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ABSTRACT: Understanding the origin of defects in lead halide perovskite Defect Tolerance
nanocrystals is paramount to attaining long-term structural stability and Pristine Defective
improved optical efficiency, key features for their successful implementationin ©70:0+0 7
optoelectronic devices. Unlike other studies, we explore the possible formation o:0:0:0
of trap states in explicit, nonperiodic CsPbBr; nanocrystal models about 3 nm 757577 Intorstitials
in size. Using density functional theory, we compute the defect formation <=o¢<-o<o- o
energies of interstitial, vacancy, and antisite defects in different regions of the Antisites )
s CsPbBr3 No Midgap
nanocrystal (center, surface center, and surface edge), demonstrating that the States
most stable defect position is found at the surface. We ascribe the high defect
tolerance of CsPbBr; nanocrystals to the fact that vacancies, i.e. the loss of surface ligands as ion pairs, are energetically
difficult to form and only excessive stripping of surface ligands might be problematic, as their detachment leaves
undercoordinated Br~ on the crystal surface that only in this case translates into deep traps.

n recent years, researchers have grown increasingly procedures). One explanation for this is that the energetics

interested in metal halide perovskites, in particular hybrid of defect formation in NCs is expected to change dramatically

organic/inorganic and pure inorganic metal halides of the compared to the bulk, mostly for two reasons: (1) the presence
APbX, form with A = CH;NH;*, Cs*, etc. and X = Cl, Br, or L. of a complex chemical equilibrium at the NC—ligands—solvent
The nanoscale version of these materials presents unique interface that can expose defects to a different environment
features such as unity photoluminescence quantum yields than in the bulk and (2) the location of the defect, which is
(PLQYs),"” high defect tolerance, absorption in the visible more likely to be found at the NC surface instead of the core
spectrum (400 800 nm) that is tunable with the halide because of the large number of surface atoms. Regarding the
composmon, ~7 and narrow emission line widths (12—42 former point, chemical equilibria at the NC surface alter
nm).° For these reasons, they have become potential structural stability of the NC, which is still a major drawback

candidates for a w1de variety of optoelectronic applications
such as Iasmig ® light-emitting diodes (LEDs),"'~'® and
photovoltaics."**

One of the main reasons perovskites have outstanding
optoelectronic characteristics is their high defect tolerance,
especially in thin films of bulk methylammonium lead iodide
that have demonstrated outstanding performance for photo-
voltaics with power conversion efficiencies up to 25%."” Defect

tolerance in bulk perovskites has often been studied computa- tic size of th tallite (about 810 nm) A
tionally,”**>*! however, as it will be shown in this Letter, not nanometric size of the crystatite ta>ou 1) SUEESts

as extensively for (fully inorganic) perovskite nanocrystals that, even if bulk-type defects are formed i-n the core, they
(NCs). One of the main differences between bulk and NCs could eventually travel toward the surface if they are more
emerge's immediately when looking at the typical defect stable in this region. This suggests that carriers might always be

densities of bulk perovskites, measured (and computed) in the trapped at the surface. This is not surprising because major
order of 10110 cm™>"*>** In the nanoscale regime, this losses are known to occur at the grain boundaries of perovskite
M )

corresponds to about one defect in approximately 10°—107 for

for NC colloids and is mostly linked to desorption of surface
ligands that can occur during washing or diluting.”* Ligand
detachment can lead to NC aggregation and precipitation and,
more importantly, to exposure of defects at the surface. While
methods to restore the PLQY are continuously developed,
mostly by post-treating the NC surface with a new set of
ligands, the exact mechanism by which defects form and PL
efficiency is lost is not yet fully understood. In addition, the

a perovskite NC 10 nm in size. These values are too low to Received: September S, 2019
explain the frequent loss of photoluminescence efficiency that Accepted: October 15, 2019
affects NC colloids (more than 50% after purification Published: October 15, 2019
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thin films in solar cell devices, and strategies to efficiently
passivate this region are widely studied to improve power
conversion efficiencies.”

