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The electronic stopping power of a low-energy proton in a crystalline TiN film is investigated by computer
simulation based on the time-dependent density-functional theory. The calculated results show that the electronic
stopping power of the small impact parameter coincides with the experimental data. By evaluating the channeling
electronic density and the stopping force in different channels, the direction dependence of the electronic
stopping power is explored and revealed. Along the 〈110〉 channel, the electronic stopping power of the proton
is lower than that of the 〈100〉 and 〈111〉 channels; this trend is mainly attributed to the discrepancy in the chan-
neling electronic density. In addition, our research gives evidence that the threshold velocity vth = 0.1294 a.u.
is closely related to the indirect band gap. That result suggests that only the valence band’s electrons across the
band gap can contribute to the electronic energy dissipation; therefore, we discuss that the defect state induced in
the gap by the passing ion serves like an elevator ferrying the valence-band electrons across the indirect band gap.
Last, we investigate the charge accumulation and depletion as an energy-loss model by intuitive charge-density
difference. Furthermore, the intensity of the chemical bond between the projectile and the host atoms around the
channel is indirectly investigated and analyzed by obtaining the amplitude of the electron localization function.
The shortening and elongation of the chemical bond are deemed a mechanism of the electronic energy loss in the
process of the ion-solid interaction, which can contribute to the electronic stopping power. These results supply
reference data for the application of the excellent material TiN in ion-beam irradiation.
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I. INTRODUCTION

As we all know, when a material is exposed to an irra-
diation environment, radiation over a certain level will lead
to an irreversible deterioration of its performance. In this
process, it is vital to understand how radiation damage in
a material is caused and evolves over time [1,2]. When an
energetic ion passes through the material, it deposits energy
in the material due to the interaction with the atoms of the
material. Such an effect is of great interest in a wide range
of research fields, such as nanotechnology (e.g., material
modification) [2,3], health physics (e.g., ion-beam therapy
for cancer) [4], space exploration (e.g., spacecraft) [5], and
nuclear safety (e.g., the irradiance resistance of materials in
nuclear reactors) [6], among others. The essence of the ir-
radiation damage is the ionic energy deposition caused by
the interaction between energetic charged ions and target
materials. Therefore, an analysis of the electronic stopping
power of ions is a fundamental problem of studying the
irradiation-damage mechanism and anti-irradiation properties
of materials. The energy-transfer rates in the collisions of an
ion with the target nuclei and electrons are defined as the
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nuclear stopping power Sn and the electronic stopping power
Se, respectively.

As a key physical quantity, Se is the electronic energy-loss
rate per unit path length, i.e., S = dE/dx. In the case of a slow
ion through a material, i.e., ionic velocity v � vF (vF is the
Fermi velocity), Se exhibits velocity proportionality due to the
projectile ion interacting only with weakly bound electrons in
the conduction or valence band of the target material. Because
the thickness and size of electronic devices are decreasing
at present, the energy loss of low-energy ions is also of
great significance for ion implantation of nanoscale materi-
als. Recently, special-interest studies have been carried out in
the velocity range v � 1.0 a.u. (atomic units with |e| = m =
h̄ = 1 are used hereafter); for light ions, the time-dependent
density-functional theory (TDDFT) [7–9] is extensively used
to calculate Se for a homogeneous electron gas (HEG) repre-
senting the intended material, and the calculated results are in
good agreement with the experimental values [10–22]. There-
fore, this method has the ability to predict Se of the low-energy
light ion in the target material.

In this velocity regime, besides the influence of electronic
excitations, charge transfer, and electronic structure on Se, the
influence of the chemical process (e.g., the breaking, forming,
or change of chemical bonds in the time-evolution process)
during the collision should be taken into account. The intuitive
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concept of a chemical bond is very concise and straightfor-
ward: an electron pair shared between neighboring atoms that
provides the necessary attraction for binding the molecule.
However, it is very difficult to define accurately what a bond is
or even to imagine it. In addition, the channeling phenomenon
plays a crucial role in the irradiation damage of crystalline
materials, which is applied in the implantation technology
related to device fabrication [23].

