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Abstract

Oriented, ferromagnetic FePt nanoparticles have been produced in Al2O3 single crystals by ion implantation and

annealing. FePt orientation and particle size depends strongly on the implantation conditions. Magnetic coercivities of

these nanocomposites are extremely high, reaching values in excess of 20 kOe for Pt concentrations of �45% in the FePt

alloy. The formation of ferromagnetic FePt nanoparticles in fused SiO2 is also demonstrated. � 2002 Elsevier Science

B.V. All rights reserved.
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1. Introduction

The growth and microstructure of FePt films or
nanoparticles are of significant interest since this
alloy can form the chemically ordered, tetragonal
L10 phase that exhibits an extremely high mag-
netic anisotropy. Materials with this property are
attractive candidates for ultrahigh density mag-
netic data recording [1]. Films of Fe1�xPtx (with
x � 0:5), with a high magnetic anisotropy have
previously been prepared by techniques such as
MBE [2], cosputtering [3], or by the subsequent ion
irradiation of films deposited at low temperature
[4]. FePt nanoparticles have also been synthesized

chemically as an ordered superlattice of particles
[5] and FePt nanoparticles have been encapsulated
in amorphous SiO2 [6] or Al2O3 [7,8].

In this work, we have used the sequential ion
implantation of Fe and Pt followed by thermal
annealing to form Fe1�xPtx nanoparticles that are
embedded in Al2O3 single crystals. The nanopar-
ticles are oriented with respect to the matrix and
the orientation and microstructure depend strongly
on the implantation parameters. The chemically
ordered, tetragonal L10 structure is formed over a
wide range of Pt concentrations. The FePt nano-
particles are ferromagnetic and the magnetic co-
ercive field is very high, reaching a maximum value
at a Pt atomic fraction of �45% with a coercive
field that exceeds 20 kOe. Ion implantation fol-
lowed by thermal annealing should find applica-
tions in the formation of ferromagnetic FePt
nanoparticles that are encapsulated in a variety of
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other matrices. The formation of FePt precipitates
by ion implantation and annealing is also reported
here for the case of an amorphous, SiO2 matrix.

2. Experimental procedure

For the formation of FePt nanoparticles in
Al2O3, c-axis-oriented single crystals of Al2O3 were
used as substrates. Energies for the Fe ions (350
keV) and Pt ions (910 keV) were chosen to give an
overlap of the concentration profiles with pro-
jected ranges of �175 nm. An implant dose of
1� 1017/cm2 for Fe was used in each case and the
Pt dose was chosen to give the desired Pt atomic
fraction x (where x ¼ Pt=ðFeþ PtÞ) in the alloy.
Samples were prepared with x in the range of 25–
55%. Samples were implanted at either high tem-
perature (550 �C for Fe, 500 �C for Pt) or at a
somewhat lower temperature (200 �C for both Fe
and Pt). Elevated temperature implantation was
utilized to try to maintain crystallinity in the Al2O3

matrix during implantation. Following implanta-
tion, the samples were annealed for 2 h at 1100 �C
in flowing Arþ 4% H2, followed by slow cooling
to room temperature. The samples were charac-
terized by Rutherford backscattering (RBS) ion
channeling (2.3 MeV He), by X-ray diffraction (Cu
Ka radiation using both four circle and powder
diffractometers) and by transmission electron

microscopy (TEM). The magnetic properties were
measured using a SQUID magnetometer at tem-
peratures of 5–400 K in applied fields up to 65
kOe. For the data presented here, the diamagnetic
background of the Al2O3 host was subtracted.

