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Abstract

In materials science, point defects play a crucial role in materials properties. This is particularly well known for the
wide band gap insulators where the defect formation/compensation determines the equilibrium Fermi level and
generally the doping response of a given material. Similarly, the main defect trends are also widely understood for
regular metals (e.g., Cu and Zn discussed herein). With the development of electronic structure theory, a unique
class of quantum materials - gapped metals (e.g., Ca,Al,O,, SrNbO,, In,SnO,,, and CaN,) that exhibit
characteristics of both metals and insulators - has been identified. While these materials have internal band gaps
similar to insulators, their Fermi level is within one of the main band edges, giving a large intrinsic free carrier
concentration. Such unique electronic structures give rise to unusual defect physics, e.g., when the acceptor defect
formation in n-type gapped metal results in the decay of the conducting electron to the acceptor states. In
concentration limits, such electron-hole recombination can compensate for the energy needed to break chemical
bonds and form acceptor vacancy, often leading to off-stoichiometric compounds. Such unusual physics, however,
makes these quantum materials distinct from traditional compounds. Motivated by this, herein, we establish a
minimal level of theory needed to account for the complex interplay between electronic structure and analyzing
defects in gapped metals that can be utilized for their design in different practical applications.

Keywords: Materials science, gapped metals, defects, electronic structure theory

© The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution 4.0
By International License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, sharing,
adaptation, distribution and reproduction in any medium or format, for any purpose, even commercially, as

long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and
indicate if changes were made.

m www.oaepublish.com/jmi



https://creativecommons.org/licenses/by/4.0/
https://www.oaepublish.com/jmi
https://orcid.org/0000-0002-2366-2838
https://dx.doi.org/10.20517/jmi.2024.41
https://dx.doi.org/10.20517/jmi.2024.41
http://crossmark.crossref.org/dialog/?doi=10.20517/jmi.2024.41 =pdf

Page 2 of 15 Gopidi et al. J. Mater. Inf. 2025, 5, 19 | https://dx.doi.org/10.20517/jmi.2024.41

INTRODUCTION

Every material contains point defects occurring as the result of an interplay between the energy cost to
introduce change in local bonding environments and an increase in configuration entropy"~. While point
defects can be considered as imperfections of the solids, it turns out that they often define materials
properties. This is especially well noted for insulators where defect compensation defines the position of the

6,11]

equilibrium Fermi level™, the n- and p-type nature of a compound'®'’, and even the doping response of a
solid***"”. For instance, the majority of the oxides (e.g., ZnO) cannot be made p-type due to the low
position of the principal valence band maximum"*"*. This led the research community to use the electronic
structure theory as a common tool to investigate defect physics, forming the concept of defect transition
levels, n- and p-type pinning energy"", H pinning energy"*'”, or even more generally that formation
(concentration) of point defect is defined not only by the defect itself but by other defects via accounting for
the charge neutrality rule"”. Hence, modern experimental methodologies, such as atomic-resolution
transmission electron microscopy, scanning tunneling microscopy, positron annihilation spectroscopy,
deep-level transient spectroscopy, and electron paramagnetic resonance, are extensively employed to
elucidate, detect, and scrutinize defects with high accuracy. These techniques are particularly potent when
synergized with density functional theory (DFT) analysis of point defects that often can provide vital details
on specific defect properties (e.g., transition levels)"”.

Within the defect theory, the main idea of DFT calculations is to use small simulation cells and reproduce
properties of defects in the dilute limit. However, it becomes clear that the description of the formation
energy of point defects can directly be affected by simulation cells. Thus, periodic boundary conditions can
influence the behavior of defects in several significant ways: (i) defect can induce artificial interaction due to

20-23]

defect-induced local strain"*'; (ii) supercell with charge defects has strong charge-charge interaction™*;
(iii) adding electrons or holes to the system can result in artificial band filling when for instance instead of
occupation of the bottom of conduction band the carrier addition results in occupation band within non-
negligible energy range”.. It is worth noting that the inaccuracies brought about by these finite-size effects
can have profound consequences for the interpretation of physical results and the understanding of
potential practical applications of the proposed materials. We emphasize that all the above size effects come
from the small supercell size and, in principle, can be avoided by scaling defect formation energy with
supercell size®™?” or applying specific post-energy corrections?******! Indeed, the power of both
approaches has been demonstrated for a number of insulators in understanding experimental results -
researchers have been able to unravel the microscopic mechanisms governing defect behavior® ", color
centers"

