
  

 
 
 

  

 
 
 

 

Rethinking tolerance factor analysis for chalcogenide perovskites  
Jonathan W. Turnley, Shubhanshu Agarwal, and Rakesh Agrawal* 

Tolerance factor analysis has been widely used to predict suitable compositions for oxide and halide perovskites. However, 
in the case of the emerging chalcogenide perovskites, the predictions from the tolerance factor have failed to align with 
experimental observations. In this work, we reconsider how tolerance factor is being applied, specifically adjusting for the 
effect of increased covalency of bonding on the ionic radii. Further, we propose a series of screening steps based on 
octahedral factor, tolerance factor, and electronegativity difference to better predict the formation of sulfide perovskites.

Perovskites with the composition ABX3 are one of the most 
heavily studied classes of materials, particularly for the case of 
oxide and halide perovskites. While the diverse group of oxide 
perovskites (generally with wide bandgaps) have been studied 
for a wide variety of applications, the recent emergence of 
organic-inorganic halide perovskites with narrower bandgaps 
and excellent optoelectronic properties led to the surge of 
perovskite-based solar cells and semiconductor devices.1 Yet, 
fundamental challenges in halide perovskite stability have 
resulted in a widespread investigation into methods to enhance 
the stability of halide perovskites or to find new perovskites and 
perovskite-inspired materials that have excellent 
optoelectronic properties but enhanced stability.2–4 As such, 
there has been substantial effort to quickly screen the 
compositional space for combinations of ions that might allow 
for the formation of a perovskite material. 

The perovskite crystal structure is based around a corner-
sharing network of BX6 octahedra, with the A-cations filling the 
resulting cavities. As a simple screening procedure to determine 
which combinations of A, B, and X ions can form the perovskite 
crystal structure, geometrically derived dimensionless numbers 
have been defined. The most famous of these dimensionless 
numbers is the tolerance factor, t, which is defined based on  rA, 
rB, and rX, which are the ionic radii of the A, B, and X ions, 
respectively.5 
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In essence, the tolerance factor considers if the A-cation has 
an appropriate size to stabilize the BX6 octahedral network. If 
the value of t is greater than 1, it predicts that the A-cation is 
too big, and a non-perovskite crystal structure will form. If the 
value of t is exactly 1, it predicts that the A-cation is the perfect 
size, and a cubic perovskite will form. Values slightly below 1 

(the exact definition varies but approximately between 0.8-1) 
predict that the octahedral network will distort to 
accommodate a smaller A-cation, resulting in a distorted 
perovskite.6–9 Finally, for values well below 1 (generally below 
0.8), the A-cation is much too small, and a non-perovskite 
crystal structure is formed. 

A second dimensionless number that is also useful in 
screening for perovskite compounds is referred to as the 
octahedral factor, µ, and is the ratio of the B-cation radius to 
the X-anion radius. 
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The octahedral factor considers if the B-cation and X-anion 
are appropriately sized to form BX6 octahedra, an important 
consideration given the requisite of this unit in the perovskite 
structure. This is predicted to occur when values of µ fall 
between 0.414 and 0.732.10,11 While in the context of 
perovskites this value is referred to as the octahedral factor, it 
is really just a specific example of the radius ratio rules which 
can be used to predict the coordination number for a given 
cation-anion combination.12–15 The values in Table 1 show the 
predicted coordination number around a B-cation depending 
on the radius ratio with an X-anion. 

This combination of tolerance factor and octahedral factor 
have generally been successful for the screening of oxide, 
fluoride, and chloride perovskite materials, which make up the 
bulk of the known and heavily studied perovskites.6,11 
Chalcogenide perovskites (mostly sulfide perovskites) have 
recently emerged as an interesting class of materials for 
optoelectronic applications due to their better stability than the 
organic-inorganic halide perovskites and their lower bandgaps 
than the oxide perovskites.3,16 As such, tolerance factor analysis 
was quickly used to screen for candidate chalcogenide 
perovskite materials. However, simple application of tolerance 
factor and octahedral factor suggests there should be few 
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chalcogenide perovskites, which fails to accurately connect with 
the growing number of experimentally synthesized ABS3 
perovskites.17,18  

To better understand where these predictions are going 
wrong, we can first consider attempts to predict which B-
cations are suitable for sulfide perovskites. Because the sulfide 
anion is larger than the oxide anion, it is intuitive that large +4 
cations would be of interest for sulfide perovskites. Considering 
d and p block elements that commonly take this oxidation state, 
this could include Ti4+, Zr4+, Hf4+, Mo4+, W4+, and Sn4+. Tiwari et 
al. used Shannon ionic radii to calculate the octahedral factor 
for a wide range of +4 cations.17 The reported µ values for these 
cations with a S2- anion resulted in values of 0.33, 0.39, 0.39, 
0.35, 0.36, and 0.38, respectively.17 As none of these values 
cross the lower threshold of 0.414, this result implies that all of 
these B-cations are too small to have octahedral coordination 
with sulfide anions. However, in each of the binary TiS2, ZrS2, 
HfS2, MoS2, WS2, and SnS2, the +4 metal has 6-fold coordination 
with the S2- anions, showing that these octahedral factor 
calculations do not track with experimental observations. 

