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o PR A AR WS AR AR R B PR FR >, < FOE I 7 AR N T T IR A I e A, (A
RAEIEAS, AT B H BN, AT BE Bl O BRE i B AR SR AR BCS M SR, R ML 4 k8
SR ARAE BCS S HOWIIE, 48 ORI T A0 TR S R A b, T AR I R O
B H, R E H AR S R R RN RO R — B R A & R AL, S iU B FEAR A TR TE SRR AR
T AN 4 AT B v e, RO, B R e AR R TR Y R S M A 2 R T . 1968 4F,
Ashcroft” B K Hl 5 42 8 & 0 fE & MR S . BUIS, ATT7E S0 A8 5 5 A0 TR RS W0y T EAT T K
B, BT — RINVE SR A, I BN [R] 4 8 AR 00 T 5 AN IR (T,) =ik 100~700 Ko Herpr, i
Oy TR JE S e R AR 2k 450 GPa B (198 554 A8 R I8 5] 242 KI¥. X 157 AH 48 &, 309 00 Be i
Y & FEF 100 37 7 (face-centered cubic, foe) sl 24544 58 - 1Y, FU B 10O S 7 i S5 M R F A & T8
A AE R 480~ 802 GPa il 2.0 TPa B (1) 8 5 % 25 & £ 43 51y 282~291 K Fll 600~ 631 K!'* 111,
2011 4F, McMahon %5 8 1+ S HF ST T AR SUAE 0.5~ 5.0 TPa 2 3% 5 JE 4240 T A AR 22 2 9, % BT 1A
SUE RS2 0.5 TPa B 43 T MI5E 48 Jy 25 [V BE R 14, /amd ()5 T A5 BER K58 AR IN, 76 1.0 TPa T
HAZAE J R3m A 5 IF f5e 2848 R 38 55 T 3.5 TPa i M 78 by 0 55 4 M LA 1 L S7. 5 %6 M 465 g RS )y 4% Mfe
(hexagonal close-packed, hep) 4514 . [Al4F, McMahon %1% SCHR 4fi 3 26 00 5 ., #0000 1 4x J@ A AF
0.5~3.5 TPa = J& T M8 Sl b, R IUAE NS FE v, 14, /amd A R 2004 18 3 5% A8 8 Se T i J5 BRAIK,
£ 700 GPa I ik $1) 5 5 {1, #8528 8 (0 FROE (B 755 16 481 K B %5 48 St 14, /amd AR5 75 h R3m A,
T, M 370~377 K(0.5~1.5 TPa) BKZE 4 561~703 K(1.0~3.5 TPa) . 2012 4F, Liu %" | F§ CALYPSO %%
S0 R A, BRSO T A RS = T 2.1 TPa BFEUHA 3 s R AH, B Prma. c116 F1 oC12, BAITEA L
R3ImM 4@ A BRI RE R . 25 LITIR, BT AT MIRRSE, A L ZXE 0.5~5.0 TPa #3551 F LAY A T
GIHEATIE IE, AL SRR e S5 40 1) M 3 AR IR B, O Je B2 e ML I i s $2 b 5%

AR TAEFET DLAE AR ZT 82, 7E 0.5~ 5.0 TPa B i 25 FR S Bl Y, 8 56, X &UHY 14, /amd . R3m . Pnma .
cl16. oC12 45 /=5 F AHHEA TR 20 i BEIS BARLTT 55, Xo) JH vy FEAH AR 7P 810V R B8 4R, Al A ) T i R AR
FE AR AR R AR IR 5 e, X 4 A T e P I SR A AR AL AT S, LA S R g 4R
e
1 Bit55%

