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The TREKIS Monte-Carlo model was applied to study the temporal electronic kinetics of yttrium iron garnet
after a swift heavy ion impact. Cross sections of incident particles interaction with the target were determined
within complex dielectric function-dynamic structure factor formalism. We found two modes of the spatial
propagation of electronic excitation: fast delta-electrons form a front of the excitation while electrons produced
due to decay of plasmons generated in a track form the second front slowly following behind the first one.
Analysis of mechanisms of target lattice heating pointed to an important contribution of the potential energy
released due to recombination of valence holes generated in an ion track. An increase of the excess lattice energy
due to elastic scatterings of electrons and holes described with Mott cross-sections is minor. In contrast, complex
dielectric function formalism demonstrates the significant contribution of these processes to the heating of the
lattice.
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Introduction

Irradiation with swift heavy ions (SHI) decelerated due to the ionization processes can be applied as an
effective tool for modification of solids, considerably changing material properties on the nanometric scale.
The largest part of an energy deposited by an SHI is spent on excitation of the electron subsystem of a
material [1,2]. Parameters of the initially excited electron ensemble determines subsequent kinetics of the
electronic and atomic subsystems in the nanometric vicinity around the SHI trajectory [3]. The modification
of the physical, chemical and mechanical properties of a target by SHI irradiation on nanometric level allows
to use it in various nanostructuring applications [4-7].

Knowledge of cross-sections of charged particle scatterings on coupled target electrons as well as lattice
atoms allows tracing the kinetics of material excitation along the ion trajectory that forms a basis for
description of nonequilibrium structure modifications in SHI tracks. In this paper the complex dielectric
function (CDF) formalism [8-10] is implemented to determine these cross sections for yttrium iron garnet
(Y3FesO1,, YIG). The formalism takes automatically into account collective modes of electronic excitations
in the target. Calculated cross sections of an SHI, electrons and valence holes scattering are then
incorporated into the Monte-Carlo (MC) model describing coupled electronic and lattice kinetics in SHI
tracks. Further, we analyze and compare contributions of different processes of electron-to-atoms energy
transfer to lattice heating of YIG and Al,Og in ion tracks.

1. Model

Based on asymptotic trajectories algorithm, the event-by-event simulations [11,12] of charged particles
propagation forms the main principle of the MC code TREKIS [13,14]. We use the dynamic structure factor
(DSF) formalism for determination of probabilities of charged particles interaction with a solid [8]. The
dynamic structure factor can be declared as a product of the energy loss function (ELF), or the inverse
imaginary part of the complex dielectric function (CDF) of a material. We reconstruct the ELF from the
experimental and theoretical optical data as a set of artificial Drude oscillators [9,15], which gives us an
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ability to describe partial cross-sections of electron interaction with the valence band and core shells as well
as with the target lattice.

The TREKIS models: (a) propagation of an SHI producing ionization of a target and generation of free
electrons (8-electrons), holes in the valence band (VB) and deep atomic shells; (b) free &-electrons
interactions with ionic and electronic subsystems as well as subsequent Kinetics of secondary electronic
cascades forming due to relaxation of the excitation; (c) Auger decays of core holes, also forming secondary
electrons; (d) radiative decays of deep shell holes, subsequent photon transport and photoabsorption, which
produces new holes and electrons; (e) valence holes transport and their energy transfer to the lattice [13,14].
All details of the model assumptions and numerics of the code were thoroughly described in [13,14].

We analyze two channels of lattice excitation in the present approach: (1) due to elastic scattering of
electrons and valence holes on the atomic system and (2) heating after release of the potential energy of the
excited electron ensemble into the lattice due to recombination of valence holes. To describe this release, we
assume an instant transfer of the excess potential energy of valence holes to the target atoms at 100 fs after
the ion impact. Our previous works, Ref. [16,17], illustrated reliability of the applied approximation.

The MC procedure is iterated for ~103 times to obtain a trustworthy statistic for spatial and temporal
distributions of parameters characterizing the excitation of a target: densities and energy densities of
electrons, atoms, valence band holes and core holes in the proximity of an SHI track. These distributions can
serve as input parameters (initial conditions and/or source terms) in further MD modeling of the kinetics of a
lattice relaxation, structural modifications and phase transitions caused by an SHI passage [18,19].

