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This paper focuses on effects of electrons and valence holes on structure modifications in swift heavy ion
(SHI) tracks in dielectrics. To investigate this problem a multiscale model is constructed which consists of
(a) Monte Carlo modeling of a SHI penetration and secondary electron cascading; (b) molecular-kinetic
approach for low-energy electrons spatial redistribution after finishing of ionization cascades; (c)
molecular dynamics modeling of lattice excitation due to its coupling with the relaxing electron ensem-
ble and subsequent atomic dynamics on picoseconds timescales. The model is applied to 167 MeV Xe ion
irradiation of solid Al,0s. We found that lattice heating by excited electrons does not exceed ~200 K,
which is not sufficient to form an ion track observed in experiments. Structure transformations appear
in the numerical simulations only when the excess energy accumulated in valence holes is taken into
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1. Introduction

A swift heavy ion (SHI, M > 20 a.m.u., E>1 MeV/nucl) loses a
large part of its energy on excitation of the electron subsystem of
a target in the nanometric vicinity of its trajectory (>95%, 1-
40 keV/nm along the projectile path) [1]. This energy loss occurs
via target ionization resulting in generation of fast electrons.
Propagation of these electrons from the SHI trajectory produces
new ionizations forming next generations of electrons and holes.
During the subsequent relaxation of the excited electron ensemble,
a part of its excess energy is transferred to target atoms resulting in
transient lattice excitation in an ion track.

Dissipation of the excess energy of delocalized electrons in SHI
tracks occurs on shorter times than those of atomic vibrations and,
thus, the characteristic time of the collective modes of a lattice [2].
Therefore, an adequate description of energy transfer from excited
electrons to the lattice in a SHI track requires a more general
approach than that based on electron—-phonon coupling [3-6]. Such
an approach must take into account possibilities of realization of
various limit cases of dynamical response of lattice atoms during
their interaction with the relaxing electron ensemble in a track.

The presented microscopic multiscale model describes the
kinetics of excitation of a dielectric in a SHI track up to picoseconds
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after the projectile passage. It consists of three different approach-
es combined together [7,8]. At the first stage, up to tens of fem-
toseconds after the projectile passage, a Monte Carlo (MC) [9-11]
model is applied to simulate initial excitations of the electron sub-
system by an SHI as well as further kinetics of fast electrons
appearing due to ionization. At longer times (>10fs), spatial
spreading of electrons is accounted for by means of the molecu-
lar-kinetic method. The energy and momentum exchange of excit-
ed electrons with the lattice is calculated tracing the atomic
trajectories with the molecular dynamics (MD) method up to
picoseconds after the SHI passage.

The model is applied to estimate lattice heating of Al,O3 in the
track of 167 MeV Xe ion. The simulations demonstrate that heating
of Al,03 due to coupling of its lattice to delocalized electrons is too
low (~200K) to produce structure transformations detected in
experiments [12]. Such structure transformations appear in the
numerical simulations only when the lattice is additionally sup-
plied with the excess energy accumulated in valence holes
(simulated track has a diameter of 2 nm vs 1.3 nm track observed
in the experiment [12]).

2. Multiscale model

We apply an iterative scheme to estimate the spatial and tem-
poral dependencies of the energy transferred into the lattice of
Al,05 from the excited electrons in a SHI track. First, the MC model
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is used to determine the initial radial distributions of the para-
meters characterizing an excited state of the ensemble of elec-
trons: their concentration and the energy density. These initial
distributions are used to restore the initial local equilibrium distri-
bution functions of electrons at different distances from the axis of
the track coinciding with the SHI trajectory. After finishing of ion-
ization cascades, the molecular-kinetic method provides the
changes of the concentration and the energy of low-energy elec-
trons at different radii from the ion trajectory [8].

Using the dynamic-structure factor (DSF) formalism described
below, the rates of the energy exchange of excited electrons with
the lattice at different distances from the ion trajectory are calcu-
lated resulting also in decrease of the excess energy of the electron
ensemble. The energy transferred from electrons to the lattice in
different track regions is distributed among the different species
of atoms by increasing their kinetic energy in accordance with
their mass fractions.

