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The interaction of energetic ions with the electronic and ionic system of target materials is an
interesting but challenging multi-scale problem and understanding of the early stages after impact of
heavy, initially charged ions is particularly poor. At the same time, energy deposition during these
early stages determines later formation of damage cascades. We address the multi-scale character by
combining real-time time-dependent density functional theory for electron dynamics with molecular
dynamics simulations of damage cascades. Our first-principles simulations prove that core electrons
affect electronic stopping and have an unexpected influence on the charge state of the projectile.
We show that this effect is absent for light projectiles, but dominates the stopping physics for heavy
projectiles. By parameterizing an inelastic energy loss friction term in the molecular dynamics sim-
ulations using our first-principles results, we also show a qualitative influence of electronic stopping

physics on radiation-damage cascades.

I. INTRODUCTION

Interesting fundamental science and practical applica-
tions associated with the interaction of particle radia-
tion with materials attract the attention of researchers
for more than 100 years'. More recently, projectile ions
with high kinetic energies are of special interest, since for
these the dominating energy-loss physics changes from
inelastic electron-ion interaction (i.e., electronic stop-
ping) to elastic ion-ion scattering (i.e., nuclear stop-
ping) as the projectile decelerates to a full stop in the
target? . This transition affects the formation of point
defects and displacement damage structures within the
target material, with broad implications for the prop-
erties of the irradiated materials. In particular, de-
fects created by fast incident projectiles modify a ma-
terial’s electrical and mechanical properties and, thus,
operational performance®™® This has profound conse-
quences for practical applications with highest societal
importance such as nuclear energy and safety™®, medical
physics therapy?!”, space-based microelectronics™, and
fundamental-research laboratories' ™. Understanding
the many underlying exciting fundamental questions cre-
ates an immense need for predictive modeling.

At the same time, understanding effects of energetic
ions on materials from a theoretical or computational
description is a challenging multi-scale problem (see Fig.

[M)). Generally, the energy transfer from projectile ions
into targets is described by the stopping power S, a com-
pound quantity that is defined as the energy loss dF of
the projectile per penetration depth dx,

S(E) = dE(a) /dz, (1)
and has units of force™™. Due to the aforementioned
multi-scale character—attributed to the involvement of
electronic and ionic system of the target—projectile-
target interactions and, thus, S depend on the target
material, the projectile kinetic energy as well as charge
state and impact angle of the projectile. Modeling the
extent of defects and damage in the target requires under-
standing these details of energy deposition processes and
their complicated dependencies. This triggered a strong
interest in the computational materials science commu-
nity to accurately predict S and also parameters such as
penetration depth of incident particles, type of defects
formed, and size of the defect structures created during
radiation damage events.

Typically, existing models simplify the problem by de-
coupling different time scales via the projectile veloc-
ity: Upon impact of energetic (swift) ions with velocities
greater than the Bohr velocity vp=e?/h, non-adiabatic
interactions excite the electronic system of the target (see
left panel of Fig. [I}), accompanied by intriguing femto- to
pico-second equilibration and relaxation dynamics. Dur-
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FIG. 1. Multi-scale nature of projectile-target interactions.
Typical length (~ 1 — 100 nm) and time scales (< 100 ps)
associated with irradiation processes®%17  responsible for an
inherent multi-scale nature in coupling stopping power and
damage production. This renders an accurate and quantita-
tive description of the combined phenomena a challenge. Here
we combine real-time time-dependent density functional the-
ory (RT-TDDFT) and the two-temperature model (TTM) in
molecular dynamics (MD) simulations.

ing this initial stage, the predominant energy-loss mecha-
nism of the projectile is electronic stopping (S, ), whereas
nuclear stopping can largely be neglected. Common an-
alytic models for S, include Lindhard-Winther theory?”,
which describes the electronic excitations via linear plas-
monic response. In this model electronic stopping de-
pends quadratically on the effective charge Zeg of the
projectile with velocity v, and increases with the elec-
tron density n of the target material,

dr m

dE  4n <Zeﬁe2
v

>2 nL(v,n). 2)

L(v,n) is the stopping number, describing the linear plas-
monic response of the uniform electron gas, which can be
calculated as a double integral in energy and momentum
of the energy loss function using, e.g., the random-phase
approximation™ 2",  Alternatively, electronic stopping
can be calculated using scattering theory formulation.
Early development, like Bethe formulation??, treats the
scattering events (semi-)classically. Along with the de-
velopment of quantum mechanics, many-body effects like
electron screening was included and one example is the
Lindhard-Scharff theory®?. At low velocities, a first-order
approximation of this theory shows that S, is linearly
proportional to the incident particle velocity, similar to
Lindhard-Winther theory for low velocities. The approx-
imate validity of this model in the low-velocity regime
originally motivated using a linear friction term in the
two-temperature model'”, to incorporate electronic stop-
ping into molecular dynamics (MD) simulations. In going
beyond analytical models, an important milestone was
enabled by density functional theory (DFT), and takes
into account the self-consistent screened potential for de-
scribing stopping of slow ions in a homogeneous?*?® and

inhomogeneous?® electron gas. Later work illustrated the
importance of dynamic many-body exchange-correlation
effects for accurate predictions of electronic stopping of
slow ions even in the zero-velocity limit?"?%. Nonethe-
less, both approaches require the effective charge of the
projectile and the number of electrons involved in the

electronic excitation as external parameters'®.

As the swift ion loses energy and slows down in the
target material to v < vp, collisions with nuclei become
the dominant energy-loss mechanism, leading to the for-
mation of displacement cascade structures. The corre-
sponding ion dynamics in this low-energy nuclear stop-
ping regime can be modeled on an atomistic level us-
ing classical or ab-initio (Born-Oppenheimer) MD simu-
lations. Alternatively, Monte-Carlo techniques and the
binary collision approximation can be used, as imple-
mented in the open-source package “Stopping and Range
of Tons in Matter” (SRIM)*2?. However, including elec-
tronic stopping effects in these simulations, to incorpo-
rate the multi-scale character, is a challenge. As dis-
cussed above, this can be accomplished to zeroth order
using a linear friction term, fitted to electronic stop-
ping results predicted by more accurate methods such as
Lindhard-Winther theory?". Alternatively, Bethe-Bloch
theory (with additional corrections to account for pro-
jectile charge state and relativistic effects and fitted to
experiment) has proven very successful to account for
electronic stopping™3’, e.g. in SRIM.

Unfortunately, such an approach does not achieve a
full multi-scale description of the interaction of swift
ions with target materials, and, thus, effectively ham-
pers detailed and precise understanding: In particular,
one of the disadvantages of the Bethe-Bloch or Lindhard-
Winther approaches is the assumption of an amorphous
target material, which entirely neglects any impact of
the crystalline structure and local electron density, e.g.,
of channeling vs. off-channeling projectile trajectories, on
electronic stopping. In order to achieve the necessary ac-
curacy of MD simulations to precisely describe radiation
damage, e.g. for ion strikes in crystalline samples®!:32,
it is essential to incorporate a structural or directional
dependence.

In principle, this issue naturally lends itself to first-
principles calculations that explicitly consider electron-
electron and electron-ion interactions, and crystal struc-
ture. To this end, real-time time-dependent density func-
tional theory (RT-TDDFT) has recently been used suc-
cessfully to predict electronic stopping power for a diverse
range of target materials and incident projectiles, as sum-
marized in Ref. 18 and references therein. However, the
majority of RT-TDDFT stopping power studies focused
only on light incident projectile ions, such as protons
or alpha particles and, unfortunately, only few studies
consider heavy ions (Z > 2). The few available studies
report much more intricate stopping physics for heavy
ions: Lim et al®® studied a Si projectile with kinetic
energies between 1 eV and 100 keV penetrating bulk Si
along a (001) channel. They showed delicate band struc-



ture effects in the low kinetic energy regime. Ojanpera
et al®* showed that projectile core electrons are critical
for accurate predictions of electronic stopping for heavy
ions penetrating graphene. Ullah et al.*® showed that
for self-irradiated Ni, core electrons of the projectile are
more important for electronic stopping than those of tar-
get atoms and they proved the importance of core elec-
trons of target atoms especially in the high kinetic energy
regime. However, even these studies of heavy projectiles
are limited to channeling trajectories and restricted to
weakly charged projectile ions. In particular, they do not
attempt to explain charge equilibration of projectiles, or
the connection of empty projectile core states and elec-
tronic stopping, both of which are expected to become
important for strongly charged heavy projectiles.

In addition, as discussed above, to achieve accurate
multi-scale simulations of radiation damage (see Fig. [1)),
it is necessary to propagate fundamental understanding
of electronic stopping experienced by energetic projectiles
beyond electronic length and time scales®®37. This has
been demonstrated to be an essential component for ac-
curate ion dynamics*®3? and radiation-damage cascade
simulations using molecular dynamics (MD). While the
influence of electronic stopping is typically ignored en-
tirely, in some cases it was incorporated through various
supplements to the MD equations of motion, and, most
commonly, through an inelastic energy loss (IEL) fric-
tion term**#4. Recently, Sand et al*® combined elec-
tronic stopping results from RT-TDDFT with IEL based
MD to predict the tungsten ion range in tungsten targets
and reported good agreement with experiment. An ex-
tension of this IEL approach, called the two-temperature
model (TTM), considers not only electronic stopping ef-
fects via a frictional drag force but also electron-phonon
coupling and electronic heat transfer to account for “cold
electrons” moving through thermally spiked regions and
becoming excited. This electron-phonon coupling is de-
scribed through the use of a stochastic force term to allow
energy transfer between the atomic lattice and electronic
subsystems! 74648

In this work we use a multi-scale modeling approach
to investigate the role of electronic stopping for radiation
damage in bulk silicon. This material is of great techno-
logical interest and is widely studied, making it a well-
suited testbed for this work. We use RT-TDDFT sim-
ulations to account for crystal structure (channeling vs.
off-channeling), core electrons, and charge state of proton
and silicon (light vs. heavy) projectiles when predicting
electronic stopping power. We show that electronic stop-
ping depends on the initial projectile charge for channel-
ing projectiles. By comparing the limiting cases of ini-
tially neutral Sit? and initially highly charged Si*'2 pro-
jectiles our simulations prove that core electrons of the
target atoms play a crucial role for charge equilibration of
initially highly charged ions. We subsequently integrate
these RT-TDDFT results for electronic stopping into MD
simulations of single-ion strike radiation-damage via the
IEL and TTM approaches. For both models the influence

of the proportionality constant between incident projec-
tile velocity and electronic stopping power, 7., needs to
be understood. To this end, we compare data from the
integrated multi-scale approach with electronic stopping
from RT-TDDFT against MD results without electronic
stopping effects and MD results with electronic stopping
fitted to SRIM predictions. Using these results we il-
lustrate the importance of correctly capturing electronic
stopping effects within MD and elucidate the strong in-
fluence on the resulting damage structure. Our findings
provide high-accuracy first-principles insight into radia-
tion damage over multiple length and time scales and
we envision an integration of simulation techniques as
presented here to be instrumental for achieving the full
potential of radiation-material interactions.

