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While the interaction of energetic ions with solids is well known to result in inelastic energy loss to electrons
and elastic energy loss to atomic nuclei in the solid, the coupled effects of these energy losses on defect
production, nanostructure evolution and phase transformations in ionic and covalently bonded materials
are complex and not well understood due to dependencies on electron-electron scattering processes,
electron-phonon coupling, localized electronic excitations, diffusivity of charged defects, and solid-state
radiolysis. Here we show that a colossal synergy occurs between inelastic energy loss and pre-existing atomic
defects created by elastic energy loss in single crystal strontium titanate (SrTiO3), resulting in the formation
of nanometer-sized amorphous tracks, but only in the narrow region with pre-existing defects. These defects
locally decrease the electronic and atomic thermal conductivities and increase electron-phonon coupling,
which locally increase the intensity of the thermal spike for each ion. This work identifies a major gap in
understanding on the role of defects in electronic energy dissipation and electron-phonon coupling; it also
provides insights for creating novel interfaces and nanostructures to functionalize thin film structures,
including tunable electronic, ionic, magnetic and optical properties.

to atomic nuclei is fundamentally important to accurately predict the behavior of materials in natural and

man-made radiation environments, whether it is the decay of radioisotopes in natural minerals, radiation
from fission or fusion in advanced nuclear reactors, the decay of nuclear waste, or cosmic radiation in space. Such
understanding is also important to the use of electrons and ions in materials analysis, modification and functio-
nalization, as well as to the use of ions for implantation doping, creating nanostructures and mimicking both
natural and man-made radiation environments.

It is well-established that atomic-level defects are created by the transfer of energy to atomic nuclei in elastic
collisions; however, the effects of inelastic energy loss to electrons on defect production and evolution'~, nanos-
tructure evolution* and phase transformations®” are more complex and less understood. The importance of the
effects of electronic energy loss and the coupling of electronic and atomic processes has become increasingly
recognized in ionic and covalently bonded materials™* . In these materials, the effects of electronic energy loss
are generally observed to add linearly to defect production from atomic recoils'® or to compete linearly with
defect production by inducing recovery processes®’; however, ionization-enhanced mobility of point defects'*"*
and nonlinear additivity of inelastic and elastic energy loss>'* lead to more complex behavior. Here we dem-
onstrate an extraordinary synergy in ion-irradiated SrTiO; between electronic energy loss and defects produced
by atomic recoils - a clear case that irradiation-induced defects locally activate amorphous ion track formation
processes that are not active in pristine crystals.

Due to its high dielectric constant and interesting electronic and optical properties, particularly when doped,
SrTiO; is a material with many applications in microelectronics'*"'”. Recently, SrTiO; has been described as a
critical foundational material in the area of functional oxide electronics', as unexpected and emergent new
magnetic properties are discovered. The heterointerface between amorphous and crystalline SrTiO; can exhibit
metallic conductivity'® that is similar to the transparent conductive layer produced on SrTiO; by 300 eV Ar ion
irradiation®. The amorphous structure of SrTiO; is also found to exhibit polarity from a random network of
partially aligned TiOg octahedra®.

Irradiation of SrTiOj; at temperatures below ~370 K with 0.1-1.0 MeV ions leads to a crystalline-to-amorph-
ous transformation due to the production and accumulation of atomic defects created by elastic energy transfer to
atomic recoils**~**, and the temperature dependence of this transformation is controlled by defect recovery stages

l | nderstanding the response of materials to the separate and combined deposition of energy to electrons and
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active below 350 K*. The chemical etch rate of the irradiation-
induced amorphous structure is at least three orders of magnitude
higher than the single crystal rate*, which has been used in com-
bination of 1 MeV Pt ion irradiation to produce sub-100 nm pat-
terns in SrTiO; substrates. For ions at much higher energies, known
as swift heavy ions, energy transfer to electrons dominate, and indi-
vidual ion tracks, with diameters of ~5 to 6 nm, have been reported
forirradiation at 300 K with ions having electronic energy loss values
from 20 to 50 keV/nm (92 MeV Xe to 2.0 GeV U ions)*”?. Swift
heavy ion irradiation has also been shown to improve the photo-
electrochemical activity of spin-coated SrTiOj thin films®. The pro-
duction of tracks, surface hillocks and property modification are
attributed to a local thermal spike produced by the transfer of energy
from the electrons to the atomic structure by electron-phonon
coupling.

