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Abstract:  The mechanism of the shape elongation of metal nanoparticles (NPs) in amorphous silica, 38 

which is induced under swift heavy ion irradiation, is discussed. Since the discovery of this 39 

phenomenon, several mechanisms were proposed and debated. Now, only two major mechanisms have 40 

survived: (i) the synergy model between the ion hammering and the transient melting of NPs by the 41 

inelastic thermal spike, and (ii) the thermal pressure and flow model. Here, we discuss that three 42 

experimental results are inconsistent with (i). The latter is supported by two-temperature molecular 43 

dynamics simulations (TT-MD), which simulate not only the atomic motions but also the local electron 44 

temperatures. While a remarkable correlation was observed between the temporal evolution of the silica 45 

density around the ion trajectory and that of the aspect ratio of the NP later than ~1 ps after the ion 46 

impact, no correlation was observed earlier than ~1 ps. Since the silica has a much higher electron-47 

lattice (e-L) coupling than the metal NP, the lattice temperature quickly increases up to remarkably high 48 

values, which results in quick and large expansion and recovery in silica. By contrast, metal NPs have 49 

low e-L coupling, which results in slow temperature change. The NP remains in a solid state in the 50 

period where silica experiences the quick expansion, and only melts and deforms when the silica is 51 

already in the recovery stage. The large difference of the temperature evolution between silica and metal 52 

NPs is the origin of the shape elongation. 53 
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dynamics 55 
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1. Introduction 57 

The shape elongation of nanoparticles (NPs) was firstly observed by D’Orleans et al. in 2003 under 58 

swift heavy ion (SHI) irradiation of 200 MeV I [1]. They formed Co NPs with a mean diameter of ~10 59 

nm by implantation with 160 keV Co ions into 300 nm thick SiO2 layers on Si at elevated temperature 60 

of 873 K. Large NPs were required for observing the shape elongation, because it was proposed that the 61 

elongation was induced only for NPs larger than the ion track diameter [2]. The large size was 62 

considered a prerequisite for the shape elongation of NPs.  In the original paper [1], NPs were irradiated 63 

with 200 MeV 127I ions to fluences up to 1  1014 ions/cm2 at room temperature, which resulted in a 64 

drastic change of the shape of NPs. They were found to be strongly elongated along the same direction 65 

as the SHI beam. 66 

       Soon after the discovery, the same phenomenon was observed in a different configuration, i.e. in 67 

chemically-synthesized free-standing Au-core/silica-shell colloidal NPs [3]. After irradiation with 30 68 

MeV selenium ions to a fluence of 2  1014 ions/cm2, the spherical gold core of 14 nm in diameter 69 

elongated along the beam direction and transformed to a rod of 6 nm diameter and 54 nm length. 70 

Simultaneously the silica shell expanded perpendicularly to the beam and shrank in the direction parallel 71 

to the beam. Since colloidal silica NPs without Au cores show the similar shape changes, the 72 

deformation of the silica shell was ascribed to the ion hammering [4]. To elucidate the deformation 73 

mechanism, a series of core/shell NPs was prepared with the thickness of silica shell ranging from 15 74 

and 72 nm, while the diameter of the Au core was kept the same 14 nm.  No measurable deformation 75 

of the Au core was confirmed for the shells thinner than 26 nm under 30 MeV Se irradiation. It was 76 

concluded that silica shells play a major role in the deformation of the Au cores. The driving force for 77 

deformation of the Au cores was believed to be the ion hammering effect of the silica shells. 78 

       However, ion hammering can build up stress up the order of 100 MPa only, which is too low to 79 

induce clear deformation of solid Au NPs. Klaumünzer pointed out in Ref. [5] that the observed large 80 

elongation of NPs cannot be explained by any known mechanisms of radiation-induced softening. 81 
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Consequently a proposal was made of a synergy effect between the stress generated by the ion 82 

hammering and the transient melting of NPs by the inelastic thermal spike (i-TS) [6]. In this paper, we 83 

critically re-visit this synergy model. 84 

      Independently, Leino et al. [7] succeeded to simulate the process of elongation of an embedded Au 85 

NP numerically by employing the classical molecular dynamics (MD) simulations method combined 86 

with the i-TS model. In this way, the energy deposited in the structure by hot electrons through the 87 

electron-lattice interaction can affect the atomic dynamics directly within the MD cell. The authors 88 

described the mechanism as the “thermal pressure and flow” model, since they observed a flow of atoms 89 

of the NP under the pressure of strong thermal expansion. This model reproduced the elongation of NPs 90 

without assuming additional stress.  Furthermore, while the additional stress was applied, which was 91 

expected from the hammering effect, the results did not drastically change, indicating that the 92 

hammering effect is not the dominant one. Using a similar methodology, we have numerically shown 93 

that the core-shell (C/S) ion tracks in silica are formed even without vaporization which is induced by 94 

the i-TS effect, supporting our experimental results [8]. In the course of the calculations, we have 95 

observed a temporal coincidence between the formation of the C/S track and the elongation of NPs [8]. 96 

