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B 1 (a) HREm =R, (b) CALYPSO EEIRES KR i
Figure 1 (a) Schematic diagram of a potential energy surface; (b) CALYPSO’s main functions and development
history
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Table™l CSP methods and representative software packages

Class Name Class Name

AGAP Simulated annealing GULPEP
EVOR# Minima hopping GMINEI
GASPB Metadynamics PLUMEDE!
GATor? Monte Carlo GRINSP[3]
IM20ODEP4 AIRSSM

Evolutionary algorithm MAGUSI%10] Random search Genarris[**]
MAISEP SYDSSE7
MUSE®] BEACONP!
SGOM Bayesian optimization CrySPY!]
USPEX!®] GOFEE*!
XtalOptl!!] Particle swarm optimization | CALYPSOI[®43]
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I, B S AR AR S A I BEAIE R SRR R B 72 HAT B0 FLAME 4T,

AL SEE I AT, F AR, AR RIS 4 R Ak, USPEXEEL, XtalOpt!! 1711
MAGUS O J& T-3X — il . 13 77 kI8 e R RIS M, s i AL 45 R A OB — (R4
Ry R R RO SaA% B 1 BRI 28 S T A 8l i i S H0 e . OB e DL S o R B
o 5IICICHBENAE R, EARIRRER AR KT E A RE A T A A R T, ANITIE
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FEAR R e 7 R R F ik 54 2 TB] A5 B L= 5] 48R, CALYPSO & H k.
CALYPSO ¥k TR AL B (particle swarm optimization, PSO) HF4hkiiifh: & Mrikss
R AR B 5 I3 st s o BB B OO BRE SE T, 76 O B IS S5 MR AL 1 (RIS 1) BE A998 7 1) PES
X5 . ZTEIEE G REAI . R T RIPEZI W g5 a0 B U LA A /TN,
DAV 2 R R R 5 R T K e, CALYPSO I AL 1 —Ff i ) X AR PE [ 7036 SRS %50
pliiBOAFE DO IS BN e R STF £ S i 7 AN W A v L1 7 a7 I T I o 1 P 5 e
()38 ] 3 — A5 N ARG RO BRI SR I & (RIS BE D) DA SOCE TS5 BE)S
X IR LLZE R AT JUA AR, A FL I T A B RE AR /IME . FERRERAE b, SR N T
(ABC) BVEfIESE B\ A 123 0], XTI 8 R AE L H 1 2 AT IR AT K041,

YENE br LEET Z 5200 7 B AR S R il #f: 2 —, CALYPSO (Crystal structure
AnaLYsis by Particle Swarm Optimization) H 2006 5= Bk A0 AL AR A T 25 0 7l LAk,
4 ZERIFFEL R IR, C BRI ah AR S5 M98 R 07 1R 185 A A S 4540 Tl S5 44 kb T —
WSEEDIET& (W 1b Fis) « HAET CALYPSO CE RN hReiib, 55 2 545
TS JTAER, BEE N LRGeS EIRF AR ER S, CALYPSO #E— DA WL
SJFEOAT AR LA A2 BB RS 49) 5 BT BEME AR POV B B A TITIN S5 404k B B Th R
CEE T AR ARG R TR 5 AR R H