While these irradiation results demonstrate significant potential
for modifying the structure and properties of SrTiO; using electrons
and ions, there is a lack of fundamental understanding regarding the
thermal and irradiation stability of defects in SrTiO; and the nature
of ion tracks. Furthermore, only the effects of energy transfers to
electrons have been investigated in the swift heavy ion studies®” %
while in ion irradiation studies of SrTiO; significantly below the
threshold for track formation, defect production and amorphization
are primarily attributed to elastic energy transfers to atomic

nuclei*®~**, despite the comparable electronic energy loss of the ions.
In this paper, we reveal the effect of atomic defects, produced by
elastic energy loss, on the local response of SrTiO; to electronic
energy loss below the threshold for amorphous track formation.

Results
A critical research challenge is to understand the response of materi-
als to the coupled or combined effects of elastic and inelastic energy
loss; however, when these occur simultaneously, it can be difficult to
quantify the individual effect or contribution. Here we conduct a
separate effects study, in which single crystals of SrTiO; are pre-
damaged with 900 keV Au ions at 300 K to produce a low concen-
tration of defects from elastic energy loss, with a fractional peak
disorder of ~0.07 at a depth of ~90-95 nm as shown in Fig. la.
Both undamaged and pre-damaged single crystals are then subse-
quently irradiated to different ion fluences with 21 MeV Ni ions,
which have a high electron energy loss of 9.5 to 10 keV/nm across
the pre-damaged thickness (Fig. 1a), but a very low nuclear energy
loss of 0.09 keV/nm (not shown). The damage evolution in these
samples is characterized by Rutherford backscattering spectrometry
along a channeling direction (RBS/C) and scanning transmission
electron microscopy (STEM).

Irradiation of the pristine, undamaged SrTiO; with 21 MeV Ni
ions up to fluences of 0.2 jons/nm* did not result in any measurable
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Figure 1| Pre-damaged state and effect of electronic energy loss on undamaged and pre-damaged SrTiO;. (a) Damage profile introduced by 900 keV
Au ions to a fluence of 0.13 ions/nm” and electronic energy loss profile for 21 MeV Ni ions. Rutherford backscattering spectra along [100] direction: (b)
undamaged SrTiOj; irradiated with 21 MeV Ni ions to fluences up to 0.2 ions/nm? and (c) pre-damaged SrTiO; irradiated with 21 MeV Ni ions to
fluences up to 0.2 ions/nm’* (spectrum for ion fluence of 0.001 Ni jons/nm? not shown).
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increase in the backscattering yield (Fig. 1b), indicating insensitivity
of the undamaged state to defect production and track formation
from the inelastic and elastic energy losses of the 21 MeV Ni ions.
Based on the low elastic energy losses and the typical doses™ to
amorphize SrTiOs, it would be expected that an ion fluence on the
order of 100 ions/nm? would be required to amorphize SrTiOz with
21 MeV Niions at a depth of 100 nm. Thus, it was quite unexpected
when we discovered that irradiation of the pre-damaged state with
21 MeV Ni ions resulted in a rapid and dramatic increase in the
backscattering yield at much lower ion fluences, 0.001 to 0.2 ions/
nm’ (Fig. 1¢); this surprising result demonstrates a highly synergistic
effect of the pre-existing defect structure on the local response to
inelastic energy loss to electrons. This is further revealed by the
detailed analysis of the RBS/C spectra (Fig. 2a) that shows the evolu-
tion of the relative disorder as a function of depth. The results indi-
cate that the fully amorphous state (relative disorder = 1.0) is
achieved over a depth from ~30 to 120 nm at a relatively low ion
fluence of 0.2 Ni ions/nm?; the local elastic energy loss dose for this
ion fluence is less than 0.0015 displacements per atom (dpa), which is
2-3 orders of magnitude lower than that required to produce a fully
amorphous state in SrTiO; by elastic collision processes*. The very
rapid increase in disorder at low ion fluences follows trends normally
seen for the formation of amorphous ion tracks by swift heavy ions in
complex oxides®®*’; here however, the results suggest that the
amorphous ion tracks are only formed in the pre-damaged layer
and end abruptly at a depth of ~160-170 nm, which is unlike con-
tinuous track formation by swift heavy ions.

