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ABSTRACT

Atomically disordered oxides have attracted significant attention in recent years due to the
possibility of enhanced ionic conductivity. However, the correlation between atomic disorder,
corresponding electronic structure and the resulting oxygen diffusivity is not well understood. The
disordered variants of the ordered pyrochlore structure in gadolinium titanate (Gd2Ti207) are seen
as a particularly interesting prospect due to intrinsic presence of a vacant oxygen site in the unit
atomic structure which could provide channel for fast oxygen conduction. In the present work, we
provide the insights at sub-angstrom scale on the disordering induced variations in the local atomic
environment and its effect on the electronic structure in high energy ion irradiation induced
disordered nanochannels, which can be utilized as pathways for fast oxygen ion transport. With
the help of an atomic plane-by-plane resolved analyses, the work shows how the presence of
various types of TiOx polyhedral that exist in the amorphous and disordered crystalline phase
modify the electronic structures relative to the ordered pyrochlore phase in Gd2Ti2O7. The
correlated molecular dynamics simulations on the disordered structures show a remarkable
enhancement in oxygen diffusivity as compared to ordered pyrochlore lattice and make that a

suitable candidate for applications requiring fast oxygen conduction.



INTRODUCTION

Presently, a prime focus in materials research is on the understanding of the atomic structure in
fast ion conducting complex oxides for improved energy storage and conversion. It has been shown
that disordered phases in complex oxides lead to higher oxygen mobility and conductivity due to
the lack of distinct arrangement of lattice sites between different cations in contrast to the ordered
structures.!® A variety of disordered oxides, including disordered crystalline, amorphous and
heavily doped defective structures, are reported to exhibit fast ionic conduction.>” Among these,
disordered phases derived from pyrochlore oxides (A2B207) are seen as well-suited candidates due
to its atomic arrangement and the nature of their fast oxygen ion transport.>® Pyrochlore structured
oxides, in general, are interesting due to presence of one vacant site per eight oxygen sites which
can provide fast diffusion of oxygen ions.!®!! The disordering of the atomic arrangement, in which
cations occupy A and B sites randomly and the oxygen anion sites become indistinguishable,
dramatically increases the mobility of oxygen ions, comparable to or higher than yttria-stabilized
zirconia.'? The importance of the structural disordering is not only observed in energy storage and
conversion applications, but also demonstrated an improvement in both catalytic activity and
radiation resistance.!>"'® However, a major obstacle in this area is the limited understanding of
disordered phases at the atomic scale in terms of both atomic and electronic structure
characteristics.

Few studies have been performed by X-ray absorption near structure (XANES) spectroscopy and
neutron scattering materials which shed light on the electronic structure of bulk phases in various
A>B207 compounds.'®?! The inter-relationships of various aspects of materials’ properties, such
as phase formation, composition, structural distortions and consequential changes in electronic

structure due to energetic ion irradiation have not been examined.



In this work, with the help of plane-by-plane resolved fine structure analysis by electron energy-
loss spectroscopy (EELS) in a scanning transmission electron microscopy (STEM) and correlative
density functional theory (DFT), we provide insights on the correlation of electronic structure with
the atomic arrangement in Gd2Ti207. The work demonstrates how the presence of various types of
TiOx polyhedral that exist in the amorphous and disordered crystalline phase play a critical role in
modifying the electronic structures as compared to the ordered pyrochlore phase in Gd2Ti207. We
also estimated the enhancement in oxygen conductivity through the mean square displacement
simulations on the studied disordered structures on Gda2TixZr2xO7 (x = 0, 1 and 2) to propose an
application in fast oxygen transport.

