B/ 4 32 K

CHINESE JOURNAL OF HIGH PRESSURE PHYSICS

#3248 H2m sOE W O o i) Vol. 32, No. 2
2018 4 4 H CHINESE JOURNAL OF HIGH PRESSURE PHYSICS Apr. » 2018

DOI: 10. 11858/gywlxb. 20170674

SHEEFRENMSEREL

Ekitjéjé ’ %’J‘ %}%
O [ TR B 5 Be P AR ) BRF ST r vh o B B S S5 W B T S5 =, U1 4R FH 621999)

WE.AVMCHEHERAT . AEAHFENDERNF TN, EEHEHEBTTHRS
WhEEAT AN BRI EREKYEAFNBARFIAEELA, AXHEERT 2B A
BMAWRB, UREERANEFNARBR . 2MEAETBEEEAH R T — R0 F AR
BRAS, AAFEZRER T EMRATBREAD N . AR N TEAETETEALNE T4
M A FAEBREMENELTH . 2BANEREEAT WM, LR “DACH A &7 i %
FEEABEAHRFTNRBEFRENA, 2REAVN . AIRARZEWE N EHER S E
ANBEMHBFTERLFATHN GETANE LTINS LR MELAET KT E XK,
A REBXEMIESSEL SRR URELS LR ZHANEROFEE K £ 7,
B YA RN R T E AN S FER TR T E L FERANEIFEN,

XER . LBEE;EWERE; ETFTEERMRE; ®E

FESES.: 0521.2 XEkARIZAD . A

Py A I T T2 O B LA L AT D 5 R A A G G R R B R RO A A A £ o B A
RN 228 B R PE o 0 W AT O B - PR B R WIS T o 1 R 2 B OB R N A e W B A SRR
PHRE 7 A B ST AU — L B MR SO T W o A Ay it T g g L T B AT
WL TR A A R T ) S B AN AL S M B R T B, WR R GE TR AR B R SRR A
HEICRMMEUR RN . XL TT R LA AL T AN R AR 2 K R AR D T LA 7E 2 AR LA T S
PR BT RA 22 W3 AL BOF AR TE RSN . I NEORHI R 76 & N A LR AR 45 4
B AR LR s B o IR A AT O RN R BRI A S T A A O R T 2 T A ]
B A Jey 3 A T B i B 28 AR B X S E TR R R BT A i AT O R e AR TR i
SR TLER R B ) A e S B s R AT O AR AL e B A IR e R S 2 e Y 4 1k =2 1] A
A, S22 B 52 2% B4 7 45 R R oo T A % 5 G IS JBL 1 e 7 B A9 A% A0 ri 1 LT B 2B X L. 4R
T o SRR 48 3 S0 19 52 4% v T A DA A7 %2 AT 2 i T i 1) — > FOR B Bk i R AT E 2 T4
R OWAL T FEAS 12 B 4 48 1 12 07 B Hm % T i 2 4 3 VIR I A 1] A SO0 R AR R AR AT HE
B KRR T 2R T A AR R LA AR S R S IR B A L LA R TR AT R B A R A L
7R T i LA — A i 2 (AR AR B AR AR

S RAT T AT LU 9] 2 1935 4F Wigner 1 Huntington™ " S T & & B AL I & . SR L AR {4
GERPRME RS R R TR R AL A A AN L IR R A 4 A SR TR I L A LR
M5 B T HUIE AR T 52 B MIRE S CREAI) JE 5 10T K2 608 58 1) B 45 DAL A Aol T BB A4 0, DTG 22 2 42
JRACAE o G Jm R H R ARG R LA RE L R AR AR T R AR S R RE R ) S A R R

» WA 2017-11-14; EEBHH . 2017-11-24
E&TH: R AAREI4S (11672274,11274281) s EI R B R B 3 4 2 51 &P [ TR Y 3L 6F 5% B “ NSAF” Bt
G R4 (U1730248) 5 v [ T F2 99 BEBIF 5% Be & JB 3k 4 (2012A0101001,2015B0101005) 5 of 7 3% 4 B1 15 4
W IR S L E R4 (6142A03010101)
TEFE R BRiE, RIS 01, BN EE RS YIS, E-mail:s102genghy@caep. cn

020101-1

© 2018 Institute of Fluid Physics, China Academy of Engineering Physics http://www.gywlixb.cn



2 [/ = S/ B B - - %32 %

AWHEA SRR EILE R RN AIEE SR SRR A Z D ar i 2 Ab o RTTX R
2 AR AR EL AR A BE AR B A AD ZOU AT A — > o H B A W PR AR B B T SR (RIS T B
AR/ AR BB TR S W TR A TR ZUA AT LA S . 1968 4R, Asheroft Z R I TE
R BA IR SR R SR SRR X AR R T A S R — DR B
AT SR PE T . 2004 4F, Asheroft B AMEF #E— 0 AR R4 B 77 o0 T R4, IF M
AR v A A S VR A U T I A R S U S L AN X R SR A
(4 A S ) B SO 51 T O B B RSB WY L R Bl T G N IR R R A ORI A R

ST T B PR A 1 T ) BRAE 5 o ) Rt 7 o AR G A 8 DR, P L AR SR B T g 7 B
BIF 5 v A Ao T LA K ol T 9 i 8 L 2385 0 1 03 St Y i TR 2 0 B 4 i Ak S B A 2 TR AL, 425
HASEMANT 55 11 T2 G R AT JLAF 5C T 2 TR A 45 F4 A T 58 ok i 5 58 2 99 008 R0 B A LA K 1
BE K A W B TR AL IR 5 51 3 W e G Jm S AR T A9 S AR PR AT [t 5 26 4 9 1R 2 G 0 S
AR U P BB IR AR s e, O 5 W IR AR ORI ST B R S R R B A A,

1 SWEEFREH

TE 5 2 BE A PRI — A4 N IR B G 2 46 J Ak e 00 ) B0 A M Bl 2 F 9 B9 TR ARSI S
BAB I, HAB I 5 1 4 8 A TR Jy ke fe g 010900 L AR R 7E 1 LB 5 b X o 2 B AU AR A
IR . BT BIRIF 50 35 3 A1 A 4 J IR A5 0 S0 0 1% 5 0 B0 4 J 28 0L, LA A0 7 5 45 4 %% E 45 4
Wigner %1 S w82 42 8 SR MO0 S i 454, NI A3 8 K 2 25 GPa & B ALK 0. HJG 3T 60 4F
P4 o T L 3k — WA — L (5 % R L AR AT K B R R A R S A ) T R Y A
oy R T 250, DRI 3 BOCH 4 T8 Ak R T R L R 1 S BN R ME AR SR R B IE Y A,
Wigner DA [A] Bt 39 K 22 850 B4 T F 580 1 o7 e A 7 2R 0 FRIS ABE ARSIE Bl 2 1L 30 30 AF R % FE Y2 pR S5 — R
B J5 1 B R B o R R i T B THRORS B 2 S O 1Y A 4 Ak R ) B R R AL 1 J
R 2 s n O, AR AR S 4 R A R T I T B AU SR FORS B T 0 RS 5 vk AR A B Y R RS
SER R BN A .

