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Abstract

The synergistic interaction of electronic energgsldy ions with ion-induced defects
created by elastic nuclear scattering processebd®sinvestigated for single crystal
SrTiOs. An initial pre-damaged defect state correspondling relative disorder level
of 0.10 to 0.15 sensitizes the Sr{i® amorphous track formation along ion path of
12 and 20 MeV Ti, 21 MeV Cl and 21 MeV Ni, where Ti and Ni ions otherwise do

not produce amorphous or damage tracks in pri€me0;. The electronic stopping



power threshold for ion track formation is found b 6.7 keV/nm for the
pre-damaged defect state studied in this work. @hesults suggest the possibility of
selectively producing nanometer scale, amorphouws tiacks into thin films of

epitaxial SrTiQ.
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1. Introduction

lon irradiation is an important and routinely wéd tool to modify the band structure
and charge density of semiconductors. On the dthed, it is also well known that

ion irradiation has been proven to be a highlycedfit, low cost method to simulate
defect production, volume swelling and phase t@mnsétions in nuclear materials
due to radioactive decay, nuclear fission, androeutradiation. With regard to these
applications, it is important to understand anddjtérzely model the response of
electronic and nuclear materials to ion irradiation order to develop the next
generation of electro-optic-magnetic devices andem@diation tolerant nuclear

materials. Therefore, a comprehensive understanaofingn-solid interactions at the

level of atoms and electrons is urgently neededcaBge of the complexity of

ion-solid interactions, a well-accepted approachisgto separate the energy
deposition from ions into (a) nuclear stopping po¥&), which is the elastic energy
loss to atomic nuclei; and (b) electronic stopppayver (), which is the inelastic

energy loss to electrons. The understanding,aé $elatively well established by an
elastic scattering or collision model. It is knowrat S, transfers energy to target
nuclei that directly results in the displacementsanget atoms, which leads to the
production of point defects and defect clusterse €hergy loss to the electrons, its
dissipation and the effects on atomic processestmwever, relatively much less
understood, especially, at intermediate ion ensrgaeging from several hundreds of

keV to tens of MeV. Recent studies have demonstriitat S can couple complexly



with the defects induced by, Svhich can lead to modification of the target miale

in different ways [1]. For materials such as Gefnd ZrQ [2], ZrSiO, [3] and
probably a-SiO, [4], the electronic energy loss leads to damagelywtion that is
linearly additive to the damage produced by elasticlear collisions. On the other
hand, electronic energy loss can induce a localirednal spike via the diffusion of
free electrons and electron-phonon coupling thataase damage recovery, such as
that reported for SiC [5, 6, 7], @OZrO; [1], and (Ca,Sp La,Nd)k(SiO,)s0: [8].
Recently, a substantial synergistic effect has beported for single crystal SrTiO
[5,[9, 10, 11]. Both experimental and computer datian results confirm that the
presence of a small level of pre-existing damagsingle crystal SrTig) created by
nuclear collision processes, leads to the formatibmmorphous ion tracks by 21
MeV Ni ions; whereas no tracks form in the pristmaterial. The value of§9.9
keV/nm) for the 21 MeV Ni ions is below the caldeia threshold of ~12 keV/nm for

ion track formation in pristine SrTgue to track overlap [12].

In the present study, this synergistic effect ifiSg is further investigated in order to
determine the electronic energy loss threshold tlis phenomenon and the
dependence on initial level of pre-damage. Thewatbtn, on one hand, is to improve
the understanding of the coupled effects of el@dtrand nuclear stopping power. A
practical concern is that for the nuclear applaadiSrTiO; and similar materials are
considered for the immobilization of nuclear waqte3 14], and a synergistic effect

may dramatically accelerate damage accumulatiom fradioactive decay. On the



other hand, there may be beneficial applicatiomgHiz synergistic effect in ion beam
modification and processing, such as the selegtigduction of nanoscale amorphous
tracks (i.e., cylindrical columns) in thin film dees, with the cross-section of the
amorphous track controlled by the electronic enetggs and initial defect
concentration. In addition, SrTiOis a critical foundational material in
micro-electronics [15, 16, 17], and the interfacérms with other dielectric oxides
and selenides, such as LaAIf8, 19, 20] and FeSe [21], or even with its arhoys
phase [22], results in unique electronic and feagnetic properties of interest. By
taking advantage of the synergistic effect, ionnbenodification is a potential new
tool for creating concentric nanometer diametegrfiaces with unique functionalities

for device applications.

