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The successful implementation of nanocrystals in real appli-
cations greatly depends on the possibility to integrate them
into macroscopic systems, which is a technological challenge.
Progress in the control of size, shape, organization, and
composition, which has been achieved by wet chemical
methods,[1] allows increasingly precise control of nanocrystal
characteristics. Indeed, an emerging direction in nanomate-
rials research is the transition from simple to multifunctional
nanocrystals, which serve several parallel purposes simulta-
neously by combining two or more constituents.[2]

One type of multifunctional nanocrystals consists of nano-
objects combining at least two discrete, nonconcentric,
chemically different domains. Several materials have been
successfully combined recently to give such hybrid nano-
particles.[3] The most widely employed method is the use of
nanocrystals of one material as templates for heterogeneous
growth of a second material.[4] Anisotropic nanocrystals,
which display interesting shape-dependent properties, offer
the additional possibility to selectively position the second
constituent at a specific location.[3a,b, 5] The use of nanorods or
tetrapods as growth templates has permitted the synthesis of
anisotropic hybrid nanoparticles. This progress may in turn
offer additional opportunities for applications in which
topological recognition of the nanoparticle is important.[6]

The combination of a magnetic and a semiconducting
domain on the same nano-object offers the opportunity to
use the magnetic properties to direct the positioning of the
semiconductors to a predefined location or to organize them
over large areas by application of an external magnetic field.
Provided that the magnetic and optical properties of each
functionality are conserved in the final nanoobject, several
applications can be envisaged, for example, for biological
labelling[3e,f] or in electrooptic devices.[7]

The majority of magnetic–semiconducting hybrid nano-
particles reported to date include magnetic oxides. Addition-
ally, hybrid structures such as CdS–FePt in which both the
luminescent and the magnetic properties of the isolated
constituents are still manifested in the final object were
reported.[3d] During the course of this study, the synthesis of
magnetic PtNi and PtCo nanospheres on the tips of CdS
nanorods was reported, but without description of their
magnetic or optical properties.[8]

Work by Mokari et al. has focused on the synthesis of
gold-tipped CdSe nanorods,[3a, b] while Wetz et al. have
synthesized gold-tipped and gold-decorated Co nanorods.[5b]

In these cases, the specific reactivity of the rod apex regions
allowed for selective growth of the metal tips. Herein, we
report the synthesis of CdSe–Co nanorod–nanosphere hybrid
nanocrystals (NCs1) through the growth of cobalt nano-
spheres on preformed CdSe nanorods, further exploiting the
advantageous feature of selective reactivity at the apex
regions. Moreover, we describe the anisotropic growth of
the initially formed Co nanospheres, which leads to CdSe–Co
nanorod–nanorod hybrid nanocrystals (NCs2). Anisotropic
growth of heterostructures in solution is very rare.[9] To our
knowledge these are the first magnetic-metal / semiconductor
nanorod–nanorod heterostructures prepared by colloidal
methods. Preliminary studies on the magnetic and optical
properties of the hybrid nanoparticles are also described.

The selective growth of cobalt nanostructures on the tips
of CdSe nanorods is achieved by addition of [Co(h4-C8H12)-
(h3-C8H13)] to a toluene solution containing CdSe nanorods
and a 1:1 mixture of lauric acid (LA) and hexadecylamine
(HAD) (see the Supporting Information for experimental
details). Heating this mixture at 80 8C under 3 bar H2 for 24 h
results in the growth of spherical cobalt nanoparticles of mean
diameter of 4.5 nm and narrow size distribution, on the tips of
the CdSe rods (NCs1, Figure 1). A dominance of one-sided
growth is observed at this growth stage, although two-sided
growth of Co spheres is also identified.

Under these conditions, simultaneous homogeneous
nucleation of cobalt nanoparticles also occurs. Transmission
electron microscopy (TEM) images show the presence of
small free Co nanoparticles much smaller than the Co
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nanoparticles located on the CdSe rod tips; this side product
could be separated from the CdSe–Co sample by centrifuga-
tion. However, control experiments provide strong evidence
that the NCs1 structures are formed by heterogeneous growth
of Co on CdSe and not by an oriented attachment of
preformed Co nanoparticles (see the Supporting Informa-
tion).

