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Modern methods of theoretical and experimental materials engineering can be greatly facilitated by reliably
established guiding trends that set directions for a smart search for new materials with enhanced performance.
Those trends can be derived from a thorough analysis of large arrays of the experimental data, obtained both
experimentally and theoretically. In the present paper, the structural, elastic, and electronic properties of 30
spinel compounds AB,X; (A = Be, Mg, Ca, Sr, Ba; B = Al, Ga, In; X = O, S) were investigated using the

CRYSTAL14 program. For the first time the lattice constants, bulk moduli, band gaps and density of states for
these 30 spinels were systematically calculated and analyzed. Influence of the cation and anion variation on the
above-mentioned properties was highlighted. Several relations between lattice constants, bulk modulus and
ionic radii, electronegativities of constituting ions were found. Several linear equations are proposed, which
provide a convenient way to predict the lattice constants and bulk moduli of isostructural spinels.

Introduction

Sustainable development of the modern technological society to
large extent is determined nowadays by the materials science progress.
Understanding of the materials performance and possibilities of tuning
their properties is of paramount importance for numerous applications,
including the optical ones such as lighting, lasing, optical sensing,
displays manufacturing, solar cell production etc. [1-9]. Among nu-
merous groups of various materials, cubic spinels are of special prac-
tical interest because of their excellent thermal [10], chemical, optical
properties [11-13] etc. They are also important for the electrical en-
gineering applications, since the Li-bearing spinels such as lithium
manganese oxides LiMn,O, are good materials for the lithium batteries
[14].

The spinel structure has two types of the cationic positions: the
tetrahedral and the octahedral ones [15]. Taking the spinel general

chemical formula as AB,X,, the cations distribution through the avail-
able sites can be as follows: the divalent cations A occupy the tetra-
hedral sites, whereas the trivalent cations B locate at the octahedral
sites. However, there always exists a possibility for the cation inter-
change. There are the so-called the “normal” A(B»)X, and “inverse” B
(AB)X, spinels, where the ions in the parenthesis occupy the octahedral
sites. As can be seen, in the inverse spinels all A cations interchange
their tetrahedral sites with the half of the B cations from the octahedral
positions. Very often the intermediate situations can be met, which are
characterized by only a fractional interchange between the A and B
cations. Simultaneous presence of two kinds of the cationic sites offers
an opportunity of doping spinel compounds with various transition
metal and rare earth ions for lighting applications, e.g. ZnGay04:Cr>™*
[16], ZnAl,04:Cr®* and MgAl,04Cr3* [17], MgAl,04:Co®* [18],
MgAl,04:Mn?** [19], ZnAlS,V3* [20] and ZnAl,S,:Co** [21],
MgGay0,4:Cr3*  [22], CoFe,04Dy>" [23], MgAl,O.Eu®* [24],
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Zn, Mg, . Fe,0,:Nd3* [25].

Several other diverse applications of the spinel compounds can be
also noticed, e.g. in 2006 Hong et al. fabricated ultra-long ZnAl,O4
spinel nanotubes [26]. Spinels with the 3d transition metal ions are of
particular interest, since these ions may exhibit different valence states,
occupy both cation sites and show magnetic properties. For example, in
2016 Wu et al. studied the Co"Fe™C0™0, spinel with Fe and Co making
an inverse spinel structure and found a remarkable oxygen reduction
reaction activity [27]. In 2018 Prasad et al. synthesized MFe,O4
(M = Mg>*, Zn**, Mn?™") spinels and reported their structural, elastic
and electron magnetic resonance properties [28]. Radiation stability of
MgAl,O, spinel was studied intensively [29] and references therein.
Various first-principles calculations of different physical properties of
spinels can be found in the literature, e.g. for CdX,0,4 (X = Al, Ga, In)
[30], MgX504 (X = Al Ga, In) [31], MgIn,S, and CdIn,S,4 [32], ZnAl,S,
and ZnGa,0,4 [33], MRh,0, (M = Zn, Cd) [34] etc.