MD tracing of atoms enables us to obtain the transient lattice
DSF and, thus, realistic cross sections of the electron-lattice energy
exchange in a relaxing SHI track. The same MD also models the lat-
tice relaxation and spatial dissipation of the excess energy of the
atoms after cooling of the electron ensemble [7,8]. The characteris-
tic time of cooling of delocalized electrons in a SHI track due to
their spatial spreading is shorter than the time of thermalization
of the nonequilibrium lattice [13]. Therefore, we use the kinetic
temperature of lattice atoms to estimate lattice heating during this
exchange [14]:

Thin(T r)flzpjT- (r t)flz‘]:Li(v —vo)? (1)
kin(1 —Pa:1 kin,o \ 1y —P“:] 3’<B(Qa_1)n:1 n o)

Here P is the number of different types of atoms of a target
(P = 2 for Al,03); kg is the Boltzmann constant; Q,, are the numbers
of atoms of each type o in a volume where the kinetic temperature
is defined; v, is the velocity of an a-atom of number n; M,, v§ are
the masses and velocities of the center of mass of o-atoms in a cell
which this o-atom n belongs to.

For estimation of the valence holes contribution to lattice exci-
tation we use the simplest model of an instant energy deposition to
the atomic system with subsequent lattice relaxation by means of
MD. This crude procedure does not assume any particular physical
mechanism governing such energy exchange, and is used merely
for a ‘zero-order’ “upper” estimation of the effect of valence holes.

The details of different modules of the model are described in
the next subsections. We would like to emphasize that the model
does not require any knowledge in advance about the experimen-
tal track radius, it has a full predictive capability.

2.1. Monte Carlo simulation of the initial kinetics of the electron
ensemble in a swift heavy ion track

The details of the numerics of the MC model used to describe
the excitation of the electronic subsystem of a target are presented
in Refs. [9-11]. At the first step, the model simulates a passage of
an ion and its energy losses which result in creation of the first
generation of excited electrons. The ion trajectory within our
simulation slice of 10 nm is assumed to be a straight line along
the Z-axis because of negligible energy transfer in a single ion-
electron scattering event compared to the kinetic energy of a pro-
jectile due to the large difference in their masses.

The model is based on the cross sections of interaction of excit-
ed free electrons and an SHI with the electron and atomic subsys-
tems of a target. A simple but efficient approach describing
interaction of an incident projectile with a dynamically coupled
system of particles is based on (a) the one-particle approximation
for a projectile; and (b) the assumption of weak interaction of this

projectile with the scattering system (the first Born approxima-
tion) [11]. In this case, the differential cross section is factored into
the cross section describing scattering of a projectile on an isolated
particle of the scattering ensemble, and the dynamic structure fac-
tor (DSF) describing a collective response of this ensemble to the
transferred energy and momentum.

The fluctuation dissipation theorem links the DSF of the ensem-
ble of charged particles with the complex dielectric function (CDF)
of this ensemble (a target). This allows to use the experimental
optical data for construction of the CDF-based cross sections used
in the MC approach [10,11]. The CDF formalism allows us to recon-
struct all the effects of the whole valence band of Al,O3 crystal, so
we do not need to describe “partial” effects from valence electrons
of the different kinds of atoms.

The mean free paths of electrons calculated within the CDF-
formalism agree well with the NIST database as shown in Ref.
[11] for high electron energies down to ~50 eV. As it is known from
the original work [15], the same formalism also yields a correct
limit for low electron energies (below a few eV, due to a strong
static screening). Potential problems can arise only in the interme-
diate energy range between a few eV and ~50 eV. In this region,
however, we use the same cross section assuming that possible
deviations should not be too strong.

