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Abstract. Swift heavy ion-induced shape modification of metal nanoparticles embedded in an insulating
matrix has been reported in many experimental studies. The shaping process was studied theoretically by
modeling transport of the heat generated by electron excitations during a swift heavy ion impact on the
embedded nanoparticle. These models have assumed that the interface between the matrix and the metal does
not alter the heat flow. However, the difference between the Fermi level of the metal and the bottom of the
conduction band in the insulator may result in a significant energy barrier that obstructs the free flow of the
heat carried by energetic electrons. Moreover, the interface may enhance electron-lattice scattering and resist
lattice heat conduction.

In this work, we use the finite-element method (FEM) to solve partial differential equations for heat
conduction through the interface between the metal nanoparticle and the insulating matrix including interface
effects. Based on an exemplary case of a gold nanoparticle embedded in a silica matrix, we study how the
processes at the interface may alter the heat transport through it. We observe that obstruction at the interface
impacts mainly the timescale and efficiency of material melting. Each of the studied effects changes the size
and shape of the nanoparticle regions, where the temperature rises above the melting point.

Understanding the role of the interface on heat dynamics during swift heavy ion impacts can improve

estimations of the maximal size of embedded nanoparticles that are still susceptible to shape modification by
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energetic ions. The accuracy of model predictions can be crucial for the development of nanoscale optoelectronic

applications.
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1. Introduction

Metal nanoparticles (NPs) have interesting effects on the optical properties of materials depending
on their shape and orientation. This dependence offers a spectrum of possible future applications
in optical devices [1,2]. One way to manipulate shapes of nanoparticles, while keeping them
aligned, is to embed or to grow them inside of an insulating matrix and subsequently irradiate
by swift heavy ions (SHI) [3-17]. SHIs are highly energetic ions that slow down primarily via
the electronic stopping, i.e. depositing energy to the electronic subsystem. Generally, electronic
stopping power in metals is high [18], hence, a SHI impact on a metal NP results in a large amount
of energy deposited to the electrons along the ion trajectory. This leads to the very high energy
density deposited along the ion track, which can easily be sufficient to melt or even vaporize the
NP. However, the strong heat conduction by free electrons in these materials dissipate the energy
away from the track, drastically reducing the heating effect. However, in metal NPs, the energy
dissipates among a limited number of metallic atoms. Moreover, the energy deposition to the NP
increases linearly with the particle diameter, but melting and vaporization are dependent on the
particle volume. The larger the NP, the lesser the effects are observed. For instance, Rizza et
al. [19] showed that the ions that were able to induce the shape modification of smaller NPs, did
not change the shape of NPs larger than 80 nm. The inelastic thermal spike model (+TS) [20] or,

more generally, two-temperature model (TTM) [21,22], and its implementations within the MD
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simulations [23] has been successfully applied to explain the shape modification of metal NPs by
swift heavy ions [6,24]. According to this model, the main relevant parameters, which are able
to explain the SHI effects are the (electronic) thermal conduction and the rate of energy transfer
from electronic to atomic subsystems. The latter is called due to historic reasons the effective
electron-phonon (e-ph) coupling, which is fairly low for metals. The low e-ph coupling and high
electronic heat conductivity lead to efficient dissipation of energy far from the track core before
it is transferred to the atomic lattice. It explains why tracks in metals are observed only when
electronic stopping powers of irradiating ions are very high (g 50 keV/nm) [25,26]. By contrast,
in dielectric materials, such as SiOs, the e-ph coupling is higher by several orders of magnitude.
The ion tracks in these materials are observed much more commonly and at lower stopping powers
(Z 5 keV/nm) [23,27,28].

The TS model has been used to study the spatiotemporal evolution of temperatures away
from SHI trajectories [20] [9,29-32]. With the assumption that ion tracks result from local heating
of the lattice above the melting point, the model can be parameterized by fitting to experimental
track radii. The model can then be used to study the energy transfer between ions and the material
or predict new track radii at different irradiation conditions. Combined with molecular dynamics
(MD) simulations, the TTM provided deep insights into the mechanisms of damage formation in
materials [4,6,17,23,27,28]. Moreover, the model was also used to explain the shape modification
of embedded metal NPs by either solving analytically the partial differential equations (PDE) for
TTM in 3D [33] or by combining TTM with MD simulations [4, 6,24]. Analytical solution of
the PDEs for shape modification of NPs is an attractive approach, since it can give a reasonable
estimation of shape evolution for relatively low computational costs, even if the size of the NP is
several tens of nanometers.

According to the model suggested by Dufour et al. [33], which was developed for the prediction

of shape evolution of Au NPs embedded in a-SiOs, the energy deposited to the electrons in Au
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NP’s is not transferred to the Au atoms. Instead, the model predicts that hot electrons quickly
spread away from the NP. They pass through the interface to the surrounding silica matrix with no
obstruction. Here, because of much lower electronic heat conductivity and much higher electron-
phonon coupling than in gold, the hot electrons do not diffuse far but deposit their energy in
silica in the close vicinity to the NP. This energy was sufficient to melt the surrounding material,
consequently melting the NP as well. In these calculations, the heat transfer through the interface
is unaffected by its electronic structure. However, since a-SiO5 is an insulator with a large band
gap, there is a significant energy difference between the bottom of the conduction band of silica and
the Fermi level in Au. In other calculations [14], by contrast, it has been assumed that this energy
difference acted as a barrier for heat conduction at the interface, affecting the heat flow through
it or even completely preventing it. To resolve the clear discrepancy between the two approaches
and deem which one is more appropriate, calculations that consider explicitly an electron transfer
barrier between a metal NP and an insulator matrix are needed.

