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WE:FTEZAERAEMB U EARTARGE T 2 WA, AT C L&A E A w1 A f
A EHE K A M . Runge-Gross & 3B T 4B % Bz @I by Fah, b o 73X 7 2 14 AR i
THARWFR., BTS2 FNAR, e EEZREHN AR ETNE B ITHEF LA
BoAMNMGEmTHRAGHZMLL, BH, e BFEZRER T A MAERELE. AXHE
EHemEEZRTENRRENE N BAESFREGHEFEZREE RN A T BN — L E EH
B, RESHAELHEEZR B FAENEERAUR TGO HRE, EZHELLETHMES

XBA: M EFEZR; S —MHRETE, SEZE; RSB XHKZE

FE S ES:0521.2 SCRKFRIRES: A

B B2 Bk ORI R R, TR & 5L MBI I, oy EENM R FE& . &
TN Z 5, R E SR R T i B B E 5 5 R R AT RIS A RHLF BT A R . SR T B
KA TR 2 E ORI &, F 2 BRI IR R FIPE BT JC A1 . 20 42 60 4 AR %5 B2 12 oR i ( Density
Functional Theory, DFT) B4 i1 S i AR 73k — 1880 . K71, DFT K2 H T 58 bRk g B384 i, X
TR R S BT LA S AEAN T T B N, B )% B 7 PR BRI ( Time-Dependent Density Functional Theory,
TDDFT) Jebif 52 i 2 [ B3 A T 33 A0 R A i BRSO ik o AR SCRT 2 [T 1 TDDFT B [ 5 Al — S S A 1]
B, G A Ak TDDFT A #Oe A ] J7 T8 Y 2 3F e DL ke B A AT S8 77 76 1Y 0] B, o5 ) e 22
TDDFT &K 1 & JE %, A SR I X TDDFT 4 3 A 7] 2 42 1 Pk (14 48 R , v 52 AE 5 B % B 1 it 5
N G SER M T A2 e ) E ELE R, DU B S AR G S AR AR B H Y

1 TDDFT X EfEs

JEO) b 2E AT DA ORI LT A PR B, SR T & R iR 1 2 AR R R, s pf 5k
o, HESKMRE S TR E R E R, P20 LR TR M. W ICPRE Tk P s fE i 1
R AT I A S M — 1 RIMEAE T 0 X 28 g T R BUER W B A4 DL 2 T IoiE R g ny Jy gt BTk
PREL Y 7 1k, an LY Hartree-Fock 7%, DL AR oK & 1) Moller-Plesset( MP) i 4 2% . 485 MH HAEH
(CI) %% post-Hartree-Fock 7712, A eI B E RAGHLS . X —IHOLHEE 1964 47, 1965 4 DFT By 5Lhih——
Hohenberg-Kohn x& B J& HAf 552 F] 1) Kohn-Sham 77 #2£P f 42 H AW H & 4= T B KB A8, DFT A1t
H K #H Thomas-Fermi BRI HI X, J7 ik, A & /4 B LA, R B KO IR, NIL7EYBE | fh2= Kbk
AR TAEE TN . H AT, DFT AR IV A &, S47 (1 38 4 OCHKZ pR A 4t 1, 4 3h 5
B AW P2 5 . DFT &5 T RS fr % B, K2 FR TS RR A A AR DG M T, SR T AT 50 AR K — B
53 () REWG FAA e (0 985 A AP o0 5 AR AE S N B A8 37 T B P S AR Ak, 75 B R AR T TR AL BRAR R R R
AAHE R, X T — AR R 5, B R A O B A 15 R (AR 2 AN W] B 52 Y 41 55, TDDFT 1Y i 3t
FIR R, A0 AR 2 3 PR 5 ) e A BE TS A FT R, A ) e 3l 1 08 T B A i Sy g
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1.1 Runge-Gross E I

TDDFT i (9 56 B @ 7 AH L DFT B A0 o A5 DFT AU, TDDFT A9 I8 ] 38 3 £ Bloch T
1933 442 H B9 7 i Thomas-Fermi BRI B J5 Peuckert™!| Zangwill Fl Soven!® X} 15 2| % i Kohn-
Sham J7 B HEAT T A £5 09 223K, JEM A SRR 776 B A8 S 37 T %5 B 10 208 14 ) 107 <5 4550 b I A B A FH H
- E S5 RN AR 7 1 e 7 ke A B, JFHR TS I A OGR4 BT %8 . £ TDDFT &4l 75 T, Ghosh F
Deb! ' DL K Bartolottil''™' ¥ 8 T & i %5 B 175 JE % i 7)) Hohenberg-Kohn & ¥ F1 Kohn-Sham 52, {H &
A T 3 R A 0T B 3 A A v BT 8] G i SR I AR 3 A I R bR R Y, R R R A Bt
o % % B9 Hohenberg-Kohn % ¥ 1 Kohn-Sham J5 2% i) — MM IE BH B %) 1984 4 7 # Runge Al
Gross'"™ 52 FH

Xt T BHE I, A4 4G 5 Hohenberg-Kohn % PR XTIV (Y 75 B %5 i 5 AN I ) — — X R G &R o AR
M, 5550 DFT M kL, & i s A I HER AR, &0, & EEAGRES R amo), Ktk
AAGIES —FEA] LU H Y Rayleigh-Ritz 28 703 0 53 E AW, Runge Fl Gross A #fE T 386 T i LA
1) 5 B A A 1

(9 N
{iaw(h,-“,rN,t)=Hlﬁ(Vu“"VN’t) (1)

(e, rnsto) = o

Ky (r,e o, D N B TR ZRAE ¢ 5 20 0 Z2 AR5 ek B, wo AR RAERT AR I 2] 1) () Z2 AR eR B, r, ARER
i 1 H BB, AR, AR RS . 53 o6, & B R v 7 BB — D WIE IR B, BT A ik B
i 2275 B — 25 FE WG oo

Runge F1 Gross!™ UEBH T X F WA E A B FHH N 2R RS0 5, W8 K 4GS, AH R
B PSSR bR B S E W AR I 220 ¢, BRI AR S 0] Taylor FEFF 1, AR AAS[R] B B AE S0 345375 v 1 v (L Ak 3y
AR SCR v, ) — V' (r, OFc(t) — & 2 S [RGB I L far 285 B2 o o 2 00, ) L RS AR R s, 7 25 st
H, a7 25 85 A (], D) B 28 h 34375 0 SR AR TR] o FH I S 1 55 IS R A 95 2 5 IR AR 37 B X B 56 2R o MLATT IR
W3 W20 02T : 50— 20, B 2 BT AR AN 335 v(r, 1) 5 & B LG BE (e, ©) BOXT R DG R 55 0, i At g
T L jr, 1) 55 LT n(r, 0) BOXTIEC R o NIRRT H j(r, o) I B EE M0

— HHE T EEHME IR B —— X C &R, W 53809 DFT —#F, 0] DK A8 S 3837 5 U 2 i e fop 235
BE 1 pRi %R, B

v(r,t) = v[n, o] (r,1) 2)

K v AN, n W B, yo MR RV IR IR AL . 5 E R, B INRK T IR A . 2
IR, U RS N HE AT, B Hohenberg-Kohn & 1, JE 2% oy 6285 HL oy 25 o, LI 13537 58 4 ol & st
HLfr 2% B R . T — 20, SEEASIE T —FF, U R 05 B0 DL K T A 1 5 e R UL e R ] 5 R B
1o 25 BE AR R
1.2 & B} Kohn-Sham 752

i Runge-Gross & FLA/E N IS S2 4%, 76 52 B i FH TR AR B 2R s s B2 2R B 5 15 B 19 & B Kohn-
Sham J5 2, RV B — A~ JCAH B AR FH 2 25 4 2 Bifi B 7] 8 4k (] 57 S gk 45 21) 52 B AR AR FH A4 R B B ] i
AL . P i Kohn-Sham J7 B 1 47 76 #1465 PEYE IE AN 68 B #2 H Runge-Gross & P45 ), [F] B 5 3L A 210,
LI i % v-representability [A]#1, T i v-representability [F] 5, B 45 & — N HA B4 5E X (Well-Defined)
P R 25 B pR AR (i R AR R, BV TR R PR E) , BB — & A 1E — A 15 T LIS 2% i
far 5 BE RA . R T BRI E L, 0 SR H A 4 R R AT R A F fr %85 R B I AN 6 2 v-representability, I 4 %
FL 7o % B pREICI 02 bR o0 2 TE VR A8 SR, N L FH 728 4330k DU X R R R A7 SR it o T X T 1 B RN S A
JE, Rt T2 2% 09 JC A HAE K 2 A3 /& v-representability, W] Kohn-Sham J5 % MARAS | 5 JE v i
ST o 3 — 7] R A i R IR T S L, < K LUK AE DFT Ml TDDFT 403 #54 & FR 2L i W58 . XF DFT i
T, IR B TR R e/, AMTT5E48 il i3 “Constrained Search” /7 Ak B v-representability [1] 25,
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PR X AT R HL AT R A SO HE oy 2 B eR 8O0 I I3 eR AT B B AG E SCU T X T TDDFT M &, 1% Dl sk
HAAG 2, AN DO XS AT AESE, Horp van Leeuwen 55U A5HY 1 8 22 DTk

van Leeuwen & FRI5 . XF T WA & A RIA EAEFH wr—r) Flw'(r—r) B 2K R, R LR
Hfar 2% B2 OC T B[] ¢ AT Taylor JEHF, IR 5 1 7EAM A v(r, 6) 1T 09 55 B HL a7 9 BE 2R (e, 1), WIHEAR R 2
o — 5 B DA ME— A 3 AN v (r, o), LA L fr 2 SR R 1 S22 AR . van Leeuwen 2 B P
AFEERFE]: (DY wr—r') =w'(r—r') B, B R R AR R, B4 SN 29700 15 i iE—1, 55 —Fhig 12
JIEM] T Runge-Gross 5EF; (2) 24 w'(r—r')=0 B}, 1K R 2 N AEF HAE K &, van Leeuwen & ¥ & T JF
A HAE K 2 19 v-representability, i & Bf Kohn-Sham J7 f2 2 it T RS2 a9 BRIG IL Rl . 75 Ui, van
Leeuwen & FRAR SR A AE A /D BRI, 451 40— L {4 22 11 B for 2 B T 1k X B[] ¢ 647 Taylor B ¥, ULHT van
Leeuwen & A il 37, {H )& Runge-Gross & 2 W37 19, A i Runge-Gross & B SR FoR 4h #3701
Taylor B JT . DA b4 & Runge-Gross & P a¥ 38 o3 7l 19 & 72 1 if TDDFT A9 B35 JE il A SR 75 22 K 1 %%
J1o EAER AT MU T — 25 i, anAS g g R

