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Abstract 
 
Complex oxide heterostructures and thin-films have emerged as promising candidates for diverse 

applications, wherein interfaces formed by joining two different oxides play a central role in novel 

properties that are not present in the individual components. Lattice mismatch between the two 

oxides lead to the formation of misfit dislocations, which often influence vital material properties. 

In oxides, doping is used as a strategy to improve properties, wherein inclusion of aliovalent 

dopants lead to formation of oxygen vacancy defects. At low temperatures, these dopants and 

defects often form stable clusters. In semi-coherent perovskite oxide heterostructures, the stability 

of such clusters at misfit dislocations while not well understood, is anticipated to impact interface-

governed properties. Herein, we report atomistic simulations elucidating the influence of misfit 

dislocations on the stability of dopant-defect clusters in SrTiO3/BaZrO3 heterostructures. SrO–

BaO, SrO–ZrO2, BaO–TiO2, and ZrO2–TiO2 interfaces having dissimilar misfit dislocation 

structures were considered. High-throughput computing was implemented to predict the 

thermodynamic stabilities of 275,610 dopant-defect clusters in the vicinity of misfit dislocations. 

Misfit dislocation structure of the given interface and corresponding atomic layer chemistry play 

a fundamental role in influencing the thermodynamic stability of geometrically diverse clusters. A 

stark difference in cluster stability is observed at misfit dislocations lines and intersections as 

compared to the coherent terraces. These results offer an atomic scale perspective of the complex 

interplay between dopants, point defects, and extended defects, which is necessary to comprehend 

the functionalities of perovskite oxide heterostructures. 
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1. Introduction 
 Complex oxide heterostructures, a class of materials fabricated by marrying two dissimilar 

oxides, offers opportunities to develop next-generation devices with desired functionalities. As 

compared to their parent oxides, oxide heterostructures exhibit emerging properties that can be 

attributed to the newly formed heterointerface,1 which offers diverse modes to introduce non-

homogeneity in the heterostructure. Complex oxide thin films and heterostructures have found 

applications in a wide range of technologies that include solid oxide fuel cells (SOFCs),2,3 radiation 

tolerant nuclear materials,4,5 information storage,6,7 batteries,8 and catalysts.9 Since nanostructured 

devices have a high interface-to-volume ratio, in the majority of these applications, 

heterointerfaces play a vital role in dictating novel behavior.  

Depending on the lattice mismatch between the two crystalline oxides, their 

heterostructures have varying degree of strain at the heterointerface, which often alters their atomic 

and electronic structure as well as their overall stability.10 In semi-coherent oxide heterostructures, 

depicted in Figure 1, misfit dislocations originate at the heterointerface to mitigate the misfit strain 

between the two mismatched oxides. Since misfit dislocations are responsible for controlling key 

material properties,3,11,12,13 studies investigating their role in semi-coherent oxide heterostructures 

has received increasing focus. Experimental studies focused on elucidating the atomic scale 

structure of misfit dislocations are limited because studying and characterizing the role of 

individual column of atoms at the heterointerface is challenging. Nonetheless, owing to their 

fundamental role in dictating material properties, recent computational and experimental studies 

have focused on thorough investigation of the structure-property relationships at misfit 

dislocations in oxides.  

 Perovskite oxides have wide-ranging applications and are some of the most extensively 

studied materials. Recently, heterostructures based on perovskite oxides have gained popularity 

due to their versatility in various technologies.14 Similar to semiconductor technologies, doping is 

characteristically used to tune ionic, electronic, and optical properties of emerging perovskite 

oxides.15,16 Depending on the desired application, doping can enhance magnetic,17 ionic,18 

electronic,19 optical, and catalytic20 properties of perovskite oxides. The added impurities are likely 

to segregate at surfaces as well as homophase and heterophase boundaries, an outcome that 

predominantly depends on size mismatch and charge interactions,21 formation of space-charge 

layers at interfaces,22 and on growth conditions and post-deposition annealing procedures.23 
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However, there are cases where segregation at these boundaries might not be energetically and 

thermodynamically favorable. As a result, dopants would be excluded from the interface region in 

such cases. Since these segregated additives could lead to deleterious effects on the material 

stability and performance, numerous studies have focused on understanding the segregation 

behavior of dopants and associated defects in complex oxides. 

 

Figure 1. Atomic visualization of misfit dislocations in mismatched perovskite oxides. Misfit 
dislocations emerge at the interface to mitigate the strain due to different lattice constants of the 
film and the substrate. 
 