2. Experimental

Single crystal SrTi@samples used in this work were (100) oriented wgadbtained
from the MTI Corp. The ion irradiations and Rutloed Backscattering Spectrometry
in channeling geometry (RBS/C) measurements weréormpged using a 3 MV
tandem accelerator and facilities in the lon Bearatévlals Laboratory (IBML)
located at the University of Tennessee [23]. Ineord produce initial pre-damaged
regions with different levels of disorder in thastine SrTiQ, low energy irradiations
using either 600 keV O ions at an incident angl&@f or 900 keV Au ions at near
normal incidence were performed. The RBS/C measemé&sirevealed relatively low

initial damage profiles in the SrTiQvith a peak distribution and maximum disorder



fractions ranging from 0.10 to 0.15 for 600 keV @ iirradiation to a fluence of
6.8x10* cm? and 900 keV Au ion irradiation to a fluence of 818" cm. In
addition, a relatively higher initial peak disordeaction of 0.35 was produced by Au
ion irradiation to a fluence of 5.4xT0cm? Both pristine samples and these
pre-damaged samples were subsequently irradiathd2diMeV Ni, 12 and 20 MeV
Ti, 21 MeV Cl and 18 MeV Si ions, which have di#et ratios of electronic to
nuclear energy loss, as summarized in Table 1.a\thig 600 keV O irradiation was
performed at 60° relatively to the surface normetation, all the other irradiations
were performed with the incident ion beam only saevelegrees off the surface
normal to avoid channeling effects. For the pre-gged samples, multiple spots were
irradiated with high-energy ions to fluences raggimm 10* to 10 cm? in order to
obtain both isolated and overlapping ion pathsoBefind after each ion irradiation,
RBS/C measurements using 3.5 MeV He ions were peeo in situ to determine the
change in disorder profile of each irradiated spith the sample remaining in place
and retaining its orientation. All the ion irradais 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 irgats [24, 25] describes the energy

exchange between the electronic and atomic sulmsgstkie to energy deposition

from a single high energy ion. The interactions bandescribed in terms of a set of



two heat diffusion equations, one describing theolwion of the electronic
temperature J(Eq. 1), and the other one describing the evolutbrthe atomic

temperature J(Eqg. 2).

(1) = 22 [r k(1) F| - 9(T, — 7)) + A(r,0) (1)
d d d
@52 === [r k@S2 + o - 1) @)

Here, G and G are the heat capacities of the electronic andatbenic systems,
respectively, K is the electronic thermal conductivity, and, ks the thermal
conductivity of the atomic system. The energy exgeabetween the electronic and
the atomic systems depends on the temperatureatitfe T-T, between them, and g,
which is the electron-phonon coupling parametetermenes the strength of the
interaction. The term A(r, t) describes the enaigposition from the incident ion to
the electrons [26].

For the specific heat, we used €1.0 J crit K* [24, 27] and ¢ = 0.544 J cii K*
[28]. For the crystalline pristine sample, iK equal to K= CDe [24, 27], where BRis
the thermal diffusivity and has a value of 1.0°&h [24, 27], K is 11.2 W mt K™ at
300 K, and the electron-phonon coupling parametisr43x10% W m?* K™ [24]. To
account for the decreased electron mean free pa¢htd the presence of the
irradiation defects in the pre-damaged systems [@8]Jassumed the values of &d

