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By Shouheng Sun*

1. Introduction

Magnetic nanoparticles with sizes ranging from 2 to 20 nm
in diameter represent an important class of artificial nano-
structured materials. Their magnetic properties change drasti-
cally with their size, as the relaxation of the magnetization ori-
entation of each particle is determined by s = s0 eKV/2kT, in
which s is the relaxation time at one orientation, K is the par-
ticle’s anisotropy constant, V is the particle volume, k is Boltz-
mann’s constant, and T is temperature.[1,2] The term KV mea-
sures the energy barrier between two orientations. As the size
of the particle decreases to a level where KV becomes com-
parable to the thermal energy kT, its magnetization starts to

fluctuate from one direction to another. As a result, at this T
the overall magnetic moment of this particle is randomized to
zero, and the particle is said to be superparamagnetic.

The magnetic behavior of a group of magnetic nanoparti-
cles can be better described by a hysteresis loop that measures
the change of magnetic moment (M) over the strength of an
applied magnetic field (H). As shown in Figure 1A, in the ab-
sence of an external field (center point), the magnetization of
each particle points in different directions and the overall
magnetic moment is zero. When an external magnetic field is
applied, magnetic interaction between the particles and the
field aligns the magnetization of the particles along the field
direction. When the field is strong enough, all particles are
aligned in the field direction and the particles are said to be
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This paper reviews recent advances in chemical synthesis, self-assembly,
and potential applications of monodisperse binary FePt nanoparticles.
After a brief introduction to nanomagnetism and conventional processes
of fabricating FePt nanoparticles, the paper focuses on recent develop-
ments in solution-phase syntheses of monodisperse FePt nanoparticles
and their self-assembly into nanoparticle superlattices. The paper further outlines the surface,
structural, and magnetic properties of the FePt nanoparticles and gives examples of three poten-
tial applications in data storage, permanent magnetic nanocomposites, and biomedicine.
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Figure 1. Schematic illustration of the hysteresis loops of a group of
magnetic nanoparticles that are A) ferromagnetic and B) superparamag-
netic. Ms: saturation magnetic moment; Mr: remnant magnetic moment.



saturated; the corresponding moment is called the saturation
moment (Ms). Reducing the strength of the field leads to
randomization of the magnetization and a smaller magnetic
moment. When the external field drops to zero, the ferromag-
netic particles retain a considerable degree of magnetization
with a net measurable moment: the remnant magnetic mo-
ment (Mr). (This serves as a basis for magnetic memory de-
vices). To demagnetize the particles, the external field must
be reversed and increased to a value where the total moment
is zero. This value is called the coercivity (Hc). If the particles
are superparamagnetic, the magnetization of each particle un-
dergoes thermal fluctuation. As long as the field is removed,
the overall moment is randomized to zero, leaving no remnant
magnetic moment (Fig. 1B). This superparamagnetism of
magnetic nanoparticles becomes the fundamental density
limit for magnetic memory devices.[3,4] Interestingly, these
superparamagnetic nanoparticles are very useful for biomedi-
cal applications, as they are not subject to strong magnetic in-
teractions in a dispersion and are stable in physiological con-
ditions.[5–7]

FePt nanoparticles containing a near-equal atomic percent-
age of Fe and Pt are an important class of magnetic nano-
materials. They are known to have a chemically disordered
face-centered cubic (fcc) structure or a chemically ordered
face-centered tetragonal (fct) structure,[8] as shown in
Figure 2. The fcc-structured FePt has a small coercivity and is
magnetically soft. The fully ordered fct-structured FePt can
be viewed as alternating atomic layers of Fe and Pt stacked
along the [001] direction (the c-axis in Fig. 2B). The anisotro-
py constant K, which measures the ease of magnetization re-
versal along the easy axis, can reach as high as 107 J m–3,[3] a
value that is one of the largest among all known hard mag-
netic materials. This large K is caused by Fe and Pt interac-
tions originating from spin-orbit coupling and the hybridiza-
tion between Fe 3d and Pt 5d states.[9–12] These Fe–Pt
interactions further render the FePt nanoparticles chemically
much more stable than the common high-moment nanoparti-
cles of Co and Fe, as well as the large coercive materials
CoSm5 and Nd2Fe14B, making them especially useful for prac-
tical applications in solid-state devices and biomedicine.