When the concentration of ligands was increased relative
to Co, a decrease in the number of Co-tipped CdSe rods was
observed. When both Co and ligand concentrations were
reduced relative to the concentration of CdSe rods, Co
particles grew with a very inhomogeneous size distribution. In
this case, several Co particles grown on the lateral sides of the
CdSe rods were observed. (see the Supporting Information).
Furthermore, washing tetradecylphosphonic acid away from
the CdSe surface prior to HDA/LA addition while keeping
the other parameters stable causes Co to grow nonselectively
on the CdSe as well as away from it. These observations
suggest that the coordination of the ligands along the side of
CdSe rods plays a role in directing the growth of the Co
particles.[5b] Moreover, dominance of one-sided growth is seen
for this reaction, even at short growth times (see the
Supporting Information).[3b]

Selected area electron diffraction, X-ray diffraction
measurements (see the Supporting Information), and high-
resolution electron microscopy (HREM) analyses show
clearly that CdSe nanorods grow with a wurtzite structure
and along the [002] crystallographic direction, almost always
with nonplanar tips. The Co structure is also hexagonal, but its
lattice constants are quite different from CdSe. As a result,
the Co particles are strained (Figure 2). A full analysis of the
HREM results is given in the Supporting Information.

After purification of the Co-tipped CdSe rods from
unreacted molecular cobalt species and small cobalt nano-
particles, the optical and magnetic properties of NCs1 were
studied. The optical absorption and photoluminescence (PL)
spectra of NCs1 and the CdSe nanorods are shown in
Figure 3a (experimental details are given in the Supporting
Information). Upon Co growth, the absorption onset exhibits
a tail to the red, and the excitonic feature of the original CdSe

Figure 1. TEM images of Co-tipped CdSe nanorods NCs1 after 24 h
reaction at 80 8C. Inset shows a magnified area of about 100 � 100 nm.

Figure 2. HREM image: Cobalt is strained in an initial phase of growth
on the tip of cadmium selenide rod. The inset shows the 2D fast
Fourier transform of the upper part of HREM and corresponding
indexes (see the Supporting Information). The [002] directions in the
CdSe and Co domains are indicated by the superposed long thin white
lines. Plane distances are given in �.

Figure 3. a) Absorption and photoluminescence spectra of “treated”
CdSe nanorods (c) and NCs1 (g). Emission was measured with
excitation at 400 nm. The emission from the CdSe–Co structures
(NCs1) is multiplied by 20 for clarity. b) Time-resolved PL of “treated”
nanorods (&, t1 = 1.1 ns, t2 = 14 ns) and NCs1 (~, t1 = 0.7 ns,
t2 = 4 ns), excited at 400 nm. Original data (&, ~) and fit to a
biexponential decay (c) are presented.
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nanorods is broadened. In comparison, for CdSe–Au hybrid
nanoparticles,[3a] the excitonic feature is washed out rapidly
with Au growth. This difference might be attributed to the
closer overlap of the Au plasmon feature and the CdSe
exciton peak compared to the CdSe–Co system. The emission
intensity of NCs1 dropped upon Co growth and was found to
be 30 times lower than that of “treated” CdSe nanorods that
were exposed to the same synthetic procedure without the
presence of Co.

PL lifetimes were measured to determine the origin of the
detected emission (Figure 3 b). The measured data was fit to a
biexponential decay. Both components of the PL lifetime for
NCs1 were found to be shorter than those of “treated” CdSe
nanorods (t1 = 1.1 ns, t2 = 14 ns for CdSe vs. t1 = 0.7 ns, t2 =

4 ns for NCs1). This result implies that the detected emission
originates from NCs1 and not from residues of bare CdSe that
may have remained in the sample, as in the latter case the
lifetime dynamics should not change. We assume that the PL
quenching upon Co growth is due to the appearance of a new
nonradiative pathway arising from the interaction between
the semiconductor and the metal. It is noteworthy that upon
Au growth on CdSe, even more complete quenching of the PL
was observed.[3a] This quenching was assigned to electron
transfer from the conduction band of CdSe to the Au tip.[10]

The Fermi level of Co is located approximately 0.4 eV below
the conduction band of CdSe, similar to the case of CdSe–
Au.[10, 11] Such an energy band alignment of the hybrid
nanocrystals would allow electron transfer from the excited
semiconductor to the metal tip, which should lead to lifetime
shortening, as indeed observed. It is interesting to note that
the determined lifetime of 4 ns for NCs1 is close to that
reported for core/shell Co–CdSe nanocrystals. The authors of
that report suggested that the PL quenching could be due to
alteration of the spin structure of the lowest excitonic state
owing to the proximity of the Co metal.[12]

The magnetic properties of NCs1 were studied by super-
conducting quantum interference device (SQUID) magneto-
metry. Interestingly, the cobalt maintains its magnetic proper-
ties. As can be seen in Figure 4 a, the saturation magnetization
(MS) measured at 2 K is just below the bulk value
(163 Am2 kgCo

