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We report a simple modified polymeric precursor route for the synthesis of highly
crystalline and homogenous nanoparticles of lanthanum calcium manganese oxide
(LCMO). The LCMO phase formation was studied by thermal analysis, x-ray

powder diffraction, and infrared spectroscopy at different stages of heating. These
nanocrystallites (average particle size of 30 nm) possess ferromagnetic—paramagnetic
transition temperature (7,.) of 300 K, nearly 50 K higher than that of a single crystal.
The Rietveld analysis of the powder x-ray diffraction data of the nanopowders reveals
significant lattice contraction and reduction in unit cell anisotropy-these structural

changes are correlated to the enhancement in 7.

. INTRODUCTION

Doped rare-earth manganites, R,_,A MnO;, where R
is a trivalent cation of the type La**, Pr** etc., and A is
a divalent cation of the type Ca®*, Sr** etc., well known
for their colossal magneto-resistance (CMR) properties,
are technologically important materials.'~ The change in
their electrical resistance upon the application of a mag-
netic field is most prominent near their ferromagnetic-
paramagnetic transition temperature (7). The relatively
low T, of most CMR oxides is a major bottleneck in the
practical application of these materials in devices that
operate at room temperature. For example, the T, of lan-
thanum calcium manganese oxide, La, ¢,Cag;3;MnO;
(LCMO), one of the most thoroughly studied CMR ma-
terials, is about 250 K for a bulk single crystal. LCMO is
preferred over other members of the family such as
Lag 751, 53Mn0O5 (LSMO) because it has higher MR in
the vicinity of transition temperature. However, it is es-
sential to raise the 7, of LCMO by more than 50 K to
exploit it in a practical device working at room tempera-
ture. Our research is focused on optimizing the properties
of LCMO for applications in low field magnetic sensors.

We have been exploring methods of synthesizing
nanocrystalline LCMO with a high level of chemical
(compositional) homogeneity because compositional
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inhomogeneities could degrade MR drastically. We
focused on synthesis methods that are versatile, easy to
scale up, and energy efficient. Chemical methods such as
sol-gel processing are known to yield chemically homo-
geneous nanoparticles with superior properties. Recent
studies have pointed out that in addition to the chemical,
thermodynamical, and structural parameters, the extrin-
sic parameters such as microstructure and particle sizes
play an important role in modifying the magnetic prop-
erties of these materials.*® The principal motivation of
the work is to synthesize nanocrystalline LCMO through
a low-temperature route and to investigate the effect of
size reduction on its magnetic properties. It was interest-
ing to observe that the transition temperature in
nanocrystalline LCMO is inversely proportional to the
particle size and in particles of 30 nm, 7 is as high as
300 K, which is about 50 K higher than that of its bulk
form.” In this paper, we include the details of synthesis
and mechanism of phase formation.

A major challenge encountered in the synthesis of
nanocrystalline multicomponent oxides is the poor con-
trol of stoichiometry at the atomic level. We successfully
overcame this barrier by designing a sol-gel-based poly-
meric precursor route. In this process, the polymer helps
in forming a close network of cations from the precursor
solution and assists the reaction enabling phase forma-
tion at relatively low temperatures. As the gel sets to
form a resin, the high viscosity of the resin prevents
different cations from segregating and this ensures a high
level of homogeneity.*'°
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In this paper, we describe the preparation details of
the modified polymeric precursor route adopted by us to
prepare nanocrystalline (average particle size of 30 nm)
LCMO powders. Homogeneity and phase-purity are
achieved at temperatures as low as 600 °C. This synthesis
process is simple, versatile, and easy to scale up. The
mechanism of LCMO phase formation is studied by
monitoring the Fourier transform infrared (FTIR) spec-
tra, in combination with thermogravimetry (TG)/
differential thermal analysis (DTA) and x-ray diffraction
(XRD) at various stages of calcinations.

Il. EXPERIMENTAL PROCEDURE
A. Powder preparation

All the reagent grade chemicals (nitrates) were stored
in a vacuum desiccators since they are hygroscopic.

For sol-gel processing, nitrates of lanthanum, calcium,
and manganese were dissolved in their stoichiometric
ratio in equal weight of water. To this mixture ethylene
glycol was added (1.5 times the amount of water was
found to be the optimum quantity) with continuous stir-
ring. The solvent was evaporated directly on a hot plate
at temperatures ranging from 75 to 150 °C until a thick
sol and then a solid resin forms. This resin was ground
and calcined to 600 °C in a tubular muffle furnace to
obtain a single-phase powders of LCMO. The schematics
of the procedure are given as a flow chart (Fig. 1).

The polycrystalline sample of microcrystalline LCMO
was prepared by solid-state reaction from stoichiometric
amounts of lanthanum oxide, calcium carbonate, and

Dissolve stoichiometric
amounts of Lanthanum
nitrate, Manganese nitrate
and Calcium nitrate in equal
amount of water

!

