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Machine Learning Interatomic Potentials (MLIPs)
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Smith, J. S., et al. (2017). Chemical science

Kohn-Sham Density Functional Theory (KS-DFT)

E = ENN ({Ri} , {Zi})

• Graph Neural Networks
• Message Passing Neural Networks 
• Transformers
• … othersE = min

ρ

{

EKS[ρ]
}

{Ri} , {Zi} → E, {Fi} ,σ, · · ·

Machine Learning Interatomic Potentials (MLIPs)

Structure → Properties

slow, cubic scaling with N fast, (mostly) linear scaling with N
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MLIP Architectures and Pretrained Models
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Model F1 ↑ DAF ↑ Prec ↑ Acc ↑ TPR ↑ TNR ↑ MAE ↓ RMSE ↓ R2 ↑ κSRME ↓ Training Set Model Params Targets Date Added

eqV2 M 0.917 6.047 0.924 0.975 0.910 0.986 0.020 0.072 0.848 1.771 3M (102.4M) (OMat24+MPtrj) 86.6M EFSD 2024-10-18

DPA3-v1-OpenLAM 0.883 5.754 0.880 0.963 0.885 0.978 0.023 0.067 0.869 0.741 7M (112.9M) (OMat24+MPtrj+sAlex) 8.2M EFSG 2025-01-10

GRACE-2L-OAM 0.880 5.774 0.883 0.963 0.878 0.979 0.023 0.068 0.862 0.294 7M (112.9M) (OMat24+sAlex+MPtrj) 12.6M EFSG 2025-02-06

ORB 0.880 6.041 0.924 0.965 0.841 0.987 0.028 0.077 0.824 1.732 3M (32.1M) (MPtrj+Alex) 25.2M EFSD 2024-10-11

MatterSim v1 5M 0.862 5.852 0.895 0.959 0.831 0.982 0.024 0.068 0.863 0.574 17M (MatterSim) 4.5M EFSG 2024-12-16

MACE-MPA-0 0.852 5.582 0.853 0.954 0.851 0.973 0.028 0.073 0.842 0.412 3M (12.0M) (MPtrj+sAlex) 9.1M EFSG 2024-12-09

GNoME 0.829 5.523 0.844 0.955 0.814 0.972 0.035 0.085 0.785 6M (89.0M) (GNoME) 16.2M EFG 2024-02-03

GRACE-1L-OAM 0.824 5.255 0.803 0.944 0.846 0.962 0.031 0.073 0.842 0.516 7M (112.9M) (OMat24+sAlex+MPtrj) 3.4M EFSG 2025-02-06

eqV2 S DeNS 0.815 5.042 0.771 0.941 0.864 0.953 0.036 0.085 0.788 1.676 146k (1.6M) (MPtrj) 31.2M EFSD 2024-10-18

AlphaNet-MPTrj 0.799 4.863 0.743 0.933 0.864 0.945 0.041 0.093 0.745 1.310 146k (1.6M) (MPtrj) 16.2M EFSG 2025-03-05

ORB MPtrj 0.765 4.702 0.719 0.922 0.817 0.941 0.045 0.091 0.756 1.725 146k (1.6M) (MPtrj) 25.2M EFSD 2024-10-14

DPA3-v1-MPtrj 0.765 4.654 0.711 0.921 0.828 0.938 0.042 0.083 0.798 0.964 146k (1.6M) (MPtrj) 3.4M EFSG 2025-01-10

SevenNet-l3i5 0.760 4.629 0.708 0.920 0.821 0.938 0.044 0.087 0.776 0.550 146k (1.6M) (MPtrj) 1.2M EFSG 2024-12-10

SevenNet-0 0.724 4.252 0.650 0.904 0.818 0.919 0.048 0.092 0.750 0.767 146k (1.6M) (MPtrj) 842.4k EFSG 2024-07-13

GRACE-2L-MPtrj 0.691 4.163 0.636 0.896 0.757 0.921 0.052 0.094 0.741 0.525 146k (1.6M) (MPtrj) 15.3M EFSG 2024-11-21

MACE-MP-0 0.669 3.777 0.577 0.878 0.796 0.893 0.057 0.101 0.697 0.647 146k (1.6M) (MPtrj) 4.7M EFSG 2023-07-14

CHGNet 0.613 3.361 0.514 0.851 0.758 0.868 0.063 0.103 0.689 1.717 146k (1.6M) (MPtrj) 412.5k EFSGM 2023-03-03

