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ABSTRACT ARTICLE HISTORY
Irradiation with swift heavy ions causes the deformation of Ferric Received 9 March 2020
nanoparticles in direction of the ion beam. Fe nanoparticles with Accepted 25 May 2020
mean diameter of about 20 nm were prepared by gas flow sputter- KEYWORDS

ing and subsequently confined within silica films. Two silica films lon irradiation; fe

wherein two different densities of Fe nanoparticles are encapsu- nanoparticles; silica; gas flow
lated were irradiated with 50 MeV Ag ions with fluences of few 10'* sputtering; nanorods;
jons.cm™ at 300 K and normal incidence. Transmission electron magnetization
microscopy analysis shows that the spherical Fe nanoparticles are

deformed into prolate nanorods aligned in direction of the incident

ion beam. The depth distribution profiles of irradiated particles

reveal the presence of a critical fluence above which the elongation

kinetics becomes dependent on the nanoparticles density. Analysis

indicates that for the lower density particles, a saturation length is

reached under irradiation to fluence between 3-4 x 10" ions.cm™2.
However, for the higher density, collective growth into aligned
nanowires is presumed to take place. Hysteresis curves of the
saturation magnetization and coercivity indicate an increasing
magnetic anisotropy, which can be correlated with the deformation
of nanoparticles in the direction of the ion beam.
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1. Introduction

Nano-scale particles (NPs) are currently receiving an increasing scientific interest because
of their various fascinating optical [1,2], electrical [3] and magnetic properties [4-6].
Strong scattering and absorption resonances of metallic NPs occur at optical frequencies
that are determined by the shape morphology, size aspect ratio and dielectric environ-
ment of the particles [7]. Such effect has been known and exploited for centuries by
glassmakers particularly in stained glass windows and decorative glass artwork. Moreover,
the chemical characteristics of NPs such as surface area, mechanical stability, and reactiv-
ity, make them suitable candidates for catalysis [8] and sensing applications [9]. The
possibility to tune and customize the physical properties of various microscopic [10,11]
and nanoscopic objects [12,13] by modulating the shape using energetic ion beam
irradiations represents a unique approach that is independent of many of the constraints
associated with conventional shape modification methods. While there has been a great
deal of published articles on irradiation-induced shape modification, so far, the investiga-
tions are largely localized in particular noble metallic NPs such as Co [14,15], Au [16-26],
Ag [27-30] and Ni [31-33]. The high sensitivity of such NPs to the energy deposited in
their electronic systems makes them particularly attractive for shape modification by
using ion beam irradiation. The impact of swift heavy ions (SHI) of some MeV/amu in
a solid instantaneously generates a long, radial anisotropic region of highly excited
material, denoted as the ion track. The heat transfer to the surrounding material leads
the ion track to cool down, and the anisotropic strain resulting from the stress relaxation
to freeze in. An established model [34-39] based on continuum mechanics taking into
account the energy of the incident ions, material thermal and mechanical parameters, the
NPs size effects, and NP-substrate interactions, has qualitatively described the observed
shape deformation for non-crystalline objects such as colloidal silica glass [40] and
amorphous silicon films and pillars [41]. The model has always predicted an oblate
shape formation, i.e. contraction in the direction of the ion beam and a concomitant
expansion perpendicular to it. Obviously, the ion-induced elongation of the metallic NPs,
which are aligned parallel to the beam direction, does not follow this model and another
mechanism must be at play. Presumably, the deformation of the metallic NPs is a result of
the composite nature of the material, i.e. of processes that affect both the metal and the
surrounding silica. Therefore, it had little, despite the many experiments, the irradiation-
induced elongation mechanism of metallic NPs is not clearly understood, at least in great
detail. The current work reports on the irradiation-induced shaping effects on unexplored
ferromagnetic materials; i.e. Ferric (Fe) NPs. The motive of the current work is the fact that
most of the NPs properties can be tuned by modification of the size and shape. However,
our goal is not to explore the modified properties in detail, but rather an implementation
of one different material parameter within the resulting elongation characteristics.

