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ABSTRACT

Oxygen vacancies are found to play a crucial role in inducing many functional properties at the heterointerfaces in complex oxides.
Gaining better control over the properties requires an understanding of the atomic structure of oxygen vacancies at the heterointerfaces.
In this paper, we elucidate the effects of the interfacial strain on the oxygen-vacancy ordering in fluorite §-Bi,O; and perovskite LaNiO; 5
using first-principles calculations. By applying biaxial strains, we find that the (110)—(111) oxygen vacancy order in 8-Bi,O; is broken,
resulting in a faster diffusion of oxygen ions. Similarly, the biaxial strain is used to leverage both ordered and disordered arrangements of
vacancies in LaNiO, s. Besides the vacancy order, we find that the biaxial strain can also be used to break the cation order in Gd,Ti,0,
where Gd and Ti antisites can be created on the cation sublattice, which leads to enhanced radiation tolerance and higher oxygen diffusivity.
These results indicate that the biaxial strain that is commonly present at heterointerfaces can be used to gain control over both ordered and
disordered arrangements of defects, potentially opening new opportunities to functionalize complex oxides.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0039420

I. INTRODUCTION

Oxygen vacancies are critical for inducing various functional
properties in ceramic oxides. One of the most common examples is
the oxygen ion transport in solid oxide fuel cells where oxygen
atoms diffuse via the vacancy mechanism.'™ The oxygen vacancies
are specifically created in solid electrolytes such as zirconia and
ceria by adding trivalent dopants, to induce oxygen diffusion.
Similarly, it has been found that the presence of oxygen vacancies
can lead to a change in the oxidation state of metal atoms, thereby
creating charge carriers that can induce metal-insulator transition
(MIT). This phenomenon has been observed in the reduction of
LaNiO; to LaNiO,s due to oxygen vacancies forming Ni** jons
that promote MIT.*” Oxygen vacancies are held responsible for the
self-healing properties of pyrochlore oxides (e.g., Gd,Ti,0;) that
are potential candidates for storing nuclear waste.”*™ Oxygen
vacancies have also been considered one of the key reasons for the
emergence of novel properties in thin-film heterointerfacial
oxides.”™ "'

Quite often, it has been observed that oxygen vacancies can
arrange themselves to form ordered networks in a crystal lattice
that limit material properties. For example, above 727 °C, §-Bi,O;

has the highest oxygen conductivity among various fluorite oxides
used as solid electrolytes in solid oxide fuel cells. However, when
doped with lanthanides to stabilize the fluorite phase at the desir-
able temperature of 500 °C, the vacancies order in a (110)—(111)
network, leading to a dramatic loss of ionic conductivity.”™'
Similarly, oxygen vacancy ordering has also been found to affect
electronic conductivity in LaNiO;_,. In LaNiO, 5, a higher elec-
tronic conductivity and an MIT are observed in the presence of an
ordered arrangement of oxygen vacancies as compared to lower
conductivity and no observable MIT in the presence of a disor-
dered arrangement of oxygen vacancies.'” Similarly, increasing the
amount of oxygen vacancy disorders can decrease the electronic
conductivity of paramagnetic SmNiOs.'® Besides oxygen vacancies,
the ordering of atoms can also affect material properties. In partic-
ular, pyrochlore oxides (with the chemical formula A,B,0;) have
an ordered arrangement of A*>" and B*' cations. The self-healing
property of pyrochlores under irradiation is anchored in the ability
of A and B cations to easily switch their sites, i.e., forming antisites
on the cation sublattice.>'” Consequently, the oxygen vacancies
that are locked due to A and B ordering are unlocked when the
two cations switch sites, thereby leading to faster oxygen diffusion.

J. Appl. Phys. 129, 095301 (2021); doi: 10.1063/5.0039420
Published under license by AIP Publishing.

129, 095301-1


https://doi.org/10.1063/5.0039420
https://doi.org/10.1063/5.0039420
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0039420
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0039420&domain=pdf&date_stamp=2021-03-02
http://orcid.org/0000-0002-4248-3405
http://orcid.org/0000-0001-5930-8243
http://orcid.org/0000-0002-5254-3862
mailto:daidhy@uwyo.edu
https://doi.org/10.1063/5.0039420
https://aip.scitation.org/journal/jap

Journal of

Applied Physics

Thus, the ordering of both oxygen vacancies and cations can deter-
mine the functional properties of ceramic oxides: breaking this
order can be a powerful means of controlling functionality.

