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Sb-doped FePt nanoparticles with an average diameter of 8.5 nm were prepared by thermal
decomposition of platinum acetylacetonate, antimony acetate, and iron pentacarbonyl. Upon
annealing to �300 °C for 30 min, nanoparticles with XSb=0.14 and 0.23 show Hc�500 mT, and
L10 ordering parameter S values of �0.83–0.87. Transmission electron microscopy of the annealed
assemblies shows no observable nanoparticle coalescence at 300 °C. Low-temperature coercivity
measurements with a superconducting quantum interference device indicate the presence of
particles that exhibit superparamagnetism, probably due to the large particle size distribution or
inhomogeneity in Sb incorporation. Our results underscore the necessity to synthesize monodisperse
FePt nanoparticles with controlled composition to maximize ferromagnetic behavior. © 2006
American Institute of Physics. �DOI: 10.1063/1.2170060�
I. INTRODUCTION

Realizing reliable storage media from nanostructured
magnets is a challenge because of the increased influence of
thermally induced spin randomization �superparamagnetism�
in decreased magnetic bit volumes.1 Using FePt nanopar-
ticles as building blocks for constructing ultrahigh-density
data storage devices has attracted great interest2 due to the
large magnetocrystalline anisotropy �e.g., 6.6 MJ/m3� �Ref.
3� in these alloys. But, as-prepared FePt nanoparticles typi-
cally have a disordered face-centered-cubic �fcc� structure
that has low Ku and Hc, necessitating annealing treatments
above 550 °C for obtaining the chemically ordered high-Ku

face-centered-tetragonal �fct� L10 phase.2 Annealing to such
high temperatures is undesirable because of coalescence and
loss of positional order of nanoparticles assembled in an or-
ganized fashion.4 Low-solubility dopants have been explored
to stabilize the high-Hc L10 structure by enhancing the atom
mobility.5 A recent study on CoPt thin films has shown that
among Sn, Pb, Sb, and Bi,6 Sb is the most effective stabilizer
of the ordered L10 phase �at the lowest temperature of
�400 °C�, yielding Hc� �500 mT. The low surface energy
and high activity of Sb are thought to promote ordering by
enhancing the mobility of the host matrix atoms via vacancy
creation. These attributes of Sb have also been previously
harnessed for layer by layer growth in epitaxial film growth
to suppress three-dimensional �3D� island nucleation7 but
have not been explored for directing the structure and prop-
erties of nanoparticles. Sb incorporation results in high coer-
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civity values at very low annealing temperatures, making
them attractive for magnetic storage device applications.8

II. EXPERIMENTAL PROCEDURE

Sb-doped FePt nanoparticles were prepared by reduction
of platinum acetylacetonate, antimony acetate, and thermal
decomposition of iron pentacarbonyl in the presence of oleic
acid and oleyl amine by adapting a previously reported
procedure.2,5 The amount of antimony acetate was varied in
order to produce nanoparticles with different compositions
and fractions of Fe39Pt46Sb14 and Fe32Pt45Sb23, which are
referred to XSb=0.14 and 0.23.

The nanoparticle solutions in hexane were drop coated
onto either 1�1 cm2 pieces of Si�001� to form �100–150
-nm-thick films. The particles were also dispersed onto
carbon-coated 200 mesh Cu grids for transmission electron
microscopy �TEM� measurements for characterizing the
nanoparticle structure and morphology. The nanoparticle
films and the TEM samples were annealed in a 4
�10−6 Torr vacuum at preselected temperatures between
275 and 450 °C for 30 min. TEM measurements were car-
ried out in a Philips CM 12 instrument operated at 120 kV.
The particle composition was determined by energy disper-
sive x-ray �EDX� analysis in the TEM. X-ray diffractograms
were obtained by using a SCINTAG/PAD-V diffractometer
with Cu K� radiation. Magnetic properties were character-
ized at room temperature in a Lake Shore 7400 vibrating-
sample magnetometry �VSM� instrument using applied mag-

netic fields up to 2 T. The low-temperature hysteresis loops
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are measured by a superconducting quantum interference de-
vice �SQUID� with magnetic fields up to 5 T.

III. RESULTS AND DISCUSSION

Samples of as-prepared Sb-doped FePt nanoparticles
have an average diameter of �8.5 nm as shown by TEM
images in Fig. 1. The effect of the low-surface-energy Sb is
apparent in the faceting of the nanoparticles. These Sb-doped
FePt nanoparticles have a relatively broad size distribution
with a standard deviation of �10–12% and do not form an
ordered assembly. Ordering can, however, be improved by
narrowing the particle size distribution by adopting appropri-
ate size-selection methods.9

X-ray diffractograms reveal that FePt nanoparticles with
XSb=0.23 contain partially ordered L10 phase. This phase is
characterized by weak FePt�110� and FePt�201� peaks that
are forbidden for fcc crystals �see Fig. 2�. As-prepared FePt
nanoparticles with XSb�0.14 exhibit the disordered fcc
structure. Annealing at 300 °C promotes the disordered fcc

FIG. 1. Representative TEM micrograph of Sb-doped FePt nanoparticles.