II. COMPUTATIONAL METHODS

To study multi-scale processes occurring during cas-
cade evolution in bulk silicon, we carried out calcula-
tions combining RT-TDDFT and classical MD. The RT-
TDDFT calculations have a dual purpose: On the one
hand, they provide necessary calibration of the propor-
tionality constant 7, used in the MD simulations. On the
other hand, RT-TDDFT simulations provide physical in-
sight into the role of atomic structure, charge state, and
core electrons on electronic stopping power. The MD
simulations of single ion-strike radiation damage incor-
porate electronic stopping power via the inelastic energy
loss (IEL) approach using a quadratic formulation of the
stopping power, which provides a better representation
of the electronic stopping force as compared to the linear
description of Ref. 23.

A. Electronic ground state

First, we use the open-source Qb@ll code**™" to per-
form ground-state density functional theory (DFT)?1:52
calculations for bulk silicon in the diamond structure
(space group: Fd3m). We use the local-density ap-
proximation (LDA)® to describe exchange and corre-
lation and the electron-ion interaction is described by
Hamann-type norm-conserving pseudo-potentials®®. To
explicitly study the influence of semi-core states, we com-
pare a pseudo-potential with four valence electrons (Si3s,
Si3p), generated using the modification by Vanderbilt®,
to one with 12 valence electrons (Si3s, Si3p, Si2s, and
Si2p), using the modification by Rappe et al.’%. We
note that for computational reasons we restrict all sim-
ulations for channeling proton projectiles to the pseudo-
potential with four valence electrons, but use the one
with 12 valence electrons for off-channeling projectiles.
This is motivated by earlier work?", which showed that
semi-core electrons do not contribute to electronic stop-
ping for light, channeling projectiles. Kohn-Sham states
are expanded into a plane-wave basis with cutoff ener-



gies of 1360 eV and 2450 eV for four and 12 valence
electrons, respectively. These numerical parameters al-
low us to compute total energies converged to within 5
meV /atom. The Brillouin zone of the 216-atom supercell
studied here is sampled using only the I' point. Further-
more, we obtain relaxed atomic coordinates from fits to
the Murnaghan equation of state®” and minimization of
Hellman-Feynman forces to below 5 meV/A. We find a
lattice constant of 5.37 A, which slightly underestimates
the experimental value of 5.43 A58,

B. Real-time dynamics and electronic stopping

We use real-time time-dependent DFT (RT-TDDFT)
and the Ehrenfest molecular dynamics approach to
describe electron-ion dynamics®® %Y within the Qb@ll
code???Y, In our electron dynamics simulations, we use
adiabatic LDA to describe exchange and correlation. Al-
though LDA has a well-known problem of underestimat-
ing the electronic band gap, it has been shown that elec-
tronic band gaps have little effect on electronic stopping
for large enough projectile kinetic energies, e.g. KE > 3
keV for Si projectiles in Ref. 33, which is also the regime
studied in the present manuscript. Ground-state Kohn-
Sham wave functions from DF'T serve as initial condition
for the real-time propagation of electronic states. Upon
ion irradiation the time-dependence in the Hamiltonian
is driven by fast proton and silicon projectiles moving
through bulk silicon. Time-dependent Kohn-Sham equa-
tions are propagated in real time using a fourth-order
Runge-Kutta integrator®®. Integration time steps were
chosen such that the influence on electronic stopping is
less than 0.1 % when the time step is reduced by a factor
of two. This leads to a time step of 14.5x1073 atomic
units (at. u.), corresponding to 0.35 as, in most of the
presented cases; only for silicon projectiles with kinetic
energies larger than 6.27 MeV a smaller time step of
7.25x1072 at. u. (i.e., 0.175 as) is used. Non-adiabatic
electron-ion coupling is taken into account via Hellman-
Feynman forces, computed from the time-dependent elec-
tron density®®fY. In our simulations we describe an ini-
tially neutral Si projectile by including the projectile Si
atom in the initial DFT ground-state calculation. The
ionized projectile is simulated using a DFT ground state
of ideal bulk silicon to which we add the projectile ion
and immediately start real-time propagation without any
further electronic optimization®".

We compute instantaneous electronic stopping S(z)
using Eq. () and the energy increase of the electronic
system as the projectile penetrates the material. We use
Ehrenfest MD to study projectiles traversing channeling
directions in bulk silicon. Along the (001) direction, the
216-atom supercell used in this work has three lattice
periods. The lengths of the lattice periods along the
(011) and (111) directions are increased by factors of v/2
and /3, respectively. For protons moving through (001),
(011), and (111) channels, we average the instantaneous
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stopping S(z), computed using Ehrenfest molecular dy-
namics, by integrating over two lattice periods. This is
to reduce onset effects by discarding the first half lattice
period of the simulation (see related discussions in the
supplemental material). Additionally, by discarding the
last half lattice period of the simulation, we remove ef-
fects of excited electrons that re-enter the simulation cell
due to periodic boundary conditions™®?'. For Si pro-
jectiles, the average stopping is instead calculated us-
ing the slope of a linear regression fit to the energy gain
vs. displacement curve for the same two lattice periods.
Compared to the approach above, this reduces the fitting
error when the oscillation magnitude is large. Alterna-
tively, Quashie et al.%% showed that using an oscillatory
fit, y = a+bx + A cos(kx + ¢), further reduces the fitting
error for projectiles with low velocity.

Off-channeling conditions are studied using RT-
TDDFT simulations for a projectile on a random tra-
jectory through the silicon crystal, as described in Ref.
21. We use a pseudo-random number generator to gener-
ate a random direction, along which the projectile moves
through the lattice. We verified that the trajectory is dis-
similar from any lattice channel and that the simulations
are long enough to obtain converged results. All atoms
of the target material are fixed on their equilibrium lat-
tice sites to avoid numerical issues caused by very short
separations between the projectile and target atoms (see
details in Ref. 2T). Average electronic stopping in this
case is calculated using the slope of a linear regression
fit to the energy gain vs. displacement curve?'. Addi-
tionally, due to the projectile charge dynamics observed
for Si ions in this work, we remove the data before the
projectile charge reaches equilibrium, to ensure that the
calculated electronic stopping is indeed for the equilib-
rium charge state. Specifically, the data before projectile
trajectory length of 34 and 5.3 A was removed from the
fitting for initially ionized and neutral Si projectiles, re-
spectively. Initially, this result is sensitive to the trajec-
tory length; however, we were able to find convergence
for trajectories of approximately 400 and 200 A for pro-
ton and Si projectiles, respectively. Computational cost
prevents simulation of such long trajectories for the Si
projectile with low kinetic energy (< 2.79 MeV), result-
ing in an overestimation of electronic stopping by about
5-15 % (see details in the supplementary materials).

C. Projectile charge state

We use the density-derived electrostatic and chemi-
cal (DDEC6) method®?, a modern charge-decomposition
scheme, to compute the charge associated with the pro-
jectile as it travels through the target. By taking atomic
orbitals into account when assigning electron density to
all atoms, given a total charge density, the DDECG6 ap-
proach goes beyond a mere spatial decomposition, as
done in Bader or Voronoi analysis. While DDEC6 was
derived for electronic ground-state densities®®, we expect



a small error when applying it in this work, since only
a small fraction of the total number of electrons is in
excited states.

D. MD simulation of displacement damage

Following the simulation methodology of Ref. 44, we
utilize the open-source Large-scale Atomic/Molecular
Massively Parallel Simulator (LAMMPS) atomistic
code to perform simulations of single isolated PKA dis-
placement cascades with a recoil energy of 20 keV and
a recoil trajectory towards the center of a bulk crys-
talline Si sample. The kinetic energy of 20 keV used
here corresponds to the experimentally relevant regime
when 46 keV Au projectiles impact Si target materials
and, at the same time, provides a reasonable MD do-
main size, allowing us to perform the many simulations
for this work. The displacement cascade development
in these simulations is accommodated by using a cubic
simulation domain, containing 6,229,504 atoms, that is
50 nm x 50 nm x 50 nm with periodic boundary condi-
tions in each direction. We use the 3-body Tersoff in-
teratomic potential to describe all interatomic interac-
tions%”. In addition, nuclear stopping is taken into ac-
count via the Ziegler-Biersack-Littmark (ZBL) universal
screening function to correct the Tersoff interatomic de-
scription at very short interatomic separations, which are
readily created during collision cascades?”. We perform
the cascade simulations at a temperature of 300 K. As
such, prior to PKA initiation, the crystalline Si struc-
ture is equilibrated to 300 K for 3.3 ps using a constant-
temperature, constant-pressure ensemble (NPT). The
displacement cascade is initiated by randomly choosing
a PKA between 11 A and 55 A from the domain bound-
ary and assigning a velocity corresponding to a kinetic
energy of 20 keV and a random direction into the bulk
Si structure (see Fig. [7).

In our simulations, the displacement cascade formation
and evolution are performed at 300 K using a micro-
canonical ensemble (NVE) with an adaptive time step
(10~7 ps < At < 1073 ps) for 85,000 time steps, allowing
for a maximum 85 ps cascade simulation. Note that the
observed simulation times for the majority of MD simu-
lations presented are approximately 10—15 ps less than
this maximum due to the need for smaller time steps in
the very early stages of cascade formation. We apply a
300 K Langevin thermostat (i.e., stochastically damped
equations of motion) within 11 A of all boundaries of
the simulation domain to allow for any excess kinetic en-
ergy associated with the shock wave introduced by the
recoiling PKA to be dissipated, thus mimicking dissipa-
tion that would occur within an infinite medium. The
displacement cascade simulation is then followed by an
annealing period at 300 K for 15 ps by switching to an
NPT thermostat to allow for the defects to recover and
form a thermodynamically stable defect structure. We
identify and count the point defects (i.e., vacancies and

interstitials) generated during cascade formation by us-
ing a Wigner-Seitz cell analysis of the atomic positions in
the damaged Si structure with respect to the undamaged
Si structure®®. With this method, a lattice site with an
empty Wigner-Seitz cell is marked as a vacancy while a
Wigner-Seitz cell with two or more atoms is marked as
an interstitial.