In this work, we solve numerically the time-dependent PDEs for two-temperature modeling
in the 3D geometry for Au NPs embedded in a-SiO5. Unlike the model in [33], however, we use
more flexible mesh of the finite element method (FEM) to increase computational efficiency and
allow for compatibility with MD simulations [34]. The FEM formulation also allows us to add
conditions that limit the heat flow at the silica/Au interface partially. In the previous approaches,
the interface was considered to be either fully transparent [33] or insulating [14] thermally. We
include the electron transition barrier in the metal-insulator interface to analyze the dynamics of
electrons resulting in energy deposition to both a-SiO5 and Au atoms. We take into consideration
the electron energy distribution to estimate the number of electrons that have sufficient energy to
pass to the conduction band of silica. We use this approach to study the thermal evolution within
NPs of different sizes to assess the amount of heat developed in NP after a SHI impact that is

available for the shape transformation. For clarity and concreteness, we will refer to these cases as
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NP(X) with X in the parenthesis indicating the diameter of NP in nm. We also extend our model
to the cylindrical nanorods (NR), which will be referred to as NR(X xY'), where X is the length
and Y is the minor diameter of the NR given also in nm. Finally, we consider the effect of the
interface on electron-lattice scattering and lattice heat conduction in large (d> 40 nm) spherical

nanoparticles.

2. Methods

2.1. Two temperature model

To describe the process of heat exchange between electronic and atomic subsystems, we use the

TTM, which is expressed by two heat diffusion equations:

dT,

Coe—t =V (keVT,) —g- (T, —Ty) 4+ S(rL, 2) (1)
dT,

c%a—dt =V - (keVTy)+g- (Te —T,) (2)

where ¢, is the volumetric heat capacity, « is the heat conductivity and g is the e-ph coupling
term, which is responsible for energy exchange between the electronic (subindex e) and the atomic
(subindex a) subsystems. For the energy source term S(r, ,z), we use the Waligorski formula [35]
normalized to give the electronic stopping power as predicted by SRIM [18] software (for more
details, see [23]). r, and z are the distances radially from and linearly along the ion trajectory,
respectively. In the current geometry, there are two media, Au and a-SiO5, which an ion passes on
its way through the cell. We compute the S(r, ,z) profile by joining the independently calculated
profiles for the bulk Au and the bulk a-SiO4 cells as follows. The joint profile assumes the value
either for Au or for a-SiO5 depending on which of the two materials is found at the given coordinate
(r1,z). We chose not to include yet a time dependence of S(r ,z), since in the current simulations

we do not follow the dynamic evolution of the NP shape, but rather analyze the effect of the initial
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NP geometry and the effect of an energy barrier for hot electrons in order to assess the amount of
energy, which is initially available for the shape modification.

We solve the time-dependent Eqs.(1) and (2) using the FEM-code FEMOCS [34,36] with the
modifications explained in Appendix B. For consistency, we used the same TTM parameters and
the same ion (Br 110 MeV) as in [33]. The summary of these parameters can be found in Appendix
C.

To verify the current model, we performed the calculations with the same assumptions as in
the model of [33], i.e. considering no energy barrier in the interface and for the same geometry.
The detailed comparison of both results is shown in Appendix A and confirms that despite the
different numerical methods used for solving the PDEs of the TTM, the present model and the

model in [33] predict the same heat evolution dynamics in the system with an embedded NP.



2.2. Nanoparticle - insulator interface
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Figure 1: Schematic presentation electronic structre of the metal(M)-insulator(I) interface in the
case of a) low (top) and b) high electronic temperatures (bottom). On the left hand side the
Fermi-Dirac distribution function multiplied by a density of states are shown. Band bending is

omitted in the diagram for simplicity.

A schematic presentation of the electronic structure at the metal NP-dielectric interface is given in

Figure 1. In the Figure, we show the Fermi-Dirac distribution function and a simplified electronic
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structure of the interface. The electrons need to overcome a barrier given by ® to reach the

conduction band of silica.
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Figure 2: Proportion of electron energy above barrier level Epigh(T)/Etotai(T) as a function of
temperature. Portion of the integrals (coloured) above the barrier line (red) compared to the total

integral are the same as the values in Ep;gn(T)/Etotar(T) at corresponding temperatures.

