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Highly crystalline and monodisperse manganese ferrite nanocrystals were synthesized via the thermal
decomposition of metal-surfactant complexes followed by mild chemical oxidation. Particle sizes could be
varied from 5 to 13 nm by changing the experimental parameters. The uniformity of the nanocrystals was
demonstrated by the formation of two- and three-dimensional superlattices. Electron diffraction, X-ray
diffraction, and high-resolution TEM images confirmed the high crystallinity of the manganese ferrite
nanocrystals. Elemental analysis and energy-dispersive X-ray spectroscopy confirmed that the molar ratio of
Mn:Fe was 1:2. The nanocrystals were found to exhibit the typical behaviors of magnetic nanocrystals with
the characteristic narrow energy barrier distributions of magnetic anisotropy, confirming the uniformity of
the nanocrystals.

The synthesis of uniformly sized magnetic nanoparticles has
been intensively pursued because of their broad applications
including magnetic storage media, ferrofluids, magnetic reso-
nance imaging (MRI), magnetically guided drug delivery, and
catalysts for the growth of carbon nanotubes.1,2 Several metallic
magnetic nanocrystals have been synthesized via thermal
decomposition of organometallic precursors or reduction of
metal salts.3 Many ferrite nanoparticles have been synthesized
using reverse micelles as nanoreactors.4 Thermal decomposition
of precursors has been also used to synthesize ferrite nanopar-
ticles.5 However, an exhaustive size selection process was
usually required to obtain magnetic nanocrystals with a uniform
particle size distribution. Recently, several groups reported the
direct synthesis of monodisperse ferrite nanocrystals without a
size-selection process. Our group reported the direct synthesis
of highly crystalline and monodisperse ferrite nanocrystals via
the thermal decomposition of metal-surfactant complexes fol-
lowed by mild chemical oxidation.6 Similarly, Sun and co-
workers produced monodisperse ferrite nanocrystals via a high-
temperature solution phase reaction of metal acetylacetonate
with 1,2-hexadecanediol in the presence of surfactants.7 Herein
we report on the synthesis of monodisperse and highly crystal-
line manganese ferrite (MnFe2O4) nanocrystals with particle
sizes ranging from 5 to 13 nm.

The synthetic procedure reported here is the modified version
of a method that was used by our group for the synthesis of
monodisperse nanocrystals of metal oxides and metal sulfides,
which employs the formation of a metal-surfactant complexes
followed by aging at high temperature.1a,6,8Iron pentacarbonyl
(Fe(CO)5) and dimanganese decacarbonyl (Mn2(CO)10) were
used as the metal precursors. First, iron-manganese alloy

nanoparticles were formed by the thermal decomposition of Fe-
Mn-oleate complex, which was generated from the reaction of
Iron pentacarbonyl and dimanganese decacarbonyl in the
presence of oleic acid. The resulting alloy nanoparticles were
oxidized using trimethylamineN-oxide to obtain manganese
ferrite nanocrystals. The following procedure describes a typical
synthesis of 10 nm sized manganese ferrite nanocrystals. 0.175
g of Mn2(CO)10 (0.45 mmol) was mixed with 10 g of octyl
ether and 2.3 mL of oleic acid (7.26 mmol) at room temperature
under an argon atmosphere. The resulting mixture was slowly
heated to 130°C with intermittent shaking to prevent the
sublimation of Mn2(CO)10. When the solution temperature
reached 130°C, 0.2 mL of Fe(CO)5 (1.52 mmol) was rapidly
added to the mixture, and then the resulting solution was heated
to reflux (∼300 °C) and kept at this temperature for 1 h. The
color of the reaction mixture changed from an initial yellow
color to colorless at 250°C, and finally to black at the reflux
temperature. The disappearance of the solution color at 250°C
demonstrated the formation of a kind of Fe-Mn-oleate complex,
which was too air-sensitive to characterize. The black solution
was cooled to room temperature, and then 0.34 g of dehydrated
trimethylamineN-oxide (4.53 mmol) was added to the solution.
Afterward, the solution was then heated to 140°C under an
argon atmosphere and kept at this temperature for 1 h, before
being further heated to reflux and maintained at this temperature
for 1 h. The solution was finally cooled to room temperature
and 100 mL of ethanol was added to yield a black precipitate.
The final nanocrystals were obtained in a powder form by
centrifugation. The powdery nanocrystals were found to be
readily dispersable in many organic solvents including hexane,
toluene, and chloroform.

