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Abstract 

Oxygen-deficient compounds A4B3O12 have a δ-type structure with a regular long-range arrangement of 

oxygen vacancies induced by compensation of the charge difference between A3+ and B4+ cations, while A and 

B cations do not order long-range and only display weak short-range correlations. The δ-type compounds in 

the Sc2O3-HfO2 and Sc2O3-ZrO2 systems exhibit excellent resistance to radiation-induced amorphization, but 

the long-range ordered δ-phase was transformed into a short-range ordered bixbyite phase. Since this structural 

change was not predicted from the phase diagram, the validity of the formation of the bixbyite phase and its 

stability are still unclear. In the present study, the changes of radiation-induced microstructures in δ-Sc4Hf3O12 

under heat treatments and electron beam irradiations were examined by ex-situ and in-situ transmission 

electron microscopy. It was found that the ion-beam-induced metastable bixbyite phase is transformed into the 

δ and fluorite phases by the rearrangement of the oxygen vacancies. 
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1. Introduction 

Knowledge of structural changes under radiation environments is of technological importance for developing 

radiation tolerant materials for use in the nuclear industrial [1-7]. The radiation behavior of oxygen-deficient 

fluorite structural derivatives [8], such as pyrochlore (M+3
2M+4

2O7, where M represents the metal species, and 

O is oxygen) [9-12], murataite [13,14], and C-type rare earth sesquioxide (bixbyite) (M2O3) [15-17], are 

extensively studied by many researchers, because oxide ceramics with a fluorite-type structure, such as 

uranium dioxide and zirconium dioxide often display exceptional radiation resistance. Pyrochlores that are 

ordered long-range have perfect arrangements of the cations and oxygen vacancies: therefore, they are an 

interesting playground to explore the effects of radiation on the long-range order of both sublattices. A, B, and 

C-type sesquioxides of rare earths are systems where there is no compositional cation disorder and only the 

vacancies in the anion sublattice can be disordered: they are therefore interesting to understand how radiation 

effects affect specifically this sublattice. Oxygen-deficient compounds A4B3O12 possess a delta (δ) type 

structure with a regular long-range arrangement of oxygen vacancies, whereas A and B cations do not order 

long-range and only display weak short-range correlations. The tendency to develop short or long-range order 

in aliovalent doped fluorite systems can be related to the mean size and the size mismatch of the cations M. 

Size is parameterized by the cation radius rM, and size mismatch is described by the statistical variance in the 

distribution of the radii, that is defined by 2= <rM
2> - <rM>2, where the bracket represents the ensemble 

average. When two cations A and B share the same fluorite sublattice, such as M = (A1-xBx), the expression of 

the variance reduces to 2= x(1-x) (rA-rB)2. In the case of Sc4Zr3O12 and Sc4Hf3O12, the variance 2 is only 

1.5×10-4 and 3×10-4 respectively, much less than in systems that exhibit short-range or long-range cation order 

like for instance the defect fluorite Ho2Zr2O7 (2=81×10-4) and the ordered pyrochlore Ho2Ti2O7 (2=225×10-

4).  Therefore, these δ-type compounds are the ideal playground to understand the radiation effects on the anion 

sublattice in systems where the cation sublattice can be kept almost perfectly disordered. 

The δ-type compounds exhibit an excellent radiation-induced amorphization resistance [18-20], and 

the pristine long-range ordered rhombohedral δ-phase transforms to a long-range disordered cubic oxygen-

deficient fluorite phase. In this structure, cations and anion vacancies are statistically distributed onto the site 
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of their respective sublattices, a behavior consistent with the high temperature pseudo-binary phase diagram 

Sc2O3-ZrO2 [18,21,22]. Interestingly, the formation of a short-range ordered cubic bixbyite phase is confirmed 

in 300 keV Kr2+ ion irradiated δ-Sc4Zr3O12 [20] and 92 MeV Xe26+ ion irradiated δ- Sc4Hf3O12 [23], indicating 

a non-binary response effect of the anion sublattice in this structure. The onset of the bixbyite order is unusual, 

because most of the radiation-induced structural changes involve a transformation from the low-temperature 

polymorph to a higher-temperature and higher symmetry one that is already present in the equilibrium phase 

diagram. However, several studies have not confirmed this phase transformation in irradiation experiments on 

