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The properties of FePt nanoparticles formed by the implantation efFfento c-axis-oriented
Al,O; single crystals followed by thermal annealing are shown to be strongly dependent on the
annealing environment. Annealing in a reducing environn{flatving Ar+4% H,, or ultrahigh
vacuum gives rise to ferromagnetic FePt nanoparticles with tHg structure and very high
magnetic coercivitygreater than 20 kQeFePt alloy formation does not occur during annealing in
an oxidizing environment. Instead, the implanted Pt precipitates out forming oriented Pt
nanoparticles and the implanted Fe redistributes witt0% segregating to the surface where it
forms epitaxiala-Fe,O; precipitates at the surface; the remainder of the implanted Fe remains in
the bulk, most likely in solid solution in the matrix. Results obtained by sequential annealing of
Fe+Pt implanted samples in reducingxidizing) environments followed by annealing in an
oxidizing (reducing environment suggest that equilibrium, rather than kinetic, effects are
responsible for the observed microstructures. 2@04 American Institute of Physics.

[DOI: 10.1063/1.1737806

I. INTRODUCTION environment, to form crystallographically oriented, ordered
alloy nanoparticles of Re,Pt, in single-crystal AJO;

FePt ordered alloy nanoparticles with thé, structure  matrices’® Both the orientation and the microstructures of
have attracted a high level of interest recently due to theithe FePt nanoparticles depend on the implantation condi-
hard ferromagnetic propertiéss an ordered alloy, this ma- tions. By varying the relative dose of Fe and Pt, the Pt con-
terial has a very high uniaxial magnetocrystalline anisotropytentration in the alloy can be altered over a wide range. We
[Ky~7%10° J/n?] and a relatively high magnetization, thus have found that the orderddl, structure of FePt is formed
making FePt ordered aIons excellent candidates for U|t|’aover a range of concentrations extending fret85% to 55%
high density magnetic data storage applicatioanopar-  pt. In this range, the ke,Pt nanoparticles are ferromag-
ticles of ordered FePt have been synthesized chemically asrietic, and the magnetic coercivity is a strong function of the
superlattice of monodispersed spherical partitlasd films  pt concentration, reaching a coercivity in excess of 20 kOe
of Fe,_xPt (with Xx~50%) with high magnetic anisotropy (measured alT=5 K) for an Fg:Pt; alloy.
have been prepared by a number of techniques including |n the present work, we have investigated the effect of
molecular beam epitaxyMBE),® cosputterind, sputtering of  the annealing environment on FePt alloy formation in
multilayers? and ion irradiation of deposited multilayets.  Al,O,. Our results demonstrate that the phase formed, the

Recently, we have used the sequential implantation of Fenicrostructure, and the associated magnetic properties of the
and Pt ions, followed by thermal annealing in a reducingnanoparticles are strongly dependent on the annealing envi-
ronment for materials formed by implanting Bt into

dElectronic mail: whitecw@solid.ssd.oml.gov c-axis oriented AJO; crystals.
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Il. EXPERIMENTAL PROCEDURE Fe + Pt Implanted Al O
23

Single crystal substrates efaxis-oriented AJO; were v .
implanted with Fe(350 ke\) followed by Pt(910 keV) to  Fe(350keV,1x107/em’,550°C) + PY(910keV,8.2x10"/cm",500°C)
give overlapping profiles of Fe and Pt with a projected range Annealed 1100°C/2h
of ~175 nm for each element. Doses ofx10'/cn? 2000

