a;m%z
T

ELSEVIER

Available online at www.sciencedirect.com

SCIENGE@DIHECT®

Nuclear Instruments and Methods in Physics Research B 207 (2003) 3644

Niv B

Beam Interactions
with Materials & Atoms

www.elsevier.com/locate/nimb

Microstructure and magnetic properties of Co
nanoparticles in ion-implanted Al,O;

A. Meldrum **, L.A. Boatner °, K. Sorge °

& Department of Physics, University of Alberta, Edmonton, Canada AB T6G 2J1
Y Solid State Division, Oak Ridge National Laboratory, Oak Ridge, TN 37831, USA

Abstract

Ion implantation and thermal processing can be used to create a variety of single-element or compound ferro-
magnetic nanocrystals embedded in dielectric host materials. This approach leads to the formation of nanocomposites
with several attractive characteristics for potential applications in magnetic data storage media. A number of problems
must be addressed before such applications can be realized in practice, however. One difficulty lies in the exercise of
sufficiently fine control over the magnetic and microstructural properties of interest. Here, we show that Co nano-
crystals produced by the ion implantation of Al,O; can be formed either as spheroidal or well faceted single-crystal
precipitates, depending on the synthesis conditions. Subsequent ion irradiation of the nanoparticles can alter the mi-
crostructure and internal chemistry of the particles as well as that of the host matrix, thereby providing a means of

increasing the coercive field of the Co nanoparticles by almost two orders of magnitude.
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1. Introduction

In recent years, ion implantation has been used
to create ferromagnetic nanoscale composites
consisting of Fe, Ni or Co precipitates embedded
in the near-surface region of a dielectric host such
as Si0; or Al,O; [1-5]. These composites generally
have a low magnetic coercivity and in some cases,
they are superparamagnetic at room temperature.
Blocking temperatures have been measured and
these agree reasonably well with the calculated
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values based on the average size of the precipitates.
The magnetic moment per ion is similar to that
observed in the bulk material and the saturation
field is usually less than 5 kG — depending on the
implant dose and annealing conditions employed.

In fused SiO,, ion implantation followed by
thermal processing produces nanoparticles that are
usually spherical in shape and that are normally
randomly oriented within the host. As a result,
magnetocrystalline anisotropy effects, if observ-
able, are averaged over all directions and cannot be
measured on a macroscopic scale. If, however, a
crystalline material is used as the host phase, then
the resulting nanoparticles are generally aligned
crystallographically with the host and, accordingly,
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with each other. Depending on the surface energy
of the particles and the host, the nanocrystals may
also show well-developed crystal facets [6]. An ex-
cellent example of this type of faceting was recently
documented for Fe-implanted yttrium-stabilized
zirconia (YSZ), in which the Fe nanoparticles
formed near-perfect “nanocubes” aligned in spe-
cific orientations with respect to the cubic axes of
the host YSZ [7].

Sapphire is a crystalline material that is fre-
quently used as the host phase in ion implantation/
nanocomposite experiments. In previous work,
single-crystal sapphire has been implanted with
either Co [2] or Fe [5] to produce a composite of
crystallographically aligned ferromagnetic nano-
crystals. Iron has a body-centered cubic structure
at room temperature; whereas for Co, the stable
phase at room-temperature has a hexagonal close
packed structure. In the case of Co nanocrystals,
the situation is more complicated because there is
also a face-centered cubic phase (normally stable
above 450 °C in the bulk) that can be stabilized at
small particle sizes [8]. Previous reports suggest
that nanocrystalline Co can, in fact, be a mixture
of cubic and hexagonal phases [8,9]. In the case of
ion-implanted Al,O;, the hexagonal structure of
the sapphire might be expected to favor the for-
mation of hexagonal Co due to the possible lattice
registry between the two phases.

