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Oriented Fe_,Pt, nanoparticles have been formed in single-crystglOAl host matrices by the
sequential implantation of Fe and Pt ions followed by thermal annealingx korthe range of
~35-55 at. % Pt, these nanoparticles are in the chemically ordered tetraggrettucture 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-f45%. 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 A}O; 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
Fe;Pt and FeRtwere also synthesized. The Rt and FeRtparticles have the ordered, cutid,
structure with an order parameter of 0.5-0.8; and these particles also exhibit ferromagnetic
behavior. The magnetic and structural properties of the f&, nanoparticles are compared to and
contrasted with those of nanoparticles of Fe and Pt igOAlthat were also formed by ion-beam
synthesis. Evidence for Al incorporation into the nanopatrticles is also presente200®American
Institute of Physics.[DOI: 10.1063/1.1565691

I. INTRODUCTION the very high magnetocrystalline anisotropy and, in turn, the
high magnetic coercivity. Nanoparticles of FePt have previ-
Materials with a high magnetocrystalline anisotropy andously been synthesized chemically as a superlattice of mono-
a high magnetization have generated considerable intel’edtspersed spherical partic@and films of Fg_,Pt, (with x
recently because they are excellent candidates for ultrahigh< 50%) with a high magnetic anisotropy have been prepared
density magnetic data storage applicatibfifiese properties by a number of techniques including molecular beam epitaxy
are required in order to maintain thermal stability when tl”le(|\/|BE),4 Cosputteriné, sputtering of Fe/Pt mu|ti|aye|65and
bit size is reduced. FePt ordered alloys are in the class afubsequent He-ion irradiation of Fe/Pt films deposited at low
materials knowfito have a very large uniaxial magnetocrys- temperaturé. Nanoparticles of Fe Pt (with x~50%)
talline anisotropy K,~7x10° J/n?), and they have been have also been incorporated into matrices of amorphous
the subject of considerable recent research. FePt alloys ca,0,,%° Si0,,'° Be,0;,* and SiN,.*2
exist either in a chemically disordered phase or as an ordered |y the present work, the sequential implantation of Fe
alloy in the CuAu family. In the chemically disordered struc- anq Pt ions into crystalline AD; followed by thermal an-
ture, these materials have a face-centered diitig unit cell  npealing was used to synthesize, EgPt, nanoparticles that
in which the Fe and Pt atoms are distributed randomly on thgre encapsulated in the near-surface region gDAlsingle
lattice sites. As an ordered alloy, they have the face-centeregystals. These nanoparticles are crystallographically ori-
tetragonal(fct) L1, structure, which consists of alternating ented with respect to the 4D; matrix, and both the orien-
planes of Fe atoms and Pt atoms stacked along@0&]  tation and microstructure depend significantly on the implan-
direction of the crystal. It is this structure that gives rise t0tatjon conditiongsuch as substrate temperajuiy varying
the relative Fe and Pt doses, the Pt concentration in the alloy
dElectronic mail: whitecw@solid.ssd.ornl.gov can be altered over a wide range. We find that the chemically
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ordered,L 1, structure of FePt is formed over a range of Pt FePt Nanoparticles in (0001) Al2O3
concentrations extending from35% to 55%, and the nano-  re(3s0keV, 1x1017/cm?,550°C) + Pt(910keV,8.2x1016/cm2,500°C)
particles appear to be fully ordered. In this range, the 3000

Fe,_ Pt nanoparticles are ferromagnetic, and the magnetic (a) As Implanted

coercivity is very high, reaching a value in excess of 20 kOe 2500 I Aligned F

at 5 K for a Pt atomic fraction of~45% in the alloy. By » Random 22

similar methods, samples with Pt atomic fractions~#5% o 2000 T

and ~75% were also produced and were found to contain  § S

oriented nanoparticles with thel, structure expected for 3 1or .

Fe;Pt and FeRtrespectively. Their magnetic properties are § 1000 : -

significantly different from those measured for samples

where the Pt atomic fraction is nearly 50%. Finally, we dis- 500 N L
cuss briefly the microstructure and magnetic properties of Fe i
and Pt nanoparticles formed in &), by the implantation of 0 W NSV

Fe or Pt alone. A preliminary account of some of this work 3000 Pt Depth (um)

: b) Annealed 1100%/2h/ArHy %4 02 0
can be found in Ref. 13. (®) 2
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Il. EXPERIMENTAL PROCEDURE £ 2000 e ]
3 Al Depth (um) %
Single crystals of AlO; (c-axis oriented unless other- % 1500 |- 04 02 © ‘:;A —
wise statefl were used as substrates. These substrates were E Fe Depth (um) O
implanted by Fe iong350 ke\) and Pt ions(910 keV) to 1000 hs, e o4 62 0 o]
give overlapping concentration profiles of Fe and Pt with a 500 M“ 2 i |
projected range of-175 nm for each element. The substrate i P
was misoriented by a few degrees during implantation to 0 | o M L
minimize channeling effects. The samples were implanted 060 080 1.00 120 140 160 180 20 22
with either 1x 10'7 or 5x 10'® Fe/cn? and then with a Pt Energy (MeV)

dose chosen to give the desired Pt atomic fracki¢where _ . .
FIG. 1. RBS channeling measurements in the as-implanted &rt&nd

x=Ptdose/(Fe dosePt dose)] in the alloyassuming COm- e annealing) for a-Al,O, implanted by Fe(350 keV, 1x 107/,
plete alloying of the implanted specjesSpecimens were ss0°q and Pt(910 keV, 8.2<10"%cn?, 500 °O followed by annealing
prepared withx in the range of 25-75% as measured by(1100 °C/2 h/Ar4%H,). Depth scales appropriate for Pt, Fe, and Al in
Rutherford backscatterinRBS), which should be accurate Al20; are indicated.

to better than 1%. A few samples were implanted with Fe or
with Pt alone in order to compare the results with those ob-
tained for the FePt alloy samples. Implantation was carrie
out at elevated temperatures to reduce damage accumulati
in an attempt to maintain crystallinity in the near surface of
Al,O5; during implantation. In this work, samples were im-
planted either at high temperatui®s0 °C for Fe and 500 °C
for Pt) or at somewhat lower temperatu@290 °C for both Fe || RESULTS
and Pj. The high temperature was sufficient to maintain
crystallinity in the near surface of AD; for the maximum
doses used in this work~2x10'/cn?), but increased
damage accumulation at the lower implant temperature Figure 1 shows the RBS channeling results for a sample
(200 °Q led to the formation of a buried amorphous layer inimplanted at high temperature with nearly equal doses of Fe
the AlLO; matrix (for doses of~2x10'"/cn?). The forma- and Pt. Backscattering spectra acquired with the" hten

tion of this amorphous layer has a profound effect on thebeam aligned along the #D5; [0001] direction and with the
FePt orientation, microstructure, and particle size as will bébeam incident along a random direction are shown for both
discussed. Following the implantation, the samples were arthe as-implanted state and after annealing. In the as-
nealed in order to remove damage and to induce precipitatiommplanted statdFig. 1(a)], the aligned spectra approaches
and nanocrystal formation. Annealing was carried out abut does not reach the random value in the Al portion of the
1100°C for 2 h in areducing environmentflowing Ar  spectrum, showing that the near surface of,@ was
+4% H,) followed by slow cooling to near room tempera- heavily damaged—but not rendered amorphous by the ion
ture. The resulting specimens were characterized by RBS ioimplantation. Annealing removes a significant amount of the
channeling measurements using 2.3 MeV Hens, by x-ray  Al,O; lattice damage and this results in significant ion chan-
diffraction (Cu K & radiation using both four-circle and pow- neling in both the Fe and Pt portions of the spectiig.

der diffractometers and by cross-section transmission elec-1(b)]. In addition, there is no redistribution in depth of the
tron microscopy(TEM). The magnetic properties were mea- implanted impurities during annealing for samples implanted
sured using a superconducting quantum interference device these high temperatures. Assuming that complete alloying

QUID) magnetometer at temperatures between 5 and 400
in applied magnetic fields up ta65 kOe.

