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Abstract
Atomic interdiffusion between FePt and Fe3O4 nanoparticles in annealed
FePt-based nanocomposite magnets has been studied by means of structural
and magnetic characterizations. The results show that the Fe3Pt phase is
formed during the annealing only when the mass ratio x of Fe3O4/FePt is
larger than 1/20. When x � 1/20, only FePt single phase is formed. It is
interesting to find that the coercivity of the annealed samples increases with
a small addition of Fe3O4 before the formation of the Fe3Pt phase. This
magnetic hardening behaviour indicates that the composition of the FePt
phase can be further adjusted via the post annealing process. The
characteristic of recoil loops and Henkel plots also give evidence for the
transition from single-phase FePt magnets to nanocomposite magnets with
the addition of Fe3O4.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The L10-type FePt nanoparticles have attracted great attention
because of their potential applications in ultrahigh-density
magnetic recording [1] and advanced permanent magnets
[2, 3]. Extensive studies on the chemical synthesis and
postannealing of FePt nanoparticle systems have been reported
during the past several years [4–9]. It is well known that
as-synthesized FePt nanoparticles take a disordered face-
centred cubic (fcc) structure which has low magnetocrystalline
anisotropy. To develop the L10 FePt phase with high uniaxial
magnetocrystalline anisotropy, heat treatment is necessary to
convert the fcc structure to the ordered face-centred tetragonal
(fct) structure. Recently, Zeng et al [2] fabricated the FePt–
Fe3O4 nanoparticle self-assemblies by chemical synthesis and
obtained the high energy product (BH)max of 20.1 MGOe.
They found that the postannealing, which is necessary for the
transition from the fcc to the fct phase, leads to the formation
of the Fe3Pt phase in the FePt-based nanocomposite. This
phenomenon is also observed in Fe–Pt thin films [10] and
bulk samples [11, 12]. The formation of the Fe3Pt phase
indicates the atomic interdiffusion in FePt-based magnets,

which prevents the formation of FePt–Fe nanocomposite that
may have higher (BH)max. In this work, we study the atomic
interdiffusion between Fe3O4 and FePt and the formation of
the Fe3Pt phase in the FePt-based nanocomposite magnets
by crystalline structural and magnetic characterizations. The
results show that the Fe3Pt phase can be obtained only when
the Fe3O4/FePt mass ratio is high enough. Addition of Fe3O4

to some extent leads to an increase in coercivity, which is
further evidence of the atomic interdiffusion in the FePt-based
nanocrystalline magnets.

2. Experimental details

The high-temperature decomposition of Fe(CO)5 and
reduction of Pt(acac)2 in solution were used to produce
monodisperse 4 nm FePt nanoparticles [13]. The synthesis
of 10 nm Fe3O4 nanoparticles was carried out using standard
airless procedures and commercially available reagents, which
were introduced in detail by Sun et al [14]. The FePt and
Fe3O4 nanoparticles were mixed with different mass ratios
before centrifugation. Then the mixture was deposited on a
Si substrate and annealed under forming gas (Ar+7%H2) at
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Figure 1. TEM micrographs of self-assembly Fe3O4/FePt
nanoparticles with x = 1/8.

923 K for 1 h. The assembly of nanoparticles was checked by
transmission electron microscopy (TEM). The composition of
the synthesized FePt nanoparticles is determined by energy
dispersive x-ray (EDX) analysis. The crystalline structure was
determined by x-ray diffraction (XRD). The room temperature
magnetic properties were studied by a superconducting
quantum interference device (SQUID) magnetometer with
a maximum applied field of 7 T. The field was applied
along the longitudinal direction of the annealed films so the
demagnetization factor can be neglected. Thermomagnetic
curves were measured by a physical properties measurement
system (PPMS) with a high-temperature vibrating sample
magnetometer.

3. Results and discussions

Figure 1 shows the typical TEM images of mixed Fe3O4–
FePt nanoparticles with mass ratio x = 1/8. The darker
particles are 4 nm FePt and the lighter particles are 10 nm
Fe3O4. The contrast between the two kinds of particles is due
to the different electron penetration efficiency on metallic FePt
and oxide Fe3O4. EDX analysis shows that the composition of
synthesized FePt nanoparticles is about Fe45Pt55. As shown in
figure 1, each Fe3O4 particle is separated and surrounded by
the FePt particles. This assembly structure is similar to that
reported previously [2].