EXPERIMENTAL AND COMPUTATIONAL METHODS

lon irradiation. The polycrystalline Gd2Ti2O7 samples were prepared by the sol-gel method,
followed by a sintering process at 1875 K for 50 hrs in air. There were two sets of samples used in
the experiment, (a) ~40 um and (b) ~1 mm thick. The samples for 2.2 GeV Au energy irradiation
were polished down to ~ 40 um thickness to ensure that irradiated ions will pass through the
material. The samples irradiated by 55 MeV I were 1 mm thick. The sample (a) and (b) were
irradiated by swift heavy 2.2 GeV Au and 55 MeV 1 ions respectively, using UNILAC linear
accelerator in the GSI Helmoltz Center for Heavy Ion Research in Darmstadt, and the Helmholtz-
Zentrum Dresden-Rossendorf in Dresden, Germany. For creating isolated ion tracks, the fluence
was kept at 5x10'%ions/cm?.

STEM Characterization: HAADF imaging was performed on various samples in a 5" order
aberration corrected scanning transmission electron microscope (Nion UltraSTEM200) operating
at 200 KV. HAADF imaging was done using an inner semi-angle of 65 mrad. The electron probe
current used in the experiment was 28+2 pA. The EELS data was acquired with the collection
angle of 48 mrad. The fine structure EELS data was collected with 0.1 eV/channel energy
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dispersion and 0.04 nm spatial pixel size on the selected area of interest, while, for the elemental
mapping, it is collected with 0.5 eV/channel energy dispersion and 0.27 nm spatial pixel size. The
samples for STEM analysis were prepared by conventional mechanical thinning, precision
polishing and ion-milling in liquid N2 environment as described in detail in Ref. '!:22,
Computational: The VASP (Vienna Ab-Initio Simulation Package) code using the projector
augmented wave method is used in the present density functional theory (DFT) calculations.?® The
generalized gradient approximation with the exchange correlation potential of Perdew— Burke—
Ernzerhof (GGA-PBE) is selected.?* A 4x4x4 k-point sampling in reciprocal space and a cutoff
energy of 450 eV for the plane wave basis set are adopted. The crystal structures are relaxed until
the forces on individual atoms are smaller than 0.01 eV/A.

MD simulations are performed using the large-scale atomic/molecular massively parallel simulator
(LAMMPS) code. The Buckingham type interatomic potential form is used, and the potential
parameters are taken from the work by Pirzada et al.!® A 297 atoms structure obtained from SQS
structure is used as the input structure for obtaining the high-temperature amorphous structure. A
time step of 1 fs is used, and the long-range electrostatic interactions are evaluated using the Ewald
summation as modeled in the LAMMPS code, using a cut of 11 A. Periodic boundary conditions
are applied in all directions.

RESULTS AND DISCUSSION

Thermodynamically stable disordered phases, i.e. disordered crystalline (defect fluorite) and
amorphous phase, were created through single event high energy ion irradiation on Gd:Ti207
resulting in individual disordered nanosized channels embedded within the ordered pyrochlore
matrix. These nanochannels, also known as ion tracks in the radiation physics community, are

atomically disordered cylindrical channels, produced from inelastic interactions of an energetic



ion (MeV to GeV) with the material at extremely short timescales (~100 ps).?>?® These channels
can be potentially used as nanoscale pathways for selective transport of oxygen ions.”*’ Figure la
shows an example of such a channel/track embedded in Gd2Ti207. The magnified cross-sectional
image of an individual ion track (Figure 1b) illustrates the morphological uniformity continuity of
these channels.

