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Abstract 

It is widely accepted that the interaction of swift heavy ions with many complex oxides is 

predominantly governed by the electronic energy loss that gives rise to nanoscale amorphous ion 

tracks along the penetration direction. The question of how electronic excitation and electron-

phonon coupling affect the atomic system through defect production, recrystallization, and strain 

effects has not yet been fully clarified. To advance the knowledge of the atomic structure of ion 

tracks, we irradiated single crystalline SrTiO3 with 629 MeV Xe ions and performed 

comprehensive electron microscopy investigations complemented by molecular dynamics 

simulations. This study shows discontinuous ion-track formation along the ion penetration path, 

comprising an amorphous core and a surrounding a few monolayer thick shell of strained/defective 

crystalline SrTiO3. Using machine-learning-aided analysis of atomic-scale images, we 

demonstrate the presence of 4-8% strain in the disordered region interfacing with the amorphous 



core in the initially formed ion tracks. Under constant exposure of the electron beam during 

imaging, the amorphous part of the ion tracks readily recrystallizes radially inwards from the 

crystalline-amorphous interface under the constant electron-beam irradiation during the imaging. 

Cation strain in the amorphous region is observed to be significantly recovered, while the oxygen 

sublattice remains strained even under the electron irradiation due to the present oxygen vacancies. 

The molecular dynamics simulations support this observation and suggest that local transient 

heating and annealing facilitate recrystallization process of the amorphous phase and drive Sr and 

Ti sublattices to rearrange. In contrast, the annealing of O atoms is difficult, thus leaving a remnant 

of oxygen vacancies and strain even after recrystallization. This work provides insights for creating 

and transforming novel interfaces and nanostructures for future functional applications. 

Keywords: Strontium titanate, swift heavy ion irradiation, ion-track formation, scanning 

transmission electron microscopy, electron beam effects, recrystallization, molecular dynamics.  

Introduction 

It is well-established that atomic rearrangements caused by ion-solid interactions result in the 

production of defects and phase transformations and thus introduce new functional properties or 

modify their conventional behavior of complex oxides. Several examples of ion-beam 

modifications not naturally present in complex oxides have been reported. For example, forming 

oxygen vacancy defects gives rise to blue-light emission1, metastable ferroelectricity2, and 

localized conductivity3 in perovskite-structured SrTiO3. Similarly, metallic-to-insulator and 

ferromagnetic-to-antiferromagnetic transitions can be achieved in La0.7Sr0.3MnO3 thin films via 

controlling the vacancy defect concentration profile through He ion irradiation.4 Various studies 

have been reported the fundamental discoveries on the effect on cationic radii and the local 

environment around the cations that lead to an order-disorder phase transformation. It has been 



seen that the tendency of phase transformation in pyrochlore structure oxides (A2B2O7) from 

amorphous to disordered defect-fluorite phase grows with increasing size of the B-site cation (Ti 

to Zr).5,6 The local disorders at the atomic sites leading to the formation of new metastable phases, 

such as weberite and defect-fluorite, have also been revealed in several pyrochlore structure oxides 

with various combinations of A-site (Gd, Sm, Yb, Hf, Er) and B-site (Ti, Zr, Sn) cations.6–10  Under 

the irradiation of 2.8 MeV Au ion, a percolation of the disordered crystalline phase at the interface 

of LaMnO3 and SrTiO3 is observed.11 All these findings highlight the importance of a detailed 

understanding of atomic arrangement to determine the phase transformation mechanisms resulting 

from ion-irradiation events, which is the focus of the present work. Our interest and focus of the 

present work is the development of an atomic-level understanding of the structural transformation 

induced by individual swift heavy ions (energy larger than 50 MeV) in SrTiO3 that is a well-known 

wide-bandgap material and described as a critical foundational material in the area of functional 

oxide electronics.12   

In SrTiO3, ion-irradiation induced defect evolution allows defect-driven non-stoichiometry to 

enable interesting electronic, magnetic, and optical properties.12–14 For irradiations with low 

energy ions, Reagor et al. has reported that a partial alignment of TiO6 octahedra occurs at the 

amorphous-crystalline interface formed in SrTiO3 as a result of 300 eV Ar+ irradiation, which leads 

to transformation from a highly non-conducting state to a metallic-equivalent conductive surface.15 

