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Abstract 

 
The synergistic effect of nuclear (Sn) and electronic (Se) energy loss observed in some ABO3 has 
attracted considerable attention due to the real possibility to modify various near-surface 
properties, such as the electronic and optical properties, by patterning ion tracks in the defective 
near-surface regions. In this study, we show that low-energy ion-induced disordering in 
conjunction with ionizing ion irradiation (18 MeV Si, 21 MeV Ni and 91.6 MeV Xe) is a 
promising approach for tailoring ion tracks in the near-surface of defective KTaO3. Experimental 
characterization and computer simulations reveal that the size of these latent ion tracks increases 
with Se and level of pre-existing damage. These results further reveal that the threshold Se value 
(Se

th) for track creation increases with decreasing pre-damage level. The values of Se
th increase 

from 5.02 keV/nm for a pre-existing fractional disorder of 0.53 to 10.81 keV/nm for pristine 
KTaO3. Above these thresholds, amorphous latent tracks are produced due local melting and 
rapid quenching. Below a disorder fraction of 0.08 and Se ≤ 6.68 keV/nm, the synergistic effect 
is not active, and damage accumulation is suppressed due to a competing ionization-induced 
damage annealing process. These results indicate that, depending on Se and the amount of pre-
existing damage, highly ionizing ions can either enhance or suppress damage accumulation in 
KTaO3, thus providing a pathway to tailoring defects states. Comprehending the conflicting roles 
of highly ionizing ions in defective ABO3 oxides is vital for understanding and predictive 
modeling of ion-solid interactions in complex oxides, as well as for achieving control over ion 
track size in the near-surface of defective KTaO3. 
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1. Introduction 

Near-surface modification by ion beams is still an open research topic in material 

science because it allows tailoring material properties by accurately controlling 

microstructural modifications at the atomic level [1–8]. Experimental studies [4,9,10]  have 

revealed that ion irradiation is a promising technique to manipulate various near-surface 

properties of complex oxides, such as ABO3 perovskites. The most studied near-surface 

property changes in perovskite materials include modified electronic [11–16] and optical 

[3,10,17–19] properties. Research has shown that irradiation of KTaO3 with inert noble gases, 

having energies within the keV to MeV range, enables new functionalities of KTaO3. For 

example, low-energy Ar irradiation has been successfully applied in the transformation of 

KTaO3 from an insulator to a conducting material by creating oxygen vacancies [12]. On the 

other hand, impurities and defect scattering, which are intrinsically associated with both ion 

implantation [20–22] and ion irradiation [11,12] processes, can limit the mobility of electrons, 

particularly at low temperatures. Consequently, ion-beam processing can have contrasting 

effects on near-surface properties of materials. Thus, understanding and predicting the 

relationships between ion-irradiation conditions and damage evolution in KTaO3 are critical 

for a diverse range of applications. 

Since KTaO3 and related oxide perovskites have been put forward as candidate 

materials to immobilize radioactive waste, several previous investigations [23–25] have 

mimicked the self-radiation effects of alpha decay, which produces alpha particles and recoil 

nuclei, by using low-energy ions that primarily undergo collisional energy loss with target 

nuclei (Sn). These studies have reported that collisional-damage accumulation leads to 

complete amorphization in KTaO3, if the irradiation is performed below the critical 

amorphization temperature, Tc. Research has shown that Tc in KTaO3 ranges from 640 to 880 

K and decreases with decreasing ion mass [23,24].  
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Researchers have shown that the formation of buried amorphous layers for waveguide 

barriers in KTaO3 via noble gas ion irradiation (e.g., He [26]) requires relatively high fluences 

that can lead to gas bubbles forming [4]. In this respect, heavier ions (e.g., Ar [4]) are more 

effective for generation of buried amorphous layers, because the ion fluences needed for 

amorphization are lower than for lighter ions. However, obtaining equivalent buried layer 

thicknesses, (typically a few micrometers), as in the case of helium ion irradiations, requires 

much higher ion energies [4]. Since electronic energy loss (Se) constitutes the main 

deceleration process for high energy particles, the understanding of electronic excitations and 

ionization processes driven by Se is important for the production of electro-optical devices 

based on nanoscale phase transformations and defects induced in the crystal structure by 

highly-ionizing ions. 

Although irradiation with highly-ionizing ions provides a potential approach to the 

fabrication of waveguides in perovskites (e.g., KTaO3), the response of KTaO3 to such high-

energy ions has not been studied in as much detail as low-energy ion-induced disordering and 

amorphization in KTaO3 [23–25,27]. In fact, only one study [18] has focused on irradiation of 

KTaO3 with swift heavy ions (SHIs), and they reported that irradiation of KTaO3 with SHIs 

(358 MeV Ni, with Se ~13.8 keV/nm) results in discontinuous latent ion track formation in 

pristine KTaO3. An ion track in materials is a cylindrical column of either defective 

crystalline or amorphous material along the ion path, which forms upon rapid quenching of a 

molten or high-temperature state produced by the dissipation of high electronic energy density 

via electron-phonon coupling to the atomic subsystem [4]. It has been demonstrated that the 

dimensions and structure of the ion tracks are dependent on Se and material composition [4]. 

Moreover, there is generally a composition-dependent threshold in Se (Se
th) above which 

tracks are formed. Research has shown that the Se
th value may be less than 1 keV/nm for 

polymers; whereas for metals, it can greater than several tens of keV/nm [28]. It has also been 
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demonstrated that there is generally a substantial dependence of Se
th values for track formation 

on compositional changes within the same crystal structure. For example, the experimentally-

measured Se
th for formation of discontinuous tracks in pristine SrTiO3 is about 10 keV/nm 

[29]; whereas for pristine KTaO3, it is determined to be 13.8 keV/nm [18].  

