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Molecular dynamics techniques in combination with the inelastic thermal spike model are used
to study the coupled effects of the inelastic energy loss due to 21 MeV Ni ion irradiation with
pre-existing defects in SrTiO3z. We determine the dependence on pre-existing defect concentration
of nanoscale track formation occurring from the synergy between the inelastic energy loss and
the pre-existing atomic defects. We show that the size of nanoscale ion tracks can be controlled

by the concentration of pre-existing disorder.

This work identifies a major gap in fundamental

understanding on the role of defects in electronic energy dissipation and electron-lattice coupling.

Ton irradiation of materials has been finding increasing
applications in various fields with notable examples of
semiconductor and nuclear industries, in ion beam modi-
fication of materials and material characterization. Dur-
ing irradiation, highly energetic ions lose part of their
energy to the nuclei of the target material (elastic en-
ergy loss) and the remaining energy in interactions with
the electrons (inelastic energy loss). Although it is well
known that the elastic energy loss results in the creation
of point defects and defect clusters, the effects of the in-
elastic energy loss on the defect production!™ and dam-
age evolution are not well understood®?°.

Recent studies have emphasized the importance of
the effects of the coupling of electronic and atomic
processes in ionic and covalent materials''*, and have
shown that these effects can have linearly additive'® or
competing”® impacts on the defect production. How-
ever, ionization processes!®!'' and nonlinear combina-
tion of electronic and nuclear energy loss®!? result in
more complex behavior. A remarkable synergy be-
tween inelastic energy loss and pre-existing point de-
fects is demonstrated in recently published experimental
results'®, where it is shown that no ion tracks are created
during 21 MeV Ni ion irradiation of crystalline SrTiOs,
but amorphous tracks are produced in pre-damaged sam-
ples. Molecular dynamics (MD) modeling results in-
cluded in the latter study confirm the synergy of the elec-
tronic energy loss with the atomic defects in the creation
of the ion tracks, while a more recent MD study shows
a temperature dependence and electronic energy loss de-
pendence of the ion track size in pre-damaged SrTiOj
systems'S. In the present study, we use MD simulations
to study the effects of defect concentration on the size
and morphology of nanoscale amorphous ion tracks in
cubic pre-damaged SrTiOs.

SrTiOs is a wide bang-gap perovskite-type oxide
widely studied for micro- and opto- electronics!” 22
and nuclear applications®®. SrTiOs thin films can be
used as a ferroelectric?* and as a high temperature
superconductor?®. Recently discovered magnetic prop-
erties of SrTiO3 describe it as a critical material in the
functional oxide electronics area®®, while metallic inter-
faces in amorphous SrTiOs-based heterostructures show
conducting behavior?” similar to transparent conducting
layers of SrTiO3 produced by 300 eV Ar irradiation?®.

We use an inelastic Thermal Spike (iT'S) model suit-
able for insulators?® to include the electronic energy loss
effects in the simulations. In this model, the atomic and
the electronic subsystems are coupled and the energy
exchange between them is described via a set of heat
diffusion equations, one describing the evolution of the
electronic temperature, T, (1), and one describing the
evolution of the atomic temperature, T, (2).

or, 107 O,
o = v K| —e@ - Ty v Ay ()
oT, 10 T,
c, = =5 {rKa e } +9(T. —Ty,) (2)

The hot electrons transfer energy to the lattice via the
electron-phonon interactions. The second term on the
right side of the equations (1) and (2) represents the en-
ergy exchange between the electronic and atomic subsys-
tems due to the difference between T, and T,. C. and
C, are the specific heat coefficients of the electronic and
atomic systems respectively, whereas K. and K, are the
thermal conductivities of the electronic and the atomic
systems. The term g is the electron-phonon coupling pa-



Physical Chemistry Chemical Physics

0sq~\bkoq-o
b0

ecouve e agveco
.ACl‘.o)oo.nl" fegaPpBo oo
IIRURQRE2 20 0TI T LBEOBED GO

~ga‘hod.0.-4.rtda.u--i
va Few f-.qu -

FIG. 1: Cross sections of five pre-damaged systems with different initial defect concentration along the [001] direction, after a
thermal spike of 21 MeV Ni ions. Sr is shown in blue, Ti in green, and O in purple.

rameter, and A(r,t) describes the energy deposition from
the incident ion to the electrons®’.

