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ABSTRACT

Ion-implantation and thermal-processing methods have been used to form nanophase
magnetic precipitates of metallic cobalt that are embedded in the near-surface region of single
crystals of AI2O3. The Co precipitates are isolated, single-crystal particles that are
crystallographically oriented with respect to the host AI2O3 lattice. Embedded nanophase Co
precipitates were formed by the implantation of Co+ at an energy of 140 keV and a dose of 8 x

1016 ions/cm2 followed by annealing in a reducing atmosphere. The implanted/annealed Co
depth profile, particle size distributions and shapes, and the orientational relationship between
the nanophase precipitates and the host crystal lattice were determined using RBS/channeling,
transmission electron microscopy, and x-ray diffraction. Magneto-optical effects arising from
Co precipitates formed in the near-surface region of AI2O3 were observed and characterized
using magnetic circular dichroism. Magnetic properties of the Co-particle/host nanocomposites
were investigated in the temperature range of 77 to 295 K in applied fields of up to 10 kG using
a superconducting quantum interference device (SQUID) magnetometer. Implantation of the
Co particles by Pt or Xe ions produced a large anisotropic increase in their coercivity.
Accordingly, these magnetic nanoparticle systems may be of interest for magnetic data storage
applications. Details of the magnetic properties of the CO/AI2O3 nanocomposites including their
retentivity, coercivity, saturation field, and magnetic anisotropy are presented.

INTRODUCTION

Recent work has shown that "smart" surfaces can be created on inactive host materials by
using ion implantation and thermal processing to form embedded active nanophase precipitates
[1,2]. "Smart" surfaces have intrinsic properties that combine both sensing and actuating
functions, and the implantation/thermal-processing concept for the creation of smart surfaces was
first established in the case of VO2 precipitates that were formed in single-crystal AI2O3 [1].
Recently, the ion-implantation/annealing approach to the formation of active nanocomposite
surfaces has been extended to include nanophase magnetic precipitates, and magnetic
nanocomposite surfaces have been formed in yttrium stabilized (cubic) zirconia (ZrO2) by using
implantation and thermal processing to create embedded metallic a-Fe, magnetite (Fe3O4) and Ni

nanophase particles [3,4]. These precipitates exhibit a unique combination of properties: e.g.,
each particle is a single crystal that is crystallograhically aligned with respect to the host crystal,
the precipitates are isolated from each other by the host so there are effectively no interparticle
grain-boundary effects, the particles are often faceted, and they are protected from the
environment by the surrounding host matrix. These surface nanocomposites represent a new
class of materials with potential data storage and optical communications applications.

The present work extends our prior investigations of magnetic nanocomposite surfaces to
the formation and characterization of Co precipitates in a single-crystal AI2O3 host. In this case,
the magnetic properties of the crystallographically oriented Co particles can be altered by Pt-ion



implantation to induce highly anisotropic magnetic properties and to increase the Co-particle
coercivity up to a value of—1.3 kG.

EXPERIMENT

The implantation of Co+ ions into (OOOl)-oriented (X-AI2O3 single crystals was carried out

at a temperature of-302 K, an implant energy of 140 keV, and a dose of 8.0 x 1016 ions/cm2. An

average implanted-Co-ion depth of -50 nm below the AI2O3 surface was calculated using the
TRIM code. In order to form precipitates of the implanted species, subsequent thermal
treatments were carried out for 2 h in a slightly reducing atmosphere of Ar + 4%H2 using a tube
furnace at T = 1100 °C. After 2 h at this temperature, the samples were quenched to room
temperature. The implantation of Pt+ ions subsequent to the formation of metallic Co
precipitates in AI2O3 was carried out at a sample temperature of -302 K and an implant energy of
230 keV. Pt+ implant doses ranging from 10 5 to 10 6 ions/cm2 were used in order to investigate
the effect of Pt doping on the magnetic properties of Co particles in AI2O3. The Pt-ion
implantation depth was calculated using the TRIM code in order to superimpose the Pt-implant
depth with that of the metallic Co precipitates.