Pk van Leeuwen & 3 S5/ S BRI BL iy, T DAAS B2 LT 2818 19 % B Kohn-Sham J7 #2, HOE X F
S B SN S ]

i2 (r.n)= —V—2+ (r.0)]er,n
latSOjr, - 2 v(r, ‘Pjr,

Vs [0, Do (1, 8) = v(r, 1) + vu(r, 1) + vy [, 00, Do | (1, ) 3)

n(r,t) = Z |goj(r, t)|2
j=1

A @, 0) 0 X R B TC A B AE 2% R 5219 & B Kohn-Sham #1138, v, & Kohn-Sham #, v i 78 $37,
vi(r, ) 2 F RIS L FT 5 B2 (e, 1) DRE I BB 35, v, R S I B SE 40 0GR B, wio g EL SR AR A R 1Y
WU 22 1430 BRI %, Do} Kohn-Sham 2% (K 2 I IR L BRI 4. 7 I Kohn-Sham J5 F2 45 1 1 5 HL 5 R GEAH
(7 14 5 I F T 5 B8 o AR R AR, o I 220 18 v R X T R T SR L AT B (e, ), £ <S0) FRRZ BRI, O HUE AR T
TS EAE F R 2 990 B 22 1 0% PR 0w Fl Kohn-Sham 22 7% 14 28 B 40) 4R % PR VAL @, i 86 5 L1 TE A 1R
RAIR] o [F) I8 T AR BE S 00— 3R 7R g S8 0 OCIK BE 1992 pR 7)o AR, B LTI I 25 5 L 28— R 1Y
P w7 M ERPAT RN E R B = W MUN VAR N F RPN S VS D RNt S QS B i
1.3 St R & B2 T R

TESE PR I R, A — 288 W B ARG TE . RGP Z AN E NN, I 40 4 285 0 g 725 -t 4
N, R 2 B 2 1% T I k2% 4K 38 X6 /N b 7 i 17 A5 38 4K R B AR DG 1S 14 5 ) il & TR 0l . |l T 6
[*) 551 (1% B, R30I LISk AT X TDDFT 78 12240035 14 07 FH R R A o

TEANSG BT DL L A 00 B0 & I i R 195 07 R 04T 58 4 oR A LAAS B Bl 14 o, 7 16 i i
HOSRE H Ay, Hoh E S — 2R LM b B, B 20 D eR B AR A, AR A e i — B R
PRI SER A AT WL e, 30 i TR AR 22 ) AR % L 4 0l X T HL £ %% B e 1Y, TDDFT H A AR 512 i) i
FHo DAR e 20 20— et AR 5% 0 v 47 25 B X0 A0 37 (0 Atk i 17, 7551t TDDFT 9 AF OC BRI Ky 1 o

5 B U I 2 Ry HE S A FR L RSP T T A 2R 0 H A 22 B I I ) 28, R e 2 B T LA R
(D CINIRINESI]

n(r,t) =ny(r,t)+n,(r,t) +ny(r,t) +--- 4)

e ng Jg HEAS QAT B sy Ay R RS A B8 — B L, RV M i 1 30T, Ay R A 9 RS AR B B
A1 85 55 I, A e IO T L i B W R AT 22, S R AR AR B TTRR, W] 32 B IR G AN
SR, IR STHRAR R, T BRI AN A .

F i 49 J32 A R A MR Ly RT3 205K

m(rn= | dt [ &y, om e (5)
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v, NN x (e, v, ") SR UTIE A 5% -5 R IR N pR R, RE SR
x(rt,r,0) = =10 =) (Y l[A(r,t =), ()] Ye) (6)
K 0 R B BR pREL, Ak LT 3 B, o MRS R EL . 1 DFT, i 38 25 L far 2 B2 1992 MRy [nolo — LB 10
T, R EE RS R, AT R R B 14 S A Sk e 7, B
ny(r,w) = fd3r')((r,r’,w)v, ', w) 7
30 el B A e, A5 3 9 R -4 8 N bR 0y 1Y Lehmann %7
X(r, r/,(l)) = i { <'vl’gs|ﬁ(t)|'ﬁn> <wn |ﬁ (t/)| wgs> _ <lv0gs |ﬁ (t,)llyl’n> <wn|ﬁ(t)|¢gs>}

w—-9Q,+in w+Q,+in

®)

K g RS N n BIAGEZS DR R Q, = E, — Eo, WZRKR NS n Uk RE. 4T Lehmann o] 2L
T A b 7 300 W) 17 R By 7R R O IO BEAR A B A o R B AN v (r, ) BB 5 1R R B A0 K REAH
DT, DU A 28 A e 07 225 T R, oK o A il 0

i A 2P I R B AR, A A B R N eR Ry 2 S RIAT SRR 9 R e N, O TSR M RO B 3 o TR
TDDFT 1, 45 A 1 75 325 38 220 3K it JC AH B.VE FH 19 Kohn-Sham 2% 148 & 1) A OC i 45 31 #1500 BLVE F A
FRYLRPEMR N, o RS 2 B 10 e i 17 T PR Kohn-Sham 28 45 (141 137 oF B0 A R v, 75 5112

m(r= [~ dt [Ery e, v, ©)
BRI v, BR T A5 SEPR AR R W 2 A, oA B
Vi B) = vy (P 1) + V() + fdz' jd3r' femt, )y (1) (10)
AP £ MBS W ST, 58 SR 7 I 38 48 S I 380 B I 2% 3 A B AN 4 AL 1) 12 PR3
;o Ov[nl(r,0)
S t,r' 1) = ) » (11)

() A5 A XT3 35 %) e 7 B JER R, X O] ) B 5 S BRAZ R fre (7 w) o AFUIBUY) Kohn-Sham i 1 pR %%
xs A L) Lehmann 7

(N (r)e; (r) e (r)
w—wj+in

X w =" (- f) (12)

=

A £y N Kohn-Sham JEZSHUIE j(k) B b P46 wi = & — &, WPIPLERIRES 22 . 7] UL, Kohn-Sham i i
PRIEIC ) A 25 B R JEAH BOVE A Kohn-Sham 2% K R ke . XEH L A5 HLMWHE/EREKERA
o SEhr b, AR v, B9 IA 0T LLE L, & % 17 26 Kohn-Sham 25 1 Wi JB7 & — 4> F 16 7 B
MTE A VAR Z 5, R iR 23 BRI 4, e Jo IR A2 L SR 3R A A 254

T B 9 BEVZ PR N7 R T AT DA R TR S A 2E M T, 3R RT DL TR AR ROk R . R TR
FESCHEMESE R S REREREZ 2, JFN E RFE B R 2 SRR T DR . AR S —A
BESR % 8, Ok BAER RIE A ARIEZS GES Mg R S) Z A ) sh 25 72, Bt % s X by %k
2 R R FE A 2R, 3t S U A 8 AR 2 M AR 2R R e 1) — AR IR

DA Fr Bt 4 B 32 bR R TR R R, XL R AN (r, w) = ORI TE o (HA 8Ok v IR AR, B
¥ Hartree TN AC e IR AZ I, X i Hartree-xc 4%, Bl fige (r,r,0) = Ir =1 + fie (r, 7, w), BAAFR ARy

o@D = 3" [ N 17, Q) [ &1 fierr (01, D1 (1, 9) (13)

(13) & — AR AH 5 Y R S A5 1 T AE L Ar 2% B o, () b BOASTEAE 5 B2, X6 i A A5 A —
By L Ar MR N 7y = O P FUARE o TR ES, X F BB RR iR A 3., X o P AR AEAE Ay 1, B 732 1 35 S 2 1 1
TNWAETE ny # 0 WHET- PUAR o 0 SRR 306 A 2R (3% ], AHRE 1Y) n(r, Q) B R ARAEASE

X F % RERUATEAL [ SR A, 1995 4F- Casidal® 4 H T 35 44 1) Casida Jy 2
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A K X -1 0 X
[kl )=e(o 7)) o8
HohHERE A, K (3R TC
Aiao’,i’a’(r’ (‘Q) :61'1" 6aa’ 60’0” Wy + Kiau',i’a’(r’(Q)
Kioer (@) = [ €1 [ @G 00600 (1) X fiscarr (17, Q) 1o (1) @3 () (15)

i a5 B0 5 AN A 5 45 Kohn-Sham #LIE B bR o 1 7 B2 00 it Xof b7 98 & AR R BB . 454
K=0, W] (14) = AAE(E A Kohn-Sham UKL i wiar -

KR4 Casida 75 2, H B0 2 40T 45 7T LA TDDFT 15 34T 2 221K 2 45 (0 4 B & R (1) 72
T IS DFT K 58 40 B IZ oA (1 J6 At 1, SR T A B 19 Kohn-Sham JE25 LT & 9% . A 5 41 19 Kohn-
Sham HJLIE B Xf W A AAE 5 (2) 038K B 14 38 40 R BRAZ foe (1, w)5 (3) SR A — AN TC 55 4k 0 JE AR B 5
2, TR A, KWK T Q, IR AAEAE )7 F 75 2k 1 CoR i o

FESCBR R, Db BB SROEN I] BE R Y, HURRIT LR . — R LR R O A A AEXT A
MilETC K R, MR R AR R T A AR, DO AR A 38 & 700 AR 38 & B, BT 98 ) Tamm-Dancoff 32 21
(TDA) P, MR MR A TER R, XN 5T BRI R AR TS IR 0F, TDA 8 A 3, A B T Mg i
ORITZ R BT R R R 25

TDDFT 5 28 P i B8 19 45 & 5 FRAE 26 4 il B 75 B 2% % 72 R ( Linear-Response Time-Dependent
Density Functional Theory, LR-TDDFT), 3222 H F AL PR R AE 5055 4147 T B9 Ry, i B {4 22 0 25 368 A
T, FHEZPE N N e 0T DIARGF M AR, 33X 1SR 23524 RAEX B 1% % . LR-TDDFT 1Y o5 — /> E 2
AR EAR R BB &S . Fe b, X Py TP 5 AT DA LR-TDDFT A% i i s 76 SC PRIt 8 rp, 785 B
P RUF LR-TDDFT X33 $6 4: Ji (9 158 1) L3k B 47 00RG BE o AR SR | 2 B oK i 1% 1) Kohn-Sham J7
T 2 A W A B0 5 2 7 A P A5 R (R — I 0 N R R e 8 BN, A L F B s
AR L I T A5 T 1 i 2 D pRBCAR R T B AT DA T A B A AR AT 7, B AR S A X
BRI/ SE @R, HRBERS . FIF—f AR, LR-TDDFT & —FaE & @20 ik, K
2R I B PR OB SE L, N AR R Tz, DLBGE 588 TDDFT 15, —ds 1y it 2
LR-TDDFT {14,

A1t LR-TDDFT WA Bt . MR ik, LR-TDDFT Hi&E T8 BP0 sh A KB Lk o o7 X e 5 24
SN R, PR e O B N JE DL IR B, R REPER ) LR-TDDFT. B OGH AR R &, 75 21
{LAR & LR-TDDFT Joik iR i, B anJa ik vhsm 4 16 0% o 55— 7 10, QSR 560 1 IE AR R 8l 1 24 PR,
W2 N 2 225 % B R SR LR R AR L T B 1SR IR L 9yl 2 R R T AR S B
B, LR-TDDFT Joik ik o B 7 JEE L A% R X, X6 T — S84 i 10 7 R 5P 5, LR-TDDFT 7E£0{E 1T
AR AEAE— SR, BN X TR RS FABEERAEER, WREMKRERBRZ, Mk H
i, Wk #] 10°~10* i, XF /1 1k LR-TDDFT J5 F24H /3155 & & O(N®), LR-TDDFT R MR 5 %f F— 8k
RRERTE I, AN AR X G WSt G5 R, P 2 F TR R, T R VORI AR IR EA T X A
b, TR 5 ) TE G R AR, BT T3 115 B K, 806l LR-TDDFT T AR 15 455 TR
14 LHEFRZEZER