We take into account the energy barrier by reducing the heat flux through the interface. This
reduction depends on the number of electrons with the energy below the height of the barrier. For
this, we calculate the ratio of the total energy of the electrons with the energy above the energy

barrier to the total energy deposited to the electronic subsystem: [37, p. 44]

Enign(Te) _ [ G(e)F (e, Te)ede

Etotal(Te) fO G(E)F(S,Te)gdf (3)

where G(e) is the density of states, F(¢,T) the Fermi-function and e the electron energy. The

evolution of the ratio EI}EL(TG)

S as a function of electron temperature is shown in Figure 2, while
ota
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the inset shows the distribution of electrons multiplied by their energy as a function of energy.
We incorporate this factor into Egs. 1 and 2, within the Neumann boundary condition of 1 at the

boundary between the electronic subsystems of gold and a-SiOq

qAu (X) = _kAu 8%171Au (t7 X)

_1 Erigh(Te,Au)
(&7 Etotal(Te,Au)

T, sio,
gsio, (x) = kSiOQ%(t’X) = qAu, Vx € dayysio,

(Te, Au(xv t) — T si0, (Xv t))
(4)

where x is the three-dimensional position vector, 9Qa, /sio, 1s the boundary between gold and
silica, n is the normal vector of the boundary surface and ¢ is the reduced heat flux density.
Subindices are used to separate derivatives and flux at different sides of the boundary. « is a free
parameter related to interface thermal resistance (see Section. 4 and Appendix B for more details)
chosen such that the model produces unobstructed heat flow through the interface when the barrier
is not present, i.e. when % =1 (see Appendix B). We use the Dirichlet boundary condition
at the end of the silica cell, i.e. T = 300 K, in the x and y directions. Periodic boundaries are

applied in the z direction.

For the density of states, we use the Drude-Sommerfeld model for the three-dimensional Fermi

gas [37, p. 44]:
3Ne €
G(E)—2Ef1/E—f7 e>0 (5)
G(e) =0, e<=0 (6)

where n is the electron density and E; ( = 5.53 V) is the Fermi energy. We also assume one free

electron per a Au atom. The chemical potential p(Te) in the Fermi function

1

F(e,u(T,),T.) = kT 1 1

is normalized so that the electron density stays constant, i.e. to satisfy the integral

ne = /0 GO F e, (T, T ) de. (8)
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While an estimate of ® value can be obtained using the work function of gold and electron
affinity of silica, it cannot be accurately deduced from the simple theoretical considerations. We
use an experimental value of ®=4.1 eV from [38]. The value depends on the alignment of the
band structures at the contact, which can be understood using the interface dipole theory [39]:
No charge transfer is possible between Au and silica because of the energy difference between the
Fermi-level in Au and the bottom of the conduction band in silica. However, the electrons can
accumulate at the interface occupying the interface states and giving rise to an electric field. This
electric field causes alignment of charge neutrality level in silica and the Fermi level in gold.

We note that the effects from electric fields (band bending) are not explicitly included in
the current model. As a first approximation, we consider only the barrier when electrons move
from silica to gold, quantified by ®. Moreover, the local electron temperature fully determines the
states electrons occupy, and the conservation of electrons in the chemical potential implies charge
neutrality. Hence, if charge transport occurs across the barrier from gold to silica, it is implied
that a balancing flow follows from silica to gold. The model predicts that the temperature drops
very rapidly near the interface in silica. Therefore, the hot electrons do not diffuse far from the
interface; no more than a nanometer in order of magnitude. The model assumes that despite the
elevated electron temperature, the thermodynamic properties of silica in this region or in the ion
track in silica do not change significantly. More elaborate models could be, in principle, used to

study the validity of these assumptions.

3. Results

We performed the calculations for Au NP of three different geometries embedded in a-SiOs matrix:

small spherical NP(20), large spherical NP(40) and the nanorod NR/(80x40).
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3.1. Temperature evolution within nanoparticles

Figure 3 shows that the thermal dynamics in the system with a NP(20) is very rapid. The energy
deposited by the ion to the electrons both in Au and in a-SiO5 rapidly melts the NP. For this size of
NPs, the effect of the barrier at the Au NP-a-SiO5 interface is not significant. In both simulations,
with no barrier (Figure 3a) and with the interface barrier of 4.1 eV (Figure 3b), the electronic
temperature at the interface is very high and allows for the heat flow through the interface almost
identically in both simulations. Hence, we conclude that the effect of the interface for NPs (< 20
nm, at least) is negligible and can be largely ignored within the two-temperature model of SHI
effects in NPs. In both our simulations, the NPs remained above the melting temperature for tens
of picoseconds, as can be seen in Figure 3c, which shows the situation in both cases after 10 ps of

the simulation time.
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Figure 3: Temperature evolution in NP(20) with a) free thermal transport through the interface
and b) barrier ® = 4.1eV at the interface. c) shows the temperature distribution after 10 ps in the

same NP as in a), marked as "no barrier” and in the same NP as in b), marked as ”with barrier”.

