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ABSTRACT

Swift heavy ion irradiation was carried out to examine the ionization effects on structural changes of δ-Sc4Hf3O12 in which oxygen vacancies
are regularly arranged. The specimens were irradiated at room temperature with 92MeV xenon ions to fluences ranging from 3 × 1012 to
1 × 1014/cm2 and characterized by grazing (glancing) incidence x-ray diffraction, transmission electron microscopy, and scanning transmis-
sion electron microscopy. It was found that the pristine long-range ordered rhombohedral δ-phase undergoes a reconstructive transforma-
tion toward a long-range disordered cubic oxygen-deficient fluorite phase promoted by ionization effects. In addition, an ordered phase
with a short-range structure different from the δ-type was formed in a layer going from the surface to a depth of ∼4.5 μm in the specimen
irradiated to a fluence of 1 × 1014/cm2. It was found that the ordered phase is formed from the disordered cubic fluorite phase. This struc-
tural change is anomalous, because it is the opposite process of the usual irradiation-induced structural change, the order-to-disorder phase
transformation. Electron diffraction experiments revealed that short-range ordered regions in this layer possess an oxygen-excess bixbyite
organization (C-type heavy rare-earth oxides) with randomly filled anion vacant sites to account for the different stoichiometry and a long-
range average oxygen-deficient fluorite phase.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0098518

I. INTRODUCTION

Ceramic materials play an important role in various industries
as structural and functional materials due to their excellent
mechanical properties, unique physical characteristics, and chemi-
cal durability. In the nuclear industry, ceramics are currently used
as nuclear fuels, fission reaction control materials, and neutron
shielding materials. The structural materials of nuclear power
plants and fusion reactors are often exposed to harsh radiation
environments. In addition, ceramic materials are the candidate
system for encapsulating minor actinides or toy models for para-
metric studies of advanced fuels. The fabrication and performance
enhancement of advanced nuclear fuels, especially those containing
minor actinides, is an important challenge and requires a

fundamental understanding of the structural behavior of complex
materials during fabrication and irradiation. Creating novel tailored
fuel forms requires appropriate experimental efforts to outline the
specific features of the radiation-induced changes in model
systems, an essential step for feeding high-throughput ab initio cal-
culations of material properties.

Oxide ceramics with a fluorite-type structure, where metal
cations form a face-centered cubic lattice and oxygen anions
occupy its tetrahedral interstitial sites, are known to exhibit excel-
lent radiation resistance,1–4 as already seen in uranium dioxide and
zirconium dioxide. Oxygen-deficient fluorite structural derivatives
(M1−xM’xO2−x, where M and M’ are aliovalent metal cations and O
is the anion), which contain oxygen vacancies to provide a charge
compensation mechanism that satisfies the electroneutrality, have

Journal of
Applied Physics ARTICLE scitation.org/journal/jap

J. Appl. Phys. 132, 075901 (2022); doi: 10.1063/5.0098518 132, 075901-1

Published under an exclusive license by AIP Publishing

https://doi.org/10.1063/5.0098518
https://doi.org/10.1063/5.0098518
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0098518
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0098518&domain=pdf&date_stamp=2022-08-15
http://orcid.org/0000-0002-3214-5752
http://orcid.org/0000-0002-6909-0716
http://orcid.org/0000-0003-3461-6295
mailto:ishimaru@post.matsc.kyutech.ac.jp
https://doi.org/10.1063/5.0098518
https://aip.scitation.org/journal/jap


also attracted attention for their radiation effects, because of their
structural similarity to fluorite. There are a variety of oxygen-
deficient fluorite structural derivatives, such as pyrochlore,5–8 mur-
ataite,9 bixbyite,10,11 and δ-phase compounds;12,13 some of them
are highly resistant to radiation-induced amorphization.