A. FePt Nanoparticles formed by high temperature
implantation
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Fe_Pt _Nanoparticles in Al O TABLE I. Calculated intensity ratios for fully ordered FePt thin films with
515, 4: 2 316 R domains oriented normal to the surface. Results are shown for stoichio-
Fe(350 keV, 1x 10 /0'2535308)1802&(,3:3,&\/)‘ 8:2x 107em, 500°C) metric FePt, for nonstoichiometric FePt ¢ERt,), and for the stoichio-
']06 — ————T . metric case with 20% Al on the Fe sites. Results are also shown féttFe
© s - superlattice and FePf with the cubicL 1, structure. Intensity ratios for botfd02) and
10°L § ] (220 domains are given.
%’ ) m g Composition Structure 1(001)/(002) 1(110)/1(220)
é 10 2 FePt L1, 1.56 1.95
- ~ FessPys L1, 1.41 1.77
& 10° FesAlLPlo L1, 1.77 2.19
x | Fe;Pt L1, 0.72 0.95
102 h FePg L1, 0.23 0.30
10 N 1 Il 1 N 1 L4

20 30 40 50 60 70
26 (deg) The d spacings can be inferred from high-resolution
FIG. 2. X-ray diffraction results for c-axis-oriented AJO; x-ray scans of th(.:" strong diﬁraCtior‘ lines in Fig. 2'. For ?X_
implanted by Fe (350 keV, X10/cn?, 550 °C)-Pt (910kev, ample, thed spacing for the(111)-oriented nanoparticles is
8.2x10%/cr?, 500°C) followed by annealing (1100°C/2h/Ar ~2.204 A, and for the(110)-oriented nanoparticles it is
+4% Hp). ~2.735 A—compared to 2.197 and 2.725 A for bulk FePt.
These measurements imply an expansion~6£35% com-
pared to the bulk value$. Such an expansion might result
from lattice matching to the AD; host, to a deviation of 5%
of the implanted species occurs during annealing, the Prom equiatomic stoichiometry, or to the incorporation of
atomic fraction would bex=45%, and the alloy formed displaced Al into the nanoparticles during precipitation.
would be FesPys. An estimate of how well ordered the alloy is can be
Figure 2 shows the x-ray spectra for the FePt alloyobtained by determining the one-dimensional chemical or-
formed in ALO; under the implantation and annealing con- dering paramete$ defined® '’ as
ditions used for the sample of Fig. 1. In the as-implanted _ _
state, the only diffraction lines observed are from theGh| S=(FreXr/Yp= (e Xed /e, @D
substratgpattern not shown Following annealing, thé-26  wherer gy is the fraction of Fe(PY) sites occupied by the
scan along the-axis of AlL,O; shows the expected strong correct atomic speciesgepy is the atomic fraction of FEPY)
(0006 diffraction line from ALO;. All other diffraction  in the samplg1/2 for equiatomic stoichiometfyandygepy
lines in Fig. 2 arise from FePt; these lines are consistent witlis the fraction of F&Pt) sites(1/2 for equiatomic stoichiom-
those expected from thiel, phase of FePt. Rocking-curve etry). The fraction (vgo of Fe sites occupied by Rie., the
x-ray results(not shown demonstrate that the FePt nanopar-“wrong” atom) is
ticles are oriented with respect to tleeaxis of Al,O;, but We=1—r %)
from the results depicted in Fig. 2, there are multiple orien- Fe Fe
tations for the nanoparticlds.e., FePt(001), (110), (111), and for a perfectly ordered FePt crysg&#1 andre.=1. A
and several other orientations parallel to,®4 (0001)].  perfectly disordered crystal haS=0, rg.=1/2, and wg,
From the rocking-curve scans, the mosaic spread of the ori= 1/2.
ented nanoparticles is determined to bd.4°, consistent Experimentally, the chemical order parameter can be de-
with the observation of channeling in the Fe and Pt parts ofermined by measuring the intensity ratios of the superlattice
the spectrum in Fig. 1. In Fig. 2, there are three superlatticéd fundamental reflections and comparing these ratios to cal-
reflections(denoted bys) due to chemical ordering as well as culated values in the following manner:
several fundamentdfcc allowed reflections from fct FePt.
The existence of these superlattice reflections demonstrates S°= ] .
that at least some of the nanoparticles are chemically ordered [/t tcatcutated
with the L1, structure. Determination of the tetragonal dis- Here, |5 andl; are the integrated intensities of the superlat-
tortion of the FePt nanoparticles, as measured bycitee tice peak and the corresponding fundamental x-ray diffrac-
ratio using theg-26 scan of Fig. 2, is complicated by the fact tion peak, respectively, and the calculated ratio assumes a
that the peaks arise from different grains. Nevertheless, wperfectly ordered alloy. Calculated intensities of both funda-
can use reflections from different grains to indirectly esti-mental and superlattice reflections can be obtained using
matec anda for these nanoparticles. From tk200) reflec-  known atomic fractions, atomic scattering factors, Debye-
tion, a value fora of ~3.886 A is determined; and from the Waller factors, Lorenz polarization factors, and structure fac-
(002 reflection, a value foc of ~3.704 A is determined. tors(a general discussion of the procedure to calculate inten-
Consequently, the tetragonal distortion of the FePt nanopasities is found in Ref. 15, Chaptey.4~rom these estimates,
ticles of Fig. 2a) is estimated to be-0.95 in reasonable the calculated intensity ratios for thin filnfassuming perfect
agreement with the value of 0.96 expeétédr bulk equi- order with domains oriented normal to the surfacee
atomic FePt. shown in Table | for stoichiometric FePt and nonstoichiomet-

[I s/l f]measured

()
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ric FessPtys with the L1, structure.(Table | also shows the FessPts5 Nanoparticles in Al2O3
calculated intensity ratios for cubic £t and FeRtwith the Fe(350 keV, 1x1017/cm2, 550°C) + Pt(910 keV, 8.2x1016/cm?2, 500°C)
L12 Structure)' Annealed 110000/2h/ArH2
For the sample of Fig. 2, the integrated intensity ratio of ~ [suface  + . s = "‘:’_3.': F:u%‘"»."",f e
superlattice to fundamental reflectiohg001)/1(002) was R K70 e L A i g 19
. . P . -

measured to be-1.85(*0.15 from rocking-curve measure-
ments. This value is larger than the predicted intensity ratio
for either fully ordered FePt or E&Pty5 (Table )). This would
suggest that the order parameSis greater than unityEq.
(3)]—a result with no physical meaning. Consequently, a
structural modification other than site disorder and/or Fe/Pt
stoichiometry is contributing to the measured intensity ratio.
A likely possibility is that lighter Al atoms from the substrate
are incorporated into the FePt precipitates. Since the stru¢dG. 3. Cross-section and plan-view TEM micrographs for the sample of
ture factorFy,, depends directly on the difference in the Figs. 1 and 2.

atomic scattering factors of the Fe and Pt sites, substituting

Al atoms onto the Fe site will yield more intense superlatuceand it was not possible to obtain a clean separation of the

peaks. As shown in Table I, if the fully ordered alloy contains .o factions necessary to determine accurate integrated-

