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ABSTRACT
We describe and demonstrate a general strategy for engineering binary and ternary hybrid nanoparticles based on spontaneous epitaxial
nucleation and growth of a second and third component onto seed nanoparticles in high-temperature organic solutions. Multifunctional hybrid
nanoparticles that combine magnetic, plasmonic, and semiconducting properties and that are tunable in size and morphology can be realized,
as demonstrated for combinations of Au, Fe3O4, and PbS or PbSe. The properties of each component within the hybrids can be modulated
strongly by the conjugating component(s) aided by the coherent interfaces between them.

An important research direction in nanomaterials synthesis
is the expansion from single-component nanoparticles to
hybrid nanostructures with discrete domains of different
materials arranged in a controlled fashion. Thus, different
functionalities can be integrated, with the dimension and
material parameters of the individual components optimized
independently. It can even provide entirely novel properties
via the coupling between components. Because many physical properties have fundamental length scales of a few to a
few hundred nanometers, compositional control at such
length scales provides tremendous possibilities for achieving
new combinations of these properties. Progress in nanomaterial synthesis has made it possible to uniformly mix
nanoscale components in hybrid materials.1,2 However, the
random nucleation of a second phase1 or the random mixing
of different components,2 provides limited control over the
size and position of the components. Recently, by coassembling different nanoparticles with specific size ratios, precisely ordered three-dimensional binary superlattices have
been created.3-5 Progress has also been made on the synthesis
of symmetric core-shell hybrid nanoparticles,6-12 nonsymmetric dimers,13-17 and other heterostructures.18-20
Here we report a straightforward technique for making
nearly monodisperse binary and ternary hybrid nanoparticles
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(NPs) with coherent, quasi-epitaxial interfaces made up of
different classes of materials. Furthermore, we show that
morphologies other than simple core-shell and dimer nanostructures can be produced rationally. Four classes of hybrid
NPs are presented: magnetic-metallic (XFe2O4-Au, X )
Fe, Mn, Co), semiconductor-metallic (PbS-Au, PbSe-Au),
semiconductor-magnetic (PbS-Fe3O4), and three-component magnetic-metallic-semiconductor (Fe3O4-Au-PbS,
Fe3O4-Au-PbSe) hybrid NPs. Morphologies include spherical and cubic core-shell, peanutlike, dumbbell-like, and
more complex structures. These nanoparticles self-assemble
into quasi-ordered structures, leading to quasi-periodic
modulation of composition. The resulting hybrid materials
not only retain their individual magnetic, semiconducting,
and plasmonic properties but these properties are also
appreciably affected by the conjugating component(s).
Magnetic-Metallic Hybrid Nanoparticles. Here we use
Au-Fe3O4 hybrid nanoparticles as an example for magneticmetallic hybrid nanoparticle synthesis, but we have also
prepared similar Au-MnFe2O4 and Au-CoFe2O4 nanoparticles. Au nanoparticles were synthesized using the Brust
two-phase method.21 Hybrid nanoparticles were prepared by
decomposition of iron acetylacetonate (Fe(acac)3) on the
surfaces of Au nanoparticles in high-boiling-point solvents
in the presence of oleic acid and oleylamine, as described
in greater detail in the Supporting Information. A two-stage
heating strategy was used, first holding the mixture at 205
°C for 2 h, then heating to reflux (∼300 °C). Different
morphologies were obtained by varying the solvent, precursor
ratios, and heating rates, with the most convenient control

Figure 2. HRTEM images and electron diffraction patterns from
spherical (a and b), cubic (c and d), peanutlike (e), and dumbbelllike (f) hybrid nanoparticles. The scale bars are 4 nm.

