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Monodisperse inorganic nanocrystals have been intensively
investigated in recent years, both because of fundamental scientific
interest and technological applications arising from the unique
properties in reduced dimensiéhn particular, the spinel ferrites
of composition MFgO, (M = Co, Ni, Mn, Fe, etc.) exhibit
interesting magnetic, magnetoresistive, and magneto-optical proper-
ties that are potentially useful for a broad range of applications.
Their magnetic properties can be systematically varied by changing
the identity of the divalent ¥ cation or by partial substitution
while maintaining the basic crystal structdr&he properties can
be additionally tuned by controlling the shape, size, and crystallinity
of the nanocrystals. For biomedical application, the use of spherical
ferrite nanocrystals with a smooth surface, narrow size distribution,
and high magnetic moment is desirabl©n the other hand,
monodisperse ferrite nanocrystals with a preferential magnetic easy
axis direction are needed for nanodevice and data storage applica-
tions. Thus, a simple and cost-effective synthesis route for large-
scale production of monodisperse ferrite nanocrystals, with tunable
shapes and sizes, would be very attractive for practical applications. 50 nm _ _

Considerable effort has been devoted to preparing monodisperse,:igu,e 1. TEM images of MFeO, nanocrystals: (A1) CoR®s; (B1)
ferrite nanocrystals with controlled size and shape. A range of NiFe,0,; (C1) MnFeOQy; (D1) FeFeO, (Fes0,). The corresponding high-
methods, including alkalide reductidnreverse micelle8, and resolution TEM image of the individual nanocrystals is shown in the inset.
coprecipitatiof have been reported. However, the obtained product
often suffers from particle agglomeration and a broad size distribu-
tion. In order to obtain monodisperse nanoparticles, suitable
precursor systems that can generate stable monomers in solution
are necessary. One of the more successful routes involves thermal
decomposition of mixed organic ™M and F&" compounds, such
as metal acetylacetonates, metal carbonyls, etc., in high boiling point
solvents. In combination with the use of surfactants, such as oleic
acid and oleyl amine, this procedure results in the formation of
monodisperse ferrite nanoparticles with good crystallinity and
uniform size’ Herein, we report on the synthesis of ferrite
nanocrystals using a simpler route that involves decomposition of
mixed metat-oleate complexes formed via low-temperature reaction
of the constituent metal halides with sodium oleate. The synthesis
of binary metal oxides through thermolysis of metaleate 5 25 330 Degree 55 65
complexes has been reporfedlowever, the synthesis of ternary Figure 2. XRD patterns of MFgO, nanocrystals: (A) CoR®s (B)
compounds using metableate complexes has thus far been limited NiFe,;04; (C) MnFeOx; (D) FeFeO, (Fe;0y).
to copper-indium sulfide nanocrystal heterostructures. In this case,
segregation of C46 and InS; leads to the formation of interesting  sion electron microscopy (TEM). Figure 1 shows representative
heterostructure nanocrystals of various sh&pgsis behavior can images of four different ferrites. The shape and average size vary
be attributed to the differences in the decomposition temperature from cubic for 9 nm CoFg, (Figure Al), near-spherical for 11
of the Cu- and In—oleate. We report on the synthesis of nm NiFeO, (Figure B1), and perfectly spherical for both 7 nm
monodisperse nanocrystals of a number of spinel ferrites with MnFe,O,4 (Figure C1) and 24 nm FeR@, (Figure D1). All of the
uniform composition by thermolysis of a mixed binary metaleate products have narrow size distributions (see Figure SI1). The insets
precursor. The choice of an intimately mixed precursor with similar show the high-resolution images of the various ferrites. Lattice
decomposition temperature of the constituent oleates is critical for fringes corresponding to a group of atomic planes within each
the compositional and structural uniformity of the nanocrystals. particle are clearly visible, indicating the single crystalline nature

Monodisperse MFE®, nanocrystals were obtained by thermolysis  of the nanocrystals. The crystallinity and structure of the Mize
of the MP*Fe** —oleate complex dissolved in 1-octadecene at 300 nanocrystals were also confirmed by powder X-ray diffraction
°C under N (see Sl for details). The size and shape of the (XRD). As shown in Figure 2, the peak position and relative
synthesized MF©, nanocrystals were investigated using transmis- intensity of all diffraction peaks for the four products match

Intensity /a.u.
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Figure 3. Room-temperature magnetic hysteresis of MPzenanocrys-
tals: (A) CoFeOs; (B) NiFeOs; (C) MnFeOys; (D) FeFeO, (FesOs). The
insets are hysteresis loops of CeBg measured at 10 and 300 K (top),
and zero-field-cooled (ZFC) and field-cooled (FC) magnetization of
MnFe, 04 measured in an applied field of 100 Oe (bottom).