2. Experimental procedures

Fe NPs were prepared by using a gas flow sputtering (GFS) method [42-44]. Within the
GFS process, a high negative voltage is applied to the target and thereupon acceleration
of Ar ions, Fe atoms sputtered off the target surface. Ar flow with 99.999% purity was
introduced in the sputter chamber through the target. When necessary, He gas flow was



INTERNATIONAL JOURNAL OF SMART AND NANO MATERIALS 149

used. The sputtering chamber was evacuated to a base pressure of 4 x 10™* Pa prior to the
sputtering. Fe nanoclusters are sputtered from Fe targets (99.95%) of 2.5-inch diameter
and 0.120-inch thickness, bonded onto a copper backing plate. NPs were formed by
aggregation of clusters onto a Si-SiO, substrates measuring 10 x 10 mm? area. The
thickness of the native SiO, in the substrate amounts to 200 nm. The applied sputtering
pressure at which Fe NPs were prepared was 150 Pa. The distance between the target and
the exit aperture during sputtering; denoted as NP aggregation length, was about
200 mm. The discharge power was 290 W and the Ar flow rate was about 490 SCCM.

Fe NPs were prepared with two different densities amount to approximately
(0.65x10° + 10%) and (1.5x10'° + 10%) particles/cm?, respectively. Several physical and
optical techniques have been used to examine the morphology, size, and shape of the Fe
NPs. The average size of the NPs is examined by inspection of the height profile of the
atomic force microscopy (AFM) measurements operated at tapping-mode; see Figure 1(a).
The latter reveals the formation of an average size of Fe NPs ranging between 20-25 nm
diameters. Besides, AFM indicates the uniformity of the particles spatial distribution. X-ray
diffraction (X-RD) measurements are performed to characterize the structure of the grown
Fe NPs. X-RD indicates the presence of a-Fe at crystalline nature with 100, 200 and 210 bcc
structure, Figure 1(b).

Before irradiation, a secondary covering layer of SiO, with a thickness of 200 nm was
sputtered by reactive deposition on top of the Fe NPs and the underlying SiO; film. Thus,
the Fe NPs are confined in a single plane in a sandwich of 400 nm SiO, matrix. The latter
structure were subsequently annealed at 910°C in an open furnace for 15-20 minutes. The
annealing step aims at providing excessive interdiffusion between the top and the
bottom silica films, which could lead to an ultimate contact between the oxide and the
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Figure 1. (a) (Color online) 3D Atomic force microscopy (AFM) image of Fe nanoparticles prepared by
gas flow sputtering on a Si-SiO; surface. The nanoparticles size is deduced from the height profile and
found to amount to 20 nm diameter (£3 nm). (b) X-ray diffraction patterns of Fe nanoparticles prepared
under sputtering pressure of 150 Pa, nanoparticle aggregation length of 200 mm, discharge power of
290 W, and Ar flow rate of about 490 SCCM. The XRD reveals that only a-Fe with bcc structure was
detected. The transverse dimension of NPs appears artificially broadened due to the tip size convolu-
tion, which is typical characteristics of the AFM measurements.
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Fe NPs. It is noteworthy to mention that the annealing of the a-Fe at temperature of 910°C
for 15-20 minutes could facilitate the transformation into the y-Fe [38]. Since Fe has
a strong affinity with oxygen, we expect the Fe NPs to be oxidized, at least within the
outer shell of the NPs surface. In fact, the effect of oxidation on the magnetic properties of
magnetite materials has been reported a number of times in literature [45-47]. A previous
study by K. Simeonidis et al [48]. showed that the X-ray diffraction spectra of 15 nm Fe NPs
produced by thermal decomposition revealed instant oxidation of iron and the formation
of wstite and magnetite after exposure to air.

