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Gold nanoparticles embedded in a silica matrix were irradiated with 2 to 40 MeV Cu or Si ions at fluences ranging
from1×1013 to 4×1015 ions/cm2, and their deformation from spheres to prolate ellipsoidswithmajor axis parallel
to the ion beam was studied using P and S polarized light. For fixed ion energy, the longitudinal surface plasmon
resonance (SPR) at 520 nm is red-shiftedwith an increase of the ion fluence up to a certain value where it reaches
a plateau indicating that a maximum aspect ratio is obtained. This saturation in the wavelength shift was found to
depend on the ion energy and reaches amaximumof 40 nm. The SPR shift was also used tomeasure the electronic
stopping power dependent deformation rate and to deduce the electronic stopping power threshold of (1.9±1.3)
keV/nm required for shape transformation of the embedded gold nanoparticles. Ion track diameters of 0.18 to
1.4 nmwere inferred from the fluence dependence of the SPR shift. Analysis by transmission electronmicroscopy
shows that large (d>10 nm)particles aremore elongated than smaller ones. Our data are consistentwith amech-
anism of gold nanoparticle elongation requiring both the silica matrix and the nanoparticles to melt following the
passage of the swift heavy ion and with elongation being due to the relief of stress in the gold nanoparticle which
had built up as a consequence of the deformation of the surrounding silica matrix.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Ion irradiation produces many effects on condensed matter such as
anisotropic deformation at constant volume of single colloidal particles
[1,2] and glass foils [3,4], wafer curvature of thin films constrained on
substrates [5–7], densification [6] and phase transformation [8]. Among
these examples, we investigated previously the spherical gold–silica
core–shell colloid system [9]. The silica shells were shown to transform
into oblate ellipsoidswith itsminor axis parallel to the ion beamwhereas
the gold cores deformed into prolate ellipsoids with its major axis paral-
lel to the ion beam. Simply put, the silica shell shrinks in the direction of
the ion beam whereas the gold core elongates. In order to go beyond an
incomplete description of this process, we have prepared and investigat-
ed Au nanoparticles embedded in silica films [10–12] as it was shown
that Au particles deform more efficiently if the surrounding silica shell
is thick [9] and not at all when surrounded by a non-deforming crystal-
line matrix such as AlAs [13]. The mechanism responsible for the de-
formation of the nanoparticles has not been uniquely identified,
but it appears that both anisotropic deformation of the surrounding
matrix [1,9,14,15] and melting of the nanoparticle play an essential
role [15–18]. The electronic, magnetic, and optical properties of
metallic nanoparticles embedded in a dielectric matrix are very
interesting and depend strongly on the nanoparticle size, shape,
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orientation, interparticle distance, and environment [10,12]. The
fabrication, modification, and characterization of these heteroge-
neous nanocomposite materials is an active field of research moti-
vated by the potential applications in optical and optoelectronic
devices [19,20], biosensing [21], and in medical applications [22].

When ions are slowed down in condensed matter they deposit a
vast amount of energy within a small material volume, during a short
time. This energy is lost via two distinct mechanisms: i) elastically by
scattering of the projectile on the target nuclei, and ii) inelastically by
ionization and electronic excitation of target atoms [3,23]. Both mecha-
nisms strongly depend on the kinetic energy of the incident ion. For
high energy heavy ions, electronic interactions dominate and the ion
loses energy at a rate of a few to a few tens of keV per nm. During a
short period of time, the system within a small localized region around
the ion trajectory is far from equilibrium due to a high density of highly
excited electrons. These electrons are initially accelerated towards the
center of the ion track and will either undergo scattering or overshoot
the track center and end up moving outward while an energy transfer
to the atomic network takes place. This energy transfer was explained
by two models: the thermal spike model [24–26] and the ion spike
model, also known as Coulomb explosion [27,28]. In the first model,
the energy is thermalized by electron–phonon coupling and leads to
the increase of local temperature. In the second one, kinetic energy of
electrons allows them to move far from the ion track leaving behind a
cylinder of positively charged ions. The mutual electric repulsive forces
between the positive ions lead to ionic Coulomb explosion. Hybrid
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models have also been proposed [29,30] and validated by simula-
tions [31].

