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Fig. 1. (a) Schematic illustration of the mutual support among Al technologies; (b) Schematic diagram of the working principle of phase-change

memory (PCM); (c) Intel Optane memory based on 3D-XPoint architecture and PCM; (d) PCM-based in-memory and neuromorphic computing

chips developed by IBM Research; (¢) Schematic illustration of PCM-based neuromorphic computing!; (f) All-optical PCMDJ; (g) Optical neur-

omorphic chip based on PCMI®],
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Fig. 2. (a) High-throughput screening of PCM materials®’; (b) High-throughput screening of transition-metal-doped Sb,Te;**; (c) Fully auto-
mated machine-learning-assisted high-throughput calculations of vacancy-defect properties in GeTel*’); (d) Machine-learning-based classifica-
tion of PCM materials and Ovonic threshold switching (OTS) materialsi>l; (¢) Machine-learning-based prediction of structure—property relation-

ships of defects in OTS materials®7.
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90°, S K i 72 145 /0N T B IR (o) g 3E A R ) S
Peierls 1 #H K, 8 £ fi 25 90°F £, B K fl 25 0 56 K.
HA 5 1) BT S5 /WL FE T, Peierls #H 1 AT LA — &
TR B RAE p ML BB 1Y) I 23 F2 B2, Peierls 4 il B&
/N, p HLF RSB R R U, p H T RRCBEE R B R
MOBHE & AR AE A AR, T p F 7 BB i 25 7 JEE
e B R DRHIE A (i B IR R Ak d AR % 45 R R
AT 5 gk H 4 A e DA A B EIE 230, 3 AS AR B,
BLES 2% >0 AT DAAE AR H B 2R A 806 R A0 dreh (A4
SIATAE AR A ) JRE B R O R AR, F B8 St >k 35 Bl it
FUE Gt B OUL R L. 7 Ah, FLER 5 2 ik
AR DL BRI RRAE &5 44, 18 7] 58 2 7 1O
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Table 1. Summary and comparison of the key empirical descriptors for
PCM and OTS materials? 2627, 341,

L8R PCMAAE} OTSH kL

JLERA Y &Y &Y
(Tedt ) (Se:ATE)

PraE N EDOK( =

JR ¥ RIS B A e )\ T A A4 Y A e DY T A4 A4 7Y

R Metavalent/hyper bonding FLAf 1 56 53

Hr B FRAE pHLT RN F LR A E

S A7 B9 BE (T 590°) AR /)N AR

VYT AREE K L LiEDSRAN AEXTR

T BB AS ANEE A

8 K AN BT R R SR IR Xu 25 T LB 22 ST
AR A BRI R A A I8 A OR) A (R] B RS (mid-gap
states, MGS)J JE T ML (B 2(e)). 156, PAHL T BT
BB B A KL GeSe i, 18 FH 28— PR R 4> 81 )
EONETHE A 100 2R, R S S
PP SRFRJE T MGS BITTHR. 2R )5, X JE g R
T RBIAEEEAT 734, HlE EAG A B Bl AL
. B 2528 Peierls FHHHNZEE NI £
FREAE, DL IR R AE T AL ES 2% 21 VI 25 3R AT A5 B %
MGS i R 5 2K B 95%. 2 /i 1922 AN 7T A
N Ge-Ge B T RN Ge F 3 e A7 A2 FF & B2 PG {E
1618 AR MGS 25 F IR, 120 70 LS 2 S A
LRI MGS IR Ge-Ge 8 (1) 5Tk, SR 10, FL
FAE &S IS A IR 2 HAh Ge-Ge I % H 51 Wk
MGS; N T IRFTHRA G ], A5 FH R B 2 > B [ ) =%
R AR AR R e, 3 I R B A BG4, R
FiC A7 450 [) ol A S A2 O B IR R, R Il A2 Ge-Ge [F]
i B A4 i ) R B, DA R TR T BE R BRI 3 AN HC A
Se L IHRAE A DAL, B F0E 15 250 R IR 34T 108 )
B2 W T RER TR R T\ TR (8-N
rule) FHTAE MGS HIHLH. 2 FE R, HLE 52
AT DA 2 3 285 40 R R T 5 R O SR T
SERIECE, JEIUHCSCER R AE, AT Bh 748 7R R
JR T

T REXTLT FIRAH AR A AR B R E
6@ M RHE R AR R B R B AL s, Ho,
DX 3 P 780 A 1R B DG R0 (L 348 38 A e 1) it = B 40
R #ES 5 M. A AR AE A R B R A i D A 1,
LA R A T BRSO i A1 T B G R 30k SR A R 2
Gy FAETE IR, AR B 262 AR i s, HHGRE

