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ABSTRACT: Rocksalt is the most common crystal structure among binary
compounds. Moreover, no long-lived, metastable polymorphs are observed in
compounds with the rocksalt ground state. We investigate the absence of
polymorphism via first-principles random structure sampling and transformation
kinetics modeling of three rocksalt compounds: MgO, TaC, and PbTe. Random
structure sampling reveals that for all three systems the rocksalt basin of attraction
covers much more of configuration space than any other, making it statistically the
most significant structure. The kinetics modeling shows that virtually all other
relevant structures, including most of the 457 known A;B; prototypes, transform
rapidly to rocksalt, making it the only option at ambient conditions. These results
explain the absence of polymorphism in binary rocksalts, answer why rocksalt is the
structure of choice for high-entropy ceramics and disordered ternary nitrides, and
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help understand/predict metastable states in crystalline solids more generally.

B INTRODUCTION

The rocksalt crystal structure dominates both binary
compounds and entropy stabilized multicomponent sys-
tems.'”” Within the A,B, chemical space, which spans
tetrahedrally bonded semiconductors (GaAs, SiC, GaN,
ZnO,---), photovoltaic materials (CdTe), piezoelectrics
(ZnO), thermoelectrics (PbTe), superconductors (NbN,
FeSe) and other important functional materials, rocksalt is
the most common crystal structure. There are 348 compounds
with the rocksalt structure reported in the Inorganic Crystal
Structure Database (ICSD)® out of 704 total A,B,. Moreover,
rocksalt is the ground state structure in the Materials Project
database (MP)” for 238 of total 668 A,B; compounds found in
MP, as illustrated in Figure 1. In contrast, the next most
frequent AB, structure, zincblende, is the ground state for
only 51 compounds. Rocksalt is also the most frequent
structure among binaries as a whole. The next most common
binary structures are fluorite (also s.g. #225) with 75 A;B,
compositions and the Uranium silicide-type structure (s.g.
#221) with 66 A;B; compositions. Regarding the entropy
stabilized systems, disordered ternary nitrides often crystallize
in the rocksalt structure.””” High-entropy ceramics (oxides,
nitrides, and carbides) with a 1:1 metal to nonmetal ratio
always form in the rocksalt structure even when many parent
compounds in an equimolar mixture are not rocksalts
themselves.' ™

While it is commonly associated with ionic compounds, the
rocksalt ground state appears across the entire Van Arkel-
Ketelaar bonding triangle'’ shown in Figure 1, displaying that
this structure is favorable in a variety of chemical environ-
ments. Arguments based on maximizing the packing factor for
a given combination of ionic radii'" or Phillips’ descriptor that

© 2024 American Chemical Society

7 ACS Publications

chemically delineates which A;B, systems will adopt a rocksalt
structure instead of a wurtzite structure'” might help explain
why rocksalt is the ground state structure. However, neither of
these concepts is sufficient to predict or explain whether
rocksalt compounds will have metastable polymorphs or not.

For all the abundance and diversity of compounds with the
rocksalt ground state, there are virtually no experimentally
reported bulk metastable polymorphs of A;B; rocksalts in MP,’
ICSD® or available literature. The only reported cases are high
pressure phases of the CsCl-type,"” NiAs-type,'* and KOH-
type,'> and wurtzite in extremely thin films'®"” (see all
compounds in Table S1). None of these 4 structure types
represent long-lived, metastable bulk states, as they all
transform quickly to the rocksalt structure if the stabilizing
pressure or strain is released (Figure S1).