A previous experimental study on the sensitivity of pre-damaged SrTiO3 to highly-

ionizing ions has indicated that pre-existing defects have a synergistic effect on the dissipation 

of electronic energy that enables the creation of amorphous tracks over the region of pre-

existing damage [30]. They reported that the Se
th value for amorphous track creation in pre-

damaged SrTiO3 is about 6.7 keV/nm. It is evident that the synergistic interaction between the 

highly-ionizing ions and pre-existing defects dramatically reduces the Se
th value (i.e., from 10 

keV/nm to 6.7 keV/nm) for creation of such tracks. This same experimental study has also 

revealed that the diameter of the tracks increases with the amount of pre-existing damage and 

Se of the incident ions. Molecular dynamics (MD) simulations have confirmed this synergistic 

stimulation of amorphous track creation in both pre-damaged SrTiO3 [31] and KTaO3 [32] for 

conditions corresponding to 21 MeV Ni ion irradiation (Se ~ 9.9 and 10.16 keV/nm in SrTiO3 

and KTaO3, respectively). This synergistic effect in KTaO3 was later experimentally validated 

using 21 MeV Ni ions in a study on the irradiation response of pre-damaged KTaO3 [33]. This 

same experimental study also revealed that no measurable damage was produced in pristine 

KTaO3 (see inset of Fig. S1a), which suggests that the Se
th value for track creation in pristine 

KTaO3 is greater than 10.16 keV/nm. Furthermore, this study reported that the effective track 

diameter increases linearly with increasing Se for low disorder levels, while track size tends to 

saturate at high values of Se and high disorder levels [33]. The existence of this dependence 

was further corroborated by MD simulations [34]. More recently, Han et al. [18] have 

indicated thresholds of about 12.0 and 13.8 keV/nm, respectively, for the creation of spherical 

defects and discontinuous tracks in pristine KTaO3 with 358 MeV Ni ions, which are in the 
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high velocity regime (i.e., ion energy above the peak in Se). However, none of the existing 

experimental and theoretical studies have determined Se
th for this synergistic effect nor the 

dependence of Se
th on pre-damage levels in KTaO3.  

Although the synergistic coupling of Se dissipation with pre-existing defects may 

dramatically enhance damage accumulation in some ABO3 oxides, as revealed by the 

measured rapid amorphization driven by track formation, this defect-stimulated track 

formation may also have beneficial applications, such as the change in refractive index 

relative to the pristine bulk crystal [3,35–37] that enables fabrication of waveguides and other 

optical functionalities in the near-surface of defective KTaO3 [17,18,38]. Since the electronic 

conductivity of ion tracks (conducting material) may be enhanced relative to the bulk 

insulating material, these conductive ion tracks may also be employed as durable field 

emission cathodes [39]. Further development of these applications requires an improved 

understanding of the spatial distribution, radial structure and radial stress of the ion tracks [4]. 

A precise determination of how ion track creation depends on Se and initial damage-state may 

offer new possibilities to better control the properties of ion tracks and their interfaces with 

the surrounding matrix [40]. Therefore, the determination of the Se
th value for track formation 

and how it depends on initial pre-damage state can facilitate the selective design of ion tracks 

in the near-surface of KTaO3 by ion beams, which may provide new flexible approaches to 

tailor the properties or functionality of perovskite materials for electro-optical applications. 

 In this study, the synergistic coupling of pre-existing defects with Se dissipation is 

explored in pre-damaged KTaO3 irradiated with 18 MeV Si ions and 91.6 MeV Xe ions at 300 

K, and the results are compared with those previously obtained using 21 MeV Ni ions [33]. In 

this work, all ions are in the low velocity regime (i.e., below the peak in Se) and the ion 

energies yield Se values below and above those reported for ionization-induced track creation 

in pre-damaged KTaO3 irradiated at a flux of 6×1010 ions/cm2
·s with 21 MeV Ni ions [33]. As 
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aforementioned, accurate information on the Se
th value is still missing and thus, a combined 

experimental and computational evaluation is employed to determine the Se
th values for this 

synergistic effect and the dependence of Se
th on the pre-damage level. 

 
2. Experimental Procedures and Modelling 

2.1. Irradiation and characterization 

One set of three epi-polished, 〈100〉-oriented, single crystal KTaO3 wafers were pre-

damaged at 300 K via irradiation with 2.0 MeV Au2+ ions to ion fluences of 6.4×1012, 

1.1×1013, and 1.6×1013 ions/cm2, with an average particle flux of 1.6×1010 ions/cm2
·s, using 

the 3 MV Tandetron Cockcroft-Walton accelerator at IFIN-HH [41]. Irradiations with Au ions 

were carried out along a random-equivalent direction by tilting the sample 7° off the 〈100〉 

orientation. A 2 MeV He beam was employed to perform ex-situ Rutherford backscattering 

spectrometry in a channeling configuration (RBS/C) along the 〈100〉 direction and along a 

random (off-channel) direction on the pristine KTaO3 and on each irradiated area to evaluate 

the corresponding change in level of fractional disorder. The RBS/C measurements were 

performed with the silicon detector positioned at 165° from the direction of the incident beam. 

The disorder depth profile associated with each RBS/C spectrum was determined based on an 

iterative method that was originally applied to SrTiO3 [42] and later used to quantify the 

irradiation-induced disorder in KTaO3 [25]. In this analysis, a fractional disorder level of 0.0 

refers to the unirradiated or pristine state, and a fractional disorder level of 1.0 corresponds to 

a random or completely amorphous structure. The initial maximum disorder fractions, f0, 

created in 2 MeV Au-irradiated KTaO3 to fluences of 6.4×1012, 1.1×1013, and 1.6×1013 

ions/cm2 were 0.08, 0.30 and 0.53 on the Ta sublattice, respectively. In a previous study [25], 

we have shown that for KTaO3 irradiated with low-energy noble gases at 300 K the damage 

accumulation exhibits a slow damage accumulation rate at low fluences (often referred to as 

step 1) and followed by a sharp rise of the accumulated damage (often referred to as step 2) 
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with ion fluence before amorphous state is achieved. In other word, these damage 

accumulation curves exhibit sigmoidal behavior that was well described by a comprehensive 

damage accumulation model. The model curve fits to the experimental data, have 

demonstrated that point defects (and small point defect clusters) and amorphous nuclei are 

produced in step 1 (relative disorder level ≤ 0.08) and 2, respectively. One should note that 

the formation of larger defect clusters is disregarded in this model fits because their formation 

is inhibited due to the nucleation of amorphous seeds at very early stages of damage 

accumulation. Since the sample with f0 = 0.08 corresponds to the end of step 1 just before the 

sharp increase of the accumulated damage, only point defects (and small point defect clusters) 

are expected to form in the sample irradiated to 1.6×1013 ions/cm2. The sample with f0 = 0.3 

and 0.53 corresponds to the beginning and middle of step 2, respectively. Thus, a larger 

amorphous fraction is to be expected in the sample irradiated to 1.6×1013 ions/cm2 than in the 

sample irradiated to 1.1×1013 ions/cm2. Afterwards, these pre-damaged KTaO3 samples were 

subjected to irradiation at 300 K with 18 MeV Si6+ ions to fluences ranging from 1.0×1012 to 

1.0×1013 ions/cm2. The average ion flux was 2.1×109 ions/cm2
·s to prevent macroscopic 

heating and maintain the 300 K irradiation temperature. Pristine KTaO3 was also irradiated 

with 18 MeV Si ions under identical conditions for reference. The evolution of disorder with 

increasing ion fluence in these irradiated samples was evaluated by RBS/C utilizing a 2.0 

MeV He beam, as described above.  

