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Abstract

A method based on the X-ray diffraction intensity ratio was developed to determine the maximum deficiency that the perovskite-

structured La1�xMnO37d can accommodate at the A-site. Computer simulation predicts that the intensity ratio of (024) and (012)

reflections for La1�xMnO37d in hexagonal setting increases with increasing the La deficiency x. XRD analysis shows that with increasing

x until 0.09, the ratio increases as predicted, then levels off with further increase in x. An abrupt change in electrical conductivity is also

observed at x of �0.10. It is concluded that the maximum deficiency lies in between 0.09 and 0.10 for La1�xMnO37d. The methodology

presented in this paper in principle can be applied to other perovskite-structured materials.

r 2008 Elsevier Inc. All rights reserved.
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1. Introduction

Lanthanum manganite of ABO3 perovskite structure has
been investigated extensively owing to its peculiar magne-
toresistance properties and potential application in solid
oxide fuel cells (SOFC) as cathodes [1–6]. The properties of
the material are usually tailored by substitution of lantha-
num with other elements such as Ca, Sr, and Ba. The
properties can also be tuned by removing portion of cations
from the A-site. The as-formed A-site deficient material
exhibits a decreased electrical resistivity in the low-tempera-
ture range [4,7] and an increased ferromagnetic transition
temperature (Curie temperature) [8]. And the chemical
stability and inertness of the A-site deficient material is
improved when it is used as cathode material in SOFC [9].

There have been some studies on the maximum
deficiency that the lanthanum manganite lattice can
accommodate at the A-site, but reported results are
confusing. van Roosmalen et al. reported a value of 0.09
for La1�xMnO3 in the temperature range of 1000–2000K,
beyond which a second phase Mn3O4 appears [9]. A higher
e front matter r 2008 Elsevier Inc. All rights reserved.
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value of 0.11–0.13 was reported [8,10] and an even higher
value of 0.30 was reported by Gupta et al. [5]. The
discrepancy in the reported maximum deficiency may arise
partly from the different sample preparation routes used,
and/or the different characterization methods adopted.
A convenient method to determine the maximum defi-
ciency is to detect the first appearance of Mn3O4 in the
La1�xMnO3 sample. But, this method often gives a higher
maximum deficiency than the real one, because the amount
of the second phase at its first appearance may be below the
detection limit. Direct determination of the deficiency is
possible with neutron diffraction [11], but this method also
has its limitation due to the accessibility of the neutron
diffraction facility. In this paper, we propose an alternative
and simpler method to determine the maximum deficiency,
in which the intensity ratio of XRD reflections (024) and
(012) for La1�xMnO37d in hexagonal setting is examined
as a function of the lanthanum content in the material.
2. Theory and computer simulation

The intensity of a reflection is known to be determined
by the incident X-ray intensity, the composition, structure
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Table 1

La/Mn ratio of La1�xMnO37d determined by ICP

X Nominal Measured

0 1.00 1.008(8)

0.05 0.95 0.946(8)

0.08 0.92 0.922(8)

0.09 0.91 0.906(8)

0.10 0.90 0.903(8)

0.12 0.88 0.886(8)

0.15 0.85 0.855(8)
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and status of specimen and the operation parameters of the
diffractometer. The intensity of (hkl) reflection, Ih k l from
powder specimens is described by

Ih k l ¼ KI0VJh k lðLPÞh k lF
2
h k le

�2MA�1ðyÞ, (1)

where K is a constant, I0 the incident X-ray intensity, V the
volume of diffraction powder, Jh k l the multiplicity factor,
ðLPÞh k l the Lorentz-polarization factor, Fh k l the structure
factor, e�2M the temperature factor, and A(y) the absorp-
tion factor.

Crystalline oxides of ABO3 structure can be considered
as the stacking of two sets of mutually interpenetrating
lattice planes AO and BO2. And scattering of X-rays from
these two planes gives rise to reflections indexed by (024)
and (012) in hexagonal setting, corresponding to (002) and
(001) in cubic setting, respectively. Reflection (024) is more
intense than reflection (012), because the former arises
from the constructive interference of waves scattered from
AO with those from BO2 whereas the latter the destructive
interference. Obviously, changes in the occupancy of the
cations on AO lattice planes should be manifested by
the changes of the intensities of the two reflections. In
practice, it is more appropriate to characterize the changes
in the cation occupancies by using the intensity ratio of the
two reflections rather than the intensity, for the intensity
ratio will not be affected by the preferred orientation of the
sample. The errors in the measurement of the intensity are
cancelled because (012) and (024) are different orders of the
same reflecting plane.