20% Al, then the predicted intensity ratio is increased anqntensity measurements for tiiz11) domains. Nevertheless,

becomes comparable to that which is measured. This ifaseq on the intensity estimates from off-asig6 scans, it
strong(although mdwedtewcjence that the FePt alloys Pro- anpears that thé111) domains are also highly ordered.
duced by ion-beam synthesis are fully ordered and contain Atperefore, the x-ray diffraction results are consistent with
atoms in addition. Further evidence for the hypothesis thafye||.ordered grains for the FePt nanoparticles in this sample,
the nanoparticles contain Al is given by the observation that,,4 the measurements for th@0o1-oriented nanoparticles
ordered alloy nanoparticles of the form,Rt are produced suggest that the Al atoms are incorporated on Fe sites.
under certain conditions by the implantation of Pt alone into ~The microstructure in the near-surface region for the
Al,O; followed by thermal annealingo be discussed later sample of Figs. 1 and 2 is shown by the cross-section and
Accordingly, under the redox conditions employed in theplan-view TEM micrographs given in Fig. 3. Most of the
high-temperature annealing process utilized here, and givefept nanoparticles are in the size range of 2—10 nm in diam-
the low oxygen affinity of Pt, the incorporation of some Al gter with a few nanoparticles as large as 20 nm in diameter.
into the FePt alloy nanoparticles would not be surprising gyigence for faceting is also observed in some of the nano-
Consequently, the FePt nanoparticles shown in Fig. 2 appegiaticles in Fig. 3 particularly in the plan-view images. High-
to be fully ordered and most likely also contain Al atoms. reso|ytion ¢-2¢ x-ray scans across th@11) diffraction line
Note that since the degree of chemical order and Al substlgive a coherence length normal to the surface-aB nm for

tutions both influence the superlattice-to-fundamental imen(ll])-oriented nanoparticles—consistent with the TEM de-
sity ratios, we cannot independently quantify these two efyorminations of the particle size.

fects from x-ray measurements. . Magnetic properties of the encapsulated 5@t nano-
The above discussion considered tB81)-oriented FePt 5 icles were determined using a SQUID magnetometer.

precipitates in Fig. 2. For th€220-oriented domains, the gigyre 4 shows the raw data obtained using the SQUID for

close proximity of the(220) and (202 reflections precludes o sample of Figs. 1-3. In this figure, the magnetic moment

the use of sufficiently wide detector slits to accurately deterys e sampldin units of Bohr magnetons per implanted jon
mine the integrated intensity ratig110)/1(220). Instead,

the areas of these reflections, as deconvoluted frong-2e

scan in Fig. 2, were used to estimate the intensity ratio. For Fe Pt Nanoparticles in Al,O,

the (220-oriented domains, the measured intensity ratio Fe (350 keV, 1x10"/cm? 550°C) + Pt (910 keV, 8.2x10'¢/cm?, 500°C)
1(110)/1(220) is ~1.34 *+0.14 compared to a value of Annealed 1100°C/2h/ArH,

Cross Section Plan View

M (up / avg. atom)
-

~1.77 for a fully ordered RgPts alloy. This implies an I o
order parameter 06~ 0.87 for these domains. This is only 'r\'-.._
an estimate since rocking curves could not be used for inte- 05 ", ]
grated intensity measurements.
The strongest FePt reflection in t#e26 scans of Fig. 2 0.0 —=
is the FePt(111) peak. For thesd111)-oriented domains, w, /’{ﬁ"
there is no superlattice reflection with which to compare in- 05k Y f i
tensities in a scan along the surface normal. In principle, ""'\‘r I;fﬂglgface
off-axis scangat ~36.5° from the normalthrough the(110 aol— - - ' . .
and(220) reflections for th€111)-oriented domains could be 60 40 20 0 20 40 60
used to obtain the intensity ratios necessary to determine the H (kOe)
order parameters for th@11)-oriented domains. Such scans g, 4. SQUID measurements of the magnetic moment of the implanted
were attempted, but this sample contains multiple domainsample of Figs. 1-3.
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lon Implanted Al,O, Fe Pt Nanoparticles in Al,O,
Magnetic Properties Magnetic Properties
FeyPt,s Concentration Dependence
Fe Only Fe + Pt Pt Only — — —————————
60n 600u 600u s (a) U o ol 20r (b) ) 1
400 400u r-_ 4000 10l J ™ ",-...- ] \
G ™ o ) / 5 ’g 05 ] sk _
£ 2o / 4 2o 5 o0 5 j / \ |
g Ao Fe/ALO, ] & -l—) FePt/ALO, | & % Pt/ ALO, < os 1 ; .
T 20 40 60 O 0 20 20 40 60 T 35 0 20 40 60 §’ ok ZifoK | s |
H (koe) H (koe) H (kOe) 728 oo —=— Normal Tesk
Sk ; 2 ‘ ] I—o— lSurfuceI 1 . H |l Normal (except 25 % Pt)
H,=0.14 kOe H_ =20kOe H.=0kOe T R T

H (kOe) at. % Pt

FIG. 5. Magnetization measuremefisade aflf =5 K with H normal to the

surface for Al,O, crystals implanted by Fe onl§850 keV, 1x 101/ cn?), FIG. 6. Magnetic properties of Fe,Pt nanoparticles in AlO;. Magneti-

by Pt only (910 keV, 8.2 10'%cn?) and by Fe (350 keV, % 10""/cn¥) zation curves for RgPt,5 are shown in(a) for two different field orientations

+Pt (910 keV, 8.1 10%cn?). Implantation was carried out at 550 °C for atT=5K. The dependence &f. on alloy composition is shown itb). All

Fe and 500 °C for Pt. Implanted samples were annealed (1100 °C/2 h/A$amples were implanted by Fe at 550 °C and Pt at 500 *Q)irall mea-

+4% Hy). surements were made 5 K with H normal to the surface except for the
sample with 25% Pt, where the applied magnetic field was parallel to the
surface.