6,11]

, and other crucial processes within insulators'

In traditional insulators, the accurate depiction of defects typically necessitates a comprehensive approach
that includes various corrections and the use of an exchange-correlation functional capable of precisely
replicating band gap energy, as done in relevant literature >2*”1 In the case of metal, however, the common
beliefs are different: (i) one needs to minimize the strain interaction between defects with sufficiently large
supercell size; (ii) there are no charged defects in metals as in contrast to a defect-dependent definition of
Fermi level in insulators; Fermi level in metal is directly calculated from a number of free carriers - i.e.,
adding or removing an electron from the system result not in the formation of charge defect but adding or
removing electrons to Fermi level”; (iii) band filling correction is explicitly not accounted because of
continuous nature of bands in metals. Because of this, it is common that there is no post-process correction
used in calculations of defect formation energy in metals as long as the supercell size in each direction is
larger than about 10 A to minimize indirect interaction between the defect and its periodic images. Keeping
this in mind, herein, we revisit the defect physics in metallic compounds, showing, for instance, that not all
metals are alike. Importantly, we demonstrate new defect physics in a new type of quantum materials -
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gapped metals, which show a complex interplay between their electronic structure and defect formation; in
this way, we establish a theoretical foundation for analyzing defects in this new type of quantum materials
explaining, in particular, the role of band filling correction in the accurate calculations of defect formation
energy. These results, while focusing primarily on a fundamental understanding of defect physics, also offer
significant practical applications by explaining the basic methodological aspects. Specifically, the work
explains, how defect formation results in the decay of conducting electrons into the acceptor states, thereby
reducing the defect formation energy and indicating possible reasons for off-stoichiometry of gapped
metals***. Historically, the formation of off-stoichiometric compounds has often been attributed to growth
effects. However, the physics discussed here reveals that the interplay between electronic properties and
defect formation can drive the formation of off-stoichiometric compounds as an intrinsic tendency of the
system, independent of growth effects. Moreover, taking into account that in electronic structure theory,
defect formation energy is the fundamental property used to define equilibrium Fermi level“"”, defect
transition level*'>">*], optical properties'*’, or the general doping tendency of the system"*, the discussed
methodological aspects in defect calculations explain thus a minimal level of theory needed to account for
unique defect physics in gapped metals accurately.

MATERIALS AND METHODS

All calculations were performed using the Vienna Ab initio Simulation Package (VASP)"***, employing the
Perdew-Burke-Ernzerhof (PBE)"' functional. For plane wave basis, the cutoff energy levels were set to
550 eV for volume relaxation, and for structural relaxation, the default values were used. The atomic
relaxations were carried out (unless otherwise specified) until the intrinsic forces were below 0.01 eV/A. The
I'-centered Monkhorst-Pack k-grid with a density of 10,000 per reciprocal atom was utilized for all main
calculations (minimum k-points 2x2x2). This k-point density is usually more than sufficient for the
calculations of defect properties, as, for instance, has been discussed in our previous works.”” The results
were analyzed using pymatgen™ and Vesta'!. For regular metals, we used Cu (SG: 225)" and Zn (SG:
194)"" as representative examples. While for the gapped metals, the calculations were performed for
SrNbO, (SG: 62)", Ca,ALO,, (SG: 220)), CaN, (SG: 139)*", and In,.SnO,, (SG: 148)*"\. The details on
crystal structures are given in Supplementary Materials. For the simplicity of the discussed physics,
we focused on cation vacancies (acceptor defects in the case of n-type gapped metals) in the gapped
metals, as they are known to be the most common types of defects in these compounds and play a
significant role in optical properties**. The conclusions discussed herein, however, are fully expected to
work for other types of systems, including donor defects. The electronic band structures were computed
using the corresponding primitive zone and k-path Brillouin zone mapping from Ref."".