We performed and compare three different types of
displacement cascade simulations: (i) neglecting elec-
tronic stopping power entirely, (ii) approximating elec-
tronic stopping power via a frictional drag force as a
function of atomic velocity that only describes inelas-
tic energy loss (IEL), and (iii) approximating electronic
stopping via the same frictional drag force as (ii), but
using the two-temperature model framework that allows
for electron-ion interactions and energy transfer between
the atomic and excited electronic subsystems* %, In
order to obtain statistically meaningful results, 10 simu-
lations are performed for each case of electronic stopping
method and stopping power fitting data (i.e., SRIM and
RT-TDDFT).

In the case of the IEL method, when incorporating
electronic stopping effects using a friction term to only
describe energy loss, the governing equations of motion
are given as?®

8V1' _
"o T
where m; and v; are the mass and velocity of atom 1,
F;(t) is the force acting on atom ¢ at time ¢ due to its in-
teractions with atoms in its local environment, and ~, is
the friction coefficient due to electronic stopping above a
cutoff velocity, vey. In the TTM method*™*®, to account
for electron-ion interactions and the transfer of energy
lost to the electronic subsystem back into the atomic lat-
tice subsystem, the governing equations of motions are
given as

F;(t) = vevi (3)
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where v; is now a frictional force describing both the

electronic stopping effects, 7., as before and electron-ion
interactions, 7,. In general, v; = v, + Ve for v; > veus

=F;(t) —vvi + F(t) (4)

and y; = 7, for v; < vey. F(¢) is a stochastic force
term with a random direction and magnitude that is a
function of the electron-ion friction force coefficient, v,
and the electronic subsystem temperature, T,. This term
allows for energy lost due to electronic stopping to be
transferred back to the atomic lattice subsystem. The
electronic subsystem temperature, T,, is described by a
heat diffusion equation requiring an electron density, pe,
an electronic specific heat, C., and thermal conductiv-
ity, k.. Furthermore, this diffusion equation contains a
sink term representing the energy exchange between the
electronic subsystem and the atomic lattice subsystem,
and a source term representing the energy gained by the
electronic subsystem (i.e., energy lost by the atomic sub-
system) due to electronic stopping.



A common practice uses the cohesive energy as the
choice of cutoff in the electronic stopping power for MD
simulations. In this spirit, to prevent artificially quench-
ing atoms in thermal equilibrium within the TEL elec-
tronic stopping description, we have truncated the elec-
tronic stopping effects between velocities corresponding
to one and two times the cohesive energy of Si, where
E.on = 4.63 €V (or equivalently, veon = 56.402 A/ps).
Based on previous RT-TDDFT calculations (c.f., Fig. 1
in Lim et al.?3) as well as our own data in Fig. 3, this is
a reasonable truncation regime because it takes into ac-
count both the relative magnitude of the stopping power
with respect to the cohesive energy and the rate of change
of the electronic stopping power as a function of the ki-
netic energy. As such, for velocities lower than the co-
hesive energy, no stopping force is implemented and for
velocities higher than twice the cohesive energy, Eq. (3)
is used. In between these two velocities, the truncation
is performed utilizing a quadratic polynomial given as
(v —202,)/ (V2 —2v% ). In contrast, in the case of the
TTM method, only a single cutoff velocity is needed to
transition between purely electron-phonon and electronic
stopping regimes. From the RT-TDDFT calculations in
Ref. 33, a reasonable value for this singular transition
is found to be 6.945 eV (or veut = 69.078 A/ps)7 which
corresponds to 1.5 times F.,,. We treated the electron-
phonon and electronic stopping regimes as two limiting
cases of the single energy transfer process. To this end,
we utilize the condition that v; = =, for v; < vy and
¥i = Ve for v; > veys. Finally, the remaining TTM elec-
tronic stopping parameters are taken from Ref. 69 and
summarized in table S2.

III. RESULTS
A. Light projectiles: Stopping of protons in silicon

We first establish a theoretical understanding of the
femto-second electron-ion dynamics during the early
stages immediately after projectile impact for stopping
of light proton projectiles in Si. In Fig. 2 we illus-
trate results from RT-TDDFT simulations of this process
for three different lattice channels, as well as one off-
channeling trajectory. Our results for low-energy (0.1
MeV) protons traveling along the (001) and (111) chan-
nels agree particularly well with experiment™ and with
predictions from SRIM. Comparison with the theoretical
data of Ref. 71, before correcting for core electrons, also
shows excellent agreement for (001) channeling. While
agreement for projectile kinetic energies near or lower
than the electronic-stopping maximum is excellent, Fig.
also illustrates that RT-TDDFT results for electronic
stopping deviate from experiment for all channeling tra-
jectories when the projectile kinetic energies exceeds 0.1
MeV. Since most experiments and SRIM simulations are
performed for amorphous materials or use off-channeling
trajectories through crystalline targets, this deviation is
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FIG. 2. Electronic stopping of proton projectiles. Red cir-
cles, blue squares, and gold triangles indicate our RT-TDDFT
results for (001), (011), and (111) channels, respectively, and
violet diamonds indicate off-channeling. Gray dots are exper-
imental values for off-channeling™ and black solid line results
from SRIM?. Cyan dashed and maroon dotted lines are RT-
TDDEFT results from Ref. 71 for (001) channeling, without
and with core-electron corrections (CC), respectively.

attributed to off-channeling effects.

Correspondingly, Fig. 2 shows that off-channeling pro-
jectiles experience the highest electronic stopping for
each velocity. Agreement between our data and SRIM
is within the scatter of experimental data points up to
high kinetic energies. We also note that including core
corrections, to fully account for Sils electrons (see data
of Ref. 71 in Fig. 2)), only slightly improves agreement
with experiment; 2s and 2p electrons, however, are cru-
cial. For the (011) channel, experimental results of Refs.
72 and 73(not shown in Fig. [2) are reported to be about
10 % —15% lower in stopping than for off-channeling™,
while our data shows approximately 35 % lower stopping,
e.g., near 20 keV. To explain this, we note that our RT-
TDDFT data constitutes a lower bound for channeling
electronic stopping, since in our simulations the projec-
tile travels exactly at the center of the channel, where the
charge density is the lowest. This effect is more signifi-
cant for the (011) channel, because the average charge
density is much lower near the center of the channel
and increases more quickly further away from it, com-
pared to the other two channels (see Fig. S1B). Finally,
while the majority of measured stopping values agree well
with our RT-TDDFT data for (001) and (111) channels
and SRIM, there is a data set™ that shows much lower
stopping between 10 keV and 50 keV. This data is in-
cluded in the experimental data points in Fig. 2 and co-
incides with our results for (011). We note, however, that
these experiments™ were performed for off-channeling
protons and the difference from other experimental re-
sults is generally attributed to the use of a different mea-

suring technique™.

Our data also shows a pronounced dependence of elec-
tronic stopping on the specific lattice channel: While the
electronic stopping power is similar for the (001) and
(111) channels, it is significantly smaller for a (011) chan-



nel (see Fig. 2). To explain this, we analyzed the distance
between the projectile and the nearest-neighbor atoms it
encounters along its path through the target (see explicit
data in Fig. S1A). For the (001) and (111) channels this
distance is only about 66 % of the value observed for the
(011) channel. As a result, the average electron density
seen by the projectile along these channels is at least a
factor of three smaller for (011), compared to the other
two (see Fig. S1A). This clearly correlates with the elec-
tronic stopping power predicted from RT-TDDFT simu-
lations for the different channels and is consistent with
previous RT-TDDFT studies™ 7. We rationalize this us-
ing the linear-response Lindhard-Winther model??, Eq.
(2). While our first-principles data does not show the di-
rect proportionality of electronic stopping to the electron
density seen by the projectile along its trajectory, as pre-
dicted for the dilute charge-density limit (see appendix
in Ref. B0), the model qualitatively explains the trends
we observe.

B. Heavy projectile ions: Stopping for
self-irradiated silicon
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FIG. 3. Electronic stopping of silicon projectiles. Red cir-
cles, blue squares, and gold triangles indicate our RT-TDDFT
results for (001), (011), and (111) channels, respectively, and
violet diamonds indicate off-channeling. Gray dots are exper-
imental values for off-channeling™ and black solid line results
from SRIM*. Two different initial projectile charge states
are compared using solid (neutral) and dashed lines (highly
ionized).

The picture is significantly more complicated for heavy
ion projectiles: These are important when modeling
semiconductors under radiation conditions, since primary
knock-on events inevitably occur in materials impacted
by energetic ions. To this end, Fig. [3] compares electronic
stopping power from RT-TDDFT for self-irradiated sili-
con to experiment and SRIM, using the same three lattice
channels we studied for protons, as well as off-channeling.
For all channeling trajectories, Fig. 3 shows that elec-
tronic stopping depends on the initial charge state of the
silicon projectile. This striking behavior is contrary to
what we observed for protons and occurs for all projec-

tile kinetic energies studied in this work, except for the
highest one, ~56.42 MeV. For silicon projectiles that
are initially highly ionized (Si™'?), RT-TDDFT notice-
ably overestimates SRIM and experiments; in addition,
there is no clear dependence on the lattice channel, and
the magnitude of electronic stopping is even interchanged
for two projectile kinetic energies (~2.79 MeV and ~6.27
MeV). For these, (011) stopping is higher, while it is low-
est for the other kinetic energies. Conversely, for initially
neutral Si projectiles, Fig. [3 shows that electronic stop-
ping from RT-TDDEFT is significantly lower and much
closer to experiment and SRIM, resulting, however, in an
overall underestimation. Remarkably, the dependence of
electronic stopping on the lattice channel discussed above
for protons is restored in this case. Finally, our results
agree very well with those reported for low-kinetic energy
silicon projectiles by Lim et al.**, when the same simula-
tion parameters are used. However, since that work only
accounts for the four valence electrons of silicon on the
n=3 shell, the magnitude of electronic stopping is under-
estimated by more than 100 % compared to SRIM. This
implies that the n=2 shell of silicon target atoms inter-
acts with projectiles with kinetic energies in the range
shown in Fig. 3.