�1). The hysteresis curves at 2 K, either after a
zero field cooling (ZFC) or a field cooling (FC) at 5 T from
300 K, above the N�el temperature of Co oxides, are exactly
the same. The absence of exchange phenomena allows us to
exclude the presence of a Co oxide layer. As a consequence of
the nanometric size of the Co nanospheres, a superparamag-
netic transition is induced by the temperature, with a blocking
temperature of Tb = 150 K (see the Supporting Information).
The experimental curve can be well fitted considering the
Langevin function and the Gaussian size distribution esti-
mated from the TEM micrographs.[13] Finally, we used the
blocking temperature and the mean particle volume hvi to
deduce the effective anisotropy Keff = 25kB Tb/hvi= (5.0�
1) � 105 Jm�3. This value, which is in the same range as for
pure Co nanoparticles of comparable size, is one of the largest
ever obtained in such nanoobjects combining a quantum dot
and a magnetic nanoparticle, either as core/shell particles or
as heterodimers.[3d, 14]

The formation of hybrid nanoparticles opens new oppor-
tunities for the preparation of novel materials, as demon-
strated below by the synthesis of cobalt nanorods attached to
CdSe nanorods (NCs2). These heterostructures are obtained
when the synthesis temperature is increased to 100 8C while
all other parameters are kept the same as in the reaction to
form NCs1 (Figure 5). CdSe rods with spherical Co tips with
mean diameter of 8.5 nm are also present. It is noteworthy
that prolonging the reaction at 80 8C also leads to anisotropic

Figure 4. Magnetic properties: a) NCs1: ZFC and FC hysteresis curves
at 2 K and magnetization curve at 300 K with its fitting; b) NCs2: ZFC
hysteresis curves measured at 2 and 300 K.

Figure 5. NCs2 after 24 h reaction at 100 8C; scale bar 100 nm. The
inset shows another area of about 100 nm � 100 nm.
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growth of the initially spherical Co nanoparticles. The
reaction carried out at 100 8C for 5 h shows the presence of
nanospheres, and therefore we infer that these are inter-
mediates on the way to the growth of Co nanorods (see the
Supporting Information).

The HREM analysis of NCs2 shows that the cobalt grows
along its [002] direction and relaxes slowly upon growth. In
the final NCs2 product, the Co adopts its bulk hexagonal
close-packed (hcp) lattice constant (see the Supporting
Information). As already observed by TEM, HREM analysis
clearly indicates that the Co grows on the CdSe tip along four
orientations only. These different orientations between Co
and CdSe nanorods, shown in the HREM images of Figure
SI.8 in the Supporting Information, are distinguished by four
different angles b (112� 3, 135� 3, 6� 3, and 99� 38),
between the two [002] growth directions of CdSe and Co.
These repetitive structural relationships are due to the great
difference between cobalt and CdSe hcp lattice constants: a
crystallographic tilting is necessary to allow the cobalt lattice
to grow on the nonplanar tip of the CdSe rod, that is, to
minimize the lattice mismatch between Co and CdSe. It is
therefore not unlikely that the nanorod–nanosphere object of
Figure 2 corresponds, to a “precursor” of a NC2 structure of
type a in Figure SI.8 in the Supporting Information (b = 1128).
It is expected that the four orientations detected for NCs2 are
already present from the beginning of growth, that is, in NCs1.
Indeed, an HREM analysis of several NCs1 structures
revealed three out of the four orientations detected in
NCs2. In Figure SI.9 in the Supporting Information, we
show the cases of NCs1 that correspond to the “precursors” of
NCs2 of the types c (b = 6o) and d (b = 99o) in Figure SI.8 in
the Supporting Information.

For NCs2 after purification, the magnetization curves
display a hysteretic behavior even at room temperature
(Figure 4b). This finding is expected considering the size of
the Co objects (either nanospheres or nanorods). To our
knowledge, these are the first magnetic–semiconducting
heterostructures that are ferromagnetic at room temperature.

In conclusion, we have prepared new CdSe–Co semi-
conducting–magnetic hybrid nanocrystals and have demon-
strated for the first time the possibility to grow a magnetic
metal anisotropically on the tip of a semiconductor nanorod.
Regarding their optical properties, the NCs1 structures
remain fluorescent, however, their emission quantum yield
is considerable lower than the template CdSe nanorods. We
show that the NCs1 structures display similar magnetic
properties to pure Co nanoparticles of the same size, with
large magnetization and effective magnetic anisotropy. By
changing the particle size and geometry, we can tune the
magnetic properties at room temperature either with super-
paramagnetic or ferromagnetic tips, which may widen the
field of applications of such hybrid nanoparticles. A limitation
of the possible angles between the magnetic and semicon-
ducting nanorods could enable the orientation of such hybrid

nanoobjects by application of an external magnetic field and
their organization over large areas.
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