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The synthesis and structural study of the stoichiometric perovskite LaysBaysCoO; have allowed three
forms to be isolated. Besides the disordered LagsBaysCoOj3 and the perfectly ordered layered LaBaCo,Oe,
a third form called nanoscale-ordered LaBaCo,0¢ is obtained. As evidenced by transmission electron
microscopy investigations, the latter consists of 112-type 90° oriented domains fitted into each other at
a nanometer scale which induce large strains and consequently local atomic scale lattice distortions.
These three ferromagnetic perovskites exhibit practically the same 7¢ = 174-179 K, but differently from
the other phases, the nanoscale-ordered LaBaCo0,0 is a hard ferromagnet, with Hc ~ 4.2 kOe, due to
the strains which may pin domain walls, preventing the reversal of the spins in a magnetic field. The
magnetotransport properties of these phases show that all of them exhibit a maximum intrinsic
magnetoresistance, close to 6—7% around 7¢ under £70 kOe, but that the ordered phase exhibits a much
higher tunnelling magnetoresistance effect at low temperature of about 15% against 4% due to the grain

boundary effects.

Introduction

The fascinating magnetic and transport properties of
manganites'~ and cobaltites® "' with the perovskite structure
have been the object of numerous studies for the last ten
years. Among these strongly correlated electron oxides, the
stoichiometric perovskites with the generic formulation
LnBaM->0Og, where Ln = lanthanoid and M = Mn or Co, are
of particular interest since they exhibit order—disorder
phenomena between the Ln*" and Ba®t cations, which seem
to significantly influence their magnetic and transport proper-
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ties. For instance, the cubic disordered perovskite LaysBag s-
MnOs; is ferromagnetic with a T¢ of 270 K, whereas the
tetragonal 112-type ordered perovskite LaBaMn,Og, char-
acterized by the 1:1 ordered stacking of LaO and BaO layers
is also ferromagnetic but with a much higher T¢ of 335 K.'?
Similarly, the cobaltites exhibit a disordered cubic
LagsBapsCoOs form and a tetragonal 112-type layered
LaBaCo,0¢ form (see Figure 1) which are both ferromag-
netic.'>'* However, the influence of the cationic ordering
upon the 7¢ seems to be the reverse since, according to
Nakajima et al.,'* the disordered perovskite exhibits a higher
Tc (190 K) than the ordered phase (175 K). More impor-
tantly, there is a discrepancy between the transport data of
the disordered perovskite LaysBaysCoOs reported by the two
groups.'>!'* Fauth et al.'* observe for this phase a semime-
tallic behavior with a metal—metal transition at 7c, whereas
Nakajima et al.'* observe a metallic behavior down to 140
K, with an abrupt increase in resistivity below this temper-
ature. Recently, we synthesized a new form of this cobaltite,
called nanoscale-ordered perovskite, which consists of 90°-
ordered domains of the layered 112-type LaBaCo,0¢.'>'®
The latter was shown to be also ferromagnetic but with a
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Ferromagnetic Perouvskite LagsBaysCoOj3

Figure 1. Schematic crystal structure of the 1:1 ordered 112-type
LaBaCo0,06 compound.

much higher coercivity than those of the two other forms
which was attributed to a spin locking effect.'®

Bearing in mind the difficulty to control the ordering of
the Ba®" and La*" cations in this structure, together with
the oxygen stoichiometry, we report herein on the complex
crystal chemistry of the cobaltites LaBaCo,0¢ and Lag sBag s-
Co03, and on its impact on the magnetotransport properties
of these oxides. We show that three forms — disordered
LagsBagsCo0s3, ordered LaBaCo,O¢ and nanoscale-ordered
LaBaCo,0s — can be synthesized, using either soft chemistry
or solid state reaction methods and controlling the oxygen
partial pressure during the synthesis. The detailed cationic
ordering of the La®>" and Ba?" cations of these phases is
studied, combining X-ray powder diffraction and high-
resolution electron microscopy techniques emphasizing the
peculiar behavior of the nanoscale-ordered perovskite
LaBaCo,0¢. Besides the spin locking effect recently dis-
covered, '® the magnetotransport properties of the three forms
are investigated, showing magnetoresistance ratios in the
range of 6 to 15%. The relationships between the structure
or nanostructure and the physical properties are discussed.

