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Annealing-environment effects on the properties of CoPt nanoparticles
formed in single-crystal Al,O5; by ion implantation
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The ion implantation of nearly equal doses of Co and Pt into a single-crystal Al,O5 host followed
by thermal annealing leads to the formation of nanoparticles whose phase, structure, and physical
properties are strongly dependent on the annealing environment. Annealing in 96 % Ar+4 %H, gives
rise to ferromagnetic, chemically ordered CoPt nanoparticles with the L1 structure and a magnetic
coercivity that can exceed 10 kOe at 5 K. Annealing in O, (or in Ar) does not result in the formation
of a CoPt alloy. Instead, the implanted Pt precipitates to form oriented elemental Pt nanoparticles,
and the implanted Co combines with oxygen to form Co;0, oxide nanoparticles. Annealing in
ultrahigh-vacuum conditions results in a mixture of phases including CoPt; and Co;0, and possibly
Co. The results obtained for Co+Pt-implanted Al,O3 are compared with the previous results for
Fe+Pt-implanted Al,O5 annealed in similar environments. © 2005 American Institute of Physics.

[DOLI: 10.1063/1.2138801]

I. INTRODUCTION

CoPt and FePt alloys with the chemically ordered L1
structure have attracted considerable interest recently due to
their unusual magnetic properties. In particular, as ordered
alloys, these materials have a very high magnetocrystalline
anisotropy and relatively large magnetization, and these
properties make them interesting candidates for ultrahigh-
density data storage applications.' Various techniques have
been used previously to produce thin films or nanoparticles
of these ordered alloys. These techniques include
sputtering,%5 e-beam evaporation,6 molecular-beam epitaxy,7
chemical reduction,&9 microemulsion deposition,lo and
electrodeposition. 1

Recently, we have demonstrated that encapsulated arrays
of nanoparticles of CoPt (Ref. 12) and FePt (Refs. 13 and 14)
with a wide range of compositions can be formed in the
near-surface region of single-crystal Al,O5 by ion-beam syn-
thesis. In this approach, the sequential implantation of Co (or
Fe) and Pt ions is used to create overlapping profiles of the
alloy constituents in the near surface of Al,O5. Thermal an-
nealing in an atmosphere of 96 % Ar+4 %H, (ArH,) leads to

“Electronic mail: whitecw @ornl.gov

0021-8979/2005/98(11)/114311/7/$22.50

98, 1143111

precipitation and the formation of crystallographically ori-
ented, ordered alloy nanoparticles of Co;_Pt, (or Fe,_,Pt,) in
the single-crystal Al,O; matrix. The alloy composition x is
controlled by the relative doses of implanted Co (or Fe) and
Pt ions, and this allows the properties of the nanoparticles to
be studied over a wide range of compositions. For both
Co;_,Pt, and Fe,_ Pt, nanoparticles synthesized in this man-
ner, we have found that the ordered, face-centered-tetragonal
(fct) L1, structure is formed for alloy compositions in the
range x~35% to ~60%. In this concentration range, the
nanoparticles are ferromagnetic with magnetic coercivities
that are strong functions of the alloy composition. Magnetic
coercivities of ~14 kOe for CoysPtss and 22 kOe for
FessPt,s have been achieved at 5 K in c-axis-oriented Al,Oj5.

In previous work, the structure and properties of nano-
particles formed by annealing Fe+Pt-implanted Al,O5 were
shown to be strongly dependent on the annealing
environment.'> In the present work, we demonstrate that the
properties of nanoparticles formed by thermal annealing of
Co+Pt-implanted Al,O5 can also be altered dramatically by
changing the annealing environment. Here the properties and
structures of nanoparticles obtained by annealing
Co+Pt-implanted Al,O; in atmospheres of ArH,, O,, Ar
(99.999% purity), or ultrahigh vacuum (UHV) are deter-
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mined, and the results are correlated and contrasted with
those obtained by annealing Fe+Pt-implanted Al,O5 in simi-
lar environments.

