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Abstract The structural behavior of polycrystalline per-

ovskite SrTiO3 under 400 keV Ne2? ion irradiation at both

liquid nitrogen (LN2) and room temperature (RT) has been

investigated. The grazing incident X-ray diffraction tech-

nique was applied to examine the radiation-induced struc-

tural evolution. The radiation behavior of SrTiO3 depends

strongly on the irradiation temperature. At LN2 tempera-

ture, the samples exhibit significant lattice swelling and

amorphization, whereas at RT, the lattice swelling is much

less conspicuous and no amorphization is detected even at

the highest irradiation dose of 5.0 dpa. Nevertheless, Ne2?

irradiation induces peak splitting in XRD patterns at both

temperatures. Furthermore, first-principle calculations have

been performed with VASP, involving possible defect

types, to identify which defect is responsible for the radi-

ation effect of SrTiO3. The results reveal that the oxygen

vacancy defect is the most likely to contribute to the

radiation behavior of SrTiO3.

1 Introduction

Perovskites are the most abundant mineral on earth with

the general formula of ABO3, and strontium titanate

(SrTiO3) is a prominent representative of the group. Due to

high dielectric constant, good magnetic, ferroelectric and

insulating properties, outstanding resistance against oxi-

dation, and chemical and thermal stabilities, SrTiO3 has

been of great technological interest in microelectronics and

optoelectronic industries and in clean energy research [1–

4]. In addition, perovskite oxides, particularly SrTiO3, have

been proposed as possible ceramic host phases for immo-

bilization of high-level radioactive nuclear wastes, espe-

cially actinide elements and fission-product wastes (such as
90Sr) [5]. During the long-term storage, waste forms are

submitted to severe radiations, e.g., the a-decay of acti-

nides and b-decay of fission products. As a result, radiation

damage accumulates in the host phases and ultimately

reduces the physical and chemical durability [6, 7]. In this

regard, it is important to understand and predict the

behavior of materials in radiation environment. Generally,

high-intensity energetic ion beams are applied to simulate

the radiation effects induced by a-events in actual disposal

of wastes over a long period of time. Extensive irradiation

experiments using various ion species and energies have

been completed to investigate the radiation response of

SrTiO3, mainly focused on damage accumulation and the

critical dose for amorphization [8–12], irradiation-induced

epitaxial regrowth due to irradiation with He, Ne, Ar and Si

ions [13, 14], surface modification by Ga and Ar ions [15,

16], and recrystallization from Kr, Xe, Au and Pb ions [11,

17, 18]. Sabathier et al. [10] have declared that dose rate

and sample temperature are two important factors that can

affect SrTiO3 susceptibility to amorphization. Zhang et al.

[11] have also quantitatively investigated the damage
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evolution as a function of temperature and dose under Au

ion irradiation. Moreover, it was found that increased

temperature can lead to less irradiation-induced damage

due to the high defect recovery rate [19].

However, in this paper, the radiation effect of SrTiO3

under 400 keV Ne ion irradiation at both liquid nitrogen

and room temperature has been studied using grazing

incident XRD technique, particularly concentrating on the

radiation-induced lattice swelling effect and temperature

dependence, two critical factors that should be considered

when designing the nuclear waste forms in practical

applications. Furthermore, in order to investigate the

mechanism of structural evolution of the irradiated SrTiO3,

first-principle calculations have been performed, taking a

variety of possible defects into account.

2 Methodology

Polycrystalline SrTiO3 samples were synthesized using

conventional ceramic processing procedures, from TiO2

(Beijing HWRK Chem Co., LTD, 99.99 % purity) and

SrCO3 (Beijing HWRK Chem Co., LTD, 99.99 % purity)

as starting materials. The mix powers were ball-milled,

pressed into pellets and then sintered at 1100 �C for 24 h.

To ensure the reaction proceeds completely and homo-

geneously, the pellets were re-milled, repressed and re-

sintered at 1300 �C for 72 h. The resulted pellets were

finally polished to a mirror finish using W0.25 diamond

suspension. The synthesized SrTiO3 is proved to be

phase-pure, and the measured density is larger than 90 %

of the theoretical value (5.106 g/cm3, obtained from

X-ray measurement).

