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In this first-principles investigation, we explore the polymorphic features of pseudo-cubic alloys,
focusing on the impact of mixing organic and inorganic cations on their structural and electronic
properties, configurational disorder, and thermodynamic stability. Employing an automated cluster
expansion within the generalized quasichemical approximation (GQCA), our results reveal how the
effective radius of the organic cation (rMA = 2.15Å, rFA = 2.53Å) and its dipole moment (μMA = 2.15 D,
μFA = 0.25 D), influences Glazer’s rotations in the A1−xCsxPbI3 (A =MA, FA) sublattice, with MA-based
alloypresenting ahigher critical temperature (527K) andbeing stable for x > 0.60above200 K,while its
FAanaloghas a lower critical temperature (427.7 K) and is stable for x < 0.15above100 K.Additionally,
polymorphic motifs magnify relativistic effects, impacting the thermodynamic behavior of the
systems. Ourmethodology leverages the SimStack framework, an automated scientificworkflow that
enables the nuanced modeling of polymorphic alloys. This structured approach allows for
comprehensive calculations of thermodynamic properties, phase diagrams, optoelectronic insights,
andpower conversion efficiencieswhilemeticulously incorporating crucial relativistic effects like spin-
orbit coupling (SOC) and quasi-particle corrections. Our findings advocate for the rational design of
thermodynamically stable compositions in solar cell applications by calculating power conversion
efficiencies using a spectroscopic limited maximum efficiency model, from which we obtained high
efficiencies of about 28% (31–32%) for MA1−xCsxPbI3 with 0.50 < x < 1.00 (FA1−xCsxPbI3 with
0.0 < x < 0.20) as thermodynamically stable compositions at room temperature. The workflow’s
significance is highlighted by a Colab-based notebook, which facilitates the analysis of raw data
output, allowing users to delve into the physics of these complex systems. Our work underscores the
pivotal role of composition and polymorphic degrees in determining the stability and optoelectronic
properties ofMHPalloys. It demonstrates the effectiveness of theSimStackworkflow in advancingour
understanding of these materials.

Metal halide perovskites (MHPs) have emerged as a vital part of photo-
voltaic devices thanks to their power conversion efficiencies (PCE)
exceeding 26%, e.g., for FAPbI3

1. However, the intrinsic chemical instability
of MHPs in correlation with the operation long-time is a challenge for the
accomplishment of durabledevices2–4,which is themotivation to implement
alloying strategies involving Cs cations with organic candidates to form

A1−xCsxPbI3 (e.g., A =MA, FA)5–10. Withal, the causality correlation
between the polymorphic nature of MHPs in operando and their electronic
properties (connectedwith the conversion performance) through empirical
approaches is not trivial11–14, which is potentially hampered in the alloying
context. Therefore, there is a wide field to develop ab initio protocols to
capture this associated polymorphism through a proper construction of the
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thermodynamic ensemble ofMHP alloys15–17, at the same time, automation
procedures are highly desirable to accelerate data acquisition (especially in
industry) from those systems.

Thenon-dynamicpolymorphismconcept establishes that cubicMHPs
have a local structure different from the global Pm�3m space group. Recent
investigations have proposed the contribution of low symmetry structural
motifs through B-metal off-center displacements within octahedra11, octa-
hedral rotations18, positional rearrangements of the A cations within the
cuboctahedral voids19, and second-order Jahn-Tellerdistortions20,which are
not experimentally distinguishedbyX-raydiffraction (XRD)measurements
due to the long coherence length12. On the other hand, the impact of those
motifs on the thermodynamic stability and electronic properties of MHPs
alloys based on an atomistic perspective is scarce, as well as the reliable
mapping of the composition dependence through experiments to investi-
gate phase transitions or bowing-like curve (b parameter) for the gap energy
requires a high financial cost involving reagents and material
characterization21–25.

Experimentally, A1−xCsxPbI3 mixed MHPs were revealed as candi-
dates for solar cells application, with FA1−xCsxPbI3 showing no phase
segregation for x < 0.15with bandgaps varying only from1.52 eV to 1.53 eV
for these compositions10,26. In addition, higher stabilities were found for a
perovskite solar cell (PSCs) based on MA0.70Cs0.30PbI3, which retained
about 60%of their initial PCEafter 500 hat roomtemperature andhumidity
of 35–45%, while MAPbI3-based one retained only 30% at the same
conditions27. XRD studies suggest that Cs incorporation is also beneficial to
avoid the decrease in crystallinity inMHPs after 40 days, also leading to the
most stable materials against chemical decomposition, improving the
material’s long-term stability9. Synthesis routes for both materials are also
experimentally viable, with (1− x)FAI+ xCsI+ PbI2⟶ FA1−xCsxPbI3
being employed for FA1−xCsxPbI3

10,26,28, while (1− x)MAI+ xCsI+
PbI2⟶MA1−xCsxPbI3 in the presence of butyrolactone is generally used
for MA1−xCsxPbI3

8,29. Thus, investing in the study of these systems is pro-
mising, contributing significantly to PSCs reaching their long-awaited
commercial maturity.

The impact of configurational semi-local disorder in MHPs alloys can
be analyzed from a statistical ensemble approach30,31. However, keeping
accuracy at the ab initio approach levels might be challenging since MHPs
involves the employment of relativistic corrections, such as GW
approximation32–35 or even spin-orbit coupling for the gap energy
mapping19. In this context, protocols combining generalized quasichemical
approximation (GQCA)36 and density functional theory (DFT) were cap-
able to reproduce near-infrared absorption spectra throughKubelka–Munk
experiments to the MAPb1�xSnxI3

17,21,22,37, from which the DFT+SOC/
GQCA as a theoretical approach showed how the Sn/Pb ordering in the
alloy leaves a coincidentmaximumabsorbance/red shift with theminimum
energy gap17.