Figure 2 provides quantitative phase identification using high angle annular dark field (HAADF)
images of ion tracks created by different energetic ions in Gd2Ti207 and Gd2TiZrO7 matrices.
Figure 2a and Figure 2d-2f correspond to tracks created in Gd2Ti207by 2.2 GeV Au and 55 MeV
I, respectively, while Figure 2¢ shows the track formed by 2.3 GeV Pb in Gd2TiZrO7 matrix. Due
to the irradiation of high-energy ions, cylindrical tracks with amorphous core are formed. Based
on several acquired HAADF images, the average diameter of tracks formed by 2.2 GeV Au ions
and by 55 MeV I ions in Gd2Ti207 are estimated to be ~7.5+1.0 nm and ~3.5+1.0 nm respectively,
and 6.0+2.0 nm in Gd2TiZrO7 samples. Since the atomic column intensity in the HAADF image
is a measure to identify different phases or atomic arrangements, an intensity profile analysis along
several atomic planes was performed. The analysis indicates the presence of a distinct phase with
a thickness of 2-3 atomic planes between the ordered crystalline pyrochlore matrix and the
amorphous phase in Gd2Ti1207 as demonstrated in Figure 2a, 2e and 2f. This phase is identified as
a disordered crystalline defect fluorite structure having a random arrangement of Gd and Ti atoms
in cation sites.»%!! A detailed intensity profile analysis, performed along atomic planes starting
from theordered pyrochlore matrix (plane 1) to amorphous track core (plane 5), is shown in Figure
2b. The profiles illustrate that the atomic columns with defect fluorite structure appear in plane 3,
4 and 5 (indicated by yellow boxes) forming a ring around the amorphous phase. To validate the

analysis method, it is performed on the track formed in Gd2TiZrO7 where a thicker (5-7 atomic



plane) defect-fluorite ring is identified. These results show that a concentric disordered defect
fluorite phase region with a constant thickness of ~2-3 atomic planes (3-7 A depending on specific
planes) consistently forms around the amorphous phase irrespective of irradiation conditions,
which just affect the size of ion tracks. It is important to note that the thickness of the defect fluorite
phase obtained from the HAADF image analysis is thinner than previously reported 2+1 nm based
on HRTEM image analysis. In the latter, however, phase and Fresnel contrast could interfere with
the thickness determination.?®

As ion track formation consists of highly non-equilibrium melting and cooling events within
nanosecond timescale, there is a possibility of localized compositional changes in an ion track. To
investigate this possibility, compositional analyses by EELS were performed over an area covering
a region from the ordered matrix to the disordered ion track as shown in Figure 3. From the
compositional map, it is evident that the average content of Gd, Ti and O remains constant
throughout the analyzed region. The median percent composition in the selected region shown in
Figure 3a is measured to be 19+2%, 20+2% and 61+2% respectively for Gd, Ti and O. The
deviations in composition are within the limits of quantification by EELS.

After accurately determining the width of disordered phases as well as the stoichiometric
consistency of the ion tracks, a detailed plane by plane energy-loss near edge structure (ELNES)
analysis of Ti L23-edge (456 eV) and O K-edge (532 eV) by EELS spectra was performed on an
ion track as shown in Figure 4, which consists of different planes of the ordered pyrochlore (planes
1-2), defect fluorite (planes 3-4) and amorphous phases (planes 5-7). Figure 4c shows the
background subtracted Ti L23-edge spectra corresponding to planes 1 to 7 of Figure 4b. There are
two key conclusions that can be drawn from this figure. First, crystal field splitting exists for all

three forms of Gd2Ti207 that indicates short range ordering of Ti-O bonding persisting even in the



