Accelerated discovery of two new structure types in a complex inorganic phase field

C. Collins, M.S. Dyer, M.J. Pitcher, G.F.S. Whitehead, M. Zanella, P. Mandal, J.B. Claridge, G.R. Darling

and M.J. Rosseinsky”
Department of Chemistry, University of Liverpool, Liverpool L69 7ZD, UK

New materials are key to advancing technology and the science that underpins it. At present, we do
not have efficient approaches to explore the large number of possible elemental compositions for
such materials, and of candidate structures at each composition®. For example, the discovery of new
inorganic extended solid structures has relied on deep knowledge of crystal chemistry coupled with
extremely time-consuming materials synthesis with systematically varied elemental ratios*3.
Computational methods have been developed to guide synthesis by prediction of new structures at
specific compositions*® and of new compositions for known crystal structures’®, with notable
successes>!?, The challenge of finding qualitatively new, experimentally realisable compounds, with
crystal structures where the unit cell and the atom positions within it differ from known structures,
rather than materials related by substitution to known structures, however remains for
compositionally complex systems. Many valuable properties arise from substitution into known
crystal structures, but materials discovery by this approach alone risks both missing best-in-class
performance and attempting design with incomplete knowledge®!!. New structures and
compositions are needed to deliver new, potentially important and unexpected properties. Here we
report the experimental discovery of two new structure types by computational identification of
the region of a complex inorganic composition space that contains them. This is achieved by
computing probe structures that capture the chemical and structural diversity of the system and
whose energies can be ranked against combinations of currently known materials. Subsequent
experimental exploration of the lowest energy regions of the computed phase diagram affords two
materials with previously unreported crystal structures featuring unusual structural motifs. This
approach will accelerate the systematic discovery of new materials in complex compositional spaces
by efficiently guiding synthesis and enhancing the predictive power of the computational tools

through expansion of the knowledge base underpinning them.

Calculation can identify compositions where new phases have energies that are competitive with
combinations of known materials — such phases are said to be close to the convex hull (the energy
surface defined by stable compositions)!2. Although there are infinitely many possible compositions,
we can target synthetic effort efficiently by calculating the energies of hypothetical compounds

spanning sufficient compositional ranges to locate regions likely to afford new materials. For each



composition, we require a probe structure i.e., a plausible crystal structure for the hypothetical
compound. This probe structure must be sufficiently close in energy to the minimum energy
achievable at this composition to give a representative stability with respect to competing known
phases, but need not be the minimum energy structure itself. Probe structures within a phase diagram
can be chosen from a single structural family, if that family has sufficient structural diversity to reflect
the attainable long-range and local crystal chemistries at finely spaced compositions, or multiple

families can be used to explore the same space.

Computational tools to prioritise selection of synthetic targets in compositionally complex systems
must handle the accompanying range of local atomic coordination environments and of extended
structural units (hereafter referred to as modules, Extended Data Figure 1 and Methods) that can
make up the materials. Oxides are an important, compositionally extensive and structurally varied
materials family that exemplifies this challenge. We select the Y-Sr-Ca-Ga-O oxide phase field (the
space of all accessible phases defined by a group of elements) because the four metallic elements
have diverse charge, size and bonding characteristics that lead to a range of coordination geometries
and thus test the scope of the approach. Furthermore, related gallate phase fields contain materials
with a range of functional optical and transport properties'31°, There are no quinary oxides containing
all four of the metallic elements reported, though there are 88 known ternary (two metals), and 13
quaternary (three metals) oxides'’. The complexity and large unit cell size of likely new structures pose
challenges to pure ab initio methods®'*!8, stimulating the development of approaches which build
chemical knowledge into the possible solutions, such as the Extended Module Materials Assembly
(EMMA) method, which spans data mining and ab initio approaches and has been successfully applied

to the prediction of complex structures?®.

EMMA combines modules and stacking rules identified from the known chemistry of the studied
elements to generate new feasible crystal structures. Brute force assembly and structural relaxation
of all possible module combinations in search of the lowest energy structure restricts application to
narrow compositional ranges with sensible available computing resource. This precludes extensive
sampling of phase diagrams that the inter-relationship between structural and compositional degrees
of freedom requires for identification of new materials. Here we retain the crystal chemical approach
to building up complex structures, but treat the modules as interchangeable components, with
Monte-Carlo (MC) driven selection and permutation to rapidly access optimum structures®, rather
than exhaustively searching the structure space. Within this new MC-EMMA approach, each MC
permutation involves a structural modification selected from the set illustrated in Figure 1a, and

calculation of the new energy by relaxation of atomic positions using classical force-fields (FFs). In



addition to changing the order of modules in the stacking sequence, MC-EMMA can vary the length of
the sequence, and the choice of modules present in any given sequence. If the energy is reduced, or
increased by less than a weighted random number, the new module configuration becomes the basis
for further alteration, otherwise the original structure is retained (Extended Data Figure 1). MC-EMMA
enables application of the extended module based approach to much larger problems, as exemplified
by its ability to identify the lowest energy structure of YBa,CasFesO13 from 15 modules after 5,242
permutations taking 31 CPU days, 6 orders faster than the 1.778 x 10° possible structures in the
original brute force evaluation, which by extension would take about 10”7 CPU days (Extended Data
Figure 1b—f). This accelerates structure prediction sufficiently to search complex compositional

spaces.

To investigate the potential of probe structure calculation with MC-EMMA to prioritize synthesis, we
performed a low-resolution scan of quaternary compositions in the previously experimentally
investigated Y-Ba-Ti-O phase field, which contains one reported quaternary compound. Modules were
taken from ABOs.s cubic perovskite-derived structures (Extended Data Figure 4c) as these exhibit a
range of local coordination environments found in many structural families. A maximum stacking
length of 12 a, (where a, is the dimension of the cubic perovskite unit) was used to obtain probe
structures at 11 quaternary compositions (Extended Data Figure 4a). For each composition we run
multiple, independent MC-EMMA calculations from random start points (see Methods), relaxing up
to the five lowest energy structures using density functional theory (DFT) to obtain more accurate
energies. The lowest energy structure obtained at that composition is then the probe structure. The
composition of the only known quaternary oxide in this phase field, YTi,Bas0gs?! (which is not a cubic

perovskite), was successfully identified as the lowest in energy (Extended Data Figure 4b, c).

The MC-EMMA probe structure approach was then applied to the selected, and previously
experimentally uninvestigated, Y-Sr-Ca-Ga-O phase field. Higher compositional resolution and larger
probe structures were used than in the test example above. Figure 1b shows the perovskite-derived
module set selected for probe structure construction: modules with large cations of compositions Yy,
Y404, Ca40s, Sra04, were alternated with Ga;Os and two GasOs modules containing the smaller Ga®*
cation. Using a fixed 1:1 large cation: small cation ratio and 2a, supercells in the a and b directions,
we investigated candidate structures with stacking sequences up to a maximum length of 20 large
cation and 20 small cation modules, thereby giving a maximum cell size of 2a, x 2a, x 20a,. The chosen
modules and stacking limit allow for 691 different compositions across the phase diagram, which we
have sampled with 25 representatives (Extended Data Figure 2a). The probe structures are used to

assess stability at a given composition by calculation of their energy relative to the convex hull (Figure



2a), which is constructed using the previously reported compounds in the Y-Sr-Ca-Ga-O phase field
(Extended Data Figure 2b). There is a clear energy minimum of only 8 meV/atom above the hull at the
composition Yo1Sro.4CapsGai0, 55, with similar low-energy compositions nearby in what we refer to as
the low energy region of the phase field, providing a prioritization for experimental synthesis to

identify unknown phases.

