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Abstract. Current interest in the properties of materials having grains in the nanometer
regime has led to the investigation of the size-dependent properties of various dielectric and
magnetic materials. We discuss two chemical methods, namely the reverse-micellar route
and the polymeric citrate precursor route used to obtain homogeneous and monophasic
nanoparticles of several dielectric oxides like BaTiO3, Ba2TiO4, SrTiO3, PbTiO3, PbZrO3

etc. In addition we also discuss the synthesis of some transition metal (Mn and Cu) oxalate
nanorods using the reverse-micellar route. These nanorods on decomposition provide a
facile route to the synthesis of transition metal oxide nanoparticles. We discuss the size
dependence of the dielectric and magnetic properties in some of the above oxides.
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1. Introduction

BaTiO3 and lead zirconium titanate, PbZrxTi1−xO3 (PZT), are well-known ferro-
electric materials for piezoelectric, electro-optic, pyroelectric applications and are
also useful as ferroelectrics in non-volatile random access memories [1–6]. Barium
strontium titanates Ba1−xSrxTiO3 (BST) are important due to their application in
tunable filters, oscillators and phase elements in antennas [7].

For increased miniaturization and volumetric efficiency of these multilayer capac-
itors, the thickness of the ceramic capacitor films has to be decreased and hence
nanocrystalline dielectric oxides are important. It would be easy to densely pack
these nanoparticles to yield sintered ceramics with little void space and less cracks.
It is of interest to investigate the effect of grain-size reduction on the dielectric prop-
erties. There have been very limited efforts in the area of dielectric nanomaterials
when compared to other nanostructured materials (magnetic, optical, catalytic).
A few reports discuss the dielectric properties observed in nanosized particles of
related oxides like BaTiO3 [8,9] and SrTiO3 [9,10].
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Magnetic properties of nanosized oxides are important due to the technological
requirements of these materials in recording media and disks. New devices like spin-
valves, spin-transistors, magnetocaloric refrigeration systems, ferrofluid technology
etc. rely on magnetic properties of nanocrystalline solids.

There have been several studies on the synthesis of oxides by low-temperature
routes to obtain relatively homogeneous and small-sized grains. These methods
include chemical co-precipitation [11], hydrothermal reaction [12] and the sol–gel
method [13,14]. Here we discuss two low-temperature synthetic routes (polymeric
precursor and reverse-micellar) other than the methods mentioned above. Our
emphasis here is to obtain uniform and pure nanomaterials by efficient synthetic
strategies. In this article we concentrate on some of our studies on the synthesis
and properties of dielectric (barium titanate-related) and magnetic nanomaterials
(copper and manganese oxides). The common theme is to understand the size-effect
on ordered electric dipole moments in the case of dielectric materials or ordered
magnetic dipoles in the case of magnetic materials.

2. Synthetic methodologies

We have used two chemical routes for the synthesis of nanoparticles: (1) the poly-
meric precursor method and (2) the reverse-micellar route. The polymeric citrate
method is based on the Pechini-type reaction route [15,16]. It involves reacting a
mixed solution of citric acid, ethylene glycol and the desired cations to form a poly-
ester type of gel. The metal ions can be immobilized in a rigid polyester network,
which is charred off by heating the gel. This can greatly reduce the diffusion path
lengths of a particular reactant during the processing. Thus a distinct advantage
over most other methods is that very pure mixed metal oxides can be prepared.
Also compared to the ceramic route, this method can give rise to homogeneous
and fine-grained powders at relatively lower reaction temperatures. We have used
the polymeric citrate precursor to synthesize nanoparticles of well-known ABO3-
type oxides, e.g., Ba1−xSrxTiO3 [17] and Ba1−xPbxTiO3 [18] (see references for
experimental details).

The reverse-micellar route using microemulsions to produce nanomaterials has
been known for sometime [19], but the mechanism to control the size distribution
and final size of the product is not yet completely known. Microemulsions are
optically transparent and thermodynamically stable dispersions of two immiscible
liquids (like water and oil) which are stabilized by a surfactant. The size of the re-
verse micelle (droplets of water in oil) can be controlled by varying the ratio of R =
[water or oil]/[surfactant] in the nanometer range. It is possible to control not only
the size but also the morphology of the product nanoparticles by proper choice of
the composition of the microemulsion system. The mixing of microemulsions con-
taining different ions in the aqueous core results in the coalescence of droplets and
interchange of reactants resulting in the reaction inside a small volume (nanore-
actors) (figure 1). The synthetic procedure to obtain nanosized BaTiO3 by the
reverse micellar route is given elsewhere [20].

