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Bimagnetic FePt /Fe3O4 nanoparticles with core/shell or heterodimer structure have been prepared
using a sequential synthetic method. The dimension of both FePt and Fe3O4 was tuned by varying
the synthesis parameters. The as-synthesized bimagnetic nanoparticles were superparamagnetic at
room temperature. After being annealed in a reducing atmosphere, the FePt /Fe3O4 bimagnetic
nanoparticles were converted to a hard magnetic nanocomposite with enhanced energy products due
to the exchange coupling between the hard and soft magnetic phases. It was found that the exchange
coupling in nanocomposites made from the core/shell nanoparticles is stronger than that from the
heterodimer nanoparticles. By tuning the dimensions of the FePt and Fe3O4 phases, the energy
product up to 17.8 MGOe was achieved in the annealed nanocomposites, which is 36% higher than
the isotropic single-phase FePt counterpart. © 2009 American Institute of Physics.
�DOI: 10.1063/1.3054441�

I. INTRODUCTION

Conventional techniques are used to prepare nanocom-
posite magnets such as melt-spinning produce materials with
wide grain size distribution in the magnets, which is not
favorable to effective exchange coupling. An alternative
bottom-up approach to fabricate exchange-coupled nano-
composite magnets has been recently developed, which starts
from nanoparticle synthesis.1–9 With this approach, two dif-
ferent methodologies can be used to produce nanoscale com-
posite magnets. The first method is to blend hard and soft
magnetic nanoparticles that are synthesized separately to
form nanoscale hard/soft nanoparticle assemblies.2,5,6 This
approach requires precise control over the mass ratio and
diameters of both the hard and soft magnetic nanoparticles,
and the mixed nanoparticle assembly conditions have to be
controlled carefully to achieve homogeneous distribution of
different phases. With the second methodology, bimagnetic
nanoparticles containing hard and soft phases are synthesized
so that no blending process is necessary because each par-
ticle is a nanocomposite.3,4,7 For instance, FePt-based nano-
composite magnets can be produced by a two-step synthesis
route, where FePt seeds were first prepared and then the
seeds were coated with ferrite layers. This method is more
convenient in controlling dimensions of different compo-
nents in order to achieve desired intimate interphase contact
and morphology homogeneity. Exchange-coupled hard/soft
bimagnetic nanoparticles are also proposed for future high
density recording media over single hard phase nanoparticles
since their coercivity is within the field limit imposed by
writing head.10 In this study we report synthesis of
FePt /Fe3O4 bimagnetic nanoparticles by a one-pot sequen-
tial method in which the soft magnetic Fe3O4 phase was
grown on FePt nanoparticles directly, either coated or at-
tached to FePt nanoparticles in a controlled manner. The di-

mension of the FePt as well as the Fe3O4 phases can be
finely tuned by adjusting the reaction parameters. After being
annealed in a reducing atmosphere, the FePt /Fe3O4 bimag-
netic nanoparticles transformed to an exchange-coupled
FePt /Fe3Pt hard magnetic nanocomposite with enhanced en-
ergy products.

II. EXPERIMENTAL

All the reagents used in this synthesis are commercially
available and were used as received without further purifica-
tion. All the reactions were carried out using standard
schlenk line technique. Two stage heating strategies were
used to prepare bimagnetic FePt /Fe3O4 nanoparticles. First,
FePt nanoparticles were synthesized by chemical reduction
in platinum acetylacetonate �Pt�acac�2� and thermal decom-
position of iron pentacarbonyl �Fe�CO�5� in the presence of
surfactants, oleic acid, and oleyl amine. In brief, 0.5 mmol of
platinum acetylacetonate was added to 125 ml flask contain-
ing a magnetic stir bar and mixed with 10 ml of octyl/benzyl
ether. After purging with argon for 30 min at room tempera-
ture, the flask was heated up to 120 °C until the platinum
precursor dissolved completely in the solvent. Then, 1.0
mmol of iron pentacarbonyl and a designated amount of
oleic acid and oleyl amine were added at 120 °C. The flask
was then heated to 230 °C for 1 h and then refluxed for 1 h
before cooling down to 205 °C for further reaction. The size
of the FePt nanoparticles was tuned by changing the surfac-
tant to platinum precursor ratio.11

To grow Fe3O4 on the FePt nanoparticles, a designated
amount of iron pentacarbonyl was injected into the flask at
205 °C and the temperature of the reaction mixture was
raised to 290 °C for 30 min before cooling down to ambient
temperature. The black product was precipitated by adding
ethanol and separated by centrifugation and redispersed in
hexane. By controlling the molar amount of Fe precursor in
the second step, the dimension of Fe3O4 phase was readily
tuned. The amount of Fe and Pt precursors in the first stepa�Electronic mail: pliu@uta.edu.
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was always kept constant. The morphology of these bimag-
netic FePt /Fe3O4 nanoparticles was changed by merely
changing the solvent in the reaction. When benzyl ether was
used as the solvent, core/shell nanoparticles were obtained,
while in the case of octyl ether, heterodimer nanoparticles
were observed.