FePt nanoparticles are commonly fabricated using vacu-
um-deposition techniques.[13–15] As deposited, the FePt has a
chemically disordered fcc structure and is magnetically soft.
Thermal annealing is needed to transform the fcc structure
into the chemically ordered fct structure. However, the an-
nealing also results in particle aggregation, leading to wide
size distributions. To control the size and narrow the size
distribution, FePt nanoparticles prepared from vacuum-de-
position methods are often buried in a variety of insulator
matrices, such as SiO2,[16] Al2O3,[17] B2O3,[18] or Si3N4.[19]

Alternatively, FePt particles can be made by gas-phase evap-
oration.[20] Although the average size of these particles can
be better controlled in the improved syntheses, it is still dif-
ficult to disperse them in various liquid media and to use
them to form regular arrays. In contrast with all the physical
deposition processes, solution-phase synthesis offers a
unique way for producing monodisperse nanoparticles,[21–25]

and has been found to be particularly effective in synthesiz-
ing monodisperse FePt nanoparticles and nanoparticle super-
lattices. This paper briefly reviews the recent progress in
chemical syntheses and self-assembly of monodisperse FePt
nanoparticles as well as their potential applications in data
storage, permanent magnetic nanocomposites, and biomedi-
cine.
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Figure 2. Schematic illustration of the unit cell of A) chemically disor-
dered fcc and B) chemically ordered fct FePt.



2. Chemical Synthesis of FePt Nanoparticles

2.1. Synthesis of FePt Nanoparticles via Thermal
Decomposition of Fe(CO)5 and Reduction of Pt(acac)2

Thermal decomposition of iron pentacarbonyl, Fe(CO)5,
and reduction of platinum acetylacetonate, Pt(acac)2, in the
presence of 1,2-alkanediol is a common synthesis route to
monodisperse FePt nanoparticles.[26,27] The synthetic chemis-
try is illustrated in Figure 3. Fe(CO)5 is thermally unstable
and subject to decomposition at high temperature to carbon
monoxide and Fe. This decomposition reaction has been uti-
lized to prepare various Fe-based nanoparticles.[25] Pt(acac)2

is readily reduced by a mild reducing agent, 1,2-alkanediol, to
Pt. A small group of Fe and Pt atoms combine to form [Fe–Pt]
clusters that act as nuclei. The growth proceeds as more Fe–Pt
species deposit around the nuclei, forming FePt nanoparticles.
Oleic acid and oleylamine (or similar long chain carboxylic
acids and primary amines) are used for FePt nanoparticle sur-
face passivation and particle stabilization. In a typical synthe-
sis,[26] Pt(acac)2 (197 mg, 0.5 mmol), 1,2-hexadecanediol
(390 mg, 1.5 mmol), and dioctyl ether (20 mL) are first
loaded in a reaction flask and stirred using a magnetic stirring
bar. The mixture is heated to 100 °C under a gentle flow of N2

to remove oxygen and moisture. Oleic acid (0.16 mL,
0.5 mmol) and oleylamine (0.17 mL, 0.5 mmol) are added to
the mixture, and, after 10 min, the N2 outlet is closed and the
reaction system protected under a blanket of N2. Fe(CO)5

(0.13 mL, 1 mmol) is then introduced into the mixture, which
is then further heated to reflux (297 °C). The refluxing is con-
tinued for 30 min. The heat source is then removed, and the
reaction mixture allowed to cool to room temperature. The in-
ert gas protected system is opened to ambient environment at
this point. The black product is precipitated by adding ethanol
(40 mL) and separated by centrifugation. The yellow-brown
supernatant is discarded. The black precipitate is dispersed in
hexane (25 mL) in the presence of oleic acid (0.05 mL) and
oleylamine (0.05 mL) and precipitated out by adding ethanol
(20 mL) and centrifuging. The product is dispersed in hexane
(20 mL), centrifuged to remove any insoluble precipitate (al-
most no precipitation was found at this stage), and precipitat-
ed out by adding ethanol (15 mL) and centrifuging. The FePt

nanoparticles can be dispersed in any alkane, arene, or chlori-
nated solvent.

In the reaction condition described above, the composition
of the FePt particles is controlled by the Fe(CO)5/Pt(acac)2

ratio.[27] Figure 4 shows the composition relation to the
amount of Fe(CO)5 added in the presence of a fixed amount
of Pt(acac)2 (0.5 mmol). It can be seen that not all of the
Fe(CO)5 contributes to the FePt-alloy formation. Fe(CO)5

has a low boiling point (103 °C). At a reaction temperature of
297 °C, Fe(CO)5 is actually in the vapor phase. The formation
of this vapor phase likely results in the slow decomposition of
Fe(CO)5 at a rate that matches the reduction rate of Pt(acac)2.

The FePt nanoparticles are formed in a shorter period of time.
Therefore, the consumption of Fe(CO)5 cannot be completed
within the synthesis time period. As a result, 0.5 mmol of
Fe(CO)5 and 0.5 mmol of Pt(acac)2 yield Fe38Pt62, while
1.1 mmol of Fe(CO)5 and 0.5 mmol of Pt(acac)2 produce
Fe56Pt44.