Next, we can consider tolerance factor calculations in the 
context of chalcogenide perovskites, which has been covered in 
several reports.17–21 As discussed by Jess et al., using the 
traditional tolerance factor analysis for known ABS3 materials 
results in a range of perovskite and non-perovskite materials 
falling within the 0.83 to 1 tolerance factor range that should 
translate chalcogenide perovskites.22 For example, from these 
calculations all of BaZrS3, BaSnS3, PbZrS3, and PbSnS3 have an 
appropriate tolerance factor to form a distorted perovskite. But 
experimentally only BaZrS3 takes the perovskite crystal 
structure, while BaSnS3, PbZrS3, and PbSnS3 take the needle-like 
crystal structure. This indicates that on its own, tolerance factor 
analysis is incapable of distinguishing between chalcogenide 
perovskites and other related chalcogenide materials.  

Going a step further, Sopiha et al. used both the tolerance 
factor and octahedra factor to make a 2D map to highlight the 
challenge of finding a combination of A- and B-cations that 
satisfy both the tolerance factor and octahedral factor to form 
a sulfide perovskite.18 None of the combinations they 
considered passed a strict threshold of 0.414 < µ < 0.732 and 
0.85 < t < 1. This would lead to the expectation that 
chalcogenide perovskites are exceedingly rare. But while the 

number of known chalcogenide perovskites is much smaller 
than the number of oxide perovskites, there are more 
chalcogenide perovskites than would be expected based on this 
combined tolerance factor and octahedral factor analysis. 

In this work we seek to remedy this disconnect by 
reconsidering how tolerance factor analysis is applied to the 
screening of sulfide perovskites. In doing so, we emphasize two 
key areas of consideration. The first of these is the criticality of 
using the correct radii for a given system. Ionic radii are not 
fixed values. While it is widely understood that the ionic radius 
can change with oxidation state and coordination number, this 
value can also change based on the ionic-covalent nature of the 
specific bond. Second, while the tolerance factor and 
octahedral factor can screen “geometrically”, it is also useful to 
consider screening “chemically” in the prediction of sulfide 
perovskites. Considering these two points together better 
explains the known compositional space for chalcogenide 
perovskites and provides new direction for researchers 
searching for undiscovered perovskite materials. 

To have a data set to study the screening of chalcogenide 
perovskites, a search for ABS3 materials was performed on the 
Materials Project database. Excluding persulfides, 100 ABS3 
materials were found that were on or within 0.05 eV of the 
convex hull.23 When multiple crystal structures were listed for a 
given ABS3 composition, the crystal structure with the lowest 
energy was selected. These materials are shown in Table S1. 
This table also notes the common crystal structures found in 
this dataset, including distorted perovskite (DP), needle-like 
(NL), hexagonal (Hex), NdYbS3-type, and CeTmS3-type. The 
distorted perovskites are further classified as 2-4, 3-3, or 4-2 
depending on the charges of the A- and B-cations, respectively. 
No 1-5 or 5-1 sulfide perovskites were listed in the Materials 
Project database, despite these combinations of cations 
satisfying charge balance. This table also lists the coordination-
number of the B-cations, since BS6 octahedra are a core feature 
of the perovskite crystal structure and are the focus of the 
octahedral factor calculation. It should be noted that a major 
assumption of this analysis is that the computational data 
obtained from Materials Project is reflective of reality. This 
assumption is discussed further and validated below. 

The first major requirement for geometric screening of 
chalcogenide perovskites is to have correct sizes for the 
constituent ions. Incorrect radii will inherently lead to flawed 
geometric calculations. As has been discussed above, the 
mismatch between octahedral calculations in the literature and 
actual experimental observations is an indication that the 
wrong radii are being used in the case of chalcogenide 
perovskites. Shannon’s ionic radii are the most widely used 
values for the sizes of ions in the literature and have been the 
primary source for chalcogenide perovskite screening. It is 
readily apparent in this data that changes in the oxidation state 
and the coordination number of the ions will cause a change in 
the ionic radius. However, a less readily apparent factor that will 
also impact the ionic radius is the ionic-covalent nature of the 
specific bond. In the most widely utilized data set, Shannon 