In this work, we report Se of a slow proton (v � 1.0 a.u.)
in TiN through the TDDFT calculation. Our results are quan-
titatively compared with existing experimental results, and
there is good consistency between them. Moreover, Se in
different channels are investigated and analyzed, where Se

presents the direction dependence related to the discrepancy in
the channeling electronic density and the stopping force. The
channeling electronic density and the stopping force exhibit
cyclic oscillations, which suggest a periodic arrangement of
atoms in the crystalline TiN. For Se of the wide-band-gap TiN,
the threshold velocity indicates that the projectile ion in the
band structure of the bulk Ge serves as an elevator and ferries
the valence band’s electrons across the band gap; this indirect
electronic excitation possibly acts as an additional energy
dissipation channel. Meanwhile, the existence of a relation-
ship between the threshold velocity and the band gap of the
medium is confirmed. Furthermore, the charge accumulation
and depletion process is intuitively investigated with the aid of
the charge-density difference, and the effect of the shortening
and elongation of the chemical bond on Se is quantitatively
explored. The results indicate that the charge accumulation
and depletion play a crucial role in electronic energy loss in
addition to the electron-hole excitation.

Section II of this paper introduces the employed calculation
method and the constructed crystal model. The results and
discussion are presented in detail in Sec. III, and we give
numerical results established with the TDDFT calculations
compared with the experimental data. Section IV outlines and
summarizes the main conclusions and results.

II. CALCULATION METHODS AND CRYSTAL
STRUCTURES

The projectile ion passing through the crystal is conducted
under channeling conditions during the simulation process.
The dynamic-collision calculation is performed by employing
the Ehrenfest dynamics time-dependent density-functional
theory (ED-TDDFT) [24–30] based on the OCTOPUS ab initio
code [31–33].

Therefore, the force of the nuclear motion is estimated
by Ehrenfest classical dynamics theory, while the evolution
of the electronic density and the system energy with time
are described by the time-dependent Kohn-Sham (KS) equa-
tions [34,35] as follow:

iϕ̇i(
⇀

r, t ) = (− 1
2∇2 + VKS[n](

⇀

r, t )
)
ϕi(

⇀

r, t ). (1)

Here the electronic density n at time t is obtained by sum-

ming the individual electron probabilities, i.e., n(
⇀
r , t ) =∑N

i=1 |ϕi(
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r , t )|2, and N denotes the number of electrons in

the system.
⇀
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Therefore, the KS effective potential VKS[n](
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ten as
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where Vne(R(t ),
⇀
r ) is the time-dependent interaction potential

between electrons and nuclei [at ionic positions R(t )]. The
second term denotes the Hartree potential including the classi-

cal electron-electron interactions. The last term, VXC[n](
⇀
r , t ),

represents the time-dependent exchange-correlation (TDXC)
potential. In the present model, the adiabatic local-density
approximation with Perdew-Wang parametrization [36] is em-
ployed for the TDXC potential. We use the norm-conserving
Troullier-Martins pseudopotential [37] to describe the interac-
tion potential Vne between electrons and nuclei.

The target material we establish is the 2 × 2 × 2 conven-
tional supercell comprising 32 Ti atoms and 32 N atoms with
the F -43M (No. 216) symmetrical space group. The chosen
lattice parameter is 4.6024 Å, which is consistent with the
experimentally reported value in Ref. [38]. First, the supercell
is placed in the center of a parallelepiped simulation box. In
this simulation unit, the KS orbitals, electronic density, and
potentials are discretized on a set of grid points with uniform
spacing of 0.16 Å along the XY Z spatial coordinates. The
proton as a projectile is placed outside the simulation box, and
we obtain the unperturbed electronic density distribution that
acts as the initial structure. Shortly after, the proton is initial-
ized with a velocity derived from the specified incident energy
and moves rectilinearly through the target TiN along different
channels (i.e., in this case, along the negative direction of the
z axis). We use a time step of 1 as for the proton propagation
in order to ensure stable calculation results.