Another set of two 〈100〉-oriented KTaO3 single-crystal wafers were each pre-

damaged via irradiation at 300 K with 2.0 MeV Au2+ ions to an ion fluence of 6.4×1012 

ions/cm2 utilizing the capabilities of 3 MV tandem accelerator facility in the Ion Beam 

Materials Laboratory (IBML) on the campus of the University of Tennessee [43]. The average 

ion flux to pre-damage the samples was 2.7×1011 ions/cm2
·s, which was estimated to increase 

the sample temperature by less than 15 K. To minimize the effects of incident ion channeling 
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during the irradiations, all irradiations were implemented along a random direction by tilting 

the crystal 7° off the surface normal. In-situ RBS/C, which were performed with 2.0 MeV He 

ions and with the silicon detector positioned at 155° from the incident beam direction, 

determined the damage profile and a peak disorder fraction of 0.08 on the Ta sublattice in the 

pre-damaged KTaO3. A higher level of disorder was also produced at 300 K in another two 

KTaO3 wafers by 2.0 MeV Au ion irradiation to a fluence of 1.2×1013 ions/cm2, which 

resulted in a peak disorder fraction of about 0.33 for these pre-damaged samples. The pristine 

and four pre-damaged samples were then irradiated at the GANIL facility (Caen, France) on 

the IRRSUD beamline using 91.6 MeV 129Xe ions to ion fluences of 1.0×1011 and 1.0×1012 

ions/cm2. As in the case of the 18 MeV Si ion irradiations, the ion flux was 2×109 ions/cm2
·s 

to prevent sample heating. Disorder modifications in these SHI irradiated samples at each 

fluence were determined utilizing RBS/C with a 2.0 MeV He beam, as described above.  

The mean projected range of 2 MeV Au ions in KTaO3 has been determined based on 

SRIM simulations [44], which yielded a projected ion range, RP, of ~260 nm and range 

straggling, ΔRP, of ~82 nm. Based on SRIM calculations, the ion fluences of 6.4×1012 to 

1.6×1013 ions/cm2 result in a peak concentration of implanted Au ions of ~0.0006 to ~0.001 

at. %, respectively. Consequently, under these conditions, the damage evolution processes in 

KTaO3 are not expected to be significantly affected by changes in chemistry or local strain 

associated with the implanted Au ions. In the case of the higher energy ions, the ion ranges 

are substantially much larger (i.e., 4.5 and 7.85 µm in the case of 18 MeV Si and 91.6 MeV 

Xe ions, respectively). Therefore, the high energy ions come to rest substantially past the pre-

damaged layer and do not add to measurable change in pre-damage disorder. The 

corresponding depth profile of damage dose, in displacements per atom (dpa), in KTaO3 for 2 

MeV Au irradiation has been ascertained by summing the K, Ta, and O vacancies and atomic 

replacements at each depth, which have been calculated using full-cascade SRIM simulations, 
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as recently recommended [45]. In all SRIM calculations, the theoretical density for KTaO3 

(7.015 g/cm3) was used, and a 25 eV displacement energy was assumed for all elements 

[23,24]. Additionally, the depth dependence of the projected energy losses, Sn and Se, as well 

as the ratio Se/Sn, were predicted using the SRIM code, and the values at the depth of the pre-

damage peak are summarized in Table 1.  

Both a pristine sample and a pre-damaged sample of KTaO3 irradiated with 91.6 MeV 

Xe ions were also analyzed by transmission electron microscopy (TEM). A focused ion beam 

approach, followed by ion milling with low-energy Ar, was used for preparing the cross-

sectional samples for TEM.  The TEM results are provided in the Supplementary material.  

2.2. Computer simulations of track evolution 

Molecular dynamics simulations have been integrated with a model for the  inelastic 

thermal spike [46] in order to evaluate the dissipation of Se and evolution of ion tracks from 

irradiation with 18 MeV Si, 21 MeV Ni and 91.6 MeV Xe ions in pre-damaged KTaO3. The 

model for the evolution of the inelastic thermal spike has its foundation in the two-

temperature description of heat dissipation in the electronic and atomic subsystems, which 

describes the transfer of Se to the atomic subsystem via electron-phonon coupling. As reported 

previously for KTaO3 [32,34], the electronic energy dissipation profile transferred to the 

atomic structure for a given ion and energy is established by the inelastic thermal spike 

model. This calculated energy dissipation profile for each ion is incorporated as input to the 

Table 1: SRIM predicted electronic energy loss (Se), nuclear energy loss (Sn), and ratio 
Se/Sn at a depth of 170 nm in KTaO3 for each high energy ion used. The specific energy 
(E) is also included. 
 
 Ion/energy Se (keV/nm) Sn (keV/nm)  Se/Sn E (MeV/u) 

18 MeV 28Si 6.16 0.018 342 0.64 

21 MeV 58Ni 10.16 0.121 84.0 0.36 

91.6 MeV 129Xe 23.18 0.220 105 0.71 
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MD simulations to determine the response to each thermal spike event. For the thermal spike 

calculations in pre-damaged KTaO3, we used lattice and electronic thermal conductivity 

reduced by a factor of ten compared to the values for pristine KTaO3, as discussed previously 

[20]. The mean free electron path used for KTaO3 with 11% pre-existing Frenkel pairs (FPs) 

is 2.2 nm and for KTaO3 with 30% pre-existing FPs is 1.9 nm [20].  

The DL_POLY code [47] was used for the MD simulations, with empirical potentials 

[48] smoothly merged to the ZBL scattering (repulsive) potentials [44] for close interatomic 

distances. The systems have a size of 26.5 nm × 26.5 nm × 60 nm and periodic boundaries. 

The initial disorder levels of 11 and 30% FPs were generated by randomly introducing FPs 

into the simulation cell, which is intended to qualitatively reproduce the presence of an initial 

fractional disorder peak, f0, of ~0.11 and 0.30, respectively (see RBS/C results). The 

simulation cells with FPs were equilibrated under a constant temperature and pressure 

ensemble before injecting the thermal spike in the z direction of the simulation cell. The 

thermal-spike simulations were performed in the microcanonical ensemble. Energy scaling at 

the boundaries of the simulation cell along the x and y dimensions was applied using a 

Langevin thermostat with a width of 10 Å. A simple geometric criterion based on small 

sphere, with a cut-off radius of 0.75 Å, was used to distinguish defects [49] in the simulation 

cell.  