Experimental Techniques of Characterization

The X-ray powder diffraction (XRPD) patterns were collected
with a Philips X’pert Pro Diffractometer (Cu Ko radiation) and
refined according to the Rietveld method using the program
JANA2006.""

Composition analysis was carried out by energy dispersive
spectroscopy (EDS) analysis using a Philips XL30 scanning electron
microscope (SEM) equipped with an OXFORD analyzer which
confirmed correct metal ratios within the detection limit of the
instrument.

Oxygen contents of the samples were determined by iodometric
titrations. About 50 mg of the sample powder was dissolved in
acetic buffer solution under Ar atmosphere and the released iodine
was then titrated with 0.1 M Na,S,05 solution in the presence of
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an indicator. Four to five parallel analyses were carried out for each
sample with a reproducibility better than £0.01 for the total oxygen
content.

For the electron microscopy observations, the samples were
crushed in an agate mortar in n-butanol and a drop of each
suspension was deposited on a carbon-coated copper grid. Trans-
mission electron microsopy (TEM) and high-resolution electron
microscopy (HREM) studies were carried out with a JEOL 2010F
electron microscope.

A Quantum Design physical properties measurements system
(PPMS) was used to investigate the magnetic and electrical
properties of the samples. Small pieces of rectangular bars were
taken for the measurements. The field dependent magnetization,
M(H), was recorded at different temperatures in an applied field
of & 50 kOe. The electrical resistivity, p(7), and magnetoresistance,
MR, measurements were carried out by a standard four probe
method in the temperature range of 10-400 K with an applied field
of & 70 kOe. The electrodes on the sample were prepared by
ultrasonic deposition method using indium metal.

Chemical Synthesis

The cationic ordering in the LnBaCo,O¢ perovskites
strongly relates to the size difference between the Ln*" and
Ba®" cations, similarly to what was observed for the 112-
type manganites.'? In the present LaBaCo,Og case, the size
difference between La®" and Ba®' is small, so that the
ordering of these cations in the form of alternating layers is
rather difficult to achieve. Here our strategy was to control
the order—disorder phenomena in this system by means of
two synthesis parameters, temperature and oxygen partial
pressure.

In order to favor the ordering of the La>" and Ba®" cations,
the synthesis temperature must be as low as possible, and
consequently a soft-chemistry synthesis route should be used
since it allows a high reactivity at low temperature. However,
this condition is not sufficient alone to achieve a perfect
ordering of these cations. The formation of the La** layers
seems in fact to be favored by the intermediate creation of
ordered oxygen vacancies, leading then to the 112-type
layered oxides LnBaCo,0ss, built up of layers of CoOs
pyramids between which the smaller La®>" cations can be
interleaved. For this reason, the synthesis of the ordered phase
was carried out in a reducive atmosphere, using high purity
Ar gas, followed by annealing in an oxygen atmosphere at
low temperature. Here, the ordered perovskite LaBaCo0,0¢
was successfully obtained through a sol—gel synthesis route.
Stoichiometric amounts of La(NOs;);*4H,O, Ba(NOs), and
Co(NOs3),+6H,0 were first dissolved in water with the aid
of stirring and heating (60 °C). After obtaining a clear
solution, citric acid (~5 times of molar amount) was added
and the mixture was slowly evaporated at 120 °C, until the
gel formation was complete. Before weighing the nitrates,
their actual water-of-crystallization contents were verified
by thermogravimetric (TG) analysis (not shown here). The
amorphous product was decomposed at 600 °C for overnight
and then calcined at 900 °C for 12 h in air. After regrinding,
the fine powder was pressed into pellets and sintered at 1150
°C for 48 h in a flow of high purity Ar gas (5 ppm O,) with
heating and cooling rates of 2 °C/min. Then to reach the
“Og” stoichiometry, the as-synthesized compound was oxy-
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genated at 350 °C under ~130 bar of oxygen for 12 h, using
slow heating and cooling rates (1 °C/min). The iodometric
titration gave an oxygen content of 5.99 for the fully
oxygenated sample. Thus, this ordered perovskite can be
formulated as LaBaCo,Oe.

For the preparation of the disordered perovskite LagsBag s-
Co03, a solid state synthesis route was carried out similarly
to the procedure used by Fauth et al.'* Stoichiometric
mixtures of oxides La,Oz and Cosz04 and carbonate BaCOs5
were intimately ground and heated in air at 1200 °C for 12 h
and cooled rapidly down to room temperature. Then, the as-
synthesized sample was annealed exactly under the same
conditions as the ordered phase (350 °C, Po, ~ 130 bar).
Oxygen content of this disordered sample was determined
from iodometric titration at 2.99, leading within the limits
of experimental error to the formulation LagsBagsCoOs.

