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The shape and structural evolution of Co nanoparticles embedded in SiO, and subjected to swift
heavy-ion irradiation have been investigated over a wide energy and fluence range. Modifications
of the nanoparticle size and shape were characterized with transmission electron microscopy and
small-angle x-ray scattering. Nanoparticles below a threshold diameter remained spherical in shape
and progressively decreased in size under irradiation due to dissolution. Nanoparticles above the
threshold diameter transformed into nanorods with their major dimension parallel to the incident
ion direction. Modifications of the atomic-scale structure of the Co nanoparticles were identified
with x-ray absorption spectroscopy. Analysis of the x-ray absorption near-edge spectra showed that
prior to irradiation all Co atoms were in a metallic state, while after irradiation Co atoms were in
both oxidized and metallic environments, the former consistent with dissolution. The evolution of
the nanoparticle short-range order was determined from extended x-ray absorption fine structure
spectroscopy. Structural changes in the Co nanoparticles as a function of ion fluence included an
increase in disorder and asymmetric deviation from a Gaussian interatomic distance distribution
coupled with a decrease in bondlength. Such changes resulted from the irradiation-induced
decrease in nanoparticle size and subsequent dissolution. © 2011 American Institute of Physics.
[doi:10.1063/1.3587171]

. INTRODUCTION can produce the amorphous phase. In metallic NPs, LEII
effects include the formation of an amorphous phase®'” not
readily achievable in bulk metals and the modification of
both the NP size and spatial distribution.''

In the swift heavy-ion irradiation (SHII) regime, ioniza-
tion and electronic excitation processes are dominant. Two
models have been proposed to explain the formation of ion
tracks and SHII-induced damage: the “Coulomb
explosion”'#!? and “thermal spike”'*'> models. The former
is based on the electrostatic repulsion between ions gener-
ated in the wake of the incident projectile that can lead to
atomic displacements. In contrast, for the latter, energy is
transferred to the lattice via electron-phonon coupling and
the resulting rapid increase in local temperature (or thermal
spike) can yield a molten ion track of several nanometers in
diameter.'® Examples of materials modification using SHII
include the anisotropic plastic deformation of glasses,'” a
monoclinic-to-tetragonal phase transformation in bulk
oxides'® and a crystalline-to-amorphous phase transforma-
tion in bulk semiconductors'®?® and insulators.>' Examples
of SHII effects in metallic NPs include the partial amorph-
ization of Bi NPs,? the fcc-to-hcp phase transformation in
Co NPs?® and the spherical-to-faceted transformation in Au
NPs.?* Furthermore, SHII induces a spherical-to-rodlike
shape transformation in metallic NPs embedded in amor-
phous SiO, (Refs. 25-35) with the NP elongation aligned
parallel to the incident ion direction. Unlike embedded NPs,
freestanding Ag and Au NPs showed no deformation after
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Metallic and semiconductor nanoparticles (NPs) exhibit
novel size-dependent structural, electronic, magnetic, and
optical properties that differ significantly in comparison to
those of isolated atoms, surfaces, and their bulk counterparts.
Such differences stem from the non-negligible influence of
surface atoms and/or quantum confinement of charge car-
riers. The advantageous properties of NP-based materials
have made them the focus of an intensive research effort in a
range of scientific disciplines. In particular, the drive for fur-
ther miniaturization of electronic, magnetic, and photonic
devices has led to considerable experimental and theoretical
effort to understand NP properties with an emphasis on the
effects of size, shape, and host matrix (for example, see
Refs. 1-3).

Ion irradiation is a flexible technique for the modifica-
tion of NP size, shape, and structure and, hence, can be uti-
lized to tune or tailor NP properties. As an ion passes
through a solid, energy is lost via interactions with target
nuclei (nuclear energy loss (S,)) and target electrons (elec-
tronic energy loss (S.)). In the low-energy ion irradiation
(LEII) regime, collisions with target nuclei can produce
atomic displacements and recoils which can then yield colli-
sion cascades. In crystalline elemental semiconductors*> and
some ceramics,6 LEII can result in the formation of amor-
phous zones/clusters’ and the accumulation of such zones

0021-8979/2011/109(11)/113504/7/$30.00 109, 113504-1 © 2011 American Institute of Physics

Downloaded 29 Jun 2011 to 130.56.65.35. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions


http://dx.doi.org/10.1063/1.3587171
http://dx.doi.org/10.1063/1.3587171
http://dx.doi.org/10.1063/1.3587171

113504-2 Sprouster et al.

shape transformation has yet to be established and, further-
more, there has been little experimental work reporting on
the effects of SHII on the structural evolution of metallic
NPs.

