
3662 |  Mater. Horiz., 2024, 11, 3662–3694 This journal is © The Royal Society of Chemistry 2024

Cite this: Mater. Horiz., 2024,

11, 3662

High-entropy alloy screening for halide
perovskites†

Christopher P. Muzzillo, *a Cristian V. Ciobanu b and David T. Moore a

As the concept of high-entropy alloying (HEA) extends beyond metals,

new materials screening methods are needed. Halide perovskites (HP)

are a prime case study because greater stability is needed for photo-

voltaics applications, and there are 322 experimentally observed HP

end-members, which leads to more than 1057 potential alloys. We

screen HEAHP by first calculating the configurational entropy of 106

equimolar alloys with experimentally observed end-members. To

estimate enthalpy at low computational cost, we turn to the delta-

lattice parameter approach, a well-known method for predicting III–V

alloy miscibility. To generalize the approach for non-cubic crystals, we

introduce the parameter of unit cell volume coefficient of variation

(UCV), which does a good job of predicting the experimental HP

miscibility data. We use plots of entropy stabilization versus UCV to

screen promising alloys and identify 102 HEAHP of interest.

1. Introduction

Halide perovskites (HP) are a broad class of materials spanning
322 inorganic and hybrid organic–inorganic crystals. The pro-
totypical ABX3 HP has oxidation states of A+, B2+ and X�. The
HP’s divalent metal (B2+) constituent is octahedrally coordi-
nated to 6 halide ions (X�). These octahedra share corners to
form a three-dimensional inorganic framework that surrounds
the weakly-bonded A+ constituents in cuboctahedral sites.1,2

Entropy stabilization (ES) is an emerging method3–5 where
components are added to a given material until its configura-
tional entropy meaningfully alters its Gibbs free energy.

ES of HP is of interest for their many applications: for electro-
chemical energy storage materials, ES can enhance ion transport.6,7

For thermoelectrics, ES reduces thermal conductivity.8 For photo-
voltaics (PV), the enhanced stability of ES is desirable: the

photoactive polytypes of the prototypical inorganic HP PV absorber
CsPbI3 are metastable below B375 K.9 However, the negative
impact of ES on charge carrier transport or recombination may
limit its use to non-absorbing PV functions such as buffer layers,
transport layers or mechanical anchors.10 For other HP applications
such as light-emitting diodes (LEDs), lasers, neuromorphics, scin-
tillators, etc., the role of entropy is less clear, but such an extensively
inhabited class of crystals make HEAHP of general interest for
engineering, such that the boundaries of what is possible, feasible,
and useful warrant exploration.

Density functional theory (DFT) is currently being used to screen
HEA boride, carbide, and carbonitride ceramics.11 We stress that
computationally efficient prescreening methods are needed even for
choosing alloys for DFT because HEA have large unit cells, and the
322 experimentally observed HP can combine to form 1057 alloys
(considering equimolar compositions with up to 48 end-members).
In our first screening, we report the 106 HEAHP consisting entirely
of experimentally observed end-members. We then further screen
by quantifying their ideal mixing ES and estimate enthalpic penalty
using end-member unit cell volume coefficient of variation (UCV),
identifying 102 alloys with promising UCV-ES tradeoffs.

2. Results

Metal alloys are the prototypical ES case because they com-
monly have single site lattice structures. This makes metals
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New concepts
We demonstrate the new concept of using unit cell volume coefficient of
variation to approximate the enthalpic penalty of a given high-entropy
alloy candidate, and use it along with ideal sublattice configurational
entropy to map promising high-entropy alloy halide perovskites. While
lattice parameter differences have been used for 50 years to predict III–V
alloy miscibility, we extend this approach to non-cubic crystals for the
first time, and introduce it as a metric for high-entropy alloy materials
screening. This new approach is particularly valuable for guiding the
search for nonmetallic high-entropy alloys, which is in its infancy for
covalent-bonded and semiconducting materials.
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behave like ideal solid solutions, so their entropies increase
dramatically as components are added: the configurational
entropy of a 6-component equimolar mixture of (metal) elements
on a single sublattice is�4.5 kJ mol�1 at 300 K.12 ES of oxides has
been demonstrated in Mg0.2Co0.2Ni0.2Cu0.2Zn0.2O13 and many
other oxides.14 Although MgO, NiO, CuO, and ZnO have different
structures and a mean Gibbs energy of formation of �307 kJ
mol�1,15 the thermodynamics of Mg0.2Co0.2Ni0.2Cu0.2Zn0.2O were
predominated by entropy,13 despite possessing ES of only �2.0 kJ
mol�1 at 300 K. By comparison, HP ES should be relatively large
and easy to measure. We find 282 inorganic HP that have been
experimentally observed16–24 and theory suggests that many more
may exist,23–27 so a staggeringly wide combinatorial chemical
space can be drawn on to realize this potential. Moreover, weak
bonding allows entropy to dominate HP Gibbs energies.28

A given alloy composition change can be net stabilizing if
that change’s configurational ES outweighs any enthalpic
destabilization. In order to screen for promising alloy composi-
tions, we assume each sublattice (A cation, B cation, and X
anion) behaves like an ideal solid solution12 to calculate the
entropy of mixing (configurational entropy; S/R), as well as the
ES term in the Gibbs energy equation at 300 K:

S=R ¼ � 1

5

X
i

yAi ln yAi
� �

þ 1

5

X
j

yBj ln yBj

� � 

þ 3
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k

yXk ln yXk
� �! (1)

ES term ¼ �TS ¼ RT
1
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k

yXk ln yXk
� �!

(2)

R is the gas constant, T is temperature (K), and yA
i is the mole

fraction of the ith constituent on the A sublattice in ABX3.
Actual atomic distributions in (metal) HEA have been
considered,29,30 and simple scaling rules have been developed
to predict HEA stability for metals.31–37 Unlike metals, ABX3 HP
have covalent to ionic bonding and 3 distinct lattice sites (A, B,
and X), which limits how much they can be stabilized with
configurational entropy.38

In contrast to ES, estimating enthalpy for screening HEAHP
is challenging, leading to a tradeoff between accuracy and
computational (or experimental) cost. Experimentally screening
HEA is most accurate and most expensive. The next most
accurate and expensive method combines DFT with the special
quasirandom structures approach.39–44 Alternative approaches
have been developed to screen alloys45–48 and HEA,49–53 but
these are either too computationally expensive,49,51 need too
much experimental data,53 or use experiment-free phase dia-
grams to predict HEA with machine learning, which has limited
interpretability.50,52 An approach with even lower computa-
tional cost is to estimate mixing enthalpy, which is

proportional to the difference between the lattice parameters
of a III–V alloy’s constitutive end-members.54 Based on the
Hume–Rothery rules for metal alloying (minimize atomic radii
differences, match crystal structures, keep valency constant,
and keep electronegativity constant),55 Foster showed that
lattice parameter differences could be used to predict misci-
bility in III–Vs and II–VIs.56 Foster and Stringfellow used this
‘‘delta-lattice parameter’’ approach to correctly group the mis-
cibility of 9 ternary II–VI56 and 9 quaternary III–V57 alloy
systems, respectively, and the method was recently extended
to correctly group the miscibility of 18 ternary III–V alloy
systems,58 confirming broad accuracy in spite of its low com-
putational cost. To extend the delta-lattice parameter method
to non-cubic structures, we draw on Zen’s law: there is an
empirical linear relation between molar volume and composi-
tion of a solid solution.59 (Zen’s law simplifies to Vegard’s law60

for cubic structures with similar molar volumes.) Therefore, an
HP alloy’s unit cell volume is its weighted mean ( %Vw):

�Vw ¼
X
i

X
j

X
k

yAi y
B
j y

X
k Vijk3 (3)

Here Vijk3
is the unit cell volume of the end-member with the ith,

jth and kth constituent on the A, B and X sublattices, respec-
tively. To reduce complexity, we consider only equimolar com-
positions, which have the greatest ES term. (A semiconductor
alloy’s density of states can shift its entropic minimum away
from the equimolar composition,61 so other compositions
should be considered after the initial screening.) The equimolar
unit cell volume’s mean, standard deviation, and coefficient of
variation are:

�V ¼

P
i

P
j

P
k

Vijk3

N
(4)

s ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
i

P
j

P
k

Vijk3 � �V
� �2
N

vuut
(5)

UCV ¼ s
�V

(6)