Due to the vibrant interest shown by researchers in hetero-
structures and the properties of materials at the interfaces of thin
films,”*>* the role of interfacial strain in defect ordering is an
attractive parameter to investigate. In recent years, researchers have
leveraged interfacial strain to gain control over oxygen vacancies.
For example, tensile strain in fluorite oxides is found to have lower
oxygen vacancy migration barriers, affecting the kinetics of oxygen
diffusion, thereby leading to faster oxygen conductivity.”*"™*°
Similarly, the thermodynamics of oxygen vacancies, i.e., the for-
mation energy of oxygen vacancies, has also been correlated with
interfacial strain to manipulate the oxygen vacancy concentration
near the interfaces.”””™>* For instance, density functional theory
(DFT) calculations have shown that strain can be used to increase
the concentration of oxygen vacancies in CaMnQ;°” by lowering
their formation energies. Similarly, DFT calculations have shown
that in SrCoO;_; thin films, tensile strain results in lower forma-
tion energies of equatorial oxygen vacancies (i.e., vacancies in the
plane of biaxial strain) compared with apical vacancies (i.e.,
vacancies that are perpendicular to the plane of biaxial strain).’’
Thus, interfacial strain constitutes a common parameter through
which the energetics of oxygen vacancies can be controlled. In
this work, we show that interfacial strain can be used to break the
ordering, of both oxygen vacancies and cations, in oxide materi-
als. In particular, we show that tensile strain can (1) break the
(110)—(111) oxygen vacancy order in fluorite 8-Bi,O3, (2) allow
for the creation of a metastable vacancy disorder in perovskite
LaNiO, s, (3) and break the A and B cation order in Gd,Ti,O,
pyrochlore. This ability to break the order via strain opens a new
pathway to control the energetics of oxygen vacancies and
prevent the degradation of properties in heterointerfacial oxides.
More importantly, a correlation between strain and atomic order
is developed in this work.
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Il. CRYSTAL STRUCTURES
A. §-BiO3

Figure 1(a) shows a 2 x 2 x 2 supercell of 8-Bi,O;, which is an
oxygen deficient fluorite-based structure. The space group of
8-Bi,Os is Fm3 (No. 202),”” and the lattice constant is 11.288 A.*”
In comparison with an ideal fluorite structure (such as in CeO,)
that has eight oxygen atoms in its unit cell, 8-Bi,O; has six oxygen
atoms and two structural vacancies. The lack of two oxygen atoms
is accounted for by the +3 valence state of Bi. Previous works
have shown that the vacancies form an ordered network in the
(110)—(111) fashion, which requires a 2x2x2 supercell for a
complete description of the structure. The (110)—(111) ordered
vacancy network has been observed from neutron-scattering exper-
iments and is supported by DFT calculations.””*

B. LaNiO, 5

The rare-earth nickelate LaNiO; has a rhombohedral distorted
perovskite-based structure. It has an R3¢ space group (No. 167), a
lattice constant of 5250 A, and o=61.4°"" Oxygen deficient
LaNiO, s exists in a monoclinic phase, with the c2/c space group
(No. 15)35’36 and with lattice constants a=7.830 A, b=7.800 A,
c=7.740 A, and B =93.7°.”° However, LaNiO, 5 can be stabilized in
a pseudocubic form when grown as a thin film. Recently, Tung
et al.* grew LaNiO, 5 on SrTiO5 and proposed a pseudocubic struc-
ture of LaNiO,s (called structure A* as per its nomenclature),
shown in Fig. 1(b). Previous studies have described the structure of
oxygen deficient LaNiO, 5 as similar to that of LaNiO; but with
Ni-O, square planar coordination in the (110) direction,””** alter-
nating with Ni-Og octahedra.

C. Gd,Ti,O7

Gd,Ti,0; has a pyrochlore structure with space group Fd3m
(No. 227).°

Its structure can be described as a 2 x 2 x 2 supercell of
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FIG. 1. (a) A 2x2 x2 §-Bi,O3 structure with (110)—(111) ordered oxygen vacancies. (b) A 2 x 4 x 2 supercell of LaNiO, 5 showing structure A where the square planars
are represented by the lighter gray shade, whereas the octahedra are represented by the darker gray shade. See text for a description of structure A. (c) An ordered

1x1x 1 Gd,Ti,0; pyrochlore structure.
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a fluorite structure. Due to +3 and +4 valencies of Gd and Ti,
respectively, each 1/8th unit cell contains one structural oxygen
vacancy. The cubic lattice parameter of Gd,Ti,O; is 10.260A.°
Figure 1(c) shows the ideal pyrochlore structure where Gd and Ti
cations are ordered, i.e., they occupy 16¢ and 16d Wyckoff sites,
respectively. The oxygen atoms occupy 8b and 48f sites, whereas
the vacancies occupy 8a sites. In the disordered structure, both
cations are randomly distributed on the cation sublattice, and
oxygen atoms and vacancies are randomly distributed on the anion
sublattice.