δ phases: 185 MeV Au13+ ion irradiated Sc4Zr3O12 to fluences ranging from 1×1011 to 1×1013 ions/cm2 at room 

temperature [24]; 300 keV Kr2+ ion irradiated Sc4Zr3O12 to fluence ranging from 1×1015 to 3×1016 ions/cm2 at 

cryogenic temperature [19]; Sc4Hf3O12 irradiated with 400 keV Ne2+ ions to fluences ranging from 1×1014 to 

1×1015 ions/cm2, 600 keV Kr3+ ions to fluences ranging from 5×1014 to 5×1015 ions/cm2, and 6 MeV Xe26+ ions 

to fluences ranging from 2×1013 to 1×1015 ions/cm2 [25]; 6 MeV Xe26+ ion irradiated Lu4Hf3O12 to fluences 

ranging from 2×1013 to 1×1015 ions/cm2 [26]. This means the formation mechanisms and the stability of the 

bixbyite phase remain open questions. 

In irradiated δ-phases, the correlation length of the bixbyite phase is less than 10 nm, a value that 

largely exceeds the typical geometrical radius of the ion tracks obtained by transmission electron microscopy 

(TEM) experiments [23]. These domains with bixbyite order are embedded in a fluorite paracrystal with broken 

translational symmetry [20,23], so their presence can be visualized by TEM. TEM specimens are prepared by 

ion milling and focused ion beams, and the observed structures may also be sensitive to these processes. Also, 

the effects of temperature rise and electron beam irradiation can interfere with the TEM observations. In the 

present study, we examine specifically the behavior of the metastable bixbyite order under heat treatments and 

electron beam irradiation in ion-irradiated Sc4Hf3O12. 

 

2. Experimental 

Polycrystalline Sc4Hf3O12 pellets were prepared by sintering and confirmed to have the δ-type structure by x-

ray diffraction. Details of the sample synthesis are described elsewhere [23,27]. The sintered pellets were 
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irradiated with 92 MeV Xe26+ ions to a fluence of 1×1014 cm-2 at room temperature using IRRSUD beamline 

at GANIL (Grand Accélérateur National d’Ions Lourds) in Caen, France. The ion flux was kept at 1×109 

ions/cm-2 s-1 while the sample surface was kept normal to the ion beam direction.  The energy loss due to 

electronic and nuclear (displacive) interactions is estimated to be ~20 and ~1 keV/nm, while the projected 

range of 92 MeV Xe is estimated to be ~8 m. The complete SRIM profiles and calculated integrated energy 

loss from these components is reported in Ref. 27. Some of the irradiated δ-Sc4Hf3O12 pellets were annealed 

at 300 oC for 2 hr under ambient atmosphere. The irradiated and annealed pellets were fabricated into cross-

sectional TEM specimens. They were thinned to less than 10 μm by mechanical polishing in the cross-sectional 

direction using a tripod polisher, and then subjected to argon ion milling. To investigate the effects of induced 

heating during TEM sample preparation on microstructures, ion milling was performed at room and cryogenic 

temperatures. The TEM samples were carbon coated to avoid charge-up during observations. The cross-

sectional TEM specimens were characterized by TEM using JEOL JEM-3000F and JEM-F200. To examine 

the stability of ion irradiation induced microstructures under electron beam environments, the latter instrument 

was operated at acceleration voltages of 200 and 80 kV. A heating holder was used for in-situ TEM 

observations of thermally-induced structural changes. 