Ka are reduced by an order of magnitude relativehh® values for the perfect



crystalline system, as in our previous studies 19}: likewise, we assumed that the
value of g is 35% larger than the one estimatedHerpristine crystalline SrTigJ9 ,
11]. The electronic energy loss for each ion wadsutated 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 Ansidheir $values are relatively
low (< 1.3 keV/nm) and far below the calculatedesirold value (~12 keV/nm) for
amorphous track formation in pristine Srgif22]. Under these irradiation conditions,
the damage production is mainly attributed to atodisplacements induced by, S
and the kinetics are described by a direct-impatetd-stimulated model [31]. The
high energy ions, however, were chosen wighv&8ues that range from 6.2 to 9.9
keV/nm, as predicted by the SRIM2008 code [30]hat peak of pre-damage states.
Under these high-energy irradiation conditions,dbeninance of Sover S produces
intensive ionization that results in a highly Iqceddially dependent thermal spike
along the ion path due to electron-phonon couplikgyshown in Table 1, the values
of S, at these high energies are negligible, and thmsradf /S, are large.
Consequently, few defects are expected to be imbatmng the first 500 nm of ion
path for the ion fluences utilized in this work. eérbfore, any significant damage
production must be due to the electronic energy.l8s shown in the inset of Fig. 1a,
12 and 20 MeV Ti ions do not produce significanindge in the pristine single

crystal SrTiQ, similar to what has been previously reported2tbiMeV Ni ions [10].
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On the other hand, the RBS/C spectra in Fig. lariglshow damage accumulation
under 20 MeV Ti irradiation when a pre-existing @aya state (relative disorder peak
of 0.14) is present. The backscattering yield iases rapidly and a fully amorphous
state is achieved at the damage peak for an i@ndki of 1.7x1% ions cn¥, as
evidenced by the backscattering yield reaching rdoedom level at the channel
numbers corresponding to the peak of the pre-dathatge on the Sr sublattice.
Using an iterative process that is described iraibdetisewhere [32], the relative
disorder fraction on the Sr sublattice can be dategd as a function of depth, as
shown in Fig. 1b, where a relative disorder of @responds to the pristine single
crystal, and 1.0 corresponds to a fully amorphdages|t is found that this rapid
increase of relative disorder only occurs withire thre-damaged region, which
extends to a depth of ~250 nm. In the pristine G§Tegion beyond the pre-damage
profile, little additional disorder is induced. Bason SRIM calculations, the Ti ion
fluence to achieve amorphization (1.7%Li®ns cn?) corresponds to a displacement
dose of <0.001 dpa (displacement per atom) in teedpmaged region, which is too
low to account for any measurable damage by RBSkerefore, the extremely
effective damage accumulation and amorphizationatisibuted to the intense
electronic energy deposition. It is worth notingittkthe Ti sublattice follows the same
trend as the Sr sublattice, as clearly shown irvipus studies [32, 33, 34], and
achieves full amorphization at the Ti damage pealaffluence of 1.7x¥8ions cn;
however, due to a relatively low backscatterinddyfer Ti, only the Sr sublattice was

analyzed to achieve better statistics. While tleetebnic stopping powers are lower



for 12 and 20 MeV Ti ions than for 21 MeV Ni ion$aple 1), this behavior is
consistent with the production of amorphous iorncksa as was experimentally

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

According to the two-temperature thermal spike nh¢28], an amorphous ion track
can form in a crystalline lattice by localized tmad melting, via electron-phonon
coupling, followed by an extremely rapid quencheTiodel suggests that energy
loss to the electrons along the ion path is trarsfieto phonons within a few hundred
femtoseconds, leading to a highly localized, rdglidependent thermal spike, which
may be sufficient to cause local melting and rapigenching that creates an
amorphous track along the ion path. In the therspmke, energy deposition to
electrons by the ions, electron and lattice theroalductivities, and electron-phonon
coupling of the target material play crucial rolasdetermining the time and radial
distribution of the local temperature. In the targeterial, radiation-induced defects
will decrease the thermal conductivity [35] and magrease the electron-phonon
coupling, due to the decrease of the electron niiesmn path [29]. As a result, the
radial energy deposition and temperature profilesome significantly localized [10,
11] with the peak temperature increasing by nearlyorder of magnitude in the
pre-damaged SrTi§) as illustrated in Fig. 2a. The calculated tempeeaprofiles at
300 fs for 21 MeV Ni, 12 and 20 MeV Ti and 21 MeVi% pre-damaged SrTi{are
shown in Fig. 2b, along with the melt temperatdrg, for SrTiGs;, which provides an
estimate of the maximum melt radius for each iorolédular dynamics (MD)

10



simulations of track formation in pre-damaged Sglf@ve been performed for the
temperature profiles illustrated in Fig. 2b, and thsults demonstrate a decrease in

track diameter with decreasing values gf13].

