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Fig. 1. Two paradigms of data-driven materials design: forward design and inverse design. The black region in the figure represents

the explored part of the materials chemical space, the region with colored dots indicates the unexplored space, and the region with

yellow dots denotes the potential high-performance materials. The forward design process (top) starts from known material struc-

tures and gradually screens candidate materials via first-principles calculations and machine learning predictions; the inverse design

process (bottom) starts from target properties and directly generates candidate structures through generative models.
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Fig. 2. (a) Framework of the CDVAEPRY. The model takes the crystal graph representation as input, encodes it using a periodic
graph neural network (PGNN) and predicts aggregated structural attributes through a property aggregation predictor. A score-
based network? (implemented using PGNN in the decoder) combined with Langevin dynamicsP is then used to generate stable
three-dimensional crystal structures. (b) Crystal structures randomly generated by different generative models on different datasets.

R 1 AR R R R A L A S E 2 A R AR T B REX 1L B0

Table 1. Comparison of generative model performance across datasets and evaluation metricsi?.

Validity /% COV/% Property statistics
Method Data
Struc. Comp. R. P. p E # elem.
Perov-5 0.24 54.24 0.10 0.00 10.27 156.0 0.6297
FTCP Carbon-24 0.08 — 0.00 0.00 5.206 19.05 —
MP-20 1.55 48.37 4.72 0.09 23.71 160.9 0.7363
Cond-DFC-VAE Perov-5 73.60 82.95 73.92 10.13 2.268 4.111 0.8373
Perov-5 99.92 98.79 0.18 0.23 1.625 4.746 0.03684
G-SchNet Carbon-24 99.94 — 0.00 0.00 0.9427 1.320 —
MP-20 99.65 75.96 38.33 99.57 3.034 42.09 0.6411
Perov-5 79.63 99.13 0.37 0.25 0.2755 1.388 0.4552
P-G-SchNet Carbon-24 48.39 — 0.00 0.00 1.533 134.7 —
MP-20 77.51 76.40 41.93 99.74 4.04 2.448 0.6234
Perov-5 100.0 98.59 99.45 98.46 0.1258 0.0264 0.0628
CDVAE Carbon-24 100.0 — 99.80 83.08 0.1407 0.2850 —
MP-20 100.0 86.70 99.15 99.49 0.6875 0.2778 1.432

240701-4


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

¥ 1B ¥ Acta Phys. Sin.

Vol. 74, No. 24 (2025) 240701

2.2 MatGAN

MatGAN(materials generative adversarial
network )P VER—FhIETAE XTHTMES (generative
adversarial network, GAN)3 [ A4 gl AR 781 W] F
TARZEITCHUMRLLE 82 (8] A UAR L AL Z5 1)
HFZE 7 S AR A, B s ik
LB A5 A BV TEA RS, AT R
HI e TN A LB it s ()4 Je i) A Ak B A

AR ks ) EL A v B e v 4 R
P 101 A8 455 1) A USSR R LUK 1 1~ ) 4 RL2H 43
PR, BRI Z A1, G BRI RS0t e i
HppE BT F PR DR 1S S5 S B BRI, AN
INUAL A Ty A R A O S S T R i ek
i, MatGAN FJE T 0075 4 ili#s (generator, G) 5
FIHIES (discriminator, D) PIFEs BIXTHL2% > RS0
(WL 3(a)). BIRILABRAR SR kA, A i ii ik
2 2 A BRI 25 0 28 K 3 A 0 A i A P 2R,
P p S 531085 ) AR TR A S LA AS 1 0 A — B
P, NRTFHNZREE 2N, MatGAN 5] A Wasserstein
GAN(WGAN)I 2844 DL Wasserstein FEEEAEXT
BBk, NI AL 5 GAN Y2 AT E 1)
[F) .

TEA LS AR AT PE RV 55 %407 T, MatGAN Ji
U R anl&l 3(b) FroR, s -4 A BEALAB K
HXA (t-distributed stochastic neighbor embedding,
t-SNE) 0 [EAERT AL, MatGAN A= s AYZEHE (05 )

(a) Latent space

Generated fake
samples

Discrimitor (D)

Real samples

Fine-tuning

2 TR GREA (2% 00) SRR IFEA (405) Z
Gh, B Tz A [ X, R HORN R
E NG AR ST, 87T LA E SR E R4 55
WA 78 3 ERAMEEIEE (OQMDE, Materials
Project” il ICSD7) |- {525 % B, MatGAN 2
ALY 200 3 AMREAS T, A7 I 98% A& oK H BRI
AP RE AR S (WL 2); Hih X ICSD & i
FEARIE IRIA ] 60.13%, MiFrkEARm ik 198 J7,
XIS IIE T MatGAN 58 K AR B i 1 Fxt
TARMMBHR R E

#2  MatGAN 7 OQMDP, Materials Project? 5

ICSDI =ANEE I LS4 5 I S Bt e - B

Table 2. Statistical results of structural recovery and
novelty of MatGAN on the OQMDE), Materials Project!,
and ICSD[7 databasesl*!.

