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Fig. 1. Hlustration of the crystal graph convolutional neural networks: (a) Construction of the crystal graph. Crystals are converted
to graphs with nodes representing atoms in the unit cell and edges representing atom connections. Nodes and edges are character-
ized by vectors corresponding to the atoms and bonds in the crystal, respectively. (b) Structure of the convolutional neural network
on top of the crystal graph. R convolutional layers and L; hidden layers are built on top of each node, resulting in a new graph

with each node representing the local environment of each atom. After pooling, a vector representing the entire crystal is connected

to Lo hidden layers, followed by the output layer to provide the prediction!
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Fig. 2. Mean absolute error (MAE) and coefficient of determination (R?) for the training set (Train), validation set (Val), and test set
(Test) of shear modulus ((a), (b)) and bulk modulus ((c), (d)) in crystal graph convolutional neural network (CGCNN), random forest
(RF), extreme gradient boosting (XGBoost), support vector regression (SVR), gradient boosting (GB), and decision tree (DT).
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Fig. 3. Comparison between the volume modulus and shear modulus predicted by CGCNN model and the calculated values of DFT.

(a) and (b), (c) and (d), (e) and (f) are the results in the train set, validation set, and test set, respectively.
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Fig. 4. Statistical analysis of predictive datasets from MPED: (a) The distribution of 7 crystal systems, with monoclinic being the
most common (16101 structures), followed by triclinic (14461 structures), while hexagonal is the least one (1361 structures);
(b) distribution of range of number of atoms in the primitive cell (1-444 atoms) across the dataset; (c) elemental distribution that
illustrates the frequency of 77 distinct elements. The dataset encompasses transition metals, main group elements, and rare earth

elements, with oxygen showing the highest frequency.
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Fig. 5. Statistical analysis of predictive datasets from NED: (a) The distribution of 7 crystal systems, with monoclinic being the
most common (8063 structures), followed by triclinic (7491 structures), while hexagonal is the least one (779 structures); (b) distri-
bution of the range of the number of atoms in the primitive cell (3-84 atoms) across the dataset; (c) elemental distribution illustrat-

ing the frequency of 76 distinct elements. The dataset encompasses transition metals, main group elements, and rare earth elements,

with oxygen showing the highest frequency.
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Fig. 6. Shear modulus and bulk modulus distributions of different materials in the MPED dataset: (a) Shear modulus vs. bulk mod-

ulus distributions for all materials, with different colors representing different crystal systems; (b) triclinic; (¢) monoclinic; (d) or-

thorhombic; (e) trigonal; (f) tetragonal; (g) hexagonal; (h) cubic. The bar graphs show the statistical distribution of shear and bulk

moduli for each crystal system material.
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Fig. 7. Distribution of moduli for various crystal structure materials in the NED dataset: (a) Overall shear modulus-bulk modulus

distribution (color-coded by crystal system); (b) triclinic system; (c) monoclinic system; (d) orthorhombic system; (e) trigonal sys-

tem; (f) tetragonal system; (g) hexagonal system; (h) cubic system. Bar charts illustrate the distribution of shear modulus and bulk

modulus for materials in each crystal system.
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# A1 MPED 5 oAl RL LR B S BUNE (F547). X B, ID-number F1 Formula 735524 845 Fifk

Table Al. Fundamental physical properties (partial) and predicted values of inorganic crystalline materials from MPED

datasets. The CIF files of these materials were obtained from the Materials Project. Here, ID-number and Formula represent

the material ID and chemical formula, respectively.