III. RESULTS AND DISCUSSION

A. The channeling effect

In Fig. 1, we present the theoretical results for Se of the
proton in TiN, together with the experimental result of Sortica
et al. [39]. The predicted data from SRIM-2013 [41,42] as the
reference values are also shown in Fig. 1 and are based on fit-
ting to a large number of experimental data and extrapolation
from Bragg’s rule. Se of the proton along the 〈100〉, 〈110〉,
and 〈111〉 channels are investigated using the ED-TDDFT
simulation. For the channel-center directions, the calculated
values are below the experimental data and SRIM curve; these
results are partly expected for various reasons. First of all, the
proton travels through the center of the channels (i.e., having
low electron density). Second, the experimental data and SRIM

values are obtained by averaging a large number of random
trajectories. Third, the proton does not sufficiently excite the
electrons around the host atoms under the channel-center con-
ditions.

For this reason, we investigate three parallel off-center
channeling trajectories with different impact parameters (i.e.,
a different closest distance to any of the nitrogen atoms around
the projectile trajectory) in the 〈100〉 direction, as shown in the
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FIG. 1. Electronic stopping power of the proton in TiN vs the
projectile velocity v for the channel-center trajectories (black lines)
and for the off-center channeling trajectories (dotted lines). The inset
presents a sectional view of the 〈100〉 channel including the sites of
center and off-center channeling trajectories. The dashed lines refer
to the SRIM-2013 predictions. The blue stars show the experimental
data from Sortica et al. [39]; the solid black line is the predication
using the DFT method (data taken from [40]). The curves of Se are
extrapolated to the velocity range v < 0.2 a.u. by fitting the values
from 0.2 to 0.45 a.u.

inset in Fig. 1; the corresponding Se is presented. The channel
center has the most significant impact parameter; the trajec-
tories close to the edge of the channel center have the lowest
impact parameter. We find that Se rises as the impact parame-
ter decreases, which indicates that the impact parameter plays
a substantial role in the process. As expected, the smaller
impact parameter increases the value of Se, which brings Se

into better agreement with the existing experimental data [39]
and prediction based on the density-functional-theory (DFT)
model [40].

As shown in Fig. 1, a notable phenomenon is that Se ex-
hibits direction dependence in this velocity regime. The Se

results for the 〈100〉 and 〈111〉 channels are basically the same
and are higher than Se of the 〈110〉 channel. This trend can be
interpreted as the difference in the electronic density in the
〈100〉, 〈110〉, and 〈111〉 channels. For this reason, we investi-
gate the channeling electronic density of the ground state; the
results are shown in Fig. 2. The way to compute this quantity
is to integrate the electronic density within a small cylinder
with radius r = 0.32 Å along the center of the channel; the
total number of electrons for each step is obtained in turn and
is divided by the volume of the corresponding small cylinder
step by step. We find that the channeling electronic densities
of the 〈100〉 and 〈111〉 channels are more prominent than that
of the 〈110〉 channel, so the electron distribution of the 〈110〉
channel is the most dilute and belongs to the electron-poor
channel. Furthermore, the amplitude of the other two channels
is significantly larger than that of the 〈110〉 channel; the cyclic
fluctuation of the channeling electronic density demonstrates
the periodic arrangement of atoms in the target material.
These results indicate that the repeated charge exchange in

FIG. 2. The electronic density of the 〈100〉 (black solid line),
〈110〉 (red dashed line), and 〈111〉 (blue dotted line) channels.

the crystal will happen and contribute to Se. Along with a
low electronic concentration and small fluctuation channel,
e.g., the 〈110〉 channel, the electronic energy loss is lower
due to the weak excitations of the electron-hole pairs, which
leads to a small Se. Obviously, the behaviors of the channeling
electronic density coincide with the channeling Se trend in
Fig. 1. Therefore, the channeling effect of Se is strongly linked
to the channeling electronic density of the ground state, which
is similar to the conclusions reported in the Ref. [43]. In addi-
tion, the channeling effect also depends on other parameters
(e.g., including the critical angle, the distance of the clos-
est approach, and the channeling-dip depth), which is worth
studying more in depth in the future.