These results demonstrate that the introduction of a low concen-
tration of defects greatly enhanced the sensitivity of SrTiO; to the
effects of electronic energy loss and, hence, locally lowered the
threshold for amorphous track formation. Somewhat similar beha-
vior has been reported for track formation in pre-damaged GaAs and
InP following irradiation with 573 MeV Auions and attributed to an
increase in electron-phonon coupling from pre-existing defects'>. A
direct impact model for amorphization (see Supplementary informa-
tion) is fit to the increase in disorder, measured at several different
depths, with increasing ion fluence (see Supplementary Fig. 1). Based
on these model fits, the effective amorphous track diameter has been
determined as a function of depth, as shown in Fig. 2b. The track
diameter ranges from about 1.2 nm, corresponding to an initial rela-
tive disorder level of 0.04, to a value of about 2.2 nm, corresponding
to the initial disorder level of 0.07 at the disorder peak. These track
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diameters are much smaller than the tracks diameters (5-6 nm)
determined for SrTiOj; irradiated with swift heavy ions having elec-
tronic energy loss values ranging from 20 to 50 keV/nm***’.

Scanning transmission electron microscopy. STEM with high
angle annular dark field (HAADF) imaging was used to
characterize the irradiated samples. The HAADF image in Fig. 3
clearly shows a circular ion track with an amorphous core
diameter of ~2 nm following 21 MeV Ni ion irradiation to
0.02 ions/nm?, which is consistent with the experimentally derived
range of track diameters shown in Fig. 2b. This HAADF result is in
distinct contrast to prior work®® where only recrystallized tracks
could be imaged. Because of the sensitivity of amorphous layers in
SrTiO; to epitaxial recrystallization by electron-beam irradiation™,
some initial recrystallization of the amorphous track in Fig. 3 cannot
be ruled out; however, no change in track diameter was observed
after continuous imaging, as illustrated in Supplementary Video 1,
suggesting that these amorphous tracks are relatively stable to high-
energy electron beam irradiations, as demonstrated here for 200 keV
electrons.

Simulation. Large scale molecular dynamics (MD) simulations (7
million atoms) were performed using a simulation cell without any
defects and a simulation cell containing the equivalent of ~1.5%
Frenkel defects. In the case of the defective simulation cell, Frenkel
pairs were introduced randomly in the system, which was then
relaxed under constant pressure and temperature. The radial
energy deposition profiles for the average electronic energy loss
(9.74 keV/nm) by the 21 MeV Ni ions over a depth of 25 nm in
the perfect crystal and in the pre-damaged system were based on
an inelastic thermal spike model® using input derived from the
two-temperature model (see Supplementary information). To
account for increased scattering of electrons and phonons from
defects in the two-temperature model, the thermal conductivities
of the electronic and atomic systems for the pre-damaged system
were assumed to be an order of magnitude smaller than the perfect
crystal system, and the electron phonon-coupling constant for the
pre-damaged system assumed to be 40% larger than the value
calculated for the perfect crystal. The thermal spike from the
energy deposition profile (Fig. 4a) for the perfect crystal did not
produce clearly discernible defects in the simulation cell without
defects, as illustrated in Supplementary Video 2. Similarly, the
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Figure 2 | Amorphous track formation from electronic energy loss in pre-damaged SrTiO;. (a) Relative Sr disorder determined from Rutherford
backscattering spectra (Fig. 1¢) as a function of depth. (b) Track diameter determined at different depths from analysis of increase in disorder in (a) with
ion fluence (error bars based on one standard deviation in track cross section from fit of direct impact model to change in disorder at given depth; solid