T FE P, 4 T SR A S AR TR 1 A 5 TR T IR 25 R0 A A A8 Ak L % 4 J 10 T BE 45 48 s TR A
AT I KA IT . R AS R FEIT N I Wigner-Seitz BRFUI I L - R 5T 10 A T AE I #
Ko FI G 34 — A B T 1 4 &L 3 Fh ] REZ5 #4 (BCC L FCC Al HCP) 9 3 45 BB 1t R #R g 22 PR il
NN FCC M HERE . 124 0 1k, BHIE B &R 2 e R 7 & B M 25 02 Cs-IV 2507, B
2000 41 Asheroft {5 By % B2 12 o bH 50 10 42 19, B S B ARE 11 445 44 48 2R BIF 9% EDIE T 31X — 25 04 I
PEOY L AR B IR ME — RE B PR AR R S R Bk RIS Y R T S Cs-IV 25K g it 187 9F 19 Fddd
A 78 [RRE R T 3 9 A S 285 45 4 v A A U T 19 BE 1 R T Y2 AR 1 KRR &5 4 (FCC L .BCC L HCP
FOMREREDML 0.1 eV, 55— = R T AW AE S8 43 1 H R REAE 76 5 1 A 3 k31 1) /2 AR
M 225, T A & BT EAT SR P ARy ie i m S, FLLE—-HEA R
B O () A A R A R T AR T v I B A

Wigner 45000 ¥ 55 M & 7E 4 I8 A5 A48 2 B A7 76 J2 R 00 et A b ) 285 45 4 (H 3 — WE i — LR A5
A, DA A O B 2 H HL R S R DT A A BB A SRR R R E Y H R X —
FE PR LA 2206 T LA FE B R 2L 1 AR s A Sl TS SO0 RN R H A R 2 R Y L SR T AR IR ok
R R AR T 10 149 2% e R ] By 28 2 S b 47 R ) Ak 2 B 5 (1 1 J2 R ) A X R 485 4 FE R i b A 1 B
R FA o A BT B8] SR B TR R B AU VAR B B RO I A SRR A A BT
Hli it L2 TN Ay R A O R R O A S o RS DL K p IR AN LR A 4
Seo AR R Ry H—H S8 46 0 00 &5 T I EE DL K s BB 5 p BI0IE 19 44 b 55 ol 30 2 1K % A
SER TR R AP LT IR Wigner 2440 55 0 11, 3 8645 X FR 45 4 AR A RT BE R EUAr F R/
& JE Ay E A,

020101- 2



%32 4% Tk e iz 45 - S W T AT S 45 5 )R b £

A NEAMR IR i % B S A5 2 (0 IO PR 1 e 5 A TR &0 40 8 A i 4 i AL 1 BT 45 5, T
EIEARTE R G B N RS A7 e RS — B3 45 A S8 R4y T3 Jy 2Bl AT 2 3
T — R4 )R MR IR R e TR R A B 3 DN EE IR I = A8 H, B, DL X A
P 582 225 5 T P R g A e XS QAR Y L RE R I I A MO MBE S el & m v + o F 0, =
Az 33k S 5 1) WY SRAL I AE T R T 4 JE Ak 0 SR v 3 S 20 (R R 1y R B A H—H S b
0 A7 B 3 AT B A AR 5 0 H B AT 7E Ry Sl e 5 | B I = M IE 0 Hy Boo, SN S5 e 30+
B AR R AR e 0 H, CL AP J00 A7 76 X b Hy FIFEDY . MR M, 6 & B T ISR R, i
THZ R0 H T R E Q5T F L H P B Hy B R T2, 78 500~1000 GPa J& )
0 FEL P L X B 2800 1 AR B AT WL ZS Cs- IV A Fddd 45 My s i fE &, {H fE & 22 B 7E15 meV/H DL,
TR — XU AR A2 S B 5 4 T SR A VR SE A, el e AR Y B A 0 4 TR Ay Fere it T 1 A
S AR AN AR IR IR T RE R EOR IS . IEEE W IE S (KT 2 TP T, 45 R F o+
Bl ) 2E AU R R R ATREAY H PR IT Y R 45 R K B Cs- IV FI Fddd 251610 h R 4 T8 2Ry 2
ALIFRFEEE) 5 TPa L b, WUR % B A P 3R A fb 2 2L AN S 9 2500 AN A 20 T B T R RO
REUE W] Bk i) AN S LA AR SR A BERE . AR 43 3N D A DL R B AT 2R S8 BAR A 5 W RGE SRR L T
A 83 0 0 BESRRE . BT Z BT LATE i % B &b i 6 ih o, st e T R4 bl 17 )5t Z (8] 1Y
P e A B AR 5555 1 B b ] 6 SR AR R T 2 SRR AE FHCY . BOB AL R L R S AT A Y
R X FREE MK A2 5 TPa LA b J1 %578 Jg @ AR FCC 250, i Wigner [B5E 19 BCC 45 475 B 0 2 il )k
AL B, EX B R 5 B TR PR R A AT A C SRR IR A B 1
TE o D5 I 7 L A A o 55 12 T 4 208 10 09 380 067 BA 4 g i AT 910 L A R X BB [ F L 9 4 A B
Y350 1 H AT T % ) 3K S 2 TR A AT LU AR SR 58 G HER TS LU E A TE Y Wigner g4, 38 755 —
5 BB 0 5 )R B AR 3 e 52 T2 o X T R — AR L I S N O R B A R
FRE T Fir BE 8 B i) 0 26 00 TR o 7 20 1 e A 4 2 — 20 40 ol BT - [R]85, O 00 3 184 9 5T 5 1) A &0
N o AR B 1Y 1 3 R B SN B 2k Ak Wigner SR IE A & AR X0 . 0 E— 25 0 Wi R 46
I 23 38R BT Y R 2 RE ) L O R A T B R AR SO 1 R A

15 % B S S i A Wigner @R DLS B 28 4% 3R 78 IV 22 115 04 45 K4 AT kg R L2 AH XoF 7 58 33
OO %) 0000 L2 M R Bl g 2 AT M I R s R AR AE 200~3 000 GPa FE 7 X 5, [R] s b J2: S0 fh 26 A R
TRCUPIE BCR 1 D TR0 FRATT A B 5% S8 7R 8 3 — X ) P S0 R B 1) K s 38 i T B 5 &0 T B
i S 35 Y AE B R BH % K 5 RE TH 7 3E Ak B HE A
Jhzostan] DYy 1 TPa FE AL, M % A A 1l
Al HE A — > 43 A R 09 A Sl LR AT R B A
A T R R AR 2Z 18] 28 R0 Y AT R
A AL AW A i 52 2% 09 4% 1) S Pk 40 R A
M B B —JC R A A, %% BE S 100 U 20 31 14 AR 78 A
Pl b 7 5 N 1% R AR Ak 2k O ) IR IXRE i 2 24
100 K, ZAH MR AR 2 BE B A 5 5 B A > A
T 15 I o 5y ) L AR 240 T T —
TR KRG T A& 1 b . XA ) R A ] Temperature/K
REVR T4 S BN B 77 p BUiE B2 & 9. BT Y T A 2 WO A T R
TEA i 7 23 LT 5 3% A v 5 B O 3 M N Y VA 22 T8 BT 25 A B K 1
2% [B) 43 A7 Bl B 7 28 Ak DA SO BV ER AN 8] 1 IR . AT AT RESEA X — S
A& TN W T3 B B PGS 3w — B i da s Fig. 1 The novel mobile solid state predicted by
VA 5 B i L TR M s G ) A7 22 B e S 24 first principle molecular dynamics simulations
6 14 52 8 P 2 75 P A b o G L 1 g B AL (Dense hydrogen may transition into this state. )