FIG. 2. X-ray diffraction �XRD� patterns obtained from FePt nanoparticles
with XSb=0.14 and 0.23 annealed at 300 and 400 °C. The symbols used here

indicate peaks from PtSb2 ���, PtSb ���, and Sb ��� phases.
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→ordered fct L10 transformation, as indicated by the emer-
gence of �001�, �110�, �002�, and �201� Bragg peaks with the
ordering parameter S�0.83–0.87 evaluated from the �001�
and �110� reflections.10 TEM images of the Sb-doped nano-
particle assemblies annealed to 300 °C do not show any ob-
servable coalescence �see Fig. 3�a��. Annealing to �400 °C
leads to significant nanoparticle coalescence �ee Fig. 3�b��.
The high diffusivity of the Sb atoms may have an effect of
increasing the coalescence temperature, similar to that re-
ported for Au- and Ag-doped FePt nanoparticles.11,12

VSM measurements at room temperature show that the
as-prepared nanoparticle assemblies are ferromagnetic. For
XSb=0.14, Hc is �10 mT, while for XSb=0.23, Hc is
�120 mT �see Fig. 4�. Annealing at 300 °C for 30 min in-
creases the Hc dramatically for XSb�0.14 and 0.23, yielding
values �500 mT. The coercivities of nanoparticles with
XSb=0.23 and 0.14 saturate at �800 and �1040 mT at 350
and 400 °C, respectively, concurrent with the completion of
chemical ordering. The maximum coercivity of nanoparticles
with XSb=0.23 is slightly lower than that of XSb=0.14, prob-
ably because of differences in the Fe/Pt ratio.2

The temperature dependence of coercivity for FePt
nanoparticles with XSb�0.14 annealed at 300 °C is fitted
with the Arrhenius-Néel model1,13 �see Fig. 5� Hc

=H0�1− ��kBT /KuV�ln�t0f0 / ln 2��2/3�, where H0 is the intrin-
sic coercivity, Ku is the magnetic anisotropy energy, V is the
switching volume, f0 is the thermal attempt frequency, and t
is the wait time for the reverse field. Assuming KuV to be

FIG. 3. TEM micrographs from assemblies of size-selected FePt nanopar-
ticles with XSb=0.23 after annealing for 30 min at �a� 300 °C and �b�
400 °C.

FIG. 4. Room-temperature coercivity of Sb-doped FePt nanoparticle assem-

blies as a function of annealing temperature.

se or copyright; see http://jap.aip.org/about/rights_and_permissions



08N709-3 Yan et al. J. Appl. Phys. 99, 08N709 �2006�

Dow
constant for different measuring temperatures, we get H0 val-
ues of 1130 and 1220 mT and KuV values of 1.77�10−19

and 2.05�10−19 J for XSb=0.14 and 0.23 annealed at
300 °C, respectively. Assuming V is determined by indi-
vidual nanoparticle volume, Ku is estimated to be 3.1 and
3.5 MJ/m3 for XSb=0.14 and 0.23, respectively. However,
the H0 values extracted from the SQUID data were lower
than those theoretically reported14 for 4-nm FePt nanopar-
ticles with Ku�2.5 MJ/m3. This discrepancy is probably
due to the presence of residual superparamagnetism due to
the large particle size distribution or inhomogeneous incor-
poration of Sb. This view is supported by the presence of
small kinks in the hysteresis loop �Fig. 5, inset�.

IV. CONCLUSIONS

Sb doping induces L10 ordering in FePt nanoparticles at

FIG. 5. Low-temperature coercivity of the FePt nanoparticles with XSb

=0.23 and 0.14 annealed at 300 °C for 30 min, fitted to the Arrhenius-Néel
model �Ref. 1� �solid lines�. Inset is a representative hysteresis loop of FePt
with XSb=0.23 at T=−173 °C. The arrows indicate the kinks.
annealing temperatures as low as 300 °C, yielding coercivi-

nloaded 16 Jun 2011 to 155.69.4.4. Redistribution subject to AIP licen
ties �500 mT without significant particle coalescence.
SQUID measurements suggest the existence of superpara-
magnetism in the Sb-doped nanoparticles due to size poly-
dispersity and compositional inhomogeneities. These results
underscore the importance of evolving synthesis techniques
to prepare monodisperse nanoparticles with controlled com-
position and doping levels for data storage applications.
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