FEA ST R ey AL S48 TR0 SAH S H AR R Rl b, RATHE— DR SL 1 e dh R S5 1
H#i FE HPCSDB! . Htfs e i Hicdls 1 2R IS T WA JT 1 . — 2 WA TFSCHR N T4 PR 5050 1y
JEAREER, FEFEHAEAE R R IR 2k & CALYPSO K HHFF F& (1) 45 #4 T ik 7 h &
GUICEEBIEL LS o EEX AN FERIE I EE, FRATR A G — 0% BEVZ ok B T SRR EAT F B
e, BRZME T 154,681 sk m R RIS 426 H SR & . HAl, HPCSD Cliliid CALYPSO
B 77 Mk Chttps://database.calypso.cn/) [l ARFFIL, FEAEM R0 5 PERE1E B — 3 k&
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12 BREVS TSP AL K A5 I 5 Mt 7 2B e B (TSR RAR S [R]85 BB THD A0 A 28R AR AR
RN e, R, $Em ik S M B BV SR AR R AL T &, 25 Ak R 45 M T i
TR PGS R ) B, TRk, WLEsE I IR L T i rie . Hlase I Al &5
— MR EE, DO T DFT vH 5 A I A IR AR R I RE AR 752 F7, AT s fig ik 45
FIMRER VPl RIS S A AR ZR ;s SRR b A B R T8 3 2 5] A R 2544 70 A7 Je
B —4E e, B REE — EWBLS B RR aE),  T4E /MR GEE IR T s
FARRFERCR o 3870 il TR B8 52 VPAT A0 12 JO F 0 45 4 26 A 2 =SV A A & 1)
e AR 8 R TR AL T B B B 4%
221 MBF I H

WLES 5 2] RN T & 7 /12 E s BB k2 ) et AR 3 BRI 1T SR A
SEHL B KRB A B ) RS R PR o 3 R FH AR A A S U e 4 5 2% oK K THI )
EOKEE2TRE ), MLPs UL DFT &6 =ik B 1 15 R AE OB E N I 2545 . Rk, MLPs B
TEIS B 5 HR T 15 0 EM AT R L, [FIBDRwb AR R 4 T N g 20525,

1995 4, Blank &5 & (& H I FH A 28 I 28 14 2 34 0 S8R, )5 28 MILPs 7 V5 AH 457
PB4, 2007 4, Behler A1 Parrinello 54 H K& R B BB 7~ N 4% i1 R 2 Al

E= ;gi(di)

Hrr, ERRERAGEE, & BREF MAeE, d; R8RS 5 1R AL )
B (AR 5 d; 5 g Z MBI S50 ML BRI H . 8% LR TR R EEIRTH
PRARWT 12 N B R IR, TR IR — 3R BERE AT A IR J AR A ELAE T, BN T 12 2 A
FAEAREATAE. BRRLRESWNIR FREE M, BB ARG TAFER
STHIA R, IS, WS MLPs 310X R AHESE R BTk .

B0, Behler 55K AEM BT R 7 H O X BRER %L (atom-centered symmetry function,
ACSF) RAE 35 7858 SKACSE Wi 4 J5 7 I 5 #5031 — 2 S R 0 SRR — AR = {48
HAER, MM g A 55 10 R 80 U 4654 K AL 223855 . DL ACSF 1R SN, R ATt
EEBMAEMEES REMREE, MK R TRERM, BAKARNSEEDS. HE,
WFFEN R TS O B R FF T & 7 28 MLPs, P S m e 3. AE5K B 3R 45 sk
BT RAEELSS] RS T RR T, IR (Deep Potential, DP) A SEHL | — I 8 %2
BIHr: ZEAYREIRE RN N2, FEII Rt F b > 5 0 R i H R IA B8 77 58 5 (1 Ji 1 3R 5 RAE
1591,

FHII MRS 38 E R E A SR R, AT AR 32 R BRI SR B R Ak
5 5 R B A, A RIS B8 — i Do B 2R R S AR R A R I 2% 1 R Jg s LA PFPLOOL
M3GNetlo!] #1 CHGNetl*2 AR Tl 2 A R E R 7RI e R B &0 H . /5, DPA
ZRA163-001 MACE!®! il MatterSimlo8] ZA Rk — 20 5| N ZAL5% 2] Tl —Rii s iz
IR E R BRAE, 5 MLPs HTH 7155 2 74 R 10 AR R () o] S 8 TR R Al A 2 e 12069810,