& Fine

: Coarse potential
# potential
\A

Diffusion constant/(cm?.s™")

020101-3



2 [/ = S/ B B - - %32 %

AP 15 35— S5 F 0 580 T 5 08 T IR VRO A L £ 1 35 4 B0 M X8 8106 9% Bl o 7 14 3¢
S5 YT 1 5 0 4 P 530 10 0 53 S B M 5 X CHITEL L A5 F A9 35) . S Chen %50 0481
0 AR A T R 7R T SE 46 35— 40 00 7 B0 1 A 40 P, (LS o R 0 3
154 L BT O E RS (B hopping) 1 A B [ B 402 (1) 31 ) B FLAT 2 )
A 0 % 12 4345 B 80 T 5 BT hopping B W FEA 10445 B HCS ELAS I 2060 A A5 (2) %09
JAT A R O JLA R B0 22 525 (3) BT hopping 2 % 24 45 B W WEIE i 5 10 /1 T 0 2 3 1
S T 20 1 06 50 SRS IR K T 25 A £ 690 R 3 5 (4 JEEF hopping — MR 2 5 B4
5 T 0 A — A 28 0 4 22 2 40— B 2

A0 TP IR 0 PR T
VOB S e R b e R R e T Iotropi liquid
R S 503 R T it el
V) B A A 65 4 3 BV 5 9 4% oo idmicogome Indid
UM 350 — B 2 5 3o 5 A 2
AL T B 162 AT S 26 1k A

GRACLE 2. RS TEREROIGEE %M .
e S S B SR 7S W B4 8k — > AR 1 B 2 ] 0 p

B IRP- 37 37 BIAE  71S ]-S8 A A8 6 ol — B o ELI G ) P2 AT A o A 2 190 1 0 30 1 A
PRt 5 FL S BT BUAE AR — o R R O 25, DAL O FE - BE Cp- T AR L i 030 58
Neew R s B ib vl Ge e, Bl AN ZE (R 4k R 48 Fig. 2 Possible location of the mobile solid state
LA A4 B B 77 7 I R L in the T phase diagram

TR A DL R ) O B [ AR A A A R — A LY ) — [ A A A7 AR BRI RE A AL L [T X —
K BIFBAT 58 A BV 1 7 e OC T AL K IR A AR 0 — B B 25T . 2T A Sl [ AR F
5 1) [a) P 00 VA AR 7 119 1 2 7 B V8 0 3 IR 3 5 B O 3k — 2B I IR AR .

2 ESSoTHEMER-KEE

TE R X S50 1 1 B A A B - YR0AH A2 A8 R R 9y 3 v A o 8 1 1 D xof B A AR R 1 R 4 L ARUIR
AT AR AEF 2 B L S AR A R R 0 B A B — A 1 R S i R A B R L
K 3) L FT IR ST R B SRR A VI C R,
R B BB I I S35 020 1 1 B A e — B 9 L O A
F i NAFAE G A BRI SER R BT RS R 2000
ZERENE B H e E R BRI E R, B, R et |

2400

Nellis"”
X

*

. PIMD+

. vdW-DF2 "
T |

i Atomic liquid
ADzyaburd®™!

L. point )
TR ) 55 B F K A ZF (Plasma Phase Transition, % 1600 i ! > LHDA(:\ :
’ =2 3 . El A 3
PP B R T 2 (b T8 5 L BPAR O MR 20§ 1200} 1. %
F : > ) for N =% Molecular  #Knudson™] :
AR T R 04 B 728 Ak 8 Fe 3 TR 48 1) 56 — it BT E’ ST et S
800 h

BN PPT % A= 4 8 9 FE A ARG IR FE R 9646 0L SN
SR TR R WA ) et
FLEENGERIET W AC SRS Lk  TPE =a Kﬂ%?<ﬁwﬁy&w(m\
SR R AUL I A [ 018 A T 5 50 1 B A 4 030 700 1000

5 22 7T 7 5 80 <5 O, S 0 T A 2 L Pressure/GPa

BOG B4 K7 R Ak (Laser Heated Diamond Anvil [ 3 g5 s 5T 4000 AT 25 0 2 EL IR (7 5 40 45 418
Cell, LHDAC) SLE 45 B S5 H 1 Z-HLes s M3 SE Fig. 3 Phase diagram of hydrogen at high pressure

i Atomic solid FCC]

5 5 A A R A e 25 K0T and high temperature (The location of the
AN N R R () R ) B, SR AN dissociation curve is still under debate. )

020101-4



%32 4% Tk e iz 45 - S W T AT S 45 5 )R b £

fRE RS RINEERES )R- R ANHEA? AW SN ERES FAATRES R REHE
figp L2000 LSRRI — W AN S 5 R R UE I O R FE 4. 7E [ AH X, 9 4 B T % U2 oA R (Density
Functional Theory, DFT) 4% — J& B0 58 & B, 70 T S SR BE 2540 Cmca-12 HA 5 &R
PR R S T AR R G B AL LR AE & S A W ORI AR H T I 2R 5T T 0 B A T R R
Ak AT B, R JF AN e o8 A T A o F A A B S @ p gt . 50 oh , BAR Bl i W B SE e A 52
FFiX — 458 a4 A N BN R Z L0 & W S B L D R AR A RIRE T, AR R )
TEZMRIARAR 22 FEAR N 19 0T BV 2% 152 32 2l 19 R0 A1 H - FAB0R 19 BTk L 23 S0 B AT ok
PG TEMRAR X, 000 25 A 2 10 S 90 0 65 SE PR b3 0 2 R 38 1) o 3 FOR F g & e Ak . i T
S5 AR RO OC &R L BT B AR 2 2 A BB 0L T ASPOt W6 S BUREE B9 HL 3 &, AT T
P S g0 B e (A 52 . B AT BF Y A DAC D15 31 19 49 23848 A0 I AR X R T BLE /Y 4 s A, T
SR BRI G B 5 A GG AR AE LB A P AR B0 T DEFT Rl 7 54 R PR B G
SRR A (WA F B i 5 4 8 k) 2 /0 76 0AH DX 12 [ A5 1000 ikt 2 H R 8 O 0 0 A5