The situation changes in the system with the large NP, see Figure 4. Now we see that the
electronic temperature is significantly lower at the NP-a-SiOs interface, particularly in the parts
along the lateral diameter, which are the furthest from the ion trajectory. Here, the electronic
temperature does not reach high values (>20000 K) for an extended time. In these simulations, we
observe a clear difference between the simulation runs with the free heat flow through the interface
(transparent interface) and with the different barrier values. The result of the former simulation
is shown in Figure 4a, while the results of the latter ones are presented in Figure 4b, 4c and 4d,

where the color bar indicates the scale of lattice temperature in the system. As we see, the lattice
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temperature at the interface along the lateral diameter indeed never reaches the melting point and
there is less overall melting within the NP. Due to uncertainty of the barrier height, we also tested
three different values of ® = 3.1 eV, 4.1 eV and 5.1 €V, i.e. by 1 eV below and above the value
reported in [38]. For completeness of our study, we have also performed the simulation of heat
evolution in the system with NP(20), while the barrier was increased to 5.1 eV. In this simulation,
we have not noticed any difference compared to the case with the original barrier of 4.1 eV, which
confirms our conclusion of the insignificant effect of the processes at the interface for small size of

NPs with d < 20 nm.
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We further consider the reasons that led to such different heat evolution in the systems with
NP(20) and NP(40), when we take into account the energy barrier in the interface. On the other
hand, it is also important to understand why the system with NP(20) behaves similarly with and
without such an energy barrier. In simulations with NP(20) that has the thermally transparent
interface, the NP melts by an indirect heating mechanism as suggested by Dufour et al. [33]. For
NP(20) when the barrier is included, the energy of the electrons, when they reach the interface
between the small NP and a-SiOs is so high that the barrier of ~4 eV does not obstruct the energy
transfer through the interface. When the hot electrons reach a-SiOs, they deposit energy to the
lattice almost immediately due to high e-ph coupling. The hot silica structure in the vicinity of the
interface efficiently heats the NP and eventually melts it. In effect, even if electronic heat escapes
the NP in form of hot electrons, it returns back to the NP lattice heat.

The dynamics change dramatically when the size of the NP is considerably larger, d>40 nm.
When the NP has the thermally transparent interface, the electronic heat conduction brings the
heat to the interface until the electronic system within the NP cools down completely. The initial
energy density deposited to the electrons, and, hence, the initial electronic temperatures, within
the Au NP decays with the radius as 1/r2. This means that at the beginning of the simulation
practically the entire interface is cold and the energy exchange takes place only at the top and the
bottom of the NP. Because of the high electronic heat conduction in Au, the electronic temperatures
in the NP equilibrate very quickly, but not until the electronic temperatures within the NP have
already significantly cooled down. This leads to lesser energy deposition at the borders of the
NP overall. However, during the first two picoseconds, there is enough heat in the interface that
even the sides of the NP along the lateral diameter (the furthest from the track) have melted
significantly. This is not the case in the NP with a non-transparent interface. If we include the
barrier, there is barely any energy flow through the interface at these furthest borders (sides) as

seen in Figure 5, where we show the temporal evolution of energy equilibration (Enigh/Etotal, where
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indices "high” and ”total” indicate the portion of the energy of the electrons above the barrier
energy and the total energy of the electrons). As can be seen from Figure 2, after the system has
reached 103 K there is practically no energy escaping the electronic system of the NP. As a result,
the borders of the NP remain through the entire simulations at temperatures below the melting

point.
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Figure 5: Epnign/FEiotar s a function of time at the top and sides of the NP in the system with

NP (40).

We also observe that the system cools down slower in the simulations with the thermal barrier
compared to the simulations with the transparent interface heat flow. In the former case, after
reaching the electronic temperature of 10* K, the interface becomes practically non-conducting as
can be seen in Figure 2. This energy can now only be deposited via e-ph coupling within the Au

NP, which is a much slower process as the e-ph coupling of Au is three orders of magnitude less
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than that of silica. The slow heat deposition to the atomic system keeps the NP around 10® K for
a long time.

We further analyze whether the heat developed in the ion track within silica due to direct
energy deposition to this material plays a substantial role in the increased heating of the NP at
the top and the bottom where the ion track enters and leaves the NP. We simulated a NP(40) in
a hypothetical system with the very high electronic barrier so that the energy is deposited only
within the Au NP, but not in silica (Sesio, = 0 ¢V/nm). These results are shown in Figure 6
and demonstrate that the energy deposition in Au only is sufficient to melt the regions at the
top and the bottom of the NP, without contribution of energy deposited in silica. We conclude
that the energy initially deposited in Au is the main driving factor of the surface melting, and the

asymmetry is not because of the initial energy deposition to silica.

1972
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Figure 6: Energy deposition only to the nanoparticle. Contour lines show the regions with the
atomic temperatures above the melting point of the NP, while the NP is outlined by the dashed

black lines.

Based on these results we conclude that the mismatch between the Fermi level in Au and the
bottom of the conduction band in a-SiO5 at the interface may play a significant role in how the

heat flows through the interface, especially when the size of the NPs is not small (> 40 nm). The

Temperature [K]
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parts of the interface that the ion intersects along its trajectory (at the top and bottom of the
NP) are the closest to the track where the hot electrons are excited. These initially hot electrons
pass through these parts of the interface, while by the time Instead, the model predicted that hot
electrons quickly spread away from the NP but don’t diffuse far within silica because the electronic
thermal conductivity and the e-p coupling of gold are notably higher than that of silica. Moreover,
the interface does not limit the flow in the model. Consequently, most of the energy was deposited
in the silica atoms near the NP. These hot electrons reach the interface along the lateral diameter
of the NP they become much cooler and only a very few electrons are able to penetrate through the
interface with the barrier. While this is true for both the thermally transparent interface and for
the interface with a barrier, the heating dynamics of the NP are different in both cases. When the
interface is thermally transparent, all electrons are able to go through it, and even if the electrons
are relatively cold, they are still able to deposit sufficient energy to the lattice atoms to heat the
NP at the interface melting in the metal structure near the interface. The picture is changing
when the barrier is taken into account. Now, the slow electrons can not overcome the barrier, and
those which do, transfer much less energy to the surrounding matrix atoms of a-SiO2 to heat NP
significantly. Hence, the NP with the non-transparent interface will not heat up anywhere else
except at the top and the bottom of the NP, which are along the ion track.