Il. EXPERIMENTAL PROCEDURE

Single-crystal substrates of c-axis-oriented Al,O; were
implanted sequentially by Co (360 keV) followed by Pt
(910 keV) to give overlapping profiles of Co and Pt with a
projected range of ~175 nm for each element. Most of the
samples were implanted with doses of 1 X 10'"/cm? for Co
and 1.17 X 10'7/cm? for Pt in order to produce an alloy with
a Pt composition of 54% [=Pt dose/(Co dose+Pt dose)] as-
suming complete alloying of the implanted ions. Previous
work'? has established that the maximum magnetic coerciv-
ity is achieved for this alloy composition. The implantation
was carried out at elevated temperature (T=550 °C for Co
and 500 °C for Pt) to try to prevent the near surface of Al,O;
from being turned completely amorphous by implantation-
induced displacement damage. Following implantation, the
samples were annealed at temperatures of 1100 °C for 2 h in
a hot-wall quartz tube furnace containing flowing gases of
ArH,, O,, or Ar (99.999% purity). For anneals in the tube
furnace, the tube was evacuated to a pressure of
4% 107 Torr prior to flowing the desired gas. No attempt
was made to further purify the flowing gas. A few samples
were annealed at 1100 °C for 2 h on a heated sample holder
in UHV at a pressure of ~3 X 107 Torr. Following the high-
temperature anneal at 1100 °C for 2 h, the samples were
slowly cooled to room temperature or were given an addi-
tional anneal at 700—750 °C for time periods ranging from
2 to 120 h, followed by slow cooling to room temperature.
For CoPt, the stable phase at high temperature is the disor-
dered face-centered-cubic phase, while the ordered fct L1,
phase is stable at lower temperatures. Accordingly, the tem-
perature for the additional anneal was chosen to be well be-
low the temperature for the order-disorder transition
(~825 °C)."*"” Other workers'® were able to improve the
ordered volume fraction and magnetic properties of CoPt
films by prolonged annealing at temperatures below the or-
dering temperature for the bulk alloy; but in the present
work, very little improvement in the structural or magnetic
properties was achieved by carrying out this additional an-
neal. This suggests that the time required to slowly cool the
sample to room temperature (several hours) was sufficient to
establish the transformation to the ordered state—even in
samples subjected only to the high-temperature anneal.

The samples were characterized using 2.3 MeV He* Ru-
therford backscattering (RBS) ion channeling measurements
and by x-ray diffraction (Cu K« radiation) using a four-circle
diffractometer or a powder diffractometer. Selected samples
were examined by cross-section transmission electron mi-
croscopy (TEM), and the magnetic properties were deter-
mined using a superconducting quantum interference device
(SQUID) magnetometer at temperatures 7=5-300 K in ap-
plied magnetic fields up to +65 kOe.
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FIG. 1. X-ray-diffraction 6-26 scans along the surface normal for

c-axis-oriented Al,O; crystals implanted by Co+Pt. The sample in (a) was
annealed in flowing ArH, at 1100 °C/2 h+700 °C/119 h. The sample in
(b) was annealed in flowing O, for 1100 °C/2 h+700 °C/19 h.