amorphous phase. This is consistent with the previous structural data that showed local order in
the defect-fluorite phase.”® Second, an energy shift in the Ti L23-edge character is observed
between the ordered pyrochlore and the disordered defect-fluorite structures, whereas its character
remains largely unchanged between the disordered defect fluorite and the amorphous phase of
Gd2Ti207. The only difference observed between the Ti EEL spectra of disordered defect-fluorite
and amorphous phase is slightly more peak broadening in the amorphous structure as compared to
defect-fluorite. To examine the transitions in fine structure, a Gaussian peak fitting routine is
performed on the Ti Las-edge for all spectra from plane 1 to 7. A representative spectrum with
fitted peaks is presented in the supplemental information. A plane-by-plane determination of the
fitted peak positions are shown in Figure 4d. It is observed that the shift in the energy positions of
peak 2 and 4 towards peak 1 and 3, respectively, take place between plane 2 and 3 (i.e. between
the ordered pyrochlore and disordered defect fluorite structures). It should be noted that the peaks
of Ti Loz are represented with numbers (i.e. Peak 1-4), not with d-orbital labels. The assignment of
the t2g and eg levels in disordered crystalline and amorphous phases is no longer valid. To further
confirm these results, similar ELNES analyses were performed on the Gd2TiZrO7 sample (Figure
4e) where the ion tracks consist of a thicker defect-fluorite region. As anticipated, we observe that
the Ti-L23 spectra corresponding to the ordered matrix (R1), disordered defect-fluorite (R2) and
amorphous (R3) are consistent with those in Gd2T1207 (Figure 4f). Additionally, O-K edge spectra
for the same regions in Gd2TiZrO7, presented in Figure 4g, exhibit a clear existence of a pre-peak
in the ordered pyrochlore that merges with the main peak in the disordered defect fluorite as well
as in the amorphous phase. This suggests an overlapping of energy bands due to structural

disordering. Overall, these results indicate that, in spite of the difference in crystallinity, the



electronic structure characteristics of the disordered defect fluorite and amorphous structures
formed in an ion track are quite similar.

These changes in electronic structure observed in the Ti L2z and O K EEL spectra are fingerprints
of the variations in Ti local environment that result from (i) changes in Ti-O coordination number
and/or (ii) distortions in Ti-O polyhedra. To correlate these changes, we explored the electronic
structure of Gd2Ti207 in ordered pyrochlore (Figure 5a), disordered crystalline (defect fluorite)
(Figure 5b) and amorphous phases (Figure 5c) using first-principles DFT calculations. The
approach is similar to the one adopted by B. Liu et al.”? For the pyrochlore phase, the structure is
obtained by fully optimizing the standard pyrochlore structure. To simulate the disorder in the
defect fluorite structure, the special quasirandom structure (SQS)** approach was employed to
generate a random arrangement of cations and oxygen vacancies within the fluorite framework as
previously done for perovskites®!. To generate a representative amorphous structure, molecular
dynamics simulations of an initial defect fluorite structure were performed at 4000 K. The high
temperature structure was then quenched to 0 K. For all phases, the final structures were
subsequently fully relaxed with respect to atomic positions and lattice constants within DFT. The
detailed atomic configurations of each structure, presented in the supporting information, show the
disappearance of long range ordering in the amorphous structure. As illustrated in Figure 5, the
pyrochlore structure is well ordered with only corner-sharing, octahedrally coordinated Ti-O
polyhedra. Conversely, the defect fluorite and amorphous phases contain Ti with coordination
numbers from 6 to § as well as with distorted polyhedral (See Figure 51). The large variations in
polyhedral type is visually emphasized in Figure 5, where it is evident that the amorphous phase

consists of a higher degree of disorder in comparison with the defect-fluorite and pyrochlore phase.

This degree of local disorder can be further quantified through a detailed analysis of the Ti-O local



bonding. Figure 5g and 5h depict histograms of the bond angle deviations (Ai) from the octahedral
and fluorite environment as determined with the following equation:

Ay = SNV EN ey cos (2 + (86,,,,)) (1)
where N is the number of nearest neighbor oxygen ions and A8, ,, is the difference between the
Om-Ti-On bond angle and the expected bond angle for an octahedral (90°) or fluorite environment
(70.5° or 109.5°). These are tabulated for bond lengths less than 2.8 A that is roughly 20% larger
than the longest possible Ti-O bond, as dictated by the ionic Shannon radii. As anticipated, the
bond angle and the coordination number in the pyrochlore structure show very little deviations
from that expected of octahderal coordination. On the other hand, significant deviations from
octahedral coordination are observed for both the defect fluorite and amorphous structures,
suggesting presence of highly distorted and differently coordinated TiOx polyhedra. In addition,
the crystallographic periodicity in the bond angles with certain values is also evident in the defect-
fluorite phase while the amorphous phase shows a wider variation, suggesting more randomness
in the amorphous atomic configuration (Figure 5g and 5h). Furthermore, Figure 51 shows that the
defect fluorite structure has a range of Ti-O coordination numbers with a uniform spread from 6-
8 while the majority of the amorphous structure coordination numbers are 7 or 8.