3. Results  

3.1 RBS/C results 

The distributions of relative disorder with depth for the Au-irradiated KTaO3, with and 

without subsequent irradiation with 18 MeV Si6+ ions, are shown in Figs. 1(a-c). These 

damage depth distributions were derived, using an iterative procedure [42], from the RBS/C 

spectra provided in Figs. S1(a-c) (supplementary material). Only best-fit curves to the actual 

data are provided for visual lucidity. In Fig. 1(b), the depth profile of local damage dose (dpa) 
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derived from full-cascade SRIM simulations for KTaO3 irradiated with 2 MeV Au ions to 

1.1×1013 ions/cm2 is included for reference, and the peak in damage dose occurs at depth of 

about 170 nm. For the low initial disorder level of ~0.08 (Fig. 1a), subsequent 18 MeV Si ion 

irradiation to a relatively low fluence of 1.0×1012 ions/cm2 causes a small decrease in the 

amount of disorder. Upon further irradiation to higher fluences, 1.0×1012 ions/cm2 to 1.5×1012 

ions/cm2, the measured disorder slightly increases, but is still lower than the initial damage 

level of 0.08. Surprisingly, the measured disorder again starts to decrease slightly with 

increasing Si fluence from 1.5×1012 to 8.0×1012 ions/cm2. On the other hand, for the higher 

initial levels of pre-existing disorder, f0, in KTaO3 (i.e., about 0.30 (Fig. 1b) and 0.53 (Fig. 

1c)), subsequent irradiations with 18 MeV Si6+ ions dramatically enhance damage 

accumulation, as evidenced by the increase of fractional disorder over the entire damage 

profile with increasing Si fluence. This accelerated damage accumulation clearly indicates a 

synergistic coupling between energy dissipation by highly ionizing ions and pre-existing 

defects, which triggers ion track formation within the pre-damaged region [30,33]. One can 

note that the Ta disorder peak in the pre-damaged samples shifts slightly to deeper depths 

with increasing Au ion fluence or level of disorder. This is generally due to some relaxation of 

the irradiation-induced normal tensile strain and formation of defect clusters at the damage 

peak [50–53] in conjunction with the potential chemical effects of the implanted ion species 

[54]. Since the SRIM calculations indicate that the peak Au concentration does not exceed 

0.001 at.%, the chemical effects of the implanted ions may be ruled out [55]. It is, however, 

important to also note that the peaks in increased disorder due to the 18 MeV Si ions are 

nearly at all the same depths (as predicted by the SRIM damage peak), independent of the Au 

ion fluence. This clearly suggests that the actual irradiation-induced pre-damage profiles are 

responsible for the synergistic effects. The oscillating changes in the relative disorder level 

with Si fluence at low initial disorder level, as shown in Fig. 1(a), indicates that for the sample 
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with the lowest initial damage level (~0.08), the synergistic effect is not active, and may in 

fact be competing with a damage annealing process, as observed in SrTiO3 [56]. In other 

words, a threshold disorder level above 0.08, but below 0.30, is required to stimulate track 

formation in pre-damaged KTaO3 with 18 MeV Si ions.   

While there is no evidence for damage production in pristine KTaO3 irradiated with 18 

MeV Si ions (see inset of Fig. S1a), there is obvious evidence for disorder production in the 

pristine KTaO3 following irradiation with 91.6 MeV Xe ions (see Fig. S2(a) in the 

supplementary material). Similar disorder production was also previously observed in pristine 

SrTiO3 irradiated with SHIs (629 MeV Xe and 946 MeV Au) [40]; whereas in pristine SrTiO3 

irradiated with lower energy and lighter mass ions (i.e., lower Se), no measurable damage was 

produced [30]. Following the approach of Xue et al. [40] for analysis of the RBS/C spectra 

from pristine and pre-damaged SrTiO3 irradiated with SHIs, the net growth in RBS yield, 

χ(n)net, for channel number, n, has been determined for the pre-damaged KTaO3 following 

subsequent irradiation with 91.6 MeV Xe ions utilizing the expression: 

 

χ(n)net = χ(n)df - χ(n)ps + χ(n)vg           (1) 

 

where χ(n)df, χ(n)ps and χ(n)vg are the RBS/C yields measured from a defective (i.e., pre-

damaged) region following subsequent irradiation with 91.6 MeV Xe ions, from a pristine 

region that was irradiated with only 91.6 MeV Xe ions, and from the reference virgin region, 

respectively. Since disorder production (i.e., ion tracks) is observed in the pristine KTaO3 

following irradiation with 91.6 MeV Xe ions, the amount of this disorder should be subtracted 

from the disorder in pre-damaged KTaO3 following irradiation with SHIs using Eq. (1) in 

order to accurately evaluate the actual dechanneling fraction. This approach allows better 

quantitative correlation of ion track dimensions with the amount of pre-damage and was 
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applied to determine χ(n)net from the RBS/C spectra provided in Figs. S2b and S2c 

(supplementary material). Figures 2(a,b) show the fractional Ta disorder with depth extracted 

from χ(n)net by the same iterative procedure as above. In this procedure, the dechanneling 

contribution of disorder in the irradiated crystals is determined and subtracted from χ(n)net to 

ascertain the fractional Ta disorder, fa, with depth for pre-damaged KTaO3 with and without 

subsequent irradiation with 91.6 MeV Xe ions. By default, this procedure does subtract the 

background contribution of tracks for a given fluence to the disorder, consistent with Eq. (1) 

over the whole depth of analysis, and this contribution is accounted for in subsequent analysis 

below. In the sample with an initial fractional disorder peak, f0, of ~0.08 (Fig. 2a), the results 

reveal no significant change, beyond experimental uncertainty, in the disorder profiles of the 

pre-damaged KTaO3 samples prior to and after 91.6 MeV Xe ion irradiation to 1.0×1011 

ions/cm2, which also does not produce significant disorder in the pristine KTaO3 (Fig. S2a) 

With increase in ion fluence to 1.0×1012  ions/cm2, the relative disorder increases significantly 

in the pristine sample (Fig. S2a) and in the pre-damage sample (i.e., from ~0.08 to 0.4), both 

of which agree with the high track densities recorded in the TEM micrographs provided in 

Fig. S3. In the case of KTaO3 with f0 = 0.33, subsequent irradiation with 91.6 MeV Xe ions to 

1.0×1011 ions/cm2 increases the relative disorder from 0.33 to 0.36. Unfortunately, the sample 

with the highest pre-damage level (f0 = 0.33) and subsequently irradiated with 91.6 MeV Xe 

ions to 1.0×1012 ions/cm2 exhibited some microcracking on the surface, and thus it was 

impossible to perform meaningful RBS/C analysis on this sample. Similar cracks have been 

reported in BaTiO3 irradiated with 635 MeV 238U+ ions to 1.4×1012 ions/cm2 and were 

ascribed to volumetric swelling associated with amorphous tracks or lattice stresses from an 

irradiation-induced phase transition [57]. Cracking due volume swelling associated with 

amorphous tracks may explain the observed cracking in the present study, since the density of 

amorphous tracks and volume swelling should increase with Xe fluence and full 
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amorphization is expected.  