Ion irradiation of SrTiO3 with Pt ions in the energy range of 0.1-1.0 MeV results in a crystalline-

to-amorphous phase transformation at the surface of ~100 nm depth, which can be controlled via 

thermally- activated defect recovery stages.16,17 Similarly, the damage accumulation in SrTiO3 

irradiated with 1.0 MeV Au ions causes amorphization, where similar disordering behavior is 

observed for both Sr and Ti sublattices.18 Interestingly, during transmission electron microscopic 



investigations, the electron-beam-enhanced recrystallization of the amorphized phase is observed 

in irradiated SrTiO3. Also, other amorphized oxide structures such as Yb2Ti2O7 and apatites19–21 

show recrystallization under the electron beam, which is attributed to the local heating caused by 

electron excitation processes and energy transfer from energetic electrons to the lattice atoms.22 

When exposed to swift heavy ions in the MeV-GeV regime, each projectile produces along its 

trajectory a track, an amorphous cylindrical damage zone. Track formation requires that a critical 

electronic energy loss threshold of the ions is surpassed. Below this threshold, the track consists 

of a discontinuous string of damage clusters. The threshold was shown to be influenced by the 

synergetic effects of the nuclear and electronic energy-loss.23 Pre-existing point defects formed by 

elastic collisions obviously facilitate the formation of amorphous tracks. Contrary to reports 

mentioned earlier, the tracks produced in the pre-damanged SrTiO3 are stale under the electron 

beam without shrinking of the track diameter. 23  Similar observations of a stable amorphous phase 

under an electron beam were seen in laser-irradiated SrTiO3,24 which are attributed to insufficient 

energy deposition for the defect recovery process. Although these reports show a detailed 

understanding of ion-irradiation-induced amorphization and electron-beam-induced 

recrystallization, the present work identifies the significant gap in the atomic-level knowledge of 

the phase transition in SrTiO3.  

In our study, we create amorphous tracks in single crystalline SrTiO3 by using swift heavy ions 

(629 MeV Xe) in the electronic energy loss regime. Sub-nanometer-level investigations of the 

atomic arrangement and lattice distortions are investigated by atomic-resolution imaging by means 

of scanning transmission electron microscopy (STEM) and data-driven image analysis. We further 

study the effect of electron-beam exposure on the formed ion tracks and investigate the 



characteristics of recrystallization via in-situ observations. Molecular dynamics (MD) simulations 

shed additional light on the atomic order and possible cause of track recrystallization.   

Methodology 

Ion irradiation: Commercially available single crystalline SrTiO3 was irradiated by 629 MeV Xe 

ions at the UNILAC linear accelerator of the GSI Helmholtz Center for Heavy Ion Research in 

Darmstadt. The applied fluence was 1 × 1011 ions/cm2, which provided isolated tracks almost 

without track overlapping effects. 

STEM characterization: The imaging was carried out on various samples in a fifth-order 

aberration-corrected scanning transmission electron microscope (Nion UltraSTEM200) operating 

at 200 keV. High-angle annular dark field (HAADF) imaging was done at an inner semi-angle of 

65 mrad. We noticed a considerable strain contrast in the disordered region. Hence, the images 

will be referred to as annular dark field (ADF) throughout the investigation. The electron probe 

current used in the experiment is 28 ± 2 pA. The plan-view and cross-sectional samples for STEM 

studies are prepared using conventional mechanical polishing and thinning up to ~10 µm in an 

Allied Multiprep polisher. Subsequently, ion milling was carried out in Gatan PIPS-II ion mill to 

make them electron-transparent for STEM studies. Plan-view samples for STEM studies are 

prepared at a depth of ~5 μm from the irradiated surface where electronic energy-loss was almost 

constant at 28 keV/nm according to the Stopping and Range of Ions in Matter (SRIM) simulation. 