Figure 2 shows the XRD patterns of the as-synthesized
assembly with x = 1/5 and the annealed samples with
different x. The grain size of the as-synthesized FePt
nanoparticles, which is determined by the Scherrer formula,
is around 4.4 nm. This agrees with the TEM analysis. As
presented in the previous works, thermal annealing under
forming gas will lead to a transformation from the FePt–Fe3O4

system to the L10 FePt–Fe3Pt system. Our XRD patterns
confirmed the transition of the main phase from disordered
fcc structure to ordered fct structure. It is interesting to find
that the intensity ratio of (2 2 0) to (2 0 2) peaks increases with
increasing x. Because of the absence of a (2 0 2) peak for the
Fe3Pt phase, the variation of the intensity ratio should be due
to the increase of Fe3Pt phase content with increasing x. The
quantitative analysis of the lattice parameters and the phase
content can be made approximately by using the method of the
Rietveld refinement on XRD patterns [15]. As an example, the

Figure 2. XRD patterns of (a) the as-synthesized assembly with
x = 1/5 and the annealed samples with different (b) x = 0, (c) 1/10
and (d) 1/5. The Rietveld refinement data are also included in (d) as
well as the observed (◦) and calculated (full line) XRD profiles of
the annealed sample with x = 1/5. The vertical bars represent the
Bragg reflection positions of the observed phases (from top to
bottom: fct FePt and Fe3Pt). The difference curve is plotted at the
bottom.

Rietveld refinement data of the annealed sample with x = 1/5
is also shown in figure 2(d).

Figure 3(a) gives the dependence of lattice parameters
(a, c) on x. It shows that the lattice parameters of the FePt
single-phase (a = 3.867 Å, c = 3.740 Å) are larger than
those of the standard FePt phase with 50 : 50 Fe : Pt ratio
(a = 3.85 Å, c = 3.71 Å) [16]. This is not surprising since
the Fe : Pt atomic ratio in the original FePt phase in this work
is about 45 : 55. The extra Pt must substitutionally occupy
the Fe sublattice, which will make the unit cell bigger. With
the addition of Fe3O4, the parameter c decreases rapidly when
x < 1/20. This behaviour should be due to the Fe atomic
diffusion from Fe3O4 to FePt and thus the tendency of the
formation of the FePt phase with 50 : 50 Fe : Pt ratio. More
addition of Fe3O4 would lead to the formation of the two-phase
FePt–Fe3Pt nanocomposite and thus the lattice parameters of
L10 FePt phase change little. Figure 3(b) gives the dependence
of volume fraction of Fe3Pt (νs) on x. It is found that νs

basically stays at zero for x � 1/20 since Fe atoms in Fe3O4

nanoparticles are mostly diffused into the FePt phase, which
agrees with the lattice parameter analysis shown in figure 3(a).
When 1/20 < x � 1/7, νs increases significantly with x, and
the increasing tendency of νs becomes slow when x > 1/7.
We attribute this behaviour to the further Fe atomic diffusion
to the FePt phase under higher Fe3O4 content. Figure 3(b) also
presents the dependence of average grain size on x. It shows
that the diffusion between FePt and Fe3O4 led to an increase in
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Figure 3. The dependence of (a) a, c and (b) νs and average grain
size on x. The lines are guides to the eye.

Figure 4. Temperature dependence of (a) magnetization M and (b)
dM/dT of the annealed samples with different x.

the grain size when x � 1/15, while a large amount of Fe3O4

led to separated FePt grains and thus decreased grain size.
Figure 4 gives the temperature dependence of magnetiza-

tion M and dM/dT of the annealed Fe3O4/FePt samples with
different x. There is only one inflection in the M–T scans and
one peak in the dM/dT –T curves of the samples with x � 1/20
at high temperature. It implies that the annealed samples with
low x are almost of a single FePt phase, which is consistent

Figure 5. The dependence of Th
c and Ts

c on x.

with the above refinement results. Two points of inflection
occur in the M–T scans for samples with x � 1/15. The low-
and high-temperature inflection points correspond to the Curie
temperatures of soft phase Fe3Pt (T s

c ) and hard phase L10 FePt
(T h

c ). The existence of the two phases is also confirmed by the
peaks of the dM/dT –T curves. It is worth noting that the
compositions of the FePt phase have a broad distribution as
shown by a slow drop of magnetization above the temperature
T s

c . Figure 5 presents T h
c and T s

c determined by the maximum
of dM/dT . It shows clearly that T h

c increases with a small
Fe3O4 addition. Since the variation of T h

c is an indicator of
the Fe : Pt ratio in the FePt phase [17], the fast increase in T h

c
indicates the atomic interdiffusion between FePt and Fe3O4

during the annealing. Then T h
c reached the maximum value

of about 700 K for x = 1/15–1/10. Simultaneously, T s
c was

almost stable at about 500–510 K for x � 1/15. The stable T s
c

and T h
c in this region are caused by the fast increase in νs since

the extra addition of the Fe3O4 phase has been transferred to
the Fe3Pt phase instead of diffusion into the L10 FePt phase as
discussed in figure 3. Finally, T h

c began to decrease with more
addition of Fe3O4 since more Fe atoms were forced to diffuse
into the L10 FePt phase.

