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Abstract

The air-synthesized La;_,Ba,MnOj; system was revisited for 0.4 < x < 0.9.
We show that this system exhibits an insulator-metal like transition, 77,
(175-230 K), far below the Curie temperature (7¢ ~ 335 K). In contrast to
previous studies, we demonstrate that this system is multiphase, i.e. involving a
hexagonal phase and a ferromagnetic cubic perovskite. We suggest that the T}
transition at low temperature is due to the presence of a secondary perovskite
at the grain boundary. In less oxidizing conditions, the synthesis of cubic
perovskites for x ~ 0.50, with T}, ranging from 170 to 240 K, supports this
interpretation. Tunnelling magnetoresistance up to 22% at 10 K under 0.2 T is
also observed.

1. Introduction

Among the various manganese perovskites with colossal magnetoresistance (CMR) properties,
the La;_,Ba,MnO3; manganites are of great interest because of their high Curie temperature
which can reach values up to 360 K. The main compounds that were studied, in a first step, for
this series, corresponded to the hole doped region around x =~ 1/3 [1-6]. This composition
range is thought to be optimal for developing the strongest double exchange (DE) interactions
between Mn>* and Mn** cations [7] which favour the transition to a ferromagnetic metallic
(FMM) state.

The crystal chemistry of these oxides is in fact complex [6], due to the eventual formation of
hexagonal BaMnOs-type perovskites when the synthesis is carried out in air, so that the physics
of the Mn**-rich barium manganites has not been investigated in detail to date. Nevertheless
the homogeneity range of these oxides could be extended up to x = 0.50 using a two-step
synthesis mode [8,9]. The latter studies show that order—disorder phenomena between La**
and Ba®* cations may dramatically affect the Curie temperature of Lag sBagsMnOs, with T¢
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ranging from 270 K for the disordered phase to 335 K for the ordered oxide. Moreover the
study of La;_,Ba,MnOj3 polycrystalline ceramics is made difficult by the possible existence
of grain boundary effects, observed in the form of a shoulder at 254 K on the p(T) curve of
Lag ¢7Bag 33MnO3, besides the peak at T = 330 K, by Ju and Sohn [10].

In a recent study, Yuan et al [11] claim to have discovered a new perovskite in the
highly Mn**-doped region (x ~ 2/3), La;/3Bay/3sMnO;, with an orthorhombic symmetry
which exhibits an insulator-metal (IM) transition at 773, = 230 K. According to these
authors, the magnetoresistance observed for this phase under low magnetic field and its
ferromagnetic ordering are unlikely to be due to the DE mechanism, but originate from
superexchange-type interactions. Bearing in mind these new results, we have revisited the
Mn**-rich La;_,Ba,MnOj3 system synthesized in air (x > 0.4), with particular attention to
the x = 2/3 composition. We show that this system exhibits a broad maximum in resistivity
at low temperature over a large composition range x =~ 0.4-0.75. The latter is similar to
the insulator—metal like transitions observed by different authors in manganites, but with a
transition temperature 77, ranging from 175 to 230 K, far below the Curie temperature which
remains approximately constant in the whole domain, 7¢ = 335 K. In contrast to previous
authors [11], we demonstrate that the system is multiphase, involving two main phases, with
a hexagonal and a cubic symmetry, the second one with x =~ 0.35 being ferromagnetic. We
interpret the 77y, transition at low temperature by the formation of a secondary perovskite at
the grain boundaries. This grain boundary effect is in agreement with the results obtained by
Ju and Sohn [10] for Lag 67Bag 33MnOs3, and moreover is supported by the synthesis of the pure
cubic perovskites in less oxidizing conditions, for x ~ 0.50, with 170 K < T;), < 240 K.

2. Experiment

The air-synthesized ceramic samples with nominal compositions La;_,Ba,MnO; were
prepared by mixing La, 03, BaCO3 and Mn,Oj3 in stoichiometric proportions. The mixtures
were first heated at 1000 °C for 12 h to achieve decarbonation. The resulting powders were
then pressed in the form of pellets under 1 tonne cm~2 pressure and sintered at 1200 °C for
12 h and 1500 °C for 12 h in air. The products were then cooled down to 800 °C at 5°C h~!
and finally quenched to room temperature.