P R AT Sy A, AEIX Le 00 H e R, A VF 2
PSR R R, TR YR A SO i P
for B 514, E B R R 126 3 AR} 1) B B AR AAE Ay
BETEESEH. &8N (metavalent bond)
BB B8 (hyper bond) J& 75 AT A E AT R Ve IR ; B
G ) {32 88 A 1 ) i [ SR B A5 75 A 00 211 3 [
ik P A 1) % P2 T Bk B 2 DA TR — B IR R, HAE
BRI A A I OTS M BIRE R ORI Vy, 3%
T LR vy, TR IR EE, P E TS,
F& N1 R 25 R st TEUNE AT BR AR Ak /N AR A2 B 1%
I B LA 5 T T BT BR AR AR A BT SR 75 B3k —
A A

2.2 BETHESFEIBRIARRRD AP

FHAR 7 it 25 1) P B8 32 2 b AR AR P Jo e . 49 2,
i T P R A 4 S T RE, S A B e AR AR )
FE, A IR FE Ve BE R RF 0, A AR I R 0 4y A R
JIU5E ZAT IO ARE, JE dib 5 4 5th BR P g 284 FEAE
R, RIUL, B FARAS A AR A 2 A A
B2 3% O BT N 5. SR, AR St T 3% FE iz
Bf (density functional theory, DFT) ¥ if ff] 4> ¥ 50 /]
SRR TV T SR A 1 7 FE R U S R A RE
B H JR 74 1 ns WIS O, W0 2R 2% [E 28 4 i)
(RIASLAEL, I b PR Bl R ST A ), AR BRI IS
YEM AR A7 i 2% 15140, Wang &5 351 B T2 7 iR #E 0
BT T RS Si0, B h-BN )% /5% = 1
T YA ATAG AR AT, 38 s A AR DR A S/ 25 )2 1] 5t
[0 A4 22 B AT HLAE 2 3 UM AR 24 MR 4 22 0
10 nm Ji5 df A 2 R0 iR R, B2 A% 522 Sb,Tes 1R
Ttz AR R RL, I DLEA 5504 A 1R H ) — 488
Bl (W2 h-BN) FE AR/ 85 2 R W T Z4EFH AR A7
it 0 % (B 3(a)). SR T &1 %
Y5 — PR SR B T B v, DRI, ALY R 5 A 2
BAN, MDA R B SR REEM UK AR A 1E.
T R B R A [A) A B ] RBE () AH AR B)) J1 5l AR,
WA ZTTLE FEIBURSEALIRE S PRI 0 T £ /81 20 1 3 1 AL
R, Horh— ANk R A M 13778, 15k
TG 75 SR i 0 15 5 A%, TH B BE KT — R
0y 15 )15 ABAE G 1) 135 77 1% 75 B i HE R 1)
ok B, XTI M 2 T0 A SR U MERE R TR . T
WL 52 2 732 ) Ry g 3 248 3% o 50 SR BT I ML 22,
AL BEIRAT B 77 25K BE I S (R A 25, T HAR
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Fig. 3. (a) First-principles simulations of two-dimensional PCM devices?®’; (b) Neural-network-based machine-learning potentials (MLP) for
GeTe achieving DFT-level accuracy in describing pair correlation functions*®; (c) Molecular dynamics (MD) simulations based on MLP reveal-
ing the breakdown of the Stokes-Einstein relation in GeTel*”); (d) Non-uniform atomic migration and structures during the melting process of
GeTelP8); (e) MD simulations of the crystallization dynamics on different crystallographic facets of GeTel*”); (f) DeepMD-based MLP for GSTH0;

(g, h) MD simulations of a PCM device with the blade-electrode architecture developed by STMicroelectronics based on MLPH!],
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W R 2 AT 36 35 bR 5 T D A