T B AR BRSNS B 25 SRR AR R 25 5 E ST N AT i A S e R A 5/ 9 R
FRIRAEAY . J5 3 Knudson 885 FIH Z-HL 3855 25 A DX 1 o o 080N 55 A TR B0 45 SREAT L3R, R B SE 50
HAE/T DFT B it B9 PBE (Perdew-Burke-Ernzerhof) 1Z bR F 5 18 FU /8 7 % & 2 bR (van der Waals
Density Functional, vdW-DF) 2% 8 2 [a] , 11 5 & F

SRR B (QMO) 1 45 5 22 IR, i 3 K% W v
QMC it b DET i 4 R i e i QMe 5 & 7
M PSR E R M R 2K T DFT. 80 QMC 7 5 O]
VEAE ISR L AR AT (L35 (LA SCRR R R R -0
ZHAR LR TR R R 2| -~~~ Dissociation region
TR A M ACHR  FUR PBE Z WA vAW-DF 3 £ _15_%-” 000K
T F R RO H R 2 3 1T A7 0 — Rl AR 7 1 T4, motecute
16 DET MRESE T L W 076 A IR IR T 5 T 0 300 00500500
() — S R AE L W) 8, W 4 T L B Pressure/GPa

S I HEZE 2 R ] B 5 BB A 7 i B
o D‘ e ﬁﬁfﬁﬁixf{jﬂ Sty Kl 4 DFT 282 M — R 515 R & W
DB T A £ i D B FE 0 107 1 Ao
HATEHY ) — By MBI T E( e Fig.4 Predicted cohesive energy as a function of

A E AT T 5 0 AE 43 F IR X 385 T 8 i XA L fiE pressure along different isotherms for dense
EHMLEMH DR EM R, X T éf%‘ig L liquid hydrogen by DFT calculations

B H LB Cy = (QE/IT)y, <<(E/IT)y<
IC, _ IE

(IE/IT) piccocinion s H-F 3L 2y 9Tap TE B i X e .
SR, AR, TR R BAE & AR AR Z T A T % 100k
WARIY) ECp) M 263230 ) JE PR ) E(p) i £k 5 &%

I S Rt 555 A T i ) — B AR S AR AE L O L IE

(155 71X A e 91RO B B T B o ession curves

AR 35 2 1 15 1L L o A P 5 7 3% 1 46 U P 40 24 00 1F 30 2% 30 :F 40 i
LRI R B 7 A DX A T A6 Volume/(10-*nm*/H)

il A A 5 (EAN [ BE AN TR AT IX B -V 2k 5 DFT HF3 2 03— R 91504 1

2 S0 s i LR E L 1000 K FH&E 4 100 K i, 8 FE F1- P B Al £k

XIS E DGR ZE LY K, £ 2500 K B}, 54y Fig.5 Pressure-volume curves of dense liquid hydrogen
T A (8 X B4 B AR K T 3K 0. 000 5 nm® /H, along different isotherms calculated by DFT

020101-5



2 i/ N %32 %

i

J I35 BE SR LA A . 3k U6 g 85 8 U B A LE 2 BTIA O 9 2 2% L PPT AR R 3o 72 ] RE AN AA 0 75 —
A — G BTN E

3 sREMNEETREMSOE

G A A AR R AR E 5 AT (el S — A B A B R, 5 v A B8 R MRS B T 2 DDA O .
B HIE Dias Fl Silvera ™ B ARTE LI T A 18 F A5 T &0 & R X — WU i w2 A . 58
i 22 4F LA — B 2 X ) B B4 3938 . 1972 4F Brovman 881707 56 7 5 (4 455 A0 3T DL A0 46 308
A7 M 1 AR TR R S RS E P TR, A AT TN O B AR 4 T SR RE A LL 1 S RE e L (E AT REAF AE
22, DT BELAG: 55~ ) B8 2, A 4 Jm AR TR T O AR . SR AT TR 5 v T SR B9 46 T S 4 4 ) R
T T A AT A SR AR E A A PRSI B P REEIE AN R T 40 Z24E, BUR R T 204 R 2
WEHEZR AT SRS HEAT 2 1 R 42 vy o [R]IRE o o T S0 A 45 A AR A 1 B Rk i LG AT 38 0 B
2 J 1 T 1 R T B o R o O 4 JAR Y S AR E R — (R, 2012 AR R AR IS AN R A I TR Y
NEB(Nudged Elastic Band) 75 % Fl i= A B 1925 — JSUB T 580 060 i R B AT 1 HA19E . 25 R o 22 T H
T 765 B 12 pR B A RS 2 FON g 85 A A 1A R T TR T A BB A5 2 A ) B e A T B R
SAEF A AT RER AR AE A AT I A BAT Z A WO A AR E V. X — S5 I8 g e A B AT
FAAWEE X, AR, F 5 SCHL42 ] —

(95 1 L FRATT 2 B — S TG IR 1 5 i 4 g A 00 S TR S S vv s Mjid ‘;*;iii(";f"f‘;eiii’?
e H, BITH R T/ 4 TR A A0, B9k E NEB > Pouma, 12 atoms

. . s . ~ —395} —=— Pmmn, 24 atoms
S e & AR R T R ks S
AN G F A MR AFAE A BB B 6 k. 5 ]
Ok S VE I R X SRR AR OF R e A TRER S 24 2
fERY T fEtE . e Diatomic molecular

R 2 T U A AR R R T 43 R0 4 T A B B | \ L phases

AT R AR A . TR 4R AR S S S ]
B4 K E 1A 8 LA RS 25 19 TE 20 A 7E S0 i Wi 2 Fath indez

RATH I TR R RIS 45 — R FE 5, JF 4% K6 AT AS NEB J7 ik Bl &4 H, 205
BT MR AR NEB J7 8, X 1% — i) 2 ST/ EFIRAMMEHMEZIET AARRTA

AT T AT, Fig. 6 Flat landscape of energy along the NEB path
5 A — L B Sy SRR, SE g iFaY for the structures containing Hj units or hydrogen

4 B A R TE AR TE T 0y 3b B4 BT 2 1 ARG S molecule/atom mixture at 0 GPa predicted

B 7E 500~1500 GPa JE 1135 N . 4 I8 S e T by the cell-variable NEB method

ANGER AL IF 1 3L Cs-IV I Fddd™ B AT M S A 25 B, X B B Fddd Ol %t 4 347 11 g
(Cs-IV G5 I 45 2L AN FEEER) . 78 DFT $HE b, i 19 38 40 G156 43 3l B PBE V2 oK R 35 30 7% FC
IR M A T B vdW-DF 32 88, DA% 22K [ 32 68 % 25 B 0 55 00 . 308 B 5 A 92 ok AR 22 110 — 4> R A
2 B E A B A X Hugoniot W4 7R B AT IR0 1) 45 S 5 5 30 25 2R e 230 O 0 i e T BR A5
1 CBRNY . B A 480 AN EUR LA — A UM XY b SURFEER 2 X 22X 2 (1 A%, SF- T ik Sk
AR S RE 600 eV, BRI Z ik 7E NVE R BB R EARE R, HE R ESH 1L,
S A5 30 B Ao TR FR O B 25t TR g QD FE Ptk my B3, il 7 Fros, &8 & AE 200 GPa DL E HAT 55
FaE P . HAE 300~350 GPa Fk Jj DX [] P AR R 1 o 4 3 ] BB 55 He 4 5 B0 04 23 1) v 45 49 1) LAl DG Bk
WERA X, FEEMEN T, &8 A MR R E g5 ., 7£ 192 GPa, 4> T 8h J1 B B R 4 )8 & 7E
100 K WYIIR T JC ik e 7775