for Fe and 8.X10'%cn? for Pt were used in order to g : ARL BERERRARNARESEDNEE
produce an alloy with a nominal Pt atomic fraction of 45% & i a) T & Annealed in ArH, .
[=Pt dosefFe dose-Pt dosg], assuming complete alloying 3 1900 |- = 8 -
of the implanted Fe and Pt. Our previous wogstablished . T o & o ~ ]
that the maximum magnetic coercivity occurred for a Pt m 1000 "_: = < _ § § .
atomic fraction of 45%. The ion implantation was carried out > E 3 % S =z z
at elevated temperaturé€s50 °C for Fe and 500 °C for Pin D s00 L& - % .
order to prevent the near surface of the®@d substrate from ch - 2 ]
being rendered amorphous by implantation-induced dlspla*" 0 - Y y | K¢ ]
cive radiation damage. Following the_|on_ |mplantat|or_1, the 20 30 40 50 60 70 80
samples were annealed at 1100 °€Zdh in either a reducing 20
environment or an oxidizing environment. Some samples
were also annealed sequentially in both environments. The
reducing environments used included flowing Ar ,(’?6000 R B o A e e
+4%H, (ArH,) in a quartz tube furnace, or UHWt a pres- 2 gg99 F- b) __ AnnealedinO, -
sure of 2<10 8 Torr). Flowing Q, or Ar (99.999% purgin -] s = g 3
a quartz furnace were used as oxidizing environments. Fo g 4000 |- T e =
anneals carried out in the quartz furnace, the tube wasg © 3000 5_ o 9: _
pumped down to a pressure 0k4.0 ® Torr prior to flowing C < N 3
the desired gas. No attempt was made to further purify thezZ; 2000 F - §_ 3
flowing gases or to remove water vapor. The results achieve(s 1000 E_ § o E
using flowing Ar were similar to those achieved using flow- . F 3
ing O,. The samples were characterized using 2.3 MeV He — 0 Beimimiomimabonimmion e R -]
20 30 40 50 60 70 80

Rutherford backscatterinRBS)-channeling measurements
and by x-ray diffraction (CuK radiation using a powder 20

diffractometer or a four-circle diffractometer. Selected FIG. 1. X-ray diffraction 6—26 scans along the surface normal f@eaxis
samples were examined by cross-section transmission elegt,o, crystals implanted by FePt and annealed at 1100 °Crf h in ()
tron microscopy(TEM), and the magnetic properties of se- flowing ArH, and (b) flowing O,.

lected samples were determined using a superconducting

quantum interference devicéSQUID) magnetometer at a

sample temperaturef & K in applied magnetic fields up to superstructure reflection due to chemical ordering. There is
+65 kOe. also a weaker superstructure reflection in Fi¢p) Jarising

from FePt(001). The presence of these superstructure reflec-
tions demonstrates that at least some of the FePt nanopar-
ticles have the orderddl,, structure expected from fct FePt.
Figure 1 compares the x-ray diffraction results obtainedThe other strong lines identified in Fig(dl are fundamental
from a sample of Fe¢Pt implanted AJO; annealed in a re- reflections(allowed even in chemically disordered allpys
ducing environmenfFig. 1(a)] with those obtained from an from fct FePt. Our previous wofkalso established that the
identical sample annealed in an oxidizing environnieétig. FePt nanoparticles produced by the conditions used in Fig.
1(b)]. In the as-implanted stateot shown, the only diffrac-  1(a) are fully ordered and probably contain some incorpo-
tion lines observed from either sample were those expecteted Al atoms in addition to Fe and Pt.
from the ALO; substrate. After annealing in the reducing Annealing an implanted sample in UHV ~@2
environment ArH [Fig. 1(a)], the §—260 scans along the X 10 8Torr) also gives rise to the formation of oriented FePt
c-axis of Al,Oz; show the expected strof@006 diffraction  nanoparticles, as demonstrated by x-ray diffraction results
line from Al,O;. In addition, several other strong lines are (not shown. The same x-ray peaks are observed as those
seen in the spectra of Fig.(a@ that correspond to those shown in[Fig. 1(@], and only the relative intensities are
expected from the chemically ordered, face-centered tetrag-different[i.e., there is a greatdf11) FePt texture than that
onal (fct) L1, phase of FePt. Our previous w8rstablished  shown in Fig. 1a)]. Therefore, annealing in either flowing
that these FePt nanoparticles have a maximum size2¥  ArH, or annealing in UHV gives rise to the formation of
nm in diameter and that they are oriented with respect to theriented FePt nanoparticles with thé structure.
Al,O5 c-axis. There are, however, multiple crystallographic Figure 1b) is a 626 scan from a sample implanted in
orientations for the nanoparticles.e., FePt(111), FePt the same manner as that corresponding to Hig. But an-
(110, and several other planes parallel to the@J (000) nealed in an oxidizing environmeriflowing O,). In this
planes are observédin Fig. 1(a), the FePt(110) line is a  case, there are no diffraction lines that can be identified as

