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Abstract

Among numerous functionalities of mismatched complex oxide thin films and heterostructures,
their application as next-generation electrolytes in solid oxide fuel cells have shown remarkable
promise. In thin film oxide electrolytes, although misfit dislocations ubiquitous at interfaces play
a critical role in ionic transport, fundamental understanding of their influence on oxygen vacancy
formation and passage is nevertheless lacking. Herein, we report first principles density
functional theory calculations to elucidate the atomic and electronic structure of misfit
dislocations in CeO2/MgO heterostructure for the experimentally observed epitaxial relationship.
Thermodynamic stability of the structure corroborates recent results demonstrating that the 45°
rotation of CeO; thin film eliminates the surface dipole resulting in experimentally observed
epitaxy. The energetics and electronic structure of oxygen vacancy formation near gadolinium
dopants at misfit dislocations is evaluated, which demonstrate complex tendencies as compared
to the grain interior and surfaces of ceria. Interface charge transfer mechanism is studied for
defect-free and defective interfaces. Since the atomic and electronic structure of misfit
dislocations at complex oxide interfaces and their influence on interface charge transfer and
oxygen vacancy defect formation has not been studied in the past, this work offers new

opportunities to unravel the untapped potential of oxide heterostructures.
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1. Introduction

Owing to the ever-growing miniaturization of emerging nanotechnologies, the role of
interfaces has never been more critical. Mismatched oxide heterostructures exhibit superior
properties as compared to their individual constituents.!234° In these properties, heterointerfaces

play a crucial role in influencing novel behavior for diverse applications in Solid Oxide Fuel
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Cells (SOFCs),®:7-8 batteries,® nuclear materials, catalysis, !* solar cells,!! and information
storage.!?!3 At the interfaces of semi-coherent oxide heterostructures, mismatch between the film
and the substrate result in formation of microstructural feature known as misfit dislocations,
which mitigate the mismatch strain.!* High interface to volume ratio in oxide heterostructures
result in high density of misfit dislocations. Consequently, the role of misfit dislocations in semi-
coherent oxide heterostructures have been examined for applications as fast ionic conductors in
SOFCs, !3:16,17,18,19,20,21,22,23,24 radiation damage in nuclear materials,??-2%-%7 ferroelectrics,?8-2°
transparent conducting semiconductors,*® and catalysis.?! Nonetheless, the influence of misfit
dislocations on properties pertinent to these applications is not clear.>>*3 Besides, little is known
about the basic role of extended defects (misfit dislocations) and their intricate interaction with
points defects and dopants, which are pervasive at oxide heterointerfaces and are expected to
influence aforementioned applications.

SOFCs are a promising technology for reducing carbon footprint, but their widespread
implementation require lowering the operating temperatures to intermediate-temperature (IT-
SOFC) range of 773-973 K 34333637 Qxide thin films and heterostructures are often touted as the
next-generation electrolytes for use in IT-SOFCs since they exhibit enhanced performance at

6.7.8,15,16,17,18,19,20,21,22,23,34.36_ One major hurdle in using thin film oxide

these low temperatures.
electrolytes in IT-SOFCs is that the fundamental atomistic mechanisms responsible for ionic
transport across oxide interfaces, specifically at misfit dislocations, are not apparent. This
potential lack of clarity exists due to polarized results with some experiments hypothesizing
misfit dislocations as pathways for fast ionic transport,®’815:16.17.18.19.2021 whereas others do not
report such enhancement.???3-38:3% Adding to the ambiguity, computational studies report that

40,41

homophase dislocations and misfit dislocations > hamper oxide ion conductivity.

One of the most widely used electrolyte in SOFCs is doped ceria (CeQO>), an extrinsic
ionic conductor, wherein aliovalent dopants replacing tetravalent sites result in formation of

oxygen vacancies that are largely responsible for higher ionic conductivity,36:42:43:44.45:46.47.48.49.50



The resulting enhanced ionic conductivity in doped ceria is sensitive to the dopant type and
fraction,#:43:44.51,52,33,54,55.56,57.58.59.60 The intricate interplay between trivalent dopants and oxygen

4344.52.53.57 and fundamental mechanisms for the

vacancies is well understood in the bulk,*>

optimal performance of doped ceria-based oxide electrolytes are well documented.>!-7-39-60

Nonetheless, the same is not true for doped ceria-based thin films and heterostructures.
Depending on processing conditions, possible features altered at oxide interfaces as

compared to the bulk are chemical composition and stoichiometry.®! In addition, the presence of

62,63,64,65 66,67,68

dopants, point defects, and structural defects?®?” result in a complex interplay
between point defects, dopants, and misfit dislocations at oxide heterostructures. Proclivity of
oxygen vacancies in doped ceria to exist at first, second or third nearest neighbor (NN) position
relative to the dopant 3192586069 regult in stable complexes at low temperatures, which ultimately
influence oxide ion conductivity. While dopants segregation at misfit dislocations is not well

understood, it is anticipated to impact interface-governed properties. Recently, we established
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that oxygen vacancy segregation and dopant segregation ® in oxide heterostructures is
influenced by atomic-layer chemistry and structure of misfit dislocations, further showing the
importance of understanding the interplay between vacancies, dopants, and misfit dislocations.
Although dopant-defect complexes are expected to occur at misfit dislocations and influence
ionic conductivity across interfaces, not much is known about their structure and energetics.
Since doped ceria is an excellent ionic conductor, oxide heterostructures synthesized
using ceria and doped ceria thin films deposited on MgO substrates have been extensively
studied.”®717273.7475 L attice constants of CeO> and MgO are vastly different with a mismatch of
roughly 28.4%. Experimentally, for cube-on-cube epitaxy, the large lattice mismatch between
doped ceria and MgO result in an almost continuous line of misfit dislocations that mitigate the
stress at the interface.”®’>7* Conversely, there are studies that have not reported the presence of
misfit dislocations at the CeO2/MgO interface, although the strain relieving mechanisms in such

cases are not clear.”!’>7> There are two competing in-plane orientations for CeO»/MgO interface,
[100]¢e0211[100]y g0 ||Interface and [110] e, ||[100]y40||Interface, wherein the latter has
lower interfacial energy.”’’3 Upon rotation of CeO, around the surface normal by 45°,772 the
epitaxial misfit decreases to roughly 9.1% for the [110]¢e02||[100]pg0||Interface orientation

relationship. Irrespective of the epitaxial relationship, it is evident that the mismatch at the



Ce02/MgO interface is quite large, indicating that misfit dislocations would be present at the
interfaces to relieve the large coherency strain.”%7274

From a fundamental and technological standpoint, although the importance of misfit
dislocations in semi-coherent CeO2/MgO heterostructures is unambiguous, their atomic and
electronic structure and thermodynamic stability are not well understood. From experiments,
basic information regarding atomic-scale structure of individual column of atoms in the
neighborhood of misfit dislocations is not easily accessible due to buried heterointerfaces and
metastable heterostructures encountered during synthesis. In computational studies,”® the key
challenge in simulating misfit dislocations in semi-coherent oxide heterostructures is to employ
very large supercells so as to include fully relaxed thin films deposited on mismatched
substrates.? In order to decrease supercell size and computational cost, density functional theory
(DFT) studies ’77%7 focused on coherent and strained oxide heterostructures mostly neglect the
presence of misfit dislocations.”® As a result, atomistic simulations based on empirical potentials
has often been the method of choice to study misfit dislocations.®® That said, neither can this
approach offer information pertaining to the electronic structure of misfit dislocations and
oxygen vacancies, nor can it provide any insights into electronic charge transfer across the
heterointerface, all of which are critical to gain a holistic understanding of the role of misfit
dislocations in shaping ionic transport across oxide heterostructures.