3.2 Thermal spike model results 

Figure 3 (a) shows the calculated radial profiles of lattice temperature in KTaO3 with 

11% and 30% FPs for thermal spikes corresponding to 18 MeV Si ions, 21 MeV Ni ions and 

91.6 MeV Xe ions. In Fig 3 (a), the melting temperature, Tm, of KTaO3 is indicated by a 

horizontal line. The maximum lattice temperature during the inelastic thermal spike increases 

with ion energy (i.e., Se), as illustrated in Fig. 3(a). The lattice temperature depends on both 

the pre-damage level and the magnitude of the electronic energy loss (Se). The pre-damage 

level affects the electron-phonon coupling strength and the heat conductivity, and Se 

determines the amount of energy available to transfer to the lattice. The defects increase 

electron-phonon coupling and, consequently, the profile of energy transferred to the atomic 

structure [20]. For example, given the same disorder level of 30% FPs, but different energy 

loss due to 18 MeV Si (green curve) and 91.6 MeV Xe (red curve), the lattice temperature is 

higher for the higher energy loss, and the heat dissipates within a cylinder along the ion path 

with larger radius (10 nm vs 15 nm for the 18 MeV Si and 91.6 MeV Xe ions, respectively). 

As shown in Fig. 3b, the ion track diameter is affected accordingly, and depends on both the 

pre-damage level and the electronic energy loss. The synergistic effect between the pre-

damage and the electronic energy loss depends on the combination of the level of the pre-

existing damage and the electronic energy loss. 

Figures 3(b-e) show cross-sectional areas (15 nm × 15 nm in size) of the simulation 

cell at the end of each thermal spike simulation (80 - 180 ps). The track shown in Fig.3(b) is 

formed in KTaO3 containing 30 % FPs due to a thermal spike corresponding to an 18 MeV Si 

ion. This is the smallest track obtained, with a diameter of 2.6 ± 0.1 nm, and corresponds to 

the lowest temperature profile shown in Fig. 3(a). Figures 3(c, d) show the tracks due to 

thermal spikes, equivalent to 21 MeV Ni ions, in KTaO3 with 11% and 30 % FPs, 
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respectively; the corresponding track diameters are 3.3 ± 0.2 nm and 5.7 ± 0.2 nm [20]. In 

Figs. 3(e,f), the amorphous ion tracks due to 91.6 MeV Xe in KTaO3 with 11% and 30 % FPs 

are shown, with track diameters of 7 ± 0.1 nm and 9.7 ± 0.2 nm, respectively. 

4. Discussion 

Based on the disorder profiles in Figs. 1 and 2, the dependence of relative Ta disorder, fa, on 

fluence in pre-damaged KTaO3 samples irradiated with 18 MeV Si ions or 91.9 MeV Xe ions 

has been ascertained at several depths (i.e., 50, 75, 100, and 170 nm). The results are shown in 

Figs. 4 and 5, as a function of ion fluence (ions/nm2 = 1014 ions/cm2), for 18 MeV Si and 91.6 

MeV Xe irradiation, respectively. At each depth, the value of fa has a minimum value, f0, that 

corresponds to the initial pre-damaged level and increases with depth until a maximum value 

of f0 is achieved at the damage peak (i.e., 170 nm). Thus, each fit of the direct-impact model 

(see dash lines in Figs. 4 and 5) has its own f0 value. As shown in Figs. 4 and 5, the 

synergistic coupling between electronic energy dissipation from highly ionizing ions with pre-

existing damage dramatically enhances damage accumulation in KTaO3. Previous studies of 

pre-damaged ABO3 perovskites (e.g. KTaO3 [33,34], SrTiO3 [30], LiTaO3 [58], and LiNbO3 

[59,60]) that were subsequently subjected to highly-ionizing ion irradiation have 

unambiguously established that the growth of any pre-existing defect clusters or amorphous 

domains due to elastic collisional processes is negligible because of the very low Sn of the 

ions while traversing the pre-damaged region. Thus, the effects of any collisional-induced 

defects due to Sn are negligible in this region. In other words, point defect production and 

aggregation do not contribute to the enhanced damage accumulation observed in KTaO3 (see 

Figs. 4 and 5). Consequently, the Se-induced formation of continuous or discontinuous 

amorphous ion tracks is the primary process responsible for the enhanced disordering rate in 

KTaO3 with pre-existing damage. It is well established [28,61] that indirect methods (i.e., 

RBS/C) are more powerful in quantifying the size of discontinuous ion track than direct 
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observation methods (i.e., TEM), as well as quantifying the size of continuous ion tracks in 

the presence of high pre-existing damage levels. It should also be mentioned that indirect 

methods are particularly useful for determining Se
th values, which are difficult to assess by 

TEM [61] because track radii are often lower than 2 nm for low Se values and are obscured by 

the presence of high pre-damage levels, such as in the present study. Therefore, a direct-

impact model [62,63] is utilized to describe the increase in relative disorder at constant depth 

with increasing ion fluence for both 18 MeV Si and 91.6 MeV Xe ions. In this direct-impact 

description, the amorphous fraction, fa, at a specific depth from the defect-stimulated 

component of track formation is given by: 

 

fa = 1 - (1 - f0) × exp(- (σa - σp) × Φ)        (2) 

 

where σa is the cross-sectional area of the tracks in the pre-damaged region, σp is the cross-

sectional area of the tracks in pristine KTaO3, which is subtracted in the analysis of RBS/C 

spectra, Φ is the ion fluence, and f0 is the initial fractional disorder level in pre-damage 

KTaO3. Here, σp is determined by implementing a direct-impact model to describe the ratio, r, 

which is the fractional disorder induced in pristine material by ion tracks [40] (discussed in 

supplementary material) and is therefore given by: 

r = 1 - exp(- σp × Φ)          (3) 

If the creation of amorphous latent ion tracks in pristine KTaO3 is disregarded (σp = 0), the 

amorphous fraction from track formation given by Eq. (2) is simplified [see Eq. (4)]. 