line is spline fit).
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Figure 3 | High angular annular dark field image of ion track in pre-
damaged SrTiOs. High resolution atomic image from STEM
characterization with 200 keV electrons showing central amorphous core
of ion track produced by irradiation with 21 MeV Ni ions to a fluence of
0.02 ions/nm?.

thermal spike from the energy deposition profile calculated for the
pre-damaged state (Fig. 4a) did not produce an amorphous track in
the simulation cell without defects, although in this case a few
isolated residual defects were produced. However, in the
simulation cell containing a random distribution of Frenkel
defects, the corresponding thermal spike (Fig. 4a) produced an
amorphous track of ~2 nm diameter, as shown in Fig. 4b,
consistent with the experimental results shown in Figs. 2b and 3.
The track formation process is illustrated in Supplementary Video
3, which shows that track formation is continuous through the
thickness of the defective simulation cell. These results clearly
demonstrate that the pre-existing defects, not only affect the
energy deposition profile from the two-temperature model, but
also play a critical role in track evolution in the MD simulations.
The distortions of both the Sr column of atoms and the TiOg
octahedra along the [100] direction are evident within the amorphous
track (Fig. 4b), consistent with the structure of amorphous SrTiO;
determined by x-ray absorption fine structure measurements*'. These

a — T T | T T

results confirm that the introduction of cascade-like defects sensitizes
SrTiO; to amorphous track formation at relative low values of elec-
tronic energy loss. While the MD simulations are qualitatively con-
sistent with our experimental observations and expectations that
atomic scale defects should decrease thermal conductivities and
increase electron-phonon coupling, the magnitude of the changes
are not well known or readily predicted. More research is clearly
needed on the effects of defects and their concentration on electronic
and atomic conductivities and electron-phonon coupling, and first
principle calculations could provide valuable contributions in this
area. Likewise, more experimental research is needed to determine
the thresholds, both in initial defect concentration and energy loss, for
this synergistic coupling between defects and electronic energy loss.

In conclusion, these results demonstrate that a low concentration
of defects introduced by elastic collisions in SrTiOj; interacts syner-
gistically with the inelastic electronic energy loss to produce amorph-
ous tracks; whereas, tracks are not produced under similar
irradiation conditions in the absence of defects. This synergistic
effect effectively decreases the electronic energy loss threshold for
amorphous track formation to much lower values than previously
suggested by swift heavy ion irradiations, which may necessitate the
reinterpretation of data on irradiation induced amorphization in
SrTiO; and other materials at intermediate energies. Since such
tracks can be produced with intermediate energy ions, which are
widely available in research and industry, this work provides a new
pathway for the exploitation of such tracks in SrTiO; substrates and
thin films. Due to differences in thermal stabilities of the low con-
centration of defects and the amorphous tracks®***, thermal anneal-
ing may lead to isolated amorphous tracks or pillars embedded in a
highly crystalline matrix. Based on what is currently known on the
chemical and physical properties of these nanoscale amorphous
tracks and their interface structures in SrTiOs;, there are numerous
possible impacts; these include: 1) selective chemical etching of
tracks or patterns created by ion-beam writing in 3D nanofabrica-
tion; 2) creating amorphous pillars or patterns of well-defined length
from the surface or buried in the matrix; 3) using the heterointerface
structure or further modifying the interface structure to create new
one-dimensional electronic and magnetic functionalities; and 4) util-
ize the unique polarity of amorphous SrTiO; to create one-dimen-
sional polarity normal to surface in controlled patterns.

