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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, Fe 304, and PbS or PhSe. 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 (NPs) with coherent, quasi-epitaxial interfaces made up of
is the expansion from single-component nanoparticles to different classes of materials. Furthermore, we show that
hybrid nanostructures with discrete domains of different morphologies other than simple cerghell and dimer nano-
materials arranged in a controlled fashion. Thus, different structures can be produced rationally. Four classes of hybrid
functionalities can be integrated, with the dimension and NPs are presented: magnetimetallic (XFeOs—Au, X =
material parameters of the individual components optimized Fe, Mn, Co), semiconductemetallic (PbS-Au, PbSe-Au),
independently. It can even provide entirely novel properties semiconductormagnetic (PbSFe0,), and three-compo-
via the coupling between components. Because many physi-nent magnetie metallic—semiconductor (F©,—Au—PbsS,

cal properties have fundamental length scales of a few to aFe,0,—Au—PbSe) hybrid NPs. Morphologies include spheri-
few hundred nanometers, compositional control at such cal and cubic coreshell, peanutlike, dumbbell-like, and
length scales provides tremendous possibilities for achievingmore complex structures. These nanoparticles self-assemble
new combinations of these properties. Progress in nanomainto quasi-ordered structures, leading to quasi-periodic
terial synthesis has made it possible to uniformly mix modulation of composition. The resulting hybrid materials
nanoscale components in hybrid materfelsiowever, the  not only retain their individual magnetic, semiconducting,
random nucleation of a second phesethe random mixing  and plasmonic properties but these properties are also

o_f different c_o_mponentéprovides limited control over the appreciably affected by the conjugating component(s).
size and position of the components. Recently, by coassem- Magnetic—Metallic Hybrid Nanoparticles. Here we use
bling different nanoparticles with specific size ratios, pre- : ) .
. . . ) : Au—Fe0, hybrid nanoparticles as an example for magretic
cisely ordered three-dimensional binary superlattices have

been created.®> Progress has also been made on the synthesismetaIIIC hybrid nanoparticle synthesis, but we have also

of symmetric core-shell hybrid nanoparticles,'? nonsym- prepared similar Atr_MnFeZO4 and AU_COFQO“ hanopar-
A 4317 20 ticles. Au nanoparticles were synthesized using the Brust
metric dimers;®~1” and other heterostructurés: wo-phase method Hvbrid nanoparticles were prepared b
Here we report a straightforward technique for making Wo-p -Fyort part Were prep y

nearly monodisperse binary and ternary hybrid nanoparticlesdecornpOSItlon of iron a'cetylgcet.onate . (Fe(a@)goh the
surfaces of Au nanoparticles in high-boiling-point solvents
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Figure 2. HRTEM images and electron diffraction patterns from
spherical (a and b), cubic (¢ and d), peanutlike (e), and dumbbell-
like (f) hybrid nanoparticles. The scale bars are 4 nm.

2d). HRTEM images (Figure 2chow{440 lattice fringes
in the face diagonals addLOG planes parallel to the cubic

f FgO, shell ting that the terminating facet
Figure 1. TEM images of spherical (a), cubic (b), peanutlike (c), edges of gD, shells, suggesting that the terminating facets

and dumbbell-like (d) At-Fe;04 hybrid nanoparticles. The scale are{ 100 planes. Alignment Of.thélo :. axis perpendicular
bars are 20 nm. to the substrate enhances the intensity of botH 1@} and

{110 reflections.

of morphology provided by the choice of solvent. For  ynder the conditions used here,;Bg invariably forms
example, octyl ether produced peanutlike particles, benzyl on the gold nanoparticles, but using a smaller amount of gold
ether and phenyl ether gave ceighell particles, and  seeds leads to a mixture of free;Bg nanoparticles and
octadecene yielded a mixture of peanutlike and esteell core—shell structures. Thus, E@, nucleates preferentially
structures. Peanutlike nanoparticles were also prepared frompn the gold seeds, rather than homogeneously. The final
iron carbonyl (Fe(CQ), as described previously by Yu et morphology depends on whether the Au surface allows only
al 1 Although Fe(COy did not yield the other morphologies  a single nucleation site or multiple ones. As suggested by
shown here, it provided the fastest synthesis of peanutlike Yu et al., upon nucleation of E®, on the Au surface,
particles, and peanutlike particles from Fe(agamw)from electron density from the Au nanoparticle is drawn to the
Fe(CO} could be used interchangeably, with similar results polar Au/FeO, interface'* Free electrons in the gold
in subsequent preparation of dumbbell-like and ternary hybrid nanoparticle may also catalyze the®enucleation. Solvents
nanoparticles. such as benzyl ether and phenyl ether contain aromatic rings,

