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Oriented ferromagnetic Fe-Pt alloy nanoparticles produced
in Al 2O3 by ion-beam synthesis
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Oriented Fe12xPtx nanoparticles have been formed in single-crystal Al2O3 host matrices by the
sequential implantation of Fe and Pt ions followed by thermal annealing. Forx in the range of
;35–55 at. % Pt, these nanoparticles are in the chemically ordered tetragonalL10 structure of FePt
and appear to be fully ordered. The nanoparticles are ferromagnetic, and the magnetic coercivity is
a strong function of the alloy composition, reaching values in excess of 20 kOe forx;45%. The
crystallographic orientation and morphology of the nanoparticles are strongly dependent on the
implantation conditions. Under certain implantation conditions, a buried amorphous layer can be
formed in the Al2O3 matrix which crystallizes during annealing giving rise to the formation of an
interconnected network of large FePt particles with a single orientation. Oriented nanoparticles of
Fe3Pt and FePt3 were also synthesized. The Fe3Pt and FePt3 particles have the ordered, cubicL12

structure with an order parameter of 0.5–0.8; and these particles also exhibit ferromagnetic
behavior. The magnetic and structural properties of the Fe12xPtx nanoparticles are compared to and
contrasted with those of nanoparticles of Fe and Pt in Al2O3 that were also formed by ion-beam
synthesis. Evidence for Al incorporation into the nanoparticles is also presented. ©2003 American
Institute of Physics.@DOI: 10.1063/1.1565691#
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I. INTRODUCTION

Materials with a high magnetocrystalline anisotropy a
a high magnetization have generated considerable inte
recently because they are excellent candidates for ultrah
density magnetic data storage applications.1 These properties
are required in order to maintain thermal stability when
bit size is reduced. FePt ordered alloys are in the clas
materials known2 to have a very large uniaxial magnetocry
talline anisotropy (Ku;73106 J/m3), and they have been
the subject of considerable recent research. FePt alloys
exist either in a chemically disordered phase or as an ord
alloy in the CuAu family. In the chemically disordered stru
ture, these materials have a face-centered cubic~fcc! unit cell
in which the Fe and Pt atoms are distributed randomly on
lattice sites. As an ordered alloy, they have the face-cent
tetragonal~fct! L10 structure, which consists of alternatin
planes of Fe atoms and Pt atoms stacked along the@001#
direction of the crystal. It is this structure that gives rise

a!Electronic mail: whitecw@solid.ssd.ornl.gov
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the very high magnetocrystalline anisotropy and, in turn,
high magnetic coercivity. Nanoparticles of FePt have pre
ously been synthesized chemically as a superlattice of mo
dispersed spherical particles,3 and films of Fe12xPtx ~with x
;50%) with a high magnetic anisotropy have been prepa
by a number of techniques including molecular beam epit
~MBE!,4 cosputtering,5 sputtering of Fe/Pt multilayers,6 and
subsequent He-ion irradiation of Fe/Pt films deposited at
temperature.7 Nanoparticles of Fe12xPtx ~with x;50%)
have also been incorporated into matrices of amorph
Al2O3 ,8,9 SiO2 ,10 Be2O3,11 and Si3N4 .12

In the present work, the sequential implantation of
and Pt ions into crystalline Al2O3 followed by thermal an-
nealing was used to synthesize Fe12xPtx nanoparticles that
are encapsulated in the near-surface region of Al2O3 single
crystals. These nanoparticles are crystallographically
ented with respect to the Al2O3 matrix, and both the orien-
tation and microstructure depend significantly on the impl
tation conditions~such as substrate temperature!. By varying
the relative Fe and Pt doses, the Pt concentration in the a
can be altered over a wide range. We find that the chemic
6 © 2003 American Institute of Physics
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ordered,L10 structure of FePt is formed over a range of
concentrations extending from;35% to 55%, and the nano
particles appear to be fully ordered. In this range,
Fe12xPtx nanoparticles are ferromagnetic, and the magn
coercivity is very high, reaching a value in excess of 20 k
at 5 K for a Pt atomic fraction of;45% in the alloy. By
similar methods, samples with Pt atomic fractions of;25%
and ;75% were also produced and were found to cont
oriented nanoparticles with theL12 structure expected fo
Fe3Pt and FePt3 respectively. Their magnetic properties a
significantly different from those measured for samp
where the Pt atomic fraction is nearly 50%. Finally, we d
cuss briefly the microstructure and magnetic properties o
and Pt nanoparticles formed in Al2O3 by the implantation of
Fe or Pt alone. A preliminary account of some of this wo
can be found in Ref. 13.

II. EXPERIMENTAL PROCEDURE

Single crystals of Al2O3 ~c-axis oriented unless other
wise stated! were used as substrates. These substrates
implanted by Fe ions~350 keV! and Pt ions~910 keV! to
give overlapping concentration profiles of Fe and Pt with
projected range of;175 nm for each element. The substra
was misoriented by a few degrees during implantation
minimize channeling effects. The samples were implan
with either 131017 or 531016 Fe/cm2 and then with a Pt
dose chosen to give the desired Pt atomic fractionx @where
x5Pt dose/(Fe dose1Pt dose)] in the alloy~assuming com-
plete alloying of the implanted species!. Specimens were
prepared withx in the range of 25–75 % as measured
Rutherford backscattering~RBS!, which should be accurat
to better than 1%. A few samples were implanted with Fe
with Pt alone in order to compare the results with those
tained for the FePt alloy samples. Implantation was carr
out at elevated temperatures to reduce damage accumul
in an attempt to maintain crystallinity in the near surface
Al2O3 during implantation. In this work, samples were im
planted either at high temperature~550 °C for Fe and 500 °C
for Pt! or at somewhat lower temperature~200 °C for both Fe
and Pt!. The high temperature was sufficient to mainta
crystallinity in the near surface of Al2O3 for the maximum
doses used in this work (;231017/cm2), but increased
damage accumulation at the lower implant temperat
~200 °C! led to the formation of a buried amorphous layer
the Al2O3 matrix ~for doses of;231017/cm2). The forma-
tion of this amorphous layer has a profound effect on
FePt orientation, microstructure, and particle size as will
discussed. Following the implantation, the samples were
nealed in order to remove damage and to induce precipita
and nanocrystal formation. Annealing was carried out
1100 °C for 2 h in areducing environment~flowing Ar
14% H2) followed by slow cooling to near room temper
ture. The resulting specimens were characterized by RBS
channeling measurements using 2.3 MeV He1 ions, by x-ray
diffraction ~Cu Ka radiation using both four-circle and pow
der diffractometers!, and by cross-section transmission ele
tron microscopy~TEM!. The magnetic properties were me
sured using a superconducting quantum interference de
Downloaded 11 Sep 2009 to 160.91.157.167. Redistribution subject to AI
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~SQUID! magnetometer at temperatures between 5 and
K in applied magnetic fields up to665 kOe.