To summarize the main difference in the behavior of the systems with small (NP(20)) and
large (NP(40)) NPs, we draw a schematic that illustrates the processes developing in the interface
between an embedded NP and surrounding insulating matrix. In NPs with d < 20 nm, the
dynamics of heat flow through the interface is not affected by the difference in the Fermi level in
the metal and the bottom of the conduction band of the insulating matrix, since the temperature
of electrons reaching the interface is very high (see the top panel of Figure 7). In a metal NP with
d ~ 40 nm, the processes at the interface start playing a significant role. Some of the electrons

which reach the interface have cooled down to the values below the energy barrier at the interface.
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These electrons are reflected back, where they eventually deposit energy to the lattice in the much
slower process of e-ph coupling within Au metal. Without taking into account enhanced e-ph
coupling near the interface due to the increase of the scattering centers for electrons, the melting
of the metal surface along the lateral diameter of the particle is not expected (see bottom panel

of Figure 7).

Small (<= 20 nm) nanoparticle

2. Very hot electrons spread 3. The electrons stop in 4. The hoti lator heat
1. Heating in track from track center quickly insulator, heating it up locally t.h e t:l Ins:_al or el;-; s u,t;
i to edge and cross it around the interface e metal particle, mefling 1

Insulator <100fs Insulator ~300fs Insulator -1ps Insulator -3 ps

L

Large (~ 40 nm) nanopatrticle

2. Very hot electrons spread from 3. Most electrons are reflected back 4. Dueto slower electron-phonon
track center but lose energy by interface barrier, keeping most coupling in metal, the nanocluster
before reaching interface electronic heatin nanocluster atoms heat up slowly

Insulator <100fs Insulator l ~-300fs Insulator l ~-1ps Insulator -5ps
g i ( :

1. Heating in track

Figure 7: Schematic illustration of heat evolution in NPs after a SHI impact. Note the different

behavior of heat evolution for small NPs (d < 20 nm) and sufficiently large (d ~ 40 nm), when

the electronic barrier in the interface starts playing substantial role in this process.



20

3.2. Temperature evolution within nanorods
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Figure 8: Comparison of temperature distribution in the systems with NR(80x40) (a) and NP(40)
(b) after 1 ps from the ion impact. The images show the cross sectional plane through the center
of NR and NP parallel to the ion beam. c¢) shows the same as (a), but the cylindrical part in the

middle of the NR is hidden for visualization purpose.

With a few exceptions [10,40], the studies of the heat flow after SHI impacts have focused on
nanospheres. To extend our results to non-spherical NPs, we next study the heat dynamics
evolution in cylindrical NRs. NRs could be embedded in silica by depositing a thin film on top of
them (see Ref. [10]) and subsequently irradiated to tune their shape. Moreover, at high fluences,
spherical NPs were repeatedly reported to elongate into rod-like shapes [19], in which the heat
dynamics may differ from that in the initial state of spherical geometry.

The way how the energy is deposited to a NR during a SHI impact may differ from what we
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see in a NP because of the elongated shape of the former, since the energy deposition may depend
on how the NR is oriented with respect to the ion beam direction. Hence, we now analyze the
heat distribution in an elongated NP, i.e. a cylindrical NR. In our simulations we used two sizes
of the NRs, NR(80x40) and NR(40x20) with the minor diameters of the same size as the large
and small NPs (NP(40) and NP(20)), respectively. It was interesting to note that ion impacts
along the major axis of the NRs, the heat flow is very similar to that in the spherical NPs of
the same diameter as the minor one of the NR. We observed melting at the top and the bottom
tips of the NR, while laterally, the surface of the NR in the middle part of it remained relatively
cold. To demonstrate this similarity, we show only the top and bottom parts of the NR in Figure
8c, while hiding the middle (cylindrical) part of it. The temperature profile in Figure 8c is very
similar to the one shown in Figure 8b, where the temperature profile developed within the NP of
the diameter the same as the minor diameter of the NR is shown.
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Figure 9: Temperature evolution of NR(80x40) for A) 4.1 eV barrier and B) no barrier.
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Figure 10: Temperature evolution within the NR(40x20) under different Au/a-SiOs interface

condition: a) 4.1 eV barrier and b) no barrier.

