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Highly energetic ions have been previously used to modify the shape of metal nanoparticles em-
bedded in an insulating matrix. In this work, we demonstrate that energetic ions can be used not
only for the shape modification, but also for manipulation of nanorod orientation. This observation
is made by imaging the same nanorod before and after swift heavy ion irradiation using transmission
electron microscope. Atomistic simulations reveal a complex mechanism of nanorod re-orientation:
by an incremental change of its shape from a rod to a spheroid and further back into a rod aligned
with the beam.

Shape modification of metallic nanoparticles (NPs) has
been studied for a long time as a tool for tuning the
optical properties of nanocomposite materials. Spher-
ical Au NPs have distinctive absorbtion peaks at visi-
ble light, which changes with size [1]. When the shape
of the NPs is made cylindrical, there are two absorb-
tion peaks corresponding to transversal and longitudal
modes of the surface plasmons [1]. This means that
the ability to control the shapes of NPs, allows for fine-
tuning their response to light making them ideal can-
didates for future nanoscale optical devices. Embedding
the metal nanoparticles inside certain insulator materials,
such as silica, allows keeping them protected from the en-
vironment and conserving whatever shape modifications
have been achieved, including the orientation of the rods.
While it may be difficult to access the NPs embedded in-
side the surrounding material with other methods, it is
known that they can be modified using swift heavy ion
(SHI) irradiation (i.e. using ions with energies E ∼ 1
MeV / amu). [2–16]

Shape transformation of spherical metal NPs into
nanorods aligned in the beam direction was initially re-
ported by d’Orléans et al. [17] and confirmed in multiple
studies later [3, 5–8, 10–16]. Several explanations, such
as the overpressure model by d’Orléans et al. [18] and the
ion hammering effect by Roorda et al. [19] were suggested
to explain the phenomenon. Although ion hammering
effect is expected to modify any size of NPs, the SHI
irradiation of NPs smaller than the track diameter did
not cause the elongation effect [12]. On the other hand,
the overpressure model was supported by molecular dy-
namics simulations [3] that gave an atomistic insight on
expansion of molten nanoparticle into a softened and un-
derdense track in silica.

Most studies on SHI irradiated NPs have focused on
spherical NPs, while other shapes have received less at-
tention. In this study we focus on gold nanorods inside
a silica matrix and how they react to SHI irradiation.
We chose a 45◦ angle of incidence, however, this choice
is arbitrary and does not affect the observed result. We
use TEM window grids as substrates to keep track of in-

dividual nanorods before and after the irradiation. To
understand the shape modification mechanism, we use
a multiscale molecular dynamics simulation model based
on two-temperature approach [3, 5, 20–23] to gain further
insight into the details of this process. Our experiments
and simulations consistently show that swift heavy ion
irradiation can be used to orient nanorods into the beam
direction even when they remain fully inside the insulat-
ing matrix. This opens up a new way for flexible manip-
ulation of nanorod orientation without a risk of chemical
contamination.

Experimental methods. A 50 nm thick SiO2 film was
grown using plasma-enhanced chemical vapor deposition
(PECVD) at 200 ◦C (Plasmalab80Plus by Oxford Instru-
ments, SiH4 and N2O as precursors) on top of a TEM grid
with 20 nm thick Si3N4 windows. Chemically synthe-
sized Au nanorods (Sigma-Aldrich, diameter 20–45 nm
and length 30–90 nm) were dispersed on top of the film
by dropcasting. The nanorods were then embedded by
means of an additional 50 nm PECVD-SiO2 film. The
total layer thickness of 120 nm fulfills the requirements
of the TEM imaging. Time-of-Flight Elastic Recoil De-
tection Analysis (ToF-ERDA) with 1.7 MV Pelletron ac-
celerator and 11.9 MeV 63Cu6+ beam [24] was used to
measure the elemental composition of the deposited films
at the Accelerator Laboratory of University of Jyväskylä.