III. RESULTS

A. FePt Nanoparticles formed by high temperature
implantation

Figure 1 shows the RBS channeling results for a sam
implanted at high temperature with nearly equal doses of
and Pt. Backscattering spectra acquired with the He1 ion
beam aligned along the Al2O3 @0001# direction and with the
beam incident along a random direction are shown for b
the as-implanted state and after annealing. In the
implanted state@Fig. 1~a!#, the aligned spectra approach
but does not reach the random value in the Al portion of
spectrum, showing that the near surface of Al2O3 was
heavily damaged—but not rendered amorphous by the
implantation. Annealing removes a significant amount of
Al2O3 lattice damage and this results in significant ion cha
neling in both the Fe and Pt portions of the spectrum@Fig.
1~b!#. In addition, there is no redistribution in depth of th
implanted impurities during annealing for samples implan
at these high temperatures. Assuming that complete alloy

FIG. 1. RBS channeling measurements in the as-implanted state~a! and
after annealing~b! for a-Al2O3 implanted by Fe~350 keV, 131017/cm2,
550 °C! and Pt ~910 keV, 8.231016/cm2, 500 °C! followed by annealing
(1100 °C/2 h/Ar14%H2). Depth scales appropriate for Pt, Fe, and Al
Al2O3 are indicated.
P license or copyright; see http://jap.aip.org/jap/copyright.jsp
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of the implanted species occurs during annealing, the
atomic fraction would bex545%, and the alloy formed
would be Fe55Pt45.

Figure 2 shows the x-ray spectra for the FePt al
formed in Al2O3 under the implantation and annealing co
ditions used for the sample of Fig. 1. In the as-implan
state, the only diffraction lines observed are from the Al2O3

substrate~pattern not shown!. Following annealing, theu-2u
scan along thec-axis of Al2O3 shows the expected stron
~0006! diffraction line from Al2O3 . All other diffraction
lines in Fig. 2 arise from FePt; these lines are consistent w
those expected from theL10 phase of FePt. Rocking-curv
x-ray results~not shown! demonstrate that the FePt nanop
ticles are oriented with respect to thec-axis of Al2O3 , but
from the results depicted in Fig. 2, there are multiple orie
tations for the nanoparticles@i.e., FePt~001!, ~110!, ~111!,
and several other orientations parallel to Al2O3 ~0001!#.
From the rocking-curve scans, the mosaic spread of the
ented nanoparticles is determined to be;1.4°, consistent
with the observation of channeling in the Fe and Pt parts
the spectrum in Fig. 1. In Fig. 2, there are three superlat
reflections~denoted bys! due to chemical ordering as well a
several fundamental~fcc allowed! reflections from fct FePt.
The existence of these superlattice reflections demonst
that at least some of the nanoparticles are chemically ord
with the L10 structure. Determination of the tetragonal d
tortion of the FePt nanoparticles, as measured by thec/a
ratio using theu-2u scan of Fig. 2, is complicated by the fa
that the peaks arise from different grains. Nevertheless,
can use reflections from different grains to indirectly es
matec anda for these nanoparticles. From the~200! reflec-
tion, a value fora of ;3.886 Å is determined; and from th
~002! reflection, a value forc of ;3.704 Å is determined
Consequently, the tetragonal distortion of the FePt nano
ticles of Fig. 2~a! is estimated to be;0.95 in reasonable
agreement with the value of 0.96 expected2 for bulk equi-
atomic FePt.

FIG. 2. X-ray diffraction results for c-axis-oriented Al2O3

implanted by Fe (350 keV, 131017/cm2, 550 °C)1Pt (910 keV,
8.231016/cm2, 500 °C) followed by annealing (1100 °C/2 h/A
14% H2).
Downloaded 11 Sep 2009 to 160.91.157.167. Redistribution subject to AI
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The d spacings can be inferred from high-resolutio
x-ray scans of the strong diffraction lines in Fig. 2. For e
ample, thed spacing for the~111!-oriented nanoparticles is
;2.204 Å, and for the~110!-oriented nanoparticles it is
;2.735 Å—compared to 2.197 and 2.725 Å for bulk Fe
These measurements imply an expansion of;0.35% com-
pared to the bulk values.14 Such an expansion might resu
from lattice matching to the Al2O3 host, to a deviation of 5%
from equiatomic stoichiometry, or to the incorporation
displaced Al into the nanoparticles during precipitation.

An estimate of how well ordered the alloy is can b
obtained by determining the one-dimensional chemical
dering parameterS defined15–17 as

S5~r Fe2xFe!/yPt5~r Pt2xPt!/yFe, ~1!

wherer Fe(Pt) is the fraction of Fe~Pt! sites occupied by the
correct atomic species,xFe(Pt) is the atomic fraction of Fe~Pt!
in the sample~1/2 for equiatomic stoichiometry!, andyFe(Pt)

is the fraction of Fe~Pt! sites~1/2 for equiatomic stoichiom-
etry!. The fraction (wFe) of Fe sites occupied by Pt~i.e., the
‘‘wrong’’ atom! is

wFe512r Fe ~2!

and for a perfectly ordered FePt crystalS51 andr Fe51. A
perfectly disordered crystal hasS50, r Fe51/2, and wFe

51/2.
Experimentally, the chemical order parameter can be

termined by measuring the intensity ratios of the superlat
to fundamental reflections and comparing these ratios to
culated values in the following manner:

S25
@ I s /I f #measured

@ I s /I f #calculated
. ~3!

Here, I s and I f are the integrated intensities of the superl
tice peak and the corresponding fundamental x-ray diffr
tion peak, respectively, and the calculated ratio assume
perfectly ordered alloy. Calculated intensities of both fund
mental and superlattice reflections can be obtained u
known atomic fractions, atomic scattering factors, Deb
Waller factors, Lorenz polarization factors, and structure f
tors ~a general discussion of the procedure to calculate in
sities is found in Ref. 15, Chapter 4!. From these estimates
the calculated intensity ratios for thin films~assuming perfect
order with domains oriented normal to the surface! are
shown in Table I for stoichiometric FePt and nonstoichiom

TABLE I. Calculated intensity ratios for fully ordered FePt thin films wit
domains oriented normal to the surface. Results are shown for stoic
metric FePt, for nonstoichiometric FePt (Fe55Pt45), and for the stoichio-
metric case with 20% Al on the Fe sites. Results are also shown for F3Pt
and FePt3 with the cubicL12 structure. Intensity ratios for both~002! and
~220! domains are given.

Composition Structure I (001)/I (002) I (110)/I (220)

FePt L10 1.56 1.95
Fe55Pt45 L10 1.41 1.77

Fe40Al20Pt40 L10 1.77 2.19
Fe3Pt L12 0.72 0.95
FePt3 L12 0.23 0.30
P license or copyright; see http://jap.aip.org/jap/copyright.jsp
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ric Fe55Pt45 with the L10 structure.~Table I also shows the
calculated intensity ratios for cubic Fe3Pt and FePt3 with the
L12 structure.!