These samples were thinned only from the back side, followed by ion-milling with ion guns on 

both the sample sides.25,26  

STEM image data analysis: In this work, the atomic-resolution ADF images are analyzed by 

extracting and separating the intensities of atomic columns of Sr and Ti and background. In the 

ADF images obtained in [001] zone axis, atomic columns contain exclusively Sr or Ti atoms and 



can be distinguished by their intensity, as shown in Figure 1. This identification of cations 

generates the information on atomic-column coordinates and are mapped in terms of the localized 

strain, which is relevant to understanding cation ordering/disordering. The background intensity 

between the cationic atomic columns consists of background noise from the detector, and the 

intensity variations appear due to the strain contrast of O anions. The mapping of this background 

intensity provides qualitative information on the ordering/disordering of oxygen column positions 

that can vary due to octahedral tilting or irradiation-induced distortions. 

 
Figure 1 (a) Atomic resolution ADF image with overlaying SrTiO3 atomic model in [001] surface 
normal direction consisting of Sr (red), Ti (cyan), O (green) circles, (b) atomic columns of cations 
(Sr, Ti) extracted from intensity analysis of (a) yielding information on cation disordering, (c) map 
of extracted background intensity representing anionic (O) disordering.  

The identification of atomic columns in the atomic-resolution ADF images was performed using 

deep convolutional neural networks (DCNNs) where DCNN is trained with either Tensor 

Processing Unit (TPUv2) or with Tesla K80 Graphical Processing Unit (GPU) in Google 

Collaboratory with Tensorflow and Keras deep learning libraries and subsequently applied to 

analyze the acquired imaging data. Positions/coordinates of atoms (Sr and Ti) in ADF images were 

identified using AtomAI: Open-source software (https://github.com/pycroscopy/atomai), a Python 

library based on the Pytorch deep learning frameworks.27,28 In this framework, the positions of Sr 

and Ti atomic columns are identified using the mean prediction model27,28 that helps ascertain the 

atomic displacements, lattice distortions and localized strain at the atomic level. Figure 2 shows a 

https://github.com/pycroscopy/atomai


representative analysis of Sr and Ti identification (Sr: red and Ti: cyan) and the uncertainty in the 

feature recognition. The uncertainty in the atomic column recognition increases with the increase 

in the disordered region towards the amorphous phase. Thus, atoms cannot be recognized in the 

amorphous phase due to the lack of any specific feature (black track core of middle image). In the 

shell region, around the amorphous core, though the uncertainty is higher than the pristine SrTiO3 

lattice regions, it is sufficient to recognize the positions of the atoms accurately as shown in Figure 

2 (middle image).   

 
Figure 2 ADF image of the sample region containing an individual amorphous ion-track in SrTiO3. 
Image analysis yields identification of Sr (red) and Ti (cyan) atoms (middle image) and recognition 
uncertainty in the atomic features.  

Molecular dynamic simulations: The electronic energy-loss (Se) and dpa profiles in SrTiO3 

induced by 629 MeV Xe irradiation were determined through the stopping and range of ions in 

matter (SRIM) code-2016.29 The energy deposition from the hot electrons to the lattice atoms were 

numerically calculated by using the inelastic thermal spike (iTS) model.30,31 Then, the calculated 

energy dissipation profiles were incorporated as input for MD simulations, which were performed 

using the DL_POLY code.32 The DL_POLY code was used for the MD simulations, using the 

McCoy et al. potential, joined with the short-range ZBL potential. Equilibration of the systems 



was performed at 300 K under the constant-pressure and temperature (NPT) ensemble with 1 fs 

timestep. The irradiation simulations were performed under the constant-energy, constant-volume 

(NVE) ensemble using a variable timestep at 300 K. In the iTS calculations, the electron-phonon 

mean free path λ is equal to 4.7 nm, the electronic specific heat Ce is 1.0 J cm-3 K-1 and the 

diffusivity De is equal to 2 cm2 s−1. The details of the iTS model calculations and the MD 

simulations of the ion irradiations can be found the earlier published work.33 To simulate the 

annealing due to the local melting that results in the interaction of SrTiO3 with the electron beam, 

we annealed the systems at 5000 K for about 4 ns. 