The degradation of materials under radiation environments is
induced by two effects: knock-on binary collision effects and ioni-
zation one. These effects lead to an order-disorder transformation
to defect-fluorite6,8–13 and amorphization.6–9 We have previously
investigated the structural changes of δ-Sc4Zr3O12 under 300 keV
krypton ion irradiations in which knock-on effects are pro-
nounced.14 As already reported in the literature for other oxygen-
deficient fluorite structural derivatives, long-range reconstructive
transformations were observed for the ordered δ-rhombohedral to
disordered oxygen-deficient cubic fluorite phase, which is consis-
tent with the scandia-zirconia pseudo-binary phase diagram.15,16 In
addition, the formation of a metastable phase with a bixbyite
(C-rare-earth) structure was confirmed.14 Irradiations generally
induce an order-to-disorder phase transformation, and the phase
observed after irradiation is sometimes known as a high tempera-
ture or pressure polymorph. Because of this viewpoint, the forma-
tion of ordered oxygen-excess bixbyite regions within a long-range
disordered oxygen-deficient fluorite phase is anomalous. On the
other hand, no bixbyite phase was observed in 185MeV gold ion
irradiated δ-Sc4Zr3O12 in which ionization effects are dominant.17

The pseudo-binary scandia-hafnia system18 contains several
ordered compounds, where the structural motifs consist of similar
coordination polyhedra. These compounds are known as β-, γ-,
and δ-type phases, with composition limits equivalent to the
scandia-zirconia ones.15,16 Using quantitative x-ray diffraction anal-
ysis, we had recently shown that δ-Sc4Hf3O12 transforms to a long-
range oxygen-deficient defect fluorite structure with indications of
short-range nano-scale regions of local oxygen-excess bixbyite
organization.19 In the present work, we extend our current under-
standing with a detailed electron microscopy analysis of swift heavy
ion irradiated δ-Sc4Hf3O12 and examine the structural changes
induced by ionization effects.

II. EXPERIMENTAL

Sc4Hf3O12 samples were made using standard solid state syn-
thesis by mixing scandium sesquioxide (Sc2O3, 99.99%) and
hafnium dioxide (HfO2, 99.95%) powders (Alfa Aesar, A Johnson
Matthey Company) in stoichiometric amounts. Powders were cal-
cined before mixing them in a high-energy ball mill (SPEX 8000D
dual mixer/mill) using a zirconia ceramic vial set and two zirconia
ceramic balls in an isopropanol medium for 8 h. 13 mm diameter
pellets were made in an iso-static press using a stainless steel die
and plunger. The pellets were then sintered in air, first at 1200 °C
for 48 h and then again at 1600 °C for 72 h. The heating and
cooling rates during both sintering cycles were kept at 5 °C/min.
Samples were ground again between the two sintering cycles. The
as-synthesized pellets were approximately 95% of the theoretical
maximum density. The sintered pellets were then cut and polished
using diamond saw and diamond lapping films down to 1 μm and
a final polish using colloidal silica.

The sintered pellets were irradiated at room temperature with
92MeV xenon (Xe26+) ions to fluences ranging from 3 × 1012 to
1 × 1014/cm2 using IRRSUD beamline at GANIL (The Grand
Accélérateur National d’Ions Lourds) in Caen, France. SRIM (The
Stopping and Range of Ions in Matter20) calculations showed that
these ions deposit energy predominantly in the electronic stopping
regime with ∼15–20 keV/nm/ion within the first 4 μm of depth
and a total projected range of ∼8 μm. Detailed SRIM plots can be
found in Ref. 19. The ion irradiated specimens were characterized
by grazing (glancing) incidence x-ray diffraction (GIXRD), trans-
mission electron microscopy (TEM), and scanning transmission
electron microscopy (STEM). GIXRD measurements were carried
out on a Rigaku SmartLab x-ray diffractometer using Cu-Kα radia-
tion at 40 kV and 200 mA, and the incident angle of x-rays was set
to ω = 1° and 5°. Cross-sectional and plan-view TEM/STEM speci-
mens were prepared by the mechanical polishing in combination
with Ar ion milling or focused ion beam fabrications. The TEM
samples were carbon coated to avoid charge-up during observa-
tions. The specimens were examined by TEM using JEOL
JEM-3000F and F200 operated at an acceleration voltage of 300
and 200 kV, respectively.