To see how the temperature evolves if the NR is hit by a SHI through its side, we also
performed the simulations with the NRs that are rotated by 90 degrees with respect to the ion
trajectory. Initial energy deposition, in this case, is almost identical to the spherical NPs, because
the ion now travels the same length (20 nm and 40 nm) in Au as within the corresponding spherical
NPs. However, laterally the interface is much further in these simulations than in those with the
spherical NPs. In the case of d = 40 nm, the temperature reached the melting value only in the
part where the ion hits the NR. This result is shown with the thermally transparent interface in
Figure 9a and when a barrier in the interface is taken into account in Figure 9b. The increased
distance to the interface reduces the amount of energy, which electrons are able to bring to the
lateral interface. This is why even when the interface is thermally transparent, the electrons are
not able to carry enough energy to significantly heat the a-SiOs structure near the interface. Hence
the metal structure near the interface heats up but does not melt. When the barrier is taken into
account, the electrons that reached the lateral interface are too cold to overcome the barrier, and

heating of the NR proceeds via slow e-ph coupling within the NR itself. However, this process
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is not sufficiently fast and by the time the energy is transferred to the NR, the temperature is
already below the melting point.

When the NR is smaller (NR(40x20)) the difference between the interface with and without
a barrier is more pronounced. In the case of no barrier in Figure 10 b) the temperature reaches
the melting point within the entire NP. However, when the barrier is added in Figure 10a the
temperatures at the lateral interfaces are not high enough to allow for sufficient heat flow through
the interface. The melting starts at the top and the bottom of the NR where the ion trajectory
crosses the NR/a-SiO2 interface and expands outwards. However, the temperature near the tips
of the NR remains cold (below the melting point). Decreasing the size of the NR even further led
to melting of the whole NR even with the barrier as high as 4.1 eV. NRs with a slightly larger

radius than 20 nm did not melt fully either with or without the barrier.

4. Heat flow dynamics in the interface

In addition to the existence of the energy barrier for heat flow through the interface, we also pay
attention to possible structural effects on the heat dynamics near the interface. The two major
contributions which can affect the temperature evolution in this region are enhanced electron
scattering at the interface [41] and thermal interface resistance of the lattice [42]. Although both of
these phenomena are difficult to measure experimentally, particularly in the geometry of embedded
nanoparticles, we offer an analysis of the contribution of these effects within the model proposed
above.

We introduce the effect of enhanced scattering in the interface by increasing the effective e-ph
coupling of Au. The same approach was used in the study of thermal conduction through the flat

interfaces in thin films consisting of alternating Au and a-SiO, layers [41]. The authors of [41]
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took into account the increase of e-ph coupling by adding an additional term

sl g, q) )

to the two-temperature equations Eqs. 1 and 2. In term 9, he, is measured in Wm 2K ! and d
is the film thickness. In this film, h.s was estimated, and the formulation makes h.s independent
of the thickness. We implemented this term by increasing the e-ph coupling in a thin sphere
shell at the surface of the NP, that is, in the outermost shell. The interface heating could be
alternatively implemented as a boundary condition as well. In our simulations, we use the same
value of hes as in Ref. [41] and d = 1 nm, which is the thickness of the shell where the e-ph
coupling is enhanced. Increasing this parameter twice does not alter significantly the simulation
results. While the value of parameter d changes the short timescale dynamics (up to ~ 1 ps), we
did not observe relevant differences in long-timescale results and sizes of the molten regions. Here,
T} is taken to be the lattice temperature of gold as a first approximation. Figure 11 illustrates the
heat evolution dynamics, when the enhanced e-ph coupling in Au (term given by 9) is taken into
account in the vicinity of the interface. We see that now the NP is melting even more efficiently
near the surface than in the case when the thermally transparent interface is assumed (Cf. Figure

3a) despite the barrier of 4.1 eV, which is included in these calculations.
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Figure 11: Temperature evolution within NP (40) with the 4.1 eV energy barrier over the interface,

taking into account increase of scattering centers for electrons due to defects at the interface.
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In addition, the thermal insulation of the interface may also play a role in heat flow through
the interface (the relation of thermal insulance to thermal resistance is explained in Appendix
B). Previously, this quantity has been estimated for the Au-a-SiO interface (M) in layered thin
films [42]. We can use it to assess the effect of the insulance on heat dynamics within the embedded

NP. In 4 and Appendix B), parameter « has two contributions

a = Mau + Msio, (10)

which are needed to describe discontinuity in heat conductivity at the interface. That is, o consists
of insulances of Au (Mu,) and a-SiO2 (Msio,), which are connected in series analogous to an
electrical circuit. This allows us to introduce additional insulance in phonon transport, by adding

M7 to the parameter a:

a = May + Msio, + Mj (11)

Here M; = 2.13 - 1073m?K /W, which is determined as an average of the values reported in [42].
Since it is difficult to isolate the additional insulance of the interface experimentally, this value
should be treated as a rough estimation only. The value could also be simulated with atomistic
models, provided there is a potential that can describe the Au/a-SiO interactions correctly.

