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The controlled fabrication of very small structures at scales
beyond the limits of lithographic techniques is a technological goal
of great practical and fundamental interest. Magnetic nanoparticles
are now receiving considerable attention because of their wide range
of applications, such as the immobilization of proteins and
enzymes,1 bioseparation,2 immunoassays,3 drug delivery,4 and
biosensors.5 Nanoparticles of ferromagnetic materials are of
importance because of their reduced sizes that can support only
single magnetic domains. The recent synthesis of arrays of 4 nm
diameter FePt nanoparticles with an extremely narrow size distribu-
tion has promoted a significant research effort in this area, due to
their potential technological application as recording media.6 To
realize the full potential of FePt nanoparticle arrays as a recording
medium, high-temperature annealing (∼600°C) is required to form
theL10 phase and enhance the thermal stabilities.6 However, current
postsynthesis annealing techniques lead to poor control over the
spatial arrangement of nanoparticles through extensive particle
aggregation since the organic coatings usually start to decompose
at∼350°C.7 Recently, Zeng et al. have developed a route to make
bimagnetic core/shell FePt/Fe3O4 nanoparticles.8 Although these
bimagnetic core/shell nanoparticles have large energy product, they
are not suitable for magnetic media since the particles are strongly
exchange coupled, which will increase the media noise.9 Also, there
have been efforts to make magnetic nanoparticles with a Ag or Au
shell; however, recent experiments reveal that Au/Ag promotes the
sintering as well as lowering the ordering temperature of the FePt
nanoparticles.10 To prevent the coalescence for practical applica-
tions, a chemically stable and rigid nonmagnetic metallic-oxide
shell might be a good candidate for FePt nanoparticles. MnO is
well-known as an anti-ferromagnetic (AFM) material with a melting
point above 1600°C. However, the Ne´el temperature of MnO is
only 122 K, and it should be a nonmagnetic material at room
temperature.11 In this report, we demonstrate that 3.5 nm FePt
nanoparticles with tunable size and shape of the MnO shell can be
synthesized by varying the ratio of the precursors and the stabilizers.
The magnetic moment, coercivity, and blocking temperature of FePt
nanoparticles were strongly enhanced with the MnO shell. More
dramatically, we show that, by coating a MnO shell, the agglomera-
tion of the FePt nanoparticles can be significantly decreased during
the heat treatment.

A general procedure to synthesize the MnO shell is described in
the Supporting Information. The size and shape of the MnO shell
could be tuned by varying the ratio of the precursors and the
stabilizers. Figure 1 shows representative TEM images of a cubic-
like FePt/MnO core/shell nanoparticle. Although there is a very
small amount of FePt nanoparticles that were not coated by a MnO
shell, each larger particle in Figure 1 clearly shows a small dark
FePt core with a light MnO shell, although there are some dark
MnO shells due to the different crystalline orientation. The uncoated
FePt nanoparticles can be easily separated by a size selection
procedure.6,12 The electron diffraction (ED) pattern in Figure 1

shows a 4-fold symmetry, indicating a shape-induced texture in
these nanoparticles.13

The room temperature hysteresis loops of as-made FePt and FePt/
MnO nanoparticles are shown in Figure 2. It is clear that both MnO
coated and uncoated FePt nanoparticles exhibit a superparamagnetic
behavior. If we assume the magnetic volume is the same for MnO
coated and uncoated FePt nanoparticles, the particle moment can
be fitted based on the Langevin function (see the Supporting
Information). Fitted results show thatMs values for MnO coated
and uncoated FePt nanoparticles are 978 and 553 emu/cc, respec-
tively. The enhancedMs of MnO coated FePt nanoparticles is due
to the interaction between the surface spin of FePt particle and MnO,
which could significantly reduce the thickness of magnetic dead
layer and/or canted spin layer (due to broken symmetry at the
surface) of FePt particles.7,14 The inset of Figure 2 shows the field-
cooled (FC) and zero-field-cooled (ZFC) magnetization. The
blocking temperature is increased from 25 to∼75 K for FePt
nanoparticles after coating with a MnO shell. It is obvious that,
through the pinning of AFM MnO, the FePt nanoparticles are more
stable against thermal fluctuations.15 The pinning of AFM MnO

Figure 1. TEM image and ED pattern of FePt nanoparticles with a thick
cube-like MnO shell.