III. RESULTS

Figure 1 shows the GIXRD profiles obtained from pristine and
ion irradiated δ-Sc4Hf3O12; the incident angles of x-rays were set to
(a) 1° and (b) 5°. To enhance weak reflections, the vertical axis
is plotted in a logarithmic scale. The penetration depth of Cu-Kα

x-rays, t, corresponding to 99% of the scattered intensity of the
x-ray beam, is expressed by the following equation:21

t ¼ 4:61
μ

,
1

sin ω
þ 1
sin(2θ # ω)

! "
,

where ω and 2θ are the incidence and scattering angle of the
x-rays, respectively, and μ is the linear attenuation coefficient of the
sample. Based on this formula, the penetration depth of x-rays was
estimated to ∼0.9 μm at an incident angle of 1° and ∼4.1 μm at 5°.
In addition to the fundamental lattice reflections, superlattice
reflections due to the ordering of oxygen vacancies can be clearly
observed in the pristine specimen. The peak position is consistent
with that of a rhombohedral δ-type structure18,19,22 shown on the
abscissa of Fig. 1(b). For the specimen irradiated to a fluence of
1 × 1013 cm2, the GIXRD profile is almost the same regardless of
the incident angle of x-rays. In the specimen irradiated to
3 × 1013 cm2, the superlattice reflections are clearly visible in the
GIXRD profile at 5°, whereas some of them disappear in the 3°
profile. This suggests that the structural changes are remarkable
just beneath the surface. Finally, the superlattice reflections disap-
pear at 1 × 1014 cm2, indicating the occurrence of an
order-to-disorder phase transformation. In our previous study, we
had observed the emergence of a broad peak around 22° in 2θ
which was attributed to a possible C-type oxygen-excess bixbyite
type phase.19 This broad peak is also observed in the GIXRD pat-
terns shown in Figs. 1(a) and 1(b).

As described above, the impinging ions penetrate up to a
depth of about 8 μm below the surface according to the present
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irradiation conditions.19 To examine the structural evolution of
δ-Sc4Hf3O12 under swift heavy ion irradiation, cross-sectional TEM
observations were performed. Figure 2 shows cross-sectional
bright-field TEM images of the specimens irradiated to ion fluences
of (a) 1 × 1013, (b) 3 × 1013, and (c) 1 × 1014 cm2. For comparison,
electronic (Se) and nuclear stopping powers (Sn) and their ratio
(Se/Sn) are also shown in Fig. 2(d). No significant features except
for the diffraction contrast caused by the polycrystals are detected
in Fig. 2(a), whereas a damage layer is formed in Fig. 2(b). It
should be noted that the picture contrast abruptly changes at

∼4.5 μm, indicated by the line in Fig. 2(c). This suggests that the
significant structural changes occur beneath the surface of
δ-Sc4Hf3O12 spanning a depth of several micrometers. It was con-
firmed that the crystallinity is still maintained at the highest fluence
and no amorphization occurs. Structural changes under the irradia-
tion environments are induced by two effects: knock-on effect and
ionization one. Under the present irradiation conditions, the Se is
∼10 keV/nm/ion at 4.5 μm [Fig. 2(d)], which is ∼20 times larger
than the Sn: the structural changes at the surface observed here are
mainly induced by ionization effects.

To identify the origin of the contrast change at ∼4.5 μm in the
specimen irradiated to a fluence of 1 × 1014/cm2, electron diffraction
experiments were performed. Figure 3 shows the selected-area elec-
tron diffraction patterns taken from (a) just above and (b) just below
the contrast interface described in Fig. 2(c). These patterns were
obtained from the same crystal grain using an electron beam of
∼200 nm in diameter, as shown in Fig. 2(c). The superlattice
reflections due to the ordering of the oxygen vacancies disappear
in Fig. 3(b). In contrast, superlattice reflections are observed in
Fig. 3(a), but their positions do not agree with those of the δ-type
structure. To determine the crystal structure, the structure factors for
the hkl reflection, Fhkl, were calculated on the basis of the kinematical

approximation: Fhkl ¼
Pn

j
fje#2πi(hxjþkyjþlzj), where fj is the atomic

scattering factor of jth atom and xj, yj, zj are the atomic position of
jth atom. It was found that the diffraction pattern of Fig. 3(b) corre-
sponds to the (011) reciprocal lattice plane of the fluorite structure
[Fig. 3(b’)]. This suggests that the mesoscale structural organization
changes from ordered δ to disorder fluorite. From the diffraction pat-
terns of Fig. 3(a) and others in different crystallographic orientations
(see below), the formation of the oxygen-excess bixbyite
(C-rare-earth) phase was confirmed at the region from the surface to
a depth of 4.5 μm. (The structure factors of the ideal bixbyite struc-
ture can be found elsewhere.14) For example, the diffraction pattern
of Fig. 3(a) corresponds to that of the bixbyite structure viewed along
the [011] direction [Fig. 3(a’)]. Note that the 011- and 033-type
reflections appear in the experimental diffraction pattern due to
double diffraction, as described below. The following crystallographic
orientation relationships exist between the fluorite and bixbyite
phases: (100)B // (100)F and [011]B // [011]F, where “B” and “F”
denote the bixbyite and fluorite lattices, respectively.