Figure 1. TEM images of spherical (a), cubic (b), peanutlike (c),
and dumbbell-like (d) Au-Fe3O4 hybrid nanoparticles. The scale
bars are 20 nm.

of morphology provided by the choice of solvent. For
example, octyl ether produced peanutlike particles, benzyl
ether and phenyl ether gave core-shell particles, and
octadecene yielded a mixture of peanutlike and core-shell
structures. Peanutlike nanoparticles were also prepared from
iron carbonyl (Fe(CO)5), as described previously by Yu et
al.14 Although Fe(CO)5 did not yield the other morphologies
shown here, it provided the fastest synthesis of peanutlike
particles, and peanutlike particles from Fe(acac)3 or from
Fe(CO)5 could be used interchangeably, with similar results
in subsequent preparation of dumbbell-like and ternary hybrid
nanoparticles.
Figure 1 shows typical TEM images of Au-Fe3O4 hybrid
nanoparticles. The individual components are nearly monodisperse, and therefore the hybrid nanoparticles exhibit
narrow size and shape distributions and often self-assemble
into ordered arrays. Four different morphologies are shown:
spherical core-shell, spherical core-cubic shell, peanutlike
particles with a smaller gold nanoparticle partially embedded
in a larger Fe3O4 nanoparticle, and dumbbell-like particles
with two Fe3O4 nanoparticles connected by a Au nanoparticle. High-resolution TEM (HRTEM) images (Figure 2)
show that both components are single-crystalline and the
interfaces between them are coherent. HRTEM images
consistently showed parallel lattice planes for Au and Fe3O4,
with lattice spacings of 2.36 and 4.86 Å, respectively, which
correspond to the {111} lattice planes in both materials. As
a result of the small lattice mismatch (∼3%) between 2d111(Au) and d111(Fe3O4), the Fe3O4 grows epitaxially on the Au
nanoparticles. Electron diffraction patterns from these structures (Figure 2b,d) show ring patterns from the face-centered
cubic and cubic spinel structures of Au and Fe3O4, respectively. The Au diffraction rings are much weaker because
of the small volume fraction of gold. For the nanoparticles
with cubic Fe3O4 shells, the electron diffraction shows
enhanced {400} and {440} reflections from Fe3O4 (Figure
876

2d). HRTEM images (Figure 2c) show {440} lattice fringes
in the face diagonals and {100} planes parallel to the cubic
edges of Fe3O4 shells, suggesting that the terminating facets
are {100} planes. Alignment of the 〈100〉 axis perpendicular
to the substrate enhances the intensity of both the {100} and
{110} reflections.
Under the conditions used here, Fe3O4 invariably forms
on the gold nanoparticles, but using a smaller amount of gold
seeds leads to a mixture of free Fe3O4 nanoparticles and
core-shell structures. Thus, Fe3O4 nucleates preferentially
on the gold seeds, rather than homogeneously. The final
morphology depends on whether the Au surface allows only
a single nucleation site or multiple ones. As suggested by
Yu et al., upon nucleation of Fe3O4 on the Au surface,
electron density from the Au nanoparticle is drawn to the
polar Au/Fe3O4 interface.14 Free electrons in the gold
nanoparticle may also catalyze the Fe3O4 nucleation. Solvents
such as benzyl ether and phenyl ether contain aromatic rings,
which are good electron donors. Their coordination to the
Au particles may replenish the electronic deficiency on the
latter, consequently allowing additional nuclei to form on
the Au surface, which can grow and eventually coalesce to
form core-shell structures. To investigate this, we stopped
the reaction after heating at 205 °C for 30 min in phenyl
ether or benzyl ether. This yielded flowerlike particles with
several Fe3O4 “petals” surrounding the Au core (see Supporting Information, Figure S1). At this relatively low
temperature and short time, the “petals” had not yet fused
into a continuous shell. In contrast, solvents with largely
saturated hydrocarbon chains such as octyl ether and octadecene are not effective electron donors, and it may be that
once a single Fe3O4 nucleus is present further nucleation is
not possible without electron donation from the solvent.
Further growth of Fe3O4 from a single site forms a peanutlike
particle. In the case of octadecene, where there is only one
π bond per molecule, with electron donating ability between
that of octyl ether and benzyl/phenyl ether, there may be
only a partial replenishment of electrons on Au, resulting in
a mixture of core-shell and peanutlike structures. The
nanoparticle shape depends on the growth rate along different
crystal axes. When all growth rates are roughly equal, quasispherical particles (typically truncated octahedra or cubocNano Lett., Vol. 6, No. 4, 2006