Interestingly, Fig. Bl also shows that the dependence of
electronic stopping on the initial projectile charge disap-
pears for off-channeling silicon projectiles. In this case
electronic stopping falls in between the results for ini-
tially neutral and highly ionized channeling projectiles
and agrees more closely with experiment and SRIM.
As a consequence, we find that except for the highest
kinetic energy, electronic stopping of initially charged
heavy projectiles is significantly larger on channeling tra-
jectories than on off-channeling trajectories. While this
is the opposite of what we discussed above for light (pro-
ton) projectiles, such an inverted behavior has indeed
been observed for electronic stopping power of highly
charged U ions channeling in Si””. Below we explain
this by developing a detailed understanding of the femto-
second real-time dynamics of the projectile charge state,
its dependence on the projectile trajectory, and its in-
fluence on electronic stopping. We also note that RT-
TDDEFET for off-channeling projectiles still significantly
underestimates the magnitude and projectile energy of
the electronic stopping power maximum observed in
experiment™ and SRIM*, see Fig. 3| at kinetic energies
Z 6 MeV. Investigating the origin of this disagreement
in detail is the goal of a future study.

C. Femto-second dynamics of the projectile charge

As discussed for Fig. 3, we find that the initial pro-
jectile charge state strongly affects electronic stopping
of channeling heavy projectiles. Using the Lindhard-
Winther model, Eq. (2)), within which electronic stopping
depends quadratically on the charge state of the projec-
tile, this indicates that charge equilibration depends on



Jy
]

fluctuation —— K.E. =0.70 MeV

109 Equilibration —=— K.E.=2.79 MeV
8 /¢ \ —— K.E. =6.27 MeV
6] —— K.E. =25.08 MeV
4] K.E. =56.42 MeV
5]

O ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, oy e

\;
15
R

Avg. charge density (

NN distance (&) @@ Projectile charge diff. »

Projectile displacement (R)

FIG. 4. Charge dynamics for self-irradiated Si. (A) Position-
dependent difference of charge state for initially highly ion-
ized and neutral projectiles on an off-channeling trajectory.
Black circles, red squares, magenta diamonds, blue triangles,
and orange stars indicate projectile kinetic energies (K.E.)
of 0.70, 2.79, 6.27, 25.08, and 56.42 MeV respectively. (B)
First-nearest-neighbor (NN) distance (red dashed) and aver-
age charge density (blue solid) for the projectile on that same
trajectory. Strong peaks of average density for short NN dis-
tances coincide with significant changes in charge state, as
highlighted by vertical orange dashed lines.

the projectile trajectory. In order to understand this sur-
prising behavior, we analyze the femto-second real-time
dynamics of the projectile charge in Fig. @lA. This shows
the time-dependent difference of the charge of initially
highly ionized Si*!? and initially neutral Si off-channeling
projectiles, computed from time-dependent electron den-
sities using the DDEC6 method®”. From this, extremely
fast charge equilibration for the different projectile ki-
netic energies studied here becomes evident: In all cases
the charge states differ by ~12.0 at first, but within only
1.55 fs (for the slowest projectile in Fig. 4A) or less, the
initially highly ionized Si projectile acquires electrons and
the initially neutral one loses electrons when traveling
through the material (see separate dynamics depicted in
Fig. S2 of the supplemental material).

Fig. also reveals important details of charge equili-
bration. The first significant changes of the charge state
appear for projectile penetration depths as small as 1.27
A. After that, the charge state of initially neutral Si has
approximately reached equilibrium already and subse-
quent dynamics is attributed mostly to initially highly
charged Si (see Fig. S2). After a long quasi-equilibrium
between 4 and 20 A, another series of equilibration pro-
cesses appears around penetration depths of 20.0, 30.0,
and 34.0 A. These sudden equilibration events also occur
at exactly the same projectile positions, independent of
projectile velocity, and we conclude that charge equili-
bration is associated with penetration depth rather than
time after impact. Notably, faster projectiles are closer to
charge equilibrium than slower projectiles early on (be-
tween 2 and 20 A in Fig. @A), however, once the charge
state differs by only +1 from equilibrium (around 30 A

in Fig. @A), the subsequent behavior becomes indepen-
dent of the projectile velocity. After vanishing around 34
A, the charge-state difference remains very small as the
projectile travels further.

We explain the dependence on penetration depth and
the occurrence of sudden equilibration events using the
spatial distribution of the charge density of the target
material. To this end, Fig. @B shows the distance of the
projectile to first-nearest-neighbor atoms and the average
charge density encountered by the projectile along the
off-channeling trajectory. Large changes of the charge
state correlate with close spatial proximity to lattice
atoms (see vertical orange dashed lines in Fig. 4B) and
with the corresponding large local charge density at-
tributed to highly localized semi-core electrons near tar-
get atoms. Thus, from Fig. 4 we conclude that charge
equilibration of highly ionized Si*T'2 requires close spatial
proximity of the projectile to target ions and that equili-
bration by attracting electrons is mediated by semi-core
electrons of the target. This argument is further sup-
ported by the observation that the separation between
projectile and target atom needs to fall below a certain
value, i.e., the charge density the projectile interacts with
needs to exceed a certain value, for equilibration to hap-
pen. This is evidenced by a slightly lower electron density
peak near 11.8 A that merely triggers fluctuations of the
subsequent charge dynamics (indicated by the arrows in
Fig. 4A) for two kinetic energies, but no actual equili-
bration event. To provide further proof, we compare to
simulations using pseudopotentials with only four valence
electrons per Si atom of the target material (see Fig. S3)
and find that the charge state of initially highly ionized
Si*t!2 indeed remains much higher due to the exclusion
of charge transfer from pseudized core electrons of the
target material.

Similar analysis of the charge state for channeling
Si projectiles shows that a significant reduction of the
projectile-charge difference also occurs early on—within
the first 2.0 A. This is only slightly deeper than for off-
channeling projectiles and we find again that the charge
state after this first drop depends on projectile kinetic
energy. As discussed for off-channeling projectiles, the
position of this first drop is independent of projectile ki-
netic energy (see details in Fig. S4). Our analysis of
the subsequent dynamics shows further, rather constant
equilibration up to about 40 A for projectiles on (001)
and (111) channels. Contrary to this, there is very little
equilibration after the initial drop for a projectile on a
(011) channel, for which the electron density along the
projectile path is smallest (see Fig. S1A). This further
corroborates our interpretation that charge equilibration
is connected to the electron density the projectile inter-
acts with. Interestingly, contrary to off-channeling pro-
jectiles, our analysis reveals that the projectile charge
state remains fairly constant after 40 A for all channels.
This leads to a different equilibrium charge state of chan-
neling and off-channeling projectiles for most projectile
kinetic energies. We explain this difference by a lack of



interactions of channeling projectiles with core electrons,
since they never approach target ions closely enough and,
thus, only equilibrate via interactions with valence elec-
trons of the target.

D. Equilibrium projectile charge and electronic
stopping
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FIG. 5. Equilibrium projectile charge state of initially highly
ionized (dashed lines) and neutral (solid lines) projectiles for
(001) (red circles), (001) (blue squares), (111) (gold trian-
gles), and off-channeling (violet diamonds) trajectories. For
off-channeling projectiles (dotted line) the equilibrium value
is independent of the initial charge state. We also compare to
an analytical result based on Bohr’s stripping criterion (black
dot-dashed line, see text for details).

While the above analysis showed that initially ionized
Sit!2 projectiles attract electrons and initially neutral
projectiles lose electrons as they travel through the tar-
get, neither the emerging dynamic nor the final equi-
librium charge are known a priori when materials are
irradiated in experiment. This has been a longstanding
problem, since electronic stopping, for instance within
Lindhard-Winther theory?”, Eq. (2), explicitly depends
on the projectile charge. However, in practice, it is only
described using semi-empirical models™. In the follow-
ing, we use our accurate first-principles results to provide
insight into how the equilibrium charge emerges from
the dynamic charge and we disentangle the underlying
connection between projectile charge, semi-core electron
contributions, and electronic stopping.

To this end, we first compute the equilibrium projectile
charge by averaging the dynamic charge over the same
spatial range used for computing electronic stopping; this
ensures a fair comparison with electronic-stopping re-
sults. Fig. B illustrates that slow initially-ionized pro-
jectiles attract more electrons from the target material
and become less ionized in equilibrium, but remain more
ionized for higher projectile kinetic energies. For the
highest kinetic energy of 56.42 MeV studied here (see

Fig. {), the projectile stays entirely ionized (except for
the 1s shell), i.e., Sit!2. Contrary, initially-neutral pro-
jectiles lose electrons through interactions with the elec-
tronic system of the target and remain neutral or weakly
charged if they are slow. The fastest projectiles stud-
ied in this work lose all electrons and become entirely
ionized, except for the 1s shell (see Fig. [5), i.e., Sit12.

Fig. f also illustrates a dependence on the projectile
trajectory: Slow Sit!? projectiles attract significantly
fewer electrons when they move on a channeling com-
pared to an off-channeling trajectory. This difference be-
comes smaller for faster projectiles, since all fast projec-
tiles are overall more ionized. We also find consistently
smaller equilibrium charge for Si*'? on a (111) channel
along which the average electron density is large, com-
pared to highest equilibrium charge for a (011) channel
with small average electron density. Interestingly, our
results show a very different trend for initially neutral
channeling projectiles: There is no clear dependence of
the equilibrium charge state on the specific lattice chan-
nel. Even more strikingly, for off-channeling projectiles,
the equilibrium charge becomes completely independent
of the initial charge state across the entire kinetic-energy
range studied here and is very close to that of initially
neutral, channeling projectiles, except for one data point
at a kinetic energy of 0.7 MeV. This implies that highly
ionized Sit1? projectiles equilibrate their charge state by
acquiring semi-core electrons from the target, which they
can only interact with when approaching target atoms
closely, e.g., on an off-channeling trajectory. The explicit
involvement of semi-core electrons of the target material
is further supported by Fig. S3, which rules out effects
arising from the mere proximity of projectile and tar-
get ion. Our results also imply that stripping electrons
off the projectile only requires some electron density to
scatter, but whether the scattering involves explicit semi-
core electrons of the target is not important. This is also
supported by Fig. S3 which shows that the equilibrium
charge state of initially neutral projectiles does not de-
pend on the number of valence electrons used to describe
the target material.