In addition, the value of the ionic stopping force is tracked
during the simulations; we present here the stopping force
acting on the 0.6-a.u. proton in different channels (Fig. 3).
We find that the stopping forces oscillate as the proton moves
along the different channels, where the projectile ion is viewed

FIG. 3. The stopping force of the proton with a velocity of
0.6 a.u. traveling through the target TiN along the 〈100〉 (black solid
line), 〈110〉 (red dashed line), and 〈111〉 (blue dotted line) channels.
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FIG. 4. The total number of induced charges around the proton
for the proton with a velocity of 0.6 a.u. traveling through the target
TiN along the 〈100〉 (black solid line), 〈110〉 (red dashed line), and
〈111〉 (blue dotted line) channels.

as a periodic perturbation to the crystalline TiN. The mag-
nitude of force indicates the Coulomb interaction intensity
between the proton and the host atoms around the channel.
As one can see, the amplitude of the stopping force in the
〈100〉 and 〈111〉 channels is much greater than that of the
stopping force in the 〈110〉 channel; this trend is similar to
that of the channeling electronic density. These features in-
directly imply that the Coulomb excitation can contribute to
the energy loss. Additionally, we find that the stopping force
and the electronic density of the corresponding channel have
a similar fluctuation, which potentially implies a proportional
relationship between them.

When the energetic projectile passes through the crys-
talline medium, it is able to induce and excite the channeled
electrons and is subsequently wrapped by these induced elec-
trons, forming a layer of an electron cloud. The process of
electronic transfer between the projectile ion and the host
atoms is accompanied by excitation and ionization as well
as electron-following behaviors, in which the electron shifts
from the valence band of the host atom to the bound state of
the ion or vice versa. This transition between the host atom
of the medium and the projectile ion brings about energy
dissipation of the projectile.

To investigate the effect of induced charge on the electronic
energy loss, as shown in Fig. 4, we calculate the induced
charge as a function of the projectile position for the proton in
the 〈100〉, 〈110〉, and 〈111〉 channels. The number of charges
induced by the projectile ion is extracted by quantitatively
integrating the valence electronic density in the spherical vol-
ume with a radius of r = 1.12 Å around the projectile ion
and subtracting the number of charges in the ground state
within the corresponding spherical volume. The total number
of charges induced in each step is sequentially obtained; the
induced charges in the entire trajectory are thus obtained step
by step. A noticeable phenomenon is that the induced charges
around the intruding ion are found to keep oscillating up and
down when it permeates along different channel midaxes of
the crystalline TiN, where the oscillation indicates the charge

FIG. 5. The average number of induced charges around the
proton for the proton traveling through the target TiN along the
〈100〉 (red diagonal-line bars), 〈110〉 (green crossed-line bars), and
〈111〉 (blue transverse-line bars) channels at different velocities. The
mean numbers for the proton with different velocities in the 〈100〉,
〈110〉, and 〈111〉 channels are 0.539, 0.396, and 0.545 units of |e−|,
respectively.

follow and loss (i.e., the induced charge). A fluctuation trend
similar to the channeling electronic density is found in the
channeling-induced charge, which indicates that the proton
moving along the high channeling electronic density is con-
ducive to promoting the projectile ion stripping electrons from
the channeling host atoms.