FE AR B PER AT Y 315 GPa Hs Jy B . FRATTRIH S ML AT 28 1) NEB J5 563 H58 1 T BE A7 AE 1y 35 22 45
A& 8 fraR . &8 H RN 45 H T kS ARl 1 AR A il £ L m A R B E R N R AR B S A T AR AR B AR L JR

020101-6



[
i

a2t M5 2 U G PSR4 S R Ak 5 2 1

N

B RMAEAR R AL R TR . BRI B, 2908 0.03 eV/H, M T 348 K AU,
SR 7 HRIEA B RV B AR EE FCR TR B AL 2 T S AR A AR R B R L 2 vdW-DF
K 25 PBE WJLF—HE . WUERZBE pV R STHR , NEB A9 45 2R 7R 1 AH 22 B A2 QB0 0 X S8 Al
SER I RE TR AR L Fddd 250 ) 4 a8 SR 48 s 1 HOE AR S8 1 1 AR R 32 2578 T T 40 X TUART 45 4 1) 24 SR AL
BT pV 5Tk . mr R0 B al R £E & 3 300 K & AF T Fddd Fl Cs-IV 45K i 4 Js A e 2 e AW AR S 1Y
B GR KF 250 GPa, QSR ZEAREARAY RS e Jm & W 55 2R AR AR . RO i 7/ F R T
T2 s FET A BE AT A RN SRR R ST AR R N R AT S5 T

Fddd
400
=}
< :
o <
2 350F 2
s 5}
2 5
5 2
& 300t =
© PBE vdW-DF
—=— Energy —e— Energy
250 —0.18[ —o— Enthalpy = —o— Enthalpy
29 ! 1 1 1 1 1 1 1 1 ! 1
200 250 300 350 400 450 500 0 2 4 6 8 10 12 14
Pressure/GPa Path index
7 3T DFT-PBE 3 U0 55 — 553 1 3 J1 = 40 Bl 8 WS NEB J5iEiH A 80 315 GPa K /1 F
2N Fddd 45164 J8 S AR T By i JA% KR Fddd %516 4 )@ &0 5 5+ sk ] B 5 22
Fig. 7 Superheating limit of metallic hydrogen in Fig. 8 Energy barriers between the Fddd structure of
the Fddd structure at low pressure simulated metallic hydrogen and the molecular crystal structure at
by molecular dynamics with DFT-PBE method 315 GPa calculated by cell-variable NEB method

4 RRHDEEEE TR E

AR B R S W R N RE AR LR BT R IR 2 LRSS WA H & R T &
J U AT UK AP AE I . 785 56 48 3R e i S0 F T 58 U B 2 P o L g ok 8 5K A 114 PAy 0 45 ) e
et ar EE AN BARTRATTOC T H A2 A0 BAA RE P B0 T B R L D G TR AN KT RE L (R AR
HERR FC Al B o 52 2% i W 5 58 . T 3k 86 5 52 9 BT 200 4 J Sl 0 s R ) P A S8 70 O AR 1 i

I 52 565 28 2 AR A5 11 245 43 Sl 2 2R ] DAC #3258 e 45 (19 J7 15, Dias 5897 SR IBUW L2 X —H R
P A A RN 4 A A SRR R Y R AR R A T G R R R g X, Bl A R A 5 s T D v IR
TR VR 2 B A0 R BRI 5 0 A 2R AL g EL AT RLARAS R RT B RE . BORRT B RE
AT LA 2CE G % SR 5 T8 B8 T 00 o o G Dl A s ) P B AR T K T R T D B0 2 A e
e FE 40 77 R AR AT P BB AR o A T AT A B 0 e 2 P S A M BT . o AR T A4 A 1) S 4 7
P Gt AR ARG L AT ik BIAR o ) ) TR AR 9 B e AT P 28 T —E RN . T E TR
BRI 5 e it Ay BT 50 BT S AF R A% 07 1) AR T R I RO X — BOR T TS A
JE AL .

T3 — P AT W 1 0 SE 86 N 3R T B IR # R DAC 1 8h 28 TR 46 19 sh-#8 25 & 80 1, B R iF ik A
SEGETT Y ER Ty 2 s [T L O Y S s AR 4y T B 1 S AR DAC BUR 4R AT LLA AL
bR A Al A0 2 % I 2 2 K R A g T A XA AN R 5 R T AR B AT LR 3 B R
VR B AR iy B B8R 1~ 005 3 ) 8 v TS B 8 R 2 2 3 32 5 P 9 4 B ) 90 PR 25 7 A UL AR
D T4 4 42 00 3R BT I T Bl 2 4 2 e I e R 2 B I TR AR R S A R 8 Y I (] g S LR R
HIC DT P LA SR O B 005 g 1 0 280 T AR it o5 P 7 B DR X 5 d o 001 20 1) s g Il DA P 50K B 4
W7 65 T A 22 BORE St AR o Sl 5 I D5 3k i T A R RS B BT T S 3R T 5 . R X - A A

020101-7



2 [/ = S/ B B - - %32 %

5 15 RE kA WP S8 By 2 DX RN NS W 46 T 3 A AT 4 B SR A B AR R] i sk /b 23 BT E Y . I Loubeyre
SELTES 1 CML RS T 2 (CML-EOS) AT 30 JLAS 51 2 [ B HEAT T 00 26 0

CML J2 — I 15 8 A DX Y30 DX 458 B 1 A IX A9 98 DR 2507 B2 el o 0L 5 — R B B 25
AR I P B i R R - DX B o 2 R AT 20 RAR B . CML 9 DOIRZS T B 20 1 R 40 4 A
AR AR 25 P8 T R S TR . AR SR R B 25 A i TR 1A — A 4
RAEAT LT R AR AT IH R0l IR /A E M AT R . LA DACH My FR 4R 7 X — Rk
Bl AE 5 IR B B9 Hhgs T CML RS T 8 PO A9 SR 4 B AR 25 2R . “DACH by 777 kA H I
" DACH Zh 35k vhi 477 7 ik A HASTEY B F 2™ M8 Lr e, 2 20K o I 2 3% 26 1 F
R4 B RIS g, R P o S AR B ST AE R RE S Sy IE 3 SR E A, R A) A BRE b il S M BOIR S
1715 A 75 58 (A DAC - i 28987 W 75 A B AR T A 40, L e 2R 5 A DS 280 Ay v 1) g o 5K
ARG, DR T 25 8 R B 0 00 5 ) A 2o bR S AR E B 7