The synthesis of the transition metal oxide nanoparticles was carried out in two
steps. First, we synthesized the nanorods of metal oxalate from two microemulsions.
In the second step, the metal oxalate particles were subjected to a careful thermal
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Figure 1. Schematic representation of the experimental procedure followed
for the synthesis of BaTiO3 by (a) polymeric precursor method and (b) re-
verse-micellar route.

decomposition to yield nanoparticulate oxide [21]. All the nanocrystalline powders
were characterized by a variety of techniques (XRD, TEM, dielectric and magnetic
measurement) [20–22].

3. Results and discussion

3.1 Dielectric oxides obtained by the polymeric precursor route

Monophasic oxides of the type, Ba1−xSrxTiO3, were obtained after heating the pre-
cursors (prepared by the polymeric citrate precursor route) at 500◦C. The powder
X-ray diffraction patterns could be indexed on the basis of a cubic cell as known
for cubic BaTiO3. It is seen that there is a decrease in the a lattice parameter with
increase in strontium substitution, which is expected, since Sr2+ has a smaller ionic
radius than Ba2+. The gel (formed after 135◦C heating) and the precursor (formed
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Figure 2. Slow scan (PXRD) of 1 1 1 reflection for line broadening studies
(after heating at 500◦C) and inset shows the transmission electron micrograph
of PbTiO3.

after 300◦C heating) show amorphous nature as observed from the powder X-ray
diffraction studies. It is found that after sintering at 1100◦C, BaTiO3 is weakly
tetragonal (c/a = 1.0027) while all the other compositions are cubic. A careful
analysis of the powder X-ray diffraction data for SrTiO3 shows that at 1100◦C it
disproportionates to its higher homologue Sr4Ti3O10 [17].

Oxides of the type Ba1−xPbxTiO3 were obtained from the gel at 500◦C. The
powder X-ray diffraction patterns could be indexed on the basis of a tetragonal
cell for all the compositions. For PbTiO3 the tetragonal lattice parameters were
a = 3.899(1) Å, c = 4.136(2) Å. The a parameter decreases whereas the c parameter
increases with increase in lead content [18].

The particle size of all the above oxides have been found to be in the nanoregime
as is evident from line broadening studies of X-ray as well as transmission electron
microscopy (TEM). We observe a distribution of grain sizes with most of the grains
in the range of 20 to 30 nm for SrTiO3. The particle size obtained for SrTiO3

sintered at 1100◦C is found to be 88 nm [17]. This shows that with sintering there
is only a marginal increase in grain size even at a high temperature. A grain size
of 50 nm for PbTiO3 (figure 2) is observed [18] using the Scherrer’s formula. The
particle size obtained from TEM (inset of figure 2) is in the range of 40–60 nm for
barium lead oxides and corroborate well with the X-ray line broadening studies.

The dielectric properties of all these oxides have been studied in detail with
respect to variation in frequency and temperature. The dielectric constant varies
from 510 for BaTiO3 to 190 for SrTiO3. These samples were sintered at 1100◦C and
the density of these disks was 95–96%. The dielectric loss (D) is nearly constant
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till 200 kHz (0.002). The dielectric constant of BaTiO3 (sintered at 1100◦C) shows
reasonable stability till 150◦C. All the lead-doped phases (sintered at 900◦C) show
dielectric constant in the region of 30 to 80 at 100 kHz. The dielectric loss for
different compositions is found to vary between 0.005 and 0.10.

3.2 Oxides obtained by the reverse-micellar route

We discuss the synthesis of BaTiO3, Ba2TiO4, CuO, MnO, Mn2O3 and Mn3O4 by
the reverse micellar route. Monophasic BaTiO3 could be obtained [20] after heating
the precursor at 800◦C and the X-ray diffraction pattern could be indexed satisfac-
torily on the basis of a tetragonal cell with refined lattice parameters a = 3.998(1)
Å and c = 4.019(1) Å. X-ray line broadening studies show an average grain size of
30 nm (figure 3). This is in accordance with the transmission electron microscopic
studies (TEM) which show particles with 25–30 nm grain size (figure 3, inset).
The X-ray diffraction pattern indicates the presence of weak tetragonal distortion
of BaTiO3. This distortion was confirmed by carrying out Raman spectroscopic
studies [20]. The grain size was found to be 40 nm for BaTiO3 (sintered disk at
900◦C). TEM micrographs showed agglomerated particles of grain size of the order
of 80–100 nm after sintering at 1100◦C. Thus there is a marginal increase in grain
size with sintering temperature (from ∼30 nm to ∼100 nm). Note that the grain
size of BaTiO3 obtained by the ceramic route at 1100◦C normally varies between
0.5 and 1 µm.