To elucidate the physical origins behind these observations,
we investigate three specific systems with rocksalt ground state
and distinct bonding characters: MgO, TaC, and PbTe. MgO
is strongly ionic. TaC has bonding character in an intermediate
region, and is considered a metal or semimetal due to a zero
band gap and small density of states at the Fermi level. PbTe
has bonding that borders between metallic and covalent, and is
considered covalent because of its small nonzero band gap.
Our analysis derives from the first-principles characterization
of: (a) the sizes of the basins of attraction of different potential
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Figure 1. (left panel) A Sankey diagram showing the distribution of ground state structures (their space group numbers) among known A;B,
compounds. Other reported short-lived polymorphs of compounds with the rocksalt ground state are also shown. (right panel) The Van Arkel-
Ketelaar bonding triangle populated with known A,;B, compounds. Darker hexes imply more compounds. Those with the rocksalt ground-state are
highlighted in blue with the three compounds studied in this work depicted by red circles.

energy local minima (their “widths”), and (b) the trans-
formation pathways and associated kinetic barriers for
polymorphic transformations (“depths” of local minima).
The “widths” of local minima correlate to experimental
realizability, while the “depths” are connected to the lifetimes
of polymorphs, and, as we will show, it is the interplay of these
two features that explains the absence of polymorphism in
rocksalt binary compounds and also its dominance in entropy-
stabilized systems.

The “widths” of local minima are evaluated by the frequency
of occurrence of a structure in the first-principles random
structure sampling,18 which involves generating a large number
of initial structures with random unit cell vectors and random
atomic positions. Using density functional theory (DFT),"
those random structures are relaxed to the closest local
minimum on the potential energy surface. The frequency of
occurrence of a given structure after relaxations then measures
the size of its attraction basin, that is, the total volume of
configuration space occupied by that local minimum. Statisti-
cally, this frequency of occurrence represents the probability to
fall into a given local minimum.” It has been shown that the
experimentally realized bulk metastable polymorphs are
exclusively those with high frequencies of occurrence in the
first-principles random structure sampling.”'®*°~>* This holds
for any growth condition. For instance, ZnO can be
synthesized by methods including vapor deposition, precip-
itation in water solution, hydrothermal synthesis, the sol—gel
process, precipitation from microemulsions, and mechanico-
chemical processes, and all of the relevant polymorphs are
captured by the ab initio random sampling approach.'**

The “depths” of local minima are correspondingly measured
by predicting mechanisms and associated energy barriers for
diffusionless transformations between various structures.
Mechanisms are identified by mapping crystal structures
atom-to-atom in a way that minimizes the distance traveled
by atoms along the pathway.”” Energy barriers are estimated by
computing the energy along the pathway without any
relaxations. This provides an upper bound for the actual
barrier. In cases where the upper limit is greater than 100
meV/atom, the minimal energy pathways are calculated with
relaxations performed via solid-state nudged elastic band

(SSNEB) method™® using the mapping result as the starting
point. This ensures all pathways where relaxations are not
included are already below the threshold taken for rapid
transformation, which we will discuss next. The existence of a
low-energy bulk solid-state transformation indicates that for a
bulk solid, the high energy polymorphs have a favorable avenue
for rapid transformation to the ground state.

Note that this procedure assumes concerted motion of
atoms during the phase transformation, and as such does not
include interface effects associated with nucleation and growth.
Because of this, when evaluating if a phase transition is rapid or
sluggish, we follow a broadly adopted semiquantitative
distinction.”” In short, barriers close to 100 meV/atom or
lower would be classified as allowing rapid phase trans-
formations, while those with barriers much above this value
would be classified as characteristic of sluggish transformations
(Footnote 1). While neglecting nucleation is necessary for a
study of many different polymorph transformations, results of a
previous study of nucleation processes suggest that coherent
transformations offer a valuable approximation. Khalliulin et
al.*” find that in the nucleation of diamond, at pressures where
this transformation is fast, the nucleation barrier is on the order
of 90 meV/atom. Moreover, they state that when pressure is
high enough that continuous transformations have a lower
barrier per atom than nucleation, “diamond domains can
appear spontaneously throughout the graphite matrix without
the formation of a well-defined graphite—diamond interface.”
At these pressures, the nucleation barriers are between 110 and
280 meV/atom, while the concerted mechanisms have barriers
of 50—90 meV/atom.™

The transformation mechanisms and energy profiles from
this work are collected into a database of pathways that is
provided in the Supporting Information.