 

3. Results and discussion 

A. Effects of ion milling on microstructures induced by ion irradiation 

Figure 1 shows cross-sectional bright-field (BF) TEM images of ion irradiated δ-Sc4Hf3O12. A 92 MeV Xe-

ion beam was impinging from the left side, and the sample surface is located at a depth of 0 nm. The TEM 

specimens were prepared by ion milling at (a) room temperature and (b) cryogenic temperature. The former 

result has been already reported [23], but it is shown here for ease of comparison. In addition to the diffraction 

contrast due to crystal grains, a contrast change indicated by a white line is observed in both specimens. Note 

that, while the projected range is ~8 m all TEM results presented, in the manuscript are shown only up to 6 

m to emphasis the role of electronic stopping. An interface contrast was observed at a depth of (a) ~4.5 and 

(b) ~5.0 μm from the surface where the electronic stopping power is ~22 and ~16 times larger than the nuclear 
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stopping power, respectively [23]. Thus, the irradiated region shows two distinct areas of interest separated by 

the contrast line, beyond which is the pristine region (not shown) of the samples. 

 We have previously reported that the crystal structures change crossing this line where the contrast is 

modified [23]. Figures 1(c) and 1(d) show selected-area electron diffraction (SAED) patterns taken from just 

above the contrast interface of Figs. 1(a) and 1(b), respectively. (See previous reports for electron diffraction 

patterns of the fluorite, bixbyite, and δ-type structures [20,23].) Superlattice reflections due to the ordering of 

oxygen vacancies are present in both diffraction patterns, and they can be indexed by a bixbyite-type structure 

(zone axis [011] and [111], respectively). On the other hand, the structure just below the contrast interface is 

different in the specimens prepared at room and at cryogenic temperature ion milling. Only the fundamental 

lattice reflections indexed by a fluorite lattice are observed in Fig. 1(e), whereas there are superlattice 

reflections indexed by a δ-type structure in Fig. 1(f). Since the projected range of the impinging ions is about 

8 μm, the structures of Figs. 1(e) and 1(f) correspond to the region above the Bragg peak of the Xe ions, where 

the nuclear stopping contribution to the overall damage starts to increase, but where Xe implantation is still 

modest. 

 To investigate the microstructural changes at the interface in more detail, dark-field (DF) TEM 

observations were performed. The DF images of the specimen prepared by ion milling at room temperature 

can be found in Ref. 23, so only the results of cryogenic ion milling are shown here. In Fig. 2, the sample 

surface is still on the left side of the picture. The DF image taken with the fundamental lattice reflection shows 

an overall bright contrast (Fig. 2(a)), demonstrating that all the atoms of this region can scatter coherently. 

Figures 2(b) and 2(c) show the DF images taken with the superlattice reflection due to the δ and bixbyite 

structures, respectively. The side below the interface (right side of the image) presents a uniform bright contrast 

in Fig. 2(b), while only dispersed bright dots are observed above the contrast interface (left side of Fig. 2(c)). 

This is consistent with the short correlation length characteristic of this bixbyite phase: the bright domains of 

this image correspond to one set of the 16 possible variants of the bixbyite subgroup Ia3̅ of Fm3̅m. A high-

resolution TEM image taken from the surface of the irradiated specimen is shown in Fig. 3. On closer 

examination, dark dots are regularly arranged in region A. The fast Fourier transform (FFT) diagram of this 
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region A is consistent with the (111) diffraction pattern of a single domain orientation of the bixbyite structure. 

On the other hand, the FFT diagram of the other regions of the pictures as for instance the one labeled B 

produce a diffraction pattern typical of a fluorite phase, demonstrating that these regions do not correspond to 

single domains of bixbyite structure but to at least two translational variants of bixbyite structure scattering 

coherently and with a same average fluorite zone axis. This indicates that the bixbyite domains are described 

by the cosets of Ia3̅ in Fm3̅m. A similar bixbyite domain structure was also observed in δ-Sc4Hf3O12 irradiated 

with 300-keV krypton ions where binary collisions dominate the physics of radiation damage [20]. 

 

B. Ex-situ and in-situ TEM observations of thermally-induced structural changes 

 As mentioned above, the bixbyite phase order was observed beneath the surface in both the specimens 

prepared by ion milling at room and at cryogenic temperatures, in the region where the radiation damage has 

an almost exclusive electronic origin. On the other hand, different structures occur in the region just below the 

contrast interface in samples prepared using the two different ion milling conditions. This suggests that the 

metastable stacking of oxygen vacancies in the bixbyite phase can reorganize following the temperature rise 

during ion milling. To confirm the validity of this speculation, thermally-annealed specimens were investigated. 