For the sample of Fig. 2, the integrated intensity ratio
superlattice to fundamental reflectionsI (001)/I (002) was
measured to be;1.85~60.15! from rocking-curve measure
ments. This value is larger than the predicted intensity ra
for either fully ordered FePt or Fe55Pt45 ~Table I!. This would
suggest that the order parameterS is greater than unity@Eq.
~3!#—a result with no physical meaning. Consequently
structural modification other than site disorder and/or Fe
stoichiometry is contributing to the measured intensity ra
A likely possibility is that lighter Al atoms from the substra
are incorporated into the FePt precipitates. Since the st
ture factor Fhkl depends directly on the difference in th
atomic scattering factors of the Fe and Pt sites, substitu
Al atoms onto the Fe site will yield more intense superlatt
peaks. As shown in Table I, if the fully ordered alloy contai
20% Al, then the predicted intensity ratio is increased a
becomes comparable to that which is measured. Thi
strong~although indirect! evidence that the FePt alloys pro
duced by ion-beam synthesis are fully ordered and contai
atoms in addition. Further evidence for the hypothesis t
the nanoparticles contain Al is given by the observation t
ordered alloy nanoparticles of the form PtnAl are produced
under certain conditions by the implantation of Pt alone i
Al2O3 followed by thermal annealing~to be discussed later!.
Accordingly, under the redox conditions employed in t
high-temperature annealing process utilized here, and g
the low oxygen affinity of Pt, the incorporation of some A
into the FePt alloy nanoparticles would not be surprisi
Consequently, the FePt nanoparticles shown in Fig. 2 ap
to be fully ordered and most likely also contain Al atom
Note that since the degree of chemical order and Al sub
tutions both influence the superlattice-to-fundamental int
sity ratios, we cannot independently quantify these two
fects from x-ray measurements.

The above discussion considered the~001!-oriented FePt
precipitates in Fig. 2. For the~220!-oriented domains, the
close proximity of the~220! and ~202! reflections precludes
the use of sufficiently wide detector slits to accurately de
mine the integrated intensity ratioI (110)/I (220). Instead,
the areas of these reflections, as deconvoluted from theu-2u
scan in Fig. 2, were used to estimate the intensity ratio.
the ~220!-oriented domains, the measured intensity ra
I (110)/I (220) is ;1.34 60.14 compared to a value o
;1.77 for a fully ordered Fe55Pt45 alloy. This implies an
order parameter ofS;0.87 for these domains. This is on
an estimate since rocking curves could not be used for i
grated intensity measurements.

The strongest FePt reflection in theu-2u scans of Fig. 2
is the FePt~111! peak. For these~111!-oriented domains,
there is no superlattice reflection with which to compare
tensities in a scan along the surface normal. In princip
off-axis scans~at ;36.5° from the normal! through the~110!
and~220! reflections for the~111!-oriented domains could b
used to obtain the intensity ratios necessary to determine
order parameters for the~111!-oriented domains. Such scan
were attempted, but this sample contains multiple doma
Downloaded 11 Sep 2009 to 160.91.157.167. Redistribution subject to AI
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and it was not possible to obtain a clean separation of
reflections necessary to determine accurate integra
intensity measurements for the~111! domains. Nevertheless
based on the intensity estimates from off-axisu-2u scans, it
appears that the~111! domains are also highly ordered
Therefore, the x-ray diffraction results are consistent w
well-ordered grains for the FePt nanoparticles in this sam
and the measurements for the~001!-oriented nanoparticles
suggest that the Al atoms are incorporated on Fe sites.

The microstructure in the near-surface region for t
sample of Figs. 1 and 2 is shown by the cross-section
plan-view TEM micrographs given in Fig. 3. Most of th
FePt nanoparticles are in the size range of 2–10 nm in di
eter with a few nanoparticles as large as 20 nm in diame
Evidence for faceting is also observed in some of the na
particles in Fig. 3 particularly in the plan-view images. Hig
resolutionu-2u x-ray scans across the~111! diffraction line
give a coherence length normal to the surface of;13 nm for
~111!-oriented nanoparticles—consistent with the TEM d
terminations of the particle size.

Magnetic properties of the encapsulated Fe12xPtx nano-
particles were determined using a SQUID magnetome
Figure 4 shows the raw data obtained using the SQUID
the sample of Figs. 1–3. In this figure, the magnetic mom
of the sample~in units of Bohr magnetons per implanted io!

FIG. 3. Cross-section and plan-view TEM micrographs for the sample
Figs. 1 and 2.

FIG. 4. SQUID measurements of the magnetic moment of the implan
sample of Figs. 1–3.
P license or copyright; see http://jap.aip.org/jap/copyright.jsp



he
ts
er
i

g
c

s
r

le
Pt
re

nl

w
t

an
e
-
igh

to

be
re
in

du
he
re

ple
-
it

t an
nts
ted

are
rs at
en
t

e to
a

ag-
he
fcc

no
soft
red

low
ac-
lude
-
er
e

r a
ring
-
a-

tion,
ig.
n

t
ut

r
h/

e
the

5660 J. Appl. Phys., Vol. 93, No. 9, 1 May 2003 White et al.
is measured atT55 K as the magnetic field is scanned in t
range of665 kOe. Al2O3 is diamagnetic, and this accoun
for the negative slope in the magnetization curves at v
high fields. ~For the subsequent SQUID data presented
this paper, the diamagnetic signal from Al2O3 have been
subtracted.! The hysteresis in Fig. 4 reflects the ferroma
netic nature of the FePt nanoparticles. The magnetic coer
ity is in excess of 20 kOe for the FePt nanoparticles—a
more clearly evident in the background-corrected data p
sented in Fig. 5~b!.

The high magnetic coercivity of the FePt nanopartic
as shown in Fig. 4 results from the alloying of Fe and
This is demonstrated in Fig. 5 where the magnetization
sults are shown for samples implanted by Fe only, by Pt o
or by Fe1Pt with the alloy composition Fe55Pt45. For the
case of Fe implantation only, the coercive field is rather lo
only ;0.14 kOe~at T55 K). Here the saturation momen
corresponds to;2.4mB ~Bohr magnetons! per Fe atom,
which is comparable with the value (2.2mB) for bulk bcc
iron. For the case of Pt only, both the saturation moment
the coercive field are nearly zero as expected. In the cas
thermally processed Fe55Pt45 alloy sample however, the co
ercive field is very large, greater than 20 kOe. This h
coercivity arises from FePt nanoparticles in the fctL10 struc-
ture. For this material, the saturation signal corresponds
mean atomic moment of 1.5mB per atom of alloy, i.e., the
macroscopic magnetic moment divided by the total num
of (Fe1Pt) atoms. This result lies between the values
ported for bulk samples of FePt with this composition,
disordered (1.65mB) and ordered states (>1.15mB);18 the
latter value, however, is considered to be a lower bound,
to difficulties in saturating the hysteretic ferromagnetic in t
available field18 and the necessity to extrapolate the measu
ments from 77 K to low temperatures.