We attempted the thermal decomposition of the Mn-oleate
complex, which was generated from the reaction of dimanganese
decacarbonyl with oleic acid in octyl ether, to synthesize
manganese nanoparticles. However, the Mn-oleate complex was
not decomposed and no manganese nanoparticles were produced
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under these conditions. Interestingly enough, when Fe(CO)5 was
added to the Mn-oleate complex solution and the resulting
mixture was refluxed, black colored nanoparticles were syn-
thesized, as described above. The results demonstrate that Fe-
Mn-oleate complexes were generated from the reaction of
Fe(CO)5 and Mn2(CO)10 with oleic acid and that these com-
plexes were decomposed to produce Fe-Mn alloy nanoparticles.

The synthesized nanocrystals were characterized by low- and
high-resolution transmission electron microscopy (TEM), X-ray
diffraction (XRD), and energy-dispersive X-ray spectroscopy
(EDX). Low- and high-resolution TEM images were obtained
using a JEOL EM-2000 EX II microscope. XRD patterns were
obtained with a Rigaku D/Max-3C diffractometer equipped with
a rotation anode and a Cu KR radiation source (λ ) 0.15418
nm). The size uniformity of the nanocrystals was demonstrated
by means of the TEM images shown in Figure 1. The TEM
images showed that the nanocrystals are very uniform in size
and that the diameters of the nanocrystals vary from 5 to 10
nm by changing the ratio of oleic acid to metal precursors. When
starting reaction mixtures containing 1:1, 1:2, and 1:3 molar
ratios of the metal precursors to oleic acid were used in the
synthesis, manganese ferrite nanocrystals with particle sizes of
5, 7, and 10 nm were obtained, respectively. In some TEM
images, well-aligned 3-dimensional superlattices were also
observed, as shown in Figure 1d, demonstrating the uniformity
of the nanocrystals. A further increase in the proportion of oleic
acid did not result in the production of nanocrystals with larger
particle-sizes. Instead, nanocrystals with a broad particle size
distribution were obtained. Very similar results were observed
in our previous synthesis of iron oxide nanocrystals.6

The XRD pattern of the 10 nm sized nanocrystals, shown in
Figure 2, revealed that the nanocrystals had aFd3mcubic spinel
structure of manganese ferrite (JCPDS PDF# 10-0319). Because
different bimetallic ferrite materials show similar XRD patterns,
we carefully compared the observed peaks for the 10 nm sized
nanocrystals with the known characteristic peaks in the XRD
patterns of iron ferrite and manganese ferrite. The characteristic
XRD peaks at 73.58°, 88.46°, and 103.66° confirmed that these

nanocrystals were indeed manganese ferrite. The mean size of
the nanocrystals calculated using the Scherrer formula was
similar to that obtained by TEM. The structural properties of a
10 nm sized single nanocrystal were characterized using the
high-resolution transmission electron micrograph (HRTEM). A
HRTEM image of 10 nm sized nanocystal, shown in Figure
3a, illustrates the highly crystalline nature of the nanocrystals.
The interplanar distance is estimated to be 2.12 Å, which is in
good agreement with the{400} planes of the manganese ferrite.
Figure 3b shows the fast Fourier transformation (FFT) pattern
shown in Figure 3a, demonstrating that the nanocrystals have
(400), (13h1), and (1h3h1) planes with a zone axis of [013]. The
elemental analysis using inductively coupled plasma atomic
emission spectrometry (ICP-AES) confirmed the 1:2 molar ratio
of Mn to Fe. The nanoscale elemental analysis using a energy-
dispersive X-ray spectroscopy (EDX), shown in Figure 3c, also
confirmed the Mn:Fe stoichiometry of 1:2, demonstrating the
formation of MnFe2O4 nanocrystals. The composition of

Figure 1. TEM image of manganese ferrite nanocrystals with particle
sizes of (a) 5 nm, (b) 7 nm, and (c) 10 nm. (d) TEM image of
3-dimensional superlattice of 7 nm manganese ferrite nanocrystals. TEM
images were obtained using a JEOL EM-2000 EX II microscope.

Figure 2. X-ray diffraction pattern of 10 nm manganese ferrite
nanocrystals. The XRD pattern was obtained with a Rigaku D/
Max-3C diffractometer equipped with a rotating anode and a Cu KR
radiation source (λ ) 0.154056 nm). Inset is ED pattern obtained using
a JEOL EM-2000 EX II microscope.

Figure 3. (a) High-resolution TEM image (top left), (b) FFT pattern
(top right), and (c) EDX data (bottom) of 10 nm manganese ferrite
nanocrystals.
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manganese ferrite could easily be controlled by varying the ratio
of iron to manganese in the metal precursors, because the molar
ratio of the final nanocrystals was invariably almost the same
as that of the initially supplied iron and manganese precursors.
As the relative amount of the manganese precursor increased,
larger sized nanocrystals were produced. For example, when a
precursor mixture with a Mn:Fe molar ratio of 1:1.5 was
employed in the synthesis, we obtained manganese ferrite
nanocrystals with a particle size of 13 nm and Mn:Fe stoichi-
ometry of 1:1.7 (Figure 4).