Density functional theory (DFT) is a powerful tool to
provide meaningful insight into the surface chemistry of NCs.
It is crucial to perform computations on realistic NC models to
capture how defects form and to assess the driving force
(energetics) of their formation. Providing a better under-
standing of the chemistry of defects and comparing them to
the bulk will help develop new strategies to prevent crystal
degradation and suppress the formation of trap states, as well
as to maintain high PLQY over longer periods of time.
Theoretical work that involves realistic NC models has been,
however, notoriously scarce, mostly because the NC surface is
a complex region to model, as both ligands and facet
composition need to be explicitly accounted for and assessed
against experiments. In this study, we employ DFT to study
the formation of defects in NCs. First, we draw a comparison
between bulk and NC defects; we then evaluate the effects of
various types of defects on the electronic structure of explicit,
nonperiodic NC models. We demonstrate that most of the
defects require large formation energies (vacancies and
antisites) with the exception of interstitial defects, which are
energetically favorable. Even so, the most stable interstitials
deliver shallow traps, affecting the electronic structure of the
material only slightly. We can ascribe the large defect tolerance
of perovskite NCs to the resilience to form deep traps even
after vacancies are formed at the surface. Such vacancies need
to be formed in large amounts before they can actually
transform into trap states, a requirement that is met in ordinary
experimental conditions only after purification procedures or
with the employment of ligands that can desorb easily from the
surface.

In this work, defects are classified and named according to
IUPAC notation as*® A§, where A is the species (V for a
vacancy or the atom name for an added species to the lattice),
B the lattice position that the A species occupies, and C the
charge of the lattice site occupied by species A. We will focus
on fully inorganic CsPbBr; NCs, as these are considered the
benchmark NCs for a variety of reasons: for example, highest
optical purity among the halide group, stable crystalline phase,
and tolerance against various surface treatments. To draw a
meaningful comparison between the formation of defects in
periodic CsPbBr; and our NC models, we briefly explain how
defect formation energies are estimated in the two cases. In
bulk materials, the defect formation energy (DFE) is calculated
according to the following formula:***”**

DFE(a, q) = E(a, q) — E(bulk)

- Z nay, + q(Ep + Eypy + AV) + Ef
A

where E(a, q) is the total energy of the supercell containing
the defect a with charge g, E(bulk) the total energy of the
supercell containing the pristine system without the defect, n,
the number of atoms involved in creating the defect, y, the
atomic chemical potential in reference to the total energy of
the pure elements composing the lattice, Ep the Fermi energy
of the nondefective system, Ey) the valence band maximum,
AV the electrostatic shift induced by the defect in the charged
supercell, and E? the background electrostatic charge of the
supercell that prevents the charge of the defect from being
periodically replicated.
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As explained in more detail by Meggiolaro et al,”’ the
quality of the bulk calculations depends on several factors, like
the accuracy of (1) the electrostatic background correction,
(2) the electrostatic shift induced by the defect, (3) the
chemical potential of the elemental constituting species, and
(4) the type of DFT exchange—correlation approximation
employed (semilocal, hybrid or GW, with or without spin—
orbit coupling). In the framework of bulk defect formation, the
chemical potential of the defective species, such as solid Pb,
solid Cs, or molecular bromine Br,, needs to be explicitly
calculated. While this approach of computing the energy of
defect formation is effective for bulk materials, it is not without
problems when applied to NCs. First, perovskite NCs are
typically prepared and dispersed in solution, meaning that
when a defect is formed, its chemical potential is not related to
the formation of solid precipitates. Rather, we expect that the
creation of defects is driven by the formation of molecular ion
pairs in solution, such as CsBr and PbBr,. These ion pairs are
responsible for the creation of vacancy (when removed) or
interstitial (when added) defects in NCs. For example, if a Vi
vacancy is created, then its formation energy should be
referenced to the detachment of a neutral PbBr, species, which
is then dispersed in the solvent. This is the most likely
mechanism to take place in the chemical environment in which
the NC was prepared, which is usually a low dielectric solvent,
e.g., toluene. Note that the creation of the lead defect is
accompanied by the removal of Br ions from the lattice; thus,
the defect is more correctly described as Vi, + 2V},

Summarizing, to calculate the DFE in our NC models, we
will thus use the following simplified equation for the defects:

DFE(a) = E(NC(a)) — E(NC) + E(s)

where E(NC), E(NC(a)), and E(s) are the total energies of
the pristine NC, the NC with the defect a which is
characterized by the neutral form s, and the energy of the
neutral species s, respectively. For example, in the case of the
Vi, vacancy of the previous example, the defect formation
energy is expressed as

DFE(Va, + 2V})
= E(NC(V3; + 2V5)) — E(NC) + E(PbBr,)

By treating the defect formation process in this manner, the
above equations are fully balanced, charge neutrality is
maintained at any point of the calculation, and no electrostatic
shift is needed to correct for the energy levels. In addition,
there is also no need for background charge correction because
the whole NC is explicitly included in the calculation. Finally,
while not explicitly done in this work, the Eypy can easily be
estimated by computing the ionization potential of the neutral
system in a nonperiodic calculation. This has the advantage of
pinning the exact position of the valence band maximum
(VBM) and conduction band minimum (CBM), with the
latter from an excitation energy (or a simple HOMO—-LUMO
gap) calculation. In this way, it could also be possible to assess
the propensity of the system to be n- or p-doped. We
anticipate that in a low-dielectric environment, which is usually
the one used in the synthesis, the NC model systems
considered here are usually intrinsic.

NC models of CsPbBr; of 2.9 nm in the lateral side were
constructed by cutting the cubic bulk (space group Pm3m)
along the (100) directions. Assuming all atoms maintain their
thermodynamically most stable oxidation state, i.e., Cs as +1,
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Figure 1. Defect formation energies (DFEs) associated with interstitial, charged, neutral vacancies, and antisite substitutions listed in
electronvolts. The DFEs are computed following geometry optimizations carried out at the DFT/PBEO level of theory. Backflip means that
the antisite displacement goes back to its initial nondefective configuration. Note that here we report only the defect name without the

counterion. The full name of the defect is presented in Table 1.

Table 1. Type of Defect, Counterion, and Full Defect Name for All Defects Studied

charged vacancy

interstitials
defect Pb?* Cs; Br; Vi, Wi,
counterion Brg, Brg, Cs¢s Vi, Vi,
full defect name  Pb?*+2Brg, Cs; +Brg, Br; +Cs¢, VEp+2V3, Vi +2'V3,

neutral vacancy antisite

Ve Vi Vi, V& VB Pby =Bry  Csp = Brg
Vi A\
Vet Vi, Ve Vi, Vb Ve, Vi Pby, = Bry, Csp, = Brc,

Pb as 2+, and Br as —1, charge neutrality of the model was
achieved by removing the excess positive charge, as this
approach proved to be the most resilient to the formation of
localized states at the surface.” Any residual charge was
compensated by removing Cs* from the edges and vertices of
the NC, as these are the least strongly bound positions in the
NC.* The molar ratio of Cs:Pb:Br of this pristine NC model
was determined to be roughly 1.6:1:3.6, which is in agreement
with experimentally observed Br-rich nanocrystals.”””" In our
model, the Cs:Pb ratio is overestimated against the experi-
ments because at least half of the Cs at the surface, in the
standard synthesis, is known to be replaced by alkylammonium
ligands. For computational efficiency and for avoiding further
complications in our study, only Cs ions were included in our
model. These organic ligands have a wide band gap and do not
significantly alter the electronic structure of CsPbBry NCs." To
explore the effect of defects, we first relaxed a pristine, defect-
free NC, see ref 4, until an energetic minimum configuration is
reached. This optimized NC model is then used as a starting
structure to introduce the defective models. Using the CP2k
program,”’ the computed band gap was 2.4 and 3.7 eV for
DFT/PBE** and DFT/PBEO,** respectively. While PBE is in
better agreement with experiments, this result is assigned to an
accidental cancelation of errors due to the lack of the spin—
orbit coupling term. More details on the computational
method are given in the Supporting Information.

