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Abstract

Chemically disordered ~ 3—-7-nm-diameter FePt nanoparticles are synthesized using the airless operation technique
based on decomposition of iron pentacarbonyl and reduction of platinum acetylacetonate. The particle solution is then
washed and subsequently deposited onto a thermally oxidized Si substrate. Nanoparticle assemblies are formed after
solvent evaporation. The samples are heat-treated using rapid thermal annealing at 650°C for 30 min, in an atmosphere
of Ar gas with less than 1 ppm of O,. Oxidation has to be avoided to obtain the FePt L1, phase. Other crystalline phases
such as FePt; (L1,), magnetite Fe;O4, hematite Fe,O3; and FCC Pt are obtained if oxygen is present.
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1. Introduction

Nanometer-scale materials with novel properties
have attracted extensive research in a variety of
fields [1-7]. Magnetic nanoparticles, for example,
exhibit size effects [8—10]. Below a critical size,
magnetic nanoparticles comprise single domains,
in contrast to respective bulk materials, which
typically have multiple domains. Magnetic nano-
particles show interesting phenomena such as
superparamagnetism and quantum tunneling of
magnetization. Because of the unique properties,
magnetic nanoparticles have great potential for
applications in diverse areas such as magnetic
refrigeration [11], cell separation and magnetically
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guided drug delivery [12-14], magnetic resonance
imaging (MRI) contrast enhancement [15],
ferrofluids [16] and magnetic recording [17-20].
Colloidal chemistry synthesis and self-assembly
procedures demonstrate great promise in making
monodispersed magnetic nanoparticles and large
area arrays. Fabrication of respective nanostruc-
tures with control over size, size distribution,
crystalline phase and chemical composition, how-
ever, remains a major challenge. The first success-
ful demonstration of monodispersed FePt
nanoparticle structures has been accomplished
recently based on solution-phase chemical synth-
esis [20]. Annealing is required to induce a phase
transformation from the low-anisotropy face-
centered cubic (FCC), chemically disordered phase
to the high-anisotropy chemically ordered L1,
phase. However, it is interesting to study the

0304-8853/03/$ - see front matter © 2003 Elsevier B.V. All rights reserved.

doi:10.1016/S0304-8853(03)00460-8



C. Liu et al. | Journal of Magnetism and Magnetic Materials 266 (2003) 96—101 97

annealing reaction in the presence of oxygen to
further understand the role of oxidation of the
nanoparticles. It is not clear what the size effect of
the nanoparticles on the oxidation reactions would
be. In order to study the effect of oxygen on the
nanoparticles a first step would be to drive the
oxidation reaction to extreme conditions and
compare to known bulk oxidation conditions.

2. Experimental

Chemically disordered FePt nanoparticles are
synthesized using Sun’s approach based on
decomposition of iron pentacarbonyl and reduc-
tion of platinum acetylacetonate. The particle
solution is then washed and subsequently depos-
ited onto a thermally oxidized Si substrate.
Nanoparticle assemblies are formed after solvent
evaporation. Phase transformation from as-pre-
pared chemically disordered FCC phase to chemi-
cally ordered L1, phase is achieved by heat
treatment using rapid thermal annealing. Oxida-
tion studies are done by using conventional oven
anneal with different oxygen levels.

Transmission electron microscope (TEM) sam-
ples are prepared by depositing a drop of dilute
FePt nanoparticle solution onto a carbon-coated
copper grid. The studies are done using a Philips
TECNALI transmission electron microscope oper-
ating at 200kV. XRD studies on the as-prepared
samples and annealed samples are done using a
Philips X’PERT PRO MRD equipped with an X-
ray mirror using primarily asymmetric glancing
incidence scans with the incident angle set at 3°.