is measured af =5 K as the magnetic field is scanned in the
range of£65 kOe. ALO5 is diamagnetic, and this accounts since the magnetization may not be fully saturated even at an
for the negative slope in the magnetization curves at verapplied field of 65 kOe. The magnetization measurements
high fields. (For the subsequent SQUID data presented irare similar since very few of the nanoparticles are oriented
this paper, the diamagnetic signal from,85 have been with the “easy axis” of magnetizatiof001] normal to the
subtracted. The hysteresis in Fig. 4 reflects the ferromag-surface. For both field orientations, the hysteresis loops are
netic nature of the FePt nanoparticles. The magnetic coerciviot square, and there is an obvious second set of shoulders at
ity is in excess of 20 kOe for the FePt nanoparticles—as is1=0. Features similar to this have been seen
more clearly evident in the background-corrected data prepreviously'®?2 In the present work, it is not clear what
sented in Fig. &). causes these features to develop, but offiérave reported
The high magnetic coercivity of the FePt nanoparticlessimilar hysteresis loops and have attributed their presence to
as shown in Fig. 4 results from the alloying of Fe and Pt.the superposition of two hysteresis loops, one arising from a
This is demonstrated in Fig. 5 where the magnetization resoft magnetic phase and the other arising from the hard mag-
sults are shown for samples implanted by Fe only, by Pt onlyneticL 1, phase of FePt. In the work reported in Ref. 20, the
or by Fet Pt with the alloy composition EePt5. For the  soft magnetic material was attributed to small grains of a fcc
case of Fe implantation only, the coercive field is rather lowphase embedded in larger grains of the ordérgglphase of
only ~0.14 kOe(at T=5 K). Here the saturation moment FePt. The extra shoulders develop when there is little or no
corresponds to—-2.4ug (Bohr magnetonsper Fe atom, exchange coupling between the magnetically hard and soft
which is comparable with the value (:3) for bulk bcc  phase£? In our case, the soft phase might be the disordered
iron. For the case of Pt only, both the saturation moment anfcc phase of FePt or possibly small quantities offeor
the coercive field are nearly zero as expected. In the case &&ePt. We cannot exclude these phases being present at low
thermally processed Egty5 alloy sample however, the co- concentrations, but there is no evidence in the x-ray diffrac-
ercive field is very large, greater than 20 kOe. This hightion results for their presence. Other possible causes include
coercivity arises from FePt nanoparticles in thelféf struc-  antiferromagnetic couplirig or effects related to a nonuni-
ture. For this material, the saturation signal corresponds to #orm (bimoda) size distribution of the nanoparticles. Further
mean atomic moment of 1.& per atom of alloy, i.e., the work is currently in progress to clarify the origin of these
macroscopic magnetic moment divided by the total numbefeatures.
of (Fet+Pt) atoms. This result lies between the values re-  The Pt concentration in the alloy can be changed over a
ported for bulk samples of FePt with this composition, inwide range by altering the relative doses of Fe and Pt during
disordered (1.6Bg) and ordered states>(1.15ug);*® the  ion implantation. Figure ®) shows the variation of mag-
latter value, however, is considered to be a lower bound, duretic coercivity with the Pt atomic fraction. For these mea-
to difficulties in saturating the hysteretic ferromagnetic in thesurements, the Fe dose was fixed at10'”/cn?, and the Pt
available field® and the necessity to extrapolate the measuredose was changed to produce the desired alloy composition,
ments from 77 K to low temperatures. assuming complete alloying of the implanted species. In Fig.
Magnetization measurements for thesdRt; nanopar-  6(b), the coercivity is a strong function of alloy composition
ticles formed in A}O5 are shown in Fig. @) for two differ-  reaching a maximum value ef22 kOe for a Pt atomic frac-
ent magnetic field orientations. The coercive field~422  tion of ~45% and then falling rapidly on either side. At a Pt
kOe with the applied field oriented normal to the sampleconcentration of~25%, the coercive field is nearly zero, but
surface, and it is-15 kOe with the field parallel to the sur- x-ray diffraction measurements from this samfdisscussed
face. These values of coercivity may represent lower limitdatern are consistent with those expected fromyfe which
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Fe_Pt _Nanoparticles in AL,O, FessPts5 Nanoparticles in Al2O3
Fe(350 keV, 1 x 10"/em?, 200°C) + Pt (910 keV, 8.2 x 10"%cm?, 200°C) Fe(350 keV, 1x1017/cm2, 200°C) + Pt(910 keV, 8.2x1016/cm2, 200°C)
Anneal (1100°C/2h/ArH ) Annealed 1100°C/2h/ArHz

10® prr——r

s - superlattice

s }

o LR

—
Q.
”
T

-
(e}
S
T
v,

X-ray intensity

-
o
w
T

102l i flz00n
Cross Section Plan View
10b — ! L] FIG. 8. Cross-sectiofileft) and plan-view(right) TEM results forc-axis-
20 30 40 50 60 70 oriented AbO; implanted by Fe (350 keV, 21017/cm2+Pt(910 keV,
20 (deg) 8.2x10%cn?) at 200°C followed by annealing (1100 °C/2 h/Ar
+4% H,).

FIG. 7. X-ray diffraction results forc-axis-oriented AJO; implanted by
Fe (350 keV, X 10"/cn?) + Pt (910 keV, 8.4 10'%cn?) at 200 °C and
then annealed (1100 °C/2 h/A# % H,).
bulk value for fct FePt. Consequently, a single orientation of

nanoparticles has been achieved by the implantation/
is also an ordered alloy but with the cultid, structure. The  gnnealing conditions of Fig. 7—whereas a multiple orienta-
other samples treated in Figu have x-ray spectra charac- tion of nanoparticles results from the implantation/annealing
teristic of the fctL 1, phase of FePt. The dependence®f  conditions of Fig. 2. The nanoparticles resulting from the
on Pt concentration shown in Fig(t is similar to that 200 °C implantation also exhibit a strong in-plane alignment.
reported by other$but the coercive fields in Fig.() are  The in-plane orientation for the FePt nanoparticles is
considerably higher than those reported in Refs. 3—12. Wiﬂl‘fePt(lﬁlla—AI o (1150) and 60° rotations.
one exceptiod? the coercivities determined in this work are The structuzrea of the FePt nanoparticles of Fig. 7 is
comparable to th? hlghegt reported fgr FePtalloys fo,m,'eq b)élightly distorted from the expected tetragohdl, structure.
any method”*It is possible that the increased coercivity in = " Fept. Ref. 14 gives values af-b—3.8525 A, ¢
this work might result from the incorporation of Al into the _ 5 7434 A,a’=,[3=.7=90°, for a tetragonal di.stortiorc,(a

ordered alloy nanopatrticles. Others have observed signiﬁca%tio) of 0.964. Using high-resolution scans to measure the
reductions in the structural ordering temperature for Fepbositions of the FePt lines in Fig. 7, we find these peaks are
(Ref. 25 and for CoPtRef. 26 caused by the incorporation consistent with a=b=3.878 A, c=3.698A, o=}

of various impurities, and it has also been shown that the_ g 570 y=90.28° for a tetragonal distortiort(a ratio) of
addition of boron to FePt alloys will increase the coerci¥ity. 0.954. ’

) ) ) In the scans made at 36.5° from the normal for this
2(') OF Degt nanoparticles formed by implantation at sample, the integrated intensity ratie110)/1(220) for the
(111)-oriented nanoparticles is 2.22.12 which is larger
Reducing the implantation temperature to 200 °C leadshan that predicted for fully ordered FePt orgfys as
to enhanced damage accumulation during implantationshown in Table 1(The results given in Table | are for scans
which results in the formation of a buried amorphous layer inalong the surface normal, but the results for off-axis scans at
the AlLO; matrix for the highest doses used in this experi-36.5° differ from these values by less than 1%.~20% Al
ment. This has a dramatic effect on the FePt orientationis incorporated into the alloy, then the predicted intensity
microstructure, and particle size compared with results obratio increases and is comparable to the experimentally mea-
tained by high-temperature implantation to the same dosesured valuegTable |). This is strong evidence that the FePt
Figure 7 illustrates x-ray diffraction results from a samplenanoparticles in this sample are fully ordered but also may
implanted to the same dose as that of Fig. 2, but in this casepntain~20% of incorporated Al.
the implantation temperature was 200 °C for both ion spe- The microstructure and particle size are also dramati-
cies. Following annealing, the26 scan along the-axis of  cally different in the sample implanted at 200 °C as demon-
Al,O5; shows a very intens€l1l) FePt diffraction line, and strated by the cross-section and plan-view TEM results
all other lines from FePt are down in intensity by nearly shown in Fig. 8. In cross section, the large FePt nanoparticles
three orders of magnitude. Therefore, under these implantare ~50 nm thick, in good agreement with a coherence
tion and annealing conditions, almost all of the nanoparticlesength of 45 nm determined from high-resolution x-ray dif-
are oriented with theif111] axis parallel to thec-axis of  fraction #-20 scans. These large particles are parallel to the
Al,O5. This is in marked contrast to the results achieved bysurface and centered at a depth 150 nm. Below this
implantation at the higher temperatusee Fig. 2where the  depth, there is a band of very small particles. The large par-
x-ray intensities from several different orientations of nano-ticles in the cross-section micrograph of Fig. 8 have dimen-
particles are significant. From high-resolution scans, we infesions of ~300 nm, parallel to the surface, which is much
ad(111) lattice spacing of 2.198 A which is very close to thelarger than the nanoparticles resulting from the high-