Furthermore, the periodic oscillation of the induced charge
with the trajectory implies that the lattice layer is strictly
periodic in time and space. Compared with the mild behavior
of the proton in the 〈110〉 channel, the perturbation charge
process for the proton in the other two channels is very active;
an evident phenomenon is that the drastic charge follow-and-
release process alternatively takes place, which is deemed a
channel of the electronic energy dissipation. Moreover, for a
proton with different velocities along the whole path, Fig. 5
shows that there is a dramatic difference in the average in-
duced charge number of the 〈110〉 channel compared with
that of the 〈100〉 and 〈111〉 channels. Therefore, the 〈100〉
and 〈111〉 channels present large Se values; the mean values
at different velocities in the corresponding channels are 0.539
and 0.545 in units of |e−|, respectively. This phenomenon
demonstrates that the charge transfer results in the electronic
energy loss.

B. The threshold effect of Se

As shown in Fig. 1, for the proton, an apparent threshold
velocity of vth = 0.1294 a.u. is found by extrapolating the
linear Se toward lower velocities. In Refs. [44,45], the authors
reported a threshold velocity below which a slow-velocity
proton traveling through the insulator LiF cannot exchange
enough energy to excite the electrons of the medium to cross
the band gap. Below this threshold velocity, Se would be
strictly suppressed to zero (i.e., vanishing electronic stopping
power). To estimate the relation of the threshold velocity and
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FIG. 6. Charge-density difference for the 0.3-a.u. proton in the TiN bulk (along the 〈100〉 channel) with an isosurface value of 0.037 e/Å3.
(a) is the charge-density difference of the primary stage, and (b) and (c) are the charge-density differences of the excited state for t = 1.43 and
2.42 fs. Yellow and light blue depict charge accumulation and depletion around the proton, respectively. The first row shows the top view, the
second row shows the oblique view, and the third row shows the view along the x axis. (d) presents the force acting on the proton coordinate for
four velocities: 0.25 a.u. (gray solid line), 0.50 a.u. (red dash-double-dotted line), 0.75 a.u. (black dashed line), and 1.00 a.u. (green dash-dotted
line). The vertical dashed lines represent the thickness of the crystalline film.

the band gap, we obtain the threshold value according to the
method described in the literature [46]. A projectile ion pass-
ing through the crystalline medium along the channel is able
to induce an oscillation of time-varying potential at the pass-
ing frequency of atoms, i.e., f = v/λ, where v and λ are the
projectile velocity and the equivalent lattice-point distance,
respectively. In this study, the equivalent lattice-point distance
λ = 3.2544 Å, which is taken from the distance between the
nearest N-N atoms (or the nearest Ti-Ti atoms). Therefore,
with the aid of a band gap � equal to h f (where h denotes
Plank’s constant), we obtain the following threshold-velocity
expression:

vth = λ�

h
. (3)

The result reported in Ref. [47] shows TiN thin films with
a wide band gap � = 3.4 eV; based on Eq. (3), the threshold
velocity across the band gap is calculated to be 0.1222 a.u.
This threshold value is in good agreement with our result
(vth = 0.1294 a.u. in Fig. 1) obtained with the TDDFT sim-
ulation. A threshold velocity of vth = 0.1294 a.u. is obtained
by averaging four threshold values for different parallel chan-
nels, as shown in Fig. 1, where four threshold velocities are
obtained from extrapolating curves down by a linear fit.

That is to say, to carry the electrons from the valence band
to the conduction band across the gap, this ferrying process
requires the minimum energy, so the kinetic energy of the pro-
jectile is able to promote the transfer of electrons. Horsfield
et al. [48] and Lim et al. [46] pointed out that an energy-gap
state induced by the tunneling ion serves as an elevator and
ferries the electrons of the valence band across the band gap
(as shown in the schematic drawing in Fig. 3 of Ref. [48]).
The specific process is that the energy of this energy gap state
fluctuates within the band gap when the projectile ion passes

through the crystalline medium. When the state is close to the
valence band, it can collect electrons from the filled state. In a
like manner, it can deposit electrons into the empty conduction
states when the state is close to the conduction band.