A computer simulation was conducted to examine how
the change in the A-site deficiency affects the intensity ratio
of reflections (024) and (012) for La1�xMnO3 with x

varying from 0.0 to 0.10. The intensity ratio was calculated
using program POWDERCELL [12]. Since the oxide may
exhibit oxygen nonstoichiometry [3,9], calculation was also
performed to examine its effect on the intensity ratio and
compare with the A-site deficient sample. Parameters used
for simulation were given as follows: Bragg-Branteno
geometry, radiation CuKa1; space group R3̄c, a=b=
5.5263 Å, c=13.356 Å; lanthanum ion site position (0, 0,
0.25) in 6a, site occupation factor (SOF)=1.000–0.900;
manganese ion (0, 0, 0) in 6b, SOF=1.000–0.909; oxide ion
(0.5503, 0, 0.25) in 18e, SOF=1.000–0.900 [13].

3. Experimental

Lanthanum manganites powders of nominal composi-
tion La1�xMnO37d (x ¼ 0, 0.05, 0.08, 0.09, 0.10, 0.12,
0.15) were synthesized via a citrate route. Appropriate
amount of La2O3 that had been calcined at 1000 1C was
dissolved in nitric acid and mixed with Mn(NO3)2 solution,
then citric acid was added according to the molar ratio of
citric acid and metal ions 3:2. The as-obtained solution was
adjusted to a pH of 7, evaporated at 80 1C to yield light
yellow gels. The gels were burned in air, followed by
calcination at 1100 1C for 10 h in air. The as-prepared
powders were isostatically pressed into bars under 300MPa
pressure, sintered in air at 1250 1C for 15 h, and cooled to
room temperature at a rate of 2 1C/min.
The La/Mn ratio of La1�xMnO37d powders was

determined by induced coupled plasma spectroscopy
(ICP, Atomscan Advantage). XRD was performed using
Philips X0Pert Pro diffractometer with CuKa radiation in
the Bragg–Branteno geometry. The powder used for
analysis was sieved with 250 mesh. The X-ray tube voltage
was set at 40 kV and current 30mA. Continuous scan mode
was used with a scanning rate of 41/min and scanning range
from 20 to 801, and the collected diffraction data were
treated involving background deduction, Ka2 stripping and
profile fitting with program HIGHSCORE.
The electrical conductivity of a whole series of samples

La1�xMnO37d with x ranging from 0 to 0.15 was measured
at elevated temperatures in air with an electrochemical
station CHI604B using a DC four-probe electrode setting.

4. Results and discussion

The La/Mn ratio of La1�xMnO37d (0pxp0.15) deter-
mined by ICP is given in Table 1. It can be seen that the
actual La/Mn ratio of the samples is very close to the
nominal value. XRD analysis reveals that the samples of
nominal composition La1�xMnO37d consist of a rhombo-
hedral perovskite-structured oxide as the major phase
(space group R3̄c). And a spinel-structured Mn3O4 appears
at xX0.12 (see Fig. 1), indicating that the maximum A-site
deficiency value cannot be greater than 0.12. The second
phase Mn3O4 might have appeared at x less than 0.12, but
its quantity may be well below the detection limit of the
XRD method, thus the precise value for the maximum
deficiency needs to be determined by other methods.
Fig. 2 shows the calculated intensity ratio of reflections

(024) and (012) for La1�xMnO3. It can be seen clearly that
the intensity ratio increases with increasing A-site defi-
ciency x. With x increasing from 0 to 0.10, the intensity
ratio increases by 47% from 2.16 to 3.18. The lanthanum
manganite normally exhibits oxygen nonstoichiometry as
represented by formula LaMnO37d. The effect of oxygen
nonstoichiometry on the intensity ratio is also accessed by
computer simulation, and the results are presented in
Fig. 3. Since the perovskite-structured oxide cannot
contain excessive oxygen at interstitial positions, the
incorporation of excessive oxygen leads to the creation of
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Fig. 1. XRD pattern of La0.85MnO3�d, indexed as R3̄c space group

(hexagonal setting); reflections of Mn3O4 are marked with asterisks.

Fig. 2. Calculated intensity ratio of the (024) and (012) reflections as a

function of La deficiency x in La1�xMnO3.