1.1 HE R

TE8 17 RS HE SR T, ffi FH VASP ARAZ 1) X cI16( % [ BF K 143d) . R3m., 14,/amd . Pnma. R3m .,
oCI12(Z3 [MIHE R Cmem) 6 B 41 42 & S 45 W TF 8 i3 TR F 9% o R AR 52 0 -1 1 (projected augmented
wave, PAW) ™ J5 b Al iR SR 09 L -2 A EAE L, AR R M E o 1s'. #ER 5L T PBE(Perdew-
Burke-Ernzerh) |~ S8 317 {8 ( generalized gradient approximation, GGA ) {E i 38 # S Bk pR R, S (1144
520 B X5 (B I SSOKS B2 7E 1 meV/atom LAY, TH 8B #E BT EH 1 200 eV, Jf: LA 21x0.04 A™' F A& Monkhorst-
Pack k o5 MR (Y R BEN7) 2% 1 3 o 9% B0 X 52 00 2 09 52 R F] 208, 255 PHONOPY A% 1 Al
VASP BRAAL M, A ALLER A i) 75 - Bk TR S R Bl e

TEf o ] A S0 v FE AR A8 e 91 9 BR fils |, 56T %% B2 17 pR CHE #1118 (density-functional perturbation
theory, DFPT), i | Quantum ESPRESSO # 4V #5481 [l A4 S As e sy AR AR 0 . H 5l B b e
LS 1 % A, g i AT I S O 120 Ry, DAORIETHSE AU SOk o 0 01 >R FH DAL 0y A0 Y 48x48%48
56x56x56 Fll 48x48x48 B4 k i AR AR AL 14, /amd . oC12 Fl c116 #H4: J& A AY B 75 KB & (R FH 24x24%24
28x28%28 FI 24x24x24 (1) k 15 MM 15 7 1), Methfessel-Paxton — B J 55 1% 7 0.02 Ry, g R AT K
HUL Y 6x6x6, TxTxT Fl 6x6x6 [ #%, i i B 4% 3K f# Eliashberg J7 P2 15 28 S5 AR IR BE T, (i FH L 11 )22
CIEHAIAE 17=0.10, 1'=0.13 Fl 1'=0.17 fH 5 FHAT IR E .
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1.2 Eliashberg IEif -2
Eliashberg J7 72 J& 3¢ T Matsubara 77 Bl A F 5 IEAL 7 Z (9 2 AR PERE A 5 2

T w;

Z(iw) =1+— A(iw; —iw;) (1)
w5 |w, + 4% (iw;)
ZGw)a(io) =ar Y —28) (160, — i) -] %)

7w+ A (w;y)

2wa*F (w)
dw

(w;—w,)’
K w WIIR, F(w) NP A TSRS, T HEE . 2M4(Gw;) = O, 3K fi#Eliashberg 77 2, 1 L1533
AR T,

2 HR51e

21 SEHEZTRY
K 1(a) /R T RS — 250 & R L5 MM T 14 Jamd FAKE 22 (H — Hyg, jma) o 7E 0.5~2.3 TPa J&
5 DX (8] PN, 14, Jamd FH RO RE B e AIX, Z5M0 Al o YR58 & T 2.3 TPa B, 14,/amd %5 ¥5 K78 b BE & S AR 1Y
oC12 2514, J5 # 7E ik 5.0 TPa By o = JE 45 A TR A e IR A KB . R, i T2 0 B 4/, R 3h
},Fﬁ%ﬁji [ AR 2 B 5 i 10 & 25 R 3l BE (zero-point energy, ZPE), NI, 75 2% [E 2 5 IR sh BEXT #4 )
“AFRE PERY I . McMahon %51 Fl Liu 550 5 W, 2425 &R SR SHY, 7€ 2.0 TPa LA 1 19 #% Ui =
JEIEF A, oC12, cl16 Fl R3mAH & A 2 B A AR 19 fE & (75 2.5 TPa LA LAY JEHE T 14, /amd HH5h J12E A F4
FE) o I, AT R B, = 38 FE R R R T s e, IR T R SRS aE, K = HTE 2.0~
5.0 TPa JE5i® T ¥ o 1248852 . DL oC12 MM BE R A 5%, il % I AR S BEJS 1 KS 22 (H — Hoery )
£, N 1(b) Frs o 675 I SR 2l B R A ) 24 AR MRS e 22 s, R S0 & R AR AR TP 81 & AR
TR PR oC 12 AH A S 7E R 5k 25 T 3.1 TPa I AHAR o HAG B AKARE /A9 cl16 A1, RI% B SR oh g
S, A S0 R SR 25 A AR S R 9 14, Jamd—o0C 12 75 14, Jamd—0C12—cl16, 5 Liu 251 (57 45 50— 2.