B RESULTS AND DISCUSSION

Exploration of the relevant crystal phases of the three rocksalt
compounds from the first-pinciples random structure sampling
shows that their potential energy surfaces share many of the
same features, as summarized in Figure 2(a). For MgO, the
rocksalt structure is found for more than half of the random
structures, or 1061 times out of 2000 total random structures

https://doi.org/10.1021/jacs.4c02974
J. Am. Chem. Soc. 2024, 146, 23004—23011


https://pubs.acs.org/doi/10.1021/jacs.4c02974?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c02974?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c02974?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c02974?fig=fig1&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.4c02974?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society pubs.acs.org/JACS
frequency of occ.
(a) Polymorph networks Q Qe
MgO TaC PbTe
140 194 295 (RS 225 (RS
<. 160 J/ L 187, 2264PS) J/ (RS)
136- 166 & 160 \
" 186 (W2) 160
160- 194 (hBN) 166 o | o
166 -194 (NC) /\\ o ) 186
C)
216@B) - tos 194 (NC) \41 4 -7
0]
187 161
(b) Transformation energies
0.30 0.30 0.30
194 (NC) 194 187 186
0.25 161 0.25 166 0.25 160
’g 187 160
216 194
% 0.20 166 0.201 166 0.20
N 160
2 015 136 0.15 0.15
g / 140
o 0.10 186 0.10 0.10
>
% 0.05 \ 0.05 0.05 160
= 194 (hBN) \ 166 186
0.00 - 0.00
225 (RS) 225 (RS) 225 (RS)

reaction coordinate

reaction coordinate

reaction coordinate

Figure 2. (a) Networks representing the high-symmetry polymorphs identified by random sampling in MgO, TaC, and PbTe. The rocksalt
structure is the central node of each network. All other structures are labeled according to their space group number. The size of each node
represents the frequency of occurrence of a structure in the random sample. Note that a fixed size is used to represent the width of the rocksalt local
minimum, and other points are scaled relative to this size. Structures are arranged so that the energy increases with the polar angle and the distance
of each node from the rocksalt center is proportional to the distance traveled by the atoms during phase transformation of that structure to rocksalt.
(b) Calculated (SSNEB) energy profiles along the transformation from the high-symmetry structures identified in the random sampling to the

rocksalt structure.

needed to achieve converged results. The frequency of the next
most frequent structure is lower by a factor of ~20. For TaC,
rocksalt occurs less frequently, making up about 4% of the
relaxed random structures, but it is more frequent than the
next one by a factor of ~S. For PbTe, the rocksalt structure
also occurs ~4% of the time (80 out of 2000), and it is about
40 times more frequent than the next one.

The majority of other structures found in the random
sampling have no symmetry at all (s.g. #1). They represent a
“sea” of local minima, the number of which increases
exponentially with the system size.”’ Extrapolation to an
infinite number of initial random structures would return
negligible probabilities of occurrence for all of them. There are
also more symmetric structures that exhibit stable frequencies
of occurrence as a function of the number of random
structures. These occur much less frequently than rocksalt
and are consequently less likely to be realized. They share
some common structural features with the rocksalt structure.
Most are built from different arrangements of 6-fold
coordination polyhedra including face-sharing and/or edge-
sharing octahedra and trigonal prisms. Structures consisting of
these motifs include those with s.g. #160, 166, 187, and 194 in
MgO, s.g. #160, 166, 187, and 194 in TaC, and s.g. #160 and
186 in PbTe. MgO is the only chemistry which exhibits
symmetric structures that do not all fall into the above
categories. These other structures include the tetrahedrally
coordinated zincblende (ZB, s.g. #216) and wurtzite (WZ, s.g.
#186) structures, a hexagonal boron nitride (hBN, s.g. #194),
and a buckled hBN (s.g. #136) structure, as well as a structure
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consisting of MgOy octahedra and MgOj; trigonal bipyramids
with long channels running in the c-direction (s.g. #140).