 
 

SrTiO3 (STO)24 and BaZrO3 (BZO) are perovskite oxides often doped to tune their 

functionality for wide-ranging applications. In a typical ABO3 perovskite oxide lattice, due to the 

flexibility in composition, dopants can replace either A-site, B-site, or O-site ions. Since the current 

work is primarily focused on fundamental aspects of ionic transport in STO/BZO heterostructures, 

we will restrict our discussion to acceptor doping (p-type).25 A wide variety of aliovalent dopants 

can be added to improve the properties of perovskites. In acceptor doping of perovskites, the B-

site cations, either Ti4+ in STO or Zr4+ in BZO, could be replaced with trivalent dopants. Acceptor 

doping has been extensively studied in STO26  and BZO27, as they have a net effective charge that 
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affects the electroneutrality condition, and thereby the defect equilibria leading to formation of 

oxygen vacancies. For instance, acceptor trivalent dopants Gd,28 Er,28 La,28 Al,29 Cr,29 Mn,28,30,31 

Pr,32 Y,28,33 Fe,34,35,36 and Sm28,37 at B-site in STO have been investigated for ionic conductivity 

applications since the charge compensating mechanism is the formation of oxygen vacancies. 

However, dopants such as Cr, Pr, Mn, and Fe also exhibit mixed valence, which could lead to 

emergence of novel properties in addition to ionic conductivity applications.38 In addition, A-site 

doping has also been studied for other applications but will not be considered in this work. In 

perovskite oxides, defects could typically introduce ligand holes, which could further lead to 

altered magnetic properties. For instance, such behavior has been reported in STO.39,40,41 However, 

we strictly focus on studying the role of defects (oxygen vacancies) that are formed to maintain 

the defect equilibria after trivalent dopant incorporation. Since the current work is focused on the 

stability of clusters for understanding interface governed ionic transport, emphasis on oxygen 

vacancies and dopants is rational since vacancy diffusion mechanism is the primary mechanism 

for ionic conductivity in oxide electrolytes.2,3 Similar to STO, a wide variety of trivalent dopants 

such as Al,42 La,42 Lu,42 Sc,27,42,43 Y,27,42,43 In,27,42,43 Pr,43 Nd,42,43 Sm,42,43 Eu,43 Gd,27,42,43 Tb,43 

Dy,43 Ho,43 Er,43 Tm,43 and Yb43 have been studied on the B-site (acceptor doping) in BZO.  

Because acceptor doping has been extensively used to improve the properties of STO and 

BZO, it is imperative to understand the basic role of trivalent dopants in these materials. More 

importantly, substitution of trivalent dopants on the B-site lead to formation of oxygen vacancies, 

and subsequent formation of dopant-defect clusters, which is not well understood.28 It is important 

to note that the aforementioned studies on trivalent dopants in STO and BZO are mostly performed 

for a single material, either STO or BZO. Besides, most studies do not offer fundamental details 

of the mutual existence of dopants and defects. To the best of our knowledge, there are no studies 

in the literature that investigate the role of dopants and defects at heterointerfaces in STO/BZO 

heterostructures, let alone at misfit dislocations. Since STO44 and BZO27 have several 

technologically applications, oxide heterostructures synthesized using either of them as one of the 

parent systems has garnered recent interest. For instance, STO-based heterostructures have 

applications in high temperature superconductors and ferroelectrics,44 enhanced ionic transport for 

SOFC electrolytes,3,45,46,47 solid-state electric-double-layer transistor,48 model systems to study 

radiation damage evolution and fast ion conduction.49,50,51,52 
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Since segregation is a thermodynamically driven process, to design next-generation oxide 

heterostructures, basic knowledge of dopants and how the atomic structure of the heterointerface 

influences the segregation of added impurities and associated defects will be crucial. Moreover, at 

semi-coherent oxide heterointerfaces, the behavior of dopants and defects in the vicinity of misfit 

dislocations is not well understood. One of the main reasons for the lack of understanding is due 

to the challenges in experimentally visualizing individual dopant atoms and characterizing oxygen 

vacancies and resolving the structure and chemistry of misfit dislocations. The problem is further 

compounded as even from a theoretical perspective, simulations that involve density functional 

theory (DFT) are limited to coherent interfaces to keep the supercell size tractable.53 As a result, 

DFT calculations are not optimal to study misfit dislocation structure of semi-coherent 

heterointerfaces, which necessitate very large supercells. In this regard, atomistic simulations 

based on empirical interatomic potentials are instrumental in offering atomic scale details of 

dopants and defects at misfit dislocations in semi-coherent oxide heterostructures.28,53 

In cases where either STO or BZO is used to fabricate oxide heterostructures, 

comprehending the role of dopants and defects in influencing the nanomaterial properties would 

be beneficial. To achieve this goal in the present study, we utilized atomistic simulations in 

conjunction with high-throughput computing to investigate the thermodynamic stabilities of 

thousands of dopant-defect clusters in the model system of STO/BZO heterostructure,54 with 

emphasis on misfit dislocations and interface region. We studied geometrically diverse clusters at 

SrO–BaO, SrO–ZrO2, BaO–TiO2, and ZrO2–TiO2 interfaces having dissimilar misfit dislocation 

structures.54 The main goal of this work is to offer atomic scale insights pertaining to the 

thermodynamic preference of dopants-defect clusters and shed light on their behavior near 

differing misfit dislocation structures in STO/BZO heterostructures. 