The density, layer thickness, and size of the Fe NPs in the silica films have been
measured by using Rutherford backscattering spectrometry (RBS). RBS provides quanti-
tative information about the composition of the Fe NPs layered structure by analyzing the
energy distribution and the yield of the backscattered ions at a certain angle. RBS
measurements were carried out at normal incidence geometry applying “He* ions with
an energy of 2 MeV. The spectra recorded from the RBS analysis are collected simulta-
neously at two detectors at scattering angles of 120° and 170°, respectively. The data
presented in the current study is collected from the 120° scattering angle detector, which
has the best depth resolution. The results obtained from the 120° detector have been
compared to those deduced from the 170° detector whenever necessary to warrant the
internal consistency of the experimental data sets.

High-resolution transmission electron microscopy (HR-XTEM) is used to inspect the
presence of the Fe NPs in the silica films and further to characterize their size and shape
before and after SHI irradiation. Samples were prepared in cross-sectional geometry
applying an acceleration voltage of 200 kV. The samples were irradiated with 50 MeV
Ag ion beam for fluences of few 10'* ions.cm™2 at RT and normal incidence geometry. The
current stability during irradiation has been inspected by using a micrometer-sized
Faraday cup. A massive metallic holder is used for mounting the samples for irradiation.
A conductive paste is applied to avoid successive heating of the samples during the
irradiation. Electrostatic sweeping of the beam has been made over the entire samples
area of 10 X 10 mm? to obtain a homogeneous irradiation. The projection range distribu-
tion of the applied silver ions in SiO, was calculated by SRIM 2008 code [49] and found of
about 9.1 um. The latter is much larger than the thickness of the SiO,-Fe NPs containing
layer. Hence, the irradiation is only used for the deposition of energy into the SiO,-Fe NPs
layer. The hysteresis curves of the saturation magnetization and coercive field (Mg and H,)
were inspected for investigation of the effects of the irradiation-induced elongation on
the corresponding properties of the Fe NPs. Mg and H. were measured at 2 K applying an
external magnetic field in a direction perpendicular to the surface of films containing the
Fe NPs.

3. Results and discussion

The integrity of the SiO,/Fe NPs layer structure before and after the irradiation has been
assessed by an inspection of the RBS spectrum. Figure 2 shows the RBS spectrum of a SiO,
-Fe NPs containing layer before irradiation with the SHI. By inspection of the layer
structure, the O edge is found to occur at ~ 1.33 MeV. The Si (66%) from the Si/SiO,
interface occurs at ~ 1.35 MeV. The Si (100%) edge from the substrate occurs at an energy
of ~ 1.40 MeV. A distinct peak at ~1.5 MeV is observed, which arose by scattering from Fe
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Figure 2. RBS spectrum of a SiO,-Fe NPs layer structure. The oxygen channel, the Si/SiO, interface and
Si edge are indicated. The distinct peak belongs to Fe NPs in the SiO, layer. The surface channel of the
Fe is indicated.

in the substrate. The occurrence of the distinct peak in the RBS spectrum confirms that Fe
NPs are present in the silica film. While the distinct Fe RBS peak designates the depth
distribution of the Fe species in the substrate, its full-width at half maxima (FWHM)
provides indirect information about the NPs size. Therefore, an easier and faster approach
to calculate the size of the Fe NPs has been followed by inspection of the FWHM of the Fe
RBS peak before and after irradiation with the SHI. It is noteworthy to mention that the
extraction of the exact size from the RBS analysis is difficult; i.e. only a qualitative trend can
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Figure 3. (Color online) Normalized RBS spectra of the 20 nm Fe nanoparticles under 50 MeV Ag ions
for two samples prepared with an average nanoparticle density of 0.65 x 10° and 1.5 x 10'° particles/
cm?, (a) and (b), respectively. The slight difference within the normalized yield of the Fe peaks under
irradiations with 4 x 10" and 8 x 10" ions.cm™2 in Figure 3(a) is due to the 10% difference within the
as-prepared NPs density. The insets in both Figures represent the corresponding NP shape before and
after irradiation. The surface channel of Fe is indicated for each sample. The slight difference in energy-
channel conversion is attributed to the different experimental conditions than in plots. The Fe peak
shift toward higher energy under irradiation with fluence of 1-3 x 10" ions.cm™ due to NP
elongation toward the surface.
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be followed. However, to warrant the consistency of our experimental data sets, the
results obtained from RBS has always been verified by HR-XTEM.