Results and Discussion 

The irradiated SrTiO3 sample is analyzed at a near-surface having a penetration depth of 5 µm. 

The penetration depth to analyze the ion-tracks is determined using SRIM calculations for 629 

MeV Xe ion. As shown in Figure 3(a), the electronic energy-loss of the Xe ions remain constant 

at ~28.5 keV/nm until the depth of ~10 µm in SrTiO3 and hereafter decreases to almost zero at a 

depth of ~28 µm. Meanwhile, nuclear energy loss remains negligible throughout this range except 

in the end-of-range regions, which is consistent with previous studies on various oxide 

systems.6,10,25,34,35 These calculations provide a guideline to select the penetration depth for atomic-

scale STEM investigations where the structural transformations are dominated by electronic 

energy-loss on incident ions in the lattice without nuclear interaction influence. It is assumed that 

ion-tracks would occur due to the local thermal spike during electronic energy-loss in low-

conductive SrTiO3. In the present case, ion irradiation effects are analyzed at a depth of 5 µm from 

the irradiation surface and the formation of ion-tracks is presented in Figure 3(b-e). Figure 3(b-c) 

shows plan-view ADF images of the formed ion-tracks in a [001] zone axis of SrTiO3. The average 

size of the ion-tracks is estimated to be 8.5 ± 1 nm after swift Xe ion irradiation. Furthermore, 

Figure 3(d-e) shows the bright field cross-sectional images at different magnifications, illustrating 



the formation of ion-tracks with diameter consistent with the plan-view images. The discontinuity 

in the ion-tracks can be interpreted based on the energy deposition in SrTiO3 lattice close to energy 

threshold for disordering, leading to partial melting of the lattice along the track length. Usually, 

this phenomenon is seen at relatively lower electronic energy-loss in materials but the efficacy of 

defect recombination due to energy dissipation and defect diffusion increases the threshold to 

higher energies in SrTiO3. Similar observation of seeing discontinuous tracks has also been 

reported earlier formed by swift heavy ions in SrTiO3.36,37 It is also evident from the atomic-

resolution images of the formed ion-tracks that an amorphous core (6.5 ± 1 nm) is surrounded by 

a brighter crystalline peripheral region (2 ± 0.5 nm). These regions can be distinguished based on 

the difference in contrast that is more prominent in the disordered area where the intensity in the 

ADF imaging is more sensitive to the strain fields evolving from irradiation-induced atomic 

disorder and defect formation along with the atomic number.1 



 

Figure 3 (a) Electronic energy loss as a function of penetration depth in SrTiO3 after 629 MeV Xe 
ion irradiation. (b) Plan-view ADF image revealing core-shell ion track formation (acquired at the 
depth of ~5 µm). (c) Atomic resolution ADF image of three ion-tracks revealing the formation of 
a core-shell track structure. (d) Cross-sectional annular bright-field (ABF) image of parallel 
oriented ion tracks embedded in SrTiO3. (d) Cross-sectional ABF image illustrating the amorphous 
structure of an individual cylindrical track. 