While detailed investigations of physical properties of individual
representatives of the spinel compounds remain to be an important
scientific and technological task, comparative studies — both experi-
mental and theoretical — of a large number of isostructural materials
conducted in one research paper with a consistent use of the same re-
search techniques can reveal interesting and important correlations
between the chemical composition and physical properties. Such
“structure—property” and “property—property” relations become very
popular recently, and their importance for materials science is con-
stantly and rapidly growing. The reason is that these relations can ef-
fectively guide and direct experimental scientists in their smart search
for new materials.

In the present paper we report the results of the high-throughput
first-principles hybrid density functional theory (DFT)-based calcula-
tions of the structural, electronic, elastic, thermodynamic properties of
30 cubic AB>X, (A = Be, Mg, Ca, Sr, Ba; B=Al, Ga, In; X =0, S)
spinels. Among those 30 compounds, 26 are reported here for the first
time, to the best of our knowledge. The initial structural data were
taken from Ref. [35], where an empirical linear relation between the
lattice constants, ionic radii and electronegativities for 185 spinels was
established.

After having performed rigorous calculations, we analyzed the
variations of the lattice constant, band gap, bulk moduli, elastic tensor
constants, Debye temperature with chemical composition, which were
visualized with the help of various two- and three-dimensional dia-
grams. The directions of variations of all these properties were linked
with the chemical composition and changes of both cations and anions
in the studied compounds.

The obtained results and linear relations between the ionic radii and
electronegativities of the constituting elements, on the one side, and the
lattice constants and bulk moduli, on the on the other side, have a
strong predictive power and can facilitate search for new spinel com-
pounds.

Computational details

The first-principles calculations of the structural, elastic and elec-
tronic properties of 30 cubic AB>X, (A = Be, Mg, Ca, Sr, Ba; B = Al Ga,
In; X = O, S) spinels were implemented by employing the periodic ab
initio CRYSTAL14 code based on the “linear combination of atomic
orbits” method with local Gaussian-type basis sets (BS’s) [36]. The
hybrid exchange-correlation functional WC1PBE composing of a PBE
correlation part and a Wu-Cohen exchange part with a fractional mixing
(16%) of the nonlocal Hartree-Fock exchange was used in this work
[37]. All the self-consistent field (SCF) calculations were accomplished
in the closed-shell form with a 8 X 8 X 8 k-point mesh in the Brillouin
zone based on the Monkhorst-Pack scheme [38] and a predefined “extra
extra large” pruned DFT integration grid. The truncation criteria of the
two-electrons integrals (Coulomb and HF exchange series) was set as 8,
8, 8, 8, and 16, and the energy convergence threshold with 10~°
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Hartree for the SCF iterations was chosen for the sake of high accuracy.
The convergence thresholds of the root-mean-square of the gradient
and nuclear displacement for the geometry optimization were set to
0.00006 Hartree/bohr and 0.00012 bohr, respectively. The SCF con-
vergence speed was facilitated by mixing 50% of the Hamiltonian
matrix of the last cycle into the present one.

The local Gaussian-type BS’s were chose as follows: for the atoms
lighter than the beginning of the 3d transition metal series, the all-
electron BS’s 6-211d1G [39], 8-511d1G [40], 86-511d21G [41], 8-
511d1G[42], 8-411d1G [43], 86-311d1G [44] were applied for Be, Mg,
Ca, Al, O, S atoms, correspondingly. For other heavier atoms Sr, Ba, Ga,
In, the small-core fully-relativistic effective core pseudo-potentials of
the Stuttgart/Cologne group and their related valence BS’s were
adopted, and the diffuse functions with exponents less than 0.1 bohr?
in those valence BS’s were removed in order to avoid numerical cata-
strophes [45,46].

Results and discussion
Structural properties

The crystal structure of spinel compounds is described by the
ternary face-centered cubic lattice, with the space group Fd3m. Fig. 1
shows one unit cell of MgAl,O, as an example of this structure. The A%*
cations occupy the tetrahedral (0, 0, 0) position, whereas the B** ca-
tions occupy the octahedral (0.625, 0.625, 0.625) position, where all
coordinates are given in terms of the cubic lattice constant a. The X*
anions are located at the (u, u, u) position; the value of the internal
parameter u varies from host to host depending on the chemical com-
position [47].