After irradiation, we examined the elongation of Fe NPs as a function of the NPs density
and irradiation fluence. Figure 3(a-b) show the evolution of the Fe peak with fluence
extracted from the RBS spectrum for the two silica films containing the two different
densities of the Fe NPs irradiated with 50 MeV Ag ions for fluences of few 10™ ion.cm™ at
room temperature and normal incidence. The density of the Fe NPs in the two silica films
amounts to approximately 0.65 x 10° and 1.5 x 10'° particles/cm?, Figure 3(a,b), respectively.

Figure 3(a-b) show that with further increase of the irradiation fluence, the Fe RBS peak
broadens, indicative of a wider distribution of Fe in the oxide layer. The latter is possibly
due to the elongation of the NPs into nanorods parallel to the ion direction. In Figure 4,
the broadening of the Fe peak is plotted as a function of the ion fluence. The broadening
of the Fe RBS peak in this Figure is estimated by the calculation of the FWHM of the Fe RBS
peak. Under irradiation to fluences of 1-3 x 10'* ions.cm™, Figure 4 discerns an identical
increase in FWHM for the two samples irrespective of their NPs density. The broadening of
Fe peak for the sample consisting the lower density tends to saturate for irradiation with
fluences between (4-8) x10'* ions.cm™?, solid black line and black circles in Figure 4. For
irradiation with fluence between 3-4 x 10'* ions.cm™2, the broadening becomes depen-
dent on the NPs density. In particular, the NP elongation rate increases with increasing the
initial NP density. As a result, the corresponding broadening curve for the higher NP
density sample does not exhibit a clear saturation effect under irradiation to the max-
imum fluence of 8 x 10" ions.cm™; solid red line and red squares in Figure 4.
Alternatively, a slowing down of the elongation kinetics is observed for fluences between

4-8 x 10" jons.cm™2.
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Figure 4. The relative change of the Fe RBS peak (in keV) as a function of the irradiation fluence for the
two samples as in Figure 3. The black line and black circles represent the broadening of the Fe
nanoparticles within the lower density sample; 0.65 X 10° particles/cm?. The red line and red squares

represent the broadening of the Fe nanoparticles within the higher density sample; 1.5 x 10"
particles/cm?.
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The irradiation of the two NPs densities with fluences between 3-8 x 10" ions.cm™
causes the Fe peak to shift toward higher energies; see Figure 3. The latter indicates that
as the irradiation fluence increases to 3 x 10"*ions.cm™2, a decreasing amount of the SiO,
on top of the elongated particles is visible, possibly in relation to two simultaneous
processes; the NP elongation toward the surface of the sample, and the irradiation-
induced sputtering of the surface material. It has been pointed out in the experimental
section that, the samples were irradiated applying normal incidence geometry. As a result,
the rate of the SiO, sputtering on top of the NPs is expected to be below 2 nm/1x10™
jons.cm™2 [50]. The latter can be ignored compared to the shifting rate of the Fe RBS peak
to the surface. Thus, the Fe peak shifting toward higher energies is presumably a result of
the nanorods elongation to the surface, not surface material sputtering.

Figure 5(a-c) show cross-sectional HR-XTEM images from the lower NPs density
subsequently embedded in SiO, films. Figure 5(a) presents the Fe NPs in the SiO, film
prior to irradiation, i.e. after the annealing process to 910°C for 10-15 minutes. The
particles appear in their pristine shape with a size of approximately 20-25 nm diameter.
Figure 5(b) shows a single Fe NP after irradiation with 50 MeV Ag ions to a fluence of
3 x 10" ions.cm™. The direction of the ion propagation is indicated from bottom to
top, as shown by the white arrows. This Figure shows that the NP is transformed into an
aligned nanorod parallel to the ion beam direction with a length of approximately
35 nm and a width of ~10-12 nm. Figure 5(c) shows Fe NPs after irradiation to fluence of
8 x 10" ions.cm™. As can be seen that, the originally spherical Fe NPs are all shaped
into prolate nanorods with a length of 60 nm and a width of 8-10 nm, thus with an
aspect ratio of approximately 6-7. The occurrence of the nanorod-type features in these
Figures, strongly confirms the existence of the Fe NPs during the irradiation and their
shape modification is an effect of the ion passage through the silica films. The volume