Unlike the bulk, each defective system presents different
energetics depending on the position of the defect, either in
the core or at the surface (center or edge), and on the location
of the counterions that neutralize the charge. The counterions
are always kept in the same position at the surface: for
vacancies it will correspond to the elimination of one or two
surface ions (depending on the defect), while for interstitial
defects, where species are added, the counterions are added at
the surface in its natural position of the lattice. In IUPAC
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notation, this latter addition is defined as, e.g. Brg, for an added
Br~ counterion. Overall, we explored three different defect/
counterion combinations for each type of defect: core/surface
(C), surface-center/surface (SC), and surface-edge/surface
(SE). The DFEs for all type of defects are shown in Figure 1
and schematically depicted in each figure that follows. The full
defect names are listed in Table 1. The relaxed structures of
the defective systems are illustrated in Figures S1—S4. Note
that the charge of a “charged vacancy” refers to the charge of
the point defect without the inclusion of the counterion. This
is done to maintain a fair comparison with the nomenclature
used in the bulk.

For all interstitial defective systems, the cationic species
(Cstand Pb}*) were placed in the same plane as Cs* and Br~
(see schematics in Figure 2A), either at the core or at the
surface.

Inspection of Figure 1 shows that for all cases, interstitial
positions are favored energetically. In Figure 2B, we present
the electronic structure for all interstitials explored. Interstitial
positions generated upon the addition of CsBr or PbBr, species
are always favored energetically, implying that the NC can
easily sustain the addition of either CsBr or PbBr, ion pairs in
the lattice. In the experiments, this means that the NC tends to
accommodate metal salts if these are available from the
environment. Postsynthetic treatment of the NC by adding ion
pairs can thus be very effective for these materials, as also
demonstrated in many experimental works.**~*¢

Addition of neutral species can lead to the occupation of
interstitial positions from either the cation (Cs} or Pb?*) or the
anion (Br]). The most favorable additions are usually at the
surface edge, which is the most reactive region of the NC.
Interstitials at the core are unlikely to form as they are less
favorable energetically. When possible, though, the NC tries to
reorganize itself to accommodate each ion in its natural
position in the crystal lattice, eliminating the defect. A case in
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Figure 2. (A) Schematic depiction of the interstitial defects in different areas of the NC shown in top and side views. (B) Density of states
(DOS) plots belonging to each of these systems calculated at DFT/PBEO level of theory, with the dotted line indicating the Fermi energy
(Eg). Each line in the plot represents a molecular orbital (MO) and the color of the line represents the contribution of Cs (blue), Pb (green),
and Br (red). Shown below this plot are the defect formation energies (DFEs) and the highest occupied molecular orbital (HOMO)

belonging to each system.

point is the most favorable DFE of Cs{ (—1.3 eV) where the
added Cs ion in interstitial position moves on the NC surface
to occupy a Cs site left vacant during the process of charge-
balancing the NC. Because it is a natural position for Cs, i.e. it
transforms from Cs/to Cs{, we do not consider this as an
interstitial defect. Indeed, also the electronic structure is trap-
free (see DOS for Cs{(se)). A similar mechanism occurs for
the most stable Br; (DOS for Br; (se)), which reconstructs on
the surface to attain the natural position of Brg,. On the other
hand, the most stable interstitial positions of Pb}" remains
interstitial and presents localized states right above the valence
band maximum (see DOS for Pbj(se)). Interestingly, these
localized states belong to the 4p orbitals of the Br counterions
used to compensate the charge of the Pb;* defect and not to
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the Pb ion itself. We noticed that whenever midgap states are
formed, they can emerge only from the counterion (halide),
regardless of the type of interstitial defect (cationic or anionic).
Moreover, the trap state is formed only when such a halide ion
occupies surface positions that point outward the surface. In
other words, if the added bromide is in excess against the
available halide surface sites, then its lone pairs will be dangling
and nonbonding, forming trap states. This situation can occur,
for example, when the perovskite NC is already terminated by
the CsBr layer and excess CsBr (or any other Cs salt) is added
to the NC.