Methods

Irradiation procedure. The [100] oriented single crystal SrTiO; samples were
irradiated at 7° off the [100] direction with 900 keV Au ions to a fluence of 0.13 ions/
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Figure 4 \ MD simulation of ion track formation in SrTiO; containing 1.5% Frenkel pairs. (a) Energy deposition profiles for 21 MeV Ni ions in SrTiO3
with no defects and with 1.5% defects. (b) Atomic plot along the [001] direction showing crystal structure, defects, and amorphous track after a
thermal spike characteristic of a 21 MeV Ni ion in the simulation cell with 1.5% defects (blue = Sr, green = Ti, and purple = O).
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nm?’ at 300 K to produce a stable concentration of defects at a low relative disorder
level of 0.07 at the damage peak (Fig. 1a). After initial characterization of the disorder
distribution by RBS/C along the [100] direction, the samples were irradiated with
21 MeV Niions at 7° off the [100] direction. The electronic and nuclear energy losses
for 21 MeV Ni ions and the atomic displacements by 900 keV Au ions were
determined as a function of depth in SrTiO; using the Stopping and Range of Ions in
Matter (SRIM) code®’**. The electronic energy loss by 21 MeV Ni ions in the surface
region of SrTiOj; is shown in Fig. la. The irradiations and RBS/C were conducted at
the Ion Beam Materials Laboratory at the University of Tennessee®.

RBS/C. This technique is sensitive to atomic displacements along major
crystallographic channeling directions, where the probing He ions are backscattered
from interstitials or disordered atoms, and is used to quantitatively determine
irradiation-induced damage in crystalline samples. The undamaged and pre-
damaged SrTiO3, as well as the Ni-irradiated undamaged and pre-damaged samples,
were characterized by RBS/C along the [100] direction (Figs. 1b,c). The RBS/C spectra
were analyzed using an iterative procedure® to determine the relative disorder as a
function of depth (Fig. 2a).

STEM. HAADF imaging was performed on various samples in a 5* order aberration
corrected scanning transmission electron microscope (Nion UltraSTEM200)
operating at 200 KV. Detector with an inner angle of 65 mrad was used to collect
electrons for HAADF imaging. The electron probe current and the exposure time/
pixel for imaging in the experiment was 16 pA and 5 psec to minimize the electron
beam induced modification.

Molecular dynamics. The MD simulations were run using the DL_POLY code®. The
heat that was transferred to the atomic system due to the electronic excitations was
calculated using an inelastic thermal spike model*>*° and was used as input in the MD
simulations. In the inelastic thermal spike model, the heat exchange between the
lattice and the electronic system is described by a set of coupled heat diffusion
equations for the electronic and the atomic system. We used the McCoy et al.
potential*’, joined to short-range repulsive ZBL potentials®*. The ZBL potential was
used for all pair interactions. The cylindrical thermal spike was deposited along the z
direction through the thickness of the simulation cell, and a boundary layer with a
thickness of about 1 nm in the x and y directions was connected to a thermostat at
300 K to emulate the effect of energy dissipation into the sample and to allow heat to
dissipate from the track region. The simulations were run in a constant energy and
volume ensemble, preceded by relaxation of the systems under constant pressure and
temperature. The value of the electronic energy loss used in the inelastic thermal spike
model for the simulations is 9.74 keV/nm. The thermal conductivity of the atomic
and electronic subsystems in the pre-damaged system was decreased by an order of
magnitude compared to the values for the perfect crystal. The electron-phonon
coupling constant was calculated, as described elsewhere®, to be 4.3 X 10'* W m
K™! for the perfect crystal, and a value 40% larger, 6.0 X 10'®* W m™> K™, was
assumed for the pre-damaged sample.
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