By taking advantage of a peak distribution of thé@ial damage profile and the
depth-resolved RBS/C measurements, we are ablaurtbef study the relation
between the defect concentration and the ion trakksliscussed above, for the high
energy ions, Sinduced displacements are negligible. Withoutaife point defect
production and aggregation, the defect-stimulatedvth of the amorphous domains
is suppressed. Therefore, direct production andrlamging of continuous or
discontinuous amorphous ion tracks due §caf® considered to be the dominating
mechanism for the observed damage accumulationregtdmpact model [36, 37] is
employed as an approach in order to estimate theage amorphous cross-sectioy) (
as a function of ion fluencej:

f.=fo+(1-f)expto,« @) ©)

wherefy is the initial disorder faction induced by 900 ké\ irradiation,f; is the
disorder fraction at each ion fluence. An examglesihown in Fig. 3a for initial
disorder fractions of 0.06, 0.09 and 0.14 undeM2¥ Ti irradiation. The goal in this
present study is to determine the electronic entygy threshold for amorphization
track formation. It has been previously demonstidteat track size increases with
increasing level of existing disorder [10], so otthg data for relative disorder levels

of less than 0.3 are used to estimate the tracksesection. By applying the direct

11



impact model at different depths to the initialipdar disorder accumulation, the
amorphous cross-sections, as shown in Fig. 3bp@xdimonotonically increase as a
function of the initial disorder fraction. At reta¢ly low disorder (<0.3), the RBS/C
determined disorder fraction for the pre-damageatestis proportional to the
concentration of irradiation-induced defects pratldby the low-energy Au ions.
Therefore, the results suggest that the defecti@dotally changes the radial thermal
spike profile, resulting in changes in the amorghotoss-section of ion tracks with
depth. Moreover, a linear fitting in Fig. 3b indiea that at a low pre-damaged state,
the synergistic effect is still present, which uggested by the 20 MeV Ti irradiation

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

Another critical factor that determines ion trackrhation and cross-section is the
value of the electronic stopping power of the iohke threshold electronic energy
loss for amorphization due to the formation andriage of ion tracks in pristine
SrTiO; has been experimentally estimated to be 11.7 ka\Avhile calculations with
the two-temperature model suggest a threshold af R&//nm [12]. Previous results
for 21 MeV Ni ions (9.9 keV/nm) demonstrated thak-pxisting defects can
significantly shift the threshold to much lower wa$ of electronic energy loss. In the
present study, 21 MeV Ni ions £82.9 keV/nm), 20 (§8.6 keV/nm) and 12 MeV
(7.1 keV/nm) Ti ions, 21 MeV Cl ions (7.1 keV/nnmda18 MeV Si ions (6.2 keV/nm)
are employed in order to vary the value gh8d minimize gat the pre-damage peak.

For a similar initial level of relative disordertheen 0.10 and 0.15, RBS/C results

12



indicate that ion tracks are created in the preatgd regions, except for the 18 MeV
Si ions, which suggests an electronic stopping paweshold above 6.2 keV/nm.
The amorphous cross-sections determined from thH&/®Besults are shown in Fig. 4
as a function of electronic stopping power. A linegependence, similar to that
predicted by MD simulations [11], is indicated, antinear fit predicts a threshold in
electronic stopping power of 6.7 keV/nm for amonghicon track formation in SrTi
pre-damaged to a disorder level of 0.10 to 0.1% décrease in track cross section
with decreasing Sin Fig. 4 is consistent with the decrease in maximmelt radii
predicted by the two temperature model in Fig. &lwever, the measured track radii
are 40 to 60% smaller than the maximum melt radicanse of recrystallization

processes and uncertainty in the two-temperatugehparameters.

