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ABSTRACT: Understanding the chemistry at twin boundaries
(TB) is a well-recognized challenge, which could enable the
capabilities to manipulate the functional properties in complex
oxides. The study of this atomic imperfection becomes even more
important, as the presence of twin boundaries has been widely
observed in materials, regardless of the dimensionalities, due to the
complexities in growth methods. In the present study, we provide
atomic-scale insights into a ».3(111) (110) twin boundary present
in pyrochlore-structured Gd,Ti,0, using atomic-resolution elec-
tron microscopy and atomistic modeling. The formation of the
observed TB occurs along (111) with a 71° angle between two
symmetrically arranged crystals. We observe distortions (~3 to 5%

strain) in the atomic structure at the TB with an increase in Gd—Gd (0.66 + 0.03 nm) and Ti—Ti (0.65 # 0.02 nm) bond lengths in
the (110) plane, as compared to 0.63 nm in the ordered structure. Using atomistic modeling, we further calculate the oxygen
migration barrier for vacancy hopping at 48f—48f sites in the pyrochlore structure, which is the primary diffusion pathway for fast
oxygen transport. The mean migration barrier is lowered by ~25% to 0.9 eV at the TB as compared to 1.23 eV in the bulk,
suggesting the ease in oxygen transport through the )3 twin boundaries. Overall, these results offer a critical understanding of the
atomic arrangement at the twin boundaries in pyrochlores, leading to control of the interplay between defects and properties.

KEYWORDS: pyrochlore, twin boundary, high-angle annular dark-field imaging, molecular dynamics oxygen migration barrier,

'3 coherent grain boundaries, oxygen vacancies

1. INTRODUCTION

Atomic-scale understanding of defects has always been a
subject of interest for researchers in pursuit of modifying
materials with improved functionalities. Over the years,
significant attention has been given to such studies of twin
boundary (TB) defects, which are considered as the key to
unveiling various exciting properties, both in metals and in
ceramics.' > While TBs are desired in metals to induce
superior mechanical properties with high strength and high
ductility,”* their introduction in ceramics is seen to over-
whelmingly influence the properties for a variety of
technological applications, including mechanical, magnetic,
ferroelectric, and electronic and ionic transport.”°"" TBs are
the unique interfaces across that crystallographic arrangement
of atoms mirroring each other. The importance of TBs is
substantial due to their inevitable presence in virtually all of the
materials, attributing to the complexities in the materials
growth methods.'® As the atomic arrangement at TBs strongly
affects the overall properties of materials, understanding the
atomic structure of these TBs is a stepping-stone toward
forging structure—property correlations and further designing
materials via defect/grain boundary engineering.
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Particularly in ceramics, several studies have investigated the
local atomic structure and coordination at the TBs to
understand their effect on the corresponding properties. For
example, the studies on TBs in yttria-stabilized zirconia were
investigated using electron microscopy and first-principles
calculations, which suggested the preferential segregation of
yttrium atoms at TBs leading to the formation of a unique
chemically ordered structure across the grain boundary.'"'”
Similarly, the interactions between Fe sublattice structures
across the TB were studied in Fe;O, magnetite thin films to
understand its influence on the ferromagnetic coupling
between two grains.'” Atomic-scale elemental segregation
studies at compositionally induced twin defects were also
conducted in silver halides (AgBr,I,_,), which control the
shape of the nanosized crystals, surface activity, and
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Figure 1. (a) HAADF image showing the Y3 (111)[110] twin boundary in Gd,Ti,0, and (b) atomic model depicting the atomic column of Gd

and Ti. Oxygen atoms are not shown for clarity.

subsequently the photocatalytic properties."* Similar inves-
tigations in CdTe concluded segregation of Cl after Cl
treatment at the coherent 3 twin boundaries affecting the
electrical activity for solar energy harvesting."” The defect
energetics related to preferential vacancy site formation in
symmetric ¥.3, .5, and Y13 grain boundaries in SrTiO; and
other perovskite oxides have also been analyzed, thereby
establishing a correlation between the formation energy and
the number of dangling bonds at the grain boundary
(GB)."*'® This observation was further correlated with the
formation of electrical barriers invoked due to the change in
the atomic coordination at the grain boundaries.'” Overall, all
of these studies demonstrate the critical impact of under-
standing the atomic structure at the grain boundaries for
improving the design of materials.