T LR-TDDFT A Wi & & 0 [l B, S 55 B %% B2 32 o 332 (Real-Time Time-Dependent Density
Functional Theory, RT-TDDFT) t.3% 4 & & ke 4% )12 W . Al T LR-TDDFT, RT-TDDFT )41
£ T : WIS T F , RT-TDDFT AJ L) JC 4% b b 3 A 4037 1 bt 2158 3 40 BAE FH AT, 1T DL B 4 i) 1
B A 15 B (8] 1 B78 T RT-TDDFT 5 LR-TDDFT X Hb i — AN 7230, 5 B 24 o3k AR 2 p i
2w, HEE# it RT-TDDFT #E4T#F5%; RT-TDDFT i 3k 3 i A W 5E K R 09 3h J1 24k i, A dE i 7 5 5
TAE R A 1 3h g 2 5 (5] 2 4 6 5k 36 Ik i BIF 9% Ak 2 e %) T 240 L R fr B RS AR L AR ), RT-
TDDFT X FHF 58 52 56 BR300 3 J5 14 P BEAIL LA B R B9 18 I &, X F RKAR R 7+ 8%
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= B FR, RT-TDDFT ANA77E LR-TDDFT JIr [fi i (49 PRIE, o] LA B2 21055 56 A8 15 35 BBl P4 19 i -3, T )
AR R A WO AT DR A — OB R AR (Bl X BRI AR B 3 B, A FE DO SR SRR
It4h RT-TDDFT i A — N4 4b, A5 LR-TDDFT AR AT Ab 332 3 S VZ bR 92 bR L4, 35K 7E o FH St 26 52
A= M) 38 $5 FHK 7 R T AL H A H

3 o] i N
JWVWM M i NU JU W WMW )
024 5 10 15 — (3?1.) > - -

6 8 10 12 14 16 18 20
Energy/eV

Kl 1 XF CO, 431 TDDFT 5% (L I Ay (A% S Bl 1o i) i A, T 161 Ay ok
A LA A B Y 3 (S22 530 2 1 e 19 A5 3 1 3 O 20D 1Y g B
Fig. 1 TDDFT calculation for the CO, molecule (Top: time-dependent dipole moment. Bottom: dipole spectrum (full line)
by Fourier transformation of dipole moment, compared with spectrum from LR-TDDFT (thin line).)™”

RT-TDDFT WAFTE SR A5 . RT-TDDFT B9 3H5 & 5 i 5. B4 [ S A0S B O R AR KR, K2 BT
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Fig. 2 Snapshots of the time-dependent electron localization function (TDELF)

for the excitation of acetylene by a 17.5 eV laser pulse!*
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Naphthalene 0.9 0 33 0.32 2.7 0 2.60 0.01

B TR A AL S R, A At — 2SR T (40 Rydberg 45 55 ) 7 R FH Y Rl 43 25 119 2% Ak 58 3 C R U2 o
JETH RS R AR KRB o 38, BR T I 20 TR R, A A S e SC I oRd X [ 1A% ) 5 I3 B2 92 pR T
S Pk, AN e REA BB IE — MR A S B SCHREZ pR LDA Il GGA 25 0 - 5 AR 8 46 2k Rl B 19
EAT, B Gl B B THBORS 2, Aot o Rty ) BRI ) AR OG5 B A 5

R 7] DFT 52 4 OISR, TDDFT 1Y 324 SR F b A7 H [ B 145 o, Horp s — 5 2
B I SR SCHRZ R AL . B b, B a2 AT I 22 4 s ) ) R A 8 AR G, AR T 5 B R i Y
SR, SRR R 22 2R T I 114 48 A AL, A5 S >4 T A 221 ) R i 288 2 6 5 Ik S8 4 S IR IR R I o 52 B
EW, 2 PRI AR TR 22 O T RS B T LA 2 1 o AN T T R TR, s ARG DL e R R Y
DR2E, MU WA [ I A2 4 S I pR Y AR B o LT BRIV R JH v — 8 R R LT 5 i

Z TR B AT TR, — A 20K R GE R IR 15 T LA el G 1 R Ry AR R AR AR R SR L,
id TDDFT K fi# Casida J5 FE AL T LLAS B BT A 220K R G 30U 3%, SR 10N A48 IR A f,, B9 4 BT {0745 2]
BIBCR AN 22T, AT AR UR 20k o TR R AT B, WOK 1% ik e 5 DU R (B2 UKD R iEA KR,

030101-10



9533 % B I R pR B RN IR B R R R 553 4

AR UL IR R R B R A0 S OB R S e 2 W R A N5 o 7 TDDFT i, £8P i 1o X ek
Kohn-Sham J& A B 4E F & 2 A 40 8 XU & ol 8 & B 33 %, TR It Kohn-Sham i )7 PR %8y, X #F Kohn-
Sham B384 % A A5 W s, IR A G B S A 22 AR i 1o pRI R b o TR Casida 75 R SR Mg 80 & i I, SRR
H fo B ARL, A s B BN 303, AR A8, (20 HL 2R RGOS A& . ik, A
WG| NAEAE IR 5B FEAH S fro(w) A SR Z i, M) Casida J7 B8 AR LM AR 7 /8, AT LA™
LW . T ARG S TR WO R, AR R T — 2R 4 4 1 TDDFT, {4 U1 Dressed
TDDFT Jy k0¥ S Z RS (0 JE 4 3007 7457,

Dressed TDDFT J7 i 5t 5= T 2004 4F 1 Maitra 2508 $2 11, IS AWK & R, B0 45— B S AR st 01 3%
B RE M e A% o R T o R A A IR 3 B 72 o AT AR VR AR B A B 2 % % ) B 44, Dressed TDDFT 2% |
ZRPE R BT I, K 2R S 5 TDDFT #1454, HAZ .0 JB 4B : Dressed TDDFT (1) 3¢ # G A2% AT 41
Shy B3 K I 44 AT AL 32 0 S A% 5 A R 1) 22 IR B A% 1 2 Ak, b 2 RS T i — il Ak A%
&7 33, il id ek, Dressed TDDFT B4 M dsc 9] A — UK HRE AL & — AN BURL T XU 2s 7 & e 3
A RURL T IS 7 & o Dressed TDDFT # K f: 07 31 75 B2 Ab B 2238 & i 4k, 1815 3L F 2R I pR A
AT SR R AT T ER Y, U T OREE RS R . SR 7T, #E 1 FH Dressed TDDFT i i 81—
S ) B, {51 G0 ) T — BV TR, AR N 1% B K 7 R S0, 76 F Dressed TDDFT J5 4 22 Ji A5 e B () 28
o I bR AT AN TA 2, 2 AR B & 1) T Rk T R A OB & B Tk . Tl R T AR X E T B
K A1 75 5843 Hartree 11 57 ik (1) 24 Ak 38 8 S B 72 PR 5 Dressed TDDFT B4 (i FH vl LLAS B 40 4 1 285 4 .

AT SRR 2R A A — A YR . TR S, RS RGN 28 i/
5 TR R AR E JLA A Y, g SRR T S AR B, T HLL A SRR T A R T A EAE AR B
AT TR Fah 22 fe S5 ok S ARE I R R B2, 7k 2f O L b2 2 DA R 4% 250
G HE SRR 0 REZRHBE HT JE U] B AT iy DFT 453, 1 34 4 25 #VBE 1 ) 7T iy TDDFT 153 .

SRMAE SE PRt S R b & 3, RO R B B IE B KRR AT oM 19 238 40 G Bk 12 o, TDDFT 115345 21 19 3%
RASBBE MK IRAFTE AR/ NI IR 22, R B Y B B HAT 2 24 SRR, WA 38R 1 AR 15 17 5 ELAH B
SEAT, TE TS Y B 58 X TR R FN A AL A A 4, TDDFT A7 78 A & 7™ 5 1) ) e ¥E 38 X
SR 2208 25 RS TR IO AR FNES AL, X 50 G 4 G UJC AR IR MU R A AR KO R o M0 3RAH 5C 1) 28
KA fro(w) P LA E G il fifp e 2% ] RS

TE S AR R, 2F SRR AR 0 6T M T 5 3 i OC IR A% £, RO RAT N BB G, U £, A Bl i
22 (Al I R IR £.(q,G,G ) FEAE T o Hovh — 2 5 2 1 B BR A 0 2 SR 4 R BR £ (¢, G, G, ) TE G =
G'= 0(FR NS K BAZ ) H g—0 B A8 PR (12285 B XoF R S 25 (] o TG BRGzE A BE 28 ) o X T — i F 46
PO LN 5 T LDA 50 GGA 1Y Jay B8 2 Jay B0 58 # JC B A%, HLAZ 0 C HRAZ 0 3k S — A BR{A, Bt >
g—0 B, 323 5 B A% 1) 3k X Casida 7 f2 i K T
1) 5Tk %, 1361 Kohn-Sham 3% ) 25 4k ok I T 38
e A% I AR /r o Gonze ZUO 45 H, AT
1 Ty bl A 4 2 AR ) A HLEE TR, 2 g —0 B 3E e
KHRAZ Y Sk DS g 2 MR BT . X A Ol
T, 4 A 13k %) Casida 77 F v K 501 57 ik
AR EE T HAt 3R 43 o5 ok PEAE D, 00 AS 2 38 T B
TRITTERNE . S B B K AT A R
Sy FIX A B R IR RE B 2 AN R 2, (EE X
TV R WK R, B T 152 1E 8 175, S50

SO RAT LW B R B AT T I 4 4 btk r Bk ik i RPA, TDDFT-ALDA
Al AR B, 5240 A Y K i DTk 1) ALDA RSB X
AMEFE DR AL T TG IR, T EL A R G H A Fig. 4 Optical absorption spectrum of bulk Si: RPA,
SR B BT G B 9 I TDDFT-ALDA calculations and experiment!”)

030101-11



33 % = JE LY} L 2 Eitd 5531

DR Y S A 3 A R AR Dl A R SR, T AR SO HR A A TR IE, KA — A BRE DT —
o ] 158 £ D7 ik 2 W) 1 PO VS IR A8 IE (LRC) A9 58 e SCIRAZ Y, il 9] % J&& 119 Bootstrap £ ™), EHIA IE
K R AT o, I LTS R IR AR SO Bl PN A ] P~ 3 S v R B R A, A& 5 B o

30f 20
Diamond
20} 157
)
= 10|
10
5 -
0 0 .
6 9 12 15 18
ol AN
6 L
3 L
0 .
6 9 12 15
30
GaAs 20t
_20r
S — TDDFT
T ot o
0 : : : 0 : : : :
1 2 3 4 5 6 4 6 8 10 12 14

Energy/eV Energy/eV

K5 % bootstrap A2 #e SR A% ) TDDFT T334 2 S AR B (10 6 W e i S 55 RPA THAT | SR 45 2R (9 % L™

Fig. 5 Optical absorption spectra of various bulk semiconductors calculated with TDDFT

using the bootstrap xc kernel compared with the RPA calculations and experiments'™!