Propagation of electrons generated in an ion track is modeled
even-by-event, accounting for the secondary impact ionizations
leaving holes in deep and valence shells, and/or elastic scattering
of electrons on lattice atoms. Within this manuscript the term ‘e-
lastic scattering’ refers to the exchange of kinetic energy only,
without ionization of the target atoms, while ‘inelastic’ refers to
an ionization event. The transferred energy AE. (and the corre-
sponding zenith scattering angle 0) of an ionized electron are cal-
culated from the differential cross section in accordance with the
energy and momentum conservations [11]. The azimuth angle of
scattering ¢ is chosen randomly between 0 and 2mt. Auger decays
of deep-shell holes are also modeled.

In this paper we do not take into account a possible effect of the
potential of the positively charged track core because of its very
rapid and nearly complete neutralization (on timescales <1 fs)
[16]. The remaining long-living part, according to Schiwietz et al.
[16], gives only a slight shift in the energy spectrum of delocalized
electrons generated in a SHI track, thus having a weak effect on
their spreading.

The MC procedure is iterated for ~10* times to obtain a trust-
worthy statistical averaging (error < 10~4). The averaged spatial
distributions of the electrons concentration and their energy
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Fig. 1. Radial distribution of the electron concentration in a track of 167 MeV Xe in
Al,03, 10 fs after the ion impact.
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density are then extracted and used as the initial conditions for
further modeling [17]. Figs. 1 and 2 present these initial radial dis-
tributions calculated in the layer of thickness of 10 nm along the
ion path after an impact of 167 MeV Xe ion in Al;0s.

2.2. Spatial spreading of delocalized electrons

Equilibration between the electron and the lattice temperatures
results mainly from spatial redistribution of excited electrons and
their elastic interaction with lattice atoms after finishing of the
ionization cascades (at times ~10 fs after the ion passage). Taking
this into account, we use a simplified approach to describe the
kinetics of the excited electron ensemble at these times.

Spatial gradients of the concentrations and average electron
velocities govern the transport of electrons and their energy
between different track regions. To describe this transport, the
molecular-kinetic method is applied from the time when ballistic
spatial spreading of excited electrons turns into the diffusive
behavior [18], until the time when the electron temperature equi-
librates with the atomic one. The details of this method can be
found in Refs. [7,8].

2.3. The electron-lattice energy exchange

Within the one-electron approximation the energy transfer rate
Q = —dE/dt to the lattice due to elastic scattering of electrons is
described by (see [2]):

Q= oz [P0 -Ro

here m, is the electron mass; h is the Plank constant; f,, and f,, are
the equilibrium distribution functions of electrons, and k; and k¢
are, respectively, the initial and final wave vectors of the electron;
hw is the change of the energy of the electron; €is the solid angle
corresponding to the outgoing wave vector k¢, and E; = hzkﬁ /2m, is
an outgoing energy of the scattered electron.

As mentioned above, the cross section of scattering of excited
electrons on the lattice is written via DSF S(k, w) [19]:
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here k = k¢ — K; is the change of wave vector of the scattered elec-
tron; V(k) is the spatial Fourier transform of the interaction poten-
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Fig. 2. Radial distributions of the energy density of electrons and valence holes in a
track of 167 MeV Xe ion in Al,05, 10 fs after the ion impact.

tial between an electron and a single atom of a target. We use the
Thomas-Fermi screened potential to describe this interaction:

eo

exp( r/Lscr), Loy = % Ol

V(r) =

4718 r 4n3f ks (4)
where Z is a charge of a lattice ion; & is the vacuum permittivity;
Lscr is a screening length [20]; u is a chemical potential of delocal-
ized electrons.

The DSF is the Fourier transform of the spatial and temporal pair
correlation function G(r, t) [19] describing coupled atomic dynam-
ics in the lattice:

S(k,w) /dtdr exp [i(kr — wt)]G(r, t). (5)
Here N is the number of scattering atoms.

The classical approximation of G(r,t) can be obtained from MD
simulations [21]:

<Za (r 4 R(O) Ryt )>>, ©)

ij=1

where (...) is the statistical averaging over the classical ensemble of
the lattice atoms. The periodic boundary conditions and ergodic
hypothesis are employed to restore G(r,t) obtaining statistically
meaningful results [22]. It should be noted that when the tem-
perature of a lattice is higher that the temperature of electrons
Egs. (2)-(6) describe the energy transfer from the lattice to
electrons.

