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FIG. 1. (Color online) (a) The I-I-VIABX compounds that are reported in the ICSD [16] are shown by check marks, while the question
marks indicate the compounds in this family that are missing from the ICSD. Note that RbCuS is missing from the current release of the
ICSD [23], but was initially reported in Refs. [
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FIG. 2. (Color online) Crystal-structure model of the formal structure types whose total energy was calculated by full local structure
relaxation and shown in Fig.3.

structure types” (FSTs) each correspond to a series of
chemically distinct “daughter structure types” (DSTs) that
have the same space group but possess totally different local
bonding con�gurations, including coordination types. Failure
to include such DSTs in the �xed list of examined candidate
structures used in contemporary HT approaches can lead to
qualitative misidenti�cation of the stable bonding pattern,
not just quantitative inaccuracies. This signi�cant “navigation
error” is avoided if one starts with randomly guessed lattice
vectors and atom positions and applies a global search method
not con�ned to the local neighborhood of the initial guesses.
This type of search produces RbCuS and RbCuSe structures
[Fig. 4(c)] that agree with the experimentally observed ones
also in the local bonding con�gurations [Fig.4(a)].
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III. THE GROUP OF MATERIALS CONSIDERED AND ITS
“MISSING MEMBERS”

The I-I-VI compounds [see Fig.1(a)] based on two
monovalent and one exavalent species form a rich group of
solids that can be thought of as (formally) derived from the
well-known octet [17,18] binary II-VI semiconductors with
the zinc-blende structure by splitting the column II cation
into two monovalent cations, either from column IA or IB
of the periodic table. The zinc-blende structure, in principle,
can accommodate both cations by stuf�ng the extra cation in
the (1/ 2,1/ 2,1/ 2) vacancy site [1,19–22], after the (0,0,0) and
(1/ 4,1/ 4,1/ 4) sites along the diagonal of the cubic cell, thus
obtaining the so-called �lled tetrahedral structures [17], i.e.,
the half-Heuseler alloy (C1b) structure depicted in Fig.2(a).

C1b is only one of the numerous structure types in
which the I-I-VI compounds can form and some of the
frequently recurring structure types are depicted in Fig.2. Most
notably, while several I-I-VI compounds have been previously
synthesized [check marks in Fig.1(a)], there are numerous
missing compounds that are unreported members in this group
[question marks in Fig.1(a)] as well as in several otherABX
groups. We focus on the RbCuX VI compounds (shown in the
upper left corner of each square in Fig.1) and speci�cally
on those withX VI = S and Se, which are not reported in the
ICSD [23], while RbCuO has been synthesized and forms [24]
in a structure analogous to that of CuLiO.

IV. HIGH-THROUGHPUT PREDICTION OF THE
STRUCTURES OF RbCuS AND RbCuSe

In Ref. [1], the structures of the missing I-I-VI compounds
were predicted by the procedure described in the previous
section, screening 41 structure prototypes. The compounds
that are predicted to be stable are summarized in Fig.1(c).
Here, we revisit (and revise) the predictions of the lowest-
energy structure for RbCuS and RbCuSe by performing
ab initio local total-energy minimization calculations with
stricter convergence criteria (see the Supplemental Mate-
rial [25] for details). We consider a subset of the 41 prototypes
used in Ref. [1] (namely, a selection of the lowest-energy
structures that were predicted in that work for the I-I-VI sys-
tems) as the starting trial structures and relax them to the local
energy minimum. The ladder diagram of Fig.3 shows the total
energies of RbCuS and RbCuSe for the fully relaxed structures
of the considered prototypes. Each level is associated to a local
energy-minimum structure and is labeled after the name of the
known compound whose experimental structure was used as
the starting point of the local minimization. For instance, the
CuLiO-type minimum is obtained substituting Rb on Li and S
on the O sites in the experimental structure of CuLiO and then
doing a full relaxation.

