e{\{ s,
NEURAL INFORMATION
PROCESSING SYSTEMS

i,
Learning Superconductivity

from Ordered and Disordered
Material Structures

Pin Chen, Luoxuan Peng, Rui Jiao, Qing Mo,
Zhen Wang, Wenbing Huang, Yang Liu, Yutong
Lu

2024.11.12



Qs Background

d High-temperature Superconductors(HSC)
> Zero resistance, Meissner effect

» Energy transmission, advanced electromagnetics, and
quantum computing, etc.

d Challenges for Designing HSC

> Theoretical calculation: HSC mechanism unclear/BCS | 1o reme T T?
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Far the first ime in the world, we succeeded in synthesizing the room-temperature superconductor (T, > 400 K, 127°C) working al ambient pressure with a I Nb.Sh \"“'f L 2 o) LaOFeAs
modified lead-apatite (LK-89) structure. The superconductivity of LK-88 is proved with the Critical temperature (T.), Zero-resistivity, Critical current (I,), : Pi 3 MeB
Ha L2 (=) 128, 9
Critical magnetic field (H ), and the Meissner effect. The superconductivity of LK-99 originates from minute structural distortion by a slight volume shrinkage 0 ._"! N \h.‘ N . X N ¢ 1' " .I uF “ll o
(0.48 %), not by external factors such as temperature and pressure. The shrinkage is caused by Cu®" substitution of Pb2t(2) ions in the insulating network of I
2 2 2
I Pbi2)-phosphate and it generates the stress. It concurrently transfers to Pb(1) of the cylindrical column resulting in distortion of the cylindrical column 1900 1 92" l‘)'“' 1960 1 980 2000 20‘" ~0'“’
interface, which creates superconducting quantum wells (SQWs) in the interface. The heat capacity results indicated that the new model is suitable for
explaining the superconductivity of LK-89, The unique structure of LK-989 that allows the minute distorted structure to be maintained in the interfaces is the ' Year
\ most important factor that LK-89 maintains and exhibits superconductivity at room temperatures and ambient pressure.
— _— — _— — _— — _— — _— — _— _— — _—

We need new method 2




D5 tde Background

O Data Driven Method

» Deep Learning: Bypass complex physical theories

y

» GNN extensively applied to model materials
« Properties prediction
« 3D structures generation

O Inverse Materials Design

> Given target properties to generate 3D structures
- CDVAE/DiffCSP/SyMat

. O

GNN: Represent atom/bond
as node/edge

We need data to train models...




WS Related Dataset

0 SuperCon

» 33,000, only chemical formulas

d Jarvis-DFT
» 1058, DFT calculated with BSC theory

S2S
> 1,065, label materials with Superconductivity (Yes or No)

0 3DSC

» 9,150, elemental matching and manual doping (some not experimental observation)




NS SuperCon3D Dataset

d Collection Methods gggg l
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» Manually collection from references NN

. : Te (K)
( Data Distribution
» Cover 83 elements in periodic table

» Formula matching between SuperCon and ICSD
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» Contain ordered and disorder structures

> Five Types:
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Dieqs How to use SuperCon3D?

O Real-world Superconducting Materials e 0.0
» Imperfection or disorder for tuning T.. @ Z o Z [
0 Common disordered structures e'0o’o

> Substitutional Disorder (SD): a site is occupied by more
than on atomic species. ® 0 0
(]

()
> Positional Disorder (PD): one atom in the unit cell occurs )
position shift.

» SD + PD (SPD): both SD and PD can occur simultaneously.
> Interstitial Disorder (ID): atoms occupying interstitial sites

outside regular lattice positions in a crystal, unseen in °, ? og
SuperCon3D dataset. . .0 0
» Random: unseen in SuperCon3D dataset. ‘0’0

PD 34.3K Mg, 45B,




NIsklc Graph Representation: Order — Disorder

a Introduce atomic occupancy to redefine material structure

SD PD - Unitcell: m = (L, )
— Lattice: L = [I3,1y,13] € R*
m; > 1, m; = 1, — Sites; = (4, wi, x;)
Qi1 7# @i2 7 0 F Qi {w_ <1 — Conposition4; = [a;1,...,amn] € R™*"
Wi twig+ o+ Wi, =1 51 ' — Atomic occupancy: w; € R™
ID — Cartesian coordinate: x; € R®

w1+ Wia + -+ Wim, + Wiinterstitial = 1 + A




Dside SODNet: Structures -> T,

D SODNet: Inputssgraph
> Transformer-based GNN framework Aomicspecie  RBEQ[F)  Veswrd N G+t B
for representing ordered and disordered e | i d R v J
g ra p h S . Lintar Linvear Liiar Inte'rictlon
» SE(3)-equivariance through irreducible |—>qa<—é) Softmx Linear
representation-based vector space y ) ———
features
d Ordered and Disorder Graph ,
Representation |

) @1, S; is ordered, ®

» Node embedding: b, — d S wisaig, SiisSD or SPD,
k

» Edge embedding:

W; 1@, S; is PD.