Table 1. Predicted coordination based on the radius ratio 
rB/rX Coordination 

Number 
Packing/Coordination Type 

1.0 12 Hexagonal or Cubic Closest 
Packing 

0.732 – 
1.0 

8 Cubic 

0.414 – 
0.732 

6 Octahedral 

0.225 – 
0.414 

4 Tetrahedral 

0.155 – 
0.225 

3 Triangular 

0 – 0.155 2 Linear 
 



 

 

meticulously calculated all the ionic radii from experimental 
data on the crystal structures of metal oxides and metal 
florides.24,25 However, as Brehm et al. and Jess et al. pointed 
out, the more covalent nature of metal sulfide bonds compared 
to metal oxide bonds means that these ionic radii derived from 
metal oxide data will not be correct for metal sulfides.22,26 Both 
Brehm et al. and Jess et al. proceeded to develop a modified 
tolerance factor where one or more electronegativity difference 
terms are included, and in both cases improved predictions 
were obtained. However, this type of modification means that 
the tolerance factor no longer has a geometric interpretation as 
was initially intended. A more fundamental approach to solving 
this problem is instead to obtain corrected radii specifically for 
metal sulfides. 

Luckily, Shannon also realized this problem and later 
published a less complete dataset for crystal radii derived from 
metal sulfide experimental data.27 In addition to adjusting the 
cationic radii, there is also an important distinction that this 
work uses the crystal radius of 6-coordinated S2- of 1.70 Å rather 
than the ionic radius of 1.84 Å. In this work, we have used this 
sulfide-derived crystal radii dataset, filling in the gaps with 
extrapolation and approximation where needed (Table S2). In 
doing so we denote µS and tS as the octahedral factor and 
tolerance factor calculations that utilize sulfide-derived radii. 

Our first step was to determine if these revised radii lead to 
improved geometric predictions. This can be done by comparing 
how accurate octahedral factor predictions are with the oxide-
derived ionic radii and with the sulfide-derived crystal radii. 
These octahedral factor calculations for the set of materials 
used in this study are shown in Figure 1 with green circles 
representing correct predictions and red circles representing 
incorrect predictions. As seen in Figure 1a, octahedral factor 
calculations based on the oxide-derived radii have poor 
predictive ability, only correctly predicting the coordination 
around the B-cation as <6, =6, or >6 in 49 out of the 100 
materials. Diving into these predictions further, these 

calculations do tend to be correct for materials where the B-
cation has coordination numbers less than 6. However, when 
considering the materials where the B-cation has a coordination 
number of exactly 6 or a mixture of 6- and 7-fold coordination, 
the calculation incorrectly predicts that the cation is too small 
for this degree of coordination in 46 out of the 63 materials. 

On the other hand, a large improvement in the predictive 
ability of the octahedral factor is obtained when using sulfide-
derived radii (Figure 1b). Overall, 91 out of the 100 materials 
had the correct prediction for B-cation coordination of <6, =6, 
or >6. In particular, materials that had some degree of B-cations 
with 6-fold coordination were correctly identified in 61 out of 
63 examples. While there are still some limitations in this 
sulfide-derived dataset (see Discussion S1 in the SI), the switch 
to sulfide-derived data leads to markedly enhanced predictive 
ability. Overall, this allows us to arrive at the conclusion that 
these sulfide-derived radii better match the actual sizes of the 
ions in these materials and should therefore be used for 
geometric predictions of the sulfides. 
 Utilizing the octahedral factor with sulfide-derived radii as 
the first screening step, 67 candidate materials were predicted 
to have BX6 octahedra (noting that a handful of these did not 
actually have BX6 octahedra in their crystal structure). As a 
second step of the screening procedure, the tolerance factor 
was calculated using sulfide-derived radii (designated as tS). 
Given the use of radii that more accurately reflect the size of the 
ions in the crystals, it is expected that improved geometric 
screening via tolerance factor can be achieved. In line with this 
prediction, 21 out of the 22 chalcogenide perovskites that 
passed the octahedral factor screening had tS values between 
0.865 and 0.965 (Figure 2). The other chalcogenide perovskite 
which didn’t fall in this region (LaLuS3) had a tS value of 0.84 
which is near the expected distorted perovskite region, 
depending on how that range is defined. This suggests that the 
correction to the radii has improved the tolerance factor 
predictions. However, counter to this idea, 20 materials that 

 

Figure 1. Scatter plots comparing the observed coordination number for the B-cations of the 100 ABS3 materials (based on computational structures from Materials 
Project) compared to the calculated octahedral factor based on a) oxide derived radii and b) sulfide derived radii. Correct predictions are marked with a green 
circle and incorrect predictions are marked with a red circle. 