In the case of fast ionic conduction, grain boundaries,
surfaces, and interfaces play a pivotal role in addressing the
transport limitations for emerging energy-related applica-
tions.”” The presence of twin grain boundaries has been
observed to increase the conductivity in YSZ due to yttrium
segregation and resulting atomic rearrangement, attributed to
an increase in the average concentration of oxygen
vacancies.'”*” A TB-assisted transport of lithium ions is also
reported in single-crystalline SnO,.”' From the perspective of
oxygen conductivity, pyrochlore-structured oxides (A,B,0-)
are significantly interesting materials>~>* and are the focus of
the present study. Due to the intrinsic possession of one
ordered oxygen vacancy site (8b) per eight oxygen sites in the
unit cell, the pyrochlore structure facilitates the fast diffusion of
oxygen atoms and thus presents a huge opportunity in oxygen
transport.”” The application of A,B,0, oxides is broadened to
their disordered defect-fluorite structure derivative, which is
previously reported to have enhanced oxygen diftusivity due to
a decrease in migration energy barrier caused by chemical
randomness of A and B cations leading to unlocking of the
oxygen vacancies in the unit cell>**” Since the structural phase
transformation from pyrochlore to defect-fluorite to achieve
high oxygen diffusion is a challenge that requires extreme
conditions,”* " the use of TB interfaces in pyrochlore oxides
as pathways for oxygen transport is proposed as a novel
alternative solution in this work. Here, we present an atomic-
scale study of a .3 twin boundary in pyrochlore Gd,Ti,O,
and elucidate the associated oxygen migration properties. In
this study, we use atomic-resolution imaging with a scanning
transmission electron microscope (STEM) and correlative
atomistic simulation to understand the structure at the TB. We
further derive the correlation of the structure, bond lengths,

and oxygen migration barriers, which layout the foundation to
establish the twin boundaries as pathways for oxygen transport.

2. METHODOLOGY

2.1. Crystal Growth. Polycrystalline pyrochlore-structured
Gd,Ti,O, was prepared by the conventional solid-state
synthesis process. The starting materials were powders of
Gd,05 and TiO, (purity >99.9%, average particle size ~5 pm).
They were mixed in 1:2 stoichiometric ratio, followed by
planetary ball milling for 12 h at room-temperature and 250
rpm. Tungsten carbide balls (2.5 mm) were used in a hardened
steel vial. The homogenized composition was then hot-pressed
at 1200 °C for 48 h. The as-processed samples were ~10 mm
in diameter after sintering, having a typical grain size of 50—80
pum.
2.2. STEM Characterization. The specimens for STEM
investigations were prepared by drop-casting the ball-milled
Gd,Ti,0; powder well mixed with methanol onto a lacey
carbon TEM grid. The specimens were subsequently dried in
air for 24 h. Prior to inserting into the microscope, the
specimens were baked in vacuum for 8 h at 180 °C to remove
moisture and carbonaceous hydrocarbons. The imaging in the
[011] zone axis of Gd,Ti,O; from randomly oriented grains
was performed by carefully identifying rightly oriented grains
with the twin boundary. Microstructural analysis of specimens
was performed on a fifth-order aberration-corrected scanning
transmission electron microscope (STEM) (Nion Ultra-
STEM200), operating at 200 keV. Samples for STEM studies
were prepared by the conventional thinning process, followed
by ion milling in liquid nitrogen. High-angle annular dark-field
imaging (HAADF) was done with an inner collection semi-
angle of 65 mrad and an electron probe current of 28 + 2 pA.