Herein, we report first principles DFT calculations to predict the atomic scale structure of
misfit dislocations in CeO/MgO heterostructures and elucidate the experimentally observed
mixed epitaxial relationship. We further examine the atomic structure and stability of oxygen
vacancies and gadolinium dopants in the neighborhood of misfit dislocations. Complex misfit
dislocation structure, asymmetry, strain, and the availability of diverse nearest neighbor bonding
environments between dopants and oxygen vacancy defects at the interface are responsible for a
mix of exothermic and endothermic vacancy formation energies. We further shed light on the
electronic structure of the interface and electronic charge transfer at the interface. Notably,
results herein shed light on the importance of understanding the intricate interplay between
dopants, defects, and extended defects. Fundamental first principles-based insights offered in this
work, with primary focus on misfit dislocations in oxide heterostructures, have not been reported

in the past, and offer the prospect of tuning ionic transport in thin film oxide electrolytes.



2. Methodology
2.1 Computational details

For all the cases considered, spin-polarized calculations were performed using the
generalized gradient approximation (GGA) to DFT?8!-82 with the Perdew—Burke-Ernzerhof
(PBE)?? exchange correlation functional. Within the GGA formalism, the Kohn—Sham equations
were solved using the plane wave basis and used with projected augmented wave (PAW)3
method as implemented in the Vienna ab initio Simulation Package (VASP).8>#6 To account for
the strong on-site Coulomb repulsion amid the localized Ce 4f electrons, the rotationally
invariant form of GGA+U,}” a combination of the standard GGA and a Hubbard Hamiltonian for
the Coulomb repulsion and exchange interaction, was utilized. This method ensures accurate
description of Ce 4f electrons and is well known to reproduce accurate electronic structure and
defect behavior in ceria. A U value of 5.0 eV #* was applied to account for strong on-site
Coulomb repulsion amid localized Ce 4f electrons. This value of Uk has been used within the
GGA+U formalism before for studying ceria and doped ceria.***** To ensure accurate results, a
plane-wave cutoff energy of 400 eV was utilized, which converged the energies to approximately
0.01 meV. Ground state geometries of different systems were obtained by minimizing the
Hellman—Feynman forces until the total forces on each atom were less than 0.02 eV/A. The
irreducible Brillouin-zone integrations were performed using Monkhorst-Pack grid® of 2 x 2 x 1
with Gaussian smearing of 0.1 eV. Large-scale DFT+U calculations were performed using the
Extreme Science and Engineering Discovery Environment (XSEDE) resources.®

Since our work is primarily focused on 3D oxide heterostructures, we have not
incorporated van der Waals (vdW) corrections in DFT calculations, which are pertinent to vdW
heterostructures comprising of 2D materials, as well as important in cases where small molecules
are interacting with oxide surfaces.’® Nonetheless, the DFT+U methodology used in this work is
expected to capture fundamental aspects of atomic and electronic structures of oxide
heterostructures, at least qualitatively. Importantly, the methodology used in this work has been
fruitfully used for other complex oxide heterostructures, wherein the basic physical trends
obtained from DFT+U are in good qualitative agreement with experimentally reported

26.27.7891.92.93 Tn general, the current methodology is expected to have adequate physical

results.
fidelity to provide physically meaningful trends that are in qualitative agreement with

experiments.



2.2 Model heterostructure

As reported in our previous work,?® since the lattice parameters are aceo2 = 0.5411 nm
and amgo = 0.4212 nm, the lattice mismatch resulting from cube-on-cube orientation relationship
in CeO2/MgO is very large (~28.4%).7071:7273.7475 Alternating planes of Ce and O atoms in the
CeO, [001] direction are responsible for the polar nature of the surface. We have demonstrated
that rotation of CeO: thin film by 45° around the surface normal is one of the primary
mechanisms to eliminate surface dipole in CeO2/MgO heterostructures, which explains the
experimentally observed epitaxial relationship.’ Due to this approach, strain along the [110]
direction of the thin film is reduced to ~9.1%, whereas that along the [001] direction still
remains ~28.4%. In order to incorporate this mismatch along two different crystallographic
directions, very large supercells are needed, which can be easily handled using interatomic
potentials based molecular dynamics (MD) simulations.®® For instance, along the [110] direction
of the thin film, 11 unit cells of CeO2[110] have to be matched with 10 unit cells of MgO[100].
Along the [001] direction of the thin film, 3 unit cells of CeO2[001] have to be matched with 4
unit cells of MgO[010]. Nonetheless, to keep the supercell tractable in DFT calculations, the
film and the substrate were strained by 3% in the [110] direction. That is, the film was
contracted by 3% and the substrate was expanded by 3%. This approach allowed for matching of
7 unit cells of CeO,[110] with 6 unit cells of MgO[100] along the [110] direction, which
ultimately decreased the number of atoms in the supercell. Along the [001] direction, the lattice
parameter of the film and the substrate were not strained. The strain introduced in this manner,
essential to maintain a manageable supercell size, primarily alters the misfit dislocation spacing
along the [110] direction in comparison to the fully relaxed case. We expect that the
fundamental properties of misfit dislocations would not be impacted by implementing this
strategy, which has been implemented effectively in the literature.”!-*? Using this approach to
predict the atomic scale structure of misfit dislocations, a stoichiometric 477-atom model of
Ce02/MgO heterostructure with dimensions 2.521 x 1.659 x 2.598 nm? was built using the
experimentally observed mixed epitaxial relationship of [110]c.02||[100] mgollInterface and
[001]¢e0211[010]yg0||Interface (Figure 1). As depicted in Figure 1, the model contains three
layers each of CeO: (189 atoms) and MgO (288 atoms). Since only three layers are implemented
for the film and the substrate to limit the system size, a vacuum layer of 1.5 nm is introduced in

the z-direction (supercell thickness) to avoid periodic interaction between misfit dislocations,
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oxygen vacancies, and Gd dopants. This strategy ensures only one interface in the model.

Periodic boundary conditions were implemented in all three directions in the supercell.