YT MLPs BERSAE TSNS 5 200 2 18] SE B RLA-Fr, SR &R B AR 2 78 0 U1 4R 11
MLPs # X DFT @47 R P4, 2 INE CSP —Fh ) sefs 2 7. Bilin, Deringer 25 A\ ¥
BT WA MEAERE LS MIIZT GAP 5 AIRSS HiEAHL A, IR T 2 M08 bk F 2= 5B 14k
821, 5, Wang %5 K5 DP #% 5 CALYPSO Jiiktiss &, % Al-Mg o & &k R IT e 45
R, RILT 6 bl A& WARE WA L5 ), @Ry MLPs SBENLR AT E S /s
AL A, Huang % AXF B-B I PES #E4T TIRE, i T#H THE RS NGRS, JH8
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I8 T PR SE TAIBRAT A5 3 7 2R DG 4861, X LS, MLPs 5 I 3 2otk 2 FhAT kA
Z M CSP J7 T B H 2 30 2 0 S 9 A3 080,

SR MLPs TR I H 45 i TR B Az Ak e 77, (BAE DI R85 R 78 55 14 PES X 3847547
ERFEANHEN. F31% >3] (active learning, AL) @il kAT AMEM ZUAT I, DFT ARvE
B R R S 5, AT DARFEEH = MLPs RTS8 s CSPB7), 40, Deringer 25 A 1E
AL HEZL K GAP 5 AIRSS fHZE A HHBENLEE M) DFT B IIZVIM6E5, K GAP 504 )5
Ik I SRR R4 . S5 SR A RS MITIE G, SOk O i, k. EERIERSE
A& CSPIES01, Tong Fl Yang %6 N7 ¥4 2E T ACSF 1) GAP 5 CALYPSO 454, KT
- A% Bgy Al By JNHA. By 15X Byy — FHAIIEI ¢;Byy, JEELET E
T HHR SR R EE ATk 13.8 K491, Podryabinkin A1 Shapeev 3& T D-f M AENIMA & 7 MTP
) AL HEZE, JRH Y5 USPEX 454, DABARERATION T 0k ab R = BRI Fhii [ 25 5 7
A, SR RT AR 54 R FRISE F9002931, Cheng 25 N NP RR AR — A58 % 2 1
GNN. —MRfbEikE AL 854, IR T 29 Bk &P db s s

AL J5iEAE R IUE Y P AH 77 T A 3 JE N9 o Pickard 3 MK EDDP HESE, %715
B AE I FH /> S 22 R B s sh A M @ AL R () 34 . BNV EDDP, RN RRBL T —
P A R WARIE (¥ R HEbE (SiH,) #0AH, HIEME S 12 M %almon, JEpkiafe f£49 300
GPa N EA#SFFE LS, th4h, EDDP HELILE 2S5 300 GPa R ETE A 2 1) 3T it
FEHr, HNFRGH — RV EA, RO T % R R A R e T R BB 45 #
A RPERS), Sun 226 MAGUS 5 AL M5 G T0V TAT B N 41 T I — R E )
101, ABATTFE 645-890 GPa H )% 5870 il N B SHHI 7 Mok i) — S A s 450, Hodr R A7
FEZSERAL \ECAL A LB FIRE R 7071, Bhah AIRIEAE 270-600 GPa [ 58 5 HE A R B T %
FhRG s AL EE - KA B, X Eeih & ™ FE 2 RO BR P30 R i K AR 8, BT AR ZR 0-150
GPa T4 - BEARRIIME, AR KILT ~FMO K 5RFE LAY, ZEYFE B SEE
TSRO, X BT 5T R R 8 AT T MLPs 78 = CSP T3 K BE ).