Co NPs have attracted significant attention due to their
size, shape, and crystallographic-dependent magnetic proper-
ties,>” with particular attention on the evolution of the mag-
netic properties with NP shape for applications in
biomedicine®® and magnetic storage technology. Nonspheri-
cal Co nanorods and nanowires exhibit unique perpendicular
magnetic anisotropy, coercivity, remanence, and activation
volumes that are heavily dependent on the nanorod major di-
ameter.” Novel methods to tailor and control the shape of
Co NP ensembles are thus of paramount importance if they
are to be successfully implemented into future magnetic
devices. Here we present results for the influence of SHII on
the shape and structure of Co NPs in SiO, formed by ion im-
plantation and thermal annealing. The data presented here
extends that of D’Orleans er al.”>**~*? as we identify various
S.-dependent shape and structural changes demonstrating
the usefulness of SHII as a method of fabricating aligned,
elongated NPs with specific dimensions and structure. The
evolution of the NP shape and structure was characterized
as a function of the ion irradiation energy and fluence by
cross-sectional transmission electron microscopy (XTEM),
small-angle x-ray scattering (SAXS), and x-ray absorption
spectroscopy (XAS).

Il. EXPERIMENT

Co NPs were prepared by the implantation of Co ions
into 2 um thick SiO, layers thermally grown on Si (100) sub-
strates, with all implantations performed at liquid N, temper-
ature. Multiple energy (0.75, 1.00, and 1.40 MeV) and
multiple fluence (4.4, 4.8, and 10.6 x 10'° cmfz) implanta-
tions resulted in a nearly constant Co concentration of 3.0 at.
% over a depth range of 0.75-1.40 um. Samples were subse-
quently annealed in flowing forming gas for 1 h at a tempera-
ture of 1100 °C to induce precipitation and NP growth. The
average volume-weighted spherical NP diameter was
12.0 = 4.3 nm as determined from SAXS analysis (discussed
below). Samples were then irradiated at room temperature
and normal incidence with '°’Au ions at 27, 89, or 185 MeV
over a fluence range of 10'*-10'* cm 2. The electronic and
nuclear stopping powers of Au in both SiO, and Co, as cal-
culated by TRIM,* are listed in Table I. The projected range
of the Au ions was well beyond the NP distribution and,
thus, impurity effects were negligible.

The NP shape and size were characterized with XTEM
and SAXS, respectively. XTEM samples were prepared by

TABLE I. Parameters for Au ions in SiO, and Co calculated by TRIM.*?

Energy Range S. Si0, S. Co S, SiO, S, Co
(MeV) (um) (keV/nm) (keV/nm) (keV/nm) (keV/nm)
27 6.3 4.8 94 0.7 2

89 13 12.7 29.8 0.3 0.9
185 19.2 17.6 45.1 0.2 0.5
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conventional mechanical grinding and ion beam thinning.
Bright-field images and electron diffraction patterns were
acquired using a Phillips CM300 microscope operating at
300 kV. Transmission SAXS measurements were performed
at beamline 15ID-D of the Advanced Photon Source using
11.27 keV x-rays (1.1 A wavelength). The elongated NP
samples were carefully aligned with the photon beam to
yield an isotropic scattering pattern. The scattering intensity
was collected for 5 s at a camera length of 1871 mm. A scat-
tering spectrum from an unimplanted SiO, layer was sub-
tracted from all NP spectra. The maximum entropy method**
was used to determine the distribution of NP widths.