24 BREEZERNRIHFENA

R 7 AN W b ok B RO i | BRSO BE, AT TDDFT i FH B3 732 iy Sl . 22 1if i) F
GE R ZAE LM 0 U, M SR 8 /0, b R 8 AR HTRT A R 3, 1 JH TDDFET A 8F 5% 55 3 T 04 0 iz
FIVAR R AR 15 . SR, 8 6 8 5 SO Ik b (CEL A0 37 48 FH B 2 R DL 550 L P 9 P /R AR EE L)
DA B — Sk s A7 0 (4 e S v 2% 8 5 A FABRON 2 2 0] DL A FAR LL3EL) | % BEe TH AR 4R TR Y
FLK o JEW I TDDFT 0] RLARERAEAH X818 30 T 4T 8 KNG A1 5 90 53 i A0 EAE L, BRI A0 47 R AN W
R, IT A i PR AR U T 4 1

SISO B 58 5 T 5 U A8 7 A S — > B Y T 1 FH B i 3 i W B TR) R, A o R A 3
Bl A58 RN, B o Z B AT E % B 43 1 55 A FRAAC 58 mb A9 1 YRR T8 1) 77 A AT R 2t 1) B R S 5
if59¢ . T Tancogne-Dejean 55U i | TDDFT X 8t fif: i i YIS I 19 7= AR R AT T R AT, 455 AT
BERUFNES — M B E 5, 25 0 1 R AR A AR 0 T I 4 AR R AR S O B AR L R AL IR
HERE AR ER (WK 6) . fETHE I, 254 T DFT Ml TDDFT (4553, K55 — i3y e 25
5 J6 FRAAK Z AH EAE FH B ik

Br 1537 Sk, 35 4F ok TDDFT i 9 0 FH 200 v 45 28 F i A8 058, 0 2016 4F 52 i A7 PR
TDDFT # & O H TR A 2 W 577, A 25 9 AL 3% (O AR T, — Mepl o B RS S AR S5 5 1k
) A, b SRR R AR A7, HLRSON M CAE A i A R] o XS4 37 W stk 0 1 R IR R R
B ) o ) FE S T X b S I A5 Y X5 2k T It IO i 2 RS TR, AT RIS 2 R R % P
PR . B R ESES LY S, Wt BB R IE R B, ERES LGB,
Chihara 53912 R 1, Horb s 400 20 B0 L NS08 A FR HL o R T I B R R 0 2 v ) TR

030101-12



33 % BOE O R eR B SN ) ol R 5531

YR, DO IR AT SE . UL, Baczewski 13579 Iffn?;nligolrgerw 21 23 25 27 29

AU SR 1A B TDDFT 454 B0 40 - 1 T ey e T | A

IO A OB AR s o [ phumonies hamowes iy

WA T R, R X AR ST S ] a

1 Fh H T 5 Mermin J7 i 4 T b B0 04 6 2 2 £ sf N

MR BAL. BFSC R M TS e 2 9 AL HERE 'Y

e, e Em TODFT R R A e F 0T 0 T e

3, JEHCAT T AR TR TR SR iR

(L § 1 wlé ﬁ)(gvs ) .
AT A ok Hp [ TR 9 BEAE 5% e L TDDFT -0 2 4 6 8 0 12

Photon energy/eV

XHEM =Y AT TR . sk %509 1 TDDFT ‘ N .
B 6 W5 rx FIrL 7 1) Ao ek Tk B v VR S I 1

DR IE ST T IR R S A S 2 V7 T SED
BB T RS ) X AR At s o
SBE M) N 3 P47 Y =N
R :LE' ( JL;E 7). JiAEH JT)ZFH T ¥{ME i, Fig. 6 High harmonic spectra for the X polarization direction
AR EE R ] Mermin A 0RBEIE 2, B 778 X 5 (red line) and the 1L, direction (blue line); the bottom panel shows
28 37 R 1 BT 1 A e B8 R YT bR AR R A ) the corresponding joint density of states (JDOS) !
B2 7 AWFSE . Ak H g R B RR

2000 K 7247, 376 /N3 sk 40 B0 06 R A FLATE 1'0
9 60 000 K, ] X 2k A i i T HOLHUH 745 08tz A
g0 2k o Xof AR o 8 T RSSO T BB/ T =0t
2.5 TDDFT IS ¥ RES i I A
% T %t TDDFT [ & MW 5, A% % Sl 7 e
TDDFT 5 H Al =B EE5, TR T — 2838 iy & PF----
JETT 1] o MTAFK, Gty o MR B g 021
4 ) 1 3 5 RURR B 7 1 45 AU b Nl | |
FVRERLSURL, 6312 5 5 B4 7 B & 1Y O 0 R0 s
ST PR 5 A B b
B AT T A2 3 o6 S A Serting SO B 0 1L
YRR 845 M#% 455, TDDFT HA T U ) Fig. 7 Calculated dynamic structure factor of valence electrons
e B R AR B AT AT B A — e R R e compared with the measured spectrum of Sperling et al. "*

%o WRTETIS, BUA AT R /N B B BT PR L I (S AR AR U bl 3 F ey B RS B HLA U R
fIE (1 5, {75 TDDFT 78 Ak 27 85 450 14 107 FH 52 20 i 205 38 28 -5 KFEAR 43 7 800 1 ok B A i 1) Ak
T5 1 BT RS R AR R Ge it 24 ), AR R GU & IE TDDFT B8 25 3L, Al X500 4 2 A1 g
FAHEA —E W TMPE . 2015 4F Ramakrishnan 455 LL# T 20 000 445 AL/ 1) TDDFT 5 %8 = 4
1) B Al A AR T iR AT S AR PR S PR S T L Pl S R SR 4 R, IR A R 2
AT T Gt 2420, R IGE T2 20 0 45 5 1 15 25 B 25 I k8 10 38 RO SRs REAIK, X 45 10 000 4~4)F
BN 2R, TN A& BEAY IR 22 AT /T 0.1 eV( % R F] TDDFT [ B () R G iR 225 K Wi A%, 45 5 nT LAt —
HABIE LIS RS ) o 45 SR SR WA X T 45 Fh 2 TR0 A 35 22 S U, 405 R 23 B 37 R 44 IGIT ) 1 XL R R 4
W BN ER AR 2 . IR R B B AR SR A R 2255, G2 o T Bl wT LUin UE IE .
BRAE X 7 T 58 5 %R 3L, Bl B P AN W K, B0 3K 3l % L) TDDFT 358 by BR it i) 98 A A5 1 o
AL T 8 Ry — L 1B 2 o T B

3 EEMIABA
TDDFT B Jg A 5T T 106 H 8 20 5 7 02 A S fill, 380 1o 38 24 119 30F oL 6 0 i 2 B o 7T fie,

030101-13



33 % = JE Ll i 2% Eitd 5531

LSR5 SR 25 A 2 O TR A A AR ARG SR, B N AR IHR A, AT &L T AR/ 8L Be AT
AR b B A MR, o AH S A BEIE RN R B TR B Pk

H 1l TDDFT £ 52 bR 87 B 732 2R FH 246 0G0, 3230 A0 b & B 28 3 SC BK 77 bR A %5 Tt 25 15 Z1 11
ICIZELRE, TS R 3L A4S DFT i) 28 ¥ Sk 12 o, PRI DFT 28 4 JC B T2 oA 14 RS 1 5 ) %) TDDFT it
RS B B AR K . DFT W (0 28 i SC T2 R AT AN 58 38, 78 Ab B — B A 2R DL R fl i 8 ek T iR 22 4
R, 00 % B Y bR Je SR B S AR T SO B A R T B T R A A T R e 2 7 S ARG R B
LR FECEEITERS R I, AT T & FelcH 7 58, 22 b 383 SCHIZ bR . meta-GGA, #R 1M iX
PR 5 2 0 O AR AR TR B IR R S8, AR T Irk vl B w4 . DFT 783X J7 1 (1 1% 2%
55 FH B 28 B S BRIZ pR AN B AR A A T 27 38 B AN 3 S M DA RO IE A A KRR S AT A e BR T AT B,
DFT 1, JC ¥ IE i 1 3 i 7 i B8 . Rydberg A 55 PEJTT . 5k S0 9% FL 422 52 Wi SR FH AH [R] 28 4 G 37 eR O X 1Y
TDDFT. At A KE2E £ B i, TDDFT M DFT 738 # S K1z o& 7 1 E A A/ AH 1R A Bk %

Horp— 1k % & H 5 DFT Al TDDFT &b R R AR R 5 R 7R R —— iR G IRIR R . 7 9 QR4
A, BT 2 A AR AR G A SC IR, R I R B 22 A AR, SR T SR RR A AT . B Tl AR
BRSO o SR T FL - 5 DG IR A5 N 40 o B AN H SR AL B ok T B R R e . DFT 15 b & A JRy 3k
W T AN ) SO B I (RS2 35 0, ATl A AL BER SCHRR R o 5ok 2 S A% M 7 ALY DFT+Hubbard U
B IERCR W AT . JE4FE K DFT 5 Gutzwiller J5 % DL K 3l 1127 V- 335 Jr i A 45 G, X s SRR R 1Y
THRE S T8 R0, (RER AR I R 2K B, HG iR s AR s E K. DFT 723X J7 K
SR LR, B A 18 1Y S R SR TZ sk R A BRZ 2R R . TDDFT (94T 55 ) 5 finaR
B, WA BT LI DFT 5 F 9 38 $ JC R TZ oA AN 2%, FET 5 5 DGR AR 2R 1) — SR M T e, 3 75 2
i DFT, X B ok 1 3 Pk Ak o

M TDDFT A Bk, — M1 Ol 55 i 38 40 G BRI oR 500 Ui RS B 9T A5 k2 1sf 220 f ol f 285 P8 A
O, BRI H AT 12 R I 26 PG LA 2006 13X — o5, JAR RE ST b A B A SRR O ) R G, (R R —
HRGH ML, WMAEGABORE 2 . & TR A 2 B 25 i 38 S IR T2 ok 2 T A R AH O ] J31 BT
Tl Y — Ak . XF e, ATTE U T — e R, 4l Dressed TDDFTV, SR i 4 9K 7 2 ole ik, 1 A S My
N ERL . BEAh, R MR R GRS, & I 38 3 STz bR A P2 A b AR T L for 2% B 5 S0 G
RS ARFEZS I, JEI 38 R 2% 58 A i A8 e BRI R X WA IR S AR O &R, 163X Tl A ATT 2% A 4 /b

F52 I Runge-Gross 72 HH 1 9] i R A MO 1] BEAIE HE B 1) 38 e IR BRI & R . 0 F LS 1A A
HAERMRR, 4% — D0, WA JE55 24 1] g 1) Kohn-Sham ] 4 25 ELA A1 [] (19 40) 4 L fof 2 5 .
TSR BE A% 51 %5t T B 9% A4 1 J5 10 BBUAA 24 Y Kohn-Sham %) 4R 2%, BV 4R SR FH 25 I %95 5 42 bR 4 248 $RGE 01,
o A] B IR S A R, AR X T T E A — SR A g Sl B A R e 1 X, R RO R A N
Kohn-Sham #] 4 2518 7] 58 X I P 3 SO & A0 7 AR B i kst o 9, S B — > Uk 254 Kohn-
Sham W 4R, W FE BRI A 25 S hlh - %) B3 &l v DAJE Jl— YRSk A, DA T 36 B B X b 5 | A R 48 #5840
KHRIZ PR