ID-number Formula N p v M B G vl Ut Us v Op
mp-1000 BaTe 2 4.938 89.094 264.927 31.764 23.469 2180.121 3573.541 2407.744 0.204 160.498
mp-10009 GaTe 8 5.1549 254.251 789.292 24.095 16.757 1802.955 3001.379 1994.276 0.218 93.722
mp-1001012  Sc,ZnSe, 14 3254 289440 567.162 53.623 32.397 3155.374 5454.806 3502.473 0.249 157.640
mp-1001015  Y,ZnS, 14 3.675 335.691 742.961 60.652 25.843 2651.771 5087.157 2967.069 0.314 127.104
mp-1001016  ScyZnSe;, 14  4.687 333.879 942.322 54.940 22.543 2193.172 4258.659 2455.876 0.320 105.395
mp-1001019  MgSc,Se;, 14 4.086 349578 860.114 52.875 22.985 2371.850 4521.352 2652.741 0.310 112.113
mp-1001021  Y,ZnSe, 14 4.811 385.950 1118.121 55.070 22.939 2183.662 4219.640 2444.462 0.317 99.958
mp-1001023  BeC, 6 1.879 58402  66.067 132.395 102494 7386.608 11967.830 8148.016 0.192 625.248
mp-1001024  Y,MgS, 14 3.173 345765 660.753 56.994 26.037 2864.435 5375.943 3200.229 0.302 135.747
mp-1001034  MgIn,Se, 14 5.031 376146 1139.562 39.515 21.476 2066.136 3680.578 2299.251 0.270 94.830
mp-1001069  LijgP1gSe; 125 1.743  2652.952 2784.713 19.812  7.267 2041.845 4114.028 2291.557 0.337 49.283
mp-1001079  LiC,N, 10 1505 130.116 117.952 56.823 20.405 3681.742 7471.454 4133.696 0.340 242.869
mp-10013 SnS 2 3596 69.620 150.775 17.613  5.617 1249.772 2642.016 1406.249 0.356 101.772
mp-1001594  C,05 84 1.656 1155.735 1152.492 19.101 12.904 2791.530 4682.464 3090.023 0.224 87.663
mp-1001604  LuTIS, 4  7.377 99.825 443480 49.490 20.396 1662.754 3224.127 1861.754 0.319 119.486
mp-1001611  LuTISe, 4 8001 111508 537.270 43.737 22.793 1687.844 3043.848 1880.122 0.278 116.295
mp-1001780  LuCuS, 4 6522 77.056 302.643 74.239 35316 2327.021 4313.132 2597.493 0.295 181.731
mp-1001786  LiScS, 4 2700 71.362  116.027 58.972 36.372 3670.409 6309.130 4072.100 0.244 292.285
mp-1001790 LiO, 4 2130 42.828 54939 46463 28415 3652.317 6292.720 4052.874 0.246 344.878
mp-1001831 LiB 42099 28.090 35504 111.075 134.490 8004.910 11762.661 8727.079 0.069 854.731
# A2 NED ZIEETHL R AR SRR R BE (3R4). X B, Filename 367 0144

Table A2. Basic physical properties and predicted values of inorganic crystalline materials (part) from NED datasets. Here,

Filename represents the file name.