We now turn to the question of the lifetimes of higher
energy, symmetric structures found by the random sampling. If
any of them could potentially be realized in spite of their
narrow local minima it is important to ask whether they would
be long-lived (metastable). Interestingly, for all three
chemistries, structure mapping combined with SSNEB
calculations finds that all symmetric structures identified by
the random sampling have low energy barriers (< 100 meV/
atom) for transformations to the rocksalt ground state. The
results are summarized in Figure 2(b) and the mechanisms are
provided in Supporting Information as part of the pathways
database. For the 6-fold coordinated structures, conversion to
rocksalt generally involves a slipping process that transforms
trigonal prisms to octahedra and/or changes the orientation of
octahedra from face- to edge-sharing. For the structures with
MgO, polyhedra with x < 6, mechanisms also include an
increase in coordination from 4 or S to 6.

Among structures found in random sampling, the highest
barrier for transformations to rocksalt is 127 meV/atom. This
is for the TaC structures with s.g. #194 and 160. Their
predicted transformation mechanisms have the same rate
limiting steps because the structure with s.g. #160 is an
intermediate local minimum along the pathway from s.g. #194
to the rocksalt structure. As a result of the relatively low energy
barriers for transformation to rocksalt, all symmetric structures
from the random sampling are expected to have short lifetimes
at ambient conditions.

https://doi.org/10.1021/jacs.4c02974
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These results explain the lack of metastable polymorphs in
binary rocksalts. They imply that for all three studied
chemistries the local minimum corresponding to the rocksalt
structure is 5 to 40 times larger than any other and is hence,
statistically much more significant. Additionally, all other,
statistically non-negligible local minima would be short-lived as
the kinetic barriers are not high enough to ensure kinetic
trapping.

What about Other Structures? We also explore
prototypes of known A;B; compounds and their trans-
formations to rocksalt. These transformations reveal the
potential energy landscape and explain the random sampling
results. According to ICSD, A;B; compounds crystallize in 457
different structure types (see Methods). To test which of these
would constitute local minima for the three studied chemistries
and how shallow they might be, we substituted the MgO,
PbTe, and TaC chemistries in all A;B, prototype structures
from ICSD and relaxed them using DFT. For the resulting
relaxed structures, we estimated their kinetics for trans-
formation to the rocksalt using our structure mapping method.
The results are summarized in Figure 3.

For MgO, TaC, and PbTe, respectively, 245, 174, and 283 of
the 457 prototypes relax spontaneously to the rocksalt
structure implying zero or nearly zero barriers. For the
remaining structures, pathways that have static energy profiles
with maximum energy below 150 meV/atom are considered
characteristic of a rapid transformation to rocksalt. We use 150
meV/atom because our structure mapping result is an estimate
of the upper bound for the barriers. The SSNEB calculations
will, in most cases, relax to a minimal energy pathway with a
lower barrier. Adding this criterion, a total of 412, 251, and 369
of the 457 prototypes are estimated to transform quickly to the
rocksalt structure in MgO, TaC, and PbTe.

These are relatively large fractions of common AB,
structures, in particular for MgO and PbTe. TaC seems a
little different, but it is important to note that the 108
prototypes that relax directly to structures with s.g. #194
include 38 that end in the nickeline (NC) structure type,
which has a low barrier for transformation into rocksalt
according to our SSNEB calculations (see Figure 2(b)). These
are marked by the blue rectangle in Figure 3. The same is true
for s.g. #160 in TaC, s.g. #216 for MgO, and s.g. #186 for
PbTe. In summary we can say that 291 out of 457 prototypes
(64%) transform quickly to rocksalt in TaC. While not all
prototypes transform rapidly into rocksalt, those that do not
are, according to the random structure sampling, statistically
insignificant and based on the collected evidence should be
very hard if not impossible to realize. All those prototypes
relaxing spontaneously to rocksalt should be considered
members of its basin of attraction, explaining its size in the
random sampling. Those with low barriers should also be
considered members of the rocksalt basin of attraction. This
elucidates why other structures have probabilities so much
smaller than that of the rocksalt.