Magnetization measurements for the Fe55Pt45 nanopar-
ticles formed in Al2O3 are shown in Fig. 6~a! for two differ-
ent magnetic field orientations. The coercive field is;22
kOe with the applied field oriented normal to the sam
surface, and it is;15 kOe with the field parallel to the sur
face. These values of coercivity may represent lower lim

FIG. 5. Magnetization measurements~made atT55 K with H normal to the
surface! for Al2O3 crystals implanted by Fe only~350 keV, 131017/cm2),
by Pt only ~910 keV, 8.231016/cm2) and by Fe (350 keV, 131017/cm2)
1Pt (910 keV, 8.231016/cm2). Implantation was carried out at 550 °C fo
Fe and 500 °C for Pt. Implanted samples were annealed (1100 °C/2
14% H2).
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since the magnetization may not be fully saturated even a
applied field of 65 kOe. The magnetization measureme
are similar since very few of the nanoparticles are orien
with the ‘‘easy axis’’ of magnetization@001# normal to the
surface. For both field orientations, the hysteresis loops
not square, and there is an obvious second set of shoulde
H50. Features similar to this have been se
previously.19–22 In the present work, it is not clear wha
causes these features to develop, but others20 have reported
similar hysteresis loops and have attributed their presenc
the superposition of two hysteresis loops, one arising from
soft magnetic phase and the other arising from the hard m
neticL10 phase of FePt. In the work reported in Ref. 20, t
soft magnetic material was attributed to small grains of a
phase embedded in larger grains of the orderedL10 phase of
FePt. The extra shoulders develop when there is little or
exchange coupling between the magnetically hard and
phases.20 In our case, the soft phase might be the disorde
fcc phase of FePt or possibly small quantities of Fe3Pt or
FePt3 . We cannot exclude these phases being present at
concentrations, but there is no evidence in the x-ray diffr
tion results for their presence. Other possible causes inc
antiferromagnetic coupling23 or effects related to a nonuni
form ~bimodal! size distribution of the nanoparticles. Furth
work is currently in progress to clarify the origin of thes
features.

The Pt concentration in the alloy can be changed ove
wide range by altering the relative doses of Fe and Pt du
ion implantation. Figure 6~b! shows the variation of mag
netic coercivity with the Pt atomic fraction. For these me
surements, the Fe dose was fixed at 131017/cm2, and the Pt
dose was changed to produce the desired alloy composi
assuming complete alloying of the implanted species. In F
6~b!, the coercivity is a strong function of alloy compositio
reaching a maximum value of;22 kOe for a Pt atomic frac-
tion of ;45% and then falling rapidly on either side. At a P
concentration of;25%, the coercive field is nearly zero, b
x-ray diffraction measurements from this sample~discussed
later! are consistent with those expected from Fe3Pt, which

Ar

FIG. 6. Magnetic properties of Fe12xPtx nanoparticles in Al2O3 . Magneti-
zation curves for Fe55Pt45 are shown in~a! for two different field orientations
at T55 K. The dependence ofHc on alloy composition is shown in~b!. All
samples were implanted by Fe at 550 °C and Pt at 500 °C. In~b!, all mea-
surements were made atT55 K with H normal to the surface except for th
sample with 25% Pt, where the applied magnetic field was parallel to
surface.
P license or copyright; see http://jap.aip.org/jap/copyright.jsp
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is also an ordered alloy but with the cubicL12 structure. The
other samples treated in Fig. 6~b! have x-ray spectra charac
teristic of the fctL10 phase of FePt. The dependence ofHc

on Pt concentration shown in Fig. 6~b! is similar to that
reported by others,3 but the coercive fields in Fig. 6~b! are
considerably higher than those reported in Refs. 3–12. W
one exception,22 the coercivities determined in this work a
comparable to the highest reported for FePt alloys formed
any method.20,24 It is possible that the increased coercivity
this work might result from the incorporation of Al into th
ordered alloy nanoparticles. Others have observed signifi
reductions in the structural ordering temperature for F
~Ref. 25! and for CoPt~Ref. 26! caused by the incorporatio
of various impurities, and it has also been shown that
addition of boron to FePt alloys will increase the coercivit2

B. FePt nanoparticles formed by implantation at
200 °C

Reducing the implantation temperature to 200 °C le
to enhanced damage accumulation during implantat
which results in the formation of a buried amorphous laye
the Al2O3 matrix for the highest doses used in this expe
ment. This has a dramatic effect on the FePt orientat
microstructure, and particle size compared with results
tained by high-temperature implantation to the same do
Figure 7 illustrates x-ray diffraction results from a samp
implanted to the same dose as that of Fig. 2, but in this c
the implantation temperature was 200 °C for both ion s
cies. Following annealing, theu-2u scan along thec-axis of
Al2O3 shows a very intense~111! FePt diffraction line, and
all other lines from FePt are down in intensity by nea
three orders of magnitude. Therefore, under these impla
tion and annealing conditions, almost all of the nanopartic
are oriented with their@111# axis parallel to thec-axis of
Al2O3 . This is in marked contrast to the results achieved
implantation at the higher temperature~see Fig. 2! where the
x-ray intensities from several different orientations of nan
particles are significant. From high-resolution scans, we in
ad(111) lattice spacing of 2.198 Å which is very close to t

FIG. 7. X-ray diffraction results forc-axis-oriented Al2O3 implanted by
Fe (350 keV, 131017/cm2)1Pt ~910 keV, 8.231016/cm2! at 200 °C and
then annealed (1100 °C/2 h/Ar14% H2).
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bulk value for fct FePt. Consequently, a single orientation
nanoparticles has been achieved by the implantat
annealing conditions of Fig. 7—whereas a multiple orien
tion of nanoparticles results from the implantation/anneal
conditions of Fig. 2. The nanoparticles resulting from t
200 °C implantation also exhibit a strong in-plane alignme
The in-plane orientation for the FePt nanoparticles
FePt(112̄)ia-Al2O3(112̄0) and 60° rotations.

The structure of the FePt nanoparticles of Fig. 7
slightly distorted from the expected tetragonalL10 structure.
For bulk FePt, Ref. 14 gives values ofa5b53.8525 Å, c
53.7133 Å,a5b5g590°, for a tetragonal distortion (c/a
ratio! of 0.964. Using high-resolution scans to measure
positions of the FePt lines in Fig. 7, we find these peaks
consistent with a5b53.878 Å, c53.698 Å, a5b
590.07°,g590.28° for a tetragonal distortion (c/a ratio! of
0.954.

In the scans made at 36.5° from the normal for th
sample, the integrated intensity ratioI (110)/I (220) for the
~111!-oriented nanoparticles is 2.2260.12 which is larger
than that predicted for fully ordered FePt or Fe55Pt45 as
shown in Table I.~The results given in Table I are for scan
along the surface normal, but the results for off-axis scan
36.5° differ from these values by less than 1%.! If ;20% Al
is incorporated into the alloy, then the predicted intens
ratio increases and is comparable to the experimentally m
sured values~Table I!. This is strong evidence that the Fe
nanoparticles in this sample are fully ordered but also m
contain;20% of incorporated Al.

The microstructure and particle size are also dram
cally different in the sample implanted at 200 °C as dem
strated by the cross-section and plan-view TEM resu
shown in Fig. 8. In cross section, the large FePt nanoparti
are ;50 nm thick, in good agreement with a coheren
length of 45 nm determined from high-resolution x-ray d
fraction u-2u scans. These large particles are parallel to
surface and centered at a depth of;150 nm. Below this
depth, there is a band of very small particles. The large p
ticles in the cross-section micrograph of Fig. 8 have dim
sions of ;300 nm, parallel to the surface, which is muc
larger than the nanoparticles resulting from the hig

FIG. 8. Cross-section~left! and plan-view~right! TEM results forc-axis-
oriented Al2O3 implanted by Fe (350 keV, 131017/cm2!1Pt ~910 keV,
8.231016/cm2) at 200 °C followed by annealing (1100 °C/2 h/A
14% H2).
P license or copyright; see http://jap.aip.org/jap/copyright.jsp
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temperature implantation~Fig. 3!. The plan-view micrograph
of Fig. 8 shows that the particles are even larger than
results suggested by the cross-section micrograph. In
view, the FePt particles have a threading, wormlike sh
that can extend for distances up to;2 mm parallel to the
surface. Thus, under these implantation and annealing co
tions, the particles are interconnected and form a networ
threading particles. The volume fraction of FePt in the n
work layer is quite high~25–30 %!. A similar microstructure
and particle size for FePt in Al2O3 has been produced b
others8,27 using simultaneous ion-beam sputtering of Fe
and Al in the presence of oxygen. Much higher volume fra
tions of FePt were required, however, in order to obtain
similar microstructure, and there is no indication that t
FePt nanoparticles were crystallographically oriented in t
work.