In MgAl,O, the Mg?* ions occupy only 12.5% (or 1/8) of the
available tetrahedral sites, and the AI®* ions take a half of the available
octahedral positions [49]. Thus, a large number of empty octahedral
and tetrahedral cavities offer additional possibilities for the ion diffu-
sion, defect formation, doping and co-doping with different chemical
elements. In the normal spinel, all the A%2™ and B>* ions reside at the 8a
and 16d sites, respectively. It is noted that all spinels whose properties
were calculated in the present work were treated as the normal spinel.

Fig. 1. One unit cell of MgAl,O, as an example of the AB,X, spinel structure.
Oxygen ions are shown by small red spheres, Mg and Al ions are labeled.
Coordination polyhedra around the A%>* and B*>* cations are shown. See text for
more details. Drawn with VESTA [48]. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this
article.)
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Table 1

Empirical and theoretical lattice constants a (A) and non-dimensional internal
anion parameters u for various AB,X4 (A = Be, Mg, Ca, Sr, Ba; B = Al, Ga, In; X
= O, S) spinels. The empirical lattice constants were obtained with the use of
equations from Ref. [35]; the experimental lattice constants (if available) are
given in the parenthesis.

Spinel Empirical @, Theoretical Difference,
Aemp — Qtheors %
Qtheor u
BeAl,0,  7.7999 7.67774 0.25449 1.57
MgAl,O, 8.1903 8.07782 0.26363 1.37
(8.0898%) (0.2633%)
CaAl,0, 8.6102 8.43542 0.27034 2.03
SrAl,0,  8.8451 8.63962 0.27373 2.32
BaAl,0;  9.0568 8.87412 0.27734 2.02
BeGa,0, 8.0042 7.91310 0.25120 1.14
MgGa04 8.3947 8.31266 0.26138 0.98
(8.2781") (0.2560")
CaGa,0, 8.8146 8.65987 0.26856 1.76
SrGa,04  9.0494 8.85737 0.27216 212
BaGa,0;  9.2612 9.08114 0.27594 1.94
Beln,0,  8.4895 8.50583 0.24514 -0.19
Mgin,O,  8.8800 8.91095 0.25627 -0.35
(8.81009) (0.3720%
Caln,0;  9.2999 9.24078 0.26399 0.64
Srin,0,  9.5347 9.42531 0.26792 1.15
Baln,0,  9.7465 9.63308 0.27208 1.16
BeAl,S,  9.3939 9.65739 0.25361 —-2.80
MgAlLS,  9.7843 10.10359 0.26205 —-3.26
CaAl,S,  10.2042 10.46870 0.26778 -2.59
SrAlLS, 10.4391 10.66922 0.27076 —2.20
BaAl,S,  10.6508 10.90140 0.27405 —-2.35
BeGa,S;  9.5982 9.80705 0.25237 -2.18
MgGa,S,  9.9886 10.25493 0.26099 —2.67
CaGa,S;  10.4086 10.63103 0.26674 —-2.14
SrGa,S,  10.6434 10.84726 0.26986 -1.92
BaGa,S;  10.8552 11.09535 0.27325 -2.21
Beln,S;  10.0835 10.29296 0.24799 —-2.08
MgIn,S;  10.4739 10.73795 0.25718 —-2.52
(10.7109%) (0.3832%)
Caln,S,;  10.8939 11.09873 0.26337 -1.88
SrIn,S, 11.1287 11.30724 0.26676 -1.60
Baln,S,  11.3405 11.54230 0.27035 -1.78
a Ref. [52].
b Ref. [53].
¢ Ref. [54].
4 Ref.[55].

The first step of the first-principles calculations for the solids is the
geometry optimization, whose main purpose is to get the lowest total
energy of a unit cell and smallest forces acting upon all atoms by al-
lowing the atoms to move slightly around their equilibrium positions.
Comparison of the obtained in this way theoretical lattice constants
with the experimental ones (whenever available) can serve as an initial
trustable criterion of reliability of the performed calculations. As a rule,
the difference between the calculated and experimental lattice con-
stants should not exceed a few percent at most.