Figure 1 shows typical TEM images of Atre;0O, hybrid which are good electron donors. Their coordination to the
nanoparticles. The individual components are nearly mono- Au particles may replenish the electronic deficiency on the
disperse, and therefore the hybrid nanoparticles exhibit latter, consequently allowing additional nuclei to form on
narrow size and shape distributions and often self-assemblethe Au surface, which can grow and eventually coalesce to
into ordered arrays. Four different morphologies are shown: form core-shell structures. To investigate this, we stopped
spherical coreshell, spherical core-cubic shell, peanutlike the reaction after heating at 208 for 30 min in phenyl
particles with a smaller gold nanoparticle partially embedded ether or benzyl ether. This yielded flowerlike particles with
in a larger FeO, nanoparticle, and dumbbell-like particles several FgO, “petals” surrounding the Au core (see Sup-
with two FeO,4 nanopatrticles connected by a Au nanopar- porting Information, Figure S1). At this relatively low
ticle. High-resolution TEM (HRTEM) images (Figure 2) temperature and short time, the “petals” had not yet fused
show that both components are single-crystalline and theinto a continuous shell. In contrast, solvents with largely
interfaces between them are coherent. HRTEM images saturated hydrocarbon chains such as octyl ether and octa-
consistently showed parallel lattice planes for Au anglze decene are not effective electron donors, and it may be that
with lattice spacings of 2.36 and 4.86 A, respectively, which once a single F©, nucleus is present further nucleation is
correspond to th€111} lattice planes in both materials. As not possible without electron donation from the solvent.
a result of the small lattice mismatck8%) between 2d;- Further growth of FgD, from a single site forms a peanutlike
(Au) and d11(Fe;04), the FgO4 grows epitaxially on the Au particle. In the case of octadecene, where there is only one
nanoparticles. Electron diffraction patterns from these struc- oz bond per molecule, with electron donating ability between
tures (Figure 2b,d) show ring patterns from the face-centeredthat of octyl ether and benzyl/phenyl ether, there may be
cubic and cubic spinel structures of Au and;®g respec- only a partial replenishment of electrons on Au, resulting in
tively. The Au diffraction rings are much weaker because a mixture of core-shell and peanutlike structures. The
of the small volume fraction of gold. For the nanoparticles nanoparticle shape depends on the growth rate along different
with cubic FgO, shells, the electron diffraction shows crystal axes. When all growth rates are roughly equal, quasi-
enhanced 400, and{44G reflections from FgO, (Figure spherical particles (typically truncated octahedra or cuboc-
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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 thd 11 direction exceeded that along
the 100 direction, yielding cubic nanoparticles with exposed
{100} faces; thus, it appears that phenyl ether promdied ]
growth or suppressed00_igrowth.

Dumbbell-like particles were prepared by heating peanut-
like particles in the presence of sulfur. They consist of two
10 nm spherical F©, nanoparticles connected by~&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 20% for 2 h, before
heating to reflux, is critical for forming monodisperse hybrid

partlcles. The R precursor, Fe(acag)has a decomp05|- Figure 3. TEM images of 3 nm Au-6 nm PbS peanutlike (a), 5
tion temperature around 19T. At temperatures slightly | 2 Ai—8 nm Pbs peanutlike (b), AtPbS dumbbell-like (c), and

above this, heterogeneous nucleation on the gold nanoparau—pPbSe coreshell (d) hybrid nanoparticles. The scale bars are
ticles dominates and growth of these nuclei is slow because20 nm.

of the low concentration of free metal ions. Significant
growth occurs only at more elevated temperatures, in this
case the reflux temperatures, near 300. 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 forBgnanoparticles '
by Sun and Zené