2012 4F, Sosso & P61 1y 2 1 it B H A8 77 il 44
GeTe I 22 M 4% (neural network, NN) % (& 3(b)),
23] DL ARAD R R B8 TN 7 N7 Be =] B
BT M A A A FE R A AR, BT U T
GeTe #H 22 i #% 1) K RO BEALL. 1) 41, Sosso 4 B7)
R, HH AR GeTe 7E B il 31 35 35 40 3% A2 iR JE
(~700 K) Py BRORE v VA4, H R FE BB, (H
JR 7 I BURE R SRR 5, 7 BUR B (D) TR (7)
HIRERE () Z 18] 9% ZR AT BRI T 0 e 40 52 DR 4 G
A (Stokes-Einstein relation, D oc T/n) (& 3(c)), IE/2&
T 5T A58 45 AH AR A7 A RL AT DAZE S A B R
WA . 2L Y AEAH AR AT A R GST [ SEE6
DI DY - BURIVEX VB S/ g = Bl e Sac)
Sosso %5 W1 IEff ] NN #4540l | GeTe ) fn A 12,
HE—DAEBH GeTe /£ 500-700 K iz 5 [X. 1] 42 fife 4 3k
AWK, JETH HIAR R, $TR 7 746 v i7- 22 PR 4 ¢
A, 113 GeTe FiA R A KRR AE® P, Bk Fib i
JEABR T TEAZ . Sosso %5 B8 ib 4/ i GeTe i ¥
WS AR 598 12, RIS GeTe HARE 5
TS FNAE S AT ] A 523 5 1 (B 3(d)).
AN ALE B 8] A5 P R A4S A, X B #) 4% a) bt
Az R X AE 318 5 X P E S Ge-
Ge HE I XA Tz s PR, oA 2 AR5 2138 3 i
BRI, 952 20 4 e - 52 R 0 3H 5C 3R 2R R IR A Sosso
S5 09 XA GeTe 19 NN B 3EAT 1618 807 14k
(1R DR R EE (138 5 T AR PR i A 3 70 28540, (1] 3(e)). A
Ft R IR E AR (500 K) A RASIR S 2 4%, 1M
T B2 ETIN (700 K) 3 2202 i i [ S R AT AR K,
XL G RIRTEAZ, i A K A 2 — B0,
K FE A, 325 A GeTe F9 (001) T HE (111) T
AR R PR AR 22, LRI AT 8 2 (001) T L [R] i
H Ge J& T M1 Te J& F1E R AEK AL, 10 (111) TR
RRMEARE Ge i1, BAR—)E Te J& T,
il & Te JR 1 J2 1€ S A IR I, 45 46 AR AR E
A T B Gabardi 45 U4 { ] NN 30 1 B
1£IEF) 9 nm 1) GeTe KL AHAR I FE, K ILGIK
28 (4 25 EL AR AT BHEE 100 K, 5 4h 33 2t F K T 4
P

Dragoni &5 ST B ¥ 5T Sb 1 #2825 B 2% 2
SJHAEFL T 3 nm )& Sb B R AHARAT A, K ILAAHS
B 2 i EE &S Sb 7E 3 nm JLfAI BRI S A R A5 88

FooE, SaLIb Mg —E el (R, B4R Sb $Em 1k
mm s H) PR M, A & & H TR S R AR
AR BN 5 B I T RSN T Sb E di A e 1
3 )2 R R SR s M) B st TR, A S AR AR A
BHE BRI R 30 ) 22 584t 7 B BB . Perego
ZE W g FHEET NN ) GeTe Hl2822 S AR T GeTe
TEREFE DRSS 2610 T A KIS A2, T I 3 3R 45 1y R
BB A 5 A R AR B A M LS A E 21 Ge
VY THI A& A4 B Ge-Ge Bt {H 2 12 22 70 X A4 R di AL
P 5T 0 A T SR AR DR R 52 e, DR b HE N SIS b e S 3k
BRI AR RS AR RS Z BT LR B)
J1EEAN ] R A B & BTG Sz A —FE.
Abou El Kheir 55 401 B T PR FE 1 22 W 28 1) 3
BB R GST B9 (K 3(1)), 18 DeepMD
HEZLHAE AL HE 25 (graphics processing unit, GPU)
B S5 A4 T, vHE R R IR S &, T AT O R
T BOE P 5130 1 R4, AT AT DALE LS A%
P4 B 18] R b R G0 98 22 FhoAE AR Bt 75 AR
4N, 76 d AT FE b, AR LA R AL IR,
1M HAR 7 Bt 5 R 7 3 38 Ak A A8 3R B Bl A7 A,
£ 500-640 K i 5 X TR ) i Ak 3 2l JL 5 R 9 e
71T, Hodn A T8 R X DL B B AT H 456 1 Wilson-
Frenkel 2 = i, M1 7% 2 4 A &3t J5 19 Wilson-
Frenkel A 2R 50 #1. X MpEET DeepMD HIHL S 5 )
PTG A A AF A A5 P 1 & SO BAE R 2 AHAT NS
K] R R BE I R A A P E. BE 5, Abou El
Kheir 5 41 ff FH G GST 1) NN $4HF e £+ 7 J 745
LR E A R, (] 3(g) M 3(h)), LA 1k
O3 E TR AR AR A7 08 B D R A, AL T 4K
JJ v FL AR B T 7 g A AH AR X B SET #:4F (A Ak i
). ££ 600 K I8 5611 T, A X E K& i, i
KA AR R R A K B 0 R B
0L HH R I N - T o T Ak ) A A T B R AR T A
AL B A, IX P 4 00 2R 2R FE RS BRI PR AL
B TR 2 B3 R . 7R DL BRI, A S T A
FE TR A AR I8 AR T A R M Ban R B, a0 3
2 AR AR T B 2 B FERGRE L, A R ) AR R
FE o> b, A4S df R -l s F 1 A0 ) A RS B
AR AZ ) A R IR 22, 5 MR IR T A% i A K1)
LITAARE. T1Ab, ZRARAE T e R AR R
b, R ROBE B OR. W SR FAE AR R e T R i L
SR FH TOTFR AR SRR, D) Py S0t v, T it - A s 57 T i
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JEAR, HEE RS BT RIIEOLA —FE. S AR-Ef S H
Qb Py A A TP R P B it TR R 22 AN KL I BT
Ui FHAE AP AR AE SET 1R v (30 /) 7 12 S AR A2
R 5 IR Af A HLA SR AT SRR, 9 1 Al
AR A7 s LA I R R AL BE AL 7 SR ) 23 2 VR REAS
— B ), RS b AR A AR R, YD AL,
LPNTT YA