Physical interpretation of the calculated results of the shape elongation of NPs and the C/S track 97 

formation are provided in this paper.  98 

 99 

2. Method 100 

Numerical simulations of NP elongation in silica were carried out using the classical MD [9] code 101 

PARCAS [10][11-14], previously widely used to study radiation effects, including swift heavy ions 102 

[11,15-17]. To initiate the ion track, we followed the practice of instantaneous energy deposition 103 

according to a profile obtained from the two-temperature iTS model [18]. This approach has been 104 

previously found to give good results for track radii [19] as well as NP elongation [16]. In this approach, 105 

all the atoms in the center of the material are given a certain amount of kinetic energy depending on 106 
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their distance to the axis of the swift heavy ion passage. The energy deposition takes the form of some 107 

suitable increase in the velocity of the particles. The direction and the magnitude of the velocity increase 108 

is given at random. 109 

In the current simulations, Zn NP was embedded in an amorphous silica (a-SiO2) structure as 110 

follows.  A sphere of 12 nm in diameter, i.e., a NP, was cut out of the bulk Zn crystal structure relaxed 111 

at zero pressure and room temperature. The NP was compressed by 2 per cent, following the procedure 112 

described in [20]. The compressed NP was inserted into a cavity of the same size and shape in the center 113 

of the a-SiO2 cell. The combined structure was relaxed again under pressure control at 300 K, allowing 114 

the whole structure to reach the equilibrium. During this time, the compressed NP expanded in the 115 

cavity, simultaneously interacting with the a-SiO2 structure and establishing natural bonds with the 116 

surrounding atoms. We used the Tersoff-like Munetoh potential for SiO2 [21] combined with the 117 

Tersoff-like Zn potential from [22].  118 

The time for all simulations was 100 ps; there was no need for longer simulation times, since the 119 

simulated systems did not change significantly during the latter half of the simulated period. We 120 

investigated the density distribution of the SiO2 above and below the NPs, in and around the formed ion 121 

track, in addition to the shape elongation of the NP. These density variations proved to be of key 122 

importance for the mechanism behind the observed elongation. The simulation cell was divided into 123 

cylindrical shells of width 1 nm, and the radial distribution of the density was analyzed by comparing 124 

the values for the different shells. 125 

 126 

3.  Results and Discussion 127 

3.1. Criticism of the Synergy model from experimental results 128 

Here, we point out three inconsistencies of the synergy model with the experimental results: 129 

a) The elongation angle vs. the beam incident angle  130 

       Recently, Slablab et al. irradiated Au NPs in SiO2 with different incident angles of 0, 30, 45, and 131 

60 and observed that the elongation angles are the same as the beam incident angles, by both 132 
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transmission electron microscopy (TEM) and second-harmonic generation microscopy [23]. This 133 

observation is inconsistent with the synergy model.  The strain rate tensor d/dt for the hammering is 134 

given as  135 

d/dt = Ad/dt ,              (1) 136 

where  and t denote the ion fluence and time, respectively. The angler dependence of the deformation 137 

tensor A is given as  [24],  138 
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where the beam parallel to the z axis is tilted around the y axis by an angle .  Except  = 0 and 90the 140 

off-diagonal parts do not vanish, i.e., something like rotations can be induced. Consequently, the beam 141 

incident angle and the elongation angle should be different, except  = 0 and 90In fact, a self-standing 142 

silica colloid, which is governed by the ion hammering, changed the elongation angle from 45 at 1  143 

1014 ions/cm2 to 30 at 8  1014 ions/cm2 under 4 MeV Xe irradiation with the incident angle of 144 

45[25,26]. The observation of the same angle between the beam incidence and the elongation is 145 

counterevidence to the synergy model. 146 

 147 

b) Non-existence of the threshold fluence for the elongation 148 

    Here we discuss the threshold fluence, below which the elongation is not induced. In fact, the 149 

threshold fluences have been reported from TEM observation [1,27] and RBS measurements [27]. The 150 

observed thresholds can be ascribed to the resolution limits of the detection methods.  In most of cases, 151 

NPs are not completely spherical even before the SHI irradiation. To detect small elongation at low 152 

fluences, it is necessary to average the shapes over many NPs. Averaging over a macroscopic number 153 

of NPs is not inherently practical for TEM, which observes independent nanoclusters. In the case of 154 