Figure 1. Side view of geometrically optimized CeO»/MgO heterostructure depicting atomic
scale structure of misfit dislocations at the heterointerface along two different crystallographic
directions (a) [110]ce02||[100]pgollInterface and (b) [001]cep2[|[010]y40|lInterface .
Green and purple spheres correspond to Ce and Mg ions, respectively. To offer contrast, Oceo2
and Owgo 10ns are respectively given by red and gold spheres.

sesosssesee oSG
",,!f.‘,"’ 5[0011@02[110]“02

[001]y150

[100] g0

[110] 0
[001] .0 Oc
[110] e Ooc.:
O™
[001]y00 O Ono
[010] 00
[100] 00




2.3 Formalism for oxygen vacancy formation
The defect reaction governing the addition of trivalent dopants to ceria can be expressed

in Kréger-Vink notation as:

CeOZ
M,0; — 2M(, + V; + 30; @)

where V; and M respectively represent the oxygen vacancy and trivalent dopant. Owing to ionic
compensation, this reaction indicates that the substitution of two cerium ions with trivalent
dopants will result in the formation of one oxygen vacancy. After the introduction of two
trivalent dopants in bulk ceria, oxygen vacancy is formed at first nearest neighbor (1NN), 2NN,
or 3NN to the dopant.#>43443152.57 The NN distance criteria is given in our previous work.®
Nevertheless, this basic defect reaction and oxygen vacancy formation at misfit dislocations in
oxide heterostructures is not well understood.*® Moreover, the electronic charge transfer at the
heterointerface due to the formation of such dopant-defect complexes, while critical in governing
ionic conductivity, have not received much attention from the scientific community. As this
basic knowledge will be instrumental in designing next-generation thin film electrolytes, we
address this key issue by studying the oxygen vacancy formation and associated electronic
charge transfer in the vicinity of misfit dislocations. Due to their widespread use in ceria-based
ionic conductors, we have used gadolinium as the representative case for trivalent
dopants. 3642444648

In the supercell approach, the oxygen vacancy formation energy was calculated using

Er = Eppr(vac) — Eppr(ideal) + Z n; Wi + QuacEr 2)

L

where Eppr(vac) and Eppr(ideal) are respective DFT total energies of the heterostructure with
and without a vacancy defect; n; is the number of atoms removed; y; is the chemical potential of
the species removed; q is the charge of the vacancy; and Er is the Fermi energy. In this work, we
are primarily focused on neutral oxygen vacancy defects that are formed to maintain the defect
equilibria as given by Equation 1. As a result, the final term in Equation 2 can be essentially

neglected. Since only one oxygen is removed in each vacancy calculation, the third term in

Equation 2 is calculated as ;EDFT(OZ). Here Eppr(0,) is the spin polarized total energy



(chemical potential) for the ground state of an oxygen molecule in the gas phase calculated using
the same supercell as that used for the heterostructure. Although this approach could possibly
introduce a small error in the calculation of oxygen chemical potential, the overall qualitative
trends for location preference of oxygen vacancy formation are not expected to alter.
Importantly, this approach has been successfully implemented in the past to study oxygen

42,43,44,60,95,96,97,99,100,101 For evaluating the

vacancy formation energies in a wide variety of oxides.
oxygen vacancy formation in Gd-doped ceria, after their inclusion, energy minimization was
performed wherein the ionic positions and supercell shape were allowed to fully relax prior to
computing the formation energies. Throughout the calculations, the volume was held constant at

the supercell volume without the oxygen vacancy, which is a reasonable approximation.*?4344

3. Results and discussion
3.1. Atomic-scale structure of the interface

Figure 1 shows the geometrically optimized and energetically minimized stoichiometric
477-atom CeO2/MgO heterostructure having the experimentally observed epitaxial relationship.
Figure 1(a) and 1(b) respectively depict the side view of the supercell, wherein extra columns in
the shape of misfit dislocations are visible along the [110] and [001] crystallographic directions
of CeO; thin film. After performing full relaxation, there was notable relaxation in atomic
arrangement at the interface layer of CeO2 and MgO, as well as at the surface layer of CeO». The
average equilibrium interfacial spacing between the film and the substrate is ~0.262 nm, with
some neighboring atoms across the interface closer than this value and some slightly farther. For
instance, at certain locations, the Mg — O bond length is 0.219 nm. Owing to electrostatic
repulsion across the interface, cations and anions move away from cations and anions,
respectively. Conversely, electrostatic attraction result in counterions moving closer to each
other. Observed relaxation pattern is visible in Figure 1, wherein the side view shows the inward

and outward movement of Ce, Mg, and O ions at the interface.
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Figure 2. Top view (normal view) of interface atomic arrangement in the minimized CeO2/MgO
heterostructure shown in Figure 1. For clarity, only one atomic layer on each side of the

minimized interface is shown for (a) CeO: film (b) MgO substrate and (c) CeO2/MgO. The

geometrically optimized supercell is extended in the x and y directions (2 x 2) for better

visualization, wherein CeO- is above MgO. The black and blue boxed regions show the misfit

dislocation network. The color scheme is same as in Figure 1.
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To offer atomic scale details and a clearer view of the precise misfit dislocation structure,
Figure 2 offers a normal view of the minimized interface with only one atomic layer shown on
each side of the interface for CeO2 and MgO. In Figure 2, the relaxed supercell is extended in x
and y directions (2 x 2) for better visualization. The misfit dislocation spacing is different in both
the crystallographic directions because different number of columns are matched across the
interface. A Burgers vector of a.1q¢> is projected along the CeO, [001] direction with misfit
dislocation spacing of 1.65 nm (Figure 2). Along CeO>[110], a Burgers vector of a<12—1°> is

estimated with the misfit dislocations split into partials that are separated by a stacking fault.®

Each partial is repeated after 2.51 nm, but the two partials are separated by disparate distances
due to mismatched unit cells. In Figure 2, the black boxed region consists of 4 unit cells of
Ce0,[110] matched with 3.5 unit cells of MgO[100], whereas 3 unit cells of CeO2[110] are
matched with 2.5 unit cells of MgO[100] in the blue boxed region. As mentioned in the
Methodology, 7 unit cells of CeO,[110] are matched with 6 unit cells of MgO[100] in total. The
equilibrium atomic scale interface structure predicted from DFT is qualitatively comparable to
the fully relaxed interface that we predicted using MD,® since it captures all possible nearest-
neighbor bonding scenarios. Clearly, the current treatment only modifies the misfit dislocation
spacing along the [110] direction in comparison to the fully relaxed case, but the fundamental
properties of misfit dislocations are not expected to change.”!*? It further validates our previous
results obtained using MD, wherein we demonstrated that the rotation of the CeO; thin film by
45° around the surface normal is one of the key mechanisms to remove surface dipole in
Ce02/MgO heterostructures,®® and explain the experimentally observed epitaxial relationship.”!:7>
Herein, since the main goal is to understand oxygen vacancy formation and associated interface
charge transfer, the present treatment will ensure a stable and tractable supercell for additional
calculations. Notably, similar strategy has been used in the literature to study misfit dislocations
using DFT and predict experimental behavior.”-? First principles-based atomic scale structure of
Ce02/MgO interface and dissimilar misfit dislocation structure along the two crystallographic

directions predicted in this work has not been reported in literature.

3.2 Oxygen vacancy formation at the interface

As oxygen vacancies are commonly encountered at oxide heterointerfaces®® due to the

processing conditions,®” oxygen vacancy fraction is likely higher at misfit dislocations, which
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will ultimately impact ionic conductivity. To increase the concentration of mobile ionic carriers,
ceria-based thin film ionic conductors are often doped with lower valent elements leading to the
formation of oxygen vacancies to maintain the defect equilibria. Consequently, understanding
the formation and thermodynamic stability of oxygen vacancies at oxide heterointerfaces is
imperative to design next-generation ionic conductors. Because we are mainly interested in
studying the implications of oxygen vacancies on ionic conductivity at CeO2/MgO interfaces, we
focus on calculating their formation energies in the interface layer of the CeO:> thin film.
Nonetheless, to offer comparison, we have computed oxygen vacancy formation at two different
locations in the interface layer of the MgO substrate.

