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Data-centric materials design
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Structural complexity and representation

Materials design space
Single Phase Combinatorial complexity at multiple scales

Compounds

» Diverse constituents
* Arrangement of constituents

 Disordered

Al/ML models need readable data

How do we represent the materials to

capture critical information?

R. Singh et al. Nat. Comput. Sci. (2021)



Molecular mixture electrolytes
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~160 molecules, ~40 salts
. C(200,4) > 107 compositions * Molecules have diverse chemistry and geometries
« Infinite if considering fractions « Mixture = constituents + molecular interactions

Ertl & Rohde, J. Cheminformatics 4, 12 (2012)



Modeling mixture as graph set

Molecule Mixture Mixture

Molecular mixture ) :
representations representation property

F F
F Vs
CF;
Graph neural network (GNN) Attention mechanism (as in GPT)
. Capture chemistry and geometry  Learns relative importances

 Permutation invariant

H. Zhang et al. PRX Energy (2024)



Benefits and applications

Superior accuracy in benchmark tests
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Virtually screened >10,000 new candidate mixtures

Predicted room temperature electrical conductivity of Citation + i Copy

molecular mixtures
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Extend to high-entropy alloys

(Mentoring Ms. Ruishu Huang @ UW Madison)
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H. Zhang, R. Huang et al. Mach. Learn: Sci. Tech. (2025)
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Examine data behind ML modeils...

Data bias in materials data platforms, e.g., OQMD:
Entropy-targeted active learning (ET-AL)

20 Distribution of Formation Energy: OQMD-8 unstable _ _ .
' 7 * A metric to quantify bias
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Source: unbalanced focus and knowledge
High bias Low bias

Biased data - problematic ML models.

H. Zhang et al. Applied Physics Reviews (2023)



Summary of contributions

s Generic representation and ML model that address structural complexity
+ Data acquisition for design in a broad composition—-structure space

Combinatorial complexity formed by Disordered materials in energy and
diverse constituents x configurations electronic technologies
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Digital superlattices Disordered rock salt (DRX) Amorphous semiconductor
in Li batteries in electronic devices

M. Saber et al. Inorganic Chemistry (2023)



Designing combinatorial materials
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Metal-insulating transition (MIT) materials
» Tradeoff btw. resistivity change Ap/p
and temperature Tyt

H. Zhang et al. Accounts of Materials Research (2025)

MIT materials are useful in microelectronic devices:

Cross-Point "y Ty
Selectors ")

High Non-linearity (>10)
High lon (>100uA)

Fast Switching Speed (<10ns)

mmWave

§ RFSwitches
& Limiters

High Linearity (>30dBm)
Low Insertion Loss (<1dBm)

Memory Specific Vr (<1V) Fast Turn-ON (<10ns) High Isolation (>30dB)

Bipolar Symmetric Operation High Endurance (>10") Tunable Threshold

Cycling Vi Drift (<10mVidec) 85°C Operation Power Handling (>20dBm)
>125°C Operation

Single Phase
Compounds
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