Fluorescence-mode x-ray absorption near edge structure
(XANES) and extended x-ray absorption fine structure
(EXAFS) measurements were performed at beamline 20-B
of the Photon Factory (Japan). Spectra were measured at the
Co K-edge (7.709 keV) with the temperature maintained at
15 K to minimize thermal vibrations. Data were collected to
a photoelectron wavenumber (k) value of 17 A~'. Back-
ground subtraction, spectra alignment, and normalization of
the EXAFS data were performed in ATHENA.*> The position
of the Co edge was determined from the maximum of the
first derivative of the absorption spectra. The isolated
EXAFS signal was then Fourier transformed (FT) over a k-
range of 3.0-15.0 A~ with an adaptive Hanning window
and back FT over a phase-corrected radial distance (R) range
of 1.6-2.7 A to isolate the first nearest neighbor peak.
Structural parameters were refined in arTEmis* utilizing the
1rErEIT?C code through a nonlinear least squares fit to the ex-
perimental data with multiple k-weights of 1-4 to reduce
inter-parameter correlation. Effective phase shifts and scat-
tering amplitudes were calculated ab initio with the FEFFS
code (version 8.1).*7 The energy shift parameter (E,) and
amplitude reduction factor (S%) were determined from a bulk
standard and then fixed for subsequent fitting of all NP spec-
tra. The coordination number (CN) was set to 12 for the bulk
standards but allowed to float for the NP samples. The bond-
length (BL), Debye-Waller factor (DWF'), and third cumulant
(C3) were allowed to vary during the fitting process for both
bulk and NP samples.

lll. RESULTS
A. Size and shape

Figure 1 shows bright-field XTEM images and corre-
sponding minor and major dimension distributions for the
Co NPs before and after 89 MeV SHII. The figure demon-
strates that spherical Co NPs have transformed into nanorods
along the incident ion direction, consistent with previous
studies.>>*® The elongation process is clearly cumulative
with samples requiring fluences greater than 10" cm ™2 (or
equivalently hundreds of overlapping impacts for an ion
track of diameter 10 nm). Included in Fig. 1(f) is a high mag-
nification XTEM micrograph showing a number of smaller
spherical satellite NPs surrounding an elongated NP. Figures
1(d), 1(f), and 1(h) show that the minor dimension distribu-
tions determined from the XTEM analysis become progres-
sively narrower and are Gaussian in shape. The major
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FIG. 1. (Color online) Bright field XTEM micrographs ((a), (c), (e), (g))
and corresponding size distributions ((b), (d), (f), (h)) as a function of flu-
ence (cm2) for Co NPs subjected to 89 MeV Au ion irradiation. Arrows in
((c), (e), (g)) show the direction of irradiation.

dimension distributions, however, are considerably broader
and lognormal in form. The evolution of the minor dimen-
sion as a function of the major dimension, as determined
from XTEM, for the 89 MeV sample set is shown in Fig. 2.
Each point in Fig. 2 represents the mean value of the minor
dimension for a given major dimension (*1 nm) from a
measurement of ~600 NPs at each fluence. Figure 2 demon-
strates that there is a threshold or minimum size for elonga-
tion of ~6.5 nm for 89 MeV Au ion irradiation. NPs larger
than this threshold diameter elongate with ion fluence and
the minor dimension eventually saturates at approximately
the same value as the threshold for shape transformation.
The greatest aspect ratios were observed at intermediate flu-
ences. The aspect ratio decreased, due to NP dissolution, for
fluences beyond 6 x 10" cm 2.

Complementary determinations of the nanorod minor
dimension was achieved via SAXS. Figure 3(a) shows the
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FIG. 2. (Color online) NP minor dimension as a function of major dimen-
sion for 89 MeV Au ion irradiation at different fluences (cm ™ 2)

background-corrected scattering intensity for Co NPs as a
function of the scattering vector Q following 89 MeV Au
ion irradiation. The oscillations in the scattering intensity
at high fluences are indicative of a narrowing of the minor
dimension distribution*® with the reconstructed distribu-
tions shown in Fig. 3(b). The size distributions determined
from both XTEM and SAXS for the unirradiated sample
are superimposed in the inset of Fig. 3(b) for comparison,
and good agreement is readily apparent. A decrease in in-
tensity is observed at the highest ion fluence and is indica-
tive of NP dissolution as discussed in the following
section. Similar trends were observed for all irradiation
energies. The narrowing of the minor dimension distribu-
tion with increasing ion fluence is consistent with the
XTEM analysis. NPs with diameter <5 nm were not appa-
rent prior to irradiation but appear thereafter as the small
spherical satellite NPs in XTEM images (Fig. 1(f)). The
size distribution of these very small NPs is most easily
quantified with SAXS (Fig. 3(b)), which probes a much
larger volume of the sample relative to the statistically lim-
ited XTEM analysis.