We �nd that the RbAuS-type structure (see TableI) is the
lowest-energy one both for RbCuS and RbCuSe. The CuLiO
type is the prototype next in energy, at about 0.06 eV/ f.u., from
the RbAuS-type structure, followed by the MgSrSi-, LiCaN-,
and ZrBeSi-type structures. MgSrSi and LiCaN have structures
with the same space-group symmetry and set of Wyckoff
sites, and therefore correspond to the same formal structure
type. However, they have different numerical values of the
Wyckoff coordinates and lattice parameters, thus exhibiting

TABLE II. Crystallographic parameters (space-group symmetry
and lattice parameters) of RbCuS for the following structures: (a) the
experimental structure measured by single-crystal x-ray diffraction;
(b) the RbAuS-type local minimum structure obtained performing
a full relaxation of RbCuS starting from the RbAuS atom positions
and lattice vectors and substituting Au with Cu; and (c) the structure
found by GSGO and shown in Fig.4(c).

Relaxed
RbAuS-type

Exp. structure GSGO
Space group (No.) Cmcm
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reported by Boller [27]. At the best of our knowledge there



EMERGENCE OF A FEW DISTINCT STRUCTURES FROM A . . . PHYSICAL REVIEW B92, 165103 (2015)

correspond to structures that might be quite different from that
of the global energy minimum. Several global optimization
methods are currently widely used to search for the lowest-
energy structure of a solid by exploring, in an unbiased
fashion, its Born-Oppenheimer surface calculated by density
functional theory (DFT). These computational approaches
include evolutionary algorithms [31–35], particle swarm op-
timization [36], and methods based on molecular dynamics,
such as simulated annealing [37], minima hopping [38], and
metadynamics [39]. Also, a search approach based on the local
energy minimization of randomly generated structures [40] has
been successfully applied to numerous materials.

Here, we apply the global space-group optimization
(GSGO) [34,35] implementation of the evolutionary
algorithm for crystal-structure prediction. The evolutionary
search starts from a set of candidate structures generated by
randomly selecting the lattice vectors and atom positions. The
population of candidate structures is then evolved through a
series of generations in which the higher-energy structures
(e.g., 25% of the whole population) are discarded and
substituted with new structures produced by the evolutionary
operators of mutation and heredity, here consisting of a
cut-and-splice crossover [33]. Each newly generated structure
is fully relaxed to the closest local minimum of the total energy
of the periodic system that is calculated by DFT. The fully
relaxed structures are �nally included in the next generation
of the population (see, e.g., Refs. [35] for some applications).
Since previous tests [1,3] of crystal-structure prediction by
the two approaches of GSGO automatic search and screening
of a range of formal structure types gave the same answers,
the computationally more costly GSGO is not always used.

The GSGO algorithm predicts for RbCuS the structure
shown in Fig.4(c) (see the Supplemental Material [25] for
the structure predicted by GSGO for RbCuSe). In order to
determine the space group and set of Wyckoff positions in the
GSGO structures, we used theFINDSYM [41] symmetry analy-
sis algorithm. We �nd that the GSGO-predicted structures for
RbCuS and RbCuSe have theCmcmspace-group symmetry
with the lattice parameters and Wyckoff positions reported
in TablesII and III and in the Supplemental Material [25],
respectively, for RbCuS and RbCuSe. The GSGO predicted
and the experimental structures have virtually the same total
energies when these are fully relaxed by DFT and are lower
in energy than the local minimum RbAuS-type structure (see
Fig. 3) found by prototype screening and shown in Fig.4(c).
The Rb, Cu, andX VI atoms occupy the same Wyckoff orbits
in the GSGO structures as in the experimental structures, and
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compounds. However, we do not think that only applying
global optimization methods will be an ef�cient solution to
the crystal-structure prediction problem, even with the future
exascale HPC facilities. We instead envisage a multistep
approach in which high-throughput screening will be the �rst
stage of the search for stable structure types. The predictions
from this �rst step will then be re�ned by global optimization
algorithms, for instance including the structures obtained from
HT screening in the initial population of an evolutionary
algorithm search or by applying the random mutation operators
that in AIRSS are used to explore new parts of the Born-
Oppenheimer surface.

In conclusion, the failure of standard high-throughput
methods to predict the correct crystal structure of RbCuS
and RbCuSe that we illustrate in the present study, leads
us to propose a multistep approach to predict new materials:
First, perform a high-throughput screening of a set of structure
types followed by a global optimization search, for instance
using an evolutionary algorithm or random search. This further
step will allow to the survey parts of the Born-Oppenheimer
surface that would not be otherwise explored by only following
the structural analogies with known materials on which the
high-throughput methods are based.
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