The deposited energy during ion irradiation can affect the crystalline
structure, the morphology and other properties of irradiated materials.
In particular, amorphous targets can suffer macroscopic deformation,
known as anisotropic growth or ion hammering, whereby a thin film
becomes thinner and wider upon ion irradiation. This plastic deforma-
tion process has been described by a viscoelastic model [32,33] and a
hammering model [34,35]. In the first model, the phenomenon is attrib-
uted to energy loss and it occurs efficiently at high electronic stopping
powers. For intense electronic excitations a cylindrical region around
the ion trajectory is heated and the shear stresses induced by the thermal
dilatation are relaxed. The residual strains freeze-in upon cooling down.
In the second one, a computer simulation of relaxation of mechanically
polarized material is used to estimate the plastic flow. The viscoelastic
model and ion hammering explain the deformation of amorphous
colloids but not the resistance to deformation of crystalline ones.
Othermodelswere also proposed to explainmaterial plastic deformation
like: Ostwald ripening and creep deformation [36], and generation–
relaxation of stress [6].

The viscoelastic model does not explain the deformation of core–
shell colloids or nanoparticles embedded in an amorphous planar
matrix. However, from the earliest observation of nanoparticle de-
formation it has been surmised that the visco-elastic response of
the matrix plays an important role [1,9,14,15] and thermal spike
models involving melting of the nanoparticle have been invoked as
well [15–18]. In the current paper, we present experimental results
that shed more light on possible physical deformation mechanisms
of gold nanoparticles embedded in a silica matrix. We will show by
modeling the SPR spectral position that the anisotropic deformation
induced by ion irradiation can be controlled by the fluence, the ener-
gy and the nature of the ion beam.We will focus our attention on the
role of the electronic stopping power in the modification of the opti-
cal and structural properties of gold/dielectric nanocomposite films.

2. Experimental methodology

Gold/silica nanocomposite films were deposited on fused silica sub-
strates by simultaneous sputtering of a pure gold target and plasma-
enhanced chemical vapor deposition of SiO2 using a SiH4–O2 gas chem-
istry. High temperature (900 °C) annealing in ambient atmosphere for
9 h was used in order to increase the size of gold particles. These two
preparation steps were studied and described in detail earlier [10].

A series of identical samples (~200 nm thick and 1.8 at.% gold con-
centration)were irradiatedwith 2 to 40 MeV Si and Cu ions accelerated
using Tandem or Tandetron accelerators. During the ion implantation,
the samples were mounted on a liquid nitrogen-cooled copper block
but on a few occasions the samples were irradiated at room tempera-
ture. Irradiating at liquid nitrogen temperature may lead to slightly
faster quenching rates, and to more efficient freezing-in of metastable
features. All samples were implanted at 45° off the surface normal.
The ion beam was electrostatically scanned to uniformly irradiate sev-
eral areas (0.5×1.5 cm2) of the same sample. The base pressure during
ion irradiation was 1×10−6 Torr (1.33×10−4 Pa). The ion beam
fluence ranged from 1×1013 to 4×1015 ions/cm2. The beam flux was
maintained between 6×1010 and 8×1011 ions/(cm2.s). The initial
charge state of ions varied from Si+ to Si7+ and from Cu2+ to Cu7+.
The SRIM code [37] was used to calculate the projected ranges R, the
electronic and nuclear energy losses in silica for different irradiating
ions (Si and Cu), and energies (2 to 40 MeV). We assumed a SiO2 den-
sity equal to 2.32 g/cm3. The results confirm that the projected ranges
are much larger than the Au/SiO2 film thicknesses for all used energies.
This means that most of the ions will end their trajectory in the sub-
strate region, after irradiating the nanocomposite throughout its
thickness. For each energy value, the electronic energy loss is consid-
erably greater than the nuclear energy loss. Therefore, most of the
engendered morphological and structural modifications in irradiat-
ed nanocomposite samples will result from electronic interactions.