After being washed in ethanol three or more times, the
bimagnetic nanoparticles were dispersed in hexane and
stored in glass bottles under refrigeration. Samples for mag-
netic characterization were prepared by depositing a drop of
the final hexane dispersion on a 3�3 mm2 silicon substrate,
evaporating the solvent at room temperature, and further dry-
ing in vacuum, which led to the formation of FePt /Fe3O4

nanoparticle-assembled thin films. The samples were then
annealed at 650 °C for 1 h under the flow of forming gas
�Ar+7%H2� in a tube furnace. The transmission electron mi-
croscopy �TEM� images were recorded on a JEOL 1200 EX
electron microscope at an accelerating voltage of 120 kV.
Powder x-ray diffraction �XRD� spectra were recorded with
a Cu K� x-ray source ��=1.5405 Å�. The magnetic hyster-
esis measurements were carried out by using superconduct-
ing quantum interference device magnetometer with mag-
netic field up to 7 T. The composition analysis was done by
energy dispersive x-ray spectroscopy.

III. RESULTS AND DISCUSSION

Figures 1 and 2 show TEM images of core/shell struc-
tured FePt /Fe3O4 nanoparticles with different core and shell
dimensions. For each particle, the darker region is the FePt
core and the lighter part is the Fe3O4 shell. The different

contrasts between these two regions are due to the different
electron penetration efficiencies of the metallic FePt and the
oxide Fe3O4. It is clear from Fig. 1 that the monodispersed
FePt nanoparticles are homogeneously coated with Fe3O4

shells with controllable shell thickness. The reaction condi-
tions have to be well controlled in order to prevent any sepa-
rate nucleation of Fe3O4 nanoparticles, especially when the
shell thickness is increased. Figure 2 shows TEM images of
core/shell structured FePt /Fe3O4 nanoparticles with a sys-
tematic control in size of the FePt core between 4 and 8 nm
and Fe3O4 shell thickness from 1 to 3 nm. It is clearly seen
from Figs. 1 and 2 that the monodispersed FePt nanoparticles
with different sizes are homogeneously coated with Fe3O4

shells.
Figures 3�a�–3�e� show XRD patterns of the as-

synthesized FePt /Fe3O4 core/shell nanoparticles with FePt
core sizes of 4, 5, 6, 7, and 8 nm with 1 nm Fe3O4 shells. The
patterns contain two sets of peaks, with one set matching
with the disordered fcc FePt and the other with cubic spinel
structured Fe3O4. It can also be seen that the width of �111�
peak of FePt decreases as the FePt size increases. The size
values of the FePt nanoparticles calculated using Scherrer’s
formula12 are consistent with what are observed from the
TEM images.

Figure 4 shows TEM images of a different morphology
of bimagnetic FePt /Fe3O4 nanoparticles. As mentioned ear-
lier, when octyl ether was used as the solvent of the chemical
solution synthesis, heterodimer FePt /Fe3O4 nanoparticles
with FePt size of 8 nm and Fe3O4 dimensions of 5, 8, and 10
nm can be synthesized. It is interesting to know the mecha-
nisms of formation of the core/shell and heterodimer struc-
tured nanoparticles. Since FePt nanoparticles were already
presented in the reaction mixture, Fe3O4 nucleated preferably
on surface of the FePt seeds rather than nucleating separately
to form independent Fe3O4 nanoparticles. The final morphol-
ogy depends on whether the FePt surface allows only a

FIG. 1. �Color online� TEM images of the as-synthesized �a� 7 nm FePt
nanoparticles, �b� 7 nm FePt nanoparticles coated with 1 nm, and �c� 7 nm
FePt nanoparticles coated with 3 nm Fe3O4 shell �scale bar is 20 nm�.

FIG. 2. �Color online� TEM images of as-synthesized FePt /Fe3O4 �a� 4
nm/2 nm, �b� 6 nm/1 nm, �c� 8 nm/2 nm, and �d� 8 nm/3 nm core/shell
nanoparticles �scale bar is 20 nm�.