We explored this low energy region experimentally in 34 subsolidus reactions of the component
oxides in air at 1150—1200°C in alumina crucibles (hand ground in acetone and with a single firing of
24 hours). Powder X-ray diffraction (PXRD) allowed identification of the known phases in each sample
from the PDF-2 database?®?® together with ICSD* and CAS/Scifinder'’ searches. Application of
principal component analysis (PCA, see methods) to the PXRD patterns placed the patterns of 29
samples into three clusters where the majority of Bragg reflections are not accounted for by known
materials (Figure 2b, Extended Data Figure 3), and left five unclustered patterns dominated by known
compounds. The 29 clustered patterns belonged to samples with compositions around the computed
low energy region, demonstrating that this region contains new phases, consistent with the probe
structure-based computational predictions that initially guided the syntheses (Figure 2c). Energy
Dispersive X-ray Spectroscopy (EDX) analysis of the subsolidus powder sample of the composition with
the highest number and relative intensity of such unidentified reflections (nominal;
Y0.0155r0.383Ca0.603Ga04.50s, composition 1; Extended Data Figure 3), suggested two distinct phases were
present (Figure 2c), with an average EDX measured composition of Yo.03(1)Sro.34(s)Ca0.64(5Ga0.9(2)Ox from
45 particles. Crystal growth above the solidus at 1300°C for 3 hours followed by cooling at 0.1°C/min
to 800°C and then air cooling to room temperature in a Pt crucible afforded two types of crystals which
were readily separable based on their distinct habits and colours (Figure 2d). The unit cells determined
for each crystal type by single crystal X-ray diffraction (SXRD) revealed that the new structures of these
two phases accounted for the majority of PXRD reflections in composition 1 not assignable to known

phases.

The structure of phase | Yo.073Sr1.015Ca1ss(5Ga2s7507.02 (determined by EDX, with O content
calculated assuming charge neutrality) was solved and refined from the SXRD data with a refined
composition of (Y,Sr)1.021)Ca1.481Gas07 (Y3* and Sr?* are iso-electronic and therefore indistinguishable
by X-ray diffraction). The structure of I (Supplementary Information) is based on the pentagonal mecm
net of three- and four-connected corner-sharing TO,4 tetrahedra found in A,T:0; melilite?® (Figure 3,
Extended Data Figure 5), where layers of larger eight-coordinate A cations are located above and
below the centres of the pentagonal rings: LaSrGasO; adopts this structure with T = Ga, A, = LaSr%. |

retains this GaO,4 connectivity by forming three distinct A cation sites that accommodate the distinct
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chemistries of Ca%, Sr** and Y3*. This arises from restructuring of the layers to form zig-zag chains of
two types of pentagon that alternate along b (Figure 3b). The more regular pentagons accommodate
eight-coordinate Sr?* (Figure 3b, 3d, Extended Data Figure 5b). The more distorted pentagons define
two distinct sites, Cal and Ca2, containing three Ca®* within the same 8 A intralayer translation
containing two Sr?* (Figure 3b), giving | an A cation-rich A,5T307; composition. The Cal site is a
centrosymmetric octahedron, described by one terminal and two bridging oxides from each T307 layer
(Figure 3e, Extended Data Figure 5d). The two five coordinate Ca2 sites (Figure 3f) alternate with the

octahedral Cal site above and below the Gas07 layer along the distorted pentagon chain (Figure 3g).

The structure of Il (Figure 4) was determined to be a 64-fold 4a, x 4a, x 4a, cation- and anion-defect
AgaBss0144 superstructure of ABOs.s perovskite by combined neutron and X-ray powder diffraction on
a ceramic sample of composition 2 (nominal; Yo.0385r0.320Ca0.848Ga0.79402.416: Extended Data Figure 6,
Methods and Supplementary Information). One of the two distinct B-site cation layers (Figure 4b) has
the defect-free B1¢03, composition, with GaOg octahedra (Figure 4e), orientationally disordered GaO,4
tetrahedra (Figure 4f-g) and SrO- units (Figure 4h) arranged in a “double checkerboard” pattern: Sr**
and Ga® sites alternate, and the Ga3' sites themselves alternate between octahedral and tetrahedral.
The anion defect A1010 layer (Figure 4c, Extended Data Figure 7) is a checkerboard alternation of a
rectangle of four six-coordinate Ca?* sites (Figure 4i) surrounding an oxide in a fragment of a perfect
AO layer, and a larger anion vacancy-centred rectangle of four site-disordered trigonal bipyramidal
CaOs / tetrahedral GaOs units (Figure 4j-k). Both these coordination environments arise from a highly
unusual structural feature of the second B-site cation layer: 25% of the B-site cations are missing, with
this site now occupied by 0% anions (Figure 4d, |) that alternate with SrO; polyhedra at the centres of
squares of GaO, tetrahedra. Anion-anion repulsion is minimised by rotation of the neighbouring
tetrahedra out of the plane and by the A-site layer anion vacancy locations (Extended Data Figure 7).
Four of the A-site neighbour cations are displaced away from this B-site oxide to form the Ca,O
squares, leaving it connected to a tetrahedral cluster of GaO4 and CaOs units (Figure 4e). The resulting
CaO0s geometry is uncommon, although not unknown?’: both the new structures found here have five-
coordinate Ca®* in different geometries. The refined composition of (Y,Sr)o.s03(6)Caz.097()Ga20s is charge-
neutral within error and agrees with the EDX measured composition of

Yo0.09(3)Sr0.85(3)Ca2.12(8)Ga1.93(7)Os.0(3)-

I and Il adopt a range of compositions demonstrated by unit cell size variation (Extended Data Figure
8): phase purity is favoured by incorporation of Y, though both structures can be seen as minor
components in multiphase assemblages resulting from Y-free syntheses. Geometry-relaxed DFT

calculations on ordered approximant structures to | (Sr,CazGag014) and Il (SrCa,Ga;0s: Extended Data



Figure 9) show that the two new phases are both 5 meV/atom below the previously computed convex
hull, and form points on a new computed convex hull in this composition space (Extended Data Figure
3). The lowest energy probe structure is located at 12 meV/atom above this new hull, clearly close
enough in energy to the actual phases to identify the correct region for experimental synthesis of new
materials by comparing energies at these compositions with energies of mixtures of known phases
and suggesting that either the probe structures themselves or even more favourable phases (in this
case I and Il) will form. Both I and Il melt congruently despite their compositional complexity, reflecting
the energetic stability used to target their synthesis. The lowest energy probe structure composition
at which synthesis was attempted but yielded a sample with an unclustered PXRD pattern dominated
by previously reported phases, Yo1SrosCao.1Gai10,ss, is 18 meV/atom above the minimum energy
probe structure, giving an indication of the energy window within which the new phases were

identified.

Using MC-EMMA with a different choice of modules based on the melilite structure allows us to
change the ratio of large : small cations to 1:1.2, yet still targets synthesis in the correct region of
phase space (Extended Data Figure 4d—f). Although melilite is structurally closer to | than perovskite,
it has less overall diversity in the coordination environments present in the MC-EMMA generated
structures (Extended Data Figure 10). For example, only 3% of the melilite-based structures have six-
coordinate gallium, whereas the perovskite affords nearly equal frequency of four-, five- and six-
coordination (Extended Data Figure 10d). The greater structural diversity obtained with perovskite-
based modules makes these a better choice to capture the range of possible chemistry occurring

across the whole composition space.