The optical response and microstructural properties of gold nano-
particles before and after irradiation were investigated. Polarized
transmission measurements were performed on a variable angle
spectroscopic ellipsometer (J.A. Woollam). Transmission electron
microscopy (TEM) observations were carried out using a JEOL JEM
2100F transmission electron microscope operating at 200 kV and
equipped with a Gatan imaging filter and scanning (STEM) mode.
The examined specimens were prepared in cross-sectional orienta-
tion using a conventional technique for mechanical polishing and
ion thinning. The ion thinning was performed using a Precision Ion
Polishing System.

3. Results and discussion

3.1. Size/shape versus fluence correlation

Fig. 1 shows cross-section TEM pictures of Au/SiO2 nanocomposite
films after irradiation with 8 MeV Cu+3 ions at two fluences: 2.5×1014

and 1.5×1015 ions/cm2. One can see that spherical and ellipsoidal
gold particles are present in both irradiated samples. The deformation
is more marked in the high fluence case (Fig. 1b). The long axes of the
ellipsoidal nanoparticles are aligned with the direction of the ion
beam, indicated by an arrow in each of the two panels. We have mea-
sured the long (c) and short (a) axes of each ellipsoidal gold nanoparti-
cle and calculated an effective particle diameter (2reff) corresponding to
the diameter of a sphere of same volume (3

�
4πa

2c ¼ 3
�
4πr

3
eff ). The as-

pect ratio (c/a) was evaluated and plotted versus 2reff before and after
irradiation with 8 MeV Cu ions in Fig. 2. In non-irradiated samples, all
gold particles are spherical and their size does not exceed 14 nm.
After irradiation the shape of the majority of the metallic particles
changes from spherical to ellipsoidal (c/a≠1) with different aspect ra-
tios. The maximum aspect ratio and effective particle size observed at a
fluence of 2.5×1014 ions/cm2 are smaller than those obtained for
1.51×1015 ions/cm2. Fig. 2 also shows that themost elongated particles
are those which have the largest effective size and that most of those
which remain spherical are small, and that no particles smaller than
4 nm deform. Other reports found that particles smaller than 5 and
larger than 50 nm don't deform [16] or that a deformation threshold
of 7 nm exists [18], but in both of those studies, samples were presum-
ably irradiated at room temperature. The volume of themajority of par-
ticles increases with ion fluence, which was of course not observed in
our earlier experiments involving core–shell colloidal particles [9] but
has been observed by other distributed-size systems [38]. Thus, the
elongation of gold particles is not exclusively caused by a direct trans-
formation as in the case of colloids. Since only two ion fluences were
studied by TEM, the behavior at higher fluences will be investigated
below, using optical characterization. At least one of three other phe-
nomena seems to occur during ion irradiation: coalescence, Ostwald
ripening, or growth from Au atoms still in solution. Indeed, when
STEM pictures taken before and after irradiation at high magnification
were analyzed (not shown here), very small gold clusters with size
lower than 1 nm were observed in irradiated samples but were not
present in non-irradiated ones. These could be pre-existing particles
that have almost dissolved (Ostwald ripening) or newly formed parti-
cles from Au atoms still in the solution.

We have also observed coalescence processes, that is, when gold
particles are in contact they merge together forming one larger and
longer particle. Coalescence process reduces the surface in order to
minimize the energy. Fig. 3 illustrates two examples of gold particle
elongation by coalescence with a preferential direction due to the
ion beam, both at liquid nitrogen (Fig. 3a) and room temperature
(Fig. 3b). Fig. 3b presents a high resolution TEM picture of a sample
irradiated at room temperature with 30 MeV Cu+5 at a fluence of
1×1015 ions/cm2. One can observe the presence of gold atomic
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planes and columns in two ellipsoidal particles which appear to be
regrouping towards one nanorod. Neither image shows clear evi-
dence of faceting such as has been observed in larger particles irradi-
ated under conditions of much higher electronic energy loss [38]. The
simple observation of a particle that appears to have been formed by
coalescence cannot by itself rule out that the particle was formed by a
combination of deformation and growth from adsorption of Au in so-
lution. However several other facts should be considered: in the case
of deformation of colloidal Au particles embedded in silica [15] (dis-
tinct from the particles in our case made by thermal treatment of an
atomic Au dispersion as opposed to inclusion of pre-fabricated colloi-
dal particles) coalescence was also observed; we observed (Fig. 2) an
increase in the largest observed particle size following irradiation.
Thus we conclude that the particles seen in Fig. 3 most likely result
from deformation and coalescence.