As can be seen in Figure 12a, the increased insulance at the interface increases the fraction of
the molten region in the NP. The heat generated in the NP due to increased e-ph coupling at the
interface is not removed quickly and accumulates within the NP. Subsequently, the NP melts almost
entirely. Since there is only a linear increase in total energy deposition with increasing NP radius,
NPs with large radii cannot melt even in perfect insulation. To verify that this mechanism does
not produce too strong heat in even larger NP, we have performed the simulation also for NP(60).
The result shown in see Figure 12b validates that our model does not produce unphysically strong

heating to enable melting of significant regions in large NPs, which is in line with the experimental
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observations [19]. As we see in Figure 12b, the NP does not melt even with insulation. In this

simulation, only the very thin layer near the surface of the NP was molten.
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Figure 12: Temperature evolution within a) 40 nm b) 60 nm diameter NPs under 4.1 eV barrier

surface scattering with insulance included for the lattice heat conduction.

5. Comparison of interfacial effects on heat dynamics

In this study, we aimed to understand the heat dynamics near the interface and how important
the accurate description of processes in this region is for the understanding of shape modification
of embedded NPs under SHI irradiation. Conventionally, this issue has been neglected based on
an intuitive expectation of a very minor, if any, effect.

Our studies showed that the effect of the barrier in the interface becomes significant if NPs
are within a certain size range. This is due to the correlation between the size of the NP and the
lateral range of energy decay for the electrons excited by a SHI impact. If a NP is sufficiently

large, the energy of the electrons that are reaching the interface region becomes comparable with
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the height of the barrier. If so, a large fraction of excited electrons is not able to pass through
the interface and remains in the NP, where the energy from electrons is transferred directly to the
Au atoms via the slow e-ph coupling process. The energy of electrons that were able to penetrate
through the barrier is much lower so that even efficient energy deposition in a-SiO5 will not be
able to develop sufficient temperatures to heat the NP.

In the systems with NP(20), the energy of electrons does not yet decay notably by the time,
when the electrons reach the interface and they remain very hot while crossing the interface. Hence,
the majority of them will freely penetrate through the interface, depositing energy in the a-SiOq
structure. This result confirms the general assumption of nearly no effect of the barrier on heat
flow through the interface, at least, in the NP with a diameter below 20 nm.

We see that the most interesting dynamics of the heat flow for a Br 110 MeV ion develop
when the lateral diameter of a NP is above 20 nm. We note that in such cases, the melting of
a NP becomes anisotropic, i.e. top and bottom melt much more than the sides, when an energy
barrier at the interface is taken into account. The electronic temperature near the interface along
the lateral diameter, the furthest from the ion track, does never reach sufficiently high values for
effective heat conduction over the interface. Therefore, the surface of these NPs which was not
affected directly by the ion track is not expected to melt when the barrier is taken into account,
which is contrary to what was found in [33], where no barrier for hot electrons was taken into
account. We observe the same behavior even in the NRs with 20 nm in the minor dimension, but
positioned perpendicularly to the ion beam. The temperature in these NRs did not reach melting
point everywhere. The polar regions of the interface directly affected by the ion track are much
closer to the source of hot electrons and the presence of barrier in these regions does not affect the
thermal conduction through the interface. More energy is deposited in a-SiOs near the interface,
inducing the melting of metal structure in these regions. This effect is seen in spherical NPs with

d > 40 nm, and nanorods with minor d > 40 nm.
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When we took into account other interface-related effects, the heat flow dynamics over the
interface has changed again. For instance, the electron scattering on the surface defects, which
enhances the e-ph coupling near the interface led to melting of NP surface even when the diameter
of the NP was 40 nm. Furthermore, the insulance of the interface adds an additional barrier to
the heat flow within the NP. The heat confined in the NP was distributed more evenly, producing
symmetrical surface melting with most of the NP melting. The insulance also significantly slowed
down the cooling of the NP.

In Figure 13 we summarize the results of all calculations. Temperature evolution in some key
regions of the NPs as a function of time can be found in Appendix D. The first row of images,
see Figure 13a, show the results of heat dynamics with the transparent interface. In this case, the
heat is deposited in the thin a-SiO9 shell near the NP, which becomes sufficiently hot to melt a
significant part of it. In figurel3b, the heat flows through the interface with the thermal barrier.
In these results, the temperature at the lateral diameter of the NP stays below the melting point
throughout the simulation because of the lesser energy being deposited in a-SiOs near this part
of the interface. If the enhanced e-ph coupling is taken into account, the heating in the NP is
increasing and even more efficient (see Figure 13c), since the energy is now deposited directly in
the Au lattice. The heat accumulation is even stronger (see Figure 13d), when the insulance of
the interface is also taken into account. To put the insulance reported in [42] in a perspective, it

corresponds to pm thick layer of gold.
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6. Conclusion

The results of the present work show that the heat evolution in metal nanoparticles embedded
in an insulating material is strongly dependent on the accuracy of the description of physical
processes in the metal-insulator interface. The role of the interface was more substantial if the
size of the nanoparticle was d> 40 nm NPs. The heat dynamics in the nanoparticles with d <
20 nm, the interface effects were much less significant. The common trend which we observed
in all simulations employing different models of processes near the interface was that the melting
of the nanoparticle started always at the interface. This observation is in line with the previous
numerical results. However, our work shows that the driving mechanism for melting, and the
related quantities of the total molten volume or heating and cooling rates, depend on several
interface phenomena, that were not considered in previous works. The approaches for taking some
of these phenomena into account developed here lay the basis for further theoretical work and

comparisons with experiments.
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Appendices

A. Implementation validity test
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Figure 14: Validity test. Models produce similar results for d = 40 nm NP with with non-
restricted heat flow through the NP-dielectric interface. Solid lines: this paper, dashed lines

extracted from [33] as comparison.