Scattering of an electron on a two-component atomic system is
described by the pair-correlation function [23]:

G(r,t) = 419,611 (1, £) + q142G12(T, t) + 42G; 61 (T, )

+ 24,622(1, 8), (7)

here g, and g, are the model charges of the lattice ions (for Al,Os,
q:=qa =1.5237, g2 =qo=-1.0158, i.e. the index “1” is referring
to “Al” and the index “2” is referring to “O” [24]).

Since the DSF is asymmetrical function [25]: S(k,w)=
exp (—hw/T))S(—k,—w), where T; is the lattice temperature, the
following correction should be introduced in order to satisfy the
necessary quantum-mechanical asymmetry of the DSF S,(k,w)
obtained from the classical G(r,t), Eqs. (5) and (6) [25-28]:

h(l)/T[
1 — exp (- hw/T))

The electron subsystem cools down quickly due to the diffusion
of electrons from the track core (<100 fs). This time is usually
shorter than the characteristic time of atomic vibrations [7,8],
which is much shorter than a time needed for any significant
changes in the structure or the dynamical properties of the mate-
rial. Taking this into account, we neglect in this version of the mod-
el changes in the lattice DSF during this time and the same DSF is
used in Eq. (2) at each step of the modeling before equilibration
between the electron and lattice temperatures.

The applied MD uses the Verlet algorithm with the time-step of
1 fs to simulate atomic dynamics of a lattice. For Al,0; we use the
interatomic Vashishta’s potential [24] in this MD.

Strong electronic excitations may transiently change the inter-
atomic potential. Acting sufficiently long time (a few hundred fem-
toseconds) such potential changes can result in non-thermal
melting effects [7,29-31]. This change of the potential can be also
treated as an effect of valence holes. In this paper we estimate only
one among possible effects of valence holes to track region excita-
tion. A lack of non-thermal melting in a SHI tracks indicates that
change in the interatomic potential, if any, likely to be of a minor
importance in tracks, and therefore is ignored in this paper.

S(k,w) = Sa(k, w). (8)
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Nevertheless, the effect of atomic ionizations on the interatomic
potential requires a dedicated investigation beyond the scope of
the present paper.

The applied MD model was already verified for DSF calculation
in [7]. The same MD code is used to describe relaxation of the
excited lattice after equilibration of the electron ensemble with
the atomic subsystem.

3. Results: heating of the AL,03 crystal in SHI tracks

3.1. Heating by free electrons

The calculated temporal dependencies of the radial distribu-
tions of the kinetic temperature of Al,O3 lattice in a track of
167 MeV Xe ion are shown in Fig. 3. It demonstrates that heating
of the Al,05 lattice in the track region by hot delocalized electrons
does not exceed 200 K. Such heating cannot stimulate any struc-
ture transformations detected in experiments [12] assuming ther-
mal mechanisms (the melting temperature is 2330 K [24]).

3.2. Lattice heating including an excess energy of valence holes

As we have seen in Fig. 2, a significant amount of the excess
energy is transiently stored in valence holes. In order to estimate
the effect of valence holes on structure transformations, we use
the simplest approximation of the instant energy deposition. We
input their energy into the lattice, assuming these holes as immo-
bile. That is, when additionally to the energy transferred to the lat-
tice via its coupling with delocalized electrons, we increase the
kinetic energies of lattice atoms in the simulation cell by instanta-
neous deposition of the energy accumulated in valence holes,
assigning random directions to the additional momenta of atoms.
This procedure does not assume any particular physical mechan-
ism of the energy exchange between the holes and the lattice. It
is only used here to illustrate the importance of the excess energy
stored in holes for atomic system and stimulate more detailed
studies of holes’ contribution in SHI tracks.