 

2. Methodology 
Atomistic simulations with 3D periodic boundary conditions (PBC) were conducted within 

the framework of Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS).55 The 

simulations are based on energy minimization using a classical Born-like description of an ionic 

solid. Parameterized Buckingham56 pair potentials are utilized to describe the two-body short-

range interactions, whereas interactions due to the long-range Coulombic (electrostatic) forces 

were calculated by means of Ewald’s method.57 Since the Coulomb potential has an effectively 
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infinite range, Particle-Particle Particle-Mesh (PPPM) Ewald summation,58 which is one of the 

methods in LAMMPS, was utilized to compute the total potential energy. This method effectively 

switches the summation from direct space into reciprocal (or Fourier) space and incorporates Fast 

Fourier Transforms (FFT) to compute the total Coulombic potential energy for an effectively 

infinite crystal when the simulation enforces periodic boundary conditions.58 Parameters for the 

Buckingham pair potential as derived by Busker et al.59 and Zacate et al.60 were used for Sr2+, Ti4+, 

Ba2+, Zr4+, O2-, and Gd3+. These interatomic potential parameters were chosen as all the divalent, 

trivalent, and tetravalent cation interactions were fitted against the same O2- – O2- potential. 

We constructed the atomic models of STO/BZO heterostructure for the experimentally 

observed cube-on-cube orientation relationship, wherein (001)STO||(001)BZO||interface and 

[010]STO||[010]BZO.61 Since the experimental lattice parameters are aSTO = 3.905 Å and aBZO = 4.197 

Å, and the lattice parameters computed in this work are within 0.3% of the experimental values, 

the lattice mismatch (~7.0%, computed with respect to a BZO substrate) resulting from this 

orientation relationship is accommodated via the formation of misfit dislocations at the 

heterointerface. In these atomic models, 14 unit cells of STO were matched with 13 unit cells of 

BZO to ensure a heterostructure with negligible amount of extrinsic strain. Via cleaving STO at 

either the neutral SrO or TiO2 layer and BZO at either the neutral BaO or ZrO2 layer, there are four 

combinations of heterointerfaces possible, namely SrO–BaO, SrO–ZrO2, BaO–TiO2, and ZrO2–

TiO2. Due to PBC, whenever one heterointerface is constructed for simulation, another is formed 

at the top and bottom of the corresponding supercell. This, coupled with stoichiometric 

preservation, means that in our simulations interfaces always come as inseparable pairs, as seen in 

Figure 2. For these fully stoichiometric heterostructures, constant temperature and pressure (NPT) 

simulations were performed using the conjugate gradient method for internal coordinate and stress 

minimization using the Nosé-Hoover thermostat at 0 K and zero pressure to obtain a relaxed 

structure free from internal stresses. The 0 K relaxed structures were further annealed at 800 K. 

The methodology used in this work has been successfully used to study structure-property 

relationships at misfit dislocations,28,49,50,51,54,62  surfaces,63 and grain boundaries64 in complex 

oxides, wherein the relative trends obtained from atomistic simulations are in good qualitative 

agreement with those obtained from density functional theory (DFT) calculations. Importantly, 

this approach has offered reasonable comparison with experiments and assisted in further 

interpreting experimental results.52 Consequently, the current methodology should have adequate 
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physical fidelity to offer physically meaningful trends that are in qualitative agreement with DFT 

calculations. In addition, we recently computed the electronic and atomic structure of misfit 

dislocations at CeO2/MgO heterostructures using DFT10 and offered comparison with the atomic 

structure obtained using atomistic simulations.62 We uncovered that the atomic structure and 

qualitative trends for dopant-defect cluster stability predicted using DFT and atomistic simulations 

agree very well. This agreement not only validates the current approach, but also reveals that the 

underlying assumptions of the method remain truthful.  