2.3. Computational Methods. The grain boundary (GB)
structure is created using GB studio.” The structure is
compared with the structure obtained from our STEM work.
The GB supercell consists of a total of 8352 atoms. Atomic
relaxation is performed using classical interatomic potential
and the Large-scale Atomic/Molecular Massively Parallel
Simulator (LAMMPS) code.”” The interatomic potential for
simulating Gd,T1,0 is taken from Pirzada et al.** The Ewald
method is used for electrostatic summation with a cutoff of 11
A°. The migration barriers are calculated using the nudged
elastic band (NEB) method within the LAMMPS framework.
The structure is relaxed using the steepest descent scheme as
implemented in LAMMPS. Periodic boundary conditions are
applied in all directions. After relaxing the structure in
LAMMPS, the final dimensions of the GB structure are
49.57 A, 28.66 A, and 70.74 A° in x, y, and z directions,
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respectively. Oxygen—oxygen bond length and oxygen vacancy
migration barriers are calculated in the bulk and )3 coherent
twin grain boundary.

3. RESULTS AND DISCUSSION

Figure 1 shows the HAADF image of a )3 twin boundary in
Gd,Ti,0; crystal with the [011] zone axis. The TB in the
Gd,Ti,O, crystal is in the (111) plane along the [110]
direction. The angular rotation between the two crystals is
measured to be 71 + 0.1° around the twin plane (111). A
schematic of the atomic model of Gd,Ti,0, oriented in [110]
is overlaid on a region of crystals containing > 3(111)[110]
TB, illustrating the atomic arrangement along with an atomic
model (Figure 1b). The crystal symmetry of Gd,Ti,O; grains
and the rotation across the TB are demonstrated by fast
Fourier transform (FFT) analysis, as shown in Figure 2. FFTs

Figure 2. (a) HAADF image of a twin »3(111)[110] in the
Gd,Ti,0; crystal, showing the crystallographic rotation across the
twin boundary, and (b—d) diffraction patterns for the corresponding
(b’—d’), while superimposition of diffraction spots is seen in (c).

(Figure 2b—d) were examined from different regions b/, ¢/,
and d’, respectively, as marked in the HAADF image
comprising two crystals of Gd,Ti,0, rotated by a TB (Figure
2a). While the FFTs in Figure 2b,d illustrate the diffraction
spots corresponding to various crystallographic planes from
individual Gd,Ti,0, crystals, the one in Figure 2c shows
diffraction spots from both the crystals with some of the planes
with mirror reflection. The appearance of indicated mirror
reflections (111) and (111) is due to the crystallographic
rotation across the twin plane. The plane of symmetry is
depicted by a line (green color).

In various ceramic material systems, it is observed that the
formation of )3 twin boundaries exerts a rearrangement of
atoms causing the events such as a chan%e in bond lengths,
segregation, and vacancy formation.”'>'**T We investigate the
atomic bond lengths between Gd—Gd (Dgy_gq) and Ti—Ti
(Dri_ry) atoms in the vicinity of TB, as shown in Figure 3. To
determine the position of Gd and Ti atoms, we perform a
script-based computational quantification, which estimates the
atomic column position coordinates by identifying the atom
intensities in the HAADF image.”* This approach provides
two-dimensional atom positions, thus the lattice spacing
between various planes in the given HAADF image. The
region of interest (ROI) for the atomic coordinate analysis is
shown in Figure 3a. A magnified HAADF image of the atomic
arrangement in Gd,Ti,O; in the [011] zone axis is shown in
Figure 3b, where the measured atom-to-atom lengths Dgy_gq
and Dy p; are defined. Using the described approach, the
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Figure 3. (a) HAADF image showing twin boundary; (b) magnified
HAADF image of Gd,Ti,0; illustrating the defined Gd—Gd and Ti—
Ti bond lengths; atomic bond length map of (c) Dgy_gq and (d)
Dyy_ry corresponding to ROI shown in (a); and average (e) Dgy_gq
and (f) Dyy_g; for the same ROIL The analysis shows an increase in
bond lengths at the twin boundary.

estimated atomic bond length maps for Dgg_gq and D;_q; are
presented in Figure 3c¢,d, respectively. In an important
observation, we determine an increase in Dgy4_gq and Dy
at the TB from 0.63 nm (i.e., in an ordered bulk structure) to
0.66 = 0.03 and 0.65 + 0.02 nm, respectively, which can be
seen by the brighter intensity pixels at the TB in the maps. To
further visualize this finding, plots elucidating the average
Dgq4-ga and Dr;_; bond lengths across the TB in the ROI are
shown in Figure 3e,f. These results clearly show an increase of
bond lengths at the formed )3 TB in Gd,Ti,O. These results
are further used to determine the strain generated at the TB
due to increasing lattice spacing, measured to be ~5.15 and
~3.05%, respectively, for Gd—Gd and Ti—Ti.