Using these atomic configurations, the density of states (DOS) for Ti were obtained from DFT.
The total DOS for Ti for the conduction bands (> 0 eV) for the three phases are depicted in Figure
5d-5f). These states are indirectly correlated to EEL spectra. DOS corresponding to the Ti d-states
for the pyrochlore structure exhibit two distinct peaks; most likely indicating a separation between
the tog and eg states that arise from the octahedral splitting in the pyrochlore local environment.
Interestingly, we observe a closing of this splitting for the defect fluorite structure. These peaks

are significantly broadened relative to the pyrochlore and experimental spectra. Further broadening
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is observed for the amorphous structure. The DFT calculations are consistent with the experimental
EELS results, which show that the electronic properties of the amorphous phase are similar to the
defect fluorite phase due to multiple Ti-O polyhedral types in spite of a loss of crystallinity.

One fact to consider in the study is that, although the experimental EELS data for defect fluorite
shows substantial peak broadening and shifts similar to the amorphous phase, it still exhibits
splitting reminiscent of the octahedral crystal field splitting in the pyrochlore structure. On the
contrary, we see that Ti d-states DOS obtained from DFT calculations for the defect fluorite
structure, have a continuum of DOS as compared to discrete energy levels expected from the
EELS. A careful analysis of this structure indicates that some of the sites have octahedral-like
environments. This suggests that, in the case of the experimental defect phases, it is likely that
these octahedral-like sites dominate the spectra of the defect fluorite phases. Our bond-angle and
bond-order analyses show a mix of oxygen coordination which would affect the splitting. A
possible reason is the fact that we employ a completely random site model to represent the defect
fluorite structure, whereas the octahedrally coordinate sites may be further stabilized due to the
transformation from the initial pyrochlore structure in the experiments. As such, we hypothesize
that the splitting observed in the experimental EELS are a direct consequence of the larger fraction
of octahedrally coordinated sites.

The oxygen conduction in ordered and disordered structures are estimated based on the atomic
models of pyrochlore and defect fluorite structures which show a clear enhancement in the oxygen
diffusivity in the Figure 6. The MD simulations were performed at 2000 K for 200 ps on the
structures. The oxygen diffusion is captured via mean square displacement (MSD) of O atoms
which is related to diffusivity (D) with the relationship, MSD = 6Dt, where t is time. The defect

fluorite structure in Gd2TixZr2xO7 (x = 0, 1, 2) exhibit high oxygen diffusivity evidenced by the
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slope of the MSD curve as compare to the pyrochlore structures. The transition from ordered
pyrochlore to disordered defect fluorite structure leads to the randomization of well-positioned
oxygen vacancies and thus lowers the energy barrier for easier oxygen migration.>>-3* This suggests
that the breaking the atomic ordering in the defect fluorite structure opens a pathway for easier
oxygen diffusion.

