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Abstract 

The synergistic interaction of electronic energy loss by ions with ion-induced defects 

created by elastic nuclear scattering processes has been investigated for single crystal 

SrTiO3. An initial pre-damaged defect state corresponding to a relative disorder level 

of 0.10 to 0.15 sensitizes the SrTiO3 to amorphous track formation along ion path of 

12 and 20 MeV Ti, 21 MeV Cl and 21 MeV Ni, where Ti, Cl and Ni ions otherwise do 

not produce amorphous or damage tracks in pristine SrTiO3. The electronic stopping 
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power threshold for ion track formation is found to be 6.7 keV/nm for the 

pre-damaged defect state studied in this work. These results suggest the possibility of 

selectively producing nanometer scale, amorphous ion tracks into thin films of 

epitaxial SrTiO3.  

 

Key Words: SrTiO3, energy dissipation, stopping power, ion track, amorphization     
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1. Introduction 

 

Ion irradiation is an important and routinely utilized tool to modify the band structure 

and charge density of semiconductors. On the other hand, it is also well known that 

ion irradiation has been proven to be a highly efficient, low cost method to simulate 

defect production, volume swelling and phase transformations in nuclear materials 

due to radioactive decay, nuclear fission, and neutron irradiation. With regard to these 

applications, it is important to understand and predictively model the response of 

electronic and nuclear materials to ion irradiation in order to develop the next 

generation of electro-optic-magnetic devices and more radiation tolerant nuclear 

materials. Therefore, a comprehensive understanding of ion-solid interactions at the 

level of atoms and electrons is urgently needed. Because of the complexity of 

ion-solid interactions, a well-accepted approaching is to separate the energy 

deposition from ions into (a) nuclear stopping power (Sn), which is the elastic energy 

loss to atomic nuclei; and (b) electronic stopping power (Se), which is the inelastic 

energy loss to electrons. The understanding of Sn is relatively well established by an 

elastic scattering or collision model. It is known that Sn, transfers energy to target 

nuclei that directly results in the displacements of target atoms, which leads to the 

production of point defects and defect clusters. The energy loss to the electrons, its 

dissipation and the effects on atomic processes are, however, relatively much less 

understood, especially, at intermediate ion energies ranging from several hundreds of 

keV to tens of MeV. Recent studies have demonstrated that Se can couple complexly 
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with the defects induced by Sn, which can lead to modification of the target materials 

in different ways [1]. For materials such as CeO2 and ZrO2 [2], ZrSiO4 [3] and 

probably α-SiO2 [4], the electronic energy loss leads to damage production that is 

linearly additive to the damage produced by elastic nuclear collisions. On the other 

hand, electronic energy loss can induce a localized thermal spike via the diffusion of 

free electrons and electron-phonon coupling that can cause damage recovery, such as 

that reported for SiC [5, 6, 7], Gd2TiZrO7 [1], and (Ca,Sr)2(La,Nd)8(SiO4)6O2 [8]. 

Recently, a substantial synergistic effect has been reported for single crystal SrTiO3 

[5,[9, 10, 11]. Both experimental and computer simulation results confirm that the 

presence of a small level of pre-existing damage in single crystal SrTiO3, created by 

nuclear collision processes, leads to the formation of amorphous ion tracks by 21 

MeV Ni ions; whereas no tracks form in the pristine material. The value of Se (9.9 

keV/nm) for the 21 MeV Ni ions is below the calculated threshold of ~12 keV/nm for 

ion track formation in pristine SrTiO3 due to track overlap [12]. 