Fine-tuning of the sizes of the FePt nanoparticles between 2
and 5 nm is achieved by controlling the surfactant to metal ra-
tio.[28] Alternatively, to make larger FePt particles, a seed-me-
diated growth method is used.[26] This is performed by first
making monodisperse 3–4 nm seed FePt particles, and then
adding more Fe and Pt precursors to enlarge the existing FePt
particle seeds to obtain the desired sizes.

Better control of the size of the FePt nanoparticles is ob-
tained via a one-step simultaneous thermal decomposition of
Fe(CO)5 and reduction of Pt(acac)2 in the absence of 1,2-alka-
nediol.[29] It is believed that 1,2-alkanediol can lead to the fa-
cile reduction of Pt(acac)2 to Pt, resulting in fast nucleation of
FePt and consumption of metal precursors, and, as a result,
smaller particles. Exclusion of additional reducing agent in
the reaction mixture slows down the nucleation rate, allowing
more metal precursors to deposit around the nuclei, leading
to a larger particle size. The particle formation mechanism is
shown in Figure 5A. The Pt-rich nuclei (a) are formed from
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Figure 3. Schematic illustration of FePt nanoparticle formation from the
decomposition of Fe(CO)5 and reduction of Pt(acac)2.
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based on the reaction of Fe(CO)5 with 0.5 mmol of Pt(acac)2. Reprinted
with permission from [27]. Copyright 2001 IEEE Magnetic Society.



the simultaneous reduction of Pt(acac)2 and partial decompo-
sition of Fe(CO)5 at temperatures less than 200 °C. More Fe
atoms will then coat the existing Pt-rich nuclei, forming larger
clusters (b) at a higher temperature. Heating the clusters (b)
to reflux at 300 °C leads to atomic diffusion and formation of
fcc-structured FePt nanoparticles (c). In the presence of ex-
cess of Fe(CO)5, the extra Fe will continue to coat over (c),
leading to core/shell structured FePt/Fe that is further oxi-
dized to FePt/Fe3O4 (d). The size of the particles is tuned by
controlling the molar ratio of the stabilizers to Pt(acac)2 and
heating conditions. A ratio of at least 8:1 is necessary to make
FePt nanoparticles larger than 6 nm. At a fixed ratio of 8:1,
both heating rate and interim heating temperature are impor-
tant in tuning the sizes of the FePt particles. Applying a heat-
ing rate of ∼ 15 °C min–1 and an interim heating temperature
of 240 °C leads to 6 nm diameter FePt, while a slower rate of
∼ 5 °C min–1 and a lower heating temperature of 225 °C yields
9 nm diameter FePt. Figures 5B shows the X-ray diffraction
(XRD) patterns of the FePt nanoparticles with sizes of 3, 6,
and 9 nm, in which the narrowed peak width reflects the large
size of the crystallites.

In this one-step synthesis, the shape of the particles is
controlled by sequential addition of the surfactants. By first
mixing oleic acid, Fe(CO)5, and Pt(acac)2, and heating the
mixture at 130 °C for about 5 min before oleylamine is added,
highly faceted FePt nanoparticles are obtained (Fig. 6A).[29]

FePt nanoparticles have also been produced by sequential
reduction of Pt(acac)2 and thermal decomposition of

Fe(CO)5, followed by oxidation and reductive annealing.[30,31]

In this synthesis, Pt nanoparticles are first made via the polyol
reduction of Pt(acac)2 in dioctyl ether. A layer of Fe2O3 is
then coated over the Pt nanoparticles via thermal decomposi-
tion of Fe(CO)5 and oxidation. The dimensions of the Pt core
and the Fe2O3 shell are controlled by the amount of Pt or Fe
precursors, respectively, used in the reaction. To make FePt
nanoparticles, the FePt/Fe2O3 is further annealed under a gas
mixture of H2 (5 %) and Ar at 550 °C or above for 9 h. This
high-temperature reductive annealing has two purposes: to re-
duce Fe2O3 to Fe and to make Fe and Pt diffuse into FePt al-
loy particles. Figure 6B shows Pt/Fe2O3 core/shell particles
with 10 nm diameter Pt cores and 3.5 nm thick Fe2O3 shells.
After reductive annealing, ∼ 17 nm diameter FePt nanoparti-
cles are obtained.

To gain better control over both the stoichiometry and the
internal structure of FePt nanoparticles, Na2Fe(CO)4 has been
used to replace Fe(CO)5 in the FePt nanoparticle synthesis.[32]

Na2Fe(CO)4 acts as both a reducing agent and an Fe source.
In this reaction, the anion Fe2– from Na2Fe(CO)4 transfers
two electrons to Pt2+. The Pt2+ is reduced to metallic Pt while
the Fe2– is oxidized to metallic Fe, which then combines with
Pt to form FePt. This assures the 1:1 stoichiometry of the final
alloy materials. If the reaction is run in high-boiling tetraco-
sane (boiling point: 389 °C), partially ordered fct FePt nano-
particles are separated. The room temperature coercivity of
the particles reaches 1300 Oe (1 Oe = 103/4p A m–1).