Figure 4 shows SAED patterns of the ion-irradiated δ-Sc4Hf3O12 after heat treatment at 300 oC. Two types of 

diffraction patterns were obtained in a specimen prepared by ion milling at liquid nitrogen temperature and 

then submitted to thermal annealing, as shown in Figs. 4(a) and 4(b). They correspond to the (1̅11) and (112) 

reciprocal lattice planes of the δ-type and average fluorite structures, respectively. The positions of the 

fundamental average fluorite reflections are common to the two patterns, suggesting that the cations of the two 

regions can scatter coherently, and showing that the two patterns only involve a different arrangement of the 

oxygen vacancies. Interestingly, no diffraction pattern corresponding to the order of vacancies characteristic 

of the metastable bixbyite structure was observed after thermal annealing. This suggests that the metastable 

bixbyite order is lost after annealing, resulting in a phase where the oxygen vacancies are now either randomly 

distributed, or they adopt the stacking rules of the pristine rhombohedral δ-structure. Figure 4(c) shows a BF 

image of the specimen annealed at 300 oC, where the oxygen vacancy correlations of bixbyite type were 
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originally present in the as-irradiated state. In addition to a mottled contrast, a grain boundary indicated by 

arrows is observed in the specimen. Figure 4(d) shows a DF image taken using the superlattice reflection of 

the δ-phase, which is the identical area of Fig. 4(c). The bright and dark regions correspond to the δ and fluorite 

regions of spatial correlations for the oxygen vacancies, respectively. It was found that δ phase correlations 

are preferentially restored near the grain boundary. 

 Figure 5 shows the time evolution of SAED patterns under heat treatments obtained by in-situ TEM 

observations. Diffuse spots due to short-range ordered bixbyite are observed before thermal annealing in the 

(103) diffraction patterns of Fig. 5(a). The structures were maintained at 180 oC for 5 min (Fig. 5(b)), whereas 

sharp strong spots appear after annealing at 200 oC for 5 min (Fig. 5(c)). The intensity of the superlattice spots 

increases as annealing proceeds (Fig. 5(d)). These superlattice spots can be interpreted by the superposition of 

(11̅2) reciprocal lattice planes of the δ-type structure with different variants. Finally, the diffuse spots of the 

bixbyite phase completely disappear after 15-min annealing (Fig. 5(e)). The in-situ observations were 

conducted in vacuum inside TEM, while the heat treatment of Fig. 4 was performed at atmospheric pressure. 

Regardless of the atmosphere, it was found that the bixbyite phase transforms to the disordered fluorite and/or 

ordered δ phases. This suggests that the structural changes observed here is not due to compositional effects 

but to rearrangements of oxygen vacancies. Indeed, no compositional difference was detected between the 

bixbyite, fluorite, and δ phases by energy-dispersive x-ray spectroscopy [23,28]. 

 

C. Stability of the bixbyite phase under electron beam irradiation 

Figure 6 shows the change of the SAED pattern under 200-keV electron beam irradiation at room temperature. 

In addition to the fundamental fluorite lattice reflections, diffuse spots due to the bixbyite structure were 

observed in the area affected by ion irradiation (Fig. 6(a)). As the electron beam irradiation progresses (Fig. 

6(b), then Fig. 6(c), and Fig. 6(d)), new sharper spots appear while the diffuse bixbyite spots become 

increasingly weaker. The new superlattice reflections, arranged in a ring around the main average fluorite 

lattice spots, correspond to different ferroelastic variants of the  phase structure. To explain the SAED pattern 

of Fig. 7(a), nanobeam electron diffraction experiments were performed. Figures 7(b) and 7(c) show nanobeam 
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electron diffraction patterns obtained with an electron beam of ~50 nm diameter, taken from different regions 

of the electron-beam-irradiated area. These patterns correspond to (001) reciprocal lattice planes of the δ-type 

structure, but their orientations are different. Indeed, the corresponding DF images in Figs. 7(b’) and 7(c’), 

formed by selecting superlattice spot in Figs. 7(b) and 7(c), respectively, clearly show the presence of two δ 

phase variants. Figure 7(a’) shows the DF image obtained using two superlattice spots belonging to different 

variants. The dashed line indicates a part of the circle corresponding to the electron beam cross section. 