Below this threshold, the temperature along thepatih may be insufficient to cause
melting of SrTiQ, as a result, amorphous ion track formation igbitéd. This is
confirmed by the disorder profiles derived from RBS/C spectra for the 18 MeV Si
ion irradiations (§=6.2 keV/nm). As shown in Fig. 5, no evidence fanoaphous
track formation was observed for Srgifre-damaged to a local disorder level of 0.15
(grey dash line) and lower (less than 50 nm depibyever, if the relative disorder
of the pre-damaged state is increased to 0.35r(gtagh line), the increase in disorder
level indicates that amorphous tracks are formisgadunction of 18 MeV Si ion
fluence. It is not surprising that with a higheitial level of pre-damage, the
synergistic effect still occurs due to increasegt&bn-phonon coupling.

13



According to the discussion above, the amorphowssesection of ion tracks is
proportional to the initial disorder level and. Because the pre-damage profile
induced by low energy ions exhibits a peak distrdny it is expected that
spindle-shape ion tracks are formed and confinddinvito pre-damaged region. A
schematic drawing of the ion tracks produced by¥ Ti ions is illustrated in Fig.
6a. Moreover, such amorphous ion tracks are naremet diameter and dependent
on the pre-damage state, as shown in Fig. 2 and3Fitherefore, it may be possible
to take advantage of the synergy betwegiarl . Unlike swift heavy ions whose
production requires a large accelerator facilitgn ibeam modification with
intermediate energy ions can use much smallertiasilreadily available in research
laboratories and industry. Therefore, pre-damagih wiell controlled distribution
profiles can be created in crystalline thin filnagi\d nanoscale amorphous tracks of
controlled diameter can be created in pre-damaidfed.fThe spatial topographies of
ion tracks may include, but are not limited to @ndfe-like shape. For example, by
simply using the ions and energies employed inwuosk, in a pre-damaged region
produced by 600 keV O combined with 900 keV Au joas20 MeV Ti irradiation
may produce dumbbell-like ion tracks. A hypothdtiegpresentation is illustrated in
Fig. 6b. The amorphous ion tracks may locally mptlie electronic properties of the
target materials that create the conductive pathemniinsulator [38]. In addition, the
ion tracks can be removed by chemical etching nusthbat produce the nanopore
array [39, 40], which may serve as the tunnelsniotecular, or the template for the
growth of nanowires. Since previous studies havenatestrated that ion-beam

14



damage in SrTiQcan be annealed thermally [41] and by electrommsef@2], it may
be possible to selectively anneal the pre-damadecide leaving behind only

amorphous tracks through the films.

5. Conclusion

The synergistic interaction between electronic gyndoss by high-energy ions and
ion-induced defects created by elastic nucleartestiad) processes has been studied
for single crystal SrTi@ This work demonstrates that low initial defect
concentrations, corresponding to relative disoldeels on the order of 0.10-0.15,
significantly reduce the electronic energy losseshold for amorphous track
formation to ~6.7 keV/nm. Regarding to the potdrdiaplications of the synergistic
effect to modify microstructure, the lengths and #morphous cross-sections of the
ion tracks can be controlled to induce amorphowshls in thin films, amorphous
structures with varied topographies and to createomtinuous nanometer scale

concentric crystalline-amorphous interface.

Acknowledgement

This work was supported by the U.S. Departmentradrgy, Office of Science, Basic
Energy Sciences, Materials Sciences and Engined®imigion. Haizhou Xue was

supported by the University of Tennessee Governdhair program. Peng Liu was

supported by China Scholarship Council (CSC) owseholarship program and by

15



the National Natural Science Foundation of Chinaa(® No. 11405097) and the
Natural Science Foundation of Shandong Province Gifina (Grant No.

ZR2014AQ21).

16



References

[1] W. J. Weber, D. M. Duffy, L. Thomé and Y. Zhanthe role of electronic energy loss in ion beam
modification of materialsCurrent Opinion in Solid State and Materials Sceed® (2015)
1-11.