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



5662 J. Appl. Phys., Vol. 93, No. 9, 1 May 2003 White et al.

Fe;; Pt,; Nanoparticles in (0001) Al,O, FePt Nanoparticles in (0001) Al2O3
Fe (350 keV, 1x10'7/cm?, 200°C) + Pt (910 keV, 8.2x10'8/cm2, 200°C) Fe(350keV, 1x1017/cm2, 200°C) + Pt(910keV,8.2x1016/cm2, 200°C)
Annealed 1100°C/2h/ArH, 3000
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FIG. 9. Magnetic properties of the implanted sample of Figs. 7 and 8. N H
Magnetization measuremerttst T=5 K) are shown in(@ for two applied 0 L el ' '
magnetic field orientations. The temperature dependence of the coercive 3000 %‘fegtg (H'(‘)‘)-
field is shown in(b) with H oriented normal to the surface. (b) Annealed 1100°/2h/ArH2 ]
»
2500 ZoA
temperature implantatioffrig. 3). The plan-view micrograph g 2000 - A
of Fig. 8 shows that the particles are even larger than the 3 Al Depth (um) .
. . (3] %
results suggested by the cross-section micrograph. In plan g 1500 Ofﬂ;z_? R
view, the FePt particles have a threading, wormlike shape & Fe Depth (um) .
that can extend for distances up t&2 um parallel to the 1000 g o 04 02 0 % |
surface. Thus, under these implantation and annealing condi- 500 ™= w - Rl |
tions, the particles are interconnected and form a network of Moo, ¥ :
threading particles. The volume fraction of FePt in the net- 0 ot B At
work layer is quite high25—30 %. A similar microstructure 060 080 100 120 140 160 180 20 22
and particle size for FePt in AD; has been produced by Energy (MeV)

Othe'@? using simultaneous ion-beam sputtering of FePtFIG. 10. RBS channeling measurements &saxis-oriented AJO; im-
and Al in the presence of oxygen. Much higher volume fraCpjanted by Fe (350kev, 2107cm?, 200 °C)+Pt (910 keV,
tions of FePt were required, however, in order to obtain &.2x10"%cn?, 200 °C). Measurements are shown in the as-implanted
similar microstructure, and there is no indication that thestate(a and after annealing).

FePt nanoparticles were crystallographically oriented in that

work.

Nanoparticles formed by implantation at 200 °C alsocrystallizes the buried amorphous layer, accompanied by a
have a high magnetic coercivity as demonstrated in Fig. 9. Imedistribution of the implanted ions into two distinct bands at
Fig. Ya), the coercive field deduced from both field orienta- depths that correspond to the band of large particles and the
tions is ~23 kOe at 5 K. This is approximately the same band of very small particles seen in the cross-section micro-
coercive field as that determined for the sample implanted agraph of Fig. 8. From the results shown in Fig. 10, it is likely
much higher temperaturésee Fig. 6a)| where the nanopar- that crystallization of the buried amorphous layer occurred
ticle sizes are significantly smaller than those obtained byy a solid-phase epitaxial process in which the two
implantation at 200 °Gcompare the particle size in Fig. 3 amorphous/crystalline interfaces moved toward each other,
with that in Fig. 8. Figure 9b) shows the temperature de- accompanied by segregation of the impurities at the inter-
pendence of coercivity and demonstrates that the coercivitface. This process could result in a thin layer of very high
remains in excess of 15 kOe even at 400 K. The second s@nhpurity concentration that gave rise to the interconnected
of shoulders that develop a=0 in the magnetization network of large particles. It is likely that the large particles
curves of Fig. @a) is more pronounced than that in the mag- form from a coalescence of smaller particles, and at higher
netization curves shown in Fig(&. This suggests that the resolution there is evidence for grain boundaries as well as
exchange coupling between the hard and soft phases is not aginning in the large particles. Presumably, the large par-
strong in the 200 °C implantation case. ticles occur when the volume fraction of the metal phase

The synthesis of the unusually large particles shown irexceeds the percolation threshold, and the increase of impu-
Fig. 8 appears to be related to the formation of a buriedity concentration would be assisted by segregation of the
amorphous layer during implantation as suggested by theampurities at the two moving interfaces during annealing.
RBS channeling measurements in Fig. 10. In the as- Previous studi€§ 3have shown that, when a thin layer
implanted stat¢Fig. 10(a)], the channeling measurements in of crystallinea-Al,05 is made amorphous by ion implanta-
the Al sublattice show that the extreme near surface is crysion, crystallization of the amorphous layer takes place by
talline after implantation, but below this outer surface, therewo epitaxial growth processes. Amorphous®{ first crys-
is a buried amorphous layer extending from a depth-60  tallizes epitaxially into the metastable cubigc phase of
to ~300 nm. In this depth range, the aligned yield reache®\l,0; where the(111) y is parallel to the(000)) «. Further
the random value in the Al sublattice. Annealirigig. 10b)]  annealing transforms the metastablephase back to the
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stablea phase by a second solid-phase epitaxial growth pro- FePt Nanoparticles in (0001) Al2O3
cess. It has been demonstrafealso that the size, structure, g, (350 keV, 5x1016/cm2, 200°C) + Pt (910 keV, 4.1x1016/cm?2, 200°C)
and orientation of semiconductor nanoparticles @garsome

case$ be changed considerably by precipitation in the 1400~ (a) As Implanted 7
layer compared with precipitation im-Al,O;. For the 12001 [- Aligned _
sample of Figs. 7 and 8, it is likely that precipitation and « Random
FePt nanocrystal formation took place in thephase of & 10001 £ 7
AlL,O; with the (111) FePt parallel to thg111) y-Al,Os. E BOOF_‘&@%A i
When they phase subsequently transformed to thphase, = % # ‘;
this would leave the(111) FePt parallel to the(0001) g 6001 Vit 5 N
a-Al,O5. From the results presented in Figs. 2 and 7, it is 4001 MW s |
clear that a single orientation of nanoparticles results during st éff N
annealing when the implant creates a buried amorphous 200 - t ]
layer, whereas multiple orientations result when precipitation o [ | L2 M |
takes place in the crystalline alumina phase. Precipitation
and FePt nanoparticle formation in the metastaplghase 14007 (b) Annealed 1100°C/2h/ArHz Depth (um) |
might account for this difference. 1200 |- 04 02 0
The formation of the network of large FePt particles can
be prevented by carrying out the implantation in such away & '°%°[ 2
that an amorphous layer does not form during implantation. 5 g asty  AlDepth (um) A _
One way to accomplish this is to implant at high tempera- < G L2
tures so that the implanted region remains crystalline, as @ 6% %% o, ea ]
demonstrated by the results shown in Figs. 1-3. Another way ol 8 Y R Depth (um) ~& & _
to accomplish this is to implant at the lower temperature 3 L0402 0 &g
(200 °Q and keep the same alloy composition, but to reduce 200 - P
the total dose of each ion to avoid formation of the amor- 0 B kat® | Nt
phous layer. Figure 11 shows the results obtained by implant- 0.80 1.00 1.20 1.40 160 1.80 2.00 2.20
ing at 200 °C but reducing the dose of Fe and Pt by a factor Energy (MeV)

of 2 compar_ed with the doses used for the sample of _F_Ig IG. 11. RBS channeling measurements twaxis-oriented AJO; im-
7-10. At this reduced dose, the overall alloy compositionpanted by Fe (350kev, B10%cn?, 200 °C)+Pt (910 keV,
remains the same (EYs), but the implanted region 4.1x10%cn? 200 °C). Measurements are shown in the as-implanted
clearly remains crystalline during implantatipRig. 11(a)]. state(a) and after annealingb). lon doses are reduced by a factor of 2
Most of the damage is removed by annealffigg. 11(b)], ~ Sompared with the sample of Fig. 10.