The Ar-synthesized ceramic samples were fabricated using an identical method except
that air was replaced by an argon flow containing a few per cent O,. In that case the samples
were cooled under the Ar flow at 5°C h~! down to room temperature.

The x-ray powder diffraction (XRPD) patterns were registered at room temperature with a
Philips diffractometer, using Cu K, radiation. The electron diffraction and electron microscopy
study was performed with JEOL 200CX and TOPCON 002B microscopes, both equipped
with a Kevex analyser for energy dispersive spectroscopy (EDS). Oxygen stoichiometry was
deduced from chemical titration. Magnetization measurements were carried out after zero-field
cooling from 5 to 400 K using a SQUID magnetometer and a vibrating sample magnetometer.

Resistivity was measured between 5 and 400 K on bars with dimensions 0.2 x 0.2 x 1 cm?,
using a standard four-point method. Magnetoresistance measurements were performed in a
magnetic field up to 7 T with temperatures ranging from 5 to 300 K.

3. Results
3.1. Air-synthesized Lay_x Ba, Mn Os: mixtures of hexagonal and cubic perovskites

The evolution of the XRPD patterns versus composition shows that, whatever the value
of x in the range from 0.4 to 0.9, they contain two sets of peaks characteristic of the
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Figure 1. XRPD patterns of (a) hexagonal (H) BaMnOs_, from [15], (b) air-synthesized
Lag 35Bag 65sMnOs3 and (c¢) cubic (C) perovskite Lag g5Bag 35MnO3.

hexagonal and cubic perovskites. This is illustrated by comparing the XRPD patterns of
the composition Lag35Bag¢sMnO; (figure 1(b)) with those of the hexagonal (H) perovskite
BaMnOs_; (figurel(a)) and of the cubic (C) perovskite Lag ¢sBag 35MnO; (figure 1(c)). The
electron microscopy study of the Lag 35Bag ¢sMnO;3 sample and the coupled energy dispersive
analysis (EDS) carried out on more than 50 microcrystals confirm that this sample consists
of two main phases. One set of crystals, which are found to have the cationic composition
‘Lag.1BagoMn’, exhibit (110) ED patterns (figure 2) characteristic of the hexagonal perovskite.
Most of the crystallites exhibit a 4L structure, (a ~ 5.67 A b ~ 93 A), as shown in
figure 2(a), and the others consist of irregular hexagonal polytypes as observed from the
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Figure 2. [110] ED patterns of the hexagonal perovskite-type microcrystals with ‘Lag jBagoMn’
cationic composition observed in the sample synthesized in air with the nominal composition
Lag 35Bag 65sMnO3: (a) regular 4L structure, (b) disordered polytypes.

Figure 3. [001] ED pattern of the cubic perovskite type microcrystals with ‘LagesBag3sMn’
cationic composition observed in the same sample as figure 2, that is air synthesized and
Lag.35Bap.6sMnO3 as nominal composition.
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Figure 5. Magnetization curves M (T') of air-synthesized La;_Ba,MnO3: (a) x = 0.74,
(b) x =0.70, (¢c) x = 0.65, (d) x = 0.60, () x = 0.52, (f) x = 0.49, (g) x = 0.35.

streaks along c¢* in figure 2(b). The second set of crystals, with the cationic composition
‘Lag.esBag3sMn’, exhibit [001] ED patterns (figure 3) characteristic of the classical cubic
perovskite (¢ &~ 3.91 A) previously identified by different authors [1-6, 8-10]. Thus this
Lag 3sBag¢sMnO3 sample, as well as the sample prepared by Yuan et al [11] which exhibits
an identical XRD pattern, have at least two phases and this multiphase character exists in the
whole range of compositions 0.4 < x < 0.9.
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Figure 6. XRPD patterns of argon-synthesized Lag sBag sMnO3 (@) and Lag 45Bag 55MnO3 (D).