Filename N 1% M G B vl Ut Us v b
FIrS 3 7798 51.805  243.280  28.413  54.027  3433.128  1908.824  2125.825  0.276  244.862
AuGeP 3 7381 67.619  300.580  23.064  55.970  3427.627  1767.655 1979.213  0.319  208.603
GdHO 3 7.384 39190  174.257  62.945  113.409  5169.778  2919.774  3247.588  0.266  410.537
LiPrPtSn 4 9285 82565  461.643 31.112 78216  3590.578  1830.554  2051.127  0.324  222.617
ErLiPdSn 4 8792 75424  399.330 36.874  81.235  3851.257  2047.962  2288.361  0.303  255.968
BaBiHgNa 4 6.817 138.827  569.887  11.187  24.989  2419.500 1281.048  1431.855 0.305  130.688
BeGeHLa 4 5801 63421  221.566  49.688  90.981  5206.069  2926.621  3256.448  0.269  385.920
AIHKSD 4 3.004 104.402 188.848  14.352  23.461  3765.877 2185915  2425.631  0.246  243.454
EuHgNaSb 4 7135 115739 497.304  15.654  30.762  2690.122  1481.228  1650.873  0.282  160.097
LiNiSmSn 4 7617 72963  334.704  36.441  70.798  3958.873  2187.199  2437.061 0.280  275.632
DyLiPdSn 4 8557  76.573 394571 35786  81.074  3879.627  2045.067  2286.509  0.308  254.475
N,SSe, 5 2175  166.436  217.998  2.459 2.521 1632.981  1063.352  1165.878  0.132  107.904
LiNaSe,Zn 5 3916 107.396  253.260  17.754  31.924  3767.961  2129.286  2368.236  0.265  253.647
BrGeLa,Rh 5 6436 137.585  533.260 27.302  50.532  3675.249  2059.620  2292.318  0.271  226.057
CsHgNaS, 5 4774  146.289  420.615  9.852  18.449  2572.057  1436.510  1599.245  0.273  154.518
AlAs,CsMg 5  3.863 143.606  334.035 20.025  28.181  3769.434  2276.944  2517.185  0.213  244.713
BryGeSmY 5  4.803 163.091  471.714  19.469  32.496  3488.675 2013.383 2235315  0.250  208.287
As,Ca,Sr 5 3392 155481  317.619  28.093  37.392  4697.360  2877.774  3176.871  0.200  300.774
KLiMnTe, 5 3.860 153.218  356.177  12.890  26.438  3361.705  1827.331  2038.601  0.290  193.953
AlLC,Yb 5  6.426  64.862  251.024 88.642  125.838  6162.150  3713.927  4106.697  0.215  520.350
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SPECIAL TOPIC—Atomic, molecular and materials properties data
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Abstract

Inorganic crystal materials have shown extensive application potential in many fields due to their excellent
physical and chemical properties. Elastic properties, such as shear modulus and bulk modulus, play an
important role in predicting the electrical conductivity, thermal conductivity and mechanical properties of
materials. However, the traditional experimental measurement method has some problems such as high cost and
low efficiency. With the development of computational methods, theoretical simulation has gradually become an
effective alternative to experiments. In recent years, graph neural network-based machine learning methods
have achieved remarkable results in predicting the elastic properties of inorganic crystal materials, especially,
crystal graph convolutional neural networks (CGCNNs), which perform well in the prediction and expansion of
material data.

In this study, two CGCNN models are trained by using the shear modulus and bulk modulus data of 10987
materials collected in the Matbench v0.1 dataset. These models show high accuracy and good generalization
ability in predicting shear modulus and bulk modulus. The mean absolute error (MAE) is less than 13 and the
coefficient of determination (R?) is close to 1. Then, two datasets are screened for materials with a band gap
between 0.1 and 3.0 eV and the compounds containing radioactive elements are excluded. The dataset consists
of two parts: the first part is composed of 54359 crystal structures selected from the Materials Project database,
which constitute the MPED dataset; the second part is the 26305 crystal structures discovered by Merchant et
al. (2023 Nature 624 80) through deep learning and graph neural network methods, which constitute the NED
dataset. Finally, the shear modulus and bulk modulus of 80664 inorganic crystals are predicted in this study
This work enriches the existing material elastic data resources and provides more data support for material
design. All the data presented in this paper are openly available at https://doi.org/10.57760/sciencedb.j00213.
00104.
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PACS: 07.05.Tp, 61.72.—y, 62.20.D— DOI: 10.7498 /aps.74.20250127
CSTR: 32037.14.aps.74.20250127

* Project supported by the National Natural Science Foundation of China (Grant Nos. 12104356, 52250191), the Funding of
National Key Laboratory of Computational Physics, China, and the National Key Research and Development Program of
China (Grant No. 2023YFB4604100).

