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ABSTRACT

We investigate the energy dissipation and track formation due to ion irradiation in SrTiO3 and KTaOs. We use molecular dynamics simula-
tions combined with the inelastic thermal spike model to simulate 21 MeV Ni ion irradiation in pristine and predamaged samples. The results
are validated against experimental findings, showing that the level of initial disorder affects the electron-phonon interactions and the energy
dissipation and deposition to the atoms. It is predicted that the ion track size increases linearly for low disorder levels, while its size saturates

for high levels of disorder.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5133061

Ion irradiation can cause unwanted damage, for instance, in
nuclear applications or space devices, but it is also a very useful tool
in material modification and material design. Highly energetic ion
beams deposit energy primarily to the electrons of the target material
via the electronic energy loss mechanism, resulting in their excita-
tion. Low energy ions interact primarily with the nuclei of the target
via the nuclear energy loss mechanism, resulting in point defects
and clusters. In addition to the separate response to the electronic
and the nuclear energy loss, it is important to also understand the
response of the material to the combined effects of the electronic
and atomic processes. It has been shown that these effects can have
additive,' " competing,” " or synergistic'*'® impacts on damage
formation and microstructure alterations. Combining experiment
and modeling is necessary to understand such complex behavior
and the radiation processes that take place in very short time scales,
in order to be able to ultimately predict and control the material’s
response to the electronic energy deposition. Here, we investigate
the variation of electron-phonon coupling on energy dissipation in
model oxides with increasing pre-existing disorder, energy deposi-
tion to the lattice, and the microstructural response of SrTiO3 and
KTaOs to the dissipation of electronic energy loss (Se) from 21 MeV

Niions. SrTiO3; and KTaOs3 are wide bandgap perovskite-type oxides
with applications in a wide variety of fields. SrTiOs is a material with
applications in microelectronics and optoelectronics'’** and has a
cubic structure above 105 K. KTaO3 is a popular material in ferro-
electric applications with a cubic structure that does not undergo a
phase transition. Both materials are critical for the functional oxide
electronics field.” >’ We investigate the effects of ion irradiation, as
ion beam modification is used to add and control functionality in
materials. Ion beam modification has been proposed as an effective
tool for tuning the electronic and optical properties of both SrTiO3
and KTaOs. In addition, the configuration of the nanoscale cylin-
drical structures created by the higher energy ions in predamaged
samples leads to unique geometrical functionality that can extend
through thin films or layered structures. Therefore, understand-
ing the response of materials to electronic energy loss due to ion
irradiation is important.

We use molecular dynamics (MD) simulations combined with
the inelastic thermal spike (iTS) model® to model the response of
SrTiO3 and KTaOs to the dissipation of electronic energy loss (S.)
from 21 MeV Ni ions. We use pristine systems and systems with
different initial disorder levels by introducing a varying amount of
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defects. We vary the electron-phonon (e-ph) mean free path to refine
previous observations, taking into account the different disorder
levels of the initial predamaged states and provide a direct compar-
ison with experiments. The SrTiO3 experiments were performed by
predamaging [100]-oriented SrTiOs single crystal wafers to different
relative disorder levels using 900 keV Au ions, as described previ-
ously."”"* These predamaged samples were subsequently irradiated
with 21 MeV Niions (S, = 9.9 keV/nm). Similarly, the KTaO3 exper-
iments were carried out by predamaging [100]-oriented KTaO3 sin-
gle crystals to different disorder levels using 2 MeV Au ions and
then subsequently irradiating the predamaged samples with 21 MeV
Ni ions (S = 9.2 keV/nm), as described previously.”’ For both
materials and all samples, the size of the amorphous ion tracks
induced by the electronic energy dissipation was determined from
the relative increase in disorder that was characterized by Rutherford
backscattering spectrometry along the [100] channeling direction, as
described in detail elsewhere.'”' "¢