Figure 6 shows the dependence of saturation magneti-
zation Ms and coercivity Hc on x. Since Ms of the L10

phase increases with Fe : Pt atomic ratio and is lower than
that of Fe3Pt soft-phase, Ms of the annealed samples increases
monotonously with x, no matter where the Fe atoms of Fe3O4

exist. However, it is interesting to find that Hc increases on
raising x for x � 1/15. Then Hc begins to decrease with
a further addition of Fe3O4. With the required high Ms and
Hc, the highest energy product (BH)max of about 17 MGOe
can be obtained in the sample with x = 1/5. The enhance-
ment of coercivity with Fe3O4 addition can be explained in
the following discussion. It was reported that the magnetic
anisotropy constant Ku of FeyPt100−y alloy is sensitive to the
composition. For example, Ku is only 0.7 × 107 erg cm−3 for
y = 45 [18] while it is as high as 6.6 × 107 erg cm−3 for the
stoichiometric composition of y = 50 [19]. Since y is about
45 for the original FePt phase in this work, Hc is only 6.5 kOe
for the annealed films without Fe3O4. As the atomic interdif-
fusion between Fe3O4 and FePt nanoparticles was extensive
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Figure 6. The dependence of Ms and Hc on x.

during annealing under forming gas, the annealed sample was
still single-phase until x � 1/15. Thus, the addition of Fe3O4

will lead to an increase in the Fe : Pt ratio in the L10 phase and
reach the optimal Fe composition for the maximum Hc of about
17.5 kOe at x = 1/15. It should be noted that the chemical
ordering parameter S is almost fixed in the range 0.75–0.80
with varying x. The definition of S has been given in [10].
Thus, the increase in Hc with the addition of Fe3O4 is mainly
caused by the enhanced magnetic anisotropy with increasing
Fe : Pt ratio of FePt alloy. This is different from that reported
in [12] in which Hc decreasing with increasing Fe content was
found to be due to the decreased S. On the other hand, Hc

should decrease if there is no atomic interdiffusion since the
soft phase often leads to a decrease in Hc for nanocomposite
magnets. Therefore, the enhancement of Hc with the addition
of Fe3O4, to some extent, is an indirect evidence of the atomic
interdiffusion between Fe3O4 and FePt. Further addition of
Fe3O4 results in the formation of a large amount of Fe3Pt soft-
phase and thus leads to the decrease in Hc.

As discussed above, there exists a transition from single-
phase to two-phase with increasing x due to Fe atomic
diffusion. Several magnetization behaviours can be used
to distinguish the exchange-coupled nanocomposites from
single-phase nanocrystalline magnets, such as the recoil loops
and Henkel plots. Figures 7(a) and (b) present the recoil
loops of the samples with x = 1/20 and 1/5, respectively.
The recoil loops are almost close and relatively flat for the
x = 1/20 sample, which means that it mainly consists of a
single phase. This conclusion agrees with the phase structure
and thermomagnetic analyses. On the other hand, the recoil
loops of the x = 1/5 sample are open and steep, which implies
a two-phase microstructure in the annealed sample [20–24].
This means that the content of Fe3O4 is high enough for the
formation of soft phase after the atomic interdiffusion between
FePt and Fe3O4.

The usual way to monitor the intergrain magnetic
interactions is by constructing the δm plot (Henkel plot)
[25–29]. For nanocrystalline single-phase magnets, δm(H)

always has high positive values, indicating an exchange
type of interactions. These interactions suddenly drop to
zero or small negative values during reversal as a result of

Figure 7. Recoil curves of the samples with (a) x = 1/20 and
(b) 1/5.

Figure 8. δm plots of the samples with different x.

the cooperative switching of the exchange-coupled grains.
In the composite samples δm(H) is initially positive also
due to the existence of the hard phase that prevents the
demagnetization of the sample, but the maximum δm value
is always lower than that of single-phase. More important
behaviour is that δm(H) becomes large negative after the
reversal, indicating that magnetostatic interactions become
dominant due to the low anisotropy of soft-phase. Figure 8
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shows the δm plots of the sample with different x. As can
be seen, the exchange coupling in the single-phase magnet
with x = 0 is very strong even when the coercivity is low.
The small addition of Fe3O4 caused the enhancement of δm

and the exchange coupling, which means that the sample
still consists of the FePt single-phase. With the further
increase in x, the positive part of δm(H) decreases gradually
and the negative part becomes more pronounced, showing
that the importance of magnetostatic interactions increases
with the soft phase content. The influence of the soft-phase
content on the behaviour of δm plots is very similar to that
of ball-milling PrFeB/α-Fe nanocomposites [28]. The effect
of magnetostatic interactions on the magnetization behaviours
of the hard/soft nanocomposite magnets has been reported by
our recent works using a micromagnetic model [30].

4. Conclusion

The effects of the Fe3O4/FePt mass ratio x on the crystalline
structure, magnetic properties and magnetization behaviours
have been studied systematically for annealed nanocrystalline
magnets. Phase structure and thermomagnetic analysis show
that the two-phase FePt–Fe3Pt nanocomposite can be obtained
only with x >1/20, while the annealed films only consist of
the FePt single-phase as x � 1/20 due to the atomic diffusion
between FePt and Fe3O4 during the annealing. The Fe atomic
diffusion also leads to the interesting coercivity behaviour
that Hc of the annealed films increases with a small addition
of Fe3O4. The characteristic of recoil loops and δm plots
prove the transition from single-phase FePt to nanocomposite
magnets with the addition of Fe3O4.
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