lll. RESULTS

Figure 1 compares the x-ray-diffraction results for a
sample annealed in flowing ArH, [Fig. 1(a)] with the results
obtained from an identical sample annealed in flowing O,
[Fig. 1(b)]. In the as-implanted state (not shown), the only
diffraction lines observed are those expected from the Al,O5
substrate. After annealing in ArH, [Fig. 1(a)], the #-26 scans
along the ¢ axis of Al,O; show several strong lines corre-
sponding to those'? of the chemically ordered (fct) L1, phase
of CoPt, in addition to lines from the Al,O5 substrate. Con-
sistent with our previous results,12 the CoPt nanoparticles are
oriented with respect to the ¢ axis of Al,O3, and there are, in
fact, several crystallographic orientations for the nanopar-
ticles [i.e., CoPt (111), CoPt (110), and several other planes
parallel to the Al,O5 (0001) planes, as shown in the spectra
of Fig. 1(a)]. The CoPt (110) and CoPt (001) lines are super-
structure reflections, demonstrating that at least some of the
CoPt nanoparticles have the chemically ordered (fct) L1,
structure, since these reflections are forbidden for the chemi-
cally disordered structure. The other lines arising from CoPt
in Fig. 1(a) are fundamental reflections (allowed even in
chemically disordered alloys) from fct CoPt. An order pa-
rameter S, which is a measure of the fraction of Co and Pt
atoms on their ideal lattice sites, can be determined from the
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ratio of integrated intensities in superstructure reflections to
fundamental reflections as compared to the predicted
values.” Using integrated intensities measured from x-ray
rocking curves, the value for S is estimated to be S~ 0.46 for
the sample annealed in ArH,. This value corresponds to a
degree of ordering in which less than 70% of the Co and Pt
atoms are located on the correct L1, lattice sites. A perfectly
ordered alloy of this composition would have a value S
~0.94, and therefore the CoPt nanoparticles produced here
are not fully ordered. We have not produced CoPt nanocrys-
tal samples with $>0.5 by any of the annealing sequences
attempted thus far.

Figure 1(b) is the 6-20 scan from the sample annealed in
flowing O,. In this case, there are no diffraction lines that
can be identified as arising from CoPt. Instead, strong lines
arising from elemental Pt [i.e., Pt (111), Pt (200), Pt (220),
and Pt (222)] are observed in addition to numerous lines
identified as arising from the cubic spinel, Co;0, [i.e.,
Co304(111), Co0304(220), Co0304(422), Co30,4(333),
C030,4(444), and Co304(555)]. This result demonstrates that
annealing in O, results in the precipitation of Pt and Co;0,
nanoparticles, with multiple crystallographic orientations of
both types of nanoprecipitates. The lattice parameter deter-
mined from the Pt nanoparticles in Fig. 1(b) is a,=3.92 A,
which is the bulk Pt value. The lattice parameter determined
from the reflections identified as Co;0, in Fig. 1(b) is a,
=8.10 A, which is slightly expanded in comparison with that
expected from pure Co;0, (a,=8.08 A). Aluminum incorpo-
ration into the Co;0, nanoparticles would lead to a lattice
expansion, and it is likely that some Al is incorporated into
the Co;0, nanoparticles.

The results illustrated in Fig. 1, therefore, demonstrate
that annealing Co+Pt-implanted Al,O5 in flowing ArH, re-
sults in the formation of CoPt nanoparticles with at least
some having the chemically ordered L1 structure. By con-
trast, annealing in flowing O, gives rise to the precipitation
of elemental Pt nanoparticles accompanied by the formation
of Co3;0, nanoparticles (possibly containing incorporated
Al), with no evidence of CoPt formation.

Figure 2 shows the RBS channeling results in the as-
implanted state and after annealing in flowing O,. In the
as-implanted state [Fig. 2(a)], the near surface of Al,Oj is
heavily damaged and may have some regions that are nearly
amorphous. Annealing in flowing O, gives rise to substantial
recovery of the lattice damage accompanied by some redis-
tribution of the implanted Co and, to a lesser extent, redis-
tribution of Pt. Ion channeling is observed after annealing in
both the Co and Pt parts of the spectrum, which is expected
since the nanoparticles are oriented with respect to the matrix
(as demonstrated by x-ray rocking curves). The Co profile
after annealing has obvious structure but there is very little
Co segregated to the surface (less than 4%), and there is
almost no loss of implanted Co or Pt during annealing in O,.
The ion channeling results of Fig. 2(b) are quite similar to
those observed previously12 for samples annealed in ArH,
with the exception that there is more structure in the Co
profile of Fig. 2(b) than that observed after annealing in
ArH,.