 

 

don’t take the distorted perovskite crystal structure also had tS 
values in the range of 0.865 to 0.965, with 13 of them taking the 
needle-like crystal structure. This suggests that the combination 
of tolerance factor and octahedral factor as geometric 
screening methods is still not satisfactory for differentiating 
chalcogenide perovskites and a third screening step is 
necessary. It should be noted that the finding that a simple use 
of tolerance factor is unable to accurately separate perovskite 
and non-perovskite materials is consistent with other classes of 
ABX3 materials, particularly those with anions that are less 
electronegative, such as iodides.6,28 
 Interestingly, researchers have improved the groupings with 
tolerance factor when multiplied by some term that accounts 
for electronegativity difference, despite the fact that this no 
longer allows for a geometric interpretation of the resulting 
value.22,26 This could suggest that rather than accounting for 
changes in the radii of the ions as was initially intended, this 
electronegativity term is acting as a screening method based on 
the chemistry of the ions. For example, the electronegativity 
differences between the anions and cations can affect charge 
localization and impact cation-cation repulsion, which could in 
turn lead to certain crystal structures being favored. Therefore, 
we added a screening step based on the electronegativity 
difference between the anions and cations, χdiff. 
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 The scatter plot in Figure 2 establishes a two-dimensional 
map of the 67 materials that passed the octahedral factor 
screening step based on their tS and their χdiff. The results show 
excellent grouping of the different crystal structures. Notably, 
this χdiff aids in distinguishing between the distorted perovskites 
and the needle-like materials. Taking the constraints of tS 
between 0.865 and 0.965 and χdiff above 1.025 effectively 
groups 18 of the 22 chalcogenide perovskites that passed the µS 
constraint. Additionally, only one material that does not have a 
chalcogenide perovskite crystal structure falls within this region 
(CeLuS3). There are also notable groupings of other crystal 
structures. Hexagonal materials have a larger tS value and a high 
χdiff value. On the other hand, NdYbS3-type and CeTmS3-type 
materials have a lower tS value and a high χdiff value. 
Interestingly, the needle-like materials have a large spread in 
their tS values but all have a low χdiff value. 

It is also worth considering the effectiveness of this three-
step screening procedure as a whole. A total of 100 ABS3 
materials were considered, 24 of which take a distorted 
perovskite crystal structure. Only 19 materials were classified to 
fit within the constraints of 0.414 < µS < 0.732, 0.865 < tS < 0.965, 
and χdiff > 1.025, and 18 of those were correctly predicted as 
distorted perovskites. Therefore 18 out of 24 perovskites and 
75 out of 76 non-perovskites were correctly classified by this 
procedure. 

At this point, it is important to verify that the dataset 
obtained from Materials Project is reflective of reality. Table S4 
compares the crystal structures obtained from Materials 
Project to the crystal structures listed in ICSD for the 67 

 

Figure 2. Scatter plot for the 67 materials that passed the modified octahedral factor screening comparing their calculated tolerance factor, tS and their 
electronegativity difference, χdiff, and sorted by their crystal structure. 



 

 

materials contained in Figure 2. There is strong agreement 
between the two sources. In some cases, ICSD shows multiple 
crystal structures for a given material. In these cases, the 
Materials Project is useful in identifying which is the 
thermodynamically favorable crystal structure. 

Consideration should be given to the meaning behind this 
procedure and its implication for chalcogenide perovskites. The 
first two screening steps (µS and tS) are purely geometric with 
the intention of utilizing more accurate radii. While geometric 
dimensionless numbers have been highly successful for 
predicting oxide perovskites, these metrics alone fail to 
satisfactorily identify sulfide perovskites. Therefore, an 
additional screening step based on the chemical nature of the 
constituent ions was added (χdiff), which improves the predictive 
ability of this screening. In particular, it notes that sulfide 
perovskites tend to have a larger electronegativity difference 
between their cations and the sulfide anion. This is interesting 
as the more electronegative oxide anion allows for a large χdiff 
with a diversity of cations, which correlates with the 
observation that there is a huge number of known oxide 
perovskites. Additionally, a selenide perovskite (LaScSe3) was 
recently discovered which would also have a χdiff above the 
threshold designated in this study.29 That being said, we do not 
propose a specific mechanism by which large electronegativity 
difference would enable a perovskite crystal structure. Instead, 
we can put forward a few potential hypotheses for this finding: 

• In materials with a small χdiff and relatively covalent 
bonding nature there could be reduced charge 
localization. That may minimize the impact of 
cation-cation repulsion and allow for non-
perovskite crystal structures which have smaller 
cation-cation distances. 