The probe structures used to identify the low-energy region where experimental work was focussed
contain five-coordinate calcium sites (Extended Data Figure 10) also present in both the new
experimentally isolated structures. Such environments are not present in the modules used to
construct the precursors to the probe structures, but emerge from subsequent structural relaxation,
demonstrating that the MC-EMMA probe structure approach captures the essential chemistry of a
complex compositional space with the precision to guide synthesis towards entirely new structures.
In principle, any structure prediction method with sufficient performance and flexibility to generate
probe structures with appropriate size and complexity could be used successfully within this approach.
The resulting materials open up structural and functional possibilities: I is related to melilite, which is
one of the best oxide ion conductor families®, and Il is a structurally diverse perovskite analogue with
demonstrated non-stoichiometry and a range of coordination environments appropriate for

substitution by elements from across the periodic table. For example, the observation of the Y-
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containing quinary Il opens up the introduction of lanthanides to explore optical and magnetic
properties: substitution of Eu* for Y3* in Il introduces the properties necessary for function as a red
down-conversion phosphor (Extended Data Figure 3f-g). As the absolute reliability of the predictions
increases such complex structures may be computationally accessible directly, but, given the power
of modern structure solution tools?, it is the focusing of synthesis into regions where new materials
are likely to exist that is the key step demonstrated in Figure 2c. This integrated approach will enable
exploration of the vast un-investigated compositional spaces! in an efficient manner by targeting

those regions containing undiscovered phases and structures.
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Figure 1. The MC-EMMA method. a Schematic representation of the MC-EMMA method: The user input is the
selection of modules and the composition of the system. The routine then generates a starting structure by selecting
an empty starting unit cell, randomly populating it with modules that give the composition under study. Structures are
then permuted from the starting structure using a MC routine with six allowed permutations (selected at random but
with the (most used) weights, p, indicated (rounded to the nearest whole number, Methods)): 1. the position of two
randomly chosen modules is switched, 2. the module sequence in the current structure is re-randomised, 3. one
randomly selected module is swapped for a module of a different type, 4. a new random structure is generated
maintaining the current unit cell size, 5. the size of the current unit cell is altered, adding in new modules if the size is
increased (additional modules are chosen at random from the full set but maintaining the overall composition), 6. a
new unit cell is generated and populated with a new set of modules. After each permutation the new structure is
relaxed using FFs, with the best structures re-calculated using DFT at the end of the MC routine. The structure with
the lowest energy per atom is then selected as the probe structure at that composition. b The modules used: Y4, Y404,
Srs04 and Caz0, modules contain the larger cations and alternate with the small cation Ga;Ox modules.



@ c ' 0.
0.00 1.00 Energy from convex S5
\ hull (meV/atom) B 0.50
R —
0.45
90 25 g)
80 —he 0.40 =
70 = 035 £
60 iEmm 030 3
40 —Composition 17 [ ——f—__ 025 o
30 e 0.20 §
20 i e 0.15 c;o’
10 © 38 2 5% ey o S
o = T 005
b —_ Sr 2= v\ = 0.00
i <t L= i
. o > = Ca
d

Counts (a.u)

NEYERNENERYENENRENEREN
20 22 24 26 28 30 32 34 36 38 40
2 0 (degrees)

Figure 2. From computation to materials isolation. a The energy of the probe structures calculated using MC-EMMA
are plotted relative to the convex hull created with previously reported phases (Extended Data Figure 2) on the Ga =
0.5 plane of the Y,03-SrO-Ca0-Ga,0s quaternary diagram, the lowest energy composition is highlighted in green. b The
PXRD patterns from the 34 initial samples were clustered using principle component analysis. The clustered patterns,
shown in black, green, and cyan, are dominated by reflections which do not index to previously reported phases.
Composition 1 (cyan PXRD pattern and cluster) has the fewest reflections belonging to previously reported phases.
The PXRD patterns which could not be clustered (dark blue) index to a mixture of previously reported phases (Extended
Data Figure 3). ¢ The nominal compositions of the initial 34 samples (coloured by PXRD pattern cluster as in b,
composition 1 in yellow); the EDX derived compositions arising from the sample with composition 1 (grey); and the
calculated energies represented in a shown in the Ga = 0.5 plane. The triangular cross-section of the plot shows the
normalised Y:Sr:Ca content, with the height showing the fraction Ga / (total metal content). The circled groups of
observed compositions indicate the presence of two new phases | and Il above and below the Ga = 0.5 plane. All of
the data are also projected onto the base of the prism. Samples with PXRD patterns clustered by PCA, along with the
EDX determined compositions of phases I and Il, lie within the calculated low energy region shown with dark shading.



d Crystals obtained from the melt sample of composition 1, clearly indicating the presence of two types of crystal
based upon colour, with each type found up to ~ 1 mm? in size.

Figure 3. Structure of Phase I. a LaSrGas0; melilite?® viewed perpendicular to the corner-sharing tetrahedral layers;
La/Sr(green), Ga (brown) and O (red). b A single tetrahedral layer of I and the two adjacent A-site layers. Sr (green),
Cal (dark blue), Ca2 (light blue), Ga(brown) and O(red). Sr and Ca are located between the chains of more and less
regular pentagons respectively. ¢ La/Sr site in melilite defined above and below by equivalent pentagons of tetrahedra.
d Srsite in | - the pentagons are no longer in the same orientation above and below the site. e The Cal site in | is no
longer at the centre of two pentagons, with the co-ordination reduced to six oxygens. f Pair of five-coordinate Ca2
sites in I, displaced from the centroids of the neighbouring pentagons. g View of | perpendicular to the layers, showing
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the alternation between Cal and Ca2 on either side of pentagonal rings within the tetrahedral layer. See Extended
Data Figure 5 for further details

Figure 4: Structure of Phase Il. a Unit cell of Il (viewed along the [100] direction). b The B; non-defective B1s03; layer.
¢ The anion-deficient A16010 A-site layer. d The B, cation- and anion-deficient B1,04 layer. b-d are viewed along [001].
e-k Cation environments in Il with nearest neighbour cation sites shown. e B; layer GaOg surrounded by eight Ca sites,
the relationship to the Ai1c010 layer is set out in Extended Data Figure 7b. f B, layer disordered GaO, tetrahedra
neighbouring eight mixed Ca/Ga sites. g B, layer disordered GaO, tetrahedra neighbouring four Ca and four Ca/Ga
sites. h By layer SrO; environment neighbouring four Ca and four Ca/Ga sites, the site in the B, layer is similar. i A layer
disordered CaOg site neighbouring one oxide anion on a B-site vacancy in the B; layer, and three Sr and four Ga sites.
j and k respectively represent the GaO, and CaOs environments disordered on the same site in the A layer,
neighbouring one oxide anion on a B-site vacancy, three Sr and four Ga sites. | The cation environments around the
oxide anion on a B-site vacancy; four CaOs sites (i) and four mixed Ca/Ga sites (j-k). Atoms coloured as follows: Ga
(brown), Sr (green), Ca (light blue) and O (red).
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Online Content: Methods, along with any additional Extended Data display items and Source Data, are available in the

online version of the paper; references unique to these sections appear only in the online paper.
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Methods
The MC-EMMA code