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 nanoparticle§ were mixed W!th a Pb-oleate Figure 4. HRTEM images of 3 nm At6 nm PbS (a), 5 nm Au8
complex (formed by reacting PbO and oleic acid), then a 4, pps (b), At-PbS dumbbell (e) AtPbS tripod (f), and At
sulfur or selenium solution was added, followed by heating PbSe coreshell (g) hybrid nanoparticles. Typical electron diffrac-
under airless conditions, as described in greater detail in thetion patterns from Au-PbS (c) and Au-PbSe (d) structures. The
Supporting Information. Figure 3 shows semiconduetor ~ Scale bars are 4 nm.

metal hybrid particles with different morphologies. The

diameters of the Au part for the peanutlike structures are 3 The mechanisms of formation of AtPbS and Au-PbSe

nm (Figure 3a) and 5 nm (Figure 3b); while those of the may be broadly similar to that of AtFe;Os. However, the
PbS part are 6 nm (Figure 3a) and 8 nm (Figure 3b). In the epitaxial relationship in these cases is less obvious. Fer Au
sample shown in Figure 3c, about 95% of the particles have PbS, the predominant relative orientation of the Au and PbS
dumbbell-like structures with two PbS arms connected by lattices is as shown in Figure 4a and e in which the Au(111)
Au, and the other 5% of particles are tripods with Au planes are parallel to the PbS(200) planes and parallel to
connecting three PbS arms. The average Au diameter inthe interface between the particles. This implies that the
dumbbell-like (tripod) particles is about 3.8 nm (4.3 nm), interface is between a (111) face of Au and a (100) face of
equivalent in volume to two (three) 3 nm Au nanoparticles. PbS. Perpendicular to these faces are the (110) planes of
The Au—PbSe hybrid nanoparticles had a ceshell mor- Au and the (100) planes of PbS. The difference in lattice
phology with 2 nm Au cores and 1.5 nm PbSe shells (Figure spacing between these is only 3%, but the Au(110) planes
3d). The electron diffraction patterns of both ABbS are arranged with hexagonal symmetry, while the PbS(100)
(Figure 4c) and Au-PbSe (Figure 4d) show the face-centered planes have square symmetry. The registration between these
cubic structure of Au and the cubic rock-salt structure of two lattices is illustrated in Figure S2 in the Supporting
PbS or PbSe, with the expected lattice spacings. High- Information.

resolution TEM (Figure 4a, b, e, f, and g) reveals that the  During synthesis of these AtPbS hybrid nanopatrticles,
Au and PbS(Se) are single-crystalline and there are coherenpnce sulfur is injected into the reaction flask containing the
interfaces between them in all hybrid structures. Pb-oleate complex and Au nanoparticles, there may be a
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competition between the adsorption of sulfur onto the Au
surface and reaction with the Pb-oleate to form PbS nano-
particles. 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 3§
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 AuFe;0O, 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, T6&
is injected into the hot reaction mixture containing free Au
nanoparticles and Pb-oleate complex and the reaction isFigure 5. TEM images (a, ¢, and d) and HRTEM image (b) of
quenched after 1 min., as in procedures used to prepard %Q:~Au—PbSe (aand b) and f&—Au—PbS (c and d) ternary

. L ybrid nanoparticles. The scale bars are 20 nm in a, ¢, and d and
monodispersed PbSe nanocrystals. Rapid simultaneous nucles”nm in b.
ation, epitaxial growth, and fusing of multiple nuclei may

lead to the formation of the coreshell structures observed, . . .
but even in this very rapid reaction heterogeneous nucleationpOchrySta"'ne FeO, shells are shown in the Supporting
Information (Figure S3). Electron diffraction patterns show

dominates homogeneous nucleation and free PbSe nanoc,[—he rock salt and the cubic spinel structures of PbS agdiEe
rystals do not form.