2. Results and discussion
2.1. Construction of energy loss function

The energy loss function of YIG was reconstructed using ab-initio calculated optical properties from
[20] and x-ray attenuation length from [21]. Figure 1a presents the loss function curve consisting of the set of
peaks arising from peculiarities of photon interaction with the valence band and deep shells. We found in the
literature data only for limited energy range for optical coefficients originated from the VB, so the
intermediate energy region in Fig.1 was approximated to fulfill the sum rules. The scattering of excited
electrons on atomic ensemble is described using Mott atomic cross sections with modified Molier’s
screening parameter [22,23] since no optical data describing phonon modes of YIG exist in the literature.
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Fig.1. (a) Energy loss function of YIG obtained using experimental and theoretical optical data from: Tao [20], Henke
[21] and Wemple [27]. (b) Energy dependent energy losses of different ions in YIG compared with SRIM code [25].

Table 1 collects the coefficients of the energy loss function of yttrium iron garnet in form of optical
oscillators [9,13,26]. In this Table f-sum rule corresponds to the number of electrons (N¢) on a specific
atomic shell and coincides very well with values from [27] (in brackets). The accuracy of the obtained ELF
coefficients was verified by comparison of the calculated energy losses of different ions in YIG (Fig. 1b)
with the SRIM code [25]. An overall good agreement confirms an applicability of the obtained fitting
coefficients for the determination of cross sections of charged particles interaction with a solid YIG.
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Table 1. Coefficients of the complex dielectric function of YIG in the form of oscillator functions. E,, 4, y are
coefficients of Drude-like oscillators [9, 13,26] used for ELF approximation. f-sum is the number of electrons (N,) on
the atomic shells. The values from [27] are shown in brackets for comparison.

Shell E, A y f-sum (No)
3.1 -0.74 2.7
Valence band 10.2 30 2:5 90.999 (91)
15 114 8
30 380 18
M-Fe 54 504 90 70.06 (70)
M-¥ 157 532 400 78.01 (78)
K-O 540 202 340 23.997 (24)
L-Fe 700 338 350 39.999 (40)
L-Y 2100 192 1600 24.06 (24)
K-Fe 7000 83 5000 9.98 (10)
K-Y 17000 46 20000 | 5:98(6)
Total: 343.09 (343)

2.2. Kinetics of the electron ensemble

Figure 2a presents temporal evolution of the radial energy density distributions of electrons in YIG

calculated with MC TREKIS. We used Bi ions with 700 MeV energy, providing the energy losses of 43.6
keV/nm in YIG. Figure 2a demonstrates propagations of two fronts outwards from the ion trajectory.
Movement of fast primary 6-electrons produced directly by the ion forms the first front.
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Fig.2. (a) The radial electron energy distributions around the trajectory of 700 MeV Bi ion in YIG at different times;
(b) radial lattice energy distribution in tracks of different ions at 100 fs.

The second one results from generation of a large number of secondary electrons with the energies
around the plasmon peak in the valence band. We assume that these electrons with approximately the same
energy are generated due to fast decay of plasmons appeared in the ion track. Subsequent collective
propagation of these electrons outwards from the center of excited area forms the front in the spatial energy

density at earlier times (< 1 fs) which then smoothens out by the time of 10 to 100 fs.

Electrons spreading out of the track core interact inelastically with target atoms (producing new
electrons and holes) and elastically (transferring a part of their energy to the atomic subsystem). Figure 2b
shows the distribution of excess lattice energy, which consists of three main contributions: elastic scattering
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of electrons, energy transfer by spreading valence holes and the potential energy release due to
recombination of valence holes. As was discussed in [28] this potential energy may be quickly (at 100 fs
timescale) converted into the kinetic energy of atoms due to changes of the interatomic potential stimulated
by the highly excited electron system. We approximate this energy increase by the band gap energy (per one
valence hole remaining in a track by the time of 100 fs after ion passage). This energy is assumed to be
instantly transferred to atoms at 100 fs [16].

Figure 3 compares dependencies of the energy transferred into YIG and Al,O; lattices on the Kinetic
energy of scattered electrons and valence holes in a track of 167 MeV Xe ion. For comparison, we show the
results of applications of two forms of elastic cross-sections in alumina: the Mott atomic approximation and
scattering on optical phonons using CDF-DSF formalism.

