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Size-Dependent Magnetic Properties of Colloidal
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Metal-oxide nanocrystals are expected to find useful applica-
tions in catalysis, energy storage, magnetic data storage,
sensors, and ferrofluids.!"! In particular, colloidal metal-oxide
nanocrystals are of great interest for technological applica-
tions owing to their unique size-dependent properties and
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excellent processability. Recent advances in the colloidal
synthesis of metal oxides reveal that thermal decomposition
of metal acetylacetonates,”) metal cupferronates,”! metal
alkoxides, and metal carbonyls® in complex organic solvent
systems can lead to monodisperse metal oxide nanoparticles
in certain cases.

Manganese oxides are widely used as electrode materi-
als,[®! catalysts,"! and soft magnetic materials.*! In spite of their
important applications, there has been only one report on
synthesis of monodisperse colloidal manganese-oxide nano-
particles.”) Furthermore, a systematic study on the relation-
ship between particle size and physical properties has never
been conducted. Herein we report a simple, reliable synthesis
of size-focused colloidal nanocrystals of two different man-
ganese oxides, Mn;0, and MnO, from thermal decomposition
of a single precursor [Mn(acac),] (acac = acetylacetonate) in
oleylamine, as well as their unique size-dependent magnetic
properties.

A slurry of [Mn(acac),] (0.3 g) in oleylamine (7.6 g; 1:24
molar ratio) was heated at 180°C for 9 h under an atmosphere
of argon, and the resulting reaction mixture was cooled to
room temperature to form a brown suspension. After
centrifugation at 3000 rpm for 10 min, the supernatant was
removed to afford a brown precipitate. Dichloromethane
(10 mL) was added to the resulting brown precipitate to give a
brown suspension, which was sonicated for 10 min to form a
clear solution. Removal of the insoluble material, if any, by
centrifugation and precipitation by adding ethanol (40 mL)
produced a brown powder, which could be easily redispersed
in various organic solvents such as hexane, toluene, and
dichloromethane. The low-resolution transmission-electron-
microscope (TEM) image of the powder shows nearly
monodisperse spherical nanoparticles of 10 nm in diameter
as shown in Figure 1a, and its high resolution TEM image in
Figure 1b reveals the highly crystalline nature of Mn;O,

Figure 1. TEM micrographs of Mn;0, nanoparticles: a) TEM image,

b) high resolution TEM image, and c) an SAED pattern of 10 nm
(06=1.0) nanoparticles. TEM images of d) 6 nm (0=0.9) and e) 15 nm
(0=1.2) nanoparticles. High resolution TEM images are shown in the
insets.
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nanoparticles. The selected-area electron-diffraction pattern
(SAED) of the nanoparticles is consistent with tetragonal
Mn;0O, (JCPDS card No.: 24-0734) with strong ring patterns
due to (101), (103), (211), (220), (224), and (400) planes
(Figure 1c; see Supporting Information for the X-ray diffrac-
tion pattern (XRD)). The particle size can be varied easily by
a simple change in the reaction temperatures (see Supporting
Information for experimental details); smaller nanoparticles
of 6 nm in diameter were obtained at 150°C (Figure 1d) and
larger nanoparticles of 15 nm in diameter were prepared at
250°C (Figure 1e). Although the mechanism leading to
Mn,0, and the accompanied oxidation of Mn" to Mn'"" ions
under the employed reaction conditions is not clear at the
moment, the oxygen in nanoparticles should originate from
the decomposition of acetylacetonate ligand in the
[Mn(acac),] precursor because the reaction has been con-
ducted with rigorous exclusion of other oxygen sources.
Several metal oxides have been prepared by thermal decom-
position of metal acetylacetonates under an inert atmos-
phere,?* and it has been proposed that carbon dioxide acts
as the main oxidant among the various products from ligand
decomposition.!

A dramatic change in the decomposition behavior of the
precursor [Mn(acac),] was observed when 10 equiv of water
was introduced to the reaction slurry of [Mn(acac),] in
oleylamine (1:24 molar ratio). Only pure cubic MnO (JCPDS
card No.: 07-0230) was obtained without contamination by
Mn;0, (see Supporting Information for the XRD pattern).
The presence of water prohibits further oxidation of the
formed MnO, presumably because the water is involved in the
decomposition of the acetylacetonate ligand, which acts as the
oxygen source. Again a simple change in the reaction
temperatures results in variation of the MnO nanoparticle
size as shown in Figure 2 (see Supporting Information for
experimental details): 11 nm particles (220°C, 9 h), 17 nm
particles (220°C, 3 h and then 250°C, 6 h), and 22 nm particles
(250°C, 9 h).