CONCLUSIONS

In conclusion, we have revealed the effect of disorder on the correlation between electronic and
atomic structure in Gd2Ti2O7. With the aid of quantitative HAADF imaging, EELS, MD
simulations and DFT calculations, the sub-angstrom scale insights on the role of disordering
induced local atomic environment variations on the electronic structure. We demonstrated that
local modification in oxygen coordination to the Ti cations resulted in dramatic changes in the
crystal field splitting which defines the electronic structure. In particular, we showed that the
reduction in octahedral coordination drives the transformation from a well-defined peak splitting
in the pyrochlore phase to a broadened DOS in the amorphous structure. Interestingly, we find that
theoretical predictions for a truly random defect fluorite structure predict peak shifts and
broadening commensurate with the amorphous phase. A clear correlation between TiOx polyhedra
and electronic structure provides us with a fundamental understanding of the creation of disordered
structures in Gd2Ti207. With the help of theoretical atomic structure models, we estimated the
dramatic enhancement in oxygen diffusivity in the defect fluorite structure as compared to ordered
pyrochlore structured Gd2TixZr2xO7 (x = 0, 1, 2). Through this work, we showed that the high-
energy ion irradiation is a useful technique to engineer the atomically disordered nanochannels.

These have fundamental consequences for the transport and probably an enhanced mobility of
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oxygen ions within these nanochannels, thereby, providing a new route to tune materials for use
in applications requiring fast ionic conduction.
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FIGURES

Figure 1. (a) An overview cross-section annular bright field (ABF) image of continuous
nanochannels/ion tracks embedded in pyrochlore structured Gd2Ti207. (b) Cross-sectional
ABF image of an individual ion track showing the continuity of the disordered structure.
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Figure 2. Thickness determination of defect fluorite shell around amorphous phase in an ion
track. (a) Plan view HAADF image of track in (110) oriented Gd>Ti207 matrix formed by 2.2
GeV Auion. An atomic intensity profile is overlaid corresponding to the dotted line (marked
as 6) exhibiting the defect fluorite phase at the periphery of amorphous track (indicated by
arrows). (b) Intensity profile corresponding to plane 1-5 as shown in figure 2a. (c¢) Plan view
ion track image of ion track in Gd2TiZrO7 matrix formed by 2.3 GeV Pb ion. (d-f) HAADF
images of tracks formed by 55 MeV I ions exhibiting the formation of 3-5 A thick disordered
region.
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Figure 3. (a) A plan view HAADF image of an ion track in Gd2Ti207. (b) Magnified HAADF
image of the selected region in (a). EEL elemental map of (c) Gd, (d) Ti and (e) O
corresponding to the region shown in (b). The region consists of amorphous, disordered defect
fluorite and ordered pyrochlore matrix. The maps show that the average elemental
composition the ion track is similar to the matrix within the measurement accuracy and
suggest that no compositional changes took place during the process of track formation. Pixel
size used for this data acquisition was 0.27 nm.
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Figure 4. (a) A plan-view HAADF image of an ion track, earlier discussed in Figure 2e. (b) A
magnified HAADF image of the marked region in (a), consisting of pyrochlore, defect fluorite
and amorphous region. Various atomic planes are marked in the image over which EELS data
was acquired. (c) Plane by plane Ti L23-edge EEL spectra corresponding to the planes marked
in (b). Plane 1-2, 3-4 and 5-7 correspond to pyrochlore, defect fluorite and amorphous
respectively. (d) A plot showing the energy position of fitted peaks for plane 1-7. Figure
shows a decrement in energy position of peak 2 and 4 between planes 2-3. The inset figure
shows energy positions of peak 1 and 3 remain unchanged within the fitting deviation limits.
(e) A plan-view HAADF image of ion track in Gd2TiZrO7. (f) Ti L23-edge and (g) O K-edge
EEL spectra corresponding to plane ordered, disordered and amorphous phases from regions
marked in (e).
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Figure 5. Atomic configuration of Ti-O polyhedra in (a) pyrochlore, (b) defect-fluorite and (c)
amorphous structures. Ti-O octahedral are shown by red color in pyrochlore structure. In rest
of atomic models, a range of color schemes are used to show the presence of various types of
polyhedra. (d-f) The density of states in pyrochlore, defect fluorite and amorphous phase
respectively, based on the shown atomic configurations. The O and Gd atoms are represented
by red and violet colored balls. (g-h) The histograms illustrating the O-Ti-O angle deviation in
polyhedra present in pyrochlore, defect-fluorite and amorphous atomic configurations with
respect to ideal (g) octahedral sites and (h) Fluorite sites. (i) A distribution showing the
variation in bond order present in aforementioned structures.
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Figure 6. Mean square displacement (MSD) of oxygen in defect-fluorite and pyrochlore