FIG. 3. �Color online� XRD of the as-synthesized FePt /Fe3O4 core/shell
nanoparticles with FePt�#� core diameter �a� 4 nm, �b� 5 nm, �c� 6 nm, �d� 7
nm, �e� 8 nm with 1 nm Fe3O4 � �� shell thickness and �f� Fe3Pt /FePt �^�
nanocomposite after annealing of 8 nm FePt/1 nm Fe3O4 after annealing at
650 °C for 1 h.
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single nucleation site or multiple ones. As suggested by Yu et
al.,13 free electrons in the solution may also catalyze the
Fe3O4 nucleation. Solvent such as benzyl ether contains aro-
matic ring, which is good free electron donors. Their coordi-
nation to the FePt nanoparticles may replenish the electronic
deficiency on the latter, consequently allow additional nuclei
to form on the FePt surface, which can grow and eventually
coalesce to form core/shell structures. In contrast, solvent
with largely saturated hydrocarbon chains such as octyl ether
is not effective electron donors, and once a single Fe3O4

nucleus is present further nucleation may not be possible
without electron donation from the solvent. Further growth
of Fe3O4 from a single site then can lead to formation of a
heterodimer nanoparticle.

It is even more interesting to know the magnetic prop-
erty change upon the morphology change. The as-
synthesized FePt and FePt /Fe3O4 nanoparticles were found
to be superparamagnetic at room temperature due to the low
magnetocrystalline anisotropy of disordered fcc FePt. To ob-
tain hard magnetic nanocomposite, the as-synthesized
FePt /Fe3O4 nanoparticles were annealed in a reducing atmo-
sphere �7%H2+93%Ar� at 650 °C for 1 h. As shown in Fig.
3�f�, the XRD patterns confirmed the developed FePt /Fe3Pt
nanocomposite magnets being annealed at 650 °C. The ap-
pearance of FePt L10 peaks in XRD patterns showed the
transformation of FePt phase from disordered fcc FePt struc-

ture to the magnetically hard L10 structure. The Fe3O4 was
transformed into Fe3Pt magnetic soft phase during the reduc-
tive annealing. The similar works have been reported for the
FePt /Fe3O4 mixtured9 and bricklike14 nanoparticles systems.

During the first step of the reaction, the composition of
Fe/Pt in FePt nanoparticles was kept Fe52Pt48 in all experi-
ments since it is an optimized composition to obtain highest
coercivity from FePt nanoparticles.3 The ratio of Fe/Pt in
core/shell and heterodimers FePt /Fe3O4 nanoparticles was
higher than that of FePt nanoparticles due to the presence of
Fe3O4 phase. For example, for 8 nm/1 nm and 8 nm/3 nm
as-synthesized FePt /Fe3O4 core/shell nanoparticles, the
composition of Fe/Pt was found 61/39 and 74/26, respec-
tively. The ratio was found to be the same after annealing in
the FePt /Fe3Pt nanocomposite particle assemblies. As a
comparison, annealing an assembly containing iron-rich
Fe65–70Pt30–35 alloy nanoparticles led to materials that are
magnetically much softer �Hc less than 1 kOe�. This suggests
that the hard magnetic property of the annealed hard/soft
nanoparticle assembly originates from exchange-coupled
hard and soft phases, not from the homogeneous iron-rich
FePt alloy. Determination of the ratio of Fe/Pt in FePt and
Fe3Pt phase in annealed core/shell nanoparticles requires ac-
curate nanosized electronic beam diffraction analysis, is
planned to do but has not yet been done.

Figures 5�a� and 5�b� show the hysteresis loops of an-
nealed core/shell and heterodimer FePt /Fe3O4 nanoparticles,
respectively. The dimension of FePt core was kept same of 8
nm as an example. The hysteresis loop of the annealed
single-phase FePt nanoparticles is also included in the figure
for comparison purpose. It can be seen that the single-phase
FePt nanoparticles have the highest coercivity but the lowest
magnetization. There is an increase in magnetization while a
decrease in coercivity as the dimension of the Fe3O4 shell
was increased, for both the core/shell and the heterodimer
nanoparticles. The soft-phase fraction in the core/shell par-
ticles with 2 nm shells is about the same as in the het-
erodimer particles with 8 nm Fe3O4 attachments, both are

FIG. 4. �Color online� TEM images of the as-synthesized FePt /Fe3O4 het-
erodimer nanoparticle with 8 nm FePt attached with �a� 5 nm, �b� 8 nm, and
�c� 10 nm Fe3O4 �scale bar is 20 nm�.

FIG. 5. �Color online� �a� Room-temperature hysteresis loops of annealed FePt /Fe3O4 �a� core/shell nanoparticles with 8 nm FePt core and Fe3O4 shell
thickness increasing from 1 to 3 nm. �b� Heterodimer nanoparticles with 8 nm FePt and Fe3O4 from 5 to 10 nm at 650 °C for 1 h.