Figure 4(a) shows a magnified bright-field image where the
contrast interface at ∼4.5 μm is clearly visible. To examine the dis-
tribution of the bixbyite phase, dark-field TEM observations were
performed. The dark-field image of Fig. 4(b) was taken by using
the fundamental lattice spot. The whole area reveals a bright con-
trast, indicating that this region is a single crystal. On the other
hand, there are bright dots at just above the interface in the dark-
field image of Fig. 4(c) which was taken using the superlattice
reflection due to the bixbyite phase. This suggests that these are
correlated to bixbyite clusters (variants) with a size of <10 nm
embedded in their average fluorite matrix. It should be noted that
each dot has a different brightness, which is presumably due to the
statistical fluctuations in their spatial correlation. Because of their
small spatial correlation length, the Bragg reflections produced by
this bixbyite-type phase are weak and broad; therefore, their

FIG. 1. GIXRD profiles of pristine and 92 MeV Xe ion irradiated δ-Sc4Hf3O12 as a
function of ion fluences. The incident angle of x-rays was fixed to (a) 1° and (b)
5°. The vertical axis is plotted on a logarithmic scale. For comparison, the peak
positions of the δ-type structure are indicated by lines at the bottom of (b). Weak
superlattice reflections due to the ordering of oxygen vacancies are observed at
fluences up to 3 × 1013 cm2. On the other hand, they disappear in 1 × 1014 cm2

irradiated specimens, suggesting that the ordered rhombohedral δ-phase is trans-
formed into the disordered cubic fluorite phase. Double-headed arrows in (b) indi-
cate the broad peaks distributed around 2θ=18°–25° and 40°–50°.
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reflections are not sharp in the GIXRD profiles and contribute to
the diffuse scattering of Fig. 1. The diffuse scattering takes the form
of broad features that exist around 2θ = 18°–25° and 40°–50° in the
GIXRD profile of the specimen irradiated to 1 × 1014/cm2.19

IV. DISCUSSION

The formation of the bixbyite phase was previously observed
in δ-Sc4Zr3O12 irradiated at cryogenic temperature with 300 keV Kr
ions to a fluence of 3 × 1016/cm2.14 The damage was equivalent to a
peak dose of ∼70 displacements per target atom: the knock-on
effect plays an important role in the formation of the bixbyite
phase. On the other hand, the present study clearly reveals that the
bixbyite phase is also formed by ionization effects in the suppos-
edly iso-structural δ-Sc4Hf3O12. A clear interface between the fluo-
rite matrix with and without the bixbyite clusters is located at
∼4.5 μm from the surface where the electronic stopping power is
∼10 keV/nm/ion. This suggests that there is a critical electronic
stopping power for the formation of the bixbyite phase. As seen by
many researchers in the past that ions with different electronic
stopping power do create different ion track sizes, with the track

FIG. 2. Cross-sectional bright-field TEM images of δ-Sc4Hf3O12 irradiated to flu-
ences of (a) 1 × 1013, (b) 3 × 1013, and (c) 1 × 1014/cm2. (d) Depth dependence
of the electronic (Se) and nuclear stopping powers (Sn) and their ratio (Se/Sn)
calculated by SRIM-2008. The scale of the TEM image is the same as the hori-
zontal axis of the graph. Irradiation-induced damage is formed near the surface
where electronic stopping power is much larger than nuclear stopping one. In
addition to the diffraction contrast caused by polycrystals, the contrast changes
abruptly at a depth of ∼4.5 μm from the surface in (c). Bixbyite and fluorite
phases are formed in regions shallower and deeper than the interface,
respectively.

FIG. 3. (a) and (b) Selected-area electron diffraction patterns of the specimen
irradiated to a fluence of 1 × 1014/cm2. The patterns were taken from the region
of (a) <4.5 μm and (b) >4.5 μm from the surface indicated by the circles in
Fig. 2(c). Only fundamental lattice reflections are present in (b), whereas super-
lattice reflections appear in (a). Calculated diffraction patterns of (a’) the bixbyite
and (b’) fluorite structures viewed along the [011] direction. The 0kl-type reflec-
tions with odd numbers of k and l, e.g., 011 and 033, for the bixbyite structure
are forbidden reflections and appear by double diffraction in the experimental
diffraction pattern of (a).
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being defined by the extent of quenching from a thermal spike sur-
passing the melting temperature of the material. In the present case
while this might be the case it will take further ion irradiation
studies to determine ions with varying electronic stopping to quan-
tify the threshold in Se for which these modifications occur.