Ill. RESULTS
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Fe + Pt Implanted ALLO, Fe+Pt Implanted Al203
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FIG. 2. Off-normal 6-26 scans through AD; (1014) for c-axis Al,Os; § 1500 L a : ]
implanted by Fe-Pt and annealed at 1100 °Crf2 h in flowing G,. The % ‘e
inset is a¢ scan through &, (1014) reflections demonstrating 120° sym- % Al Depth (um) 0¥
1000 04 02 0 a2 0
metry. M [—T— FeDepth (um) 12 &
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arising from FePt. In Fig. (b), strong Pt(111) and Pt(220 ™%, - .

Iinegand a weak P{200 diffraction line are observed in 060 080 1.00 1.2 1.40 1.6 . 20 22

addition to the AJO; (0006 reflection. This demonstrates Energy (MeV)

that annealing in an oxidizing environment results in the pre-

cipitation of Pt to form nanoparticles and that these nanoparFiG. 3. RBS-chaneling measuremer(®&3 MeV He" iong) on c-axis-

ticles are oriented with respect to thez% matrix. In Fig. oriepted Alzo? crystals implanted_ by FePt and annealed at 1_100 °C for

1(b), the absence of diffraction lines arising from second—,zzh'n(a) flowing ArH, and(b) flowing ©,.. Depth scales appropriate for Pt,

A o e, and Al in ALO; are indicated.

phase precipitates containing iron suchuaBe, FeO,, FeO,

or FeALO, indicates that very fewif any) oriented nano-

particles of these precipitates are produ@though we can- _

not rule out the possibility of randomly oriented precipi- identify as FgO;(1014). The inset in Fig. 2 shows @ scan

tates. There are several possibilities concerning thethrough the FgO;(1014) reflections. Thep scan results ex-

implanted Fe. Among these a@ Fe is lost from the sample hibit 120° symmetry which implies that the f&®; is single

by a diffusion process during annealing in the oxidizing en-domain. Other off-axis x-ray scans were used to identify

vironment,(b) Fe forms noncrystalline precipitateg) Fe is  Fe,05(1126), (0224), and (018) reflections. These results

incorporated into solid solution as a dilute impurity in the conclusively demonstrate that at least some of the Fe is in the

Al,O3; matrix, and(d) implanted Fe forms some other iron- form of a-Fe0; epitaxial with thea-Al,O5 substrate. The

rich precipitate. a-Fe,0; precipitates have an in-plane mosaic spread of
It should be noted that the rhombohedral hematite phaseA¢~0.7° and are, therefore, well-aligned. The correlation

of a-Fe,O3 is isostructural witha-Al,O3 but has slightly length extracted from the full-width half-maximum of a

larger lattice parameters thanAl,O;. Consequently, x-ray high-resolution x-ray scan through f&; (0224) is ~33 nm.

diffraction peaks froma-Fe,0O; occur at slightly lower The off-axis x-ray scans yield rhomohedralBg lattice pa-

angles than the corresponding peaksdeAl,O;. If epitax-  rameters ofi=b=0.502 nm andt=1.364 nm. Thus, in Fig.

ial precipitates ofa-Fe,0; were produced during annealing 1(b), the expected weak F®; (0006 line is merged with

in flowing O,, then the most intense peak from,Bg inthe  the very intense P111) line.