RBS, the poor energy-resolution of the conventional surface barrier detector limits the elongation 155 

resolution.  To overcome this problem, we have evaluated the anisotropy in the optical absorption of 156 
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linearly polarized light, i.e., the optical linear dichroism (OLD). This method detects signals averaged 157 

over a large number of NPs, and is consequently quite sensitive to the small elongation of NPs.  While 158 

the signal was null for the unirradiated state, a very weak anisotropy was detected at the fluence of 1  159 

1011 ions/cm2 under 200 MeV Xe14+ ion irradiation [28].  Judging from the track radius of ~4.5 nm, this 160 

fluence corresponds the track coverage of only ~5% of the surface area; i.e. most NPs are not impacted 161 

at all, or impacted with the ion only once, not twice or more. This observation indicates that even only 162 

one impact of the ion induces a small but certain elongation in NPs, i.e. the non-existence of the 163 

threshold fluence. In the synergy model, the melting of NPs does not result in elongation until a 164 

sufficient stress field is accumulated by the ion hammering. Therefore, a threshold fluence was expected 165 

in the synergy model. However a threshold fluence was not experimentally observed, indicating the 166 

exclusion of the synergy model [29]. 167 

     A criticism on the OLD detection was whether the anisotropic signals really come from the NP 168 

elongation or not. In fact, the observed OLD spectra well matched with the calculated spectra of Zn NPs 169 

from Rayleigh theory [28], which supports the assignment of the observed anisotropy to the NP 170 

elongation. However, the signal could be ascribed to optically anisotropic defects which are generated 171 

by single impacts of the SHI ion. To exclude this possibility, we have carried out the same OLD 172 

measurements for the same samples but without NPs, i.e., SiO2 only, irradiated with the same conditions. 173 

We have observed that the OLD signal increases with the fluence even without NPs, but the intensity 174 

was ~2 orders of the magnitude lower than the signal from the NPs, indicating that the observed OLD 175 

signal is ascribed to the NPs [30]. 176 

 177 

c)  Irradiation temperature dependence 178 

      It is known that ion hammering exhibits large irradiation temperature dependence, which 179 

monotonically decreases with the irradiation temperature [31]. We are now evaluating the irradiation 180 

temperature dependence of the shape elongation. While this is still preliminary, the elongation 181 
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efficiency is almost constant between 300 and 600 K [32], whereas a steep decrease was reported [31] 182 

for the ion hammering. 183 

 184 

3.2. The results of the MD simulations 185 

      Figure 1 shows the time evolution of the C/S track formation and the elongation of a Zn NP in 186 

amorphous SiO2 irradiated with a 60 MeV Ti ion. Blue and green curves indicate relative density of 187 

SiO2 in the innermost cylinder of 1 nm radius along the ion trajectory (blue) and in the second shell of 188 

1 nm thick (green). A red curve shows the aspect ratio of NP (see the right axis).  Figure 2 schematically 189 

depicts the processes of the C/S track formation (upper row) and those of the shape elongation of NP 190 

(lower row), which were interpreted from the numerical results shown in Fig. 1 and physical insight.   191 

        At the moment of the ion impact (t = 0), the blue and the green curves were at unity of the relative 192 

density in the left axis, and the red curve is at unity of the aspect ratio in the right axis. Both the blue 193 

and green curves exhibits steep density drops, i.e., steep expansion, within less than 1 ps.  These 194 

expansions are due to huge energy deposition from a SHI, which first excites the electronic system of 195 

silica and then transferred to the lattice system.  Soon the expansion turns to density recovery with 196 

emitting a pressure wave outside.  The emission of the pressure wave is also reported by Cherednikov 197 

et al. using the hybrid particle-in-cell/ MD simulations of a SHI impact in LiF [33]. While the curves 198 

shown in Fig. 1 are noisy, the noise could be partly ascribed to sound waves triggered by the pressure 199 

wave. To clarify this point, further study is necessary. These processes are schematically depicted in the 200 

upper row of Fig. 2.  An interesting feature that can be observed in Fig. 1 is that the density in the 201 

innermost cylinder (green) is always lower than in the second shell (blue) except in the very beginning 202 

of the evolution. However, this observation does not always indicate the formation of the C/S track, 203 

because the shell density is lower than the unirradiated value, i.e., unity, at t < 20 ps.  The track could 204 

be categorized into two temporal regions: The dynamical region below 40 ps, where the track is formed 205 

but the densities of both the 1st and 2nd shells change, and the static region exceeding 40 ps, where 206 

constant densities in the C/S track are observed. The lower density of the core compared to that of the 207 
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shell in the dynamic region can be ascribed to the fact that the core is hotter than the shell. However, it 208 

could be difficult to explain the lower core density at 100 ps. The C/S structure was frozen, probably 209 

due to the extremely rapid cooling following the SHI impact. 210 

      Let us now consider the shape elongation of the NP. During the first 1 ps, the aspect ratio maintained 211 

almost at a constant value of nearly unity, while the surrounding silica experienced the steep expansion. 212 