S B DFT B 440 8 204 BRI 15 T8 AL B AT MRS R0 B9 R 25, SR H FiAH . (9 TDDFT % B+
XTEE% . AEXT e PE R TDDFT Y30 FE Al A A RF /™ A% A IE R o 3 284 @ X T TDDFT L FH 21 0% o 5%
P BAT AR R E R E X, Fn: A5 BRI E A TDDFT o] J T ARS8 45 S 24 M & i ol 2 R 4, A
BT 54 A 18 25V 55 AP PR TDDFT A] T 58 S AZ AR DL R T 3 )12

O3 F Bl S R ST A RO 5 A9 B BT T B, 108 — PR SRR 4 Bl g 2 AN B T 4 56 S
ToOm o B . JEF DFT (955 — 1 R #4531 8) 71 2% 2% H Born-Oppenheimer JT 181, M 3825 #4RE 1H 15
N5 B . SR MTAE T AN PO B IR 30 (1 73 1% B 55 1% OL T, Born-Oppenheimer I {UAS P& — AR 4F
BRI BN, Ot B 5 2 B A A 1 25 R T S R A Z B R A o BRI I TDDFT RB 6% 45 R & 1 #he
WL e ol LS 57 sh 1M as 6, AR e il Ji 2t it . BTz S8 &H 2R AR 4 &
%, WL S Y Ehrenfest ¥T L *7 | Surface-Hopping J7 740 &8 o SR, X #EJ5 ¥E AR A HON I 2 4k, In#ip

030101-14



9533 % B I R pR B RN IR B R R R 553 4

BT 5 TR AR B (i 00, T B A% Z M A AH T 45 (5 8 . #E3X J5 1fi, TDDFT EA3 B K 1
TR, (HARR 75 20 0 38 vk ok 58 35 B T TDDFT MYAE 43453 30 1%

KA — MR T R, R A AR S TR DR RO o R TR sR O A Tk a2
WA BRG], Tovk SEI IR R IR . FEIX 5 1, 3 T F 47 %5 B 9 DFT A1 TDDFT J2 H A KR R 153
AT 58, AT B T RS . 1528 TARMERE ik, DFT B4 UM F LA R FEET
KRR B —PEJE A . 1) TDDFT MKOR 77 B i — 20 R i, R — S Rp R G 00, 1) 4n: 4 RAK R Y
TR0 ik 3 B, 75 2 RT-TDDFT 555 020 2% JEOGALRE SO0 I, 5% 5 22 50 0 = 0y B AR & 1
753, W T EENS A R A 25 REE, TR AR R B R R, &R e sk iy 3 1k 2 RUBE D vk IRl R 2
TDDFT i FH A9 — ki o

HRYE A7 AE T 220K R (1935 M ( Nearsightedness) F5 14, b B4 2R B — i B 108 8025 02 43 0TI 22 8%
RN iF 2 /MER, SRIE TR /IME R MR, IF5 e Z RIS, B3R R MR, X
Tl o s 2 07 FH T R AR R B R A5 . A TDDFT 1153 K iR R 3 & A, tnT IR A 2R
%, 76 LR-TDDFT il RT-TDDFT J5 i A {12 & T A TAEC™, XM aTFREm kTR A
IR, ILREGE NP IR AR T REZ MG U R T REMTEERGEETZRIMKR. A
I 3 SR S T R AL B AR R 2 A — s BRI, G el 2R AT 4 e AR R RS B PR R

B T KR RIS, 220 O U R R AR AN E R, X TR T X A BR AR Rl
R AR FR, H ATERA B A BT s, SRR AE 2 2P TR &, Horp— 288 DL i 245 B
JETE YN AR U, 43 F WA i AR AR L, R TR TR TR AR R . X RAR R T EOR R F A
Tk AR R, TEEH A FISHESE . DFT 7RI B 4 —EHELL, i 4R 1 % B 12 R 45 4 I
s PRCoRI BT SR RS A Fn s PE L. TDDFT o] J T 9% TR iR R 09 shas v, B Rt i 7 AS [H] 19 i
R, SR T SR AR AEAE il it — P R R .

4 KRBEBMRE

5 DFT —k, TDDFT 1y — i 85 1 55 — P DR B 53 07 0k, IIEA: 2 W0t 4% 32 56 1, Zad KW+
4Lk &, TDDFT & %D 2% 2k, i FHE KW R RS, KK TDDFT 156 4k 2% 5 & & .

FE PSR 1, A7 Bk — A Runge-Gross 7€ Bl van Leeuwen & FEAE) 2 o — B 015 7, i
U — IGO0 T 2R R i T ah A R A IR S ) BEIe S ati . (RIS, TDDFT Wb gl 4 ) 28 £ 193
S, WA PR R L = IR AR ARSI RN 3 B I B, X AR BRI A — A R

FERFH 5, — R A 7 R N W S T SRS, [R] DFT 9 B AR — 8, A B S b 2%
KRR THR . Ry I R A S ) 5 o S8 46 SR B 7 R A O B, ] O M B UL e T g i R e —
AEEWBE S0 o XTS5 42 R R (ANsiR SR L R R ), R 7 B B A5 7R S35 DG IR A 1 5
KB S i B eR T B — AN B R R DT 1) o I T Y 55— A ) DU A PR — R
FAE L AS W7 B2 T T e A B A AR 2R KIS, TCIR ISR B B WA T, 38 R A Koy IR R, ek 5
Wy SR AR B 2 ORI N 45, AR HLAA B SE bR o i, FEHE T LA P 8 A R, X Ak By
KO REERAG) DLUCBUER IR T3 @2k,

W% TDDFT W RWi & e, 15 R —Fp 38 (9 55 — PR 115 Jr v, TDDFT 43 32 Wk 2 A4 US98 100
Bl AR A — BRI, G b A R AN TS AR I, O S5O R RUE W DA A A A R R IAEH

S Hk:
[1] DIRAC P A M. Quantum mechanics of many-electron systems [J]. Proceedings of the Royal Society of London Series A, 1929,

123(792): 714-733.
[2] HOHENBERG P, KOHN W. Inhomogeneous electron gas [J]. Physical Review, 1964, 136(3B): B864-B871.

030101-15


http://dx.doi.org/10.1098/rspa.1929.0094
http://dx.doi.org/10.1103/PhysRev.136.B864
http://dx.doi.org/10.1098/rspa.1929.0094
http://dx.doi.org/10.1103/PhysRev.136.B864
http://dx.doi.org/10.1098/rspa.1929.0094
http://dx.doi.org/10.1103/PhysRev.136.B864
http://dx.doi.org/10.1098/rspa.1929.0094
http://dx.doi.org/10.1103/PhysRev.136.B864

33 % = JE Ll i 2% i 5531

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]
[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

KOHN W, SHAM L J. Self-consistent equations including exchange and correlation effects [J]. Physical Review, 1965,
140(4A): A1133-A1138.

BLOCH F. Bremsvermdgen von Atomen mit mehreren Elektronen [J]. Zeitschrift fiir Physik A Hadrons and Nuclei, 1933,
81(5): 363-376.

PEUCKERT V. A new approximation method for electron systems [J]. Journal of Physics C: Solid State Physics, 1978, 11(24):
4945-4956.

ZANGWILL A, SOVEN P. Density-functional approach to local-field effects in finite systems: photoabsorption in the rare
gases [J]. Physical Review A, 1980, 21(5): 1561.

DEB B M, GHOSH S K. Schrodinger fluid dynamics of many-electron systems in a time-dependent density-functional
framework [J]. The Journal of Chemical Physics, 1982, 77(1): 342-348.

GHOSH S K, DEB B M. Dynamic polarizability of many-electron systems within a time-dependent density-functional theory
[J]. Chemical Physics, 1982, 71(2): 295-306.

GHOSH S K, DEB B M. A density-functional calculation of dynamic dipole polarizabilities of noble gas atoms [J]. Theoretica
Chimica Acta, 1983, 62(3): 209-217.

GHOSH S K, DEB B M. A simple density-functional calculation of frequency-dependent multipole polarizabilities of noble gas
atoms [J]. Journal of Molecular Structure: THEOCHEM, 1983, 103: 163-176.

BARTOLOTTI L J. Time-dependent extension of the Hohenberg-Kohn-Levy energy-density functional [J]. Physical Review A,
1981, 24(4): 1661-1667.

BARTOLOTTI L J. Time-dependent Kohn-Sham density-functional theory [J]. Physical Review A, 1982, 26(4): 2243-2244.
BARTOLOTTI L J. Variation-perturbation theory within a time-dependent Kohn-Sham formalism: an application to the
determination of multipole polarizabilities, spectral sums, and dispersion coefficients [J]. The Journal of Chemical Physics,
1984, 80(11): 5687-5695.

BARTOLOTTI L J. Velocity form of the Kohn-Sham frequency-dependent polarizability equations [J]. Physical Review A,
1987, 36(9): 4492-4493.

RUNGE E, GROSS E K U. Density-functional theory for time-dependent systems [J]. Physical Review Letters, 1984, 52(12):
997-1000.

LEVY M. Universal variational functionals of electron densities, first-order density matrices, and natural spin-orbitals and
solution of the v-representability problem [J]. Proceedings of the National Academy of Sciences, 1979, 76(12): 6062—6065.
LIEB E H. Density functionals for Coulomb systems [J]. International Journal of Quantum Chemistry, 1983, 24: 243-277.

VAN LEEUWEN R. Mapping from densities to potentials in time-dependent density-functional theory [J]. Physical Review
Letters, 1999, 82(19): 3863-3866.

RUGGENTHALER M, GIESBERTZ K J H, PENZ M, et al. Density-potential mappings in quantum dynamics [J]. Physical
Review A, 2012, 85(5): 052504.

RUGGENTHALER M, VAN LEEUWEN R. Global fixed-point proof of time-dependent density-functional theory [J]. EPL
(Europhysics Letters), 2011, 95(1): 13001.

ULLRICH C A. Time-dependent density-functional theory: concepts and applications [M]. OUP Oxford, 2011.

GIULIANI G, VIGNALE G. Quantum theory of the electron liquid [M]. Cambridge: Cambridge University Press, 2005.
ULLRICH C A, YANG Z. A brief compendium of time-dependent density functional theory [J]. Brazilian Journal of Physics,
2014, 44(1): 154-188.

GROSS E K U, KOHN W. Local density-functional theory of frequency-dependent linear response [J]. Physical Review Letters,
1985, 55(26): 2850-2852.

CASIDA M E. Time-dependent density functional response theory for molecules [M]/Recent Advances in Computational
Chemistry. World Scientific, 1995: 155-192.

HIRATA S, HEAD-GORDON M. Time-dependent density functional theory within the Tamm-Dancoff approximation [J].
Chemical Physics Letters, 1999, 314(3/4): 291-299.

CASTRO A, MARQUES M A L, RUBIO A. Propagators for the time-dependent Kohn-Sham equations [J]. The Journal of
Chemical Physics, 2004, 121(8): 3425-3433.

BURNUS T, MARQUES M A L, GROSS E K U. Time-dependent electron localization function [J]. Physical Review A, 2005,
71(1): 010501.

POHL A, REINHARD P G, SURAUD E. Towards single-particle spectroscopy of small metal clusters [J]. Physical Review
Letters, 2000, 84(22): 5090-5093.