The defect reaction governing the addition of trivalent dopants to TiO2 (STO) or ZrO2 layer 

(BZO) can be expressed in Kröger–Vink notation as: 

 

!!""
#$!#⎯% &!#

% + ($∙∙ + )"$×										(,) 
 

where ($∙∙ , ., and ! correspond to the oxygen vacancy, B-site cations (either Ti4+ or Zr4+) in 

perovskites, and trivalent dopants (Gd3+), respectively. Owing to ionic compensation, this reaction 

indicates that the substitution of two B-site cations with trivalent dopants will result in the 

formation of one oxygen vacancy. Using the final annealed heterostructures, two locations for the 

host cations (either Ti4+ or Zr4+) were systematically replaced with Gd3+ dopants and an oxygen 

vacancy was created, forming what we will refer to as dopant-defect clusters, as shown in Figure 
3. The entire system was then minimized at constant volume. That is, after swapping with 

gadolinium dopants and oxygen vacancy incorporation, energy minimization of the entire system 

was performed wherein the ionic positions were allowed to fully relax before computing relative 

energies. In this approach, the relative cluster energy is computed as the change in total energy of 

the system due to the addition of dopants and resulting oxygen vacancy formation at different 

locations. That is, for every doped heterostructure, the cluster stability (segregation energy) is 

computed as the difference in energy between the cluster at the most favorable location and the 

respective site. A simplified equation for computing the cluster stability is given by 

 

/()*+,-.(0) = /,/,0)(0) −	/,/,0)123 									(2) 
 

where /()*+,-.(0) is the relative thermodynamic stability of the cluster at location 0, /,/,0)(0) is 

the total energy of the respective heterostructure with a cluster placed at location 0, and /,/,0)123   is 
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the total energy for the heterostructure for the cluster at the most favorable location, that is, the 

lowest total energy across all clusters. Thus, it is the relative driving force for the cluster to reside 

at a given site compared to the most favorable site (which, for a given case, is taken as the zero of 

energy). 

 

Figure 2. (a) The SrO–BaO and TiO2–ZrO2 interfaces are always paired (b) The SrO–ZrO2 and 
TiO2–BaO interfaces are always paired. When PBC are introduced and the crystal structure is 
repeated above and below itself, it creates an additional interface, which is always paired with the 
interface at the center, regardless of how many layers of either oxide is added. 
 

 
 
 

 Dopant-defect clusters shown in Figure 3 can form anywhere within the bulk of either 

material or anywhere in the vicinity of the interface. As such, the number of permutations for all 

possible clusters that could form within the entire heterostructure is astronomically large, leading 

to roughly 4.2 million clusters. We imposed additional constraints when generating the clusters to 

reduce these permutations down to more realistic numbers while still maintaining a large enough 

span for data collection. Firstly, only one side of each heterointerface was doped at a time, either 

the STO size or the BZO side, and clusters were strictly not allowed to cross the interface plane. 

In addition, clusters were generated within 3 unit cells (6 layers) above the interface; we are only 

focusing on clusters’ interactions with each respective heterointerface, and anything beyond 

(a) (b)
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roughly 6 layers is essentially within the bulk of the material. Dopant atoms were replaced no more 

than 1 unit cell apart from each other, such that the maximum distance between them is √36. Once 

the dopants were placed, the oxygen vacancies were generated at either first or second nearest 

neighbors to either of the dopants. Additionally, clusters were only generated at every other unit 

cell location when iterating laterally through the planes parallel to the interface, which further 

reduced our total permutations by about 75%. In total, for each side of the given interface, we 

generated approximately 34,000 clusters, resulting in a net total of 275,610 dopant-defect cluster 

permutations. To ensure that the entire space of allowable structures was spanned, every single 

vacancy location and possible cluster geometries associated with this vacancy and two dopants 

were created and tested. Further details about cluster visualization and data interpretation are given 

in the next section. The ultimate goal of the work is to gain insights into the distribution of where 

these clusters tend to form with respect to each interface and corresponding misfit dislocations. 

Finding the relative distributions of stable clusters will further offer insights into the location 

preference of oxygen vacancies to form at the interface, which will further inform researchers 

focused on studying the role of oxygen vacancies in ionic transport near the interface regions. 

 

Figure 3. Three among several possible dopant-defect cluster configurations are illustrated. The 
gadolinium dopants (light green) replaced the titanium atoms (light blue) on the STO lattice. 
Missing oxygen ions (oxygen vacancies) from where it would normally be in an ideal crystalline 
lattice are shown by dashed circles. 
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3. Results & Discussion 
 
Figure 4. Side view of misfit dislocations for (a) SrO–ZrO2 (b) TiO2–BaO (c) SrO–BaO and (d) 
TiO2–ZrO2 interfaces. Misfit dislocations in (a) SrO–ZrO2 and (b) TiO2–BaO interfaces can 
clearly be seen in the center, where the atoms do not form a perfect lattice. Misfit dislocations in 
(c) SrO–BaO interface are toward the edge, where cation–cation and anion–anion nearest 
neighbors across the interface repel each other. Misfit dislocations in (d) TiO2–ZrO2 interface are 
not clearly distinguishable in this view. Gold, blue, dark blue, green, and red spheres correspond 
to Sr, Ti, Ba, Zr, and O atoms, respectively. Oxygen ions deeper within the lattice do not line up 
with those near the front; oxygen ions are laterally shifted from one another as they go deeper into 
the structure. As explained later in the main text, this is due to the 〈110〉 dislocation patterns at 
this interface. 
 