The saturation of the minor dimension extracted from
XTEM images is plotted in Fig. 4 as a function of the Au ion
electronic stopping power in SiO,. For comparison, our
determination of the diameter of the ion track in SiO, is also
included.*” The saturation value of the minor dimension
decreases with decreasing SHII energy and is, within experi-
mental error, less than or equal to the ion track diameter.
These results suggest metallic NP elongation is confined by
the ion track, consistent with recent studies for a variety of
different metals.”®

D’Orleans et al.*® have attributed NP elongation to melt-
ing and creep deformation induced by an overpressure due to
differences in volume expansion and compressibility of the
metallic NP and insulating SiO, matrix. A stress-driven de-
formation of the SiO, matrix due to SHII-induced in-plane
strain has also been suggested as a potential elongation
mechanism.* The latter leads to the well-known “ion
hammering” effect,'”! causing the anisotropic expansion of
both bulk SiO, (Ref. 52) and colloidal SiO, (Ref. 53)
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FIG. 3. (Color online) (a) Background corrected SAXS scattering intensity
as a function of scattering vector Q, and (b) the corresponding minor dimen-
sion distributions for Co NPs for 89 MeV Au ion irradiation at different flu-
ences (cm~2). The inset compares XTEM and SAXS distributions for the
unirradiated sample.

perpendicular to the incident ion direction. The lack of NP
elongation in the absence of a sufficiently thick surrounding
matrix?’ supports this theory. Calculations using a visco-
elastic model,”* however, show that the strain generated by
the incident ions in the SiO, matrix alone is insufficient to
deform the Co NPs. Furthermore, the strain mechanism can-
not explain the observed S.-dependent saturation of the NP
width.

As discussed above, the correlation between the minor
dimension and the molten ion track diameter shown in Fig.
4 suggests that the elongation is confined by the ion track.
Various metal-specific differences in NP elongation follow-
ing SHII have been recently discussed®® where the thermo-
dynamic properties of both the matrix and metal were
shown to be intrinsic to the shape transformation process.
As above, the maximum saturated width of an elongated
NP was limited by the diameter of the molten ion track
while the minimum size for elongation was governed by
the energy density required for vaporization. The S.-
dependent elongation of Co NPs presented here is consist-
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FIG. 4. (Color online) Saturated minor dimension for Co NPs and SiO, ion
track diameter as a function of electronic stopping power in SiO,.

ent with the model proposed in the aforementioned work,
such that the Co NPs melt and flow, the latter within the
molten ion track formed in the matrix.

B. Local Structure

The atomic environment of the Co NPs as a function
of SHII energy and fluence was determined from XANES
analysis, an example of which is shown in Fig. 5(a). Prior
to SHII, the NPs were fcc in phase. At low fluences before
any significant change in NP shape, the fcc-to-hcp phase
transformation was observed, consistent with our previous
report.>> Figure 5(a) shows that with increasing fluence the
NP spectra undergo further changes relative to the unirradi-
ated and bulk spectra, including a decrease in intensity of
the feature at 7710 eV; a smearing of the features at 7726,
7730, and 7760 eV; and a shift of the absorption edge to
higher energy. All such changes are characteristic of oxide
formation.> A linear combination fit of the XANES region
was performed to quantify the fraction of Co in metallic
and oxidized phases. The standard for the former was hcp
Co while that for the latter was the as-implanted, NP-free
sample.’® The metallic and oxide fractions are reported in
Fig. 5(b) as functions of SHII fluence and energy. After
high fluence irradiation, Co NP dissolution is manifested
by the decrease in the metallic Co atom fraction and the
concomitant increase in the oxidized Co atom fraction. Fig-
ure 5(b) demonstrates that the dissolution rate is enhanced
with an increase in electronic stopping power and, thus, the
process is not ballistic.