VENIARD V, TAIEB R, MAQUET A. Photoionization of atoms using time-dependent density functional theory [J]. Laser

030101-16


http://dx.doi.org/10.1103/PhysRev.140.A1133
http://dx.doi.org/10.1088/0022-3719/11/24/023
http://dx.doi.org/10.1103/PhysRevA.21.1561
http://dx.doi.org/10.1063/1.443611
http://dx.doi.org/10.1016/0301-0104(82)87030-4
http://dx.doi.org/10.1007/BF00548835
http://dx.doi.org/10.1007/BF00548835
http://dx.doi.org/10.1016/0166-1280(83)85017-9
http://dx.doi.org/10.1103/PhysRevA.24.1661
http://dx.doi.org/10.1103/PhysRevA.26.2243
http://dx.doi.org/10.1063/1.446637
http://dx.doi.org/10.1103/PhysRevA.36.4492
http://dx.doi.org/10.1103/PhysRevLett.52.997
http://dx.doi.org/10.1073/pnas.76.12.6062
http://dx.doi.org/10.1002/(ISSN)1097-461X
http://dx.doi.org/10.1103/PhysRevLett.82.3863
http://dx.doi.org/10.1103/PhysRevLett.82.3863
http://dx.doi.org/10.1103/PhysRevA.85.052504
http://dx.doi.org/10.1103/PhysRevA.85.052504
http://dx.doi.org/10.1209/0295-5075/95/13001
http://dx.doi.org/10.1209/0295-5075/95/13001
http://dx.doi.org/10.1007/s13538-013-0141-2
http://dx.doi.org/10.1103/PhysRevLett.55.2850
http://dx.doi.org/10.1063/1.1774980
http://dx.doi.org/10.1063/1.1774980
http://dx.doi.org/10.1103/PhysRevA.71.010501
http://dx.doi.org/10.1103/PhysRevLett.84.5090
http://dx.doi.org/10.1103/PhysRevLett.84.5090
http://dx.doi.org/10.1103/PhysRev.140.A1133
http://dx.doi.org/10.1088/0022-3719/11/24/023
http://dx.doi.org/10.1103/PhysRevA.21.1561
http://dx.doi.org/10.1063/1.443611
http://dx.doi.org/10.1016/0301-0104(82)87030-4
http://dx.doi.org/10.1007/BF00548835
http://dx.doi.org/10.1007/BF00548835
http://dx.doi.org/10.1016/0166-1280(83)85017-9
http://dx.doi.org/10.1103/PhysRevA.24.1661
http://dx.doi.org/10.1103/PhysRevA.26.2243
http://dx.doi.org/10.1063/1.446637
http://dx.doi.org/10.1103/PhysRevA.36.4492
http://dx.doi.org/10.1103/PhysRevLett.52.997
http://dx.doi.org/10.1073/pnas.76.12.6062
http://dx.doi.org/10.1002/(ISSN)1097-461X
http://dx.doi.org/10.1103/PhysRevLett.82.3863
http://dx.doi.org/10.1103/PhysRevLett.82.3863
http://dx.doi.org/10.1103/PhysRevA.85.052504
http://dx.doi.org/10.1103/PhysRevA.85.052504
http://dx.doi.org/10.1209/0295-5075/95/13001
http://dx.doi.org/10.1209/0295-5075/95/13001
http://dx.doi.org/10.1007/s13538-013-0141-2
http://dx.doi.org/10.1103/PhysRevLett.55.2850
http://dx.doi.org/10.1063/1.1774980
http://dx.doi.org/10.1063/1.1774980
http://dx.doi.org/10.1103/PhysRevA.71.010501
http://dx.doi.org/10.1103/PhysRevLett.84.5090
http://dx.doi.org/10.1103/PhysRevLett.84.5090
http://dx.doi.org/10.1103/PhysRev.140.A1133
http://dx.doi.org/10.1088/0022-3719/11/24/023
http://dx.doi.org/10.1103/PhysRevA.21.1561
http://dx.doi.org/10.1063/1.443611
http://dx.doi.org/10.1016/0301-0104(82)87030-4
http://dx.doi.org/10.1007/BF00548835
http://dx.doi.org/10.1007/BF00548835
http://dx.doi.org/10.1016/0166-1280(83)85017-9
http://dx.doi.org/10.1103/PhysRevA.24.1661
http://dx.doi.org/10.1103/PhysRevA.26.2243
http://dx.doi.org/10.1063/1.446637
http://dx.doi.org/10.1103/PhysRevA.36.4492
http://dx.doi.org/10.1103/PhysRevLett.52.997
http://dx.doi.org/10.1073/pnas.76.12.6062
http://dx.doi.org/10.1002/(ISSN)1097-461X
http://dx.doi.org/10.1103/PhysRevLett.82.3863
http://dx.doi.org/10.1103/PhysRevLett.82.3863
http://dx.doi.org/10.1103/PhysRevA.85.052504
http://dx.doi.org/10.1103/PhysRevA.85.052504
http://dx.doi.org/10.1209/0295-5075/95/13001
http://dx.doi.org/10.1209/0295-5075/95/13001
http://dx.doi.org/10.1007/s13538-013-0141-2
http://dx.doi.org/10.1103/PhysRevLett.55.2850
http://dx.doi.org/10.1063/1.1774980
http://dx.doi.org/10.1063/1.1774980
http://dx.doi.org/10.1103/PhysRevA.71.010501
http://dx.doi.org/10.1103/PhysRevLett.84.5090
http://dx.doi.org/10.1103/PhysRevLett.84.5090
http://dx.doi.org/10.1103/PhysRev.140.A1133
http://dx.doi.org/10.1088/0022-3719/11/24/023
http://dx.doi.org/10.1103/PhysRevA.21.1561
http://dx.doi.org/10.1063/1.443611
http://dx.doi.org/10.1016/0301-0104(82)87030-4
http://dx.doi.org/10.1007/BF00548835
http://dx.doi.org/10.1007/BF00548835
http://dx.doi.org/10.1016/0166-1280(83)85017-9
http://dx.doi.org/10.1103/PhysRevA.24.1661
http://dx.doi.org/10.1103/PhysRevA.26.2243
http://dx.doi.org/10.1063/1.446637
http://dx.doi.org/10.1103/PhysRevA.36.4492
http://dx.doi.org/10.1103/PhysRevLett.52.997
http://dx.doi.org/10.1073/pnas.76.12.6062
http://dx.doi.org/10.1002/(ISSN)1097-461X
http://dx.doi.org/10.1103/PhysRevLett.82.3863
http://dx.doi.org/10.1103/PhysRevLett.82.3863
http://dx.doi.org/10.1103/PhysRevA.85.052504
http://dx.doi.org/10.1103/PhysRevA.85.052504
http://dx.doi.org/10.1209/0295-5075/95/13001
http://dx.doi.org/10.1209/0295-5075/95/13001
http://dx.doi.org/10.1007/s13538-013-0141-2
http://dx.doi.org/10.1103/PhysRevLett.55.2850
http://dx.doi.org/10.1063/1.1774980
http://dx.doi.org/10.1063/1.1774980
http://dx.doi.org/10.1103/PhysRevA.71.010501
http://dx.doi.org/10.1103/PhysRevLett.84.5090
http://dx.doi.org/10.1103/PhysRevLett.84.5090

9533 % B I R pR B RN IR B R R R 553 4

[31]

[32]

[33]
[34]

[35]

[36]

(371

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

(471

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

Physics, 2003, 13(4): 465-474.

DE GIOVANNINI U, VARSANO D, MARQUES M A L, et al. 4b initio angle-and energy-resolved photoelectron spectroscopy
with time-dependent density-functional theory [J]. Physical Review A, 2012, 85(6): 062515.

ROHRINGER N, PETER S, BURGDORFER J. Calculating state-to-state transition probabilities within time-dependent density-
functional theory [J]. Physical Review A, 2006, 74(4): 042512.

LI'Y, ULLRICH C A. Time-dependent transition density matrix [J]. Chemical Physics, 2011, 391(1): 157-163.

D’AGOSTA R, VIGNALE G. Non-V-representability of currents in time-dependent many-particle systems [J]. Physical Review
B, 2005, 71(24): 245103.

VIGNALE G. Mapping from current densities to vector potentials in time-dependent current density functional theory [J].
Physical Review B, 2004, 70(20): 201102.

VIGNALE G, KOHN W. Current-dependent exchange-correlation potential for dynamical linear response theory [J]. Physical
Review Letters, 1996, 77(10): 2037-2040.

VIGNALE G, ULLRICH C A, CONTI S. Time-dependent density functional theory beyond the adiabatic local density
approximation [J]. Physical Review Letters, 1997, 79(24): 4878-4881.

MAITRA N T, SOUZA I, BURKE K. Current-density functional theory of the response of solids [J]. Physical Review B, 2003,
68(4): 045109.

YABANA K, BERTSCH G F. Time-dependent local-density approximation in real time [J]. Physical Review B, 1996, 54(7):
4484-4487.

BERTSCH G F, IWATA J I, RUBIO A, et al. Real-space, real-time method for the dielectric function [J]. Physical Review B,
2000, 62(12): 7998-8002.

YABANA K, SUGIYAMA T, SHINOHARA Y, et al. Time-dependent density functional theory for strong electromagnetic
fields in crystalline solids [J]. Physical Review B, 2012, 85(4): 045134.

MARQUES M A L, CASTRO A, BERTSCH G F, et al. Octopus: a first-principles tool for excited electron—ion dynamics [J].
Computer Physics Communications, 2003, 151(1): 60-78.

CASTRO A, APPEL H, OLIVEIRA M, et al. Octopus: a tool for the application of time-dependent density functional theory [J].
Physica Status Solidi (B), 2006, 243(11): 2465-2488.

ANDRADE X, STRUBBE D, DE GIOVANNINI U, et al. Real-space grids and the Octopus code as tools for the development
of new simulation approaches for electronic systems [J]. Physical Chemistry Chemical Physics, 2015, 17(47): 31371-31396.
DREUW A, HEAD-GORDON M. Failure of time-dependent density functional theory for long-range charge-transfer excited
states: the zincbacteriochlorin-bacteriochlorin and bacteriochlorophyll-spheroidene complexes [J]. Journal of the American
Chemical Society, 2004, 126(12): 4007-4016.

HIERINGER W, GORLING A. Failure of time-dependent density functional methods for excitations in spatially separated
systems [J]. Chemical Physics Letters, 2006, 419(4/5/6): 557-562.

AUTSCHBACH J. Charge-transfer excitations and time-dependent density functional theory: problems and some proposed
solutions [J]. ChemPhysChem, 2009, 10(11): 1757-1760.

CASIDA M E, GUTIERREZ F, GUAN 1J, et al. Charge-transfer correction for improved time-dependent local density
approximation excited-state potential energy curves: analysis within the two-level model with illustration for H, and LiH [J].
The Journal of Chemical Physics, 2000, 113(17): 7062-7071.

HU C, SUGINO O, MIYAMOTO Y. Modified linear response for time-dependent density-functional theory: application to
Rydberg and charge-transfer excitations [J]. Physical Review A, 2006, 74(3): 032508.

HU C, SUGIN O. Average excitation energies from time-dependent density functional response theory [J]. Journal of Chemical
Physics, 2007, 126: 074112.