# These authors contributed equally.

1 Corresponding author. E-mail: xian jiawei@iapcm.ac.cn

1 Corresponding author. E-mail: zhibin.gao@xjtu.edu.cn

120702-13


https://doi.org/10.1038/s41586-023-06735-9
https://doi.org/10.1038/s41586-023-06735-9
https://doi.org/10.1038/s41586-023-06735-9
https://doi.org/10.1038/s41586-023-06735-9
https://doi.org/10.1038/s41586-023-06735-9
https://doi.org/10.1038/s41586-023-06735-9
https://doi.org/10.1038/s41586-023-06735-9
https://doi.org/10.57760/sciencedb.j00213.00104
https://doi.org/10.57760/sciencedb.j00213.00104
http://doi.org/10.7498/aps.74.20250127
https://cstr.cn/32037.14.aps.74.20250127
mailto:xian_jiawei@iapcm.ac.cn
mailto:xian_jiawei@iapcm.ac.cn
mailto:zhibin.gao@xjtu.edu.cn
mailto:zhibin.gao@xjtu.edu.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Chinese Physical Society

%ﬂ *ﬁActa Physica Sinica

Institute of Physics, CAS

B A0 22 P 4 5 B O AL A e A o T
MNFxR EZHRT T OKEFT ARMH s&EK DF R TeR
Machine learning—driven elasticity prediction in advanced inorganic materials via convolutional neural networks

LIU Yujie  WANG Zhenyu LEIHang ZHANG Guoyu  XIAN Jiawei GAO Zhibin  SUN Jun  SONG
Haifeng  DING Xiangdong

5] Fi{i5 &, Citation: Acta Physica Sinica, 74, 120702 (2025) DOI: 10.7498/aps.74.20250127
CSTR: 32037.14.aps.74.20250127

TELEE View online: https://doi.org/10.7498/aps.74.20250127

BN 2 View table of contents: http://wulixb.iphy.ac.cn

LT RO H A R

Articles you may be interested in

FF LR > B ICHLRENE A RGN E RS 7028 S R T

Classification of magnetic ground states and prediction of magnetic moments of inorganic magnetic materials based on machine

learning

WIFAEA. 2022, 71(6): 060202 https://doi.org/10.7498/aps.71.20211625

BT B A I — PR B BT3B Janus A4 RN

Prediction of magnetic Janus materials based on machine learning and first—principles calculations

WIFIEH. 2024, 73(23): 230201 https://doi.org/10.7498/aps.73.20241278

ST PS> HZEIE 2 LA 820 AR LSO 10 5 4k

Prediction and optimization of negative Poisson’ s ratio in rhombic perforated graphene based on machine learning

PPz 2025, 74(9): 096201  https://doi.org/10.7498/aps.74.20241624

JEAA SR s A A TROUL B B I A%
Microscopic theory for elastic modulus of colloidal polymers: Effect of bond length
PPz, 2021, 70(12): 126401 https:/doi.org/10.7498/aps.70.20210128

HL=F > S B YW C—Cofi i - 4 Bt Tt
Hardness prediction of WC—Co cemented carbide based on machine learning model

WIFRZEAR. 2024, 73(12): 126201 https://doi.org/10.7498/aps.73.20240284

BLaS 7 >0 455 1T 7R i A A AL TN g I 5 <6 R 32

Machine learning combined with solid solution strengthening model for predicting hardness of high entropy alloys

YrH2E 4. 2023, 72(18): 180701  https://doi.org/10.7498/aps.72.20230646


https://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.74.20250127
http://wulixb.iphy.ac.cn
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.71.20211625
https://doi.org/10.7498/aps.71.20211625
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.73.20241278
https://doi.org/10.7498/aps.73.20241278
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.74.20241624
https://doi.org/10.7498/aps.74.20241624
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.70.20210128
https://doi.org/10.7498/aps.70.20210128
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.73.20240284
https://doi.org/10.7498/aps.73.20240284
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.72.20230646
https://doi.org/10.7498/aps.72.20230646

	1 引　言
	2 方　法
	2.1 数据获取
	2.2 晶体图卷积神经网络(crystal graph convolutional neural networks)
	2.3 弹性性能
	2.4 机器学习性能评估指标

	3 结　果
	3.1 CGCNN模型评估
	3.2 预测数据集的信息统计
	3.3 弹性性质的预测

	4 结　论
	数据可用性声明
	附录 MPED 与 NED 数据集中无机晶体材料的结构参数与物理性能摘要表
	参考文献