Thus, the combination of the nature of precursors (soft
chemistry or solid state reaction) and oxygen partial pressure
is the key for the control of the cationic ordering in these
materials. This is illustrated by changing the above experi-
mental conditions of synthesis. For instance, using the first
step of the sol-gel method described above, but heating the
mixtures in air under the conditions described for the solid
state reaction method, we were unable to obtain the
disordered perovskite as a part of the La** and Ba®* cations
was always ordered at a short-range. Likewise, using the
sol-gel method described above for the synthesis of the
ordered LaBaCo,0¢ phase, but just heating under an oxygen
flow instead of high purity Ar gas led to a complete
disordering of the La** and Ba*" cations. Based on these
observations, we investigated the effect of a small variation
in the oxygen pressure on the degree of cation ordering.
Using the sol-gel method described above for the synthesis
of the fully ordered perovskite LaBaCo0,0Og, keeping all the
same conditions of synthesis and sintering but just replacing
the high purity Ar flow (5 ppm O,) by a normal Ar flow (10
ppm O,), we were able to obtain a new form that we call
nanoscale-ordered perovskite whose microstructure and
properties will be described below. The oxygen content,
determined from iodometric titration as 6.01, allows us to
give also the formula LaBaCo,0¢ for the nanoscale-ordered
perovskite.

X-ray Diffraction Study

The XRPD patterns of the three perovskite forms (Figure
2) show their excellent crystallization. The disordered phase
LagsBagsCoO; (Figure 2a), as well as the ordered phase
LaBaCo,0s (Figure 2c), exhibits sharp peaks, and the patterns
could be refined considering the structural data from the
literature with the cubic Pm3m'? and tetragonal P4/mmm'*
space groups, respectively, the latter corresponding to a
doubling of the cell parameter along the ¢ axis related to
the 1:1 ordering of the LaO/BaO layers (Figure 1). More
importantly, the XRPD pattern of the nanoscale-ordered
LaBaCo,0g (Figure 2b) is very similar to that observed for
the disordered phase (Figure 2a) and for this reason it was
indexed and refined as a simple perovskite using the same
space group Pm3m and the same structural parameters (Table
1). However, enlargement of the patterns clearly shows an
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Figure 2. Final observed, calculated, and difference plots obtained for the
XRPD Rietveld refinement of the (a) disordered, (b) nanoscale-ordered,
and (c) ordered LaBaCo,0s compounds. The insets in each diffractogram
shows a magnification of the area where a clear changes in the peak width
is observed.

Table 1. Lattice Parameters, Calculated Cell Volumes, and Selected
Reliability Factors Obtained from the XRPD Rietveld Refinements

LagsBagsCoO3 disordered nanoscale ordered ordered
space group Pm3m Pm3m P4/mmm

z 1 1 2

a (A) 3.8863(1) 3.8855(1) 3.8997(1)
c(d) 7.7158(2)
v (A% 58.696(2) 58.658(2) 117.291(4)
Ryp (%) 4.07 4.38 2.26

Ry, Bragg (%) 6.03 5.33 5.95

Va 1.02 1.04 3.61

hkl-dependent peak broadening (inset of Figure 2b) compared
to the disordered LaysBaysCoOj; phase (inset of Figure 2a)
that can be accounted for by considering an anisotropic strain
broadening along the [(100L] directions. Such a feature is
closely related to the unique microstructure of this phase, as
will be later shown on the basis of HREM observations. The
refinements clearly show that the three forms exhibit practi-
cally the same cell volume per cobalt in agreement with the
fact that the oxygen content is essentially the same for the
three compounds. This result is slightly different from that
obtained by Nakajima et al.,"* who observed a smaller cell
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Figure 3. Typical HREM images and the corresponding SAED patterns
(inset) obtained along the [100] direction respectively for (a) the disordered
LagsBapsCoO3 and (b) the ordered layered LaBaCo,O¢. The 112-type
superstructure is clearly identified (b), both in the image and in the SAED
patterns, by the doubling of the cell parameter along the [001]* direction
as compared to the disordered LagsBagpsCoOs, where only a simple
perovskite can be observed along any of the equivalent [100[J directions.

volume for the ordered phase (58.66 A*/Co) compared to
the disordered one (58.77 A3). Note also that the La/Ba
ordering involves a slight deformation of the perovskite
sublattice with a dilatation of the a, parameter within the
LaO/BaO layers and a compression along the LaO/BaO
layers stacking direction.