A kev diff b h bsS ) q respectively. Such a synthesis of PbSellehybrids was
th AeyF |Oerence et_weent ehAtPh prepgratlclnn and'd not possible because of the greater propensity of PbSe
noet afoJ; ct%thg E:gfparwrgltcl)%r; V(\)/]?tshte %basnﬁszr'ig EZXiecrlgs : nanoparticles to agglomerate and sinter at these temperatures.
as they did for the AtFe:Os For a given seed particle The synthesis in the reverse order (PbS or PbSe gB.Fe

. . ._seeds) did not lead to nucleation of PbS or PbSe on the

concentration, the same morphology was obtained using s

) : 2 Fe&0,4, perhaps because of the lack of surface reactivity of
trioctylamine, phenyl ether, or octadecene as the solvent. This .
observation makes clear that while the overall approach of Fe0, at the rt—_zlatlvely low temperatures used for PbS and
solution-phase heteroepitaxy used here can be quite generaII,Dbse syn-the5|s. ) ) .
the solvent, surfactant, and reaction temperature must be Magnetic—Metallic—Semiconductor Termary Hybrid
tailored for each individual material, and effects such as Nanoparticles. F&O0,—Au—PbSe ternary hybrid nanopar-
morphology control that are attainable for one material may ticles were prepared using Atre;O, peanutlike nanopar-
not be possible for others. In each case, one can start fromticles with 12 nm FgO; and 3-4 nm Au components as
solvent, surfactant, and temperature combinations used fors€€ds. As shown in Figure 5a, more than 80% of the PbSe
synthesis of single component particles of the phase to becomponents are dotlike, about 5 nm in diameter, and the
grown, as we did in this case, starting from conditions known remainder are rodlike, with typical dimensions of 10 nm by
to produce high-quality PbS particles. Ideally, heterogeneous3 nm. As the Au-to-PbO ratio was lowered, the PbSe part
nucleation on the seed particles will dominate homogeneoustransformed from spherical to rodlike. This is understandable
nucleation at these conditions or at slightly milder ones where in the context of a mechanism where the Au seed promotes
the driving force for growth of the new phase is somewhat anisotropic growth, which proceeds to a greater extent at
smaller, and hybrid nanoparticles will be obtained. higher precursor concentration. HRTEM (Figure 5b) again

Magnetic—Semiconductor Hybrid Nanoparticles.PbS- shows coherent interfaces between the components, and the
Fe;0, hybrid nanoparticles were synthesized by the same €lectron diffraction pattern is as expected (see Supporting
method as AuFe;0, hybrid nanoparticles but using PbS Information, Figure S4). The same Aire;O, peanutlike
nanoparticles as seeds. The reaction temperature was inhybrid nanoparticles were used as seeds to prepa@+e
creased directly to reflux quickly, without holding at 200 Au—PbS ternary hybrid nanoparticles. Figure 5 shows TEM
°C, to avoid aggregation and sintering of PbS that occurs atimages of FeD,—Au—PbS ternary hybrid nanoparticles in
that temperature. Once a thin shell o8¢ formed on the which the PbS parts are spherical, about 2 nm in size (Figure
PbS seeds, the aggregation was prevented. TEM and HRTEMGC), or rodlike, with average dimensions of about 7 nm by
images of the resulting coreshell PbS-Fe;O, hybrid 25 nm (Figure 5§ Once again, electron diffraction showed
nanoparticles with 8 nm single-crystal PbSe cores and 4 nmthe expected crystalline structures, but it was difficult to
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resolve lattice fringes for the PbS component in HRTEM equations presented by Toon and Ackerrifahe frequency-
for rod-shaped PbS (see Supporting Information, Figure S5).dependent complex refractive index of gold, and a frequency-
The heating strategy and seed particle dimensions wereindependent refrqcti_ve index of 2.42. ford8a. Figure 6b
important for forming ternary hybrids. If the gold component Shows that the shift in the SPR peak is well reproduced and
was less than 3 nm in diameter, then nucleation of PbS orthat this dielectric coating effect can fully account for it. The
PbSe was difficult, presumably because of the small amountcharge state of the Au can also affect the SPR, and electron
of gold surface area exposed. For;8g-Au—PbS, if the deficiency will shift the absorption to longer wavelength.
temperature of the reaction mixture was quickly increased However, the resonance frequency is proportionalig,
to 150 °C after sulfur injection, both dumbbell-like Au whereN is the number of free electrons, so a 10% red shift
Fe;O, hybrid nanoparticles (as in Figure 1d) and;Ge- from 520 to 573 nm would require a 20% decrease in the
Au—PbS ternary hybrid nanoparticles (as in Figure 5d) were number of free electrons, which is not a very realistic
formed. This suggests that some A0, peanutlike scenario. Figure 6¢ shows the absorption spectra from Au
particles aggregated to form dumbbell-like AEe;O,4 par- PbS hybrid nanopatrticles, which exhibit similar red-shifts
ticles in the presence of sulfur before PbS could nucleate of the SPR frequency compared to pure gold nanoparticles.
and grow on Au-Fe;04. When the temperature was held at  This can probably also be accounted for by dielectric effects,
100 °C after sulfur injection, F€,—Au—PbS (dot shaped, though a quantitative comparison is not simple for these