The presence of two crystal structures can
complicate the interpretation of the magnetic re-
sults, since the magnetocrystalline anisotropy for
the two structures is quite different. In previous
work, we found that the magnetic coercivity of an
Al,O3;—Co composite was ~150 Oe with the mag-
netic field applied either parallel or perpendicular
to the (000 1)-oriented sapphire crystal surface
normal [2]. The Co nanoparticles in that case were
poorly faceted and exhibited a spheroidal shape, as
determined from cross-sectional and plan-view
TEM images. X-ray diffraction showed that the Co
precipitates were predominantly hexagonal, but
that there was a minor amount of the cubic Co
phase present as well. Co nanoparticles with the
hexagonal structure were aligned with their c-axis
parallel to the c-axis of the host sapphire; whereas
the cubic nanocrystals were aligned with a [111]
axis parallel to the sapphire c-axis. Routine 0-20

scans cannot readily distinguish between the [0 0 2]
and [111] directions of the hexagonal and cubic
cobalt nanoparticles, respectively. Therefore, in
previous work, scans were made (i.e. L-scans) along
alternative crystallographic directions that can be
used to distinguish between the two structures [2].
In investigations carried out subsequent to those
reported in [2], but in which the processing condi-
tions were apparently the same [10], we have found
that the resulting Co-particles were not rounded
but instead were well faceted with excellent growth
faces. Accordingly, in the present work we show
that, in fact, the microstructure of Al,O;—Co
composites is highly sensitive to the implantation
conditions and we examine the role of specimen
processing in the development and formation of
the various Co-particle/Al;O3-host microstruc-
tures. Additionally, we have extended the previous
investigations originally reported in [2] that estab-
lished that microstructural modifications through
ion beam damage can be employed to control and
tailor the magnetic properties of Al,O;—Co com-
posites over a wide range of magnetic behavior.

2. Experimental

Two single-crystal c-axis-oriented sapphire wa-
fers were implanted with 140 keV Co™ to a dose of
8 x 10'¢ ions/cm®. In one case (hereafter referred
to as specimen “A”), the sample was implanted at
room-temperature without heat sinking; while in
the other case, the implantation was carried out
with the specimen heat sunk to the sample holder
and cooled to —100 °C (specimen “B’’). After im-
plantation, both specimens were annealed for two
hours at 1100 °C under flowing Ar+4% H,. Cross-
sectional and plan-view transmission electron mi-
croscopy and X-ray diffraction were then used to
determine the microstructure and orientation of
the resulting Co nanoparticles. Preliminary results
on specimen A were reported in [2].

In order to illustrate the nature and degree of
control over the magnetic properties of Co nano-
particles induced by displacive radiation effects, a
Co-sapphire nanocomposite was subsequently ir-
radiated with either 244 keV Xe*, 320 keV Pt** or
310 keV Pb** to varying ion fluences. The Xe- and
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Pt-implantations were carried out at room-tem-
perature and the Pb implantation was performed
at +100 °C. The corresponding dose was calcu-
lated by using the Monte Carlo computer code
SRIM-2000 [11] in the full cascade mode in order
to obtain the number of displacements per ion per
nm (using displacement energies for Al and O of
20 and 50 eV, respectively). Since the ion dose
varies as a function of depth, for simplicity we will
refer to the dose at a depth of 60 nm (corre-
sponding to the approximate center of the Co
nanoparticle profile). The microstructure of the
resulting composite was characterized by TEM
and the magnetic hysteresis was measured either
with a SQUID magnetometer or magneto-opti-
cally by magnetic circular dichroism.

3. Results and discussion

3.1. Formation and microstructure of AlL,O3;—Co
nanocomposites

Fig. 1(a) shows a plan-view image of the spec-
imen that was implanted at room-temperature

(specimen A) and subsequently annealed for 2 h at
1100 °C. The particles are spheroidal in shape,
although a few of the precipitates show a weak
hexagonal faceting. The inset to Fig. 1(a) is an
electron-diffraction pattern from this specimen,
showing numerous double-diffraction maxima.
The double-diffraction spots are consistent with
hexagonal Co aligned with its c-axis parallel to the
c-axis of the host sapphire. The cubic phase could
not be unambiguously identified in the diffraction
pattern, although in our previous work, X-ray
diffraction from this specimen did show the pres-
ence of a minor amount of cubic cobalt [2].