As described by the defect reaction given in Equation 1, substitution of two tetravalent
cerium ions in ceria with trivalent dopant ions will result in formation of an oxygen vacancy at
either INN, 2NN, or 3NN to the neighboring dopants.*>*:#45257 In reality, at asymmetric and
mismatched interface of CeO2/MgO, a multitude of distinct combinations are possible for the
oxygen vacancy to be located next to two trivalent dopants. As shown in literature, although the
influence of dopants could be extended to 3NN,*>* oxygen vacancy formation energies at INN
and 2NN are lower in bulk ceria. In addition, our recent work using MD revealed that relative
oxygen vacancies have preference to form at INN or 2NN or at a combination of these two
distances near trivalent dopant at the CeO»/MgO interface.®” The optimal position of dopant(s) is
implicitly involved in this work. Since the introduction of dopants will spontaneously create
oxygen vacancies to maintain defect equilibria, the results of vacancy preference will shed light
on the dopant preference as well. In reality, there are a multitude of potential scenarios for the
placement of Gd dopants, and as a result, diverse locations for the creation of oxygen vacancies
are possible. However, owing to the extensive computational resources required to study defect
formation in the present system, we strictly focus on handpicked configurations for oxygen
vacancies at INN and 2NN to Gd dopants based on prior insights.®

However, among these select configurations, we have chosen diverse neighborhoods so
as to cover dissimilar bonding scenarios at the interface. Gd is chosen as an illustrative case since
it is one of the most widely used dopants in ceria-based ionic conductors.*>*4 Although
divalent doped ceria expected to yield higher fraction of oxygen vacancies, they are better suited
for applications related to catalysis.!”” Due to their widespread use in ceria-based ionic

conductors for SOFC electrolyte applications, we have utilized gadolinium as the representative
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case for trivalent dopants.®642444648 Tt js imperative to note that Gd-doped ceria exhibits higher
ionic conductivity in IT-SOFCs as compared to other trivalent dopants.*® Importantly, Gd-doped
ceria thin films have been deposited on MgO substrates.”* Besides, Gd can be contrasted with
literature reports that focus on oxygen vacancy formation in bulk ceria. Since ionic radius of
Gd** (0.094 nm) is larger than host Ce*" (0.087 nm),”* a higher fraction of Gd ions is expected to
exist at the interface due to segregation.5?

After peeling out a single atomic layer from either side of the interface (either CeO> or
MgO layer), Figure 3 depicts a normal view of the various locations used to create a vacancy in
the interface layers. Numbers in Figure 3 depict respective locations where oxygen vacancies
were created. In Gd-doped ceria, each oxygen vacancy is created after adding two Gd** dopants,
as explained in Methodology. In each vacancy formation calculation, two Gd** dopants are
placed either in the interface layer (L/) of CeO; or the second layer (L2) of CeO> from the
interface or in a combination of the two layers. That is, while the vacancies are chosen to form in
the interface layer (L/), Gd dopants can be either in L/ or L2, which is necessary since the

dopant-defect complex has numerous possible combinations. To clearly describe the vacancy

. . . . [ . . . Ce02,3
locations, a simple naming scheme is utilized. For instance, in notation Ovac; I\EIN,Ll—Z nnL2» the

superscript “Ce02,3” indicates that oxygen vacancy is in CeO> at location 3. The subscript
“1NN,L1 — 2NN, L2” indicates that one Gd*>* dopant is at INN to the vacancy in layer LI and
the other Gd** dopant is at 2NN to the vacancy in layer L2. For reference, oxygen vacancy
formation without the dopant is also computed at one location, which represents a simple case of

oxygen vacancy formation in pure ceria, albeit at the heterointerface with MgO.

Figure 3. Locations (given by numbers) for oxygen vacancy formation at the interface layers of
CeOs thin film and MgO substrate. Atomic color scheme is same as in Figure 1. In addition, red
checkered and gold checkered spheres indicate possible oxygen vacancy locations in the CeO»
thin film and MgO substrate, respectively. Green checkered spheres correspond to few possible
locations for Gd dopant placement. For instance, with respect to the oxygen vacancy location 1,
two Gd dopants could be at INN or 2NN or a combination of those two sites. Blue line indicates
the misfit dislocation network. Black dashed line shows the supercell boundary.

14



Table 1 offers oxygen vacancy formation energies for various locations at the interface
as given in Figure 3. At the interface layer (L7) of CeO., the vacancy formation energy in

€e024 is 1.071 eV. Because CeO; is a reducible oxide, this configuration

undoped ceria at Ovac
is illustrative of a scenario in which oxygen vacancy is formed at the heterointerface due to
reasons other than doping, such as experimental processing conditions.®’ Location 4 (Figure 3)
is closer to the misfit dislocation, where an oxygen ion in CeOs> is close to another oxygen in
MgO across the interface. As a result, removing this oxygen is energetically preferred due to
unfavorable electrostatic interaction. This is one of the likely reasons for lower oxygen vacancy
formation energy (1.071 €V) at interfaces than values reported for bulk ceria*?43°2.93.96.97.98,99
and low-index surfaces of ceria,?>?6-100:101.102,103 byt fa]ls within the range of values reported for
edge dislocations in ceria,*® which are not the same as misfit dislocations.”® This result indicates

that for given conditions, oxygen vacancy is thermodynamically favorable to form in the vicinity
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of misfit dislocations at CeO2/MgO interface as compared to bulk ceria and ceria surfaces.
Figure S1 in the Supporting Information displays normal view of the relaxed interface layers
after the introduction of the oxygen vacancy and Gd dopants for all the cases considered. In
undoped ceria at Ovac®®°?* (Figure S1a), the Ce ions close to the oxygen vacancy relax away
from the vacancy, whereas the neighboring O ions relax toward the vacancy center. Analogous to
bulk ceria, observed relaxation pattern is mainly due to electrostatic attraction and repulsion
since the Ce ions move away from the vacancy since the ionized oxygen vacancy corresponds to
a net effective positive charge, and the O ions move toward the vacancy.*** As opposed to a
single vacancy formation energy value in the bulk#?#-529598 and few dissimilar sites at the
surfaces,!®! there are numerous distinct locations for oxygen vacancy formation in undoped
Ce02/MgO interface, primarily due to the presence of misfit dislocations. Nonetheless,
additional locations in undoped ceria have not been explored as our main focus is on studying the
oxygen vacancy formation in Gd-doped CeO2/MgO heterostructure.

Formation energies for oxygen vacancy next to two trivalent Gd dopants for select few
arrangements in the CeO> thin film range from -0.751 eV to 0.354 eV (Table 1). The entire

range of energies is more favorable than undoped ceria. For two different dopant arrangements in

Ce02,1 Ce02,1 . :
layer L1, Ovacyyy71-ann 1 @0d Ovacyyyii-1yn 11> OXygen vacancy formation at location 1

exhibit positive formation energies of 0.354 eV and 0.168 eV, respectively. At this location
(Figure 3), the oxygen vacancy in CeO; is essentially at the center of a square that has
diagonally opposite Mg ions and O ions across the interface. Oxygen vacancy at location 1
prefers INN—INN with one dopant on the dislocation line and the other not on it as compared to
INN-2NN, where both dopants are on the dislocation line. The local electrostatic balance across
the interface is effectively maintained, resulting in positive formation energy for anion removal.
This is in contrast with oxygen vacancy formation in the bulk of Gd-doped ceria, where similar
dopant-defect arrangements exhibit negative formation energies since doping with trivalent ions
lead to spontaneous vacancy formation as governed by the defect equilibria.*>** SI Figure 1b
and 1c show the atomic relaxation pattern, where the neighboring O ions relax toward the
vacancy, whereas the larger Gd dopants and neighboring Ce ions move away from the vacancy
center, which is consistent with that observed in bulk ceria. Across the interface, this electrostatic
interaction results in movement of Mg ions away from the vacancy and O ions in MgO relax

toward the vacancy, but the net movement is less pronounced.
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Table 1. Oxygen vacancy formation energies (Ef) at the interface layer of the CeO»/MgO
heterostructure. The corresponding vacancy locations are shown in Figure 3. The nomenclature
for vacancy location with respect to dopants is explained in the main text. For various defect
configurations, the induced electron transfer (An,) from MgO to CeO: is also provided.