Furthermore, we find excellent quantitative agreement
between our results for stripping off electrons from off-
channeling and initially neutral channeling projectiles
and Bohr’s stripping model. This is an analytical
model that predicts the velocity-dependent equilibrium
charge of the projectile upon interaction with a target
material®’. It relies on a hydrogenic model and approxi-
mates the outermost shell principal quantum number as
cubic root of the atomic number Z of the projectile. In
this model, electrons with orbital velocities smaller than
the projectile velocity are stripped off and in its modified
analytic form™®0 it reads

Zeg(v) = Z (1 — exp {—ﬁ%b . (5)

Here, Zog, Z, and v are the equilibrium/effective charge
state, atomic number, and velocity (in atomic units) of
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FIG. 6. Electronic stopping versus squared equilibrium effec-
tive projectile charge for self-irradiated Si. Black dashed lines
group the data by projectile kinetic energy. Violet filled dia-
monds indicate off-channeling Si projectiles. Red circles, blue
squares, and gold triangles indicate (001), (011), and (111)
channeling projectiles, respectively. Filled and open symbols
indicate the initial charge state of the projectile.

the projectile, respectively, and vy is the Bohr velocity
of the hydrogen atom™ ®, This model qualitatively ex-
plains the higher equilibrium charge state of faster pro-
jectiles without any parameters describing the target ma-
terial.

Interestingly, our results also show that the equilibrium
charge for an initially highly charged projectile that at-
tracts electrons coincides with that of a projectile that
loses electrons and, thus, is also successfully described
by Bohr’s criterion. Fig. [ shows that this is only the
case for projectiles that can actually reach their equilib-
rium charge state by attracting semi-core electrons, e.g.,
when traveling on an off-channeling trajectory. These
results are in agreement with experimental results®? for
O*® jon projectiles in Si target material, showing that
initially highly ionized and neutral off-channeling projec-
tiles reach the same charge state. This experiment also
shows that an initially highly ionized channeling ion has
a higher equilibrium charge state than an off-channeling
one and that an initially weakly charged channeling ion
reaches the same equilibrium charge state as the off-
channeling one, again confirming our results.

Finally, our first-principles results for equilibrium
charge states provide deeper understanding of electronic
stopping: Within Lindhard-Winther theory?, Eq. (2),
electronic stopping scales linearly with squared projectile
charge Z% and linearly with n - L(n), for a given projec-
tile kinetic energy. In practice, the uniform electron gas
model with average charge density of valence electrons of
the whole system is used for n'®. However, for projectiles
with high kinetic energy, it is necessary to account also
for deeper core electrons. Similarly, the projectile experi-
ences different local charge density on different trajecto-
ries, giving rise to different stopping”™ 7. Unfortunately,
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there is no a priori knowledge on how to choose n, since
there is no definition of the effective charge density n a
projectile interacts with when moving through an inho-
mogeneous charge density distribution, as is the case for
a Si projectile in a Si target material. Furthermore, the
effective projectile charge Z.g is velocity-dependent and
only equivalent to Z for the fully ionized case at very
high projectile kinetic energies.

Hence, to connect with Lindhard-Winther theory??, we
investigate the relation between electronic stopping and
Z2% for all trajectories of Si projectiles and different ini-
tial charge states in Fig. 6. We note that the slopes that
can be assigned to each group of data points of the same
kinetic energy (indicated by dashed lines in Fig. ) rep-
resent the n - L(n) term in Eq. (2). Though the effective
electron density n, experienced by the Si projectile under
the various conditions, is unknown, we distinguish three
different kinetic energy regimes: For low kinetic energy
(KE £ 6.27 MeV), Fig. (0 clearly shows that electronic
stopping linearly depends on ZZ%, i.e., n - L(n) ~ const.
for different trajectories, suggesting that differences in
Zeg significantly affect electronic stopping. On the other
hand, for high kinetic energies around 56.42 MeV, Si
projectiles are mostly ionized, i.e., have similar equilib-
rium charge independent of their trajectory. In this case,
differences in electronic stopping are dominated by the
effective charge density n the projectile interacts with.
This is similar to electronic stopping of light ions and,
accordingly, off-channeling Si projectiles in this kinetic-
energy range experience the largest stopping, while those
on (011) channels experience the lowest. For intermedi-
ate kinetic energies, we find a balance of both contribu-
tions: Similar to the case of low kinetic energy, initially
highly ionized channeling Si ions have larger electronic
stopping than initially neutral ones, within the same lat-
tice channel. However, in contrast to the case of low
kinetic energy, initially highly ionized Si projectiles on a
(011) channel experience lower electronic stopping than
initially neutral ones on (001) and (111) channels, despite
their larger equilibrium charge. Similarly, off-channeling
projectiles experience larger stopping than most channel-
ing ones, despite showing the lowest charge state. This
suggests that, at intermediate kinetic energies, neither
effective charge nor effective electron density alone domi-
nates electronic stopping. Finally, while the charge state
for initially neutral channeling and off-channeling pro-
jectiles is approximately the same, electronic stopping
is larger for off-channeling projectiles across the entire
kinetic-energy range. We attribute this to contributions
from the core electrons of the target, which require spa-
tial proximity of projectile and semi-core electrons, as
discussed before?!7L,



Off-channeling

T~
‘F“ |

“
Be
‘

No electronic stopping

11

Channeling

FIG. 7. Representative displacement cascade structures and average total number of defects for off-channeling (A, B, C) and
(001) channeling directions (E, F, G) for a projectile with an initial kinetic energy of 20 keV. Electronic stopping is neglected
(A, D), fitted to SRIM (B, E), and fitted to RT-TDDFT for the neutral charge state (C, F). Coloring outlines the cascade
structure where blue indicates a local vacancy, i.e., atoms that have lost a nearest neighbor (coordination number < 4), red
indicates a local self-interstitial, i.e., atoms that have gained a nearest neighbor (coordination number > 4). Arrows indicate

the initial PKA direction.

E. Defect dynamics in single ion-strike damage
events

Having established the role of core electrons, projec-
tile charge state, and projectile trajectory on electronic
stopping power, we now examine how these affect devel-
opment and evolution of displacement cascades. We ex-
plore the consequences of energy deposition into the elec-
tronic system of the target during the earliest stages of

radiation damage on the development of an initial radia-
tion damage event across multiple length and time scales.
As the initial radiation damage event develops, primary
knock-on atom (PKA) and subsequent knock-on events
lead to displaced atoms and the creation and evolution
of complex cascade structures. These lead to creation
and evolution of point defects, dislocation loops, defect
clusters, or voids, but are critically affected by the ini-
tial energy deposition. In addition, the final state of this



cascade is extremely important because it is the starting
point for subsequent defect diffusion, agglomeration, and
annihilation that form the basis of observable effects of
radiation in materials®17. Here we incorporate elec-
tronic stopping from SRIM and limiting cases from RT-
TDDFT into molecular dynamics (MD) simulations to
study the implications of how electronic stopping is rep-
resented for defect dynamics in silicon, and to compare to
the standard approach of neglecting electronic stopping
entirely. In this work, electronic stopping is incorporated
into MD using the inelastic energy loss (IEL) approach;
test calculations using a two-temperature model have
shown that the differences compared to IEL are small
in the low recoil-energy regime studied here.

The electronic stopping results for a slow Si projec-
tile traveling through bulk Si in Fig. B suggest capturing
electronic stopping in the IEL approach using a propor-
tionality constant .. Here we assume 7, to be a linear
function of the atomic velocity of the projectile,

Ye = av; + . (6)

Here, a and b are fitting parameters, and the total elec-
tronic stopping power, 7.v;, is a quadratic function of
the absolute value of the atomic velocity v;, where i in-
dexes atoms. Using the condition that S.(v; = 0) = 0,
we fit to three limiting cases, i.e., (i) an off-channeling
projectile for which we found charge equilibration, (ii)
an initially neutral, and (iii) an initially Sit'? projectile,
both on a (001) trajectory. Fits to our RT-TDDFT data
yield noticeably different values of a = 0.0 eV-ps? /A?’,
b=49x1073 eV'pS/A2 for off-channeling projectiles,
a="50x10"8 eV-ps?/A3 b =1.4 x 1073 eV-ps/A? for
(001) channeling Sit?, and a = 7.0 x 1078 eV-ps?/A3,
b=>5.1x 1073 eV-ps/A? for (001) channeling Si*'? pro-
jectiles. A fit to SRIM yields a = 4.0 x 10~3 eV-ps? /A3,
b=33x10"3 eV-ps/AZ. All previous IEL studies as-
sumed a constant 7., here instead we provide a first-
order correction through a velocity-dependent . in Eq.
(6). While this correction is minor for low kinetic-energy
range (see Fig. 3 and as in the case for our MD simula-
tions with a projectile with an initial kinetic energy of 20
keV), this correction becomes increasingly important as
the recoil energy increases (see Fig. S6 in the supplemen-
tal materials), yielding significant differences in defect
production. We then use the fitting results for a and b to
perform MD simulations with otherwise identical simula-
tion conditions, i.e., identical initial velocities in terms of
thermal noise and identical direction and magnitude of
the PKA. Results discussed hereafter, thus, describe dif-
ferences in the stages of the cascade developments solely
due to the underlying electronic-stopping physics. For
the off-channeling case, the same random atom is given
a 20 keV recoil energy and a direction towards the center
of the domain. For the channeling direction, a different
atom is chosen from that of the off-channeling case, but
we chose the same atom and energy for all the channeling
simulations.

The resulting representative cascade structures and the
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displacement cascade damage are shown in Fig. . We
analyze the spatial distribution of defects constituting
the final cascade by comparing PKA MD simulations
without electronic stopping and with electronic stopping
from SRIM and RT-TDDFT for off-channeling and (001)
channeling directions. These MD simulations were per-
formed using otherwise identical initial conditions, e.g.,
velocity distribution, selected PKA energy, and projec-
tile direction, and, thus, any difference in cascade struc-
ture is solely attributed to the representation of electronic
stopping. It is interesting to note that, in all cases, the
atoms indicating local vacancies are concentrated at the
core of the cascade while the atoms indicating local self-
interstitials envelop these regions. In all of the simula-
tions performed, multiple sub-cascade branches can be
visually identified as comprising the full cascade struc-
ture and are also seemingly aligned along specific crystal-
lographic directions within the bulk crystal or contained
within small amorphous pockets (see Fig. [7).

To quantify the overall principal directions and rel-
ative shapes of these combined sub-cascades, we per-
formed a principal component analysis (PCA)®384 using
the positions of the atoms identified to be constituting
the primary cascade structure. This PCA transforms
the atomic positions of the discrete defects in the cas-
cade to lie along three principal direction vectors (i.e.,
lines of best fit) such that the variance of the atomic
positions along these lines is minimized. The cascade
structure can be approximated as an ellipsoid with its
three principal axes A, B, and C given by PCA. Relative
geometric shapes of the cascades are then characterized
via the aspect ratios A/B, A/C, and B/C. Cascade size
is described by their volume, computed by multiplying
the average atomic volume by the number of displaced
atoms. Explicit results of this volume calculation, el-
lipsoid aspect ratios, and 1% PCA vector describing the
primary orientation of the ellipsoid are summarized in
table S1.