For a given material, to understand the defect properties in the dilute limit, the vacancy formation energy
(AH) was calculated as:

AH = Eg,y — Es + ﬂg + Aug + Ecorr (1)

where Eg,, Eg, 1, Au,, and E,_,, are the energy of the supercell containing defect, energy of perfect supercell,
elemental chemical potential, relative chemical potential, and energy correction due to finite supercell size,
respectively. It should, however, be noted that PBE calculations are known to result in band gap
underestimation™, which, in some semiconductors/insulators, is known to reduce the accuracy of the
defect formation energy calculations*®. This dependence is considered significantly less critical for
metallic compounds. Taking this and the focus of this work into account, herein, we present relative
defect formation energy (e.g., difference of AH for different supercell sizes) unless otherwise specified.
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RESULTS AND DISCUSSION

Not all metals are alike and strong size-dependent defect formation energy is possible

In traditional metals, the formation energy of point defects [Figure 1A] is weakly dependent on supercell
size after reaching separation of the point defects around 10 A, which is indeed in good agreement with our
first-principles calculations for Cu (SG: 225) and Zn (SG: 194) systems shown in Figure 1B. This behavior is
not surprising as metals typically have more delocalized electron distributions and can easily accommodate
strains due to their malleability as compared to regular insulators (e.g., ZnO). Moreover, the free electrons
can screen long-range interactions when, for instance, a charge is introduced to the system. This electronic
screening is much weaker in insulators due to the lower dielectric constant. As a result, the defect formation
energy in metals tends to be less sensitive to supercell size. We note, however, that herein, we find that for
some metals, defect formation energy has strong supercell size dependence. For instance, in Figure 1B, we
demonstrate that for some metals, the change in defect formation with supercell size is significant even
when the effective lateral dimension of the system is larger than 10 A. For instance, for Ca,ALO,, (SG: 220),
the Al vacancy formation energy (calculated without accounting for any corrections, Figure 1A and B) for
58 and 464-atom supercells differs by 3.14 eV. Similar behavior is observed for SINbO,:Vy, In .SnO,:V,,
and CaN,:V ., (see details on the dataset of used materials in methods).

Size dependence of defect formation energy does not originate from structural changes within
different supercells or interaction of localized states

One may naively think that a change in defect formation energy is coming due to a change of internal
structure - i.e., depending on supercell size different local structural displacements are stabilized and one
needs significantly large supercell size to converge such structural distortion. However, the change of defect
formation energy in order of couple eV is significantly larger than that observed for typical defect
relaxation®". To demonstrate this, we analyze atomic displacement in the first coordination sphere for
different supercell sizes [Figure 2A and B]. The results show that with increasing supercell size, the relative
atomic displacements converge. Here, it should be noted that for most of the systems starting slightly above
10 A (except the SINbO.:V ), all atomic displacements are close to the approximate values. Importantly, a
comparison of the results between Figure 1B and Figure 2B demonstrates that the convergence of structural
properties is reached significantly faster than the convergence of defect formation energy. For instance,
increasing the supercell size from 160 to 320 atoms for In,.SnO,,:V,, results only in a difference in relative
relaxation for the first coordination sphere of ~0.006 A, while the corresponding change in defect formation
energy is 0.57 eV. These results thus imply that while the convergence of internal atomic displacements can
result in a change of defect formation energy"?, it does not appear to be the driving force for the supercell
size dependence of defect formation energy in the considered metals.