Vacancy location | E; (eV) | An,(e) | Vacancy location | Ef(eV) | An,(e)
OvacCeoz* 1.071 1.78 | Ovacyyaii_onwie | -0.437 1.83
Ovac iy owwia | 0.354 172 | Ovacyyyii_onwis | -0.625 1.76
ovaciyais iwvia | 0.168 1.75 ovaci g —iwnia | -0.751 1.79
ovaciyoa ouwia | -0.283 1.81 ovaci gt _ounia | 0415 1.72
ovac g iwwia | -0.179 1.79 | Ovaciyaii-inwi: | 0.338 1.70
ovacssass onwiz | -0.364 1.59 Ovac; s —ivn.i1 1.129 1.52
Ovacse Sy iz | -0.446 1.64 | Ovacydii owwis | 2581 1.38

As opposed to endothermic oxygen vacancy formation energies at location 1, at location

. Ce02,2 Ce02,2 o : - -
2 (Figure 3), Ovacyyy'1-_ony 1 and Ovacyyy’7i_1yy 1 exhibit exothermic formation energies

of -0.283 eV and -0.179 eV, respectively. With both the dopants in layer L7, INN-2NN is
energetically preferred over INN—INN, which is reverse to the preference observed at location
1. At location 2, INN—INN has both the dopants on the dislocation line, whereas in 1INN-2NN,
the dopant at 1NN is on the dislocation line but the one at 2NN is not. Oxygen vacancy in CeO>
at location 2 is sitting above another oxygen in MgO, which creates chemical frustration due to
unfavorable electrostatic interactions. As a result, removal of an oxygen ion from this location is
exothermic regardless of the dopant arrangement,®® an outcome also reported for other oxide
heterointerfaces.?® Although the overall structural relaxation is similar to the oxygen vacancy at
location 1, an adjacent O ion in CeO; undergoes noticeable relaxation toward the vacancy center

at location 2, which is evident in SI Figure 1d and 1e.
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Figure 4. Side view of CeO2/MgO heterostructure obtained after full energy minimization and
geometry optimization for configurations (a) Ovacsgass_oyn. and (b) Ovacsyers_ann 1z -
Atomic color scheme and interface orientation relationship are same as in Figure 1. Blue and red
checkered spheres respectively correspond to Gd dopants and oxygen vacancies.
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So far, at vacancy locations 1 and 2, both the dopants have been placed in layer L/ of
CeO; to study their impact on oxygen vacancy formation at the interface. Furthermore, either one
or both the dopants were placed on the dislocation line to assess the impact of misfit dislocations.

However, it is likely that one of the dopants is located in layer L2 and that neither of the dopants
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are on the dislocation line. To investigate this possible scenario, oxygen vacancy is created above

another oxygen in MgO at location 3 (Figure 3) for two configurations 0vaclc ,\e,%'zﬁ_z nn,z2 and

Ovacyyais—1nn.2> Which yield exothermic formation energies of -0.364 eV and -0.446 eV,

respectively. In these configurations with one dopant in L/ and another in L2, INN-INN is
energetically preferred over INN-2NN. The energetic preference of INN-1NN is in contrast to
that observed in bulk CeO», wherein the vacancy formation energy is lower with the dopants in
INN-2NN configuration.*>#*>2 A potential explanation for this trend is that since both the
dopants are in different layers, the structural relaxation due to oxygen vacancy formation and
insertion of larger trivalent dopants is accommodated within individual layers L/ and L2. In both
cases, (SI Figure 1f and 1g) oxygen ion in CeO: located near the oxygen vacancy relaxes toward
the Mg ion due to Coulombic attraction. Similar to location 2, chemical frustration arising due to
anion—anion interaction is one of the primary reasons for exothermic formation energies at
location 3.

We have not yet examined configurations having both dopants at 2NN. To address this
scenario, vacancy location 4 (Figure 3) was studied for four configurations having dopants at
INN, 2NN, and a combination of these two distances with at least one dopant on the dislocation

line. Given in Table 1, oxygen vacancy formation energies for the four configurations

Ce02,4 Ce02,4 Ce02,4 Ce02,4
Ovacyyy 11-2nn 115 OVAConN 11-2nn 12> OVACINN [1-1NN 115 and Ovacyyy11-2nn,01 are -0.625

eV, -0.437 eV, -0.751 eV, and -0.415 eV respectively, implying their spontaneous formation.
Since location 4 is one of the most favorable location for vacancy formation, side view of the
relaxed geometries for two configurations are given in Figure 4 to offer clarity in the relaxation
pattern due to dopant in layers L/ and L2. Configurations with both dopants in layer L/ are more
favorable than one where one of the dopants is in layer L2, indicating that larger trivalent
dopants are better accommodated at the interface layer. This strategy of fixing the vacancy at
location 4 and altering various possible positions of Gd dopants allows for the prediction of
lowest energy configuration and shed light on the ordering rules for impurities at misfit
dislocations. The most favorable configuration is when both dopants are at INN to the oxygen
vacancy, which is in slight contrast to that observed in bulk ceria.*>#432 Corresponding top view
of the relaxed interface layers after vacancy formation at location 4 is offered in SI Figure 1h,
1i, 1j, and 1K. Noticeable relaxation of neighboring oxygen ions in CeO: toward the vacancy

center and larger cations (Gd and neighboring Ce) moving away from the vacancy center is
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observed, which is qualitatively similar to the relaxation pattern observed at vacancy locations 2
and 3.

Oxygen vacancy location 2, 3, and 4 (Figure 3) exhibit exothermic formation energies
since they are created in a region of unfavorable electrostatic interaction, i.e., anion—anion
neighborhood across the interface. On the contrary, oxygen vacancy at location 1 exhibit
endothermic formation energies owing to their creation at favorable electrostatic interaction, i.e.,
anion—cation neighborhood across the interface. To further study the latter situation, but at a
different locality, oxygen vacancy at location 5 (Figure 3) was created by removing an oxygen

ion in CeO: that sits above neighboring Mg ion across the interface. Oxygen vacancy formation

energy for configuration 0vacf,f,g,2ii_1NN’L1 was found to be 0.338 eV, wherein both dopants

located on the dislocation line are at INN to the vacancy. This result reveals that oxygen
vacancies are thermodynamically less likely to occur at locations that have anion—cation
interaction across the interface, even if the dopants are located on the dislocation. The relaxation
pattern in SI Figure 11 display that the neighboring oxygen ion moves toward the vacancy
center. However, since the new location is right above another oxygen ion in MgO, this relaxing
oxygen is pulled inwards i.e., away from the interface.