Electron Microscopy Investigations

The TEM investigations performed on the disordered
perovskite LagsBaysCoOs and on the ordered layered per-
ovskite LaBaCo0,0¢ confirm their structures. The selected area
electron diffraction (SAED) patterns of the first one (inset
of Figure 3a) and the corresponding HREM images (Figure
3a) are indeed characteristic of a classical cubic perovskite
(Pm3m) with a ~ a, ~ 3.9 A. For the second one, the
reconstruction of the reciprocal space from the SAED
patterns leads to a tetragonal cell, with a ~ a, and ¢ ~ 2a,,
compatible with the space group P4/mmm. The doubling of
one cell parameter with respect to the simple perovskite cell
is clearly observed on the HREM image displayed Figure
3b and on the corresponding SAED [100] zone axes patterns
(ZAP) (inset of Figure 3b).

The SAED patterns of the nanoscale-ordered perovskite
LaBaCo,0¢ are more complex as illustrated in Figure 4a,
for one of the OOOL] ZAP typically observed for this
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compound, where only the strongest spots can be indexed
on the basis of a simple perovskite cell. Besides, one indeed
observes three sets of additional spots that can be indexed
considering the perovskite cell, as 0 k/2 [ and O k //2, for
two first sets, and as O k/2 [/2, for a third set of weaker
intensities. As indicated previously,'>'® these two sets of
extra spots can be related to the existence, within the sample
of two types of domains (denoted I and II) having the 24,
supercell characteristic of the 112-type La/Ba ordering (see
inset in the Figure 3b) and oriented at 90° with respect to
each other. Tilting around the common [001]*/[010]*y
direction (Figure 4a), one can evidence (Figure 4b) the
existence of a fourth set of spots of weaker intensity, which
correspond to another 112-type domain (IIT) oriented at 90°
from the two others. The 3D reconstruction of the reciprocal
space reveals that the structure of this compound is made
up of 112-type ordered domains randomly distributed at a
fine scale along the three equivalent 100L] directions of the
perovskite subcell, leading to the “average” cubic simple
perovskite observed in the XRPD patterns. Such a micro-
structural feature has already been observed in oxygen-
deficient iron double perovskite'®'? and referred to as a
“microdomain texture”*® schematically represented in Figure
4d. Coming back to the weaker set of spots (0 k/2 1/2),
observed in the 00L] ZAP (Figure 4a), these reflections
cannot be indexed simply considering a 112-type domain
textured sample but could eventually be attributed to multiple
scattering of the diffracted beams due to dynamical effects
hardly avoidable in electron diffraction. Nonetheless, several
experimental evidence (see for instance Figure 4c) indicate
that the intensity observed at O k/2 /2 positions in the
[100L] ZAP can not only be attributed to multiple
scattering but one should consider the existence of a
secondary phase (denoted X). While this phase is likely
a superstructure of the perovskite, it is difficult to know
exactly which one, considering the 3D domain texture of
the sample and the extra reflections can be indexed using
various supercells.

Beside the SAED investigation which gave us a better
view of the microstructure of the present perovskites, bright
field (BF) images may be of great interest to obtain
information about the size of the 112-type domains, taking
into consideration the possibility of twinning. In the case of
the disordered cubic simple perovskite no twinning is
observed, as expected from the symmetry. In contrast, in
the long-range ordered 112-perovskite LaBaCo0,0¢ twinning
is clearly evidenced (Figure 5a). For the pseudocubic
nanoscale-ordered perovskite, the BF image (Figure 5b)
clearly attests that we are dealing here with a microstructural
feature that goes beyond a simple twinned sample at a
micrometer scale. Comparing the two images, the 90°-
oriented domains are not visible at this scale for the 3D
domain textured sample. Instead, a specific mottled contrast

(18) Alario-Franco, M. A.; Joubert, J. C.; Lévy, J. P. Mater. Res. Bull.
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(19) Vallet-Regi, M.; Gonzalez-Calbet, J. M.; Verde, J.; Alario-Franco,
M. A. J. Solid State Chem. 1985, 57, 197.