2.2. Synthesis of FePt Nanoparticles via Co-reduction of
Metal Salts

The use of a diol or polyalcohol (for example, ethylene gly-
col) to reduce metal salts to metal particles is referred to as
the “polyol process”.[33] By mixing and heating both an iron
salt and a platinum salt with the polyol, high-quality FePt
nanoparticles can be produced. For example, a slight modifi-
cation of the decomposition/reduction condition by replacing
Fe(CO)5 with Fe(acac)2 or Fe(acac)3 has led to monodisperse
2–3 nm diameter FePt nanoparticles.[34–36] Reaction of
Fe(acac)3 and Pt(acac)2 in ethylene glycol[37–39] or tetraethyl-
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Figure 5. A) Schematic illustration of FePt nanoparticle formation
mechanism and B) X-ray diffraction patterns of the as-synthesized FePt
nanoparticles of different sizes. Reprinted with permission from [29].
Copyright 2004 American Chemical Society.
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Figure 6. Transmission electron microscopy images of A) 7 nm cube-like
FePt (reprinted with permission from [29]; copyright 2004 American
Chemical Society) and B) Pt/Fe2O3 core/shell nanoparticles with 10 nm
cores and 3.5 nm shells (reprinted with permission from [30]; copyright
2003 American Chemical Society).



ene glycol[40–43] generates FePt nanoparticles that show par-
tially ordered fct structures. Alternatively, the stronger organ-
ic reducing agent hydrazine (N2H4) has been used to reduce
metal salts and form FePt nanoparticle in water at low tem-
perature.[44] In this synthesis, H2PtCl6·H2O and FeCl2·H2O,
together with hydrazine and a surfactant, such as sodium
dodecyl sulfate (SDS) or cetyltrimethylammonium bromide
(CTAB), are mixed in water. The hydrazine reduces the metal
cations at 70 °C, resulting in fcc-structured FePt nanoparticles.

As inorganic reducing agents, metal borohydrides are well
known for metal salt reduction.[45–48] Specifically, a borohy-
dride derivative, such as Super-Hydride, LiBEt3H, is easily
dissolved in ether, facilitating homogenous reduction of metal
salts and formation of metal nanoparticles.[49–51] The reduction
of FeCl2 and Pt(acac)2 mixtures in diphenyl ether by LiBEt3H
in the presence of oleic acid, oleylamine, and 1,2-hexadecane-
diol at 200 °C, followed by refluxing at 263 °C, has led to
∼ 4 nm FePt nanoparticles.[52] The initial molar ratio of the
metal precursors is carried over to the final product, making
control over the composition of the FePt much easier than in
the decomposition/reduction and polyol reduction processes.

The strong reducing power of the borohydride also allows
the reduction to proceed at room temperature in a pre-de-
signed environment. Reverse micelles have been used as
nanoreactors to make FePt nanoparticles. The micelles are
formed using CTAB as a surfactant, 1-butanol as a co-surfac-
tant, and octane as an oil phase.[53] Both a Fe salt and a Pt salt
are dissolved in water within the nanoreactors. Adding so-
dium borohydride leads to the quick reduction of the salts and
the formation of FePt nanoparticles. The FePt nanoparticles
are also obtained by borohydride reduction of metal salts on a
peptide template.[54] In general, using water as a solvent al-
lows easy dissolution of various metal salts and application of
a well-controlled biological template to synthesize FePt nano-
particles. However, at the present, the quality of the particles
prepared under these low-temperature conditions has not
been as high as those from the high-temperature solution-
phase synthesis; boron contamination of the final product, a
common problem accompanied with borohydride reduction
of iron, cobalt, or nickel salts, could be a concern.

3. Surface Chemistry of FePt Nanoparticles

FePt nanoparticles are generally stabilized with alkyl car-
boxylic acid (RCOOH) and alkylamine (RNH2). –COOH can
covalently link to Fe, forming iron carboxylate (–COO–Fe).
On the other hand, –NH2, as an electron donor, prefers to bind
to Pt via a coordination bond. Detailed IR spectroscopy studies
on FePt nanoparticles coated with oleic acid and oleylamine in-
dicate the presence of both –NH2 and –COO– on the nanopar-
ticle surfaces, as shown in Figure 7.[55] The –COO– acts either
as a chelate ligand, binding to Fe via two O atoms, or as a
monodentate molecule, linking to Fe via only one O atom.