Fig. 1(b) shows a plan-view TEM image of the
specimen implanted at —100 °C (specimen B) after
annealing under identical conditions as for speci-
men A. In this case, the nanoparticles are well
faceted, with good crystal faces parallel to the
hexagonal axes of the sapphire. Unlike the case for
specimen A, the electron diffraction pattern shows
a set of double-diffraction maxima at positions
that are intermediate between the brighter maxima
from the crystalline sapphire. These new double-
diffraction spots, not present in the inset to Fig.
1(a), can be attributed to the cubic y-phase of

Fig. 1. Plan-view bright-field images and associated electron-diffraction patterns for specimens A and B (see text). The double-dif-
fraction spots for specimen A can be attributed to hexagonal Co aligned with its [0 0 1] axis parallel to the sapphire [00 1] (out-of-plane)
and a [1 00] axis parallel to the sapphire [1 10] (in-plane). The rings of faint spots around the bright sapphire maxima are due to top—
bottom effects (i.e. diffracted beams passing first through the sapphire and then the Co, or vice versa). In (b), a set of diffraction spots is
visible at half-intervals between the main (100) maxima from hexagonal Al,O;. These are due to [1 I 1]-oriented y-Al,O;. The ad-
ditional double-diffraction spots (arrow) are due to cubic Co aligned with its [1 1 1] axis parallel to the [00 1] axis of the sapphire (out-

of-plane) and an [422] axis parallel to the sapphire [100] (in-plane).
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Al O; aligned with its [1 1 1] axis parallel to the c-
axis of the hexagonal a-Al,Os. Unlike the case for
specimen A, two sets of double-diffraction maxima
were observed that correspond to the [1 1 1] axis of
cubic Co and the [002] axis of hexagonal Co, re-
spectively.

These results show that the microstructure of
the Co-implanted sapphire specimens is highly
sensitive to the implantation temperature and
these observations explain some of the apparently
inconsistent results in the previous work [2,10]. In
order to further examine the origin of the faceted
particle microstructure, cross-sectional TEM
specimens were prepared from specimen B, prior
to and after the thermal processing procedure (Fig.
2). After implantation, the host sapphire was
amorphized to a depth of 140 nm and there was no
evidence for Co nanocrystals in the bright-field
images or electron-diffraction patterns. Between
140 and 200 nm, the sapphire is crystalline but
highly defective and below ~200 nm, there is no
implantation damage.

After 2 h at 1100 °C in flowing Ar+4% H,, the
microstructure is considerably altered. The sap-
phire is completely recrystallized and Co nano-
clusters precipitated in a layer extending from the
surface to a depth of 180 nm. The microstructure
of the Co nanoparticles is depth dependent. Below
88 nm, the particles are rounded and appear sim-

ilar in morphology to the particles in specimen A;
whereas, at shallower depths the nanoparticles are
faceted and appear to be “flattened” parallel to the
specimen surface. The cubic and hexagonal phases
of Al,O; can also be distinguished by electron-
diffraction in the cross-sectional images. Between
the specimen surface and the boundary at a depth
of 88 nm, there is a layer of cubic y-Al,O3; whereas
below 88 nm, the Al,O; is hexagonal. This speci-
men, therefore, contains four separate phases: i.e.
the hexagonal and cubic forms of both Al,O; and
Co.

In comparison, the specimen implanted at
room-temperature (specimen A) did not become
amorphous after the ion implantation (Fig. 3). A
defect-rich layer is evident in the cross-sectional
image, but there was no indication of amorphiza-
tion in the electron-diffraction patterns (inset to
Fig. 3). After thermal processing, there was no
evidence for the formation of y-Al,Os; all the
particles were rounded and poorly faceted; and
there was no microstructural boundary at a depth
of 88 nm — as was the case for specimen B. The
cross-sectional TEM results for the annealed
specimen were reported in [2].