 
 
  

For the experimentally observed cube-on-cube orientation relationship in STO/BZO 

heterostructures, four different types of interfaces could form depending on the interface layer 

chemistries involved in the formation of the interface. Figure 4 created using OVITO (Open 

Visualization Tool)65 depicts the side views of minimized and subsequently annealed structures of 

SrO–ZrO2, TiO2–BaO, SrO–BaO, and ZrO2–TiO2 interfaces. In the interface pairing of SrO–ZrO2 

(Figure 4a) and TiO2–BaO (Figure 4b), the dislocations are evident in the center of the 

heterostructure. On the contrary, at the SrO–BaO (Figure 4c) and TiO2–ZrO2 (Figure 4d), the 

dislocations are less obvious. This is due to the varying densities of anions and cations on each of 

the neutral layers being joined at the heterointerface and direction of the Burgers vector as 

(a) (b)

(c) (d)

[001]

[100]
[010]
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explained later. In both SrO–ZrO2 and TiO2–BaO interfaces, there is a 2:3 ratio between cations 

and anions, which closely mimics the ratios seen in a typical perovskite oxide lattice. However, in 

SrO–BaO and TiO2–ZrO2 interfaces, there is a 2:2 and 2:4 ratio of cations to anions, respectively. 

In the latter cases, there is an increased chance that the two cations or two anions sit directly atop 

one another, leading to chemical frustration at the interface. In the former cases, the ZrO2 layer 

mimics the TiO2 layer that is normally joined with the SrO layer, and likewise the TiO2 layer 

mimics the ZrO2 layer that is normally joined with the BaO layer. However, unequal number of 

columns on the two sides of the heterointerface imply that for all the four interfaces, neighborhoods 

with favorable (cations–anions) and unfavorable (anions–anions or cations–cations) interactions 

will exist that influence the misfit dislocation structure. 

The annealed heterostructures can be further analyzed to discern the misfit dislocation 

structures that are formed the four interfaces. A top-down view of the misfit dislocation patterns 

across the four interface planes are offered in Figure 5, wherein only one layer from either side of 

the heterointerface is shown. To distinguish misfit dislocation lines and intersections from coherent 

regions, atoms are color-coded based on their centrosymmetry parameter, which is a unitless 

parameter characterizing the degree of deviation of a given atom from a perfect crystal lattice. In 

SrO–ZrO2 (Figure 5a) and TiO2–BaO (Figure 5b) interfaces, the centrosymmetry parameter is 

large along the [100] and [010] directions (square patterns), which correspond to the misfit 

dislocations. This is in contrast with the patterns observed in SrO–BaO (Figure 5c) and TiO2–

ZrO2 (Figure 5d) interfaces, wherein the centrosymmetry parameter is fairly large in most regions. 

However, the dislocation patterns can be discerned, with the SrO–BaO interface having the largest 

centrosymmetry parameter along the [100] and [010] directions (square patterns), and the TiO2–

ZrO2 interface exhibit that effect in the [110] and [110] directions (diamond pattern). A closer 

inspection of the interface atomic arrangement reveals that the coherent terraces in all the four 

interfaces exhibit favorable electrostatic interactions, wherein cations from one side of the 

heterointerace are favorably bonded with anions from the other side and vice versa. At misfit 

dislocation lines and intersections, regions with chemical frustration are observed in all the cases. 

Such atomic scale details are vital, since chemically frustrated regions are often conducive to 

defect formation. 
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Figure 5. A top-down view of the dislocation patterns throughout the (a) SrO–ZrO2 (b) TiO2–BaO 
(c) SrO–BaO and (d) TiO2–ZrO2 interface planes. Atoms are color-coded based on their 
centrosymmetry parameter to distinguish dislocation and coherent terraces. The first set of 
interfaces in (a) and (b) form highly localized dislocation patterns owing to the dislocation 
network in the 〈100〉 direction. In the second set of interfaces in (c) and (d), the former shows a 
similar dislocation pattern in 〈100〉 direction, whereas the latter exhibits a dislocation network in 
〈110〉 direction. 
 

 
 
 

(a) (b)

(c) (d)

[010]

[100]
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Based on the dislocation patterns visible in Figure 5, the direction of the Burgers vector 

for each of the dislocations can be deduced. A Burgers vector of ;<⃗ = 〈100〉 is predicted for SrO–

ZrO2, TiO2–BaO, and SrO–BaO interfaces, whereas for the TiO2–ZrO2 interface, a misfit 

dislocation structure with Burgers vector of	;<⃗ = 〈110〉 is predicted. This prediction is in agreement 

with the qualitative prediction reported using a heuristic approach.54 While experiments have 

reported perovskite-perovskite heterostructures with cube-on-cube epitaxy,66 dependence of the 

misfit dislocation structure on interface layer chemistry is not well understood.53 Since these 

differing misfit dislocation structures as a function of interface chemistry are expected to influence 

interface-governed properties,3,10,13,28,49 these results reveal the importance of understanding such 

fundamental aspects of interface formation. 