C. The electronic energy-loss mechanism

1. The energy-loss channel: Charge accumulation and depletion

To further estimate the effect of charge excitation and
transfer on the energy loss, we investigate the charge-density
difference based on Eq. (4) to describe and analyze the dis-
tinction between the ground state and excited state in the TiN
film induced by the proton. The specific method to map the
charge-density difference is by subtracting the charge-density
distribution of the ground-state TiN and isolated proton from
the charge-density distribution of the TiN perturbed proton
system as follows:

�ρ=ρ
TiN/H+ − ρ

TiN
− ρ

H+ , (4)

where ρTiN/H+ , ρTiN , and ρH+ represent the electronic densities
of a proton perturbing the TiN system, the pristine unper-
turbed TiN system, and isolated proton, respectively.

Figure 6 exhibits the charge accumulation (in yellow)
and depletion (in light blue) between the projectile and the
crystalline TiN film. Figure 6(a) shows the charge-density
difference of the perturbed system at the primary stage.
We find only a low proportion of the charge accumulation
and depletion phenomenon. Figures 6(b) and 6(c) show the
striking charge-density difference at t = 1.43 and 2.42 fs
when a proton with a velocity of 0.3 a.u. enters the target
TiN film along the 〈100〉 channel, respectively. Figure 6(b)
shows the time when the applied invading projectile pertur-
bation shows maximum amplitude behavior, while Fig. 6(c)
illustrates the time when the projectile perturbation ends.

042818-5



FU, TANG, CHENG, ZHONG, AND ZHANG PHYSICAL REVIEW A 105, 042818 (2022)

Substantial charge-accumulation behavior around the pro-
jectile indicates that the proton interacts robustly with the
crystalline TiN.

For this reason, the force acting on the proton coordinate is
evaluated and shown in Fig. 6(d); the energy loss of collisions
is mainly attributed to the excitation of the valence electrons
through Coulomb scattering. We can see that the acting force
is sensitive to the proton velocity. In the force range from
3 to 5 Å (light-blue area) the multiple fluctuations of the
interaction demonstrate the active charge accumulation and
depletion phenomenon. However, only a small fraction of the
charge transfer occurs [in the primary stage; Fig. 6(a)], which
implies weak interaction between the proton and TiN [the
light-blue region shown in Fig. 6(d)]. The resonant excitation
is considered a path for energy loss [49]; the driving-force
frequency of the projectile ion fails to reach the inherent fre-
quency of the electrons in the target lattice when the projectile
gets close to and enters the target material. The fluctuation of
the interaction force does not reach the same frequency as the
periodic crystalline target until the projectile ion reaches the
position of z = 3.2 Å. After that, the electrons around the host
atom are periodically induced to undergo a resonant excitation
process, leading to energy loss or dissipation behavior. As
a result, the electronic excitation can give rise to the charge
accumulation and depletion, which are a contributing factor
to the energy loss during the collision process, which provides
insight into the energy-loss mechanism.

In addition, we find that the force acts continuously after
the penetration ends when the projectile velocity is 0.25 a.u.
The continuing existence of the interaction force indicates
that there is still charge accumulation and depletion behavior.
Therefore, there is delayed energy-loss behavior for the slow
projectile tunneling the target TiN.

2. The energy-loss channel: Chemical bonds

When the projectile passes through the medium material,
the electronic energy loss in this process is ascribed to the
ionization, the electron-hole pair excitation, and the charge
exchange; in addition, the shortening and elongation of the
chemical bonds between the projectile ion and the host atoms
play a vital role in the process of energy loss. The intuitive
definition of the chemical bond is straightforward and elegant;
that is, the electron pair shared (localization attractor) between
neighboring atoms provides the necessary attraction to bind
the molecule. Nevertheless, it is difficult to quantitatively de-
scribe a specific bond or to visualize it.