Although we have studied several distinct oxygen vacancy locations in Gd-doped CeO»,
oxygen vacancies could occur on the MgO side of the interface since the dopants are most likely
to exist at the interface layer L/ due to segregation.®? In order to explore this possibility, we
studied oxygen vacancy formation at location 6 and 7 (Figure 3) in MgO via configurations

Mgo,6 Mgo,7

Ovac;yy 11-inn 11 @0d OvVacyyy 1 onw 11+ In these two configurations, Gd dopants are located at

the interface layer (L7) of CeO», with the NN distances representing those typically encountered
in CeOs. As a result, at location 6, both dopants at iINN indicates that the distance is intermediate

of INN and 2NN (~0.33 nm), whereas for location 7, both dopants are at 2NN. Configuration

Mgo,6

Ovac;yy 11-iny 11 (SI Figure 1m), where both dopants are located on the dislocation line and

oxygen vacancy in MgO sits below another oxygen ion in CeO,, exhibits endothermic formation

energy of 1.129 eV. It is imperative to note that this configuration is precisely opposite of

0vacf,f,%'2i21_1NN'L1 in that the oxygen vacancy is created on the opposite side of the interface

with dopants at the same location. Vacancy formation energy for configuration

OUaCéWI\;qI\? 'L71—2NN,L1 (SI Figure 1n) is 2.581 eV, where neither of the dopants are on the
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dislocation line, and oxygen vacancy in MgO sits below another oxygen ion in CeO, but only
slightly farther than the previous case. In these two scenarios, contrasting to the outcome for
oxygen vacancy formation in CeOz, removal of an oxygen ion from electrostatically unfavorable
interface region (anion—anion) is not exothermic, further revealing that oxygen vacancy
formation is sensitive not only to the local electrostatic environment, but also on the material in
consideration. In both cases, after oxygen vacancy formation in MgO, neighboring Mg ions relax
away and oxygen ions relax toward the vacancy center (SI Figure 1m and 1n), a relaxation
pattern qualitatively similar to that observed for oxygen vacancy in CeOs.

Oxygen vacancy formation energies in MgO are significantly higher than those in CeO:
for comparable neighboring environment, indicating that at the interfaces of Gd-doped
Ce02/MgO heterostructures, oxygen vacancies are most likely to be encountered in CeOs.
Because the present calculations are conducted at 0 K, exothermic formation energies for several
different locations in CeO; thin film indicate that CeO»/MgO interfaces will undoubtedly have
higher concentration of oxygen vacancies. In addition, little increase in temperature could lead to
facile formation of oxygen vacancies at few other interface locations. In bulk Gd-doped ceria,
vacancy formation is lowest when one dopant is at INN and the other at 2NN.#>452 Calorimetric
measurements also report a similar preference of oxygen vacancies to remain at INN to Gd in
bulk ceria.!% In slight contrast, at CeO,/MgO interface, the most favorable arrangement has both
the dopants at 1NN (Ovacfﬁg,ﬁ—mw,m)- In the latter case, misfit dislocations have a huge
impact on vacancy formation energies. For instance, for a given dopant arrangement, disparate
vacancy formation energies at the interface are probable, specifically in the vicinity of misfit
dislocations, whereas a single value for formation energy is expected in the bulk.

In general, the addition of Gd dopants influences the local atomic relaxation and
increases the lattice constant slightly due to its larger ionic radius as compared to the host Ce ion.
For doped heterostructures, this influences the lattice mismatch, but only marginally as the
dopant concentration is very small. As compared to bulk ceria, large spread in oxygen vacancy
formation energies is witnessed at misfit dislocations in CeO2/MgO heterostructures. As such,
most interfaces are hypothesized to facilitate facile formation of oxygen vacancies. However, as
demonstrated here, certain locations at CeO2/MgO interface are not conducive for oxygen
vacancies, while some neighborhoods thermodynamically favor vacancy formation. This could

really complicate the landscape at misfit dislocations, especially since greater fraction of dopants
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are expected to dwell at interfaces due to segregation. In this scenario, there would be regions at
the interface having dopants but lack of mobile carriers, which could influence ionic
conductivity. This could be one of the possible reasons for contradictory outcomes reviewed in
Introduction, where several experiments report enhanced ionic conductivity at misfit

6,7,8,15,16,17,18,19,20,21

dislocations, while some experiments observe no obvious influence of misfit

22.23.38.394041 However, additional factors®® contributing to the inconsistent behavior

dislocations.
in ionic transport are not well understood and requires further investigation via dynamic
modeling of defect diffusion in the neighborhood of dopants. It is plausible that the actual
scenario is way more complex at oxide heterointerfaces, where factors such as temperature,
strain, oxygen partial pressure, and dopant segregation could potentially influence the vacancy
dynamics. In addition, present calculations are conducted for dilute concentration of dopants and
defects. At higher concentration, formation of one oxygen vacancy is likely to impact the
formation energies of additional vacancies in the neighborhood owing to vacancy—vacancy
interactions. Although calculations addressing such complexity are beyond the scope of this
work, current results make a compelling case to pursue them in future work. In general, present
results shed light on the complexity faced at oxide heterointerfaces, further revealing that

studying oxygen vacancy formation at misfit dislocations is the most fundamental prerequisite to

identify ionic transport mechanisms at interfaces.

3.3 Electronic structure of the interface

Detailed density of states (DOS) analysis was performed to gain insights into the
electronic structure of the interface with and without the defects. By comparing DOS before and
after inclusion of oxygen vacancies and corresponding dopants, modifications in the electronic
states can be visualized near the Fermi level. As shown in Figure 5, DOS were projected on the
Ce, O, Mg, and Gd ions and their respective orbitals. Fermi level is set to 0 eV, so states with
negative and positive energies indicate occupied and unoccupied (virtual) orbitals, respectively.
Figure 5a portrays DOS for the minimized clean (undoped defect free) heterostructure, wherein
the low-lying Ce Ss states around -34 eV have been omitted. Region between -13 eV to -20 eV
mainly comprises of Ce 5p and O 2s states. In order to focus on DOS at and around the Fermi
level, Figure 5b shows amplification of the boxed region in Figure Sa. The valence band in
Ce02/MgO heterostructure predominantly comprises of O 2p orbitals with contributions from Ce

5d and 4f orbitals, as well as minor contributions from Mg 2p, 3s, 3d and Ce 5p orbitals. The

22



conduction band primarily contains Ce 4f orbitals along with noticeable presence of O 2p and Ce
5d, as well as very small contributions from Ce 5p, Mg 2p, and Mg 3s orbitals. The overlap of
orbital signatures from various elements in the valence band reveal strong interfacial chemical
bonding. The valence band and conduction band in CeO>/MgO heterostructure is dominated by
Ce and O orbitals. Calculated value for the gap between O 2p and Ce 4f states is 1.44 eV, which
is smaller than the gap of 2.06 eV reported for bulk CeO; using similar methodology.** However,
it is imperative to note that bulk CeO; and CeO2/MgO heterostructure cannot be compared on the
same basis, since the latter has misfit dislocations and associated interface strain. Moreover, the
complex interface atomic environment comprising of Ce, Mg, and O ions (from both fluorite and
rocksalt phases) leading to interfacial chemical bonding is likely to influence this behavior.