The iTS model is a two-temperature model that describes the
energy transfer from a fast moving ion to the target material. Energy
from the highly energetic ion is transferred to electrons of the tar-
get material, increasing their temperature. Energy diffuses from hot
to cooler electrons via electron-electron interactions. Consequently,
via the e-ph interactions, energy is transferred to the atomic sub-
lattice, where it diffuses among the lattice atoms. The iTS model is
used to calculate this energy transfer from the electrons to the atomic
system and the deposited energy to the atoms. This energy deposi-
tion to the atomic subsystem is used as input in MD simulations,
which describes the atomic response to rapid energy transfer due
to irradiation. In the iTS model, the energy exchange between the
electronic and the atomic subsystems is described via a set of heat
diffusion equations. Equation (1) describes the evolution of the elec-
tronic temperature, T,, and Eq. (2) describes the evolution of the
atomic temperature, Tg,

0T, 10 OTe
5

C,— 5 ] —g(Te = Ta) + A(r, 1), (1)
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aaaj;“ = ;%[ﬂg a;;“] +¢(Te - T). )

Here, C. is the specific heat coefficient for the electrons and C,
is the specific heat coefficient for the atomic system. K. and K, are
the thermal conductivities of the electronic and the atomic systems
and g is the e-ph coupling parameter. The term A(r, ¢) is given by
A(r,t) = bSee (1)1 (r) and describes the energy deposition
from the incident ion to the electrons as a Gaussian time distribution
and a radial distribution F(r).” In this expression, b is the normal-
ization factor that ensures that the integration of A(r, t) is equal to
the total electronic energy loss S..”’ The parameter s is the half width
of the Gaussian distribution, and t, is of the order of 10™*° 5.** The
energy exchange between the two subsystems depends on the tem-
perature difference between them, as expressed by the e-ph coupling
parameter on the right-hand side of Egs. (1) and (2).

The thermal conductivity K. equals to C, - D,, with D, being
the thermal diffusivity.”® The e-ph coupling parameter is related to
the e-ph mean free path A via g = K./A*. For the electronic sub-
systems of pristine SrTiO3 and KTaOs3, C, = 1] cm > K% and
D, =2J cm? s™!. The atomic specific heat, thermal conductivity, and

scitation.org/journal/adv

e-ph mean free path for pristine SrTiO; are C, = 0.544 J g™ K™%,
K,=112Wm ' KL" and A = 4.8 nm, respectively. For pris-
tine KTaO3, C, = 0.375J g ' KL, K, =11 Wm ' K1, and
A =4.9 nm. The e-ph mean free path values for the pristine samples
were obtained from Fig. 15 in Ref. 28. As discussed elsewhere, """
the pre-existing irradiation-induced defects result in lower conduc-
tivity and smaller values of the e-ph mean free path.””” For the
predamaged systems, we reduced K, and K, by an order of mag-
nitude and we use different values of e-ph coupling for the different
pre-existing disorder levels. Such a decrease in the thermal conduc-
tivity is consistent with the large changes in thermal conductivity
of SrTiO; due to processing defects’” or cation nonstoichiometry
(a few percent).” The scattering through defects affects the e-ph

relaxation time 7, which is proportional to %g, where g is the e-ph

coupling parameter. g is proportional to %, meaning that 7 ~ A%,
Furthermore, 7 is inversely proportional to the number of scattering
centers N, which means that A relates to N, via A ~ #N The e-ph

mean free path can further depend on localized pockets of higher
disorder for the systems with higher disorder levels and also on the
temperature. The defect density, local disorder pockets, and clus-
ters for higher disorder density and the temperature gradient would
contribute to a nonlinear dependency of the mean free path and the
measured disorder. We use SrTiO; systems with about 2% Frenkel
pairs (FPs), 4% FPs, 7% FPs, 34% FPs, and 52% FPs with A values
of 2.5 nm, 2.3 nm, 2.2 nm, 1.8 nm, and 1.5 nm, respectively. The
values of A exhibited an exponential dependence on the FP concen-
tration, X, and a curve fitting routine yielded an exponential relation
of the form A = 2.432¢™ %%, Using this fit, we obtained values of
the mean free path 2.35 nm, 2.2 nm, 2 nm, 1.9 nm, and 1.7 nm
for KTaOs; systems with about 4%, 11%, 19%, 30%, and 41% FPs,
respectively.

