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Supplementary Note 1
DPA Fine-tuning and Dataset Generation

We fine-tune a pretrained DPA3 model to predict ionic diffusion coefficients from crystal structures.
To ensure data efficiency and preserve pretrained physical priors, the graph neural network backbone
is frozen during fine-tuning, and only the task-specific multilayer perceptron (MLP) heads are
updated.

The model is trained on the 1,203-sample training set. We optimize the model for 10,000 steps using
an exponentially decaying learning rate schedule from 1 x 1074 to 3 x 107°. The Smooth MAE loss
is adopted with 8 = 1.0 to improve robustness against outliers.

Tonic conductivity is derived using the Nernst—Einstein relation:
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where n denotes the charge carrier concentration, ¢ is the ionic charge, D is the diffusion coefficient,
kp is the Boltzmann constant, 71" is the absolute temperature, and H is the Haven ratio accounting
for ion—ion correlations.

Using this pipeline, we generate a dataset of 1,603 crystal structures with corresponding diffusion
coefficients. Among them, 1,203 samples are used for fine-tuning, while the remaining 400 samples
are reserved for evaluation.

We apply a base-10 logarithmic transformation to the diffusion coefficients, which empirically im-
proves regression stability. The data generation process is computationally intensive, requiring
approximately 1.5-2.5 A800 GPU-hours per sample.

Evaluation on the held-out test set of 400 samples demonstrates strong predictive performance,
achieving an R? score of 0.998 and a mean absolute error (MAE) of 6.95 on the log-transformed
diffusion coefficients.

These results indicate that the fine-tuned DPA model accurately captures structure—transport re-
lationships despite the limited amount of DFT-labeled data.

After fine-tuning, the DPA model is employed as a high-throughput surrogate to generate large-
scale ionic conductivity data. Guided by domain experts, we expand the material space through
compositional substitution and structural variation, resulting in 79,430 candidate crystal structures.

The fine-tuned model is used to predict logarithmic diffusion coefficients for all generated structures.
The resulting predictions exhibit physically plausible distributions consistent with known trends in
solid-state ionic conductors.

This large-scale predicted dataset alleviates the scarcity of ionic conductivity labels and serves as a
foundation for subsequent multimodal training in LLAM. The proposed pipeline achieves a favorable
balance between accuracy and scalability.
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Figure S1: Correlation between true and predicted band gap. Each blue data point corresponds to a unique
material structure, and the red dashed line represents the perfect prediction baseline.
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Figure S2: Correlation between true and predicted formation energy. Each blue data point corresponds to
a unique material structure, and the red dashed line represents the perfect prediction baseline.
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Figure S3: Correlation between true and predicted ionic conductivity. Each blue data point corresponds to
a unique material structure, and the red dashed line represents the perfect prediction baseline.
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’ The band gap is determined
to be 3.129 eV.
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measured to be 82.34 S/m.

e
The material exhibits a band
gap of 1.5 eV.

The ionic conductivity of this
material is 0.073 S/m.

The space group of this
material is Pmmm.
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The band gap of the material
is0.921 eV.

‘ " The crystal structure is
characterized by the P-6m2
space group.

The obtained ionic conductivity
reaches 0.324 S/m.
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Figure S4: Performance comparison of the proposed LLAM model with baseline models including Doubao
and GPT-5 for the prediction of band gap, ionic conductivity, and space group.
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Given the predicted physical properties of a material,reason about its potential applications.Follow these steps:

1. Identify key physical properties. 2. Interpret their physical meaning. 3. Infer possible applications.

Material properties: Band gap: {bandgap} eV Formation energy: {formation_energy} eV/atom Space group: {space_group}
Question: Based on the input atomic structure data of the inorganic material, conduct a systematic derivation and analysis in strict
accordance with the principles of materials science, and answer the following questions sequentially. You may terminate subsequent
answers if the material is determined not to be a semiconductor. Derive the theoretical value of the material's band gap (in eV)
according to the vectorized atomic structure data, and determine whether it is a semiconductor based on this value.

If it is a semiconductor, identify whether it is a direct bandgap semiconductor or an indirect bandgap semiconductor combined with
its structural characteristics, and specify the basis for judgment.

Combined with the derived band gap value, calculate and specify the wavelength range corresponding to the intrinsic optical
absorption peak of the semiconductor (UV / visible / infrared; specify the color sub-range for visible light).