X-ray diffraction scans in the 6-20 geometry are
shown in Fig. 4 for the two specimens A and B.
Peaks corresponding to the [111] planes of y-
AL, O; are evident from specimen B, but they are

Fig. 2. Cross-sectional TEM micrographs for specimen B; (left): as implanted and (right) after thermal processing for 2 h at 1100 °C in
Ar+4% H,. The arrow marks the boundary between the faceted particles nearer to the surface and the rounded ones at greater depths.
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Fig. 3. Cross-sectional TEM micrograph of an Al,O; specimen
implanted with Co at room-temperature. The sapphire did not
become amorphous.

absent from specimen A, in agreement with the
TEM results. We did not have access to a 4-circle
diffractometer for this study and were, therefore,
limited to surface normal scans in which it is very
difficult to distinguish between cubic and hexago-
nal Co. For both samples, the Co peak was rela-
tively wide, suggesting a possible mixture of the
hexagonal and cubic cobalt (the [111],. and
[002]}cxagonal SPacings have a difference of 0.5° in
20). Electron-diffraction results suggest that more
cubic Co may be present in specimen B, but the
results cannot be quantified and are, therefore, not
conclusive.

The complex microstructure of this specimen is
due to a variety of processes that occur in the host
sapphire during the implantation and subsequent
annealing. If the sapphire becomes amorphous
during implantation, it can recrystallize epitaxially
during the thermal processing stage. Cubic v-
Al,O5 is a metastable phase that forms during the
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Fig. 4. X-ray diffraction scans in the 0—20 geometry. The results
for sample B are offset for clarity.

recrystallization of ion-beam-amorphized sapphire
[12]. According to [13], the cubic phase “‘slowly”
transforms to stable a-Al,O3 at ~1000 °C. In the
present case, annealing at 1100 °C did not com-
plete the cubic-to-hexagonal transformation. The
greater abundance of cubic Co nanocrystals in
specimen B (according to electron-diffraction) is
probably due to the fact that the particles initially
grew within the layer of cubic Al,O;, whereas
hexagonal Co is preferred if it forms in hexagonal
ALO;. This type of crystallographic registry was
previously reported for Ge and CdSe nanocrystals
formed by the ion implantation of Al,O; [14].
Both specimens A and B are soft magnets at
room-temperature, with relatively low coercivity
with the magnetic field applied perpendicular to the
plane of particles. More detailed magnetic mea-
surements are currently ongoing to determine the
magnetic effects of the precipitate microstructure
observed by TEM. Measurements parallel to the
in-plane crystallographic directions of the sapphire
are expected to show differences due to the mag-
netocrystalline anisotropy of hexagonal versus cu-
bic particles. The relative crystalline perfection of
the faceted particles may also play a significant
role, since the magnetic properties of nanocrystal-
line materials can be strongly dependent on the
nature of the nanoparticle-host interface [15].

3.2. Irradiation-induced microstructural and mag-
netic modifications

Modifying the microstructure of the Co
nanoparticle/host Al,O; system subsequent to
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nanoparticle formation can also have profound
effects on the magnetic properties. In previous
work, we demonstrated that irradiation of a type
A specimen with either 244 keV Xe or 320 keV Pt
ions at ambient temperature can dramatically
modify the magnetic coercivity [2]. In the case of
the Xe implantation, the coercivity (magnetic field
applied parallel to the surface normal) increased
from 150 G to ~500 G, while the Pt-implanted
specimen achieved the highest coercivity (1.14 kG).
For both Xe- and Pt-irradiated samples, the co-
ercivity increases rapidly at first, but then reaches a
saturation value at an irradiation dose of ap-
proximately 20 dpa (Fig. 5). In contrast, when the
magnetic field was applied parallel to the specimen
surface, the coercivity was virtually unchanged
after irradiation (Fig. 6).

