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To understand the combined effect of divalent ion and A-site vacancy
(@) self-doping, beyond the binary Lai_MnOs system, polycrystalline
Lai—z—yCaz@yMnOs4s samples were studied. Samples with Ca substitution
and excess Mn in the range ¢ < 0.33 and y < 0.45, respectively, were pre-
pared by standard solid-state reactions. Structural and phase analysis of the
samples were done by X-ray diffraction and transmission electron microscopy.
The manganite structure in this composition range includes rhombic and or-
thorhombic phases. Most samples contain the hausmanite phase (MnzOq)
coexisting with the manganite phase. A small amount of perovskite related
AMn7O12 (A=La,Ca) structure near the hausmanite—manganite boundary is
also found in samples treated in oxygen atmosphere. The calculated vacancy
content accommodated in the manganite phase can be higher than 1/8, the
reported limit for Lai—_MnOs, which is confirmed in our * = 0 sample.
For the compositions studied, a ferromagnetic metallic behavior below Tt is
found, confirming the stability of the Mn sublattice, and near the optimum
stoichiometric ((¢ = 0.33, y = 0) system, a net A-site vacancy content (up
to y = 0.2) does not degrade the magnetic and electric properties.

PACS numbers: 64.75.+g, 81.40.Rs, 75.50.—y, 72.20.My

1. Introduction

Extensive research on colossal magnetoresistive lanthanum manganites has
been performed on materials doped with divalent elements, with the general for-
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mula La;_,A;MnO3z (A=Ca,Sr,Ba,Pb), in search for optimized properties. Much
less work has been directed to the study of self-doped manganites La;_,MnOs3.
The known studies show that La-deficient systems can be technologically interest-
ing, reaching high ferromagnetic transition temperatures [1, 2]. There is also rais-
ing interest also due to the fundamental problems of composition and structure
correlation to the A-site vacancies [3-5]. In addition, thin films of La;_,MnOs3
[6] and (La,Ca);_;MnOj3 [7] prepared by MOCVD have shown Curie temper-
atures near 290-300 K with a high magnetoresistance ratio. One relevant is-
sue for the study of these non-stoichiometric materials is the formation of sec-
ondary Mn-rich phases, the main one being hausmanite MnzQO4, typically for
La-deficiency above ~ 10-12% [5, 8]. To address these issues and understand
the role of A-site cationic vacancies (@) beyond the binary Laj_,;MnOs system,
polycrystalline La; _,—,Ca, @0y MnOgzys samples with excess Mn were prepared in
the range « < 0.33 and y < 0.45 (see [9] for details).

2. Composition, structure and phases of bulk samples

Samples were prepared by standard solid-state reactions by repeatedly cal-
cining and milling. The following final conditions were investigated: (a) cold pressed
reacted powders sintered in air at 1300°C for 10 h; those initial pellets (a) were
further annealed at: (b) 1000°C for 24 h under flowing oxygen or (¢) 1350°C in
air for 60 hours. Chemical compositions were determined by atomic absorption
spectroscopy (AAS), energy dispersion spectroscopy (EDS) in scanning electron
microscope (SEM) and Rutherford backscattering spectrometry (RBS) techniques.
Transmission electron microscopy (TEM) analysis was done to corroborate the
X-ray diffraction results. Thin sections for nano-analytical high resolution TEM
were prepared by mechanically grinding following by precision ion milling with
Ar ions. The elemental analysis was determined by using the nano-EDS gauge of
diameters down to 4 nm in TEM.

Sample average global compositions plotted in the z(Ca)—y(@) plane are
shown in Fig. 1. The samples are divided into four sets accordingly to compositions:
y =4z, y = 1.5z, y = 0.4z, and y = 0. The results reported will concentrate
mostly on the samples labeled as 1 to 4 in Fig. 1.

