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Crystalline double perovskite La,BMnOgs (B = Ni and Co)
nanoparticles with an average grain size of ~64 nm were
successfully prepared using a facile, environmentally friendly,
scalable molten-salt reaction at 700 °C in air. Their composition
and structural and magnetic properties have been characterized.

Multifunctional materials show various responses to multiple
external stimuli enabling novel device applications including
intelligent sensors, spintronics, solid-state thermoelectric coolers,
and other functional devices. For example, double perovskite oxides
with general formula AA'BB'Og, where A/A’ = rare earth or
alkaline earth metals and B/B’ = 3d transition metals, display a wide
variety of interesting physical properties with composition variations.
Considerable research activity is being carried out to explore new
double perovskite materials, to understand the origin of their
properties (e.g. magnetodielectric, magnetoresistance, magnetocapa-
citance), to improve their properties, and to adapt their materials
chemistry to the production technology for each application.!”
One of them, La,NiMnOg (LNMO) has gained more attention as
a rare example of a single-material platform with multiple functions,
such as magnetocapacitance and magnetoresistance effects. Due to
its spin lattice coupling, and also a large magnetodielectric (MD)
effect close to room temperature, it has been demonstrated that the
spins, electric charge and dielectric functions in LNMO can be tuned
by magnetic and/or electric fields.'™ It has also been confirmed that
LNMO is a ferromagnetic (FM) semiconductor that has a Curie
temperature (7¢) very close to room temperature with ordered Ni**
and Mn*" ions occupying the centers of corner-sharing BOg and
B’Og in the structure, respectively, which is distorted from the ideal
double perovskite. This conclusion is consistent with the Mn NMR
and X-ray absorption spectroscopy results.>” In some neutron and
X-ray diffraction studies, bulk LNMO provided evidence for long-
range ordering of Ni and Mn cations, even though different
neutron-diffraction studies disagree on whether the oxidation states
are NiZ"/Mn** or Ni**/Mn**."!° The isostructural system of
LNMO, La,CoMnOg4 (LCMO), possesses a ferromagnetic Curie
transition temperature (FM-7c) ~225 K with an insulating
behavior.>” Similar to those of the LNMO system, several reports
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have also shown that the magnetic properties of the LCMO system
are related to cation ordering, which in turn depends on the
synthesis conditions.*”!"""* For instance, as reported in the
literature, they can exhibit one or more magnetic transitions.>! 1%
LNMO synthesized under some conditions would show two un-
obscured FM transitions which occur at about 150 and 280 K,
respectively, with decreasing temperature.'® An ordered sublattice
with high spin Co** and Mn** pair in LCMO gives a FM transition
~220 K, while a disordered sublattice with low spin Co®* and high
spin Mn** invokes a FM transition below 150 K. It was also
reported that in the case of low-temperature-sintered LCMO
samples high 7¢ (~220 K) was observed, while the samples
prepared at high temperature exhibited low 7c (~150 K). In
ordered LCMO thin films, the observed MD effect near T was
attributed to spin-lattice coupling. On the other hand, 0.8% of MD
response was observed at 280 K in polycrystalline LCMO system.!’
Raman measurements showed a spin-lattice coupling near the two
magnetic transitions in LCMO bulk."!

Recently, nanostructures (e.g., nanoparticles, nanowires, and
nanotubes) made of metal oxides, metals and carbon have been
investigated as emerging materials because they exhibit interesting
physical properties, which are different from those of their bulk and
thin film counterparts.'® 2! In the case of double perovskite oxides,
the majority of the previous work has focused on AA'BB’Og single
crystals and thin films.'"™'7 However, it can be concluded that the
discrepancies mentioned above in the studies of both LNMO and
LCMO samples originate from the different synthetic procedures
and conditions employed. So far, there are very few reports on
LNMO and LCMO nanostructures. The only reported synthetic
method for LNMO and LCMO nanoparticles is based on a sol-gel
process.” In this work, we employed a facile and scalable molten-salt
synthesis process to prepare crystalline LNMO and LCMO
nanoparticles in a mixing salt medium, ie. NaNO; and KNO;
(1 : 1), at 700 °C.>** To the best of our knowledge, we are the first
to report the successful synthesis of pure LNMO and LCMO
nanoparticles via a molten-salt synthesis. The intrinsic simplicity,
flexibility and scalability of the molten-salt synthesis render it
attractive for the preparation of a wide range of double perovskite
AA’'BB’'Og nanomaterials. It also provides a starting point for
further study of the synthesis—structure-property relationships of a
wide range of double perovskite AA'BB’'O4 nanomaterials.

Powder XRD was used to characterize the as-synthesized LNMO
and LCMO nanoparticles. As shown in Fig. 1, no extra reflection
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Fig. 1 XRD patterns of the as-synthesized (a) LNMO and (b) LCMO
nanoparticles.

peaks other than those of pure perovskite phase are observed within
the experimental limit, which confirms the formation of single phase
composition of LNMO and LCMO double perovskites.” Based on
the Sherrer equation, the calculated crystalline domain sizes are 26
nm for LNMO and 20 nm for LCMO, which are 2-3 times smaller
than the particle/grain sizes measured by TEM as shown below.

