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Synthesis and Magnetic Properties of Single-Crystals of MnFe,O4 Nanorods
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Single-crystals of MnFe,O, nanorods with an average dia-
meter of 20 nm and length of 250 nm were synthesized by a
hydrothermal process at 180 °C after 12 h. High-resolution
transmission electron microscopy (HRTEM) and electron dif-
fraction (ED) analysis revealed that the nanorods grow along
the [110] axis, which is one of the easy magnetization axes
of the material MnFe,O,. It was found that the nanorods ex-
hibited a saturation magnetization (Ms) of 68.02 emu/g,
which is much higher than that of quasi-spherical particles of

MnFe,O,, prepared by other approaches such as solid-state
reaction methods (Ms = 36.7 emu/g), and coprecipitation pro-
cesses followed by annealing in vacuo at 400 °C (Ms = 24.4
emu/g). The oriented growth along the easy magnetization
axis of MnFe,O, was suggested to be responsible for the im-
provement of magnetic properties of MnFe,O, nanorods.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2004)

Introduction

In the nanoscale regime, magnetic nanoparticles have
been a subject of increasing interest from both fundamental
and technological points of view.[l It has been shown that
the shape of magnetic particles strongly influences their
magnetic properties.>3! Nanorods and nanowires not only
exhibit unique magnetic properties but are also key compo-
nents for ultrahigh-density magnetic recording media.™
Many efforts have been made to synthesize nanorods and
nanowires of magnetic materials.>! For example, Chaudret
et al.l”®! prepared magnetic nanorods of cobalt by thermal
decomposition. Iron nanorods were synthesized through
controlled coalescence of spherical iron nanoparticles pro-
tected by trioctylphosphane oxide (TOPO).’! Acicular iron
particles were prepared by reduction of ferrous ions with
sodium borohydride in tubular lecithin.[*]

The substance MnFe,O,4, one of the most important
magnetic materials, has been widely used in electronic appli-
cations!! 12l and contrast-enhancement agents in magnetic
resonance imaging (MRI) technology,['*~1¢ in addition to
recording media. Several techniques have been developed
to synthesize MnFe,O,4 nanoparticles, such as solid-phase
reactions,!”l mechanical ball-milling,[!%!*1 thermal de-
composition,?! and coprecipitation methods.[!3:14:21:22]
However, the synthesis of MnFe,O,4 nanorods has seldom
been reported. The coprecipitation process can provide a
quick and easy way to prepare MnFe,O4 nanoparticles;
however, it usually yields nanoparticles with large size-dis-
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tributions and less well-defined crystals. The rapid forma-
tion process is also very disadvantageous to synthesize sin-
gle-crystal nanorods or nanowires as the product is formed
far from equilibrium conditions. The hydrothermal process
is one of the more successful ways to grow crystals of many
different materials such as quartz and malachite. This tech-
nique has also been used to grow dislocation-free single-
crystals; grains formed in this process could have a better
crystallinity than those from other processes.

Our aim was to develop a low-temperature hydrothermal
process for the preparation of MnFe,O4 nanorods that
might find applications in perpendicular recording media.

Results and Discussion

X-ray diffraction (XRD) patterns for the samples ob-
tained at different reaction conditions, which are compat-
ible with cubic MnFe,O4 crystals (JCPDS card No.
73—1964), are shown in Figures 1 and 2. They revealed that
the samples were pure MnFe,O, crystals without impurity
phases. From Figure 1, one can see that the reflection peaks
become sharper and stronger on increasing the hydrother-
mal temperature and the time period, indicating that crys-
tallinity tends to improve. For example, the crystallinity of
the sample prepared at 180 °C (see A in Figure 1) was better
after 6 h than after 3 h (see B in Figure 1). The dimensions
and shapes of the particles were found to depend strongly
on reaction conditions such as temperature, time, and the
pH of the reaction system. Uniform MnFe,O, nanorods
were synthesized at 180 °C after 12 h. Lower temperatures
and shorter time periods were favorable for the formation
of quasi-spherical particles. For example, the products were
dominated by quasi-spherical particles when the reaction
was carried out at 140 °C (see A in Figure 3); when the
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Figure 1. The XRD patterns of the samples prepared at 180 °C
after 6 h (A) and 3 h (B); the inset shows XRD patterns of the
samples formed at 140 °C and 100 °C after 12 h
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Figure 2. The XRD pattern of the sample prepared at 180 °C
after 12 h

Figure 3. TEM images of the samples obtained at 140 °C after 12 h
(A) and at 180 °C after 6 h (B)

temperature was increased to 180 °C, nanorods formed as
the major product of the reaction (see A in Figure 4). At
180 °C, as the reaction time was reduced to 6 h, the product
was also dominated by quasi-spherical particles (see B in
Figure 3). It should be noted that the initial pH of the sys-
tem had to be higher than 11, otherwise quasi-spherical
particles were obtained.

1166 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 4. Representative TEM image of MnFe,O4 nanorods (A),
ED pattern of a single-crystals of a nanorod (B) and HRTEM im-
age of the nanorod in the inset (C); the inset in C is a magnified
image of one individual MnFe,O,4 nanorod shown in A; the sample
was obtained after 12 h at 180 °C.