tahedra) will form, as observed when the solvent was benzyl
ether. However, if one crystal face grows substantially faster
than the others, then it will grow itself out of existence,
leaving behind slower-growing faces. Thus, in phenyl ether,
the growth rate along the 〈111〉 direction exceeded that along
the 〈100〉 direction, yielding cubic nanoparticles with exposed
{100} faces; thus, it appears that phenyl ether promotes 〈111〉
growth or suppresses 〈100〉 growth.
Dumbbell-like particles were prepared by heating peanutlike particles in the presence of sulfur. They consist of two
10 nm spherical Fe3O4 nanoparticles connected by a ∼3.8
nm Au particle (Figure 1d), formed by fusing of the Au ends
of two peanutlike nanoparticles. Simply heating peanutlike
particles did not yield dumbbell-like particles. The addition
of sulfur is critical to dumbbell formation: it bonds Au
strongly and appears to aid in the sintering of gold
particles.
Keeping the reaction mixture at 205 °C for 2 h, before
heating to reflux, is critical for forming monodisperse hybrid
particles. The Fe3O4 precursor, Fe(acac)3, has a decomposition temperature around 190 °C. At temperatures slightly
above this, heterogeneous nucleation on the gold nanoparticles dominates and growth of these nuclei is slow because
of the low concentration of free metal ions. Significant
growth occurs only at more elevated temperatures, in this
case the reflux temperatures, near 300 °C. Thus, the
nucleation and growth is separated temporally. When the
mixture is heated rapidly to reflux, the size distribution is
much broader because of simultaneous nucleation and
growth. Similar results were observed for Fe3O4 nanoparticles
by Sun and Zeng.22
Semiconductor-Metallic Hybrid Nanoparticles. Both
Au-PbS and Au-PbSe hybrid particles were prepared by
adapting the synthesis procedure for the neat semiconductor
particles. Au nanoparticles were mixed with a Pb-oleate
complex (formed by reacting PbO and oleic acid), then a
sulfur or selenium solution was added, followed by heating
under airless conditions, as described in greater detail in the
Supporting Information. Figure 3 shows semiconductormetal hybrid particles with different morphologies. The
diameters of the Au part for the peanutlike structures are 3
nm (Figure 3a) and 5 nm (Figure 3b); while those of the
PbS part are 6 nm (Figure 3a) and 8 nm (Figure 3b). In the
sample shown in Figure 3c, about 95% of the particles have
dumbbell-like structures with two PbS arms connected by
Au, and the other 5% of particles are tripods with Au
connecting three PbS arms. The average Au diameter in
dumbbell-like (tripod) particles is about 3.8 nm (4.3 nm),
equivalent in volume to two (three) 3 nm Au nanoparticles.
The Au-PbSe hybrid nanoparticles had a core-shell morphology with 2 nm Au cores and 1.5 nm PbSe shells (Figure
3d). The electron diffraction patterns of both Au-PbS
(Figure 4c) and Au-PbSe (Figure 4d) show the face-centered
cubic structure of Au and the cubic rock-salt structure of
PbS or PbSe, with the expected lattice spacings. Highresolution TEM (Figure 4a, b, e, f, and g) reveals that the
Au and PbS(Se) are single-crystalline and there are coherent
interfaces between them in all hybrid structures.
Nano Lett., Vol. 6, No. 4, 2006

Figure 3. TEM images of 3 nm Au-6 nm PbS peanutlike (a), 5
nm Au-8 nm PbS peanutlike (b), Au-PbS dumbbell-like (c), and
Au-PbSe core-shell (d) hybrid nanoparticles. The scale bars are
20 nm.

Figure 4. HRTEM images of 3 nm Au-6 nm PbS (a), 5 nm Au-8
nm PbS (b), Au-PbS dumbbell (e) Au-PbS tripod (f), and AuPbSe core-shell (g) hybrid nanoparticles. Typical electron diffraction patterns from Au-PbS (c) and Au-PbSe (d) structures. The
scale bars are 4 nm.