17 > Ri + R;  E = w;w;,RBF(||7;]),
zij = p(hi) + o(h;),  fi=esley®cg SH(F))

. @

KNN Edges 8




5@z DiffCSP-SC: Targeting T, -> Structures

O DiffCSP-SC: Equivariant diffusion for superconducting
crystal structure generation

» Transformer-based architecture

» Diffusion on € > Diffusion on F
v Gaussian Prior v" Uniform Prior
v DDPM-based Markov Chain v' Score Matching + Wrapped Normal Distribution
= Backward Generation Process | Invariant Prior Joint Equivariant Markov Process Sample
=== Forward Diffusion Process '
. i N(Vuilv] o C, E/"' Cos - C“‘ i
. /\”) — Initialize ® ’ (T — t) steps ® My, t PE;":““:‘Z;) ® (t—1) steps ®
V) | e — —— Denoising —( .
O r— * Model ¢ R Previous work
4 M M, — M o
Composition A l Fr
’ ° L™ 3
Fr ~U(0,1) ? " F, w(Fl, ) s




;iq: DiffCSP-SC: Superconductors Generation

O DiffCSP-SC: Equivariant diffusion for superconducting

crystal structure generation
> Transformer-based architecture

» Input Feature

hz('O) = p(fatom(ai)a .fpos(t))
» Message-Passing Blocks

) m) = (R, RS LT L (S —

N
Periodic E(3) m{ =3 " m,
. - j=1
Equwz_ar_lant [hgs) YR (hgsl),mgﬂ)_]
Denoising
Model ¢ > Lattice Denmsmg Term

€L = L“DL(N Zh(S))

érl il = pp(h(Y)

S h

=1

w (S) k( 5)
9 = Softmax &
al” = ¢, (h(-s_”),

kY = o1 (b, LTL,yeen(f; - £1)),

v%(.j-) = @y (hES D LTL, err(f; — fi))/
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WSc

1 SODNet

Experiment Results

Performance Performance
Method Test ~ MAE (logkK R2
¢ e (ogk)y T Method MAE (logK)| Rt
RF-c 0 0 0.738+0.165 0.711£0.050 :
SVM-c 0 0 0.632+0.094 0.801+0.041 w/o Occupancy Embedding
Ll o O b w/o disorder node embedding 0.990-£0.033 0.365-:0.044
- w/o disorder edge embedding 0.592+0.087 0.655+0.046
SchNet 0 0 0.89140.041 0.401+0.032 S
CGCNN 0 0 0.879+0.047 0.405+0.022 w/o O(3) Equivariance
DimeN 0 0 0.81140.058 0.434-+0.092 - .
Sé?;re§;+ 0 0 0.7624+0.048 0.467-+0.096 w /o equivariant operations 0.611+0.046 0.618+0.027
ALIGNN 0 0 0.755+0.049 0.479+0.090
+ +
Matformer 0 0 0.748+0.043 0.570+£0.135 SODNet 0.505+0.055 0.748+0.032
MEGNet 0 0 0.7940.006 0.497-+0.009
0/SD oS 0.889+0.049 0.431+0.058 Ablation Studies
SODNet 0 0 0.622+0.112 0.595+0.101
O/SD/PD/SPD 0 0.584--0.119 0.634-0.117
0/SD 0/SD  0.518+0.084 (.716+0.064

O/SD/PD/SPD O/SD/PD/SPD 0.505+£0.055 0.748+0.032

Model Performance

11




e [ Experiment Results

O DiffCSP-SC

Performance Performance
Model Data SR10 SR30 SR50 _Method SR10 SR30 SR50
w/o Transformer

CDVAE O 0.03 003 0.03  /oattention 028 028 0.45
S),IMﬂt O 0.03 0.04 0.04 w/o Pre-training
gfgggg SC g ggg ggg 3?3 w/o pre-training  0.05  0.05  0.10

: i : : : DiffCSP-SC 0.37 0.37 0.50
CDVAE Pre-training + O 0.25 0.25 0.30 _ .
SyMat Pre-training + O 0.28 0.28 0.35 Ablation Studies

DiffCSP Pre-training + O 0.30 0.30 0.45
DiffCSP-SC Pre-training + O 0.37 0.37 0.50

Model Performance

Pretrain on 1.1 million stable material structures 12




Nsklc Experiment Results

O Real-world Superconductors Validation

Material O/SD/PDT5* (K) TP (K) é{r‘ﬁt(‘%
CaHx O 215[35] 24225 12.67 Outlier: Extreme
Ti 0O %6 R 50 67.31 | pressure (248 GPa)
CsV3Sbs O 23[18] 2.36 6
Cs(Vo.0sNbgo7)3Sbs  SD 445 471 5.84
Zr4Rhy0 O 373 412 1045
Zr4Pd20 0O 273 282 3.3