200 nm

Figure 5. X-TEM images of: Fe nanoparticles before irradiation (a), single NP under irradiation with
50 MeV Ag ions to a fluence of 3 x 10" ions.cm™ (b), Fe NPs with the lower density under irradiation
to a fluence of 8 x 10" ions.cm™2 (c), Fe NPs with the higher density under irradiation with fluence of
8 x 10" ions.cm™2 (d) and (e), respectively.
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of the transformed nanorods corresponds approximately to that of the pristine sphe-
rical NPs, meaning that, the ion-shaping process for these irradiation conditions, is
regarded as an individual process; i.e,, each NP deforms into an individual prolate
nanorod.

X-TEM micrographs in Figure 5(d-e) correspond to the last data point of the red solid
line and red squares in Figure 4, i.e., to the highest NP density and a fluence of 8.0 x 10'*
ions.cm™2. The Figures clearly show Fe nanowires with a length of ~ 210 nm aligned in
direction of the ion beam. Calculations reveal that the volume of these nanowires is about
three to four times the volume of a single NP, i.e., Vyw ~ 3-4Vyp. The latter indicates that
the NPs elongation under these conditions becomes a collective growth process where
some of the NPs, or even some of the nanorods, are dissolved while others continue to
grow by accumulation of atoms. This means that the elongation process for these
conditions necessitates the contributions from several individual NPs.

It is striking to see that the elongation of Fe NPs under SHI occurs in a similar way to
that of the metal NPs; in the direction parallel with the ion beam path. Besides, the
transition from individual growth to collective growth seems to take place in a narrow
fluence region; in the level between 3-4 x 10'* ions.cm™ Below this critical fluence
region, there is no experimental sign of nanowire formation. It is presumed that the
particles must have a certain nanorod shape before evolving to nanowires creation, or
that, alternatively, a certain fluence is necessary to enter into the collective growth
mechanism. This could be understood within the Gibbs-Thomson relation [51]. This
relation suggests that atoms from rod-shaped NPs with a certain aspect ratio have
a larger tendency to dissolve than atoms from spherical particles with the same volume.
This reasoning implies that first; the NP shape has to be modified, before the nanowires
could be formed.

TEM micrograph in Figure 5(e) shows Fe nanowires accompanied by disintegration
and/or fragmentation of some of Fe satellite NPs. In fact, the NPs disintegration into
satellite particles is a common feature of embedded NPs when irradiated with SHI
[21,52,53]. These satellite particles may have contributed to the elongation of nanorods
by lateral mass transport, which is similar to the ripening process of the thermally treated
nanocluster ensembles known as Ostwald ripening. Thus, the growth of nanowires
requires the Fe atoms to evaporate from the nanorod particles and dissolve into the
molten silica. The dissolved atoms may then recondensate in a supersaturated region in
the cylindrical ion track during the cooling stage. Because of the parallelism, and as the
subsequent ion track overlaps with the former track volume, the dissolved atoms diffuse
in subsequent tracks, perpendicular and parallel with the ion beam direction, until they
condensate on a particle with a larger effective radius. The ion impacts randomly deter-
mine which elongated particles disintegrate and which grow. In this picture, the growth
and disintegration is regarded as a continuous process, extending to nanowires creation.
Given the decreasing density of the nanowires, the rate of disintegration of nanowires
with fluence decreases, and so does the rate of elongation until ultimately a saturation
length is reached.