GAN-OQMD GAN-MP GAN-ICSD

Training sample # 251368 57530 25323
Leave out sample # 27929 6392 2813

Generated sample # 2000000 2000000 2000000
Recovery of training 60.26 47.36 59.54
samples/%
Recovery of leave 60.43 48,82 60.13
out/%
New samples 1831648 1969633 1983231
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Fig. 3. (a) Schematic diagram of the generative adversarial network architecture of MatGANP!. The model samples latent vectors

from the latent space via the generator to produce new material compositions, while the discriminator determines whether the

samples come from the real data distribution, thereby optimizing the generator through adversarial training. (b) t-SNEPY visualiza-

tion of the material composition distribution after dimensionality reduction. Blue points represent samples generated by MatGAN,

green points denote training set samples, and red points indicate leave-out samples not used during training.
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Fig. 4. (a) Schematic diagram of the diffusion modeling process of MatterGen®. The forward process gradually corrupts a stable
material structure (4y, Xy, Ly) into a completely random structure (Ap, X, Lt) by adding noise step-by-step, while the reverse pro-

cess leverages a score network to guide denoising and progressively reconstruct a stable crystal structure. (b) Schematic diagram

o000

of the equivariant score network structre. (¢) Comparison of the proportion of novel and stable structures generated by different
models on the Materials Projectl®) dataset. (d) Statistical analysis of the novelty and uniqueness of materials generated by Matter

Gen at different sampling scales. (e) Representative examples of novel crystal structures generated by MatterGen.
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Fig. 5. (a) Training and generation workflow of Con-CDVAEP?. The training phase includes joint encoding of crystal structures and
target properties via the encoder, a property predictor, and conditional decoding through the decoder. Simultaneously, a prior mod-
ule 430 is trained to enable the generation of latent variable z from target property inputs. In the generation phase, a target prop-
erty is first provided, from which a latent variable z is generated using the prior module. This latent variable is then concatenated
with a property embedding vector obtained from the prope,;, module to derive the latent variable z.,q conditioned on the target
property, which is passed to the decoder to generate crystal structures. (b) Distribution of band gap and formation energy in the
MP-20 training dataset”). (c) Property distributions of materials generated by Con-CDVAE under different target property settings.
(d) Representative novel crystal structures generated by Con-CDVAE.
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Fig. 6. (a) Schematic illustration of the material structure generation process in the SCIGEN model®]. The model is guided by geo-

metric rules and utilizes a multi-step diffusion and denoising process, combined with a masking mechanism, to integrate geometric-

ally constrained structures with unconstrained ones, thereby gradually guiding the generation toward the target structure. (b) Dia-

gram showing the merging of constrained and unconstrained structures and the masking mechanism used in SCIGEN during struc-

ture generation. (c) A 2D schematic of the Lieb lattice. (d) A representative structure, CesNaTby, generated by SCIGEN under Lieb

lattice constraints. (e¢) Band structure of the generated CezNaTh, material.
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Fig. 7. (a) Schematic illustration of the MatterGen model during the fine-tuning stage®”. The target property condition ¢ is fed in-
to the adapter module and combined with the output of the equivariant score network to guide the generation process from ran-
dom structures toward crystal structures satisfying the target property. (b) MatterGen-generated crystal structures under different
target property constraints, demonstrating the model’s ability to satisfy various design conditions. (c)—(e) Property distribution
comparisons between MatterGen-generated materials and the fine-tuning dataset under target conditions of magnetic density (c),
bandgap (d), and bulk modules (e). (f) Structure of TaCr,Og, successfully synthesized experimentally, generated by MatterGen with
a target bulk modulus of 200 GPa. (g) DFT-validated property results of structures generated by MatterGen under different target
bulk modulus values, illustrating the model’s predictive accuracy and target controllability.
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Fig. 8. (a) Framework diagram of MAGECS (materials generation with efficient global chemical space search)P. The framework in-

tegrates a generative model (CDVAE), a supervised graph neural network (GNN), and a bird swarm algorithm (BSA) to search for

optimal latent vectors in the latent space and generate materials that meet target properties. (b) Comparison of the distribution of
structures from MAGECS, CDVAE, and the original database within the target property range |AEco+ 0.67]<0.2¢eV.
(c) Five target-property-aligned structures generated by MAGECS and successfully synthesized in experiments. (d) Electrocatalytic

CO, reduction performance curves of CuAl and PdsSn,.
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Fig. 9. Three methods for incorporating property-guidance mechanisms into generative models.
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Goal-property-guided material generation: Toward
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Abstract

In recent years, the application of machine learning in materials science has significantly accelerated the
discovery of new materials. In particular, when combined with traditional methods such as first-principles
calculations, machine learning models have proven effective in screening potential high-performance materials
from existing databases. However, these methods are largely limited by the known chemical spaces, making it
difficult to achieve the active design of novel material structures. To overcome this limitation, generative
models have become a promising tool for inverse material design, providing new avenues for exploring unknown
structures and property spaces. Although existing generative models have achieved initial progress in crystal
structure generation, achieving property-guided material generation remains a significant challenge. In this
review paper, we first introduce the representative generative models recently applied to materials generation,
including CDVAE, MatGAN, and MatterGen, and analyzes their basic abilities and limitations in structural
generation. We then focus on strategies for incorporating target properties into generative models to generate
the property-guided structure. Specifically, we discuss four representative methods: Con-CDVAE based on
target property vectors, SCIGEN with integrated structural constraints and guidance mechanisms, a fine-tuned
version of MatterGen leveraging adapter-based property control, and a CDVAE latent space optimization
strategy guided by property objectives. Finally, we summarize the key challenges faced by property-guided
generative models and provide an outlook on future research directions. This review aims to offer researchers a
systematic reference and inspiration for advancing property-driven generative approaches in material design and
provides researchers with a systematic reference and insight into the advancement of property-driven generative

methods for materials design.
Keywords: machine learning, generative models, inverse design, property-guided
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