The analysis of structure and phases of the samples was performed by X-ray
diffraction (XRD) with Rietveld refinement and transmission electron microscopy.
Electrical resistivity, magnetoresistance, a.c. magnetic susceptibility, and SQUID
magnetization measurements were used to study the combined effect of Ca sub-
stitution and vacancy self-doping on the electrical and magnetic properties and
are detailed elsewhere [9, 10]. The manganite structure in the studied composition
range includes thombic and orthorhombic phases, coexisting in a mixed form in
given ranges of the x—y values. The XRD analysis readily reveals the presence of
the hausmanite (Mn3O4) phase in most samples. The relative content of MnzO4 for
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Fig. 1. Average composition of the samples plotted in the z(Ca)-y(D) plane. Specific

results for samples labeled 1-4 are reported in the text.

each sample was determined by the area ratio of the two main diffraction peaks of
hausmanite and manganite phases with a previous calibration using known phase
mixture powder samples. The amount of MnzO4 increases with the stoichiomet-
ric deviation y of the average global composition of the samples. The difference
between the compositions of the manganite phase and the global composition of
the sample increases with y. The reduction of Mn3O4 content is achieved by heat
treatment of the initial pellets (a). It is found that the 24 hours treatment in Oy
at 1000°C (b) is much more effective than the 60 hours treatment in air (¢) at high
temperature (1350°C). However, heat treatment (b) does not necessarily lead to
additional manganite phase formation. Given X-ray diffraction peaks are found,
which cannot be attributed to the hausmanite or manganite phases.

The detailed analysis of the X-ray diffractograms of the samples in treat-
ment (b), including Rietveld refinement shows that those extra peaks can be re-
lated to the perovskite based Mn-rich LaMn7O12 phase. This phase (JCPDS data
base reference #27-0261) presents a monoclinic P2/m structure with parameters:
a = 7516, b =7.376, c = 7.516 A, B = 91.30°. Figure 2 presents the data for
sample 2 under treatment (b), normalized to the highest peak of the manganite
phase. The vertical lines correspond to the LaMn7Ois phase. The arrows indi-
cate two peaks that do not correspond to the two main phases. The overall X-ray
diffraction pattern of the LaMn7O12 phase is quite distinct from those of man-
ganite or hausmanite, with very few peaks overlapping those of the major phases.
At 20 = 59.95 one can recognize a peak convolution, between the plane (224) of
the LaMn7O12 phase and (224) of the hausmanite. The presence of the LaMnzO1»
phase is strongly dependent on the thermal treatment. With the exception of the
stoichiometric sample 4 (Lag.e7Cao.33MnOsys), the peak at 20 = 55.15, (204)
plane of the LaMn7O12 phase, is clearly observed in samples annealed at 1000°C
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Fig. 2. X-ray diffractogram in logarithmic scale for sample 2 under treatment (b),
normalized to the highest peak of the manganite phase. The vertical lines correspond to
the LaMn7O12 phase. The arrows indicate two of the lines that are well separated from

those of the manganite and hausmanite, the main phases.

for 24 h in Oy (treatment (b)) but it is hardly seen, or absent in the original (a)
samples, or after further 60 h at 1350°C in air, heat treatment (c¢). This is shown
in Fig. 3 for samples 2, 3 and 4 in correspondence with the heat treatments. The
increase in LaMn7QO15 phase peaks under thermal treatment follows the decreasing
in hausmanite phase. The (204) peak of the LaMn7;O;5 phase, which is the most
intense of the present samples is not one of the main peaks of the phase (20%
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Fig. 3. Details of X-ray diffractograms near the LaMn7 O, (204) peak for samples 2,
3, and 4 under the three heat treatments. With the exception of the stoichiometric sam-
ple 4, the LaMnrO12> phase is clearly observed in the samples annealed at 1000°C for
24 h in O: (heat treatment (b)) but it is hardly detected or absent in the original (a)
samples or of heat treatment (c) 60 h at 1350°C in air.
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in JCPDS data base reference #27-0261). In fact, the main characteristic peaks
of the LaMn7O15 phase ((202) (100%), (202) (80%), and (304) (80%)) are not
significant. The (040), (004) and (224) (all 80% intensity) peaks are detected, but
at lower intensity than the (204) peak. This discrepancy is discussed below.

