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热烈祝贺安徽理工大学“基础物理研究中心”成立！
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1.1a 大数据和人工智能时代

2010-2020年AI发展史:

https://www.coditation.com/blog/decade-of-artificial-intelligence-a-summary

代表性事件:

卷积神经网络CNN在图像识别大赛

ImageNet中获得冠军，击败所有传统算法

2012年

2016年 人工智能AlphaGo在围棋比赛中，以4比1

击败世界冠军李世石

2019年

2020年 人工智能AlphaFold2在蛋白质结构预测竞赛

（CASP14）中，首次达到实验精度

人工智能AlphaStar在策略游戏星际争霸中，

击败世界冠军Serral
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1.1b 大数据和AI驱动的科学研究

科学研究的四大范式:

Himanen L., et al. Adv. Sci. 6, 1900808 (2019) 4

实验、理论、计算 数据驱动的第四研究范式 数据、特征、模型、分析

➢ 科学研究中，数据通常来源于实验和预测，通过机器学习方法加速结构预测将极大推动数据收集

材料数据库的核心 晶体结构Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST



CSP问题定义:

1.2 晶体结构预测（CSP）问题 --- 背景介绍

空间网格化:

5Oganov, A.R., Pickard, C.J., Zhu, Q. et al. Nat. Rev. Mater. 4, 331 (2019)

C=
𝑉/𝛿3

𝑁
ෑ

𝑖

𝑁∗

𝑛𝑖
结构数估计：

位点组合 原子组合AB (20): 1030

化合物组分 晶体结构

YanChao Wang, et al. Acc. Chem. Res. 55, 2068 (2022)

解决CSP问题的一般步骤

1. 实空间均匀划分网格；

2. 原子在离散位点上排序；

3. 找最低能的一组排序。

预测给定组分最低自由能的结构

难点：可能结构数目随原子数超指数型增长 CSP实际上是原子排序问题

Gusev, V.V., Adamson, D., Deligkas, A. et al. Nature 619, 68 (2023)

氨基酸序列 蛋白质结构
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经典的CALYPSO/USPEX流程:

代表性的基于DFT的晶体结构预测方法

S
1

Yanchao Wang, et. al. Comput. Phys. Commun. 183, 2063 (2012).

1. 按照空间群随机采样生成结构；

2. 结构优化(DFT优化)；

3. 粒子群/遗传算法生成新结构；

4. 回到步骤2。

流程总结:

潜在问题:

➢ 结构优化耗时增长过快；

➢ 构型搜索空间增长超指数增长。

方法优势:

➢ 无需任何先验信息且结果精度高。

DFT耗时严重

DFT耗时严重

初始结构局限
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基于机器学习的晶体结构预测方法1 --- GN-OA

8

图神经网络-优化算法流程: 流程总结:

目前存在问题:

➢ 搜索到的结构精度有限；

➢ 对未知体系的有效性无法保证。
Guanjian Cheng, et. al. Nat Commun 13, 1492 (2022)

0. 数据库上预训练模型；

1. 按照空间群随机采样生成结构；

2. ML优化结构；

3. 返回步骤1。

ML方法优势:

➢ 结构优化耗时随原子数增长缓慢；

➢ 低能结构的特征被嵌入预测模型。
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基于机器学习的晶体结构预测方法2 --- MAGUS

机器学习力场结构优化:

输入: 原子坐标, 输出: 能量

MAGUS:

王俊杰，机器学习与图论辅助的结构搜索方法MAGUS的发展与应用 (2023)

2. 机器学习力场优化结构（替换DFT优化）1. 随机采样结构生成

J. Behler, Angew. Chem. Int. Ed. 56, 12828 (2017) 7
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典型的DFT-ML结合的晶体结构预测方法

S
3

CALYPSO/USPEX中的ML方法: 流程总结:

存在问题:

➢ ML的优势未得到充分利用；

➢ 有效性与可靠性待进一步提高。

1. 按照空间群随机采样生成结构；

2. 训练ML模型；

3. 结构优化(ML+DFT优化)；

4. 粒子群/遗传算法生成新结构；

5. 回到步骤2。

方法优势:

➢ 利用ML（力）缓解DFT优化的耗时。

Qunchao Tong, et. al. Faraday Discuss. 211, 31 (2018).
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方法比较:

◆基于DFT的方法：高精度但耗时长；

◆基于ML的方法：耗时短但精度有限；

◆目前的DFT-ML方法：耗时短具备一定精度，但依赖现有数据库且模型存在不确定性。

目标:

基于机器学习发展一套不依赖数据库的快速且高精度晶体结构预测方法

基本思路:

1. 结构采样：发展高效的初始结构生成方法，便于ML模型进行高通量筛选；

2. 结构搜索：发展高效的势能面划分方法，使得有潜力的结构能被快速定位；

3. 结构优化：结合ML的结构优化方法，尽可能减少DFT结构优化耗时。

1.3 Symmetry-based crystal combinatorial optimization 
program (SCCOP) 的基本思路和目标
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晶系 长度 夹角

立方晶系 𝑎 = 𝑏 = 𝑐 𝛼 = 𝛽 = 𝛾 = 90°

四方晶系 𝑎 = 𝑏 ≠ 𝑐 𝛼 = 𝛽 = 𝛾 = 90°

正交晶系 𝑎 ≠ 𝑏 ≠ 𝑐 𝛼 = 𝛽 = 𝛾 = 90°

菱方晶系 𝑎 = 𝑏 = 𝑐 𝛼 = 𝛽 = 𝛾 ≠ 90°

单斜晶系 𝑎 ≠ 𝑏 ≠ 𝑐 𝛾 ≠ 𝛼 = 𝛽 = 90°

三斜晶系 𝑎 ≠ 𝑏 ≠ 𝑐 𝛼 ≠ 𝛽 ≠ 𝛾 ≠ 90°

六方晶系 𝑎 = 𝑏 ≠ 𝑐 𝛼 = 𝛽 = 90°, 𝛾 = 120°

立方晶系 四方晶系 正交晶系

菱方晶系 单斜晶系 三斜晶系

六方晶系
常使用高斯分布对晶胞参数进行估计

Edge~Gaussian 𝜇1, 𝜎1

Angle~Gaussian 𝜇2, 𝜎2

Len𝜇 = 5, Len𝜎 = 1

Ang𝜇 = 90, Ang𝜎 = 15

根据空间群所属晶系生成晶胞

2. SCCOP方法发展 2.1 晶胞生成方法 --- 按晶系生成

七大晶系的晶胞参数: 晶胞示例:
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𝑼𝑹 = ∑𝑉𝑖/𝑉𝑙𝑎𝑡𝑡𝑖𝑐𝑒or ∑𝑆𝑖/𝑆𝑙𝑎𝑡𝑡𝑖𝑐𝑒

max( ෠𝑉min, ෨𝑉min) ≤ 𝑉opt ≤ min( ෠𝑉max, ෨𝑉max)

晶胞生成方法 --- 体积或面积约束

体积或面积预测误差分布: 空间占有率分布:

෠𝑉opt = 𝐴∑𝑟𝑖 + 𝐵∑𝑋𝑖 + 𝐶∑𝐸𝑎𝑖 + 𝐷

A = 17.9974   B = -3.1113   C = 4.5057   D = -8.3959

2倍置信区间
1

1 + 𝜇 + 2𝜎
⋅ ෠𝑉opt ≤ 𝑉opt ≤

1

1 + 𝜇 − 2𝜎
⋅ ෠𝑉opt

1

𝜇 + 2𝜎
⋅ ∑𝑉𝑖 ≤ 𝑉opt ≤

1

𝜇 − 2𝜎
⋅ ∑𝑉𝑖

联立获得

2倍置信区间
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2.1 简化晶体结构预测问题 --- 对称性：基于DAU的网格划分

Wycoff位点: 直接不等价单元(direct-space asymetrical unit)

4

P1 (1)

P3m1 (1/6)

P-1 (1/2)

P6mm (1/12)

P222 (1/4)

Pm-3m (1/48)

利用对称性极大减少自由度
DAU中所有位点独立不重复，通过对称性操作获取原胞中的所有位置

1倍位点

3倍位点

2倍位点

DAU更有利于数据存储和减少近邻计算量

ABX3
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AU中对结构进行操作更加高效

通过Wyckoff位点判定边界，
从而获得DAU

P2

三维空间群的直接不等价单元

国际晶体学表: 不等价单元和Wyckoff位点:
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采样流程总结:

对称性和距离约束的蒙特卡洛树采样

结构采样流程图:

1. 均匀划分网格，减小生成合理结构的难度

2. 根据对称性生成原子分配方案，例如，[4,2,2]