On the basis of the band gap value, band gap type and structural characteristics, deduce the typical optical device applications
suitable for this material (e.g., light-emitting diodes, photodetectors, solar cells, photocatalytic devices, etc.). Specify the
achievable emission color if applicable to light-emitting diodes.

Relying on the crystal arrangement information contained in the vectorized atomic structure data, derive the international standard
space group number, crystal system and characteristic point group of the material.

Combined with the crystal symmetry characteristics of the space group, analyze how the symmetry constraints affect the core
optoelectronic properties of the material, such as band gap type (direct / indirect) and optical anisotropy, and elaborate on the
structure-property relationship logic. Please think step by step.

G-
Okay, let's start with the first step. The first step is fo identify the key physical properties of the material. The key physical AR
properties of this material are: Band Gap: 1.445 eV, Formation Energy: -5.683 eV/atom, Space Group: P1.

Okay, so the material has a band gap of 1.445 eV, which is typical for a semiconductor. The formation energy is -5.683 eV/atom,
indicating that it is thermodynamically stable. The space group is P1, which is triclinic.

Now, the next step is to interpret the physical meaning of these properties. The band gap of 1.445 eV indicates that this is a
semiconductor with a relatively low energy gap, which is typical for materials used in optoelectronic devices. The formation energy
of -5.683 eV/atom suggests that the material is stable ...

Now, considering the band gap and the space group, the material is a direct bandgap semiconductor ... The band gap of 1.445 eV
corresponds to a wavelength of approximately 868 nm (using (E = hc/\lambda)), which falls in the near-infrared range.

Based on the band gap and the structural characteristics, the material is suitable for applications such as light-emitting diodes
(LEDs), photodetectors, and solar cells ...

The international standard space group number for P1 is 1, and the crystal system is triclinic ... The lack of symmetry may lead to
anisotropic properties, while the direct bandgap nature supports efficient optical transitions.

Figure S5: Quantitative reasoning from atomic structure to optoelectronic functionality. The framework
processes key material properties (band gap, formation energy, space group, direct/indirect band gap) to
classify semiconductor type, derive optical characteristics, and infer practical applications.



Can you tell me the chemical formula for this material?

The chemical formula is As2Se3.

Can you provide the detailed step by step synthesis for Al
this material?

The synthesis begins with a stoichiometric mixture of
As2Ses, which is heated under high-pressure conditions to
induce the desired crystal structure. Here is a detailed
step-by-step synthesis process:

1. Material Selectio: Start with high-purity arsenic
selenide (AszSes) as the primary reactant. This compound
is chosen for its ability to form the necessary precursor
under specific conditions.

2. Heating Condition: Heat the As2Ses in a controlled
environment at temperatures exceeding 800°C. This high
temperature is crucial for initiating the structural
transformation.

3. Pressure Application: Apply a pressure of approximately
10 kbar using a specialized high-pressure apparatus. This
pressure mimics the conditions found in the Earth's
mantle, promoting the formation of the desired crystal
structure.

4. Cooling Process: Allow the mixture to cool slowly fo room
temperature under constant pressure. Slow cooling helps in
preserving the newly formed crystal structure.

5. Crystal Growth: As the material cools, it undergoes a
structural transformation, leading to the formation of the
As2Ses compound with a layered structure. This process
typically takes several hours.

6. Post-Synthesis Treatment: After cooling, the material
is carefully extracted from the high-pressure apparatus.
It is then subjected to annealing at 500°C for 24 hours to
stabilize the crystal structure and enhance its physical
properties.

7. Characterization: The resulting material is
characterized using X-ray diffraction and other analytical
techniques to confirm its crystal structure and chemical
composition.

This method ensures the formation of a stable and high-
quality material with the desired properties for various
applications.

Figure S6: Step-by-step synthesis protocol of As,Ses material. Schematic illustration detailing the chemical
formula identification and systematic synthetic procedure of arsenic triselenide (AssSes), covering precursor
preparation, high-pressure reaction, crystal growth, and post-synthesis treatment.