I1l. METHODOLOGY

To investigate the effect of biaxial strain on these structures,
spin-polarized DFT calculations are performed using the Vienna
ab initio Simulation Package (VASP).” In all calculations, the
Perdew-Burke-Ernzerhof (PBE) form of the generalized gradient
approximation (GGA)* for the exchange—correlation functionals
is used.

For 8-Bi,O;, a plane wave energy cutoff of 500eV and a
3x3x3 Monkhorst-Pack"' k-point sampling mesh are used
for the 2x2x2 defect fluorite supercell containing 80 atoms.
The total energy is converged with a 1x10™* eV tolerance.
The (110)—(111) 8-Bi,Os structure is derived from a previous
work™ and is found to have a lattice constant of 11.196A. In this
work, we also consider other vacancy-ordered structures, i.e.,
vacancies ordered in (100), (110), and (111) directions. In these
three structures, a 1 x 1 x 1 unit cell is used, because the ordering
in these structures can be described by a 10-atom unit cell. In addi-
tion to the vacancy-ordered structures, the disordered structures of
8-Bi, 03, ie., containing the random positioning of oxygen vacan-
cies, are also considered. For the three disordered structures,
named D1, D2, and D3, 2x 2 x 2 supercells containing 80 atoms
are used. Although the disordering of the vacancies is done by
hand, which may not represent complete randomness in the
supercell, our calculations reveal that as long as the strictly
ordered structure is broken, the presence of some level of ran-
domness destabilizes the ordered structure under biaxial strain.
Consequently, the disordered structures become more stable,
which leads to a change in the atomic-level properties.

For all LaNiO; and LaNiO, 5 calculations, a plane wave energy
cutoff of 520 eV is used with a 4 x 2 x 4 k-point sampling mesh for
a 2 x4 x 2 pseudocubic supercell containing 80 atoms. The conver-
gence criteria used is the same as that of 3-Bi,O3, ie., the total
energy is converged with a tolerance of 0.0001eV. LaNiO; is
modeled in a pseudocubic perovskite-based structure. Eight oxygen
vacancies are introduced in the 80 atom system to obtain LaNiO, 5.
As mentioned previously, due to the ordering of oxygen vacancies
in LaNiO,s, there are alternating patterns of octahedral and
square-planar coordinated Ni sites. While Tung et al.® presented
two structures of LaNiO, s (i.e., structures A and B as per their
nomenclature and renamed ol and o2, respectively, in this work),
we observed that other ordered structures could have lower energies.
Therefore, we created ten other ordered structures of LaNiO, s, as
shown in Fig. S1 in the supplementary material section; these struc-
tures are named 03, 04, 05, and so on. In addition, we consider five
structures with disordered vacancies (named d1, d2, d3, and so on),
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as shown in Fig. S1 in the supplementary material section. The ener-
gies of the oxygen-deficient cubic structures are evaluated at various
biaxial strains. Under the assumption that the thin films are grown
on cubic perovskite substrates such as SrTiOs;, the structures are
relaxed at the +2% strain, while the cell volume and shape are
constrained. The total energies of the structures are compared to
ascertain the stability of various vacancy-ordered structures under
different strain conditions.

For Gd,Ti,0;, a plane wave energy cutoff of 500 eV is used
with a 3x3x3 k-point sampling mesh for a 2x2 x2 supercell
containing 88 atoms. The same convergence criteria described
above are used. The structure of Gd,Ti,O, with a disordered
arrangement of cations is taken from a previous work.’

