an order of magnitude (see Fig. 8a), while the grain
size is not decreased significantly. To explain this additional,
non-geometrical effect, we check and discuss several possible
mechanisms of point-defect formation in the present system.
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Fig. 8. Arrhenius plots for pellets having different compositions.

3.4. Possible mechanisms explaining the occurrence of
point defects in Lay;3TiO3—LaFeO3

There are various possible scenarios that could explain the
occurrence of point defects in the present system. First, we note
that the major defects are most likely (Vi,)*, (Tity), (Fery)”,
(Fery), (Ferj)* and (Vg)** (in this paper the Kroger-Vink nota-
tion is used). By contrast, in the perovskite structure interstitial
ions cannot be present as major defects. As indicated already in
Introduction, our previous investigation of the electrical conduc-
tivity of a Lay/;3TiO3 compound stabilized with 4 mol% LaAlO3
showed that the ceramic behaved as an electrical insulator with
ahigh resistivity (>10'%  cm), suggesting that the vacancies on
the La sites (V1 ,) were not ionized at room temperature. 19 Based
on these data, four possible sources for the conductive species
related to the formation mechanisms of the La,/3TiO3-LaFeOj3
solid solution can be proposed:

(1) The formation of an intimate composition of two per-
ovskites, Lay/3TiO3 and LaFeOs, on the unit-cell level, as
described by Eq. (1). It may be concluded that all ions
and A-site vacancies are neutral, similar to the case of
the Lay/3TiO3—-LaAlO3 system.19 Such a system, however,
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Fig. 9. Conductivity as a function of pellet composition at (a) 40°C and (b)
180°C.

behaves as an electrical insulator due to the absence of
conducting species.

(i1) Itisknown thatathigh sintering temperatures, the reduction
of Fe3* to Fe2* (which could be a source of free electrons) is
more likely than the reduction of Ti** and Ti%* .24 However,
a Mossbauer phase analysis excluded the presence of Fe?*
ions in our ceramic samples fired in an air atmosphere.>

(iii) Based on the remaining probable defects, i.e., (Fer;)”,
(Fety) and (Vo)**, the following reaction can be proposed:
Fe occupies, as a Fe>* ion, the Ti site in the perovskite
structure, whereupon a corresponding number of oxygen
vacancies are created:

1/2Fe;05 + 1/3Lay03 — 2/3(Lara)”
+ (Feri)’ + 5/2(00)" +1/2(Vo)** )

A similar reaction mechanism was also reported by War-
ren et al.”® when explaining the incorporation of Fe in the
BaTiO3 structure. They assumed that the Fe ions that sub-
stitute for Ti** ions on the B-sites keep the 3+ valence. In
this case, Fe>*—~V*® complexes appear in the ceramics.
Generally, the Vp** is considered to be the most mobile
intrinsic ionic defect in oxide perovskite ceramics. How-
ever, as shown by the present experiments (Fig. 7), at least
in the low-temperature region, the role of oxygen vacancies
in the overall conduction mechanism is negligible.

Table 1
Typical size ranges and average grain sizes of selected (1 —x) Lay;3TiOz—x
LaFeO3; samples

Composition (x) Size range (minimum—maximum size) Estimated
(m) average size

0.10 50-150 100

0.20 10-100 50-60

0.25 50-1000 350

0.30 50-500 100-150

0.35 10-120 50

0.40 200-300 in matrix: 2-5

(iv) Alternatively, a certain amount of iron on the Ferj sites in
the (La(2+x)/3V(1_x)/3)(Ti(1_x)F€x)O3 solid solution may be
ionized to Fe** ions, thus creating a corresponding number
of free electrons:

(Feri)’ — (Fery)" +n' (6)

Reaction (6) could explain the rapid increase in the conduc-
tivity from x=0.04 (where the number of generated electrons
is still negligible) to x=0.1. Above x=0.1, the increase in con-
ductivity should be proportional to the increase in x, if Eq. (6)
was the only mechanism affecting the conductivity. However,
as pointed out above, no such linearity is observed because at
different compositions, different average grain sizes are formed
(see Table 1). Based on our results and methods it is not pos-
sible to “deconvolute” the total conductivity into its individual
contributions. A method that could be useful for this purpose is
micro-contact impedance spectroscopy, where the conductance
of grains and grain boundaries can be probed separately.?’-?8

4. Conclusion

LaFeOs stabilizes theLay/3TiO3 perovskite structure via the
same mechanism as previously observed with LaAlO3,* that
is, via formation of a solid solution with a general formula
(1 -x)Lay/3TiO3—xLaFeOj3. The solid solution forms in the wide
range of 0.04 <x < 1. We propose that Fe incorporates into the
Ti sites homogeneously and that the number of vacancies at
the La sites decreases with increasing Fe content. The crystal
structure of the solid solution transforms from orthorhombic to
tetragonal atx = 0.2, becomes cubic in the range 0.3 <x < 0.8, and
transforms again into orthorhombic (typical for pure LaFeO3)
above that range.

The conductivity of prepared solid solutions exceeds
that of pure LaFeOs (1.5x 107°Scm™1)>10 by several
orders of magnitude—the highest room temperature value
(1.7 x 1073 Scm™!) has been obtained at x=0.25. The con-
ductivity across grain boundaries is much less than across the
bulk grains so bigger grains will, as a rule, give higher average
conductivities.

It has been found that at low temperatures (up to 300 °C) the
conduction mechanism does not involve the movement of oxy-
gen vacancies. Among the several possible electron-conduction
mechanisms, the one involving ionization of the Fer; sites into
Fe** ions and electrons seems the most plausible; it explains the
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rapid increase in the conductivity from x=0.04 (where the num-
ber of generated electrons is still negligible) to x=0.1. Above
x=0.1, the further changes in conductivity are a result of inter-
play between this mechanism and the fact that the conductivity
is very much affected by the average grain size.

The very high electronic conductivity of the present
(1 —x)Lap3TiO3—xLaFeO3 perovskite-based solid solution
holds promise for achieving a good mixed conductivity at high
temperatures. If so, it would be worth checking the potential
applicability of this material as a cathode material for solid oxide
fuel cells.??30
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