As shown in Figure 4 (see A), uniform nanorods with an
average length of 250 nm and a width of 20 nm were pro-
duced at 180 °C after 12 h. From the XRD pattern of the
sample shown in Figure 2, we found that the ratio between
the intensities of the (220) and (311) diffraction peaks was
higher than the conventional value (0.5 versus 0.28), indi-
cating the oriented growth of the nanoparticles. Figure 4
(see B) shows the electron diffraction (ED) patterns ob-
tained from one typical nanorod. The diffraction spots sug-
gest that the nanorod was a single crystal. The high-resolu-
tion transmission electron microscopy (HRTEM) image
further supports the existence of these MnFe,O,4 nanorods
as single crystals (see C in Figure 4). The lattice fringes (ca.
0.49 nm) observed in this image agree well with the separ-
ation between the [111] lattice planes. Combined with the
result from ED, it was confirmed that the nanorods grew
along the [110] plane, which is one of the easy magnetiz-
ation axes of the MnFe,O, nanorods.[?3-24

Indeed, single-crystals of nanorods and nanowires are
formed because the relative growth rates of the various
faces favor oriented growth along one crystal direction. The
experimental conditions such as temperature, time, and pH
influence the relative growth rates and can then be used to
control the morphology and dimensions of the nanopart-
icles.

The magnetic properties of the Mn-ferrite samples ob-
tained at 180 °C (see A in Figure 5) and 140 °C (see B in
Figure 5) after 12 h were evaluated by a vibrating sample
magnetometer. The hysteresis loops of the samples meas-
ured at room temperature (Figure 5) show ferromagnetic
behavior with a saturation magnetization of 68.02 emu/g,
which is slightly smaller than the corresponding bulk mate-
rial (80 emu/g).['325] The reason may mainly depend on the
nature of ultrafine particles: surface disorder, cation distri-
bution, and defects etc. For example, a surface-disordered
layer could serve as a nonmagnetic layer and decrease satu-
ration magnetization. However, the saturation magnetiz-
ation of the nanorods is much higher than that for
MnFe,0,4 quasi-spherical nanoparticles synthesized by
other methods, such as solid-state reactions at 1200 °C
(Ms = 36.7 emu/g),”® coprecipitation followed by an-
nealing in vacuo at 400 °C (Ms = 24.4 emu/g),>! and is
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also higher than that of our sample (see B in Figure 5) that
was hydrothermally prepared at 140 °C after 12h (Ms =
55.8 emu/g), in which quasi-spherical particles are the
major products. It is, therefore, reasonable to suggest that
the growth along the easy magnetic axis could improve the
magnetic properties of the nanorods. During the measure-
ment process, the MnFe,O, nanorods tend to align along
the magnetic line of force, which makes the easy magnetiz-
ation axis correspond to the magnetic line of force. Mag-
netization makes all the net magnetic moments of the
MnFe,0,4 nanorods orientate themselves along the mag-
netic line of force. As a result, the saturation magnetization
can be improved. It is, therefore, reasonable to suggest that
in addition to the nonmagnetic layer on the surface of the
nanoparticles, the morphology could also be an important
factor determining the magnetic properties; growth of
nanorods along the easy magnetization axis is a way to im-
prove the magnetic properties of nanosized materials.
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Figure 5. Magnetic hysteresis curves of MnFe,O, samples hydro-
thermally obtained at 180 °C (A) and at 140 °C (B) after 12 h; the
measurements were carried out at room temperature

Conclusions

Single crystals of MnFe,O,4 nanorods were synthesized
by a hydrothermal process at 180 °C after 12 h. The nanor-
ods (average diameter of 20 nm and length of 250 nm) were
found to grow along the easy magnetization axis [110] of
the MnFe,O,4 nanoparticles. The saturation magnetization
of the nanorods (Ms = 68 emu/g) increases significantly to
that of quasi-spherical particles prepared by other methods,
which indicates that the controlled growth of nanorods
along the easy magnetization axis of magnetic materials is
a way to improve their magnetic properties. This process
might be of general interest for the synthesis of nanorods
and other ferrite materials in order to improve their mag-
netic properties.

Experimental Section

General: The chemical reagents used in this work were iron(I)
chloride (FeCls*6 H,O), manganese(i1) chloride (MnCl,4H-0),
and sodium hydroxide (NaOH). All chemicals were of analytical
grade. The reaction is described by Equation (1):
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MnCl, + 2 FeCl; + 8 NaOH = MnFe,0, + 4 H,O + 8 NaCl (1)

MnCl,4H,0 and FeCl;-6 H,O were dissolved in water at concen-
trations of 0.05 M and 0.1 M, respectively, ([Fe**]/[Mn>*] = 2:1. 35
mL). The metal-ion solution mixture was put into a Teflon™-lined
stainless autoclave. Sodium hydroxide (0.880 g) dissolved with 5.0
mL distilled water was slowly added dropwise into the Teflon-lined
stainless autoclave. A brown precipitate formed immediately. The
autoclave was placed into an oven and kept at 180 °C for 12 hours,
then allowed to cool to room temperature. The product was washed
several times with distilled water and absolute ethanol. The prod-
ucts were finally dried in oven at 60 °C for 12 hours.

X-ray diffraction was performed on a Rigaku X-ray diffractometer
with high-strength Cu-K,, radiation. Transmission electron micro-
scope (TEM) images were taken with a Hitachi model H-800 with
an accelerating voltage of 200 kV. High-resolution transmission
electron microscopy (HRTEM) images were recorded on JEOL-
2010 with an accelerating voltage of 200 kV. Their magnetic proper-
ties were evaluated on a BHV-55 vibrating sample magnetometer
(VSM).
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