structure by MD simulations at 2000 K. Higher MSD slope in disordered defect fluorite than

pyrochlore structure reveals higher oxygen diffusivity.
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Figure 1. (a) An overview cross-section annular bright field (ABF) image of continuous
nanochannels/ion tracks embedded in pyrochlore structured Gd2Ti2O7. (b) Cross-sectional ABF

image of an individual ion track showing the continuity of the disordered structure.

Figure 2. Thickness determination of defect fluorite shell around amorphous phase in an ion track.
(a) Plan view HAADF image of track in (110) oriented Gd2Ti207 matrix formed by 2.2 GeV Au
ion. An atomic intensity profile is overlaid corresponding to the dotted line (marked as 6)
exhibiting the defect fluorite phase at the periphery of amorphous track (indicated by arrows). (b)
Intensity profile corresponding to plane 1-5 as shown in figure 2a. (c) Plan view ion track image
of ion track in Gd2TiZrO7 matrix formed by 2.3 GeV Pb ion. (d-f) HAADF images of tracks

formed by 55 MeV I ions exhibiting the formation of 3-5 A thick disordered region.

Figure 3. (a) A plan view HAADF image of an ion track in Gd2Ti207. (b) Magnified HAADF
image of the selected region in (a). EEL elemental map of (c) Gd, (d) Ti and (e) O corresponding
to the region shown in (b). The region consists of amorphous, disordered defect fluorite and
ordered pyrochlore matrix. The maps show that the average elemental composition the ion track
is similar to the matrix within the measurement accuracy and suggest that no compositional

changes took place during the process of track formation.

Figure 4. (a) A plan-view HAADF image of an ion track, earlier discussed in Figure 2¢. (b) A
magnified HAADF image of the marked region in (a), consisting of pyrochlore, defect fluorite and
amorphous region. Various atomic planes are marked in the image over which EELS data was
acquired. (c) Plane by plane Ti L23-edge EEL spectra corresponding to the planes marked in (b).
Plane 1-2, 3-4 and 5-7 correspond to pyrochlore, defect fluorite and amorphous respectively. (d)
A plot showing the energy position of fitted peaks for plane 1-7. Figure shows a decrement in

energy position of peak 2 and 4 between planes 2-3. The inset figure shows energy positions of
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peak 1 and 3 remain unchanged within the fitting deviation limits. (¢) A plan-view HAADF image
of ion track in Gd2TiZrO7. (f) Ti L23-edge and (g) O K-edge EEL spectra corresponding to plane

ordered, disordered and amorphous phases from regions marked in (e).

Figure 5. Atomic configuration of Ti-O polyhedra in (a) pyrochlore, (b) defect-fluorite and (c)
amorphous structures. Ti-O octahedral are shown by red color in pyrochlore structure. In rest of
atomic models, a range of color schemes are used to show the presence of various types of
polyhedra. (d-f) The density of states in pyrochlore, defect fluorite and amorphous phase
respectively, based on the shown atomic configurations. The O and Gd atoms are represented by
red and violet colored balls. (g-h) The histograms illustrating the O-Ti-O angle deviation in
polyhedra present in pyrochlore, defect-fluorite and amorphous atomic configurations with
respect to ideal (g) octahedral sites and (h) Fluorite sites. (i) A distribution showing the variation

in bond order present in aforementioned structures.

Figure 6. Mean square displacement (MSD) of oxygen in defect-fluorite and pyrochlore
structure by MD simulations at 2000 K. Higher MSD slope in disordered defect fluorite than

pyrochlore structure reveals higher oxygen diffusivity.
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