The results obtained from atomic position determination
analysis are further confirmed by performing strain mapping
using a geometric phase analysis (GPA) approach, as shown in
Figure 4. The strain analysis is conducted over the HAADF

o
7.00
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Figure 4. (a) FFT for the above HAADF image with a )3 twin
boundary, while marked diffraction spots are used for strain analysis.
Images (b) and (c) show strain analysis in (111) and (111),
respectively.

image (Figure 3a) using (111) and (111) diffraction spots, as
shown in Figure 4a. The strain maps (Figure 4b,c) clearly show
the presence of strain along the twin plane, while no/negligible
strain is observed across it. The analysis further depicts
~5.15% overall strain present at the TB, which is in qualitative
agreement with the findings reported in Figure 3.

To further understand the reliable atomic arrangement and
oxygen migration characteristics of the observed ».3(111)
[110] TB, atomistic simulations are conducted using
interatomic potentials within the LAMMPS framework.
Based on the inputs from our microscopic observations, a
similar )'3(111)[110] TB is reconstructed, as shown in Figure
Sa. These boundaries are created while maintaining a periodic
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Figure S. (a) Schematic of the )3 coherent twin GB structure used in this work. Highlighted areas represent the GB. Pink, cyan, and red spheres
represent Gd, Ti, and O ions, respectively. Blue highlighted areas represent the actual GB, and the green highlighted area represents the area of the
GB where the migration barrier calculations are performed. (b) Atomic structure of Gd,Ti,O, illustrating various lattice sites.

distance of 17 A, as highlighted by the translucent blue
rectangles. The green highlighted area represents the TB
region where the migration barrier calculations are performed
subsequently. Overall, the atomic relaxation is performed
over the atomic model to achieve a thermodynamically stable
structure, representable for understanding the oxygen migra-
tion behavior.

In the case of pyrochlore structures, in general, oxygen
migration is supported by the presence of an ordered oxygen
vacancy at the 8b site. The rest of the anion sites 48f and 8a are
occupied by oxygen atoms, whereas 16¢ and 16d cation sites in
the unit cell are filled with Gd (A-type) and Ti (B-type) atoms,
as shown in Figure Sb. In previous works,””***" it has been
shown that the oxygen migration occurs via a vacancy hopping
mechanism between two 48f and 48f anion positions in (100)
directions in pyrochlore-structured Gd,Ti,0,. Importantly, the
activation energy of oxygen diffusion is highly influenced by
the change in the bond lengths and thus the strain in the
structure, like the present work at the TB.

As per literature, the 48f—48f bond length measured in the
bulk structure is 2.65 A°.*° In contrast to a single bond length
in the bulk, due to the broken bonds, there is a wider
distribution at the GB. The oxygen atoms within a distance of
S A° on either side of the GB are taken into account, which
results in a total of 1250 48f—48f bonds. These bonds are
binned with a bin size of 0.05 A, and the results are shown in
Figure 6. The bulk 48f—48f bond length (2.65 A) is plotted as
a vertical line in Figure 6. We find that there is a large
distribution of bond lengths at the GB. There are 19% bonds
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Figure 6. Variation in bond length obtained for the ions at the GB.
Green and pink highlighted areas represent bond lengths having
values lower and greater than the bulk first nearest-neighbor (NN)
bond length, respectively. The bulk first NN bond length is shown by
the black solid line.

that are smaller and 81% bonds that are larger than the bulk
bond length, as shown by green- and pink-shaded regions in
Figure 6. Thus, we find that the bonds are generally stretched
at the GB compared to the bulk, ie., consistent with the
experimental observation. We also calculate the grain boundary
energy in the twinned Gd,Ti,O, system to be 0.785 J/m?. It is
important to note that the grain boundary energy value at the
>'3(111)[110] TB is relatively smaller than those of GBs
formed by crystal misorientations due to atomic coherency at
the TB.