Fig. 3. Calculated intensity ratio I0 2 4/I0 1 2 as a function of oxygen

nonstoichiometry in LaMnO37d. (’) oxygen excess, (J) oxygen deficient.

Dotted line is guided to the eye.

Fig. 4. Measured intensity ratio I0 2 4/I0 1 2 as a function of La deficiency x

in La1�xMnO37d.
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cation vacancies at both A and B sites [14,15]. Thus,
oxygen-excessive LaMnO3+d is more appropriately repre-
sented by the formula La1�yMn1�yO3 with y=d/(3+d),
and simulation was done with this defect chemistry model.
From Fig. 3, it can be seen that the intensity ratio increases
with increasing the oxygen excess d, but this increase is
much smaller than that for La1�xMnO3. As to the oxygen-
deficient LaMnO3�d, the intensity ratio is decreased with
increasing oxygen vacancies. At oxygen deficiency d of 0.3,
i.e., the site occupation for oxide ion in the lattice is 90%,
the intensity ratio is decreased by �9%.

The XRD intensity ratio for La1�xMnO37d was
measured, and compared with the results of the above-
described computer simulation. Fig. 4 shows that the
measured intensity ratio increases with increasing x until
xE0.09; the intensity ratio is increased by 31% from 2.08
at x ¼ 0.00 to 2.73 at x ¼ 0.09. By comparing the measured
results with the computer simulation (Figs. 2 and 3), it
becomes clear that the observed increase in the intensity
ratio for La1�xMnO3 can be attributed to the presence of
vacancies at the A-site. Fig. 4 also shows that for samples
with x larger than �0.09, the intensity ratio levels off.
This reveals that the maximum A-site deficiency for
La1�xMnO37d lies at �0.09. Beyond that value, the
material enters the two-phase region of A-site deficient
perovskite oxide and Mn3O4; in other words, the phase
boundary is located at x of �0.09. In the two-phase region,
the content ratio of the two phases varies with x, but the
chemical composition and crystal structure of each phase
remain unchanged with the variation of x, thus the
intensity ratio of the perovskite phase keeps constant in
this composition region.
In practice, the phase boundary is often judged from the

variation of the lattice parameters with composition [2,9].
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From Fig. 5, one can see that the lattice parameters
fluctuate with x. Apparently, it is impossible to determine
the phase boundary and thus the maximum A site
deficiency from Fig. 5. One possible reason for the failure
is that the A-site deficiency is not the only factor affecting
the lattice parameters of the perovskite phase. The lattice
parameters are also affected by the oxygen nonstoichio-
metry d [16,17], which in turn is very dependent on the
preparation conditions [18]. As a matter of fact, it is
difficult to ensure that all the samples are prepared under
the same conditions and have same degree of oxygen
nonstoichiometry.

The electrical conductivities of La1�xMnO37d were
measured at elevated temperatures of 700–1000 1C in air.
As can be seen from Fig. 6, an abnormal change occurs at x

of �0.10. This is a sign that the perovskite phase has
reached a maximum deficiency at A-site. The observed
increase in the conductivity with increasing x at xo0.10 is
consistent with the results given in the literature [1,5,7]. It is
Fig. 5. Measured lattice parameters a and c as a function of La deficiency

x in La1�xMnO37d.

Fig. 6. Measured electrical conductivity s at various temperatures as a

function of La deficiency x in La1�xMnO37d.
known that the material is a p-type conductor [19], and the
introduction of vacancies at A site leads to a higher
concentration of Mn4+ ions (electron holes) at B site [2,20].
The decreased electrical conductivity at x40.10 is likely
due to the appearance of the second phase Mn3O4 which is
a poor electronic conductor and thus blocks the transport
path of electrons along the perovskite phase [21].

5. Conclusions

The A-site deficiency in perovskite-structured
La1�xMnO37d has been analyzed using the XRD intensity
ratio method. Computer simulation reveals that the
intensity ratio I0 2 4/I0 1 2 for La1�xMnO3 increases signifi-
cantly with increasing lanthanum deficiency x at the A site.
XRD analysis shows that the intensity ratio increases with
x until x ¼ 0.09, beyond which it levels off. The electrical
conductivity also shows an abrupt change at x of 0.10.
From these studies, it is concluded that the A-site
maximum deficiency lies at 0.09–0.10 for La1�xMnO37d.
The intensity ratio method proposed in this study in
principle can be applied to other perovskite-structured
materials especially in combination with measurements of
electrical conductivity and other physical properties.
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