3.2. The insulator—-metal-like transition in multiphase La,_,Ba,MnO;

In spite of their two-phase character, these La; _, Ba,MnOj3 samples are of great interest due to
the existence of an IM transition first pointed out by Yuanetal [11] forx = 2/3. The systematic
investigation of the p(7T') curves for different air-synthesized compositions (figure 4) shows
an IM transition characterized by a peak, whatever the value of x in the range 0.5 to 0.75,
whereas for x > 0.75 the samples are insulators. Below x = 0.50, the p(T) curves show
either a second peak or a shoulder around 330 K besides a plateau which starts at 230 K (see for
instance the curve x = 0.49 in figure 4(d)). More importantly, we observe that the transition
temperature 77, varies with the composition, increasing significantly as x decreases, from
Tim =175 K for x = 0.74 to 230 K for x = 0.52. Concomitantly, the room-temperature
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Figure 8. Resistivity curves p(T') of argon-synthesized Lag 47Bag 53MnO3.

resistivity of the samples decreases with x, ranging from 9 2 cm for x = 0.74 to 0.6 Q2 cm
for x = 0.52 (figures 4(a) and (c)). It is worth pointing out that the transition temperature
T u, although quite reproducible, may vary by about 20 K for the same nominal composition,
by changing the experimental conditions (sintering temperature, speed of cooling etc). This
suggests that the IM transition is not an intrinsic property of the bulk but depends on the nature
of the ceramic (microstructure, homogeneity. . . ). This viewpoint is supported by the magnetic
properties of these air-synthesized samples. The corresponding M (T') curves (figure 5) show
that the samples are ferromagnetic with a unique Curie temperature, 7¢ ~ 335 K, whatever
the value of x, much higher than the T;,, values. Thus, T}, is not connected to the bulk
ferromagnetism observed in those ceramic samples. In contrast, the values of the magnetic
moment at 5 K, ranging from M = 1.2 ug forx = 0.74 to M = 3.6 up for x = 0.35, are
in perfect agreement with the results of the coupled ED/EDS study. The latter inded shows
that the different samples correspond to a mixture of two types of crystals corresponding to
the hexagonal perovskite BaggLay;MnOs_;s and to the cubic perovskite Lag ¢sBag35MnOs.
Taking into consideration the results obtained by different authors [1-6, 8—10] the second
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Table 1. Observed and calculated magnetic moments at 5 K for the air-synthesized mixtures
La;_,Ba,MnO3 of H(Lag,1Bag9MnO3) and C(Lag ¢5Bag.35MnO3) manganites (Ms g = 3.6up

for FM La0,65Bao‘35Mn03).

X Mobserved (10B)  Mealcuiatea (B)  Lag.e5Bag3sMnO3%
0.74 1.20 1.05 29.0

0.70 1.34 1.30 36.4

0.65 1.70 1.63 45.5

0.60 2.20 1.96 54.5

0.52 245 2.49 69.1

049  2.65 2.68 74.5

phase alone should be responsible for ferromagnetism and metallicity in this system. The
calculated magnetic moments deduced from these observations are in rather good agreement
with the experimental values (table 1) for different values of x, showing that the two main
phases which form these ceramics are the hexagonal perovskite Lag ;BagoMnQO3, which is
an insulating antiferromagnet, and the cubic perovskite Lag¢sBag3sMnOs, which is FMM
below 335 K. For x < 0.74, the mixture contains more than 29% of the FMM phase, so that
the percolation threshold is exceeded and the ceramics should exhibit a metallic conductivity,
whatever the value of x, for T < 335 K as for the pure cubic hole doped FMM perovskite
Lag ¢sBag35sMnOj3, in agreement with the DE mechanism previously invoked for this oxide.
On the other hand, the superexchange mechanism, based on the bending of Mn—O-Mn bonds
away from 180° [12], cannot be applied here to explain the semiconductor to metal transition
far below T¢, at least as an intrinsic mechanism in the grains, since the only phase which is
not cubic is the hexagonal one which does not exhibit any IM transition. A rather similar
p(T) behaviour was observed for Lag ¢7Bag 33MnOj3 [10] which shows an additional shoulder
at 254 K besides the peak at 7¢ = 330 K, and for Ndy7Bag3MnO; [13] which displays a
second bump at 90 K below the peak at T = 140 K, in spite of the monophasic character
of those samples. Such a property was explained by Ju and Sohn [10] on the basis of grain
boundary effects. Based on these considerations, we can propose that a filamentary FMM
perovskite, with a lower Tc = Ty, is formed at the grain boundaries of these ceramics
during sintering in air. This filamentary perovskite should have a composition different from
that of the Laj ¢sBag3sMnO; cubic perovskite observed in the mixtures of the air-sintered
ceramics. This phase is present in amounts which are too small to be detected by XRPD and
ED techniques. The possibility of synthesizing a cubic perovskite, Lag sBag sMnOj3, with a T¢
around 270 K by a two-step method [8, 9], first heating the oxides in argon and then annealing
them in oxygen at a lower temperature, supports this viewpoint. Nevertheless, such a scenario
implies the possible existence of FMM perovskites with 7¢ ranging from 175 to 230 K. In
order to check this point, attempts have been made to synthesize pure perovskites close to the
composition Lag sBag sMnO; using the same protocol as that for the air-synthesized ceramics,
but replacing air by an argon flow.