We used C.=1J cm ™3 K~1293132 and C,= 0.544 J g1
K133 for the electronic and the atomic systems, respec-
tively. Irradiation-induced defects are known to scatter
phonons and electrons resulting in significant decrease
in the thermal conductivity of irradiated ceramics3*3°;
therefore, we used reduced values of both K. and K, by
an order of magnitude in comparison to the values for
the perfect crystalline system. Such a decrease in the
thermal conductivity is reasonably consistent with the
large changes in thermal conductivity of SrTiOs due to
processing defects®® or cation non-stoichiometry (a few
percent)3”. For the crystalline system K, is equal to K.=
C.D., where D, is the thermal diffusivity, as previously
suggested??3132  while K, is equal to 11.2 W m~! K—!
at 300 K. The value of g for a crystalline system is, as
described elsewhere?”, 4.3x10'® W m™2 K=, We used a
35% larger value for the pre-damaged system to account
for the decrease in the electron-phonon mean free path
due to defects. The electronic energy loss due to 21 MeV
Ni ions at about 120 nm depth is calculated with Stop-
ping and Range of Tons in Matter (SRIM) code® to be
about 9.74 keV /nm. The calculated energy deposition is
then used as input in the MD simulations.

We use the DL_POLY?? MD simulation package to
simulate 21 MeV Ni ion irradiation and pre-damaged sys-
tems consisting of about 7 million atoms. We use empir-
ical potentials by McCoy et al.*? joined to the ZBL*! re-
pulsive potentials for short distances. The ZBL potential
was used for all pair interactions. The pre-damaged sys-
tems were created by introducing stoichiometric Frenkel
pairs (FP) of all three atomic species randomly in the
systems. Subsequently all systems were relaxed under
constant pressure and temperature.

The irradiation of the systems was along the z direc-
tion under the constant-energy, constant-volume (NVE)
ensemble at 300 K, with a variable timestep, in a to-
tal depth of about 260 A. The atoms contained in the
x and y boundary of the MD box, in a layer of about
10 A thickness, are connected to a langevin thermostat
at 300 K to emulate the effect of energy dissipation into
the sample. The defects are identified using the sphere

, with a cut-off radius of 0.75 A.

We ran a total of six MD simulations: we applied the
iTS in five pre-damaged systems, with different disorder
level, and we ran one more simulation in a system where
FP are contained only in half the MD box, while the other
half is crystalline, free of FP. Previous MD simulations for
21 MeV Ni ions in a perfect crystalline structure!'®, with
iTS parameters for the perfect crystal, showed clearly no
defects or track formation.

criterion?2

Figure 1 shows cross sections of systems with differ-
ent pre-existing defects, of 0.5% to 12% FP concentra-
tion. The ion track diameter depends on the level of the
pre-existing disorder in the system and it increases for
increased disorder. Figure 2 shows slices in the xz-plane
of the five pre-damaged systems shown in Fig. 1. In this
figure we see that the ion track becomes more continu-
ous as the defect density increases. The non-continuous
morphology seen in low disorder level systems, as well as
variations of the track diameter size along the ion track
in systems with larger disorder level, can be attributed to
the inhomogeneity of the defect distribution along the ion
path. The ion track diameter ranges from approximately
1.2 nm £0.17 nm to about 2.6 nm +0.61 nm.