Figure 2. Room temperature hysteresis loops of FePt and FePt/MnO
nanoparticles. Inset: ZFC-FC curves of FePt and FePt/MnO nanoparticles,
recorded under 50 Oe field.
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can also shift the low-temperature hysteresis loop and increase the
saturation field of FePt nanoparticles (see Supporting Information,
Figure S3).

As mentioned above, the distinct advantage for making the MnO
shell is to prevent the agglomeration of FePt nanoparticles during
the high-temperature annealing process, which is required to form
theL10 phase of the FePt nanoparticle. Figure S4 shows the XRD
patterns for high-temperature annealed FePt nanoparticles with and
without a MnO shell (see Supporting Information). To clearly see
the evolution of the superlattice peaks of theL10 FePt particles,
the average thickness of the MnO shell is only about 0.5 nm
(estimated from the atomic ratio of the FePt and MnO based on
the EDX spectrum). It is obvious that the FePt for both cases is
transformed to theL10 phase, as indicated by the superlattice peaks
of the chemically ordered FePt particles. However, the peaks for
the pure FePt nanoparticles are much more narrow than the particles
with the MnO shell. Scherrer’s analysis indicates there is significant
aggregation of the FePt particles without the MnO shell during
annealing.

The room temperature hysteresis loops and remanence curves
reveal that the FePt nanoparticles without the MnO shell have a
large coercivity around 14 kOe, while FePt nanoparticles with a
MnO shell shows a sheared loop with a small coercivity about 3
kOe (see Supporting Information, Figure S5). For FePt nanopar-
ticles, it is well-known that the coercivity strongly depends on the
degree of chemical ordering as well as particle size. With decreasing
particle size, thermal agitation will significantly decrease the
coercivity. Furthermore, the hysteresis loop of the annealed FePt
nanoparticles with the MnO shell shows a soft component, and the
remanence coercivity is 3 times larger than the ordinary coercivity.
These facts suggest a large anisotropy distribution in the annealed
FePt nanoparticles with the MnO shell.16 Yu et al. have demon-
strated that there exists a wide distribution of atomic composition
of individual FePt nanoparticles. They showed that when FePt
nanoparticles aggregate and sinter during high-temperature anneal-
ing, the composition of the aggregates is much more equiatomic
than the individual nanoparticles.17a For FePt nanoparticles with a
MnO shell, there may be a small fraction of particles with
composition far from the average stoichiometry and thus may be
difficult to chemically order. These particles would give a soft
component shown in the hysteresis loop, as seen in Figure S5b,
and contribute to a large anisotropy distribution. Another reason
for the low coercivity may be related to the effect of the MnO
shell on the mobility of the surface atoms of FePt. Also, the size
effect on chemical ordering must be considered.17b It has been
shown that under the same annealing conditions small isolated
particles are more difficult to order than large aggregates.17

To determine the intrinsic (short time) remanent coercivity,H0,
and thermal stability factor,KuV/kT, of the annealed FePt nano-
particles, the remanent coercivity was measured as a function of
time.18 Figure 3 shows the time dependence of remanence coercivity
for annealed FePt nanoparticles with and without a MnO shell. A
fit to the Sharrock formula gaveH0 ∼ 16 kOe for both coated and
uncoated FePt nanoparticles. TheKuV/kBT values obtained by fitting
are 598 and 98, respectively.KuV/kBT of uncoated FePt nanopar-
ticles is 6 times larger than that of FePt nanoparticles with a MnO
shell, indicating a significant agglomeration of the uncoated FePt
nanoparticles during annealing. Although the Sharrock formula may
not accurately apply for highly sintered particles, the magnetic
results are consistent with the XRD measurement above.

Recently, we have demonstrated that the easy axis of directly
synthesized and partially chemically ordered FePt nanoparticles can

be aligned.19 However, the coercivity of the as-made partially
ordered FePt nanoparticles is too small for high-density recording.
If these particles can be coated with a MnO shell, we can first
align the core/shell particles and then furnace anneal them in order
to increase the coercivity for media applications, while hopefully
maintaining easy axis alignment without sintering. This further
investigation is underway.
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Figure 3. The time dependence of remanence coercivity for pure FePt
nanoparticles (opened circle) and FePt/MnO core/shell nanoparticles (opened
square). Both samples are annealed at 600°C for 30 min. Solid lines are
fitted based on the Sharrock formula in ref 18.
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