M3GNet 0.569 2.882 0.441 0.813 0.803 0.813 0.075 0.118 0.585 1.412 63k (188.3k) (MPF) 227.5k EFSG 2022-09-20

ALIGNN 0.567 3.206 0.490 0.841 0.672 0.872 0.093 0.154 0.297 155k (MP 2022) 4.0M Energy 2023-06-02

MEGNet 0.510 2.959 0.452 0.826 0.585 0.870 0.130 0.206 -0.248 133k (MP Graphs) 167.8k Energy 2022-11-14

CGCNN 0.507 2.855 0.436 0.818 0.605 0.857 0.138 0.233 -0.603 155k (MP 2022) 128.4k (N=10) Energy 2022-12-28

CGCNN+P 0.500 2.563 0.392 0.786 0.693 0.803 0.113 0.182 0.019 155k (MP 2022) 128.4k (N=10) Energy 2023-02-03

Wrenformer 0.466 2.256 0.345 0.745 0.719 0.750 0.110 0.186 -0.018 155k (MP 2022) 5.2M (N=10) Energy 2022-11-26

BOWSR 0.423 1.964 0.300 0.712 0.718 0.693 0.118 0.167 0.151 133k (MP Graphs) 167.8k Energy 2022-11-17

Voronoi RF 0.333 1.579 0.241 0.668 0.535 0.692 0.148 0.212 -0.329 155k (MP 2022) 26.2M Energy 2022-11-26

Dummy 0.185 1.000 0.154 0.687 0.232 0.769 0.124 0.184 0.000

Matbench Discovery – ML Crystal Stability Predictions
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Janosh Riebesell, Rhys E. A. Goodall, Philipp Benner, Yuan Chiang, Bowen Deng, Gerbrand Ceder, Mark Asta, 
Alpha A. Lee, Anubhav Jain, Kristin A. Persson

Janosh Riebesell Rhys Goodall

Riebesell, Janosh, et al. Nature Machine Intelligence 7.6 (2025): 836-847. Póta, Balázs, et al. (2024). - arXiv:2408.00755.

⚠
• Test set structures are near equilibrium and are evaluated at zero temperature
• Energy-only benchmark becomes overfitting target at expense of forces 

(phonons), symmetries, and other finite temperature (MD) capabilities
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Goodhart's law

"When a measure becomes a target, it ceases to be a good measure”

Charles Goodhart (1975)
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Community Challenges around MLIP Benchmarks

• Error-based regression metrics (e.g. Energy, Force MAEs) 

⚠Not correlate well with physical soundness (symmetry, conservation law, PES smoothness …)

⚠ Fail to be the good indicators of generalizability and robustness for real-world applications

⚠ Could widen the gap between predicted properties and experimental observables

• Static DFT reference benchmarks 

⚠ Are subject to data leakage

⚠ Become outdated quickly with newer, larger datasets released (OMat, OMol, etc)

⚠ Lack cross-comparability for models trained on different datasets and levels of theory (PBE vs. 

r2SCAN vs. others)
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1. Asymptotic analyses on off-equilibrium conditions
Equation of state (EOS)
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1,000 structures from WBM dataset
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1. Asymptotic analyses on off-equilibrium conditions
Physical and geometric measures as dataset/model agnostic metrics
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1. Asymptotic analyses on off-equilibrium conditions
Homonuclear Diatomic Potential Energy Curves (PECs)
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2. Stability and reactivity from molecular dynamics simulation
Hot compression test
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2. Stability and reactivity from molecular dynamics simulation
Hydrogen combustion
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H2 HO2 H2O2

H2O

O2

128H2 + 64O2 → 128H2O

Adiabatic flaming temperature 
2380K - 3000K 
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3. Distribution Shift
Energy conservation
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δH(X|MPTrj)
?
−→ δE(t) ̸= 0

Differential entropy of 
local atomic environment
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4. Thermodynamic Properties
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Elemental 
FCC solids

Climbing Image 
Nudged Elastic Band 

(CI-NEB)

Dynamical Stability of 
2D Materials

Landau-like 
Structural Phase 

Transition
CO2 Adsorption in 

Metal-Organic 
Frameworks (MOFs)
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MLIP Arena Performs Benchmarks at Scale on HPC
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Reusable Modular Prefect Tasks

• Structure optimization
• Equation of state
• Molecular dynamics 

(advanced T/P scheduling)
• Phonon
• Nudged elastic band
• Elasticity

• HPC workflow orchestration
• Task chaining/caching
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