The calculated (with the above-given calculations settings) lattice
constants for all 30 studied spinels are listed in Table 1. For four spinels
from the considered group the experimental structural data can be
found. For the remaining 26 spinels, which are reported here for the
first time, the initial lattice constant was estimated with the help of
linear Eq. (1) from Ref. [35], standard Shannon ionic radii [50] and
Pauling electronegativities [51] (see the Supporting Information (SI)
file for further details), and the initial value of the internal parameter u
was taken from the experimental measurement results of MgAl,O4 [52].
The obtained in this way values were used as an input for the calcu-
lations. The data from Table 1 suggest good agreement between the
optimized and experimental/empirical lattice constants; the maximum
relative error is —3.26%.

The overall trends in the behavior of the lattice constants with

Results in Physics 13 (2019) 102180

9.8 -
9.6
9.4
9.2
9.0
8.8
8.6 Ba
8.4
8.2
8.0
7.8
7.6 4 Be

AInZO4

AGa,0

4

AALO,

Lattice constant, A

Mg

T T T T
0.2 0.4 0.6 0.8 1.0 1.2 1.4

Tonic radius of the A element, A

Fig. 2. Linear relations between the calculated lattice constants of spinel oxides
and cations’ ionic radii.
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Fig. 3. Linear relation between the calculated lattice constants of spinel sulfides
and cations’ ionic radii.

variation of both cations and anions are visualized in Figs. 2 and 3. In
both figures the calculated values are shown by the symbols. If the first
cation is kept, then the lattice constants increase in the Al — Ga — In
direction. If the second cation is not changed, the lattice constants grow
in the Be — Mg — Ca — Sr — Ba direction. If both cations are the same,
but the anion is changed from oxygen to sulfur, the lattice constants
increase as well. All these observations are in accordance with in-
creased ionic radii of the considered chemical elements. The calculated
data points were fitted to the linear functions (solid lines in both fig-
ures); the values of the correlation coefficient R? are close to unity in all
cases.

The linear fitting equation for the calculated lattice constants using
the ionic radii and electronegativities as the variables could be written
as:

a = 1.33703(R4 + Ry) + 2.84713(Rp + Ry) + 0.15460(xy — Xz)
— 0.17489(x; — x,) + 0.10675 'e))

where Pauling electronegativity scale and Shannon’s ionic radii
were used. This equation is consistent with Eq. (1) from Ref. [35],
which could provide a convenient way to estimate the new spinel lattice
constants.
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Table 2

Calculated band gaps Eg (eV) for various spinel compounds AB»X, (A = Be, Mg,
Ca, Sr, Ba; B = Al, Ga, In; X = O, S) with space group Fd3m. (if available, the
experimental data are given in bold).

Spinel Band gaps Transition types
I-r T-other k points

BeAl,O4 8.439 Direct
MgAl,04 7.160 (7.8 %) 7.147(SM) Indirect
CaAl,04 6.475 6.122(X) Indirect
SrAl,O4 5.839 5.352(X) Indirect
BaAl,04 4.762 4.190(X) Indirect
BeGay04 5.806 5.804(SM) Indirect
MgGay04 5.132 Direct
CaGay04 4.746 4.637(X) Indirect
SrGa,04 4.288 3.904(X) Indirect
BaGa,0,4 3.407 2.807(X) Indirect
Beln,04 3.352 Direct
MgIn,0,4 3.529 (3.4") Direct
Caln,04 3.843 Direct
SrIn,O4 3.630 3.604(L) Indirect
Baln,O4 3.040 2.864(X) Indirect
BeAl,S, 3.554 3.508(SM) Indirect
MgAl,S,4 4.420 4.385(SM) Indirect
CaAl,S, 4.457 4.278(X) Indirect
SrAl,S, 3.913 3.581(X) Indirect
BaAl,S, 3.289 2.812(X) Indirect
BeGa,S, 2.160 2.013(SM) Indirect
MgGanSy 2.727 2.705(SM) Indirect
CaGa,S, 2.610 Direct
SrGa,S, 2.152 1.982(X) Indirect
BaGa,S, 1.659 1.262(X) Indirect
Beln,S4 2.350 2.313(SM) Indirect
Mgln,S, 2.962 (2.19 Direct
Caln,Sy 2.795 Direct
SrIn,Sy 2.494 Direct
Baln,S, 2.167 2.027(X) Indirect
2 Ref. [56].
" Ref. [57].
¢ Ref. [58].