Nanoparticles formed by implantation at 200 °C al
have a high magnetic coercivity as demonstrated in Fig. 9
Fig. 9~a!, the coercive field deduced from both field orient
tions is ;23 kOe at 5 K. This is approximately the sam
coercive field as that determined for the sample implante
much higher temperatures@see Fig. 6~a!# where the nanopar
ticle sizes are significantly smaller than those obtained
implantation at 200 °C~compare the particle size in Fig.
with that in Fig. 8!. Figure 9~b! shows the temperature de
pendence of coercivity and demonstrates that the coerc
remains in excess of 15 kOe even at 400 K. The second
of shoulders that develop atH50 in the magnetization
curves of Fig. 9~a! is more pronounced than that in the ma
netization curves shown in Fig. 6~a!. This suggests that th
exchange coupling between the hard and soft phases is n
strong in the 200 °C implantation case.

The synthesis of the unusually large particles shown
Fig. 8 appears to be related to the formation of a bur
amorphous layer during implantation as suggested by
RBS channeling measurements in Fig. 10. In the
implanted state@Fig. 10~a!#, the channeling measurements
the Al sublattice show that the extreme near surface is c
talline after implantation, but below this outer surface, th
is a buried amorphous layer extending from a depth of;90
to ;300 nm. In this depth range, the aligned yield reac
the random value in the Al sublattice. Annealing@Fig. 10~b!#

FIG. 9. Magnetic properties of the implanted sample of Figs. 7 and
Magnetization measurements~at T55 K) are shown in~a! for two applied
magnetic field orientations. The temperature dependence of the coe
field is shown in~b! with H oriented normal to the surface.
Downloaded 11 Sep 2009 to 160.91.157.167. Redistribution subject to AI
e
an
e

di-
of
t-

t
-
a
e
t

In
-

at

y

ty
et

t as

n
d
e
-

s-
e

s

crystallizes the buried amorphous layer, accompanied b
redistribution of the implanted ions into two distinct bands
depths that correspond to the band of large particles and
band of very small particles seen in the cross-section mic
graph of Fig. 8. From the results shown in Fig. 10, it is like
that crystallization of the buried amorphous layer occur
by a solid-phase epitaxial process in which the tw
amorphous/crystalline interfaces moved toward each ot
accompanied by segregation of the impurities at the in
face. This process could result in a thin layer of very hi
impurity concentration that gave rise to the interconnec
network of large particles. It is likely that the large particl
form from a coalescence of smaller particles, and at hig
resolution there is evidence for grain boundaries as wel
twinning in the large particles. Presumably, the large p
ticles occur when the volume fraction of the metal pha
exceeds the percolation threshold, and the increase of im
rity concentration would be assisted by segregation of
impurities at the two moving interfaces during annealing.

Previous studies28–30have shown that, when a thin laye
of crystallinea-Al2O3 is made amorphous by ion implanta
tion, crystallization of the amorphous layer takes place
two epitaxial growth processes. Amorphous Al2O3 first crys-
tallizes epitaxially into the metastable cubicg phase of
Al2O3 where the~111! g is parallel to the~0001! a. Further
annealing transforms the metastableg phase back to the

.

ive

FIG. 10. RBS channeling measurements forc-axis-oriented Al2O3 im-
planted by Fe (350 keV, 131017/cm2, 200 °C)1Pt (910 keV,
8.231016/cm2, 200 °C). Measurements are shown in the as-implan
state~a! and after annealing~b!.
P license or copyright; see http://jap.aip.org/jap/copyright.jsp
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stablea phase by a second solid-phase epitaxial growth p
cess. It has been demonstrated31 also that the size, structure
and orientation of semiconductor nanoparticles can~in some
cases! be changed considerably by precipitation in theg
layer compared with precipitation ina-Al2O3 . For the
sample of Figs. 7 and 8, it is likely that precipitation a
FePt nanocrystal formation took place in theg phase of
Al2O3 with the ~111! FePt parallel to the~111! g-Al2O3 .
When theg phase subsequently transformed to thea phase,
this would leave the~111! FePt parallel to the~0001!
a-Al2O3 . From the results presented in Figs. 2 and 7, i
clear that a single orientation of nanoparticles results du
annealing when the implant creates a buried amorph
layer, whereas multiple orientations result when precipitat
takes place in the crystallinea alumina phase. Precipitatio
and FePt nanoparticle formation in the metastableg phase
might account for this difference.

The formation of the network of large FePt particles c
be prevented by carrying out the implantation in such a w
that an amorphous layer does not form during implantati
One way to accomplish this is to implant at high tempe
tures so that the implanted region remains crystalline,
demonstrated by the results shown in Figs. 1–3. Another
to accomplish this is to implant at the lower temperatu
~200 °C! and keep the same alloy composition, but to redu
the total dose of each ion to avoid formation of the am
phous layer. Figure 11 shows the results obtained by impl
ing at 200 °C but reducing the dose of Fe and Pt by a fa
of 2 compared with the doses used for the sample of F
7–10. At this reduced dose, the overall alloy composit
remains the same (Fe55Pt45), but the implanted region
clearly remains crystalline during implantation@Fig. 11~a!#.
Most of the damage is removed by annealing@Fig. 11~b!#,
and there is essentially no impurity redistribution during t
annealing process. This behavior is very similar to that
picted in Fig. 1 for the higher-dose and higher-temperat
implant.

Figure 12 shows x-ray diffraction and TEM results f
the sample implanted at 200 °C with the lower ion dose. T
x-ray spectrum shows evidence of FePt nanoparticles w
several orientations@for example,~110! and ~111!# and is
qualitatively similar to the results of Fig. 2. The cross-sect
micrograph in Fig. 12~b! shows particles that are muc
smaller than those found in the sample implanted to
higher dose at 200 °C~Fig. 8!. In Fig. 12~b!, the maximum
particle diameter is;15 nm, and the microstructure is sim
lar to that of Fig. 3 but the particle size is somewhat less t
that of Fig. 3 which probably reflects the fact that the to
ion dose is reduced by a factor of 2. Both the microstruct
and the maximum particle size are dramatically differe
from the results of Fig. 8, even though the two samples
implanted and annealed at the same temperatures, but d
ent ion doses were used.