Raman spectroscopy is an excellent tool to obtain useful
information on the local structure of the different microphases or
macrophases present simultaneously in many manganites. Fig. 2
shows the Raman spectrum obtained from the LNMO nanoparti-
cles. The spectrum is dominated by two broad peaks at around 524
and 670 cm™ ', which can be assigned to the A, antisymmetric
stretching (or Jahn-Teller stretching mode) and B, symmetric
stretching vibrations of the MnOg octahedra, respectively. A
noticeable difference is seen between our LNMO nanoparticles and
the bulk sample: the 4, and B, peaks for the nanoparticles shift to
higher energy, 3 and 9 cm™ !, respectively, when compared to the
bulk crystal. The peak shifts occur due to surface strain from the
nanosized particles.”*

Typical SEM images of the as-synthesized LNMO and LCMO
nanoparticles are shown in Fig. 3. These nanostructures, prepared at
temperature of 700 °C by the facile molten-salt synthesis, are
spherical and relatively quite uniform. Even though it is difficult to
determine their exact size at this magnification, it is determined by
TEM in the following paragraph.

Fig. 4(a) and 4(c) show general low-magnification TEM images of
LNMO and LCMO nanoparticles, respectively. These images
demonstrated that LNMO and LCMO nanoparticles with particle/
grain sizes of 65 + 18 nm and 58 + 20 nm (based on 45 particles
each), respectively, were prepared by the molten-salt synthetic
procedure at a temperature of 700 °C. They are not always spherical,
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Fig. 2 Raman spectrum of the as-synthesized LNMO nanoparticles.

Fig. 3 SEM images of the as-synthesized (a) LNMO and (b) LCMO
nanoparticles.

and some of them have clear edges. It is also easy to tell that our as-
synthesized LNMO and LCMO nanoparticles are well dispersible,
unlike those prepared by the sol-gel method. In our synthetic
process, the molten salt mixture used acts as a separator between the
formed nanoparticles or surfactant on the nanoparticles” surface. It
prevents them from agglomerating during the nanoparticle growth
process, and even during the cooling process. Fig. 4(b) and 4(d) and
S1 (ESIf) show HRTEM images of LNMO and LCMO
nanoparticles, respectively. These lattice images of individual
nanoparticles show that they are crystalline. A high-resolution
TEM image obtained from an individual LNMO nanoparticle
(Fig. 4(b)) shows a typical crystalline domain with an interplanar
spacing of about 2.65 A, comparable to the {200} plane of a LNMO
crystal. The corresponding energy dispersive X-ray spectrometry
spectrum was taken and the elemental signatures of La, Ni and Mn
metals are present. The selected-area electron diffraction data taken
from the same individual LNMO nanoparticle (inset of Fig. 4(b))
shows sharp diffraction spots indicating the formation of well-
developed and crystalline LNMO nanocrystals. Meanwhile, in
Fig. 4(d), a high-resolution TEM image obtained from an individual
LCMO nanoparticle shows a typical crystalline domain with an
interplanar spacing of about 2.63 A and 3.72 A, comparable to the
{200} and {002} planes of a LCMO crystal. The corresponding

*(002)

Fig. 4 Typical low magnification TEM images of the as-synthesized (a)
LNMO and (¢) LCMO nanoparticles. HRTEM images of the (b) LNMO
and (d) LCMO nanoparticles with corresponding EDX (the Cu peaks
originate from the TEM grid) as well as SAED of LNMO.
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energy dispersive X-ray spectrometry spectrum was taken and the
elemental signatures of La, Co and Mn metals are present.

Similarly to the previously reported synthesis of single perovs-
kites,” the following reactions summarize a postulated reasonable
mechanism for the synthesis of double perovskite La,BMnOg (B =
Ni and Co) nanocrystals:

La(NO3)3 + B(NO3)2 + MH(NO3)4 d L21203 + BO + MHOQ
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Fig. 5 (a) Temperature dependences of zero-field-cooled and field-cooled
magnetization of LNMO nanoparticles in an applied field of 100 Oe. (b)
Field-dependent magnetization data at 5 K of LNMO nanoparticles. (c)
Temperature dependences of zero-field-cooled and field-cooled magnetiza-
tion of LCMO nanoparticles in an applied field of 100 Oe. (d) Field-
dependent magnetization data at 5 K of LCMO nanoparticles.

L21203 + BO + MIIOZ ad LazBMnO6

Due to the differences of ionic radius and charge number (La**:
1.06 A, Ni**: 0.69 A, Co™": 0.72 A, Mn**: 0.60 A, Na™: 0.97 A, and
K*: 1.33 A),® Na® and K" cannot be incorporated into the
perovskite structure during our synthesis.