The synthesis of the pure LaMn7;0O15 compound demands high pressures
and temperatures (40 kbar and 1000°C) due to the atypical coordination
(La1/4Mn3/4)A(Mn1)B03 in this perovskite structure. The favorable thermody-
namic conditions for the nucleation of the LaMn7Oj2-like phases may also be
locally achieved by epitaxial growth in thin films (Ndo 50MnOss) [11] or at the
grain boundaries during the manganite sintering. On the other hand, CaMn7O13 is
also a perovskite-like compound but of hexagonal structure R3, with a = 10.464 A
and ¢ = 6.343 A. It can be prepared at normal atmospheric pressure [12]. Due to
the smaller relative amount of Ca than La in samples (2 > 0.33), the fractional
amount of this phase should be reduced.

Contrary to the case of hausmanite, the quantification of the LaMn7Oq2-like
phase in the samples cannot be done in this study, since not all major peaks are
visible and standards for this phase are not available. However, the area ratio
between a LaMn7Oi2 peak and the main manganite peak still gives a rough in-
dication of the relative content. For this estimate, the (040) peak of LaMn7O1»
at 20 = 49.37° (80% intensity) was selected as it is easily observed and appears
in a properly isolated position on the diffractogram. The (224) peak (80% inten-
sity) is too close to the hausmanite (224) peak to be considered of any practical
use, while the (204) peak (20% intensity), should be less reliable for quantitative
analysis. The relative content of the LaMn7O12 phase is always below 1.6%, and
it is below XRD detection resolution (~ 0.2%) for the original (a) samples and for
the samples of heat treatment (c). One finds that the LaMn7O12 phase content so
determined is directly related to the reduction of the hausmanite phase content
after the oxygen treatment (b), as shown in Fig. 4.

€ 16 [3
2
=
o
(8]
124 e
(o]
R
.
S 0.8
X L
-®
0.4 °
. .
0.0 T T T
0.0 05 1.0 1.5

2!0 2|.5 3.0
% reacted Mn30y4

Fig. 4. Relation of the LaMn7O12 phase content with the reduction of the hausmanite

phase content after the heat treatment under oxygen (b).



178 F. Figueiras et al.

TABLE
Properties of samples 2, 3, and 4 for the three thermal treatment condi-
tions, including data on structural, magnetic, and transport properties.
M R is the low-field magnetoresistance.

Sample | T¢ MR x" y"! a b ¢ Vol.
(®) | (%/Tesla) | (©a) | @) | (&) | (&) | (&) | (&)

4a 263.5 34 0.336 | 0.013 | 5.460 | 5.474 | 7.697 | 230.0
4b 268.5 44 0.336 | 0.011 | 5.460 | 5.470 | 7.697 | 229.9
4c 262 36 0.332 0 5.457 | 5.472 | 7.705 | 230.1
2a 262 44 0.246 | 0.192 | 5.456 | 5.571 | 7.731 | 235.0
2b 265 47 0.227 | 0.254 | 5.465 | 5.556 | 7.732 | 234.8
2c 262 44 0.241 | 0.206 | 5.473 | 5.564 | 7.751 | 236.0
3a 266.5 44 0.334 | 0.086 | 5.446 | 5.495 | 7.697 | 230.4
3b 267 44 0.324 | 0.114 | 5.460 | 5.470 | 7.693 | 229.7
3c 266 54 0.331 | 0.095 | 5.467 | 5.475 | 7.694 | 230.3