We find that the underlying electronic-stopping
physics and projectile trajectory affect cascade size,
shape, and orientation in MD simulations: For off-
channeling projectiles, the cascades formed using elec-
tronic stopping fitted to RT-TDDFT are consistently
more compact (i.e., they have the smallest volume) than
those formed when electronic stopping is fitted to SRIM
or neglected entirely. When electronic stopping is ac-
counted for, this mechanism dissipates part of the pro-
jectile kinetic energy and, thus, leads to less extensive
lattice defects. Additionally, in the case of off-channeling
projectiles the general shape of the cascades as described
using aspect ratios resembles a flattened prolate ellip-
soid when electronic stopping is neglected. Contrary, for
channeling projectiles with electronic stopping fitted to
RT-TDDFT data for the highly ionized Sit'2? projectile,
the aspect ratios suggest an oblate ellipsoid. Finally, the
incorporation of electronic stopping can also have a sig-
nificant impact on the orientation of the resulting cas-
cade.
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FIG. 8. Average total number of defects as a function of time for off-channeling (A) and channeling (B) trajectories. Electronic
stopping is neglected (black solid lines), fitted to SRIM (blue short dashed and red dot-dashed lines), and fitted to RT-TDDFT

(cyan long dashed line and violet circle dots).

Aside from analyzing the cascade structure, we char-
acterize the total number of Frenkel pairs produced by
the PKA by defect count, displacement cascade size, and
associated shape®®. This shows (see Fig. [7) that after
the cascade is initiated, the number of defects rapidly
increases to the peak damage regime within ~ 3—-4 ps.
Immediately after this peak damage regime, the energy
of the atomic system continues to dissipate through-
out the surrounding bulk region and, due to recombina-
tion events, the total number of defects subsequently de-
creases and stabilizes for the remainder of the simulation.
Differences in the defect count presented in Fig. § indi-
rectly indicate that for both off-channeling and channel-
ing conditions the representation of the electronic stop-
ping has a direct effect on the partitioning of the energy
transferred to the lattice as the cascade develops.

In particular, our findings show that capturing the ap-
propriate electronic stopping physics within MD simu-
lations, e.g., via the parameter 7., is important to de-
scribe the defect cascade. The resulting average total
number of point defects in the final cascade structure il-
lustrates quantitative differences, depending on channel-
ing vs. off-channeling trajectory in MD, projectile charge
state, and how electronic stopping power is described,
i.e., using fits to SRIM vs. RT-TDDFT (see detailed nu-
merical results in table S1 of the supplemental material).
We find that the number of defects generated at peak
damage is greatly reduced when incorporating electronic
stopping effects (see Fig. §). Neglecting electronic stop-
ping we found on average ~ 944 point defects for both
the off-channeling and channeling simulations. However,
when accounting for electronic stopping effects, the re-
sulting average number of point defects is between 530
and 680 for off-channeling and between 560 and 810 for
(001) channeling. This is because for the off-channeling
case, more electronic stopping occurs and, as such, less
energy is deposited into the lattice to displace atoms,
leading to fewer defects. For the channeling case, elec-
tronic stopping is smaller than for off-channeling, but

larger compared to the simulations without any elec-
tronic stopping. Hence, we observe a moderate amount
of defects created. In addition, our data for (001) chan-
neling shows large differences in the resulting maximum
as well as equilibrium number of defects, depending on
the two different equilibrium projectile charge states. As
discussed above, these two equilibrium charge states arise
for initially highly charged and neutral channeling pro-
jectiles due to the lack of interactions with core electrons
and, consequently, lead to two different values of elec-
tronic stopping.

These results are also consistent with the standard ana-
lytical approximation of damage production given by the
model from Norgett, Robinson, and Torrens (NRT)®,
which is an important validation of the MD potential
and implementation of electronic stopping. This model
is an accepted standard for estimating damage and it
quantifies point defect count in a bulk crystal based on
energy deposited into the system using a spherical cas-
cade approximation. Within the NRT model, the number
of Frenkel pairs produced by an incident energetic par-
ticle is a monotonically increasing function of the recoil
energy of the PKA, Epka, given by

Nnrr = 0.8 (Epra — Q- ) /2E4, (7)

where Q.- is the total energy loss due to electronic stop-
ping and Fq is the threshold displacement energy, ap-
proximated here as Eq = 16.88 eV for bulk Si using the
Tersoff interatomic potential®®. Values for Q.- and for
NRT model predictions are tabulated in detail in table S1
of the supplemental material. This shows that account-
ing for energy dissipation by electronic stopping reduces
the effective energy deposited in system and, thus, the
defect count will be lower according to Eq. (7).

Finally, the data in Fig. § shows that while including
or neglecting electronic stopping in the MD description
strongly affects the cascade, there is also a notable dif-
ference depending on whether SRIM or RT-TDDFT is
used to parametrize electronic stopping. Results from



MD calculations with electronic stopping fitted to SRIM,
which contains no crystal structure or charge-state in-
formation, fall in between those of the different charge
states, as shown in Fig. [§B. This underlines the need for
precise models, such as RT-TDDFT, for dynamics of pro-
jectile charge and the resulting electronic stopping power.
Furthermore, for the off-channeling case in Fig. 8A, we
compared the inelastic energy loss (IEL) approach to the
two-temperature model (TTM) and found them within
one standard deviation of each other. This implies that
within the linear stopping regime, there is no statisti-
cally meaningful difference between these two models in
regards to the generation of displacement cascade defects.

IV. DISCUSSION

Our multi-scale results, combining RT-TDDF'T to pre-
dict electronic stopping and the inelastic energy loss
method to incorporate it into full cascade molecular dy-
namics simulations, lead to a detailed picture of how core
electrons participate in these processes and we find that
they play a two-fold role:

First, they can directly absorb energy from fast pro-
jectiles and we confirm earlier studies for semiconduc-
tor and metal targets that showed this leading to (i)
off-channeling stopping being largest at a given veloc-
ity and (ii) RT-TDDFT results for channeling projectiles
underestimating SRIM at high kinetic energies?!-343571,
This is because only projectiles with high kinetic energy
can excite strongly bound semi-core electrons and unlike
valence electrons, semi-core electrons are localized near
nuclei, so that only off-channeling projectiles approach
them closely enough to interact with them. Such an in-
volvement of projectile core electrons in electronic stop-
ping was also discussed for heavy projectiles before?*#5,

Second, our results explicitly show that core electrons
are also critically important for equilibration of the pro-
jectile charge state of initially highly charged ions, de-
pending on projectile trajectory, kinetic energy, and ini-
tial projectile charge state; this subsequently affects elec-
tronic stopping. For the projectile kinetic energies stud-
ied in this work, charge equilibration is fast (= 1 fs) com-
pared to any appreciable reduction in kinetic energy of
the projectile (< 0.5 % on the same time scale). Hence,
we discuss the equilibrium charge state of a projectile at
a given kinetic energy, which intuitively should be inde-
pendent of its initial charge, as well as its velocity de-
pendence. However, our results illustrate that this equi-
librium emerges as an intricate balance between attract-
ing and stripping off electrons. Whether the projectile
can reach equilibrium, thus, depends on projectile ki-
netic energy and trajectory. Since we cannot explicitly
distinguish between individual events of attracting and
stripping off electrons in our RT-TDDFT simulations, we
interpret the kinetic-energy dependence of stripping off
electrons using the binding energy of electronic states in
silicon. Fig. | shows that two (3p), four (3s+3p), ten
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(2p+3s+3p), and twelve (254+2p+3s+3p) valence elec-
trons of the Si projectile are completely stripped off from
the initially neutral projectile for kinetic energies larger
than about 1.4, 2.8, 25.1, and 56.4 MeV, respectively.
These results are consistent with threshold energies of
0.04 MeV (3p), 0.3 MeV (3s), 24.5 MeV (2p) and 42.1
MeV (2s), computed using Eq. (§) and the corresponding
atomic ionization energies of the Si projectile of 16.346,
45.142, 401.38 and 523.415 eV /atom, respectively®”. Due
to band-structure and hybridization effects, this estimate
based on atomic ionization energies is slightly worse for
3s and 3p valence electrons.

Our simulations also shed light on the dynamics of
attracting electrons from the target: Fig. [§ shows that
initially neutral projectiles with the lowest-kinetic ener-
gies are not stripped off their electrons. Hence, the two
different equilibrium charge states observed for initially
charged and initially neutral channeling projectiles imply
that in our simulations, valence electrons attracted from
the target by slow, initially charged projectiles do not
subsequently relax into projectile core states. Our sim-
ulations might be too short to explicitly capture these
effects: The longest trajectory ends at about 5 1 fs
and, for instance, the auto-ionization rate is reported®®
as less than 0.4 fs~!. In addition, it is also reported
in the literature that relaxation mechanisms, such as
auto-ionization, require inclusion of memory effects in ex-
change and correlation® not captured by the adiabatic
local-density approximation used here. Similarly, we can-
not distinguish whether the higher equilibrium charge of
initially ionized silicon projectiles with high kinetic ener-
gies (see Fig. b)) is due to a smaller capture cross section,
or subsequent stripping off of electrons.

We also note that we exclude the possibility that Sils
core states contribute. Treating a projectile of mass m
that travels through a periodic lattice with spatial pe-
riodicity of A=1.34 A for (001) channeling as a time-
dependent perturbation to the target material®?, allows
computing the threshold velocity for excitations of elec-
trons across a certain energy gap A,

1, 1 (AAN?

where h is Planck’s constant. We estimate that due
to their large binding energy of A ~ 2.5 keV®”, Sils
electrons only contribute to electronic stopping of sili-
con projectiles with kinetic energies of about 0.9 GeV or
higher. Similarly, Sils electrons only contribute to elec-
tronic stopping of protons with kinetic energies of about
32.7 MeV or higher.

Finally, we note that we verified that initially neutral
and initially ionized hydrogen projectiles in silicon equi-
librate to the same charge state for channeling and off-
channeling trajectories (see Fig. S5B). We explain this
with the low binding energy of the H 1s electron, which
is comparable to binding energies of valence electrons of
silicon. Hence, even fully ionized light projectiles have no
deep core states to fill and, thus, fully equilibrate through



interactions with valence electrons of the target, not re-
quiring involvement of core states. This is consistent with
previous studies that reported no difference in electronic
stopping of neutral hydrogen atoms vs. protons?’ and
confirms the fundamentally different charge equilibration
and electronic stopping of light vs. heavy projectiles.