The time-dependent electron localization function
(ELF) [50–52] is regarded as a function crafted to demonstrate
the bond change (including the formation, breaking, and
modulation of the chemical bonds) in the electronic system.

Dσ (
⇀
r , t ) is defined as the probability of finding a second

like-spin electron around the reference electron at position
⇀
r

and time t ; a smaller probability indicates that the reference
electron is more highly localized. For an electron system with

a many-body wave function, Dσ (
⇀
r , t ) is expressed as

Dσ (
⇀
r , t ) = τσ (

⇀
r , t ) − 1

4

[∇ρσ (
⇀
r , t )]

2

ρσ (
⇀
r , t )

− j2
σ (

⇀
r , t )

ρσ (
⇀
r , t )

, (5)

where σ and ρσ represent the spin and spin density, respec-
tively. jσ is the absolute value of the current density, and

τσ (
⇀
r , t ) =

Nσ∑
i=1

|∇ϕiσ (
⇀
r , t )|2. (6)

The parameter τσ denotes the kinetic-energy density of a sys-
tem of Nσ electrons, which is described by the single-particle
orbitals ϕiσ obtained from TDDFT. The time-dependent ELF
is written as

fELF(
⇀
r , t ) = 1

1 + [
Dσ (

⇀
r , t )/D0

σ (
⇀
r , t )

]2 ; (7)

therefore, the definition

D0
σ (

⇀
r , t ) = τHEG

σ (ρσ (
⇀
r , t )), (8)

where

τHEG
σ (ρσ ) = 3

5 (6π2)2/3ρ5/3
σ (9)

is the kinetic-energy density of a HEG with density ρσ . In
this case, the quantity fELF is dimensionless; the values range
from 0 to 1, with a value of 1 (i.e., Dσ = 0) indicating perfect
localization and a value of 0.5 denoting HEG-like pair proba-
bility [52].

In order to intuitively present the evolution of ELF over
time, Fig. 7 depicts the local electronic density at different
times for the 0.6-a.u. proton in TiN along the 〈100〉 channel.
Before the simulation, the crystalline TiN is in the ground
state [see Fig. 7(a)]. At t = 0.42 fs, the electronic system
begins to get perturbed and excited by the proton. With the
increase of the penetrating depth, a torus between the proton
and the host atom around the channel is visually observed,
and we also find a typical hydrogen-nitrogen single bond
[Figs. 7(c) and 7(d)]. At t = 1.05 fs, the chemical bond is
broken, but the shared packet between hydrogen and nitrogen
is still present [Fig. 7(e)]. Finally, at t = 1.16 fs, the proton
carries part of the excited electrons and leaves the system in a
fairly localized packet [Fig. 7(f)].

The above phenomena clearly demonstrate that the major
electronic excitation is substantially contributed by the projec-
tile ion, in which the excited region is located around the ion.
The disturbance in the charge density arises directly from the
Coulomb interaction between the proton and the host atoms;
another key contributing factor is associated with the stretched
H-N covalent bond.

In the range of low energies, the chemical bond is deemed
to be a mechanism that affects electronic energy loss [53–55],
but there is a lack of quantitative analysis. Therefore, we
indirectly investigate the shortening and elongation of the
chemical bonds during the collisions by analyzing the ampli-
tude of the ELF in Fig. 8. The higher ELF around the proton
indicates a more stable chemical bond.

In Fig. 8, we find that the ELF fluctuates periodically with
the penetrating depth, which once again implies a periodic
arrangement of the atoms in the medium TiN. The peak and
valley of the ELF represent the shortening and elongation of
the chemical bond, respectively. In addition, it should be noted
that the amplitude of the ELF in the N layers is larger than the
amplitude of the ELF in the Ti layers, which indicates that the
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FIG. 7. Snapshots of the electronic density distribution for (a) the ground state without the projectile and (b)–(f) the state perturbed by the
projectile with a velocity of 0.6 a.u. Note that the density distribution is plotted in the y = yion (yion, i.e., the y coordinate value of the projectile
ion) scattering plane.