Wang 25 NR A AL 7 E/ 8 TG T & EER R K DP AR, FIFZAA, MhA17E 50 A1
60 GPa NHRZE T 60 JiFh @ AREE M, T AL T 1Ak il 26 A /IME R 6 A S0 S AH O 28 HY 4 Fol
kit . o, BFRAKINY aP160 1 oP192 Wifh&ity, —F K as 150 LA
R, B N PYURKPce2 . iXuest B R T 4 R g5 M R 071k 5wk FE MLPs
FHEE B AE R IR 2% S Mt 46 0 W R 5 K T s A0l ghah, Wang %6 AN7E AL HESE 4%
CALYPSO 5 DP #4564 %4300 GPa T~ BA =il T8 1 5 2 = ol S Li-La—H & R
HEAT T EHF I p TEHRZR 375 000 3L T DP H R bl /NGB R R 1 475 AN3EF DFT =38 /)
ZWE, BFRNREILT —FHH Cmem-LiyLa,Hys. iZ¥ARTE 300 GPa AL #1254
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58 B S S5 A TE R L 25 () i o0 A AR, GMs A5 S 8 A SO B3 E & Bk m), M
k&4 CSP H TR 2 120241020,
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SEAAMEL AT R AR, DR AR S BRI A BN MRS . B s g LR P IR, B
RS, TR F I 7V 75 2 AR B 2 B 3 AR Dk 2 iR 67 BB RH o 3 P 2 R AR 80 7 v )
WHESGH S BB AR, LTIRS B ARTE SO ILEC A 5k 25 LR 0TsT, - ihdb, 27
SEMIRIEARRE S BB R T B NIARTERS . BRI 0 24, BB 55 B A R I
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Mo BRI SRS, FEER TR ER T KEGRFWIERAR. LiSNIFR T ERE
A 2R A R S AR S5 TRIAE 22 ApolloX U441, 2 HE 28 5% FH Hc ) 25 J88 26 [ R A1E 22 4 T4k
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Figure 2 Physical environments and representative crystal structures across different pressure ranges (the spacing
between pressure points on the axis is not proportional to the actual pressure differences)
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S M DA RS 8 78 15 1 TPa XA, B4 S0 90 UE 1 llm B ORHRAR, BRSO 5 SO IR R Y)
JRE5R S AHRRE AR Ve ) BB AEIXPE LT, CSP MY H TR st g5 R, HK
THFTRETE R IV G, e A e . 2T EIRESRX A Z 5, PUR IR 8



SRS/ =
CHINESE JOURNAL OF HIGH PRESSURE PHYSICS

DAC A A & 5 Y0 B N EH BES T HE S 1) ey T S 78, DA R Sz B6 26 52 BR N B = 3 194
Uity ey FEAR R 121,
3.1 BRI SHNSEHFISHR

DAC i85 A SEIE 1 GPa S & 25, A2 24 H0 = e 45 A SR AR AN 1 DN i o A B
BSE TG 2 —. EIX—RmyuE N, CSP 55— E B n s ig i i irit a5 i) . fae
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TEE R S, XIS S S0 I U R 2 BRI A EAN R IR R R AN EY)
FHARRR T REA SIS AR S s SR E, ATRES N0 S8R &R
FEARBR s WA AL A9 R FH o A0 2 S s ik S e AR B e Mfde v, EHSfE TR
RHESHFHERE, JRi— PR RHNERE LR E LB SR RN T HpKBLOXPIEA BN E 2,
TR G AR EE K TN AE DAC 7T )2 558 X 18] P9 AR R 2 A 050l
3.1.1 ' A A AR TR

