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Origins of Nonstoichiometry and Vacancy Ordering in Sc12x�xS
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Whereas nearly all compounds AnBm obey Dalton’s rule of integer stoichiometry (n:m, both integer),
there is a class of systems, exemplified by the rocksalt structure Sc12x�xS, that exhibits large deviations
from stoichiometry via vacancies, even at low temperatures. By combining first-principles total energy
calculations with lattice statistical mechanics, we scan an astronomical number of possible structures,
identifying the stable ground states. Surprisingly, all have the same motifs: (111) planes with (112)
vacancy rows arranged in (110) columns. Electronic structure calculations of the ground states (identified
out of �3 3 106 structures) reveal the remarkable origins of nonstoichiometry.
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While random A12xBx alloys made of mutually soluble
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J’s are determined by fitting the expansion DHCE�s� to
the excess total energies DHLDA�s� of a set of Ns “in-
put structures” calculated by first-principles methods. We
use the pseudopotential plane wave method [19], as im-
plemented in the VASP code [20]. In each case, we relax
both cell-external and cell-internal degrees of freedom to
obtain DHLDA�s�. The interactions were chosen by first
eliminating from the fit several of the input structures and
choosing the interactions that result in an accurate fit to
the structures retained as well as accurate predictions for
the eliminated structures. The process is repeated [21] us-
ing different sets of eliminated structures to ensure a set
of interactions that work well generally. In the case of
ScS, a very robust fit was obtained with 25 pair and 7
three-body and four-body interactions. Typical fitting and
prediction errors for ScS are �9 meV�atom, whereas the
average DH is approximately 2500 meV�atom. In the
simulations discussed below, we used a final fit that in-
cluded all 31 of the input structures.

Once the CE has been constructed so that the formation
enthalpy of arbitrary configurations of many atoms can be
quickly evaluated, the T � 0 ground state configurations
at different vacancy concentrations are easily determined.
Two approaches can be used: (i) direct enumeration [17]
and (ii) “simulated annealing” Monte Carlo searching.
Our implementation of direct enumeration tries every pos-
sible configuration subject to the restriction that none of the
candidate configurations contains more than 20 atoms per
primitive cell. There are approximately 3.1 3 106 such
configurations for the fcc lattice. Simulated annealing uses
a large simulation cell and slowly “cools” the simulation
cell, selecting configurations via a Monte Carlo approach.
The two approaches are complementary and together yield
a powerful tool for determining ground states. Figure 1
shows the results of a ground state search via direct enu-
meration. The ground states are shown as circles connected

FIG. 1. Total formation energies of �3 3 106 structures (de-
noted by diamonds) of Sc12x�xS obtained from the LDA-fitted
cluster expansion, showing the 12 ground state structures (open
circles) for x # 1�3.
by a convex-hull line. These circles correspond to struc-
tures that are the absolute stable forms with respect to both
other structures at the same composition and with respect
to phase separation into structures of neighboring compo-
sitions. Note that, unlike the case for conventional alloys
such as Cu12xAux , there are low-energy excited configu-
rations at most compositions. The most stable structure
is at x � 1�3. The direct enumeration method identifies
12 ground states for 0 , x # 1�3 (the physically rele-
vant composition range). Several of these are visualized
in Fig. 2. Analysis of the identified ground state structures
reveals the following common features.
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is essentially undisturbed by the introduction of vacancies,
as seen in x-ray studies [8,23].

Long range order.—There are three central features
common to all but one ground state structure. We find
(Fig. 2) the following: (i) Repeat plane: the basic plane
that repeats periodically is (111). (ii) Vacancy rows: within
the (111) plane, we find that vacancies form (112) rows.
For example, at x � 1�6 the rows form the in-plane se-
quence V1M2V1M8 [i.e., two vacancy rows �V � are sepa-
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