The samples were irradiated by the 50 MeV 127I9+ ion
beam at 45◦ incidence in the TAMIA 5 MV tandem accel-
erator at Helsinki Accelerator Laboratory (University of
Helsinki). The irradiation was performed to the fluence
of 1014 ions/cm2 at room temperature. The imaging of
the irradiated samples was performed with a JEOL-JEM
1400 transmission electron microscope (TEM) operated
at 120 kV. The direction of electron beam was chosen
perpendicular to the ion beam direction used in the irra-
diation experiments. All the steps of this procedure are
shown in figure 1.

Simulation methods To understand the rotation dur-
ing irradiation, we used the classical molecular dynamics
code PARCAS [25], which was used earlier for elongation
simulaions of spherical nanoparticles [3, 16]. We gener-
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FIG. 1. Schematic representation of the experimental procedure. The sample during the second TEM stage (after irradiation)
is placed in such a way that the TEM electron beam is directed perpendicular to the direction of the ion beam used during
irradiation. This way the the dimensions of the actual nanorod were imaged instead of its projection.

ated a rectangular box of Au fcc lattice and cut out of
it a nanorod of the required size. Since the size of the
experimental nanorods is too large for efficient MD sim-
ulations, we reduced the size of the nanorods to 18 nm
in length and 10 nm in width, while keeping the same
aspect ratio as in the experimental ones. The nanorods
were embedded inside the amorphous SiO2 matrix sim-
ilarly to Djurabekova and Nordlund [26]. In brief, the
nanorod is first compressed by 2%, a cavity in silica is
created with the shape and size of the original NP, and
the NP is then fit inside the cavity so that it will expand
to the empty space when it relaxes. The nanorods were
initially aligned perpendicular to the ion beam direction.

Since the shape modification occurs only after high
ion irradiation fluence, we adopted a similar approach
to simulate the SHI effects in MD as described in Leino
et al. [3]. We used the instant energy deposition pro-
files that were pre-calculated using the two-temperature
i -TS model [27]. We used energy depositon profiles cor-
responding to both 50 MeV I and 164 MeV Au. We
used the latter since it gave more efficient dynamics shape
modification at higher irradiation energy, and hence was
it was computationally more feasible to reach high flu-
ences with the higher energy. Moreover, the melting
point of the simulated silica is much higher compared to
the experimentally observed values (3500K versus 1995K
in experiments). To compensate for this difference we
scaled the profile of the deposited energy in silica with
the ratio of the melting points. The Au atoms were given
a constant deposited energy of 0.5 eV/atom [3]. This en-
ergy was sufficient to melt the nanorod completely. The
interatomic potentials were Watanabe-Samela [28, 29] for
interactions in silica, EAM-like for Au-Au interactions
[30, 31] and Ziegler-Biersack-Littmark (ZBL) [32] for Au-
O and Au-Si interactions.

The system relaxation was done for 50 ps at pressure
and temperature control [33] towards zero pressure and
300 K temperature. After the system was relaxed, radial
energy deposition was added perpendicular to the major
axis of the initial nanorod at random locations. The ion
impact was then simulated for 100 ps in NVE. Berend-

sen temperature control [33] at 300 K was used within
the thin boundary regions perpendicular to the ion di-
rection to dampen oscillations from pressure waves and
to emulate cooling provided by the bulk material in the
experimental samples.

We note that the 100 ps simulation time, which we
used for computational efficiency of MD simulations, was
not enough to reach full recrystallization of the nanorods
after the impacts. However, recrystallization is a crit-
ical step in the shape modification process as reported
by Leino et al. [2], because the volume of the amorphized
Au NP is too large to trigger the continuous material flow
into opening ion tracks in subsequent simulations. The
NP must shrink to nearly original volume (and density)
during the cooldown stage for sufficient thermal expan-
sion during the subsequent impact. Although we used a
similar method as Leino et al. [2] and Amekura et al. [16]
to account for recrystallization, we verified this method
by running an independent one-nanosecond long MD sim-
ulation of relaxation of a modified NP, which showed that
the modified shape of the NP did not change even after
much slow cooling (see Section B in the Supplementary
Material).