For a more detailed analysis, we acquired several atomic-resolution ADF images (Figure 4a) of 

ion-tracks and determined the atomic column coordinates of Sr and Ti cations based on their 

intensities. The dotted circles in the figure outline the presence of hallow region corresponding to 

background intensity. In the mapping of cation atomic columns (Figure 4 (b)) in [001] zone axis, 

Sr (red) and Ti (cyan) columns are identified based on their intensities that predominantly 

dependent on Z-contrast.38 Based on the coordinates of Sr and Ti atoms, a cation strain map is 



deduced (Figure 4 (c)) on the region containing an ion track. The strain (=Δd/dSr-Ti) is calculated 

by estimating the atomic displacement (Δd) of Sr or Ti atoms from their ideal position and 

normalized with respect to the ideal d-spacing (dSr-Ti) of Sr-Ti in [001] zone axis. The results show 

that the strain in the unirradiated regions of SrTiO3 lattice is almost negligible and increases in the 

disordered shell region around the amorphous track in the 4-6% range while maximizing at the 

crystalline-amorphous interface. Furthermore, the background intensity of the ADF images is also 

extracted, as shown in Figure 4(d). The background intensity map reveals the results observed in 

the ADF images having brighter disordered crystalline shell region of the ion-tracks due to 

localized strain contrast emerging from O anion disordering.  

 

Figure 4 (a) Atomic-resolution ADF image of a single core-shell ion track. (b) Atomic intensity 
map from (a) to identify the respective Sr (red) and Ti (cyan) positions. (c) Cation strain map 
obtained from coordinates deduced from (b). (d) Corresponding background intensity map. The 
dotted circles depict the original ion track in the frame 0 corresponding to background intensity. 

 
The disordered crystalline structure created during track formation is attributed to TiO6 octahedral 

distortions and/or the formation of highly distorted TiO6-x polyhedral during the extremely rapid 

melting and solidification. A similar phenomenon has also been seen in various pyrochlore-

structured titanates and zirconates (A2B2O7, A=Gd, Yb, Sm, Y, Nd, B= Ti, Zr or both)9,35,39,40 

where the peripheral shell structure transforms to a metastable defect fluorite phase instead of 

pyrochlore from melt phase during the recrystallization process.6,26,41 



 

Figure 5 Examples of in situ electron-beam recrystallization of amorphous ion-tracks after 
scanning and acquiring 10 frames of images. The regions represent ion-tracks formed by (a) a 
single ion, (b) two ions, (c) multiple ions in the vicinity and (d) a single ion stochastically creating 
a smaller amorphous region.  

While investigating the ion-track atomic arrangement in STEM in SrTiO3, it was noticed that the 

amorphous ion-tracks readily recrystallize under electron-beam irradiation. Figure 5 shows various 

examples of in situ observations of e-beam-induced recrystallization of ion-tracks/amorphous 

regions. While the ion-track shown in Figure 5 (a) is the typical morphology seen as a result of 

swift heavy ion irradiation in SrTiO3, other cases, although less often, are also observed in the 

sample. The ADF images (512 pixel × 512 pixel) were acquired with 5 μsec per pixel of electron 

beam irradiation time on the samples, which is a sufficiently fast scan rate to capture this 

phenomenon in the microscope. Figure 5 shows the first and 10th frames from the continuously 

acquired image frames of the ion-tracks. As shown, different regions containing amorphous ion-

tracks created by the impact of (a) single, (b) two, or (c) multiple ions in the vicinity recrystallize 

under e-beam irradiation. In a key observation from Figures 5 a and b, it has been seen that cationic 

reordering occurs remarkably well. However, it still shows significantly high background intensity 

due to strain contrast, signifying the presence of oxygen disordering. Figure 5 (d) shows a single 

ion stochastically creating a smaller amorphous region and it also gets recrystallized under e- beam 



exposure. These above results reveal multiple evidence for the fact that ion-irradiated SrTiO3 

recrystallizes irrespective of different ion track scenarios like single, two, multiple and smaller 

ion-tracks. 