 

In the present study, this synergistic effect in SrTiO3 is further investigated in order to 

determine the electronic energy loss threshold for this phenomenon and the 

dependence on initial level of pre-damage. The motivation, on one hand, is to improve 

the understanding of the coupled effects of electronic and nuclear stopping power. A 

practical concern is that for the nuclear applications SrTiO3 and similar materials are 

considered for the immobilization of nuclear wastes [13, 14], and a synergistic effect 

may dramatically accelerate damage accumulation from radioactive decay. On the 
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other hand, there may be beneficial applications for this synergistic effect in ion beam 

modification and processing, such as the selective production of nanoscale amorphous 

tracks (i.e., cylindrical columns) in thin film devices, with the cross-section of the 

amorphous track controlled by the electronic energy loss and initial defect 

concentration. In addition, SrTiO3 is a critical foundational material in 

micro-electronics [15, 16, 17], and the interface it forms with other dielectric oxides 

and selenides, such as LaAlO3 [18, 19, 20] and FeSe [21], or even with its amorphous 

phase [22], results in unique electronic and ferromagnetic properties of interest. By 

taking advantage of the synergistic effect, ion beam modification is a potential new 

tool for creating concentric nanometer diameter interfaces with unique functionalities 

for device applications. 

 

2. Experimental  

Single crystal SrTiO3 samples used in this work were (100) oriented wafers obtained 

from the MTI Corp. The ion irradiations and Rutherford Backscattering Spectrometry 

in channeling geometry (RBS/C) measurements were performed using a 3 MV 

tandem accelerator and facilities in the Ion Beam Materials Laboratory (IBML) 

located at the University of Tennessee [23]. In order to produce initial pre-damaged 

regions with different levels of disorder in the pristine SrTiO3, low energy irradiations 

using either 600 keV O ions at an incident angle of 60° or 900 keV Au ions at near 

normal incidence were performed. The RBS/C measurements revealed relatively low 

initial damage profiles in the SrTiO3 with a peak distribution and maximum disorder 
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fractions ranging from 0.10 to 0.15 for 600 keV O ion irradiation to a fluence of 

6.8×1014 cm-2 and 900 keV Au ion irradiation to a fluence of 3.9×1013 cm-2. In 

addition, a relatively higher initial peak disorder fraction of 0.35 was produced by Au 

ion irradiation to a fluence of 5.4×1013 cm-2. Both pristine samples and these 

pre-damaged samples were subsequently irradiated with 21 MeV Ni, 12 and 20 MeV 

Ti, 21 MeV Cl and 18 MeV Si ions, which have different ratios of electronic to 

nuclear energy loss, as summarized in Table 1. While the 600 keV O irradiation was 

performed at 60° relatively to the surface normal direction, all the other irradiations 

were performed with the incident ion beam only several degrees off the surface 

normal to avoid channeling effects. For the pre-damaged samples, multiple spots were 

irradiated with high-energy ions to fluences ranging from 1011 to 1014 cm-2 in order to 

obtain both isolated and overlapping ion paths. Before and after each ion irradiation, 

RBS/C measurements using 3.5 MeV He ions were performed in situ to determine the 

change in disorder profile of each irradiated spot with the sample remaining in place 

and retaining its orientation. All the ion irradiations and RBS/C measurements were 

carried out at room temperature in a high vacuum.  

 

3. Thermal spike model  

 

An inelastic thermal spike model suitable for insulators [24, 25] describes the energy 

exchange between the electronic and atomic subsystems due to energy deposition 

from a single high energy ion. The interactions can be described in terms of a set of 
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two heat diffusion equations, one describing the evolution of the electronic 

temperature Te (Eq. 1), and the other one describing the evolution of the atomic 

temperature Tα (Eq. 2).  

   

    

 

 

 

Here, Ce and Cα are the heat capacities of the electronic and the atomic systems, 

respectively, Ke is the electronic thermal conductivity, and Kα is the thermal 

conductivity of the atomic system. The energy exchange between the electronic and 

the atomic systems depends on the temperature difference Te−Ta between them, and g, 

which is the electron-phonon coupling parameter, determines the strength of the 

interaction. The term A(r, t) describes the energy deposition from the incident ion to 

the electrons [26]. 

For the specific heat, we used Ce = 1.0 J cm-3 K-1 [24, 27] and Cα = 0.544 J cm-3 K-1 

[28]. For the crystalline pristine sample, Ke is equal to Ke = CeDe [24, 27], where De is 

the thermal diffusivity and has a value of 1.0 cm2 s-1 [24, 27], Ka is 11.2 W m-1 K-1 at 

300 K, and the electron-phonon coupling parameter g is 4.3×1018 W m-3 K-1 [24]. To 

account for the decreased electron mean free path due to the presence of the 

irradiation defects in the pre-damaged systems [29], we assumed the values of Ke and 

Ka are reduced by an order of magnitude relative to the values for the perfect 
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crystalline system, as in our previous studies [9 - 11]; likewise, we assumed that the 

value of g is 35% larger than the one estimated for the pristine crystalline SrTiO3 [9 , 

11]. The electronic energy loss for each ion was calculated using the SRIM code [30] 

at an irradiation depth of 100 nm.  