The magnetic coercivity for the lower-dose sample
high, but it is reduced in comparison to that for the high
dose samples. Magnetization measurements~at 5 and 300 K!
for the sample implanted at 200 °C at the lower dose
shown in Fig. 13. The coercivity at 5 K is ;5.8 kOe and it is
;3.4 kOe at 300 K. These values of coercivity are consid
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ably less than those for the samples implanted at the hig
doses@Figs. 6~a! and 9~a!#. The reduction in coercivity com-
pared with the results in the higher-dose samples may
related to the reduction in the particle size. In addition,
shape of the magnetization curve in Fig. 13 suggests that
sample has a larger fraction of the soft magnetic phase

FIG. 11. RBS channeling measurements forc-axis-oriented Al2O3 im-
planted by Fe (350 keV, 531016/cm2, 200 °C)1Pt (910 keV,
4.131016/cm2, 200 °C). Measurements are shown in the as-implan
state ~a! and after annealing~b!. Ion doses are reduced by a factor of
compared with the sample of Fig. 10.

FIG. 12. X-ray diffraction~a! and cross-section TEM results~b! for c-axis-
oriented Al2O3 implanted by Fe (350 keV, 531016/cm2, 200 °C)
1Pt (910 keV, 4.131016/cm2, 200 °C) followed by annealing
(1100 °C/2 h/Ar14% H2).
P license or copyright; see http://jap.aip.org/jap/copyright.jsp
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the sample implanted to the higher dose~Fig. 9!. The coer-
civity remains reasonable even at room temperature for th
smaller nanoparticles.

Extremely high values of coercivity have been measu
also using Al2O3 samples with different crystallographic or
entations. One such result is shown in Fig. 14. Magnetiza
measurements~at 5 and 300 K! are shown in Fig. 14~a! for
the case ofM-plane-oriented (1010̄) Al2O3 implanted and
annealed under the same conditions as those appropria
Figs. 7–9. At 5 K, the coercivity is approximately 34 kO
and remains in excess of 25 kOe even at ro
temperature—as shown in Fig. 14~b!. Cross-section and
plan-view micrographs showing the microstructure and p
ticle size in theM-plane sample are illustrated in Fig. 15. Th
nanoparticles exhibit a bimodal size distribution with a ba
of large particles~maximum diameter of;70 nm! located at
a depth of;145 nm. In addition, there is a high density
much smaller particles located at a somewhat greater de
In plan view, the FePt nanoparticles are often associated
voids, and many of the nanoparticles have internal doma
The largest particle in plan view or cross section is;85 nm,
and there is no evidence for the threading network of p

FIG. 13. Magnetization measurements~made atT55 K and 300 K! for the
sample of Fig. 12.

FIG. 14. Magnetic properties ofM-cut Al2O3 implanted by Fe (350 keV,
131017/cm2, 200 °C)1Pt (910 keV, 8.231016/cm2, 200 °C) followed by
annealing (1100 °C/2 h/Ar14% H2). Magnetization curves measured
T55 and 300 K withH normal to the surface are shown in~a!. The tem-
perature dependence of the coercivity is shown in~b!.
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ticles observed in thec-axis sample~Fig. 8! even though the
particles are quite large in theM-plane sample also. Ex
tremely high values of coercivity have also been produc
when A-plane (112̄0) and R-plane (101̄2) Al2O3 crystals
were implanted and annealed under the same condition
the samples corresponding to Figs. 8 and 15. It is likely t
the microstructure in these Al2O3 crystals with theA andR
orientation is similar to that observed in theM-plane sample
~Fig. 15!, but this remains to be confirmed by TEM observ
tions.

C. Formation of Fe 3Pt and FePt 3 nanoparticles

Thus far, we have discussed the results obtained by
beam synthesis when nearly equal doses of Fe and P
used. By changing the relative ion doses substantially,
have synthesized nanoparticles of two other phases in
Fe-Pt system as expected from the Fe-Pt phase diagra32

Figure 16 shows the x-ray diffraction results for Al2O3 crys-
tals implanted with Fe and Pt to give alloy compositions
Fe74Pt26 and Fe27Pt73. Both samples were annealed under t
same conditions (1100 °C/2 h/Ar14% H2) to cause precipi-

FIG. 15. Cross-section and plan-view TEM micrographs for (1010̄) Al2O3

implanted by Fe (350 keV, 131017/cm2, 200 °C)1Pt (910 keV,
8.231016/cm2, 200 °C) followed by annealing (1100 °C/2 h/A
14% H2).

FIG. 16. X-ray diffraction results fromc-axis-oriented Al2O3 crystals im-
planted by Fe and Pt in the alloy composition of~a! Fe74Pt26 and ~b!
Fe27Pt73 . Ion doses for Fe74Pt26 were ;131017/cm2 for Fe and
;3.331016/cm2 for Pt. Ion doses for Fe27Pt73 were ;531016/cm2 for Fe
and ;1.531017/cm2 for Pt. Fe was implanted atT5550 °C and Pt at
T5500 °C.
P license or copyright; see http://jap.aip.org/jap/copyright.jsp
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tation and nanoparticle formation. In Fig. 16~a!, the x-ray
spectrum from the Fe74Pt26 sample is consistent with tha
expected from the ordered phase of fcc Fe3Pt which has the
L12 structure. Strong lines from both superlattice~110! and
fundamental~220! reflections are seen, and a probable~111!
Fe3Pt reflection is obscured by the very intense Al2O3 ~0006!
reflection. Rocking-curve measurements through the~220!
reflection show the nanoparticles to be oriented along
Al2O3 c-axis. From high-resolutionu-2u scans through the
~220! diffraction peak, the value determined for the latti
parameter is 3.742 Å, which is expanded~by 0.27%! com-
pared with the value33 of 3.732 Å for bulk Fe3Pt. From in-
tegrated rocking-curve measurements, the integrated in
sity ratio I (110)/I (220) is ;0.3460.04, which yields the
order parameterS5;0.6 @for ~220!-oriented domains# using
the results of Table I and Eq.~3!.

In Fig. 16~b!, the x-ray scan from the Fe27Pt73 sample is
consistent with that expected from the ordered phase
FePt3 , which also has theL12 structure. Strong lines from
superlattice~110! and fundamental~220! reflections are ob-
served in the x-ray spectra in addition to a strong~111! FePt3
reflection. The FePt3 nanoparticles are oriented with respe
to the Al2O3 c-axis as demonstrated by x-ray rocking-cur
measurements. X-ray diffraction measurements show
nanoparticles have a cubic lattice parameter of 3.873 Å
determined from a high-resolutionu-2u scan through the
~111! reflection. This is expanded~by 0.18%! compared to
the value34 of 3.866 Å for bulk FePt3 . Some of the expan
sion might be due to incorporation of Al into the nanopa
ticles during precipitation. In addition, ordered alloys of t
form35,36 Pt3Al have allowed diffraction peaks very nea
those observed in Fig. 16~b!—so a precise identification o
FePt3 is not possible, but it is likely that the nanoparticl
formed are FePt3 with some incorporation of Al. From the
data of Fig. 16~b!, the integrated intensity ratio
I (110)/I (220) is estimated to be;0.21 which for FePt3 im-
plies that the order parameterS for the ~220!-oriented do-
mains is;0.84. Incorporation of Al into the alloy would
increase the predicted ratio and reduce the estimate of
order parameter. Therefore, from the x-ray diffraction m
surements in Fig. 16, the~220!-oriented domains for both
Fe3Pt and FePt3 show evidence for ordering although the
are not as well ordered as the fct FePt nanoparticles with
L10 structure.