The description of complex solid state structures is enabled by considering them as a combination of structural units such
as blocks, rods or layers derived as fragments of archetypal structures, which we have called modules!*. MC-EMMA
assembles crystal structures from modules (layered structural units extended in two dimensions) identified in known
crystal structure motifs containing the elements of interest, using stacking rules appropriate to the generic structure type
(e.g., perovskite) chosen for construction (exemplified in Extended Data Figure 1b-g). Monte Carlo-driven selection is used
to evolve structures, rather than exhaustively building and testing all possible structures (Figure 1a, Extended Data Figure
1a). At a given composition, MC-EMMA enumerates all possible module sets and stacking lengths (up to a maximum, user-
specified length of 2Nmax modules, a value that will largely be determined by availability of computing resources), giving
structures with the correct ratio of elements (for example for Ca;Gaz0s with Nmax = 2, using the modules shown in Figure
1b, the two possible module sets would be; [2 x Cas04 + GasOs + Gas0. (option 1)] and [2 x Cas04 + Gas0s + Gas04 (option
2)]). The minimum possible stacking length is chosen and populated with a random choice of modules with the correct

composition, to give an initial structure for the MC search.

For a given composition, Nmax separate MC-EMMA runs are performed in parallel, starting from randomly generated initial
structures. The geometries of these are optimized and the energies calculated using classical force-fields (FFs, see below).
The starting structures (i.e., before geometry optimization) are then modified using a weighted random choice of one of
the permutations shown in Figure 1a. The most common set of weights used in the calculations (used in two thirds of
cases) is shown in Figure 1a. These weights are tuneable by the user and the best choice is likely system dependent,
although we have not yet attempted a systematic optimisation. Generally we give larger weights to the module swapping
permutations 1-3 which have a smaller effect on the structure. The more significant structural permutations 4-6 are
necessary to hop out of local energy minima and to grow the structure. We increase the weight of these when there is
poor convergence of an MC-EMMA run. For example, using perovskite probe structures for Y-Sr-Ca-Ga-O we adjusted the
weights for 18 compositions to 1: 17 %, 2: 25 %, 3: 25 %, 4: 17 %, 5: 8 % and 6: 8 %, increasing the number of more
significant structural permutations so that we explored larger regions of the configuration space than obtained with a

higher frequency of single module swaps (permutation 1).

If a generated structure is the same as one previously calculated, it is discarded and a different structure is generated. If
not, the geometry of the new candidate structure is optimized by relaxation of all atomic positions and its energy
calculated using FFs. If the relaxed energy of the new candidate structure is lower than that of the previous structure, then
the candidate structure is accepted and becomes the basis for further permutations. Candidate structures in which the
energy is higher are accepted with a probability of exp(-AE/®), where AE is the energy difference in eV/atom, and © a
reduced temperature in eV. Structures in which the geometry optimization did not converge are automatically rejected.
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The MC reduced temperature parameter was set to be equal to 0.1 eV — however, if a MC run became unstable, the

temperature parameter was reduced to 0.01 eV.

Structural space was explored in this way until the number of consecutive permutations rejected was equal to the square
of the maximum stacking length, Nme?, as long as the number of permutations exceeded 2Nyq2. The overall MC-EMMA
process is illustrated in Extended Data Figure 1a. Two break points exist in the process. The break after the permutation
step ends the calculation if upon attempting structural permutations no new structures can be found, and the break after

the maximum number of rejections has been exceeded.
Construction of probe structures with MC-EMMA

The Nmox lowest energy structures produced at a composition by MC-EMMA were compared, and unique structures
identified. The geometries of up to five structures ranked as lowest in energy by FFs were then optimised using more
accurate DFT calculations, and the structures were re-ranked according to their DFT energies. If less than five unique
structures were produced by the MC-EMMA runs, then all structures were recalculated with DFT. The structure with the
lowest DFT energy was then used as the probe structure to assess the likelihood of a new compound existing at this

composition (see “Comparison to convex hull”).

Test identification of the known quaternary oxide composition in the Y-Ba-Ti-O phase field with probe structure

calculation

We have tested the probe structure approach by generating probe structures for 11 quaternary compositions across the
experimentally explored Y-Ba-Ti-O phase field, to see if the composition of the only known quaternary, YTi,BazOss?,
emerges as a low-energy composition. We used cubic perovskite-derived modules with the in-plane cell dimensions of 2a,
x 20, (where ap is the dimension of the standard cubic perovskite unit, Extended Data Figure 4a), and used one module
set (2 x TizOa, TiaOs, Ya, Y404, Y40s, Bas0s, 2 x Y2Ba:0s). We did not impose an alternation of module types by cation size,
so there is no restriction on which cation modules can be adjacent to each other, allowing us to freely choose the ratios
of the cations. The maximum stacking length, 2Nm.,, was chosen to be 24, (maximum cell length of ~12a,), giving a
minimum of 576 structures at each composition with energies computed by FFs. Up to five of the lowest energy structures
were re-ranked using DFT at each composition. Energies were calculated at T = 1498 K (see “Comparison to convex hull”

below). The energies of the 11 quaternary compositions are plotted in Extended Data Figure 4b-c, the lowest of these (42

meV/atom above the hull) corresponds to the known quaternary composition.

Perovskite probe structures in the Y-Sr-Ca-Ga-O phase field
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In the detailed survey of the experimentally unexplored Y-Sr-Ca-Ga-O phase field, perovskite-related modules and stacking
rules (Figure 1b) were chosen as this offers a broad range of local structural chemistry (for example, the oxygen vacancy
fragments allow coordination numbers of less than six for gallium) in the resulting computed probe structures (example
probe structures are shown in Extended Data 10). Other modules and stacking rules could be followed, as exemplified by
melilite modules in the next section. Four modules with larger cations (Y4, Y404, Srs04 and Cas04) and three modules with
smaller cations (2 x Ga;0, and GasOs) were chosen (Figure 1b), based upon the known structural motifs found in
perovskites. Each module had in-plane cell dimensions of 2a, x 2a, to allow for structural flexibility within the module. A
stacking rule of alternating larger cation modules and smaller cation modules was imposed. Nmax Was set to 20 larger
cation and 20 smaller cation modules, resulting in a maximum cell length of 20a,. Probe structures were compared to the
convex hull constructed from the previously reported phases in the phase field, with T = 1498 K (see “Comparison to
convex hull below”). The relative energy of the probe structures with respect to the convex hull was then calculated and

is plotted in Figure 2a.
Melilite probe structures in the Y-Sr-Ca-Ga-O phase field