Here %V is equimolar unit cell volume, s is equimolar alloy
unit cell volume standard deviation, UCV is equimolar alloy
unit cell volume coefficient of variation, and N is the number
of end-members. Atomic radius differences,62–64 lattice para-
meter differences,65,66 and atomic position differences67 have
been previously parameterized to screen metal HEA. We instead
parameterize unit cell volume to extend the approach to non-
cubic crystals. Although perovskite lattice parameter was pre-
viously shown to correlate with ionic radii,68,69 we use eqn (6) for
enthalpic penalty in HEA for the first time. We confirm agree-
ment with 42 out of 45 room temperature miscibility gap data
from III–V (Fig. 1 and Table S1, ESI†)57,58 and II–VI (Table S1,
ESI†)56 material systems. UCV correlates well with experimental
III–V and II–VI mixing enthalpy (Table S1 and Fig. S1, ESI†),
although future work using the elastic modulus or melting
temperature are expected to improve the fit.70 Using the phase
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boundary for HP in Fig. 2,71 22 out of 26 experimental HEAHP
data are grouped correctly. Mapping the boundary between
single-phase and multiple phase alloys with UCV-ES plots also
works for boride, carbide, and carbonitride ceramics: Fig. S2
and Tables S2, S3 (ESI†) show correct grouping of 56 out of the
64 miscibility data (88% accuracy). Good agreement with such
broad experimental data and no fitting parameters suggests the
UCV approach has sufficient accuracy despite its low computa-
tional cost. UCV allows us to directly compare cubic and
hettotype perovskites—the latter have distortions that reduce
symmetry, but are more common (e.g., CsPbI3’s metastable
polymorphs).1,2 There are more reports of single-phase inorganic
HEAHP (Table S4, ESI†)71–219 and hybrid organic–inorganic

HEAHP (Table S5, ESI†),220–285 but more investigation into
single-phase boundaries is needed to confirm the broadscale
applicability of UCV for screening HEAHP.

Using DFT we calculate mixing enthalpy of 6 HEAHP com-
positions. To make the computations tractable we approximate
a HEA’s mixing enthalpy by calculating the energy of 8 distinct
configurations of 40-atom unit cells and reference their mean
to that alloy’s constitutive end-members. The results in Fig. 3
and Table S6 (ESI†) confirm that UCV correlates with DFT
mixing enthalpy for HEAHP.

It was argued that for thermoelectric devices ES can enhance
crystal symmetry to preserve charge carrier transport despite
the disordered nuclei that impede phonons and reduce thermal
conductance.8,286 In CH3NH3PbI3 phonon lifetimes are shor-
tened by the organic cation’s entropy, which may improve
charge carrier recombination properties.287 HP’s peculiar semi-
conductor physics have been attributed to dynamic disorder,288

lattice softness and anharmonicity.289

Beyond PV absorbers, ES HP may be useful as oxygen
evolution electrocatalysis,71 electrochemical energy storage,86

thermoelectrics,8 light emitting diodes, photodetectors, PV
buffers, contacts, solid state radiation detectors, scintillators,
fuel cells, lasers, high temperature electronic components,
barocaloric materials for use in refrigeration, ferroelectrics,
and neuromorphic computers.

The disordered nuclei in ES HP may alter phonons, possibly
reducing thermal conductance. Restricted phonons can result in
slow cooling of hot charge carriers, similar to what is already
observed in HP as a result of light-induced lattice
distortions.290,291 On the other hand, local bonding distortions
in ES crystals should disrupt electron band energies, creating a
distribution of local energy states similar to what was described
for ion conductivity through ES materials.7 Thus, bulk 3D carrier
transport may suffer, but there may good charge carrier trans-
port along specific crystal directions.

Fig. 1 Experimental III–V single-phase alloy (pink circles) and multiple
phase (gray Xs) data,57,58 confirming that plotting the ES term at 300 K (or
S/R) as a function of UCV leads to a phase boundary near UCV of 0.03
(black dashed line) which is useful for screening HEA that have not yet
been experimentally synthesized.

Fig. 2 Experimental HP single-phase alloy (pink circles) and multiple
phase (gray Xs) data,71 confirming that plotting the ES term at 300 K (or
S/R) as a function of UCV leads to a phase boundary near UCV of 0.04
(black dashed line) which correctly groups 22 of the 26 data. Binary copper
alloys are excluded because the synthesis method did not produce phase
pure KCuF3.71

Fig. 3 DFT enthalpy of mixing as a function of UCV from DFT for the HEAHP
in Table S6 (ESI†), showing that UCV correlates with DFT mixing enthalpy.
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2.1 Mixing on all sublattices

Assuming equimolar compositions on each sublattice (A+, B2+, and
X� in ABX3), we calculate the 1 340 752 possible combinations of the
282 experimentally observed inorganic HP with 5 or more compo-
nents (Table S7, ESI†). The compositions with the greatest ES are in
Table 1. HP are mostly composed of halides, so most of the
compounds in Table 1 have 4 halide components. The greatest
ES,�3.22 kJ mol�1, is for CsB(Br,Cl,F,I)3 with 10 B-site components.
The next greatest ES, �3.17 kJ mol�1, is for (Cs,K,Rb)(Ca,Cd,Sn)-
(Br,Cl,F,I)3, as well as CsB(Br,Cl,F,I)3 with 9 B-site components.
(Cs,Rb)(Ca,Cd,Pb,Sn)(Br,Cl,F,I)3 has ES of �3.11 kJ mol�1.
CsB(Br,Cl,I)3 with 15 B-site components has ES of �3.00 kJ mol�1.

Next, we calculate most of the combinations of the 282 inor-
ganic HP with known lattice parameters in Fig. 4, where the ES
term at 300 K is plotted as a function of UCV. As Fig. 4(b) and
Table 2 show, HP are mostly composed of halides, so the greatest
ES comes from X-site mixing. However, X-site mixing drives
UCV higher: when all 4 halides are used, the ES term reaches
�3.17 kJ mol�1 but has UCV of 0.283 for Cs(Ca,Eu,Mg,Mn,Ni,Pb,-
Sn,Sr,Yb)(Br,Cl,F,I)3. When only 3 halides are used, an ES term
of �2.96 kJ mol�1 is achieved at the much lower UCV of 0.156
for Cs(Au,Ca,Eu,Ge,Mg,Mn,Ni,Pb,Sn,Sr,Ti,Tm,V,Yb)(Br,Cl,I)3. When
only 2 halides are used, an ES term of only �2.28 kJ mol�1 is
possible, but at UCV of only 0.106 for (Cs,K,Rb,Tl)(Ca,Cd,Mn)
(Br,Cl)3, while an ES term of �2.19 kJ mol�1 is reached at a UCV
of only 0.073 for (Cs,Rb)(Ca,Ge,Pb,Sn,Sr)(Br,Cl)3. We examine
1-halide compounds in the next section. Other compounds with
attractive UCV-ES term tradeoffs are in Fig. 4(b) and Table 3. These
specific compositions demonstrate that in general, mixing Br, Cl,
and I on the X-site, Cs and Rb on the A-site and Ge, Pb, and Sn on
the B-site are all promising. Less obvious constituents include F on
the X-site, K and Tl on the A-site and Ca, Cd, Eu, and Sr on the B-
site. Former work found the prospect of using hetero-valent sub-
stitutes on the B site to be promising.292

2.2 Mixing on only A and B sublattices (ordered valence band)

HP valence band maximum is dominated by (X) halide
with minor B cation contributions, while the conduction band
minimum is mostly determined by the B cation with small X

contributions.293 Therefore, to preserve order in the valence band
and keep valence band energy constant to facilitate hole transport,
A- and B-site cations can both be alloyed while the halide is kept
pure (1 component on the X sublattice). In this case, the greatest
ES term is only �1.68 kJ mol�1 for CsBCl3 with 29 B-site
components (Fig. 5). Other noteworthy compositions are shown
in Fig. 5(b) and Table 4. As discussed in the previous section, less
halide mixing translates to less ES but also lower UCV. Halide
segregation is a known issue in HP294 that could prevent the use
of mixing on the X-site for ES. If that is a limitation, then the
compounds in this section can still be used to achieve moderate
ES at low enthalpic penalties (low UCV), all while maintaining an
ordered valence band valuable for hole transport.

2.3 Mixing on only A and X sublattices (ordered conduction band)

To preserve order in the conduction band and conduction band
energy alignment to facilitate electron transport, mixing on the
A- and X-sites can be used. In this case, the greatest ES term is
�2.77 kJ mol�1 for (Cs,K,Rb,Tl)Cd(Br,Cl,F,I)3. Other noteworthy
compositions are shown in Fig. 6(b) and Table 5. We note that 3
of the compounds are entirely composed of end-members whose
experimental band gaps are known. The compounds’ band gaps
are estimated by averaging end-member values: 1.95 eV for
CsSnBrClI, 2.31 eV for CsPbBrClI, and 2.48 eV for CsGeBrClI.