Constructing a reliable statistical ensemble for mixed metal halide
perovskites (MHPs) presents significant challenges, particularly when
considering polymorphic contributions. The complexity and variability
inherent inmixedMHP systems necessitate a robust, methodical approach.
Employing automated scientific workflow frameworks may significantly
enhance this process. Such frameworks offer numerous advantages: they
provide a structured, repeatable methodology for handling complex simu-
lations, facilitate comprehensive data analysis, and ensure results’ repro-
ducibility. By automating simulation protocols, these workflows efficiently
manage the intricate calculations required forMHPalloys, providing amore
accurate representation of their behavior in real-world conditions. This
methodological rigor, enabled by automation in workflow frameworks, is
crucial for advancing our understanding of MHPs alloys and their appli-
cations in various technological domains38–40. Here, we use an automated
scientific workflow developed with the SimStack framework38. Our work-
flow allows for the nuanced modeling of A1−xCsxPbI3 (A =MA, FA)
polymorphic alloys. The statistical ensemble comprehensively calculates
thermodynamic properties, T− x phase diagrams, optoelectronic insights,
and power conversion efficiency information. This approach meticulously

incorporates all critical relativistic effects, such as spin-orbit coupling (SOC)
and quasi-particle corrections, underlining the efficacy of SimStack in
handling sophisticated simulation protocols. Our work further demon-
strates the utility of SimStack, providing a valuable tool for theorists and
experimentalists. It reveals the impact of composition and polymorphic
degrees on the stability and optoelectronic properties of MHP alloys.
Additionally, a Colab-based notebook showcases the analysis of our raw
data output, enabling users to delve into the physics of these complex
problems while seamlessly managing the computational intricacies.

Results
Structural analysis of the alloys
Since the arrangements of atoms inMHP alloys are crucial for an atomistic
understanding of their electronic and thermodynamic properties, we first
discuss their structural parameters (i.e. lattice constants, Pb-I distances, Pb-
I-Pb angles) as a function of composition and temperature. The lattice
parameters calculated for each cluster configuration j associated with the
A1−xCsxPbI3 (A =MA, FA) compounds are shown in Fig. 1. In this, the
average values were calculated at T = 300 K, connecting those from APbI3
(A =MA, FA; x = 0) to CsPbI3 (x = 1). This temperature was selected
because of experimental characterization of the alloys are usuallymade near
room temperature41–43. All calculated values for the structural parameters of
each j configuration associated with the polymorphs discussed here can be
accessed in Supporting Information (Supplementary Tables 2–7) as
numerical format.

Regarding the pure MHPs, i.e., APbI3 (A =MA, FA; x = 0.00) and
CsPbI3 (x = 1.00), the lattice parameters calculated for all polymorphs are in
good accordance with experimental reports (MAPbI3

44: 6.32Å, FAPbI3
45:

6.36Å, CsPbI3
46: 6.28Å), with absolute percent deviations smaller than 3%.

Because of spherical (spherical-like) nature of Cs (FA), all lattice constants
for CsPbI3 (FAPbI3) polymorphs are nearly similar, while for MAPbI3 c is
greater than a and b in the a−a−a+ configuration. This is because the C-N
chemical bonds in MA cations are mostly oriented in the [100] direction,
which justifies the reduction of a and b values regarding c, given the inter-
action of PbI3 sublattice with MA dipole moment. However, in a−a−a−

polymorph, the out-of-phase octahedral rotations around the apical
direction (c axis) improve the coordination environment of theMA cations
within the cuboctahedral cavities, leading theC-N axis of some cations to be
also oriented along the [001] direction. This causes a slight expansion of a
and b in this polymorph regarding a−a−a+, with a consequent contractionof
the value of c, highlighting the role of non-spherical and dipolar nature of
MA in the structural properties of MAPbI3 polymorphs.

By comparing FA-based alloywith itsMAanalog, the symmetrical-
like shape of FA – whose plane containing the N-C-N bonds is nearly
parallel to the equatorial direction (ab plane) in the most of supercells
analyzed here – leads to FA1−xCsxPbI3 a and b lattice parameters
approximately following the Vegard’s law47 in range 0.15 < x < 0.85 for
both a−a−a+ and a−a−a− configurations. However, the cylindrical-like
shape of MA cations makes the c values of their alloys usually higher
than their a and b counterparts for a−a−a+ polymorph since the
orientation of the organic cations in the clusters is preferential with
their C-N axis almost parallel to the [100] direction – similar to the pure
MAPbI3 system. Nevertheless, the out-of-phase octahedral rotations in
a−a−a− polymorph leads to a suppression of the mentioned preferential
orientation of MA, which is improved when increasing the Cs content
in comparison with its a−a−a+ counterpart.

In the ROTpolymorph, the random octahedral rotations highlight the
importance of this structural motif on the dependence of lattice parameters
with the Cs content, in which we found a non-linear behavior for both
A1−xCsxPbI3 (A =MA, FA) systems in themost part of compositions range.
Since the linear dependence (i.e., Vegard’s law) is based on the compounds
having the same crystal structure48, our results indicate that deviations from
it can also occur through different stable polymorphic contributions
forming theMHPs ionic networks. Following this, the value of b > c is found
for MA1−xCsxPbI3 (FA1−xCsxPbI3) in the range about 0.30 < x < 0.55
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(0.10 < x < 0.58)which is causedby a reorientationoforganicmolecules into
the cuboctahedral cavities when increasing the Cs content.

The effects of organic-inorganic cation mixing on the Pb-I distances
andPb-I-Pb angles ofA1−xCsxPbI3 (A =MA,FA) alloys are shown in Fig. 2.
As a trend for the isostructural polymorphs discussed above, those based on
FA cation are usuallymore Pboff-centering-like than their relative based on
MA in compositions rich in organic cation content. This is because the

higher effective ionic radius of FA (2.53Å) in comparison to MA
(2.17Å)49,50 induces higher local distortions in the PbI�3 framework when
fitting the space into the cuboctahedral cavities. However, when increasing
the Cs content in the alloys, we found that the structure tends to become
progressively on-centering-like since the difference between the shortest
and longest Pb-I distance is decreased. This results from the smaller ionic
radius of Cs (1.81Å)51 together the absence of permanent dipole moment,
which causes octahedral tilts in PbI�3 sublattice to improve the coordination
environment of Cs and suppress the Pb off-center motifs. According to
panels e–h, tilts are directly reflected by the difference between highest and
lowest Pb-I-Pb angles decreasing from 180∘ for compositions with x > 0.5.

By comparing those local structure parameters among the poly-
morphs, one realizes that mixed cation alloys (i.e., 0.0 < x < 1.0) as Glazer’s
pattern a−a−a− have the smallest distortions concerning pure MHPs at
x = 0.0 and x = 1.0, while randomoctahedral rotations (ROT) allow theMA
dipolar cations to be randomized into the cuboctahedral voids. This is
explained by the organic cation interactions with the PbI�3 framework,
which induces higher Pb off-center motifs in MA-rich configurations.
Grounded on that, similarfindings can bemade about the FA-based system.