The probe structure approach does not depend upon the use of a 1:1 ratio of larger cations to smaller cations (as
demonstrated in the Y-Ba-Ti-O example above) or perovskite-derived modules. We explored the Y-Sr-Ca-Ga-O phase field
using modules derived from the structure of melilites, choosing a 1:1.2 ratio of larger cations (Y, Sr, Ca) to smaller Ga
cations (this is the ratio found in 1). The modules with smaller cations were based upon the tetrahedral net of melilite?>%,
with increasing levels of interstitial oxygen in the centre of the pentagonal rings, to allow for the varied charge from the
larger cation modules (Extended Data Figure 4d). The modules containing larger cations have 4 cations in sites occupied
in LaSrGas0y, augmented with a fifth cation at the module origin to give the ratio of 1:1.2 large to small cations (compared
to 1:1.5 in LaSrGas0;). With varying decorations of the different larger cations and different translational offsets, we
generated 156 large cation modules (Extended Data Figure 4e). The same stacking rule used for the perovskite derived
modules was imposed, with larger cation modules and smaller cation modules alternating in the stacking direction. These
modules are 4 times larger in a and b than in the perovskite case, so we reduced Nmax to 4. A total of 21 probe structures
were constructed using MC-EMMA as described above, with the exception of increasing the minimum number of
structures sampled to 576 (rather than 2Nq?2) and running 12 parallel MC-EMMA runs rather than Nmax. Energies were
compared to the convex hull at 0 K (see “Comparison to convex hull” below). The lowest energy quinary probe structure
in the calculated phase field (Extended Data Figure 4f) has the composition Yo1255r1.1875Ca1.1875Gas07.0625, and is 32
meV/atom above the convex hull. It has a similar Y : Sr: Ca ratio to that in the low energy region around Y¢.1Sro.4CaosGa0;.ss

found using perovskite probe structures, but with a different ratio of larger to smaller cations.

Comparison to convex hull
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The stability of the probe structure was calculated relative to the convex hull constructed from compounds reported on
ICSD with crystal structures from which ordered DFT models could be assembled. For the Y-Sr-Ca-Ga-O phase field: Y,0s%,
Gay033°, Ca03?, SrO%, CayGa0s5%?, CasGag01433, CaGa 0434, CaGas07,% Sr10Gas019>°, Sr3Gaz06%, Sr3Gas0s%, SriGa,0;%,
SrGa,04%8, Y3Gas01,* and YGa0s*. For the Y-Ba-Ti-O phase field the reported reference compounds used were:
Ba,Tig020*, Ba;TiO4*, BasTiiz030*, BagTiiz0a0™, BaO*, BaTi,0s*, BaTis0s*, BaTis01:*, BaTiOs*, Ti0,*°, Y,Ba0.>, Y,05%,
Y,Ti,0,°%, Y,TiOs>3, Y4Bas0q>*. DFT energies were calculated for each of these reference energies and then the convex hull

constructed using the pymatgen package>®.

In the original EMMA work'’, the 16a, material identified is metastable at room temperature and stabilized by entropy at
the synthesis temperature. To allow for this possibility, the energy of the probe structure was adjusted for finite
temperature effects by including the contribution from configurational entropy at temperature, T. The configurational

entropy, TS:: was calculated from:

Stot = Z Sj
j

Where j indicates the partially occupied site and §; is the configurational entropy for a given site defined by:
n
5= ks |2] x > filn(f)
i

Where kg, n, Z and f; are the Boltzmann constant, number of atoms in the same site per cell, the number of formula units
per unit cell and the fractional occupancy of the site by species i respectively. Species were determined to be on equivalent

sites based upon the number of each type of next-neighbour cation polyhedra.
Calculations on ordered approximant gallate structures

Once the structures of the two new gallate phases | and Il had been determined, representative model structures were
constructed so that their stabilities could be compared with previously reported compounds. The model structures were
built with Sr, Ca, Ga and O, and without Y. This is reasonable since both phases are observed in low phase fractions in Y-
free experimental samples (Extended Data Figure 8). The model for | had a composition of Sr,CasGagO14, with each A-site
given the composition of the majority species for that site in the crystal structure. The model for Il was constructed in the
primitive P1 cell of the F1 pseudocubic cell, with a composition of SrCa;Ga,0e. Two clusters around B-site oxide ions are
present within the cell: one cluster consisting of four GaO,4 tetrahedra, and one consisting of four CaOs trigonal bipyramids
(Extended Data Figure 9). The model structures for both phases were structurally optimized using DFT, and their DFT
energies used directly to assess their energies relative to the convex hull at 0 K (no configurational entropy contributions

were included).

Classical Force-Field Calculations
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Force-field calculations were performed using GULP>®. Buckingham short-range potentials were used between cations and
anions, and between two oxide ions, with a radial cutoff of 12 A. The long-range electrostatic energy was calculated with
atomic charges split between harmonically coupled cores and shells to model polarization®. All force-field parameters
were obtained from the literature®®%, Cell parameters and atomic positions were optimized until the norm of the gradient
was lower than 0.001. For the Y-Sr-Ca-Ga-O calculations, we can see from the top two panels in Extended Data Figure 10d
that the distribution of Ga coordination environments is almost the same for FF-relaxed and DFT-relaxed structures,

indicating that the force-fields are adequate for use in the first-pass MC-driven search for the probe structures.
Density Functional Theory Calculations

DFT calculations were performed using the Vienna ab-initio simulation package VASP package®® using the PBE functional®®
and PAW potentials®’. The unit cell and atomic positions of each structure were optimised until forces were less than 0.01
eV/A, using a plane wave cut-off energy of 520 eV. K-point grids were established to fulfil minimum requirements of the

following equation along each of the three crystallographic axes:

k; xr; =30
Where r; is the real lattice vector i (in A) and k; is the number of k-points in the same direction.
Synthesis of materials within the low-energy region

Samples for the initial evaluation grid were synthesised from the stoichiometric quantities of their pre-dried binary
oxides/carbonates and hand ground (Y,0; (99.99%, Alfa Aesar), SrCO3 (99.99%, Alfa Aesar), CaCOs (99.95%, Alfa Aesar),
Ga203 (99.99%, Alfa Aesar) and Eu,03 (99.99%, Alfa Aesar)). For the initial 34 compositions studied (including composition
1 referred to in the main text), samples were heated in Al,Os crucibles for 24 hours at 1150 or 1200°C with a typical heating
rate of 5 °C/min (all compositions were initially trialled at 1200°C, some samples were found to have melted and were
therefore re-synthesized at 1150°C). For the last seven compositions synthesised to improve phase purity from
composition 1 to compositions 2 and 3 (see “Refinement of the structures of phases | and II” for compositions 2 and 3)
and the resulting NPD sample, the powders were also subjected to a pre-firing step of 120 hours at 1000°C before
regrinding and firing at the final temperature until the reaction was observed to have completed by PXRD. Firings were

performed in 24 hour steps and the reaction found to be complete in either 48 hours or 72 hours.
Crystal growth

For the melt of composition 1 the starting materials were prepared as described above, targeting 4 g of sample, heated in
a Pt crucible to 1300°C (approximately 100°C above the melting point) for 3 hours in a box furnace. The sample was then
cooled to 800°C at 0.1°C/min, then the power supply to the furnace was turned off, and the sample was allowed to cool

to room temperature. Crystals were removed from the crucible by hand using a spatula, and two types of crystal were
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distinguished according to their two distinct colours (as shown in figure 2d). Crystals for X-ray diffraction studies were
then separated by hand under a microscope based upon crystal colour. For both phases, crystals were found to be up to

~1 mm?in size.
Characterisation methods

Single crystal X-ray diffraction (SXRD) data were collected on a Rigaku MicroMax™-007 HF with a molybdenum rotating
anode microfocus source and a Saturn 724+ detector. Data integration and reduction was performed by the CrysAlisPro

system software® with structure solutions and refinements performed using SHELX-2013%71,

Powder X-ray diffraction (PXRD) data were collected on the samples used in phase exploration with a Bruker D8 Advance
diffractometer using a monochromatic CuKa; source in transmission geometry using foil sample holders. For the structure
refinement of Il, synchrotron PXRD data were collected at Diamond Light Source using the 111 beamline with a wavelength
of 0.826281(10) A with a step size of 0.004° (d space range 18.94—0.48 A). Time of flight (TOF) NPD data were collected at
the ISIS spallation source on the HRPD beamline, with data collected on the 168° and 90° detector banks (d-spacing range
3.73-0.68 A) used in subsequent Rietveld refinements performed using TOPAS Academic’? (F1 structure) and Jana 200673
(F432 structure) software packages. PXRD patterns for Eu-substituted Il were collected on a Phillips PANalytical

diffractometer (using a monochromated CoKa; source) in Bragg-Brentano geometry.