T A — B AE 2 U AL A 2 10 2 v 20 B
(Gaussian approximation potential, GAP). 2018 4F ,
Mocanu %5 481 {5 Hf GAP HE 22+ 4t | R AH AR A7 fifs
MR GST MIMLES 5 =) 35 48 %35, AU AT DAAS AL,
T NNE e (AR LR AN S INNER  Eitliub DN L ECE 2
fn R R A 7 45 R B 9L AR R Be . 9 A
7200 AN R-THIR A P 7 AR S A A R T A AR
BifiT 404 (first sharp diffraction peak, FSDP), iX 4~ 5K
5o AR MBI 1.1 AT AL HRAE %N ) FSDP, A %
AN (L E AR ) 2 TR E I (B 4(a)).
X R ORRE 3R & 5 48 73 B W) 45 78 Y AR d GST i
FSDP SRy LAFHES 7oA rht I SRR A ), FLOGHRAC
FERTIL 20 A, F35b, AT LIWEFT GST, i3
T GeTe F Sb,Te; I 5T.

B /5, Konstantinou 25 B ] GST ) GAP #
SER S R B AR AR R, B0 TE SR BE AL
) &, TFRE T Givt it 7. wF 7 R BLE AR 2D FE AR
e A 37% A R ERIE A, 5 BLAL ) Ge J5 T
Fe Bk A AS ) 32 R, FLATE A 1 i B dh ik
SEREUR. AR S P R R R A AN A, BB AS
FH R B S R 38 2 g S AR /N, BA_E AT 6 500 488 735 AH
AR RE ) FE B IR AL AP B A B 3, BROY AR R R
ABLIZ U 8 KT RS T R B A BV B SR, H Tk
B IR FE S PR AR, A& G 28 — PR 5 B 4y 730 ) %
AL A B PR Al o 48 1 38 M DL 1 RCRAE 30 Bt R )
Rk IR, B, SR GAP A48 Mt HAUR, A 4%
fif# h 73X —Jr) 8. Mocanu %5 2V Hf GAP #:#H5¢ T R
28N A Ui ek 0 JE i GST I RZ R BIF 78 RS 3L
L, SF PASE 2R ) 5120 300 21 24 300 (2 10 nm,
T 15 K/ps T8 3 F i), A BB RS X d A 1 52
Wil £ /0. BIF 98 Pk i el R I, 0 B 2 A 100 F)
5 K/ps (IX B AL 900 B AR, 5 L Faf il o 4 2
FALE R EEIFHEEYANUES - IRV TS e
K (log) (7 48 B ek L dUh & . 53 4b, WF 7 k3L
1 K/ps R R & kAR5 45 i, I 1 K/ps AT PLE