Electronic properties

The electronic structure of a solid is a key factor that determines
possible areas of its applications. Analysis of the calculated band
structures for all studied spinels reveals that nearly all of them are the
wide-band gap insulators, except for the sulfide spinels, which can be
described as the semiconducting materials. The band gaps that are
wider than 3-4 eV can accommodate many defects and impurity ions
energy levels, which indicates high potential of many from the studied
spinels for doping with various impurity ions for optical applications.

The majority of the calculated band structures are characterized by
the indirect band gaps (Table 2). Comparison of the calculated and
available experimental band gaps for three spinel compounds MgAl»O4,,
MgIn,04, and MgIn,S, shows good agreement (it is worthwhile to re-
mind here that the conventional DFT-based methods usually under-
estimate the band gaps, whereas the hybrid DFT methods give the re-
sults much closer to the experimental values).

The origin of the calculated electronic bands can be understood
using the density of states (DOS) diagrams. For the sake of brevity, all
calculated band structure and DOS diagrams are shown in the SI file. In
all spinels the top of the valence band is very flat; it is composed mainly
of the oxygen 2p or sulfur 3p states. On the contrary, the dispersion of
the electronic states at the conduction band bottom is well-pronounced,
especially in the vicinity of the Brillouin zone center. The conduction
bands in all spinels are made by the unoccupied s-, p, and d-states of
both A and B cations. It can be noted that in eight spinels — MgGa,S,,
MgIn,S4, CaGasS4, Caln,S,, SrGasS,, SrIn,S,, BaGa,S,, Baln,S, the
conduction band consists of two sub-bands separated by about 1 eV.
The lowest part of the conduction band is composed of the Ga 4 s or In
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Fig. 4. Relations between the calculated band gaps (eV) and composition for
the AB,O4 (a) and AB,S, (b) (A = Be, Mg, Ca, Sr, Ba; B = Al, Ga, In) spinels.

5s states, and the Ga 4p (or In 5p) with the s, p states of the first cation
make the upper part of the conduction band.

The compositional-dependent variation of the band gaps is shown in
Fig. 4. It is easy to see — by comparing the numbers in the corresponding
squares — that the calculated band gaps for the oxide spinels are always
wider than for their sulfide counterparts. Fig. 5 shows the overall trends
in the variations of the calculated band gaps at the Brillouin zone center
versus calculated lattice constants. For the XAl,04 and XGa,O4 spinels
the calculated band gaps decrease practically linearly with increasing
lattice constants. For other four groups — XIn,O4, XAl»S4, XGasSa,
XIn,S, — the T — T band gap slightly increases first, and then decreases.

9~
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Fig. 5. Variation of the calculated I' — I' band gap versus calculated lattice
costant in the considered groups of spinels.
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Elastic properties

The elastic constants are important parameters to evaluate the
stiffness and mechanical stability of solids. In general, the elastic con-
stants Cy form a symmetric 6 X 6 matrix, and knowledge of its com-
ponents allows for calculating elastic response of a solid to any external
stress. For the cubic crystal crystals, the non-zero components of that
matrix are C;; = Cyp = C33, C44 = Cs5 = Cgg, C12 = C13 = Cy3, Which
gives three independent elastic constants only [59]. All calculated
elastic parameters for the considered 30 spinel compounds are listed in
Table 3 in the SI. The obtained values can be used to assess the me-
chanical stability of the considered materials, whose criteria for a cubic
crystal are [59]:

Ci1>0, Cuy>0, Ciy > ICpal, (Cr1+2C12)>0 (2)

As can be seen from Table 2, these conditions are satisfied for all
considered AB,X, compounds except for BaAl,S4, SrGa,S4, BaGasS4 and
Baln,S,, because for these spinels the C;; value is smaller than C;,
constant. Thus, the BaAl,S,, SrGa,S4, BaGa,S4 and Baln,S, crystals are
not mechanically stable. Using the calculated C; values, several other
important parameters of solids such as the shear modulus G, bulk
modulus B and Debye temperature 6, can be obtained from the fol-
lowing equations (valid for the cubic crystals only) [60-62]:

B, = Cut2Cn
YT s 3
Gy = Cn - ClZ + 3C44
Ve 5 Q)
— =38, + 6S
BR 11 12 (5)
D 48, — 4Sp, + 38
GR - 11 12 44 (6)
B=2"7V
2 @
GR + GV
cG=2R""2V
2 ®

9

-1/3
112 1
Vm=|— —3'|'—3
3\ vj 10)
3B + 4G G
V= —>HWu= |
3p e an

where h=6.626 x10"3* Js is the Planck’s constant,
kg = 1.381 x 10~ >3 J/K is the Boltzmann constant, Ny = 6.022 x 10**
mol ! is the Avogadro’s number, p is the density, n is the number of
atoms per one formula unit (7 in our case), and M is the molecular
weight. The average, transverse and longitudinal sound velocities are
denoted by v,,, v,, v, correspondingly. Fig. 6 shows the composition-
dependent bulk modulus values for all considered compounds. Two-
dimensional representations of the calculated bulk moduli with added
color showing the calculated values indicate a decreasing trend of the B
values from the left upper to the right lower corners of the shown
diagrams. The bulk moduli and Debye temperatures gradually decrease
with increasing the atomic number from Be to Ba and from Al, Ga, In,
which indicates that the crystal lattice gradually softens, and the
highest frequencies of the lattice modes decrease due to the increased
atomic weights, increased interatomic distances and, as a combined
result of the two latter factors, decreased force constants of the normal
modes. After the upper (Voigt, Gy) and lower (Reuss, Gg) shear moduli
are estimated, it becomes possible to find the value of the anisotropy
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Fig. 6. Relations between the calculated bulk moduli (GPa) and composition for
the AB,O4 (a) and AB,S, (b) (A = Be, Mg, Ca, Sr, Ba; B = Al, Ga, In) spinels.

factor Ag [63]:

_ GV - GR
7 Gy +Gr 12)
The higher is the A value, the more pronounced is the anisotropy of
elastic properties for a given compound.

The bulk moduli variation indicates that the oxide spinels are con-
siderably harder than the sulfide spinels. The calculated bulk moduli
were fitted to the following equation with ionic radii and electro-
negativities as the variables:

B = —47.74886(R, + Rx) — 108.59673(Rg + Rx) + 15.09573(xx — Xg)
+ 4.14380(xx — x,) + 459.43240 13)

Physical reasons behind using the chosen variables in Eq. (13) are as
follows: the interionic distances determine the force constants and
compressibility of the chemical bonds. That is why the sums of the ionic
radii of the neighboring ions enter the fit equations. However, the ions
of the crystal lattice are not rigid spheres, and they are deformed be-
cause of the chemical bond formation. This is the reason why the dif-
ferences of the electronegativities of the neighboring ions (which de-
termine the degree of the bonds ionicity/covalency) are also considered
as the fitting arguments. The overall quality of fit is visualized by Fig. 7
and the root-mean square deviation values of the fitted data of 9 GPa.

Also, the B/G ratio is an important parameter to distinguish be-
tween the brittle and ductile materials. If B/G > 1.75, the materials
are ductile and if the ratio is opposite, the materials are brittle [64].
Application of this criterion shows that all studied spinels are ductile,
except for these compounds (the B/G value is given in the parenthesis):
BeAl,O4 (1.37), BeGa,O4 (1.63), BeAl»,S; (1.60), BaGa,S, (-5.78),
which turn out to be brittle (the last listed in this group spinel is me-
chanically unstable).

Although the considered spinels are all cubic, they still have a cer-
tain elastic anisotropy: response of the crystal lattice to the deforma-
tions applied along the (100), (110) and (111) directions will be
different, because of different interatomic distances along those direc-
tions. Such anisotropy can be visualized by plotting directional de-
pendence of the Young modulus E, which in the case of a cubic crystal is
described by the following equation [65]:



Y. Wang, et al.

240 -
220
200 =
180 -
160 -
140 - -
120
100 -
80

DFT calculated bulk moduli, GPa

60 m

40 T T T T T T T T T 1
40 60 80 100 120 140 160 180 200 220 24

Fitted bulk moduli, GPa

Fig. 7. Comparison between the calculated (vertical axis) and fitted by Eq. (13)
(horizontal axis) bulk moduli for the studied 30 spinels. The straight line cor-
responds to one-to-one matching between both sets of data.