What if Rocksalt Is Not the Ground State? For many
A;B; compounds the ground state is not rocksalt, but it does
appear as either a high pressure phase or a phase that can be
epitaxially stabilized. Our results are relevant for these
situations too, as only the structures that have energies in
between the ground state and the rocksalt structure are
plausible candidates for the metastable states. Most of those
with energies above rocksalt will tend to transform rapidly into
the rocksalt which will then likely transform quickly into the
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Figure 3. Sankey diagrams showing the kinetic flow of 457 prototype
structures found in the ICSD spanning the A B, chemical space for
each of MgO, TaC, and PbTe. The bars on the left represent the
distribution of the A;B; prototypes across 7 crystal systems. Bars in
the center display the distribution of space groups that these
prototypes relax into. Structures which link to the s.g. #225 bar at the
right end have kinetic barriers for transformation to rocksalt less than
150 meV/atom.

ground state, making them short-lived. In this way, the energy
of the rocksalt structure then represents an energy limit for the
likely metastable states. This is of course true for the larger
fraction of prototypes that do transform rapidly. The extent to
which the rocksalt structure acts as a limit of metastability for
the A;B; chemistry can be seen in Figure 4.
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Figure 4. Energies of reported polymorphs for A;B; chemistries where rocksalt is reported as a high energy polymorph. Bars represent the energy of
the rocksalt relative to the convex hull, experimentally realized rocksalts are blue, while theoretical ones are gray. Other experimentally realized
polymorphs with energy below rocksalt are filled blue dots, while polymorphs with energy above rocksalt are open blue circles, and high pressure
structures with energy above rocksalt are additionally marked with a black dot. The only reported polymorphs with energy above rocksalt are those

in the exception categories specified in the text.

We find that for most A;B; compositions which have
rocksalt as a high energy structure according to MP,” other
experimentally reported polymorphs have their total energy
equal or below the rocksalt structure. The only exceptions to
this trend (open circles) are (i) high pressure phases that
transform quickly to rocksalt and are not metastable (open
circles with black dot), (ii) misfit layered compounds, which
are formed by thin layers of two different compounds (see
Supporting Information Table $6),** and (iii) instances with
misassigned structure type. This is all evident if we take SiC as
an example. It has a relatively corrugated potential energy
surface with polytypes in the family of zincblende, wurtzite,
and a tetrahedrally coordinated rhombohedral structure. All of
these form as metastable polymorphs and have energies below
rocksalt as confirmed by the random structure sampling.”® A
polymorph network and a Sankey diagram for SiC are provided
in Figures S3 and S4.

Metastable Polymorph Discovery beyond A;B;. The
realization that in A;B, chemistries most structures with
energies above rocksalt will transform quickly to rocksalt and
then to the respective ground-state may offer a general insight
for the discovery of metastable polymorphs in other
compositions. Stoichiometries other than A;B; may behave
the same way provided that a structure playing the role of
rocksalt exists. Some evidence for the A;B, chemistry can be
found in the literature. Namely, the fluorite structure (also s.g.
#225) is the most commonly observed A;B, structure and it is
well documented (ref.”” and the references therein) that the
transformations from the highest-pressure fluorite structure to
other observed lower pressure phases of SnO, including the
ground-state rutile are all rapid, indicating fluorite may play a
role similar to that of rocksalt in A;B; (See Table S7). Indeed,
AB, compositions with the fluorite ground state have only
cotunnite as a possible metastable polymorph, and there are
reports of it also transforming rapidly finto fluorite.*
Additionally, all known polymorphs of SiO, have their total
energies below that of fluorite (see Table S8).
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Relevance to High Entropy Systems. The arguments
connecting “widths” of the local minima on the potential
energy surface to experimental realizability apply also to atomic
disorder and entropy stabilized systems. An intriguing fact is
that virtually all equimolar mixtures of A;B, binaries are
stabilized in the rocksalt structure even when a number of
components are not rocksalts themselves. The exceptions are
high-entropy borides, which form in a hexagonal structure with
layers of edge sharing octahedra which share faces with the
octahedra in adjacent layers, likely due to the tendency of
boron to form rings. While simplistic descriptions of entropy
based on counting configurations of atoms on a given lattice
offer a heuristic for the formation of the mixture as opposed to
the phase separation,” this does not explain why the rocksalt
structure is observed and not some other. Namely,
contributions to configurational entropy from different
arrangements of atoms are the same irrespective of the type
of the crystal structure.

