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Abstract. We study the interaction of slow highly charged XeZ+ions (charge Z ≫ 1)
with gold and titanium targets and propose the theoretical model of the surface nanohillock
formation for low to moderate ionic velocities. We apply the quantum two-state vector
model accompanied by the micro staircase model for the neutralization energy calculation;
the nuclear stopping power we consider using the charge dependent ion-atom interaction
potential. We propose the cohesive energy dissipation model for the calculation of the
diameter of the considered nanohillocks. The effect of the ionic charge, velocity and target
type on the size of the nanostructure is demonstrated.

1. INTRODUCTION

Theoretical and experimental studies of the surface nanostructure creation by an
impact of the slow highly charged ions (HCI) have a diverse applications in a surface
and material science. Theoretical studies that appears in the literature are mainly
based on the molecular dynamics simulations (Nordlund et al. 2014) and the inelastic
thermal spike model (Toulemonde et al. 1992). The theory concerning the metal-
surface modification has been developed using the energy dissipation model (EDM);
the model consists of the quantum two-state vector model accompanied by the micro-
staircase model of the HCI neutralization, and the charge dependent model of the
kinetic energy loss (Nedeljković et al. 2016, Majkić et al. 2021). The experimental
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studies of the nanostructuring of the metal surface have been recently performed, see
Stabrawa et al. 2017.

The aim of the present contribution is the calculation of the diameter of the
surface nanohillocks that can be compared with experiment. The effect of the ion-
target parameters (ionic charge, ionic velocity and the target type) on the size of the
nanostructure we analyze within the framework of the EDM.

2. COHESIVE ENERGY DISSIPATION MODEL

We consider the highly charged XeZ+ions, (charge Z ≫ 1) impinging upon a metal
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Figure 1: Schematic description of the nanohillock formation during the interaction
of HCI with metal surface.

surface at a velocity in the range from very low to moderate. The interaction of
the ions with the surface can be divided into two stages. In the first stage, the ions
approach the surface and the cascade neutralization of the ions above it occurs, see
intermediate stages of the ion neutralization presented in Fig. 1. This process is ac-
companied by the neutralization energy deposition. Below the surface the process of
the elastic collisions of the projectile with target atoms is the main mechanism of the
energy dissipation. The kinetic energy of the ions in the form of the kinetic energy
loss is deposited into the surface. Both energies contribute to the surface modifica-
tion. The shape of the nanostructure depends on the interplay of these two energy
contribution, described by the critical ionic velocity vc. The hillock-like structures
appears for velocities v < vc, for which the neutralization energy dissipation has a
dominant role.

Within the EDM, the total deposited energy Etot,dep into the active volume V
of the target consists of the neutralization energy and the deposited kinetic energy
Etot,dep = W (Z,MV ) + Ek,dep. Deposited energy during the surface modification is
responsible for an increase of the target energy: Etot,dep = Efin−Ein, where Ein and
Efin describe the initial and the final state of the target. Within the framework of
the cohesive energy dissipation model, the bounds between the target atoms change
during the solid modification: Ein = −Ec0 and Efin = −Ec, respectively, where Ec0

and Ec are the absolute values of the cohesive energies of unperturbed (initial) and
perturbed solid (final).

Therefore, Etot,dep = Ec0 − Ec, where Ec0 = n0U0V , where n0 and U0 are the
initial atomic density and (absolute value) of the corresponding cohesive energy per
atom and Ec = nU(V + Vh) where Vh is the hillock volume, n is the final atomic
density and U is the (absolute value) of the corresponding cohesive energy per atom.
The mass of the initial active volume V is distributed to the volume V + Vh, so that
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n0V = n(V + Vh) and Ec = n0UV . The total deposited energy in the considered
model is given by Etot,dep = n0(U0 − U)V The energy Etot,dep can be expressed as a
part of the (absolute value) of the initial cohesive energy Ec0:

Etot,dep = κcEc0, κc =
U0 − U

U0
, (1)

where κc represents the degree of the surface modification. This parameter κc can
not be directly obtained from our model (for each Z and v and particular target, one
can estimate the parameter κc that exactly fits the experiment).

The active volume V = (D2/4)π∆x in which the energy is deposited we consider
as a cylinder of diameter D with the high equal to the interaction depth ∆x. For gold
and titanium targets ∆x ≈ 5c̄ ≈ 38.5 a.u. and ∆x ≈ 5c̄ ≈ 33.2 a.u., respectively (see
Majkić et al. 2021), where c is the mean lattice constant. In the first approximation
diameter D coincides with the diameter of the formed nanohillock. According to the
relation (1) for the nanohillock diameter we get a simple expression

D = 2

√

Etot,dep

πǫc0κc∆x
, (2)

where ǫc0 = n0U0 is the (absolute value) of the initial cohesive energy density.
The cohesive energy per atom and the atomic density of the unperturbed gold

and titanium are U0 = 3.93 eV= 0.144 a.u., n0 = 8.7 · 10−3 a.u., and U0 = 4.85
eV= 0.1783 a.u., n0 = 8.4 · 10−3 a.u., respectively.

3. RESULTS

We analyze the size of the nanohillocks created on the titanium and the gold nanolay-
ers by an impact of slow XeZ+ ions, Z = 20, 25, 30, 35, 40 and 45. The nanolayers
are strongly perturbed during the ionic motion and the process of the nanostructure
formation, what is described by the degree of the target modification κc. The values
fitting the available experiments (see Stabrawa et al. 2017) are κc = 0.05 for titanium
and κc = 0.043 for gold targets.

In Fig. 2 we present the nanohillock diameters calculating according to (2) for
Ti and Au targets. From Fig. 2 we can recognize the decreasing behaviour of the
nanohillock diameter D with increasing of the ionic velocities v, similar to the be-
haviour of the neutralization energy. This can be explained by the dominant influence
of the neutralization energy on the creation of the nanohillocks for low ionic veloci-
ties v < vc. Also, for both types of targets, the nanohillock diameters increase with
increasing the ionic charge. According to the relation (2) the type of the target has
the significant influence on the nanostructure size. For the same Z, hillock diameters
obtained on Au target are systematically larger than those obtained on Ti surfaces.
Namely, the energy density ǫc = κcǫc0 of the gold target ǫc = 5.4 ·10−5 a.u. is smaller
than the energy density of titanium ǫc = 7.5 · 10−5 a.u, so that, according to the
relation (2) the nanohillock diameter is larger.
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Figure 2: Diameter of the nanohillocks formed on the titanium and the gold targets
by an impact of the XeZ+ ions, Z = [20, 45], versus ionic velocity. Solid and dashed
curves are for v < vc and Ti (κc = 0.05) and Au (κc = 0.043) targets, respectively, and
dotted curves are for v > vc. Full triangles (Ti) and square (Au) are the experimental
values, see Stabrawa et al. 2017.
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