Finally, in separate work, we also irradiated an
Al Os;—cubic Co nanoparticle composite (initially
implanted with 140 kV Co to a fluence of 5 x 10'°
ion/cm? and annealed for 1 h at 1000 °C in ArH,)
with 320 keV Pb ions at a temperature of +100 °C.
Pb was selected in order to maximize the displacive
radiation damage at a given temperature. In this
case, however, the coercivity of the specimen re-
mained virtually unchanged up to doses in excess
of 20 dpa, thereby suggesting the possible presence
of cubic particles.

Transmission electron microscopy studies were
carried out in order to investigate the micro-
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Fig. 5. Variation of the coercive field as a function of dose for
Xe- and Pt-implantation of specimen A. The field was applied
parallel to the specimen normal (after [2]).
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Fig. 6. Magnetic hysteresis measurements for the Al,0;—Co
nanocomposite implanted with 6.4 x 10" ions/cm?® of Pt.
Measurements are shown for the magnetic field applied parallel
and perpendicular to the plane of Co precipitates (after [2]).

structural characteristics responsible for the ob-
served magnetic effects. Fig. 7 shows plan-view
and cross-sectional TEM micrographs of an
Al,O;—Co nanocomposite (specimen A) im-
planted with Xe to a fluence of 9 x 103 ions/cm?.
In plan-view, the particles are well rounded and
any trace of faceting has disappeared. A few of
the particles display a mottled internal contrast,
possibly due to the incorporation of Xe at va-
cancy clusters (a process well known in the gas—
ion implantation of silicon [e.g. see [6]]). An
electron-diffraction pattern is shown in the inset,
with the double-diffraction maxima consistent
with hexagonal Co. In cross-section, it is apparent
that the sapphire has, in fact, been amorphized
from the surface to a depth of 120 nm and that
most of the Co nanoclusters are embedded within
this ion-beam-amorphized layer. The particles are
rounded, have internal contrast features consis-
tent with the presence of vacancy clusters or gas
bubbles, but they do not show any evidence of
amorphization. This represents a rather unusual
microstructure in which crystallographically
aligned nanoparticles are embedded in an amor-
phous matrix — similar to the case of ZnS nano-
crystals reported in [16].

Fig. 8 shows the TEM results for the Pt-im-
planted specimen. Similar to the case for the Xe
implantations, all trace of precipitate faceting is
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Fig. 7. Cross-sectional (left) and plan-view (right) images of specimen A after implantation of Xe to a fluence of 9 x 10'° ions/cm?. The
images were tilted away from a zone axis to minimize the diffraction contrast due to damage and strain. The Al,O; was amorphized to
a depth of 140 nm. The arrow in the cross-sectional image marks the position of the crystalline-amorphous boundary.

Fig. 8. Cross-sectional and plan-view images of specimen A after implantation of Pt to a fluence of 6.4 x 10" ions/cm?.

lost; many of the particles contain a mottled in-
ternal contrast and the nanoparticles are still
crystalline. Once again, the sapphire has been
amorphized, but in this case, the amorphous layer
is buried below the surface. Most of the Co na-
noclusters are embedded within the buried amor-
phous layer. Chemical maps for this specimen are
shown in Fig. 9. The Co nanoclusters are clearly

visible against the background Al,O;. The Pt ap-
pears to follow a roughly Gaussian implantation
profile and it is not preferentially located within
the particles. This suggests that alloying between
Co and Pt (to form an extremely hard magnetic
alloy of CoPt) does not occur to a significant de-
gree. Of course, some small fraction of the im-
planted Pt is located within Co nanoparticles and
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Pt

Fig. 9. Dark-field image and corresponding energy-dispersive X-ray maps for the Pt-implanted (6.4 x 10'° ions/cm?) Al,03—Co

nanocomposite.

it is possible that dilute atomic-scale domains of
CoPt may exist.