 

Figure 6 (a) ADF images showing amorphous ion-track recrystallization progression in Frame 
(image) 0, 10 and 20 out of a total of 20 frames acquired of the ion-track. The recrystallization 
process was completed within 20 frames. (b) Atomic intensity map from the corresponding ADF 
image to identify the Sr and Ti positions, indicated by red and cyan colors, respectively, (c) Cation 
strain map obtained from coordinates determined in Figures shown in (b), (d) Background intensity 
maps corresponding to ADF images acquired with e- beam irradiation. The dotted circles in all the 
images represent the amorphous and disordered regions of the original ion track as observed in 
frame 0. These circles can be seen as guidelines to observe the changes in recrystallized regions 
(both in cationic strain and background intensity representing anion strain) after e- beam irradiation 
with respect to the Frame 0.  

A detailed study of the e-beam-induced recrystallization of one of the ion-tracks is presented in 

Figure 6 using a frame-by-frame image analysis. The demonstrated ion-track consists of an 

amorphous core and a disordered peripheral region. The dotted circles in the images depict the 



amorphous and disordered regions originally present in the ion track (frame 0) for comparison 

with the subsequent recrystallization occurring during e- beam irradiation. The results are shown of 

the initial amorphous core-shell ion-track (Frame 0) transforming to first partially recrystallized 

(Frame 10) and eventually fully recrystallized ion track (Frame 20), respectively. Here, the 

positions of Sr and Ti atomic columns are determined for each acquired image (Figure 6 (a)) frame 

during electron irradiation based on the intensity of atomic columns (Figure 6 (b)). It has been seen 

that the intensity of Sr and Ti atoms in the recrystallizing regions are almost similar to that in the 

unirradiated matrix. However, while determining the strain between the atoms based on the 

obtained coordinates of atomic columns, the cationic strain has been observed to relax with the 

recrystallization process. As shown in Figure 6 (c), the strain is reduced from a maximum of ~8% 

in the initial stage core-shell structure to ~4% during partial recrystallization and ~2% in the fully 

recrystallized ion-track. This strain relaxation can be attributed to local annealing of the structure, 

which likes to return to the closest possible thermodynamically stable form during electron-beam 

irradiation. It is also important to note that the recrystallization process starts at the interface 

between the ordered and disordered region of the ion-track and propagates radially inwards. The 

pre-existing disorder, which anneals to attain a relatively more relaxed structure, acts as a template 

for amorphous phase recrystallization. Unlike ion-beam-induced epitaxial crystallization42,43 

which requires elevated temperatures and sufficient elastic energy transfers to cause significant 

displacement of atoms, this electron-beam-induced crystallization process occurs at room 

temperature and at energies insufficient to displace atoms. In another key observation based on the 

mapping of background intensity of ADF images as shown in Figure 6 (d), strain contrast remains 

present during the electron-beam irradiation even in a fully recrystallized stage. The background 

intensity is relatively higher in the pre-existing disordered zone and minimally reduced during 



recrystallization. This result can be attributed to significant oxygen vacancies in the pre-existing 

disordered zone that could not be healed during the recrystallization process. On the other hand, 

the initially existing amorphous phase in the ion-tracks consists of, although in short-range ordered 

form, significantly higher amounts of oxygen atoms and interstitials. Since the solidification rate 

during the original ion-track formation by energetic heavy ions occurs in much faster timescales 

of picoseconds-to-nanoseconds, trapping oxygen atoms is more likely. A similar phenomenon has 

been seen in other materials systems, such as in the formed ion-tracks in Gd2Ti2O7 where 

pyrochlore structured, ordered region, disordered defect-fluorite region and amorphous region 

consisted of same composition within measurable limits.9  

Figure 7 illustrates the radially inwards recrystallization of the amorphous phase of the ion-track 

under e-beam irradiation at 200 keV. The circles in the images (from frame 0 to frame 20) represent 

the progressively decreasing size of the amorphous region with irradiation which ultimately 

disappears. This transformation begins epitaxially from a pre-existing crystalline matrix or the 

disordered crystalline region, which acts as a template for the amorphous region.34 The HAADF 

images for this observation are taken with a pixel time of 5 μsec/pixel.  