When biaxial strain is applied in a given plane, the height of
the unit cell in the out-of-plane axis changes according to the
Poisson’s ratio. We calculate the c-axis lattice constant by con-
structing an energy vs volume curve by gradually varying the
length of the supercell in the c-axis for a fixed x-y biaxial strain;
the minimum in the curve is the obtained c-axis constant. These
calculations are performed for both x-y biaxial strains (i.e., —2%
and +2%) for all 8-Bi,Os;, LaNiO,s, and Gd,Ti,O; ordered
and disordered structures. An example of the energy vs volume
curve for an 04 structure of LaNiO,s is shown in Fig. S2 in
the supplementary material section. It shows the energies of the
structures as the c-axis length is varied. We find that when a +2%
tensile strain is applied, the ¢ axis relaxes from 3.832 A to 3.680 A,
as shown in Fig. S2 in the supplementary material. In order to vali-
date this method, we also compute the c-axis lattice constant for
bulk LaNiO; under the +2% biaxial strain and find it to be 3.800 A,
which is in agreement with that in the previous literature.***

Finally, we have performed molecular dynamics (MD)
simulations to understand oxygen diffusion in &-Bi,O; and
Gd,Ti,O;. The simulations are performed using the Large-scale
Atomic Molecular/Massively Parallel Simulator (LAMMPS) code.”
The interatomic potential and the MD simulation parameters for
8-Bi,O; such as time step, temperature, etc., are identical to previ-
ous works.”>** The simulations were performed using a time step
of 0.5 fs up to a total of 200 000 MD steps at 1000 K. Similarly,
for Gd,Ti,Oy, the interatomic potential is also derived from previ-
ous works.»'? The MD simulations are performed in a biaxially
strained supercell, where the supercell is strained in the x and y
directions, while the z axis is allowed to relax by fixing the
volume of the supercell. Mean square displacement (MSD) is
used to measure oxygen diffusion given by the following equation:

1 . 2
MSD = NZ(r;M +riy, (1)

where r is the ion’s position at time ¢ and N is the total number
of diffusing ions. The diffusion constant D is related to MSD by
the relation MSD = 6Dt.”

IV. RESULTS
A. $-Bl,05

Figure 2 shows a comparison of system energies among four
ordered and three disordered structures of 8-Bi,O;. As mentioned
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FIG. 2. Comparison of the system stability among various ordered and disor-
dered structures in 8-BipO; at 0% strain. The (110)—(111) structure is the
lowest energy structure, in agreement with that in previous work.*

above, in the ordered structures, the vacancies are ordered in the
(100), (110), (111), and (110)—(111) directions, whereas in the
disordered structures, the vacancies are randomly distributed on
the oxygen sublattice. In agreement with a previous work,” we
find that the (110)—(111) ordered structure is the lowest energy
structure, as shown in Fig. 2. The optimized lattice constant of
11.198 A is also in good agreement with that in the previous DFT
works.'>*?

For oxygen vacancies ordered in the (100) and (110) direc-
tions, the vacancies can lie in either the plane of the biaxial strain
or perpendicular to it. Figure 3(a) shows the possible scenarios
with unit cells of vacancies in the (100), (110), and (111) direc-
tions and the plane of the biaxial strain indicated by the blue
dotted lines. The directions of the applied strain corresponding to
the dotted line are shown for (100)_xy, represented by the arrows.
Since the (100) vacancies lie in the x-y plane, if biaxial strain is
applied in the x and y directions, the vacancies are in the plane of
the strain, represented by (100)_xy. If the biaxial strain is applied
in the y-z plane, the (100) vacancies are perpendicular to the plane
of the biaxial strain and the orientation is represented by (100)_yz.
Similarly, in the structure with (110) ordering, when biaxial strain
is applied in the x and y directions ((110)_xy), the vacancies lie in
the plane, and when the strain is applied in the y and z directions,
the vacancies lie perpendicular to the plane of the strain ((110)_yz).
In the (111) ordered structure, the plane of the biaxial strain is inde-
pendent of the orientation of vacancies; therefore, the system is
strained only in the y-z plane, as shown in Fig. 3(a).

The energies for all ordered and disordered structures
under different biaxial strains are compared in Fig. 3(b). Under
both 0% and —2% strains, the (110)—(111) ordered structure has
the lowest energy. However, under a +2% strain, the stability
changes and the disordered structure, D1, has the lowest energy.
Additionally, the disordered structures D2 and D3 have lower ener-
gies than the (110)—(111) ordered structure at the +2% strain.