Although two different spots are used for the imaging, dark regions exist in the irradiated area. This suggests 

that in parts of the sample the bixbyite correlations among vacancies are indeed lost after annealing, but that 

the δ phase correlations of the pristine phase are not restored. In these regions, the oxygen vacancies remain 

disordered, leading to an oxygen deficient average fluorite structure. 

 Figure 8 shows a series of snapshots of in-situ DF TEM images captured from the video (see 

supplementary material, Fig. S1). To suppress thin-foil effects, thicker regions of the sample were observed 

with an electron beam at an acceleration voltage of 300 kV. In addition, the samples were irradiated at low 

doses to delay structural changes. An objective aperture was inserted into a superlattice spot due to the δ phase. 

Only the bixbyite and fluorite phases are present before electron beam irradiation, so the overall contrast in 

Fig. 8(a) is very weak. After irradiation, bright contrast regions appear in some places in Fig. 8(b), suggesting 

nucleation of the δ phase. The number of nucleation increases and the growth of the δ phase progresses with 

irradiation, as seen in Figs. 8(c-f). The bright contrast becomes stronger with irradiation, suggesting that the 

degree of order, i.e. the ordering of oxygen vacancies, becomes more pronounced. 

 The structural changes under electron beam irradiation are induced by two effects [29]: knock-on and 

electron excitation effects. The former is suppressed with decreasing the acceleration voltage of TEM, while 

the latter becomes more pronounced. To identify the mechanism of the electron-beam-induced structural 

changes, we examine the effects of the acceleration voltage of TEM on the stability of the bixbyite. The 

maximum recoil energy Tm is given by 

Tm=2E(E+2m0c2)/Mc2, 

where E is the energy of the incident electron, m0 the rest mass of the electron, c the velocity of light, and M 
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the mass of the displaced atom. No report is available about knock-on energies of the constitute elements of 

δ-Sc4Hf3O12, but typical threshold displacement energies for ceramics are in the range of 20-60 eV [30]. A 

200-keV electron transfers energy up to 11.7 eV for a Sc atom, 2.9 eV for a Hf atom, and 32.8 eV for an O 

atom, suggesting that O atoms are far more likely to be displaced than other atoms in the irradiation conditions 

of Fig. 6. Assuming a threshold displacement energy of 20 eV, no knock-on effect occurs at acceleration 

voltages below 130 kV. Figure 9 shows SAED patterns (a) before and (b) after irradiation with 80-keV electron 

beams at the same flux as in Fig. 6. The diffuse spots due to the bixbyite structure are still observed after 

irradiation for 30 min and the formation of the δ-phase is significantly delayed. This suggests that the bixbyite-

to-δ phase transformation under electron beam irradiation is due to knock-on effects rather than electron 

excitation one. Also, the 200-keV electron beam preferentially displaces anions, and has no significant effect 

over the cations. This consistently supports the conclusion that the observed structural changes are not cation 

rearrangements but only involve the rearrangement of the oxygen vacancies by knock-on effects. 

 As described above, the ion-beam-induced bixbyite phase is thermally metastable, and therefore we 

can also provide an estimate of the temperature rise during the electron beam irradiation. The heating effects 

under a uniformly distributed electron beam with a radius of r0 can be estimated by the following equation 

[31]: 

ΔT = V0I0 / πκr0, 

where ΔT is the temperature rise, V0 the acceleration voltage, I0 the beam current, and κ the thermal 

conductivity. The values of κ are 3 Wm-1K-1 for ZrO2 and 17 Wm-1K-1 for Sc2O3. The thermal conductivity for 

δ-Sc4Hf3O12 is currently unknown, but it is probably greater than that of ZrO2 due to the Sc2O3 richness: we 

used the value of κ for ZrO2 to estimate the maximum temperature rise. Under the irradiation conditions of 

Fig. 6 (V0 = 200 kV; I0 = 1.5 nA; r0 = 1.7 μm), the temperature rise was calculated to be ~20 K. This suggests 

that the observed structural changes induced by the electron beam are not thermal effects. 