Ion irradiationswere performed at the IonBeamMaterials

Laboratory, Los Alamos National Laboratory, using a

200-kV Danfysik high-current research ion implanter. The

400 keV Ne2? ion irradiations were performed at normal

incidence at ion fluences ranging from 7 9 1014 to

2 9 1016 ions/cm2 under liquid nitrogen (LN2) and room

temperature (RT), respectively. The average ion flux was

*1 9 1012 ions/(cm2�s). The projected range of the

400 keV Ne2? ions in the cubic SrTiO3 was estimated using

the Monte Carlo code SRIM 2008 [20]. The projected range

and the longitudinal straggling of Ne in SrTiO3 by SRIM are

approximately 456 and 117 nm, respectively, and the max-

imum displacement damage dose is approximately 0.25 dpa

(displacements per atom) at a fluence of 1 9 1015 ions/cm2

as shown in Fig. 1. In these SRIM calculations, the target

density q = 5.106 g/cm3 was used and the threshold dis-

placement energies for O, Ti and Srwere chosen to be 45 [21,

22], 70 [23] and 80 [23] eV, respectively.

Grazing incidence X-ray diffraction (GIXRD) was per-

formed in Lanzhou University using a Rigaku D/Max-2400

X-ray diffractometer with Cu-Ka radiation, h–2h geome-

try, and the X-ray incident angle of c = 1.2�. The depth of

the X-ray in SrTiO3 at c = 1.2� is 0.35 lm which was

estimated by using geometrical method [24]. The GIXRD

penetration depth almost corresponds to the depth of

damaged peak (as shown in Fig. 1). The scan range was

20�–75�, with the step size of 0.02� and a dwell time of one

second.

First-principle calculations based on density functional

theory were performed to evaluate the formation energy of

point defects and the theoretical XRD of the relaxed

SrTiO3 structure with different point defects by using the

Vienna Ab initio Simulation Package (VASP) with the

Fig. 1 Damage profile and

implanted Ne profile in SrTiO3

with fluence of 1 9 1015 ions/

cm2 under 400 keV Ne

irradiation as determined by

SRIM calculations
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generalized gradient approximation (GGA) [25, 26]. The

interactions were described using the projector augmented

wave (PAW) method [27, 28] with PBE functional [29,

30]. The conjugate gradient scheme was used in the

relaxing of lattice parameters and internal atomic positions

of all structures. The total energies and properties were

calculated with 8 9 8 9 8 Monkhurst–Pack k-point mesh,

and a cutoff energy of 520 eV for the plane wave basis set

in the unit cell (five atoms). The calculations for defect

formation energies were based on the 4 9 4 9 4 supercell

(containing 320 atoms) with 2 9 2 9 2 Monkhurst–Pack

k-point mesh and a cutoff energy of 520 eV.

3 Results and discussion

Figure 2a shows the GIXRD patterns of the pristine and

irradiated SrTiO3 under LN2 temperature with 400 keV

Ne2? ions at fluences of 7 9 1014, 1 9 1015, 5 9 1015,

1 9 1016 and 2 9 1016 ions/cm2. These ion irradiation

fluences were converted into the standard units of dpa, i.e.,

0.18, 0.25, 1.25, 2.5 and 5.0 dpa, respectively [31]. For the

pristine sample, all the diffraction maxima can be ascribed

to the perovskite structure from previous studies [10, 15,

19]. At low-dose irradiation, no significant changes are

found from the GIXRD patterns, except for minor shifts of

Fig. 2 a GIXRD patterns of the

pristine and irradiated SrTiO3

under 400 keV Ne2? ions at

LN2 temperature. b Data fitting

in an enlarged view of the {1 1

0} peak
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the diffraction peaks. As the dose reached 2.5 dpa, a

broadband (as marked) occurs obviously at the left of {1 1

0} peak. This broadband arises from diffuse scattering of

the amorphous phase, which confirms that Ne ion irradia-

tion has induced a crystalline-to-amorphous transformation.

In order to analyze the peak shifts induced by irradiation

in detail, each XRD peak of the irradiated SrTiO3 diffrac-

tion patterns before amorphization was fitted with Lorenz

functions. The fitted XRD patterns are consistent with the

previous studies on the cubic SrTiO3 [32, 33]. For an ideal

cubic SrTiO3 structure, each diffraction peak consists of

two very close side-by-side peaks, as shown in the enlarged

view of {1 1 0} peak in Fig. 2b. The {1 1 0} peak of pristine

SrTiO3 can be decomposed into two peaks marked by L1

and L2. While for the irradiated samples under 0.18 dpa,

new peaks, marked by R1 and R2, emerge at the right of L1

and L2. The presence of R1 and R2 indicates that the

structure of SrTiO3 has been changed by irradiation, which

may be due to the lattice distortion induced by the formation

of defects [31], but it is not sure which type of defect is

responsible only from the XRD results. As the irradiation

dose increases, the relative intensity of the original peak L1

and L2 decreases gradually. At the dose of 1.25 dpa, the

peak L1 and L2 have disappeared in succession, and only

R1 and R2 remain, as shown in Fig. 2b. Besides, each peak

shifts to smaller 2h slightly as the irradiation dose increases.
Figure 3a shows the GIXRD patterns of the pristine and