The carboxylate- and amine-based surfactants around each
FePt nanoparticle can be replaced by other similarly struc-

tured acids or amines, or by surfactants with a functional
group that has a high affinity for Fe or Pt. Such surfactant ex-
change has been used to control the interparticle spacing in
FePt nanoparticle assemblies by replacing long-chain oleate
and oleylamine with short-chain acid and amine.[26] The car-
boxylate/amine can also be substituted by tetramethylammo-
nium hydroxide (TMAOH).[56] The adsorption of TMAOH
on the FePt surface provides each nanoparticle with an elec-
trostatic double layer, making the FePt nanoparticles fully dis-
persible in aqueous solution at high concentrations. Ferro-
magnetic resonance measurements on these water-soluble
FePt nanoparticles do not indicate oxidation of the FePt
core,[56] proving the chemical stability of the FePt nanoparti-
cles. Surfactant exchange has been further extended to coat
the thiol-based molecules[57–59] and silica[60,61] over the FePt
surface to make FePt nanoparticles water soluble.

The high affinity of FePt for S allows the preparation of
multifunctional nanoparticles. FePt–CdS bimodal nanoparti-
cles have been synthesized by coating FePt nanoparticles with
amorphous CdS followed by heating, as shown in Figure 8.[62]

The amorphous CdS is first deposited on the surface of FePt
nanoparticles, giving core/shell structured FePt/CdS. Upon
further annealing, the amorphous CdS crystallizes, and the lat-
tice mismatch between FePt and CdS crystals makes the core/
shell system metastable, leading to the formation of FePt–CdS
bimodal nanoparticles. Similarly, FePt nanoparticles have
been incorporated into semiconducting ZnS nanowire net-
works with FePt serving as the junctions.[63] The FePt nano-
particles have also been used as seeds to synthesize FePt–Ag
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Figure 8. Schematic of a typical synthetic route to bimodal FePt–CdS
nanoparticles. Reprinted with permission from [62]. Copyright 2004
American Chemical Society.



nanoparticles.[64] These bimodal nanoparticles, along with sev-
eral other bimodal structures reported recently,[65–67] have two
closely connected functional units, and may exhibit novel
magnetic and optical properties that can be tuned by control-
ling the interface interactions between the two units.[68]

4. Assembly of FePt Nanoparticles

4.1. Self-Assembly

Nanoparticles with size distributions less than 5 % can form
close-packed arrays on a variety of substrates as the solvent
from the particle dispersion is allowed to evaporate. Such a
self-assembly process into a long-range-ordered structure may
be comparable with crystallization, where elements rearrange
themselves into a periodic crystal structure. In a self-as-
sembled nanoparticle superlattice, the nanoparticles act as the
elements. In contrast to a crystal structure, where strong
chemical bonds are usually present, nanoparticle superlattices
often do not have such strong chemical interactions; instead,
the particles are linked by weak hydrogen bond, van der
Waals, and electric/magnetic dipole interactions.

Stabilized with oleate and oleylamine, the monodisperse
FePt nanoparticles are surrounded by a layer of hydrocarbon
and can serve as excellent building blocks for constructing
nanoparticle superlattices through van der Waals and mag-
netic interactions. Colloidal crystals of monodisperse FePt
nanoparticles have been grown by a three-layer technique
based on slow diffusion of a non-solvent (methanol) into the
bulk of a concentrated FePt nanoparticle dispersion through a
buffer layer of a third component (2-propanol).[69] To control
the interparticle spacing within the superlattice, surfactant ex-
change on the surface of the particles is performed before the
self-assembly. Figure 9 shows two TEM images of the 6 nm
FePt nanoparticle superlattices grown on amorphous carbon
surfaces.[26] Figure 9A shows the assembly of the particles
coated with oleate and oleylamine, while Figure 9B shows the
particles coated with hexanoate/hexylamine. The interparticle
spacing in Figure 9A is around 5 nm. That is twice as wide as

the distance given by the C18 chain (∼ 2.5 nm) in the oleate
and oleylamine molecules, while in Figure 9B the spacing is
closer to 1 nm due to the thin-layer coating on the particles.

4.2. Polymer-Mediated Self-Assembly

A solid substrate can be modified with multifunctional mol-
ecules that further replace the surfactant around nanoparti-
cles, forming a monolayer assembly of the nanoparticles on
the substrate surface. This self-assembly technique is known
as molecule-mediated self-assembly and is commonly used for
construction of various nanocomposite films with controlled
film thicknesses.[70–76] The assembly technique has been ex-
tended to produce composite assemblies of polyethylenimine
(PEI)-FePt,[52,77] phospholipid-FePt,[78] and oleic acid/oleyl-
amine-FePt.[79] Characterizations of the layered PEI-FePt
structure via X-ray reflectivity and atomic force microscopy
indicate that the PEI-mediated FePt assemblies have well-
controlled thicknesses.[52] The FePt nanoparticles have also
been assembled on a Si/SiO2 substrate using (3-(2-aminoeth-
ylamino)propyl)trimethoxysilane as a coupling layer.[80] Poly-
merization of the –Si(OCH3)3 group on the SiO2 surface
yields a strong, planar, polymeric –Si–O– network, and the
–NH2 group is used to bind FePt nanoparticles via surfactant
exchange reaction. The assembled two-dimensional array of
FePt nanoparticles is extremely robust and can withstand an-
nealing up to 800 °C without aggregation.