 

Figure 6. Relative energy distributions for each interface configuration. Each curve represents 
the relative population of clusters at given energy. Color scheme in the violin plots is 
representative of the respective material.  Curves on the bottom half of each violin plot are only 
meant to indicate distributions for the lower half of the interface; they are not negative values. 
 

 
 
 

 After each dopant-defect cluster configuration was minimized and its thermodynamic 

stability was calculated, the main goal as well as challenge was to interpret the data to uncover the 
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fundamental trends governing the interaction of dopant-defect clusters with misfit dislocations at 

each heterointerface. As a first method of analysis, we grouped the cluster energies for each side 

of each interface into a histogram, which was then smoothed out using a kernel density estimate 

curve, to see the relative populations of cluster stabilities given in Figure 6. Generally, clusters on 

the STO side of each interface had lower groupings of energies than those on the BZO side. One 

caveat is that these cluster energies should not be directly compared between different interfaces, 

since these are only relative distributions scaled by the lowest energy cluster of each group, so 

information about their absolute formation energies is unknown. 

Visualizing and interpreting the vast amount of data generated via high-throughput 

computing was challenging since there are a few degrees of freedom for every cluster. That is, two 

dopant atoms and one oxygen vacancy, all positioned along three axes near each interface plane. 

Finding how the energies are distributed spatially is therefore nontrivial, since there is no obvious 

way to assign a single atomic position to each cluster. The first method we used for assigning 

position to a cluster was to simply use the position of oxygen vacancy defect in that cluster, since 

these sites are what allow ions to conduct through the lattice and arguably have a higher 

importance. However, this meant that not only were there around 30 to 40 clusters stacked directly 

on top of one another, since many different clusters can all share the same vacancy location, but 

also the distribution of energies for a single vacancy location was quite widespread. This indicated 

that the location of dopants was important as well. In order to assign a weight to the dopant 

positions, we used a linear interpolation between the vacancy site and the average position of both 

dopant atoms, specifically using an interpolation parameter of > = 4
5 in the equation shown below, 

 

?(@) = (, − @) ⋅ ?60(03(7 + @ ⋅
,
& B?8/903,: + ?8/903,!C								()) 

 

where  ?(@), ?60(03(7, and ?8/903,	are the locations of the cluster, oxygen vacancy, and dopants, 

respectively. This strategy had the effect of spreading apart the clusters that were located directly 

on top of one another while also allowing the assigned position of each cluster to be influenced by 

the oxygen vacancy and two dopant atoms. Though this is not the only method of visualization, 

we chose this approach since it produced consistent results. 
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Figure 7. Relative dopant-defect cluster energies throughout the SrO–ZrO2 heterointerface (a) 
STO side is doped and (b) BZO side is doped. Relative dopant-defect cluster energies throughout 
the TiO2–BaO heterointerface (c) STO side is doped and (d) BZO side is doped. Energy scale is 
given below the panel. Interface orientation is same for all materials as given in (a).  
 

 
 
 

Relative dopant-defect cluster energy stabilities computed using Equation 2 are given for 

SrO–ZrO2 interface with STO side and BZO side doped in Figure 7a and 7b, respectively. Energy 

stabilities for TiO2–BaO interface with STO side and BZO side doped are shown in Figure 7c and 

7d, respectively. Analogously, Figure 8 offers the cluster energy stabilities for SrO–BaO interface 

(a) (b)

(c) (d)

[010]

[100]
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when STO side (Figure 8a) and BZO side (Figure 8b) is doped as well as TiO2–ZrO2 interface 

when STO side (Figure 8c) and BZO side (Figure 8d) is doped. In Figure 7 and 8, the interface 

normal direction is portrayed so as to draw a clear comparison with Figure 5, and more 

importantly, focus on the behavior of clusters at the interface layers. Since acceptor doping is 

performed only in TiO2 and ZrO2 layers, in interface configurations wherein SrO or BaO layers 

are at the interface, doping and inclusion of oxygen vacancies is carried out starting from the 

second layer at the interface. This is a reasonable approach because it has been shown that two to 

three layers adjacent to the interface are critical in influencing interface-governed properties. 
3,12,13,28 Evidently, the misfit dislocation patterns in Figure 5 have a strong influence on the cluster 

stabilities depicted in Figure 7 and 8. A common trend uncovered at these interfaces is that the 

dopant-defect clusters on the STO side of each interface exhibit greater stabilities in the coherent 

terraces, which reveal their location preference for formation in STO. Conversely, clusters on the 

BZO side of each interface demonstrate greater stabilities along the dislocation lines and 

intersections revealing their tendencies to form in this region.  