From the results presented above, it is evident that the cation size and
itsdipolemomenthave an important influenceon the local structuralmotifs
induced in the PbI�3 inorganic sublattice. It is important to mention that
previous studies have reported the rotational activity for the methy-
lammonium cations under finite temperature effects52–54, at the same time,
our results suggest the important role of the cations mixture in the
symmetry-breaking into MHP polymorphs, which contribute as a stabili-
zation mechanism already reported for the cubic phase51,55,56. Thus, com-
position is an additional variablewith respect to the temperature to promote
strong structural distortions in the cation alloys, reinforcing the necessity of
a proper statistical analysis to correlate their thermodynamic stability with
the structural motifs and chemical features. Below, we discuss how the
polymorphic features of MHPs alloys are crucial for understanding their
mixing behavior, providing insights about the preferential ordering corre-
lated to the thermodynamic stability of the solid solutions, is analyzed here.

Themodynamic behavior of alloys
Based on the probabilities (xj) obtained via GQCA approach, we calculated
the mixing internal energies (ΔUmix) throughout 100, 300, 500, 800 K
temperatures from the respective excess energies (Δεj) according to Eqs. (2)
and (3), respectively. The results are presented in Fig. 3, in which ΔUmix

represents the internal energies for the mixture formation and Δεj is the
energy of formation which identifies the stability of the structural ordering
of j-th cluster regarding as reference the APbI3 (A =MA, FA) and CsPbI3
pure MHPs. The SOC effects on the Δεj can be verified in Supplementary
Fig. 3, which is usually small. In Fig. 3(a and d) (b and e),Δεjwas calculated
for a−a−a+ (a−a−a−) regarding EAPbI3

and ECsPbI3
in the same Glazer’s

configuration – which was named here as the Glazer’s isostructural limit of
the alloys. In addition, panels c and f present the results for the ROT, being
completely heterostructural polymorph regarding octahedral rotations. All
numericalΔεj values calculated for these contributions are also presented in
Supplementary Tables 8–13. Furthermore, we also considered the effect of
all these polymorphs together through the APD statistics, in which Δεj
values were calculated by using the EAPbI3

andECsPbI3
from theirmost stable

configuration, i.e., a−a−a+, as shown in Fig. 4.
In theGlazer’s isostructural limit of alloys,most of the j associatedwith

a−a−a− polymorph (panels b and e) presented negative excess energies,
which indicates that both FA1−xCsxPbI3 and MA1−xCsxPbI3 mixed MHPs
usually tend to be more stable than the APbI3 and CsPbI3 in this
polymorph15. This is in accordance with the a−a−a− showing mixed j with
the lowest differences regarding the Pb-I-Pb angles in their pure APbI3
counterparts, in which the replacement of A =MA and FA by Cs as
spherical-like cation is energetically favorable into the a−a−a− yielding a low
symmetry cavity (Fig. 2e, k). However, for the a−a−a+ polymorph (panels a
and d), we found that most of the j presented positive excess energies, with
an energetically favored one showing Δεj =−5.63meV per cation

Fig. 1 | Lattice parameters. Lattice parameters calculated for clusters (scatter) and
their average values (solid lines, T = 300 K) associated with a−a−a+ (a), a−a−a− (b),
ROT (c) polymorphs of MA1−xCsxPbI3, and a−a−a+ (d), a−a−a− (e), and ROT (f)
polymorphs of FA1−xCsxPbI3.
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(Δεj =−17.65meV per cation) for MA (FA) based alloy at x = 0.625
(x = 0.125). This is closely related to a tendency to form long-range ordered
compounds at the referred compositions when energy effects predominate
over the entropic ones16, in which the stabilities are achieved through the
complete immersionof the inorganic cations (rowsofCs cations along [001]
and [010] directions) in the matrix of organic cations (intercalated MA-Cs
rows along [001] and [010]directions) forFA1−xCsxPbI3 (MA1−xCsxPbI3)–
see Supplementary Fig. 4 in Supporting Information. This interpretation
also is applied toROT results (panels c and f), given the presence of in-phase
Glazer’s rotations in PbI�3 sublattice becomes less favorable for the alloys
than APbI3 pure MHPs in this isostructural Glazer’s limits.

The thermodynamic description of the alloys in the isostructural
Glazer’s pattern is limited. Since js with a−a−a+ pattern are usually
thermodynamically favored to the detriment of their a−a−a− relatives,
we highlight the limitations of isostructural modeling ofMHPs alloys in
Fig. 4, in which the origin of miscibility gaps at low temperatures for the
materials analyzed here57 could also be correlated with the presence of
out-of-phase octahedral rotations in their respective PbI�3 sublattice.
This is because a−a−a− pattern suppress the Pb off-center motif and
present both shorter and longer Pb-I-Pb angles near to each other,
changing the cuboctahedral voids topology and, consequently, hin-
dering the cation accommodation into their respective coordination
environment. For instance, in ROT by considering FA with a higher
effective radius (2.53Å) than Cs (1.81Å), distortions in the PbI�3
sublattice regarding FAPbI3 (CsPbI3) in the a+a+a+ (a−a−a+) config-
uration allows a reduction of strain to accommodate the cations inside
better the cuboctahedral cavities. Because of the smaller size of MA
regarding FA, Pb-I-Pb angles closest to 180∘ in ROT reduces its effective
coordination by the PbI�3 framework, makingΔεj as high as 53 meV per

cation by takingMAPbI3 (CsPbI3) in the a
−a−c− (a−a−a+) configuration

as a reference for the corresponding pure MHPs.
Because miscibility gaps are possible to occur in A-cation MHP alloys

at room and higher temperatures6,57–59, we discuss their thermodynamic
stability by using their respective mixing-free energies (ΔFmix) as a function
of temperature and composition, whose results are depicted in Fig. 5. The
associated configurational entropies (ΔSmix) are presented in Supplemen-
tary Fig. 5. Since the thermodynamic description of the alloys in the iso-
structural Glazer’s pattern is limited, we focus on the APD only, and
discussions about the individual polymorphs can be accessed in Supporting
Information (Supplementary Fig. 6, Section VII).