For the MD simulations, we used the DL_POLY” code. We
used empirical potentials™*' joined to the ZBL (Ziegler-Biersack-
Littmark)"” repulsive potentials for short distances. The ZBL poten-
tial was used for all pair interactions. The systems have a size of about
360 A x 360 A x 60 A. The predamaged systems were created by
introducing FPs randomly in the systems, which are then relaxed
under constant pressure and temperature, resulting in the disorder
mentioned above. The simulated irradiation was performed under
the NVE ensemble along the z direction of the MD box with a vari-
able timestep. The velocities of atoms within a 10 A layer in the x
and y dimensions of the box are scaled to 300 K according to a Gaus-
sian distribution to emulate the bulk. The sphere criterion is used to
identify the defects”” with a cut-off radius of 0.75 A.

Figure 1 shows thermal spike calculations of the maximum lat-
tice temperature profiles for a 21 MeV Ni ion as a function of the
radial distance from the ion path in SrTiO3 and KTaOs. The profiles
in Fig. 1(a) correspond to irradiation of a pristine crystalline SrTiO3
system and predamaged SrTiOs systems with 2% FPs, 4% FPs, 7%
FPs, 34% FPs, and 52% FPs. In Fig. 1(b), the maximum lattice tem-
perature for irradiation of pristine crystalline KTaO3 and predam-
aged KTaOs3 with 4% FPs, 11% FPs, 19% FPs, 30% FPs and 34% FPs
is shown. As the initial pre-existing disorder increases, the defects
act as scattering centers resulting in shorter e-ph mean free paths.
This means that the phonons interact faster with the hot electrons,
resulting in the development of higher temperature in the vicinity of
the ion path.
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FIG. 1. Thermal spike calculations of the maximum lattice temperature profiles as a function of the radial distance from the ion path due to 21 MeV Ni ion irradiation in pristine
and predamaged (a) SrTiO; and (b) KTaO; systems. The corresponding time of each profile is given in brackets.

The energy deposition profiles that correspond to the lattice
temperature profiles shown in Fig. 1 are used as input in MD simu-
lations of irradiation. We ran six irradiation simulations for SrTiO3;
and four for KTaOs. For comparison, we plotted the lattice tem-
perature samples with intermediate pre-existing disorder (KTaOs3
with 11% FPs and SrTiOs with 7% FPs from Fig. 1) in Fig. 2(a).
Figure 2(b) shows the energy deposition profiles that correspond to
these temperature profiles, as a function of the distance from the
ion path. As seen here, the lattice temperature for 7% predamaged
SrTiOs is smaller than the one for 11% predamaged KTaOs3, and the
corresponding deposited energy per atom is the same for the two
systems.

Figures 2(c) and 2(d) show the amorphous ion tracks formed in
predamaged SrTiO; and KTaOs due to the energy deposition pro-
files shown in Fig. 2(b). The cross sections shown here have size
100 A x 100 A, and the diameters of the tracks are 4.1 + 0.1 nm
and 3.5 + 0.1 nm for SrTiO3 and KTaOs, respectively. For the same
energy deposition, the ion track in SrTiOs is larger compared to the
one in KTaOs. The smaller track in KTaO3 compared to SrTiO;
can be attributed to the different amorphization and recrystallization
behavior of the two perovskites. This trend, smaller tracks in KTaO3
than in SrTiOs, is shown in Fig. 3(a) for all the MD simulations of
21 MeV Ni irradiation. Figure 3(b) shows previously reported'>'*'®
and unreported experimental results on ion track size for differ-
ent initial disorder levels. For high initial disorder levels, the defect
pockets are more dense and larger, resulting in larger size difference
between the tracks in the two materials, on the order of 2 nm differ-
ence, compared to low disorder levels, such as in the case shown in
Fig. 2, where the track size difference is of the order of 0.5 nm.