3.2. SPR position dependence on fluence and electronic energy loss

The optical properties of our metal/dielectric nanocomposites de-
pend on the shape and alignment direction of the gold particles. The
SPR position can be controlled using ion beam irradiation [10,11]
a

b

Fig. 1. Cross-sectional TEM images of gold nanoparticles embedded in silica after irra-
diation with 8 MeV Cu ions to a fluence of 2.5×1014 ions/cm2 (panel a) and 1.51×1015

ions/cm2 (panel b). The arrows indicate the direction of the incident ion beam. The
inset shows the size distribution of the gold particles, where the size is expressed as
an effective radius (see text).
and the SPR shift was observed to saturate at high fluences but no de-
tailed explanations on the mechanism were given at the time. To bet-
ter understand this phenomenon, optical measurements were carried
out using light with a propagation direction perpendicular to the ion
beam direction. In this geometry, polarized light can excite one of the
two SPR modes: the transversal mode perpendicular to the ion beam
for S polarization, or the longitudinal one parallel to it for P polariza-
tion (for the measurement geometry, see Fig. 1 of reference [11]). Of
course, for spherical particles, P and S polarized transmission spectra
are identical with only one SPR at 518 nm since the longitudinal and
transversal modes are degenerate. This value corresponds to the sur-
face plasmon dipole excitation of isolated gold nanoparticle in a silica
matrix. Fig. 4 presents P and S transmission spectra for the sample
irradiated with 8 MeV Si ions at various fluences. One can see that
the position of the transversal SPR shifts to higher energies while
the position of the longitudinal SPR shifts towards lower energies
with the increase of the ion fluence. This SPR behavior corresponds
to an increase of gold particle dimension parallel to the ion beam
(long c-axis) and a dimension decrease perpendicular to it (short
a-axis).

In order to further study the SPR shift, we performed a set of
measurements similar to those presented in Fig. 4 but with two dif-
ferent kinds of ions (Si and Cu) and with energies ranging between 2
and 40 MeV. Under these conditions, the maximum SPR shift (from
518 nm for spherical particles) was up to 560 nm for the longitudi-
nal mode and 495 nm for the transverse mode. Note that the shift of
the longitudinal mode is larger than that of the transverse one. We
calculated the normalized SPR wavelength shift Δλ, for P-polarized
transmission measurements and plotted it in Fig. 5 against the
fluence. At fixed ion energy, Δλ shows a rapid increase with the
ion fluence and then reaches a plateau indicating that a maximum
particle aspect ratio have been obtained. The saturation indicates
that subsequent ions irradiating the nanocomposite do not create
notable additional structural changes. This can be described using
a simple track-overlap model corresponding to the following ex-
pression [39,40]:

Δλ ¼ Δλ0 1−Me−F=F0
� �

: ð1Þ

In this equation, Δλ0 is the maximum SPR wavelength shift at sat-
uration and M is a fit parameter depending on the geometry of the
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experiment and the material, F is the fluence and F0 is the character-
istic fluence. The solid lines in Fig. 5 correspond to fits of Eq. (1) to
each of the corresponding data sets, and the dashed portions indicate
extrapolation of Eq. (1) with the resulting fitting parameters. These
fits show that the SPR shift as a function of ion fluence is well de-
scribed by such a simple track-overlap model. The saturation levels
in the case of Cu ions are higher than those observed in the case of
Si. This shows that the saturation in the shift is indeed related to
the saturation in the shape deformation of the particles, and not to
saturation in the optical response itself. In the case of Cu ions, satura-
tion is reached for relatively small fluences compared with those re-
quired in the case of Si. Both these observations can be correlated
with the electronic stopping power value which is higher for Cu
ions than for Si ions even for the same energy. Indeed, for higher
electronic stopping power, more energy per ion is transferred to
the material. This leads to a more efficient deformation per ion
(faster saturation) and a greater potential for deformation (larger
shift). Although these trends are borne out by the majority of the
data, a few points corresponding to irradiation at 40 MeV appear
anomalous. We speculate that perhaps, in the case of irradiation with
40 MeV Si ions, heat sinking of the samples to the liquid-nitrogen
cooled sample holder was only partly successful, or that perhaps an
a

b

Fig. 3. TEM images showing elongated gold particles in a sample irradiated: a) at liquid
nitrogen temperature with 8 MeV Cu ions to a fluence of 1.51×1015 ions/cm2, and b) at
room temperature with 30 MeV Cu ions to a fluence of 1.00×1015 ions/cm2.
error occurred in accurately measuring the current caused by the mul-
tiply charged ions incident on the insulating substrates.