Microstructurally, the Xe- and Pt-implanted
nanocomposites are similar. In the case of the Pb
implantation, the Co nanoclusters had a similar
appearance as in the above two cases but, in
contrast, the sapphire was not amorphized because
the implantation was carried out at +100 °C. The
results can, therefore, be summarized as follows:

1. Ton irradiation can dramatically increase the
magnetic coercivity of hexagonal Co nanoparti-
cles parallel to the host surface normal, but not
perpendicular to it.

2. Room-temperature irradiation of hexagonal Co
particles with Xe or Pt causes a complete loss of
precipitate faceting and amorphizes the host
sapphire.

3. Irradiation at 4100 °C with Pb has a similar ef-
fect on the microstructure of the Co nanoparti-
cles, but the sapphire is not amorphized.

4. When the Pb irradiation is done at +100 °C,
there is no dramatic jump in the Co-particle co-
ercivity in either direction of the applied field.

In this case, however, a cubic Co phase may
have been formed by annealing at 1000 °C ra-
ther than annealing at 1100 °C as in the case of
samples A and B.

In hexagonal Co, the c-axis is the magnetic easy
axis and the coercivity is, therefore, highest for a
magnetic field applied parallel to this direction.
When sapphire is ion-beam-amorphized, it expe-
riences significant strain and volume expansion.

The compressive strain associated with this volume
expansion is partially relieved by swelling parallel
to the surface normal [17]. Differential stresses
during the swelling of the host Al,O; can alter the
anisotropy energy due to magnetoelastic effects.
This can, in principle, modify the anisotropy en-
ergies and this effect might, in part, account for
the large effect observed upon ion irradiation of
the Co nanoparticle/Al;Os-host nanocomposite.
Three of the four magnetostriction coefficients for
cobalt at room-temperature are negative, but there
appears to be some disagreement as to the actual
values [18].

A number of experiments remain to be done to
clarify the mechanism or mechanisms associated
with the observed relatively large heavy-particle
irradiation-induced increase in the coercivity of Co
nanoparticles formed in single-crystal Al,Oj3. If the
structural modifications in the sapphire are im-
portant, then the magnetic effects should saturate
once the sapphire has been fully amorphized.
Previous work using RBS analysis concluded that
Xe fluences in excess of 10'7 ions/cm? are required
to amorphize sapphire at room temperature [19].
However, the current TEM results (as well as an in
situ TEM investigation using 200 keV Pb**: Mel-
drum, unpublished data) show that sapphire with
embedded Co nanoclusters becomes electron-dif-
fraction amorphous in the range of 10'® ions/cm?
for heavy ions (mass equivalent to Xe or greater).
Thermal annealing of the high-coercivity speci-
mens will decrease the strain associated with the
radiation damage and this can lower the coerciv-
ity as observed in the case of Pt-implanted Co
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nanoparticles in sapphire. Other effects may play a
role — e.g. impurities and defects within the Co
nanoparticles may act to effectively “pin” the
magnetization and increase the coercivity.

4. Conclusions

The properties of ferromagnetic nanocompos-
ites produced by ion implantation are of increasing
technical interest. To date, much of the work has
been done on relatively simple systems consisting
of Fe, Co or Ni implanted into either fused SiO; or
crystalline a-Al,O3. The present results show that
the microstructure of Co nanoparticles formed by
ion implantation of Al,O; can be rather complex
and can, to a large degree, be controlled by ap-
propriate selection of the ion implantation condi-
tions. The microstructural and magnetic properties
of the resulting Al,O3—Co composites can be dra-
matically modified by subsequent ion irradiation
leading to a large increase in the plane-perpendic-
ular coercivity. TEM results show that the host
sapphire can become amorphous during the room-
temperature implantation of Xe or Pt, but not after
the implantation of Pb at +100 °C. Investigations
are currently ongoing to delineate the role played
by thermal annealing effects in the Co-particles
versus potential particle-host interactions associ-
ated with the amorphization (or lack thereof) of
the sapphire host. The continuing studies will also
investigate the possible role of finer-scale magnetic
effects caused by particle faceting and magneto-
crystalline anisotropy in Co-implanted Al,Os;.
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