2.4 Mixing on only A sublattice (ordered valence and
conduction bands)

To preserve order in the valence and conduction bands and
prevent changes in the valence and conduction band energy as
well as band gap, alloying on only the A-site should be used. In
this case, the greatest ES term is only �0.97 kJ mol�1 with UCV
of 0.063 for (Cs,In,K,Li,Na,Rb,Tl)CaBr3. Other compositions of
interest are shown in Fig. 7(b) and Table 6.

A-site and X-site segregation are both known issues in HP295

that could prevent the use of mixing on the A- and X-sites for
ES. If those are limitations, then the compounds in this section
can still be used to achieve weak ES at low enthalpic penalties
(low UCV), all while maintaining ordered valence and conduc-
tion bands valuable for both hole and electron transport.

Table 1 Inorganic HP compositions with the most negative ES term at 300 K whose end-members are all experimentally observed. We omit
compositions with an ellipsis (. . .) that are analogous to the row above them and have the same A- and X-site occupation

Alloy composition ES term (kJ mol�1) S/R

CsCa0.1Cd0.1Eu0.1Mg0.1Mn0.1Ni0.1Pb0.1Sn0.1Sr0.1Yb0.1Br0.75Cl0.75F0.75I0.75 �3.22 1.29
Cs0.33K0.33Rb0.33Ca0.33Cd0.33Sn0.33Br0.75Cl0.75F0.75I0.75 �3.17 1.27
CsCa0.11Cd0.11Eu0.11Mg0.11Mn0.11Ni0.11Pb0.11Sn0.11Sr0.11Br0.75Cl0.75F0.75I0.75 �3.17 1.27
. . .
Cs0.5Rb0.5Ca0.25Cd0.25Pb0.25Sn0.25Br0.75Cl0.75F0.75I0.75 �3.11 1.25
CsCa0.13Cd0.13Eu0.13Mg0.13Mn0.13Ni0.13Pb0.13Sn0.13Br0.75Cl0.75F0.75I0.75 �3.11 1.25
. . .
CsCa0.14Cd0.14Eu0.14Mg0.14Mn0.14Ni0.14Pb0.14Br0.75Cl0.75F0.75I0.75 �3.05 1.22
. . .
CsAu0.07Ca0.07Cd0.07Eu0.07Ge0.07Mg0.07Mn0.07Ni0.07Pb0.07Sn0.07Sr0.07Ti0.07Tm0.07V0.07Yb0.07BrClI �3.00 1.20
Cs0.33K0.33Rb0.33Ca0.5Cd0.5Br0.75Cl0.75F0.75I0.75 �2.97 1.19
. . .
Cs0.5K0.5Ca0.33Cd0.33Sn0.33Br0.75Cl0.75F0.75I0.75 �2.97 1.19
Cs0.5Rb0.5Ca0.33Cd0.33Pb0.33Br0.75Cl0.75F0.75I0.75 �2.97 1.19
. . .
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2.5 Organic A-site components (hybrid organic–inorganic HP)

The previous sections have only considered inorganic compounds,
but there are at least 22 organic cations that can substitute on the
A-site: methylammonium (MA; CH3NH3), formamidinium (FA;
HC(NH2)2), guanidinium (GA; C(NH2)3), dimethylammonium
(DMA; (CH3)2NH2), ethylammonium (EA; CH3CH2NH3), acetamidi-
nium (ACA; CH3C(NH2)2), ammonium (NH4), hydrazinium (HA;
N2H5), azetidinium (AZ; C3H6NH2), imidazolium (IM; C3N2H5),
trimethylammonium (TMA; (CH3)3NH), tetramethylammonium
(TEMA; (CH3)4N), arsonium, methylarsonium, methylphospho-

nium, aziridine, hydroxylammonium, phosphonium, antimonium,
PF4, NH2CHPH2, and NH2CHAsH2.296 Therefore, hybrid organic–
inorganic halide perovskites have an even larger chemical space
that can be tapped for ES than the pure inorganics.

Previous work found ES in (Cs,FA)PbI3,297 (FA,GA)PbBr3,298

(Cs,FA,MA)PbI3,299 (Cs,FA,MA)Pb(Br,I)3,221,300 and (Cs,FA,MA,Rb)-
PbI3,220,222 and ES was also recently demonstrated in double
HP28,301 and ‘‘hollow’’ HP.302 Long anneals of CH3NH3PbI3 were
argued to maximize configurational entropy of the organic cation,
which was found to stabilize the cubic polytype and improve

Fig. 4 Entropy stabilization (ES term at 300 K) as a function of enthalpic penalties, or unit cell volume coefficient of variation (UCV), for all equimolar
inorganic HP compositions with experimentally observed constitutive end-members with mixing on all sublattices: (a) all data and (b) zoomed in, with
promising alloys labeled and in bold.

Table 2 Inorganic HP compositions with the greatest ES term at 300 K whose lattice parameters are known and end-members are all experimentally observed
with mixing on all sublattices. We omit compositions with an ellipsis (. . .) that are analogous to the row above them and have the same A- and X-site occupation

Alloy composition ES term (kJ mol�1) S/R UCV

CsCa0.11Eu0.11Mg0.11Mn0.11Ni0.11Pb0.11Sn0.11Sr0.11Yb0.11Br0.75Cl0.75F0.75I0.75 �3.17 1.27 0.283
CsCa0.13Eu0.13Mn0.13Ni0.13Pb0.13Sn0.13Sr0.13Yb0.13Br0.75Cl0.75F0.75I0.75 �3.11 1.25 0.276
. . .
CsCa0.14Eu0.14Mn0.14Pb0.14Sn0.14Sr0.14Yb0.14Br0.75Cl0.75F0.75I0.75 �3.05 1.22 0.271
. . .
Cs0.5Rb0.5Ca0.33Pb0.33Sn0.33Br0.75Cl0.75F0.75I0.75 �2.97 1.19 0.258
CsCa0.17Eu0.17Pb0.17Sn0.17Sr0.17Yb0.17Br0.75Cl0.75F0.75I0.75 �2.97 1.19 0.264
. . .
Cs0.33K0.33Rb0.33Ca0.5Sn0.5Br0.75Cl0.75F0.75I0.75 �2.97 1.19 0.273
CsCa0.17Eu0.17Mn0.17Sn0.17Sr0.17Yb0.17Br0.75Cl0.75F0.75I0.75 �2.97 1.19 0.276
. . .
CsAu0.07Ca0.07Eu0.07Ge0.07Mg0.07Mn0.07Ni0.07Pb0.07Sn0.07Sr0.07Ti0.07Tm0.07V0.07Yb0.07BrClI �2.96 1.19 0.156
Cs0.5Rb0.5Ca0.14Cd0.14Mn0.14Ni0.14Pb0.14Sn0.14Sr0.14BrClF �2.96 1.19 0.254
CsAu0.08Ca0.08Eu0.08Ge0.08Mg0.08Mn0.08Pb0.08Sn0.08Sr0.08Ti0.08Tm0.08V0.08Yb0.08BrClI �2.92 1.17 0.152
. . .
CsCa0.08Cd0.08Eu0.08Fe0.08Hg0.08Mg0.08Mn0.08Ni0.08Pb0.08Pd0.08Sn0.08Sr0.08Yb0.08BrClF �2.92 1.17 0.268
CsAu0.08Ca0.08Eu0.08Ge0.08Mg0.08Mn0.08Pb0.08Sn0.08Sr0.08Tm0.08V0.08Yb0.08BrClI �2.88 1.16 0.149
. . .
Cs0.5Rb0.5Ca0.17Ge0.17Pb0.17Sn0.17Ti0.17V0.17BrClI �2.88 1.16 0.152
CsAu0.08Eu0.08Ge0.08Mg0.08Mn0.08Pb0.08Sn0.08Sr0.08Ti0.08Tm0.08V0.08Yb0.08BrClI �2.88 1.16 0.152
. . .
Cs0.5Rb0.5Ca0.17Cd0.17Ni0.17Pb0.17Sn0.17Sr0.17BrClF �2.88 1.16 0.246
. . .
CsCa0.08Cd0.08Eu0.08Fe0.08Hg0.08Mn0.08Ni0.08Pb0.08Pd0.08Sn0.08Sr0.08Yb0.08BrClF �2.88 1.16 0.263
. . .
Cs0.33K0.33Rb0.33Ca0.25Cd0.25Mn0.25Sn0.25BrClF �2.88 1.16 0.265
CsCa0.08Cd0.08Eu0.08Hg0.08Mg0.08Mn0.08Ni0.08Pb0.08Pd0.08Sn0.08Sr0.08Yb0.08BrClF �2.88 1.16 0.266
. . .
CsCa0.2Eu0.2Pb0.2Sn0.2Sr0.2Br0.75Cl0.75F0.75I0.75 �2.88 1.16 0.254
. . .
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electrical properties.303 Entropy stabilization of HP nanocrystals
was recently demonstrated: Pb was substituted for Mg, Zn, and Cd
in CH3NH3PbBr3 to enhance stability, while narrow band emission
was retained.304 Unlike former reports,297,298 here we consider the
maximum feasible configurational ES, which restricts our focus to
alloys with a minimum of 5 components.