The metallic Co precipitates in single-crystal AI2O3 were characterized prior to and after
Pt-ion implantation by using Rutherford backscattering (RBS)/channeling spectroscopy, x-ray
diffraction, transmission electron microscopy (TEM), and magnetic circular dichroism (MCD).
MCD is a magneto-optical technique that measures the difference in absorption between right-
and left-circularly polarized light. MCD measurements were made using a 10 kG electromagnet
and utilized photoelastic-polarization modulation to investigate the magneto-optical effects as a
function of wavelength and applied magnetic field with both the polarization of the light and the
applied field oriented perpendicular, to the specimen surface [5]. The anisotropic magnetic
properties of the precipitate system were determined using a superconducting quantum
interference device (SQUID) magnetometer. The magnetization and magnetic anisotropy of the
Co precipitates both prior to and after Pt implantation were investigated, and magnetization
curves were measured at -297 K and 77 K with the applied magnetic field oriented parallel or
perpendicular to the plane containing the implanted particles. Complementary chemical analysis
in the precipitate region was carried out during the TEM examination by using energy-dispersive
spectroscopy (EDS), and x-ray diffraction measurements were performed using a rotating-anode
Cu K î x-ray source, a vertically focusing LiF monochromator, and a Huber four-circle

diffractometer.

RESULTS AND DISCUSSION

TEM and X-ray Analysis of Co Particles in AI2O3

TEM micrographs illustrating both plan-view (a) and cross-sectional (b) images of
metallic Co particles formed by ion implantation and thermal processing are shown in Fig. 1.
Moire fringes can be seen in the cross-sectional view and provide an indication of the degree of
crystallographic alignment of the Co particles. The relatively strong faceting observed
previously in the case of metallic a-Fe particles in cubic zirconia [4] is not evident in the Co

particles, and the Co-particle shape, as indicated by the two perpendicular TEM images, is
essentially spheroidal.
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Fig. 1 (a) plan view and (b) cross-section TEM micrographs for metallic Co particles in
AI2O3 illustrating the spheroidal precipitate shape.

The details of the crystallographic properties of the CO/AI2O3 nanocomposite system are
presented in Fig. 2. Part (a) of Fig. 2 is a 9-20 scan along the surface normal that shows the

AI2O3 substrate peak along with a Co nanocrystal peak which can be indexed either as a close-
packed hexagonal (hep) Co (002) or as a face-centered cubic (fee) Co (111) reflection. Figure
2(b) shows an X-ray scan along a direction that was specifically chosen to distinguish between
the hep and fee Co structures. Labeled in hep units, this scan is along the [001] direction through
the (10L) reciprocal-lattice positions [6]. Peaks at integral L values correspond to the hep
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Fig. 2 X-ray diffraction patterns for Co particles in AI2O3, (a) 9-29 scan and (b) L-scan.



structure, while peaks at n/3 positions correspond to the fee structure. Both types of peaks are
present in this scan, indicating that the Co precipitates have mixed crystal structures. A mixed
structural character is, in fact, common in bulk Co crystals when a high density of stacking faults
is present. An x-ray phi scan established that the Co precipitates are three-dimensionally aligned
with the AI2O3 substrate. The orientational relationships are given by: hep Co (001) || AI2O3
(001) out of plane, Co [100] || A12O3 [110] in plane, and fee Co (111) || A12O3 (001) out of plane,
Co [21T] || AI2O3 [110] in plane.

Magnetic Properties of Co particles in AI2O3 Before and After Pt Implantation

Figure 3 shows the magnetization curve of Co nanoparticles in AI2O3 as determined by
SQUID-magnetometer measurements at T = -297 K. As indicated in the table accompanying
Fig. 3, the Co-particle coercivity and remanence are 150 G and 4% respectively. It is well
established that the addition of Pt to bulk Co alloys can significantly increase the coercive field,
and alloys of this type are routinely used in, for example, hard disk drives for magnetic data
storage. Accordingly, Pt implants into the region occupied by the Co particles in the AI2O3 host
were undertaken in order to determine whether increases in the coercivity could be induced in
the Co nanoparticle case. The magnetization curve observed after Pt implantation into the region
occupied by the Co particles is also shown in Fig. 3. The accompanying Table shows that, as a
result of the Pt-ion implantation, the Co-particle coercivity has increased from 150 to 1140 G
while the remanence increased from 4 to 46%.
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Fig. 3 Magnetization curve for metallic Co particles in AI2O3 and Pt-implanted Co
particles in AI2O3.