Figures 3(a) and 3(b) show the dependence of ion track size
on initial disorder. While increasing track size with increasing dis-
order was also observed for constant value of the e-ph mean free
path,” this work provides better agreement with the experimental
trends than previously when a constant value was assumed. These
new values are very important for defining the appropriate values of

the mean free path with changes in disorder or defect concentration,
which provides deeper understanding of the role of the defects on
the energy dissipation and microstructure alterations. For the low
initial disorder level, there is a linear dependence of the track size
on the pre-existing level of defects in SrTiOs3, both in MD and in the
experiments. As the initial concentration of defects reaches nearly
50% in SrTiOs, the track size saturates. Similarly, for increasing level
or pre-existing defects, the track size increases in KTaOj3. As the
disorder level increases, the track diameter size starts saturating. As
seen here, the MD simulations are consistent with the experimental
behavior. Discrepancy in the track size between MD and experiment
can be attributed to several reasons. First, the exact measurement
of disorder in terms of FPs is not possible experimentally. Second,
the FPs concentration is measured over the MD cell, while the ini-
tial experimental disorder is measured by ion channeling and is only
proportional to the relative Sr and Ta defect concentrations. Exper-
imentally, the defect structure introduced consists of point defects
and small defect clusters, as well as amorphous domains at higher
disorder levels. Unfortunately, we do not know the nature and size
distribution of these defects, since they are not readily observed in
HRTEM. Additionally, the MD measurements are an average of
measurements along one track, while the experimental values are an
average of a large number of tracks. Of course, the empirical poten-
tial may not accurately describe melting and atomic response over
the range of FP concentrations. Finally, the e-ph mean free path can-
not be calculated exactly. While the presence of the defects result
in the reduced e-ph mean free path, as discussed earlier, accurate
measurements of the e-ph mean free path are not possible. Here, by
taking this effect into consideration, it is shown that the defects play
a significant role in the energy dissipation and the atomic response to
rapid energy deposition due to irradiation. Understanding the role
of the defects is necessary for predicting the material’s behavior and
for inducing desired microstructure alterations.

To further investigate the behavior of the predamaged SrTiO;3
and KTaOs3, particularly the response to heat and the melting of
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FIG. 2. (a) Maximum lattice temperature profiles due to 21 MeV Ni irradiation of predamaged SrTiO3 with 7% FPs and predamaged KTaOs with 11% FPs, as a function of the
distance from the ion path. (b) Corresponding energy deposition profiles in eV/atom. Cross section of (c) a SrTiO; system with 7% FPs pre-existing disorder and (d) a KTaOs
system with 11% FPs pre-existing disorder after a thermal spike of 21 MeV Ni ion. The area shown is 100 A % 100 A. Sris shown in blue, Ti in green, K in dark blue, Ta in

gray, and O in purple.
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FIG. 4. Evolution of defect concentration for increasing temperature with rate 1
K/ps for a SrTiO3 sample with 6% pre-existing FPs (green line) and KTaO3 samples
with 6%, 40%, and 60% pre-existing FPs (red, blue, and green lines, respectively).

the materials, we investigated the behavior of predamaged samples
for increasing temperature, with 1 K/ps rate. SrTiO3 and KTaO;
samples with 6% pre-existing FPs were heated to temperatures well
above their melting point (2353 K for SrTiO; and 1625 K for
KTaOs3). As shown in Fig. 4, melting of SrTiOs3 is observed when the
melting temperature is reached, while the number of FPs increases
with temperature for KTaO3 without melting (black and red lines,
respectively). The same heating rate was applied for the KTaO3 sam-
ples with 40% and 60% pre-existing FPs. As described in Fig. 4 by the
blue and green lines, both samples reach about 92%, which means
that the samples are amorphous. This shows that amorphization of
KTaO3 depends on the predamage level. This behavior shows the
more complex behavior of amorphization of KTaO3, which has been
previously observed in ion irradiation experiments'"* and explains
the difference in the track size.

Opverall, the description of the response of pristine and predam-
aged SrTiO; and KTaOs to 21 MeV Ni ions using a combination
of the iTS and MD simulations agrees well with experiments. We
have shown that the initial disorder affects the e-ph mean free path
and the energy dissipation, and therefore the energy deposition to
the atoms. While the defects are usually considered unwanted dam-
age, they can be used to manipulate the materials’ behavior. More
accurate values of the e-ph coupling parameter obtained with first
principle calculations could improve the agreement between the pre-
dicted track size by MD and the experimentally determined track
size, but they are not currently available. This work emphasizes
the importance of combining modeling and experiments both for
understanding and predicting the materials’ behavior under irra-
diation. Investigation of the synergistic effects of the pre-existing
disorder and the electronic energy loss is need in more materials and
for different ions and energies in order to understand the radiation
damage processes that take place in such short time scales.
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