Size-dependent magnetic properties of the Mn;O, nano-
particles of varying sizes were studied by using a super-
conducting quantum interference device (SQUID). As

Figure 2. TEM micrographs of MnO nanoparticles: a) TEM image and
b) a SAED pattern of 11 nm (0=1.1) nanoparticles. High resolution
TEM image is in the inset. TEM images of ¢) 17 nm (0=1.6) and

d) 22 nm (0=2.3) nanoparticles.
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expected, the three Mn;O, nanoparticle samples showed
ferromagnetic behaviors at low temperatures, whereas they
were paramagnetic at room temperature.'”! Under zero-field-
cooling (ZFC) measurements at 100 Oe, the observed block-
ing temperatures 7y were 36 K, 40 K, and 41 K for 6 nm,
10 nm, and 15 nm Mn;0O, nanoparticles, respectively, as shown
in Figure 3. This result is consistent with the linear relation-
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Figure 3. ZFC (filled symbols) and FC (open symbols) magnetization
curves of 6 nm (squares), 10 nm (circles), and 15 nm (triangles)
Mn;O, nanoparticles under an applied field of 100 Oe.

ship between crystal volume V and blocking temperature Ty
as predicted from the equation KV=25kgzTy (K is the
anisotropy constant and kg is Boltzmann's constant;'! a
similar trend was also observed for other ferromagnetic
materials such as Co'” and Fe,0; nanoparticles.”

It has been recently reported that very small MnO
nanoparticles (5-10 nm in diameter) show weak ferromag-
netic behavior at low temperatures,” although bulk MnO
shows antiferromagnetic behavior with Ty~125 K. The
observed weak ferromagnetism has been ascribed to the
presence of noncompensated surface spins on the antiferro-
magnetic core of the MnO nanoparticle.™ Measurements of
size-dependent magnetism, however, have never been
reported for MnO nanoparticles. The three MnO samples
showed the expected weak ferromagnetic behavior at low
temperatures, but unusual size-dependency of magnetic
properties was observed for MnO nanoparticles. Under
ZFC measurements at 100 Oe, the observed blocking temper-
atures Ty were 25 K, 18 K, and 10 K for 11 nm, 17 nm, and
22 nm MnO nanoparticles, respectively (Figure 4). This result
is, to the best of our knowledge, the first demonstration of an
inverse proportionality of the blocking temperature to the
particle size. It is likely that smaller MnO nanoparticles with
higher surface-to-volume ratio exhibit much larger propor-
tion of noncompensated surface spins on the antiferromag-
netic core and thus reveal higher 7y and magnetization values
than those of larger nanoparticles.

In summary, we have prepared soluble, highly crystalline,
monodisperse, and size-controlled Mn;O, and MnO nano-
particles by thermal decomposition of a single precursor
[Mn(acac),] in oleylamine under an inert atmosphere, and
have demonstrated their unique size-dependent magnetic
properties. The particle size can be easily manipulated by
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Figure 4. ZFC (filled symbols) and FC (open symbols) magnetization
curves of 11 nm (squares), 17 nm (circles), and 22 nm (triangles)
MnO nanoparticles under an applied field of 100 Oe.

simply changing the employed reaction temperature, and
moreover the metal-oxide phase was effectively controlled by
the presence or absence of a small amount of water. Detailed
magnetic property measurements and theoretical calculations
for the observed unusual magnetic behavior are underway for
the prepared manganese oxide nanoparticles.

Experimental Section
Syntheses of MnO and Mn;O, nanoparticles: See Supporting
Information.

Characterization: The prepared nanoparticles were characterized
by XRD (Rigaku D/MAX-RB (12 kW) diffractometer with a graph-
ite-monochromatized Cug, radiation source at 40 kV and 120 mA),
TEM (low resolution: Omega EM912 operated at 120 kV; high
resolution: Philips F20Tecnai operated at 200 kV), selected area
electron diffraction (SAED) patterns attached to EM912, and energy
dispersive analyses of X-ray emission (EDAX) attached to EM912.
Samples for TEM investigations were prepared by putting an aliquot
of dichloromethane solution of nanoparticles onto an amorphous
carbon substrate supported on a copper grid. The excess liquid was
then removed with tissue, and the grid was allowed to dry at room
temperature. Magnetic measurements were performed on a SQUID
magnetometer (Quantum Design MPMS-7). DC susceptibility and
hysteresis measurements were recorded for powdered samples of
nanoparticles in a gelatin capsule. The temperature was varied
between 5 and 300 K according to a zero-field-cooling/field-cooling
(ZFC/FC) procedure at 100 Oe, and the hysteretic loops were
obtained in a magnetic field that varied from +7to -7 T.
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