Figure 4 shows the anisotropy of the magnetization curves at 297 K for unimplanted Co
and Pt-implanted Co nanoparticles in AI2O3 as determined by SQUID magnetometer
measurements made with the applied magnetic field perpendicular or parallel to the plane
occupied by the precipitates [see the insets in Figs. 4(a) and (b).] Prior to Pt-ion implantation,
the magnetization curves in Fig. 4(a) are similar for the parallel and perpendicular orientations of
the applied magnetic field. After Pt implantation, however, the magnetization curve of the Co-
particle/Al2O3 nanocomposite [see Fig. 4(b)] shows a significant difference between the parallel
and perpendicular applied-field cases. Accordingly, the Pt-implanted material is characterized
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Fig. 4 Magnetization curves of metallic Co particles in AI2O3 (a) prior to and (b) after

implantation with Pt, measured at T = 297 K. The magnetic field is applied parallel
or perpendicular to the A12O3 surface (i.e., parallel or perpendicular to the plane
containing the precipitates as shown in the inset.)

by highly anisotropic magnetic properties at room temperature that are not observed for the
unimplanted Co precipitates. One interesting feature of the magnetic anisotropy of the Pt-
implanted Co nanocomposite is that the larger coercive field occurs when the external magnetic
field is applied perpendicular to the AI2O3 surface.

During the ion-implantation process, the introduction of the implanted species into a
given region of a host is also accompanied by the creation of a significant amount of displacive
radiation damage. Accordingly, experiments were undertaken in which chemically inactive Xe
ions were implanted into the Co-precipitate region in order to ascertain whether the coercivity
increase found for the case of Pt ion implantation was due to doping or radiation effects. The
MCD-detected hysteresis loops shown in Fig. 5(a) provide a comparison of the effect of Pt or Xe
ion implantation on the magnetic properties of Co nanoparticles in AI2O3. A Xe implantation
dose of 9.0 x 1015 ions/cm2 was calculated using the TRIM code in order to produce
approximately the same damage in dpa as Pt implantation at a dose of 6.4 x 1015 ions/cm2. A
significantly larger effect on the Co-particle magnetic properties was observed in the case of the
Pt ion implantation, however. Moreover, the coercivities obtained from the MCD-detected
hysteresis loops are plotted in Fig. 7(b) as a function of dose for Pt+ and Xe+ ion implantation.
The Co-particle coercivities for both Pt and Xe implantation initially increase with increasing ion
dose and eventually reach a saturation value. As shown in Fig. 5(b), the saturation value of the
Co-particle coercivity for the Pt-implantation case is significantly larger than for the case of Xe-
ion implantation. This result suggests that, in addition to a radiation-induced increase of the Co-
precipitate coercivity, a Pt-doping effect may be operative in the case of the Pt-implantation-
induced increase in the Co-particle coercivity.
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Fig. 5 The effect of Pt- and Xe-ion implantation on the magnetic properties of Co
nanoparticles in AI2O3 as determined from MCD measurements, (a) Magnetization
curves at 298 K for a Pt dose of 6.4 x 1015 ions/cm2 and a Xe ion dose of 9.0 x 1015

ions/cm2. The Pt ion implantation is more effective in increasing the Co-particle
coercivity. (b) a plot of the coercivity increase versus implant dose for Pt and Xe
implantation.

SUMMARY

Crystallographically oriented, single-crystal Co nanoparticles have been formed in near-
surface region of AI2O3 single-crystal hosts by ion implantation and thermal treatment.
Subsequent implantation of the Co particles by Pt or Xe produced a significant increase in the
Co-particle coercivity at room temperature with the applied magnetic field oriented
perpendicular to the plane occupied by the Co particles. The coercivity after Pt or Xe
implantation was significantly lower when the applied magnetic field was oriented in the plane
containing the precipitates.
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