6—26 scan along the surface normal would be expected to be The results of RBS-channeling measurements made on

Fe,0; (0006. However, this peak would be nearly coinci- Fe+Pt implanted AJO; samples that were annealed in either

dent with the intense Rt11) diffraction peak at 2~39.76°  a reducing or an oxidizing environment are shown in Fig. 3.

in Fig. 1(b). Therefore, off-normal x-ray scans using a four- In the as-implanted state, channeling measuremémis

circle diffractometer are required to determine whether epishown demonstrate that the fD; matrix is heavily dam-

taxial precipitates ofa-Fe,O; are formed. One such scan aged but not rendered amorphous during elevated-

through ALO; (1014) is shown in Fig. 2 for the sample an- temperature ion implantation. Annealing the samples in

nealed in flowing @. In addition to the expected intense ArH, [Fig. 3(@)] gives rise to a substantial recovery of the

peak from ALO;, there is a peak atf#-33.3° which we lattice damage, accompanied by significant ion channeling in
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FIG. 4. Cross-section TEM results faraxis-oriented AJO; implanted by

Fe+Pt and annealed in flowing Gat 1100 °C for 2 h. FIG. 5. X-ray diffraction§—26 scans along the surface normal f@exis-

oriented ALO; implanted by Fe-Pt and annealed in flowing Ar at 1100 °C
for 2 h.

both the Fe and Pt portions of the RBS spectrum. The chan-
neling in the Fe and Pt regions in Fig(aB is due to the
formation of oriented FePt nanoparticles during annealinghe epitaxiala-Fe,O; precipitates identified by the x-ray re-
[as also demonstrated by the x-ray results of Fig)]1In  sults of Fig. 2. Cavities are observed in the region just below
addition, there is no loss of Fe or Pt, and there is little if anythe surface, but there are no precipitates present. This region
redistribution of the implanted Fe and Pt during annealing inalso has a low concentration of HBBS and EDS measure-
ArH,. mentg, and the ion channeling results and equilibrium phase
Annealing in Q [Fig. 3(b)] also gives rise to a substan- diagrams suggest that this Fe is in solid solution in the ma-
tial recovery of the AJO; lattice damage, and both the Fe trix.
and Pt exhibit substantial ion channeling after annealing. The  X-ray diffraction scans along the surface normal for an
ion channeling in the Pt part of the spectrum is due to themplanted sample annealed in flowing A89.999% are
formation of oriented Pt nanoparticles during annealing inshown in Fig. 5. Strong Rtl11) and Pt(220) lines are ob-
O, [see Fig. 1b)]. The RBS results indicate that there is no served, demonstrating the formation of oriented Pt nanopar-
loss of implanted Fe or Pt during annealing ip,@nd there ticles even when annealing in nominally high purity Ar.
is little, if any, redistribution of the Pt as a result of anneal-There are very weak lines from FeFA20 or FePj (220
ing. However,~40% of the implanted Fe is segregated to the(identified as well as a very weak line from Feftl0) (not
surface during annealing in,Q and this segregated Fe ap- identified in the spectrum suggesting that almost all of the
parently forms the epitaxial ;F®; precipitates. The ion nanoparticles formed are Pt with a few,Pg alloy nanopar-
channeling observed for Fe at the surface is due to channdicles. The spectrum shown in Fig. 5 is very similar to that in
ing in these epitaxial F©; precipitates. The Fe remaining in Fig. 1(b), which was obtained for a sample annealed in flow-
the bulk also exhibits a channeling effect, consistent with Féeng O,. In addition, the RBS-channeling results from this
in solid solution(i.e., substitutionalin the matrix. sample are also virtually identical to those obtained from a
Figure 4 shows a cross-section TEM micrograph illus-sample annealed in JFig. 3(b)] and almost half the Fe is
trating the microstructure in the near surface of the-Pé  segregated to the surface. It is likely that the segregated Fe is
implanted AbO; sample annealed infO The large nanopar- in the form of epitaxiak-Fe,05 as was found for the sample
ticles located at a depth 6f200 nm have a maximum di- annealed in @ [see Fig. 2 Thus, the results obtained by
ameter of~40 nm. Energy dispersive x-ray spectroscopyannealing in Ar are very similar to those obtained by anneal-
(EDS) measurements demonstrate these nanopatrticles are aérg in O,. The annealing procedure was carried out in a
tremely Pt rich(they may be pure Pt, but extra lines from the quartz tube furnace with no additional purification of the Ar
matrix could not be completely avoided hese particles are gas, so it is likely that oxygen partial pressure from impuri-
therefore almost certainly the oriented Pt nanoparticles iderties in the gas or from the heated quartz provides enough
tified by the x-ray diffraction results of Fig.(d). The large  oxygen for an oxidizing-environment anneal even in flowing
pancake-shaped ledgelike precipitates on the surface of thegh-purity Ar gas.
sample have a thickness 6f60 nm and extend up te-300 Different annealing environments and the resulting mi-
nm parallel to the surface. RBS and EDS measurementsrostructural changes have a dramatic effect on the ferromag-
show these to be Fe and O rich and these are believed to letic properties of FePt implanted AJO; samples. Figure 6
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Fe+Pt Implanted Al2O3 Fe + Ptimplanted Al O,
M ag netic Properties Fe(350keV,1x10"/cm?,550°C) + Pt(910keV,8.2x10'%/cm?,500°C)
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E 1.0 F in Ar - FIG. 7. X-ray diffraction6—26 scans along the surface normal faxis-
o) L J oriented AbO; implanted by Fe-Pt and annealed in flowing ArH
"ES' 0.5 ] (11200 °C/2 h followed by annealing in flowing ©(1100 °C/2 h.
S 5 -
% 0.0
~ .05 _ _ vide a saturating ferromagnetic moment with the low coer-
gi = i civity, less than 2 kOe, seen in Fig(l®. An additional
:E’ 1.0k _ contribution comes from isolated F&ions in solution that,
Tl . at T=5K, are magnetized reversibly to near-alignment by
1.5} . the large field[At 300 K, the magnetiztiorinot shown has
L1 | o — almost no contribution from the Brillouin-like response of