 

4. Results and discussion 

For the low-energy 600 keV O ions and 900 keV Au ions, their Se values are relatively 

low (< 1.3 keV/nm) and far below the calculated threshold value (~12 keV/nm) for 

amorphous track formation in pristine SrTiO3 [12]. Under these irradiation conditions, 

the damage production is mainly attributed to atomic displacements induced by Sn, 

and the kinetics are described by a direct-impact/defect-stimulated model [31]. The 

high energy ions, however, were chosen with Se values that range from 6.2 to 9.9 

keV/nm, as predicted by the SRIM2008 code [30] at the peak of pre-damage states. 

Under these high-energy irradiation conditions, the dominance of Se over Sn produces 

intensive ionization that results in a highly local, radially dependent thermal spike 

along the ion path due to electron-phonon coupling. As shown in Table 1, the values 

of Sn at these high energies are negligible, and the ratios of Se/Sn are large. 

Consequently, few defects are expected to be induced along the first 500 nm of ion 

path for the ion fluences utilized in this work. Therefore, any significant damage 

production must be due to the electronic energy loss. As shown in the inset of Fig. 1a, 

12 and 20 MeV Ti ions do not produce significant damage in the pristine single 

crystal SrTiO3, similar to what has been previously reported for 21 MeV Ni ions [10]. 
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On the other hand, the RBS/C spectra in Fig. 1a clearly show damage accumulation 

under 20 MeV Ti irradiation when a pre-existing damage state (relative disorder peak 

of 0.14) is present. The backscattering yield increases rapidly and a fully amorphous 

state is achieved at the damage peak for an ion fluence of 1.7×1013 ions cm-2, as 

evidenced by the backscattering yield reaching the random level at the channel 

numbers corresponding to the peak of the pre-damaged state on the Sr sublattice. 

Using an iterative process that is described in detail elsewhere [32], the relative 

disorder fraction on the Sr sublattice can be determined as a function of depth, as 

shown in Fig. 1b, where a relative disorder of 0 corresponds to the pristine single 

crystal, and 1.0 corresponds to a fully amorphous state. It is found that this rapid 

increase of relative disorder only occurs within the pre-damaged region, which 

extends to a depth of ~250 nm. In the pristine SrTiO3 region beyond the pre-damage 

profile, little additional disorder is induced. Based on SRIM calculations, the Ti ion 

fluence to achieve amorphization (1.7×1013 ions cm-2) corresponds to a displacement 

dose of <0.001 dpa (displacement per atom) in the pre-damaged region, which is too 

low to account for any measurable damage by RBS/C. Therefore, the extremely 

effective damage accumulation and amorphization is attributed to the intense 

electronic energy deposition. It is worth noting that the Ti sublattice follows the same 

trend as the Sr sublattice, as clearly shown in previous studies [32, 33, 34], and 

achieves full amorphization at the Ti damage peak for a fluence of 1.7×1013 ions cm-2; 

however, due to a relatively low backscattering yield for Ti, only the Sr sublattice was 

analyzed to achieve better statistics. While the electronic stopping powers are lower 
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for 12 and 20 MeV Ti ions than for 21 MeV Ni ions (Table 1), this behavior is 

consistent with the production of amorphous ion tracks, as was experimentally 

confirmed previously for 21 MeV Ni ions in defective SrTiO3 [10].  