Fig. 6 presents the dependence of Δλ0 on the electronic stopping
power; it shows that the maximum SPR shift stays constant at high
electronic stopping power indicating again that the energy transfer
is sufficient for maximum deformation. The trend of the data also
shows that a minimum electronic stopping power of (1.9±1.3)
keV/nm is necessary to produce a SPR shift. We have also calculated
the initial SPR shift rate, Γ, which is defined as the slope of the expres-
sion presented in Eq. (1) for small fluences. This corresponds to:

Γ ¼ d Δλð Þ
dF

¼ Δλ0M
F0

e−F=F0≈Δλ0M
F0

for F≪F0: ð2Þ

Γ is plotted against the electronic stopping power for different ir-
radiating ions (Cu and Si) in Fig. 7. After an effective threshold at
(1.9±1.3) keV/nm (see also Fig. 6), the shift rate increases slightly
with the electronic stopping power up to 4 keV/nm. At this value
the shift rate rises abruptly and remains high even if the electronic
stopping power of the ions is increased. This electronic stopping
power threshold for deformation of gold particles by silica matrix is
very close to the value of (2.0±0.5) keV/nm measured by others [4]
and somewhat lower than the value of ~3.3 keV/nm found in core–
shell colloidal particles [1]. Such differences in threshold may be
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due to a difference in target temperature during the irradiation; using
liquid nitrogen cooling leads to somewhat faster quenching rates and
is likely more efficient at freezing in un- and meta-stable structures.

The estimation of the inferred diameter (d) of the ion track is pos-
sible from the F0 value because F0 corresponds to the fluence where a
fraction of exactly 1/e of the total surface Stot remains untouched by
ions. The irradiated area Sirr is given by the expression:

Sirr ¼ Stot 1− exp − Si
Stot

n
� �� �

ð3Þ

where Stot is the surface exposed to the ion beam, Si is the surface area
of an isolated ion impact site, and n is the number of ions which ar-
rives on the surface exposed to the ion beam.

Knowing that Stot ¼ π d
2

� �2
, one can thus write:

d ¼ 2

ffiffiffiffiffiffiffiffi
1

πF0

s
: ð4Þ

The inferred track diameter is plotted as a function of the elec-
tronic stopping power in Fig. 8. As was the case with the SPR shift
rate, the inferred diameter shows a threshold near 2 keV/nm and
appears to saturate at higher stopping powers. In the same figure
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the ion track overlap model discussed in the text.
and its inset, we compare our results with other measurements
and estimates available in the literature, namely with recent, direct
measurements of the total and core radius by small angle x-ray scat-
tering (SAXS) [41] and with older measurements deduced from the
fluence dependence of the saturation of the IR absorption at
1078 cm−1 [42].

As can be seen in the inset, which depicts the data on a scale of
0–10 nm, the diameters inferred from the plasmon shift are much
smaller than the total diameter measured by SAXS and the diame-
ter inferred from IR absorption saturation. It is also clear, from the
main figure, that the inferred diameter corresponds to that of the track's
core asmeasured by SAXS [41]. Interestingly, the IR results are deduced
from a track-overlap argument similar to the one we used in our pres-
ent analysis. The different results (i.e., IR agrees with total radius from
SAXS, whereas our results agree with core radius from SAXS) are not
due to the mathematical model describing the fluence dependence
but are more likely a consequence of the physics involved: the IR ab-
sorption is sensitive to defects in the silica and is expected to corre-
spond to the total track radius; the final size of metal nanoparticle is
apparently controlled by the core of the ion track.

The diameters inferred from our all-optical measurements are also
comparable to recent results obtained by TEM [43] (not shown in the
figure). Both our results and the TEM values are much smaller than
estimates deduced from HF etching of latent tracks in silica [44].