Indexing of PXRD patterns and Principal Component Analysis (PCA)’* was performed using Panalytical Highscore Plus
software??. PCA attempts to decompose the entire set of diffraction patterns into linear combinations of basis vectors. In
the dataset of the PXRD patterns of the 34 initial samples, 85% of the variance is described using the first three
components (used as axes in Extended Data Figure 3a). This results in 29 of the diffraction patterns being clustered into

three groups according to their similarity, and a fourth group containing the five patterns which could not be clustered.

Transmission Electron Microscopy (TEM) Energy Dispersive X-ray Spectroscopy (EDX) was performed on a JEOL 2000FX
equipped with an EDAX detector. Specimens were prepared by dispersing 10 mg of finely ground sample in 3 ml of ethanol,
errors on reported compositions are derived from the standard deviation of the measured points. A few drops of the
suspension were deposited on the holey carbon film of a copper TEM grid. Spectra were collected for more than 10
minutes for each particle in order to maximize the signal to noise ratio. Quantification was performed with Genesis
software provided by EDAX. Selected Area Electron Diffraction (SAED) and Convergent Beam Electron Diffraction (CBED)
were performed on an aberration-corrected Jeol 2100 Transmission Electron Microscope. Samples were prepared

following the same procedure used for EDX and loaded on a double tilt holder with an angle range of +20-25 °.

Samples of Il substituted with Eu, with nominal composition Eug.0165r0.174Ca0.426Ga0.33201.2, were tested as down-conversion

phosphors”. Room temperature photoluminescence spectra were collected with a Shimadzu RF-5301PC
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spectrofluorophotometer, depositing the powder sample on a glass slide. Quantum yields at room temperature were
measured using a Horiba Fluoromax-4 Fluorometer with a 150 W xenon arc lamp for excitation and a 150 mm
Spectralon™-coated Quantum-F integrating sphere attachment. The samples were directly mounted as powders on a
cavity in an anodized aluminium plate, and were then covered with quartz glass for measurement. The quantum yield was
calculated based on the method of de Mello et al’®. Results are presented in section “Eu* substitution into Il to Produce

a Down-Conversion Phosphor”, and Extended Data Figure 3f, g.

Refinement of the structures of phases | and I

Refinement of the structure of | proceeded smoothly from single crystal X-ray diffraction (SXRD). Although neither neutron
nor X-ray diffraction can distinguish Y from Sr, assignment of the non-Ca density on the Ca sites to Y rather than Sr, and
assuming that Sr solely occupies the eight co-ordinate site at a rate that matches the EDX content, gives an A,s site
composition Yo 06Sro.ssCai.as that compares well with the EDX ratio of the 2.5 A cations of Y0.07Sr0.96Ca1.47. The charge of the

Y3* can be balanced by the introduction of interstitial oxygen, as demonstrated for A,Gaz0; melilites®.

SXRD revealed that phase Il was based on a 64-fold 4a, x 4a, x 4a, expansion of a primitive perovskite unit cell of edge ap,
but the associated twinning coupled with possible lowering of metric symmetry undetectable with the single crystal
diffractometers used prevented structure refinement from these data. Instead, refinement required a powder sample

with a higher fraction of Il than present in composition 1 (26.49(8)%).

Samples of 1.2 g at the EDX-defined composition for Il (Yo.09(3)Sro.85(3)Ca2.12(8)Ga1.93(7)O6.0(3)) plus 6 nearby compositions were
hand ground under acetone, sintered at 1000 °C for 5 days, then re-ground and re-fired at 1200°C in 24 hour steps until
the reaction had completed as observed by PXRD (reaction times ranging between 48 and 72 hours). A high purity sample
was synthesised, allowing for the combined Rietveld refinement of Il from synchrotron powder X-ray diffraction and high
resolution neutron powder diffraction (composition 2; Y0.0385r0.320Ca0.848Ga0.79202.416) containing 87.59(7) wt% of Il together
with I. A sample with a 97.0(1) wt% phase fraction of Il by Rietveld refinement of PXRD data was later obtained at

composition 3, Y0.0385r0.360Ca0.848Ga0.75402.306.

The enhanced Q-resolution of the powder diffractometers revealed a triclinic distortion (Ad/d = 3 x 10™) and permitted
successful refinement in space group F1 despite the extensive pseudosymmetry (Extended Data Figure 6). Convergent
Beam Electron Diffraction (CBED) confirmed the absence of point symmetry and thus the space group assignment

(Extended Data Figure 6e—g).

The triclinic symmetry of Il was confirmed via SAED/CBED measurements, on a crystallite on the [101] zone axes (SAED is
shown in Extended Data Figure 6d, with theoretical diffraction spots in red). The CBED measurement at high camera length
(Extended Data Figures 6e—g), exhibits no symmetry on the diffraction spots, indicating that the material must have

symmetry belonging to space group No.1, with absences in the X-ray powder diffraction confirming it as the face-centred
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setting of the space group; F1. The Rietveld refinement was performed in the standard primitive setting of the F1 unit cell,
P1 with the unit cell parameters; a = 10.9317(7) A, b = 10.93359(5) A, c = 10.93023(8) A, a = 59.9980(5) °, B = 59.9781(4)
°, v =59.9672(5)°. The structure was transformed back into the F1 setting after completion. The two settings of the space
group are related by the following matrix (F centred to Primitive):
0 05 05
<0.5 0 0.5>
05 05 O
The refinement used a starting model from the initial SXRD solution. As the refinement progressed, groups of atoms were
observed to come together such that a series of restraints could be put in place for the final refinement, increasing

precision without decreasing the quality of the fit. In the final refinement, the following restraints were imposed upon the

model:

The partial occupancies of all of the mixed (Sr/Ca)O; cation sites within the cell were constrained to be identical and sum
to 1, and a single thermal parameter was refined across all such sites. This was also the case for the (Ca/Sr)Os cation sites.
Each of the purely Ga cation sites were constrained to have a fixed occupancy of 1 and the same thermal displacement

parameter.

All of the mixed CaOs/Ga0;, sites were constrained to have the same thermal parameters and the total occupancy of each
site was constrained to 1. On the assumption that the site was either a GaO4 tetrahedron, or a CaOs trigonal bipyramid,
the occupancy of the split oxygen positions surrounding the mixed Ca/Ga sites was fixed to match that of the cation species
to which they were bound, for example an oxygen site 1.8 A from a mixed Ca/Ga site would be assigned as bound to the
Ga component and its occupancy fixed to match. Bond restraints were then applied to the tetrahedral oxygens and the
equatorial component of the trigonal bi-pyramids along with the axial bond to the B-site oxygen sites. Bond restraints
were set to be equal to the sum of the two ionic radii. The oxide anions on B-site defects and those in the GaOg octahedron
had a fixed occupancy of 1. Finally all of the oxygen thermal parameters in the structure of Il were constrained to be

identical and refined.