as in Figure 5c¢) formed and no dumbbell-like AEe;O,4 asymmetric structures. The real part of the refractive index

particles were observed. of PbS is about 4.3 at wavelengths of 500 to 600 nm, so the
A clear difference between the binary ARbS or Au- dielectric effects could be even larger for it than fog®e

PbSe particles compared to the corresponding terna@,Fe PbS has a band gap of 0.41 eV and a Bohr exciton radius

Au—PbS or FgO,—Au—PbSe particles was the propensity 0f ~20 nm. As a result, PbS nanocrystals display strong
for rodlike growth of the semiconductor component in the gquantum confinement, with the absorption edge tunable from
ternary structures, which was not observed in the binary 0.41 to 2.32 e\#%31 The absorption spectra in Figure 6¢ do
structures. Under the conditions used here, rodlike growth not show an absorption peak in the infrared for pure PbS
does not occur on the metal particles alone. However, in ananoparticles or AtPbS hybrid nanoparticles, probably
separate studd? we have shown that PbSe rods can be grown because of size polydispersity-10%). However, the pure
from pure noble metal seed particles under similar conditions, 8 nm PbS nanoparticles show intense photoluminescence
but using a ratio of seed particles to precursor molecules (PL) at around 1750 nm (Figure 6d). For peanutlike hybrid
that is about a factor of 50 lower than that used here. It NPs with PbS and Au parts of similar size (8 and 5 nm), the
appears that the binary seed particles used to form ternaryPL intensity was reduced by about a factor of 30 compared
hybrid particles promote rodlike growth of the semiconductor to the pure PbS nanoparticles (Figure),6and similar PL
component by limiting the amount of metal surface exposed quenching was observed for other hybrid-ARbS and Au-
for growth. Seeded anisotropic growth of nanocrystals in PbSe nanoparticles of different sizes and shapes (not shown).
solution is often attributed to the solutietiquid—solid This cannot be accounted for simply by Au absorption of
(SLS) mechanism first proposed by Trentler et*aflowever, the excitation light because the quenching was similar at
in the present case, it is extremely unlikely that the metallic excitation wavelengths near (514 nm) and away from (840
component of the binary seed particle becomes molten, evernm) the Au SPR absorption. Further, the PL intensity ratio
accounting for size-dependent melting point depression andof quenched and normal emission for the two excitation
the possibility of Au-Pb intermetallic compounds. So, we wavelengths remains approximately the same, indicating that
propose that the role of the gold is simply to provide a low- any PL loss due to absorption of excitation flux by Au is
energy surface for the initial nucleation of the PbS or PbSe insignificant. We propose that PL is severely quenched
phase. because of the intimate contact of PbS with Au, which
Optical Properties. Au nanoparticles exhibit strong Promotes charge separation by allowing electrons to transfer
surface plasmon resonance (SPR) absorption. Both Au 10 Au.
Fe;0, and Au—PbS hybrid nanoparticles also exhibit SPR,  Magnetic Properties. Interactions between components
but the resonance frequencies are red shifted. To study thisof these nanoparticles are manifested in their magnetic
we used Au-Fe;04 core-shell nanoparticles with 10 nm  properties as well as in their optical properties. Hysteresis
cores because much smaller Au nanoparticles (3 nm) showloops of 10 nm F¢O, and 10 nm Au/FgO, NPs with a 3
little or no SPR® absorption. As shown in Figure 6a, 10 nm nm Au core measured at 10 K are shown in Figure 7. The
Au NPs have a SPR peak centered at 520 nm, consistensaturation field increases from 1 kOe for pures;®Gge
with previous studie® As the Au core is coated with E®,, nanoparticles to 10 kOe for Au/E@, hybrid nanoparticles.
the peak position shifts to 546 (partial shell), 559 (2 nm The coercivity Hc) also increases from 200 to 800 Oe. The
shell), and 573 nm (3 nm shell). Coating metal particles with remanence ratioS for pure FgO, is about 0.8, a typical
a dielectric shifts the SPR frequentyand because it has a value for a randomly oriented NP assembly with cubic
high refractive index+2.4), the effect of F#, on the SPR anisotropy. But for the Au/R©, hybrid nanoparticlesS
is large. For a given coreshell geometry, the extinction decreases to 0.5, a value expected for a randomly oriented
efficiency can be calculated quantitatively from Mie the®ry.  array with a uniaxial anisotropy. This behavior cannot be
We have simulated the absorption spectrum using theaccounted for by the less than 3% difference in the magnetic
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Figure 6. Optical response of hybrid nanoparticles. Measured absorbance spectra &84 (a), computed absorbance spectra ofAu