Y;Fe;0y, e AlLO,
14 Electrons 240 - Electrons
o —— Holes 11180 220 Holes 42000
< I Integrated: Electrons 11170 ~ % [ Integrated: Electrons -
% 12+ Integrated: Holes < < 2001 Integrated: Holes 41800 <
T Integrated: Potential Holes] 1160 3 © 180 Integrated: Potential Holes P
9101 11150 3, 2160 ] [ 1600 =
2 o 5] T o
S 8- 11140 G 2 140 - o
C A
3 11130 8 o 1201 800 ®
= 64 © g 100 4 600 &
o 190 & S 80 S,
E 4 430 3 g 604 400 @
= 120 £ = 40 =
B = 40 6
410 20
0 e 0 0 =y 0
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
Incident energy (eV) Incident energy (eV)
a b
10* 0
< === YIG_Mott K Electrons
= ——— AI203_Mott 120 Holes 41400
-(FE y  veeee AI203_CDF * < ] [ Integrated: Electrons —_
Q 403 s Integrated: Holes 11300 g
$ 2,100 - Integrated: Potential Holes ()
E 3 41200
C = [o)]
80 =
; 2 :
£ 1024 @ &
= g 60 ‘ ho]
<) £ 300 £
3 2 o
3 o] @ 40 200 &
Q 2 E
=] 20
g 100
w
10° . . . . . : 0
102 10" 10° 10" 102 10° 10* 0 2 4 6 8 10 12 14 16 18 20
Electron energy (eV) Incident energy (eV)
d c

Fig.3. Dependence of the total energy transferred to the lattice by electrons and valence holes in 167 MeV Xe track on
the particle kinetic energy in (a) YIG and (b) Al,Oz calculated using Mott atomic cross-sections, (c) Al,Oz calculated
within CDF phonon cross-sections. Filled area shows the integrated elastic energy transfer by electrons/holes (grey and
red) and potential energy of valence holes (blue). (d) Electron elastic mean free paths in YIG and Al,Os.

The potential energy distribution of valence holes is not shown in this Figure but it can be represented
as a delta-function located at the band gap energy (2.4 eV for YIG and 8.8 eV for Al,O3). Blue filled
rectangles represent the total excess energy accumulated by the lattice due to release of the potential energy
of valence holes, which may constitute up to 65% of total lattice energy in alumina and about 97% in YIG.

Figure 3a also demonstrates that the almost all rest lattice energy (~3 %) for YIG is delivered by elastic
interaction of valence band holes with target atoms, whereas electron scattering contributes less than 0.1 %
of the total energy, when the Mott cross-section describes the both scattering processes. Almost all lattice
energy is transferred by holes with energies below 6 eV.

In contrast to YIG, contributions of elastic scatterings of electrons and holes into heating of Al,O;
lattice is much larger: 4% for electrons and 32% for valence holes when the Mott cross section are used
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(Figure 3b). Application of the phonon cross-sections gives the almost equal fractions of elastic channels of
the energy transfer to the alumina lattice: ~17% for electrons and the same for valence holes (Figure 3c).

The registered difference between YIG and Al,O; can be attributed to difference of atomic mass: the
lower atomic masses in Al,O3 result in the higher probability of electron scattering (Figure 3d) on the lattice
and the larger energy transfer to an atom in one impact.

It can be found, that the largest part of the energy transferred to lattice is provided by electrons and
holes of energies below 10 eV. The maximum of the described by Mott cross-sections energy transferred by
electrons is located at energies of ~8 eV (Figure 3b) whereas CDF cross sections result in maximum located
at the much lower energies (< 0.5 eV). This difference reflects the positions of minima of the electron mean
free path (inverse cross section) to elastic scattering on lattice (Figure 3d).

Conclusions

We present the results of simulations of electron subsystem excitation in swift heavy ion tracks in YIG
performed with the help of the TREKIS MC code. The complex dielectric function formalism was applied to
develop scattering cross sections and the energy losses of charged particles in YIG. Applicability of this
approach was confirmed by a good agreement of calculated data with results of application of SRIM code
[24].

Time resolved calculations revealed propagation of two fronts of electronic excitation. Fast 5-electrons
form the first front while the second one behind it is attributed to electrons appearing due to decays (within
10 to 100 fs) of plasmons produced by excitation of electron ensemble.

Contributions of elastic scattering of electrons and valence holes to heating of the atomic subsystem
were investigated. We show that the majority (~97%) of the lattice energy for YIG is delivered by
conversion of the potential energy of valence holes, whereas contribution of elastic scatterings of electrons
and holes is minor. In contrast to YIG, Al,O; demonstrates the comparable contributions of these processes
to the heating of the lattice. Electrons and holes of energies below 10 eV provide largest part of lattice
energy transferred to the lattice via the elastic scattering channel in both materials.
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