(20) Alario-Franco, M. A.; Henche, M. J. R.; Vallet, M.; Gonzalez-Calbet,
J. M.; Grenier, J. C.; Wattiaux, A.; Hagenmuller, P. J. Solid State
Chem. 1983, 46, 23.
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Figure 4. Typical SAED patterns observed for the nanoscale-ordered LaBaCo0,0s. The [100[J zone axis patterns (ZAP) displayed in (a) are the most characteristic.
Two sets of supplementary spots compatible with a 112-type supercell are observed. They originate from two 112-type domains (denoted I and II) oriented
at 90° the one to the other. A third set of weaker intensity is found at 0 k/2 [/2 positions referring to the perovskite cell. In the [210]; ZAP in (b), the rows
of weak reflections indicated by arrows are not compatible with the two 112-type domains observed in (a). They are associated with a third 112-type domain
(II1) whose [001]* direction is oriented at 90° from the [001]* directions of domains I and II. In the [110]; ZAP in (c), the rows of very weak reflections
indicated by arrows are not compatible with any of the three 112-type domains and are associated to a secondary phase denoted X. In (d), a scheme of an
archetypal 3D domain texture built up with the three (00[] 112-type orientation variants is represented.

A

Figure 5. Bright-field images obtained for the tetragonal long-range ordered
LaBaCo0,04 (a) and the domain textured nanoscale-ordered LaBaCo,0¢ (b).
The images are taken in the vicinity of a [110[J zone axis orientation, tilting
around a JOOL}* direction and using an objective aperture whose size is
chosen to exclude reflections from the perovskite subcell.

consisting of curved and interpenetrated dark segments is
observed, most probably related to the existence of strain
fields. In order to image the domains, one has to go in
higher magnification as illustrated in Figure 6. The BF
image in Figure 6b is obtained by using an objective
aperture whose size is chosen to exclude reflections from
the perovskite subcell (Figure 6a). In the enlarged area in
Figure 6c¢, the 2a, periodicity can be evidenced, with
nanometer sized domains oriented at 90° (one domain type
is dominant in this area). In the Bragg filtered image
presented in Figure 6e where the contribution from the
transmitted beam has been removed (Figure 6d), the parts
of the image contributing to the formation of the spots at
0 k/2 /2 positions are revealed (see arrows). The secondary
phase appears here to be scarce, disseminated randomly

and of smaller size than the 112-type domains. It also
allows us to evidence various defects in the form of
dislocations, crystallographic shears as well as lattice
distortions from one domain to the other (compressed or
dilated zones) which must be related with the mottled
contrast observed in BF images.

From the BF image presented in Figure 6, taken in the
vicinity of a (JOO[] zone axis orientation, it is not clear
whether the 112-type domains are embedded in a disordered
(La,Ba)CoOj; perovskite matrix or not. The area without the
2a,, periodicity in Figure 6¢ can be attributed to zones having
either a disordered (La,Ba)CoO; perovskite structure or a
112-type domain observed along the [001]* direction. This
ambiguity is removed by examining the crystals along
different crystallographic orientations (not shown here) and
confirms that the 112-type domains are numerous and fitted
into each other together with the secondary minority phase
mentioned above. As shown in the HREM images in Figure
7a, taken along the L100LJ* direction (see the related SAED
patterns Figure 4a), the 112-type domains are observed
everywhere with a size ranging from 5 nm to 10 nm. At
first sight, only two types of 90°-oriented domains seem to
coexist (the ones with the in-plane 2a, periodicity). In the
thicker part of the crystal, the 3D domain texture makes
difficult to evidence the third 112-type domain with the out-
of-plane 2a, periodicity. In Figure 7b, the Fourier transforms
of the four zones indicated in Figure 7a show how the three
90°-oriented 112-type domains are fitted into each other in
order. They form a projected 2D domain texture having
(100), planes as domain boundaries that would ideally lead
to the 3D domain texture schematized in Figure 4d. This
representation is largely oversimplified and actually domains
can also be delimited by {110}, planes, as illustrated in the
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Figure 6. Typical bright field image (b) observed for the domain textured nanoscale-ordered LaBaC0,0 compound. This image is obtained in the vicinity
of a 000LJ zone axis orientation, tilting around a 0100j* direction and using an objective aperture whose size is chosen to exclude reflections from the
perovskite subcell (a). In (c), the enlarged area of (b) allows to evidence the nanometer sized domains having a 2ap periodicity. By using Bragg filtering in
the Fourier space (see the selected Bragg spots in d) one can produce a filtered image in (e) cleaned from the strain field effects and where the domains
having a supercell are enhanced. The parts of the image contributing to the formation of the spots at 0 k/2 //2 positions marked by dashed circles in (d) are

indicated by arrows in (e).