and there is essentially no impurity redistribution during the

annealing process. This behavior is very similar to that de- . .
picted in Fig. 1 for the higher-dose and higher—temperaturably less than those for the samples implanted at the higher

! %oses[Figs. ga) and 9a)]. The reduction in coercivity com-
implant. pared with the results in the higher-dose samples may be
Figure 12 shows x-ray diffraction and TEM results for

: o~ . related to the reduction in the particle size. In addition, the
the sample implanted at 200 °C with the lower ion dose. Theshape of the magnetization curve in Fig. 13 suggests that this

x-ray spectrum shows evidence of FePt nanoparticles witlg . ;
. : ) ample has a larger fraction of the soft magnetic phase than
several orientationgfor example,(110 and (111)] and is P g g P

qualitatively similar to the results of Fig. 2. The cross-section
micrograph in Fig. 1) shows particles _that are much Fe;Pt,; Nanoparticles in AlO,
smaller than those found in the sample implanted to the
h|gher dqse at ZQO CFig. 8. In Fig. 1;(b), the maximum Anneal (1100°C/2h/ArH,)
particle diameter is-15 nm, and the microstructure is simi-
lar to that of Fig. 3 but the particle size is somewhat less than oo X-ray Diffraction TEM
that of Fig. 3 which probably reflects the fact that the total @ oo
ion dose is reduced by a factor of 2. Both the microstructure 8oop
. . . . . FePt(111)>
and the maximum particle size are dramatically different 600f
from the results of Fig. 8, even though the two samples are aol ]
implanted and annealed at the same temperatures, but differ- ; FaPH(110)
. 200 | FeP1(220, 202)
ent ion doses were used.
The magnetic coercivity for the lower-dose sample is Lo e
. .. . . . 0 50 60 70 80
high, but it is reduced in comparison to that for the higher- 2Theta
dose samples. Magnetization measuremétts and 300 K o _ _
for the sample implanted at 200°C at the lower dose ar FIG. 12. X-ray diffraction(a) and cross-section TEM resulfis) for c-axis-
. ,p p a ] " Griented ALO; implanted by Fe (350keV, %10'%cn?, 200 °C)
shown in Fig. 13. The coercivityt® K is ~5.8 kOe and itis 1 pt (910keV, 4.x10%cn?, 200°C) followed by annealing
~3.4 kOe at 300 K. These values of coercivity are consider{1100 °C/2 h/Ar-4% H,).

Fe(350 keV, 5x10'¢/cm2, 200°) + Pt(350 keV, 4.2 x10'8/cm2, 200°C)

< A1,0,(0006)

X-ray intensity

Surface
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Feg; Pt,; Nanoparticles in Al,O,
Fe (350 keV, 5x10'¢/cm2, 200°C) + Pt (910 keV, 4.1x10%/cmz, 200°C)
Annealed 1100°C/2h/ArH,

FessPtss Nanoparticles in (1010) Al2O3

Fe(350 keV, 1x1017/cm2, 200°C) + Pt(910 keV, 8.2x1016/cm2, 200°C)
Annealed 1100°C/2h/ArHz
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FIG. 15. Cross-section and plan-view TEM micrographs for_@lxmlzo3

implanted by Fe (350keV, X10'7cm?, 200 °C)+ Pt (910 keV,
FIG. 13. Magnetization measuremefitsade aff=5 K and 300 K for the ~ 8.2x10'%cn?, 200°C) followed by annealing (1100 °C/2 h/Ar
sample of Fig. 12. +4% H,).

. . . ticles observed in the-axis sampl€Fig. 8) even though the
the sample implanted to the higher ddsg. 9). The coer- articles are quite large in th®l-plane sample also. Ex-

civity remains reasonable even at room temperature for the$e . -
: remely high values of coercivity have also been produced
smaller nanoparticles.

Extremely high values of coercivity have been measured’Nen A-plané (11D) andR-plane (102) Al,O; crystals

also using AJO; samples with different crystallographic ori- v;/]ere imp:anted and andr?ealed under thedsame polr)sitlions as
entations. One such result is shown in Fig. 14. Magnetizatiof'¢ Samples corresponding to Figs. 8 and 15. Itis likely that

measurementéat 5 and 300 K are shown in Fig. 1) for the microstructure in these AD; crystals with theA andR

the case oM-plane-oriented (1&[) AlLO, implanted and olzl_entatlon is S|_m|lar to_ that observe_d in tMeplane sample
" ) ig. 15, but this remains to be confirmed by TEM observa-
annealed under the same conditions as those appropnate,&

Figs. 7-9. At 5 K, the coercivity is approximately 34 kOe ns.

and remains in EXCess Of. 25 kOe even . at. rooMc tormation of Fe sPt and FePt ; nanoparticles
temperature—as shown in Fig. (b4 Cross-section and _ _ _
plan-view micrographs showing the microstructure and par-  Thus far, we have discussed the results obtained by ion-

ticle size in theM-plane sample are illustrated in Fig. 15. The beam synthesis when nearly equal doses of Fe and Pt are
nanoparticles exhibit a bimodal size distribution with a bandused. By changing the relative ion doses substantially, we
of large particlesmaximum diameter of-70 nm) located at have synthesized nanoparticles of two other phases in the
a depth of~145 nm. In addition, there is a high density of Fe-Pt system as expected from the Fe-Pt phase diatjram.
much smaller particles located at a somewhat greater deptfrigure 16 shows the x-ray diffraction results for,@®% crys-

In plan view, the FePt nanoparticles are often associated witkls implanted with Fe and Pt to give alloy compositions of
voids, and many of the nanoparticles have internal domaing:€:4Pts and Fg;Pt5. Both samples were annealed under the
The largest particle in plan view or cross section-85 nm,  same conditions (1100 °C/2 h/A4% H,) to cause precipi-

and there is no evidence for the threading network of par-

L1, Nanoparticles in Al,O,

Fe; Pt,; Nanoparticles in (1010) Al,O,

Fe (350 keV, 1x10'7/cm?, 200°C) + Pt (910 keV, 8.2x10'8/cm?, 200°C) Fe,Pt, Fe,,Pt,,
Annealed 1100°C/2h/ArH, 5000 P I 20,000 o
< A1,0,(0006) <~ AI,0,(0006)
———t . a ——— 4000 1 15000
1.5 | Fe Pt, ./ ALO, (M-cur) b i [ T
BN (a) 3, (b) £ FePt(111)
L 4 c -
P = 30-./\\ j g 3000
g i £ 1 s FePt,(220) -
g Br 1 > Fe,Pi(220) 0,000 i
| o & 2000 1
@ 00 ¢ »f 5 x10< [>x10 x10< || [>x10
o =
< 05 Aptys | Fe,prc110) 5000 [
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FIG. 16. X-ray diffraction results frone-axis-oriented AJO; crystals im-

FIG. 14. Magnetic properties d¥l-cut Al,O; implanted by Fe (350 keV,
1x10/cn?, 200 °CH Pt (910 keV, 8. 10*%cn?, 200 °C) followed by

planted by Fe and Pt in the alloy composition @ Fe;,Pt,s and (b)
FePt;. lon doses for FgPts were ~1x10'/cn? for Fe and

annealing (1100 °C/2 h/Ar4% H,). Magnetization curves measured at ~3.3x10'%cn? for Pt. lon doses for FgPt,; were ~5x 10'%cn? for Fe

T=5 and 300 K withH normal to the surface are shown (&. The tem-
perature dependence of the coercivity is showitbin

and ~1.5xX 10Y/cn? for Pt. Fe was implanted af=550°C and Pt at
T=500"°C.
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tation and nanoparticle formation. In Fig. (8§ the x-ray Fe1xPtx Nanoparticles in A|203
spectrum from the FgPtg sample is consistent with that ' E——

expected from the ordered phase of fcgfewhich has the : ®
L1, structure. Strong lines from both superlattidd0) and '
fundamental220) reflections are seen, and a probafil&l)
Fe;Pt reflection is obscured by the very intensg@ (0006
reflection. Rocking-curve measurements through (@20
reflection show the nanoparticles to be oriented along the
Al,O; c-axis. From high-resolutior-26 scans through the
(220 diffraction peak, the value determined for the lattice
parameter is 3.742 A, which is expandéday 0.27% com- ' :
pared with the valu¥ of 3.732 A for bulk FgPt. From in- Fez74Ptzs Fe27Plzs
tegrate_d rocking-curve measurements, the mtegrated iNteR15 17, Cross-section TEM micrographs for R, (left) and FePls
sity ratio 1(110)/1(220) is ~0.34+0.04, which yields the  (ight) nanoparticles in A0, . lon doses in each case are the same as those
order paramete®= ~ 0.6 [for (220)-oriented domainjsusing  given in Fig. 16.
the results of Table | and E@3).