Fe;0,4 (b), measured absorbance spectra of-RbS hybrid nanoparticles (c), and photoluminescence emission spectra for PbS-and Au

PbS 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 nanopatrticles (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.

1.04 a reduced number of nearest neighbors, which decreases the
Fe,0,— __ interatomic exchange coupling. Thus, spins at the interface
05. become canted and saturate only under very high fields. This
AuFe.O provides an effective uniaxial anisotropy much like the
Emoo T surface anisotropy in nanoparticles and thin films, which
s dominates the original cubic anisotropy. The MgBe-Au
core—shell nanoparticles show similar effects, with even
-0.5-

greater enhancement in coercivity, which increases from 140
Oe for MnFeQ, to 880 Oe for Au-MnFe,0, (see Support-
1.0 ing Information, Figure S6). This nonmagnetic coere
magnetic shell approach can be viewed as a template-
mediated synthesis technique for a magnetic nanoshell where
H (Oe) the hollow shell can provide new spin structures different

Figure 7. Magnetization hysteresis loops measured at 10 K, for from solid spherical NPs. In a solid spherical NP of such a

assemblies of 10 nm §®, nanoparticles and spherical AFe0, small §ize, fthe strong exchange coupling ensures that all_of
core-shell hybrid nanoparticles with 3 nm Au cores and 10 nm the spins will be aligned parallel to each other, both in their

total diameter. static configuration and during the dynamic magnetization

reversal. For a hollow shell, however, the exchange coupling
volume, but must be explained by a new anisotropy induced is significantly weaker, and the spins will not be able to keep
by the core-shell structure. This feature originates from the aligned parallel to each other but rather their orientations
surface anisotropy: Fe atoms at the Ay®ginterface have  will depend on the surface shape in order to minimize the

.6000 -4000 -2000 O 2000 4000 6000
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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
unigue 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 conjugat-
ing 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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HIGHLIGHTS OF THE RECENT LITERATURE

The American robin.

EPIDEMIOLOGY
Seasonal Tastes

The mosquito-borne West Nile virus (WNV) has caused repeated human epidemics in
North America and is a zoonotic virus transmitted by Culex mosquitoes whose preferred
host is the emblematic American robin (Turdus migratorius). Kilpatrick et al. have shown
that the mosquitoes exhibit a shift in feeding behavior when the robins disperse after
breeding. In early summer (May and June), about half of the mosquitoes’ blood meals
come from the robin, despite house sparrows (Passer domesticus) being common and
susceptible to infection. In late summer (July to September), the robins disperse and the
Culex shift to feeding on humans, again despite the ubiquity of house sparrows.
Integrating available data into a model based on a shift in mosquito feeding preference
leads to the prediction that the peak transmission of WNV to humans should occur
by late July to mid-August and then decline in early October when cold weather hampers
mosquito activity. Seasonal shifts in mosquito feeding behavior occur across the
United States and appear to intensify epidemics of several avian zoonotic viruses, not
only WNV but also Western equine encephalitis virus, St. Louis encephalitis virus, and
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GEOPHYSICS
A Collapsing Umbrella