4.3. Patterned Self-Assembly

The combination of physical patterning tools with self-as-
sembly has led to patterned self-assembly of FePt nanoparti-
cles. For example, optical lithography and self-assembly have
been used to form patterned FePt nanoparticle arrays.[81] A sil-
icon wafer with a photoresist film with patterned holes made
by UV lithography can be used as a template to direct the self-
assembly of FePt nanoparticles. The FePt nanoparticle disper-
sion is dropped onto the patterned holes. After removal of the
photoresist, a patterned disk of the self-assembled FePt nano-
particles with an average diameter of 2 lm and a height of
250 nm is obtained. Alternatively, a focused laser beam has
been applied for direct thermal patterning of a self-assembled
FePt nanoparticle array under ambient conditions.[82] The
beam can locally heat a small area of the self-assembled array
on an insulating substrate. The heating carbonizes the surfac-
tant around the particles and strengthens the linkage between
them. The unexposed FePt particle assembly can be washed
away with fresh solvent, leaving patterned islands of FePt
nanoparticles. Selective adsorption of FePt nanoparticles on a
modified octadecyltrichlorosilane assembly has also been
achieved. A conducting cantilever in a scanning probe micro-
scope with a positive-biased pulse voltage is applied to the as-
sembly, oxidizing the terminal alkane groups which are then
capable of absorbing FePt nanoparticles via surfactant ex-
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Figure 9. TEM images of A) the oleate/oleylamine coated 6 nm FePt and
B) the hexanoate/hexylamine coated 6 nm FePt nanoparticle superlat-
tices. The particles in (B) are obtained by replacing oleate/oleylamine on
the surface of the particles in (A) by hexanoate/hexylamine. Reprinted
with permission from [26]. Copyright 2000 American Association for the
Advancement of Science.



change, yielding well-aligned sub-100 nm dot arrays with sub-
100 nm periodicity.[83] More conveniently, the FePt nanoparti-
cles can be patterned by a diblock copolymer template.[84]

5. Structural and Magnetic Properties of FePt
Nanoparticles

As synthesized, FePt particles usually possess a chemically
disordered fcc structure. Thermal annealing is needed to con-
vert the fcc structure to the highly anisotropic fct structure
and to transform the particles into room-temperature nano-
scale ferromagnets. The change of the internal particle struc-
ture upon annealing depends on annealing temperature, an-
nealing time, and Fe and Pt composition. TEM,[85] XRD,[27]

and Kerr-effect measurements[86] on the annealed Fe52Pt48

particle assemblies show that the onset of this structure
change occurs at about 500 °C. Detailed XRD studies on FePt
nanoparticle assemblies show that, with respect to the equia-
tomic composition, the c parameter changes mostly in the
Pt-rich compositions and the a parameter changes mostly in
the Fe-rich compositions. This causes the fct structure to be
maximized near the Fe/Pt 50:50 composition.[87]

The as-synthesized FePt nanoparticles are superparamag-
netic at room temperature. This is consistent with the low mag-
neto-crystalline anisotropy of the fcc-structured FePt. Their
magnetic properties are composition dependent and are af-
fected by Fe–Pt interactions within the particles.[88–90] A
relatively large Hc (∼ 4000 Oe) of the particles at 5 K may also
indicate the strong surface effect of the small FePt nanoparti-
cles.[91,92] The room-temperature coercivities of the annealed
FePt nanoparticle assemblies increase with annealing time and
temperature,[26,27,93] reaching a maximum value with the assem-
bly annealed at ∼ 650 °C. Even higher annealing temperature
eventfully destroys the nanocrystalline feature of the particles,
leading to the formation of multidomain aggregates and a drop
in the coercivity.[93] The coercivity of the FePt nanoparticle as-
sembly also depends on the FePt composition. The extrapola-
tion of a Gaussian fit of the coercivity and the composition re-
lation yields the best composition to be Fe55Pt45.[27] This is
consistent with what has been observed in physically deposited
FePt thin films.[94,95]