I 9 BT3B AT 0, 7 “ DACH whdy 7 5 58 vh it £ A8 [a] (9 POROIR 28 5 o ol 422 AT LR RS ] 4
AHAS A X, B, U AE 100 GPa 76 RIS AU fE & 28 5 TG %€ B H (A7 8 L K% B 30 2 75 47 7 [
AR ST A 4 . FEBUE E 10 GPa 1 5544 F . th i Hugoniot 444 15 i &0 437 [ 14 1) 45 A W 1 0
30T P8 T LR A BRSO B L R B S — T T S T R S R RIS e
SFFE R BGE T AE s BAR C ARG T — 28 MR E R TR SE 86 A ) BRAE 5 1 4 A9 i i e 45 R 05 S
e I8 LT A o AT R R S G R FE 2 A H AT EE DT ik A AR BRI . PR = 50 GPa i
fill Hugoniot £ 28 &0 701 B9 88 fife DX S A7 By 77 38 06 AN 7] S 96 R BRI 45 SR i 40 i, SE AR Y 2, A b
i 2 PR T 5 R S R L X TR 8 150 GPa B AT il I ml 2E A 43 T S0 BT Ak 1 10 % B AR IR
DXL 7E 20 K AR T HUE 22 100 GPa -5 1 AE 2% 21 7] 4 A9 28081 33 2 ) s 5k 0 BT 148 25 19
BIREAR— MR TS,

SR, WA 10 Bz, “ U A+ s 7 05 2 07 AR REHE A & T ) AR X Sk, A o oy T 25 3 AR R R S
f Hugoniot i FHR R . Hugoniot £k 5 51 B BEAH B oK SR A fif O I X S 2 B/ T A AN G & T T
BIF 5 3 — DX A2 2% 9 405 0 7 A R Sk 7 800 f91) 0 g 2 € 460 o T R A 7 B9 A0 AR B AR T B 2l [
PRARST . I AR N DACH SR R4 7 50 9% DAC JEA 7 5 T RE R BEA U 7 &R

1200

+ . _ P d
1600 1;12 dissociation S]I(e)gl(lrsn[gisie 1 ] Precompressed shock Hugoniot
. 1000} ,
RN -
LIRS ) v Pt
% 1200 '*é:'\*\ /l) o B 800 x I .-~ de Broglie temperature
5 2w E |
s % £ 600
g goof ’ g
= . = :
e ™ E 00§/ -
400 H B T U A I 9. A0 - | —_—__‘_'______,,_._~‘v——
..1_..:,,/,(. ....... o 200 i Fermi temperature
/Iﬁ'%ﬂ:‘[ d Dense H
100 200 300 400 500 0 400 300 1200 1600 2000
Pressure/GPa Pressure/GPa
&9 CML R J5 1 Bk ) e 2 B AT i Bl 10 CML ARZS 7 B HUAN (9 i 2 B b “ Bk + o>
TR A w7 AR (T G ALIRED BEAR 0 Ry R o DA B 5 BT A% AR Y b R BE LA
Fig. 9 Hugoniot of precompressed hydrogen Fig. 10 Hugoniot of precompressed hydrogen predicted
predicted by the CML-EOS model by CML-EOS model and its comparison with the upper
(T, :melting temperature) temperature limits of quantum effects of protons

5 #it5RE
SR G ) R 7 T 3 315 B PR 00 3R 0 5 A R Al T 5 ) JEC AT R 5 T R 5 1 AR 11 2 5 R

020101-8



% 32 4% BRARIE S A B R R 451 5 & R L %28

P25 00 R A ity PR A RS T S B A = & 0 BN Ak 2 P R U 72 43 T > 1 3K — ek R K B N R SR B
S A 5T 1 2 B S T SOV B T TR AR ST R BT 2 A AT ) 1 R ALK L IR A R T
LA F2 2 0] . 2 2% 0 R A5 A A T B AR E P L 4 e 8y AT [t DL K DACH ek i 48 0y s
B PP A5 20 T SIS 0 T I 1% 3 B DR R An e A R 2 R R s Y AT AR O R SR IR A R R
FEFRIE 7 1T DFT 16 1 04 32 B2 a] 150 38 - 612 R 0 o e 8 ) A0 17 QMIC DU i i 31 5 45 SRS e Sk 1
A BRI T 1), BTG X S EE R 7 R T Born-Oppenheimer 3504 HL F 5 B 7 1932 2 i 58 5 B0 00
SR, ] A0 2 R0 AE AR ] A BB HEZR T 45— b Bl 5 R F I R i s 2 BLIS R N — I
R BT ) AR SN I B AR o] FU (Y [ BT, A B AN 4SS o X R S A SE IR A EE T AR LA S S %

SEHK:
[1] COOPER N G. Challenges in plutonium science [ M]. Los Alamos, NM:Los Alamos Science,2000,26:16-23.
[2] MOORE K T,VAN DER LAAN G. Nature of the 5f states in actinide metals [J]. Reviews of Modern Physics,
2009,81(1):235-298.
[3] NEATONAND J B,ASHCROFT N W. Pairing in dense lithium [J]. Nature,1999,400(6740) :141-144.
[4] MA Y,EREMETS M,OGANOV A R,et al. Transparent dense sodium [ J]. Nature,2009,485(7235) :182-185.
[5] SILVERA I F. The solid molecular hydrogens in the condensed phase:fundamentals and static properties [J].
Reviews of Modern Physics,1980,52(2) :393-452.
[6] MCMAHON J] M,MORALES M A,PIERLEONI C,et al. The properties of hydrogen and helium under extreme
conditions [J]. Reviews of Modern Physics,2012,84(4) :1607-1653.
[7] AZADI S,FOULKES W M C. Fate of density functional theory in the study of high-pressure solid hydrogen []J].
Physical Review B,2013.88(1):014115.
[8] MCMINIS J,CLAYII R C,LEE D,et al. Molecular to atomic phase transition in hydrogen under high pressure
[J]. Physical Review Letters,2015,114(10):105305.
[9] KNUDSON M D,DESJARLAIS M P. High-precision shock wave measurements of deuterium: evaluation of exchange-
correlation functionals at the molecular-to-atomic transition [ J]. Physical Review Letters,2017,118(3) :035501.
[10] WIGNER E,HUNTINGTON H B. On the possibility of a metallic modification of hydrogen [J]. The Journal of
Chemical Physics,1935,3(12):764-770
[11] i, 4 Jm Y sy  58 4% ARAE (M duat Bl i it 1990,
[12] ASHCROFT N W. Metallic hydrogen: a high-temperature superconductor? []]. Physical Review Letters, 1968,
21(26):1748-1749
[13] RICHARDSON C F,ASHCROFT N W. High temperature superconductivity in metallic hydrogen: electron-elec-
tron enhancements [ J]. Physical Review Letters,1997,78(1):118-121.
[14] BABAEV E, SUDB® A, ASHCROFT N W. A superconductor to superfluid phase transition in liquid metallic
hydrogen [J]. Nature,2004,431(7009) :666-668
[15] HEMLEY R J, MAO H K. Phase transition in solid molecular hydrogen at ultrahigh pressures [J]. Physical
Review Letters,1988,61(7):857-860.
[16] RUOFF A L., VANDERBORGH C A. Hydrogen reduction of ruby at high pressure: implication for claims of
metallic hydrogen [J]. Physical Review Letters,1991,66(6) :754-757.
[17] MAO H K, HEMLEY R ]J. Ultrahigh-pressure transitions in solid hydrogen [J]. Reviews of Modern Physics,
1994,66(2) :671-692
[18] LOUBEYRE P,LETOULLEC R,HAUSERMANN D,et al. X-ray diffraction and equation of state of hydrogen at
megabar pressures [ J]. Nature,1996,383(6602) :702-704.
[19] NELLIS W J,WEIR S T.MITCHELL A C. Metallization and electrical conductivity of hydrogen in Jupiter [J].
Science,1996,273(5277) :936-938.
[20] NARAYANA C,LUO H,ORLOFF J,et al. Solid hydrogen at 342 GPa:no evidence for an alkali metal [J]. Na-