Mixing the 40 organic and 282 inorganic HP end-members,
we find 14 270 hybrid organic–inorganic HEAHPs consisting of
5 or more experimentally observed end-members (Fig. 8 and
Table S8, ESI†). Attractive UCV-ES term tradeoffs are in Table 7.
In general, smaller ES are possible at a given UCV, relative to the
inorganic HEAHPs in the previous sections. Table 7 mostly

consists of well-studied alloys based on Cs, MA, and FA, but the
less-studied Rb and K are also present. For PV-related Br, Cl, and I
systems, the B-site constituents are Ge, Sn and Pb. The F systems
are of interest for electrochemical applications and have smaller
unit cells, so NH4 and Na are allowed, Cd, Fe, and Mn are prevalent
while Tl, Co, Cu Fe, Mg, Ni and Zn are possible. (Cs,K,NH4,-
Rb,Tl)(Cd,Fe,Mn)(Cl,F)3 and (K,NH4,Rb,Tl)(Cd,Co,Cr,Cu,Fe,Mg,-
Mn,Ni,Sn,Zn)F3 have ES terms at 300 K of�2.39 and�1.84 kJ mol�1,
respectively. While inorganic HEAHP have more negative ES
terms as temperature increases, the organic components’ vola-
tility may limit this effect for organic HEAHP.

2.6 Non-equimolar compositions

For non-equimolar compositions, weighted standard deviation
(sw) and weighted coefficient of variation (UCVw) are:

sw ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
i

P
j

P
k

yAi y
B
j y

X
k Vijk3 � �Vw

� �2
P
i

P
j

P
k

yAi y
B
j y

X
k

vuuuut

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
i

X
j

X
k

yAi y
B
j y

X
k Vijk3 � �Vw

� �2s (7)

UCVw ¼
sw
�Vw

(8)

The boundary between single-phase and multiple phase

Table 3 Inorganic HP compositions with attractive UCV-ES term at 300 K
tradeoffs whose lattice parameters are known and end-members are all
experimentally observed with mixing on all sublattices

Alloy composition
ES term
(kJ mol�1) S/R UCV

Cs0.5Rb0.5Ca0.33Pb0.33Sn0.33Br0.75Cl0.75F0.75I0.75 �2.97 1.19 0.258
CsCa0.2Eu0.2Pb0.2Sn0.2Sr0.2Br0.75Cl0.75F0.75I0.75 �2.88 1.15 0.254
Cs0.5Rb0.5Pb0.5Sn0.5Br0.75Cl0.75F0.75I0.75 �2.77 1.11 0.239
Cs0.5Rb0.5Ca0.25Ge0.25Pb0.25Sn0.25BrClI �2.68 1.08 0.126
Cs0.5Rb0.5Ge0.33Pb0.33Sn0.33BrClI �2.54 1.02 0.119
Cs0.5Rb0.5Pb0.33Sn0.33Sr0.33BrClF �2.54 1.02 0.219
Cs0.5Rb0.5Ge0.5Pb0.5BrClI �2.34 0.94 0.112
Cs0.25K0.25Rb0.25Tl0.25Ca0.33Cd0.33Mn0.33Br1.5Cl1.5 �2.28 0.91 0.106
Cs0.5Rb0.5Ca0.2Ge0.2Pb0.2Sn0.2Sr0.2Br1.5Cl1.5 �2.19 0.88 0.073
Cs0.5Rb0.5Ge0.25Pb0.25Sn0.25Sr0.25Br1.5Cl1.5 �2.07 0.83 0.065

Fig. 5 Entropy stabilization (ES term at 300 K) as a function of enthalpic penalties, or unit cell volume coefficient of variation (UCV), for equimolar
inorganic HP compositions with experimentally observed constitutive end-members with mixing on only A and B sublattices (ordered valence band): (a)
all data and (b) zoomed in, with promising alloys labeled and in bold.

Table 4 Inorganic HP compositions with attractive UCV-ES term at 300 K tradeoffs whose lattice parameters are known and end-members are all
experimentally observed with mixing on only A and B sublattices (ordered valence band)

Alloy composition ES term (kJ mol�1) S/R UCV

Ag0.2K0.2Na0.2Rb0.2Tl0.2Co0.2Cu0.2Mg0.2Mn0.2Zn0.2F3 �1.61 0.64 0.095
Ag0.2K0.2Na0.2Rb0.2Tl0.2Co0.2Cu0.2Mg0.2Ni0.2Zn0.2F3 �1.61 0.64 0.141
CsAu0.04Ba0.04Ca0.04Cd0.04Cr0.04Cu0.04Dy0.04Eu0.04Fe0.04Ge0.04Hg0.04In0.04Mg0.04Mn0.04

Ni0.04Pb0.04Pd0.04Sc0.04Sn0.04Sr0.04Ti0.04Tm0.04V0.04Yb0.04Br3 �1.59 0.64 0.116
Cs0.25K0.25Rb0.25Tl0.25Cd0.2Cu0.2Mg0.2Mn0.2V0.2Cl3 �1.49 0.60 0.059
Cs0.33K0.33Rb0.33Au0.17Ca0.17Dy0.17Pb0.17Sn0.17Yb0.17I3 �1.44 0.58 0.052
K0.33Rb0.33Tl0.33Cd0.2Cu0.2Mg0.2Mn0.2V0.2Cl3 �1.35 0.54 0.038
K0.33Rb0.33Tl0.33Cu0.25Mg0.25Mn0.25V0.25Cl3 �1.24 0.50 0.030
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compositions has been mapped experimentally for
MAPb(Br,Cl,I)3.223 We calculate ES term at 300 K and UCVw for
MAPb(Br,Cl,I)3 in Fig. 8(a) and (b). While UCVw predicts the
general shape of the data, multiplying UCVw by a constant (C)
and adding it to ES term accurately predicts 52 out of the 56 data
(93%; Fig. 9(c)). ES0 combined effect on Gibbs energy (GES) is:

GES ¼ ES termþUCVwC ¼ RT
1

5

X
i

yAi ln yAi
� � 

þ 1

5

X
j

yBj ln yBj

� �
þ 3

5

X
k

yXk ln yXk
� �!

þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
i

P
j

P
k

yAi y
B
j y

X
k Vijk3 � �Vw

� �2r
P
i

P
j

P
k

yAi y
B
j y

X
k Vijk3

0
BB@

1
CCAC

(9)

This new equation is Calphad with crystal structure inputs.
Empirically fitting C to the MAPb(Br,Cl,I)3 data yields C of 23 kJ
mol�1. On the other hand, a C value of 40 kJ mol�1 matches the
experimental data for CsPb(Br,Cl,I)3 (Fig. S3, ESI†), suggesting

Fig. 6 Entropy stabilization (ES term at 300 K) as a function of enthalpic penalties, or unit cell volume coefficient of variation (UCV), for equimolar
inorganic HP compositions with experimentally observed constitutive end-members with mixing on only A and X sublattices (ordered conduction band):
(a) all data and (b) zoomed in, with promising alloys labeled and in bold.