H-N covalent bond is more stable than the H-Ti bond. This
result is consistent with the trend shown in Fig. 7; that is, a
more stable chemical bond is formed when the proton is close
to the nitrogen atoms around the channel.

Furthermore, as shown in Fig. 8, the slow projectile with a
higher ELF implies more stable chemical bonds between the
proton and host atoms; thus, the kinetic energy of the proton
dissipates, breaking the chemical bond. The amplitude of ELF
in the whole path decreases with the increase of the projectile
velocity. This trend demonstrates that, as the velocity of the
projectile increases, the intensity of the chemical bonds be-

FIG. 8. The average ELF in the spherical volume with a radius
of 1.12 Å around the proton of different velocities along the 〈100〉
channel. The vertical dashed lines represent the N layers, and the
dotted lines represent the Ti layers.

tween the proton and the host atoms around the channel is
weakened. However, we note, for the projectiles with 0.8- and
1.0-a.u. velocity, that the ELF results present more intensive
fluctuations, which indicates more active bond disruption and
recombination. Since the chemical bond formation is only the
dynamic of excited electrons, the projectile with the higher
velocity results in frequent perturbed electrons. Therefore, in
the case of high projectile velocity, more kinetic energy of the
projectile is used to break the chemical bond. In addition, by
analyzing the ELF for the channel center and off-center chan-
nel, we find that the chemical bond of the projectile through
off-center channel shows a much more remarkable change,
thus leading to more energy dissipation. These trends are in
accordance with the trend of Se shown in Fig. 1, implying that
the shortening and elongation of the chemical bond are a path
of electronic energy loss.

IV. CONCLUSIONS

In this study, the channeling effect of Se for the slow proton
in the medium TiN along different channels was investigated
by analyzing the channeling electronic density and the stop-
ping force, and we found that the trends of these two quantities
coincide with that of Se (i.e., the values of the 〈100〉 and 〈111〉
channels are more prominent than that of the 〈110〉 channel).
Additionally, there is a proportional relationship between the
channeling electronic density and the stopping force; the re-
sults (from the electronic density evolved over time along the
projectile’s entire track) once again demonstrate the quantita-
tive relationship between the stopping force and the density as
proposed by Lindhard and Winther [56]. The most apparent
finding to emerge from this study is that, under the parallel
off-center channel conditions, our calculated results are in
good agreement with the experimental data.
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In addition, in the case of a proton passing through crys-
talline TiN, we found a threshold velocity of 0.1294 a.u. by
extrapolating the linear Se toward lower velocities, which is in
very good agreement with the calculated threshold based on
the band gap. A consistent comparison between the threshold
obtained from the band gap and the reported values demon-
strates that only the valence band’s electrons across the band
gap can cause the electronic energy loss in the low-energy re-
gion. When the projectile ion moves through the film medium,
in the electronic band gap, the local electronic defect state
induced by the passing ion serves as an elevator carrying the
electrons in the valence band across the indirect band gap.

Furthermore, the present study laid out a detailed discus-
sion of the electronic energy-loss mechanism. On the one
hand, the charge accumulation and depletion process was rec-
ognized as a pathway of electronic energy loss by intuitively
investigating the charge-density difference. On the other hand,
with a quantitative estimation of the amplitude of the ELF, the
results indicated that the chemical bonds between the projec-
tile and the host atoms around the channel have a significant

effect on Se. The shortening and elongation of the chemical
bond were quantitatively demonstrated to be a mechanism of
the electronic energy dissipation. These results should help us
to assess the impact of the chemical bond on Se, i.e., to account
for the trend of Se as a function of the projectile velocity.
More studies are needed to further investigate the role of the
chemical bond in the electronic energy loss in theory and
experiment.
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