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Synthesis of FePt nanoparticles with controlled shape and
magnetic alignment has become an important goal in devel-
oping nanocrystal arrays for applications in information
storage,!! permanent-magnet nanocomposites,? and cataly-
sis.’! FePt alloys are chemically stable owing to the spin—orbit
coupling and the hybridization between Fe 3d and Pt 5d
states,* and their magnetic properties can be tuned by simply
controlling the atomic ratio of Fe and Pt in the alloy structure.
Recent syntheses have shown that spherical FePt nano-
particles are readily made by simultaneous reduction of
platinum acetylacetonate ([Pt(acac),]) and thermal decom-
position of iron pentacarbonyl ([Fe(CO)s]).'"*) Thermal
annealing results in hard magnetic FePt nanoparticle assem-
blies with coercivity reaching 30 kOe.!! These small FePt
nanoparticles are also very active in formic acid oxidation
under fuel cell reaction conditions.”’ Despite these synthetic
progresses, aligning these nanoparticles magnetically has
constantly been a problem, and the magnetic easy axes of
the nanocrystals in the assemblies are randomly oriented in
three dimensions. Previous work on the synthesis and self-
assembly of FePt nanocubes suggests that elongated nano-
crystals may be used to achieve texture and magnetic
alignment.® This controlled alignment of FePt nanoparticles
is essential for the fabrication of single-particle recording
media with ultrahigh density, magnetic nanocomposites with
maximum energy product, and magnetotransport devices
with optimum magnetoresistivity.

Herein we report a general strategy for synthesizing FePt
nanowires (NWs) and nanorods (NRs). We refer to the one-
dimensional nanostructures with a length of 100 nm or longer
as NWs, and those below 100 nm as NRs. The diameters of
both nanostructures are controlled to be 2-3 nm. The nano-
structures were synthesized by reduction of [Pt(acac),] and
thermal decomposition of [Fe(CO)s] in a mixture of oleyl-
amine (OAm) and octadecene (ODE) at 160°C with the
length readily tuneable. Our synthesis is fundamentally
different from the very recent report on the preparation of
FePt nanorods, for which the reaction was performed in oleic
acid and oleylamine in a closed autoclave reaction system
without stirring,””’ and offers much better control of both the
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dimensions and composition of the NWs/NRs. Owing to the
structure confinement in the elongated shapes, these NWs
and NRs show partial structural and magnetic alignment in
thermally annealed self-assemblies. This study indicates that
well-controlled NWs or NRs are likely the future choice for
controlling texture and magnetic alignment in self-assembled
nanomagnet arrays to support high-density magnetic infor-
mation and as building blocks for fabricating highly sensitive
magnetotransport devices.

The length control of the FePt NWs/NRs was realized by
tuning the volume ratio of OAm/ODE, reaching from over
200 nm for NWs down to 20 nm for NRs. For example, FePt
NWs with a length of over 200 nm were made when only
OAm was used as both surfactant and solvent, while an OAm/
ODE ratio of 3:1 gave FePt NWs of length 100 nm, and a 1:1
volume ratio of OAm/ODE led to FePt NRs of length 20 nm.
Notably, using a greater proportion of ODE (OAm/ODE 1:3)
led to the formation of spherical FePt nanoparticles of
diameter 3 nm (see Figure S1 in the Supporting Information).
With the amount of [Pt(acac),] fixed (see the Experimental
Section), the compositions of these FePt nanostructures were
controlled by varying the amount of [Fe(CO);] added to the
reaction mixture and were measured by energy-dispersive
spectroscopy (EDS). For example, for the FePt NWs of length
200 nm, using 0.15 mL [Fe(CO)s] led to about 55% Fe in the
final product, while using 0.1 mL [Fe(CO)s] yielded the
product with about 45 % Fe. Note that CoPt NWs can also be
made by reduction of [Pt(acac),] and decomposition of
[Co,(CO)] under similar reaction conditions (see Figure S2
in the Supporting Information).

Transmission electron microscope (TEM) images of the
representative NWs and NRs are given in Figure 1. The
images in Figure 1 a—c show NWs of length 200 nm and NRs
of length 50 nm and 20 nm. The diameter of these NWs and
NRs is about 2-3 nm. Figure 1d is a high-resolution TEM
(HRTEM) image of two single NWs of empirical formula
FessPt,s. In one NW, the lattice fringes are oriented approx-
imately 55° from the wire-growth direction. The interfringe
distance was measured to be 0.214 nm, which is close to the
lattice spacing of the (111) planes (0.22 nm) in the face-
centered cubic (fcc) FePt structure. This result indicates that
the [100] direction is parallel (or perpendicular) to the wire-
growth direction, which is further confirmed by the image
showing the lattice fringe in the second NW with clearly
discernible (100) planes (0.198 nm interfringe spacing).

The synthesis and TEM analyses imply that OAm, a
common organic surfactant, induces the one-dimensional
growth of FePt under the current synthetic conditions. It is
likely that OAm self-organizes into an elongated reverse-
micelle-like structure within which the FePt nuclei are
formed. This type of formation is similar to what has been
proposed in the synthesis of Au NRs in the presence of
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Figure 1. a—c) TEM images of Fes;Pt,s NWs and NRs with a length of
200 nm (a), 50 nm (b), and 20 nm (c). d) HRTEM image of portions of
two single 50-nm FessPt,s NWs.