Table 5 Inorganic HP compositions with attractive UCV-ES term at 300 K
tradeoffs whose lattice parameters are known and end-members are all
experimentally observed with mixing on only A and X sublattices (ordered
conduction band)

Alloy composition ES term (kJ mol�1) S/R UCV

Cs0.33K0.33Rb0.33SnBr0.75Cl0.75F0.75I0.75 �2.62 1.05 0.248
Cs0.33K0.33Rb0.33CaBr0.75Cl0.75F0.75I0.75 �2.62 1.05 0.293
Cs0.5Rb0.5PbBr0.75Cl0.75F0.75I0.75 �2.42 0.97 0.234
K0.5Rb0.5SnBr0.75Cl0.75F0.75I0.75 �2.42 0.97 0.242
Cs0.33K0.33Rb0.33SnBrClI �2.19 0.88 0.125
CsEuBr0.75Cl0.75F0.75I0.75 �2.07 0.83 0.209
RbPbBr0.75Cl0.75F0.75I0.75 �2.07 0.83 0.230
RbSnBr0.75Cl0.75F0.75I0.75 �2.07 0.83 0.232
CsPbBr0.75Cl0.75F0.75I0.75 �2.07 0.83 0.236
Cs0.2K0.2Li0.2Rb0.2Tl0.2CaBr1.5Cl1.5 �1.84 0.74 0.085
Cs0.25In0.25K0.25Rb0.25SnBr1.5Cl1.5 �1.73 0.69 0.053
CsEuBrClI �1.64 0.66 0.058
RbGeBrClI �1.64 0.66 0.079
RbPbBrClI �1.64 0.66 0.092
KSnBrClI �1.64 0.66 0.098
CsPbBrClI (2.31 eV) �1.64 0.66 0.105
CsGeBrClI (2.48 eV) �1.64 0.66 0.127
CsSnBrClI (1.95 eV) �1.64 0.66 0.138
K0.5Rb0.5SnBr1.5Cl1.5 �1.38 0.55 0.023

Fig. 7 Entropy stabilization (ES term at 300 K) as a function of enthalpic penalties, or unit cell volume coefficient of variation (UCV), for equimolar
inorganic HP compositions with experimentally observed constitutive end-members with mixing on only the A sublattice (ordered valence and
conduction bands): (a) all data and (b) zoomed in, with promising alloys labeled and in bold.
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enthalpic penalty plays more of a role in the latter. Altogether
we accurately predict 75 out of the 83 ternary data (91%),
showing that UCV-ES maps can rank alloys with different
constituents and different compositions.

2.7 Known experimental band gaps

Of the 282 experimentally observed inorganic HP compounds,
we find experimental band gaps for 19. Of the 1 340 752 alloy
compositions we consider, 73 are entirely composed of end-
members whose experimental band gaps are known. Fig. S4
and Table S9 (ESI†) show that they all contain Cs, most have Ge,
Pb or Sn, and most band gaps are wider than 2 eV. Bowing can
shift these band gap values, and experimental bowing data is in
Table 7 and Fig. S9 (ESI†).

2.8 Overall accuracy

Finally, we note the high accuracy of UCV separating experi-
mental miscibility data across crystal systems with a spectrum
of bonding character: from weak ionic HP (89% of 109 data) to
weak covalent II–VIs (83% of 18 data), covalent III–Vs (100% of
27 data), and finally to strong covalent boride, carbide, and
carbonitride ceramics (88% of 64 data). Overall accuracy for the
218 data is 89.4%. For comparison, the accuracy of Materials
Project DFT unit cell volumes relative to experiment is

92.6%.305 There are exceptions to UCV predicting miscibility:
KCo0.2Fe0.2Mg0.2Ni0.2Zn0.2F3 in Fig. 2, Hf0.2Mo0.2Nb0.2Ta0.2W0.2-
C0.5N0.5 in Fig. S2 (ESI†), and CsPb0.5Zn0.5Cl3, CsPb0.5Zn0.5Br3,
and CsPb0.5Zn0.5I3 in Table S4 (ESI†). These exceptions show
that crystal structure and Gibbs energy are more nuanced than
a single parameter can describe, but UCV captures 89% of HEA
mixing behavior.

3. Conclusions

We take a low computational cost approach to screening HEA
and employ it to identify promising inorganic and hybrid
organic–inorganic HEAHP. Drawing from the pool of 322
experimentally observed HP, we compute configurational
entropy stabilization (ES) of equimolar HEA. Starting with the
delta-lattice parameter approach for predicting III–V miscibil-
ity, we introduce the more generally applicable unit cell volume
coefficient of variation (UCV) to estimate enthalpic penalty of
HEA. UCV predicts the existing experimental III–V, II–VI, bor-
ide, carbide, carbonitride, and HP data well. We screen the 1057

possible HEAHP to report the 106 alloys consisting entirely of
experimentally observed end-members, then identify 102

HEAHP with promising UCV-ES tradeoffs. These results can
serve as a first screen for guiding more costly calculations and
experiments.

4. Methods

Throughout the literature, the boundary between what is con-
sidered perovskite and not considered perovskite is
ambiguous.1,2 We limit our search to the 282 inorganic and 40
organic ABX3 compounds that have been experimentally
observed and previously labeled as ‘‘perovskites’’ (Tables
S1018–20,27,111,112,115,123,179,306–539 and S11 (ESI†),315,466,524,526,540–558

respectively). We exclude the 90 inorganic HP that have been
proposed but not synthesized (Table S12, ESI†).23,24,307,430 In order
to use a self-consistent database, where possible we use lattice
parameters from the Materials Project559 for the Pnma

Table 6 Inorganic HP compositions with attractive UCV-ES term at 300 K
tradeoffs whose lattice parameters are known and end-members are all
experimentally observed with mixing on only the A sublattice (ordered
valence and conduction bands)

Alloy composition
ES term (kJ
mol�1) S/R UCV

Cs0.14In0.14K0.14Li0.14Na0.14Rb0.14Tl0.14CaBr3 �0.97 0.39 0.063
Ag0.14Cs0.14K0.14Li0.14Na0.14Rb0.14Tl0.14MgF3 �0.97 0.39 0.106
Ag0.14Cs0.14K0.14Li0.14Na0.14Rb0.14Tl0.14MnF3 �0.97 0.39 0.123
Cs0.17In0.17K0.17Li0.17Rb0.17Tl0.17CaBr3 �0.89 0.36 0.049
In0.2K0.2Li0.2Rb0.2Tl0.2CaBr3 �0.80 0.32 0.035
Cs0.25In0.25K0.25Rb0.25SnCl3 �0.69 0.28 0.021
Cs0.25K0.25Rb0.25Tl0.25PbI3 �0.69 0.28 0.039
Cs0.25In0.25K0.25Rb0.25SnBr3 �0.69 0.28 0.053
Ag0.25Cs0.25K0.25Rb0.25PbBr3 �0.69 0.28 0.135

Fig. 8 Entropy stabilization (ES term at 300 K) as a function of enthalpic penalties, or unit cell volume coefficient of variation (UCV), for all equimolar
hybrid organic–inorganic HP compositions with experimentally observed constitutive end-members with mixing on all sublattices: (a) all data and (b)
zoomed in, with promising alloys labeled and in bold.

Communication Materials Horizons

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
m

ag
gi

o 
20

24
. D

ow
nl

oa
de

d 
on

 0
1/

04
/2

02
6 

14
:0

1:
14

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4mh00464g


3670 |  Mater. Horiz., 2024, 11, 3662–3694 This journal is © The Royal Society of Chemistry 2024

orthorhombic perovskite structure (space group #62; 20 con-
stituents per unit cell; 4 formula units per unit cell). Many HP
have different structural symmetry (e.g., Pm%3m cubic with 5

constituents per unit cell or 1 formula unit per unit cell), and in
such cases we consider the unit cell volume for which the
number of atoms would be 20 (for Pm%3m the unit cell volume is

Table 7 Hybrid organic–inorganic HP compositions with the greatest ES term at 300 K whose lattice parameters are known and end-members are all
experimentally observed with mixing on all sublattices. Calculated band gaps are included along with the maximum experimental band gap bowing (the
difference between the linearly-interpolated-band gap and the actual band gap) and references

Alloy composition
ES term
(kJ mol�1) S/R UCV

Band gap
(eV) Exp. bowing (eV)

Cs0.33MA0.33Rb0.33Pb0.5Sn0.5BrClI �2.54 1.02 0.120 — —
Cs0.2K0.2(NH4)0.2Rb0.2Tl0.2CdBrClF �2.45 0.98 0.245 — —
MA0.5Rb0.5Pb0.5Sn0.5BrClI �2.34 0.94 0.118 — —
Cs0.25FA0.25MA0.25Rb0.25PbBrClI �2.34 0.94 0.119 — —
Cs0.5MA0.5Pb0.5Sn0.5BrClI �2.34 0.94 0.122 2.24 MA(Pb,Sn)(Br,I)3 r 0.11;243

(Cs,MA)(Pb,Sn)I3 r 0.11;243

(Cs,FA)PbI3 r 0.02;249

MAPb(Br,Cl)3 r 0.17242

Cs0.25K0.25MA0.25Rb0.25SnBrClI �2.34 0.94 0.124 — —
. . .
Cs0.25K0.25(NH4)0.25Rb0.25Cd0.33Fe0.33Mn0.33Cl1.5F1.5 �2.28 0.91 0.260 — —
Cs0.33FA0.33Rb0.33PbBrClI �2.19 0.88 0.112 2.31 (Cs,Rb)PbBr3 = 0;125