TAWADA Y, TSUNEDA T, YANAGISAWA S, et al. A long-range-corrected time-dependent density functional theory [J].
The Journal of Chemical Physics, 2004, 120(18): 8425-8433.

TOKURA S, TSUNEDA T, HIRAO K. Long-range-corrected time-dependent density functional study on electronic spectra of
five-membered ring compounds and free-base porphyrin [J]. Journal of Theoretical and Computational Chemistry, 2006, 5(4):
925-944.

VYDROV O A, SCUSERIA G E. Assessment of a long-range corrected hybrid functional [J]. The Journal of Chemical Physics,
2006, 125(23): 234109.

LIVSHITS E, BAER R. A well-tempered density functional theory of electrons in molecules [J]. Physical Chemistry Chemical
Physics, 2007, 9(23): 2932-2941.

PEACH M J G, TELLGREN E I, SALEK P, et al. Structural and electronic properties of polyacetylene and polyyne from hybrid

030101-17


http://dx.doi.org/10.1103/PhysRevA.85.062515
http://dx.doi.org/10.1103/PhysRevA.74.042512
http://dx.doi.org/10.1016/j.chemphys.2011.02.001
http://dx.doi.org/10.1103/PhysRevB.71.245103
http://dx.doi.org/10.1103/PhysRevB.71.245103
http://dx.doi.org/10.1103/PhysRevB.70.201102
http://dx.doi.org/10.1103/PhysRevLett.77.2037
http://dx.doi.org/10.1103/PhysRevLett.77.2037
http://dx.doi.org/10.1103/PhysRevLett.79.4878
http://dx.doi.org/10.1103/PhysRevB.68.045109
http://dx.doi.org/10.1021/ja039556n
http://dx.doi.org/10.1021/ja039556n
http://dx.doi.org/10.1002/cphc.v10:11
http://dx.doi.org/10.1063/1.1313558
http://dx.doi.org/10.1103/PhysRevA.74.032508
http://dx.doi.org/10.1063/1.2436887
http://dx.doi.org/10.1063/1.2436887
http://dx.doi.org/10.1063/1.1688752
http://dx.doi.org/10.1142/S0219633606002684
http://dx.doi.org/10.1063/1.2409292
http://dx.doi.org/10.1039/b617919c
http://dx.doi.org/10.1039/b617919c
http://dx.doi.org/10.1103/PhysRevA.85.062515
http://dx.doi.org/10.1103/PhysRevA.74.042512
http://dx.doi.org/10.1016/j.chemphys.2011.02.001
http://dx.doi.org/10.1103/PhysRevB.71.245103
http://dx.doi.org/10.1103/PhysRevB.71.245103
http://dx.doi.org/10.1103/PhysRevB.70.201102
http://dx.doi.org/10.1103/PhysRevLett.77.2037
http://dx.doi.org/10.1103/PhysRevLett.77.2037
http://dx.doi.org/10.1103/PhysRevLett.79.4878
http://dx.doi.org/10.1103/PhysRevB.68.045109
http://dx.doi.org/10.1021/ja039556n
http://dx.doi.org/10.1021/ja039556n
http://dx.doi.org/10.1002/cphc.v10:11
http://dx.doi.org/10.1063/1.1313558
http://dx.doi.org/10.1103/PhysRevA.74.032508
http://dx.doi.org/10.1063/1.2436887
http://dx.doi.org/10.1063/1.2436887
http://dx.doi.org/10.1063/1.1688752
http://dx.doi.org/10.1142/S0219633606002684
http://dx.doi.org/10.1063/1.2409292
http://dx.doi.org/10.1039/b617919c
http://dx.doi.org/10.1039/b617919c
http://dx.doi.org/10.1103/PhysRevA.85.062515
http://dx.doi.org/10.1103/PhysRevA.74.042512
http://dx.doi.org/10.1016/j.chemphys.2011.02.001
http://dx.doi.org/10.1103/PhysRevB.71.245103
http://dx.doi.org/10.1103/PhysRevB.71.245103
http://dx.doi.org/10.1103/PhysRevB.70.201102
http://dx.doi.org/10.1103/PhysRevLett.77.2037
http://dx.doi.org/10.1103/PhysRevLett.77.2037
http://dx.doi.org/10.1103/PhysRevLett.79.4878
http://dx.doi.org/10.1103/PhysRevB.68.045109
http://dx.doi.org/10.1021/ja039556n
http://dx.doi.org/10.1021/ja039556n
http://dx.doi.org/10.1002/cphc.v10:11
http://dx.doi.org/10.1063/1.1313558
http://dx.doi.org/10.1103/PhysRevA.74.032508
http://dx.doi.org/10.1063/1.2436887
http://dx.doi.org/10.1063/1.2436887
http://dx.doi.org/10.1063/1.1688752
http://dx.doi.org/10.1142/S0219633606002684
http://dx.doi.org/10.1063/1.2409292
http://dx.doi.org/10.1039/b617919c
http://dx.doi.org/10.1039/b617919c
http://dx.doi.org/10.1103/PhysRevA.85.062515
http://dx.doi.org/10.1103/PhysRevA.74.042512
http://dx.doi.org/10.1016/j.chemphys.2011.02.001
http://dx.doi.org/10.1103/PhysRevB.71.245103
http://dx.doi.org/10.1103/PhysRevB.71.245103
http://dx.doi.org/10.1103/PhysRevB.70.201102
http://dx.doi.org/10.1103/PhysRevLett.77.2037
http://dx.doi.org/10.1103/PhysRevLett.77.2037
http://dx.doi.org/10.1103/PhysRevLett.79.4878
http://dx.doi.org/10.1103/PhysRevB.68.045109
http://dx.doi.org/10.1021/ja039556n
http://dx.doi.org/10.1021/ja039556n
http://dx.doi.org/10.1002/cphc.v10:11
http://dx.doi.org/10.1063/1.1313558
http://dx.doi.org/10.1103/PhysRevA.74.032508
http://dx.doi.org/10.1063/1.2436887
http://dx.doi.org/10.1063/1.2436887
http://dx.doi.org/10.1063/1.1688752
http://dx.doi.org/10.1142/S0219633606002684
http://dx.doi.org/10.1063/1.2409292
http://dx.doi.org/10.1039/b617919c
http://dx.doi.org/10.1039/b617919c

33 % = JE Ll i 2% i 5531

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

(671

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

(771

(78]

[79]

[80]

and coulomb-attenuated density functionals [J]. The Journal of Physical Chemistry A, 2007, 111(46): 11930-11935.

LIVSHITS E, BAER R. A density functional theory for symmetric radical cations from bonding to dissociation [J]. The Journal
of Physical Chemistry A, 2008, 112(50): 12789-12791.

STEIN T, KRONIK L, BAER R. Reliable prediction of charge transfer excitations in molecular complexes using time-
dependent density functional theory [J]. Journal of the American Chemical Society, 2009, 131(8): 2818-2820.

MAITRA N T, ZHANG F, CAVE R J, et al. Double excitations within time-dependent density functional theory linear response
[J]. The Journal of Chemical Physics, 2004, 120(13): 5932-5937.

GRITSENKO O V, BAERENDS E J. Double excitation effect in non-adiabatic time-dependent density functional theory with
an analytic construction of the exchange—correlation kernel in the common energy denominator approximation [J]. Physical
Chemistry Chemical Physics, 2009, 11(22): 4640-4646.

ROMANIELLO P, SANGALLI D, BERGER J A, et al. Double excitations in finite systems [J]. The Journal of Chemical
Physics, 2009, 130(4): 044108.

SANGALLI D, ROMANIELLO P, ONIDA G, et al. Double excitations in correlated systems: a many—body approach [J]. The
Journal of Chemical Physics, 2011, 134(3): 034115.

SAKKINEN N, MANNINEN M, VAN LEEUWEN R. The Kadanoff-Baym approach to double excitations in finite systems
[J]. New Journal of Physics, 2012, 14(1): 013032.

HUIX-ROTLLANT M, IPATOV A, RUBIO A, et al. Assessment of dressed time-dependent density-functional theory for the
low-lying valence states of 28 organic chromophores [J]. Chemical Physics, 2011, 391(1): 120-129.

FURCHE F, AHLRICHS R. Absolute configuration of D,-symmetric fullerene Cg, [J]. Journal of the American Chemical
Society, 2002, 124(15): 3804-3805.

LIU J, LIANG W Z. Molecular-orbital-free algorithm for the excited-state force in time-dependent density functional theory [J].
The Journal of Chemical Physics, 2011, 134(4): 044114.

LEVINE B G, KO C, QUENNEVILLE J, et al. Conical intersections and double excitations in time-dependent density
functional theory [J]. Molecular Physics, 2006, 104(5/6/7): 1039-1051.

TAPAVICZA E, TAVERNELLI I, ROTHLISBERGER U, et al. Mixed time-dependent density-functional theory/classical
trajectory surface hopping study of oxirane photochemistry [J]. The Journal of Chemical Physics, 2008, 129(12): 124108.
KADUK B, VAN VOORHIS T. Communication: conical intersections using constrained density functional theory —
configuration interaction [J]. Journal of Chemical Physics, 2010, 133: 061102.

MAITRA N T. On correlated electron-nuclear dynamics using time-dependent density functional theory [J]. The Journal of
Chemical Physics, 2006, 125(1): 014110.

GONZE X, GHOSEZ P, GODBY R W. Density-polarization functional theory of the response of a periodic insulating solid to
an electric field [J]. Physical Review Letters, 1995, 74(20): 4035.

GHOSEZ P, GONZE X, GODBY R W. Long-wavelength behavior of the exchange-correlation kernel in the Kohn-Sham theory
of periodic systems [J]. Physical Review B, 1997, 56(20): 12811-12817.

ONIDA G, REINING L, RUBIO A. Electronic excitations: density-functional versus many-body Green’s-function approaches
[J]. Reviews of Modern Physics, 2002, 74(2): 601-659.

BOTTI S, SOTTILE F, VAST N, et al. Long-range contribution to the exchange-correlation kernel of time-dependent density
functional theory [J]. Physical Review B, 2004, 69(15): 155112.

SHARMA S, DEWHURST J K, SANNA A, et al. Bootstrap approximation for the exchange-correlation kernel of time-
dependent density-functional theory [J]. Physical Review Letters, 2011, 107(18): 186401.

SHARMA S, DEWHURST J K, SANNA A, et al. Enhanced excitonic effects in the energy loss spectra of LiF and Ar at large
momentum transfer [J]. New Journal of Physics, 2012, 14(5): 053052.

TANCOGNE-DEJEAN N, MUCKE O D, KARTNER F X, et al. Impact of the electronic band structure in high-harmonic
generation spectra of solids [J]. Physical Review Letters, 2017, 118(8): 087403.

BACZEWSKI A D, SHULENBURGER L, DESJARLAIS M P, et al. X-ray thomson scattering in warm dense matter without
the chihara decomposition [J]. Physical Review Letters, 2016, 116(11): 115004.

MO C, FU Z, KANG W, et al. First-principles estimation of electronic temperature from X-ray thomson scattering spectrum of
isochorically heated warm dense matter [J]. Physical Review Letters, 2018, 120(20): 205002.

