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Abstract: 

Accurate prediction of lattice thermal conductivity (κL) through first-principles calculations of 

multi-phonon scattering processes remains computationally intensive. While machine learning 

approaches offer promising alternatives, conventional methods often fail to capture the intricate 

topological relationships in phonon interactions by reducing them to simple concatenated features. 

Here, we present a physics-informed graph neural network (GNN) framework that naturally 

encodes phonon scattering processes as directed graphs, where nodes represent phonon modes 

and edges capture interaction dynamics. Our model incorporates fundamental physical constraints 

by embedding momentum conservation, eigenvector projections, and energy conservation into 

graph-structured features. The architecture employs attention mechanisms to identify dominant 

scattering channels and utilizes residual connections to bridge local phonon properties with global 

conservation laws.Validated across diverse materials including Si, MgO, and LiCoO2, our GNN 

demonstrates superior accuracy in predicting phonon scattering rates compared to conventional 

deep neural networks, while requiring 80% less training data. The model maintains κL prediction 

errors below 3% relative to first-principles calculations. Furthermore, we demonstrate effective 

transfer learning capabilities between different materials and phonon scattering orders, enhancing 

model generalizability. This physics-informed graph representation accelerates thermal 

conductivity calculations through accurate prediction of multi-phonon scattering rates, while 

providing a promising blueprint for developing generalizable models for phonon scattering rate 

prediction. 
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