A linear dependence of ion track diameter on Frenkel
pair concentration from the MD simulations is shown in
Figure 3 (a). Track diameters determined experimen-
tally for pre-damaged SrTiOs irradiated with 21 MeV
Ni ions exhibit a similar linear dependence on measured
disorder, as shown in Figure 3 (b). The experimen-
tal track diameters for disorder levels at or below 7%
were reported previously'® and the track diameter at the
higher disorder level (11%) was determined using identi-
cal procedures'® but in a sample with a higher level of
initial disorder. As seen here similar trends suggest a
good agreement between the computational and exper-
imental results, and both indicate a linear relationship
between average track diameter and initial pre-damage
level. The discrepancy in slope is because we did not
change any of the two-temperature model parameters in
the simulations with increasing disorder, as such a varia-
tion would be premature until a more exact measurement
of defect concentration is possible. Additionally, we note
that the percentage of the FP in the MD simulations is
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FIG. 2: Perpendicular slices of the configuration of the pre-
damaged samples and 21 MeV Ni ion tracks shown in Fig.1.
Sr is shown in blue, Ti in green, and O in purple.

not equivalent to the percentage of disorder measured
by ion channeling?, since the disorder observed along
a channel may only be a fraction of the actual defect
concentration??.

These results show a significant synergy occurring be-
tween the inelastic energy loss and pre-existing atomic
defects. The phonons are scattered while passing through
the defected region, resulting in a reduced energy flow
which is expressed as decreased thermal conductivity®®.
Additionally, the role of the defects as scattering centers
results in decrease of the electron-lattice relaxation time
7 = C./g, which is related to the electron-lattice inter-
action mean free path A\ by A2 = D.,7. With the thermal
conductivity of the electrons K, linked to the thermal
diffusivity by K. = D.C,, the reduced electron-lattice
interaction mean free path X results in stronger electron-
phonon coupling g = K./)\??°. In combination with the
fact that the relaxation time between collisions is pro-
portional to 1/N,., where N, is the number of scattering
centers, the above effects mean that the increased disor-
der affects the heat transfer and consequently the energy
dissipation in the system. Furthermore, the pre-existing
defects and defect clusters in the vicinity of the ion path
are subject to extreme heating and can act as nucleation
centers accumulating the disorder along the ion path.

The crucial presence of defects in the simulation cell is
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also demonstrated in Figure 4 where we show a system
half crystalline and half pre-damaged. Figure 4 shows
a perpendicular slice of the final configuration of this
system, where an ion track is created only in the pre-
damaged region (0.5 % FP in the upper half), while there
are only a few defects created in the crystalline region. In
the pre-damaged region the energy transferred from the
electronic to the atomic system, including the existing de-
fects, increases the disorder in the vicinity of the ion path
resulting in ion track formation. In the crystalline region
the deposited energy is not sufficient to amorphize the
material and we observe elastic recovery of almost all the
damaged induced. The role of the pre-existing disorder is
paramount, as ion tracks will not necessarily form in any
system that exhibits similar values of decreased thermal
conductivity and increased e-ph phonon coupling as the
ones used here.

In summary, our results demonstrate that the synergy
between atomic defects and the inelastic energy loss re-
sults in the formation of nanometer-sized ion tracks only
in systems with pre-existing disorder and they show lin-
ear dependence of the ion track size on the pre-existing
damage level. The pre-existing damage affects the way
the energy is dissipated from the electronic to the atomic
system, and plays a crucial role in the ion track size and
morphology. The presence of the defects results in re-
duced thermal conductivity and stronger e-ph coupling,
and the local heating increases the disorder near the ion
path, affecting the ion track size and shape. The MD
results show that higher disorder level in the system re-
sults in larger and more continuous ion tracks, in agree-
ment with experimental findings. This work identifies
a major gap in fundamental understanding on the role
of defects in electronic energy dissipation and electron-
lattice coupling. It also provides new insights for creat-
ing novel interfaces and nanostructures to functionalize
thin-film structures, including tunable electronic, mag-
netic and optical properties. Further investigation of the
coupled effects of inelastic energy loss and pre-existing
defects is needed in order to understand fundamental as-
pects of irradiation effects in materials and predict their
performance.
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FIG. 3: Ion track diameter for 21 MeV Ni ions as a function of initial different disorder level. (a) MD results are plotted as
a function of FP concentration. The error bars represent the standard deviation over different measurements of the diameter
along the ion tracks. (b) Experimental results as a function of the disorder percentage (the error bars are discussed in Ref."?).
The fit for both data sets is plotted and indicates a linear relationship between the track diameter and the initial disorder level.
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is shown in blue, Ti in green, and O in purple.
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