 

According to the two-temperature thermal spike model [25], an amorphous ion track 

can form in a crystalline lattice by localized thermal melting, via electron-phonon 

coupling, followed by an extremely rapid quench. The model suggests that energy 

loss to the electrons along the ion path is transferred to phonons within a few hundred 

femtoseconds, leading to a highly localized, radially dependent thermal spike, which 

may be sufficient to cause local melting and rapid quenching that creates an 

amorphous track along the ion path. In the thermal spike, energy deposition to 

electrons by the ions, electron and lattice thermal conductivities, and electron-phonon 

coupling of the target material play crucial roles in determining the time and radial 

distribution of the local temperature. In the target material, radiation-induced defects 

will decrease the thermal conductivity [35] and may increase the electron-phonon 

coupling, due to the decrease of the electron mean free path [29]. As a result, the 

radial energy deposition and temperature profiles become significantly localized [10, 

11] with the peak temperature increasing by nearly an order of magnitude in the 

pre-damaged SrTiO3, as illustrated in Fig. 2a. The calculated temperature profiles at 

300 fs for 21 MeV Ni, 12 and 20 MeV Ti and 21 MeV Si in pre-damaged SrTiO3 are 

shown in Fig. 2b, along with the melt temperature, Tm, for SrTiO3, which provides an 

estimate of the maximum melt radius for each ion. Molecular dynamics (MD) 
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simulations of track formation in pre-damaged SrTiO3 have been performed for the 

temperature profiles illustrated in Fig. 2b, and the results demonstrate a decrease in 

track diameter with decreasing values of Se [11].  

 

By taking advantage of a peak distribution of the initial damage profile and the 

depth-resolved RBS/C measurements, we are able to further study the relation 

between the defect concentration and the ion tracks. As discussed above, for the high 

energy ions, Sn induced displacements are negligible. Without effective point defect 

production and aggregation, the defect-stimulated growth of the amorphous domains 

is suppressed. Therefore, direct production and overlapping of continuous or 

discontinuous amorphous ion tracks due to Se are considered to be the dominating 

mechanism for the observed damage accumulation. A direct impact model [36, 37] is 

employed as an approach in order to estimate the average amorphous cross-section (σa) 

as a function of ion fluence (Φ): 

0 (1 )exp( )a o af f f σ= + − − •Φ          (3) 

where f0 is the initial disorder faction induced by 900 keV Au irradiation, fa is the 

disorder fraction at each ion fluence. An example is shown in Fig. 3a for initial 

disorder fractions of 0.06, 0.09 and 0.14 under 20 MeV Ti irradiation. The goal in this 

present study is to determine the electronic energy loss threshold for amorphization 

track formation. It has been previously demonstrated that track size increases with 

increasing level of existing disorder [10], so only the data for relative disorder levels 

of less than 0.3 are used to estimate the track cross-section. By applying the direct 
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impact model at different depths to the initially linear disorder accumulation, the 

amorphous cross-sections, as shown in Fig. 3b, exhibit a monotonically increase as a 

function of the initial disorder fraction. At relatively low disorder (<0.3), the RBS/C 

determined disorder fraction for the pre-damaged state is proportional to the 

concentration of irradiation-induced defects produced by the low-energy Au ions. 

Therefore, the results suggest that the defect profile locally changes the radial thermal 

spike profile, resulting in changes in the amorphous cross-section of ion tracks with 

depth. Moreover, a linear fitting in Fig. 3b indicates that at a low pre-damaged state, 

the synergistic effect is still present, which is suggested by the 20 MeV Ti irradiation 

results at the near surface region, where the relative disorder is initially <0.05. 

 

Another critical factor that determines ion track formation and cross-section is the 

value of the electronic stopping power of the ions. The threshold electronic energy 

loss for amorphization due to the formation and overlap of ion tracks in pristine 

SrTiO3 has been experimentally estimated to be 11.7 keV/nm, while calculations with 

the two-temperature model suggest a threshold of 12.7 keV/nm [12]. Previous results 

for 21 MeV Ni ions (9.9 keV/nm) demonstrated that pre-existing defects can 

significantly shift the threshold to much lower values of electronic energy loss. In the 

present study, 21 MeV Ni ions (Se=9.9 keV/nm), 20 (Se=8.6 keV/nm) and 12 MeV 

(7.1 keV/nm) Ti ions, 21 MeV Cl ions (7.1 keV/nm) and 18 MeV Si ions (6.2 keV/nm) 

are employed in order to vary the value of Se and minimize Sn at the pre-damage peak. 