3.3. Discussion on the deformation mechanisms

The following scenario for the deformation of silica-embedded gold
nanoparticles by shift heavy ion irradiation appears appropriate. (1)
Each incoming ion melts (very briefly) a narrow silica cylinder (the la-
tent track) and (2) the cumulative effect of many separate ion impacts
is the anisotropic growth (flattening and widening) of the silica matrix.
(3) This deformation puts in-plane compressive stress on the gold
nanoparticles, which can be relieved by elongating in the direction of
the ion beam. (4) This happens when a swift heavy ion traverses a
gold nanoparticles and melts it, again only along the ion track and
only very briefly. In other words, radial material fluxes in the hot cylin-
drical region around the ion tracks created in silica act like a “hammer
and anvil” on gold NPs which deform to accommodate cumulative
stresses induced by each ion in the surrounding matrix. After the pas-
sage of the ions, the strain in amorphous silica “freezes” upon cooling
down of the spike region whereas gold nanoparticles recrystallize. The
first three stages of this simple scenario were recognized early on [9]
whereas the need for the nanoparticle to melt was suggested [36] and
later found to be required [35]; the 4-step scenario is consistent with
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all old and new experimental data. We note a recent result that a
non-overlapping ion impact can deform Zn nanoparticles embedded in
a silicamatrix [45]; even at the lowfluences studied in [45], a significant
number of ion impacts have also occurred on the surroundingmatrix so
this work does not exclude steps (2) and (3) in our scenario. Depending
on the preparation method of the nanocomposite, differences in ther-
mal expansion coefficients may lead to an initial stress on the nanopar-
ticle being present even before the irradiation begins, which is then
relieved as soon as ions impact a nanoparticle.

Our present measurements demonstrate the existence of a thresh-
old electronic stopping power value needed for the deformation of
gold nanoparticles. This threshold is close to that for deformation of
silica, believed to be related to melting along the ion track. Moreover,
the fact that isolated (without a surrounding dielectric matrix) spher-
ical gold particles irradiated with heavy energetic ions present no de-
formation [9,46] supports the idea that the silica matrix plays a
crucial role in the deformation.

Stages (3) and (4) of our scenario require some special attention.
Calculations have shown that the threshold for melting of the silica
matrix is close to the threshold for melting of the Au particle itself
[16], therefore it becomes difficult to positively identify the need for
melting of the gold nanoparticle. However, the deformation of the sil-
ica around the ion trajectory is accompanied by generation and relax-
ation of stress. Brongersma et al. [6] showed that in-plane tensile
stresses are generated in silica films during swift heavy ion irradia-
tion. Their magnitude is about 150 MPa for fluences around 2×1013

ions/cm2, much less than the yield strength of solid gold. However,
the enhanced mobility of gold atoms in the liquid phase would read-
ily explain the formation of ellipsoidal NPs. Recently, a 3-D calculation
of heat flow in and around a gold nanoparticle embedded in silica fol-
lowing the impact of a swift heavy ion has been reported [47]. Even
though these calculations concern an ion impact (110 MeV Br) and
nanoparticle (20–40 nm) quite different from the parameters used
in our study, these calculations found that the gold particle can be
melted, sometimes partially, even when the ion impact is not directly
on the particle but in its close proximity. The 4-step scenario appears
consistent with these calculations.

One aspect of the deformation of gold nanoparticles appears anom-
alous at first sight: the anisotropic elongation of gold nanoparticles sat-
urates at high fluenceswhereas silica thinfilms showunsaturableplastic
flow in the direction perpendicular to the ion beam [32]. The saturation
level of SPR shift is observed to depend on deposited energy. When the
electronic stopping power is increased, the SPR shift is moved towards
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higher values, which shows that the saturation in optical response is in-
deed related to the shape and size of gold nanoparticles and not to the
matrix deformation. We speculate, and in fact it is to be expected, that
for small radii a competition occurs between surface tension of gold
nanoparticles in the brief liquid phase and the compressive stress ap-
plied by silica matrix [11]. This competition would have two conse-
quences: smaller particles suffer less deformation than larger particles
(as observed, compare Fig. 2), and upon elongation, even large particles
attain a small enough radius (short axis) so that surface tension limits
further elongation, in other words the deformation saturates, as
observed.