In the MD simulations, the NP is instantaneously heated. However, due to the high mass of the Zn atoms, 213 

atom flow is not instantaneous, but needs some time to commence. Furthermore, the different 214 

temperature evolutions of silica and the NP may contribute to hinder the expansion of NP in the early 215 

stage.  As shown in the 3-dimensional  i-TS calculations reported by Rizza et al. [34], the lattice 216 

temperature (TL) in the silica region along the ion trajectory is already high at 10-100 fs, while that of 217 

the NP is still very low. The electron temperatures (Te) of both the silica and NP are much higher.  This 218 

is because the electron-lattice (e-L) coupling is much higher in silica than in metal. Although Te of NP 219 

is very high, the heat is not efficiently transferred to the lattice because of the low e-L coupling. 220 

Contrarily, Te of silica is easily transferred to the lattice system, which results in a high TL. The heating 221 

of NP is rather induced at the boundary between the NP and silica, where hot electrons from the metal 222 

NP penetrate through the boundary and heat up the lattice of silica via the high e-L coupling of silica. 223 

Finally, the NP is heated up by thermal conduction from the hot silica region around the boundary, 224 

which were heated up by hot electrons from NP. Because of the outer boundary heating, the NP is fully 225 

heated up only after the initial energy deposition, and requires ~3 ps for complete melting. Since the 226 

strong expansion of silica completes within 1 ps, all the dynamics in the NP, such as the increase of 227 

temperature, melting and flow, happens during the density recovery stage of silica. Following the 228 

recovery flow and the C/S track formation, an anisotropic deformation of NP, i.e., the shape elongation, 229 

is induced. The elongation processes are schematically depicted in the lower row of Fig. 2.  Notable 230 

differences in the e-L couplings between silica and metal NPs are the origin of the shape elongation of 231 

NPs.  232 

 233 
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4. Conclusions 234 

The mechanisms of the shape elongation of metal NPs embedded in amorphous silica, which is 235 

induced under SHI irradiation, were discussed in this paper. Since the discovery of this phenomenon in 236 

2003, many publications have proposed different candidate mechanisms. Now only two major 237 

mechanisms survived : (i) the synergy model between the ion hammering and the transient melting of 238 

NPs by the inelastic thermal spike, and (ii) the thermal pressure and flow model. As pointed out, 239 

experimental results are inconsistent with the former: (a) the coincidence between the incident SHI 240 

beam angle and the elongation angle, and (b) non-existence of the threshold fluence for the elongation 241 

detected by the optical linear dichroism (OLD). This paper further points out that the irradiation-induced 242 

OLD signal from silica exists but was two orders of the magnitude lower than those of NPs. The non-243 

existence of the threshold fluence is further supported. 244 

The model (ii) is supported by the molecular dynamic simulations with the lattice heating obtained 245 

from the inelastic thermal spike model. While a remarkable correlation was observed between the 246 

temporal evolution of the silica density around the ion trajectory and that of the aspect ratio of the NP 247 

after the first ps of the ion impact, no correlation was observed within ~1 ps. Since silica has much 248 

higher e-L coupling, the lattice temperature also increases quickly and up to higher values. Contrarily, 249 

metal NPs have the low e-L coupling, which results in slow temperature exchange. Hence the melting 250 

takes some time to complete, and the NP maintains itself in a still nearly solid state in the period where 251 

silica experiences the rapid expansion, and the NP melts and flows only in the course of the density 252 

recovery stage.  Large difference of the temperature evolutions between silica and NPs is the origin of 253 

the shape elongation. 254 
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 362 

 363 

 364 

 365 

Fig. 1.  Time evolutions of the relative density of amorphous SiO2 in the innermost cylinder of 1 nm 366 

radius along the ion trajectory (blue) and in the second shell of 1 nm thick (green) after an impact of 60 367 

keV Ti ion to silica including NP, which are calculated from MD simulations. A red curve shows that 368 

of the calculated aspect ratio of NP in the right axis scale. It should be noted that the radius of NP is 6 369 

nm, which is much larger than the hypothetical core/shell track (green and blue) of 2 nm in radius. 370 
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 372 

 373 

 374 

 375 

Fig. 2. The upper row (a) shows schematically depicted images of the temporal evolution of amorphous 376 

silica after a SHI impact, i.e., the C/S track formation. The lower row (b) shows that of a NP in silica 377 

after the SHI impact, i.e., the elongation of NP. The evolutions shown here are based on not only the 378 

calculated results from the MD simulations but also physical reasoning. 379 
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