It is interesting to note that while the stability of the structures
changes from (110)—(111) to disordered as the strain changes
from —2% to +2%, the other three ordered structures, i.e., (100),
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(110), and (111), remain higher in energy across all strain ranges.
However, within these three ordered structures, their relative stabil-
ity does change. While at 0% strain, the (100) structure has the
lowest energy, followed by (110) and (111) structures, under 2%
strain, the (110)_yz structure has the lowest energy followed by
(110)_xy, (111), (100)_xy, and (100)_yz structures. A similar
trend is observed when the samples are under tensile strain. These
results indicate that (1) biaxial strain can be used to break the
ordered arrangement of vacancies to induce disorder in the anion
sublattice and (2) different ordered arrangements can be stabilized
at different amounts of biaxial strains.

The effect of change in the ordering of the vacancies on
oxygen diffusivity is captured in MD simulations. Previously,
Aidhy et al.”” showed that under 0% strain, oxygen atoms do not
diffuse once the structure is locked in a (110)—(111) ordered
arrangement of vacancies. The MSD for the (110)—(111) structure
is reproduced in Fig. 4(a); it shows a plateau indicating that no
oxygen diffusion takes place and the vacancies remain ordered
throughout the length of the simulation.

Based on the DFT results that under tensile strain, the disor-
dered structures could be relatively more stable than the ordered
structures, it is hypothesized that once the (110)—(111) ordered
network of vacancies is broken by applying tensile strain, the
oxygen vacancies will continue to diffuse. We test this hypothesis
by performing MD simulations on (110)—(111) ordered and two
disordered (D1 and D2) structures, all under a 6% biaxial tensile
strain. A higher tensile strain is chosen in order to allow apprecia-
ble oxygen diffusion on a limited MD time scale. Figure 4(b) shows
the MSD in the three structures. Instead of a plateau, continuous
oxygen diffusion is observed in all three structures, indicating that
the (110)—(111) ordered network, which is otherwise stable under
the 0% strain, is now broken, and the oxygen vacancies diffuse
throughout the duration of the simulation. Identical MSD slopes
are observed for the two disordered structures, indicating that all
three structures have disordered vacancies leading to high oxygen
diffusion. This is indicative of the fact that biaxial strain is affecting
the structure and the diffusivity of the oxygen atoms. It is to be
noted that while the DFT results provide the stability of the struc-
tures at OK, the MD simulations performed at elevated
temperatures validate the prediction that the ordered network of
vacancies is broken under biaxial strain [Fig. 4(b)].

An additional benefit of applying tensile strain is that it lowers
the migration barriers of oxygen diffusion. Various previous studies
have shown that tensile strain reduces migration barriers, thereby
increasing oxygen diffusivity.”***~" These calculations now show
that tensile strain can also help unlock the ordered network,
thereby further contributing to easier oxygen diffusion.

B. LaNi02.5

While performing DFT calculations, Tung et al.* considered
two structures of LaNiO, 5 distinguished by the ordering of oxygen
vacancies. Their supercell consisted of LaNiO, s interfaced with
SrTiO;. Due to a lattice mismatch of +2% between the two materi-
als, they applied a +2% biaxial strain on LaNiO, 5. After relaxation,
they found that structure A had a lower energy than structure B.
Our calculations reproduce their observations. A comparison of
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FIG. 3. (a) 1x1x1 unit cells of (100), (110), and (111) vacancy-ordered structures showing planes of an applied biaxial strain with Bi atoms (purple), O atoms (red)
and oxygen vacancies (white). The planes in which the biaxial strain is applied with respect to the vacancies are highlighted in the unit cells (b) Comparison of system
energies per atom of ordered and disordered structures at +2% biaxial strain, 0% strain, and —2% biaxial strain.

system energies of the two structures is shown in Fig. 5(a). In this
work, we relabel their structures A and B as ol and 02, respectively.

We have considered other ordered and disordered structures
to understand the effect of biaxial strain on the ordering/disorder-
ing of vacancies. It is hypothesized that varying the biaxial strain
can lead to a change in the oxygen vacancy pattern, thereby leading
to a change in the stability of the structures. In particular, we have
considered twelve ordered and five disordered structures. These
structures are schematically shown in Fig. S1 in the supplementary
material section. Three biaxial strain conditions are considered, i.e.,
+2%, 0%, and —2%. The tensile strain (i.e., +2%) corresponds to
the lattice constant of SrTiO; applied to pseudocubic LaNiO,s.
As discussed in Sec. III, the c-axis lattice constant is calculated
corresponding to each strain condition for each of the seventeen
structures. The relaxed c-axis lattice constants for all structures are
given in Table I.