For clarity in DOS analysis of defective heterostructures, amplified region close to the
Fermi level is only displayed, which is given by the boxed region in Figure 5a. DOS for oxygen

Ce024 5 displayed in Figure Sc. In reduced ceria, a new peak

vacancy in undoped ceria at Ovac
comprising predominantly of Ce 4f states emerges between the top of the valence band and the
bottom of the conduction band, whereas the Fermi level is now positioned in the gap between
this new peak and the unoccupied Ce 4f states. Emergence of the new Ce 4f peak in the gap,
often known as metal-induced gap states (MIGS), is consistent with reported results for reduced
ceria, wherein introduction of an oxygen vacancy result in two excess electrons, which localize
on the Ce 4f orbitals.*9>97-98.101 Bader charge analysis confirmed that the Ce 4f electrons are
completely localized on two Ce ions near the oxygen vacancy, resulting in reduction of Ce atoms
and the emergence of gap states. Except the new peak in gap states, the qualitative signatures and

composition of valence and conduction bands are more or less similar to that observed in the

undoped defect free CeO2/MgO heterostructure (Figure Sb).

Figure 5. For CeO2/MgO heterostructures, electronic density of states (DOS) projected onto Ce,
0O, Mg, and Gd atoms in (a) Undoped defect free. Magnified boxed region in (a) for (b) Undoped

Ce02,4 Ce02,4 Ce02,4 Mgo,6
defect free (c¢) Ovac (d) Ovacyyni1-2nn11 (€) 0vaclNN'L1_1,\,,\,'L1 ® OUaCiNN,Ll—iNN,Ll‘

In order to focus on the DOS features around the Fermi level, low-lying states are not shown.
Only spin-up channel is shown as spin-down channel is almost identical. In all cases, the Fermi
level is shifted to 0 eV. A magnified panel for labels of projected orbitals is given in ().
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DOS for two of the most favorable oxygen vacancy location Ovac,yy'1-yy 11 @nd

0vacf,\e,?v'2[i_1 vn,.1 18 given in Figure 5d and Se, respectively. In these configurations since two

trivalent Gd dopants are introduced along with an oxygen vacancy, the localized gap states

visible in reduced ceria (Figure Sc¢) disappear because of charge compensation, which has been
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reported in literature for doped ceria!®? as well as surfaces of Gd-doped ceria.!% As a result, the
two electrons left behind due to inclusion of oxygen vacancy do not localize on Ce 4f orbitals.

However, even in doped CeO», gap states are likely to emerge analogous to that observed in

undoped reduced ceria.”*®!% The gap between O 2p and Ce 4f states for Ovacyyy 13—2nn.i1

(Figure 5d) is decreased as compared to the undoped defect free (Figure Sb) and

Ce02,4 . : . :
Ovacyyn'11-1vn .1 (Figure 5e) case since the conduction band moves closer to the Fermi level,

but qualitative signatures of various orbitals in the valence and conduction band are unaffected.

Similar electronic structure of the interface is uncovered for other configurations with two Gd

Mgo,6

dopants and an oxygen vacancy. Figure 5f displays the DOS for Ovac;yy 71 vy 11-

Evidently,

as compared to the undoped defect free case, the overall qualitative features in the DOS are
unaltered regardless of the oxygen vacancy location in either CeO, (Figure 5d and Se) or in
MgO (Figure 5f). Analysis of DOS for other vacancy locations (Figure 3) revealed that the

qualitative signatures of occupied and virtual orbitals is analogous to that given in Figure Se and

. Ce02,2 Ce02,4 Ce02,3
5f. For instance, DOS for Ovac,yy11-ann 11> OVACoNN 11-2nn 12> @0 OVACT N7 1y 12 ATE

given in SI Figure S2. In comparison to Ovacy f,,o\,?ﬁ_z ww,o1 (Figure 5d), the gap between O 2p

and Ce 4f states is larger for rest of the configurations. In general, it can be concluded that charge
compensation via inclusion of two Gd dopants with an oxygen vacancy result in comparable
electronic structure of the Gd-doped CeO2/MgO heterostructure as long as the two dopants are at
INN or 2NN or combination of these distances near the oxygen vacancy. On the contrary, the
electronic structure of the undoped heterostructure with a vacancy defect is noticeably different

due to the appearance of gap states.

3.4 Electronic charge transfer at the interface
To estimate the interfacial interaction as well as comprehend the charge redistribution
and interface charge transfer between CeO, and MgO, charge density differences before and

after the charge transfer were computed. The charge density difference (Ap) was computed using
Ap = P(ceo2/mgo) — P(ce02) — P(Mgo) 3)

where pceo2/mMg0)> P(ceoz)> and pugoy correspond to the charge density of the CeO./MgO

heterostructure, isolated CeOz, and isolated MgO, respectively. Hence, Ap demonstrates the
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charge density variations in CeO; and MgO when they are brought in contact. When computing
Ap for the heterostructure with dopants and defects, various terms in Equation 3 were modified
accordingly. For the undoped defect free CeO2/MgO heterostructure, Figure 6a depicts the x-y
plane-averaged charge density difference along the z-direction, whereas Figure 6b (side view)
and 6c¢ (top view) show the 3D difference charge density plots. It is clear to see that the charge
transfer predominantly occurs at the interface. In the vicinity of the interface, plane-averaged
charge density difference Ap(z) > 0 for CeO; layer and Ap(z) < 0 for MgO layer (Figure 6a).
However, precisely at the interface (Figure 6a), both the CeO, and MgO layers appear to lose
some charge, which is accumulated at the interface between the two layers and cannot be
attributed to either of them. It is imperative to note that the the difference in isosurfaces between
CeO2 and MgO is very small. Closer inspection of the 3D isosurfaces (Figure 6b and 6c¢)
indicate that CeO> has slightly more positive isosurfaces as compared to MgO layer, and the
charge transfer mechanism occurs via CeO; layer gaining a small amount of charge whereas
MgO layer does the opposite. In regions of oppositely charged species linked across the
interface, the ionic character of the interface bonding is apparent. An interesting aspect to note is
that asymmetry, disparate bond lengths, and presence of misfit dislocations at the interface lead
to the charges being distributed asymmetrically. For instance, charge transfer is more
pronounced in few areas closer to misfit dislocations and neighborhoods that have shorter bond
lengths across the interface.

To elucidate the influence of oxygen vacancies and Gd dopants on the electronic charge
transfer across the interface, Figure 7 displays 3D difference charge density plots for few select

configurations. Similar to undoped defect free heterostructure, closer inspection of the difference

charge density plot for oxygen vacancy location Ovacy, f,,o\,?[i_z vw,.1 (Figure 7a) illustrates that

charge transfer occurs from MgO to CeO». Region closer to the two Gd dopants that are at 2NN
to the oxygen vacancy lose slight charge, whereas the oxygen ion bonded to the two Gd dopants
and the two Ce ions on the dislocation line located at 1NN to the oxygen vacancy gain some

charge. Even in this case, charge transfer is more prominent in the vicinity of misfit dislocations.
For the configuration 0vacf1\e,%’2£_2NN'L2, the difference charge densify profile (Figure 7b) is
somewhat altered. In this configuration, both Gd dopants and oxygen vacancy are far from the
dislocation, as well as one Gd dopant is in layer L2, which influences the ensuing dissimilar

charge distribution. The charge transfer nevertheless happens from MgO to CeO.. Regions close
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to Ce atoms on the dislocations lines mostly gain charge. The area closer to oxygen vacancy and

Gd dopants results in a complex accumulation-depletion zone.