• As χdiff decreases the covalency of the bond 
increases which may negate the hard-sphere 
assumption that is built into geometric screening 
methods. Therefore, for materials with a small χdiff, 
the determined ionic radii may no longer be 
representative and tolerance factor analysis may 
not be valid. 

• The χdiff factor may just be following some other 
periodic table trend that is more connected to the 
fundamental factors determining the crystal 
structure. 

The majority of chalcogenide perovskite research has so far 
focused on BaZrS3, which has proven to have good stability and 
a bandgap that could be useful in tandem photovoltaics.30–36 
However, ongoing search for chalcogenide perovskites could 
unearth new materials with interesting properties for a variety 
of applications. Ultimately, this sort of screening based on easy 
to obtain data is better considered as a useful first step rather 
than some perfect end-all-be-all methodology. Still, it can point 
researchers in the right direction in attempts to discover new 
chalcogenide perovskites.  

In considering these three screening criteria together, we 
performed a preliminary search to find hitherto unidentified 
distorted perovskites by limiting to cations from elements on 
the left side of the periodic table (Table 2). This includes the 

alkali metals, alkaline earth metals, early transition metals, and 
the metals of the lanthanide and actinide series. Because of the 
radioactivity of the actinide series, chalcogenide perovskites of 
these metals are not likely to be useful in semiconductor 
applications. Similar radioactivity arguments could be used to 
remove promethium and any elements with atomic numbers of 
84 or more. While elemental abundance arguments might be 
presumed to eliminate the “rare earth” lanthanides, they are 
actually more abundant than some other elements used in the 
semiconductor industry like indium, silver, cadmium, and 
tellurium. It is frequently observed that the lanthanides form 
sulfides perovskites with scandium, with this constituting the 
majority of the known 3-3 perovskites.18 However, EuScS3 was 
not present in the Materials Project database. While europium 
often takes the +2 oxidation state, the +3 oxidation state is also 
possible making this an intriguing option for a new 3-3 
perovskite. Other 3-3 perovskites may also exist based on 
lanthanide A-cations and either yttrium, titanium, or niobium as 
the B-cation. 

Considering the +4 B-cations, zirconium and hafnium have 
already been observed in combination with most of the likely +2 
A-cations (barium, strontium, calcium, and europium).18,37–39 
Samarium can also take the +2 oxidation state and would satisfy 
the need for a large A-cation meaning SmZrS3 and SmHfS3 might 
take the perovskite crystal structure. Other +4 cations that 
could be of interest include titanium and cerium. Titanium is 
notably smaller than zirconium and hafnium, so in combination 
with barium it produces hexagonal BaTiS3. Perhaps the smaller 
calcium would enable CaTiS3 to take the distorted perovskite 
structure.  

There are very few +5 cations that are likely to have the size 
and electronegativity combination to enable a chalcogenide 
perovskite, so it is expected that 1-5 sulfide perovskites would 
be rare. The best B-cation candidate for these 1-5 perovskites 
would be tantalum, and even this in on the small side. CsTaS3 is 
reported in a hexagonal crystal structure.40 However, pairing 
tantalum with a smaller alkali metal might satisfy the above 
criteria, making NaTaS3 an intriguing option for the first 1-5 
sulfide perovskites. KTaS3 and RbTaS3 would fall near the border 
of the distorted perovskite and hexagonal regions, close enough 
that errors from the extrapolation method for determining the 
alkali cation radii could impact the predictions. We note that our 
initial attempt to synthesize NaTaS3 and KTaS3 via high 
temperature solid-state reactions was unsuccessful. However, 
challenging synthesis has been a hallmark of chalcogenide 
perovskites, and these new perovskites may just require a 

Table 2. Preliminary search for unidentified sulfide 
perovskites 

Suggested 
Composition 

Calculated 
µS  

Calculated tS Calculated 
χdiff 

EuScS3 0.51 0.89 1.04 
SmHfS3 0.50 0.93 1.05 
SmZrS3 0.50 0.93 1.05 
CaTiS3 0.43 0.95 1.04 
NaTaS3 0.44 0.93 1.06 

 



 

 

careful and creative search to find appropriate synthesis 
conditions. 