Figure 7. (a) 000L* HREM image showing the 90° oriented domains
texture of the nanoscale-ordered LaBaC0,0¢. (b) the Fourier transforms
obtain from the zones noted 1 to 4 in (a) illustrate how the three orientation
variants of 112-type domains can combined to form a 2D domain texture
having {100}, planes as boundary planes. The domain size is typically in
the range 5 to 10 nm.

HREM image Figure 8, and more generally by a combination
of both {100}, and {110}, planes at a local scale.

This study clearly demonstrates that beside the disordered
LaysBasCo0; and the 112-type long-range ordered LaBaCo,-
Og perovskites, the nanoscale-ordered LaBaCo0,0s perovskite
must be considered as a third form, built up of 112-type
nanometer-sized domains fitted into each other and 90°
oriented. This specific 3D domain texture induces, in
comparison to the two other forms, large strains in the
material. There is no doubt that in such a strain-based
material, the atomic-scale lattice distortions are coupled to
the magnetic and electronic degrees of freedom. The latter
will develop atomic elastic deformations and atomic relax-
ations in the vicinity of the ferromagnetic domain walls as

Figure 8. Nanoscale-ordered LaBaCo,Os (a) enlarged area of a 0OOLJ*
HREM image and the corresponding Bragg filtered image (b). The domain’s
boundaries are not only formed along {100}, but also along {110}, which
are usually both combined at a fine scale to produce the 3D domain texture.
The image in (b) is produced by selecting in the Fourier space the spots
not related to the perovskite subcell.

described by Ahn et al.,?! in relation to the high coercive
field observed in this material.

Magnetization and Magnetotransport Properties

As previously demonstrated,'*'® in contrast to the per-

ovskite manganites LaBaMn,0O¢ and Lag sBagsMnOs,'? the
cationic order—disorder phenomena in these perovskite co-
baltites do not affect their paramagnetic-to-ferromagnetic
transition temperature, 7c. Our preliminary temperature
dependent magnetization measurements also indeed show the
Tc of 177 K, 174 and 179 K (calculated from the minimum

(21) Ahn, K. H.; Lookman, T.; Saxena, A.; Bishop, A. R. Phys. Rev. B
2003, 68, 092101.
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Figure 9. Magnetic-field-dependent isotherm magnetization M(H) for (a)
disordered LagsBagsCoO3 (up calculated for two f.u.) (b) nanoscale-ordered
LaBaCo0,0¢ and (c) ordered LaBaCo,0s at different temperatures.

position of the dMgc/dT versus temperature plot) for the
disordered LagsBagsCoQOs, ordered LaBaCo,Og and nano-
scale-ordered LaBaCo,0s, respectively. Moreover, other
magnetic behaviors such as the field and the temperature
dependent magnetization throughout the temperature range
are similar to that of the reported behavior.'*'* More
importantly, the M(H) behavior of the nanoscale-ordered
phase is different from the two other phases at low temper-
ature (Figure 9). The coercive field, Hc, for the disordered
LaysBaysCoO; (Figure 9a) is 0.8 kOe (at 10 K); the low
value of Hc signifies the nature of soft ferromagnetic
material. Similarly, the ordered LaBaCo,Og exhibits a lower
value of H¢ (0.5 kOe) (Figure 9c), whereas the nanoscale-
ordered LaBaCo,0O¢ phase exhibits a much higher H¢ value
of 4.2 kOe (Figure 9b) which corresponds to a hard
ferromagnet. This different property of the nanoscale-ordered
phase was previously explained by a locking of the magnetic
spins, due to the presence of 90°-oriented nanodomains.'®
The observation of a mottled contrast in the BF images for
this form, due to the existence of strain fields, strongly
supports this viewpoint. Such strains may induce domain
walls,>! which oppose to the reversal of the spins in the
applied magnetic field.