(Cs,Rb)PbCl3 = 0125

. . .
Cs0.33FA0.33MA0.33PbBrClI �2.19 0.88 0.122 2.28 (FA,MA)Pb(Br,I)3 r

0.10;230,243,245,261

MAPb(Br,Cl)3 r 0.17242

. . .
Cs0.2FA0.2K0.2MA0.2Rb0.2Pb0.5Sn0.5Br1.5I1.5 �2.19 0.88 0.105 — —
. . .
Cs0.33MA0.33Rb0.33Ge0.33Pb0.33Sn0.33Br1.5I1.5 �2.13 0.86 0.099 — —
. . .
Cs0.5FA0.5PbBrClI �1.99 0.80 0.115 2.27 —
. . .
MAPb0.5Sn0.5BrClI �1.99 0.80 0.120 2.34 MA(Pb,Sn)(Br,I)3 r 0.11;243

MAPb(Br,Cl)3 r 0.17242

. . .
Cs0.5MA0.5PbBrClI �1.99 0.80 0.121 2.31 MAPb(Br,I)3 r 0.07;243,245

MAPb(Br,Cl)3 r 0.17242

Cs0.5MA0.5SnBrClI �1.99 0.80 0.122 2.16 MASn(Br,I)3 r 0.03243

FA0.5MA0.5PbBrClI �1.99 0.80 0.127 2.27 MAPb(Br,I)3 r 0.07;243,245

MAPb(Br,Cl)3 r 0.17;242

(FA,MA)PbI3 r 0.02261

. . .
Cs0.33MA0.33Rb0.33Pb0.5Sn0.5Br1.5Cl1.5 �1.93 0.77 0.054 — —
. . .
K0.25Na0.25(NH4)0.25Tl0.25Co0.14Cu0.14Fe0.14Mg0.14Mn0.14Ni0.14Zn0.14F3 �1.66 0.67 0.082 — —
. . .
Cs0.33MA0.33Rb0.33PbBr1.5Cl1.5 �1.59 0.64 0.045 — —

Fig. 9 (a) ES term at 300 K contours, (b) UCVw contours, and (c) ES + UCVwC contours for MAPb(Br,Cl,I)3. Experimental HP single-phase alloy (pink
circles) and multiple phase (gray Xs) data are in (c),223 confirming that C = 23 kJ mol�1 leads to a phase boundary at GES = 1.22 kJ mol�1 that correctly
groups 52 of the 56 data (93%).
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multiplied by 4). Materials Project559 unit cell volumes are well
correlated with Inorganic Crystal Structure Database (ICSD)
values.305,560 We find lattice parameters for 265 of the inorganic
HP. We also tabulate experimental band gaps where available.
We first consider all possible equimolar alloys with 3 end-
members, then check if a possible HEA consists entirely of
experimentally observed end-members. If it does then we
tabulate it after calculating the ES term at 300 K, UCV (if
available), and mean band gap (if available). We provide
example code with extensive comments as an ESI† file (Math-
ematica notebook). We execute the notebook on a personal
computer using a built-in parallel do statement and consider
alloys with up to 48 end-members. There are 1057 ways to
combine 48 of the 322 end-members (322!/(48! (322-48)!) B
1057), so to avoid checking every combination of the 9 A-site,
32 B-site and 4 X-site inorganic constituents and 10 additional
A-site organic constituents, we examine the simpler alloy
systems first to determine which complex alloys can possibly
be built from the existing results. In other words, the computa-
tion can be simplified by only checking a higher order system’s
potential constituents if their constitutive lower order systems
exist. Eventually, the number of constituents on a sublattice
reaches a maximum, beyond which no more can be added
without including an end-member that has not been experi-
mentally observed, and then the search can stop. Here
we examine only HP, but our approach has value for the
closely related double perovskites301 and the 76 experimentally
observed chalcogenide (sulfur, selenium, and tellurium)
perovskites,24 although chalcogenide perovskites are less devel-
oped than the halides.561

DFT calculations: in order to verify that compositions with
small (large) UCV are stable (unstable), we carry out geometric
relaxations for the selected compositions in Table S6 (ESI†). We
carry out these DFT calculations using the Vienna Ab initio
Software Package (VASP, version 5.4),562,563 in the framework of
the generalized gradient approximation (GGA), with the Per-
dew, Burke and Ernzerhof (PBE) functional.564 We use a plane
wave energy cutoff of 400 eV and the following Brillouin zone
grids, depending on the size of the supercell: 2 � 2 � 2 k-point
grids (8 irreducible k points) for 2� 2� 2 supercells (40 atoms),
1 � 2 � 2 k-point grids for 4 � 2 � 2 supercells (80 atoms), and
1 � 1 � 1 k-point grids for 3 � 3 � 3 supercells (135 atoms).
All the relaxations are started from ideal cubic perovskite
structures and are fully relaxed (unit cell shape and atomic
coordinates) using the conjugate-gradient algorithm until resi-
dual forces become smaller than 0.004 eV Å�1. The electronic
relaxations at each ionic step are stopped when the energy
difference between consecutive self-consistency iterations
reaches 10�7 eV. In order to improve convergence to equili-
brium, we scale the displacement steps by 0.1 and declare 180
bands (20 more than the default). To assess mixing effects of
various ions on the A-, B-, and X-sites, we include 8 distinct
configurations for each composition, and average the final
energy and final cell volume across these configurations. The
DFT mixing enthalpy is the mean DFT energy of the 8 HEA
configurations referenced to the DFT energy of the HEA’s end-

members:

Hmix;DFT ¼
EHEA;conf :1

8
þ EHEA;conf :2

8
þ EHEA;conf :3

8

þ EHEA;conf :4

8
þ EHEA;conf :5

8
þ EHEA;conf:6

8

þ EHEA;conf :7

8
þ EHEA;conf :8

8
�

P
i

P
j

P
k

Eijk3

N

(10)
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W. G. Fahrenholtz, C. J. Ryan, C. M. DeSalle, R. J. Crealese,
D. E. Wolfe, A. Calzolari and S. Curtarolo, Disordered enthalpy–
entropy descriptor for high-entropy ceramics discovery, Nature,
2024, 625(7993), 66–73, DOI: 10.1038/s41586-023-06786-y.

12 H. L. Lukas, S. G. Fries and B. Sundman, Computational
thermodynamics: the Calphad method, Cambridge Univer-
sity Press, Cambridge, 2007, p. 324.

13 C. M. Rost, E. Sachet, T. Borman, A. Moballegh,
E. C. Dickey, D. Hou, J. L. Jones, S. Curtarolo and
J.-P. Maria, Entropy-stabilized oxides, Nat. Commun.,
2015, 6(1), 8485, DOI: 10.1038/ncomms9485.

14 Y. Wang, J. Liu, Y. Song, J. Yu, Y. Tian, M. J. Robson,
J. Wang, Z. Zhang, X. Lin, G. Zhou, Z. Wang, L. Shen,
H. Zhao, S. Grasso and F. Ciucci, High-Entropy Perovskites
for Energy Conversion and Storage: Design, Synthesis, and
Potential Applications, Small Methods, 2023, 7(4), 2201138,
DOI: 10.1002/smtd.202201138.

15 P. Villars, Thermodynamic Properties of Compounds: Data-
sheet from Landolt-Börnstein – Group IV Physical Chemistry,
Pure Substances, Springer-Verlag, Berlin, Heidelberg, 2022,
vol. 19A3, DOI: 10.1007/10551582_9.

16 C. Li, X. Lu, W. Ding, L. Feng, Y. Gao and Z. Guo, Form-
ability of ABX3 (X = F, Cl, Br, I) halide perovskites, Acta
Crystallogr., Sect. B: Struct. Sci., 2008, 64(6), 702–707, DOI:
10.1107/S0108768108032734.

17 W. Travis, E. N. K. Glover, H. Bronstein, D. O. Scanlon and
R. G. Palgrave, On the application of the tolerance factor to
inorganic and hybrid halide perovskites: a revised system,
Chem. Sci., 2016, 7(7), 4548–4556, DOI: 10.1039/C5SC04845A.

18 Z.-G. Lin, L.-C. Tang and C.-P. Chou, Study on mid-IR NLO
crystals CsGe(BrxCl1�x)3, Opt. Mater., 2008, 31(1), 28–34,
DOI: 10.1016/j.optmat.2008.01.004.

19 T. Krishnamoorthy, H. Ding, C. Yan, W. L. Leong,
T. Baikie, Z. Zhang, M. Sherburne, S. Li, M. Asta,

N. Mathews and S. G. Mhaisalkar, Lead-free germanium
iodide perovskite materials for photovoltaic applications,
J. Mater. Chem. A, 2015, 3(47), 23829–23832, DOI: 10.1039/
C5TA05741H.