Figure 3. Slow scan XRD studies of 1 1 1 reflection for line broadening stud-
ies for BaTiO3 heated at 800◦C. Inset shows the transmission electron micro-
graph.
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The dielectric constant and dielectric loss were measured on sintered disks
(900◦C) of the nanostructured barium titanate as a function of frequency and
temperature. The dielectric constant was found to be 220 and dielectric loss was
0.023 for BaTiO3 at 100 kHz. The dielectric constant was found to be stable
(dε/dF = 8.76 × 10−7 Hz−1) with frequency while dielectric loss showed a slight
increase at higher frequencies. Measurement of dielectric properties of nanosized
BaTiO3 was also carried out after sintering at 1100◦C. The dielectric constant is
found to increase with sintering temperature (being 560) after sintering at 1100◦C.
The dielectric loss shows a decrease with sintering temperature. This decrease in
loss is normally associated with increase in grain size. The dielectric loss was nearly
constant with frequency (0.02) after the 1100◦C sintering. The dielectric constant
is among the highest reported for nanostructured BaTiO3 obtained by different
routes [17]. In the temperature variation of the dielectric data (figure 4), we find
a small hump in the dielectric constant/loss near 140–150◦C. This feature may be
associated with the ferroelectricity of BaTiO3. Bulk BaTiO3 (micron size grains) is
a ferroelectric material with a transition temperature of 122◦C. Ferroelectricity is
highly dependent on grain size and a critical size of ∼44 nm was suggested earlier
by theoretical calculations [23]. However, more recently it has been shown that fer-
roelectricity may be observed in defect-free ultra-thin films [24] much below (<10
nm) the limits normally suggested by a mean-field Ginzburg–Landau approach.

Nanoparticles of barium orthotitanate (Ba2TiO4) have also been obtained [22]
using microemulsions (avoiding Ba-alkoxide) by a similar method as used for
BaTiO3. Powder X-ray diffraction studies of the powder after calcining at 800◦C
result in a mixture of orthorhombic (70%) and monoclinic (30%) phases. The
high-temperature orthorhombic form present at 800◦C is probably due to the
small size of particles obtained by the reverse-micellar route. Pure orthorhom-
bic Ba2TiO4 was obtained on further sintering at 1000◦C with lattice parameters,

Figure 4. Variation of dielectric constant (ε) and dielectric loss (D) with
temperature at 100 kHz for samples sintered at (a) 900◦C, (b) 1000◦C and
(c) 1100◦C.
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a = 6.101(2) Å, b = 22.94(1) Å and c = 10.533(2) Å (space group, P21nb). The
grain size obtained from careful line broadening studies comes out to be 46 nm.
TEM studies show agglomerated grains (40–50 nm) at 800◦C (figure 5a). Thus our
TEM studies conform well with that of the line broadening studies. Sintering at
1000◦C shows increase in grain size up to 150 nm (figure 5b). Our studies corrob-
orate well with the presence of a martensitic transition in Ba2TiO4. The dielectric
constant is found to be 40 for Ba2TiO4 (at 100 kHz) for samples sintered at 1000◦C.
The dielectric loss obtained was low (0.06) at 100 kHz.

Among the various magnetic oxides synthesized by us using the reverse-micellar
route, we discuss the synthesis and properties of copper and manganese oxides.
The precursor obtained by centrifugation of the microemulsion mixture leads to the
formation of copper oxalate monohydrate [25]. On further heating this precursor
at 450◦C, pure CuO is obtained. Scanning electron micrograph of the sample of
copper oxalate monohydrate shows nanorods of 150 nm diameter and 700 nm length

Figure 5. Transmission electron micrograph of Ba2TiO4 at (a) 800◦C and
(b) 900◦C. Inset shows their respective HRTEM images.
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Figure 6. (a) SEM micrograph of copper oxalate monohydrate nanorods
and (b) temperature dependence of the magnetization of CuO nanoparticles.
Inset shows the TEM picture of CuO nanoparticles.