Aliw; —iw;) = f (3)

- () —=—0C12 —— R3m —a—cll6

(H~H ,,g)/(meV/atom)
(H=H¢,)/(meV/atom)
N

20 25 3.0 35 40 45 5.0

Pressure/TPa Pressure/TPa

BT (a) Bl TR T A ZEFIAHRT T 14 /amd FHIEIR SRS 22 ETRBRAYAEAL, (b) 5 EE SRS A5 i i TR T
SR T 0C12 A4S 22 il R 972 1

Fig. 1 (a) Calculated enthalpies of various structures as a function of pressure with respect to /4,/amd structure; (b) calculated
enthalpies of various structures with the inclusion of ZPE as a function of pressure with respect to the oC12 structure

I4,/amd ., oC12 FI c116 AH [ 4 &0 A9 45 #8443 S a1 2(a). & 2(b) M 2(c) Ar s (BE 40 25 #2500
1) £ 0.5~2.3 TPa W3 = JE X 18] N, 14, /amd A S A = 4k W 45 45 ¥, 48T 19 &R - [ AS R H
I A BAEH, BNE S T MR A, SR F A58 2%, 75 1.0 TPa T, &8 Fa i
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9 0.919 A, WE 2(a) Fi/R . BlEE TR AN, 14, /amd K = 2 A S0 0 265 45 0 FH 78 S BLA J2 IR 45 74 1Y
oCI12 MR A, 52 2 G =ML Hy /NITH L, A& 2(b) Fros . AL 2(d) 7T LAE ), B4 Hy /b
FAOCH AR T 2 (8] AY H F JR) 4 pK %X (electron localization function, ELF) {H7E 0.6 /£ 47, UL IHAF7E T Ja)
W, % SR T 2Z R ER SR AL, 3.0 TPa , %M =ML E-FIallE D,=0.785 A, D,=0.840 A, 2 4~
HHAR A /N B0 22 1) A B i B D,=0.874 AL X 45K 55 R3mZE AT, 355 2R 254, {5 oC12 A 5 i 5k
L T R3m 1) 5 HEROCR D ST A X H=U+p V(U R INGE, p BER, V RIERFD) AT %1, 0oC12 Y
pVIEE /N, M, BA LA AR . FE RaRaE— 3, 2R & T 3.0 TPa i), RS 3 — 2 & 4E 5

"LV

ELF
0.85

0.82
0.78
0.75
0.71
0.68
0.64
0.61
0.57
0.54
0.50

2 3.0 TPa I I4,/amd ] (a). oC12 A (b) CRRIBUE A FAREAIFZ) | cl16 A (c) [EHAZ L5
1 oC 12 AHHL Ry R4 (d) (BIfHE ] VESTA 2:7]°¥)
Fig. 2 I4,/amd structure (a), oC12 structure (b) (spheres of different colors indicate different layers),
and cl16 structure (c), and ELF profile of the oC12 structure (d) at 3.0 TPa
(All structures and the ELF profile were drawn by using VESTA"?*))

*1 UEHEESY

Table 1 Optimized structural parameters

Structure p/TPa Lattice parameters Atomic coordinates (fractional)
=b=1.067 9 A, c=2.993 9 A,
14 /amd 1.0 “ y Hl(4a) 0 1 0

a=F=y=90°

a=0.9479 A, b=2.8123 A, c=2.319 0 A, H1(81) 0.500 0 0.140 5 0.580 7
oC12(Cmcm) 3.0 o

a=p=y=90 H2(4c) 0.500 0 0.595 6 1.2500

cl16(743d) 4.0 a=b=c=1.929 3 A, a=B=y=90° HI1(16c) 0.9555 0.4555 0.044 5
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FERHAE , A5 B9 TR 5K oC12 AR Z AR S5 AL TR 4 A cl16 Al =4k M 28 2544, A 1&] 2(c) P o (AT LI
A2, cI16 AH [ A 05 A0 S g s 56 2 T ) ik R R R A A [] A 235 D 0 270