Based on the previous discussion we can say that in a given
mixture each individual arrangement of atoms having the
rocksalt structure as the underlying (parent) structure could be
considered a relatively “wide” local minimum. The width of the
rocksalt local minimum is also relevant for mixtures as it allows
relatively large distortions away from the ideal rocksalt
structure while still remaining inside the rocksalt basin of
attraction. Then all those arrangements of atoms (cations and/
or anions) will collectively form a very wide “valley” on the
potential energy surface corresponding to the disordered
rocksalt phase. Because of all this it could be hypothesized that
rocksalt will remain statistically the most significant structure
even when a large fraction of components are not rocksalts
themselves.

We put this hypothesis to test by performing the random
structure sampling for a hypothetical (MgO)(ZnO)(CuO)
mixture. Out of the three oxides, only MgO crystallizes in the
rocksalt structure, while both ZnO and CuO strongly favor 4-
fold coordination in their ground states. Random structure
sampling results show disordered rocksalt as the highest

https://doi.org/10.1021/jacs.4c02974
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occurring structure-type with different atomic configurations
spanning a relatively narrow energy range as evidenced by the
thermodynamic density of states (see Figure SS). Hence, in
spite of only 1/3 of cations favoring rocksalt structure, it
remains statistically the most significant crystal structure of all.

Another interesting example supporting our discussion is
ZnZrN, ternary nitride, which is found in thin-film synthesis to
always form in the disordered rocksalt structure in spite of
having a well-defined nonrocksalt (layered) ground state.” The
case of ZnZrN, is particularly interesting as many other
structure-types are calculated to have lower energies than the
cation-disordered rocksalt phase.” The random structure
sampling reported in ref.” once again shows that the
cumulative frequency of occurrence of the collection of the
disordered rocksalt configurations is ~100 times higher than
the ground state, which appears as a very narrow local
minimum in comparison to the rocksalt. Hence, our findings
are also consistent with the difficult experimental realization of
the ZnZrN, in its ordered ground state structure and the
realization of the disordered rocksalt instead, as a consequence
of the high configurational entropy of the disordered rocksalt
originating from the large fraction of the configurational space
that can be assigned to the rocksalt structure.

B CONCLUSION

In this paper we examine the lack of metastable polymorphs
among compounds with A;B; stoichiometry and the rocksalt
ground state. Using first-principles random structure sampling
and transformation kinetics modeling we show that a
combination of probabilistic and kinetic factors is responsible
for the lack of polymorphism in this important group of
materials. Namely, we demonstrate using distinctly bonded
MgO, TaC and PbTe as case studies, that metastable
polymorphs are not found among A;B; rocksalts because (a)
the rocksalt structure represents a basin of attraction covering
more of configuration space relative to other structures, which
makes it statistically much more significant than any other, and
(b) that virtually all relevant crystal structures including those
found by the random structure sampling as well as the majority
of the A;B; structure prototypes transform rapidly to the
rocksalt structure. Moreover, the minority of the prototypes
that do not transform rapidly all represent a very narrow local
minima according to the random sampling, and are therefore
statistically insignificant. In other words, while they may be
candidate metastable structures their experimental realization
is predicted to be very difficult if not entirely unlikely. In
addition, we showed that same arguments can be extended to
explain observed polymorphs in A;B; compounds that do not
have rocksalt ground state, and possibly also in other
chemistries. Probabilistic factors (“width” of local minima)
are also found to be responsible for the realization of the
disordered rocksalt structure in high-entropy ceramics and
disordered ternary nitrides. Lastly, all transformation pathways
from A;B; prototypes to the rocksalt structure are collected in
a database provided in the Supporting Information.