SR A Z B BH AN 58 AU REME SEER Y BE T, A AT i NPT s AT B
JTRARIMN AT S H 1911 4F Onnes &I Hg 7 4.2 K FMKIE R A AT LR, RE R
PR — B BER A B SUR W A . FAAE 1935 4, Wignerdl! Huntington B Hl & = &~
HIFE RS R BE B 4@ TEDS7, 1968 4, Ashcroft iR¥E BCSSE S #— P, &BEA R
P R RIS, T e T &R A I R R SNK BRI AT S, ANE RS
oA R F A 4 R AR S AR RTIA 1004760 KUS-1051, S b[EeE, K8 SR
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500 GPa fitkimm T, A7k Z E 5L 4 8 S 2 B 1 A 1) S 06 UE R 06-1691,
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— R AL 5 SLEG TAE SRS A FEPRE AU T R I /R 701731, B F 2004 4,
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R E 28 &R 2 E8E ST o uaE iy, Hin 5 mgkitt 7 — a5k
0751821, fH HH SEARR A RIS B & =80 . BHF 2014 4, Li N E PRS2/ 7045 H
Cmca-H,S £ 160 GPa T Al fig A 280 K (1l F AR LS. BfJ5, Drozdov &8 USR]
DAC * H,S 7 S Rt 78, AU &KL T Li & NUSIIRE 1) HpS AH, BRI T 75— &
HARR L) 203 K A JFENZ S iR AR 5 Duan 55 NUSSITRE L5 HaS 45k —3
(8ol J52Lskls 5 BRI 2R W, ZmIRAHTHY Duan 58 A0S 1IS2 7740, 1HALJ7 HaS
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SHPR) = 4E ST T 2, N\ H A S 3500k S B F SR FHUSS), 5777 HaS BURIURIRT 1 2k i 3
AR S, IR TR R N AR 133 KU fllE R 1 164 KU193194 28454k
Ve FARDNS Y, XK UFES B R 5 ETE O N 32 F IS AR o I M E A Ak
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_RAE 2012 4F, Wang FEAFERT Ca—H AR RIFE T RGN, BilE 7 M ESHNEY
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AR TG, SR P2 @ e s. b hERY, ZAMH7EL 150 GPa
PAEBRA#RI e, B SRR T, Ak 200 K. 4145, Ma 28 ALL Ca Ml
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7t CaHg IR TAEMIFRSI T, —RIVEBLMBARARSE H, Horh K& 7 A Bl 1l 5 5
AR 18192022051 il 4, Peng S NUSVER X 0 3 5 E X B ek R T KRR & ik &
i, &4t REHg. REHg M1 REH, ) =3RE RSN, JEE 7 KE ua i Sk,
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Figure 3 Evolution of superconducting transition temperatures of hydride superconductors over time
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RS MOS0, Tk, A R NIA FERFIR AL H 2R ok S A Wi R B S
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bR . SR, COARRFRERBIROT, ik NHhER SR /K &R TR Al R 1K &, 1 B ERVRE
AR KK BUE S KB RE R 2R 2 s v (1) EE B2 SRy, b A |78 T H g A 5%
WEZAF TS 5-AIOOH TE R VA4, M T HRAF58 T8 G e DAL, (H L AR A 25 4 1 T oK RE A
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Crystal Structure Prediction at High Pressure: Methodological Development,
Data-Driven Acceleration, and Exploration of Matter under Extreme

Conditions
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Abstract: High pressure can profoundly alter the atomic arrangements, /electrfonic”structures, and
chemical bonding of condensed matter, providing an important means of tuning material structures and
properties and expanding the accessible materials space. Crystal structuréyprediction (CSP) enables the
prediction of stable crystal structures under different pressure conditions ‘based solely on chemical
composition, and has become a key theoretical approach for discoveting noyel high-pressure phases and
understanding matter under extreme condition. This review focuses,on the global optimization problem
on high-dimensional potential-energy and enthalpy landscapes under pressure constraints. We
systematically review conventional crystal structure prediction methods, as well as recent applications
of machine-learning interatomic potentials and crystaly generative models to high-pressure CSP.
Representative advances in theory-guided high-pressure/materials discovery are further summarized
across experimentally accessible and ultrahigh-préssure/ regimes, including high-temperature
superconductivity in hydride compounds and boron~carbon-Systems, as well as materials relevant to the
interiors of the Earth and ice giant planets. Finallys‘eufrent challenges and future perspectives in high-
pressure crystal structure prediction are discussed”

Keywords: high pressure; crystal structure predietion; material design under extreme condition