Add ethylene glycol and
heat at 80°C for 30 min
to form a viscous sol

L

Heat at 150°C to
form a solid resin

2

Crush the resin and heat
it at 600°C for S h

FIG. 1. Schematic illustrations of procedure adopted to prepare
LCMO by polymeric precursor route.

manganese carbonate. This mixture was heated at 400
and 700 °C for 12 h with intermediate grinding. Finally,
it was pelletized and annealed at 1200 °C for 24 h.

B. Powder characterization

The pyrolysis of the sample was monitored using si-
multaneous TG and DTA on the sol in air atmosphere at
a heating rate of 10 °C/min. Al,O; was used as the ref-
erence material.

Structural characterization of the powders was carried
out by XRD using a Philips x-ray diffractometer (Eind-
hoven, Holland) with monochromatic Cu K, radiation.
For determination of lattice parameters, particle size, and
strain, a scan rate of 1 °/min was used with Si as the
external standard. The structural parameters were esti-
mated by the Rietveld refinement of the XRD data. The
average particle size and lattice strain were determined
by using Voigt’s single line approximation method."'
This method assumes that Cauchy component (B.) is
solely due to crystallite size and Gaussian component
(Bg) is due to strain. The integral breadth  (area/peak
intensity) and the full width at half-maxima (2w) are
estimated for the (200) peak. The breadths of the Cauchy
and Gaussian components are separated by following the
procedure given in Ref. 11. The crystallite size D is given
by D = N, cosO and strain e =3 /4 tan6.

FTIR spectroscopy was performed on the samples af-
ter they were mixed with dry KBr to form pellets. Mor-
phology of the powders was studied by scanning electron
microscopy and transmission electron microscopy. The
samples were checked for oxygen stoichiometry by the
redox potentiometric titrations using potassium dichro-
mate and ferrous ammonium sulphate. The overall stoi-
chiometry was checked by energy dispersive x-ray analy-
sis. The magnetic transition was determined by measur-
ing the alternating current (AC) susceptibility in the
temperature range of 77-350 K using a mutual induc-
tance bridge.

lll. RESULTS AND DISCUSSION
A. Thermal analysis

The pyrolysis of the sol was monitored using simul-
taneous thermogravimetry and differential thermal analy-
sis, with Al,O5 as the reference material. The result of
the thermal analysis on the LCMO sol is given in Fig. 2.
The TG curve shows a large fall around 200 °C accom-
panied by an endothermic peak in the DTA (marked #1).
This is followed by smaller weight losses in many steps
until 600 °C. The major weight loss at 200 °C is due to
the elimination of trapped water. The DTA plot shows an
exotherm at 230 °C (marked #2) and a broad exotherm
starting at around 300 °C with a peak at 550 °C (marked
#3). The exotherm at 230 °C is due to the decomposition
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FIG. 2. TG/DTA curves of LCMO sol.

of the resin with the elimination of gases. Smaller exo-
thermic peaks accompanied by small weight losses be-
tween 300 and 500 °C could be due to slow oxidation of
the complex with the formation of the perovskite; the
final exotherm at 550 °C indicates the completion of the
reaction. The XRD results (discussed in Sec. III. B),
which indicates that the LCMO perovskite phase forma-
tion starts at temperature as low as 325 °C and the
completion of the phase formation by 600 °C corroborate
this argument.

B. Structural analysis

The phase evolution behavior of LCMO powders are
represented by XRD patterns recorded on samples heated
at different temperatures (Fig. 3). The phase formation of
LCMO starts at temperature as low as 325 °C (identified

I(a.u)
/
;

in the pattern). However, some peaks corresponding to
carbonate phases and unreacted compounds (marked
with arrows) could be identified in the pattern. By 600
°C, all impurity phases disappear and we obtain phase-
pure LCMO powders. The preparation of LCMO at a
temperature as low as this is possible because the organic
precursors not only work as a resin vehicle but also pro-
vide combustion heat for calcinations. If too much or-
ganic polymer is used, it can have a negative effect by
raising the temperature too high during calcinations,
which would increase the particle size too high. On the
other hand, if the amount of carbon trapped is too little,
the product will not reach sufficient temperature to burn
out all organics.

Voigt’s method gave an average particle size of 30 +
5 nm and strain e = 1.57 + 0.16 x 107> for these nano
powders (note that Scherrer’s method, which neglects
strain, gives a particle size of 25 nm). We will see in Sec.
II. B that particle size reduction leads to a unit cell size
reduction by 2.6%. This, as discussed below, arises from
the pressure generated by size reduction. The strain ~0.16%
seen in the particles can be a small residue of that strain.