Observations of volcanic plumes have provided
fundamental insight into volcanic processes, one
notable instance being Pliny the Younger's
descriptions of Vesuvius in 79 AD. Large erup-
tions, like nuclear explosions, often form an
umbrella-shaped plume. The top of the umbrella
forms when hot gases and particles in a central
eruption column reach neutral bouyancy and mix
with cold dense air that is being driven upward;
this process helps to stabilize the umbrella, allow-
ing ash to fall gradually. Most such plumes have a
cauliflower-shaped outer surface.

Chakraborty et al. describe a more ordered
umbrella that formed during the November 2002
eruption of Reventador in Ecuador. In this
instance, the edge of the umbrella formed large
regular undulations approximately every 0.7 km,
producing a shape similar to the edge of a scal-
lop. The authors ascribe this phenomenon to an
instability that occurs when the outer rim of the
umbrella becomes too dense to be neutrally buoy-
ant, a plausible result of this relatively cool erup-
tion. Such a loss of buoyancy could lead to col-
lapse of the umbrella, which would produce
another type of volcanic flow. — BH

Geophys. Res. Lett. 33, L05313 (2006).

PSYCHOLOGY
Misjudging Priors
Mental models or simulations of future outcomes

can be extremely helpful in planning and guiding
our behavior, as when a forward model of a

www.sciencemag.org SCIENCE VOL 311

possibly other vector-borne pathogens. — CA

reaching movement is used to reduce the vari-
ance in the trajectory of the arm. In situations
where several outcomes with associated likeli-
hoods exist, there is a known tendency, referred
to as hindsight bias, for the actual outcome to
inflate our post-outcome estimates of the initial
likelihoods.

One arena where this bias comes into play is
in the forensic reconstructions of traffic acci-
dents, and Roese et al. have examined whether
using computerized simulations (versus text and
diagram visual aids) elicits these overestimates.
They find that animated sequences exacerbate
hindsight bias and, more intriguingly, that the
bias reverses when the post-outcome estimate is
compared to one made just before the time of
collision. This so-called propensity effect

An accident about to happen.. .. or not?

describes our sense that the collision is destined
to occur before it takes place, something we are
surprisingly less certain about after the collision
has actually occurred. — G]C

Psychol. Sci. 17, 305 (2006).
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PloS Biol. 4, €82 (2006).

CHEMISTRY
Small-Scale Synergy

In metallic and semiconductor nanoparticles,
the material properties can be tuned simply by
changing the particle size. Shi et al. have
explored the additional dimension of varying
nanoparticle composition to incorporate multi-
ple kinds of materials—specifically magnetic-
metallic, magnetic-semiconducting, and semi-
conducting-metallic hybrids, as well as ternary
combinations.

The synthetic strategy involved spontaneous
epitaxial nucleation and growth of the second and
third components onto seed particles in high-
temperature organic solutions. For the magnetic-
metallic particles (Fe,0, grown on gold), solvent
choice influenced the particle morphology, with
good electron donors leading to core-shell
geometries and poor electron donors yielding
peanut-shaped fused particles. For Au-PbS parti-
cles, which combine a metal and a semiconductor,
the choice of solvent did not influence the particle
morphology, but the concentration of gold seed
particles was critical. Finally, heating strategy and
seed particle dimensions were the key variables
for setting the ternary particle morphologies. The
optical and magnetic properties of the particles
were influenced by the hybrid interface. For exam-
ple, the Au plasmon resonances were red-shifted
in the hybrid particles; at the same time, the mag-
netization saturation field of the Fe,0,-Au parti-
cles was an order of magnitude greater than that
of pure magnetite. — MSL

Nano Lett. 6, 10.1021/nl0600833 (2006).
Continued on page 1677
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CHEMISTRY
Switching Philicity

The immiscibility of organic and aqueous solu-
tions (such as oil and vinegar) underlies a wide
range of practical chemical separations. For ver-
satility, liquid fluorocarbons have come into
increasing use over the past decade as a third sol-
vent phase, into which highly fluorinated solutes
partition from both water
i £ . andthe more traditional
teie.  Organicsolvents.