Results. In the analysis of the samples, the same
nanoparticle was imaged before and after the irradia-
tion, as shown in figure 2, where the subfigures (a) and
(b) show the same area of the sample before and after
the irradiation, respectively, with identical magnification.
Moreover, the image shows that most nanorods are far
from the others, which excludes possible interactions be-
tween them.

Since the ion beam induced shape modification of
nanoparticles is sensitive to the matrix material prop-
erties [34], at first we performed the elemental com-
position analysis of the grown films using ToF-ERDA
measurements. The analysis confirmed the close-to-
stoichiometric elemental ratio of the as-grown silicon
dioxide (2.04±0.02) and extensive presence of hydrogen
(>7 at.%), which is known to be released from the SiO2

thin film during a SHI impact [35]. The depth profiles
and detailed description of the ToF-ERDA analysis can
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FIG. 2. TEM images of 20 nm Si3N4/50 nm SiO2/NRs/50 nm
SiO2 sample imaged (a) before and (b) after irradiation with
127I at 1014 ions/cm2. The images were taken (a) from the top
and (b) perpendicular to the ion beam direction.(The red box
outlines the nanorod which ”rotates”). The inset images in
blue outline show a spherical nanoparticle (11.5 nm diameter)
whose orientation did not change.

be found in the Section A of the Supplementary Material.

The analysis of a series of TEM images (totally 19) re-
veals that the nanorods within the diameter and length
range from 20 to 31 nm and 32 to 63 nm, respectively,
have changed their orientation, rotating to align with the
ion beam direction after the fluence of 1014 ions/cm2

(see figure 3). This is a curious observation, since
the nanorods were embedded in a homogeneous matrix,
which remained intact throughout the experiment. Fur-
thermore, the length along the major axes of the rotated
nanorods has still visibly increased. We also note that
the nanorods outside of the indicated size range have
not been seen to change their orientation (compare a
large nanorod indicated by a blue arrow in figures 2a
and b), although the size has somewhat shrunk due to
significant ion fluence. The behavior of a second large
nanorod (green arrow), which is still beyond the above-
mentioned range, is less clear. It is apparent that this

nanorod was initially shrinking and only after its size
reached the range of sizes that are seen to rotate, its ro-
tation begun. As shown in figure 2b, the angle between
the nanorods indicated by the blue and green arrows in-
creased. The rotation, however, has not been completed,
as the ion fluence received by this nanorod after its size
was reduced was lower. We do not observe substantial
changes in the nanorods and spherical nanoparticles that
are below 15 nm in width, see the inset images of figure
2. It is apparent that the irradiation at such high ion flu-
ences causes disintegration of the small nanoparticles and
subsequent re-assembling within the track. This results
is consistent with previous work on nanospheres, which
also were not found to change shape below a certain crit-
ical size [3, 13].

Furthermore, the TEM images of figure 3 reveal the
polycrystallinity of the nanorods after the irradiation.
Rizza et al. [36] suggested that the presence of grains
implies that the phase transition during the impact does
not happen in the entire volume of the NP at once, but
during each impact only a part of the NP melts. We, how-
ever, note here that polycrystallinity may result from fast
quenching after the impact of the entirely molten NP, as
was shown in [3].

FIG. 3. TEM images of single nanorods sandwiched between
two 50 nm PECVD SiO2 layers with different initial size that
”rotate” after the irradiation with 127I at 1014 ions/cm2.(a)
Length=34.3 nm and diameter=21.2 nm),(b)length=38.5 nm
and diameter=20.3 nm and (c) length=53 nm and diame-
ter=32 nm (the left image is before and the right is after the
irradiation).