The temperature dependences of zero-field-cooled and field-cooled
magnetization of the as-synthesized LNMO nanoparticles were
measured from 5 to 380 K in a 100 Oe magnetic field and are shown
in Fig. 5(a). Below 225 K, divergence has been observed between
ZFC and FC magnetization curves. The FC magnetization reaches a
maximum value of ~3.4 emu g~ ! at 5 K. The magnetic transition at
~265 K indicates the onset of FE long-range ordering, very close to
the magnetic transition temperature (7c = ~280 K) reported
previously in the literature.! The difference may be attributed to the
surface strain effects due to the nanoscale size of these nanoparticles,
agreeing with the Raman spectrum in Fig. 2.* From the ZFC curve,
a relative well-defined cusp can be observed at a temperature of 62.5
K, which may be defined as the freezing temperature 7p of magnetic
clusters.?> Fig. 5(b) shows the magnetization versus field (M—H)
curves of LNMO nanoparticles. A hysteresis loop has been observed
at 5 K with a coercive field of ~500 Oe and remnant magnetization
of ~6 emu g~ '. Meanwhile, the temperature dependences of zero-
field-cooled and field-cooled magnetization were measured for the
as-synthesized LCMO nanoparticles from 5 to 380 K in a 100 Oe
magnetic field (Fig. 5(c)). Below 210 K, divergence has been observed
between ZFC and FC magnetization curves, similar to the difference
in low-field ZFC and FC magnetization data measured from LNMO
nanoparticles. These LCMO nanoparticles possess a single magnetic
transition at about 235 K under 100 Oe field, which is very close to
the magnetic transition temperature reported previously for the well-
ordered bulk LCMO.” The FC magnetization reaches a maximum
value of ~54 emu g~ ! at 5 K. Fig. 5(d) shows the magnetization
versus field (M—H) curves of LCMO nanoparticles. A hysteresis loop
has been observed at 5 K with a coercive field of ~8.5 kOe and
remnant magnetization of ~20 emu g ', and both are much larger
than those measured from the as-synthesized LNMO nanoparticles
as shown in Fig. 5(b). Aside from the magnetic properties presented
here, detailed investigation is underway and extensive results will be
reported elsewhere shortly.

Conclusions

In summary, nanocrystals with double perovskite structure,
La,BMnOg (B = Ni and Co) composition and an average grain
size of ~64 nm have been successfully synthesized by a simple,
scalable, and efficient molten-salt synthetic process using metallic
nitrates as precursors. This strategy is attractive for the preparation
of a wide range of other complex double and even triple perovskite
nanocrystals. Moreover, the magnetic properties of these double
perovskite nanocrystals indicate that these nanoparticles are promis-
ing candidates for many applications such as intelligent sensors,
spintronics, solid-state thermoelectric coolers, and other functional
devices.

Experimental

In a typical sample preparation protocol of La,BMnOg (B = Ni or
Co in this study) nanocrystals, high-purity lanthanum nitrate, nickel

This journal is © The Royal Society of Chemistry 2012
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or cobalt nitrate, manganese nitrate, sodium nitrate, and potassium
nitrate were mixed in a molar ratio of 2 : 1 : 1 : 60 : 60 and ground
for 30 min with assistance of ethanol. The mixture was then placed
within a covered nickel crucible, which was subsequently placed
inside a box furnace and heated to 700 °C at a ramp rate of 2 °C
min~'. After isothermal annealing at 700 °C for 6 h, the resulting
mixture was cooled to room temperature at a ramp rate of 5 °C
min . The resulting sample was subsequently purified with copious
amounts of distilled water followed by centrifugation. The remaining
precipitate was heated at 80 °C overnight in a drying oven.

For powder XRD analysis, the as-prepared samples of
La,BMnOg nanocrystals, after centrifugation, were subsequently
sonicated for about 1 min and later air-dried upon deposition onto
glass slides. Diffraction patterns of these materials were collected
using a PANalytical X-ray diffractometer, operating in the Bragg
configuration using Cu-Ko: radiation (/. = 1.54 A) from 15 to 75° at a
scanning rate of 0.2° min~'. The size and morphology of La,BMnQOg
nanocrystals were characterized using a field emission scanning
electron microscope (FESEM, FEI) at an accelerating voltage of 10
kV. Specifically, the as-prepared samples of La,BMnOg nanocrys-
tals, after centrifugation, were sonicated for about 1 min and later
air-dried upon deposition onto clean silicon wafers, which were then
attached onto the surfaces of SEM brass stubs. Transmission
electron microscopy (TEM) images were obtained using a Philips
CM-200 with a LaBg filament operated at an accelerating voltage of
200 kV. High-resolution TEM (HRTEM) images, seclected-area
electron diffraction (SAED) patterns and energy-dispersive X-ray
spectroscopy (EDS) data were carried out on an FEI Tecnai F30
microscope at an accelerating voltage of 300 kV with a point-to-
point resolution of 0.2 nm. Specimens for the TEM studies were
prepared by sonicating aqueous suspension containing La,BMnOg
nanocrystals, followed by depositing a drop of the suspension of
La,BMnOg nanoparticles onto a 300 mesh Cu grid, coated with a
lacey carbon film. The magnetic measurements were carried out in a
9-T physical properties measurement system (PPMS, Quantum
Design).
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