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approach. When applied to the missing materials problem, this
approach involves two important steps: (i) theoretical





consistent with the results of GSGO calculations, because any
material obtained as the statically stable structure in the GSGO
method is guaranteed to be dynamically stable at the Γ point of
its supercell. This in turn implies dynamic stability at other
points of the K space that fold into the Γ point of the supercell.



simplified energy level diagram describing the Co−Ta bonding
scheme36 is shown in Figure 5b. The d orbitals of Ta and Co
split into t2 and e symmetries in the crystal field created by the
Sn ligands. The energy ordering of t2 and e states is e below t2
for Co (octahedral symmetry) and t2 below e for Ta
(tetrahedral symmetry).37 Due to mutually tetrahedral
coordination of Co and Ta atoms, (i) the Ta t2(d

3) interacts
with the Co t2(d

3), creating a nonspin-polarized occupied t2
(d6) bonding state and an empty t2 (d0) antibonding state, and
(ii) the occupied Co e (d4) does not interact with the empty Ta
e (d0). Thus, the origin of the band gap in TaCoSn and other
V−IX−IV materials is the combination of (i) splitting between
the occupied bonding and empty antibonding states with t2
symmetry, and (ii) the energy window between the pair of
occupied and empty nonbonding states with e symmetry.

Charge Transfer in TaCoSn. It is interesting to note that,
according to the theoretical calculations, TaCoSn features some
degree of charge transfer from Ta to Co. The projection of the
hybridized t2 state onto the Co site has a larger intensity in the
valence band, whereas the projection onto the Ta site has a
larger intensity in the conduction band, as shown in Figure 5a,
suggesting charge transfer from Ta to Co. This result is
consistent with the energy ordering of the Ta 5d (−5.0 eV) and
Co 3d (−8.8 eV) states in DFT calculations, that is likely to
cause this charge transfer. The dynamic Born effective charges
(Z*), defined as the change of polarization created by atom
displacement obtained from phonon calculations (Figure S1,
Supporting Information), are Z*(Ta) = +3.86, Z*(Co) =
−5.81, and Z*(Sn) = +1.94 in TaCoSn, indicating the charge
transfer from Ta to Co. The corresponding Born effective
charges for other V−IX−IV compounds are given in Table S8
(Supporting Information), suggesting that the same phenom-
enon occurs in all of these materials. The relatively large
amplitudes of Born effective charges



enthalpies of formation ΔHf values for binary compounds (pnictides,
chalcogenides, and halides) was used to fit to “fitted elemental-phase
reference energies” (FERE) for 50 elements.28,29 This resulted in
calculations of the enthalpies of formation to with a root-mean-square
error of 0.07 eV/atom.

Structure Prototyping (Step 1a). We construct a set of crystal
structure types for a given stoichiometry, compute the total energy of
each missing material in each of the structure prototypes subject to
local relaxations (see Table S1, Supporting Information as an example
for 1:1:1 materials), and then, select from this list the lowest-energy
structure (see Table S2, Supporting Information as an example for the
TaCo2Sn 1:2:1 material). The list of candidate structure types (Table
S1, Supporting Information) is created from those that are known
from exist45wn
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