We have shown that coalescence and possible Ostwald ripening
processes and growth due to the Au atoms in solution in the matrix,
which can contribute to NPs elongation, are more pronounced at high
fluences (Fig. 2). In conventional heat treatments [10], an extended
annealing time does not affect the equilibrium state reached byOstwald
ripening and coalescence. So, when the saturation (stationary equilibri-
um state) is reached in the irradiated nanocomposite, we can assume
that the additional incoming ions depositing energy leads to negligible
structural change.

The ion track diameter, corresponding to the momentarily lique-
fied cylinder in silica or in gold, is smaller than the particle mean
size. This means that if some ions cross a gold particle, therefore
transferring part of their energy for melting gold, other ions need to
have crossed a neighboring silica region to provide the stress required
for the deformation. Thus, nanoparticles of the nanocomposite are
deformed by the cumulative effects of incident ions. However, the
absence of incubation fluence (cf. Fig. 5) indicates that relatively
few ion impacts are enough to build up sufficient stress leading to de-
formation and that perhaps some stresses resulting from the sample
preparation are present even before the irradiation with swift heavy
ions.

The previous models [32–36] for plastic deformation of materials
do not treat the morphology transformation of metallic nanoparticles
in the nanocomposite Au/SiO2 system. Based on our experimental
studies, we have proposed a mechanism for the deformation of gold
NPs embedded in a dielectric matrix. This scenario is consistent
with our experimental data and it would be interesting to extend
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the existing anisotropic deformation models for the nanocomposite
case.

4. Conclusion

High energy ion irradiation on nanometer-size gold nanoparticles
embedded nanocomposite in silica was studied. TEM results and po-
larized transmission measurements confirm that spherical gold
nanoparticles are transformed into prolate ellipsoids by swift heavy
ion irradiation. The elongation of gold particles embedded in silica
is produced by at least two distinct mechanisms: direct deformation
by stress from the surrounding amorphous matrix which itself is
subject to ion hammering, and coalescence. Statistical analysis of
TEM pictures indicates that the average size of the particles increases
due to coalescence, although contributions from Ostwald ripening
and continued growth from gold still in solution cannot be excluded.
As well, large gold nanoparticles are more elongated than small ones
which indicates that for small radii, the ion induced deformation
competes with surface tension effects. Optical measurements re-
vealed a splitting of the SPR band at 520 nm caused by the irradia-
tion. More specifically, we observed a blue shift by at most 20 nm
of the short-axis SPR and a red shift, up to 40 nm, of the long-axis
SPR with the increase of the ion fluence. These shifts indicate that
the nanoparticle mean aspect ratio increases. A detailed analysis of
the SPR position as a function of the ion fluence was described by a
simple track-overlap model; analyzing the fit parameters as a func-
tion of ion species and energy revealed that the electronic stopping
power is the critical parameter governing the deformation. Large
SPR shifts, a fast initial deformation rate, and a large saturation
value are obtained for ions with high electronic stopping power. In
the case of low electronic stopping power ions, the fluences needed
for deformation are relatively high. The SPR shift exhibits a threshold
value of (1.9±1.3) keV/nm required for deformation. This threshold
is the same as that for the deformation of silica, and likely related to
the threshold for melting of the silica along the ion track. Above
4 keV/nm, the maximum SPR shift becomes independent of the elec-
tronic stopping power. The dependence of the SPR shift on ion
fluence can be modeled considering the probability that subsequent
ion tracks overlap, and these considerations lead to estimates of the
ion track diameter. We find diameters from 0.17 to 1.4 nm, compara-
ble to the diameter of the core of ion tracks in silica as measured by
SAXS [41]. All these data appear consistent with a mechanism of de-
formation whereby the ion irradiation first deforms the silica, which
exerts a compressive stress on the nanoparticles in a plane perpen-
dicular to the ion beam, which can be relieved when an ion passes
through a nanoparticle and melts it along the ion track. By cumula-
tive impacts, the particle then deforms until the short axis is so
small that surface tension becomes too important to allow further
deformation.
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