For this estimation, we apply a classical molecular dynamics
code LAMMPS [32] based on its standard interatomic potential in
the Buckingham-type form as it was proposed in [33]. We must
note that modeling with this potential also does not produce any
phase transitions in a track, when only the electron energy transfer
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Fig. 3. Radial distributions of the kinetic temperatures of Al,O5 lattice in a track of
167 MeV Xe ion when only the electron-atom interaction was taken into account.
The maximal value is achieved at 0.3 ps.
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Fig. 4. Calculated radial distributions of the excess-energy density of different
subsystems of Al,03 at 100 fs after impact of a 167 MeV Xe ion. Black circles are the
energy transferred to the optical phonons calculated in MC, blue squares are the
energy of valence holes, red triangles are the energy of the electrons, solid green
line is the energy transferred into the lattice in MD calculations. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

to the lattice is included. The supercell size used in these simula-
tions is 9.4 x 9.7 x 7.7 nm> with periodic boundary conditions.
We used corundum structure of Al,O3 (space group R-3c with
lattice parameters (4.7624.762 12.99 9090 120)), which con-
sists of a distorted hexagonal close-packed oxide sublattice with
AI?* cations occupying two thirds of the available octahedral holes.
The borders of the computational cell in the X- and Y-directions are
cooled by the Berendsen thermostat. Track evolution is traced up
to 50 ps, after which the cell temperature dropped below 350 K,
so no structural changes are expected after this time.

The radial excess energy density profiles calculated within the
MC model for Xe ion at 100 fs are presented in Fig. 4. We use this
calculated energy density of valence holes as input energy for the
atoms in this MD simulation. The peak within 3 A radius was
excluded due to the technical computational reasons. This does
not affect the final results due to its very small radius. Size of this
region is ten times smaller than the radius of initially exited region
(see Fig. 5a) and contains less than 1% of atoms participating in
structure transformations.

Experiments in [12] showed for low ion fluences individual
tracks of the size ~1.3 nm as a set of discontinuous regions with
low density. Fig. 5a and b demonstrates relaxation of the primary
excitation. The excess energy of valence holes produces structure
transformation with the track radius of ~2 nm of a similar struc-
ture and in qualitative agreement with the experiment [12].

The larger size of the calculated track radius vs the experimen-
tal one can be explained by the fact that we assumed very simple
model of energy transfer from holes to the lattice. In particular, the
valence holes were assumed to be immobile, as discussed above.
Thus, all their energy is deposited into the lattice without spread-
ing off the track core.

4. Conclusions

Combined microscopic model describing all the stages of excita-
tion in a SHI track is presented. Simulations describe the kinetics of
initial excitation of the electron ensemble of an Al,05 target by a
swift heavy projectile, the subsequent ionization cascades, spatial
spreading and relaxation of excited electrons, Auger relaxation of
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Fig. 5. Atomic snapshots of Al,O5 lattice in the nanometric vicinity of the trajectory
of a 167 MeV Xe ion at 1 ps (a) and 50 ps (b) after the ion impact, when conversion
of the excess energy of valence holes into lattice excitation is taken into account. Al
atoms are blue dots, O atoms are red dots. The projection along c-axis ([0001]
direction of the hexagonal cell, coinciding with the SHI trajectory) is shown. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

deep holes, energy and momentum transfer from the excited elec-
tron subsystem into the lattice. The developed MD describes also
subsequent lattice dynamics.

Application of the DSF-CDF formalisms gives abilities to take
automatically into account possible realizations of various limit
cases of the collective response of the electron subsystem and of
the lattice on excitations at ultra-short spatial and temporal scales
of the track kinetics.

Application of the developed model to Al,03 after 167 MeV Xe
impact demonstrates that the lattice heating by the delocalized
electrons (~200 K) is not sufficient for creation of any structure
transformations.

The energy transferred from the valence holes into the lattice
was then taken into account in the simplest way in order to esti-
mate the effect of this energy on the kinetics of structure transfor-
mations in a track. It is demonstrated that including the excess
energy of valence holes can stimulate structure transformations
with the sizes similar to those detected in the experiment [12].
These results demonstrate that the kinetics of the valence holes
subsystem cannot be neglected when modeling SHI track forma-
tion in dielectrics. Hole-lattice interaction requires additional
detailed study.
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