Our findings concerning the collective contributions involving cation
mixture and polymorphic effects – as an average over a polymorphic
ensemble alloy– are confirmedby experiments, fromwhichFA1−xCsxPbI3

57

reach a higher stability for FA excess. Therefore, all the polymorphs con-
sidered above as an isostructural Glazer’s pattern configuration can be
interpreted as a function of T. This can be understood by observing the
probabilities of each polymorph contributing toAPD systems, whose values
are shown in Fig. 6 at different temperatures. Since increasing T allows
higher energy (metastable) configurations to be accessed by pure MHPs,
their energy references will vary concerning the most stable Glazer con-
figuration at T = 0 K (i.e., a−a−a+), with the stability of solid solutions
regarding the pure MHPs being analyzed from a convex hull-like
perspective60.

Inmore details, our calculated polymorph probabilities (xk) reveal that
at temperatures in range 100–800 K both MA and FA-based alloys are
mainly formed by a mixing of js from a−a−a+ and ROT polymorphs.
However, the probability associated with those from their a−a−a− relatives
increases when the temperature is raised. Interestingly, when looking at the

Fig. 2 | Cluster distances. Shortest/longest Pb-I distances (a–c, g–i), and highest/
lowest Pb-I-Pb angles (d–f, j–l) along the equatorial (Equat., ab plane) and apical
(Api., c axis) directions, calculated for clusters (scatter) and their average values

(solid and dashed lines, T = 300 K) for a−a−a+, a−a−a− and ROT polymorphic
contributions for A1−xCsxPbI3 (A =MA, FA) alloys.
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FA-based system, ROT tends to be favored in Cs-compositions, while
a−a−a+ in those where the organic cation is predominant. This occurs
because distortions of the PbI�3 sublattice inROTallows for reduction of the
strain in accommodating the large FA in theCs-richmatrix, while the adjust

of Cs in a FA-richmatrix is favoredwhen the a−a−a+Glazer’s the pattern is
present. Thus, the alloy tends to order in different polymorphs at low
temperatures, i.e., the former in a−a−a+ and the latter with ROT, showing
the ordering polymorphic pattern as being a direct the function of the alloy
composition, which is also supported by Supplementary Fig. 11.

Phase diagrams of alloys
Toprovide insights about the effects of polymorphic contributionsonalloys’
stability andmetastability as a function of the temperature and composition,
we calculate their isobaric T-x phase diagrams61. The results are shown in
Fig. 7, with the Tc values being highlighted by dashed lines.

Panels a–c show that for MA1−xCsxPbI3 system, a higher tendency to
phase segregation in x region associated with MA-rich systems is obtained
below Tc, with stable solid solutions being found for all temperatures only
above x = 0.58 for APD alloy. As indicated by Δεj values (Fig. 4a), it is more
energetically unfavorable to addCs into aMA-richmatrix, since this leads to
a break of local electrostatic interactions between neighboring MA dipole
moments and the PbI�3 inorganic framework, revealing the role of the MA
dipole moments on the thermodynamic stability of the cation MHP alloys.
Above Tc, the entropic effects dominate over the energetic ones, and the
alloy is stable for all compositions.

Our results indicate that the presence of random octahedral rotations
in the alloy, which mimics the effect of local fluctuations in the structure at
higher T > 0 K, are responsible to increase the critical temperature for
MA1−xCsxPbI3 system, given the huge Tc value found in panel b. However,
when they arebrought togetherwith theotherpolymorphic contributions in
APD, this effect is considerably reduced, since the clusters from a−a−a+

polymorph are statistically favored to the detriment of the ROT ones (see
Fig. 6).

In the case of FA1−xCsxPbI3, the segregation preferentially occurs at Cs
contents higher than x = 0.20, with a completely unstable solid solution
between x0a ¼ 0:34 and x0b ¼ 0:81 at T = 300 K for APD. Since the
magnitude of FA dipole moment (0.25 D) is smaller than its MA relative

Fig. 3 | Cluster excess energies. Excess energies (Δεj, scatter) calculated for the each j
cluster expanding theMA1−xCsxPbI3 (a–c) and FA1−xCsxPbI3 (d–f) alloys and their
respective ΔUmix (solid lines) from 100 to 800 K.

Fig. 4 | Cluster excess energies calculated via APD. Excess energies (Δεj, scatter)
calculated for the each j cluster expanding theMA1−xCsxPbI3 (a) and FA1−xCsxPbI3
(b) alloys and their respective ΔUmix (solid lines) from 100 to 800 K calculated via
APD statistics.
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(2.15 D)62, steric effects play a more fundamental role regarding the ther-
modynamic stability of this system as a solid solution and its phase segre-
gation. Because FA is about 40% higher than Cs49–51, its incorporation in a
Cs-rich matrix is more thermodynamically unfavorable when compared
with the opposite situation, since higher strain is induced in the alloy lattice
in the former for the a−a−a+ polymorphic configuration, which present
higher xk contributions for APD at 300 K. Afterward random octahedral
rotations allow to reduce this strain, Tc is lowered in panel e in comparison
with d, in correlationwith xk of ROT clusters beingmore likely at higher Cs-
contents in APD. These findings are in good accordance with experimental
reports, which suggest the limit for Cs content in the cubic phase of
FA1−xCsxPbI3 to be about 15–20% at room temperature, and the bulk
FA0.9Cs0.1PbI3 compound being synthesizable and stable at 300 K10,58,59,63.
Furthermore, experimental solid solutions at room temperature with x
between 0.25–0.30 were demonstrated to suffer phase segregation after 20 h
on light exposition, with the appearance of two FA1−xCsxPbI3 segregated
phases with x ≈ 0.20 and x ≈ 1.00, respectively. In addition, nominal
FA0.65Cs0.35PbI3 and FA0.6Cs0.4PbI3 demonstrated phase segregation after a

short time exposure under light, while FA0.85Cs0.15PbI3 and FA0.8Cs0.2PbI3
compounds presented good stability, with no phase segregation even after
being continuously irradiated for 100 h, in good correlation with the APD
phase diagram presented in Fig. 7 f 57.

Gap energies of alloys from DFT-1/2+SOC protocol
To map out the polymorphic features on the gap energies (Eg) of the
MA1−xCsxPbI3/FA1−xCsxPbI3 compounds, we compute their average
values over a range of compositions through GQCA approach. Figure 8
depicts the results obtainedby employing theDFT-1/2+SOCprotocol14,19,64,
in which yellow filled symbols indicate experimental reports. The energy
gaps calculated for all individual clusters used to construct our structural
ensemble can be found in Supporting Information (Supplementary Tables
14–19) and the ones obtained via standard DFT and DFT+SOC
approaches.