(figure 6a). In contrast to nanorods, nearly spherical particles of the order of 80
nm were obtained for copper oxide (figure 6b, inset). By varying the non-aqueous
medium in the microemulsion we could obtain particles of different sizes. The
temperature dependence of the magnetization at several fields for the copper oxide
nanoparticles is shown in figure 6b. One notices a jump in the magnetization of the
CuO nanoparticles near 220 K [25], approximately the value of the Neél temperature
of bulk CuO. The non-zero magnetization in the antiferromagnetic state has been
attributed to spin canting [26]. It has been pointed out that the magnetization
is non-linear in field even above TN, remaining nearly independent of temperature
[27]. This has been attributed to short-range antiferromagnetic correlation [28].
The independence of the magnetization at high temperatures on particles gives
an indication of the robustness of the correlation (recall that the susceptibility
is nearly constant up to 1000 K) [27]. These results also show the difficulty in
attaining long-range ordering despite the intensity of the short-range correlation.
It is interesting to note that our sample, except at the very lowest temperature,
shows no sign of ‘paramagnetic impurities. A large Curie-like susceptibility has been
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observed in some sintered samples and has been attributed to oxygen vacancies,
creating Cu1+ ions [29,30], and the presence of CuO particles which are too small
to allow long-range magnetic order [27]. The present results seem to confirm the
former supposition, because our smallest nanoparticles show only reduced ordering
temperature and not Curie-like behaviour.

Anhydrous manganese oxalate nanorods have also been synthesized by the mi-
croemulsion route as discussed for copper oxalate nanorods. The powder X-ray
diffraction pattern of the manganese oxalate nanorods is indexed on the basis of an
orthorhombic cell with the refined unit cell parameters (a = 7.158(7), b = 5.873(4),
c = 9.020(9) Å). Transmission electron microscopic studies showed the formation
of nanorods of manganese oxalate with average dimensions of 100 nm diameter and
2.5 µm length (figure 7a). On the basis of the TGA/DTA studies, we calcined
the precursor (obtained by the reverse-micellar route) at 450–500◦C for 6–12 h.
Annealing of the manganese oxalate nanorods in vacuum, air and nitrogen led to
MnO, α-Mn2O3 and Mn3O4 respectively [21].

Figure 7. TEM micrographs of (a) manganese oxalate nanorods and (b)
MnO nanoparticles.
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All the oxides were found to be monophasic and had grains in the range of 30–50
nm (figure 7b). We have carried out detailed magnetic studies of manganese ox-
alate nanorods as well as the various manganese oxides [21]. The high-temperature
susceptibility for manganese oxalate yields a Weiss temperature of Θ = −36 K and
an effective moment of 5.8 µB, consistent with Mn2+. A sharp magnetic transition
is observed near 15 K. This temperature is somewhat higher than the reported Néel
temperature TN of manganese oxalate (2.6 K) [31]. However, previous studies have
also found a peak in the susceptibility at a temperature much above TN [31]. This
has been attributed to the presence of linear spin chains in the system. In MnO
nanoparticles (28 nm) the high-temperature susceptibility yields Θ = −400 K and
an effective moment of 4.9 µB. The effective moment is somewhat less than that
expected for Mn2+. Bulk MnO has an antiferromagnetic transition at 118 K [32],
but there is no indication of any magnetic transition in the neighborhood of TN,
just a deviation from linearity in the Curie plot.

4. Conclusions

Nanoparticles of BaTiO3 in the range of 25–30 nm were obtained at 800◦C by the
reverse-micellar route avoiding Ba-alkoxide as the starting material. The grain size
is quite stable on sintering (∼80 nm at 1100◦C). The dielectric constant obtained
for BaTiO3 sintered at 1100◦C is around 560 and the dielectric loss is 0.02 at
100 kHz. Orthorhombic Ba2TiO4 (normally stable at higher temperatures) with
an average grain size of 40–50 nm is stabilized at room temperature using reverse
micelles after heating at 1000◦C. Manganese oxalate nanorods provide a convenient
source to different manganese oxides, viz. MnO, Mn2O3 and Mn3O4 nanoparticles
depending on the synthetic condition. CuO nanoparticles (80 nm) show enhanced
magnetic susceptibility and weak ferromagnetism at 220 K.
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