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Fig. 1. (a) Halide cubic perovskites include typical ABX;-type single perovskites (B = M2*) and A,B,B,Xs-type double perovskites

B, =

M+, B, = M?**); (b) chalcogenide cubic perovskites include ABYj-type single perovskites (B = M*") and A,B;B,Ystype

double perovskites (B; = M3*, By = M°*); the figure summarizes the elemental composition of 213 cubic perovskites in the dataset.

Dual-colored semicircles indicate elements that can occupy both A and B sites.
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Table 1.  Machine learning model parameters.
sy ZHE

n_estimators=200, max_ features=“auto”,
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SVR kernel=“rbf”, C=497, gamma=0.01
KRR kernel=*“poly”, alpha=0.01

EXT n_estimators=110, max_ features=“auto”
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Table 3.  Evaluation results of different models.

RF SVR KRR EXT

MAE/GPa 3.79 3.54 4.89 4.27
RMSE/GPa 8.42 7.35 10.88 11.00
R*/% 97.20 97.86 95.31 95.22
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CV-R*/% 95.36 96.86 95.40 95.39
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Fig. 2. Comparison between predicted and calculated bulk modulus for different machine learning models: (a) Random forest (RF);
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(a) BEBLARAR; (b) SCRFIEEIE; (o) A%08 BIH; (d) HesmBEALR; 216 A

(b) support vector regression (SVR); (c) kernel ridge regression (KRR); (d) extremely random trees (EXT); red dots and blue tri-

angles correspond to the training and testing datasets, respectively, while the dashed line represents the ideal prediction (y = z).

(a)

Importance/%

EEz >
=
g O 0
§3TE
EEEE

et
O
%
s
=]

TR E
G832 522252 83%%7
29498 5>98 %< 5 Eg-c.ﬁ
EggTefEEE : £gE
g & g
Feature
3

b
(IrBeanAW F @] o O . .3:
meanCR | - @O ® O @] [ B BX
modeNV + - @ : . 20 ... 1.00
ranN [ ] [ ]
modeN | - @® 0 9000 - @ 000 | 075
meanMN 20020
minN |~ @ O @c00000 0.50
ranNdU @ o009 ]
maxNdU | @ 000 ® 0.25
modeNdV |  @® [ ] 00000
0
avgAW @
meanSGN . —0.25
ranCR @] [ ]
meanGSV+O® 00 .. [ 1 ] [ o0 —0.50
ranGSV |+ @ ® o0
maxCR | € ® [ ] o0 —0.75
minGSV | 0 o
modeMT | ® 0@ @-00 ) o —1.00
modeAW - - @O L 00020°0°000
meanMT -. [ ] o0
SALSARA ARXSQRALLSSS S AR
. S
5}@0&)@&@@&@1&@@&’6&@3 @cz?@ é\oé@@zz)‘v

(a) T 34 o] e (8] U WS Y (9 P AR T BEAE IR 5 (b) HpAiE 2 1] Y B AR b A OC R BRI
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Table 4. Input features and their meanings in the SIS-
SO model.

FRIEZ K X A2 PR G
meanMT  FHIES  meanGSV A FIFEAR M
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maxCR &AM ranN TR R 2=

ranCR 2RI meanMN S 5ES RIFEL

N ARG HAL SISSO # A5 VS-SISSO H AL 7E
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K, PUR RPN PRSI R 5 1R 1

B(GPa) =

(maxCR + ranCR) x meanMT
meanGSV x (maxCR — ranCR + minN)

— 2.54, (5)

AP & IR IE A4S e R A P42 (maxCR) ., 3
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= AT (meanGSV) Fli /N i+ /7 L (minN).
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fE; L8 0 S e 1 A S s i) RUBE 5 TP
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1.09 x

i, %Y Cohen 55 M2 R IMAYZH AT B o dgk
(n = 3—4) M—3, BRI IAHR S | 45 G aelkoR, (&
PR, B RIFPEE] iR, 5 Guo 19
P dg S FERFFRAR L (RMSE = 13.62 GPa,
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TS B 7 R PR, RMSE f£ % 7.41 GPa, R?
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24048 1 0 G 0 22 g R 22X
% AR, AR SO RS LT 0 R S5 I

SR, LRI SR, (8T =i bR

f£ VS-SISSO A LI 138 T i1 J2
PRHEAE R, % IR R BRI A G R bR HBEAL
TSR, i Ga 1R 22 IS AR A It 8, XA A E
17 35 sr N k. B 4(a) ik 3 el kb R4S
i) 27N RMSE 43 %14 5.34, 5.66 F1 5.98 GPa,
T SISSO Frta i (1 #A- 25 FIRE & HAR A
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B(GPa) = 46.85 x —3.89, (6)
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Fig. 4. (a) Comparison of prediction RMSE among the VS-SISSO (three independent trainings), the d];_;l( descriptor, and the SIS-
SO-derived descriptor; (b)—(d)comparison of predicted vs. DFT-calculated bulk modulus using three different models, (b) the dj ;1(

descriptor, (c¢) the SISSO-derived thermo-structural descriptor, (d) the VS-SISSO-derived electronic-thermo-structural descriptor;

the 2-axis represents the bulk modulus obtained from DFT, and the y-axis indicates model predictions; blue dots denote halide per-

ovskites, while red dots represent chalcogenide perovskites.
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Abstract

In recent years, soft lattices have been considered a primary physical origin of defect tolerance in lead-
halide perovskite materials, with bulk modulus serving as a key indicator of lattice “softness”. This work focuses
on cubic perovskites and constructing a dataset of bulk moduli for 213 compounds based on density functional
theory (DFT) calculations. A total of 138 features are compiled, including 132 statistical features extracted
using the Matminer toolkit and 6 manually selected elemental descriptors. Four conventional machine learning
regression models (RF, SVR, KRR, and EXR) are employed for prediction. Of them, the SVR model shows the
best performance, achieving a test-set Root Mean Square Error (RMSE) of 7.35 GPa and Coefficient of
Determination (R?) of 97.86%. Feature importance analysis reveals that thermodynamic-structural features such
as melting point, covalent radius, and atomic volume play dominant roles in determining bulk modulus. Based
on the 12 most important features, a thermodynamic-structural coupling descriptor is constructed using the
SISSO method, yielding a test-set RMSE of 7.41 GPa and R? of 97.80%. The resulting descriptor indicates that
the bulk modulus is proportional to melting point and inversely proportional to atomic volume. Furthermore,
the VS-SISSO method combined with a random subset selection and iterative variable screening strategy is
used, enabling the selection of electronic-level features such as electronegativity, valence state, and number of
unpaired electrons. The resulting electronic-thermodynamic-structural coupling descriptor further improves the
prediction accuracy, reaching an RMSE of 5.34 GPa and R? of 98.35% on the test set. Notably, due to the
difference in valence states, this model effectively distinguishes between the bulk moduli of chalcogen-based

(divalent) and halogen-based (monovalent) perovskites.
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