During initial powder refinements of Il, the occupancies of the mixed Ca/Ga sites were found to divide into two clusters
per asymmetric unit, such that all four Ca/Ga sites surrounding an oxide ion B-site defect had the same set of partial
occupancies within error. The asymmetric unit contains two B-site defects, and the Ca/Ga ratios surrounding one cluster
were the inverse of those on the other. Following this observation, constraints were applied so that each group of four
sites has the same occupancy parameter and that the second group has the inverse occupancy of the first, thus under the
constraint that the total occupancy of each site was one, all mixed Ca/Ga sites within the asymmetric unit could be refined
using a single occupancy parameter. In the final structure, this parameter refined such that one cluster contained 52(2) %

Ga and 48(2) % Ca, and the other 48(2) % Ga and 52(2) % Ca.
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To understand the disorder observed in Il, the crystal structure can be described as the superposition of many local
orderings, based upon the ordering of Ca/Ga sites around each of the B-site defect oxide anions (Extended Data Figure
9e). The constraints used in the refinement can be understood in terms of the superposition of the particular orderings
shown in Extended Data Figure 9c, d. These two models are constructed by choosing one B-site defect oxide anion within
the asymmetric unit to be fully surrounded by GaO, tetrahedra or CaOs trigonal bipyramids and vice versa for the other
B-site defect oxide anions (Extended Data Figure 9f, g). The choice of oxygen sites to include within each model was then
made based upon bond distances to the cation sites as chosen in each model. One of these two models (Extended Data

Figure 9c) was then used as the basis for the DFT model of 1l (Extended Data Figure 9b).

The BVS of the five co-ordinate Ca sites in Il has a mean value of +2.0, with a BVS range between +1.7 and +2.3, confirming
that the sites were refined to have chemically sensible environments. The largest deviation in calculated BVS values from
those expected for the refined ions was found to be +0.4 (for the 7 co-ordinate Srll site) across all of the cation

environments. This, and the location of the calculated structure of Il below the convex hull, supports the refined structure.

Due to the extreme pseudo-symmetry and disorder found in Il, bond lengths for a large number of the cation sites could
only be determined to two significant figures. To illustrate that the precision on bond distances is a result of the pseudo-

symmetry a cubic approximation of Il was constructed. The initial cubic indexation of Il (from single crystal) yielded the

space group Fm3m, however, this model does not allow for the observed tetrahedral ordering observed in the F1 solution.
In order to retain the same tetrahedral ordering observed in Il, the symmetry was reduced to F432. Refinement in this
space group for the same data ranges as for the F1 solution yields a x? = 5.81 (vs. 3.55 for the triclinic solution), however
the precision on bond distances is increased to a minimum of four significant figures. Powder CIF for both the F1 and F432
solutions are available as Supplementary Information. The CBED data demonstrate that the symmetry is F1, the F432

refinement is provided to demonstrate that the bond length precision in F1 is due to the high pseudo-symmetry.
Eu?* substitution into Il to Produce a Down-Conversion Phosphor

The identification of Y-containing quinary gallates with the probe structure approach suggests the substitution of open-
shell lanthanide cations to explore optical and magnetic properties. Eu was substituted for Y in I, with phase pure samples
synthesised at the nominal composition Eug.032Sr0.34sCa0.852Gan.76802.4 (composition 4), using Pt crucibles and the same
procedure described for composition 2. Phase purity was confirmed by Le Bail refinement of the PXRD pattern using Jana
200673, starting from the unit cell and space group symmetry of Il (Extended Data Figure 3f) and EDX measurement yielding
the composition: Euo.oss(s)Sro.32(4)Can.ss2)Gan73200x from 10 particles (inset in Extended Data Figure 3f). Attempts to

substitute higher concentrations of Eu into Il resulted in the presence of impurity phases.

Excitation spectroscopy shows that composition 4 can be excited at a wavelength of 460 nm, which can be readily

produced by conventional blue LEDs’®. Excitation at this wavelength produced an emission peak in the red region of the
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visible spectrum at 610 nm (Extended Data Figure 3g). Quantum yields were measured on three different samples of

composition 4, giving values of 3 %, 3 % and 10 %. These results show that Il is a new phosphor parent structure.

Code availability: The MC EMMA method was implemented in python and is dependent on the Atomic Simulation
Environment (ase, https://wiki.fysik.dtu.dk/ase). A copy of the code used for this study is available at

http://pcwww.liverpool.ac.uk/~msd30/software/MC-EMMA.html.

Data availability: The datasets generated during and/or analysed during the current study are available from the
University of Liverpool, and can be found at: http://datacat.liverpool.ac.uk/id/eprint/82
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observed, with mixed Y/Ca modules, capturing the main large cation site disorder in the experimental structure. This test of the MC-
EMMA method was performed using FFs only, with FF parameters previously used with EMMA on the same system®®. g the structures
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Extended Data Figure 2: a Compositions for perovskite-derived probe structures in the Y-Sr-Ca-Ga-O phase field: 25 compositions
highlighted with red circles are selected from the 691 possible with the modules and cell size limits in the MC-EMMA search. Given
the low experimental Y content and absence of Y in the DFT model structures of phases | and Il, we show computed convex hulls in
the reduced SrO-Ca0-Ga20s phase diagram (i.e. the y = 0 plane of the Y203-SrO-Ca0-Ga203 phase diagram shown in Extended Data 3).
b The convex hull calculated using previously reported phases. Blue circles are phases calculated to be on the hull, red squares are
phases with DFT energies above the hull. ¢ The computed convex hull including the two new phases discovered in this study, phase |
(Sr2CasGae014) and phase Il (SrCa:Ga20¢), as green circles on the hull. d Energy of probe structures relative to the new convex hull
shown in ¢ which includes the newly discovered phases | and Il. The energies are plotted on the Ga = 0.5 slice of the Y203-SrO-CaO-
Ga203 phase diagram with black points showing the compositions of the probe structures. The DFT calculated energies per formula
unit of the experimentally reported phases are Ca2Ga:0s: -56.278 eV, CasGas014: -156.837 eV, CaGa204: -43.540 eV, CaGas07: -73.995
eV, Sr10Gas019: -214.803 eV, Sr3Ga20e: -67.690 eV, Sr3Gas09: -99.074 eV, SraGa:07:-79.737 eV, SrGaz204: -43.254 eV, Y3GasO12: -145.076
eV, YGaO0s:-38.055 eV, Y203: -45.772 eV, Ga:03: -30.178 eV, Ca0: -12.806 eV, Sr0O: -12.055 eV, Sr2CaszGae014: -156.143 eV, SrCa2Ga20e:
-68.999 eV.
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Extended Data Figure 3: a Principal component analysis results of the PXRD patterns of the initial 34 compositions sampled,
with the analysis performed in Highscore Plus®?; five samples do not cluster (dark blue), with the remainder grouped into
three clusters (black, green and cyan), with composition 1 (referenced in main text and Figure 2) falling into the cyan
cluster. b representative PXRD pattern from the non-clustered samples represented in a, with symbols indicating known
phases in the pattern®38° ¢ Ga = 0.5 and d Y = 0.0 slices of Y,03-Sr0-Ca0-Ga,03 quaternary diagram, with nominal
compositions coloured as in a, calculated compositions in black open circles and EDX data from composition 1 in grey. e
Synchrotron PXRD data (PSD, A = 0.825781 A) of composition 1, using the final refined models for each new phase.
Reflections from the new phases I (black, 73.4(1) wt%) and Il (red, 26.6(1) wt%) are marked. The inset indicates the location
of the most intense reflections not indexed to either of the new phases with §. f Lebail fit to PXRD data of
EU0.032Sr0.348Ca0.852Gao76s02.4 (composition 4) inset: EDX data, black: observed points, red: nominal composition. g
Excitation (blue, detection wavelength 611 nm) and photoluminescence emission spectra for composition 4, excited at
390 nm (black) and 460 nm (red).
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Extended Data Figure 4: a The nine modules used for the Y-Ba-Ti-O diagram (Y= yellow, Ti = cyan, Ba = green and O =
red). b Compositions of probe structures in the Y-Ba-Ti-O phase field, filled colours indicate the energy from the convex
hull (E hull), as shown in ¢, the point highlighted by the white cross is the lowest energy composition, YTi,BasOs.s, which
is also the only experimentally known quaternary d Eight smaller cation modules used for melilite probe structures, with
composition Ga0se:5, 6=0, 1, 2, 3,4, 8,12, 16 (top row to bottom row). e 13 decorations of the larger cation module
used for melilite probe structures, containing up to three elements: A (blue) A’ (yellow) A” (green). The module set is
constructed using the combinations [A=Ca, A’=Y, A”’=Sr], [A=Sr, A’=Y, A”’=Ca] and [A=Y, A’= Ca, A”=Sr] (giving 39
combinations). For each module in d and e, three variants were created by the translations [+0.5, 0, 0] and [0, +0.5, 0]
and by rotation of 90° about the c axis (resulting in 32 small cation modules and 156 large cation modules). f The energy
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of the probe structures calculated using MC-EMMA with melilite modules are plotted relative to the convex hull created
with previously reported phases (Extended data Figure 2), the lowest energy quinary is highlighted in green.