In panels a and c, gap energy curves with different signatures are
present, depending directly on the particular Glazer’s pattern involved.
Details about them are discussed in Supporting Information. Here we focus
on APD since, as highlighted above, the isostructural approach is limited.
Thus, when we put together all the effects of individual polymorphs con-
sidering APD, an excellent agreement was obtained between the values
calculated through the GQCA and their experimental counterparts. As
shown in Fig. 8b, d, the latter are all within the shaded regions associated
with the statistical error of averaged values, evidencing the importance of
polymorphic degrees conferring to the cation alloys their experimentally
measured properties, in line with our previous works about pure MHPs as
polymorphous networks14,19,64. In addition, our results here also evidence the
importance of statistical protocols in the alloys treatise from an ab initio
perspective, since only the analysis of gap energies cannot allow distin-
guishing between the different polymorphic contributions to each alloy. As
shown in Fig. 6, the cation nature directly impacts the polymorphic char-
acter in APD as a function of composition, in which only the gap analysis
does not allow to distinguish between a−a−a+ and ROT for FA1−xCsxPbI3
(MA1−xCsxPbI3) in x > 0.7 (x > 0.8), while the a

−a−a− being the high energy
polymorphic contribution have minor statistical contributions for the
alloys.

Optical properties and PCE via GQCA
By applying the SLME model with the DFT-1/2+SOC protocol, we esti-
mated the influence of polymorphic features on the alloys’ performance in
solar cells by calculating their PCEvalues viaGQCAensemble averages. The
results as a function of x at room temperature (T = 300 K) are shown in
Fig. 9. The absorption coefficients (α) calculated at the most favorable
composition in this temperature (i.e., at x corresponding to the minima of
ΔFmix(x, 300 K) profiles in Fig. 5 and Supplementary Fig. 6) are available in
Supplementary Fig. 14.

Fig. 5 | Mixing free energies as a function of the alloy composition and tem-
perature. For MA1−xCsxPbI3 (a) and FA1−xCsxPbI3 (b) by considering all poly-
morphic degrees (APD).

Fig. 6 | Polymorph probabilities. Polymorph
probabilities in the function of composition at T in
range 100–800 K for MA1−xCsxPbI3 (a–d) and
FA1−xCsxPbI3 (e–h) considering all-polymorphic
degrees (APD) from their a−a−a+ (red), a−a−a−

(blue) and ROT (black) polymorphs.
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As a general trend, the PCE values calculated for both A1−xCsxPbI3
alloys follow the behavior of gap energies shown in Fig. 8, where compo-
sitions with lower Eg values present higher PCE ones in both isostructural
and APD limits. Thus, PCEs in Fig. 9b, d are dominated by the polymorph
with the highest probability at 300 K (Fig. 6), being a−a−a+ for MA-based
system in 0.0 < x < 0.90while for FA-based one it corresponds to a−a−a+ for
0.0 < x < 0.50 and ROT for 0.50 < x < 1.00.

A complete overview of the alloys analyzed here is provided by
correlating their gap energy, composition, and total absorption coeffi-
cients (∑α) through their APDGQCA statistics, as shown in Fig. 10. For
MA1−xCsxPbI3 system (panel a), we verified that ∑α tends to decrease
for all compositions in comparison with MAPbI3, even though the Eg
values for 0.00 < x < 0.10 are a little lower than their pristine APbI3
(A =MA, Cs) correspondents. This compensatory effect between Eg
and ∑α reduction correlates with the PCE of the alloy not being sig-
nificantly changed in this range of compositions when compared to that
of MAPbI3 (see Supplementary Fig. 15). However, since the alloy is
mostly metastable or unstable in this region (Fig. 7c), the reduction in
total absorption and the increase in Eg for x > 0.50 culminates in a
reduction of less than 1% in PCE, suggesting that Cs-rich solid solutions
based on MA1−xCsxPbI3 would still be good candidates for application
in solar cells.

Regarding FA1−xCsxPbI3 system (panel b), due to a stronger depen-
dence ofEg on the alloy composition,∑α staywith values higher than 13.5%
for 0.00 < x < 0.30, with PCE varying less than 1% in comparison with
FAPbI3 only about 0.00 < x < 0.10 (Supplementary Fig. 14). Thus, the results
point out for FA-rich FA1−xCsxPbI3 alloys as the best candidates for pho-
tovoltaic applications with the highest PCE values since the latter compo-
sition range is thermodynamically stable when T > 300 K.

Discussion
Here, we proposed an automated Workflow approach to analyze the
thermodynamic stability, statistical attributes, and electronic properties of
MHPs cation alloys. Because of the polymorphous features of these mate-
rials, protocols using only one type of structuralmotif regarding theGlazer’s
rotations, cation configurations, and the corresponding local symmetry
breakings cannot capture the complete physical behavior of these systems.
This is evident when we compare the corresponding values obtained for the
critical temperatures for individual polymorphs and consider both con-
tributing to the perovskite structure. Our approach also quantified poly-
morph probability in the alloys. In addition, the protocol proposed here
allowed to obtain gap energies in excellent agreement with the available
experimental reports, reflecting the statistical nature of the MHPs alloys
both from the A-cation configurational disorder and the disorder from the
polymorphic nature intrinsic to the MHPs. Thus, joining together the sta-
tistical features of GQCA with the SLME model, we computed the corre-
sponding PCEs of A1−xCsxPbI3in operando conditions of temperature, in
direct connection with their main application in solar cells devices under
optimized compositions.

Fig. 7 | Phase diagram. Calculated phase diagram
for MA1−xCsxPbI3 in the a−a−a+ isostructural
polymorph (a), ROT polymorph (b), and all-
polymorphic degrees (APD) (c) and for
FA1−xCsxPbI3 in the a−a−a+ isostructural poly-
morph (d), ROT polymorph (e), and all-
polymorphic degrees (APD) (f). The metastable and
unstable states are associatedwith purple and orange
regions enclosed by the binodal and spinodal lines.
The white regions correspond to thermo-
dynamically stable solid solutions. Critical tem-
peratures (Tc) are highlighted using dashed lines in
the graphs.