 

fa = 1 - (1 - f0) × exp(- σa × Φ)        (4) 
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Eq. (4) has been previously used to evaluate the dependence of σa on pre-damage level in 

KTaO3 following 21 MeV Ni ion irradiation [33]; however, that study revealed that no 

measurable damage was produced in pristine KTaO3, as in the present work for 18 MeV Si 

ions (see Figs. S1a-c). This is not surprising because the Se values for both Si (6.16 keV/nm) 

and Ni (10.16 keV/nm) ions are significantly lower than the recently measured Se
th value for 

discontinuous track formation in pristine KTaO3 (~13.8 keV/nm) [18]. Thus, in the present 

study, Eq. (4) is fit to the measured change in disorder with increasing ion fluence for 18 MeV 

Si ions, as shown in Figs. 4(a,b) by the dashed curves, and the dependence of the derived 

model parameter, σa, on initial disorder level is given in Fig. 4(c). Below an initial disorder 

levels of 0.35, σa exhibits a linear dependence on initial disorder level for 18 MeV Si ions that 

shows an initial disorder level threshold of 0.1 for track creation under these conditions. 

which is consistent with the observation of no evidence for synergistic track creation in pre-

damaged KTaO3 with an initial peak disorder level of 0.08 and subsequently irradiated with 

18 MeV Si ions. The disorder profiles shown in Fig. 1(a) support linear correlation between σa 

and initial disorder. The initial disorder level threshold of 0.1 for creation of tracks in KTaO3 

with 18 MeV Si ions is larger than that previously reported for KTaO3 irradiated with 21 Ni 

ions (0.03) [33]. This finding unambiguously establishes that the threshold disorder level for 

track formation in KTaO3 increases with decreasing values of Se for incident ions. A similar 

linear correlation between σa and initial disorder has been previously observed in SrTiO3 [30]. 

In previous MD simulations [32,34], it has been shown that this linear increase in σa with 

initial disorder is consistent with increases in electron-phonon coupling and decreases in 

thermal conductivity due increased electron and phonon scattering from the defects. 

Consequently, the radial thermal spike profile is notably affected, which directly influences 

the depth dependence of amorphous track size. The current MD simulations validate the track 
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sizes, determined by an indirect method (i.e., RBS/C), in pre-damaged KTaO3 irradiated with 

18 MeV Si ions.  

Wesch et al. [64,65] and Kamarou et al. [66–69] have previously reported on SHI 

irradiation effects in pristine semiconductors  and showed that the ratio, r, at depths beyond a 

narrow surface layer (tens of nanometer) is nearly constant. This indicates that the track size 

is relatively uniform for a nearly constant Se over a large depth region. These studies 

suggested that the thin surface layer remains almost undamaged because the charge state of 

the incident ion is significantly less than the mean equilibrium charge state in the sample, and 

r was determined only at one depth behind the undamaged narrow surface layer [67,68]. Thus, 

in this study, the values of r in pristine KTaO3 were determined from the RBSC spectra (Fig. 

S2) at a depth of 70 nm using the Kamarou et al. method [68,69], and the dependence of r on 

91.6 MeV Xe ion fluence is given in Fig. 5(a). The particulars of this analysis are provided in 

the supplementary material. Furthermore, Eq. (3) has been fit to the increase in r with fluence 

in Fig. 5(a), and the value of σp for 91.6 MeV Xe ions in pristine KTaO3 was determined. This 

cross section, σp, for track formation in pristine materials is used in Eq. (2) to fit the change in 

disorder in pre-damaged KTaO3 with increasing Xe ion fluence, as illustrated in Figs. 5(b,c), 

where the dashed curves represent the best fits of Eqs. (2) and (3) to the data, which yield σa. 

Considering a nearly circular amorphous cross-section, an equivalent ion track diameter, d, is 

given by: 

 

 d2 = 4σa/π           (5) 

 

The properties and conditions for track formation in pre-damaged KTaO3 at 300 K are 

now discussed in more detail. The effective track diameters as functions of initial disorder for 

18 MeV Si and 91.6 MeV Xe ions in KTaO3 are illustrated in Fig. 6(a); along with data for 21 
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MeV Ni ions [33].  The curves in Fig. 6 are just polynomial or spline fits to the data. In 

KTaO3 with an initial disorder level of f0 = 0.33, the tracks formed by irradiation with 18 

MeV Si ions, have an average diameter of 2.7 ± 0.3 nm. This experimentally determined track 

diameter is consistent with that obtained from MD simulations (2.6 ± 0.1 nm for 30 % FPs). 

With an increase in level of pre-existing disorder to f0 = 0.53 in KTaO3, the average diameter 

of the tracks due  to 18 MeV Si ions increases to 5.9 ± 0.6 nm.  Similar to the 18 MeV Si 

irradiation, an increase of ion track diameter with increasing pre-existing disorder level has 

been reported for 21 MeV Ni ions [33], and the experimentally determined track diameters for 

91.6 MeV Xe ions are 3.3 ± 0.2 nm, 8.0 ± 0.4 nm, and 14.3 ± 0.7 nm, for initial disorder 

levels, f0, of 0.0, 0.08 and 0.33, respectively. While there is some difference in the ion fluxes 

for these ions, the ion fluxes (< 6×1010 ions/cm2
·s) are not expected to increase the 

temperature or affect track size. The MD simulations reveal that for increasing pre-existing 

damage level, the lattice temperature within the thermal spike increases because the defects 

increase the electron-phonon coupling leading to more radially confined energy dissipation to 

the lattice, as shown in Fig.3(a). In general, higher temperatures form larger track sizes [4]. 

The results further show that, for low levels of initial disorder, track size exhibits a linear 

relationship with the pre-existing disorder level in KTaO3. As the initial disorder level 

increases in KTaO3, the track diameters tend to saturate, which agrees with previous results 

obtained at 300 K for 21 MeV Ni ions [33] and previous MD simulations [32]. For the same 

initial disorder level, the results in Fig. 6(a) reveal that smaller average track sizes are created 

for 18 MeV Si ions than for either 21 MeV Ni and 91.6 MeV Xe ions. In other words, the 

average track size increases as Se increases, which is consistent with the increasing thermal-

spike temperature with increasing Se, as observed in the MD simulations. 

To better highlight this effect, track cross sections for pristine and defective KTaO3, 

irradiated with Si, Ni and Xe ions, are depicted versus Se in Fig. 6(b), along with results for 
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358 MeV Ni ion irradiation of pristine KTaO3 [18]. Note that the value of f0 is labeled for 

each irradiation condition in Fig. 6(b). As shown in Fig. 6(b), for pristine KTaO3 (f0 = 0.0) and 

for a low initial peak disorder level (f0 = 0.08), the measured track cross sections increase 

linearly with Se. With an increase in level of pre-existing disorder to f0 = 0.33 in KTaO3, the 

track cross section increases linearly for Se values below 10 keV/nm, but tends to saturate for 

higher Se values. As evidenced in Fig. 6(b), no tracks are detected in pristine KTaO3 irradiated 

with ions having Se less than 10 keV/nm (i.e. 21 MeV Ni ions); whereas swift heavy ions 