22 BEHM

2R T A A BB S AR B S S R RS R R A AR A . X T R — R A A, B
JRSEIE NN, W PR H R A DN, SR TR AL B R T 2 B N BN, RRIEIR SR w,,, B0

®2 TRERTREMNBSETEERESTETINEESH

Table 2 Calculated superconducting parameters and the superconducting transition temperature

for I4,/amd, 0C12, cI16 under different pressures

NE / TC/K
Structure p/TPa A W, /K F,l . " -
(states'Ry '/atom) 1£=0.10 1=0.13 10=0.17
0.5 1.94 1784.5 0.23 339 307 280
14,/amd 1.0 1.87 2039.0 0.20 382 354 320
1.5 1.53 2539.5 0.19 385 348 310
2.0 2.65 1580.2 0.18 418 391 356
oCl12 3.0 1.77 23247 0.16 398 356 318
4.0 1.48 28223 0.14 388 353 312
3.0 1.73 2303.0 0.16 356 345 307
cll6 4.0 1.42 2782.6 0.14 392 362 322
5.0 1.27 3159.0 0.13 295 258 217
XA B4R, BT DL o B R O LA A 3
X L . (a) 14,/amd — 0.5TPa
B IS DU AR A LT RA R 5 — 10Tk
AR, X T A — NS5 AR, S A R R % EH .
B FL AR T PR o Fw) B2 R a3l [R] . BEE Eof
FE3 BN, [ R0 7 TR SR o I, ) o
Vel e P TN B s Q3R RN W) 20 40 60 80 100 120 140
©2F () Frequency/THz
/lzzjo o ) 3oy oci2 .
N . . ) X 3 ___---""20TPa—3.0TPa
PRI, 335 pR R B 23 B0 A /)N, B BE 5 F iR 1y 18 2t LT —40TPa___
A, 7 R L ol S
TR IR FH R T i, BT S M@ iyt A
\ N VS SO AR 1 T Y Y .
:‘?%%E‘Jj‘ﬁﬁ'f@ﬁﬁf%ﬂé{ﬁﬂ:ﬂﬁéj}o JH:&I\’ ;(:E 0 20 40 60 80 100 120 140 160 180 200
=] ﬁ X %%%ﬁ%gﬁg*ﬁ Xﬂd—&gﬁ s 15‘6 Eﬁ mﬁ‘é 'CH iﬁd%ﬁ Frequency/THz
SRR . o T AL 22 T 4 4% K e o ——
TR T L, aniEl 4 s, Horb &R s RS 3 —40Tba
FTLIERR . NI 4 T LR th, e T 2
o A DX Bl P R TR R, R W A N A R TR R K
Bl 1 WA A AN H AR LA

KT8 T AR R A8 Ak, B B 5 AT, AN TR
S50 1) S e 7 Yk B R e ) S A S AN ] 1Y AR
A F, T R e A A IR BE 5 e R O 2 T R
LVEXFR . X ZEW A, 7EEliashberg Hith, 5
SRR BE T, 23 WA A3 R 7S R S 0 B Y 3 K

20 40 60 80 100 120 140 160 180 200
Frequency/THz
K3 AR T4 255 R AL o’ F(w)
KHFHE R Aw)
Fig. 3 Eliashberg spectral function a*F(w) together with
the electron-phonon integral A(®) at different pressures
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M T+ (7 A AR 3 R AT B, T~ 0.15(Aw)'" (u'=0.10) P, T it 25 < 38 159 4 i, 1 2k 0 1 47 30