020101-9



/;g

2

k]

In
B
N

il 1

#
g

g3

[21]

[22]

[23]

[24]
[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]
[37]

[38]

[39]
[40]

[41]

[42]

[43]

[44]

ture,1998,393(6680) :46-49.

GONCHAROV A F,GREGORYANZ E,HEMLEY R J, et al. Spectroscopic studies of the vibrational and elec-
tronic properties of solid hydrogen to 285 GPa [ J]. Proceedings of the National Academy of Sciences of the United
States of America,2001,98(25):14234-14237

LOUBEYRE P,OCCELLI F,LETOULLEC R. Optical studies of solid hydrogen to 320 GPa and evidence for black
hydrogen [J]. Nature,2002,416(6881) :613-617.

GONCHARENKO I,LOUBEYRE P. Neutron and X-ray diffraction study of the broken symmetry phase transition
in solid deuterium [ J]. Nature,2005,435(7046) :1206-1209

EREMETS M I. TROYAN I A. Conductive dense hydrogen [J]. Nature Materials,2011,10(12):927-931.
KNUDSON M D,DESJARLAIS M P,BECKER A,et al. Direct observation of an abruptinsulator-to-metal transi-
tion in dense liquid deuterium [J]. Science,2015,348(6242) :1455-1460.

DALLADAY-SIMPSON P.HOWIE R T.GREGORYANZ E. Evidence for a new phase of dense hydrogen above
325 gigapascals [J]. Nature,2016,529(7584) :63-67.

DIAS R P, SILVERA I F. Observation of the Wigner-Huntington transition to metallic hydrogen [J]. Science,
2017,355(6326) :715-718

CHAKRAVARTY S,.ROSE J H,WOOD D, et al. Theory of dense hydrogen [J]. Physical Review B,1981,24(4) :
1624-1635.

MIN B I, JANSEN H J, FREEMAN A ]. Structural properties, superconductivity, and magnetism of metallic
hydrogen [J]. Physical Review B,1984,30(9):5076-5083.

MIN B I, JANSEN H J, FREEMAN A ]. Pressure-induced electronic and structural phase transitions in solid
hydrogen [J]. Physical Review B,1986,33(9) :6383-6390.

CEPERLEY D M, ALDER B J. Ground state of solid hydrogen at high pressures [ J]. Physical Review B, 1987,
36(4):2092-2106.

BARBEE T W [[[,COHEN M L, MARTINS ] L. Theory of high-pressure phases of hydrogen []J]. Physical
Review Letters,1989,62(10):1150-1153.

SURH M P.BARBEE T W [ll ,MAILHIOT C. Zero-point motion and the insulator-metal transition in solid molec-
ular hydrogen [J]. Physical Review Letters,1993,70(26) :4090-4093.

EDWARDS B, ASHCROFT N W,LENOSKY T. Layering transitions and the structure of dense hydrogen [J].
Europhysics Letters,1996,34(7) :519-524

JOHNSON K A, ASHCROFT N W. Structure and bandgap closure in dense hydrogen [ J]. Nature,2000,403(6770) :632-
635.

PICKARD C J,NEEDS R ]J. Structure of phase lll of solid hydrogen [J]. Nature Physics,2007,3(7) :473-476.
TSE ] S.KLUG D D. Evidence from molecular dynamics simulations for non-metallic behaviour of solid hydrogen
above 160 GPa [J]. Nature,1995,378(6557) :595-597.

ATE . &R AR TR A LR [T ] s TR A 24,1987, 1(1) : 3-6.

GOU Q Q. Mechanism for the metallization of solid hydrogen under high pressure [J]. Chinese Journal of High
Pressure Physics,1987,1(1):3-6

P th i AT R R N A A A S R R T et A [T Bl il 4, 1995,40(19) 1 1759-1762.
FRARYETT. ME R T SR8 E A BT (], 2830 22 24l CH AR BHARRD . 199824 (1) - 21-29.

L1] J,ZHU Z W. The theory studies of solid state hydrogen transition to metallic hydrogen under superhigh pres-
sure [J]. Journal of Yanbian University (Natural Science),1998,24(1):21-29.

ZRNCRFET A G INE. B SR AR  WEe T  [1]. m RS . 2001,15(3) :215-220.
L1]JJ,ZHU Z W,JIN Z S,et al. Theoretical calculation of transformation pressure in solid hydrogen metallization
[J]. Chinese Journal of High Pressure Physics.2001,15(3):215-220.

GENG H Y,SONG H X,LI] F,et al. High-pressure behavior of dense hydrogen up to 3.5 TPa from density func-
tional theory calculations [J]. Journal of Applied Physics.2012,111(6):063510

STRAUS D M, ASHCROFT N W. Self-consistent structure of metallic hydrogen [J]. Physical Review Letters,
1977,38(8) :415-418.

NATOLI V ,MARTIN R M, CEPERLEY D M. Crystal structure of atomic hydrogen [J]. Physical Review Let-

020101- 10



/;g

32 % Tk e iz 45 - S W T AT S 45 5 )R b £

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[55]

[56]

[57]

[58]

[59]
[60]

[61]
[62]

[63]

[64]

[65]

[66]

[67]

[68]

ters,1993,70(13):1952-1955

NATOLI V.MARTIN R M,CEPERLEY D. Crystal structure of molecular hydrogen at high pressure [ J]. Physical
Review Letters,1995,74(9) :1601-1604.

BIERMANN S, HOHL D, MARX D. Quantum effects in solid hydrogen at ultra-high pressure [J]. Solid State
Communications,1998,108(6) :337-341.

HOWIE R T,GUILLAUME C L,SCHELER T,et al. Mixed molecular and atomic phase of dense hydrogen []].
Physical Review Letters,2012,108(12) :125501.

HOWIE R T,SCHELER T,GUILLAUME C L,et al. Proton tunneling in phase [V of hydrogen and deuterium
[J]. Physical Review B.2012,86(21):214104.