The microstructure in the near surface of the sample an-
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FIG. 2. RBS channeling measurements for Co+Pt-implanted Al,O5 in (a)
the as-implanted state and (b) after annealing for 1100°C/2h
+700 °C/19 h in flowing O,. Spectra are shown with the He" beam aligned
along the [0001] direction of Al,O; and with the beam in a random direc-
tion. Energies for scattering from Pt, Co, Al, and O at the surface are noted.

nealed in O, is shown in the TEM results of Fig. 3. After
annealing, a high density of voids is observed in the very
near-surface region of the cross-section micrograph (Fig. 3,
top). The large precipitated particles at a depth of ~200 nm
have a maximum diameter of ~40 nm which is somewhat
larger than the CossPt,s nanoparticles observed previously12
in a sample annealed in ArH,. In addition to the dark, nearly
equiaxed particles in the cross-section micrograph, there are
fainter, elongated structures observed in this micrograph. The
plan-view micrograph (Fig. 3, bottom) shows the dark,
nearly equiaxed particles; but in addition, there are fainter
large particles which exhibit Moiré fringes. We believe that
the particles that exhibit Moiré fringes in plan view are the
same as those that are elongated in cross section.

Energy dispersive x-ray spectroscopy (EDS) measure-
ments have been used to identify the composition of indi-
vidual particles for samples annealed in O,. The results are
shown in Fig. 4. The EDS spectra from particles 1 and 4 are
Pt rich. (They may be pure Pt, but lines arising from the
matrix or nearby particles cannot be completely avoided.)
These are the dark, nearly equiaxed particles observed in the
TEM micrograph, and they are almost certainly the Pt par-
ticles identified in the diffraction results from Fig. 1(b). In
addition to the particles in Fig. 4 which are Pt rich, there are
also fainter elongated features in the micrograph and the
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Plan View

FIG. 3. Cross-section (top) and plan-view (bottom) TEM results for
c-axis-oriented Al,O; implanted by Co+Pt and annealed in O, for
1100 °C/2 h+700 °C/19 h.

EDS spectra labeled spot 2 is taken from one of these fea-
tures. This is observed to be Co rich and therefore is most
likely the Co;0, nanoparticles identified in the x-ray results
in Fig. 1(b). These elongated particles form a layered struc-
ture in cross section (and exhibit Moiré fringes in plan view),
and this is consistent with the RBS Co profile results of Fig.
2(b). Spot 3 is a region where there are no obvious particles,
and the spectra are dominated by lines arising from the ma-
trix. Overall, annealing in O, gives rise to Pt rich (approxi-
mately pure Pt) and Co rich (Co;0,) particles with no evi-
dence of interaction between them.

The magnetic properties of Co+Pt-implanted Al,O5 af-
ter annealing in ArH, or O, are compared in Fig. 5. Here, a
SQUID magnetometer was used to measure the magnetic
moment of the sample (in units of Bohr magnetons per im-
planted ion) as the applied field was scanned in the range of
+65 to —65 kOe. The diamagnetic background signal from
the Al,O5 substrate has been removed from the data. For the
sample annealed in ArH, [Fig. 5(a)], the hysteresis in the
magnetization data reflects the ferromagnetic nature of the
CoPt nanoparticles, which have the chemically ordered fct
L1, structure. The magnetic coercivity of these nanoparticles
is high with a value of ~9 kOe at 5 K and ~4.5 kOe at
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FIG. 4. EDS measurements for Co+Pt implanted Al,O5 annealed in O, for
1100 °C/2 h+700 °C/19 h. The top shows a portion of the cross-section
TEM micrograph taken near the depth of the maximum implanted concen-
tration. The circles with numbers identify regions where the EDS spectra
were obtained. The EDS spectra corresponding to these regions are shown
below. The x-ray lines arising from individual elements are labeled. The Cu
lines arise from the Cu grid in the microscope.