In Fig. 16b), the x-ray scan from the F¢t,; sample is

consistent with that expected from the ordered phase oftnown to exhibit giant magnetostrictihand is ferromag-
FePg, which also has thé 1, structure. Strong lines from netic with a Curie temperature 6£435 K3’ This material
superlattice(llO) and fundamentaf220) reflections are ob- has been prepared in Sing|e_crysta| form by arc me|¢m,
served in the x-ray spectra in addition to a strohtyl) FePt  for example, Refs. 33 and B7t has also been produced in
reflection. The FeRtnanoparticles are oriented with respect thin-film form by MBE (Ref. 38 or sputter depositiof?
to the ALO; c-axis as demonstrated by x-ray rocking-curve Fe,Pt undergoes an order-disorder transition at a temperature
measurements. X-ray diffraction measurements show thef ~840°C. The sample in Fig. 18 was annealed above
nanoparticles have a cubic lattice parameter of 3.873 A aghis temperature and then cooled slowly through the transi-
determined from a high-resolutiof-26 scan through the tion temperature following annealing. For these annealing
(119 reflection. This is expandetby 0.18% compared to conditions, the order parameter is considerably less than that
the valué* of 3.866 A for bulk FeR{. Some of the expan- measured for the EePys nanoparticles with thé 1, struc-
sion might be due to incorporation of Al into the nanopar-ture. We have obtained preliminary results suggesting that
ticles during precipitation. In addition, ordered alloys of thethe order parameter for ERt can be improved somewhat
form®=3® PLAl have allowed diffraction peaks very near (from S~0.6 toS~0.7) by a long anned700 °C/17 h be-
those observed in Fig. 1§—so a precise identification of low the transition temperature, but additional work is re-
FePg is not possible, but it is likely that the nanoparticles quired to optimize this annealing treatment.
formed are FeRtwith some incorporation of Al. From the The chemically ordered phase of Fghas the CyAu
data of Fig. 16b), the integrated intensity ratio cubic L1, structure, and it is antiferromagnetiwith two
[(110)/1(220) is estimated to be-0.21 which for FeRtim-  different kinds of antiferromagnetic orderini the chemi-
plies that the order parameté&for the (220)-oriented do- cally ordered staté?** The fcc chemically disordered phase,
mains is ~0.84. Incorporation of Al into the alloy would however, is ferromagnetic. Disorder can be introduced by a
increase the predicted ratio and reduce the estimate of theumber of methods including mechanical deformdfidAas
order parameter. Therefore, from the x-ray diffraction meawell as deviations from stoichiomet?{*® Films of FePj
surements in Fig. 16, th&220-oriented domains for both have been produced by sputter deposttiaand by MBE*
Fe;Pt and FeRtshow evidence for ordering although they The Fe-Pt;; nanoparticles that we have produced by ion-
are not as well ordered as the fct FePt nanoparticles with theeam synthesis have an order parameter less than unity, so
L1, structure. some disorder exists in these nanoparticles, and there is a 2%
Cross-section TEM micrographs showing the micro-deviation from ideal stoichiometry. The annealing tempera-
structure and the particle size in the near surface for botlure (1100 °Q is considerably below the order-disorder tran-
Fe, Ptz and Fe,Pt5 in Al,O; are illustrated in Fig. 17. For sition temperaturé~1350 °Q, so annealing at temperatures
Fe Ptg, the maximum particle size is25 nm in diameter, lower than 1100 °C should not be necessary to induce or
and the particles are nearly spherical with evidence for faceimprove order.
ting in some of the nanoparticles. ForFRt,5, the particle Magnetization curves measured for the samples contain-
size is smaller, and the particle shape is more elliptical withng Fe,,Pt,s and Fg/Pt;3 nanoparticles are shown in Fig. 18.
the largest particles being20 nm along the major axis of The Fe,Pte sample is ferromagnetic but with a very low
the ellipse. Numerous B#t;; particles shown in Fig. 17 coercivity (~0.72 kOe at 5 K and~0.25 kOe at 300 K
exhibit Moire fringes. Both the saturation magnetization and the coercivity de-
The results presented in Figs. 16 and 17 show that it wasrease as the temperature increadé®esults from this
possible to form oriented nanoparticles of;Peand FeRt  sample are included in the plot 6f; versus Pt atomic frac-
by ion-beam synthesis where the relative does of Fe and Rion shown in Fig. €).] The magnetization curves for
were adjusted to produce the desired alloy composition. Th&e,;Pt,5in Fig. 18 show that the nanoparticles formed by ion
ordered phase of kBt, which has the GAu structure, is implantation are ferromagnetic at 5 K with a coercivity of

o i L - i e e ]
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Fe,. Pt, Nanoparticles in Al,O, Fe Implanted (0001)Al,0,
Fe(350 keV, 1x1017/cm2)
Fe,,Pt, Fe,,Pt,; Anneal (1100°C/2h/ArHy)
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FIG. 18. Magnetization curves measured for P& (a) and FgPt; (b) in 2000 T T T T T T ;
Al,O;. lon doses in each sample are the same as those given in Figs. (b) ALO,(0006)—> RT-200°C
14-16. Magnetization curves were measure@i-ab andT =300 K withH 2 1500 L 2= B
parallel to the sample surface for the,ft,s sample and witiH perpen- ‘®
dicular to the surface for the €t; sample. §
£ 1000 [ /a-Fe(110) -
)
~2.0 kOe, but at room temperature, the coercivity and the ,'2 500 ff . al.0,(0003) 4
saturation magnetization are very low. This ferromagnetic L
(rather than antiferromagnetibehavior is attributed to the (] ke s o, asemmel b Lo o
disorder in the nanoparticles or to a deviation from stoichi- 500 © r : T T n | . c
C 550°
ometry. o 400 | AlL,O,(0006) = i
. ]
D. Implantation of Fe only or Pt only S 300t -
. . . £ o-Fe(110) or
Nanopatrticles are also formed by the implantation of Fe > 200 FeAl,0,(220) A FeAL,0,(004) 1
or Pt alone into c-axis-oriented AJO5; followed by ;
annealing. X-ray diffraction results for Fe implanted into 100
Al,O; at several implantation temperatures followed by an-

nealing are shown in Fig. 19. In the temperature range of o20 25 30 35 40 45 50 55 60

implantation at room temperature to 200 °C, the nanopar- 2Theta

ticles formed arex-Fe with their(110 axis directed along Fi. 19. x-ray diffraction results for F&50 keV, 1x 107/cn?) implanted

the c-axis of the AbO; host single crystal. If the implanta- into Al,O; followed by annealing (1100 °C/2 h/Ar4% H,). Results are

tion is carried out at 550 °C, however, clear evidence for theshown for implantation temperatures @ LN, (b) RT to 200 °C, andc)

formation of FeA}O, is observedfrom the 220 reflection '