The mechanisms of formation of Au-PbS and Au-PbSe
may be broadly similar to that of Au-Fe3O4. However, the
epitaxial relationship in these cases is less obvious. For AuPbS, the predominant relative orientation of the Au and PbS
lattices is as shown in Figure 4a and e in which the Au(111)
planes are parallel to the PbS(200) planes and parallel to
the interface between the particles. This implies that the
interface is between a (111) face of Au and a (100) face of
PbS. Perpendicular to these faces are the (110) planes of
Au and the (100) planes of PbS. The difference in lattice
spacing between these is only 3%, but the Au(110) planes
are arranged with hexagonal symmetry, while the PbS(100)
planes have square symmetry. The registration between these
two lattices is illustrated in Figure S2 in the Supporting
Information.
During synthesis of these Au-PbS hybrid nanoparticles,
once sulfur is injected into the reaction flask containing the
Pb-oleate complex and Au nanoparticles, there may be a
877

competition between the adsorption of sulfur onto the Au
surface and reaction with the Pb-oleate to form PbS nanoparticles. The combination of these leads to heterogeneous
nucleation of PbS on the surface of the Au. The morphology
of Au-PbS hybrid nanoparticles is controlled primarily by
the Au/precursor ratio and the growth temperature. In all
reactions, we fixed the PbO:S ratio at 3:1 while varying the
Au seed concentration. When the ratio of Au to sulfur is
high (1:10), the nucleation of PbS on the Au surface depletes
all of the sulfur rapidly, and hence only peanutlike particles
are formed. When a lower Au to sulfur ratio (1:20) is used,
excess sulfur remains present long enough to link two or
three Au particles together and catalyze their fusion into a
single nanocrystal, similar to the sulfur-catalyzed fusion
observed for the Au-Fe3O4 nanoparticles. Each of these
component particles already has a PbS nucleus growing on
it, and these can then continue to grow on opposite sides of
the fused Au particle to form a dumbbell-like structure, as
shown in Figures 3c and 4e. In the case of PbSe, TOP-Se
is injected into the hot reaction mixture containing free Au
nanoparticles and Pb-oleate complex and the reaction is
quenched after 1 min., as in procedures used to prepare
monodispersed PbSe nanocrystals. Rapid simultaneous nucleation, epitaxial growth, and fusing of multiple nuclei may
lead to the formation of the core-shell structures observed,
but even in this very rapid reaction heterogeneous nucleation
dominates homogeneous nucleation and free PbSe nanocrystals do not form.
A key difference between the Au-PbS preparation and
the Au-Fe3O4 preparation was that changes in solvent did
not affect the morphology of the Au-PbS hybrid particles
as they did for the Au-Fe3O4. For a given seed particle
concentration, the same morphology was obtained using
trioctylamine, phenyl ether, or octadecene as the solvent. This
observation makes clear that while the overall approach of
solution-phase heteroepitaxy used here can be quite general,
the solvent, surfactant, and reaction temperature must be
tailored for each individual material, and effects such as
morphology control that are attainable for one material may
not be possible for others. In each case, one can start from
solvent, surfactant, and temperature combinations used for
synthesis of single component particles of the phase to be
grown, as we did in this case, starting from conditions known
to produce high-quality PbS particles. Ideally, heterogeneous
nucleation on the seed particles will dominate homogeneous
nucleation at these conditions or at slightly milder ones where
the driving force for growth of the new phase is somewhat
smaller, and hybrid nanoparticles will be obtained.
Magnetic-Semiconductor Hybrid Nanoparticles. PbSFe3O4 hybrid nanoparticles were synthesized by the same
method as Au-Fe3O4 hybrid nanoparticles but using PbS
nanoparticles as seeds. The reaction temperature was increased directly to reflux quickly, without holding at 200
°C, to avoid aggregation and sintering of PbS that occurs at
that temperature. Once a thin shell of Fe3O4 formed on the
PbS seeds, the aggregation was prevented. TEM and HRTEM
images of the resulting core-shell PbS-Fe3O4 hybrid
nanoparticles with 8 nm single-crystal PbSe cores and 4 nm
878