Gapped metals as a unique class of quantum materials

To understand better the possible origin for the size dependence of defect formation energy, we refer to the
electronic structures [Figure 3] of the different metallic compounds shown in Figure 1B (the band structure
results presented herein are in good agreement with corresponding electronic structures shows in Materials
Project®”’). We see that all metals have similar electronic properties with the presence of free carriers. What
makes the substantial difference, however, is that in Cu and Zn, the Fermi level crosses the part of the
continuous band [Figure 3A and B] containing all valence electrons with pseudo-core states located
significantly below it. In contrast, StNbO,, In,.SnO,,, Ca,Al,O,,, and CaN, also have free carriers, but the
Fermi level is not located in the continuous region of the band structure as seen in Cu and Zn cases. These
compounds are known as gapped metals"**>* - a unique class of quantum materials superposing the
existence of a large internal band gap and Fermi level inside of one of the principal band edges. Thus,
SINbO,, In,,SnO,,, and CaN, are n-type gapped metals having Fermi levels inside of the principal
conduction band and a large internal band gap below it [Figure 3C, D and F]. At the same time, Ca,AL,O,, is
an intermediate band gap compound with a partially occupied band [Figure 3E], for simplicity of further
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Figure 1. Calculation of defect formation energy for different metals. (A) Schematic for calculations of defect formation energy for
metals for different supercell sizes; (B) Relative defect formation energy calculated as the difference of defect formation energy for a
given supercell and that for the largest supercell considered for a given system. The figure (A) is inspired by Ref.**’.
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discussion, we will also refer to this compound as n-type gapped metal. We note that all these compounds
belong to a wide family of materials that recently attracted significant attention as potential electrides'***),
thermoelectrics'***), and transparent conductors”**>*7?), These thus suggest that while gapped metals have
metallic properties (e.g., increased resistivity with temperature), they also have inherent properties for
insulators (e.g., presence of an internal gap between principal band edges). Moreover, in these compounds,
only a fraction of valence electrons contributes to free carrier concentration. For instance, SINbO, has 1e
per formula unit in the principal conduction band with an internal band gap energy of 2.5 eV. Indeed, for
all these compounds, the free carrier concentration can be estimated using the sum of composition-
weighted common oxidation states (e.g., in the case of SINbO,, the common oxidation states are +2, +5, and
-2 for Sr, Nb, and O, respectively; it should also be noted that the physical meaning of the oxidation state
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Figure 3. Electronic properties of different types of metals. Electronic band structures of (A and B) regular metals and (C-E) gapped
metals as computed using PBE exchange-correlation functional. The space group number is abbreviated as SG. E is the Fermi level. The
internal band gap for gapped metals is shown as the shaded green region. PBE: Perdew-Burke-Ernzerhof; SG: space group.

should not be confused with the partial charges on each atom, as explained in Refs.””"). The electronic
structure of such gapped metal thus resembles that of degenerate semiconductors (e.g., wide-band gap
insulators heavily doped by n- or p-type elements) with the main difference lying, in fact, that gapped
metals are usually stable (with respect to decomposition to competing phases) intrinsic compounds
obtained without any intentional doping and having significantly large free carrier concentration as
compared to that for degenerate semiconductors.

The electronic structure of gapped metal has unique consequences on defect physics

In conventional metals such as Cu and Zn, the formation of a vacancy occurs when an atom is removed,
thus leaving a “void” in the lattice structure. This void can be occupied by an electron from the
“electron sea”. Moreover, in these metals, all atoms are structurally equivalent. Hence, the generation of a
vacancy leads to the removal of both the associated electrons and their corresponding energy states from the
electronic configuration, resulting in no significant change in the Fermi level. On the other hand, with
gapped metals, vacancy formation, such as that of an acceptor, can lead to pronounced changes in electronic
properties. This is because the newly-formed acceptor state introduces unoccupied states (as schematically
shown in Figure 4A) below the Fermi level, which can cause some conductive electrons to move from the
main conduction band to the acceptor level (a similar mechanism also exists for p-type gapped metals - i.e.,
compounds having a Fermi level in the principal valence band and a large internal band gap above it”").
This shift can lead to a significant change in carrier concentration, especially in small supercells. For
instance, in StNbO,, a single Nb vacancy removes 5e per vacancy from the principal conduction band.
Similar effects are noted in other gapped metals. Specifically, Ca vacancy in CaN, removes 2e, Al vacancy in
Ca, AL O,, removes 3¢, and In vacancy in In .SnO,, removes 3e from the principal conduction band. While
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Figure 4. Effect of acceptor defect formation on electronic properties of gapped metals. (A) Schematic illustration of the electronic
structure of n-type gapped metal for pristine and acceptor defect systems (where E'l)"gt is the internal band gap, E,, is the principal
conduction band minimum, E; is the Fermi level and E; is the occupied conduction band width defined as E-E )i (B) Ecg vs.
supercell size in CagAl,0.:V,, system containing single Al vacancy (hollow square is when all electrons are completely removed from
principal conduction band). DOS: Density of states.