The Rietveld refinement of the XRD data of LCMO
nano powder (shown in Fig. 4) showed that the pattern
could be indexed to an orthorhombic structure (in Riet-
veld fit, R, = 4.5 and R,,, = 5.6). The lattice parameters
of the nano and the bulk samples are given in Table I. It
is to be noted that there is a significant lattice contraction
in the nanoparticle. This kind of lattice volume contrac-
tion is known to occur in nanostructures due to the in-
creased surface to volume ratio.'” The size reduction also
reduces the anisotropy of the unit cell. Unit cell anisot-
ropy parameter & defined as [b/(a*> + ¢*)°°] - 1 (for a
cubic crystal 8 = 0) is 0.00117 for the nano particle,
while it is 0.00391 for the bulk powder. The reduction
in unit cell volume is a general consequence of size
reduction in ABO; perovskite structures. Cell volume
contraction has been reported in piezoelectric tita-
nates.'>'* In fact, nanoparticles of La, 4,Sr, 53MnO5
(LSMO) with an average particle size of 25 nm prepared
by the same method were found to stabilize in the high
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FIG. 3. XRD patterns indicating evolution of the LCMO peak on
heating.

FIG. 4. Rietveld fit for the XRD data of LCMO nano powder. The
difference plot is also included.
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TABLE I. Lattice parameters of nano particle and micron sized particle of LCMO estimated by the Rietveld fit.

a (A) b (A) c (A v (A%
Nano particle 5.4263 (0.0019) 7.69212 (0.002) 5.43918 (0.0018) 227
Micron sized particle 5.4687 (0.002) 7.775 (0.001) 5.484 (0.0019) 233

symmetry cubic phase rather than the expected rhombo-
hedral phase.

C. Mechanism of LCMO phase formation

The formation of a perovskite phase at low tempera-
tures (<600 °C) in the present synthesis route is defi-
nitely an important result. This is related to the use of
ethylene glycol, which polymerizes and forms a cation
complex on heating. We have used infrared (IR) recorded
at different stages of synthesis to elucidate the perovskite
phase formation. (Fig. 5). The two strong absorption
peaks at 380 and 580 cm™' are the indicator of the
perovskite phase formation. These two absorption bands
arise from the bending and stretching of Mn—O bond. It
is interesting to note that these bands appear at tempera-
ture as low as 325 °C.

The complexation of the cations to polyethylene gly-
col could also be monitored through IR studies. System-
atic study of the C—O stretching bands occurring around
1100 cm™, and the O-H stretching of hydroxyls (be-
tween 3150 and 3500 cm™') are the regions to be moni-
tored as the complexation of polyethylene glycol (PEG)
to cations leave a clear signature in the IR spectra at these
frequency regions.'’

The spectra recorded on the powder heated at 325 °C
shows broad peak located around 3475 cm™', which is
due to O-H stretching. The band located at 2350 cm™'
corresponds to dissolved or atmospheric CO,. CH,—CO

600"C
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450°C

400°C

325°C co,

O-H Mn-O
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FIG. 5. IR spectra recorded on powder samples heated to different
temperatures.

40010

bending results in bands at 1420 and 1628 cm™'. The
C-O-C asymmetric stretching shows a small peak
around 1120 cm™"'. The presence of nitrates is indicated
by the O-N stretching band at 875 cm™".

The peak corresponding to C—O—-C becomes stronger
in the sample heated at 400 °C and splits into three dis-
tinct peaks at 1165, 1103, and 1063 cm™'. With further
increase in temperature, there is no shift in the frequency
of the three peaks; however, the intensity of the peaks
increases initially until 500 °C and then decreases and
finally disappears completely by about 600 °C.

The distinct change in the C-O stretching band is clear
evidence of the cation ether oxygen coordination. This is
expected as the interaction of electron acceptor species or
cations with the oxygen atom causes decrease in the fre-
quency and increase in the intensity of the C—O stretch-
ing band, and breaking of the hydrogen bonds leads to an
increase in the frequency and decrease in the intensity of
the C—O stretching band.'> Thus the coordination of cat-
ions and breaking of hydrogen bonds is reflected in the
IR spectra.

In the sample heated at 600 °C, only peaks correspond-
ing to Mn—O bond remain, indicating that oxidation and
the phase formation is complete by this temperature. This
is in agreement with the XRD and thermal analysis re-
sults. The IR data shows that phase formation starts at a
low temperature (~325 °C and completes by 600 °C).
This reaction path is accompanied by the metal cation
binding to the ether oxygen as seen by the change in the
1120 cm™' (C-O—C stretching) band on heating, and its
eventual disappearance on completion of the reaction.
Based on the above observation, we propose the follow-
ing pathway for the formation of the perovskite phase.

On heating the nitrates in water and ethylene glycol
mixture to moderate temperatures, C,H,(OH), polymer-
izes with the concurrent formation of water. Polyethylene
glycol distributes the cations atomically throughout the
polymeric structure by forming coordination bonds be-
tween ether oxygen and metal ions. With the formation
of the complex, the hydrogen bonding between PEG
oligomers decreases as the cations bind to the oxygen by
replacing H. This is a likely reaction because ethylene
glycol being an alcohol will follow reactions similar to
other alcohol metal reactions (e.g., 2ROH + 2Na —
2NaOR + H,). On heating to higher temperatures, a solid
resin forms with the removal of excess water resulting in
solid polymeric resin. As the gel sets to form a polymeric
resin, the high viscosity of the resin prevents different
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