There is a crystallographic orientation relationship between
the bixbyite and fluorite phases, as described above, suggesting that
the disordered fluorite phase is formed by ensemble averages of the
bixbyite variants. This means the following structural changes were
induced by irradiation: δ-type [space group: R!3 (No. 148)] → fluo-
rite [Fm!3m (No. 225)] → bixbyite [Ia!3 (No. 206)]. The formation
of oxygen-excess bixbyite can be explained by a reconstructive
mechanism. While most of the radiation-induced structural
changes are from the low-temperature ordered phase to the high-
temperature and higher symmetry phase of the phase diagram,
there is absolutely no requirement for that as any other transforma-
tion to another phase increasing the overall entropy of the system
can be favored.

It is interesting to see how a single ion in swift heavy ion irra-
diation leads to structural changes of δ-Sc4Zr3O12. Figure 5 shows a
plan-view high-resolution TEM image of the specimen irradiated
to a fluence of 3 × 1012/cm2. Since the plan-view TEM sample was
prepared by a combination of mechanical polishing and ion

milling, the depth at which this image was obtained from the
surface is unknown. The electron beam is incident along the [111]
direction of Sc4Zr3O12, and the lattice fringes with ∼0.6 nm interval
correspond to the superlattice due to oxygen vacancy ordering. An
ion track with a diameter of ∼3 nm is present at the central region
of the image. The lattice fringes become weak or disappear at the
ion track, suggesting that the ordered δ-phase transforms to the
disordered phase by a single swift heavy ion. This result is consis-
tent with the transformation from the ordered δ to disordered fluo-
rite phase.

The space group R!3 is a subgroup of both Fm!3m and Ia!3 and
the symmetry of Ia!3 is also a subgroup of the disordered parent
structure (Fm!3m). A reconstructive mechanism between the δ and
the bixbyite phase is then perfectly possible from a theoretical
point of view and it involves the Fm!3m phase. Recently, the actual
Ia!3 symmetry of the oxygen-excess bixbyite was questioned propos-
ing a subgroup where the oxygen vacancies of the compound
Gd2Ce2O7 can order. The different stoichiometry of the δ phase
under investigation is not favorable for the same ordering mecha-
nism that requires a long-range fluctuation of oxygen stoichiome-
try. In Gd2Ce2O7, half of the vacancy sites of the ideal bixbyite
anionic sublattice are filled, and this structure is called the ordered
“anion-excess bixbyite.”11 This structure has space group I213 (No.
199), which also has a group and subgroup relationship with
Fm!3m. The ideal and anion-excess bixbyite phases can be distin-
guished by examining the extinction rule of the structure factor.
Figures 6(a) and 6(b) show the selected-area electron diffraction

FIG. 4. (a) Magnified bright-field TEM image taken from the interface between
the bixbyite phase (left) and fluorite phase (right) regions. Dark-field TEM
images taken by using (b) the fundamental lattice spot and (c) the superlattice
spot due to bixbyite structure. The entire area exhibits bright contrast in (b), indi-
cating that the region is a single crystal grain. In the region to the left of the
interface in (c), the bixbyite clusters are densely dispersed.

FIG. 5. Plan-view high-resolution TEM image viewed along the [111] direction
of δ-Sc4Hf3O12 irradiated to a fluence of 3 × 1012/cm2. The lattice fringes with
an interval of ∼0.6 nm correspond to the superlattice due to the oxygen
vacancy ordering, which disappear at the ion track region.
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patterns, respectively, viewed along the [100] and [111] directions
of the bixbyite structure. The corresponding simulated diffraction
patterns of the ideal and anion-excess bixbyite structure are also
shown in Figs. 6(a’, b’) and 6(a’’, b’’), respectively. The Ia!3 and I213
symmetry can be distinguished by examining the extinction rule of
0kl-type reflections: they disappear in the ideal bixbyite structure
when k and l are odd [circled in Fig. 6(b’)], while all reflections are
allowed in the anion-excess bixbyite one (the intensity of the
022-type reflections is very weak). Although 011- and 033-type
reflections exist in the (111) diffraction pattern [Fig. 6(b)], they are
not present in the (100) diffraction pattern [Fig. 6(a)]. This means
that the 011 and 033 reflections are forbidden, but they accidentally
appear due to double diffraction. This suggests that the

ion-beam-induced phase possesses the average bixbyite structures
(Ia!3) where the excess oxygen atoms are distributed to fill ran-
domly a fraction of the vacant sites of the ideal bixbyite structure, a
result that provides a large entropic contribution to the stabilization
of this phase.