Figure 5 shows a comparison of energies of 17 structures
under three different strain conditions. While ol has a lower
energy than o2 under the +2% strain, as shown in Fig. 5(a), their
relative stability changes under the 0% strain, as shown in Fig. 5(b).
Their energy difference further increases at —2%, as shown in
Fig. 5(c), indicating that the o2 structure is expected to be more
stable than ol under compressive strain. This result indicates that
the vacancy ordering changes with biaxial strain in LaNiO, s.

While ol is relatively more stable than 02 under a +2% strain,
we find that it is not the lowest energy structure. Instead, we find
that 08 is the lowest energy structure, which has 7 meV/atom lower
energy than ol. Furthermore, three other structures, ie., 03, 04,
and oll, have 6 meV/atom lower energies than ol. These three
structures have identical energies despite a different arrangement
of oxygen vacancies, as shown in Fig. S1 in the supplementary
material section. It is also observed that all of the disordered struc-
tures, i.e., d1-d5, have higher energies under the +2% strain. Thus,
based on Fig. 5(a), ordered vacancies can be expected in LaNiO, 5
when grown on SrTiOs.

In contrast, under 0% strain, we find that the stability of the
structures changes from ordered to disordered. Figure 5(b) shows
that d3 is the lowest energy structure among all, followed by d4.
The ordered structure, i.e., 08, is the third most stable structure.
While the other three disordered structures are significantly higher
in energy than ordered structures, Fig. 5(b) illustrates that disor-
dered vacancies can be expected in LaNiO, s under 0% strain. The
stability of disordered vacancies over ordered vacancies has been
observed experimentally by Hirai et al.’' in the SrFeO,s/DyScO;
interface. Using high-angle annular dark-field scanning transmis-
sion electron microscopy (HAADF-STEM), it was observed that
the vacancies were completely disordered up to 5nm thickness
from the interface. As the strain relaxed at higher film thicknesses,

J. Appl. Phys. 129, 095301 (2021); doi: 10.1063/5.0039420 129, 095301-5

Published under license by AIP Publishing.


https://www.scitation.org/doi/suppl/10.1063/5.0039420
https://www.scitation.org/doi/suppl/10.1063/5.0039420
https://www.scitation.org/doi/suppl/10.1063/5.0039420
https://www.scitation.org/doi/suppl/10.1063/5.0039420
https://aip.scitation.org/journal/jap

Journal of

Appl ied Physics ARTICLE scitation.org/journalljap

0.85 oo the authors showed the transition from a disordered to an ordered
arrangement of vacancies. Thus, our DFT predictions qualitatively
agree with the experimental observation, i.e., strain can affect the
order/disorder arrangement of vacancies.

Finally, under a —2% compressive strain, we find that the o2
ordered structure is the most stable structure, sequentially followed
by 07, 010, and d3, as shown in Fig. 5(c). The change in stability
from ordered to disordered and back to ordered vacancy structures
from +2% to 0% to —2%, respectively, indicates that the stability of
the vacancy structures depends on the amount of strain applied,

0.55 : | which can, in turn, be correlated to the chemical expansion of the
’ oxygen vacancies. Previous works have shown that an oxygen
200 600 1000 vacancy generally occupies a larger volume than an oxygen atom,
Time (pS) leading to chemical expansion in the material.”**~>* Here, because

the vacancies are ordered in different orientations, the biaxial strain
can affect the chemical expansion and hence the relative stability of
the structures. This could possibly be a reason for the stability of
different structures under different amounts of strain, as shown
in Figs. 5(a)-5(c).

C. Gd,Ti,O7

Pyrochlore oxides have shown diverse electronic and atomic
properties such as the MIT, topological insulators, fast oxygen-ion
transport, and high radiation resistance for nuclear waste-storage
applications.>'>** However, gaining control over these properties
in bulk pyrochlores has remained an open challenge due to the
lack of simpler methods to stabilize the specific “disordered” struc-
0 + . . i | ture i]r; thzse mai[lerile;lls: ?eedzjl to i;ld}lcedt}}esg I])S.r‘ogerties(.i Lo

ased on the results obtained 1n 0-Bi,0O3; and LaNiO, s,

0 2000 4000 6000 8000 we explore the possibility of changing the cation ordering in the
Time (ps) pyrochlore structure Gd,Ti,O-. It was previously shown that cation

disorder could be achieved by applying volumetric strain’ where a

(b) disordered structure was found to be more stable than an ordered

one under higher tensile strains. In this work, we focus on the
effect of biaxial strain on the relative stability of ordered and disor-
dered structures. The disordered structure is taken from a previous
work.” The energy vs volume curve is plotted for the two struc-
tures, as shown in Fig. 6(a). For each amount of biaxial strain, the