Figure 5. TEM images (a, c, and d) and HRTEM image (b) of
Fe3O4-Au-PbSe (a and b) and Fe3O4-Au-PbS (c and d) ternary
hybrid nanoparticles. The scale bars are 20 nm in a, c, and d and
4 nm in b.

polycrystalline Fe3O4 shells are shown in the Supporting
Information (Figure S3). Electron diffraction patterns show
the rock salt and the cubic spinel structures of PbS and Fe3O4,
respectively. Such a synthesis of PbSe/Fe3O4 hybrids was
not possible because of the greater propensity of PbSe
nanoparticles to agglomerate and sinter at these temperatures.
The synthesis in the reverse order (PbS or PbSe on Fe3O4
seeds) did not lead to nucleation of PbS or PbSe on the
Fe3O4, perhaps because of the lack of surface reactivity of
Fe3O4 at the relatively low temperatures used for PbS and
PbSe synthesis.
Magnetic-Metallic-Semiconductor Ternary Hybrid
Nanoparticles. Fe3O4-Au-PbSe ternary hybrid nanoparticles were prepared using Au-Fe3O4 peanutlike nanoparticles with 12 nm Fe3O4 and 3-4 nm Au components as
seeds. As shown in Figure 5a, more than 80% of the PbSe
components are dotlike, about 5 nm in diameter, and the
remainder are rodlike, with typical dimensions of 10 nm by
3 nm. As the Au-to-PbO ratio was lowered, the PbSe part
transformed from spherical to rodlike. This is understandable
in the context of a mechanism where the Au seed promotes
anisotropic growth, which proceeds to a greater extent at
higher precursor concentration. HRTEM (Figure 5b) again
shows coherent interfaces between the components, and the
electron diffraction pattern is as expected (see Supporting
Information, Figure S4). The same Au-Fe3O4 peanutlike
hybrid nanoparticles were used as seeds to prepare Fe3O4Au-PbS ternary hybrid nanoparticles. Figure 5 shows TEM
images of Fe3O4-Au-PbS ternary hybrid nanoparticles in
which the PbS parts are spherical, about 2 nm in size (Figure
5c), or rodlike, with average dimensions of about 7 nm by
25 nm (Figure 5d). Once again, electron diffraction showed
the expected crystalline structures, but it was difficult to
Nano Lett., Vol. 6, No. 4, 2006