1 1 L 1 1 1
-80 -60 -40 -20 0 20 40 60 80 isolated Fe-ions, but the ferromagnetic/Pg alloy signal is
H(kOe) still present} Finally, one expects no significant signal from
the a-Fe,0; hematite phase, which is antiferromagnetic.
FIG. 6. Magnetization measurements taaxis-oriente_d AJO; implanted While qualitative, this assignment is consistent with the
by Fet+Pt and annealed at 1100 °C for 2 h (@ flowing ArH, and (b) . . .
flowing Ar. Measurements were madeTat 5 K with H applied parallel to properties of the qbserved phases in the annealed materials.
the surface normal. FePt nanoparticles with tHel; structure that are formed
in Al,O3; by annealing in a reducing environméirig. 1(a)]
can be decomposed by subsequent annealing in an oxidizing
shows the magnetization curves measuret=ab K using a  environment. This is shown by the x-ray diffraction results
SQUID magnetometer for samples annealed in either,ArHgiven in Fig. 7. This spectrum was obtained after annealing
[Fig. 6(a)] or Ar [Fig. 6(b)]. These curves represent measure-the sample of Fig. () for an additional 2 h at 1100 °C in
ments of the magnetic moment of the samfte units of  flowing O,. The first anneal in a reducing environment pro-
Bohr magnetons per implanted joas the applied field is duced FePt nanoparticles with the ordetel, structure. Af-
scanned in the range af65 to —65 kOe. For these results, ter the subsequent anneal in, Othe x-ray spectrum was
the diamagnetic component from the,®k substrate has dominated by strong lines arising from Pt with only very
been removed from the data. The hysteresis in the curves ofeak lines remaining from the original FePt nanoparticles.
Fig. 6 reflects the presence of ferromagnetic nanoparticleShe Pt lines show that there are multiple orientations of the
For the sample annealed in AfHFePt nanoparticles with Pt nanoparticlegi.e., Pt nanoparticles oriented wifti11),
the L1, structure are formed, the saturation magnetic mo{220), and (200 planes parallel to the AD; c-planes are
ment is very comparable with that in bulk alloys of this observed With the exception of the weak FeRtl0) reflec-
composition, and the magnetic coercivity is approximatelytion, there are no other lines that can be attributed to Fe-
23 kOe. For the sample annealed in Ar, the magnetic coerontaining compounds in Fig. 7, but it is likely that epitaxial
civity is much lesgless than 2 kOg and the saturation mag- «-Fe,O; precipitates are on the surface since RBS-
netization is reduced by a factor of two compared with thechanneling measurementaot shown on this sample are
results obtained by annealing in AyHFor the sample an- nearly identical to the results of Fig(t8 showing that the Fe
nealed in Ar, Fe is observed in several different forms, whichhas undergone substantial redistribution with nearly half seg-
potentially contribute to the observed signal. First, the presregated to the surfadéut with no net loss of implanted Fe
ence of some disordered R4, alloy nanoparticles can pro- during the subsequent annealing in the oxidizing atmosphere.
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Fe + Pt Implanted Al O sented in Figs. 7 and 8, it appears that one can cycle between