cetyltrimethylammonium bromide (CTAB).!'” The elongated
nuclei result in the different OAm packing densities on
different surfaces, as indicated by (1), (2), and (3) in
Figure 2a. In area (1), the molecules are well-organized and
addition of FePt in this direction is more difficult owing to the
presence of the hydrophobic barrier. Area (2) has less densely
packed OAm and facilitates the growth of FePt along this
direction and the formation of NWs or NRs. Area (3) is the
most readily accessible place for the addition of FePt, leading
to the fast growth of FePt and the rounded end of the NRs/
NWs. The growth was monitored by taking aliquot reaction
mixtures from oleylamine at 120°C after different reaction
times, and the product was quickly precipitated out and
redispersed into hexane for TEM analyses. In Figure 2b,c,
TEM images are shown of the product obtained from the
reaction mixtures. It can be concluded that small, thin rodlike
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Figure 2. a) Schematic illustration of the growth of FePt NWs/NRs;
b,c) TEM images of the FePt NRs/NWs obtained from the reaction in
oleylamine at 120°C for 2 min and 5 min, respectively.
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structures are initially present in the reaction medium and
grow quickly into NWs/NRs. The fact that the growth in the
[100] direction is controlled by the OAm/ODE ratio indicates
that more OAm results in longer micellar structure and the
formation of NWs, while dilution of OAm with ODE reduces
the size of the structure, yielding NRs.

Controlled evaporation of the carrier solvent from the
hexane dispersion of the 50-nm FessPt ;s NRs led to an FessPtys
NR array with the NRs parallel to each other (Figure 3a).
This assembly pattern is energetically favored as it gives the
maximum van der Waals interaction energy arising from face—
face interactions."!! X-ray diffraction (XRD) of the as-
synthesized NWs or NRs shows a fcc structure of FePt
(Figure 3b). The broad peak originates from the small
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Figure 3. a) TEM image of self-assembled 50-nm FePt NRs; b) XRD
pattern of the as-synthesized (as-syn; before thermal annealing) NWs,
and 200-nm NWs and 20-nm NRs annealed in Ar at 750°C for 1 h;

c) magnetic hysteresis loop of the 200-nm FessPt,s NWs annealed in Ar
at 750°C for 1 h. emu = electromagnetic unit.

diameter of the NWs or NRs (2-3 nm). Thermal annealing
in an argon atmosphere at 750°C transforms the chemically
disordered fcc structure of FePt to a chemically ordered face-
centered tetragonal (fct) FePt structure, as shown by the
XRD pattern in Figure 3b. More interestingly, the XRD
pattern of the annealed 200-nm FessPt,s NW assembly shows a
much stronger (001) peak than the (111) peak or any other
peaks, indicating a partial structural alignment with the (001)
planes parallel to the substrate. The in-plane magnetic
hysteresis loop of the assembly shows the better squareness
with the coercivity reaching 9.5 kOe (Figure 3¢). However,
the annealed assembly of 20-nm FessPt,s NRs (Figure 3b)
shows the reduced alignment as evidenced by the intensity
drop of the (001) peak. Furthermore, the XRD diffraction
peaks for both NWs and NRs reveal a sharp decrease in the
diffraction-peak width. This result indicates that both NWs
and NRs are thermally unstable under the current annealing
conditions, leading to the fusion of the nanostructures into
larger aggregates. The NWs may be able to retain a larger
portion of the elongated nanostructures and show better
texture than the NRs do after the annealing process
(Figure S3 in the Supporting Information). Our preliminary
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test in NR stabilization by a MgO matrix revealed that the
aggregation problem could be solved. Detailed studies on the
controlled annealing and magnetic alignment in the self-
assembled NR arrays are underway.

In conclusion, we report that controlled reduction of
[Pt(acac),] and decomposition of [Fe(CO)s] in a mixture of
oleylamine and octadecene leads to a facile synthesis of FePt
NWs and NRs with diameters of 2-3 nm. The length of the
NWSs/NRs is tunable from over 200 nm down to 20 nm by
simply controlling the volume ratio of oleylamine/octadecene.
The synthesis can also be extended to the preparation of CoPt
NWs and NRs. With the structure confinement, these NWs or
NRs may serve as unique building blocks for fabricating
magnetically aligned nanomagnet arrays to support high-
density magnetic information and to achieve highly sensitive
magnetoresistive detection.

Experimental Section

Representative synthesis of FePt NWs and NRs: For the synthesis of
200-nm N'Ws, oleylamine (20 mL) was mixed with [Pt(acac),] (0.2 g)
at room temperature. Under a gentle nitrogen flow, the mixture was
heated to 60°C to form a light yellow solution. The solution was then
heated to 120°C in less than 5 min and kept at this temperature for
30 min. The color of the solution changed to dark yellow. [Fe(CO)s]
(0.15 mL) was injected into the hot solution. The temperature was
then raised to 160°C. After 30 min, the solution was cooled down to
room temperature by removing the heating mantle from the reaction
flask. The NWs were separated by adding hexane (10 mL) and
ethanol (50 mL) and subsequent centrifugation (6000 rpm). The
product that was obtained was dispersed in hexane (10 mL).

Other NWs/NRs were synthesized under similar reaction con-
ditions but with different volume ratios of oleylamine/octadecene. For
example, 20-nm FePt NRs were made from 10 mL oleylamine and
10 mL octadecene.

Characterization: The FePt NWs/NRs were characterized with a
transmission electron microscope (TEM, Philip EM 420 at 120 kV and
JEOL 2010 at 200 kV). The Fe and Pt compositions were measured by
energy-dispersive spectroscopy (EDS). X-ray powder diffraction
patterns of the samples were collected on a Bruker AXS DS§-
Advanced diffractometer with Cug, radiation (A =1.5418 A). Mag-
netic properties were measured with a Lakeshore 7404 high-
sensitivity vibrating-sample magnetometer (VSM) with fields up to
1.5 T at room temperature. The nanoparticles were deposited from
their hexane dispersions either on an amorphous carbon-coated
copper grid for TEM image analyses or on a Si substrate for XRD and
magnetic studies.
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