We also note that the data presented here could reasonably 
be extended to identifying likely cations that could be alloyed 
into known sulfide perovskites. Additionally, the similar size and 
electronegativity of the selenide anion compared to the sulfide 
anions means that the cation radii and methods used in this 
work could be used as a first approximation for identifying 
selenide perovskites. In a similar way, this work could also be 
extended as a first approximation of alloyed sulfoselenide 
perovskites. However, more accurate predictions would likely 
be possible when using data derived from metal selenide 
materials. 
 In conclusion, this study seeks to enhance screening 
procedures for sulfide perovskite. To do this, we utilize the well-
established tolerance factor and octahedral factor, but attempt 
to correct the radii of the ions to account for the more covalent 
nature of the metal sulfur bonds. Additionally, we identify that 
even with these improved radii, geometric factors alone fail to 
distinguish between the ABS3 materials that take the distorted 
perovskite crystal structure and the needle-like crystal 
structure. Therefore, an additional chemical screening method 
based on electronegativity differences was introduced which 
drastically enhanced the identification of sulfide perovskites 
from the tested dataset. With these three screening 
parameters, we can direct researchers in the pursuit of new 
chalcogenide perovskites. 
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Table S1. List of ABS3 materials obtained from the Materials Project1 

Material Crystal 
Structure 
Type 

B-
cation 
CN 

Material Crystal 
Structure 
Type 

B-
cation 
CN 

Material Crystal 
Structure 
Type 

B-
cation 
CN 

AgPS3 Other 4 EuPS3 Other 3 PrBS3 Other 3 
AgTaS3 Other 8 EuZrS3 DP (2-4) 6 PrErS3 CeTmS3 6,7 
BaGeS3 Other 4 GdScS3 DP (3-3) 6 PrLuS3 NdYbS3 6 
BaHfS3 DP (2-4) 6 GeTiS3 NL 6 PrScS3 DP (3-3) 6 
BaNbS3 Hex 6 HgPS3 Other 3 PrTmS3 CeTmS3 6,7 
BaPS3 Other 3 InAlS3 Hex 4 SbCrS3 NL 6 
BaSnS3 NL 6 InGaS3 Hex 4 RbPS3 Other 4 
BaTaS3 Hex 6 InSbS3 NL 6 SmBS3 Other 3 
BaTeS3 Other 3 KPS3 Other 4 SmBiS3 Other 7 
BaTiS3 Hex 6 LaCrS3 NL 6 SmCrS3 NL 6 
BaUS3 DP (2-4) 6 LaErS3 Other 6,7 SmGdS3 Other 7 
BaVS3 Other 5 LaGaS3 Other 4 SmScS3 DP (3-3) 6 
BaZrS3 DP (2-4) 6 LaHoS3 CeTmS3 6,7 SnGeS3 Other 4 
BiInS3 Other  6 LaLuS3 DP (3-3) 6 SnHfS3 NL 6 
BiSbS3 Other  6 LaScS3 DP (3-3) 6 SnPS3 Other 3 
CaHfS3 DP (2-4) 6 LaTmS3 CeTmS3 6,7 SnZrS3 NL 6 
CaPS3 Other 3 LaTiS3 NL 6 SrHfS3 DP (2-4) 6 
CaZrS3 DP (2-4) 6 LaVS3 NL 6 SrPS3 Other 3 
CdPS3 Other 3 LaYS3 CeTmS3 6,7 SrSnS3 NL 6 
CeBS3 Other 3 MgPS3 Other 3 SrZrS3 DP (2-4) 6 
CeCrS3 NL 6 MnPS3 Other 3 TbBS3 Other 3 
CeDyS3 Other 7 MoTiS3 Other 6 TbScS3 DP (3-3) 6 
CeErS3 Other 6,7 NiPS3 Other 3 ThCrS3 DP (4-2) 6 
CeLuS3 NdYbS3 6 NdBS3 Other 3 TlPS3 Other 4 
CeScS3 DP (3-3) 6 NdCrS3 NL 6 TlTaS3 NL 6 
CeTmS3 CeTmS3 6,7 NdLuS3 NdYbS3 6 UCrS3 DP (4-2) 6 
CeYbS3 NdYbS3 6 NdScS3 DP (3-3) 6 UNiS3 DP (4-2) 6 
CsPS3 Other 4 NdTmS3 Other 6,7 URhS3 DP (3-3) 6 
CsTaS3 Hex 6 PbGeS3 Other 4 UScS3 Other 6 
CuPS3 Other 4 PbHfS3 NL 6 UVS3 DP (3-3) 6 
CuTaS3 Other 6 PbPS3 Other 3 YScS3 DP (3-3) 6 
DyScS3 DP (3-3) 6 PbSnS3 NL 6 ZnPS3 Other 3 
EuGeS3 Other 4 PbZrS3 NL 6    
EuHfS3 DP (2-4) 6 PdGeS3 Other 4    
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Table S2. Crystal radii determined from metal sulfides2 