Magnetic studies were carried out on 5, 7, and 10 nm sized
powdery manganese ferrite nanocrystals, using a commercial
vibrating sample magnetometer (Lake Shore 9300). The zero
field cooling and field cooling (ZFC-FC) procedures were
carried out from 2 to 350 K in an applied magnetic field of 100
Oe, to measure the temperature dependence of magnetization.
Figure 5 shows the magnetization-temperature (MT) curves of
typical nanocrystals. We normalized the magnetization in a
conventional way of using the measured sample mass so the
absolute value of the magnetization is likely to vary depending
on the total amount of surfactant present inside the sample. With
increasing temperatures, the ZFC magnetization data for each
manganese ferrite nanocrystals increases before reaching a
maximum value, i.e., the blocking temperature (TB). At tem-
peratures aboveTB, the thermal energy, characterized byKBT,
is larger than the magnetic energy barrier, and, thus the materials
become superparamagnetic following the Curie-Weiss law. The
blocking temperatures of the 5, 7, and 10 nm sized manganese
ferrite nanocrystals was found to be approximately 30, 60, and
85 K, respectively. These blocking temperatures correspond to
magnetic anisotropy energies ranging from 9× 105 to 4 × 105

erg/cm3. These magnetic anisotropy energies are much larger
than the bulk magnetic anisotropy energy of 2.5× 104 erg/cm3

at 100 K.9 This increased magnetic anisotropy energy could be
due to interparticle interactions because of the powder nature
of our samples. To check if there exists such an effect of
interparticle interactions on the magnetic anisotropy energy, we
have measured the temperature dependence of the magnetization
after ZFC as shown in Figure 5 as filled data points. For these
measurements, we diluted the original powder samples using
p-xylene to have about the same interparticle distance of 550
nm. As the signal of the diluted samples is very small for a
vibrating sample magnetometer, we used an MPMS 5XL

Quantum Design SQUID magnetometer for these measurements.
As shown in Figure 5, these diluted samples show the temper-
ature dependence that is similar to those of the powder samples
and the blocking temperature drops only by∼5 K for all three
diluted samples compared with the powder samples. This
experimental observation then suggests that the increased
magnetic anisotropy energy of our powder samples should be
of intrinsic sample property, not due to the interparticle
interactions. For higher magnetic fields, the blocking temper-
ature moves toward lower temperature with roughly inversely
proportional to the magnetic field. The field dependence of the
magnetization for the 7 nm sized sample, shown in Figure 6,
begins to exhibit field hysteresis with a coercive field of 150
Oe at 13 K. With increasing temperatures, the magnetic
hysteresis becomes weaker and eventually disappears above the
blocking temperature. This temperature dependence of the
coercive field follows approximately the theoretical predictions
for a single magnetic domain; Hc/Hc0 ) 1 - (T/TB)1/2, where
Hc is the measured coercive field, Hc0 the estimated coercive
field at T ) 0 K, TB the measured blocking temperature. This
observation reinforces our view that all our samples are in the
single domain region. Similar magnetic properties were previ-

Figure 4. Low-resolution and High-resolution TEM images (inset) of
13 nm sized manganese ferrite nanocrystal with molar Fe:Mn ratio of
1.7:1. TEM images were obtained using a JEOL EM-2000 EX II
microscope.

Figure 5. Zero-field cooled and field-cooled magnetization data
measured in an applied field of 100 Oe of 5 nm (triangles), 7 nm
(diamonds), and 10 nm (circles) manganese ferrite nanocrystals,
respectively. The data shown as filled symbols were obtained from
diluted samples after zero-field cooling: 5 nm (triangles), 7 nm
(diamonds), and 10 nm (circles). Inset shows how blocking temperature
TB evolves with varying the diameters of nanocrystals.

Figure 6. Magnetization vs applied magnetic field and temperature
dependence of the coercive field (inset) for the MnFe2O4 nanocrystals
with a diameter of 7 nm.
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ously reported for MnFe2O4 nanocrystals synthesized via water-
in-toluene reverse micelles.10

In conclusion, highly crystalline and monodisperse manganese
ferrite nanocrystals were successfully synthesized via the thermal
decomposition of metal-surfactant complexes, followed by mild
oxidation using trimethylamineN-oxide. The synthetic procedure
reported here has several important advantageous features over
other conventional methods. First of all, well-separated spherical
and monodisperse nanocrystals were obtained without having
resort to a further size-selection process. Second, a simple
mixture of iron pentacarbonyl and dimanganese decacarbonyl
was employed as the precursors instead of the single molecular
precursor which is very difficult to synthesize. Third, both the
particle size and composition of the ferrite nanocrystals can be
reproducibly controlled by varying the experimental conditions.
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