Figure 7 HAADF images showing the radially inwards recrystallization of amorphous ion-tracks 
in SrTiO3 with subsequent e- beam irradiation. The circles in each image represent the decreasing 
amorphous regions of the ion-track. The scalebar shown in each image is of 2 nm. 

 



 

Figure 8 Variation of the amorphous phase as a function of acquired frames during the process of 
electron beam recrystallization. The positions of Sr and Ti atomic columns are determined for each 
frame (i.e frame 0- frame 20) to estimate the variation of amorphous phase with acquired frames 
revealing faster recrystallisation in early stages which slowed down in the later frames. 
 
Based on the acquired image frames (frame 0- 20) of the ion-track, the positions of Sr and Ti 

atomic columns are determined to accurately estimate the change in amorphous region with respect 

to the original dimensions of the amorphous ion-track (frame 0). This variation of amorphous 

phase indicates that the rate of recrystallization is faster initially and retards in the later stages as 

shown in Figure 8. The strain relaxation at the amorphous/crystalline interface of the ion-tracks 

can explain this observation. During the initial recrystallization, the strain accumulated was 

observed higher, easing the recrystallization process. During the recrystallization progression, a 

change in the present strain affects the rate of recrystallization, and the energy accumulated by 

electron-beam irradiation results in local heating that anneals the structure in the later stages.  

 
The e- beam-induced recrystallization process occurs at room temperature and with considerably 

less energy required to rearrange atoms than ion-beam-induced crystallization.16 Electron beam-

induced crystallization is attributed to the wide range of mechanisms, including enhanced defect 

mobility as a result of elastic (nuclear energy loss) and inelastic (electronic energy loss) energy 

transfer34, ionization process involving the breaking or rearrangement of unstable bonds44, and 

beam heating.45 It is reported that the activation energy required for ion beam-induced 



recrystallization of SrTiO3 is ~0.1-0.3 eV.16,19 Electronic energy loss of 28.5 keV/nm in SrTiO3 by 

swift heavy ions can transfer sufficient inelastic energy to target electrons, resulting in the local 

excitation of atoms that lead to atomic bond and structure rearrangement. This local excitation of 

atoms is effective in lowering the defect migration and recovery process and helping in vacancy-

interstitial recombinations.18 The electron irradiation energy is sufficient for multiple 

rearrangements of dangling-bond pairs that are thermodynamically less stable cation-oxygen 

bonds present in an amorphous matrix.46 During the electron beam-induced recrystallization, it is 

also understood that the defect migration of these ionized atomic species takes place via local 

atomic hopping and atomic rearrangements leading to rotation of atomic polyhedra at the 

amorphous-crystalline interface. Previously, electron-beam-induced recrystallization has been 

reported in amorphous oxide systems, including SrTiO3, LaPO4, ScPO4, and ZrSiO4, in addition to 

other pyrochlore structure titanates.18,19,46,47 One of the considerations in drawing in the feasibility 

of recrystallization of amorphous phases is the difference in the ionic radii of cations present in 

the A-site and B-site of the lattice. In the cases of pyrochlore titanates (A2Ti2O7) with A-site 

consisting of Sm, Gd and Yb, it has been observed that as the A-site atoms are substituted from a 

larger size Sm to a smaller size Yb, the electron-beam recrystallization becomes feasible.10 In 

addition, a similar effect was seen when smaller Ti atoms are replaced with larger Zr atoms to 

reduce the difference between A-site and B-site cationic radii. In the other cases of LaPO4, ScPO4, 

and ZrSiO4, the same phenomenon has been observed where the relative difference of A-site and 

B-site ionic radii played the decisive role, and a three times higher dose of electrons was needed 

in LaPO4 compared to ScPO4, and ZrSiO4. Although SrTiO3 consists of a perovskite crystal 

structure, a similar rationale can be used to explain the recrystallization under an electron beam. 