3. 根据分配方案生成树结构，按照距离约束采样

树结构随机采样，采样同时满足对称性和最小距离约束

按对称性分配方案 [4,2,2] 和距离约束生成的树结构

树结构采样示意图:
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通过原子间的键连关系构建晶体图

特征提取

𝒗𝑖
(0)

𝒗𝑖
(𝐾)

能量预测
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2.2 SCCOP使用的机器学习模型

CGCNN示意图:

SCCOP-DAUGNN:

模型在直接不等价单元上构建，最大效
率提升为空间群的最大对称性。

𝒗𝑖
(𝑡+1)

= 𝒗𝑖
(𝑡)

+ Δ𝒗𝑖
(𝑡)

迭代修正原子向量

𝒗𝑖
(𝐾)

= 𝒗𝑖
(0)

+ Δ𝒗𝑖
(0)

+ Δ𝒗𝑖
1
+ Δ𝒗𝑖

(2)
+ Δ𝒗𝑖

(3)
+⋯

高阶修正项

通过多次迭代逐步考虑近邻、次近邻原子的键连信息，最终
获取原子在晶体中的表示。

CGCNN的核心思路:

直接不等价单元中原子的键连关系与对
称区域中原子的键连关系相同。

𝒗𝑖
(𝑡+1)

= 𝒗𝑖
(𝑡)

+෍

𝑗,𝑘

𝜎(𝒛 𝑖,𝑗
𝑡

𝑾𝑓
𝑡
+ 𝒃𝑓

𝑡
) ⊙ 𝑔(𝒛 𝑖,𝑗

(𝑡)
𝑾𝑠

(𝑡)
+ 𝒃𝑠

(𝑡)
)

权重向量 相互作用向量

为相互作用赋予权重
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2.3 基于晶体向量的势能面划分

势能面划分:
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随机初始化的机器学习模型 1. 结构根据键连关系聚类，每个簇内部的结构
能量相近

➢ 选择代表性结构构成训练集

2. 随机初始化的机器学习模型并不影响势能
面划分

关键点:

➢ 可以通过多次迭代势能面划分，获得越
来越准确的势能面

关键点1、2使得SCCOP并不依赖模型预训练
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1. 通过DAUGNN将采样结构转化为晶体向量;

2. 使用KernelPCA对晶体向量降维;

3. 利用KMeans对降维后的晶体向量聚类。

1. 利用图神经网络DAUGNN划分势能面

2. 利用模拟退火分区域探索势能面

选择代表性结构形成数据集

减少模型搜索过程中的模型预测不确定性

Disconnected Bulk Layered High Coordination

基于DAUGNN的势能面划分: 核心方法:
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方法创新:

1. 基于直接不等价单元的树采样结构生成

2. 基于图神经网络的势能面划分

3. 基于图神经网络的分区域模拟退火

4. 不依赖数据库训练模型的晶体结构预测

SCCOP特点:

1. 支持全空间群搜索

2. 支持自定义模板/结构种子搜索

3. 支持团簇结构搜索

4. 支持大规模/超大规模并行

2.4 SCCOP搜索流程

SCCOP流程图:

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST



晶体结构预测方法总结

结构预测流程总结:
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◆随机采样生成结构

◆对称性和距离约束

1. 结构生成 2. 结构搜索

◆遗传算法、粒子群算法

◆贝叶斯优化、几何约束

3. 结构优化

◆ DFT优化，分子动力学

◆机器学习力场

晶体结构预测算法总结

USPEX = 随机采样+遗传算法+DFT

CALYPSO = 随机采样 + 粒子群算法+DFT

MAGUS = 随机采样+遗传算法+ML力场

GN-OA = 随机采样+图神经网络

SCCOP

◆机器学习快速筛选结构

◆根据晶体向量对结构分类

实现势能面划分
和低能区域定位

充分利用ML的两大优势：1. 快速且保持一定精度，2. 特征提取

搜索到的结构
决定了结构预测的效果和耗时！
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3. 结果与讨论 3.1 SCCOP框架有效性验证 1 --- 固定位点

固定位点搜寻低能原子排列:

BN BeZnO2 GaNZnO

R
o

ck
sa

lt
W

u
rt

zi
te

➢ 选取的ML模型与晶体适配

➢ ML加速结构预测是可行的

验证结论:

基本设置:

➢ 每轮30个结构计算单点能

➢ ML模型优化原子排序5轮

基本流程:

➢ 结构采样

➢ 结构搜索 (只使用ML搜索)

➢ 结构优化 (只使用ML优化)
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最低能量次数

(总共82个组分)

SCCOP: 46

CALYPSO: 37 

USPEX: 11

平均耗时(分钟)

SCCOP: 5.7

CALYPSO: 62

USPEX: 75

SCCOP框架有效性验证 2 --- 二维材料

BCN二维体系测试:

大约十倍加速！

新发现了28个动力学稳定的二维BCN材料，包含五种力学性能优异宽带隙材料
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典型三维材料测试:

26

维度: 3

空间群: 1-230

原胞中原子数: 5-10

CPU核: 6*48 cores

耗时: ~5 minutes

SCCOP找到了Material 

Project数据库中所有

最低能结构
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SCCOP框架有效性验证 3 --- 三维材料

不同方法的时间和精度比较:

SCCOP在所有组分中均找到了最低能量，并在17个组分中取得了最短时间

ML最快，但精度有限

DFT最慢，但精度最高

SCCOP取两者优点

保持DFT精度同时大幅

缩短时间

SCCOP显著优于ML-DFT

1. 有效的ML模型

2. 高效的势能面分割
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SCCOP框架有效性验证 3 --- 三维材料

不同方法的低能结构多样性比较:

SCCOP搜索到更丰富的低能构型

具体表现为：1. 平均能量低

2. 能量分布集中

ML-PSO、ML-DFT、DFT-GA、

SCCOP在C-2d，MgS和PbMoO3

搜索到的低能结构

a b

c
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3.2 Boron团簇搜索 --- 背景介绍

Boron复杂的化学环境:

Tian Xie, Jeffrey C. Grossman. J. Chem. Phys. 149, 174111 (2018)

Boron的缺电子特性使其具有复杂的成键

Materials Project中的低能硼结构:

结论：二十面体作为结构单元广泛存在于低能结构中

𝛼-Boron 20面体结构单元
(12个B原子)

(1)

(2) 0.029eV/atom above hull (3) 0.095eV/atom above hull
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Boron团簇搜索 --- 方法介绍

团簇搜索方法:
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独立变量数目：

平动+转动平动

12 * 3 3 + 3

流程总结:

1. 构建团簇；

2. 优化团簇相对位置。

整体优化

1. 团簇间添加连接点；

2. 优化团簇间连接。

局部优化

可广泛应用于包含团簇或分子的结构预测

例如：太阳能电池材料MAPbI3中有机分子的朝向
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Boron团簇搜索 --- SCCOP耗时和搜索能力测试
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106原子：24.3小时
能量：-6.69 eV/atom

SCCOP应用于硼1-120原子的搜索耗时:

Evgeny V.Podryabinkin, et. al. Phys. Rev. B. 99, 064114 (2019).

USPEX-ML耗时:

12原子：3.4小时
能量：-6.69 eV/atom

SCCOP耗时:

106-110原子：1.29小时
能量：-6.69 eV/atom

11-15原子：0.14小时
能量：-6.69 eV/atom
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SCCOP搜索到的硼团簇低能结构:
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a b c d

e f g h

𝛼-Boron

新发现的团簇单元B22

Boron团簇搜索 --- 低能结构

正20面体 (B12 )

新发现的团簇B22

通过两个B22共享一对原子形成

新发现的𝐁𝟐𝟐单元:
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低能硼团簇的声子谱:
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正20面体 (B12 )

新发现的团簇B22

通过两个B22共享一对原子形成

新发现的𝐁𝟐𝟐单元:

Boron团簇搜索 --- 声子谱计算
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3.3 CuIn5Se8结构搜索 --- 背景介绍

Chalcopyrite结构:

CuInSe2

Cu

In

Se
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空位组分:

太阳能电池材料:

CuInSe2: 直接带隙、高吸收系数

使其作为合适的太阳能薄膜材料

CuInSe2 CuIn5Se8 CuIn3Se5 Cu2In4Se7

Cu: 1+
In: 3+
Se: 2-

实验中存在许多空位组分

1个In替换3个Cu, 产生2个空位

系统性的结构研究有助于理解空位化合物的形成

较低形成能
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CuIn5Se8低能结构:
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CuIn5Se8结构搜索 --- 低能结构