Ion Charge CN rS (Å) Data 
Type 

Ion Charge CN rS (Å) Data 
Type 

Ag +1 12 1.28 e Ni +2 12 1.17 e 
Al +3 6 0.69 m Ni +2 6 0.69 e 
B +3 6 0.5 e P +5 6 0.49 a 
Ba +2 12 1.73 m P +4 6 0.479 a 
Bi +3 12 1.63 e Pb +2 12 1.717 a 
Bi +3 6 1.15 m Pd +2 12 1.22 a 
Ca +2 12 1.56 e Pr +3 12 1.56 e 
Cd +2 12 1.56 e Rb +1 12 1.78 e 
Ce +3 12 1.602 a Rh +3 6 0.665 m 
Cr +3 6 0.705 m Sb +3 12 1.529 a 
Cr +2 6 0.9 m Sb +3 6 1.061 a 
Cs +1 12 2.135 a Sc +3 6 0.87 m 
Cu +2 12 1.34 e Sm +2 12 1.64 a 
Dy +3 12 1.45 e Sm +3 12 1.5 e 
Dy +3 6 1.03 e Sn +2 12 1.607 a 
Er +3 6 1.04 a Sn +4 6 0.86 m 
Eu +2 12 1.64 e Sr +2 12 1.68 e 
Eu +3 12 1.53 e Ta +5 6 0.75 m 
Ga +3 6 0.74 m Ta +4 6 0.79 m 
Gd +3 12 1.52 e Tb +3 12 1.51 e 
Gd +3 6 1.04 e Te +4 6 0.906 a 
Ge +2 12 1.4 a Th +4 12 1.49 e 
Ge +4 6 0.616 a Ti +4 6 0.73 m 
Hf +4 6 0.85 m Ti +3 6 0.75 m 
Hg +2 12 1.435 a Tl +1 12 2.17 e 
Ho +3 6 1.04 a Tm +3 6 1 a 
In +3 12 1.34 e U +3 12 1.53 e 
In +3 6 0.92 m U +4 12 1.45 e 
K +1 12 1.85 e U +4 6 0.99 m 
La +3 12 1.5 e V +4 6 0.66 m 
Lu +3 6 0.99 m V +3 6 0.72 m 
Mg +2 12 1.44 e Y +3 12 1.46 e 
Mn +2 12 1.485 e Y +3 6 1.01 m 
Mo +3 12 1.228 a Yb +3 6 1.02 m 
Na +1 12 1.51 e Zn +2 12 1.21 e 
Nb +4 6 0.77 m Zr +4 6 0.85 m 
Nd +3 12 1.587 a      
CN – Coordination Number; rS – radius from sulfide data, m – measured data; e – 
extrapolated data; a – approximated data (data types explained below) 
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Table S3. Data used for extrapolated crystal radii2 

Ion Charge First 
CN 

First 
rS (Å) 

Second 
CN  

Second 
rS (Å) 

Extrapolate 
CN 

Extrapolated 
rS (Å) 