LABET V,HOFFMANN R,ASHCROFT N W. A fresh look at dense hydrogen under pressure. l[[. two competing
effects and the resulting intra-molecular H-H separation in solid hydrogen under pressure [J]. The Journal of
Chemical Physics,2012.136(7):074503

LABET V,HOFFMANN R,ASHCROFT N W. A fresh look at densehydrogen under pressure. [V. two structural
models on the road from paired to monatomic hydrogen, via a possible non-crystalline phase [ J]. The Journal of
Chemical Physics,2012,136(7):074504.

GENG H Y,WU Q. Predicted reentrant melting of dense hydrogen at ultra-high pressures [ J]. Scientific Reports,
2016,6(1):36745.

WANG Z.WANG H,TSE J S, et al. Stabilization of Hy in the high pressure crystalline structure of H,Cl (n=2-7)
[J]. Chemical Science,2015,6(1):522-526

CHEN Y,GENG H Y,YAN X,et al. Prediction of stable ground-state lithium polyhydrides under high pressures
[J]. Inorganic Chemistry,2017,56(7) :3867-3874.

GENG H Y,HOFFMANN R, WU Q. Lattice stability and high pressure melting mechanism of dense hydrogen up
to 1.5 TPa [J]. Physical Review B,2015,92(10):104103.

GENG H Y. Accelerating ab initio path integral molecular dynamics with multilevel sampling of potential surface
[J]. Journal of Computational Physics.2015,283(1):299-311.

JONES M D, CEPERLEY D M. Crystallization of the one-component plasma at finite temperature [ J]. Physical
Review Letters,1996,76(24) :4572-4575.

GENG H Y,WU Q,SUN Y. Prediction of a mobile solid state in dense hydrogen under high pressures [J]. The
Journal of Physical Chemistry Letters,2017,8(1):223-228.

CHEN J,LI X Z,ZHANG Q.,et al. Quantum simulation of low temperature metallic liquid hydrogen [ J]. Nature
Communications,2013,4:2064.

DASH ] G. History of the search for continuous melting [ J]. Reviews of Modern Physics,1999,71(5):1737-1743.
HAN S,CHOI M Y,KUMAR P.et al. Phase transitions in confined water nanofilms [ ]J]. Nature Physics,2010,6(9):
685-689.

HUBBARD W B. Interiors of the giant planets [J]. Science,1981,214(4517) :145-149.

SAUMON D,CHABRIER G. Fluid hydrogen at high density: pressure ionization [ J]. Physical Review A, 1992,
46(4):2084-2100

LORENZEN W,HOLST B,REDMER R. First-order liquid-liquid phase transition in dense hydrogen [J]. Physical
Review B,2010,82(19):195107.

PIERLEONI C,MORALES M A,RILLO G,et al. Liquid-liquid phase transition in hydrogen by couple delectron-
ion Monte Carlo simulations [J]. Proceedings of the National Academy of Sciences of the United States of Ameri-
ca,2016,113(18):4953-4957.

MAZZOLA G,SORELLA S. Distinct metallization and atomization transitions in dense liquid hydrogen [ J]. Physi-
cal Review Letters,2015,114(10):105701.

DZYABURA V,ZAGHOO M, SILVERA 1 F. Evidence of a liquid-liquid phase transition in hot dense hydrogen
[J]. Proceedings of the National Academy of Sciences of the United States of America,2013,110(20) :8040-8044.
OHTA K,ICHIMARU K,EINAGA M,et al. Phase boundary of hot dense fluid hydrogen [J]. Scientific Reports,
2015,1(1):16560

EREMETS M I, TROYAN I A.DROZDOV A P. Low temperature phase diagram of hydrogen at pressure up to 380 GPa:a

020101-11



2 [ A I - %32 %

possible metallic phase at 360 GPa and 200 K [J/OL]. (2016-01-18)[2017-11-14]. http://arxiv. org/abs/1601. 04479.

[69] ZAGHOO M,SALAMAT A,SILVERA I F. Evidence for a first-order phase transition to metallic hydrogen []].
Physical Review B,2016,93(15):155128.

[70] BROVMAN E G,KAGAN Y,KHOLAS A. Structure of metallic hydrogen at zero pressure [ J . Soviet Journal of
Experimental & Theoretical Physics,1972,34(6):1300-1315.

[71] BROVMAN E G,KAGAN Y,KHOLAS A. Properties of metallic hydrogen under pressure [J]. Soviet Journal of
Experimental & Theoretical Physics,1972,35(4) :783-787.

[72] LOUBEYRE P,CELLIERS P M,COLLINS G W,et al. Coupling static and dynamic compressions: first measure-
ments in dense hydrogen [J]. High Pressure Research,2004,24(1) :25-31

[73] JEANLOZ R,CELLIERS P M,COLLINS G W,et al. Achieving high-density states through shock-wave loading of
precompressed samples []]. Proceedings of the National Academy of Sciences of the United States of America,
2007,104(22):9172-9177.

[74] CHEN Y M,CHEN X R,WU Q,et al. Compression and phase diagram of lithium hydrides at elevated pressures
and temperatures by first-principles calculation [J]. Journal of Physics D: Applied Physics,2016,49(35):355305.

[75] CAILLABET L,MAZEVET S,LOUBEYRE P. Multiphase equation of state of hydrogen from ab initio calcula-
tions in the range 0.2 to 5 g/cc up to 10 eV [J]. Physical Review B,2011,83(9):094101.

[76] ZHA C S,LIU H,TSE J S,et al. Melting and high P-T transitions of hydrogen to 300 GPa [J]. Physical Review
Letters.2017,119(7):075302.

[77] CHAKRAVARTY S,ASHCROFT N W. Ground state of metallic hydrogen [J]. Physical Review B,1978,18(9) :
4588-4597.

On the Novel Structure and Metallization of Hydrogen
under High Pressure

GENG Huayun,SUN Yi

(National Key Laboratory of Shock Wave and Detonation Physics ,
Institute o f Fluid Physics \CAEP ,Mianyang 621999 ,China)

Abstract; Hydrogen under extremely compressed conditions exhibits extraordinary richness in physics
and chemistry. Its structural transitions and phase diagram are fundamental for understanding the high
pressure behavior of condensed matters,and also for important applications in astrophysics and materi-
al science. In this paper,we reviewed the research progress on metallic hydrogen since it was proposed
until to very recent years. Several key issues and possible future progress about dense hydrogen are
analyzed and summarized. With density functional theory calculations and a model analysis using an
equation of states, we explored and demonstrated: (1) the complex and novel atomic structures of
dense hydrogen; (2) the novel behaviors of hydrogen molecules near the dissociation region; (3) the
stability of metallic hydrogen under pressure and the possibility of recovery to zero pressure; (4) the
advantages and disadvantages of the “DAC+ shock” experimental method to achieve metallic hydro-
gen. Our results showed that it is impossible to quench the high pressure phases of metallic hydrogen
to ambient conditions. The complex behaviors of dense hydrogen present as a great challenge for both
experimental and theoretical studies, especially near the dissociation of hydrogen molecules, where
sharp discrepancies were unveiled,implying that much effort is still required to improve the state-of-
the-art experimental and many-body theoretical methods.

Keywords: metallic hydrogen;structure and phase diagram;quantum solid and liquid; high pressure
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