MSD [A?]
w

FIG. 4. Mean-square displacement of oxygen in the 8-Bi,O5 structure at (a) 0%
strain in the (110)—(111) ordered structure and (b) 6% strain in ordered and
disordered structures.
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FIG. 5. Comparison of system energies per atom among various ordered and disordered LaNiO, 5 structures at (a) +2%, (b) 0%, and (c) —2% biaxial strains.
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TABLE I. Relaxed c-axis lattice constants (in A) for all ordered and disordered LaNiO, 5 structures under +2% (x =y =7.850 A), 0%, and —2% (x =y =7.500 A) biaxial strains.

Strain ol 02 03 04 o5 06 o7 o8 09 ol0 oll ol2
+2% 3.650 3.830 3.680 3.680 3.810 3.810 3.840 3.670 3.840 3.840 3.660 3.610
0% 3.830 3.830 3.830 3.830 3.830 3.830 3.830 3.830 3.830 3.830 3.830 3.830
—2% 3.750 3.920 3.800 3.770 3.910 3910 3910 3.760 3.960 3.950 3.760 3.890
Strain d1 d2 d3 d4 d5

+2% 3.770 3.800 3.860 3.820 3.825

0% 3.830 3.830 3.830 3.830 3.830

—2% 3.900 4.000 3.990 4.000 3.970

c-axis lattice constant is uniquely determined, as discussed in
Sec. III. We find that the stability changes from ordered to disor-
dered at a volume of 1150 A>. At the crossover point, the ordered
structure is under a tensile strain of 6%, whereas the disordered

structure is under a compressive strain of 4%. In the disordered
structure, Gd and Ti atoms occupy antisites on the cation sublat-
tice. As a result, Gd and Ti are not restricted to 16a and 16b
Wryckoff sites. The oxygen atoms and vacancies are also not

restricted to their corresponding 8b and 48f, and 8a Wyckoff sites,

respectively. As a result, the oxygen vacancies are unlocked. These

T T ! calculations demonstrate that biaxial tensile strain can disorder the

1100 200 1300 cation sublattice in Gd,Ti,O.

The unlocking of the oxygen vacancies is observed in their dif-

~ fusivity behavior. Figure 6(b) shows a comparison of oxygen MSD in

~N the ordered and disordered structures of Gd,Ti,O,. While significant

Ay A oxygen diffusion is observed in the disordered structure, no diffusion

is observed in the ordered structure. The lack of oxygen diffusion is

due to higher oxygen migration barriers in the ordered structure

compared with lower barriers in the disordered one. These diffusivity
results are consistent with those of previous works.”"”
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VI. DISCUSSION
A. §-BiO3

The breaking of the ordered arrangement of oxygen vacancies
in 8-Bi,O5 via biaxial strain opens an opportunity to achieve higher
30 oxygen-ion conductivity. While 3-Bi,O; has the highest oxygen
conductivity among known fluorite-based oxides, its conductivity
is significantly lower at practically desirable temperatures of 500 °C
because of the phase transformation from a delta phase to a mono-
clinic one. While the addition of trivalent dopants can stabilize the
delta phase at lower temperatures, the conductivity still decreases
due to the decrease in the overall cation polarizability of dopants.
Note that one of the main reasons for the high conductivity of
8-Bi,O; is the presence of 65° lone pair electrons in Bi, which lends
high polarizability.”>”">>* The addition of low polarizable triva-
lent dopants leads to a decrease in the overall cation polarizability,
and hence, oxygen conductivity. Since the addition of trivalent
doping is necessary to stabilize the material at relevant tempera-
tures, the resulting loss in conductivity due to ordering of the
vacancies is undesirable. The observations in this paper show that
tensile interfacial strain can be used to break vacancy ordering. The
disordered structures exhibit lower energies at 2% tensile strain, sig-
nifying thermodynamic stability over the ordered structure. This is
supported by the MSD results, which show that while there is
limited diffusion at 0% strain, significant diffusion is observed in
both ordered and disordered systems under tensile strain. Thus, the

20 -

10 A

e Ordered pyrochlore

MSD[A?]