Orita et al. were there-
fore surprised to find that
a hydrated distannoxane
complex bearing linear
fluorocarbon tails—an
Sn-0-Sn core with two
CF15GH, chainsand a
perfluorooctane sulfonate
chain appended to each

Displacement of water

i 7 (blue) by ethyl acetate
: (pink) induces fluo-
Accesslble . .
rophilicity.

Sn—failed to dissolve in common fluorous sol-
vents such as FC-72. The compound did dissolve
in polar organic liquids (ethyl acetate, acetone,
and tetrahydrofuran), and subsequently parti-
tioned into the fluorous phase upon addition of
FC-72 to the solution. The authors explain these
observations by suggesting that the waters of
hydration initially bound to the tin repel the fluo-
rous solvent but can be displaced by polar organ-
ics, which in turn allows the fluorous liquid to
approach. The compound proved useful as a

EDITORS'CHOICE

homogenizing agent for fluorous and organic sol-
vents, with 1.7 g nearly tripling the solubility of
ethyl acetate in FC-72. —]SY

J. Am. Chem. Soc. 128, 10.1021/ja058105v (2006).

DEVELOPMENT
More Is Bigger

Multicellular organisms can grow by making
more cells or by making larger ones. The nema-
tode Caenorhabditis elegans uses both methods:
Cell proliferation drives worm growth until sexual
maturity, whereas cell growth (mainly of epider-
mal cells) accounts for the twofold increase in
size during adulthood. Growing adult cells also
undergo endoreduplication, wherein genomic
DNA is replicated repeatedly without cell divi-
sion, resulting in each cell containing multiple
copies of the genome (polyploidy) rather than
just two.

Lozano et al. address the question of whether
endoreduplication is directly responsible for
adult growth in the worm. Blocking endoredupli-
cation after the final larval molt results in dwarf
worms that are roughly half the size of wild-type
adults, whereas in a tetraploid strain, adult
worms are roughly 40% larger than normal.
Cyclin E is involved in the control of endoredu-
plication in a number of organisms, including C.
elegans, and adult worms mutant for cye-1 have
both reduced epidermal ploidy and are dwarfed,
often to less than half the size of comparable
wild-type adults. Although it is clear that endo-
reduplication can account for the growth of poly-
ploid somatic cells in worms, cells that remain
diploid in the adult are presumably stimulated to
grow by their polyploid neighbors. — GR

Curr. Biol. 16, 493 (2006).

<< Larger Pipe, Lower Resistance

The pathogenesis of hypertension—a risk factor for heart disease, kid-
m‘ AAAS | neydisease, and stroke—is complex and poorly understood. Zacchigna

et al. find that mice lacking elastin microfibril interface-located protein

WWW.Stke.OI'g 1 (Emilin1), a secreted extracellular matrix protein expressed in the

cardiovascular system, had high blood pressure in conjunction with
decreased blood vessel diameter and increased peripheral resistance. Emilin1 contains a cysteine-
rich domain, as do other proteins involved in the regulation of growth factor signaling, leading
the authors to investigate the relationship between Emilinl and transforming growth factor—f3
(TGF-B), which plays a critical role in vascular development and pathophysiology. Emilin1 blocked
TGF- signaling upstream of receptor activation and did not interfere with ligand/receptor bind-
ing or signaling in response to mature TGF-B1. Rather, Emilin1 bound to proTGF-B1, preventing
its proteolytic processing and the production of biologically active TGF-B1. TGF-f signaling was
enhanced in the aortic wall of the mice lacking Emilin, and inactivation of one TGF-f31 allele in
Emilin1 knockout mice restored normal blood vessel diameter and blood pressure. Thus, the
authors conclude that Emilin acts to regulate blood pressure by modulating TGF-3 processing
and thus the availability of the biologically active form. — EMA

www.sciencemag.org SCIENCE VOL 311

Cell 124, 929 (2006).
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