Can you tell me the Ionic Conductivity of this material?

k] The ionic conductivity is 82.21 S/m.
o o o Aoz
Which structural features most strongly influence this AR
value?
i ' Tonic conductivity arises from the movement of ions within
L the material, and it is primarily influenced by the crystal

structure and the arrangement of atoms. In this case, the
material's ionic conductivity of 82.21 S/m is predominantly
determined by the following structural features:

1.Crystal Structure: The specific arrangement of atoms in
the crystal lattice, such as the atomic positions and
bonding, directly affects the conductivity. For this
material, the crystal structure is determined by the space
group and atomic positions, which facilitate or hinder ion
movement.

2. Bond Lengths: The lengths of the bonds between atoms,
such as the bond length between the metal and oxygen
atoms (typically around 2.4 & for this material), influence
the ease with which ions can move through the material.
Shorter bond lengths can increase the probability of ion
hopping, thus affecting the condutivity.

3.Crystal Lattice: The overall lattice parameters and the
unit cell structure determine the pathways available for
ion transport. The specific lattice parameters (a, b, c) and
angles (g, p, y) define the geometry of the crystal, which in
turn affects the ionic conductivity.

4. Defects and Disorder: Any structural defects, such as
vacancies or disordered atoms, can significantly alter the
ionic conductivity by creating additional pathways or
impeding ion movement. In some cases, the presence of
defects can increase the conductivity by providing
alternative conduction channels.

5. Electron Mobility: The mobility of electrons within the
material also plays a role in the overall ionic conductivity,
especially in materials with mixed electronic and ionic
conduction. The electronic structure, as determined by the
band structure and Fermi surface, can influence the ionic
conductivity through the interplay of electronic and ionic
transport mechanisms.

In summary, the ionic conductivity of 82.21 S/m for this
material is primarily influenced by the crystal structure,
bond lengths, lattice parameters, and the presence of any
structural defects or disorder. These factors collectively
determine the ease with which ions can move through the
material, resulting in the observed conductivity value.

Figure S7: Mechanistic attribution of transport phenomena. Presentation of the measured ionic conductiv-
ity (82.21 S/m) and its mechanistic link to the material’s crystal structure, bonding, and defect chemistry.



How much is the band gap of this material?

8 The electronic structure is characterized by a band gap of 3.792
TRA electrons volts.
o
Is this material likely an insulator or semiconductor? AR
This material is a semiconductor.
What applications might this material be suitable for? =
'iﬂﬁ?’ﬂl This material is suitable for applications such as solar cells and
electronics due to its semiconductor properties.
R X N N N o-opp
Would reducing the c-axis lattice parameter likely increase or SEY
decrease the band gap? Why?
© Reducing the c-axis lattice parameter would decrease the band
gV gap. This occurs because the band gap depends on the overall
crystal structure, and changing the c-axis length alters the
electronic properties.
How does the orthorhombic symmetry influence electronic ;o
structure? .l
& The orthorhombic crystal symmetry results in a F-point centered
g Y] structure with symmetry operations including two-fold axes along

the crystallographic axes. This symmetry characteristic
influences the electronic structure by constraining the band
structure to specific symmetry-equivalent points, leading to a
unique electronic behavior. The orthorhombic symmetry typically
results in a hon-zero band gap due to the specific arrangement of
atoms and the resulting symmetry of the electronic states. This
symmetry also affects the distribution of valence and conduction
bands, contributing to the material's unique electronic properties.
The specific band gap value of 3.091 eV is a direct consequence of
these symmetry constraints and the crystal structure's geometry.

Figure S8: Electronic structure analysis of the semiconducting material. Dialogue-driven analysis of the
material’s electronic properties, including a band gap of 3.792 eV, classification as a semiconductor, potential
applications in solar cells and electronics, the effect of c-axis lattice parameter modulation on band gap, and
the influence of orthorhombic crystal symmetry on electronic structure.
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Figure S9: Two-dimensional UMAP projection of the learned atomic embeddings, color-coded by the DFT-
calculated band gap (eV) of the corresponding materials.
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Figure S10: Two-dimensional UMAP projection of the learned atomic embeddings, color-coded by the
DFT-calculated formation energy (eV/atom) of the corresponding materials.
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Figure S11: Distribution of the dataset. (a) Band gap, (b) Ionic conductivity, (c¢) Frequency distribution
of elements, (d) Lattice parameter, (e) Formation energy (eV/atom), and (f) the top 10 most frequent space
groups.
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