Cross-section TEM micrographs showing the mic
structure and the particle size in the near surface for b
Fe74Pt26 and Fe27Pt73 in Al2O3 are illustrated in Fig. 17. Fo
Fe74Pt26, the maximum particle size is;25 nm in diameter,
and the particles are nearly spherical with evidence for fa
ting in some of the nanoparticles. For Fe27Pt73, the particle
size is smaller, and the particle shape is more elliptical w
the largest particles being;20 nm along the major axis o
the ellipse. Numerous Fe27Pt73 particles shown in Fig. 17
exhibit Moiré fringes.

The results presented in Figs. 16 and 17 show that it
possible to form oriented nanoparticles of Fe3Pt and FePt3

by ion-beam synthesis where the relative does of Fe an
were adjusted to produce the desired alloy composition.
ordered phase of Fe3Pt, which has the Cu3Au structure, is
Downloaded 11 Sep 2009 to 160.91.157.167. Redistribution subject to AI
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known to exhibit giant magnetostriction33 and is ferromag-
netic with a Curie temperature of;435 K.37 This material
has been prepared in single-crystal form by arc melting~see,
for example, Refs. 33 and 37!. It has also been produced i
thin-film form by MBE ~Ref. 38! or sputter deposition.39

Fe3Pt undergoes an order-disorder transition at a tempera
of ;840 °C. The sample in Fig. 16~a! was annealed abov
this temperature and then cooled slowly through the tra
tion temperature following annealing. For these anneal
conditions, the order parameter is considerably less than
measured for the Fe55Pt45 nanoparticles with theL10 struc-
ture. We have obtained preliminary results suggesting
the order parameter for Fe3Pt can be improved somewha
~from S;0.6 toS;0.7) by a long anneal~700 °C/17 h! be-
low the transition temperature, but additional work is r
quired to optimize this annealing treatment.

The chemically ordered phase of FePt3 has the Cu3Au
cubic L12 structure, and it is antiferromagnetic~with two
different kinds of antiferromagnetic ordering! in the chemi-
cally ordered state.40,41The fcc chemically disordered phas
however, is ferromagnetic. Disorder can be introduced b
number of methods including mechanical deformation40,42as
well as deviations from stoichiometry.40,43 Films of FePt3
have been produced by sputter deposition39 and by MBE.41

The Fe27Pt73 nanoparticles that we have produced by io
beam synthesis have an order parameter less than unit
some disorder exists in these nanoparticles, and there is a
deviation from ideal stoichiometry. The annealing tempe
ture ~1100 °C! is considerably below the order-disorder tra
sition temperature~;1350 °C!, so annealing at temperature
lower than 1100 °C should not be necessary to induce
improve order.

Magnetization curves measured for the samples cont
ing Fe74Pt26 and Fe27Pt73 nanoparticles are shown in Fig. 18
The Fe74Pt26 sample is ferromagnetic but with a very lo
coercivity ~;0.72 kOe at 5 K and;0.25 kOe at 300 K!.
Both the saturation magnetization and the coercivity
crease as the temperature increases.@Results from this
sample are included in the plot ofHc versus Pt atomic frac-
tion shown in Fig. 6~b!.# The magnetization curves fo
Fe27Pt73 in Fig. 18 show that the nanoparticles formed by i
implantation are ferromagnetic at 5 K with a coercivity

FIG. 17. Cross-section TEM micrographs for Fe74Pt26 ~left! and Fe27Pt73

~right! nanoparticles in Al2O3 . Ion doses in each case are the same as th
given in Fig. 16.
P license or copyright; see http://jap.aip.org/jap/copyright.jsp
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;2.0 kOe, but at room temperature, the coercivity and
saturation magnetization are very low. This ferromagne
~rather than antiferromagnetic! behavior is attributed to the
disorder in the nanoparticles or to a deviation from stoic
ometry.

D. Implantation of Fe only or Pt only

Nanoparticles are also formed by the implantation of
or Pt alone into c-axis-oriented Al2O3 followed by
annealing. X-ray diffraction results for Fe implanted in
Al2O3 at several implantation temperatures followed by a
nealing are shown in Fig. 19. In the temperature range
implantation at room temperature to 200 °C, the nanop
ticles formed area-Fe with their ^110& axis directed along
the c-axis of the Al2O3 host single crystal. If the implanta
tion is carried out at 550 °C, however, clear evidence for
formation of FeAl2O4 is observed~from the 220 reflection!.
Evidence for both Fe2O3 anda-Fe is observed in the samp
implanted at liquid nitrogen temperature~LN2 !. (Fe2O3 is
believed to result from oxidation of Fe segregated to
surface during annealing when the sample is removed f
the furnace.! In each case, nanoparticles are oriented alo
the c axis of the Al2O3 host.

X-ray diffraction results for the case of Pt implanted in
Al2O3 at two temperatures followed by annealing are sho
in Fig. 20, and this gives convincing evidence for the inc
poration of Al into the Pt nanoparticles. Both spectra sh
evidence for fcc Pt nanoparticles oriented with their^111&
axis parallel to the Al2O3 c-axis. However, in the sampl
implanted at 500 °C, the diffraction line at 2u;32.8° cannot
arise from fcc Pt, and we attribute this peak to the format
of an ordered alloy of the form PtnAl. A likely candidate35,36

is Pt3Al, which has diffraction lines close to those shown
Fig. 20. Therefore, the precipitates formed after the 500
annealing are believed to contain a fairly high concentrat
of Al atoms in addition to Pt. In the sample implanted
200 °C, the fcc forbidden peaks are greatly reduced in int
sity, and these nanoparticles are believed to contain subs
tially less incorporated Al. From the results shown in Fig. 2
it is clear that implantation at the higher temperatu
~500 °C! is required to form the ordered alloy PtnAl. This

FIG. 18. Magnetization curves measured for Fe74Pt26 ~a! and Fe27Pt73 ~b! in
Al2O3 . Ion doses in each sample are the same as those given in
14–16. Magnetization curves were measured atT55 andT5300 K with H
parallel to the sample surface for the Fe74Pt26 sample and withH perpen-
dicular to the surface for the Fe27Pt73 sample.
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suggests that this phase nucleates during implantation a
higher temperature, with the nuclei growing during sub
quent annealing.

Figure 21 shows the microstructure in the near-surf
region for samples implanted by Fe or Pt at high tempe
ture, followed by annealing. For the case of Fe, after ann
ing there is a high density of cavities or voids in the ve
near surface, followed by nanoparticles containing Fe a
somewhat greater depth. The Fe-containing precipitates h
diameters up to;65 nm. The Pt-containing nanoparticle
have a cubic shape and are much smaller with maxim
particle sizes up to;12 nm on a side.

Magnetization measurements have also been made
the Al2O3 crystals implanted by Fe or Pt only and are sho
in Fig. 5. For the case of Fe implantation at 500 °C, t
nanoparticles are ferromagnetic with a coercivity of;0.14
kOe. If the implantation is carried out at 200 °C, the resulti
Fe nanoparticles have a coercivity of;0.13 kOe, but the
saturation magnetization is;20% higher than for the sampl
implanted at 550 °C. The fact that the magnetic properties
the samples implanted at 550 and 200 °C are nearly the s
provides evidence that most of the nanoparticles in

gs.