3. Results and discussions

The chemical composition of FePt nanoparticles
can be adjusted by controlling the molar ratio of
iron carbonyl to the platinum salt. However, the
reaction temperature for decomposition of iron
pentacarbonyl and reduction of platinum acetyla-
cetonate is higher than the boiling point of iron
pentacarbonyl, which is 103°C. Only part of the
iron from the pentacarbonyl is incorporated into
the particles with the excess being lost. In addition,

there are some concerns about the possible core/
shell structure and inhomogeneous distribution of
Fe and Pt [21] since the reaction mechanisms and
nucleation mechanisms are not completely clear
yet. It has been suggested that iron pentacarbonyl
is actually in the vapor phase, which results in the
slow decomposition of iron pentacarbonyl at a
rate that matches the reduction rate of platinum
acetylacetonate [18-19]. HRTEM image for an as-
prepared sample is shown in Figs. 1(a) and (b) and
demonstrates a faceted morphology that has been
studied in detail by Wang et al. [22]. The average
diameter of these as-prepared nanoparticles is
4.48 nm with a standard deviation of 0.15nm.

These nanoparticles are regarded as monodis-
persed and they self-assemble into an organized
assembly when deposited under the right condi-
tions. Fig. 1(c) shows that no ordered superlattice
peaks are present in an XRD 0—26 scan, which is
characteristic for the chemically disordered FePt
alloy with FCC phase. Separate peaks for Fe and
Pt are not present providing evidence of an FCC
alloy of Fe and Pt. Additionally, the uniform
lattice across the particles from high-resolution
TEM image demonstrates that the particles are
homogeneous (a core structure of Fe and Pt is not
observed) with respect to the elemental distribu-
tion of Fe and Pt, which means that during the
chemical synthesis Fe and Pt are distributed
randomly on the FCC lattice. Also in the XRD
scan an amorphous carbon peak resulting from the
surfactant that is applied to avoid the agglomera-
tions of the particles is observed. The random
crystallographic orientation of the particles is
evident from the intensity ratios of the indexed
peaks in the XRD scan being approximately equal
to those from powder diffraction files.

The phase transformation from as-prepared
chemically disordered to chemically ordered L1,
phase can be achieved by the heat treatment using
rapid thermal annealing at a relatively high
temperature of 650°C for 30 min in an atmosphere
of Ar gas with less than 1 ppm of O,. Annealing at
650°C for 30min should drive the chemically
disorder—order phase transformation into equili-
brium. The chemically ordered L1, phase is
verified by the XRD pattern in Fig. 2 and the
electron diffraction pattern (inset of Fig. 2). In
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Fig. 1. (a) HRTEM image of as-prepared FePt nanoparticles. An enlarged HRTEM image of one individual FePt particle is shown in

(b). (c) X-ray diffraction pattern of as-prepared FePt nanoparticles.

order to measure the lattice parameters (both ¢
and a), the superlattice peaks of (001) and (110)
were fitted and used to calculate the c¢- and a-
parameter, respectively. Additionally the (200)/
(002) peak was de-convoluted and also used to
calculate ¢ and « lattice parameters. Profile fitting
of the X-ray diffraction pattern revealed that the
lattice constant a is 3.86 A and c is 3. 72A with c/a
ratio being 0.964. This is quite consistent with the
lattice constant for near-equiatomic FePt bulk
material with L1, phase [23].

However, if the particles are annealed in the
presence of oxygen, oxidation of the particles is

possible. Although Pt is a noble metal and
therefore Pt oxides are not stable, Fe has the
potential for oxidation into three different oxides:
wustite (FeO), magnetite (Fe304), and hematite
(Fe,05). Waustite is FCC, can exist over a broad
range of stoichiometry and is only stable at
temperatures >570°C. Magnetite and hematite
are inverse spinel and rhombohedral structures,
respectively, and both are almost stoichiometric at
temperatures below ~ 1000°C. For bulk materials
at atmospheric conditions it is known that
hematite is the most thermodynamically stable
followed by magnetite and finally wustite.
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Fig. 2. X-ray diffraction pattern of annealed FePt nanoparticles after annealing at 650°C for 30 min by RTP.