We have previously performed compositional analyses of
300 keV Kr ion irradiated δ-Sc4Zr3O12 using energy-dispersive
x-ray spectroscopy (EDX), Rutherford backscattering spectroscopy,
and x-ray photoelectron spectroscopy.23 As a result, it was found
that the composition of the irradiation-induced phases, i.e., fluorite
and bixbyite, is almost the same as that of the pristine δ-type phase
(60 at. % ZrO2 for Sc4Zr3O12). This composition is quite different
from that of the bixbyite phase (∼24 at. % ZrO2) present in the
Sc2O3-ZrO2 pseudo-binary phase diagram. To confirm the compo-
sitional change of swift heavy ion irradiated δ-Sc4Hf3O12, we

FIG. 6. Selected-area electron diffraction patterns of the bixbyite phase viewed
along (a) the [100] and (b) [111] directions. Calculated diffraction patterns of (a’,
b’) the ideal and (a’’, b’’) anion-excess bixbyite structures. The 0kl-type reflec-
tions with odd numbers of k and l, e.g., 011 and 033 [circled in (a’) and (b’)],
observed in (b) do not exist in (a), indicating they appear in (b) due to double
diffraction.

FIG. 7. (a) Annular bright-field image and [(b)–(d)] elemental maps. (b) Sc-K,
(c) Hf-M, and (d) O-K. “B” and “F” in (a) denote the region of the bixbyite and
fluorite phases, respectively. There is no significant compositional difference in
the whole area, suggesting that the composition of the bixbyite phase is almost
the same as that of the fluorite phase.
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performed elemental mapping by using EDX. Figure 7(a) shows
the annular bright-field image taken from the interface between the
bixbyite (left) and fluorite (right) regions. The corresponding ele-
mental maps taken by the characteristic x-rays of (b) Sc-K, (c)
Hf-M, and (d) O-K reveal the distribution of the elements is almost
uniform, suggesting that no remarkable compositional change of
the cation sublattice takes place at the fluorite to bixbyite phase
transformation. Although the phase diagram of the Sc2O3-HfO2

system is not well established yet, the solubility limit of HfO2 in a
Sc2O3 bixbyite phase is 16–24 at. %.15 It is thought that this dis-
crepancy between the present experimental results and the compo-
sition predicted from the phase diagram can be explained by
considering size effects responsible for an interface energy contri-
bution to the free energy for the nanocrystalline material. It has
been reported that the solubility limit in solid solution or interme-
tallic compounds is significantly increased in nanometer-sized alloy
systems.24–28 For example, Ge nanocrystallites contain ∼30 at. % Sn
which is much larger than the solubility limit of Sn in bulk Ge
crystal (∼1 at. %).29–31 The size of the bixbyite phase induced by
irradiation is less than 10 nm, as shown in Fig. 4(c) and our previ-
ous study.14 Because of this, there is a possibility that the bixbyite
phase may contain more Hf than the solid solution limit predicted
from the bulk phase diagram.

V. CONCLUSIONS

Thus, to conclude, a detailed TEM investigation shows that
δ-Sc4Hf3O12 transforms to a defect fluorite but with mesoscopic
correlations characteristic of a bixbyite phase with a topotactic rela-
tionship to the parent fluorite structure. The ordered oxygen-excess
bixbyite phase exists as nanoscale regions only in a layer of about
4.5 μm beneath the sample surface, suggesting that there is a
threshold in the electronic stopping which may be required to
quench this phase. These results complement our previous work on
swift heavy ion irradiations of δ-Sc4Hf3O12 and Gd2Ce2O7 and
provide a strong basis to the fact that disordering processes in fluo-
rite related systems are more complex than initially thought and
that the local motifs that build the structure in disordered oxides
can be arranged in a way significantly different from the statistical
description of the average structure.
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