For a similar initial level of relative disorder between 0.10 and 0.15, RBS/C results 
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indicate that ion tracks are created in the pre-damaged regions, except for the 18 MeV 

Si ions, which suggests an electronic stopping power threshold above 6.2 keV/nm. 

The amorphous cross-sections determined from the RBS/C results are shown in Fig. 4 

as a function of electronic stopping power. A linear dependence, similar to that 

predicted by MD simulations [11], is indicated, and a linear fit predicts a threshold in 

electronic stopping power of 6.7 keV/nm for amorphous ion track formation in SrTiO3 

pre-damaged to a disorder level of 0.10 to 0.15. The decrease in track cross section 

with decreasing Se in Fig. 4 is consistent with the decrease in maximum melt radii 

predicted by the two temperature model in Fig. 2b; however, the measured track radii 

are 40 to 60% smaller than the maximum melt radii because of recrystallization 

processes and uncertainty in the two-temperature model parameters.   

 

Below this threshold, the temperature along the ion path may be insufficient to cause 

melting of SrTiO3, as a result, amorphous ion track formation is inhibited. This is 

confirmed by the disorder profiles derived from the RBS/C spectra for the 18 MeV Si 

ion irradiations (Se=6.2 keV/nm). As shown in Fig. 5, no evidence for amorphous 

track formation was observed for SrTiO3 pre-damaged to a local disorder level of 0.15 

(grey dash line) and lower (less than 50 nm depth). However, if the relative disorder 

of the pre-damaged state is increased to 0.35 (green dash line), the increase in disorder 

level indicates that amorphous tracks are forming as a function of 18 MeV Si ion 

fluence. It is not surprising that with a higher initial level of pre-damage, the 

synergistic effect still occurs due to increased electron-phonon coupling.  
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According to the discussion above, the amorphous cross-section of ion tracks is 

proportional to the initial disorder level and Se. Because the pre-damage profile 

induced by low energy ions exhibits a peak distribution, it is expected that 

spindle-shape ion tracks are formed and confined within to pre-damaged region. A 

schematic drawing of the ion tracks produced by 20 MeV Ti ions is illustrated in Fig. 

6a. Moreover, such amorphous ion tracks are nanometers in diameter and dependent 

on the pre-damage state, as shown in Fig. 2 and Fig. 3. Therefore, it may be possible 

to take advantage of the synergy between Se and Sn. Unlike swift heavy ions whose 

production requires a large accelerator facility, ion beam modification with 

intermediate energy ions can use much smaller facilities readily available in research 

laboratories and industry. Therefore, pre-damage with well controlled distribution 

profiles can be created in crystalline thin films, and nanoscale amorphous tracks of 

controlled diameter can be created in pre-damaged films. The spatial topographies of 

ion tracks may include, but are not limited to a spindle-like shape. For example, by 

simply using the ions and energies employed in this work, in a pre-damaged region 

produced by 600 keV O combined with 900 keV Au ions, a 20 MeV Ti irradiation 

may produce dumbbell-like ion tracks. A hypothetical representation is illustrated in 

Fig. 6b. The amorphous ion tracks may locally modify the electronic properties of the 

target materials that create the conductive paths in an insulator [38]. In addition, the 

ion tracks can be removed by chemical etching methods that produce the nanopore 

array [39, 40], which may serve as the tunnels for molecular, or the template for the 

growth of nanowires. Since previous studies have demonstrated that ion-beam 
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damage in SrTiO3 can be annealed thermally [41] and by electron beams [32], it may 

be possible to selectively anneal the pre-damage defects, leaving behind only 

amorphous tracks through the films.    

 

5. Conclusion 

 

The synergistic interaction between electronic energy loss by high-energy ions and 

ion-induced defects created by elastic nuclear scattering processes has been studied 

for single crystal SrTiO3. This work demonstrates that low initial defect 

concentrations, corresponding to relative disorder levels on the order of 0.10-0.15, 

significantly reduce the electronic energy loss threshold for amorphous track 

formation to ~6.7 keV/nm. Regarding to the potential applications of the synergistic 

effect to modify microstructure, the lengths and the amorphous cross-sections of the 

ion tracks can be controlled to induce amorphous channels in thin films, amorphous 

structures with varied topographies and to create a continuous nanometer scale 

concentric crystalline-amorphous interface.  
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Table 1. Stopping powers and ratio for ions with varied energy at 100 nm in depth. 