B. FEM implementation of the two temperature model

We used a modified version of finite element code FEMOCS [34,36] to run our TTM calculations.
The modified version has two 3D heat solvers in FEMOCS but the Nottingham heating term

described in [36] is replaced with a e-p coupling term (+ for atomic - for electronic) G - (T, — T,).
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We used identical meshes for both the electronic and the lattice solvers so the corresponding

temperatures could be imported for each point. Neumann boundary condition was added to the

interface between lattice SiO2 and Au solvers for both electronic and lattice heat conduction.
The total flux Q through an area A of the NP surface is

_ Tsio, —Taw _ Tsio, — Tau

Rsio. P 3+ %,

(12)

This expression can be derived by considering heat conduction through thin slabs of thickness Ax
at an interface of two heat conductivities, but here Ax is used as an adjustable parameter set to
1.0 A. This parameter is chosen to be large enough for numerical stability, but sufficiently small
not obstruct the heat flow artificially. The model gives an agreement with the results by Dufour
et al. [33] (Appendix A). In 12, Ra, and Rgio, are the thermal resistances of the slabs. When

writing this boundary condition in terms of flux density (q = Q/A, as in 4)

1 TS'O - TA
0= 5 (Ts0, ~Tan) = a7 (13)
KSiOg KAu

the quantities depicted by the terms in the denominator are called thermal insulances. However,
these are also sometimes confusingly called resistances, even though the units do match with the
ISO standard [43]. The symbol for insulance is M.

« is described in Section 4. The boundary conditions was used for both electronic and lattice
equations, i.e. the temperatures T" and heat conductivities k refer to electron and lattice values
in the equations, respectively. By formulating the heat conduction through the Au/SiO interface
using a Neumann boundary condition, limiting the heat flux is simple. In the case of the interface

Enign(T) o that

between the electronic solvers, the flux is limited by B ()

_ Enigh(T) Tsio, — Tau
? Etotal(T) Az + Az

KSiOg KAu

(14)

C. Two temperature model parameters

We used parameters same parameters for the two temperature model as in [33] for comparability.
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Si0, Au
g(Wem™3K~1) | 1.25 - 10" | 2.3 - 10%°
p(g/cm™3) 2.32 19.3
T, (K) 1972 1337
T, (K) 3223 3130
Qm(J/g) 142 63.7
Qu(J/g) 4715 1645

Table 1: Material parameters for Au and silica. Melting and vaporization points T,, and T,,
and corresponding latent heats Q,,, and Q, are added to atomic heat capacities around phase

transition points. See [33] for details.

In table 1 e-p coupling constant g is an approximation from the value of quarz from [44] and
is based on experimentally fitted mean energy-diffusion length. The value of g for gold is from [45]

4 2
%. Material densities are used to get correct electron densities

and is calculated from g =
and initial energy depositions from SRIM and to Waligorski distribution in [35].

Lattice thermal conductivity and specific heat were compiled in [33]. They cite [20], [46], [47],
and [48]. For gold atomic heat conductivity relation K, = Cyvsa/3 was used where C, and phonon
mean free path « are from classical statistical physics and v, the speed of sound in gold [33].

The melting temperature of silica was chosen by authors of [33] so that it is exactly in the
middle of 1900 K 4+ 500 K which was the range given by many sources before.

For electronic parameters for gold were taken using the free electron gas model. Authors
in [33] used formula C.(T.) = (7%kgne/2)(T./Tr) for T, > 2Tr and high temperature classical

value C, = %ane above the value. Thermal conductivity for gold was taken using relation

K. = C.D, using D.(T.) from [49] as cited by [33] and approximating D.(T¢) to be SOOD(%SK)
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Figure 16: Lattice temperature as a function of time in sides, top and bottom, and in the center

of the NP. From same simulations as Figure 13

below Tjip, = % and D,,;, above it, where D(300K) = 150 cm?s™! and D,,;p, = 2 cm?s™ 1L

Dielectrics were approximated by free electron gas for hot electrons based on the work in [44])

with a linearly increasing value from 0 to 9 eV to approximate that below the bandgap energy,

only part of the electrons is ionized. Specific heat of 1 Jem 3K and thermal conductivity of 2

Wem 1K™ were used.
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Figure 15: K and C values used in two temperature model calculations. See [33].

D. Time-temperature behaviour of different interface conditions

Figure 16 shows the comparison from Figure 13 in an alternative form. In Figure 16 it is easier to

see that as long as there is no lattice resistance, the heating of the sides is fairly similar without the
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barrier and with the barrier when surface scattering is included. This is because in both cases the

heat is deposited very close to the NP interface and thermal conductivity in Au is much higher than

in silica. What can also be observed is that, in the case with lattice resistance, the temperatures

do not initially go as high as with the other three cases because the energy deposited in the silica

side does not enter the NP. However, after a few picoseconds, these differences in temperature near

the top and bottom vanish.
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