300 K measured with the field parallel to the surface. (With
the field directed along the surface normal, the magnetic co-
ercivities are even higher with values of H.=13 kOe at 5 K
and 6 kOe at 300 K.) The sample annealed in O, is domi-
nated by Pt nanoparticles and Co;0, nanoparticles, neither of
which is ferromagnetic. (Co;0, is antiferromagnetic with a
Néel temperature 7y=33-40 K.21’22) Consequently, the
magnetization in this sample would be expected to be very
low, and this is demonstrated by the data presented in Fig.
5(b) where the magnetic moment is measured to be nearly
zero at all field values at 5 and 300 K. On a much more
sensitive magnetization scale [Fig. 5(b) inset], there is evi-
dence for residual ferromagnetic behavior at 5 K with a satu-
ration magnetization reduced by a factor of 25 compared
with the results obtained by annealing in ArH,. This suggests
that very small quantities of CoPt may be present in this
sample, but the concentration is too low to be determined
from the x-ray results. Summarizing then, annealing
Co+Pt-implanted Al,O5 in ArH, gives rise to CoPt nanopar-
ticles with the ordered L1 structure, and these nanoparticles
have a high magnetic coercivity and a high saturation mag-
netization. In contrast, annealing in O, results predominately
in the precipitation of Pt nanoparticles and Co;0, nanopar-
ticles, with neither being ferromagnetic. The small magneti-
zation after annealing in O, may be due to very small quan-
tities of CoPt formed during annealing.
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FIG. 5. Magnetization measurements for Co+Pt-implanted Al,O5 after an-
nealing in (a) ArH, for 1100 °C/2 h+700 °C/119 h and in (b) O, for
1100 °C/2 h+700 °C/19 h. The applied magnetic field was parallel to the
surface, and measurements were made at 7=5 and 300 K. Magnetic mo-
ments for the two cases in (a) and (b) are shown on the same vertical scale
for ease of comparison. Inset in (b) shows data at T=5 K on a 10X ex-
panded vertical scale.

Annealing in flowing Ar (99.999% purity) gives results
that are nearly the same as those achieved by annealing in
O,. This result is demonstrated by the x-ray-diffraction re-
sults in Fig. 6 (on a linear intensity scale), which were ob-
tained using a powder diffractometer. Strong diffraction lines
from Pt [Pt (111), Pt (200), and Pt (220)] are observed as
well as lines from Co;0, [C0;04(422),C0,04(333)]. The
shoulder at 26~69° may indicate the presence of small
quantities of CoPt nanoparticles, but most of the nanopar-
ticles formed by annealing in Ar are either Pt or Co;0;,.
These results were obtained by annealing in a hot-wall quartz
tube furnace with no additional purification of the Ar. These
findings are qualitatively consistent with what might be ex-
pected from the equilibrium (Ellingham) free-energy
diagram23 for Co in O, gas at partial pressures of
1075-107% atm at the annealing temperature, where Co;0,4
(and CoO) are stable with respect to the metal. Accordingly,
it is very probable that the oxygen partial pressure in the
flowing Ar gas or from the heated quartz provides enough
oxygen to dominate the annealing process.

Samples implanted with Co+Pt were also annealed in
UHV at pressures of ~5X 10~ or less. These anneals were
carried out using a heated sample holder in a chamber with a
base vacuum of 5X 107!! Torr. The holder with the im-
planted sample was first degassed at 500 °C for 3 h at a
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FIG. 6. X-ray-diffraction 6-26 scans along the surface normal for
c-axis-oriented Al,O; implanted by Co+Pt and annealed in Ar
(1100 °C/2 h+700 °C/20 h).

pressure of ~5X 107! Torr. The holder was then raised to
1100 °C and held there for 2 h. During most of the time at
1100 °C, the chamber pressure was 3 X 107° Torr or less
(following an initial transient to ~5X 107 Torr); under
these conditions, the oxides of Co are unstable,23 thereby
allowing formation of metallic nanoparticles. After 2 h at
1100 °C, the temperature was reduced to 700 °C and held
there for 20 h (pressure of 2 X 107!° Torr) before cooling to
room temperature.