In some regions in TEM micrographs, we note the tendency of an increasing refractori-
ness to deformation for few larger NPs under irradiation to the maximum fluence of
8 x 10" ions.cm™2, Figure 6. Such NPs seemingly take longer times to be transformed
under ion beam irradiation. Instead, NPs reveal a tendency to evolve toward facetted-like
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50 nm

Figure 6. TEM micrographs for two large Fe NPs (presumably with 50 nm diameters) under irradiation
with 50 MeV Ag ions to the maximum fluence of 8 x 10" ions.cm ™2, (a) and (b), respectively. The white
dot circles represent the original nanoparticle size. The direction of the ion beam is indicated by the
white arrows for the particles.

configurations. The latter shape most likely does not correspond to the steady-state
morphology for the irradiated NPs, viz. the nanorod and/or nanowire shape. The mechan-
ism governing the irradiation-induced elongation of NPs has been argued several times in
literature [54,55]. It is presumed that the elongation mechanism requires the flow of NPs
into a molten-like track in silica. The latter implies that the elongation of the NPs occurs
only when the temperatures of both NP and SiO, exceed their respective melting
temperatures within the ion track, i.e., the elongation of NPs necessitates the dissolution
of NP species into the molten silica. G. Rizza et al. [56] has reported earlier on the
deformation of metallic NPs into facetted configurations within an amorphous matrix. It
has been stated that although all the irradiated NPs present similar morphologies, they
are not always made of a single grain. The presence of grain boundaries in irradiated NPs
reveals that the transformation takes place independently for each grain. Apparently, the
transformation process does not require the simultaneous contribution of the whole
volume of the NP. To some extent of this view, the NP transformation could be regarded
as a general behavior of the irradiated NPs, where the key parameter is the NP size rather
than the stopping power.

Finally, and for investigation of the ion-induced shaping effects on the corresponding
magnetic properties of the Fe NPs, we performed magnetization experiments on the
sample with the lower NP density before and after irradiation with 50 MeV Ag ions to
a fluence of 4 x 10'* ions.cm™. We inspected the hysteresis loop by calculation of the
saturation magnetization and coercivity field, M and H. respectively applying a magnetic
field at 2 K perpendicular to the sample surface. The results are shown in Figure 7. The
Figure reveals that for the film consisting the unirradiated NPs, a small magnetic aniso-
tropy is present. After 50 MeV Ag ion irradiation to a fluence of 4 x 10" ions.cm™, the
curves indicate higher magnetic anisotropy, analogous to NPs elongation in the direction
of the incident ion beam. The Figure exhibits superimposed ferromagnetic-like contribu-
tion with My, and H, values ranging up to 168 emu/g and 260 Oe, for pristine NPs and 184
emu/g and 974 Oe for aligned nanorods, respectively. The reported values of the M for
the two samples are smaller than that of the bulk Fe (in the range of 218 emu/qg). The latter
might be due to the oxidation of particle surface.
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Figure 7. The saturation magnetization M, and coercivity H. curve measured at 2 K for pristine NPs
(solid line) and irradiated NPs with 50 MeV Ag ions to a fluence of 4 x 10'* ions.cm™ (dot line),
respectively. A maximum magnetic field of 20 kOe is applied parallel to the ion beam direction.

4. Conclusion

Fe nanoparticles encapsulated in SiO; films have been irradiated with 50 MeV Ag ions to
fluences of few 10" ions.cm™ at normal incidence and room temperature. The ion-
shaping effects have been studied by RBS and TEM analysis. The broadening of the Fe
peak has been found to be a function of the density of the as-grown nanoparticles. For
low fluences, elongation of the Fe NPs is most likely following an individual mechanism,
whereby NPs deform into ion-aligned nanorods. For fluences larger than 3-4 x 10'* ions.
cm™?, analysis indicates that the elongation rate becomes dependent on NP density. In
particular, the NP elongation rate increases with increasing the initial NP density.
Magnetization curves of irradiated nanoparticles indicate higher magnetic anisotropy.
The latter can be correlated with the NPs elongation parallel to the ion beam direction. We
conclude that the irradiation-induced shape modification in Fe nanoparticles occurs
similarly to that of the noble metal nanoparticles in the direction parallel with the ion
beam path.
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