In this work, we compare the migration barriers correspond-
ing to 48f—48f migration between the bulk and at the TB. All
48f—48f oxygen—oxygen bond lengths and migration barriers
are computed within a vicinity of 10 A around the TB, as
shown by the green highlighted region in Figure 7.
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Figure 7. Variation obtained in the migration barrier for the GB
structure. Green and pink highlighted areas represent the bonds that
showed lower and higher migration barrier compared to the bulk. The
bulk migration barrier is shown by the solid black line.

The bulk 48f—48f migration barrier is found to be 1.23 eV,
which is in good agreement with the literature.**”*® The
migration barriers for all 1250 48f—48f bonds at the GB are
shown in Figure 7. The barriers are binned with a bin size of
0.2 eV. The solid black line in Figure 7 represents the
migration barrier corresponding to the bulk. The plot is
divided into two parts represented by green and pink colors;
the former represents barriers lower than the bulk, whereas the
latter represents barriers higher than the bulk. We find that
60% barriers are lower than the bulk, bringing the mean
migration barrier energy to be ~0.9 eV, which is 25% lower
than that in the bulk. Thus, while both high and low migration
barriers are observed at the GB compared to the bulk, a
significant portion of the barriers is lower, indicating a

possibility of higher oxygen diffusion at the GB.
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To put the oxygen migration barrier for the Y 3(111)[110]
TBs in the perceptive, we collate the barrier energy for various
pyrochlore oxides. The oxygen migration barrier is reported to
be 123, 127, and 120 eV in Gd,Ti,0, Y,Ti,O, and
Er,Ti,0,, respectively.’” Based on previous studies, it is also
established that the atomic disordering in the pyrochlores
lowers the oxygen migration barrier and thus enhances the
oxygen diffusion. The atomic disordering directly depends on
the defect energy, which decreases as a function of a decrease
in the difference between ionic radii of A-site and B-site
cations.’”?*¥3%*%3% This is achieved in pyrochlores by
substituting Ti at the B-site with Zr atoms with larger ionic
radii. The oxygen migration barrier for Gd,Zr,0,, Sm,Zr,0,,
and Nd,Ti,0; are theoretically determined to be in the range
of 0.71—1.20 eV.>**7*%*! 1 addition, the alternative candidate
oxides for oxygen conduction in solid-oxide fuel cells, i.e.,
CeO,"* and HfO,** show the barrier ranging ~1.1 eV.
Consistent with the findings of the present work, the formation
of '3 TBs in CeO, also shows the migration barrier ranging
between 0.70 and 0.98 eV,* depending on the oxygen
diffusion pathway, whereas those in monoclinic HfO, are
estimated to be ~0.57 eV.** Overall, this shows that the
formation of )3 TBs significantly improves the oxygen
conduction as compared to the bulk pyrochlores and present a
new perspective in designing grain boundaries for enhanced
oxygen diffusion.

4. CONCLUSIONS

Using atomic-resolution electron microscopy and atomistic
computational simulations, we presented atomic-scale insights
into a ).3(111)[110] twin boundary in pyrochlore-structured
Gd,Ti,0,. We investigated the twin boundary present between
the crystals of Gd,T1,0- with a crystallographic rotation of 71°
and the (111) twin plane. With atomic column position
analysis, we reveal that bond lengths of Gd—Gd and Ti—Ti are
increased at the twin boundary along the [110] direction,
leading to a higher strain of ~5.15% at the twin boundary.
Analogous to the experimental findings, we observe an average
increase in the bond lengths between 48f and 48f anion sites
(81% atomic bonds) at the twin boundary using computation
in the LAMMPS framework. Since oxygen migration takes
place in Gd,Ti,0; following the vacancy hopping between 48f
and 48f sites, the change in the bond lengths is attributed to a
lowering of the average migration barrier at the twin boundary.
We estimate the bulk 48f—48f migration barrier to be 1.23 eV,
while at the )3 twin boundary, ~0.9 eV. Overall, this study
presents the interplay between the atomic arrangement at the
>3 twin boundary and the oxygen migration barrier in
Gd,Ti,0; and establishes the twin boundaries as pathways for
oxygen transport.
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