[2] Y. Zhang, D. S. Aidhy, T. Varga, S. Moll, P. Bdmondson, F. Namavar, K. Jin, C. N. Ostrouchov
and W. J. Weber, The effect of electronic energs lon irradiation-induced grain growth in
nanocrystalline oxide®hysical Chemistry Chemical Physics 16 (2014) 88339.

[3] E. Zarkadoula, M. Toulemonde and W. J. Webeatdifive effects of electronic and nuclear energy
losses in irradiation-induced amorphization of aircApplied Physics Letters 107 (2015)
261902.

[4] M. Toulemonde, W. J. Weber, G. Li, V. Shutthadan, P. Kluth, T. Yang, Y. Wang and Y. Zhang,
Synergy of nuclear and electronic energy losse®imirradiation processes: The case of
vitreous silicon dioxidePhysical Review B 83 (2011) 054106.

[5]1 Y. Zhang, T. Varga, M. Ishimaru, P. EdmondsHnXue, P. Liu, S. Moll, F. Namavar, C. Hardiman
and S. Shannon, Competing effects of electronic raradear energy loss on microstructural
evolution in ionic-covalent materialdluclear Instruments and Methods in Physics Research
Section B: Beam Interactions with Materials andm$o327 (2014) 33-43.

[6] L. Thomé, A. Debelle, F. Garrido, P. Trocelli&t Serruys, G. Velisa and S. Miro, Combined efec
of nuclear and electronic energy losses in solidsdiated with a dual-ion beampplied
Physics Letters 102 (2013) 141906.

[7]1 Y. Zhang, R. Sachan, O. H. Pakarinen, M. F.sBbim, P. Liu, H. Xue and W. J. Weber,
lonization-induced annealing of pre-existing defecin silicon carbide. Nature
communications 6 (2015).

[8] W. J. Weber, Y. Zhang, H. Xiao and L. Wang, @ymic recovery in silicate-apatite structures under
irradiation and implications for long-term immobéition of actinidesRSC Advances 2 (2012)
595-604.

[9] E. Zarkadoula, O. H. Pakarinen, H. Xue, Y. Zhaand W. J. Weber, Predictive modeling of
synergistic effects in nanoscale ion track format®hysical Chemistry Chemical Physics 17
(2015) 22538-22542.

[10] W. J. Weber, E. Zarkadoula, O. H. PakarinenSRchan, M. F. Chisholm, P. Liu, H. Xue, K. Jin
and Y. Zhang, Synergy of elastic and inelastic gndoss on ion track formation in SrTiO3.
Scientific reports 5 (2015).

[11] E. Zarkadoula, H. Xue, Y. Zhang and W. J. WelSynergy of inelastic and elastic energy loss:
Temperature effects and electronic stopping powpeddenceScripta Materialia 110 (2016)
2-5.

[12] M. Karlusk, S. Akcoltekin, O. Osmani, I. Monnet, H. Lebius, Nakst and M. Schleberger,
Energy threshold for the creation of nanodots ori&3 by swift heavy ionsNew Journal of
Physics 12 (2010) 043009.

[13] K. L. Smith, G. R. Lumpkin, M. G. Blackford, MColella and N. J. Zaluzec, In situ radiation
damage studies of LaxSrl- 32TiO3 perovskitesJournal of Applied Physics 103 (2008)
083531.

[14] W. J. Weber, A. Navrotsky, S. Stefanovsky, FE.Vance and E. Vernaz, Materials science of
high-level nuclear waste immobilizatiodRS bulletin 34 (2009) 46-53.

17



[15] K. Szot, W. Speier, G. Bihlmayer and R. Waswjtching the electrical resistance of individual
dislocations in single-crystalline SrTiONat. Mater. 5 (2006) 312-320.

[16] J. Mannhart and D. G. Schlom, Oxide Interfad@sOpportunity for ElectronicsScience 327
(2010) 1607-1611.