NONE

NONE
A IEL-SRIM — B

|EL-SRIM ==

Zs |EL-TDDFT Zg  |EL-TDDFT (Si)
. |EL-TDDFT (Si'2*)
Qe y Se/ S Qe So/ S™
N/N M3 > : bc N/N M bc
\ \ / / \
T/ATLL S N - a/c V[V mex alc
alb alb

Off-channeling directions <001> Channeling direction
FIG. 9. Comparison of cascade characteristics for (A) off-
channeling direction, and (B) (100) channeling direction at
20 keV projectile kinetic energy. Radar chart plots show nor-
malized electronic stopping power S./S™** from RT-TDDFT,
equilibrium/effective charge Zeg (in e), total energy loss due
to electronic stopping in MD simulations @Q_ (in keV), de-
fect count N/N™** normalized with respect to result without
electronic stopping, cascade volume V/V™** normalized with
respect to result without electronic stopping, and cascade as-
pect ratios a/b, a/c, and b/c. Red contour represents cascade
characteristics when no electronic stopping is considered, blue
contour is for electronic stopping parameterized by SRIM,
green contour is for electronic stopping parameterized by RT-
TDDFT for Sit'2, orange contour is for electronic stopping
parameterized by RT-TDDFT for Sit°.

Subsequently, our detailed results for spatial, tempo-
ral, and thermal aspects of the damage cascade provide
us with a means to estimate the residual damage sur-
viving the quenching and annealing phase of the cascade
development that will influence the micro-structure evo-
lution. The radar charts in Fig. [§ graphically represent
the differences in defect production and cascade morphol-
ogy based on the representation of electronic stopping. In
this figure, the radial directions indicate the normalized
stopping power at 20 keV S./S™% with respect to the
stopping power calculated using RT-TDDFT, the equi-
librium charge at 20 keV (Q), the total energy loss due
to electronic stopping during the simulation (@), the
normalized defect count with respect to the defect count
when no electronic stopping is considered (N/N™%*), the
normalized cascade volume with respected to the volume
of the cascade when no electronic stopping is considered,
and the cascade aspect ratios (a/b,a/c,b/c).

In the case of the off-channeling direction, we note little
differences in terms of the cascade structure (a/b,a/c,b/c
and V/V™) when electronic stopping is represented ei-
ther using SRIM or RT-TDDFT. In contrast, as seen in
Fig. OB in the case of the channeling direction, the rep-
resentation of the electronic stopping has a consequent
impact on the defect production and cascade morphol-
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ogy. Comparing the IEL-SRIM approximation with the
IEL-TDDFT we note that not only the defect count and
defect morphology are substantially different, but also
that the charge state of the incident particle has a direct
impact on the cascade characteristics. This is also il-
lustrated when comparing total energy loss and effective
stopping power and is not surprising, since the charge
state directly contributes to both of these quantities.

There are several practical implications of our work:
In particular, for ion-beam treatment of materials we
envision targeted manipulation of properties of projec-
tiles, such as charge or kinetic energy, based on our sim-
ulations. Selection of the initial projectile kinetic en-
ergy (high vs. low) and impact angle (different channels
and off-channeling) determines how the projectile sub-
sequently interacts with the electrons of the target ma-
terial and should allow for tuning of the final projectile
charge state (see Fig. ). We show that since equilibra-
tion of highly ionized, channeling Sit!'? projectiles oc-
curs through attracting valence electrons, their equilib-
rium charge state depends on the electron density dis-
tribution and binding energy of valence electrons, both
of which depend on the specific target material. Con-
trary, we show that the equilibrium charge state of neu-
tral, channeling Si projectiles is exclusively determined
by the electron loss of the projectile and, hence, should
be independent of the target material. Literature data to
confirm these predictions is sparse and inconclusive: A
study®? on a channeling oxygen ion with an initial charge
that is smaller than the equilibrium charge found for off-
channeling agrees with our prediction. However, a study
on iodine-irradiated gold targets reports that an initially
weakly charged, channeling iodine ion loses fewer elec-
trons than an off-channeling one?. Understanding the
origin of these observations, e.g., by invoking the elec-
tronic structure of these materials, is an interesting area
for future work.

Furthermore, accurate electronic-stopping measure-
ments would be helpful to directly confirm our predic-
tions for the equilibrium projectile charge: Initially neu-
tral and initially ionized slow projectiles equilibrate to
different charge states when they move on a channel and
their equilibration lengths also differ, depending on the
initial charge state. Hence, electronic stopping signifi-
cantly differs for otherwise identical experimental con-
ditions. In particular, initially neutral channeling pro-
jectiles experience smaller electronic stopping, both due
to the lower charge state and the different equilibration
length. Thus, they travel deeper into the target mate-
rial than initially highly charged projectiles. We also
observe that initially ionized projectiles take longer to
reach charge equilibrium when on a channel instead of
off-channeling, due to the weaker interaction with semi-
core electrons. These effects allow experimental control
over the ion range by selecting the initial projectile charge
and trajectory. At the same time, our MD simulations
show that the projectiles that experience less electronic
stopping create more defects and more extended cascades



along their trajectory.

Better experimental understanding of the pre-
equilibrium stage would be particularly interesting.
Careful direct measurements of the charge state, e.g.,
for ions channeling through thin films or 2D materials,
should allow for direct observation of the differences pre-
dicted from our simulations, including measurements of
the thickness dependence of the projectile charge prior
to equilibration. As an example, Ref. 91 and 92 report a
dependence of electronic stopping (electronic energy loss)
on the initial and exit charge state of the projectile for
slow (KE =~ 6.8 keV) and highly charged (@ > 10) Xe
ions traveling through thin (=~ nm) carbon membranes.
This experimental setup minimizes the opportunity for
charge state to reach equilibrium and therefore works as
a great direct probe to understand the effect of initial
charge state on electronic stopping, in conjunction with
precise simulations. Both papers report that a larger
initial charge gives rise to larger electronic stopping, es-
sentially confirming our finding. In addition, they report
that a larger change in charge state during the impact
gives rise to larger electronic stopping and attribute this
to the energy loss caused by the charge transfer. How-
ever, based on our results, a larger change in charge state
can result from a smaller impact parameter, which indi-
cates larger local charge density for the projectile to in-
teract with. We conjecture that this larger local charge
density also contribute to the larger observed electronic

stopping.

V. CONCLUSIONS

We addressed the multi-scale nature of electron-ion
dynamics in heavy-ion irradiated silicon by combin-
ing real-time time-dependent density functional theory
and molecular dynamics based on the two-temperature
model. Our first-principles simulations reveal the de-
tailed charge state dynamics of projectile ions and we ex-
plain the consequences on electronic stopping. We show
that electronic stopping of highly ionized Si projectiles on
channeling trajectories is higher than for off-channeling
ones across a wide kinetic energy range. While this find-
ing is opposite to what is expected for weakly ionized Si
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projectiles, we explain it by invoking the charge state of
the projectile and find consistency with some of the pre-
vious experiments. Furthermore, integration with full-
cascade molecular dynamics simulations demonstrates
the importance of understanding the detailed electron-
ion dynamics during the impact. We show that differ-
ent electronic stopping gives rise to qualitatively differ-
ent cascade structures, which is critical for cascade sim-
ulations, e.g. for understanding ion-beam techniques and
radiation damage.
ACKNOWLEDGMENTS

The authors would like to thank K. Hattar from Sandia
National Laboratories for insightful discussions during
the execution of this work. C.-W.L. acknowledges sup-
port from the Government Scholarship to Study Abroad
from the Taiwan Ministry of Education. C.-W.L. and
A.S. gratefully acknowledge financial support from San-
dia National Laboratories through the Sandia-UIUC col-
laboration (SNL grant No. 1736375) and from the Office
of Naval Research (grant No. N00014-18-1-2605). An
award of computer time was provided by the Innova-
tive and Novel Computational Impact on Theory and
Experiment (INCITE) program. This research used re-
sources of the Argonne Leadership Computing Facility,
which is a DOE Office of Science User Facility supported
under Contract DE-AC02-06CH11357. Support from the
TAEA F11020 CRP "Ion Beam Induced Spatio-temporal
Structural Evolution of Materials: Accelerators for a New
Technology Era” is gratefully acknowledged. This work
was performed, in part, at the Center for Integrated Nan-
otechnologies, an Office of Science User Facility operated
for the U.S. Department of Energy (DOE) Office of Sci-
ence. Sandia National Laboratories is a multi-mission
laboratory managed and operated by National Technol-
ogy and Engineering Solutions of Sandia, LLC., a wholly
owned subsidiary of Honeywell International, Inc., for the
U.S. DOE’s National Nuclear Security Administration
under contract DE-NA0003525. The views expressed in
the article do not necessarily represent the views of the
U.S. DOE or the United States Government. All essential
data are presented in the paper and the Supplementary
Materials. TDDFT results are available at the Materials
Data Facility”?3"4

schleife@illinois.edu

E. Rutherford, Philos. Mag. 21, 669 (1911).

J. Ziegler, Appl. Phys. Lett. 31, 544 (1977).

R. Averback and T. de la Rubia, Solid State Phys. 51, 281

(1997).

4 J. Ziegler, M. Ziegler, and J. Biersack, Nucl. Instrum.
Meth. B 268, 1818 (2010).

5 J. Plummer, M. Deal, and P. Griffin, Silicon VLSI Tech-

nology: Fundamentals, Practice, and Modeling (Pearson

Prentice Hall, 2000).

W N =¥

B. Streetman and S. Banerjee, Solid State Electronic De-

vices (Pearson Prentice Hall, 2006).

7 B. Milbrath, A. Peurrung, M. Bliss,
Mater. Res. 23, 2561 (2008).

8 8. Zinkle and L. Snead, Scripta Mater. 143, 154 (2018).

9 D. Schardt, T. Elsésser, and D. Schulz-Ertner, Rev. Mod.
Phys. 82, 383 (2010).

10 M. Durante and J. Loeffler, Nat. Rev. Clin. Oncol. 7, 37
(2010).

' M. Yamaguchi, Sol. Energ. Mat. Sol. C. 68, 31 (2001).

and W. Weber, J.



16
17

18
19

20

21

22

23

24

25

26
27

28

29

30
31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46
47

B. Ward, J. Notte, and N. Economou, J. Vac. Sci. Technol.
B 24, 2871 (2006).

A. V. Krasheninnikov and K. Nordlund, J. Appl. Phys.
107, 071301 (2010).

C. Kim, S. Ahn, and D. Jang, Vacuum 86, 1014 (2012).
N. Lindquist, P. Nagpal, K. McPeak, D. Norris, and S. Oh,
Rep. Prog. Phys. 75, 036501 (2012).