In comparison to the difference in the ionic radii of the mentioned oxide systems (e.g. Gd/Ti, 



Yb/Ti, Sm/Ti etc.), the difference is lesser in the case between Sr and Ti, which favors faster atomic 

diffusion and lower energy barrier towards recrystallization. 

 
Figure 9 MD-simulated ion track formation after 629 MeV Xe irradiation and its annealed 
structure after annealing at 5000 K. The MD-simulated results are captured for Sr, Ti, and, O 
atoms, respectively. The arrangement of Sr, Ti, and O atoms after Xe irradiation and e- beam 
irradiation annealed structure is captured: (a-c) plan view of MD-simulated structure, and (d-f) 
cross-sectional view of MD-simulated structure. The corresponding annealed structures are 
shown in (a’-f’). 

Atomistic MD simulations were performed on SrTiO3 to understand the recrystallization process, 

as shown in Figure 9. An amorphous ion-track is first created in SrTiO3 lattice by introducing a 

thermal spike profile that is calculated from the iTS model for electronic energy loss corresponding 

to 629 MeV Xe ions.33 This thermal spike leads to local melting, quenching and restructuring over 

tens to hundreds of picoseconds. Figure 9 shows the sublattices of Sr, Ti and O of the simulated 

ion-track in plan-view (a-c) and cross-sectional view (d-f) before and after annealing at 5000 K. 

In the simulated ion-track (irradiated), we do not see a disordered crystalline region as a continuous 



shell but just the sporadic disordered regions around the amorphous core. For better visualization, 

we have shown the parts of the shell regions containing the disordered crystalline regions, which 

overlay with the boxes in the images. One of the possibilities could be the limitation of simulations 

in producing the disordered regions due to stochastic distribution and recombinations of defects 

leaving the monolayer thin or no disordered layer. Another possibility could be the complexity in 

visualizing them due to the stacking of atoms with different disorders in the out-of-plane direction 

of the image, which appears more disordered.36 For clarity, an apparent atomic rearrangement is 

noticed during the annealing process as seen in the enclosed boxes in the figure. It can be seen that 

recrystallization is easier in the Sr and Ti sublattices, as compared to the O sublattice, leaving 

behind oxygen vacancies, partial recrystallization and shell-structure formation. These results are 

consistent with the experimental results showing core-shell structure formation in ion-tracks, 

which demonstrated the presence of oxygen vacancies after electron-beam-induced 

recrystallization.  

Conclusions 

The results of this study clearly demonstrate that the structure and recrystallization of ion tracks in 

SrTiO3 is rather complex at an irradiation energy of 629 MeV resulting in core-shell ion track 

formation. The ion track morphologies have been investigated using atomic-resolution ADF 

imaging and computational script-based image processing, which revealed that tracks produced 

with 629 MeV Xe ions have a core-shell structure consisting of an amorphous core (diameter 6.5 

± 1 nm) surrounded by a disordered crystalline shell (thickness 2 ± 0.5 nm). Cation disordering is 

revealed by determining the bond lengths of Sr-Sr and Ti-Ti atoms with data-driven methodology 

yielding information of cationic and anionic strain within the track area. In the amorphous track 

core, the strain is up to ~8% at the core-shell interface. Tracks exposed to the electron beam of the 



transmission electron microscope undergo pronounced recrystallization. With increased exposure 

time, the amorphous core shrinks radially, and the strain relaxes to about 2%. Interestingly, the 

strain in the shell region does not relax completely even after extended electron beam exposure. 

MD simulations confirm that the Sr and Ti sublattices easily rearrange during annealing whereas 

recrystallization of the O sublattices is more difficult, leaving behind oxygen disorder including 

interstitials and vacancies. Overall, our results offer a critical understanding of the atomic track 

structure in SrTiO3 and the contributions of the specific sublattices during annealing processes. 
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