23 forming oriented alloy nanoparticles and the decomposition

Fe(350keV, 1x10"/cm?,550°C) + P(910keV,8.2x10'*/cm?,500°C) of the alloy depending on the choice of the final annealing
environment. However, segregation of Fe to the surface ap-

0, 0,
Annealed 1100°C/2h/Ar + 1100°C/2h/UHV pears to be irreversible under the conditions studied. This is

5000 e evidence that equilibrium conditions, and the “local” avail-
— R ] ability of the constituent$Fe+P1) rather than kinetic effects
2 4000 | = — ] are responsible for determining the phases formed and the
S X 1—:0/7 § ] microstructure of the nanocomposite.

S 3000 |- & =, E

®© C w O, ]

- i = ] IV. DISCUSSION

> R = _

"'ﬁ 2000 n _ § 7 Results presented in this article demonstrate that ori-

5 " g E"’ ] ented FesPtys nanoparticles with the fck1, structure are

= 1000 En 0 . formed in ALO; by annealing Fe Pt implanted AJO; in a

- o reducing environmentflowing ArH, or UHV). Nanopar-
ok I .LJ 1 ticles formed in this way are ferromagnetic and have a very
20 30 40 50 60 70 80 high magnetic coercivityin excess of 20 kOe When simi-

20 lar samples are annealed in an oxidizing environngsath

as flowing Q), oriented Pt nanoparticles are formed. Pt has
FIG.. 8. .X-ray diffraf:tion 6-260 scans along the surfac_:e normal for g very low afﬁnity for oxygen, so it is not Surprising that
‘(:ii)gg-‘?éllezntljetj‘lo%%eo:ngslla:rtliiaﬁﬁglziiPljHfi;w:;Sg?gl-?:rr)mfglroglﬂgaﬁr during anne_aling in an OXiQiZing _environment Pt precipitates
1100 °C. are formed in AJO;. Fe will readily combine with oxygen,

but it certainly will not reduce AlO; during the annealing

process. However, if excess oxygen is supplied by the an-
In addition, the redistributed Fe exhibits a noticeable channealing environment, then this can combine with the im-
neling effect, and some of the redistributed Fe may be incorplanted Fe since the affinity of Fe for oxygen is greater than
porated into a solid solution in the AD; matrix after the that of Pt.
second anneal. Therefore, if A; samples containing or- The implanted Fe redistributes during annealing in an
dered FePt nanoparticles are subsequently annealed in awmidizing environment with~40% segregating to the surface
oxidizing environment, the FePt nanoparticles decomposehere it forms epitaxial precipitates ef-Fe,O3. The re-
and the results are very similar to those obtained by anneafnainder of the Fe remains in the bulk after annealing jn O
ing Fet+Pt-implanted AJO; in an oxidizing environment. and shows a reasonable ion channeling effect in depth re-