Figure 6. Electronic charge transfer across undoped defect free CeO2/MgO heterostructure. (a)
x-y plane-averaged charge density difference Ap(z) along the z-direction. Three-dimensional
charge density difference plots for (b) Side view and (c) Top view. Only interface layer atoms on
each side of the interface are shown. Green, purple, and red spheres correspond to Ce, Mg, and O
ions, respectively. Yellow and cyan isosurfaces indicate regions of charge accumulation and
depletion, respectively. The isosurface value is 1.1 x 1073 e/A3. Blue lines in (c) show the
misfit dislocation network.
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Figure 7. Top view of three-dimensional charge density difference plots for configurations (a)

Ce02,4 Ce02,3 Ce02,2 Mgo,6
Ovacyyy 11-2nN,11 (b) Ovacyyy11-1nN, L2 (©) Ovaciyy11-2nn11 and (d) OvaCiNN,Ll—iNN,Ll'

Only interface layer atoms are shown. Blue spheres correspond to Gd ions. Rest of the color
scheme is same as in Figure 6.

ce02,4
(a) Ovaczﬁm,u_m,u (b) Ovacffv?f,'i_m,\,,,_z

Ce02,2 Mg0,6
(€) ovaciiy's onwi (d) ovaczNNll iNN,L1

To elucidate a slightly different scenario, difference charge density for configuration

Ovacf,f,?\,,zizl_z w1 Was studied (Figure 7c¢), wherein one of the Gd dopants is on the dislocation

and the oxygen vacancy is very close to the dislocation line. Region close to Ce atoms on the
dislocation gain charge, whereas MgO loses charge. However, some regions close to the
interface do fluctuate somewhat. Area close to the two Gd dopants lose very little charge. So far,
interface charge transfer after oxygen vacancy formation in CeO: has been considered. In order

to visualize the difference charge density after oxygen vacancy is introduced in MgO,
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Mgo,6

configuration Ovac,yy /1 _ivn 11

was examined (Figure 7d). Even in this scenario, Ce atoms

gain charge, but this accumulation is more pronounced for Ce atoms located on the dislocation.
The two Gd dopants on the dislocation are not affected much and exhibit very minor loss of
charge. The direction of charge transfer from MgO to CeO: is analogous to previous cases. In

this case, the region surrounding the oxygen vacancy in MgO lose substantial charge, which is

Ce02,2

evident in Figure 7d. The only difference between Ovacyyy'11_oyy 11 and Ovacha®®

INN,L1-iNN,L1 1S
that the vacancy is on either side of the interface (Figure 3) since this region contains two
oxygen ions in close vicinity across the interface. Removing either oxygen result in different
charge accumulation and depletion pattern close to the vacancy, but region far from it exhibit
similar features (Figure 7c and 7d). In general, the intricate accumulation and depletion regions
vary along the interface for all cases, wherein a common trend of charge transfer from MgO to
CeO: is witnessed, predominantly in the interfacial region. Similar to the undoped defect free
case (Figure 6), a closer examination of the charge density difference for various vacancy
configurations (Figure 7) demonstrates a small amount of charge transfer from MgO to CeO..
Electronic distribution and charge transfer at oxide interfaces has fundamental influence
on material behavior. To support the results for mechanism of charge transfer and to gain deeper
insights into the interlayer charge transfer, we further performed quantitative analysis based on

Bader charges,!%6:107

which offers basic information pertaining to charges on atoms and as a
result shed light on the charge transfer between interfacial atoms of different species. Using bulk
references for CeO2 and MgO, atomic electron transfer among atoms on both side of the
interface are computed from net Bader charges. For the undoped defect free CeO/MgO
heterostructure, a net electronic charge of 1.85¢e per supercell is transferred from MgO to CeOs,.
The observed charge transfer is mainly attributed to oxygen ions in MgO losing charge, whereas
cerium ions gaining charge, an effect that is more prominent in interface layer cerium ions. For
instance, interface oxygen ions in MgO lose ~0.04 — 0.06e, whereas interface cerium ions gain
~0.05 — 0.07e, which results in cerium ions being partially reduced from Ce** to Ce®* with §
ranging from 3.93 — 3.95. Since none of the cerium ions are fully reduced to Ce3*, the observed
charge transfer is qualitatively supported by DOS (Figure 5b), which does not reveal cerium 4f
peak in the gap states. On the contrary, the cerium 4f peak is clearly visible in DOS (Figure Sc)

for Ovac®®?* because in this case, two cerium ions neighboring the oxygen vacancy are

reduced to Ce3™.

29



Similarly, Bader charge analysis (Table 1) was performed for all the vacancy
configurations, which reveal a common trend of charge transfer from MgO to CeO. For all the
vacancy locations, the charge transfer from MgO to CeO: ranges from 1.52e — 1.83e per
supercell, which is slightly less as compared to undoped defect free heterostructure. In all cases,
interface layer atoms undergo the most noticeable change in Bader charges revealing the
influence of misfit dislocations. A clear trend correlating the location and stability of vacancies
with the net magnitude of electronic charge transfer is not obvious. Nonetheless, the lowest
amount of electronic charge transfer is observed for the two oxygen vacancy locations in MgO,
which are also energetically least favorable. Overall, the Bader charge analysis supports the
results of charge density difference, confirming the charge transfer mechanism from MgO to
CeO,. Misfit dislocations play a crucial role in the interface charge transfer mechanism since
accumulation and depletion zones (Figure 7) and Bader charges (Table 1) are prominent in their
vicinity. As a result, interface charge transfer is expected to govern the stability of misfit
dislocations as well as the heterostructure. In addition, interface electronic charge transfer will
influence the formation of oxygen vacancies, which will ultimately impact the ionic transport in

thin film oxide electrolytes.

4. Conclusions

In summary, we have predicted the atomic scale structure and electronic structure of
misfit dislocations and oxygen vacancy defects in CeO2/MgO heterostructures. Thermodynamic
stability of the CeO2/MgO interface offers fundamental interpretation of the mixed epitaxial
relationship observed in experiments. Existence of different misfit dislocation structure along
Ce0,[110] and CeO-[100] shed light on the fundamental aspects of disparate bonding across the
Ce02/MgO interface. Misfit dislocations at CeO2/MgO interface are more conducive for oxygen
defect formation as compared to bulk and surfaces of ceria. Vacancy formation energies at Gd-
doped Ce02/MgO interface are exothermic in chemically frustrated regions across the interface
due to unfavorable electrostatic interactions, whereas endothermic formation energies are
uncovered in areas of favorable electrostatic interactions, which is likely to impact ionic
transport across the interface. Oxygen vacancy is thermodynamically more favorable to occur at
the interface layer of CeO, as compared to that of MgO. The electronic structure of oxygen

vacancy in undoped CeO2/MgO interface reveal metal-induced gap states, whereas these gap
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states disappear in Gd-doped CeO2/MgO owing to charge compensation via trivalent dopants.
Strong interfacial chemical bonding is observed due to overlap of orbital signatures from various
elements in the valence band. Interface electronic charge transfer mechanism from MgO to CeO»
is witnessed for both defect-free and defective interfaces, wherein misfit dislocations play a
fundamental role in interface stability and charge transfer. We have highlighted the significance
of comprehending the atomic scale structure and electronic structure of misfit dislocations,

which offer potential avenues to tune ionic transport in thin film oxide electrolytes.
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