The consistency of these results allows one to finally set the composition of
the major manganite phase, leading to the effective A-site vacancy content (y).
For simplicity, we assume that the La/Ca ratio in the LaMn7O12-like phase is the
same as in the main material. In Table we present the calculated composition of the
manganite phase of samples 2, 3, and 4, for the three thermal treatment conditions,
along with data on structural, magnetic, and transport properties [9, 10]. The
vacancy content (y") of the manganite phase is plotted in Fig. 5, as a function of the
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Fig. 5. The vacancy content (y") of the manganite phase determined from X-ray diffrac-
tion as a function of the value of the original average (y). The manganite phase accom-
modates a large fraction of vacancies, up to the solid solution limit close to y” ~ 0.27
(line). This value is beyond the reported limit of y = 0.12 for La;_, MnO3 [5, 8], which

is also confirmed by the & = 0 composition of this study.
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original value (y) in the sample average composition showing that the manganite
phase accommodates a large fraction of vacancies. It 1s important to note that

1

when Ca is present (2 > 0) 3 reaches values beyond 1/8, the reported limit for

La;_,MnOs3 [5, 8], which is confirmed for the z = 0 composition of this study.

3. Nano-EDS-TEM studies

Results of HRTEM thin sections of samples 1 and 2 after heat treatment
(¢) and (b), respectively, are briefly described. Sample 2b has an average com-
position of Lag a79Cag 20000 312MnQO3z44. Sample lc of average composition of
Lag 473Ca0.094@0.433MnOs45 has a lower Ca content. Both samples revealed an
unreacted Mn3QO4 hausmanite phase. The nano-EDS-TEM analysis of particles in

Fig. 6. Bright field TEM image of manganite (M) particle and residual hausmanite
(H) particle of sample 2b, O annealed. The composition as determined by nano-EDS
analysis in TEM near the phase grain boundary (e) is: Lag.51 Cag.21 Do.2rMnOs4s for the
vacancy doped (La,Ca) manganite and (Mno.ose Lao.o11 Cag.003)3O4 for the hausmanite

solid solution.

contact with unreacted hausmanite particles in sample 2b (see Fig. 6) revealed
local arrangements of particles of the following types:

(i) the hausmanite particle contacts manganite particles of ternary composition
close to the average composition of the sample;

(i1) at places of La content below La sample average content, particles of chem-
ical composition close to the binary phases CaMnzO7 (JCPDS #19-0232),
CaMn4O7 (JCPDS #19-0233) with La/(La+Ca+Mn) content below 5% atm

were observed,;

(iii) at places of Ca content below Ca sample average content, particles of chem-
ical composition close to the binary phases LaMnsOz, LaMn7zO12 (JCPDS
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#27-0261) with Ca/(Ca+La+Mn) content ranging from 2-5% atm and par-
ticles of the nearly binary manganite phase with composition up to the solid
solution limit of Lag 5058Cag 07000 331 MnOz44 were found.

The arrangement (i) is more frequently observed.

A similar study of sample lc showed that the composition profile of the
manganite particles in contact with the hausmanite residual particles is constant
from the phase boundary to the center of the particles, being approximately given
as Lag e07Cag.12100.272MnOs45.

The maximum value of A-site vacancy content in the manganite particles
as determined by the nano-EDS analysis of TEM is close to y = 0.30 for values
of Ca/La site occupation ranging from z = 0.07 up to z = 0.30. Fine particles
(40-70 nm particle diameter) of Mn rich phases of the La-Mn-O system, namely
the (La,Ca)Mn4O7 and the (La,Ca)Mn7O15 solid solutions, are observed at contact
or very close to unreacted hausmanite particles. The observation of Mn rich binary
phases of the Ca—Mn—O system was anticipated from the published works [11] and
is related to heterogeneity of mixture of the solid precursors of the samples in the
present study.