S. Dudarev, Annu. Rev. Mater. Res. 43, 35 (2013).

R. Darkins and D. Duffy, Comp. Mater. Sci. 147, 145
(2018).

A. Correa, Comput. Mater. Sci. 150, 291 (2018).

G. Was, Fundamentals of radiation materials science: Met-
als and alloys (Springer, 2016).

J. Lindhard and A. Winther, Mat. Fys. Medd. Dan. Vid.
Selsk. 34, 24 (1964).

A. Schleife, Y. Kanai, and A. A. Correa, Phys. Rev. B 91,
014306 (2015).

H. Bethe, Ann. Phys. 397, 325 (1930).

J. Lindhard and M. Scharff, Phys. Rev. 124, 128 (1961).
P. Echenique, R. Nieminen, and R. Ritchie, Solid State
Communications 37, 779 (1981).

P. M. Echenique, R. M. Nieminen, J. C. Ashley, and R. H.
Ritchie, Phys. Rev. A 33, 897 (1986).

I. Nagy and B. Apagyi, Phys. Rev. A 58, R1653 (1998).
V. U. Nazarov, J. M. Pitarke, C. S. Kim, and Y. Takada,
Phys. Rev. B 71, 121106 (2005).

V. U. Nazarov, J. M. Pitarke, Y. Takada, G. Vignale, and
Y .-C. Chang, Phys. Rev. B 76, 205103 (2007).

J. Ziegler, J. Biersack, and U. Littmark, Stopping and
Ranges of Tons in Matter, Vol. 1 (Pergamon Press, 1985).
J. F. Ziegler, Journal of Applied Physics 85, 1249 (1999).
J. Peltola, K. Nordlund, and J. Keinonen, Radiat. Eff.
Defects S. 161, 511 (2006).

C. Race, D. Mason, and A. Sutton, J Nucl. Mater. 425,
33 (2012).

A. Lim, W. M. C. Foulkes, A. P. Horsfield, D. R. Mason,
A. Schleife, E. W. Draeger, and A. A. Correa, Phys. Rev.
Lett. 116, 043201 (2016).

A. Ojanperé, A. V. Krasheninnikov, and M. Puska, Phys.
Rev. B 89, 035120 (2014).

R. Ullah, E. Artacho, and A. A. Correa, Phys. Rev. Lett.
121, 116401 (2018).

A. Tamm, M. Caro, A. Caro,
Rev. B 99, 174302 (2019).

M. Caro, A. Tamm, A. A. Correa,
Rev. B 99, 174301 (2019).

E. Zarkadoula, G. Samolyuk, and W. J. Weber, AIP Ad-
vances 8, 015121 (2018).

C.-W. Lee and A. Schleife, Nano Lett. 19, 3939 (2019).
K. Nordlund, Comput. Mater. Sci. 23, 448 (1995).

D. Cai, N. Gronbech-Jensen, C. M. Snell, and K. M.
Beardmore, Phys. Rev. B 54, 17147 (1996).

Y. Zhong, K. Nordlund, M. Ghaly, and R. S. Averback,
Phys. Rev. B 58, 2361 (1998).

J. Tian, W. Zhou, Q. Feng, and J. Zheng, Appl. Surf. Sci.
3435, 65 (2018).

J. Stewart, G. Brookman, P. Price, M. Franco, W. Ji,
K. Hattar, and R. Dingreville, J. Appl. Phys. 123, 165902
(2018).

A. E. Sand, R. Ullah, and A. A. Correa, npj Computa-
tional Materials 5, 43 (2019).

A. Caro and M. Victoria, Phys. Rev. A 40, 2287 (1989).
D. Duffy and A. Rutherford, J. Phys.: Condens. Matter
19, 016207 (2007).

and A. A. Correa, Phys.

and A. Caro, Phys.

48

49

50

51

52

53

54

55
56

57

58

59

60

61

62

63

64

66

67

68

69

70

7L

72

73

74

-
ot

76
7érd

78

17

A. Rutherford and D. Duffy, J. Phys.: Condens. Matter
19, 496201 (2007).

A. Schleife, E. Draeger, V. Anisimov, A. Correa,
Y. Kanai, Comput. Sci. Eng. 16, 54 (2014).

E. Draeger, X. Andrade, J. Gunnels, A. Bhatele,
A. Schleife, and A. Correa, J. Parallel Distrib. Comput.
106, 205 (2017).

P. Hohenberg and W. Kohn, Phys. Rev. 136, B864 (1964).
W. Kohn and L. Sham, Phys. Rev. 140, A1133 (1965).
D. M. Ceperley and B. J. Alder, Phys. Rev. Lett. 45, 566
(1980).

D. R. Hamann, M. Schliiter, and C. Chiang, Phys. Rev.
Lett. 43, 1494 (1979).

D. Vanderbilt, Phys. Rev. B 32, 8412 (1985).
A. M. Rappe, K. M. Rabe, E. Kaxiras,
Joannopoulos, Phys. Rev. B 41, 1227 (1990).
F. Murnaghan, Proc. Natl. Acad. Sci. 30, 244 (1944).

A. Dargys and J. Kundrotas, Handbook on Physical Prop-
erties of Ge, Si, GaAs and InP (Science and Encyclopedia
Publishers, 1994).

P. Ehrenfest, Z. Phys. 45, 455 (1927).

D. Marx and H. Jurg, Ab Initio Molecular Dynamics: Ba-
sic Theory and Advanced Methods (Cambridge University
Press, 2009).

E. Runge and E. K. U. Gross, Phys. Rev. Lett. 52, 997

and

and J. D.

(1984).
J. P. Perdew, International Journal of
Quantum Chemistry 28, 497 (1985),

https://onlinelibrary.wiley.com/doi/pdf/10.1002/qua.560280846.

A. Schleife, E. Draeger, Y. Kanai, and A. Correa, J. Chem.
Phys. 137, 22A546 (2012).

E. E. Quashie, B. C. Saha, and A. A. Correa, Phys. Rev.
B 94, 155403 (2016).

T. Manz and N. Limas, RSC. Adv. 6, 47771 (2016).

S. Plimpton, J. Comput. Phys. 117, 1 (1995).

J. Tersoff, Phys. Rev. B 37, 6991 (1988).

A. Stukowski, Model. Simul. Mater. Sci. Eng. 18, 015012
(2010).

A. Jay, M. Raine, N. Richard, N. Mousseau, V. Goiffon,
A. Hemeryck, and P. Magnan, IEEE Trans. Nucl. Sci. 64,
141 (2017).

International Atomic Energy Agency Nuclear Data Ser-
vices, “Stopping power of matter for ions: Hydrogen ions,”
(2016), data retrieved from https://www-nds.iaea.org/
stopping/stopping_hydr.html.

D. C. Yost, Y. Yao, and Y. Kanai, Phys. Rev. B 96, 115134
(2017).

G. Hobler, K. Bourdelle, and T. Akatsu, Nuclear Instru-
ments and Methods in Physics Research Section B: Beam
Interactions with Materials and Atoms 242, 617 (2006),
ion Beam Modification of Materials.

A. Carnera, G. D. Mea, A. V. Drigo, S. L. Russo, P. Maz-
zoldi, and G. G. Bentini, Phys. Rev. B 17, 3492 (1978).
H. Grahmann and S. Kalbitzer, Nuclear Instruments and
Methods 132, 119 (1976).

R. Ullah, F. Corsetti, D. Sdnchez-Portal, and E. Artacho,
Phys. Rev. B 91, 125203 (2015).

C.-W. Lee and A. Schleife, Eur. Phys. J. B 91, 222 (2018).
C. Ray, A. Brauning-Demian, H. Brauning, M. Cheval-
lier, C. Cohen, D. Dauvergne, A. L’Hoir, C. Kozhuharov,
D. Liesen, P. H. Mokler, J.-C. Poizat, T. Stohlker, E. Testa,
and M. Toulemonde, Phys. Rev. B 84, 024119 (2011).
International Atomic Energy Agency Nuclear Data Ser-
vices, “Stopping power of matter for ions: Hydrogen ions,”



85

87

(2016), data retrieved from https://www-nds.iaea.org/
stopping/stopping_heav.html.

P. Sigmund, Particle Penetration and Radiation Effects
Volume 2: Penetration of Atomic and Molecular Ions
(Springer International Publishing, Cham, 2014) pp. 3-43.
N. Bohr, Niels Bohr Collected Works 8, 423 (1987).

T. E. Pierce and M. Blann, Phys. Rev. 173, 390 (1968).
F. W. Martin, Phys. Rev. Lett. 22, 329 (1969).

H. Abdi and L. Williams, Wiley Interdiscip. Rev. Comput.
Stat. 2, 433 (2010).

1. Jolliffe, Principal Component Analysis (John Wiley &
Sons, Ltd., 2014).

M. Norgett, M. Robinson, and I. Torrens, Nucl. Eng. Des.
33, 50— (1975).

L. A. Miller, D. K. Brice, A. K. Prinja, and S. T. Picraux,
Radiat. Eff. Defects Solids 129, 127 (1994).

A. Kramida, Y. Ralchenko, J. Reader, and NIST ASD
Team, “Nist atomic spectra database (version 5.5.3),”
(2018), National Institute of Standards and Technology.

88

89
90

91

92

93

94

18

International Atomic Energy Agency Atomic Molecu-
lar Data Services, “Silicon atomic data sets,” (2019),
data retrieved from https://www-amdis.iaea.org/FAC/
silicon.php.

V. Kapoor, Phys. Rev. A 93, 063408 (2016).

H. Lutz, S. Datz, C. Moak, and T. Noggle, Physics Letters
A 33,309 (1970).

R. A. Wilhelm, E. Gruber, V. Smejkal, S. Facsko, and
F. Aumayr, Phys. Rev. A 93, 052708 (2016).
E. Gruber, R. Wilhelm, R. Pétuya, V. Smejkal,

R. Kozubek, A. Hierzenberger, B. Bayer, 1. Aldazabal,
A. Kazansky, F. Libisch, A. Krasheninnikov, M. Schle-
berger, S. Facsko, A. Borisov, A. Arnau, and F. Aumayr,
Nat. Commun. 7, 7 (2016).

B. Blaiszik, K. Chard, J. Pruyne, R. Ananthakrishnan,
S. Tuecke, and I. Foster, JOM 68, 2045 (2016).

C.-W. Lee and A. Schleife, (2020), 10.18126/5jmh-056p.