(e.g., 91.6 MeV Xe ions) produce ion tracks in pristine KTaO3. It has been reported that Se 

values above 12.0 keV/nm may be required to form ion tracks in pristine KTaO3 [18]. The 

threshold value, Se
th, for track creation at different pre-damage levels can be extracted from 

the results in Fig 6(b), and the values of Se
th are provided in Fig. 6(c) as a function of initial 

level of disorder. It is obvious that the value of Se
th shifts to higher values with decreasing 

initial disorder level. For example, while a minimum value of Se
th is achieved for a high initial 

disorder level (i.e., ~5.02 keV/nm for f0 = 0.53), a maximum value is achieved for pristine 

KTaO3 (i.e., ~10.81 keV/nm for f0 = 0.0). It is also striking to note that the value of Se
th 

decreases slowly from 6.68 keV/nm to 5.02 keV/nm as f0 increases from 0.08 to 0.53, 

respectively; while on the other hand, Se
th increases rapidly for f0 values below 0.08, up to a 

value of 10.81 keV/nm for pristine KTaO3. These results indicate that this synergistic track 

formation has a strong dependence on both the initial level of pre-damage in KTaO3 and the 

values of Se for the incident ions. Experimental [70,71] and theoretical [72] studies have 

determined that for the same values of Se, measured track radii are larger in the low velocity 

regime than in the high velocity regime [73]. Although similar dependencies are predicted for 

KTaO3 [18], additional studies are required for a comprehensive understanding of the 

relationship between Se
th and ion velocity. 
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 As aforementioned, the current MD simulations validate the observed trends for 

experimentally determined track sizes in pre-damaged KTaO3 irradiated with highly ionizing 

ions. An example is provided in Fig. 7, which compares the track sizes determined via RBS/C 

and MD in pre-damaged KTaO3 with an initial disorder level of f0 = 0.33 and 30 % 

preexisting FPs, respectively. The MD results confirm that the track size increases linearly for 

Se values below 10 keV/nm, but tends to saturate for higher Se values. However, this 

comparison indicates that the experimentally determined track sizes are larger compared to 

the ones determined by MD. As discussed previously [34], the main sources of this 

discrepancy are the estimated values of the e-ph coupling parameter and an inaccurate 

correlation between disorder (measured by ion channeling) and the MD FP concentration. 

Additionally, the ion channeling measurements determine an average size of a large number 

of tracks, while the MD values are an average of measurements along one track. 

Finally, this study reveals that a threshold disorder level above 0.08 (i.e., 0.1) is 

required to stimulate track formation in pre-damaged KTaO3 with 18 MeV Si ions (see Fig. 

4c). Below this value, an equilibrium between damage recovery and damage production 

processes is observed (see Fig .1a). In other word, the synergistic effect is not active. These 

findings indicate the existence of two processes for a low initial damage level (f0 ~ 0.10): (1) 

Se > 6.16 keV/nm, where the synergistic effect is active, and (2) Se < 6.16 keV/nm, where 

athermal annealing from the thermal spike associated with Se competes with damage 

production. Highly ionizing ions with Se < 6.16 keV/nm may promote defect recovery in 

KTaO3 by enhancing the mobility of point defects via thermal spikes that do not achieve 

melting or ionization-induced diffusion [74], as observed in SrTiO3 [56]. A more quantitative 

understanding of these processes requires additional investigation of this competitive 

(recovery) effect on defect production and evolution in defective KTaO3. 

5. Conclusions 
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Improved understanding and advanced models of electronic energy loss (Se) effects on 

ion track creation in defective solids may provide new pathways to control ion track creation and 

properties and thus more flexibility to tailor properties and functionalities of complex oxides for 

a range of applications. In this regard, the synergy of pre-existing damage states with the 

dissipation of Se from highly ionizing ions has been studied for single crystal KTaO3. The results 

demonstrate that this synergistic interaction enhances formation of amorphous ion tracks, and the 

dimensions of these amorphous tracks exhibit a strong dependence on Se and the level of pre-

existing disorder. The results further reveal the threshold values, Se
th, for this synergistic effect 

and their dependence on pre-damage level, which was the research goal. The values of Se
th 

increase from 5.02 keV/nm for a pre-existing fractional disorder of 0.53 to 6.68 keV/nm for a 

pre-existing fractional disorder level of 0.08 and to 10.81 keV/nm for pristine KTaO3. Above 

these thresholds, amorphous latent tracks are produced due to local melting and rapid quenching 

processes. Below a disorder fraction of 0.08 and Se ≤ 6.68 keV/nm, this synergistic effect is not 

active and may in fact be in equilibrium with a damage annealing process. While there is no 

evidence for ion track creation in pristine KTaO3 for ions with Se < 10 keV/nm, swift heavy ions 

with Se > 11 keV/nm (e.g., 91.6 MeV Xe ions) create ion tracks in pristine KTaO3. Moreover, for 

a given level of pre-existing damage, the average track size increases with Se. These findings 

indicate that it is possible to tune track size and location in a material by selective control of 

initial pre-damaged level and the electronic energy loss deposited by highly ionizing ions. 
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Fig.1. Relative Ta disorder as a function of depth for pre-damaged KTaO3 irradiated 
with 18 MeV Si ions at 300 K to different ion fluences: (a) maximum initial disorder 
fraction f0 = 0.08; (b) f0 = 0.30 and (c) f0 = 0.53. In (b), the SRIM-derived damage dose 
(dpa) profile (right axis) for a fluence of 1.1×1013 Au ions/cm2, is included for 
comparison. The experiment uncertainty for the curves is estimated to be ~15%, which 
is mainly attributed to the statistics of the backscattering spectra [75] and to the 
standard deviation in fitting the experimental disorder profiles. 
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Fig. 2. Relative Ta disorder as a function of depth for pre-damaged KTaO3 irradiated with 
91.6 MeV Xe ions at 300 K to different fluences: (a) maximum initial disorder fraction f0 = 
0.08 and (b) f0 = 0.33. The experiment uncertainty is estimated to be ~ 15%, which is mainly 
attributed to the statistics of the backscattering spectra [51] and to the standard deviation in 
fitting the experimental disorder profiles. 
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Fig. 3. (a) Radial profiles of lattice temperature in KTaO3 with 11 % and 30 % pre-existing 
Frenkel pairs for ions and energies in this study. (b-f) Cross sections of the irradiated systems 
at the end of each simulation, at times 180 ps, 80 ps, 98 ps, 100 ps, and 112 ps, respectively. 
All cross-sectional areas shown have size 15 × 15 nm. K atoms are shown in red, Ta atoms in 
grey and O atoms in purple. 
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Fig. 4. Relative Ta disorder in pre-damaged KTaO3 as a function of Si ion fluence (ions/nm2 
= 1014 ions/cm2) at different depths, along with curve fits of direct-impact model (Eq. 4): (a) 
maximum initial disorder fraction f0 = 0.30 and (b) f0 = 0.53.  (c) Dependence of amorphous 
cross-section on initial level of disorder in KTaO3.  
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Fig. 5. Relative Ta disorder in KTaO3 as a function of Xe ion fluence (ions/nm2 = 1014 
ions/cm2) at different depths: (a) pristine or f0 = 0.00, (b) f0 = 0.08 and (c) f0 = 0.33. Eq. 
(3) has been fit to data in (a), while Eq. (2) has fit to data in (b) and (c). 
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Fig. 6. Track formation in pre-damaged KTaO3 at 300 K: (a) dependence of 
track diameter on initial disorder; (b) track cross section as a function of 
electronic energy loss; and (c) dependence of Se