FIG. 19. X-ray diffraction results for Fe~350 keV, 131017/cm2) implanted
into Al2O3 followed by annealing (1100 °C/2 h/Ar14% H2). Results are
shown for implantation temperatures of~a! LN2 , ~b! RT to 200 °C, and~c!
550 °C.
P license or copyright; see http://jap.aip.org/jap/copyright.jsp
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sample implanted at 550 °C area-Fe—even though the x-ra
diffraction results~Fig. 19! suggest that a mixture ofa-Fe
and FeAl2O4 may be present. Others44 have reported tha
FeAl2O4 is not ferromagnetic, and this may explain the 20
difference in the saturation magnetization for samples
planted at the different temperatures. For the case of Pt
planted into Al2O3 at 500 °C, Fig. 5 shows that both th
saturation magnetization and the coercivity are nearly z
indicating that the PtnAl nanoparticles are not contributing t
the magnetic properties of any of the Fe12xPtx samples we
have discussed.

The structural and/or magnetic properties of Al2O3 im-
planted by Fe at room temperature or near liquid nitrog
temperature have been investigated extensively in
past.45–49 Implantation at elevated temperatures~240 °C! has
also been investigated,44,50but to a lesser extent. These stu
ies have shown thata-Fe nanoparticles are formed by a
nealing implanted Al2O3 in a reducing environment. Th
particles are oriented and can have sizes up to several te
nanometers. When annealed in the range of 800–1200 °
a reducing atmosphere or vacuum, the particles are fe
magnetic if the size exceeds the superparamagnetic limit~;5
nm in diameter!, and coercivities of 0.1–0.3 kOe have be
reported.44,48–50If samples implanted by Fe are annealed
1450 °C, then diffraction lines from FeAl2O4 only were

FIG. 20. X-ray diffraction results for Pt~910 keV, 8.231016/cm2) implanted
into Al2O3 followed by annealing (1100 °C/2 h/Ar14% H2). Results are
shown for implantation temperatures of~a! 200 °C and~b! 500 °C.
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observed,44 and this phase did not contribute to the magn
tization of the sample. These prior results are consistent w
those we have obtained.

The formation of coherent Pt precipitates in Al2O3 has
also been observed by others51 as a result of the implantation
of Pt into c-axis-oriented Al2O3 at room temperature, fol-
lowed by annealing in air. The average size of the Pt prec
tates was estimated to be;25 nm, which is larger than the
precipitates we observe following high-temperature impla
tation and annealing in a reducing environment~maximum
size of;10 nm; see Fig. 21!. In addition, no evidence for the
formation of PtnAl was noted following the room tempera
ture implantation. This is reasonable since our work sugg
that the formation of PtnAl decreases as the implantatio
temperature decreases.

IV. CONCLUSIONS

Fe12xPtx nanoparticles covering a wide range of allo
compositions have been formed in Al2O3 single crystals by
ion-beam synthesis. In the range of Pt atomic fractions fr
x;35% to 55%, the chemically ordered tetragonalL10

structure of FePt is formed. These nanoparticles are fe
magnetic with extremely high magnetic coercivities. The c
ercivity is a strong function of Pt atomic fraction and reach
its maximum value~;22 kOe! for the slightly Fe-rich alloy
composition Fe55Pt45 in c-axis-oriented Al2O3 . The FePt
nanoparticles formed in Al2O3 by ion-beam synthesis ar
crystallographically oriented with respect to the Al2O3 host
matrix, but the orientation, particle size, and microstructu
depend strongly on the implantation conditions. For impla
tation at high temperatures~550 °C for Fe and 500 °C for Pt!,
the FePt nanoparticles exhibit multiple orientations with
spect to thec axis of Al2O3 . These nanoparticles are near
spherical and are in the size range of 2–10 nm with a f
particles as large as 25 nm diameter~for doses of;1
31017/cm2 of each impurity!. If the implantation is carried
out at lower temperatures~200 °C for each impurity! to the
same doses (;131017/cm2 of each impurity!, then anneal-

FIG. 21. Cross-section TEM micrographs showing Fe and Pt nanopart
in Al2O3 . Crystals were implanted by Fe~350 keV, 131017/cm2, 550 °C!
or Pt~910 keV, 8.231016/cm2, 500 °C!. Implanted crystals were annealed
1100 °C/2 h/Ar14% H2 .
P license or copyright; see http://jap.aip.org/jap/copyright.jsp
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ing gives rise to an interconnected network of very lar
particles~;50 nm thick!. Some of these particles extend u
to a size of;2 mm parallel to the surface. These large p
ticles have a single orientation@i.e., ~111! FePt is parallel to
~0001! Al2O3]. The formation of this interconnected netwo
of large particles is correlated with the formation of a buri
amorphous layer during implantation. Crystallization of t
buried amorphous layer during annealing is believed to g
rise to the formation of interconnected large particles. T
magnetic coercivities associated with the large particles
;23 kOe inc-axis Al2O3 and up to;33 kOe forM-, R-, or
A-plane Al2O3 ~at 5 K!.

For FePt nanoparticles formed by ion-beam synthesi
Al2O3 , the measured order parameters are larger than w
be expected for fully ordered FePt alloys, and this sugg
that a lighter element such as Al is also incorporated into
alloy nanoparticles. Therefore, it is likely that the nanop
ticles that we have formed are fully ordered but contain
atoms in addition to Fe and Pt. The magnetic coercivities
have measured are among the highest ever observed for
films or nanoparticles prepared by any processing metho
is possible that this enhanced coercivity results from Al
corporated into the FePt nanoparticles, but further exp
ments are required to determine if this is, in fact, the cas

By changing the relative doses of Fe and Pt substanti
we have also formed Fe74Pt26 and Fe27Pt73 nanoparticles in
Al2O3 . X-ray diffraction measurements suggest that th
particles correspond to the orderedL12 structure of cubic
Fe3Pt and FePt3 respectively, but the order parameter f
these nanoparticles is 0.5–0.8, indicating that some diso
remains in the nanoparticles. For the Fe-rich case (Fe74Pt26),
the saturation magnetization is large and indicative of a w
developed ferromagnet. In contrast, the Pt-rich c
(Fe27Pt73) has a much lower saturation magnetization refle
ing the possibility of both antiferro- and ferromagnetic ord
ing near this composition. For both cases, the magnetic
ercivity is lower. Finally, we have synthesized oriented
and Pt nanoparticles inc-axis-oriented Al2O3 . The Fe nano-
particles are ferromagnetic with a coercivity of;0.14 kOe
while the Pt nanoparticles are nonmagnetic. Clear evide
has been obtained for the formation of oriented FeAl2O4 and
PtnAl nanoparticles in samples that were implanted by Fe
Pt alone at the high implantation temperatures. This dem
strates that impurities from the substrate can be incorpor
into the nanoparticles if implantation is carried out at hi
temperatures.

It should also be noted that FePt nanoparticles with h
coercivity can be formed in other substrates. We have form
FePt nanoparticles with magnetic coercivities exceeding
kOe by ion implantation into SiO2 matrices.13 In addition,
we have demonstrated that CoPt nanoparticles with coer
ties exceeding 10 kOe can be formed in Al2O3 by ion im-
plantation and annealing. These results are reported
separate publication.52
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