The structural changes observed here can be compared to other compounds containing atom-

deficient sublattices. In nitrogen-deficient niobium nitride (NbN1-x), several ordered structures appear 

depending on temperature and composition [32]. 300-keV electron beam irradiations cause a change from the 
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ordered tetragonal γ-phase to the disordered cubic δ-phase due to knock-on displacement of nitrogen atoms 

[33]. This structural change can be predicted based on the temperature-composition phase diagram: electron 

beam irradiation induces the transformation of the low-temperature phase into the high-temperature one.  

In YBaCuO7-y, the decrease of the superconducting critical temperature upon electron beam 

irradiation was attributed to the oxygen disordering [34]. A transformation from a low-symmetry phase to a 

high-symmetry phase due to vacancy disordering on the atom deficient sublattices was observed in electron 

irradiated vanadium oxides (V1-xO) [35] and in vanadium carbides (VC1-x) [36]. In the current system, the 

transformation from the bixbyite to δ-phase does not involve a group-subgroup relationship: therefore, the 

transformation is reconstructive and it involves the breakdown and reconstruction of the primary chemical 

bonds. The general theory of reconstructive phase transitions [37] predicts that these transitions are “sluggish” 

and in the present case it requires the existence of an intermediate disordered fluorite phase. This explains 

completely the actual observation of coexistence of the δ and the disordered fluorite phases. A more extensive 

study of the implications of this complex transformation pathway over the properties of this system is currently 

underway. 

The picture of an emerging mesoscale organization obtained from these investigations suggests that 

there might be a need to scale up the future computational efforts over longer time and spatial scales. The 

emerging response of the anion sublattice of these systems seems highly correlated and non-local, suggesting 

a non-equilibrium time-dependent physics that is still significantly evolving after the initial radiation response 

of the system is largely completed. These emergent phenomena can be framed as dissipative structures arising 

from the far-from-equilibrium conditions [38]. 

 

4. Conclusions 

Radiation-induced structures of δ-Sc4Hf3O12 as well as their changes under heat treatments and electron beam 

irradiation were examined by ex-situ and in-situ TEM observations. Cross-sectional TEM observations 

revealed that short-range ordered bixbyite clusters are dispersed in the fluorite matrix from the surface to a 

depth of ~5 m in the δ-Sc4Hf3O12 irradiated with 92 MeV Xe ions a fluence of 1×1014 cm-2 at room 
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temperature. The ion-beam-induced bixbyite phase was highly susceptible for the temperature rise during ion 

milling, and was transformed into the δ and fluorite phases. Electron beam irradiation suggested that the 

structural change observed here was not cation rearrangements but only involve the rearrangement of the 

oxygen vacancies. 
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Figure captions 

Figure 1. Cross-sectional TEM images of swift heavy ion irradiated δ-Sc4Hf3O12 prepared by ion milling at (a) 

room temperature and (b) cryogenic temperature. A contrast interface is present at the position indicated by a 

line. Selected-area electron diffraction patterns taken from (c,d) just above and (e,f) below the interface. The 

diffraction patterns of (c) and (d) are in agreement with those of the bixbyite structure viewed along the [011] 

and [111] directions, respectively. The diffraction patterns of (e) and (f) correspond to those of the average 

fluorite and δ-type structures, respectively. 

 

Figure 2. Dark-field TEM images near the interface of ion irradiated δ-Sc4Hf3O12 prepared by ion milling at 

cryogenic temperature. The images were taken using (a) the fundamental lattice spot, (b) the superlattice spot 

of the δ-structure, and (c) the superlattice spot of the bixbyite structure. It is apparent that the regions of the δ 

and bixbyite/average fluorite phases are clearly separated. A cluster of δ phase in the bixbyite/ average fluorite 

ensemble average of several domains appears to be due to electron beam irradiation during beam alignment in 

(b). 