[17] D. W. Reagor and V. Y. Butko, Highly conduaiwanolayers on strontium titanate produced by
preferential ion-beam etchiniat. Mater. 4 (2005) 593-596.

[18] Z. Zhong, A. Toth and K. Held, Theory of spinbit coupling at LaAlO3/SrTiO3 interfaces and
SrTiO3 surfacesPhysical Review B 87 (2013) 161102.

[19] Z. Liu, C. Li, W. L0, X. Huang, Z. Huang, SeHdg, X. Qiu, L. Huang, A. Annadi and J. Chen,
Origin of the two-dimensional electron gas at LaBISrTiO3 interfaces: the role of oxygen
vacancies and electronic reconstructiBhysical Review X 3 (2013) 021010.

[20] G. Herranz, M. Basleij M. Bibes, C. Carrétéro, E. Tafra, E. Jacquet,B¢uzehouane, C.
Deranlot, A. Hamz and J.-M. Broto, High mobility in LaAlO3/SrTiO3 texostructures:
Origin, dimensionality, and perspectiv®hys. Rev. Lett. 98 (2007) 216803.

[21] S. Tan, Y. Zhang, M. Xia, Z. Ye, F. Chen, XieXR. Peng, D. Xu, Q. Fan and H. Xu,
Interface-induced superconductivity and strain-celeat spin density waves in FeSe/SrTiO3
thin films. Nat. Mater. 12 (2013) 634-640.

[22] Y. Chen, N. Pryds, J. E. Kleibeuker, G. KosterSun, E. Stamate, B. Shen, G. Rijnders and S.
Linderoth, Metallic and insulating interfaces of @phous SrTiO3-based oxide
heterostructuredNano letters 11 (2011) 3774-3778.

[23] Y. Zhang, M. L. Crespillo, H. Xue, K. Jin, El- Chen, C. L. Fontana, J. Graham and W. J. Weber,
New ion beam materials laboratory for materials ification and irradiation effects research.
Nuclear Instruments and Methods in Physics Rese8gmttiion B: Beam Interactions with
Materials and Atoms 338 (2014) 19-30.

[24] M. Toulemonde, W. Assmann, C. Dufour, A. Méftd. Studer and C. Trautmann, Experimental
phenomena and thermal spike model description oftiacks in amorphisable inorganic
insulatorsMat. Fys. Medd 52 (2006) 263-292.

[25] M. Toulemonde, W. Assmann, C. Dufour, A. Méftd. Studer and C. Trautmann, Experimental
phenomena and thermal spike model description oftiacks in amorphisable inorganic
insulatorslon Beam Science: Solved and Unsolved Problems({228&-291.

[26] M. Waligorski, R. Hamm and R. Katz, The radigtribution of dose around the path of a heavy
ion in liquid water.International Journal of Radiation Applications dndtrumentation. Part
D. Nuclear Tracks and Radiation Measurements 18§)1309-319.

[27] A. Meftah, J. Costantini, N. Khalfaoui, S. Bljadar, J. Stoquert, F. Studer and M. Toulemonde,
Experimental determination of track cross-sectionGd3Ga5012 and comparison to the
inelastic thermal spike model applied to severalens. Nuclear Instruments and Methods
in Physics Research Section B: Beam Interactiorth WMaterials and Atoms 237 (2005)
563-574.

[28] http://www.toplent.com/SrTiO3.htm (accessegtsenber 7).

[29] W. N. Kang, B. W. Kang, Q. Y. Chen, J. Z. W,Bai, W. K. Chu, D. K. Christen, R. Kerchner
and S. I. Lee, Triple sign reversal of the Halleeffin HgBa2CaCu206 thin films after
heavy-ion irradiationPhysical Review B 61 (2000) 722-726.

[30] J. F. Ziegler and J. P. Biersack, SRIM-200@pping power and range of ions in mat{2008).

[31]W. J. Weber, W. Jiang, S. Thevuthasan, R. Hlifdfd, A. Meldrum and L. A. Boatner.Defects and

18



Surface-Induced Effects in Advanced Perovskite30Q2 pp. 317-328: Springer.