RAE A B K P IR %6 Wang 45 91 {1 ] GAP %
W5t T GeTe/SbyTes i G AL GE 3777 4 GST )%
AT A, A A AN B I (B S ), A
B AL RV AR AR AL JE B R b, OS2 PR T
A PR RT3, s AT N 55077 #1 GST AR HH
B, X BN r 5 BRI A A (H U AR
BT R T )5, PR SR S GST 146
T AL R T O B NV AR S AL, BR T
FeasE R TAME R, T2 BOVII6 A%, I 120 R K9k,
MAZTTAH GST BT AL A 345), B B e —
AN AL HR AT DR AR AL B TEAZ AL s, B 150 Y G )
S, RIE s GST BRI —Fh R R4k
W AR PVREE, AR 8L 7 A GST HIKEA0 A2 B s
AT B SR (B 4(b) ATE 4(c)).
Zhou 55 BOVRAL T HLER 5 2] EARER, N T2
ISRy, W T 2t E A (R
GegSb,Te, |~ Ge,Sb,Te,. Ge,Sb,Te,n Ge,Sb,Tes 55), 5
20 B H T R A AR A A AR GAP %5 (GST-GAP-
22), FHERFER T GST K84 7L (K 4(d)
FEE 4(e)). EL4E 2 ik /E R 1 SET ##4F (W67
) RS IR A T B BB < 2 A RESET #:4F (IF
sa AT ) LA K PL 3D-XPoint A7 fif 2244 2 25 R 1Y
U 40 nm x 20 nm x 20 nm (&7 & 7+
J3) BRI 25 AF N B8 R A AR A7 fif % 1) RESET 4%
ZH RO AT, W7 E W] LR R A s il
SRR, MEE Z BRI .

53T DeepMD [ NN #AH L, GAP 1K &
EEREL e, AR v B P AR B0, FEREAT S8 2
J A FOLS Vi FE AT AR [R] SRR SR 2, Sy T —
AR T F R, du Toit Al Zhou &5 (5554 ) 2 7
T F#% B FF (atomic-cluster-expansion, ACE) AE 22
() GST & &ML 4% >J . ACE %78l {f /| GPU Jin
i, HY5 GAP #HAHLL, tHE &R KiEde s, sl 1
3D-XPoint 22 ¥4 #H A% 17 i 25 (1 56 & 82 5 1 72 19 55
FBN J15 . I L, DU 2 B 384 25 1 491, 5540
TR RHE A — R SN TR 5
GAP # I NN #4HLL, ACE #it— D T 1%
R, ONSEIL S RST AR AL T bl 2.

B 7 T NN F1 GAP HEZLIBL s 27 2T 35 2 b,
Wang %5 31 g Jg 7 — & E & (graph convolutional)
HL#S 22 21 55 1 A2 BOHE 28 91 % 1 B 30 A6 ) 25 31
(PotentialMind), UAAHZZ 77 fifi #4 L Sb-Te & 4 N 14
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Fig. 4. (a) MD simulations based on GST-GAP MLP revealing the microscopic origin of the first sharp diffraction peak in the amorphous phase
of phase-change materials!*®); (b, ¢) MD simulations based on GST-GAP MLP uncovering a unique local-melting dynamics in superlattice PCM
materials*’l; (d) MD simulations of conventional mushroom-type PCM devices based on the GST-GAP-22 MLPPYL; (¢) MD simulations of 3D-
XPoint architecture PCM devices based on the GST-GAP-22 MLPPL,
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phase-change memory semiconductors”
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Abstract: Phase-change memory (PCM) is a promising candidate for storage-class memory and in-memory computing,
thanks to its non-volatility, high speed, reliability, and scalability, thus offering the potential to circumvent the computa-
tional limitations of conventional computing architectures. The PCM working principle relies on reversible phase transi-
tion between crystalline phase (with low resistance or high reflectivity) and amorphous phase (with high resistance or low
reflectivity) of PCM materials. Therefore, understanding structural and electronic transitions at the atomic scale is funda-
mental to developing new high-performance materials and addressing key challenges for PCM applications. However,
conventional methods for uncovering atomic-scale mechanisms, such as first-principles calculations, are limited by compu-
tational cost, leading to a bottleneck in PCM device-level simulations. The recent emergence of the artificial-intelligence
(AI) driven research paradigm, namely, Al for science, has brought new opportunities and renewed optimism to the
research community. This paper reviews recent advances in applying Al methods to investigate PCM material properties
and phase-change mechanisms, including explorations of structure-property relationships, optimization of existing PCM
materials, design of new PCM materials, development of machine-learning potentials and PCM device-level simulations.
The major challenges in Al-driven PCM research are then discussed. Finally, new ideas and future directions based on Al

methods to address the key obstacles for PCM commercialization are presented.
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