these results may be fully visible in the case of high concentration (which indeed can be realized in some
gapped metals”®*”), this behavior implies that an accurate description of defect formation energy at a
dilute regime should account for a reduction of free carrier concentration. For instance, in Figure 4B, one
can see how the defect formation results in a change of the occupied part of the principal conduction band
(AE) in Ca,ALO,,. Thus, the formation of Al vacancy in a 116-atom supercell reduces AE.; to 0.43 eV,
while the corresponding AE.; for a 464-atom supercell is 0.89 eV. In the case of certain supercells, the
creation of vacancies may lead to a transition from metal to insulator or even a shift of the Fermi level from
the principal conduction band to the principal valence band, as exemplified in Figure 2B and Figure 4B.
This is akin to the behavior seen in insulators where the formation of donor or acceptor defects induces
occupation in the conduction or valence band over an artificially wide energy range, differing only in
gapped metals where the reference state already has Fermi level in one of the principal band edges. The
change of the occupied part of the conduction band as the function of the supercell size directly correlates to
defect energetics, as the energy levels of occupied states are integral to the extension of DFT energy,
indicating that each alteration in occupation seen across different supercells will directly influence the defect
formation energy. Moreover, for a given compound, a larger shift in the Fermi level due to defect formation
results in a larger change of defect formation energy. These results thus can be understood in the following
way - the formation of acceptor vacancy in the n-type gapped metal leads to the formation of the
unoccupied acceptor level below the Fermi level, resulting in the decay of conducting electrons to the
acceptor level. A larger concentration of acceptor defects leads to more free carrier removal for the principal
conduction band. Notably, the decay of conducting electrons also implies that vacancy formation not only
leads to breaking chemical bonds but also can benefit from the reduction of internal energy by moving
electrons from high energy to low energy acceptor levels. Because of this, for a range of experimental
conditions, energy lowering due to electron decay can offset the energy cost to break chemical bonds,
leading to the formation of off-stoichiometric gapped metals”***. While the above discussion is given for
the case of the acceptor formation in n-type gapped metals, the physics discussed herein can also be
extended to other systems. For instance, in the case of p-type gapped metals (i.e., compounds having Fermi
level in the principal valence band and large internal band gap above it), the formation of donor defect can



Page 8 of 15 Gopidi et al. J. Mater. Inf. 2025, 5, 19 | https://dx.doi.org/10.20517/jmi.2024.41

result in a change of occupation of the principal valence band, which in a specific situation can lead to the
formation of the off-stoichiometric compound (e.g., as discussed for Ba,As, )"

Physics of band-filling correction in gapped metals and other factors that can affect calculations of
defect formation energy

One may wonder what the impact of the electronic properties on the supercell-size dependence of defect
formation energy is. In traditional insulators, the problem of band-filling is usually solved using either the
supercell scaling (it should be noted that scaling is usually done to account for all factors at the same time
and is not specific for band filling) or applying post-process band-filling correction (BFC)®***"\. In the case of
the scaling approach, the defect formation energy for the range of supercells is extrapolated to the dilute
limit based on the guess of potential physical phenomena controlling the process. In the BFC scheme, the
main idea is to restore the expected occupation corresponding to the dilute limit; i.e., in gapped metals,
defect formation should not affect the Fermi level in the dilute limit. This expected energy correction thus
can be calculated by summation over the eigenvalues as:

Aprc = —Zni[0@(eni — Er)wiVni(enik — Er) + O(Er — €53) (@i (1 — Vni) (Er — enic)] (2)

where @(X) is the Heaviside step function, «, are the weights of the k-points, e, , are the eigenenergies of
state (n, k), y,, are the occupations of the eigenstate (n, k), and E, is the Fermi level of the defect supercell

with infinite volume (supercell without defects). We note, however, that, in practical scenarios, the
emergence of point defects affects all eigenvalues[Figure 5A and B]. This is because plane-wave first-
principles codes do not have common reference states for eigenvalues, and hence the BFC formalism
indicated above cannot be straightforwardly employed unless a proper alignment of eigenvalues for both
defective and pristine systems is made. To illustrate the complexity of such calculations, we consider the
formation of Nb and Sr vacancies in the 160-atom SrNbO, supercell. As shown in [Figure 5A and B], both
these defects are acceptors but remove different numbers of electrons from the principal conduction band.
Specifically, Sr vacancy removes only 2e per vacancy from the conduction band, compared to 5e for the Nb
case. The analysis of the electronic density of states shows that the defect formation changes the absolute
eigenvalues for both systems compared to those for the pristine case. In our previous work”, we
demonstrated that one could use the electrostatic potentials at the cores of the most remote atoms to align
the energy levels of pristine and defective systems and, in this way, efficiently describe the BFC in regular
insulators such as ZnO. For gapped metals, such alignment is critical as small inaccuracies in its calculations
can result in a noticeable change in defect formation energy due to the fact that the gapped metals have high
free carrier concentration. To implement the alignment of eigenvalues between pristine and defective
systems, we first identify the atoms located far from the defect, ensuring that these sites are minimally
perturbed by the defect. We then extract the macroscopic average of the electrostatic potential and project it
onto these chosen reference atoms. By comparing the electrostatic potentials of identical reference atoms in
both pristine and defective supercells, we determine a shift that aligns the eigenvalues. Since different
atomic species may experience the defect differently, we test the alignment using different atomic species.
For instance, for STINbO,:Nb, potential alignment using electrostatic potentials for the most remote O vs. the
most remote Nb atoms results in a difference in the relative defect formation energy of 0.17 eV for 160-atom
supercell [Figure 5C]. As supercell size increases, the defect formation energies calculated for different
methods of potential alignments approach each other[Figure 5D]. As noted above, the main cause for such
behavior is different shifts of electrostatic potential for different atomic identities. Indeed, for some of the
considered systems[Figure 6], there is no substantial difference in the results for different alignment
methods. While a more detailed study is needed, we find that this behavior is observed for systems having
distinct elemental contributions to band edges - for STNbO,, the principal conduction band is primarily
dominated by Nb-d states, while the corresponding contributions from Sr and O are minimal. This thus
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Figure 5. Strong dependence of defect formation energy on potential alignment. DOS for a 160-atom SrNbO, supercell is presented in
two scenarios: (A) with and without Nb vacancy and (B) with and without Sr vacancy. These scenarios illustrate shifts in both the Fermi
level and the eigenvalues. (C) Relative band filling correction vs.potential alignment, where Sr, Nb, O are averages over 3 most remote
atoms of each kind and w is composition weighted average of Sr, Nb, and O potential alignments for 160-atom SrNbO, supercell
containing Sr or Nb vacancy. For each system relative energies are with respect to corresponding O potential alignments. (D) Relative
defect formation energy for Sr and Nb vacancy as a function of supercell size using different methods of potential alignment. Relative
energy for each system is with respect to an arbitrary energy reference state. DOS: Density of states.

results in a fundamental question: what approach for band alignment should one choose for calculating

defect formation energy?

To answer the above question, we recall that the main idea behind BFC is to mimic dilute limit in defect
calculations. This practically means that for atoms located far away from the defect, the projected electronic
structure should remain unaffected and that for most remote atoms, not only the position of the Fermi level
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Figure 6. Corrected defect formation energy for gapped metals. (A) Relative defect formation energy with respect to largest supercell
after accounting for band-filling correction energy using various methods for alignment of electrostatic potentials shown within the color
scheme (average of 3 most remote atoms of each species and the composition weighed (w) potential alignment); (B) Defect formation
energy after band filling correction with w alignment as a function of the size of the system. Relative energies in a and b are calculated
with respect to the defect formation energy of the largest supercell after band-filling correction.