The contrasting patterns observed in Figure 7 and 8 for cluster stabilities on the STO side 

as compared to those on the BZO side of the interface results in a sort of mirror image effect. At 

the atomic scale, this effect can be explained in terms of relative size mismatch between dopant 

atoms and host atoms, as well as lattice mismatch and nearest neighbor atomic arrangement at the 

interface. For six coordination, the ionic radiuses of Sr2+, Ti4+, Ba2+, Zr4+, and Gd3+ are 1.18 Å, 

0.61 Å, 1.35 Å, 0.72 Å, and 0.94 Å, respectively.67 The ionic radius of Sr2+and Ti4+ is smaller than 

that of Ba2+ and Zr4+, respectively. Importantly, the ionic radius of Gd3+ is larger than either of the 

host cation Ti4+ and Zr4+. As mentioned earlier, the coherent terrace of all interfaces comprises of 

favorable electrostatic interactions, wherein the atoms across the interface are nicely packed and 

mostly similar in numbers. This stacking is displayed in Supporting Information Figure S1 and 

S2, which clearly depicts a single atomic layer on each side of the minimized interface for BZO 

and STO, respectively.  Replacement of larger Gd3+ dopants in place of Ti4+ (STO side is doped) 

would result in tensile relaxation in the interface STO layer, leading to a decrease in strain at the 

heterointerface, as lattice constant of STO (3.905 Å) is smaller than that of BZO (4.197 Å). 

Decrease in overall strain at the heterointerface due to tensile relaxation will be energetically 

favorable. Replacing Zr4+ (BZO side is doped) with larger Gd3+ dopants will also result in tensile 

relaxation of the interface BZO layer, however, in this case it will increase the strain at the 
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heterointerface, which will be energetically costly (unfavorable). As a result, dopant-defect 

clusters exhibit greater stabilities at coherent terraces on the STO (Figure S2) side of the interface. 

This effect is reversed at misfit dislocation lines and intersections, wherein the free space is quite 

large in the BZO side of the interface as compared to the STO side since there are fewer atoms in 

BZO (Figure S1). Owing to this available free space, tensile relaxation after addition of larger 

Gd3+ dopants is energetically favorable for the BZO side. As a result, dopant-defect clusters 

demonstrate greater stabilities along the dislocation lines and intersections at BZO side of each 

interface. At the atomic scale, fundamental structural and interface effects observed herein are 

expected to influence key interface-governed properties.7,11,19,21,28,61,66  

 The spatial distributions for cluster energies shown in Figures 7 and 8 are a conglomeration 

of dopant-defect clusters of all possible configurations given our parameters for generation; there 

is no consideration for clusters in different orientations or where the oxygen vacancy site lies with 

respect to the dopant locations. To account for this, we compared the energy distributions for 

various classifications of cluster types. The way we classified cluster configurations was by 

considering the nearest neighbor distance from the oxygen vacancy site to each of the two dopant 

atoms. For example, if the first dopant atom was a second nearest neighbor and the second dopant 

was a third nearest neighbor to the oxygen vacancy site, then the cluster would be classified as a 

Type 2–3. We focused our analysis on Types 1–1, 1–2, and 2–2 clusters, since clusters with at 

least a third nearest neighbor had significantly shifted energy distributions, indicating lower 

favorability, which has also been reported for other oxide interfaces.10,28,63  

 Relative thermodynamic stabilities for clusters of various types in each of the four 

heterointerfaces are depicted in Figure 9. Evidently, when the dopant-defect cluster energy 

distributions are plotted for 1–1, 1–2, and 2–2 clusters, a general trend is uncovered wherein the 

distributions shift rightward for higher order nearest neighbor clusters. This effect is somewhat 

subtle, but when comparing the mean and median of each distribution, both increase monotonically 

with nearest neighbor order. This indicates that clusters of the Type 1–1 are the most favorable to 

form. However, it is worth noting that while the energy distributions indicate higher favorability 

in a one-to-one comparison, clusters of Type 1–1 have the lowest multiplicity due to 

combinatorics. For instance, for a given vacancy site in the TiO2 or ZrO2 layer, due to perovskite 

symmetry, there is only, at most, one distinct 1–1 cluster that can be formed. In general, as the 
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classification ranges from 1–1 to 1–2 and to 2–2, distributions tend to shift towards higher 

formation energies, indicating that vacancies prefer to form not very far from the dopant atoms. 