To understand the rotation mechanism of the irradi-
ated nanorods, we performed a series of simulations using
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FIG. 4. Left: Nanoparticle shape after simulating 1, 15, and
30 impacts to random positions on the nanorod with 164 MeV
197Au ion. Right: Zoom in of the same nanorod as in Fig. 3
b).

the deposited energy profiles corresponding to 50 MeV
197I and 164 MeV 197Au ions. In these simulations, we
saw that the first ion impacts induced formation of sur-
face protrusions grown from the nanorods at the impact
locations (see e.g. the top left image in figure 4). Both de-
posited energy profiles gave similar results. Consecutive
impacts add more localized protrusions, which gradually
accumulate and cause shape transformation of the entire
nanorod into at first, a spheroidal and then an elongated
shape of a nanorod.

Since the dynamics of these modifications is faster un-
der the impacts of higher energy, we show in the left
panel of figure 4 the evolution of shape modification of the
nanorod irradiated by 164 MeV 197Au. For comparison,
similar images of the experimental nanorod are shown in
the right panel. We follow the shape evolution by adding
the ion tracks subsequently at random locations of the
nanorod perpendicular to its major axis. Already after
the first 15 impacts, the shape had incrementally changed
to an asymmetrical spheroid, see the middle image in the
left panel of figure 4, where the spheroid with a more
elongated left side is shown. After the next 15 impacts,
the shape is fully transformed into a rod in the beam
direction, see the lowest image in the left panel of figure
4 and the corresponding experimental image on the low-

FIG. 5. Nanorod shape after 0, 25, 50, 75, and 100 simulated
50 MeV 127I ion impacts to the center of the nanorod.

est right. Although dimensions are different, the changes
are proportional, with similar elongation observed after
irradiation in both simulation and experiment.

The simulations of ion impacts of 50 MeV 127I on the
same size of the nanorod are shown in figure 5. We see
that under this energy, the shape of the nanorod changes
much slower due to lower energy deposition. The results,
however, are similar to those obtained for the 164 MeV
197Au ions, i.e. small incremental changes transformed
the nanorod oriented perpendicular to the beam into the
nanorod oriented in the beam direction. Thus we con-
clude that although the nanorod changes visibly its ori-
entation, the change does not require the actual rotation
within the solid matrix. The modification is guided by
the dynamics of density changes in the matrix and mate-
rial flow due to relaxing of overpressured liquid phase of
nanorods during the impact and fast quenching after it,
as previously described for initially spherical systems [3].
The small incremental changes accumulate and result in
growth in the beam direction, and loss of length in oth-
ers. This finally leads to a nanorod aligning in the beam
direction.

We still consider why the largest nanorods, such as
the one marked with a blue arrow in Fig. 2, are not
rotated. Previously, Rizza et al. [37] studied the size de-
pendence of spherical nanoparticles on melting and con-
cluded that large particles do not melt and are not de-
formed noticeably. In the recent study, we extended this
model to nanorods including different possible interface
effects on heat dynamics during the impact on a nanorod
[38]. In these simulations we saw that the energy de-
posited by a SHI in the large nanorods (40nm×80nm)
is not sufficient for melting even if all resistive effects for
heat flow through the interface are taken into account[38].
Hence, no shape modification, including rotation, can be
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expected for very large nanorods.

In conclusion, using both experiments and simulations,
we show how swift heavy ions with energies readily avail-
able in typical tandem accelerators can be used to ro-
tate nanorods, which are embedded in a solid amorphous
matrix. In the experiments, we used TEM windows to
track changes in individual nanorods. We observed that
nanorods laid in a plane with a 45◦ angle to the beam
direction rotated to align with the beam. By using a
multiscale simulation model of the effect of electronic
excitations on atom dynamics, we explain the change
of nanorod orientation by an overpressure mechanism,
and show that the apparent rotation is a result of small
incremental shape modifications rather than an actual
rotation of the nanorod as a whole. Our results show
that swift heavy ions even of relatively low energies can
be used as a means to control the orientation of metal
nanorods buried inside a protective insulating material.
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