4. Discussion and conclusion

Due to the manganese excess in the solid solution (y > 0), we can consider
this element to assume a balanced distribution in the sample. The local environ-
ment for oxygen capture and type A cation diffusion will lead to the different
phase distributions. The thermodynamic conditions created by sample processing
and heat treatment lead mainly to the manganite phase formation. The eventual
formation of B-site (Mn) vacancies above thermodynamic equilibrium concentra-
tion by the effect of oxygen intake would be easily filled by the surplus Mn in
solution in metastable structures of the phase, or even from the contact with the
Mn source, the hausmanite. One therefore expects that the Mn-site occupancy
in the manganite phase can be taken very close to unity [@g] & 0, the related
concentration of A-site vacancies being not much compromised if the oxygen sto-
ichiometry is not exactly 3. The annealing step after sintering will extend the
diffusion effect on the chemical species; specially of Ca and La cations that are
eventually concentrated in incompletely reacted phases. At the sudden end of heat
treatment, reactions may freeze in metastable phases, and some inhomogeneity of
composition and crystallinity 1s expected. The stability of the Mn-site sublattice
for the compositions studied is confirmed by the fact that all the samples show a
ferromagnetic metallic behavior below the Curie temperature (1¢), which ranges
from 220 K up to about 270 K [9, 10]. Moreover, as given in the Table, samples 2
and 3, with vacancy contents y” ~ 0.2 and ~ 0.1, respectively, present a T¢ value
close to the stoichiometric sample 4 (Lag ¢7Cag 3sMnOs4s), and the presence of
A-site vacancies even leads to an increase in magnetoresistance values.
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The estimate of A-site vacancy concentration for the manganite phase sur-
passes the maximum reported (~ 12%) for the La-MnOg phase [5, 8]. The forma-
tion of intermediary phases from the manganite to the hausmanite regulates the
amount of Mn that goes into solid solution and A-site vacancies. In Fig. 5, the
limiting value for 3 in the manganite structure seems close to ~ 27%, which is
also the manganite solid solution limit found by nano-EDS in TEM within error
limits. The smples heat treated at 1350°C for 60 h in air (¢) show a more effective
incorporation of the manganese into manganite phase and a lack of LaMn7;O5
phase, possibly due to the higher reaction temperature. The accommodation of
such large amount of A-site vacancies (above 12%) leads to a strong lattice dis-
tortion of the manganite phase. Such orthorhombic cell distortion is characterized
by the increase in cell volume, keeping the shorter a lattice parameter constant,
and increasing b and ¢ [10].

The observed distribution of XRD peak intensities of the LaMn7zO15 phase 1s
different from that reported for bulk samples [JCPDS #27-0261]. The LaMn7O12-
-like phase has an intermediate chemical composition between the Mn3O4 and the
manganite Laj_,_yCa; Oy MnO3z44, and in favorable thermodynamic conditions,
is a metastable transition phase during the reaction. The reaction process in which
the hausmanite is decreased consists in oxidation, along with Ca and La cation
incorporation originated through diffusion from the manganite surroundings. This
process occurs in a limited active zone contacting the hausmanite grain boundaries,
the thickness of the active zone being defined by the penetration diffusion length
of the 1ons. A layered reaction zone around the hausmanite grains can lead to
anisotropic LaMn7O12 growth with preferred orientations such as (204) or (224)
determined by contact with the hausmanite crystals. It would be similar to the
X-ray diffractograms of epitaxial thin films, where the intensity of the non-oriented
peaks is reduced.

By applying the Scherrer formula to the isolated (204) peak of LaMn7O1
the width of the LaMn7O15 layer is estimated as (D) ~ 300 A, or a layer thickness
of approximately 200 atomic layers in the (204) direction (d(204) = 1.6001 A). This
result, supported by TEM observation, explains the reduced amount of other crys-
talline planes and anomalous X-ray peak intensity distribution for the LaMn7Oq32.
On the other hand, one notes that the X-ray diffraction of the (204) planes is not
sensitive to the occupation element in the central A-site of the double perovskite
cell of LaMn7Oq2. A disordered structure for the double perovskite A-site, with
random occupancy by La, Ca, Mn and vacancies might lead to a severe reduction
of the other plane XRD peaks and a XRD pattern different from the ordered cation
distribution structure.
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