20 L. Debbichi, S. Lee, H. Cho, A. M. Rappe, K.-H. Hong,
M. S. Jang and H. Kim, Mixed Valence Perovskite Cs2Au2I6:
A Potential Material for Thin-Film Pb-Free Photovoltaic
Cells with Ultrahigh Efficiency, Adv. Mater., 2018,
30(12), 1707001, DOI: 10.1002/adma.201707001.

21 M. R. Filip and F. Giustino, Computational Screening of
Homovalent Lead Substitution in Organic–Inorganic
Halide Perovskites, J. Phys. Chem. C, 2016, 120(1),
166–173, DOI: 10.1021/acs.jpcc.5b11845.

22 M. Kar and T. Körzdörfer, Computational high throughput
screening of inorganic cation based halide perovskites for
perovskite only tandem solar cells, Mater. Res. Express,
2020, 7(5), 055502, DOI: 10.1088/2053-1591/ab8c0d.

23 S. Lu, Q. Zhou, L. Ma, Y. Guo and J. Wang, Rapid Discovery
of Ferroelectric Photovoltaic Perovskites and Material
Descriptors via Machine Learning, Small Methods, 2019,
3(11), 1900360, DOI: 10.1002/smtd.201900360.

24 Q. Xu, Z. Li, M. Liu and W.-J. Yin, Rationalizing Perovskite Data
for Machine Learning and Materials Design, J. Phys. Chem.
Lett., 2018, 9(24), 6948–6954, DOI: 10.1021/acs.jpclett.8b03232.

25 C. J. Bartel, C. Sutton, B. R. Goldsmith, R. Ouyang,
C. B. Musgrave, L. M. Ghiringhelli and M. Scheffler, New
tolerance factor to predict the stability of perovskite oxides
and halides, Sci. Adv., 2019, 5(2), eaav0693, DOI: 10.1126/
sciadv.aav0693.

26 G. H. Gu, J. Jang, J. Noh, A. Walsh and Y. Jung, Perovskite
synthesizability using graph neural networks, npj Comput.
Mater., 2022, 8(1), 71, DOI: 10.1038/s41524-022-00757-z.

27 G. Pilania, P. V. Balachandran, C. Kim and T. Lookman,
Finding New Perovskite Halides via Machine Learning,
Front. Mater., 2016, 3, DOI: 10.3389/fmats.2016.00019.

28 X. Wang, J. Yang, X. Wang, M. Faizan, H. Zou, K. Zhou,
B. Xing, Y. Fu and L. Zhang, Entropy-Driven Stabilization
of Multielement Halide Double-Perovskite Alloys, J. Phys.
Chem. Lett., 2022, 13(22), 5017–5024, DOI: 10.1021/
acs.jpclett.2c01180.
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K. W. Krämer and E. Van Der Kolk, Photoluminescence
and excited states dynamics of Tm2+-doped CsCa(Cl/Br)3

and CsCa(Br/I)3 perovskites, J. Phys.: Mater., 2021,
4(4), 045004, DOI: 10.1088/2515-7639/ac24ed.

118 H. Näsström, P. Becker, J. A. Márquez, O. Shargaieva,
R. Mainz, E. Unger and T. Unold, Dependence of phase
transitions on halide ratio in inorganic CsPb(BrxI1�x)3

perovskite thin films obtained from high-throughput
experimentation, J. Mater. Chem. A, 2020, 8(43),
22626–22631, DOI: 10.1039/D0TA08067E.

119 L. Yuan, M. Yuan, H. Xu, C. Hou and X. Meng, Moisture-
stimulated reversible thermochromic CsPbI3�xBrx films:

In-situ spectroscopic-resolved structure and optical prop-
erties, Appl. Surf. Sci., 2022, 573, 151484, DOI: 10.1016/
j.apsusc.2021.151484.

120 G. Natta and L. Passerini, Isomorfismo, polimorfismo e
morfotropia I. Composti del tipo ABX3, Gazz. Chim. Ital.,
1928, 58, 472–484.

121 N. Bontemps, C. Grisolia, M. Nerozzi and B. Briat, Optical
and magneto-optical study of the magnetic properties of
RbFeCl3, RbFeBr3, and disordered materials of intermedi-
ate composition, J. Appl. Phys., 1982, 53(3), 2710–2712,
DOI: 10.1063/1.330940.

122 A. Harrison and D. Visser, Magnetic ordering effects in the
random mixed one-dimensional ferromagnet-antiferromagnet
system RbFeCl3�xBrx, J. Phys.: Condens. Matter, 1989, 1(4), 733,
DOI: 10.1088/0953-8984/1/4/008.

123 H. P. Beck, M. Schramm and R. Haberkorn, The InSnCl3-
Type Arrangement: II. High Pressure Synthesis of TlPbCl3

and of Solid Solutions Containing Rb or Br, J. Solid State
Chem., 1999, 146(2), 351–354, DOI: 10.1006/jssc.1999.8361.

124 D. Amgar, T. Binyamin, V. Uvarov and L. Etgar, Near ultra-violet
to mid-visible band gap tuning of mixed cation RbxCs1�xPbX3

(X = Cl or Br) perovskite nanoparticles, Nanoscale, 2018, 10(13),
6060–6068, DOI: 10.1039/C7NR09607K.

125 M. R. Linaburg, E. T. McClure, J. D. Majher and
P. M. Woodward, Cs1–xRbxPbCl3 and Cs1–xRbxPbBr3 Solid
Solutions: Understanding Octahedral Tilting in Lead
Halide Perovskites, Chem. Mater., 2017, 29(8), 3507–3514,
DOI: 10.1021/acs.chemmater.6b05372.

126 W. Jia, Q. Wei, S. Ge, C. Peng, T. Huang, S. Yao, Y. Tian,
T. Chang, R. Zeng and B. Zou, Polaronic Magnetic Excitons
and Photoluminescence in Mn2+-Doped CsCdBr3 Metal
Halides, J. Phys. Chem. C, 2021, 125(32), 18031–18039,
DOI: 10.1021/acs.jpcc.1c05127.

127 F. Lahoz, P. J. Alonso, B. Villacampa and R. Alcala, Spectro-
scopic properties of Mn2+ ions in mixed fluoroperovskites,
Radiat. Eff. Defects Solids, 1995, 135(1–4), 163–167, DOI:
10.1080/10420159508229827.

128 F. Lahoz, M. Dı́az, B. Villacampa, R. Cases and R. Alcalá,
Influence of the host lattice on the photoluminescence of
Ni2+ ions in Rb1�xCsxCaF3 and RbCa1�xCdxF3 crystals,
J. Appl. Phys., 1997, 82(10), 5121–5125, DOI: 10.1063/1.366314.

129 P. Ghigna, M. Scavini, C. Mazzoli, M. Brunelli, C. Laurenti
and C. Ferrero, Experimental disentangling of orbital and
lattice energy scales by inducing cooperative Jahn-Teller
melting in KCu1�xMgxF3 solid solutions, Phys. Rev. B:
Condens. Matter Mater. Phys., 2010, 81(7), 073107, DOI:
10.1103/PhysRevB.81.073107.

130 C. Oliva, M. Scavini, S. Cappelli, C. Bottalo, C. Mazzoli and
P. Ghigna, Melting of Orbital Ordering in KMgxCu1�xF3

Solid Solution, J. Phys. Chem. B, 2007, 111(21), 5976–5983,
DOI: 10.1021/jp067539p.

131 P. A. Fleury, W. Hayes and H. J. Guggenheim, Magnetic
scattering of light in K(NiMg)F3, J. Phys. C-Solid State Phys.,
1975, 8(13), 2183, DOI: 10.1088/0022-3719/8/13/027.