3. Results

Fig. 1 shows the X-ray diffraction and TEM
results for one of the Pt-rich alloy samples
(Fe48Pt52) The h � 2h scan along the c-axis of
Al2O3 shows the strong (0 0 6) diffraction line ex-
pected for Al2O3. The other diffraction lines in Fig.
1(a) arise from the face centered tetragonal (fct)
phase of FePt. This phase exhibits the L10 struc-
ture that consists of alternating planes of Fe and
Pt atoms stacked along the h001i axis of the alloy.
The X-ray results show that the FePt nanoparticles
are oriented along the Al2O3 host c-axis, but that
there are multiple orientations of the FePt nano-
particles (i.e. FePt (0 0 1), (1 1 0), (1 1 1) and several
other orientations). In Fig. 1(a), there are four
superlattice reflections (denoted by s) as well as
several fundamental reflections from fct FePt. The
existence of the superlattice reflections demon-
strates that at least some of the nanoparticles are
chemically ordered with the L10 structure. The
order parameter is a measure of the degree of or-
dering and a rough estimate can be obtained by

Fig. 1. X-ray diffraction (a) and cross-section TEM (b) results for c-axis. Al2O3 crystals implanted by Fe ð350 keV; 1� 1017=cm2;

550 �CÞ þ Pt ð910 keV; 1:1� 1017=cm2; 500 �CÞ followed by annealing (1100 �C=2 h=Arþ 4% H2).
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comparing the integrated intensities of the super-
lattice and corresponding fundamental reflections.
For the results in Fig. 1, the order parameter ap-
proaches unity for the (0 0 1) and (1 1 0) oriented
nanoparticles, showing that, in these nanoparti-
cles, almost all of the atoms occupy the proper
lattice positions. Therefore, the ordered alloy is
being formed as a result of ion implantation and
annealing. Fig. 1(b) is a cross-section TEM mi-
crograph showing the microstructure in the vicin-
ity of the peak concentration in the Fe and Pt
profiles. FePt nanoparticles are clearly observed in
the micrograph and most are in the size range of
2–10 nm in diameter, with a few FePt precipitates
as large as �25 nm.

Fig. 2 illustrates the magnetic properties for
FePt nanoparticles formed by high-temperature
ion implantation (550 �C Fe/500 �C Pt). Fig. 2(a)
shows the magnetization curves (measured at 5 K)
for a sample with the alloy composition Fe55Pt45.
Magnetization curves are shown for the applied
field oriented perpendicular and parallel to the
Al2O3 host crystal surface. For both field orien-
tations, the magnetization curves may not be
completely saturated even at applied fields as large
as 65 kOe. The coercive field (Hc) deduced from
these results was �22 kOe, but this is a lower limit
to the true coercive field since the magnetization
may not be saturated. This coercive field value is
much greater than that measured for Al2O3 im-
planted by Fe alone (�140 Oe at 5 K). The coer-

cive field for the Fe55Pt45 sample remains in excess
of 18 kOe even at temperatures as high as 300 K.
These values of the coercive field are considerably
greater than those reported previously [5–8] for
FePt nanoparticles. The coercive fields deduced
from the two applied magnetic field orientations
are nearly the same, which is not unexpected since
very few of the nanoparticles are oriented with
their easy axis of magnetization ðh001iÞ normal to
the surface. For both orientations, there is a pro-
nounced shoulder near H@O in the magnetiza-
tion curves. An appropriate explanation for this
shoulder will require further research, but it may
be related to the existence of larger FePt particles
with multidomain states, as suggested by others
[9].

Fig. 2(b) shows the Hc coercive field values de-
duced for samples with different Pt atomic frac-
tions x. Coercive field is a strong function of the
FePt alloy composition and it reaches a maximum
of �22 kOe at x � 45%. This dependence Hc on x
is in good agreement with the results obtained by
others using the chemical synthesis of FePt nano-
particles with different Pt concentrations [8], but
the coercive fields of the samples in Fig. 2(a) are
considerably higher than those reported in [8]. For
the sample with a Pt concentration of �25%, the
coercive field is nearly zero, even at 5 K. X-ray
diffraction measurements for this sample are con-
sistent with the cubic L12 structure expected for
Fe3Pt. Measured diffraction patterns for the other