LaFeSiOg o PD 10[23] 793 207

13




Nsklc Experiment Results

d Application: Screening Known Structures

- - ( . L
Type ICSD code Chemical formula O/SD/PDT. (K)  Reported SC. pa rent com po un d S exh i b it
68675 Cu045Sr0 075 PD  93.42| CuOsSr(91K) ] e e T10[2]
Cunrat 50774  Cap 770Cu02Yp 011 PD 6570 - superconductivity
uprate 50773 Cag_g2Cu0y PD 54_72[ CaCu0s (89K) J > ~/
68217 BazCuO3 O 59.89 [BazCuO; 5 (T0K) ]\/ N
187375 ErH, 0 19303 - Disordered compound shows
Hrhed G HysConniloss  PD 13676 - ductivity!3!
2 2.57C00.14Up 84 : - supercon uct|V|ty
42009 ThHy 25 SD 13513 - N\ J
168466 LaMg, 0 2383
HeavyFemion (o Ok o BD 11k
647197 Np1.1Pug.o SD 1175
427163 Bag ssFeaRbg 17Asy  SD 2321 r"““ Slt'gg';i? e
Iron-based 188347 BaFez Asg 0 2327 Disordered compou nd
39530 FeCly Te 0 1957 - ..
633401 FeSbouTers  SD 1683 : resents superconductivity!!
Baj 1432C00 1420~
veeng  OpwwooRhossz ) ' [1]. Physica C: S ductivity, 227(3-4): 395-398, 1994
616160 BaSr SD 12351 - . Nature, : — , .
106111 SrTly 0 6.2 i [3]. PNAS, 116(25):12156-12160, 2019.

Screening entire ICSD, selecting 20 entries 141 2 Anorg Allg Chem, 640(5): 830-835, 2014. 4,




e [ Experiment Results

d Application: Generating Novel Structures

Type Index Chemical formula T. (K} Reported SC.
1 Bas;CuClz 02 33.56
2 Tl2CaaBaaCuzOhn 14.09 -
Cuprate 3 BazCalazGdCur Oy 7 10.12 -
. ¥Cu307 973 : Calculated by DFTI!! }
5 ThHz 164.33 TbhHz(20K)
8 CazMnCrHyg 58.07 : reaictea by
Heavy-Fermion ;;;J BL,II‘.%}IPU jﬁ:g} )
11 ThC4 17.96
12 Lu 4.86 o o
Disorders display
13 BEIF&Q SEQ 11.99 - [3] [4]
SmFeAsO, zF0.2 i
lron-based 14 SmFeAsO 442 p 4K}8 supe rcond uctivity
15 KFeo Aso 4.23 KFes Ass (20K)
16 NdFeAsF 4.13 -
: [1]. JPCCC, 125(6):3640-3649, 2021.
' o PR j [2]. arXiv preprint arXiv:2301.10474, 2023
Others 19 Ba 5226 . [3]. IEEE T APPL SUPERCON, 2023.
20 Mg B 43.96 i [4]. J SUPERCOND NOV MAGN, 33(8):2347-2354, 2020.

Generating Novel Structures (selecting 20 entries) 15




NIsklc Why Transformer?

O Relationship Between L  sons
3 [T AT Cu-O-Cu
Structures and T, A
> Characteristics of ¢ T
7 7 72222272 He
superconductors: large —— _—
number of atoms and B ™
diverse elements. S T e SREL Sl ries NEls et aE
. . Relative importance Relative importance
> ldentify key atomic (@) ©
contributions to Tc. 0,0, 0,8.%2 0,00
. 0.0 0.0.0 o0 0.0 ¢
.o.o. 0o‘o0 .o.o. 6
®) © @

Shows potential for atomic-level superconductor design.
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WSCC B
O Limitations

» Data unevenness

v" Scarce High Tc data, uneven
across 5 material types.

» Elemental skewness
v' Especially in Cuand O
3 Solutions
» More high-quality data
» Proposed pipeline

v SuperCon3D + DiffCSP-SC +
DFT + SODNet + Wet Exp.

Limitations & Solutions

— SuperCon3D

lDiffCSP-SC

Order Cand. Screening

~ SODNet Score

DFT filter

Top-k
l
v

Improving T,
by Doping

Disorder Cand. Screening

~ SODNet Score
y 4

Top-k
—

Wet Exp. <

./

e SC




Did: Conclusion

d A new dataset SuperCon3D containing both ordered-and-
disordered crystal structures and experimental Tc

0 We propose two deep learning models to showcase the
possible methods for exploring

» SODNet: Tc predictor
» DIffCSP-SC: Crystal Structures generator targeting high Tc

0 Based on our proposed models, we present a list of candidate
superconductors for future experimental validation

> First report of candidate disordered superconductors using
GNN methods.
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