resolve lattice fringes for the PbS component in HRTEM
for rod-shaped PbS (see Supporting Information, Figure S5).
The heating strategy and seed particle dimensions were
important for forming ternary hybrids. If the gold component
was less than 3 nm in diameter, then nucleation of PbS or
PbSe was difficult, presumably because of the small amount
of gold surface area exposed. For Fe3O4-Au-PbS, if the
temperature of the reaction mixture was quickly increased
to 150 °C after sulfur injection, both dumbbell-like AuFe3O4 hybrid nanoparticles (as in Figure 1d) and Fe3O4Au-PbS ternary hybrid nanoparticles (as in Figure 5d) were
formed. This suggests that some Au-Fe3O4 peanutlike
particles aggregated to form dumbbell-like Au-Fe3O4 particles in the presence of sulfur before PbS could nucleate
and grow on Au-Fe3O4. When the temperature was held at
100 °C after sulfur injection, Fe3O4-Au-PbS (dot shaped,
as in Figure 5c) formed and no dumbbell-like Au-Fe3O4
particles were observed.
A clear difference between the binary Au-PbS or AuPbSe particles compared to the corresponding ternary Fe3O4Au-PbS or Fe3O4-Au-PbSe particles was the propensity
for rodlike growth of the semiconductor component in the
ternary structures, which was not observed in the binary
structures. Under the conditions used here, rodlike growth
does not occur on the metal particles alone. However, in a
separate study,23 we have shown that PbSe rods can be grown
from pure noble metal seed particles under similar conditions,
but using a ratio of seed particles to precursor molecules
that is about a factor of 50 lower than that used here. It
appears that the binary seed particles used to form ternary
hybrid particles promote rodlike growth of the semiconductor
component by limiting the amount of metal surface exposed
for growth. Seeded anisotropic growth of nanocrystals in
solution is often attributed to the solution-liquid-solid
(SLS) mechanism first proposed by Trentler et al.24 However,
in the present case, it is extremely unlikely that the metallic
component of the binary seed particle becomes molten, even
accounting for size-dependent melting point depression and
the possibility of Au-Pb intermetallic compounds. So, we
propose that the role of the gold is simply to provide a lowenergy surface for the initial nucleation of the PbS or PbSe
phase.
Optical Properties. Au nanoparticles exhibit strong
surface plasmon resonance (SPR) absorption. Both AuFe3O4 and Au-PbS hybrid nanoparticles also exhibit SPR,
but the resonance frequencies are red shifted. To study this,
we used Au-Fe3O4 core-shell nanoparticles with 10 nm
cores because much smaller Au nanoparticles (3 nm) show
little or no SPR25 absorption. As shown in Figure 6a, 10 nm
Au NPs have a SPR peak centered at 520 nm, consistent
with previous studies.26 As the Au core is coated with Fe3O4,
the peak position shifts to 546 (partial shell), 559 (2 nm
shell), and 573 nm (3 nm shell). Coating metal particles with
a dielectric shifts the SPR frequency,27 and because it has a
high refractive index (∼2.4), the effect of Fe3O4 on the SPR
is large. For a given core-shell geometry, the extinction
efficiency can be calculated quantitatively from Mie theory.28
We have simulated the absorption spectrum using the
Nano Lett., Vol. 6, No. 4, 2006

equations presented by Toon and Ackerman,29 the frequencydependent complex refractive index of gold, and a frequencyindependent refractive index of 2.42 for Fe3O4. Figure 6b
shows that the shift in the SPR peak is well reproduced and
that this dielectric coating effect can fully account for it. The
charge state of the Au can also affect the SPR, and electron
deficiency will shift the absorption to longer wavelength.25
However, the resonance frequency is proportional to N1/2,
where N is the number of free electrons, so a 10% red shift
from 520 to 573 nm would require a 20% decrease in the
number of free electrons, which is not a very realistic
scenario. Figure 6c shows the absorption spectra from AuPbS hybrid nanoparticles, which exhibit similar red-shifts
of the SPR frequency compared to pure gold nanoparticles.
This can probably also be accounted for by dielectric effects,
though a quantitative comparison is not simple for these
asymmetric structures. The real part of the refractive index
of PbS is about 4.3 at wavelengths of 500 to 600 nm, so the
dielectric effects could be even larger for it than for Fe3O4.
PbS has a band gap of 0.41 eV and a Bohr exciton radius
of ∼20 nm. As a result, PbS nanocrystals display strong
quantum confinement, with the absorption edge tunable from
0.41 to 2.32 eV.30,31 The absorption spectra in Figure 6c do
not show an absorption peak in the infrared for pure PbS
nanoparticles or Au-PbS hybrid nanoparticles, probably
because of size polydispersity (∼10%). However, the pure
8 nm PbS nanoparticles show intense photoluminescence
(PL) at around 1750 nm (Figure 6d). For peanutlike hybrid
NPs with PbS and Au parts of similar size (8 and 5 nm), the
PL intensity was reduced by about a factor of 30 compared
to the pure PbS nanoparticles (Figure 6d), and similar PL
quenching was observed for other hybrid Au-PbS and AuPbSe nanoparticles of different sizes and shapes (not shown).
This cannot be accounted for simply by Au absorption of
the excitation light because the quenching was similar at
excitation wavelengths near (514 nm) and away from (840
nm) the Au SPR absorption. Further, the PL intensity ratio
of quenched and normal emission for the two excitation
wavelengths remains approximately the same, indicating that
any PL loss due to absorption of excitation flux by Au is
insignificant. We propose that PL is severely quenched
because of the intimate contact of PbS with Au, which
promotes charge separation by allowing electrons to transfer
to Au.
Magnetic Properties. Interactions between components
of these nanoparticles are manifested in their magnetic
properties as well as in their optical properties. Hysteresis
loops of 10 nm Fe3O4 and 10 nm Au/Fe3O4 NPs with a 3
nm Au core measured at 10 K are shown in Figure 7. The
saturation field increases from 1 kOe for pure Fe3O4
nanoparticles to 10 kOe for Au/Fe3O4 hybrid nanoparticles.
The coercivity (Hc) also increases from 200 to 800 Oe. The
remanence ratio (S) for pure Fe3O4 is about 0.8, a typical
value for a randomly oriented NP assembly with cubic
anisotropy. But for the Au/Fe3O4 hybrid nanoparticles, S
decreases to 0.5, a value expected for a randomly oriented
array with a uniaxial anisotropy. This behavior cannot be
accounted for by the less than 3% difference in the magnetic
879