-3.6827 eV/atom -3.6790 eV/atom -3.6774 eV/atom

假定晶格不变进行低能结构搜索
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SCCOP全空间群结构搜索:
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低能构型:

Chalcopyrite defect结构

空间群: P-4c2

原子数: 28

随着能量增加 Cu和In偏离四面体配位模式

Cu和In在阳离子位点上排列

CuIn5Se8结构搜索 --- 全空间群搜索
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CuIn5Se8结构搜索 --- 固定位点搜索

固定位点搜索过程: 能量最低的四个结构:

38

原子数增加，低能区插入更多点

-3.6910 eV/atom (112)

-3.6916 eV/atom (28) -3.6912 eV/atom (56)

-3.6907 eV/atom (112)
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k=7: Cu+2In+V k=9: 3In+V

满足八电子规则

Se中心四面体的阳离子总价电子数

极小化库伦能

CuIn5Se8结构搜索 --- 配位模式统计

-3.6910 eV/atom (112)

-3.6916 eV/atom (28) -3.6912 eV/atom (56)

-3.6907 eV/atom (112)

k=7和k=9各占50%配位模式

Se-中心的配位模式统计: 能量最低的四个结构:

与x射线精细结构吸收谱结果一致
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-3.2782 eV/atom (56)

➢ k=7,9不等于50%, 缺陷对无法完全配对；

➢ Cu原子距离过近导致库伦排斥增加。

Se-中心的配位模式统计:

与x射线精细结构吸收谱结果一致

CuIn5Se8结构搜索 --- 配位模式统计

k=7: Cu+2In+V k=9: 3In+V

满足八电子规则

Se中心四面体的阳离子总价电子数

极小化库伦能

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST



41

语言：Python + Shell

3.4 SCCOP软件获取和使用：SCCOP代码开源 --- GitHub平台

SCCOP开源网页:

超过30,000行代码

依赖库均为免费开源
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手册目录:

手册查阅顺序：1. 安装

2. 功能介绍

3. 输出文件

Step 1

Step 2
一般来说，默认参数适用于大部分情况，

程序调试成功后，再根据自己的计算资

源修改input.py

声明

安装

输入输出文件

功能介绍

常见错误

文章引用

附录

Step 3
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提交脚本(PBS): 运行示例:

申请6个CPU节点，
每个节点48核

测试组分C，原胞内包含
5-10原子，耗时: 3.6min

提交脚本(SLURM):

天河2号，个人服务器 瀚海20，22，北龙超算

金刚石

石墨
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1. 提出了基于直接不等价单元的约束性蒙特卡洛树搜索结构采样方法；

2. 提出了基于图神经网络的势能面划分策略，实现了样本的高效筛选；

3. 提出了基于模拟退火的分区域搜索策略，极大减小了机器学习模型的不确定性；

4. 根据上述三点，发展了固定位点、空间群对称性、团簇的结构预测程序SCCOP。

方法总结

1. 固定位点、二维材料，三维材料结构预测，进行了全面方法测试和比较；

2. 二维BxCyN1-x-y结构搜索中，新发现了28个动力学稳定的低能结构；

3. 硼同素异形体的结构搜索中，新发现了7个硼团簇低能结构，以及全新的𝐁𝟐𝟐团簇单元；

4. 通过系统性的结构搜索，确认了有序空位组分CuIn5Se8的低能构型，以及Se原子的配位模式。

应用总结
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结语：
AI 在物理计算各领域大有可为
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Conjugate Gradient(CG)：计算梯度的共轭方向

Broyden–Fletcher–Goldfarb–Shanno(BFGS)：
近似Hessian矩阵，需要计算前后两步的梯度差

SCCOP中如何计算势能面的梯度呢？

𝑝 1 → 2 = ቐ

1, 𝐸1 > 𝐸2

exp(−
𝐸2 − 𝐸1

𝑇
), 𝐸1 ≤ 𝐸2

(1)

(2)

SCCOP方法展望

通过接口调用

模拟退火算法优化原子位置

Miroslaw Blocho. in Smart Delivery Systems, 2020
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SCCOP应用展望

AI驱动的材料设计:
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1. 电池
2. 催化剂
3. 太阳能材料
4. 储氢材料
5. ……

结构预测

量化性质计算

实验合成

数据中心
已知的材料和性质

Propose

Store Select

Propose

机器学习模型
独立于数据库
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