132 A. Karmakar, A. Bhattacharya, G. M. Bernard, A. Mar and
V. K. Michaelis, Revealing the Local Sn and Pb

Materials Horizons Communication

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
m

ag
gi

o 
20

24
. D

ow
nl

oa
de

d 
on

 0
1/

04
/2

02
6 

14
:0

1:
14

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

https://doi.org/10.1002/aenm.201900896
https://doi.org/10.1021/acs.jpcc.0c07983
https://doi.org/10.1021/acs.langmuir.2c00861
https://doi.org/10.1021/jacs.5b13470
https://doi.org/10.1039/C5RA22317B
https://doi.org/10.1016/0022-4596(74)90088-7
https://doi.org/10.1088/0953-8984/19/47/476209
https://doi.org/10.1016/j.jcrysgro.2008.03.018
https://doi.org/10.1021/ic000899l
https://doi.org/10.1088/2515-7639/ac24ed
https://doi.org/10.1039/D0TA08067E
https://doi.org/10.1016/j.apsusc.2021.151484
https://doi.org/10.1016/j.apsusc.2021.151484
https://doi.org/10.1063/1.330940
https://doi.org/10.1088/0953-8984/1/4/008
https://doi.org/10.1006/jssc.1999.8361
https://doi.org/10.1039/C7NR09607K
https://doi.org/10.1021/acs.chemmater.6b05372
https://doi.org/10.1021/acs.jpcc.1c05127
https://doi.org/10.1080/10420159508229827
https://doi.org/10.1063/1.366314
https://doi.org/10.1103/PhysRevB.81.073107
https://doi.org/10.1021/jp067539p
https://doi.org/10.1088/0022-3719/8/13/027
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4mh00464g


This journal is © The Royal Society of Chemistry 2024 Mater. Horiz., 2024, 11, 3662–3694 |  3677

Arrangements in CsSnxPb1�xBr3 Perovskites with Solid-
State NMR Spectroscopy, ACS Mater. Lett., 2021, 3(3),
261–267, DOI: 10.1021/acsmaterialslett.0c00596.

133 X. Zhang, W. Cao, W. Wang, B. Xu, S. Liu, H. Dai, S. Chen,
K. Wang and X. W. Sun, Efficient light-emitting diodes
based on green perovskite nanocrystals with mixed-metal
cations, Nano Energy, 2016, 30, 511–516, DOI: 10.1016/
j.nanoen.2016.10.039.

134 T. Suzuki, H. Guo, I. Kawasaki, I. Watanabe, T. Goto,
K. Katayama and H. Tanaka, Disappearance of Gapped
Mott Insulating Phase Neighboring Bose Glass Phase in
Tl1�xKxCuCl3 Detected by Longitudinal-Field Muon Spin
Relaxation, J. Phys. Soc. Jpn., 2014, 83(8), 084703, DOI:
10.7566/JPSJ.83.084703.

135 T. Suzuki, F. Yamada, I. Watanabe, T. Goto, A. Oosawa and
H. Tanaka, Bond-randomness effect on the quantum spin
system Tl1�xKxCuCl3 probed by muon-spin-relaxation
method, Phys. B, 2009, 404(5), 590–593, DOI: 10.1016/
j.physb.2008.11.108.

136 F. Yamada, H. Tanaka, T. Ono and H. Nojiri, Transition
from Bose glass to a condensate of triplons in
Tl1�xKxCuCl3, Phys. Rev. B: Condens. Matter Mater. Phys.,
2011, 83(2), 020409, DOI: 10.1103/PhysRevB.83.020409.

137 P. Chartrand and A. D. Pelton, Thermodynamic Evaluation
and Optimization of the LiCl–NaCl–KCl–RbCl–CsCl–
MgCl2–CaCl2–SrCl2 System Using The Modified Quasi-
chemical Model, Can. Metall. Q., 2000, 39(4), 405–420,
DOI: 10.1179/cmq.2000.39.4.405.

138 Y. Chornodolskyy, G. Stryganyuk, S. Syrotyuk,
A. Voloshinovskii and P. Rodnyi, Features of the core–
valence luminescence and electron energy band structure
of A1�xCsxCaCl3 (A = K,Rb) crystals, J. Phys.: Condens.
Matter, 2007, 19(47), 476211, DOI: 10.1088/0953-8984/19/
47/476211.

139 K. Takahashi, M. Koshimizu, Y. Fujimoto, T. Yanagida and
K. Asai, Auger-free luminescence characteristics of
Rb1�xCsxCaCl3, J. Ceram. Soc. Jpn., 2018, 126(10),
755–760, DOI: 10.2109/jcersj2.18051.
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röntgenographische Untersuchungen an Systemen Alkali-
chlorid/Calciumchlorid, Z. Anorg. Allg. Chem., 1969, 368(1–
2), 36–43, DOI: 10.1002/zaac.19693680107.

490 M. W. Shafer, The synthesis and characterization of vana-
dium difluoride, NaVF3, KVF3, and RbVF3, Mater. Res. Bull.,
1969, 4(12), 905–912, DOI: 10.1016/0025-5408(69)90047-6.

491 K. Sintani, Y. Tomono, A. Tsuchida and K. Siratori, Influence of
Magnetic Ordering on the Lattice Vibration of KNiF3, J. Phys. Soc.
Jpn., 1968, 25(1), 99–108, DOI: 10.1143/JPSJ.25.99.

492 J. L. Sommerdijk and A. Bril, Divalent europium lumines-
cence in perovskite-like alkaline-earth alkaline fluorides,
J. Lumin., 1976, 11(5), 363–367, DOI: 10.1016/0022-
2313(76)90021-1.

493 J. L. Soubeyroux, C. Cros, W. Gang, R. Kanno and
M. Pouchard, Neutron diffraction investigation of the
cationic distribution in the structure of the spinel-type
solid solutions Li2�2xM1+xCl4 (M = Mg, V): Correlation with
the ionic conductivity and NMR data, Solid State Ionics,
1985, 15(4), 293–300, DOI: 10.1016/0167-2738(85)90132-8.

494 J. Spector, G. Villeneuve, L. Hanebali and C. Cros, NMR
Investigations of the Li+ ion mobility in the double chlor-
ides Li2MgCl4 and LiMgCl3, Mater. Lett., 1982, 1(2), 43–48,
DOI: 10.1016/0167-577X(82)90003-9.

495 V. I. Spitsyn, S. V. Kryuchkov, M. S. Grigoriev and
A. F. Kuzina, Polynuclear Clusters of Technetium. Part 1.
Synthesis, Crystal and Molecular Structure of Bromide
Octanuclear Prismatic and Hexanuclear Octahedral Clus-
ters of Technetium, Dokl. Akad. Nauk SSSR, 1988, 288,
389–393, DOI: 10.1002/chin.198849036.
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551 W. Rüdorbf, J. Kandler and D. Babel, Untersuchungen an
ternären Fluoriden. I. Struktur, Magnetismus und Reflex-
ionsspektren von Alkali-, Ammonium- und Thallium-
Nickel(II)-fluoriden, Z. Anorg. Allg. Chem., 1962, 317(5–6),
261–287, DOI: 10.1002/zaac.19623170502.

552 G. Shachar, J. Makovsky and H. Shaked, Neutron diffrac-
tion and magnetic measurements of polycrystalline
NH4MnCl3, Solid State Commun., 1971, 9(9), 493–495,
DOI: 10.1016/0038-1098(71)90131-1.

553 D. Smith, Hindered Rotation of the Ammonium Ion in the
Solid State, Chem. Rev., 1994, 94(6), 1567–1584, DOI:
10.1021/cr00030a005.

554 C. C. Stoumpos, L. Frazer, D. J. Clark, Y. S. Kim, S. H. Rhim,
A. J. Freeman, J. B. Ketterson, J. I. Jang and M. G. Kanatzidis,
Hybrid Germanium Iodide Perovskite Semiconductors: Active
Lone Pairs, Structural Distortions, Direct and Indirect Energy
Gaps, and Strong Nonlinear Optical Properties, J. Am. Chem.
Soc., 2015, 137(21), 6804–6819, DOI: 10.1021/jacs.5b01025.

555 C. C. Stoumpos, L. Mao, C. D. Malliakas and
M. G. Kanatzidis, Structure–Band Gap Relationships in
Hexagonal Polytypes and Low-Dimensional Structures of
Hybrid Tin Iodide Perovskites, Inorg. Chem., 2017, 56(1),
56–73, DOI: 10.1021/acs.inorgchem.6b02764.

556 J. Tian, D. B. Cordes, C. Quarti, D. Beljonne,
A. M. Z. Slawin, E. Zysman-Colman and F. D. Morrison,
Stable 6H Organic–Inorganic Hybrid Lead Perovskite and
Competitive Formation of 6H and 3C Perovskite Structure
with Mixed A Cations, ACS Appl. Energy Mater., 2019, 2(8),
5427–5437, DOI: 10.1021/acsaem.9b00419.

557 S. I. Troyanov, I. V. Morozov and Y. M. Korenev, The
synthesis and crystal structure of ammonium fluorocup-
rates NH4CuF3 and (NH4)2CuF4, Russ. J. Inorg. Chem., 1993,
38(6), 909–913, DOI: 10.1002/chin.199352035.

558 K. Yamada, T. Matsui, T. Tsuritani, T. Okuda and S. Ichiba,
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