The XTEM, SAXS, and XANES results presented
herein clearly demonstrate that the volume fraction of NPs
embedded in the SiO, is not conserved upon irradiation in
contrast to previous reports.”>***? As we recently showed
elsewhere,” the deposited energy density of spherical NPs
scales as the inverse square of the NP diameter. When the
deposited energy density exceeds the vaporization energy,
the NP is dissociated via vaporization. Small NPs are thus
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FIG. 5. (Color online) (a) XANES spectra for bulk standards and NP sam-
ples for 185 MeV Au ion irradiation as a function of fluence (cm’z). Open
circles in (a) represent linear combination fits to experimental data with ox-
ide and metal standards; (b) shows the metallic and oxide fractions deter-
mined from the XANES analysis.

more susceptible to dissolution than their larger counter-
parts. Similarly, the deposited energy density of elongated
NPs scales as the inverse square of the NP width. Spheri-
cal NPs below the threshold diameter and elongated NPs
below the saturation width are unstable under SHII and
are vaporized as a result of the interaction with an inci-
dent ion.

Structural parameters for the Co NPs were determined
from EXAFS. Figure 6(a) displays the k°-weighted EXAFS
for NPs irradiated at 185 MeV as a function of fluence.
The amplitude of the EXAFS signal decreases as the ion
fluence increases. Figure 6(b) shows the corresponding
phase-corrected FT spectra with fits to the experimental
data superimposed. Prior to SHII, the NP spectrum is com-
parable to the fcc standard as expected for NPs of this
large size. Upon irradiation, changes in the amplitude are
readily observable. No Co-O contribution at ~1.8 A s
apparent in the spectra, even for samples with 50% oxide
fraction, given that O is a weak scatterer and the Co-O
bonding in the amorphous matrix is highly disordered.
Under such conditions, a more reliable quantification of the

J. Appl. Phys. 109, 113504 (2011)
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FIG. 6. (Color online) (a) EXAFS spectra and (b) corresponding FT's for the
bulk standards and NP samples for 185 MeV Au ion irradiation as a function
of fluence (cm ™). Open circles in (b) represent fits to the first nearest neigh-
bor shell of the experimental data. Spectra are offset vertically for clarity.

oxide fraction was achieved with XANES, as described
previously.

The evolution of the DWF, BL, C5, and CN determined
from the EXAFS analysis for the different SHII energy and
fluence combinations is shown in Fig. 7(a)-7(d), respec-
tively. Prior to SHII, the NP structural parameters are simi-
lar to bulk fcc Co as anticipated. For a given irradiation
energy, Fig. 7 readily demonstrates the progressive struc-
tural modification of the Co NPs as a function of fluence—
the increase in DWF and decrease in CN, BL, and Cj are
all consistent with the SHII-induced decrease in NP size,
the latter first shown in Fig. 1. As the NP size decreases,
the influence of the surface and finite-size effects necessar-
ily increases.>® For a given irradiation fluence, Fig. 7 also
demonstrates that the structural modifications are more
rapid with an increase in irradiation energy or, equiva-
lently, electronic stopping power. Higher S. values yield
higher temperatures in both the metal and matrix and, as a
consequence of the latter, a greater ion track diameter. All
such increases lead to a more rapid change in structural
parameters.
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IV. CONCLUSION

In summary, shape, size, and structural changes in Co
NPs embedded in SiO, and subjected to SHII have been
quantified. XTEM and SAXS analysis revealed NPs below a
threshold size remained spherical in shape and progressively
dissolved in the matrix with increasing fluence. NPs above
the threshold size transformed into nanorods with their major
dimension parallel to the incident ion direction. The nanorod
width saturated at a value that increased with electronic stop-
ping power and was directly correlated to the width of the
molten ion track in SiO,. The NP structural parameters were
determined by XAS as a function of SHII energy and flu-
ence. Changes included a decreased BL, C5, and CN and an
increased DWF, all consistent with the observed reduction in
NP size. Our results demonstrate the usefulness of SHII as a
means of fabricating aligned, elongated NPs with specific
dimensions and structure.
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