Samples annealed in UHV as described above show evi-
dence for the formation of multiple phases as demonstrated
by the x-ray-diffraction results of Fig. 7. Figure 7(a) is a
6-26 scan along the surface normal and shows multiple
strong lines arising from CoPt;. In addition, there is a weak
line at 260~59° which could arise from either CoPt; or
Co050,. Figure 7(b) is an off-normal scan (i.e., a 6-26 scan
not along the surface normal) showing clear evidence for
both CoPt; lines and for Co;0,4 lines. The Co;0, nanopar-
ticles probably have incorporated Al as well. We speculate
that sluggish kinetics allowed some formation of Co;0, dur-
ing the second annealing step at 700 °C under which condi-
tions the free energies of the oxide and metal are roughly
equal. X-ray rocking curves show that the peaks in Fig. 7(a)
represent multiple nanoparticle orientations with respect to
the Al,O; matrix, rather than random powder orientations.
The diffraction lines labeled as CoPt; in Fig. 7 are consistent
with those expected from the cubic, ordered phase of CoPt;
which has the L1, structure. Strong lines from a superstruc-
ture reflection [CoPt;(110)] as well as the fundamental re-
flections [CoPt;(111) and CoPt;(220)] are observed. These
results demonstrate the formation of CoPt; nanoparticles
with at least some of the particles having the ordered L1,
structure by annealing in UHV. Excess Co, which is not con-
sumed in the formation of CoPt;, appears to precipitate to
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FIG. 7. (a) X-ray-diffraction 6-26 scans along the surface normal for
c-axis-oriented Al,O; implanted by Co+Pt and annealed in UHV for
1100 °C/2 h+700 °C/20 h. (b) Off-normal scan showing both CoPt; and
Co30, x-ray lines for the sample annealed in UHV.

form Co;0,4 nanoparticles [from the line identified as the
Co050, (333)reflection in Fig. 7(a) and the Co;0, lines in Fig.
7(b)]. Samples annealed in vacuum at an order of magnitude
higher pressure (~5X 1078 Torr) gave essentially the same
results as those in Fig. 7, and showed in addition evidence
for Co nanoparticles from a weak line identified as the
Co(111) line.

IV. DISCUSSION AND COMPARISON TO RESULTS
FOR FE+PT-IMPLANTED AL,0;

The results presented here and in our previous work'?
demonstrate that annealing Al,O; implanted with nearly
equal doses of Co and Pt (in overlapping profiles) results in
the formation of oriented CoPt nanoparticles with the or-
dered L1, structure—if the annealing process is carried out
in a reducing ArH, environment. The order parameter S is
estimated to be less than 0.5. The CoPt nanoparticles formed
in this manner are ferromagnetic with high coercivities (mea-
sured at 5 K) that are in the range of 10 kOe. This coercivity,
however, is not as high as others have reported (15-37 kOe)
for CoPt films or nanoparticles formed by other
methods.**!"1#242 This difference may be related to the
smaller degree of ordering achieved in the present work.

J. Appl. Phys. 98, 114311 (2005)

These results for Co+Pt-implanted Al,O; annealed in
ArH, are similar to those for Fe+Pt-implanted Al,O5 an-
nealed in the same atmosphere.]3 For Fe+Pt-implanted
Al,O3, oriented FePt nanoparticles with the chemically or-
dered L1, structure are formed during annealing in ArH,.
The nanoparticles can be fully ordered (and probably contain
some incorporated Al); they exhibit ferromagnetic behavior,
and the magnetic coercivity is extremely high (in excess of
20 kOe) at 5 K.