irradiated SrTiO3 under RT with Ne2? fluences of 5 9 1015,

1 9 1016 and 2 9 1016 ions/cm2, corresponding to 1.25,

2.5 and 5.0 dpa, respectively, and Fig. 3b is the enlarged

view of the {1 1 0} peak. Similarly, new peaks (R1 and R2)

appear after irradiation under RT, but only L1 disappears at

the highest dose of 5.0 dpa. The peaks also shift to lower 2h
under irradiation at RT, which is not as obvious as that at

LN2 temperature. It is worth noting that there is no obvious

amorphization observed for the irradiated SrTiO3 under RT

even at the highest dose of 5.0 dpa, which is much different

from the case under LN2 temperature.

The shift of the L1 and L2 peak to smaller 2h is actually

indicative of the increase in the lattice parameter [34]. In

other words, lattice swelling effect has been induced by

Ne2? ion irradiation in SrTiO3. Similar result was gained in

the study of Ar ion irradiated SrTiO3 [15]. In order to

quantify the lattice swelling as a function of Ne2? ion

fluence, the relative variations of lattice parameter Da/a0
(a0 is the lattice parameter of pristine SrTiO3) were cal-

culated using the similar procedures described in our ear-

lier publications [34], as plotted in Fig. 4. The lattice

parameter increases as a function of the irradiation dose in

both LN2 and RT cases. However, the increasing rate at RT

is remarkably lower, as compared with the LN2 case.

According to the above analysis, the radiation response

of SrTiO3 induced by 400 keV Ne ions, including

amorphization and lattice swelling, depends strongly on the

irradiation temperature. The enhanced radiation resistance

at RT is probably due to that the dynamic recovery of the

irradiation-induced damage increases as the irradiation

temperature increases [11, 19]. In fact, the damage process

of materials under irradiation is mainly the result of com-

petition between the defect formation and annihilation. At

LN2 temperature, the defects are always inert and possess

very low migration rate, and the majority of defects formed

can remain. While as the temperature increases, dynamic

recovery processes, including defect migration and clus-

tering, become more active. Thus, the chance of defect

annihilation is increased significantly. Therefore, the final

survival defects are relatively few even though irradiation

may produce a large number of defects. The change in the

irradiation temperature can dramatically affect the defect

accumulation.

In order to elucidate which type of defect is responsible

for the radiation effect of SrTiO3, first-principle calcula-

tions of the formation energies of possible defect types

have been performed systematically. Various point defects

have been considered, including the individual vacancies of

Sr, Ti and O, the cation antisite defect, and the Frenkel

defects of Sr, Ti and O.

The defect formation energy (DEdefect) is determined as

[35]

DEdefect ¼ Edef � Eper �
X

i

Dnili; ð1Þ

where Edef is the total energy of a sufficiently large

supercell containing the defect, Eper is the total energy of a

perfect supercell containing the same number of primitive

unit cells, Dni is the number of atoms of element i added

(or removed) to produce the defective structure and li is
the chemical potential for the ith element. The chemical

potential is defined as the free energy cost of supplying or

removing the required number of atoms in an open system

[36]. In the case of SrTiO3 system, the chemical potentials

are determined from equilibrium conditions of various

phases containing Sr, Ti and O. In assumption that SrTiO3

is always stable, the chemical potentials of the three ele-

ments can vary in the following correlation:

lSr þ lTi þ 3lO ¼ lSrTiO3ðbulkÞ; ð2Þ

where lSrTiO3ðbulkÞ is a total energy per formula unit of

perfect SrTiO3 crystal. If, for example, SrTiO3 is in equi-

librium with O and SrO, li is also constrained by the

equations as shown below:

lSr þ lO ¼ lSrOðbulkÞ; lO ¼ lOðbulkÞ: ð3Þ

Here, lO(bulk) corresponds to the chemical potential per

atom of O2 gas. Thus, the chemical potentials of Sr, Ti and

O can be calculated from the above equations [36].
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The calculated defect formation energies are shown in

Table 1. It is clear that the formation energy of O vacancy

is the smallest among all the defects considered, implying

that the formation of O vacancy is the most energetically

favorable in SrTiO3 upon irradiation, which is in good

agreement with experimental results [15]. Therefore, it can

be inferred that the structural evolution of SrTiO3 observed

is caused by the O vacancy formation during irradiation.