but also the position of band edges should remain unperturbed. Unfortunately, this behavior is often not
fully achievable in supercell calculations. Because of this, herein, using a small dataset of gapped metals, we
explored different ways for band alignment and identified that composition weighted average electrostatic
potential for the most remote atoms from the defect provides the most consistent defect formation trends
among different systems[Figure 6A and B]. The composition-weighted alignment can be motivated in the
following way: change in the electrostatic potential of different atoms is different, and this results in the
optimal change in the electrostatic potential for the entire system to be the composition-weighted average of
the change in electrostatic potential of different atoms.
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We note, however, that while it is crucial to incorporate BFCs for precise defect formation energy
calculations in gapped metals, it is important to acknowledge other factors that may affect defect energetics.
Thus, even in traditional metals, the defect formation energy is susceptible to variations in k-point density.
Indeed, for Zn, for some supercells, the error bar is in the order of 0.1 eV as compared to converged defect
formation energy sizes with ultra-dense k-point grid (i.e., 10,000 k-points per reciprocal atom vs. 100,000 k-
points per reciprocal atom). For gapped metals, considered herein, this is a less critical factor, but for other
gapped metals, it may play a more significant role. Furthermore, as noted above, defect formation can result
in substantial relaxation (e.g., due to breaking strong anion-cation bonds) that may affect defect formation
energy for some systems. For SrNbO,:V,, the difference in relaxation energy (i.e., computed as the energy
difference of unrelaxed and relaxed systems containing the defect) computed for 80 and 360-atom supercells
is 0.17 eV. Taking into account that relaxation energy is part of the total energy for a given system, it
becomes obvious that verification of converging the atomic displacements as a function of supercell size is
one of the critical steps that need to be accounted for in defect calculations.

CONCLUSIONS

In summary, using first-principles calculations, we provide a detailed analysis of defect formation in
different gapped metals. We show that not all metals are similar to each other and demonstrate the unique
defect physics of gapped metals (i.e., compounds having internal band gaps similar to insulators with Fermi
level within one of the main band edges). For instance, while the formation energy of point defects in Cu
and Zn (i.e., conventional metals) can be routinely calculated using relatively small-size supercells, gapped
metals (i.e., quantum materials exemplified herein by Ca,Al,O,,, S'NbO,, In,.SnO,,, and CaN,) exhibit
strong supercell size dependence of defect formation energy. This behavior is caused by the effect of point
defects on their electronic structure. Thus, in n-type gapped metals - compounds having Fermi level inside
the conduction band and a large internal band gap below it, the formation of an acceptor defect can result in
a decay of a fraction of conducting electrons to the acceptor defect level (different relative fractions for different
supercells), resulting in the reduction of free carrier concentration and shifting the Fermi level. For
instance, for SINbO,, the formation of Nb vacancy removed 5 electrons per vacancy from the principal
conduction band. While in the concentrated limit, such behavior reproduces the real behavior and can lead
to the formation of non-stochiometric compounds (e.g., the formation of Sr, NbO, is well experimentally
known), to describe the defect formation energy in gapped metal in the dilute limit, one should explicitly
account for the change of band filling and its effect on defect energetics, which indeed can be done, as we
have demonstrated in this work, in the form of the post-process correction using potential alignment (here,
composition weighted band alignment is found to most accurate for smallest supercell size) between
defective and pristine systems made via utilizing composition-weighted alignment of electrostatic potential
for most remote atoms. We emphasize as well that while including BFC is needed for describing the physics
of gapped metals, other factors, such as converging internal relaxation, may also have a significant effect on
accurate calculations of defect formation energy. In practical terms, our results show a significant difference
in defect formation between regular materials (e.g., metals and insulators) and gapped metals,
demonstrating the need for precise first-principles calculations to predict the properties of gapped metals
accurately. While this study primarily addresses acceptor defects in n-type gapped metals, the methods are
transferable to other systems and other types of defects. For example, the formation of donor defects in p-
type gapped metals is also guided by the interplay of electron-hole recombination and change of band filling
as the result of defect formation. This work thus provides a foundational methodological framework for
future investigations into defect formation in any gapped metals.
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