th for track formation on initial 
disorder. The error bars in determining track diameter is estimated to be ~ 
10%, which is mainly attributed to the standard deviation in track cross section 
from fit of direct impact model [31].  
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Fig. 7. Comparison of the determined track sizes via RBS/C and MD in pre-
damaged KTaO3 with an initial disorder level of f0 = 0.33 and 30 % preexisting 
FPs, respectively (the error bars are ~10% [31]). The curves in Fig. 7 are just 
polynomial fits to the data. 
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RBS/C spectra 

The RBS/C spectra for 18 MeV Si irradiated single crystal KTaO3, with an initial 

damage created by 2 MeV Au ions, are shown in Fig. S1, along with the random 

equivalent and channeling spectra from the pristine sample. As shown in Fig. S1a, 18 

MeV Si ions do not produce significant damage in KTaO3 when a very low initial pre-

damage state (relative disorder peak of 0.08) is present. The inset of Fig. S1a presents the 

RBS/C spectra recorded before and after irradiation with 18 MeV Si ions to a fluence of 

8.0×1012 ions/cm2. These spectra do not exhibit any perceptible difference in yield, 

beyond the uncertainty of the experimental measurements, indicating that 18 MeV Si 

irradiation did not induce any significant damage in the near surface region (≤1 µm) 

accessible to RBS/C. Similar results have been previously reported for 21 MeV Ni ions 

[1]. In contrast, the RBS/C spectra in Fig. S1b clearly exhibit enhanced damage 

accumulation under 18 MeV Si irradiation when a higher pre-existing damage state 

(relative disorder peak of 0.3) is present, as evidenced by rapid increase in the Sr and Ti 

yields with increasing Si ion fluence. The damage accumulation is accelerated with 

increasing level of pre-existing disorder in KTaO3, as shown in Fig. S1c (relative disorder 

peak of 0.53). 

The high-channel region of the ion channeling spectra (i.e., the Ta sublattice) 

from the 91.6 MeV Xe irradiated pristine KTaO3 single crystals is shown in Fig. S2a, 
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together with the random and channeling spectra from a pristine crystal. The spectra 

recorded in the <100>-axial direction on the Xe-irradiated crystals exhibit, as compared 

to those for pristine samples, an increase in the backscattering yield with increasing ion 

fluence due to the accumulation of ionization-induced damage. The ion channeling 

spectra recorded from Au-irradiated KTaO3 with and without subsequent irradiation with 

91.6 MeV Xe ions, are shown in Fig. 2b and c. As shown in Fig. S2b and c, the presence 

of pre-existing damage states accelerates the increase in the backscattering yield, which 

suggests that substantially more damage is produced in the defective lattice than in the 

pristine region. This rapid increase in backscattering yields at low Xe ion fluences 

indicate direct impact amorphization along the ion path. The irradiation-induced 

fractional disorder due to 91.6 MeV Xe ions in KTaO3 is quantified by the ratio, r, of the 

relative backscattering yield to the amorphous level: r = (χd -χp)/(χa - χp),  where χd, χp and 

χa are the backscattering yields at 170 nm (channel 1718) in the irradiated region, in the 

pristine reference sample without ion irradiation and in amorphous KTaO3, respectively. 

This procedure has been previously used to quantify the high energy ion irradiation-

induced disorder in other ABO3 (e.g., SrTiO3 [R2] and LiTaO3 [R3]) and semiconductors 

(e.g., InP [4,5], InSb [R4], GaAs [R4], GaP [5], Ge [5], and Si [R4]). The measured 

damage profiles, shown in Fig. 1 and 2 for the Au ion irradiations, exhibit a nearly 

Gaussian shape with the damage maximum appearing at a depth of about 170 nm, i.e. 

very close to the maximum of the SRIM-predicted damage peak (Fig. 1b); this is why the 

ratio, r, is calculated at 170 nm. The RBS/C spectra plotted in Fig. S2a reveal that 

irradiation of pristine KTaO3 with 91.6 MeV Xe to an ion fluence of 1.0×1011 ions/cm2 

leads to a small, but measurable, increase in the value of r (from 0.0 % to ~0.21 %). As 

91.6 MeV Xe ion fluence increases from 1.0×1011 to 1.0×1012 ions/cm2, the value of r 

increases significantly from ~0.21 to 10.4 %. As shown in Fig. S2b, the presence of a low 

initial level of damage (~0.08) enhances the increase of the ratio r (from ~12 to 59 %). 

This suggests that the average amorphous cross-sections are larger in the pre-damaged 

regions than in the pristine regions. 
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Figure S1:  Several RBS/C spectra, after irradiation with 18 MeV Ni for defective KTaO3 with a 

maximum disorder level of: (a) 0.08, (b) 0.3, and (c) 0.53.  The inset shows the RBS/C results for 

18 MeV Si irradiations on pristine KTaO3 for an identical ion fluence of 8.0×1012 ions/cm2. 

Random and channeling spectra from a pristine KTaO3 sample are also included. 
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Figure S2:  Several RBS/C spectra, after irradiation with 91.6 MeV Xe for: (a) pristine KTaO3 

without pre-damage, (b) defective KTaO3 with a maximum disorder level of 0.08, and (c) 

defective KTaO3 with a maximum disorder level of 0.33. Random and channeling spectra from a 

pristine KTaO3 sample are also included.  
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TEM results 

The irradiated samples were fragile and beam sensitive. The cross-sectional TEM images 

for pristine and pre-damaged KTaO3 are shown in Fig. S3. The high density of tracks in the 

pristine irradiated sample is visible in Fig. S3(a) and consistent with the ion fluence. These 

observations of high track densities in KTaO3 for a high value of Se (23.18 keV/nm) are 

consistent with the discontinuous track formation reported by Han et al. [6] in pristine KTaO3 

irradiated with 358 MeV Ni ions at lower values of Se (13.8 keV/nm), which is close to the 

threshold for track formation.  In the pre-damaged sample, there is some evidence for individual 

ion tracks near the surface, but in the highly pre-damaged region, individual tracks are obscured 

by the pre-existing damage, as shown in Fig. S3(b).   
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