 

Figure 8. Relative dopant-defect cluster energies throughout the SrO–BaO heterointerface (a) 
STO side is doped and (b) BZO side is doped. Relative dopant-defect cluster energies throughout 
the TiO2–ZrO2 heterointerface (c) STO side is doped and (d) BZO side is doped. Energy scale is 
given below the panel. Interface orientation is same for all materials as given in (a).  
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[010]

[100]
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Figure 9. Relative energy distributions for different types of clusters in (a) SrO–ZrO2 (b) TiO2–
BaO (c) SrO–BaO and (d) TiO2–ZrO2 interface. Plot details are same as in Figure 6.   
 

 
 
 
 

Throughout this study, only one dopant-defect cluster has been considered at any given 

time, not accounting for the influence of other clusters. That is, a rather dilute limit of dopant 

fraction is utilized. At higher dopant fractions, it is possible that numerous disparate clusters 

agglomerate at the interface. It is probable that more intricate atomic landscape is present at the 

interface. For instance, for a given 1–1 arrangement, the two dopants therein could have additional 

oxygen vacancies at nearby locations, or the oxygen vacancy in this 1–1 cluster arrangement could 

have additional dopants at second or third nearest neighbors. Furthermore, to identify a particular 

cluster, we have strictly located oxygen vacancies and dopants on the same side of the interface. 

In reality, it is quite possible that oxygen vacancies present on the STO side of the interface could 

be nearest neighbors to dopants on the BZO side and vice versa. Such scenarios would further 

(a) (b)

(c) (d)
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influence the cluster stabilities. In general, cluster-cluster interaction would influence the stabilities 

of coexisting clusters. Nonetheless, by conducting a thorough investigation of isolated dopant-

defect clusters, we have predicted the thermodynamics of cluster formation, which could be further 

utilized to understand their behavior at higher dopant concentrations. 

 Though the interface has more free space than the grain interior to accommodate larger 

dopants and minimize the elastic energy, a remarkable result uncovered in this work is that not all 

sites at the interface between two mismatched oxides are conducive for segregation of dopants and 

defects. This is in stark contrast with dopant segregation tendencies reported at perovskite 

surfaces,68,69,70 and oxide surfaces in general,71 where dopant size and charge mismatch lead to 

surface segregation owing to elastic and electrostatic interactions. At perovskite surfaces, only few 

distinctly probable sites are available to dopants, most of which are favorable for segregation, 
68,69,70,72 which is not the case for heterointerfaces of perovskite heterostructures reported herein. 

Cationic sites for dopant segregation inside and outside the dislocation cores in perovskite BaSnO3 

have also been reported, indicating that dislocations are generally conducive for dopant 

segregation.73 The key difference in perovskites heterostructures studied here are the presence of 

misfit dislocations, wherein several dissimilar sites are available for segregation,28 some of which 

are not conducive for segregation due to interface layer chemistry and mismatch strain as well as 

atomic scale structure of the misfit dislocations. In general, since perovskite oxide heterostructures 

have gained popularity for novel materials and devices, current results reveal that fundamental 

understanding of dopants and defects segregation in the vicinity of misfit dislocations would be 

beneficial. More importantly, since interface-governed properties of perovskite oxides are strongly 

influenced by dopants and defects at the interface, high-throughput framework reported in this 

work offers a novel approach to comprehend their thermodynamics at the atomic scale. 

 

4. Conclusions 
 Since oxide heterostructures exhibit a wide array of functionalities that originate at the 

heterointerface, their rational design at the atomic scale and nanoscale requires a priori knowledge 

of interface stability and the fundamental role of dopants and defects at interfaces. In this work, 

atomistic simulations were used to investigate the atomic scale structure of misfit dislocations in 

STO/BZO heterostructures for varying termination chemistries and study the interplay between 

extended defects, dopants, and vacancy defects. A high-throughput framework was developed to 
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screen the thermodynamic stability of thousands of dopant-defect clusters at the interface, which 

was found to fundamentally depend on the atomic scale structure of misfit dislocations and 

interface layer chemistry of the given heterostructure. Contrasting patterns for cluster stabilities 

are observed, wherein clusters exhibit greater stabilities in coherent terraces on STO side of the 

interface, whereas they prefer misfit dislocation lines and intersections on the BZO side. These 

contrasting patterns results in a mirror image effect, which is understood in terms of size mismatch 

between host and dopant, lattice mismatch, and nearest neighbor atomic stacking at the interface. 

Dopant-defect clusters having oxygen vacancy at first nearest neighbor to the two dopants are 

uncovered to be most favorable, with the distributions shifting toward higher formation energies 

at larger nearest neighbor distances, revealing a strong binding between the dopants and defects. 

Atomic scale details offered herein for cluster stabilities in the vicinity of misfit dislocations are 

essential to comprehend the functionalities of mismatched perovskite oxide heterostructures. 
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