Vacancy defects are created by removing an ion (Cs*, Pb**,
Br™) from either the core or the surface of the model (Figure
3A). The overall charge neutrality of the system is again
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Figure 3. (A) Schematic depiction of the vacancy defects in different areas of the NC shown in the side view. (B) DOS plots belonging to
each of these systems calculated at the DFT/PBEO level of theory, with the dotted line indicating the Fermi energy (Eg). Each line in the plot
represents a molecular orbital (MO) and the color of the line represents the contribution of Cs (blue), Pb (green), and Br (red). Shown
below this plot are the DFEs and the HOMO belonging to each system.

maintained by removing additional counterions from the
surface and also when the vacancy is created at the core.
Inspection of Figure 1 reveals that the formation of vacancies is
always endothermic. The energy required to create vacancies is
in the range of 1.4—2.3 eV depending on the position of the
vacancy in the lattice. This corresponds to negligible vacancy
(defect) densities. It is thus expected that removal of metal
salts from the NC must be induced from other species present
in the environment. This is indeed what happens when, for
example, an excess of amines is added to a CsPbBr; NC
solution. Primary alkylamine molecules induce the extraction
of PbBr, from the NC, which then transforms into 0D
Cs,PbBry NCs.””~* In less harsh environments, the detach-
ment of these metal halide salts may be induced during

washing by the solvent itself.

2743

The extraction of metal salts, i.e. the formation of a neutral
vacancy, is more effective at the surface, whereas creating the
vacancy in the NC core is the least energetically favorable.
Regardless of their position and type, vacancies have little
effect on the electronic structure of the NC and do not form
any traps, as highlighted in Figure 3B. In a previous paper,
some of us highlighted this aspect by proving that midgap
states stem from undercoordinated halide ions that are created
only when a large number of surface CsBr moieties are
removed from the outer layer of the perovskite NC lattice.”
This situation is difficult to attain because of the high energy
required to create these vacancies and can explain the high
defect tolerance of perovskite NCs. On the other hand, NCs
prepared in the experiments are less ideal: the surface is
terminated by metalorganic salts, e.g., Cs(carboxylate),
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Figure 4. (A) Schematic depiction of the antisite defects in different areas of the NC shown in the side view. (B) DOS plots belonging to
each of these systems calculated at the DFT/PBEO level of theory, with the dotted line indicating the Fermi energy (Eg). Each line in the plot
represents a MO, and the color of the line represents the contribution of Cs (blue), Pb (green), or Br (red). Shown below this plot are the

DFEs and the HOMO belonging to each system.

alkylammonium bromide, rather than the simple CsBr
termination used in the calculations. These capping species
usually have a moderate solubility in the organic solvent used
in the synthesis or during the NC purification, e.g., octadecene
and toluene, thus altering the NC—ligand binding affinity. In
such an environment, the loss of ligands, and thus the
formation of vacancies, is more likely, especially after
purification. Another mechanism that helps in the detachment
of metalorganic salts from the NC surface is the neutralization
mechanism." Here, the detached oleylammonium bromide can
transform into oleylamine and HBr. HBr is volatile and can
escape the environment, shifting the reaction toward the
elimination of metal salts or ion pairs from the NC surface.
This can generate a large number of surface vacancies, which
can then expose highly undercoordinated halide ions, thus
introducing trap states and reducing the PL efficiency.
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In some cases, the lattice can expel some of the ions in their
elemental form, i.e. as Cs(0), Pb(0) or molecular halogen Br,,
implying a redox reaction occurring in the NC (Figure 4A).
The elimination of neutral Pb(0) and Cs(0) means that these
ions are reduced; hence, the NC is oxidized (p-doping). In
contrast, the elimination of Br, implies the reduction of the
NC (n-doping). We explored the energetics of these
mechanisms and realized that they are all strongly
endothermic, regardless of the position of the extracted ion
(see Figure 4B). Defect densities are very low, indicating a very
low probability of formation for this type of defect. In some
cases, this process can be triggered remotely in harsh
conditions. A typical example is the formation of clusters of
metal Pb(0) on top of the CsPbBr; by exposing a film of
perovskite NCs under a TEM beam (for example, Figure 1 in
ref 36). Other examples can include oxidation by air, when the
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Figure 5. (A) Schematic depiction of the neutral defects in different areas of the NC shown in the side view. (B) DOS plots belonging to each
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their most stable spin configuration.

valence band energy levels move toward the vacuum, and also
via remote or electrochemical doping. In typical perovskite NC
synthesis, these conditions are usually not met.