SL
-10000

well with standard powder diffraction data. From the peak widths,
the average crystalline size is estimated to be 10.4 nm for nFe
12.6 nm for NiFgO,, 7.8 nm for MnFeO,, and 20.2 nm for
FeFeO,, agreeing with the TEM results.

due to the subsequent formation of iron oxide, as confirmed by the
XRD (Figure Sl4) and TEM (Figure SI5) data. TGA analysis shows
weight loss over a relatively broad temperature range, with weight
losses at low and high temperatures corresponding to the decom-
position of Cdt—oleate and Fe—oleate, respectively (Figure SI6).
Besides differences in the decomposition temperature, the compo-
nent oxides are favored because of the thermodynamic instability
of CuFeQ; relative to CuO and R©; at low temperatures. The
differences in the decomposition temperature are also the likely
cause for the separate formation of ,Suand InS;, instead of
CulnS, from a mixed Cd"In3*—oleate compleR. The intimate
mixing achieved by synthesis of the mixed metal oleates from the
halides is important for monodispersity. This is indicated by
comparison with synthesized CoBa (Figures SI7 and 8) for which

the C@*— and Fé'—oleate were prepared separately and then
mixed together for the reaction. A broader shape and size
distribution is obtained in this case as compared to a premixed metal
oleate complex.

In summary, we have demonstrated the synthesis of monodis-
perse ternary ferrite nanocrystals of uniform composition through
a facile thermolysis of well-organized WFe,*"—oleate complexes
in which the M —oleate and F&—oleate have close decomposi-
tion temperatures, using nontoxic and inexpensive reactants.
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observed values are within the range reported in the literdttfe.

However, the MnFgD, nanocrystals exhibit a low saturation
magnetization of 23.9 emu/g, which is much smaller than the
theoretical values of 120.8 emu/g. The reduced saturation magne-
tization of ferrite nanocrystals is generally believed to be due to
the decreased particles size and presence of a magnetic dead or
antiferromagnetic layer on the surfa®s indicated by the ZFC-

FC curves in the inset of Figure 3, the MnBg has a low blocking
temperature €140 K) as compared with that of other ferrites
(Figure SI2). This is because of the smaller size and lower Curie
temperature {300 °C in the bulk) than the other ferrites. Other
than CoFgO,, the hysteresis loops for the other ferrites display
very low coercivities, with no remanence, as would be expected
for superparamagnetic behavior. Despite the relatively small size,
the CoFegO, nanocrystals display a markedly high coercivity of
430 Oe at room temperature and 3000 Oe at 10 K. This is likely
because of its higher magnetocrystalline anisotropy because of
spin—orbit contribution as compared to the other ferrites. On the
basis of Langevin fits to the magnetization loops, the size of
superparamagnetic Mnge, and FeFgD, nanocrystals is estimated

to be 5.2 and 19.8 nm, respectively.

The formation of ferrites by thermal decomposition was inves-
tigated by TGA. The TGA curves (Figure SI3) of the different
mixed (Co, Ni, and MR*"Fe*"—oleate complexes show a small
weight loss below 300C and a much larger and rapid weight loss
of ~300 °C due to the decomposition of the oleate complex. For
the formation of monodisperse spinel nanocrystals with homoge-
neous composition, it is important that the binary oleates are
intimately mixed and have similar decomposition temperatures. The
latter is illustrated by our inability to synthesize CuBg using
the oleate route. Using a mixed €&e’ —oleate complex, we
observed the formation of red Cu nanoparticles-260 °C, and
the color of reaction solution changed to dark brown at 300
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