WIASHE O, PP RS SR R RS , R RE A X T A T RS- N, 7R S T R T [ R Y HL R R
JEE RIS S 2 A 3l BE A R A BOR A

200
140 180
120 | 160
I
100 & 140 %
g £ 120
Z 60 & 80 ’\\/\
— -
40 §§i——
20 20 — F—"]
0 0
r N R zZ T
(a) 14,/amd at 1.0 TPa (b) oC12 at 3.0 TPa
200
180
160 § ﬁ
N 140
st
£ 120
&
= 100
2
80
=1
= 60
40
20
0
r H N I P H
(c) cl16 at 4.0 TPa

4 TR T S A T

Fig. 4 Phonon dispersion curves of each structure at different pressures

450

400

350 /"

300 |

Temperature/K

250+ oC12

200 ! ! ! ! !

Pressure/TPa

KI5 A4 R e R B 55 )28 £ (17=0.10)

Fig. 5 Superconducting critical temperatures 7, of each structure with x'=0.10
3 ZFRERE
FIH VASP, PHONOPY , Quantum ESPRESSO #4155 T [ /& & 4 0.5~5.0 TPa J& 5% T~ Y4145 ¢
GRS AR, 132 LA T E =58
(1) 4 2 E B EN: 78 0.5~2.3 TPa JRSRVL N, 14,/amd M B A AR RE & YR & T

2.3 TPa i}, I4,/amd S5 AHAE A RE B AR AY oC12 544, H oC12 AHFE R ik 5.0 TPa (44K 3t o F 4% 14 T A7
A B ARG
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(2) YIMAZE SR EEHATBIE LS, 76 3.1 TPa KR L b, B T BB L oC12 M HAL Y

cli6 M. R, 7E 0.5~5.0 TPa K3 [l 4, & 15 5 B9 &4 & A A AE F 51 14, /amd—o0C 12—l 16,

(3) X 2% 45 b 7 AR Y M Sl R N AT T R A R S TR, B AG G T S R, 14, Jamd

oCl12. cl16 Z5FJ7E 1.5, 2.0, 4.0 TPa JE5R | 15 3 19 e 8 S 55 A8 1R 40 51 oh 385, 418 #1392 K.,

(4) S e A it 5% v PR 9 L NP 0 4 4 O [ o 249, A ) 39 2 o8 L P R 5 0 R D55

FFIRAT g, P, X T R — S5, BERE TR A6 O, e A AR e g — ML

VT3, B AR R R 200 Ky HLSPYL CaH YL YHP | YHGPH I LaH, B34 S5 A Sl SR 10 &

B T A GBS 5 SR S TR S R AP, X S SR S R A S R B G BEE TE T
S IR E . A TAERGENIGE T W g TR T 6 S0 S 5 AR, TSR O SR SR p i
A%
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Superconductivity of Solid Hydrogen under Extreme Pressure
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Abstract: Hydrogen has the simplest crystal structure and physical properties at ambient pressure. As the

pressure increases, hydrogen undergoes phase transition from insulator to metal, which being called metallic
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hydrogen. The numerical calculations also indicate that metallic hydrogen has high-temperature super-
conductivity, thus the metal hydrogen is also known as the holy grail of physics subject. In this paper, the
structural phase transition and superconducting transition temperature (7,) of solid hydrogen under extreme
high pressure 0.5-5.0 TPa were studied by first principles based on density functional theory, which may
provide knowledge reserved for subsequent theoretical and experimental studies of metallic hydrogen and its
superconductivity. The results show that the phase transition sequence of solid hydrogen under extreme high
pressure is: [4,/amd—oC12—cl16. For the same structure, with the increase of pressure, the electron-
phonon-induced interaction decreases, the density of electronic states at the Fermi surface decreases, the
vibration frequency increases, and the superconducting transition temperature changes. When the pressure is
2.0 TPa, the oC12 structure of solid hydrogen can obtain the highest 7, of 418 K (coulomb pseudopotential
parameter #'=0.10). This work provides a reference for further theoretical and experimental research on
metallic hydrogen and its superconductivity.

Keywords: metal hydrogen; extreme high pressure; high temperature superconductivity; phase transtion
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