[32] Y. Zhang, J. Lian, Z. Zhu, W. D. Bennett, L. Saraf, J. L. Rausch, C. A. Hendricks, R. Ewind an
W. J. Weber, Response of strontium titanate toaioth electron irradiatiolournal of Nuclear
Materials 389 (2009) 303-310.

[33] Y. Zhang, W. J. Weber, V. Shutthanandan an@ife@vuthasan, Non-linear damage accumulation in
Au-irradiated SrTiO3.Nuclear Instruments and Methods in Physics Rese&esttion B:
Beam Interactions with Materials and Atoms 251 @0IR7-132.

[34] Y. Zhang, J. Lian, C. M. Wang, W. Jiang, R. Brving and W. J. Weber, lon-induced damage
accumulation and electron-beam-enhanced recrystidin in SrTiO3Physical Review B 72
(2005) 094112.

[35] C. Yu, M. L. Scullin, M. Huijben, R. RameshdA. Majumdar, Thermal conductivity reduction in
oxygen-deficient  strontium  titanates. Applied Physics Letters 92  (2008)
191911-191911-191913.

[36] J. F. Gibbons, lon implantation in semiconaust—Part 1l: Damage production and annealing.
Proceedings of the IEEE 60 (1972) 1062-1096.

[37] W. Weber, Models and mechanisms of irradiafitsuced amorphization in ceramidduclear
Instruments and Methods in Physics Research SeBtidBeam Interactions with Materials
and Atoms 166 (2000) 98-106.

[38] J. H. Zollondz and A. Weidinger, Towards neppkcations of ion trackNucl. Instrum. Methods
Phys. Res. Sect. B-Beam Interact. Mater. Atoms(2284) 178-183.

[39] F. Bergamini, M. Bianconi and S. Cristiani, ¥ad vapor etching of tracks produced in SiO2 by
Ti ion irradiation.Nucl. Instrum. Methods Phys. Res. Sect. B-Beanracte Mater. Atoms
257 (2007) 593-596.

[40] P. Y. Apel, I. V. Blonskaya, O. L. Orelovitch, Root, V. Vutsadakis and S. N. Dmitriev, Effet
nanosized surfactant molecules on the etching oftiacks: New degrees of freedom in
design of pore shapBluclear Instruments and Methods in Physics ReseBeckion B: Beam
Interactions with Materials and Atoms 209 (20039-&34.

[41] J. Rankin, J. McCallum and L. Boatner, Theeeffof annealing environments on the epitaxial
recrystallization of ion-beam-amorphized SrTiQRwrnal of materials research 7 (1992)
717-724.

19



Table 1. Stopping powers and ratio for ions with veed energy at 100 nm in depth.

lon Energy Incident S S, SJYS, lon range
(MeV) angle (°)* (keV/nm) (keV/nm) (nm)
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
@] 0.6 60 1.3** 0.22** 15 0.34
Au 0.9 7 0.86 45 0.19 0.13

* Incident angle refers to the angle between ion beam and the surface normal of S'TiO3
wefer.

** For 21 MeV Ni ion irradiation, the initial damage was induced by 600 keV O ions at
an l-angle of 60°; al 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, S. and S, arethe values at 180 nm (depth of the pre-damage peak).
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Fig. 1. (a) The RBS spectra of 20 MeV Ti irradiatadgle crystal SrTi@with an
initial damage created by 900 keV Au ions. The tinsehe RBS/C result for 12 and
20 MeV Ti irradiations on pristine SrTiOwith identical ion fluence of 8.3xbcm?,
(b) The disorder fraction profiles determined frahe RBS/C spectra. The Au
irradiation-induced relative disorder at the dampgek is 0.14, indicated as “initial
damage”.
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Fig 2. (a) Radial temperature profile as the function of time for 20 MeV Ti ions in

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

for several ions in pre-damaged SrTiOs;. The melting temperature, T, for SITiO3 is

included for reference.
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Fig. 4. The amorphous cross-sections of the ion tracks as the function of S, for 21
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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 accel erate 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 SITiOs. (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.