1
Su — By (ning + nini + ning) a4

E(W) =

where B, = 25;; — 251, — Sy, Sy are the matrix elements of the elastic
compliance matrix given in Table 3 in the SI file and n;, n,, ns are the
cosines of the angles between a given direction in the crystal lattice and
the a, b, c crystallographic axes. For the elastically isotropic solid such a
surface would be a sphere; however, in all considered cases its shape
deviates from the spherical one, which is clearly illustrated by the
figures in the SI file. The maximum E,,4 and minimum E,;, values of
the Young moduli can be determined from the following equations
[65]:

1 .
= ;; Epax = —; lfﬁl >0
S11+ 2512 + Sua Sn (15)

Emax

If B, <0, then the “max” and “min” subscripts in these equations
should be interchanged. Application of Egs. (13) and (14) and analysis
of the three-dimensional Young moduli in the SI file show that the
maximal Young moduli values for these spinels are realized along the
(111) direction, whereas the smallest ones are achieved along the
(100), (010), (001) directions. This applies to all studied in the
present paper spinels, that are mechanically stable, except for the case
of BeIn,04, for whichB, < 0 and the greatest and smallest Young moduli
are interchanged. The mechanically unstable spinels BaAl,S4, SrGa,S4,
BaGa,S, and Baln,S, appear to have negative lowest Young moduli
values, which emphasizes their instability and impossibility to draw the
corresponding three-dimensional representations for these compounds.

The Be-based spinels from Table 3 (SI file) are the most elastically
isotropic compounds, among all 30 considered spinels. It is especially
true for the Be-based oxide spinels, for which the Young moduli sur-
faces are nearly spherical. This is also confirmed by very small A va-
lues for these compounds. The Sr-based sulfide spinels are the mostly
elastically anisotropic, which can be deduced from the shape of their
Young moduli surfaces and high A values.

Finally, Fig. 8 offers composition-induced variation of the calculated
Debye temperatures for the studies spinels. There is a monotonic de-
crease of the Debye temperatures from left to right and from top to
bottom in the considered groups of spinels in Fig. 8, which is consistent
with increase of the lattice constants (chemical bond lengths), decrease
of the bulk moduli and overall softening of the crystal lattices formed
by heavy ions.
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Be Mg Ca Sr Ba Debye
temperature, K

(a)

Al 591.00 442.00 365.00
ca 770.00 613.00 438.00
n  551.00 471.00 373.00
Debye
(b) Be Mg Ca sr Ba temperature, K

600

345.00

Not applied

243.00

In 372.00

315.00 225.00

100

Fig. 8. Relations between the calculated Debye temperature (K) and composi-
tion for the AB,0O, (a) and AB,S, (b) (A = Be, Mg, Ca, Sr, Ba; B = Al, Ga, In)
spinels.

Conclusions

In this work, the results of calculations of the structural, electronic
and elastic properties of 30 AB»X4 (A = Be, Mg, Ca, Sr, Ba; B = Al, Ga,
In; X = O, S) spinel compounds are reported as an example of the high-
throughput first-principles calculations aimed at uncovering systematic
variation of different physical properties in the series of the iso-
structural crystals. In this way, the changes of the elastic and electronic
properties of the studied compounds with the chemical composition
were closely followed and represented graphically. The diagrams
plotted in the paper reflect influence of the cation’s and anion’s changes
on all calculated physical properties, including Debye temperatures.
The calculated properties for 26 out of 30 studied spinels are given in
the present paper for the first time, to the best of our knowledge. The
calculated lattice constants and bulk moduli were fitted to the linear
equations with the ionic radii and electronegativities as the variables.
The presented results are an example of prediction of properties of
unknown and/or non-synthesized yet compounds, which can be proved
experimentally. The obtained systematic results could serve as a useful
guide for search for new spinel compounds.
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