3.3. The argon-synthesized Lag 5_,Bag 5,,MnO3_s perovskites

For the experimental conditions described above a pure cubic perovskite LagsBagsMnO;_g
is obtained, as shown from the XRPD pattern (figure 6(a)). But the purity of the sample is
very sensitive to the cationic composition, since for Lag4sBagssMnO3;_s a mixture of two
cubic perovskites, in the presence of small amounts of the hexagonal perovskite, is obtained
(figure 6(b)). The EDS analysis of numerous microcrystals of the pure Lag s_yBag 5.,MnO3_;
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Figure 10. p(H) curves at various temperatures for the pure Lag sBag sMnO3 synthesized under
an argon flow.

perovskites, corresponding to y = 0.00 and 0.03, confirms the high homogeneity of the
samples and their nominal cationic compositions, whereas the chemical analysis leads to the
formulation Lag 5_,Bag 5.,MnOs. The LagsBaysMnO3 and Lag47Bag53MnO3 p(T) curves
(figures 7, 8) show that these oxides exhibit semiconductor to metal transitions at Ty, ~ 240
and 170 K respectively. These results are of great interest, since they demonstrate that, in this
compositional region (x = 0.50), the T}, values are very sensitive to the cationic composition.
Let us recall that the stability of these perovskites also depends on the oxygen stoichiometry
and on the thermal treatment (order—disorder phenomena in the cationic sublattice) used for the
synthesis. The presence of the Lag sBagsMnO; type perovskite as a filamentary phase at the
grain boundaries can explain perfectly the insulator—metal transition temperatures (77, ~ 175
to 230 K), lower than that of the main phase Lay ¢5Bag 3sMnO3 (T7y = T¢ ~ 335 K), since it
hinders the conduction path between the grains above a certain temperature.
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3.4. Low-field magnetoresistance

The p(T) curves of the La;_,Ba,MnO; air-synthesized samples registered under a
magnetic field of 7 T (figure 4) clearly show a large negative magnetoresistance. The
Lap4BagsMnO3 p(T) curves (figure 9) registered at various temperatures show that the
resistance falls abruptly in fields smaller than 0.2 T and more slowly in higher fields, in
agreement with the results previously observed for La; ;3Ba,,3MnO3 [10]. This abruptincrease
of magnetoresistance in low fields increases significantly as the temperature decreases, Ap/p
reaching 22% under 0.2 T at 10 K whatever the value of x from 0.40 to 0.75. This type
of evolution, already observed for La,3Ba;;3MnOj3 thin films, is characteristic of tunnelling
magnetoresistance (TMR), which appears at the grain boundary.

Similar p (H) curves registered for the Ar-synthesized Lag sBag sMnO3 sample (figure 10)
show that the magnetoresistance, at low and high magnetic fields, is similar to that of the
Lag 4BagsMnO3; multiphase sample prepared in air. The similarities of the magnetoresistance
for the pure cubic phase and the multiphase one shows that the hexagonal phase does not play
arole in the observation of the low-field magnetoresistance.

3.5. Conclusion

In this study we have shown that the air-synthesized La;_,Ba,MnO; ceramics contain at least
two phases, consisting of a mixture of hexagonal and cubic perovskites, and that a new FMM
perovskite, Lag 5s_,Bag 5,,MnO3, with T;; ~ 170-240 K can be synthesized. The presence of
the latter as a filamentary phase at the grain boundaries of the air-synthesized La;_,Ba,MnO;
ceramics is suggested to explain the insulator—metal transitions, with 7, ranging from 175
to 230 K in those materials. These results demonstrate that the DE mechanism remains valid
in these oxides, as well as in the air-synthesized ceramics such as the pure Lag sBagsMnO;
perovskite ceramics, in contrast to what was claimed by Yuan ef al [11].
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