Fig. 3a shows a FePt nanoparticle sample of
similar Fe—Pt concentration as the sample shown
in Fig. 2, but annealed at 700°C for 30 min in the
presence of oxygen. The XRD scan reveals a two-
phase mixture of Fe;0,4 and an FePt ordered alloy.
It is clear that the alloy is ordered because of the
superlattice reflections, which are observed. In the
absence of the oxide, the alloy composition was
near the 50% Fe composition; however, some of
the Fe is now tied up in the oxide and therefore the
metal alloy composition is now depleted into Fe.
From the position of the superlattice peaks (00 1)
and (110), the position of the (11 1) fundamental
and the fact that the (200) has not split, it can be
concluded that the ordered phase is near the L1,
FePt; phase in composition. Apparently, the
annealing causes the oxidation while at the same
time allowing the remaining Fe and Pt to
chemically order in the equilibrium phase for the
composition of the alloy. The peak positions are
shifted a little bit to lower angles in the XRD
pattern relative to the standard diffraction peaks
of FePt; with L1, phase. Even though Vegard’s
law is not strictly obeyed by metallic solid
solutions, it is often used as a sort of yardstick
by which one solution may be compared with
another. We have previously demonstrated that a
shift in peak position can be used to monitor the
relative chemical composition of the FePt alloy
[24]. This shift in peak position is consistent with

Vegard’s law which states that the lattice para-
meter of a binary solid solution is proportional to
the atomic percent of the alloy. These shifted
peaks can be ascribed to the Fe;_,Pt;,, alloy with
0<x<1, which consists of less Fe atoms in solid
solution than FePt;. If a macroscopic EDAX
measurement was made on a sample where some
of the Fe is tied up with oxygen and the Fe/Pt ratio
was measured, the composition would come out as
stoichiometric but the sample would show poor
magnetism because the alloy is not in the LI,
phase. Magnetic hysteresis results of the oxidized
samples show that the coercivity is almost zero at
room temperature. The sample with L1, phase
shown in Fig. 2 has a coercivity of 14.7kOe at
room temperature. The low coercivity of the
oxidized samples is consistent with the low
magnetocrystalline anisotropy of the ferrimagnetic
magnetite. The FePt; with L1, structure is
typically antiferromagnetic and hematite is dia-
magnetic at room temperature and therefore does
not contribute to the magnetic hysteresis.

It is also interesting to note that wustite is not
present. The reason for this may be because the
annealing temperature is only ~130°C above its
stable temperature; therefore, the driving force for
the formation of this oxide is small and results in a
large activation energy for nucleation. Addition-
ally, wustite is often observed in bulk materials
when a continuous oxide causes a gradient of
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Fig. 3. X-ray diffraction pattern for the samples obtained through heat treatment in the presence of oxygen. Both L1, FePt; and
magnetite Fe;0,4 crystalline phases are indicated for sample (a). Sample (c) is composed of pure Pt with FCC phase and hematite
Fe,03. Crystalline phases for sample (b) include hematite Fe,O3, magnetite Fe;04, and FeyPt; alloy with 0<x<1.
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oxygen with depth from the surface. It is not clear
that the oxides of our nanoparticles are contin-
uous. With an additional anneal of 600°C for
30min the XRD pattern shown in Fig. 3b is
observed. Here we observe a three-phase mixture
of Fe;04, Fe,0O3; and FePt ordered alloys (near
FePt; composition). This results because the
oxygen has diffused further into the material
causing the concentration of oxygen to increase,
thereby producing Fe,O;. When a similar sample
is annealed at 700°C for 30 min but in a higher
partial pressure of oxygen XRD pattern shown in
Fig. 3c is obtained. The result is a two-phase
mixture of Fe,O3 and Pt. The superlattice reflec-
tions have disappeared as expected for a pure
metal. Here, the oxidation has been driven to
equilibrium where the most stable Fe oxide and
the noble metal Pt is all that is left.

4. Conclusion

Monodispersed FePt nanoparticles are synthe-
sized based on decomposition of iron pentacarbonyl
and reduction of platinum acetylacetonate. Heat-
treatment conditions on phase transformation of
the FePt nanoparticles from as-prepared chemically
disordered FCC phase to chemically ordered phases
are studied. Chemically ordered L1, FePt particles
are obtained after annealing at 650°C for 30 min, in
an atmosphere of Ar gas with less than 1 ppm of O,.
When annealing in the presence of oxygen other
crystalline phases such as oxides including magne-
tite Fe30,4 and hematite Fe,O5 can form with metals
of varying Fe contents depending on how far the
oxidation reaction is driven to equilibrium. There-
fore, oxidation may be a problem for annealing
FePt nanoparticles of stoichiometric composition to
produce the ordered L1, phase.
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