This result is also confirmed by previous studies [37–39]

where it is suggested that the oxygen vacancy can be easily

introduced into perovskite oxides via various processes.

Furthermore, the XRD patterns of relaxed SrTiO3 with

different concentrations of O vacancy were simulated, as

shown in Fig. 5, which can provide an intuitive approach to

compare the results between experiments and first-princi-

ple calculations. The simulated XRD patterns of perfect

and defective SrTiO3 also show the splitting of diffraction

peaks, which is in excellent agreement with the results

shown in Figs. 2a and 3a. When the O vacancy concen-

tration reaches to 8/192, new peaks emerge at the right side

of the original {1 1 0} peak with most part overlapped. As

the content of O vacancy increases to 21/192, the new

Fig. 3 a GIXRD patterns of the

pristine and irradiated SrTiO3

under 400 keV Ne2? ions at RT.

b Data fitting in an enlarged

view of the {1 1 0} peak
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peaks can be clearly differentiated from the original ones.

More specifically, the simulated XRD suggests that the

original diffraction peaks shift to smaller 2h as the con-

centration of O vacancy increases. Otherwise, the relative

intensity of original peaks decreases obviously with

increasing O vacancies. These results agree very well with

the observations from GIXRD in our experiments. It should

be mentioned that from the simulated XRD patterns, one

can see that the position of new emerging peaks to larger

2h with increasing O vacancy concentration, showing a

slight deviation with the experimental results where both

R1 and R2 shift to the lower 2h with increasing irradiation

dose. The main reason is probably that, as the irradiation

dose increases, more complicated defects would be induced

rather than a single species of O vacancy as concerned in

our calculation process. However, it is true that under the

low-dose irradiation, the splitting and shift of the diffrac-

tion peaks are dominantly the result of O vacancy forma-

tion. Besides, although we conclude that O vacancy is the

primary cause of the structural evolution of SrTiO3 irra-

diated by Ne2? ions, O anion is a much weaker X-ray

scatterer, as compared with Sr and Ti cations. Actually, the

introduction of O vacancies can lead to local lattice dis-

tortion through the relaxation of Sr and Ti cations, which

eventually resulted in different XRD patterns of defective

SrTiO3.

4 Conclusions

In summary, polycrystalline perovskite SrTiO3 was irra-

diated by 400 keV Ne2? ion at both LN2 and room

temperature. Significant structural evolutions have been

induced in SrTiO3, including lattice swelling and amor-

phization. The first-principle calculated results indicate

that the O vacancy is the most energetically favorable

defect and probably contributes to the structural evolution

of irradiated SrTiO3. Moreover, O vacancy can also

induce peak splitting and shift of SrTiO3 in the simulated

diffraction patterns of the relaxed SrTiO3 structure, which

agrees the experimental results very well. Meanwhile, the

radiation response of SrTiO3 depends strongly on the

irradiation temperature: (1) the lattice parameter of

SrTiO3 increases much more rapidly at Ln2 temperature

than that at room temperature; (2) SrTiO3 was severely

amorphized at dose of 2.5 dpa under LN2 temperature,

while no amorphization was detected at room temperature

even at the highest dose of 5.0 dpa. The enhanced radi-

ation resistance of SrTiO3 to amorphization and lattice

swelling at room temperature is mainly due to the

enhanced defect annihilation at room temperature. These

results are fundamentally meaningful to the application of

ceramic nuclear waste forms, since the lattice swelling

and temperature effect are closely correlated with the

long-term mechanical and thermal durability of waste

forms.

Fig. 4 Relative variation of the lattice parameter, Da/a0, as a function
of the irradiation dose under LN2 and RT

Table 1 Defect formation energies in SrTiO3 calculated using VASP

with a 4 9 4 9 4 supercell of 320 atoms

Defect type Defect formation energy (eV)

Oxygen Strontium Titanium

Vacancy 4.94 8.16 14.31

Frenkel 4.95 9.52 8.41

Cation antisite 6.27

Fig. 5 Simulated XRD patterns of relaxed SrTiO3 structures con-

taining different O vacancies with different concentrations from

VASP calculations
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