Figure 10 shows the temperature dependence of electrical
resistivity for the three phases in the presence and absence
of an applied magnetic field of 70 kOe. The resistivity, p(7),
behavior studied in the 10400 K range depicts that at high
temperature (7 > 300 K) the disordered LajsBagsCoOs
(Figure 10a) and the nanoscale-ordered LaBaCo,0¢ (Figure
10b) phases are semimetallic, whereas the ordered LaBaCo,-
O perovskite is clearly semiconducting down to 190 K
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Figure 10. Temperature-dependent electrical resistivity, p, of (a) disordered
LagsBapsCo0Os3, (b) nanoscale-ordered LaBaCo,Og, and (c) ordered
LaBaCo,0g in the presence (solid symbol) and absence (open symbol) of
magnetic field (70 kOe).

(Figure 10c). This feature is easily explained by the fact that
the first two compounds exhibit 180° Co—O—Co bond angles
in this temperature range, in agreement with their cubic or
pseudo cubic structural symmetries, favoring a perfect
overlapping of the Co 3d orbitals and oxygen 2p orbitals. In
contrast to the ordered LaBaCo0,0¢ the Co—O—Co bond
angles of 174° in the equatorial planes of the [CoO,]y layers
were observed at room temperature.'* In this case the
conduction of charge carriers will be more favorable for
linear bond angle, as a result metallic type of conductivity
is noticed for the disordered and nanoscale-ordered
compounds. With decreasing temperature a transition to
a nearly metallic state is observed for the three phases. It
is characterized by a change in slope of p(7) at T¢ for the
disordered LajsBaysCoO; (Figure 10a) and for the nano-
scale-ordered LaBaCo0,0¢ (Figure 10b), or by a flat
maximum at 7¢ for the ordered LaBaCo,0¢ (Figure 10c).
Thus, these results show that irrespective of their structural
nature, the three different forms exhibit a ferromagnetic
metallic behavior below T¢c. Moreover, all the three phases
depict an upturn in the resistivity behavior at low
temperature. This feature is similar to that observed for
the itinerant ferromagnets SrRuO; and SrRu;_ M,0;,2>%3
which was interpreted as a weak localization contribution

(22) Klein, L.; Dodge, J. S.; Ahn, C. H.; Reiner, J. W.; Mieville, L.; Geballe,
T. H.; Beasley, M. R.; Kapitulnik, A. K. J. Phys.: Condens. Matter
1996, 8, 10111.

(23) Pi, L.; Maignan, A.; Retoux, R.; Raveau, B. J. Phys.: Condens. Matter
2002, 74, 7391.
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Figure 11. Magnetic-field-dependent isotherm magnetoresistance, MR,
effect for (a) disordered LajsBapsCoQOj3 (b) nanoscale-ordered LaBaCo0,0g¢
and (c) ordered LaBaCo,0¢ at different temperatures.

associated with electron—electron interaction.?* In the
present case, the magnetoresistance measurements, that
will be discussed below, suggest that this upturn is rather
due to grain boundary effects. Note that the p(7) curves
of the disordered LagsBagsCoO5; and ordered LaBaCo,0¢
are different from those previously reported by Nakajima
et al.'* and corroborate the result reported by Fauth et
al.!? for the disordered LagsBagsCoOs5.

The magnetoresistance (MR) behavior of the three phases
(Figure 11) shows a clear magnetic field dependent change
in the resistivity below 7Tc. The MR value is calculated as
MR (%) = [{p(7) — p(0)}/p(0)] x 100, where p(0) is the
sample resistivity at 0 kOe and p(7) under an applied field
of £70 kOe. For the disordered LaysBaysCoOs (Figure 11a)
and nanoscale-ordered LaBaCo,0¢ (Figure 11b), the maxi-
mum MR value is obtained around 7¢ and the corresponding
values are indeed 7 and 6.5% at 179 K. The ordered
LaBaCo0,0¢ exhibits around T¢ a rather close value of 6%
at 179K (Figure 1lc). But importantly, the ordered
LaBaCo0,0¢ shows an MR value up to 14.5% at 10 K in an
applied field of +70 kOe (Figure 11c) which is much larger
than an MR value of 4% at the same temperature (10 K) for
the two other phases (Figure 1la,b). Such a difference
suggests that at low temperature (7 < 50 K), the grain
boundary effect plays an important role in the anisotropic
MR behavior for the ordered LaBaCo,0¢ perovskite. This
is in agreement with its much larger upturn of resistivity,
which is almost 10 times larger (at 10 K) than the two other
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Figure 12. Magnetic-field-dependent isotherm magnetization, M(H), and
magnetoresistance, MR, for nanoscale-ordered LaBaCo0,0¢ (at 10 K).