Fig. 8 | Gap energy. Gap energy (Eg) in function of composition at T = 300 K for
MA1−xCsxPbI3 (a, b), and FA1−xCsxPbI3 (c, d), in a−a−a+ (black), a−a−a− (red),
ROT (green) and APD (purple) polymorphs. Shaded regions indicate the standard
deviation of averaged values calculated within the GQCA statistical approach.
Experimental results, when available, are indicated by yellow circle symbols26,92,93.
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As summary, we performed a systematic first-principles investigation
about the polymorphic features of A1−xCsxPbI3 (A =MA, FA) pseudo-
cubic alloys, analyzing the impact of mixing organic and inorganic cations
on their structural and electronic properties, configurational disorder and
thermodynamic stability. Through an automated cluster expansion within
the generalized quasichemical approximation, as implemented in SimStack
and Colab platforms, our results indicate that both the effective radius of
organic cation and its dipole moment impacting the Glazer’s pattern in the
PbI�3 sublattice have an essential role on the alloys stabilization and phase
segregation. Because a−a−a+ polymorph is the most stable contribution for
both alloys, the positive excess energies for a−a−a− when considering APD
indicate that the origin of miscibility gap in polymorphic alloys can be
correlated with the presence of out-of-phase Glazer’s contributions in their
respective PbI�3 inorganic framework, pointing out that isostructural limit

of alloys is a limited approach and cannot reveal the complete physical
behavior behind their thermodynamic, structural and electronic properties.
Therefore, the phase diagrams calculated considering the APD statistics
correlatedwell with the experimental findings on the stability of the systems
analyzed here, allowing to detail how different polymorphic contributions
can stabilize and change their respective values of Tc. Thus, a breakthrough
was obtained in the rational design of thermodynamically stable MHPs
cation alloys, which can be used to optimize PSCs in their most diverse
operating temperature conditions.We also highlight future works to which
our protocol can be applied, such as the study of the thermodynamic sta-
bility of fully inorganic cation alloys in the A-site (A1−xCsxPbI3, A =Na, K,
Rb), Pb-free MHPs alloys such as A1−xCsxSnI3, A1−xCsxGeI3 (A =Na, K,
Rb, FA, MA) or even mixed solutions between inorganic halide (CsBX3,
B =Ge, Sn, Pb; X = Cl, Br, I) and oxide-based perovskites (SrBO3, B = Rh,
Ti), whose extension, based on our SimStack workflow, is made simple.

Methods
Automation procedures through the simstack framework
We generated the raw data by employing a Workflow Active Nodes
(WaNos) set within the SimStack framework38, as illustrated in Fig. 11. The
data flow originated from a statistical ensemble created using a variety of
representative configurations formetal halide perovskite (MHP) alloys. The
generated data is readily accessible on our GitHub repository (https://
github.com/Alloys-Workflow). This dataset was produced through the
integration of five distinct WaNos. Additionally, a Colab notebook facil-
itates the extraction of average properties across the MHP alloys ensemble.
Below, we describe and show our automated workflow designed to deter-
mine average thermodynamic and optoelectronic properties for a statistical
ensemble of polymorphic MA1−xCsxPbI3 and FA1−xCsxPbI3 alloys:

SOD-2022. Our protocol identifies a set of equivalent configurations to
represent the cation MHPs alloy ensembles accurately. Utilizing the
cluster expansion framework, we adopted a set of supercells as our basis.
This approach, referenced in multiple studies16,36,65,66, ensures that each

Fig. 9 | Power conversion efficiency.Calculated power conversion efficiency (PCE)
for MA1−xCsxPbI3 in the a−a−a+, a−a−a−, ROT (a), and all-polymorphic degrees
(APD) (b), and for FA1−xCsxPbI3 in the a−a−a+, a−a−a−, ROT (c), and all-
polymorphic degrees (APD) (d) by applying the SLME model via GQCA statistics.

Fig. 10 | Correlation. Correlation between the gap energy, composition and total
absorption coefficients (∑α) calculated through GQCA at 300 K for MA1−xCsxPbI3
(a) and FA1−xCsxPbI3 (b) by considering APD as the alloy’s ensemble. The color
map corresponds to the ∑α obtained via GQCA ensemble statistics for the photon
energy range 0.0–4.0 eV.
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supercell is statistically and energetically independent. Specifically, we
expanded a 2 × 2 × 2 supercell from a cubic unit cell, starting with
MAPbI3 (or FAPbI3) as the parent MHPs, as depicted in Fig. 12a16,17.
Subsequently, the alloys were engineered by substituting MA (FA)
cations with Cs in eight cuboctahedral sites. This process resulted in
cluster configurations representingMA1−xCsxPbI3 (FA1−xCsxPbI3) solid
solutions, schematically illustrated in Fig. 12b. In these configurations, A
labels the organic cations, and B denotes the inorganic ones, following the
sequence 12345678 in panel a. Treating each cation mixed MHP as a
pseudobinary alloy, the two cation options at the cuboctahedral sites yield
28 = 256 configurations. However, symmetry operations within the cubic

Pm�3m macroscopic space group categorize these into J = 22 classes of
equivalent configurations. Each class has its specific degeneracy factor
(gj), as shown in Fig. 12b and Supplementary Table 1 in the Supple-
mentary Material. The SOD program facilitated the generation of all
these degeneracy factors and structures31, as integrated into the SOD-
2022WaNo in the SimStack workflow. Since SOD is based on symmetry
operations of the corresponding structure, the SOD-2022 WaNo can be
applied forMHPs alloys with any spacegroup, which is also extendable to
other types of (pseudo)binary alloys beyond MHPs.

To capture the polymorphic nature associatedwithMHPs investigated
here, we considered their octahedral tilts, Pbmetal off-center displacements

Fig. 11 | SimStack workflow. This illustration depicts the comprehensive SimStack
workflow employed for calculating the properties of semiconductor alloys using the
Generalized Quasi-Chemical Approximation (GQCA) protocol.The workflow
integrates a series ofWaNos: SOD-2022,Mult-It, UnpackMol, DFT-VASP, andDB-
Generator. Each WaNo plays a specific role in the process: SOD-2022 generates
cluster configurations and their degeneracy factors. Mult-It: facilitates the creation

and management of data lists. UnpackMol: prepares configuration files for DFT
analysis. DFT-VASP: conducts Density Functional Theory calculations. DB-Gen-
erator: compiles the results into a database. Additionally, the workflow leverages the
capabilities of GitHub, connecting the data set generated via workflow with a Colab
notebook for phase-diagram analysis and determining average, statistical, and
thermodynamic properties of metal halide perovskite (MHP) alloys.