We have also formed alloy nanopatrticles by sequentiallygions where no precipitates are detected by TEM. This is

annealing Fe Pt-implanted AJO; in an oxidizing environ-  evidence for the formation of a solid solution of the form
ment, followed by annealing in a reducing environment agAl Fe, _,),0; (with y close to unity, in agreement with the
verified by the x-ray diffraction results of Fig. 8. In this case, predictions® of the phase diagram which show that,Bg is
the implanted crystal was first annealed in an oxidizing ensoluble in ALO5; to concentrations of several percent at
vironment (flowing Ar) to form oriented Pt nanoparticles 1100 °C.
with ~40% of the Fe segregated to the surface in the form of ~ Several experiments*®have been carried out to inves-
epitaxial a-Fe, O3 [see Figs. (b), 2, and 3. This sample has tigate the implantation of Fe only into 405 (at lower ener-
~60% of the Fe remaining in the bulk, most likely in solid gies and at room temperature or bejdallowed by anneal-
solution. When this sample was subsequently annealed iniag in an oxidizing environment. In addition to finding
reducing environmenUHV), the x-ray diffraction results of evidence for Fe-containing solid solutions, these studies have
Fig. 8 show that an ordered alloy was formed, but in thisrevealed a variety of Fe containing precipitates such as
case the alloy formed is the orderéd, phasé of FePt, a-Fe,05, FeALO, as well as mixed oxides such as
with several orientations of FePhanoparticles relative to (FgAl; )30, on the surface or in the interior depending on
the AlLO; host substrate. Formation of the FeRanopar- the dose, energy, implantation temperature, and annealing
ticles occurred with no additional redistribution of k& PY  temperature. A number of these experimé&mt&1° report
as compared to that resulting from the initial annealing in Arthat implanted Fe segregates to the surface and forms ledge-
which gave rise to a-40% segregation of Fe to the surface. like precipitates ofx-Fe,O5 similar to those that we observe
The formation of FeRtinstead of FePt alloy nanoparticles in when ALO; is implanted by Fe Pt and annealed in an oxi-
the bulk is reasonable since much of the Fe was segregatelizing environment. Also, when AD; is implanted by Fe
to the surface during the initial anneal, and therefore, thenly and annealed in a reducing environment, experiments
local concentration of Fe in the vicinity of the precipitated Pthave demonstrated that precipitates ok-Fe are
was considerably less than that required to form nearly equiformed®!-1517-20precipitates ofa-Fe are measuréd’~%°
atomic FePt. Segregated Fe remains on the suif@ce is to be ferromagnetic with a coercivity in the range of 0.1-0.3
probably in the form of epitaxial precipitates of Fe,O5) kOe (and a saturation moment comparable to that of bulk
after the subsequent anneal in UHV. From the results prebcc Fe if the size exceeds-7 nm diameter. Below this

Downloaded 11 Sep 2009 to 160.91.157.167. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



8166 J. Appl. Phys., Vol. 95, No. 12, 15 June 2004 White et al.

size, the a-Fe nanoparticles exhibit superparamagneticand to produce nanoparticles with high magnetic coercivity.
behaviort41720 FePt ordered alloy nanoparticles with thé, structure will
Recently, results have been reported on the films formedot form during annealing in an oxidizing environment. The
by oxygen-plasma-assisted molecular beam epitA4BE) strong dependence of properties on the annealing environ-
deposition of Fe onto the surface ®fxis oriented AJO;.?  ment is not limited to the case of Fé&t alone. We have also
These studies show that oriented filmsaefFe,05, FeO, Fe, investigate@ nanoparticle formation for the case of €Bt
or FgO, can be deposited on the &), surface depending implantation of ALO5. We find that annealing in a reducing
on growth conditions. If nanoparticles of these species werenvironment is essential for forming ferromagnetic ordered
produced in AJO; either by Fe implantation alone, or by alloy nanoarticles for CoPt in AD; also. Details of the ef-
Fe+Pt implantation, followed by annealing in,Qthen the fect of the annealing environment on CoPt nanopatrticle for-
epitaxial relationships of the oriented nanoparticles should benation will be reported separately.
similar to that of the MBE produced films of Ref. 21. In our
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