B METHODS: COMPUTATIONAL DETAILS

First-Principles Random Structure Sampling. We evaluate
which local minima are statistically relevant via the first-principles
random structure sampling.'® In this sampling, lattice vectors with a
random choice of parameters g, b, ¢, @, f, y are generated. A given
number of atoms are then distributed over two interpenetrating grids
of points, one for cations and the other for anions, to promote

cation—anion coordination. Grids are constructed by discretizing a
family of planes defined by the reciprocal lattice vector G = n,g; +
n,g, + n3g; with a random choice of n,, n,, n;. Cations and anions are
distributed along the minima and maxima of a plane wave defined by
cos(Gr), respectively. To prevent atoms from being placed too close
to one another, a probability distribution is constructed of Gaussians
centered at the location of each atom, and new atoms are placed in
regions where the sum of Gaussians is low. Initial lattice parameters
(a, b, ¢, a, B, v) are chosen such that 0.6 X scale < a, b, ¢ < 1.4 X scale,
and 60° < @, f, y < 140°. The scale is then determined to ensure that
the minimum distance between any two atoms before relaxation is
about 80% of the bond length in known structures of the same
chemistry. As discussed in our previous works (e.g, refs 7, 18,
20—24.) these choices provide a reasonable starting point for the
efficient structure predictions of bulk polymorphs, but are in no way
limiting to some specific region of the potential energy surface (except
the focus on bulk structures). In this work supercells with 24 atoms
are generated, and the number of random structures is chosen based
on the convergence of the appearance of different structures within
the samples. Plots demonstrating this convergence can be found in
the Figure S6. This results in approximately 2000 structures for MgO,
1000 structures for TaC, and 2000 structures for PbTe. Once a
structure is generated, it is then relaxed using DFT to its closest local
minimum on the potential energy surface. After relaxations are
finished the relaxed structures are then grouped into classes of
equivalent structures if (a) their space group assignments are the
same, (b) their energies are within 10 meV/atom, (c) their volumes
are within 5%, and (d) and the coordination numbers of atoms up to
third coordination shell are the same.

Density Functional Theory Relaxations. Relaxations of the
random structures include all degrees of freedom (cell shape, volume,
atomic positions) and are performed using the conjugate gradient
algorithm such that each structure relaxes to its closest local minimum
on the potential energy surface with high probability. Forces for the
conjugate gradient algorithm are evaluated with density functional
theory'’ using the Vienna ab initio Simulation Package (VASP).**
The relaxtions are performed with the generalized gradient
approximation, specifically, the Perdew—Burke—Ernzerhof exchange-
correlation functional.*® Electronic degrees of freedom are described
within the projector-augmented wave (PAW) formalism.”® The
relative energies of different polymorphs and select barriers evaluated
with SSNEB were benchmarked against the energies computed using
the HSE06”” and opt86b-vdw*® functionals, shown in the Supporting
Information Figure S7. We find only small changes in the relative
energies of polymorphs, and the energy ordering of other polymorphs
will not change the conclusions due to the rapid transformations from
each relevant polymorph to the rocksalt ground state. The plane-wave
cutoff used in all calculations is 540 eV, and the Monkhorst—Pack k-
point grids®” are automatically generated with a length parameter of
20 to achieve uniform subdivisions along the reciprocal lattice vectors
in all structures. This plane-wave cutoff converges relative energies of
polymorphs and the lattice constants, as shown in the Supporting
Information, Figure S8. The electronic structure is considered
converged when the change in total energy between steps of the
Davidson algorithm is less than 107 eV. The ionic positions are
considered converged when the change in energy between steps of the
conjugate gradient algorithm for ionic positions is less than 107> eV.
For numerical reasons cell shape and volume relaxations are restarted
at least 3 times followed by a self-consistent run. All structures with
final pressures above 3 kbar calculated in the final, self-consistent run
are rerelaxed until final pressures are all below 3 kbar.