Fig. 2. Magnetic properties of Fe1�xPtx nanoparticles in Al2O3. Magnetization curves for Fe55Pt45 are shown in 2(a). The dependence

of the coercive field Hc on Pt atomic fraction is shown in Fig. 2(b). Coercive fields were measured for the applied field perpendicular to

the sample surface except for the sample with the lowest concentration.
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samples of Fig. 2(b) are consistent with those
expected for the fct L10 structure of Fe1�xPtx and
it is these samples that exhibit the very high Hc

values.
If the implantation temperature is reduced to

200 �C for both Fe and Pt, then very large nano-
particles with a single orientation can be produced
as shown by the results presented in Fig. 3. In the
diffraction spectra, the only alloy line observed
is the intense FePt (1 1 1) reflection showing that
almost all of the nanoparticles have their h111i
axis parallel to the c-axis of Al2O3. The FePt par-
ticle size (Fig. 3(b)) is much larger than that cor-
responding to Fig. 1(b). Particle sizes of more than
200 nm are observed in TEM cross-section views.
In plan view (not shown), the FePt particles ex-
hibit a threading, worm-like particle shape that
can extend for more than 1 lm. The magnetic
properties in this case are comparable with those
obtained by implanting Fe and Pt at higher tem-
peratures. Consequently, by implanting at tem-
peratures of 200 �C followed by annealing, the
Fe55Pt45 particles are relatively large and they
exhibit a single orientation where the (1 1 1) FePt
is parallel to the Al2O3 c-plane. RBS channeling
measures suggest that a buried amorphous layer is
formed in Al2O3 by implantation at a temperature
of 200 �C. Following annealing, the ion channeling
in the Al2O3 matrix is good suggesting that crys-

tallization of the amorphous layer has occurred
from both interfaces during annealing accompa-
nied by segregation of the Fe and Pt into a semi-
continuous layer thus forming large particles. The
formation of the buried amorphous phase can be
avoided at these doses by implanting at higher
temperatures, but the resulting FePt nanoparticles
are significantly smaller and they exhibit multiple
crystallographic orientations relative to the c-axis
of the Al2O3 host (Fig. 1).

Ferromagnetic FePt nanoparticles can also be
produced by ion implantation and annealing in
other matrices. One example is shown by the TEM
results of Fig. 4 for Fe and Pt implanted into fused
SiO2 at elevated temperatures and subsequently
annealed. A band of Fe55Pt45 particles, some as
large as 75 nm, is located near the peak of the
implant concentration profile. X-ray diffraction
results show the nanoparticles to be randomly
oriented but in the chemically ordered L10 phase
of FePt. Magnetization curves for this nanocom-
posite are shown in Fig. 5. The coercive field de-
duced from the measurement is extremely high
(almost 30 kOe) and this is considerably greater
than that resulting from the annealing of deposited
FePt=SiO2 multilayers (�15 kOe) [6]. The coercive
field is a strong function of the Pt concentration in
the alloy and the detailed results for the FePt=SiO2

system will be reported separately.

Fig. 3. X-ray diffraction (a) and cross-section TEM (b) results for Fe55Pt45 nanoparticles formed in Al2O3 by implantation at 200 �C
followed by annealing (1100 �C=2 h=Arþ 4% H2).
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4. Conclusions

Ferromagnetic Fe1�xPtx nanoparticles with ex-
tremely high coercivities have been produced in
Al2O3 single crystals by implantation. Implanta-
tion at elevated temperatures (�500 �C) followed

by annealing gives rise to small nanoparticles (up
to �25 nm) that exhibit multiple orientations,
whereas implantation at �200 �C for the same
dose gives rise to a buried layer of very large FePt
particles oriented with the h111i FePt direction
parallel to the Al2O3 c-axis. In both cases, the
magnetic coercive fields are found to be extremely
high (>20 kOe) at 5 K and they remain in excess of
18 kOe at room temperature. Ferromagnetic FePt
nanoparticles can also be formed in amorphous
SiO2. A coercive field of almost 30 kOe has been
measured for Fe55Pt45 nanoparticles formed in
SiO2 by implantation at elevated temperatures
followed by annealing. The maximum FePt nano-
particle size in this case is �75 nm.
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Fig. 5. Magnetization measurements for the sample of Fig. 4.

Fig. 4. Cross-section TEM results showing the Fe55Pt45
nanoparticles formed in SiO2 implanted by Fe ð350 keV;

1 � 1017=cm2; 550 �CÞ þ Pt ð910 keV; 8:2� 1016=cm2; 500 �CÞ
followed by annealing (1000 �C=2 h=Arþ 4% H2).
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