Another type of defect typically studied in the bulk is the
antisite, i.e. where a cation exchanges position with an anion.
For the NCs presented in this work, we calculated the swap
between Pb with Br and Cs with Br (see Figure SA). We
noticed that, unlike the core, the antisites behave unexpectedly
at the surface. Starting from a surface antisite position and
upon geometry optimization, the structure reorganizes to a
nonantisite configuration; in some cases, the ions backflip to
their initial position. For example, Pb just moves back at the
center of the octahedron; in other cases, the ions reorganize,
forming stable PbBr;~ units at the surface, which are
energetically favorable (Figure SS). We are not completely
sure if the formation of these lead bromide units is an artifact
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from the calculations considering that the surface is more
flexible and allows for large geometrical reorganizations,
hindered at the core. Regardless of this, as expressed in Figure
5B, the formation of these subunits still forms shallow traps,
without significantly altering the electronic structure of the
nanocrystal.

As explained in the previous sections, the nature of defects in
bulk perovskites and NCs can be rather different. While a
direct comparison with the bulk defect formation energies is
difficult to draw (different DFT methodology, presence or
absence of spin—orbit coupling, and localized basis-set versus
plane-waves), we can observe that in both cases shallow traps
have low formation energies, whereas deep traps require more
energy. In the bulk, even with low defect densities, charged and
neutral defects can form and be stabilized by the surroundings.
Such defects can travel inside the bulk for extended periods of
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time affecting the recombination and the extraction of carriers,
and as such the film conductivity, the photoluminescence
efficiency and other important macroscopic characteristics. At
the nanoscale, on the other hand, we expect that defects that
form midgap states are mostly located at the surface for
energetic reasons and because the distance that a defect needs
to travel from the core to the surface is much shorter compared
to the bulk. This implies that even if the defect is formed upon
photoexcitation in the core of the NC, the carriers can still be
trapped at the surface within the emission lifetime. A point in
common between the bulk and the NCs is that the NC surface
can resemble the grain boundaries of perovskite films, which
can present characteristics similar to the ones discussed for
NCs. For this reason, successful strategies used to passivate the
NCs surface can be transferred to the bulk to fix defects at the
grain boundaries or vice versa.

It is customary in the NC field to describe the energetics of
defects in the same way as for the bulk. However, this
approach can be largely misleading in many cases, as
demonstrated in this work. For example, the typical under-
standing that halide-deficient NCs introduce midgap states and
are the main reason for PLQY loss in perovskite NCs is only
partially true: if one takes charge balance into account, a halide
(charged) deficiency is compensated by a cation deficiency,
which can emerge either from Cs or Pb. This means that the
depletion of halide happens in the form of CsBr and PbBr,,
respectively. It is also important to always specify the charge of
the studied defects because the energetics can be very different
if they are in either the neutral or charged form. For example, a
neutral Br vacancy has a very high defect formation energy of
4.0 eV, whereas the corresponding charged Br vacancy is about
half that amount. Confusing one with the other may lead to
erroneous explanations of defect formations.

The data presented in this work provide a qualitative
description of the type of defects that can emerge in colloidal
NCs. The approach presented is still limited and can be
improved in the future. For example, it is desirable to analyze
the defect energy formation when the surface is passivated by
ligands that are used in synthesis or after synthesis via ligand
exchange, e.g, oleate, alkylammonium, but also phosphonates,
sulphanates, and zwitterions. It is expected that the chemical
equilibrium that describes the DFE is also affected in the
presence of solvent because organic ligands can be effectively
stabilized by the environment, shifting the equilibrium toward
the formation of the defect, significantly lowering the DFEs.
Solvent effects are purposely not included in in this work,
because we wanted to focus on a simple description of the
DEFE. Including this next layer of detail will be the purpose of
future work. Finally, we did not consider spin—orbit coupling
in this work because of the size of the explicit NC clusters
involved that make these calculations prohibitive. This
contribution can also affect the energetics significantly.
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