In contrast, ordered alloy formation does not occur dur-
ing annealing in O, for either Co+Pt- or Fe+Pt-implanted
Al,O3. In both cases, the implanted Pt precipitates to form
oriented Pt nanoparticles, and the implanted Co or Fe reacts
with excess O, to form oxide nanoparticles or solid solutions
with the matrix. However, the oxidation process is different
in the two cases. If Co+Pt-implanted Al,O5 is annealed in
0O,, the oxide precipitate formed is Coz;0, that is located in
the bulk (i.e., below the surface). For Fe+Pt-implanted
Al,O3, annealing in O, gives rise to segregation of ~40% of
the implanted Fe to the surface where it forms oriented
Fe,O5 surface precipitates.15 The remainder of the Fe re-
mains in the bulk and forms a solid solution within the ma-
trix. In both cases, there is little or no ordered alloy forma-
tion and the magnetic coercivities are very low. The affinity
of Pt for oxygen is quite low, so it is not surprising that
metallic Pt precipitates are formed during annealing in oxy-
gen. Both Co and Fe will readily react with oxygen, but
neither will reduce Al,0;. However, if the annealing envi-
ronment supplies the oxygen, then implanted Co or Fe can
readily combine with this oxygen to form oxide precipitates.
Others®® have also found that oxidation must be avoided in
order to form ordered FePt nanoparticles by chemical syn-
thesis techniques.

The results obtained by annealing in flowing Ar are very
similar to those obtained by annealing in O, for either
Co+Pt- or Fe+Pt-implanted Al,O5. There is little evidence
for alloy formation during annealing in Ar for either case. As
noted, it is likely that the partial pressure of oxygen in the
flowing Ar or from the hot-wall heated quartz furnace pro-
vides enough oxygen to dominate the annealing process.

The results obtained by annealing in UHV are consider-
ably different in the two cases. If Co+Pt-implanted Al,Oj5 is
annealed in UHV, a mixture of phases is formed including
CoPt;, Cos0,, and possibly Co, but there is no evidence of
CoPt formation from the x-ray results. In contrast, our pre-
vious work on Fe+Pt-implanted Al,O; indicated that ordered
FePt nanoparticles were formed during annealing in UHV."”
Thus the FePt material appears to be more stable than CoPt.
This observation agrees qualitatively with the respective en-
thalpies of formation as calculated using the procedure of
Miedema and Niessen®’ and Miedema et al.”® In particular,
the calculated values for equiatomic compositions are
—19.2 kcal/mol of atoms for FePt and —10.6 kcal/mol for
CoPt. Hence the enthalpy of formation of the Co-based ma-
terial is only about one-half of that for the more stable FePt,
meaning that CoPt is more susceptible to competition from
other phases, as is observed.
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V. CONCLUSIONS

The present work demonstrates that oriented Coyg Ptsy
nanoparticles with the ordered fct L1, structure are formed
by annealing Co+Pt-implanted Al,O5 in a reducing atmo-
sphere consisting of 96% Ar+4% H,. The nanoparticles
formed are ferromagnetic and have a magnetic coercivity of
~10 kOe. In contrast, annealing in O, (or in 99.999% Ar)
gives rise to the precipitation of Pt nanoparticles and the
formation of Co;0, oxide nanoparticles with very little evi-
dence for CoPt alloy formation. The magnetization of
samples annealed in O, is very low. Annealing in UHV re-
sults in the formation of a mixture of phases including CoPt;
and Co3;0,4 with no evidence for CoPt. Therefore, the struc-
ture and magnetic properties of Co+Pt-implanted Al,O5 are
strongly dependent on the annealing environment, and in or-
der to form oriented CoPt nanoparticles with hard magnetic
properties, it is essential to anneal in a reducing atmosphere,
e.g., ArH,, under conditions similar to those described here.
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