Fig. 12 | Structures. a Pictorial representation of the
APbI3 (CsPbI3) 2 × 2 × 2 supercell expansion. The
cuboctahedral sites are numbered from 1 to 8, in
which the organic cations (A =MA, FA) are
replaced by Cs to built the MHPs alloys. b Alloy
cluster expansion schematization. The organic
cations are depicted as yellow spheres, and the
inorganic ones are turquoise spheres. The gray
arrows indicate the substitution of organic cations
by Cs. c Glazer’s notation schematization, with a0

representing no rotation, a+ in-phase rotation, and
a− out-of-phase rotation. d Picture of structural
configurations of alloys, with Glazer’s rotations
around each a, b and c cell axis (pointing out of the
paper plane) in a−a−a+, a−a−a−, ROT and APD (all
configurations together) being showed.
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within octahedra, and positional rearrangements of cations into the
cuboctahedral voids of clusters. The former were denoted by using the
Glazer’s notation67, in which strings are associated with the magnitude (a, b
or c), and superscriptswith the relativeorientation (e.g.,a0 forno rotation,a+

in-phase, and a− out-of-phase) of the octahedra rotations along each
direction parallel to the crystal axis of our (pseudo)cubic cells, as depicted in
Fig. 12c. More details can also be accessed in Supporting Information
(Supplementary Fig. 1).

We have considered our previous studies regarding the thermo-
dynamic stability of CsPbI3

14 through the CsI(s)+ PbI2(s)⟶
CsPbI3(s) synthesis route, in which polymorphic effects were captured.
According to this, two Glazer’s configurations were chosen to verify the
effects of octahedral rotations on the thermodynamic and electronic
properties of our alloys, respectively, a−a−a+ (ΔfH =−116 me V per
cation) and a−a−a− (ΔfH =−81 meVper cation), which present relative
energies of -96 me V per cation and −62 me V per cation, respectively,
regarding the a0a0a0 rotation pattern. This was named the alloy’s
isostructural limit.

We also evaluated the impact of random octahedral rotations on alloy
properties. Specifically, we introduced slight positional adjustments to all
atoms within the clusters before optimization. This process called random
octahedral tilts (ROT), does not follow any predefined octahedral rotation
pattern.Moreover, we investigated the combined effects of several structural
motifs on the alloys’ thermodynamic stability. The resulting statistical
analysis of the alloys incorporates all these polymorphic contributions. It is
termed the all polymorphic degrees (APD) approach. This approach is
symbolically represented by the combination of a−a−a+ + a−a−a−+ROT.
The APD methodology extends the principles of generalized ensemble
formalism, traditionally used inmodeling alloyswith clusters fromdifferent
crystal structures15. However, in our case, we focus on analyzing a cubic
crystal structure enriched with multiple polymorphic elements. Conse-
quently, the set of configurations we explored is outlined as follows:
• a−a−a+: stablest isostructural limit;
• a−a−a−: metastable isostructural limit;
• ROT: random octahedral tilts;
• APD: all polymorphic degrees.

A schematic representation of each configuration set is presented in
Fig. 12d.

Mult-It. The Mult-It WaNo streamlines the generation of lists and data
management within our workflow. With this tool, effortlessly create lists
of both floats and integers and conveniently read lists of file names.
Specifically, it aids in quickly generating the required lists and reading file
names from .tar files. This prepared data is then seamlessly passed to the
UnpackMol WaNo within the ForEach loop control, further enhancing
the efficiency of your workflow process.

UnpackMol. The UnpackMol WaNo is designed to efficiently
uncompress configuration files generated by SOD-2022, preparing
them for subsequent processing with the DFT-VASP WaNo.
UnpackMol is seamlessly integrated with the SimStack framework
within the ForEach loop control. This combination enhances the effi-
ciency of handling and preparing multiple configurations, ensuring a
smooth and automated transition from the SOD-2022 output to the
DFT-VASP WaNo input. This integration is vital to our workflow,
streamlining the data preparation process for density functional theory
calculations.

DFT-VASP. This WaNo is specifically developed to facilitate Density
Functional Theory (DFT) calculations through the Vienna Ab initio
Simulation Package (VASP) code68,69. This WaNo is tailored for
researchers who may or may not be familiar with the intricate func-
tionalities of VASP, simplifying the optimization process of these
calculations.

Our total energy calculations and structural optimizations are groun-
ded in DFT, as formulated by Hohenberg and Kohn and Kohn and
Sham70,71. We utilize the semilocal Perdew–Burke–Ernzerhof (PBE)
approximation for the exchange-correlation energy functional, as proposed
byPerdewet al.72 and implemented inVASP68,69. TheKohn-Shamequations
are solved using the ProjectorAugmented-Wave (PAW)method (Blöchl)73,
with core states addressed through fully relativistic calculations and valence
states via a scalar-relativistic approximation, inclusive of Spin-Orbit
Coupling (SOC).

For all systems, the PAW framework expands plane waves to a
cutoff energy of 500 eV. The valence electron configurations are as
follows: Cs (5s2, 5p6, 6s1), H (1s1), C (2s2, 2p2), N (2s2, 2p3), Pb
(5s2, 5d10, 6s2, 6p2), and I (5s2, 5p5). For the 2 × 2 × 2 supercell expansion
from a unit cell, the Brillouin zone integration is executed with a
4 × 4 × 4 k-mesh. We set the total energy convergence criterion at e-
5 eV. Additionally, the lattice constants and stress tensors are fully
optimized, ensuring that the Hellmann-Feynman forces on each atom
are relaxed to values below 0.010 eV Å−1.

DB-Generator. This WaNo is designed to produce files in yml format,
comprehensively detailing the degeneracy factors and total energies
derived from DFT-VASP calculations. These files are crucial for the
subsequent stages of ourworkflow.Theywill be automatically loaded into
aColab notebook, which serves as the data set for calculating alloys’phase
diagrams and assessing their respective properties. This integration
ensures a seamless transition from energy calculations to analyzing these
phase diagrams, facilitating a more efficient and accurate determination
of alloy properties.