Ag +1 4 0.92 6 1.01 12 1.28 
B +3 3 0.11 4 0.24 6 0.5 
Bi +3 5 1.07 6 1.15 12 1.63 
Ca +2 7 1.21 8 1.28 12 1.56 
Cd +2 5 0.93 6 1.02 12 1.56 
Cu +2 4 0.62 5 0.71 12 1.34 
Dy +3 7 1.1 8 1.17 12 1.45 
Dy +3 7 1.1 8 1.17 6 1.03 
Eu +2 6 1.28 8 1.4 12 1.64 
Eu +3 7 1.13 8 1.21 12 1.53 
Gd +3 7 1.12 8 1.2 12 1.52 
Gd +3 7 1.12 8 1.2 6 1.04 
In +3 5 0.85 6 0.92 12 1.34 
K +1 7 1.6 8 1.65 12 1.85 
La +3 8 1.3 9 1.35 12 1.5 
Mg +2 4 0.72 6 0.9 12 1.44 
Mn +2 4 0.725 6 0.915 12 1.485 
Na +1 5 1.16 6 1.21 12 1.51 
Ni +2 4 0.53 5 0.61 12 1.17 
Ni +2 4 0.53 5 0.61 6 0.69 
Pr +3 6 1.14 8 1.28 12 1.56 
Rb +1 7 1.73 8 1.74 12 1.78 
Sm +3 8 1.22 9 1.29 12 1.5 
Sr +2 6 1.32 8 1.44 12 1.68 
Tb +3 7 1.11 8 1.19 12 1.51 
Th +4 8 1.17 9 1.25 12 1.49 
Tl +1 6 1.45 8 1.69 12 2.17 
U +3 7 1.13 8 1.21 12 1.53 
U +4 7 1.05 8 1.13 12 1.45 
Y +3 6 1.01 8 1.16 12 1.46 
Zn +2 5 0.72 6 0.79 12 1.21 
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Discussion S1. Limitations of the sulfide-derived radii dataset 
 While the sulfide derived dataset used in this work do lead to improved predictive 
ability compared to the use of oxide derived data, there are still some notable limitations. Much 
of this data comes from Shannon’s work on sulfide crystal radii.2 The data from Shannon is 
based on experimental data of the crystal structures of metal sulfides (defined as measured 
data, m, in Table S1). Unfortunately, this work was not as extensive as Shannon’s original works 
using oxide and fluoride data.3,4 To fill in the gaps, linear extrapolation on other datapoints 
from Shannon’s work was used where possible (defined as extrapolated data, e, in Table S2). 
Linear extrapolation has been used in recent work related to tolerance factor analysis and was 
applied here for simplicity.5 However, more accurate extrapolation may be obtained using more 
complex, non-linear methods.6 When linear extrapolation was not possible, the values were 
approximated based on bond distances of metal sulfides listed in the Materials Project 
database (defined as approximated data, a, in Table S1).1 The average bond distance was used 
from a representative material listed above with the correct charge and coordination number. 
The exception to this is for Sm2+, which has the same radius as Eu2+ when both have a 
coordination number of 6, so it was assumed that it also has the same radius as Eu2+ when both 
have a coordination number of 12. However, improvements and expansion of this dataset could 
be done with a new and in-depth analysis of sulfide material crystallographic data. 
 A second limitation of this dataset (and the datasets from Shannon in general) is the 
assumption of a constant anionic radius. Because crystallographic data only reveals bond 
lengths, Shannon needed to know the radius of one of the constituent ions in order to calculate 
the radius of the other ion. This lead to the assumption of a constant radius for the oxide anion 
and later to the assumption of a constant crystal radius of the sulfide anion.2–4 But similar to 
how the cationic radii can vary depending on the ionic-covalent nature of the specific bond, it 
seems reasonable to assume that the anionic radii could also vary based on the bond nature. 
Therefore, more investigation is needed into how the radii of the anions is changing depending 
on the constituent cations. 
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Table S4. Comparison of computed crystal structures from Materials Project1 and experimental 
crystal structures listed in ICSD for the 67 materials calculated to have octahedral structures.7 

Material Crystal 
Structure 
(Materials 
Project)1 

Crystal Structure 
(ICSD)7 

Material Crystal 
Structure 
(Materials 
Project)1 

Crystal Structure 
(ICSD)7 

AgTaS3 Other Other LaTmS3 CeTmS3 CeTmS3 and Other 
BaHfS3 DP DP LaTiS3 NL Not Available 
BaNbS3 Hex Hex LaVS3 CeTmS3 Not Available 
BaSnS3 NL NL LaYS3 CeTmS3 CeTmS3 
BaTaS3 Hex Hex MoTiS3 Other Other 
BaTeS3 Other Other NdCrS3 NL NL 
BaTiS3 Hex Hex NdLuS3 NdYS3 NdYS3 
BaUS3 DP DP NdScS3 DP DP 
BaZrS3 DP DP NdTmS3 CeTmS3 CeTmS3 
BiInS3 Other Other PbHfS3 NL NL 
BiSbS3 Other Other PbSnS3 NL NL 
CaHfS3 DP DP PbZrS3 NL NL 
CaZrS3 DP DP PrErS3 CeTmS3 CeTmS3 
CeCrS3 NL NL PrLuS3 NdYS3 NdYS3 
CeDyS3 Other Other and CeTmS3 PrScS3 DP DP 
CeErS3 Other Other and CeTmS3 PrTmS3 CeTmS3 CeTmS3 
CeLuS3 NdYbS3 NdYbS3 SbCrS3 NL NL 
CeScS3 DP DP SmBiS3 Other Other 
CeTmS3 CeTmS3 CeTmS3 and Other SmCrS3 NL NL 
CeYbS3 NdYbS3 NdYbS3 and Other SmGdS3 Other Other 
CsTaS3 Hex Hex SmScS3 DP DP 
CuTaS3 Other Other SnHfS3 NL NL 
DyScS3 DP DP SnZrS3 NL NL 
EuHfS3 DP DP SrHfS3 DP DP 
EuZrS3 DP DP and NL SrSnS3 NL NL 
GdScS3 DP DP SrZrS3 DP DP and NL 
GeTiS3 NL NL TbScS3 DP DP 
InGaS3 Other Other ThCrS3 DP DP 
InSbS3 NL NL TlTaS3 NL NL 
LaCrS3 NL NL UCrS3 DP DP 
LaGaS3 Other Other UScS3 Other Other 
LaHoS3 CeTmS3 CeTmS3 UVS3 DP DP 
LaLuS3 DP DP YScS3 DP DP 
LaScS3 DP DP    
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