phases (Figure 10). Thus, the larger MR observed for the
ordered LaBaCo,O¢ can be interpreted as tunnelling mag-
netoresistance (TMR) effect due to the increase of the
intergrain insulating barriers,” rather than an intrinsic effect,
and is dominant at 10K over the TMR effect for the two
other phases. Therefore the spin-polarized tunnelling of
carriers across the insulating boundaries occurring at the
interfaces between polycrystalline grains give rise to the
TMR effect in these phases.

Interestingly, the magnetic field dependent isotherm MR
behavior at 10 K exhibits an anisotropic effect similar to
those of the magnetization behavior (see Figures 9 and 11),
which is also present in 50 K data. Supporting this behavior,
the field dependent MR and M(H) of nanoscale ordered
LaBaCo0,05 is plotted in Figure 12, where the M(H) curve
shows a finite coercive field (4.2 kOe) and correlate with
the MR data at 10K. The peak in the MR curve occurs at
around the coercive field value, which corresponds to the
state of maximum domain wall interaction in the orientation
of the neighboring magnetic spins in the 90°-oriented
domains. The occurrence of anisotropic MR behavior at low
temperatures similar to those for M(H) studies suggest the
strongly correlated nature of field-induced magnetic and
electronic transitions. In contrast to the M(H) loop, the MR
loop is strongest for the ordered LaBaCo,0¢ as compared
to the other two phases, due to the presence of grain
boundaries as discussed earlier. Nevertheless, the isotherm
MR data at low temperature for all three phases exhibit
hysteresis effects, which resemble the “butterfly-like” feature,
although the effect is rather weak for the disordered phase.
It is clear from the obtained data that the MR effect is almost
isotropic for temperatures near or above the T¢ (179, 225,
and 300 K). Hence, the butterfly like feature appears only at
low temperatures (studied at 10 and 50 K), which is more
prominent in the ordered LaBaCo,0¢. The origin of the
magnetic field induced maximum MR near 7¢ for the
disordered LaysBagsCoO5 and nanoscale-ordered LaBaCo0,0¢
phases can be explained by the mechanism of suppression
of spin fluctuations below T¢. On the other hand, the highest

(24) Klein, L; Dodge, J. S.; Ahn, C. H.; Snyder, G. J.; Geballe, T. H.;
Beasley, M. R.; Kapitulnik, A. K. Phys. Rev. Lett. 1996, 77, 2774.

(25) Niebieskikwiat, D.; Prado, F.; Caneiro, A.; Sanchez, R. D. Phys. Rev.
B 2004, 70, 132412.
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obtained MR at 10 K for the ordered LaBaCo,0g is explained
by the TMR effect due to the presence of more insulating
grain boundaries.

Conclusions

This study shows that the method of synthesis—precursor
reactivity and oxygen pressure—plays a crucial role for
controlling the cationic order—disorder phenomena in the
stoichiometric perovskites LagsBagsCoO; (disordered) and
LaBaCo,0¢ (ordered and nanoscale-ordered). Importantly,
a new form, called nanoscale-ordered LaBaCo,0Og, is obtained
in this system, which consists of 112-type 90°-oriented
domains. The latter develop strain fields and consequently
local lattice distortions which explain the high coercivity of
this hard ferromagnet (Hc =~ 4.2 kOe) compared to the other
two phases which can be considered as soft ferromagnets
(Hc =~ 0.5 to 0.8 kOe). From the viewpoint of the transport
properties, the disordered LagsBaysCoO; and nanoscale-
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ordered LaBaCo,0¢ exhibit rather similar behavior involv-
ing a semimetal to metal transition around 7¢, whereas
the layer-ordered LaBaCo0,0g is characterized by semi-
conductor to metal transition around 7. Moreover, a much
larger upturn of the resistivity is observed at low tem-
perature for the latter phase, due to prominent grain
boundary effects. As a consequence, the three forms
exhibit a similar intrinsic magnetoresistance, maximum
at the vicinity of T¢ (6—7%), whereas the ordered
LaBaCo0,0¢ exhibits a much larger MR value, indicating
tunnelling magnetoresistance at low temperature due to
different grain boundary effects.
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