Evidence for both Fg; and a-Fe is observed in the sample

implanted at liquid nitrogen temperatuteN,). (Fe,O3 is

believed to result from oxidation of Fe segregated to thesuggests that this phase nucleates during implantation at the

surface during annealing when the sample is removed frorhigher temperature, with the nuclei growing during subse-

the furnace. In each case, nanoparticles are oriented alongjuent annealing.

the c axis of the AbO; host. Figure 21 shows the microstructure in the near-surface
X-ray diffraction results for the case of Pt implanted into region for samples implanted by Fe or Pt at high tempera-

Al,O; at two temperatures followed by annealing are showrture, followed by annealing. For the case of Fe, after anneal-

in Fig. 20, and this gives convincing evidence for the incor-ing there is a high density of cavities or voids in the very

poration of Al into the Pt nanoparticles. Both spectra shownear surface, followed by nanoparticles containing Fe at a

evidence for fcc Pt nanoparticles oriented with th@itl) ~ somewhat greater depth. The Fe-containing precipitates have

axis parallel to the AIO; c-axis. However, in the sample diameters up to~65 nm. The Pt-containing nanoparticles

implanted at 500 °C, the diffraction line ap2-32.8° cannot have a cubic shape and are much smaller with maximum

arise from fcc Pt, and we attribute this peak to the formatiorparticle sizes up te-12 nm on a side.

of an ordered alloy of the form FAl. A likely candidate®>® Magnetization measurements have also been made on

is PLAI, which has diffraction lines close to those shown in the Al,O5 crystals implanted by Fe or Pt only and are shown

Fig. 20. Therefore, the precipitates formed after the 500 °Gn Fig. 5. For the case of Fe implantation at 500 °C, the

annealing are believed to contain a fairly high concentratiomanoparticles are ferromagnetic with a coercivity-e9.14

of Al atoms in addition to Pt. In the sample implanted atkOe. If the implantation is carried out at 200 °C, the resulting

200 °C, the fcc forbidden peaks are greatly reduced in intenFe nanoparticles have a coercivity 6f0.13 kOe, but the

sity, and these nanoparticles are believed to contain substagsaturation magnetization is20% higher than for the sample

tially less incorporated Al. From the results shown in Fig. 20,implanted at 550 °C. The fact that the magnetic properties of

it is clear that implantation at the higher temperaturethe samples implanted at 550 and 200 °C are nearly the same

(500°Q is required to form the ordered alloy /Al. This  provides evidence that most of the nanoparticles in the
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Pt Implanted (0001)Ai,0, Fe and Pt Nanoparticles in Al2O3
Pt(910 keV, 8.2x10'6/cm?) F
Anneal (1100°C/2h/ArH,) e
2000_""|T"1—rf"l""I""I""_ .; Koy’
i (a) 200°C ] surface y o e
.. 1500 L < AL,0,(0006) ] / 4. @ A5
£ [ Pt(111) > ] : Wpaehd
2 5 o R
2 I 1 ® i, S
£ 1000 1 » i P By
> i : Or. h = .,f\" ‘ "
g Pt{220)or | %8 — % B ey
x . Pt,Al(220, 202) . Sonm | T 20.n ™ |
500 [ 1 Fe(350 keV, 1x1017/cm2, 550°C) Pt(910 keV, 8.2x1016/cm2, 500°C)
L J A ] Annealed 1100°C/2h/ArHo Annealed 1100°C/2h/ArH2
0 e s FIG. 21. Cross-section TEM micrographs showing Fe and Pt nanoparticles
2000 [T T in Al,O5. Crystals were implanted by R850 keV, 1x 10*"/cn?, 550 °Q
' (b) 500°C ] or Pt(910 keV, 8. 10'%cn?, 500 °Q. Implanted crystals were annealed at
i 1 1100 °C/2 h/AF-4% H,.
1500 [ prr11)— < Al,0,(0006)
2 [
g I ] observed'* and this phase did not contribute to the magne-
£ 1000 - Pt(220) or tization of the sample. These prior results are consistent with
= - Pt,AI(220, 202)/ .
E : | : those we have obtained.
5¢ I 1 The formation of coherent Pt precipitates in,®t has
500 [ PL,AI(110) also been observed by oth&ras a result of the implantation
I of Pt into c-axis-oriented AJO; at room temperature, fol-
0l lowed by annealing in air. The average size of the Pt precipi-

20 30 40 50 60 70 80 tates was estimated to be25 nm, which is larger than the
2Theta precipitates we observe following high-temperature implan-

) ) . ) tation and annealing in a reducing environmémiaximum
_FIG. 20. X-ray diffraction resul@s for F{910°keV, 8.2 10'%cn?) implanted size of~10 nm: see Fig. 21 In addition, no evidence for the
into Al,O; followed by annealing (1100 °C/2 h/A14A% H,). Results are . )
shown for implantation temperatures @) 200 °C and(b) 500 °C. formation of PtAl was noted following the room tempera-
ture implantation. This is reasonable since our work suggests
that the formation of RAIl decreases as the implantation
sample implanted at 550 °C aseFe—even though the x-ray temperature decreases.
diffraction results(Fig. 19 suggest that a mixture af-Fe
and FeA}O, may be present. Othéfshave reported that
FeAl,O, is not ferromagnetic, and this may explain the 20%
difference in the saturation magnetization for samples im-  Fe,_,Pt nanoparticles covering a wide range of alloy
planted at the different temperatures. For the case of Pt imsompositions have been formed in,®; single crystals by
planted into A}O; at 500 °C, Fig. 5 shows that both the ion-beam synthesis. In the range of Pt atomic fractions from
saturation magnetization and the coercivity are nearly zera~35% to 55%, the chemically ordered tetragonal,
indicating that the RAI nanoparticles are not contributing to structure of FePt is formed. These nanoparticles are ferro-
the magnetic properties of any of the;FgPt, samples we magnetic with extremely high magnetic coercivities. The co-
have discussed. ercivity is a strong function of Pt atomic fraction and reaches
The structural and/or magnetic properties 0f@4 im- its maximum valug~22 kOe for the slightly Fe-rich alloy
planted by Fe at room temperature or near liquid nitrogercomposition FgPts in c-axis-oriented AJO;. The FePt
temperature have been investigated extensively in theanoparticles formed in AD; by ion-beam synthesis are
past?®~*9Implantation at elevated temperatuf@40 °Q has  crystallographically oriented with respect to the,®} host
also been investigatéd;>°but to a lesser extent. These stud- matrix, but the orientation, particle size, and microstructure
ies have shown that-Fe nanoparticles are formed by an- depend strongly on the implantation conditions. For implan-
nealing implanted AIO; in a reducing environment. The tation at high temperaturé550 °C for Fe and 500 °C for Rt
particles are oriented and can have sizes up to several tenstbie FePt nanoparticles exhibit multiple orientations with re-
nanometers. When annealed in the range of 800—1200 °C spect to thec axis of ALO5. These nanoparticles are nearly
a reducing atmosphere or vacuum, the particles are ferragspherical and are in the size range of 2—10 nm with a few
magnetic if the size exceeds the superparamagnetic(infit  particles as large as 25 nm diametdgor doses of~1
nm in diametex, and coercivities of 0.1-0.3 kOe have been x 10'/cn? of each impurity. If the implantation is carried
reported***8-50|f samples implanted by Fe are annealed atout at lower temperaturg®00 °C for each impurityto the
1450°C, then diffraction lines from Fef®, only were same doses~1x10'/cn? of each impurity, then anneal-

IV. CONCLUSIONS
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