Extended Data Figure 5: a [100] view of LaSrGas0; melilite’>?® (left) and I (right). The difference between the Ca,Sr cation
occupancy on either side of the Gas05 layers in | doubles the ¢ parameter compared to melilite (Figure 3g). b [001] view
of the Sr** sites in melilite (left) and I (right), showing the superposition in I of three- and four-connected tetrahedra in the
pentagonal rings that coordinate Sr** from the two neighbouring Gas0y layers, in contrast to the identical ring orientations
in melilite. ¢ Two Gas07 layers in | viewed along [001] with one layer of cations between them. d [001] view of the
octahedral Cal site (dark blue, left) and five-coordinate Ca2 site (light blue, right) in I where the displacement of the two
pentagons contrasts with the near-superposition of the coordinating rings in the strontium-containing chains. The contacts
from the Cal site to the bridging oxides displace the two pentagons above and below it relative to each other. Both Ca2
sites also coordinate to a bridging oxide from each ring. The Ca2 sites lie over the shared edge of two rings in one layer
and are displaced towards two of the tetrahedra away from the ring centroid in the second layer. Mixed La/Sr (dark green),
Sr (light green), Cal (dark blue), Ca2 (light blue), Ga(brown) and O(red).
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Extended Data Figure 6: Room temperature Rietveld refinement of sample with nominal composition 2
(Y0.0385r0.320Ca0.848Ga0.70402.416) containing 87.59(7) wt% phase Il using a synchrotron X-ray powder diffraction (x> = 3.84)
and neutron powder diffraction data from b 168° bank, x> = 1.59 and ¢ 90° bank, (x> = 4.9) with a combined ¥ = 3.55 with
418 parameters. Space group F1.a = 15.4538(1) A, b =15.4573(1) A, ¢ = 15.4621(1) A, a = 89.9990(7) °, B = 89.9669(7) °, y
= 89.9847(7)°. d SAED and e—g CBED pattern at increasing camera length of Il along [101]. The absence of symmetry
confirms the space group assignment.
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Extended Data Figure 7: a Structural units within the anion-deficient A16010 layer of Il. The smaller Ca,O rectangles (red)
have dimensions of 3.32 A x 3.42 A, while the larger anion vacancy centred (Ca/Ga)s rectangles (black) are 4.76 A x 4.60 A.
The light blue rhombus with 2 Ca and 2 Ca/Ga vertices is also marked. b top: Relation between polyhedra in the B; layer
and the anion vacancies in the A16010 layer. The oxide at the centre of Ca;0 is located above the octahedral Ga, while the
tetrahedral Ga is formed by rotation of the four coordinating oxides out of the B; plane coupled with its location below
the anion vacancies at the centre of the (Ca/Ga), rectangle. The SrO unit is formed from one ordered oxygen from an
octahedron in the B; plane, two oxygens from rotationally disordered GaO, tetrahedra, two oxygens from tetrahedra
within the B; plane and two oxygens from the mixed Ca/Ga environment in the A layers; one above and one below the B;
plane. b bottom: perpendicular view of B; layer with adjacent A layers. ¢ Relation between the A:1s010 and B; layer
structures. The oxide occupying the B site vacancy in the B, layer has two of the four A site cation neighbours (which form
the rhombus shown in a) displaced away from it to form the Ca,O square, with the two Ca/Ga sites displacing below the
A16010 plane to coordinate to the oxide. Rotation of the B, layer oxides out of the plane at the four neighbouring GaO,
tetrahedra reduces anion-anion repulsion with the oxide ion on the B-site.
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Extended Data Figure 8: Observed unit cell volumes for a, phase | and b, phase Il over the composition range in the initial

synthetic study.
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Extended Data Figure 9: a The fully ordered model of | used for DFT calculations. The combination of the three distinct
layers in Il with their disordered occupancies produces several near-equivalent three-dimensional connectivities. b The
connectivity used in the DFT calculations is shown here. c—d The two ordered models of Il used to understand the disorder
present in the Rietveld refined structure, with different choices of cation clusters (shown in f and g below) around the B-
site oxygen anions highlighted. e The disordered cation cluster identified within Il, surrounding each of the B-site oxygen
anions, which can be understood in terms of f the cluster when all four cations in the cluster are set to GaO4 with the
associated oxygen positions and g the cluster when all four cations are set to CaOs with the associated oxygen positions.
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Extended Data Figure 10: Five coordinate calcium sites in a the most stable, and b the fourth most stable probe
structures in the low-energy region of the phase diagram. Ca—O distances of less than 2.5 A are shown with bonds, the
next largest Ca—O distance is shown with a dashed arrow. All distances are given in Angstrém. ¢ Ca—0 environments in
the computed probe structures are compared with the experimentally refined Ca—O environments in phase | and phase
Il. d Frequency of occurrence of co-ordination numbers for each of the cation species in the Y-Sr-Ca-Ga-O phase field in
the DFT-relaxed probe structures (shown for Ga, from n = 170 calculated structures) and in the FF converged structures
generated using MC-EMMA (n = 194,912) using perovskite-derived modules (black) and melilite-derived modules (red).
Bonds were counted as being in the co-ordination sphere if the M-0 interaction contributed > 5 % of the nominal charge
when calculating the central cations bond valence sum of the central cation.
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