Barrier Approximation. Once high symmetry structures are
identified via random sampling, their barrier for a concerted
transformation to the rocksalt structure is approximated. Optimal
atom-to-atom mapping is performed between each relevant local
minimum and the rocksalt structure as in Ref 27. In this mapping,
different representations of the unit cell of each structure are
compared to identify those combinations with maximum volumetric
overlap, to minimize the distortion of the unit cell along the pathway.
For cells with maximum volumetric overlap, atoms are matched
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between the two structures by way of the Munkres algorithm,* an
iterative solution of the assignment problem. Iterating over unit cell
combinations with the Munkres algorithm returns mappings that
minimize distance traveled by the atoms during the concerted
transformation. For each mapping, the first shell coordination is
computed for ten images along the transformation. We find that
mappings with monotonic changes in coordination have smaller
barriers, so these are used as starting points where possible. If there is
no path with monotonic change in coordination, the path chosen is
that with the smallest change in coordination, if multiple paths have
the same change in coordination along the path, the path with the
shortest distance is used. The number of atoms in the mapping cell is
the least common multiple of the number of atoms in the primitive
cell for each end point structure. Transformation pathways produced
with this algorithm are consistent with known pathways across many
systems,”” and reproduce pathways identified by the maximal
symmetry transition path method of Capillas.*'

An upper bound for the energy barrier of this transformation can
be computed by calculating the energy of each image along the path.
Energy is calculated using the same parameters as the relaxations, but
the structures along the path are not allowed to relax. The energies are
calculated for structures identified from the random sample, if the
barrier (E,,,, path — Epalymmh) is found to be greater than 100 meV/
atom, we perform solid state nudged elastic band (SSNEB)
calculations to find the minimum energy pathway near the pathway
predicted as above.”® The SSNEB calculations are considered
converged when the force perpendicular to the tangent along the
path is less than 0.1 eV/Angstrom. Initial calculations use 9
intermediate images, if these calculations exhibit intermediate local
minima, the local minima are relaxed, and a new SS-NEB calculation
is performed between the local minima along the pathway in order to
converge each step along the path.

Database of Transformation Mechanisms. To determine if
prototypical A|B; structures are likely to transform quickly to the
rocksalt structure and to begin the population of a database of NEB
starting points, we used the AFLOW Xtalfinder*” to classify each A;B;
structure in the ICSD as belonging to an AFLOW prototype.*> For
some prototypes, all atoms occupy fixed Wyckoff positions and the
only variable parameter is the lattice constant. For these cases, only a
single representative of that prototype is needed in each chemistry.
For those where there exist structures in the ICSD with different
lattice constant ratios and variable wyckoff positions such that atom
positions vary between members of the same prototype, structures are
classified as equivalent using the AFLOW Xtalfinder,*” such that every
distinct structure found in the ICSD for a given prototype is
represented. If swapping A and B sites leads to different coordination
of A and/or B atoms, the swapped structure is also considered.

For each prototypical structure identified in this way, the A and B
sites are populated with the elements of the three example
compounds. The lattice constant is then scaled such that the average
bond length between A and B atoms is equal to the bond length found
in the rocksalt structure for each chemistry. Atoms are then perturbed
by 0.3 A, and the perturbed structures are relaxed as described in the
“Density Functional Theory Calculations” section.

The resulting structures are grouped according to their AFLOW
prototype labels, and the resulting distribution of space groups is the
second column of nodes in Figure 3. An atom-to-atom map is
generated from each unique structure to the rocksalt structure, as in
the “Barrier approximation” section. Only the static barriers are
computed for these structures. Those structures with a kinetic barrier
to the rocksalt structure of 150 meV or less are considered to have
rapid kinetics, and are added to the rocksalt node in the third column
of Figure 3. The structures with static barriers of greater than 150
meV/atom are grouped by their space group in third column of
Figure 3.
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