6. Annealing-Induced Particle
Aggregation and its Prevention

Although thermal annealing provides
FePt nanoparticles with desired mag-
netic properties, one serious side effect
of this annealing is the deterioration of
the monodispersity of the particles. Pre-
vious in-situ TEM[85] and XRD experi-
ments[52] have clearly shown the coales-
cence of the FePt particles annealed at
600 °C or above. To prevent this uncon-
trolled agglomeration, FePt nanoparti-

cles should be embedded in thick organic[96] or robust inor-
ganic[29,97–100] matrices, or assembled on the surface of a
robust –Si–O– network to limit the mobility of the particles at
high temperature.[101] An alternative solution to the sintering
problem is to dope FePt with another element to lower the
structure transformation temperature. It is known that the
addition of Cu to a FePt film can reduce the transformation
temperature.[102] Both the experimental evidence and the
first-principles band calculation indicate that Cu in CuFePt
substitutes into the Fe site in the FePt alloy.[103] The difference
in free energy between the ordered and disordered phases is
enhanced, and the driving force in the disorder–order trans-
formation increases. In spherical FePt particles, alloying
4 at.-% Cu into the system has reduced the ordering tempera-
ture from 500 to 400 °C.[104] The same strategy can be applied
to chemically made monodisperse FePt nanoparticles. Several
classes of monodisperse ternary nanoparticles of FePtCu,[105]

FePtAg,[106] FePtAu,[107,108] and FePtSb[109] have been success-
fully synthesized by a thermal decomposition and reduction
method. The fcc to fct structure transformation temperature
can be decreased to as low as 300 °C.[109]

7. Potential Applications of FePt Nanoparticles

7.1. FePt Nanoparticle Arrays for Data-Storage Applications

Current magnetic disk drives are based on longitudinal re-
cording systems where the magnetization of the recorded bit
lies in the plane of the disk. These systems contain a recording
head composed of separate read and write elements, and
moves in close proximity to a granular recording medium
(Fig. 10A). Recording media traditionally have a magnetic
storage layer that consists of weakly coupled magnetic parti-
cles of CoPtCrX alloy (X = B, Ta) with an average size of
∼ 9 nm (Fig. 10B).[3,4] These ferromagnetic nanoparticles al-
low writing and storing magnetic transitions at high densities,
with each recording bit containing hundreds of nanoparticles.

Self-assembled ferromagnetic FePt nanoparticle arrays are
prospective magnetic-media candidates. Preliminary record-
ing experiments on a ferromagnetic Fe48Pt52 nanoparticle ar-
ray with Hc at 1800 Oe are shown in Figure 11.[26] Figure 11A
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Figure 10. A) Schematic of a longitudinal recording system. B) TEM image of modern CoCrPtB re-
cording media with an average grain diameter of 9 nm. Reprinted with permission from [4]. Copy-
right 2002 Institute of Physics Publishing.



is a high-resolution scanning electron microscopy (HRSEM)
image of a 4 nm ferromagnetic nanoparticle assembly used
for the recording demonstration. Figure 11B shows the mag-
neto-resistive (MR) signals that are read back from the transi-
tions by the MR sensor. The digitized read-back signals have
linear densities of 500, 1000, 2000, and 5000 flux changes per
millimeter, indicating that the ferromagnetic FePt nanoparti-
cle assembly can indeed support magnetization reversal tran-
sitions.

7.2. Self-Assembled FePt-Based Nanocomposites for
Permanent-Magnet Applications

Ferromagnetic FePt nanoparticles are useful building
blocks for constructing permanent magnetic nanocomposites.
As hard magnetic materials, FePt has a very large coercivity
but a relatively low magnetic moment compared to other
iron-based and magnetically soft
materials, such as Fe3Pt or Fe. A
composite containing hard and soft
magnets with the hard and soft
phases being strongly exchange
coupled could have both a large
coercivity and a high magnetic mo-
ment and be capable of storing high-
density magnetic energy.[110–112] To
reach an optimum exchange cou-
pling within the composite system,
the soft phase should have dimen-
sions of only around 10 nm.

Self-assembly of two different
magnetic nanoparticles has been ap-
plied to produce nanocomposites
with controlled nanoscale dimen-
sions.[113] FePt and Fe3O4 nanoparti-
cles can be chosen as building blocks

to form binary composite assemblies that are subject to reduc-
tive annealing, converting Fe3O4 to Fe and transforming the
fcc FePt to fct FePt. The annealing also removes the organic
coating around each particle and allows interfacial diffusion
between Fe and FePt, leading to nanocomposite FePt–Fe3Pt.
Figure 12 shows TEM images of the binary composite
assemblies containing 4 nm Fe3O4 nanoparticles and 4 nm
Fe58Pt42 nanoparticles (Fig. 12A) and a typical sintered
nanocomposite particle (Fig. 12B) obtained from the anneal-
ing of the assembly in Figure 12A at 650 °C for 1 h. The
coalesced particle is divided into two distinct phases of fct
FePt and fcc Fe3Pt, with dimensions of each phase on the
order of 5 nm. The composite has an energy product (BHmax)
value of 20.1 MGOe (1 G = 10–4 T), which is 37 % higher than
the 14.7 MGOe obtained from the single-phase Fe58Pt42,
indicating that a nanocomposite with exchange-coupled hard
and soft phases does indeed have enhanced magnetic proper-
ties.
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(A) (B) 

Figure 11. A) HRSEM image of a ∼ 120 nm thick 4 nm Fe48Pt52 ferromagnetic nanoparticle assembly used for a writing experiment. B) Magneto-resis-
tive read-back signals from the written bit transitions. The individual line scans reveal magnetization reversal transitions at linear densities of a) 500,
b) 1040, c) 2140, and d) 5000 flux charges mm–1. Reprinted with permission from [26]. Copyright 2000 American Association for the Advancement of
Science.