014303-3 Nandwana et al. J. Appl. Phys. 105, 014303 �2009�

Downloaded 10 Aug 2010 to 129.107.76.52. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions



around 50% volume. The increase in magnetization is attrib-
uted to the formation of high-magnetization Fe3Pt soft phase
during the annealing under the reducing atmosphere, as dis-
cussed above. However, the low magnetocrystalline aniso-
tropy of the Fe3Pt phase leads to a decrease in coercivity of
the nanocomposite magnets. The dependence of saturated
magnetization and coercivity on the soft-phase fraction is
quite similar to the numerical simulations, which were re-
ported for the isotropic nanocomposite magnets.15,16

The energy product ��BH�max� dependence on the soft
phase dimension of the core/shell and heterodimer
FePt /Fe3O4 nanoparticles with different sizes is given in Fig.
6. It is found that the relation between �BH�max and Fe3O4

dimension is not monotonous due to the fact that increasing
the soft phase dimension will result in a trade-off between
the magnetization and coercivity, as widely observed. In the
case of core/shell particles, the �BH�max was increased ini-
tially with increasing Fe3O4 shell thickness and decreased
after certain Fe3O4 shell thickness. Our optimized conditions
show that the highest energy product 17.8 MGOe was ob-
tained in 8 nm/2 nm FePt /Fe3O4 core/shell nanoparticles af-
ter being annealed at 650 °C for 1h. This value is 36%
higher than the theoretical value of 13 MGOe for the
nonexchange-coupled isotropic FePt single-phase material.
Unlike core/shell particles, the �BH�max from the heterodimer
nanoparticles was not improved after being attached with
Fe3O4. Instead of improvement, the �BH�max was found even
lower than FePt nanoparticles of all different sizes �Fig.
6�b��. This is because energy products are not only depen-
dent on the magnetization and coercivity but also on the
hysteresis loop squareness. One can see kinks in the hyster-
esis loops from Fig. 5�b� for the heterodimer nanoparticles,
indicating less effective exchange coupling between the hard
and the soft phases.

To further understand the difference in exchange-
coupling strength caused by the morphology, we measured
the two groups of samples by Henkel plots ��m plots�. The
�m values can be measured by �m=md�H�− �1−2mr�H��,
where md is normalized demagnetization remanence and mr

is the normalized isothermal magnetization remanence.17,18

Figure 7 shows the �m curves of the core/shell and het-
erodimer nanoparticles with the same amount of soft phase
after annealing at 650 °C for 1 h. It is clearly seen that the
positive �m values were obtained in both the core/shell and
heterodimer nanoparticles, indicating the exchange coupling
between the hard and soft phases. Moreover, the �m value of
the annealed core/shell nanoparticles is substantially higher
than that of the annealed heterodimer nanoparticles. This
confirmed that the exchange coupling in the core/shell nano-
particles is stronger than that in the heterodimer nanopar-
ticles. More interestingly, the curve for the heterodimer
sample shows more negative portion, which is a measure for
dipolar interaction. We observed that the negative portion is
enhanced when large amount of soft phase is added to nano-
composite magnets. However, as we indicated that the soft
phase fraction in these two samples is the same. This differ-
ence may be explained by a less homogeneous distribution of
the soft phase in the nanocomposite magnets made from het-
erostructured nanoparticles.

FIG. 6. �Color online� Variation in maximum energy product of the annealed FePt /Fe3O4 �a� core/shell nanoparticles of different FePt core sizes �4–8 nm�
and Fe3O4 shell thickness �0–3 nm� and �b� heterodimer nanoparticles of different sizes FePt �6–8 nm� and Fe3O4 �0–10 nm�.

FIG. 7. �Color online� �m curves of 8 nm/2 nm core/shell and 8 nm/8 nm
heterodimer FePt /Fe3O4 nanoparticles after annealing at 650 °C for 1 h.
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IV. CONCLUSIONS

FePt /Fe3O4 bimagnetic nanoparticles with core/shell
and heterodimer structures have been prepared in a one-pot
sequential synthesis by reduction in platinum acetylacetonate
and thermal decomposition of iron pentacarbonyl. The mor-
phology type of the nanoparticles was controlled by chang-
ing solvent in the reactions. The size of FePt was tuned by
changing surfactant to platinum precursor ratio, while the
dimension of Fe3O4 phase was controlled by adjusting the
amount of Fe�CO�5 precursor in the sequential step. After
being annealed in a reducing atmosphere, the FePt /Fe3O4

nanoparticles form a hard magnetic nanocomposite with en-
hanced magnetic properties, which are closely related to di-
mensions of the soft and hard phase components and their
morphology. The heterodimer nanoparticles resulted in rela-
tively poor magnetic properties compared to the core/shell
nanoparticles due to insufficient exchange coupling. By op-
timizing the dimensions of the FePt and Fe3O4 in core/shell
bimagnetic nanoparticles, energy product up to 17.8 MGOe
has been achieved, which is 36% higher than the theoretical
value for isotropic single-phase FePt. These bimagnetic
nanoparticles can be excellent building blocks for high per-
formance nanocomposite magnets and high density record-
ing media.
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