 

Ion Energy 

(MeV) 

Incident 

angle (°)* 

Se 

(keV/nm) 

Sn 

(keV/nm) 

Se/Sn Ion range 

(µm) 

Ni 21  7 9.9** 0.084** 118 3.9 

Ti 12 7 7.1 0.080 89 2.9 

20 7 8.6 0.050 172 3.9 

Cl 21 7 7.5 0.019 394 4.2 

Si 18 7 6.2 0.013 477 4.1 

O 0.6 60 1.3** 0.22** 15 0.34 

Au 0.9 7 0.86 4.5 0.19 0.13 

 

* Incident angle refers to the angle between ion beam and the surface normal of SrTiO3 

wafer. 

** For 21 MeV Ni ion irradiation, the initial damage was induced by 600 keV O ions at 

an I-angle of 60°; all the other irradiations were performed on the pre-damage states 

which are produced by 900 keV Au ions. Therefore, only for the combination of 21 MeV 

Ni and 600 keV O, Se and Sn are the values at 180 nm (depth of the pre-damage peak).  
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Figure 1 

 

Fig. 1. (a) The RBS spectra of 20 MeV Ti irradiated single crystal SrTiO3 with an 
initial damage created by 900 keV Au ions. The inset is the RBS/C result for 12 and 
20 MeV Ti irradiations on pristine SrTiO3, with identical ion fluence of 8.3×1013 cm-2. 
(b) The disorder fraction profiles determined from the RBS/C spectra. The Au 
irradiation-induced relative disorder at the damage peak is 0.14, indicated as “initial 
damage”. 
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Figure 2  

 

Fig 2. (a) Radial temperature profile as the function of time for 20 MeV Ti ions in 

pristine and pre-damaged SrTiO3, and (b) Maximum temperature profiles (at 300 fs) 

for several ions in pre-damaged SrTiO3. The melting temperature, Tm, for SrTiO3 is 

included for reference. 
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Figure 3 

 

 

Fig. 3. (a) An example of amorphous cross-section (σα) estimation according to the 
direct-impact model (Eq. 3), for the 20 MeV Ti irradiated SrTiO3 at different depths 
from the surface. (b) The amorphous cross-section as the function of initial disorder, 
before and after the damage peak (locates at ~100 nm). Standard deviations from 
RBS/C measurements and direct-impact model fitting are presented in the form of 
error bars. 
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Figure 4 

 

 

 

Fig. 4. The amorphous cross-sections of the ion tracks as the function of Se, for 21 

MeV Ni, 12 and 20 MeV Ti, and 21 MeV Cl ion irradiations on SrTiO3 with an initial 

disorder fraction between 0.10 and 0.15. A linear fitting is applied, which suggests a 

threshold value of 6.7 keV/nm. Below this threshold and for an identical pre-damage 

condition, 18 MeV Si ions do produce tracks in defective SrTiO3.  



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

Figure 5 

 

 

Fig. 5. Evolution of relative disorder fraction (derived from the RBS/C spectra) as the 

function of ion fluence for 18 MeV Si irradiation. No significant synergistic effect is 

found for initial disorder <0.15 after the Si irradiation; meanwhile amorphous ion 

tracks are produced and accelerate the damage accumulation for initial disorder ~0.35. 
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Fig. 6. (a) Schematic drawing of the spindle-like amorphous ion tracks, which are 
produced by 20 MeV Ti irradiation in the pre-damaged SrTiO3. (b) A hypothetical 
representation for the initial disorder profile produced by a 900 keV Au irradiation 
(black curve), 60° off the surface normal direction together with a 600 keV O 
irradiation (red curve), 7° off the surface normal direction. Then a 20 MeV Ti 
irradiation is applied to create the dumbbell-shape ion tracks. 
 