 

Figure 3. A high-resolution TEM image taken from the surface of the irradiated region and FFT diagram 

obtained from the square area. In addition to bright dots, dark dots are observed in the high-resolution TEM 

image. Weak spots corresponding to the superlattice reflections of the bixbyite structure are present in the FFT 

diagram of Region A (dashed square), whereas only fundamental sports appear in the FFT diagram of Region 

B. 

 

Figure 4. Structure of ion irradiated δ-Sc4Hf3O12 after thermal annealing at 300 oC for 2 hr. (a,b) Electron 

diffraction patterns, (c) bright-field and (d) dark-field TEM images. The bixbyite phase originally existed in 

this region before annealing. The diffraction patterns correspond to those of (a) the δ- and (b) fluorite structures 

viewed along the [1̅11] and [112] directions, respectively. The dark-field image taken using the superlattice 

reflection of the δ-type structure; the bright and dark regions in (d) correspond to the δ and fluorite phases, 
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respectively. It is apparent that the δ-type phase is preferentially formed at the grain boundary. 

 

Figure 5. In-situ TEM observations on thermally-induced structural changes. (a) Room temperature, (b) 180 

oC for 5 min, (c) 200 oC for 5 min, (d) 200 oC for 10 min, and (e) 200 oC for 15 min. In (a), the ion-beam-

induced bixbyite was present before annealing. No structural changes were observed in (b), while the 

superlattice spots of the δ-type phase appear in (c) and their intensity increases with thermal annealing (d). 

Finally, the diffuse spots due to the bixbyite phase disappear in (e). 

 

Figure 6. Time evolution of selected-area electron diffraction patterns under 200-keV electron irradiation for 

(a) 0, (b) 1, (c) 3, and (d) 5 min. A bixbyite to δ phase transformation occurs with increasing the irradiation 

time. The diffraction pattern of (d) is a superposition of two (111) diffraction patterns with different variants. 

 

Figure 7. (a) Selected-area electron diffraction pattern taken from the specimen irradiated with a 300 keV 

electron beam and (a’) the dark-field image taken using two superlattice reflections of the δ-type structure. 

The dashed line in (a’) denotes the irradiated area. (b,c) Nanobeam electron diffraction patterns taken by an 

electron beam with ~50 nm diameter. It is apparent that the selected-area diffraction pattern of (a) can be 

interpreted by the superposition of the diffraction patterns of (b) and (c). (b’,c’) Dark-field TEM images taken 

by a single superlattice spot in the diffraction pattern of (b,c). In the dark-field images in (b) and (c), different 

locations are brightened, indicating the presence of two variants of the δ-type structure.  

 

Figure 8. Structural changes under 300-keV electron beams obtained by in-situ dark-field TEM observations. 

A superlattice spots of the δ-type structure was selected for the imaging. (a) Initial state (0 min), (b) 19 min, 

(c) 22 min, (d) 25 min, (e) 28 min, and (f) 32 min. Bright regions corresponding to the δ-type structure appear 

in (b), and their region and intensity increase with irradiation time, as seen in (c-f). 

 

Figure 9. Selected-area electron diffraction patterns (a) before and (b) after 80-keV electron irradiation for 30 
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min. These diffraction patterns correspond to the (111) reciprocal plane of the bixbyite structure. In the 

diffraction pattern of the specimen irradiated for 30 minutes in (b), the spots due to the δ phase appears as 

indicated by arrows, but they are very weak and diffuse, suggesting that the structural change is significantly 

suppressed. 

 

Supplemental data 

Figure S1. Structural changes under 300-keV electrons obtained by in-situ dark-field TEM observations. The 

~30-min video is fast-forwarded and edited down to 12 s. A superlattice spot of the δ-type were used for the 

imaging, and therefore the bright regions appearing after electron beam irradiation correspond to the δ-phase 

domains. Overall contrast is very weak at the initial stage of electron beam irradiation, because only the 

bixbyite and fluorite phases exists. The nucleation and growth of the δ phase was clearly observed with 

irradiation. 
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