Disordered

0 100
MD time (ps)
(b)

200

FIG. 6. (a) Comparison of system energy per atom between the ordered and
the disordered structures as a function of volume from DFT calculations. (b)
MSD of oxygen in ordered and disordered Gd,Ti,O; from MD simulations.
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breaking of the ordered structures opens a door to nullify the loss
of conductivity due to the addition of dopants.

B. LaNiOz_s

Recently, Golalikhani et al.’ showed that oxygen vacancies
play a critical role in the MIT in ultrathin LaNiOj; films. Using
x-ray absorption spectroscopy, they detected the presence of
oxygen vacancies in LaNiO; thin films. The presence of oxygen
vacancies was suggested to be the cause behind the insulating
behavior of ultrathin LaNiO; thin films grown on LaAlO; sub-
strates. Tung et al." performed DFT calculations in a LaNiOs thin
film grown on SrTiO;. They found that thin films are necessary to
cause transformation from LaNiO; to oxygen-deficient LaNiO,s.
They proposed two vacancy ordered structures for LaNiO, 5. In this
work, we advance the understanding and propose that both
ordered and disordered arrangement of vacancies can be achieved
via interfacial strain. Our results for LaNiO, 5 indicate that at 0%
strain, the disordered structure is thermodynamically stable.
However, when the system is strained under both compressive and
tensile conditions, different ordered systems become thermody-
namically stable. Although our results show relative stability among
a select group of possible orderings in the material, we propose that
interfacial strain can be used as an external factor to alter vacancy
ordering. This opens up pathways to grow LaNiO,s on various
substrates such as LaAlO; or SrTiO; and control the ordering of
oxygen vacancies. As a result, this understanding opens up a possi-
bility to induce newer functionalities in LaNiO, s.

Nord et al” observed a change in the structure of
Lag7SrosMnO; (LSMO) thin films when grown on SrTiO;. The
LSMO thin films were subjected to a 1.2% tensile strain resulting
from the smaller lattice constant of LSMO (3.876 A) compared
with SrTiOs (3.925 A). With the combined results from DFT calcu-
lations and experiments, they found the presence of a brownmiller-
ite phase with disordered oxygen vacancies existing 3 nm into the
thin film from the interface. These examples support our prediction
that strain can be potentially used to achieve an order/disorder
arrangement of oxygen vacancies near the interface.

C. Gd,Ti,O

Previous work by Aidhy et al.’ showed that the cation order-
ing of Gd and Ti atoms could be disrupted by the application of
volumetric strain. In this work, we show that biaxial strain can also
break cation ordering. This observation opens up a possibility to
create cation antisites in pyrochlore thin films. Evidence of cation
disorder has been recently presented in Ho,Ti,O, pyrochlore thin
films grown on yttria stabilized zirconia.”® Due to the lattice
parameter mismatch between the two materials, a 2% strain in the
thin film was observed. A large number of antisites near the inter-
face, i.e., Ti sites on Ho sites and vice versa, were also observed.
Similarly, Yang et al.”* reported the presence of Biy, antisite defects
in Bi,Ir,O; thin films grown on YSZ. The disordering of cations
due to tensile strain observed in our work is consistent with these
recent results. Thus, imparting tensile strain pyrochlore as thin
films carries an opportunity to affect functional properties by low-
ering the cation antisite energies and unlocking oxygen vacancies
for fast ion diffusion.

ARTICLE scitation.org/journall/jap

VIl. CONCLUSION

We have used biaxial strain to disrupt oxygen vacancy order-
ing in fluorite-based oxide 8-Bi,O; and rare earth nickelate
LaNiO, s, and cation ordering in pyrochlore Gd,Ti,0,. With a
combination of DFT and MD simulations, we show that the
ordered arrangement of oxygen vacancies in 8-Bi,O; can be broken
via interfacial strain, thereby leading to faster oxygen diffusion. In
LaNiO, s, we show that by varying biaxial strain, both ordered and
disordered arrangement of vacancies could be achieved. Finally, we
show that the ordered arrangement of cations in a pyrochlore struc-
ture could also be broken by biaxial strain. Collectively, these
results indicate that biaxial strain present at the interfaces could be
used as a controlling knob to affect defect energetics and poten-
tially unravel interesting functional properties in oxide thin films.

SUPPLEMENTARY MATERIAL

See the supplementary material for the ordered and disordered
LaNiO, s structures with the position of oxygen vacancies along
with the example of energy-volume curve used to determine
relaxed c-axis constants.
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