Figure 6. Optical response of hybrid nanoparticles. Measured absorbance spectra of Au-Fe3O4 (a), computed absorbance spectra of AuFe3O4 (b), measured absorbance spectra of Au-PbS hybrid nanoparticles (c), and photoluminescence emission spectra for PbS and AuPbS hybrid nanoparticles (d). The effect of the conjugating component on the surface plasmon resonance of the gold can be observed
(a-c). Quenching of photoluminescence occurs in the hybrid nanoparticles, compared to pure PbS nanoparticles (d). In d, the emission data
are shown as solid curves for 514 nm excitation, and dashed curves for 840 nm excitation, while the inset shows the data for the hybrid
nanoparticles on an expanded vertical scale.

Figure 7. Magnetization hysteresis loops measured at 10 K, for
assemblies of 10 nm Fe3O4 nanoparticles and spherical Au-Fe3O4
core-shell hybrid nanoparticles with 3 nm Au cores and 10 nm
total diameter.

volume, but must be explained by a new anisotropy induced
by the core-shell structure. This feature originates from the
surface anisotropy: Fe atoms at the Au/Fe3O4 interface have
880

a reduced number of nearest neighbors, which decreases the
interatomic exchange coupling. Thus, spins at the interface
become canted and saturate only under very high fields. This
provides an effective uniaxial anisotropy much like the
surface anisotropy in nanoparticles and thin films, which
dominates the original cubic anisotropy. The MnFe2O4-Au
core-shell nanoparticles show similar effects, with even
greater enhancement in coercivity, which increases from 140
Oe for MnFe2O4 to 880 Oe for Au-MnFe2O4 (see Supporting Information, Figure S6). This nonmagnetic coremagnetic shell approach can be viewed as a templatemediated synthesis technique for a magnetic nanoshell where
the hollow shell can provide new spin structures different
from solid spherical NPs. In a solid spherical NP of such a
small size, the strong exchange coupling ensures that all of
the spins will be aligned parallel to each other, both in their
static configuration and during the dynamic magnetization
reversal. For a hollow shell, however, the exchange coupling
is significantly weaker, and the spins will not be able to keep
aligned parallel to each other but rather their orientations
will depend on the surface shape in order to minimize the
Nano Lett., Vol. 6, No. 4, 2006

magnetostatic energy. The conventional “single-domain
particle” picture is therefore no longer valid in such
structures, even if their sizes are much smaller than the
critical single-domain size. This would lead to interesting
new magnetization reversal mechanisms that warrant further
detailed studies. This simple example demonstrates the
unique magnetic properties that can be realized with hybrid
approaches.
In conclusion, we have demonstrated a versatile approach
for preparing binary and ternary hybrid nanoparticles with
different material combinations. The properties of each
component can be strongly modulated by the other conjugating one(s). Self-assembling of these nanoparticles into thin
films and bulk materials could lead to hybrid materials with
tremendous design freedom, geometric complexity, and
multifunctionality.
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