(A)

(B) 

Figure 12. TEM images of binary nanoparticle assemblies of A) Fe3O4 (4 nm)–Fe58Pt42 (4 nm) nano-
particles and B) one sintered FePt–Fe3Pt composite particle. Reprinted with permission from [113].
Copyright 2002 Nature Publishing Group.



7.3. Biomedical Applications of FePt Nanoparticles

FePt nanoparticles prepared via solution-phase synthesis of-
fer a wide range of magnetic properties and are chemically
much more stable than other well-known high-moment Co
and Fe nanoparticles. Their magnetic moment reaches
∼ 1000 emu cc–1 (1 emu cc–1 = 103 A m–1), comparable to Co
(∼ 1400 emu cc–1) and Fe (∼ 1700 emu cc–1), and higher than
commonly used iron oxide (∼ 300–400 emu cc–1). These values
make the FePt nanoparticles interesting candidates for bio-
magnetic applications.[6]

FePt nanoparticles synthesized via the thermal decomposi-
tion/reduction method can be modified with thiol-terminated
molecules via the formation of Pt–S and Fe–S bonds.[57–59,114]

For example, cystamine, S2(CH2CH2NH2)2, replaces oleate/
oleylamine around the FePt nanoparticles to give cystamine-
coated FePt nanoparticles. Similarly, vancomycin is linked to
FePt nanoparticles via bis(vancomycin)cystamide. This FePt–
vancomycin conjugate exhibits selective binding to Gram-neg-
ative bacteria at a concentration of 15 cfu mL–1 (cfu: colony
forming units), which is an order of magnitude more sensitive
than one of the best assays for bacteria detection based on lu-
minescence (detection limit: 180 cfu mL–1).[57,58] FePt nano-
particles have also been functionalized with mercaptoalkanoic
acids and used as a general agent to bind histidine-tagged pro-
teins,[59] forming a conjugate that is promising for instant and
sensitive detection of pathogens at ultralow concentrations.

8. Concluding Remarks

Numerous studies on FePt nanoparticles and nanoparticle
assemblies have revealed that the solution-phase syntheses
are capable of producing high-quality FePt nanoparticles and
assembling them into superlattice structures. The particles
show magnetic properties ranging from superparamagnetic to
ferromagnetic and are attractive as ideal models for under-
standing nanomagnetism. They are also promising as basic
building blocks for constructing high-density data storage
media and high-performance permanent magnetic nanocom-
posites. Their excellent chemical stability allows surfactant
exchange and biomolecule attachment to be performed in var-
ious liquid media, which may lead to highly efficient and
highly sensitive tools for bio-separation and bio-detection.

However, previous studies have also revealed some prob-
lems associated with these FePt nanoparticle materials, which,
if not solved, will likely limit their practicality. It has been ob-
served that a fully ordered fct-structured FePt can only be
formed at high annealing temperatures at which the particles
often sinter[52,115–117] or react with the substrate.[118] Magnetic
studies on self-assembled FePt nanoparticle arrays show no
clear evidence that a single 4 nm FePt nanoparticle is ferro-
magnetic at room temperature,[119] a condition that must be
met for future single-particle magnetic recording. Further-
more, the magnetic direction of the FePt particles in an as-
sembly tends to be 3D randomly orientated.[120,121]

Recent analytical and computational models predict that it is
possible to obtain a chemically ordered fct structure in a FePt
nanoparticle with a size larger than 3 nm,[122,123] and to align
such nanoparticles in a modest magnetic field.[124] Experiments
on thermally annealed silica-coated[125] and physically depos-
ited[126] FePt nanoparticles show that single FePt nanoparticles
are indeed ferromagnetic and can be partially aligned in a mag-
netic field,[125] unless the FePt nanoparticles are too small
(smaller than 2 nm).[126] It is further demonstrated that the
shape of a magnetic nanoparticle can be used to induce texture
of each particle in a self-assembled nanoparticle array.[127] These
indicate that the goal in fabrication of magnetically aligned FePt
nanoparticle arrays is surely to be achieved in the near future
and that detailed studies on nanomagnetism of these nanoparti-
cles for advanced applications are then warranted.
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