Thermodynamic, electronic and structural properties through a
colab notebook
Within GQCA approach17,36,65, the probability xj of each configuration j as
part of the ensemble can be estimated by theminimization of theHelmholtz
free energy,ΔFmix(x, T), for themixing of theA1−xCsxPbI3 perovskite alloys
(A =MA, FA), so that

ΔFmix ¼ ΔUmixðx;TÞ � TΔSmixðx;TÞ ð1Þ

so that ΔUmix(x, T) is the mixing internal energy defined by

ΔUmixðx;TÞ ¼
XJ
j¼1

xjðx;TÞΔεj ð2Þ

where Δεj is the excess energy of j-th class, calculated as

Δεj ¼ Ej �
n� nj
n

EAPbI3
� nj

n
ECsPbI3

: ð3Þ

Here, Ej; EAPbI3
, and ECsPbI3

are the total energies of j-th configuration
(class), APbI3 (A =MA or FA) and CsPbI3, respectively, considering as a
reference for the pristine compounds their stablest configuration in the
corresponding ensemble. n and nj stand for the total number of cubocta-
hedral sites in the supercell (8 sites) corresponding to the number of Cs
cations (see Supplementary Table 1). In Eq. (2), xj accounts the cluster
probability defined by74

xjðx;TÞ ¼
gjη

nje�βΔεjPJ
i¼1 giη

nie�βΔεi
ð4Þ

in which β ¼ ðkBTÞ�1 where T is temperature (and kB is the Boltzmann
constant), gj is the degeneracy factor of j-th class obtained at WaNo SOD-
2022 and η is a parameter defined by the constrain∑jxj(x, T)nj = nx. In the
case of APD, we also defined the polymorph probability as xk =∑j∈kxj, with
k = a−a−a+, a−a−a− or ROT and the sum is over all cluster associated with
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the corresponding polymorph pattern. Following this, we employed a
mixing entropy based on the Kullback–Leibler (KL)75 divergence as

DKLðxjjjx0j Þ ¼
XJ
j¼1

xj ln
xj
x0j

 !
ð5Þ

where x0j ¼ gjx
nj ð1� xÞn�nj is the probability distribution for the j-th class

in a regular solid solution with the proper normalization to account for the
number of polymorphs36, leading to the mixing entropy expression as

ΔSmix ¼ �NkB½x ln x þ ð1� xÞ lnð1� xÞ�
�MkBDKL xjjjx0j

� � ð6Þ

in which N is the total number of cuboctahedral sites in the solid solution,
and M is the total number of clusters in the alloy. According to previous
works, this expression is suggested to be sufficient for calculating the ther-
modynamic properties of MHP alloys in good accordance with
experiments16,17,76,77, while for other systems, vibrational and magnetic
contributions couldaffect their stability and, if this happens, they should also
be included in the entropy expression78,79.

Based on the expression of ΔFmix, T-x phase diagrams can be con-
structed by calculating spinodal and binodal lines, as described in Section III
of the Supporting Information. Following the Connolly-Williams
method65,80, electronic and structural properties (P) of alloys can be calcu-
lated as an average over the statistical ensemble from the MHP alloy con-
figurations, i.e.,

Pðx;TÞ ¼
XJ
j¼1

xjðx;TÞPj ð7Þ

where P(x, T) stands for lattice parameters (a, b and c), Pb-I distances, Pb-I-
Pb angles, gap energies (Eg), among others. All the equations above were
implemented in a Colab Notebook, which can be accessed on our GitHub
platform (https://github.com/Alloys-Workflow).

Gap energy from DFT-1/2 quasiparticle correction
Gap energies (Eg) were calculated through a quasiparticle correction based
on Slater’s half-ion technique81,82, named DFT-1/283. Our previous works
have demonstrated the efficiency of the DFT-1/2 transferability adopted
here17,19,64, inwhich thehalf-ionization in the representative configurationsof
the alloys (associatedwith the 5p state from the I) was performed,modifying
the standard Kohn-Sham (KS) potential (VKS(r)) by subtracting from it the
electronic self-energy potential (VS(r)), i.e., Vmod;KSðrÞ ¼ VKSðrÞ � VSðrÞ.

VS(r) was approximated via VS(r) =Θ(r, CUT)[V0(r)−V−1/2(r)],
with V0(r) and V−1/2(r) denoting the KS potential for the neutral and half-
ionized iodine atoms, respectively. The step function Θ(r, CUT) was
introduced to avoid interpenetration between neighbor atoms, whose CUT
parameter is determined variationally by maximizing the gap energy
without empirical parameters17,64. CUT parameters were independently
optimized to CsPbI3, MAPbI3, and FAPbI3, but coincidentally it reaches
3.85a0, as depicted in Supplementary Fig. 2 of the Supporting Information,
so that the same value was adopted to allMA1−xCsxPbI3 and FA1−xCsxPbI3
here studied. Finally, the approximated quasiparticle correction described
here, when combined with SOC (DFT-1/2+SOC protocol), leads to results
in similar accuracy to those obtained via the expensive GW approach but
with standard DFT costs. More details about the DFT-1/2 approach can be
accessed in Section IV of the Supporting Information.

PCEcalculations via SpectroscopicLimitedMaximumEfficiency
(SLME) model
We employed the Spectroscopic Limited Maximum Efficiency (SLME)
model84 to calculate the maximum PCE of our alloys’ polymorphs via

GQCA statistics, considering aMHP alloy width of 1 μmat 300 K. SLME is
based on the principle of detailed balance, differing from the
Shockley–Queisser (SQ) model by explicitly considering the specific
absorption coefficient of the material, as reported by previous studies85–87.
Details about the model are available in Section V of the Supporting
Information. Here, we computed the PCE through the SLMEmodel for all
J = 22 cluster classes, expanding each polymorph representing the
A1−xCsxPbI3 alloys by using

88,89

αjðωÞ ¼
ffiffiffi
2

p
ω

c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ϵ2Re;jðωÞ þ ϵ2Im;jðωÞ

q
� ϵRe;jðωÞ

h i1=2 ð8Þ

as absorption coefficient – αj(ω) – through Random Phase Approximation
(RPA)90 from the DFT-1/2+ SOC protocol employed to calculate Eg. The
expression for αj(ω) is defined by ℏω as the photon energy, c the speed of
light in vacuum, ϵRe;jðωÞ the real part, and ϵIm;jðωÞ the imaginary part of the
dielectric function. ϵIm;jðωÞ was calculated employing the RPA, while
ϵRe;jðωÞ was obtained via Kramers–Kronig transformation91. After that, the
absorption coefficients for alloys’ polymorphs were obtained as GQCA
averages over their respective ensembles, i.e. α(ω; x, T) =∑∀jxj(x, T)αj(ω)

17.

Data availability
The data that supports the findings of this study are available at https://
github.com/Alloys-Workflowor from the corresponding author upon rea-
sonable request.

Code availability
The code supporting this study’s findings is available at https://github.com/
Alloys-Workflow.
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