SPERLING P, GAMBOA E J, LEE H J, et al. Free-electron X-ray laser measurements of collisional-damped plasmons in
isochorically heated warm dense matter [J]. Physical Review Letters, 2015, 115(11): 115001.

RAMAKRISHNAN R, HARTMANN M, TAPAVICZA E, et al. Electronic spectra from TDDFT and machine learning in
chemical space [J]. The Journal of Chemical Physics, 2015, 143(8): 084111.

030101-18


http://dx.doi.org/10.1021/jp0754839
http://dx.doi.org/10.1021/jp803606n
http://dx.doi.org/10.1021/jp803606n
http://dx.doi.org/10.1021/ja8087482
http://dx.doi.org/10.1063/1.1651060
http://dx.doi.org/10.1039/b903123e
http://dx.doi.org/10.1039/b903123e
http://dx.doi.org/10.1063/1.3065669
http://dx.doi.org/10.1063/1.3065669
http://dx.doi.org/10.1063/1.3518705
http://dx.doi.org/10.1063/1.3518705
http://dx.doi.org/10.1088/1367-2630/14/1/013032
http://dx.doi.org/10.1016/j.chemphys.2011.03.019
http://dx.doi.org/10.1021/ja012207d
http://dx.doi.org/10.1021/ja012207d
http://dx.doi.org/10.1063/1.3548063
http://dx.doi.org/10.1063/1.2978380
http://dx.doi.org/10.1063/1.3470106
http://dx.doi.org/10.1063/1.2210471
http://dx.doi.org/10.1063/1.2210471
http://dx.doi.org/10.1103/PhysRevLett.74.4035
http://dx.doi.org/10.1103/PhysRevB.56.12811
http://dx.doi.org/10.1103/RevModPhys.74.601
http://dx.doi.org/10.1103/PhysRevB.69.155112
http://dx.doi.org/10.1103/PhysRevLett.107.186401
http://dx.doi.org/10.1088/1367-2630/14/5/053052
http://dx.doi.org/10.1103/PhysRevLett.118.087403
http://dx.doi.org/10.1103/PhysRevLett.116.115004
http://dx.doi.org/10.1103/PhysRevLett.120.205002
http://dx.doi.org/10.1103/PhysRevLett.115.115001
http://dx.doi.org/10.1063/1.4928757
http://dx.doi.org/10.1021/jp0754839
http://dx.doi.org/10.1021/jp803606n
http://dx.doi.org/10.1021/jp803606n
http://dx.doi.org/10.1021/ja8087482
http://dx.doi.org/10.1063/1.1651060
http://dx.doi.org/10.1039/b903123e
http://dx.doi.org/10.1039/b903123e
http://dx.doi.org/10.1063/1.3065669
http://dx.doi.org/10.1063/1.3065669
http://dx.doi.org/10.1063/1.3518705
http://dx.doi.org/10.1063/1.3518705
http://dx.doi.org/10.1088/1367-2630/14/1/013032
http://dx.doi.org/10.1016/j.chemphys.2011.03.019
http://dx.doi.org/10.1021/ja012207d
http://dx.doi.org/10.1021/ja012207d
http://dx.doi.org/10.1063/1.3548063
http://dx.doi.org/10.1063/1.2978380
http://dx.doi.org/10.1063/1.3470106
http://dx.doi.org/10.1063/1.2210471
http://dx.doi.org/10.1063/1.2210471
http://dx.doi.org/10.1103/PhysRevLett.74.4035
http://dx.doi.org/10.1103/PhysRevB.56.12811
http://dx.doi.org/10.1103/RevModPhys.74.601
http://dx.doi.org/10.1103/PhysRevB.69.155112
http://dx.doi.org/10.1103/PhysRevLett.107.186401
http://dx.doi.org/10.1088/1367-2630/14/5/053052
http://dx.doi.org/10.1103/PhysRevLett.118.087403
http://dx.doi.org/10.1103/PhysRevLett.116.115004
http://dx.doi.org/10.1103/PhysRevLett.120.205002
http://dx.doi.org/10.1103/PhysRevLett.115.115001
http://dx.doi.org/10.1063/1.4928757
http://dx.doi.org/10.1021/jp0754839
http://dx.doi.org/10.1021/jp803606n
http://dx.doi.org/10.1021/jp803606n
http://dx.doi.org/10.1021/ja8087482
http://dx.doi.org/10.1063/1.1651060
http://dx.doi.org/10.1039/b903123e
http://dx.doi.org/10.1039/b903123e
http://dx.doi.org/10.1063/1.3065669
http://dx.doi.org/10.1063/1.3065669
http://dx.doi.org/10.1063/1.3518705
http://dx.doi.org/10.1063/1.3518705
http://dx.doi.org/10.1088/1367-2630/14/1/013032
http://dx.doi.org/10.1016/j.chemphys.2011.03.019
http://dx.doi.org/10.1021/ja012207d
http://dx.doi.org/10.1021/ja012207d
http://dx.doi.org/10.1063/1.3548063
http://dx.doi.org/10.1063/1.2978380
http://dx.doi.org/10.1063/1.3470106
http://dx.doi.org/10.1063/1.2210471
http://dx.doi.org/10.1063/1.2210471
http://dx.doi.org/10.1103/PhysRevLett.74.4035
http://dx.doi.org/10.1103/PhysRevB.56.12811
http://dx.doi.org/10.1103/RevModPhys.74.601
http://dx.doi.org/10.1103/PhysRevB.69.155112
http://dx.doi.org/10.1103/PhysRevLett.107.186401
http://dx.doi.org/10.1088/1367-2630/14/5/053052
http://dx.doi.org/10.1103/PhysRevLett.118.087403
http://dx.doi.org/10.1103/PhysRevLett.116.115004
http://dx.doi.org/10.1103/PhysRevLett.120.205002
http://dx.doi.org/10.1103/PhysRevLett.115.115001
http://dx.doi.org/10.1063/1.4928757
http://dx.doi.org/10.1021/jp0754839
http://dx.doi.org/10.1021/jp803606n
http://dx.doi.org/10.1021/jp803606n
http://dx.doi.org/10.1021/ja8087482
http://dx.doi.org/10.1063/1.1651060
http://dx.doi.org/10.1039/b903123e
http://dx.doi.org/10.1039/b903123e
http://dx.doi.org/10.1063/1.3065669
http://dx.doi.org/10.1063/1.3065669
http://dx.doi.org/10.1063/1.3518705
http://dx.doi.org/10.1063/1.3518705
http://dx.doi.org/10.1088/1367-2630/14/1/013032
http://dx.doi.org/10.1016/j.chemphys.2011.03.019
http://dx.doi.org/10.1021/ja012207d
http://dx.doi.org/10.1021/ja012207d
http://dx.doi.org/10.1063/1.3548063
http://dx.doi.org/10.1063/1.2978380
http://dx.doi.org/10.1063/1.3470106
http://dx.doi.org/10.1063/1.2210471
http://dx.doi.org/10.1063/1.2210471
http://dx.doi.org/10.1103/PhysRevLett.74.4035
http://dx.doi.org/10.1103/PhysRevB.56.12811
http://dx.doi.org/10.1103/RevModPhys.74.601
http://dx.doi.org/10.1103/PhysRevB.69.155112
http://dx.doi.org/10.1103/PhysRevLett.107.186401
http://dx.doi.org/10.1088/1367-2630/14/5/053052
http://dx.doi.org/10.1103/PhysRevLett.118.087403
http://dx.doi.org/10.1103/PhysRevLett.116.115004
http://dx.doi.org/10.1103/PhysRevLett.120.205002
http://dx.doi.org/10.1103/PhysRevLett.115.115001
http://dx.doi.org/10.1063/1.4928757

9533 % B I R pR B RN IR B R R R 553 4

[81] FUKSJI, NIELSEN S E B, RUGGENTHALER M, et al. Time-dependent density functional theory beyond Kohn—Sham Slater
determinants [J]. Physical Chemistry Chemical Physics, 2016, 18(31): 20976-20985.

[82] NIELSEN S E B, RUGGENTHALER M, VAN LEEUWEN R. Many-body quantum dynamics from the density [J]. EPL
(Europhysics Letters), 2013, 101(3): 33001.

[83] ELLIOTT P, MAITRA N T. Propagation of initially excited states in time-dependent density-functional theory [J]. Physical
Review A, 2012, 85(5): 052510.

[84] CASTRO A, MARQUES M A L, ALONSO J A, et al. Excited states dynamics in time-dependent density functional theory [J].
The European Physical Journal D, 2004, 28(2): 211-218.

[85] ALONSOJ L, ANDRADE X, ECHENIQUE P, et al. Efficient formalism for large-scale ab initio molecular dynamics based on
time-dependent density functional theory [J]. Physical Review Letters, 2008, 101(9): 096403.

[86] MENG S, KAXIRAS E. Real-time, local basis-set implementation of time-dependent density functional theory for excited state
dynamics simulations [J]. The Journal of Chemical Physics, 2008, 129(5): 054110.

[87] MENG S, KAXIRAS E. Mechanisms for ultrafast nonradiative relaxation in electronically excited eumelanin constituents [J].
Biophysical Journal, 2008, 95(9): 4396—4402.

[88] TULLY J C. Molecular dynamics with electronic transitions [J]. The Journal of Chemical Physics, 1990, 93(2): 1061-1071.

[89] TAPAVICZA E, TAVERNELLI I, ROTHLISBERGER U. Trajectory surface hopping within linear response time-dependent
density-functional theory [J]. Physical Review Letters, 2007, 98(2): 023001.

[90] TAVERNELLI I, CURCHOD B F E, ROTHLISBERGER U. Mixed quantum-classical dynamics with time-dependent external
fields: a time-dependent density-functional-theory approach [J]. Physical Review A, 2010, 81(5): 052508.

[91] KRISHTAL A, CERESOLI D, PAVANELLO M. Subsystem real-time time dependent density functional theory [J]. The
Journal of Chemical Physics, 2015, 142(15): 154116.

[92] PAVANELLO M. On the subsystem formulation of linear-response time-dependent DFT [J]. The Journal of Chemical Physics,
2013, 138(20): 204118.

[93] NEUGEBAUER J. Couplings between electronic transitions in a subsystem formulation of time-dependent density functional
theory [J]. The Journal of Chemical Physics, 2007, 126(13): 134116.

New Developments of Time-Dependent Density Functional
Theory and Its Applications

QIN Rui

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

Abstract: Nowadays density functional theory which was introduced in the mid-1960s has wide
applications in material simulations. However, it is not able to deal with time-dependent problems and
excited properties of materials. Time-dependent density functional theory (TDDFT) based on Runge-Gross
theorem, provides a viable way to deal with these two problems. After thirty years’ development, TDDFT
has been widely applied to many fields, such as quantum chemistry and material simulation, and our
understanding of its advantages and weaknesses also grows. To date, TDDFT theory and method still
develop rapidly. Here a brief historical review of TDDEFT is first introduced. Then it is followed by a
discussion of recent important developments on theory and applications of TDDFT. Finally we summarize
some important problems and challenges that TDDFT are facing and attempt to offer some thoughts about
where TDDFT will be progressing.

Keywords: time-dependent density functional theory; first-principles calculations; density functional
theory; correlation exchange functional
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Fig. 1 The first-principle calculated compression curves of Ni-Al alloys based on FCC and BCC lattices (a); The calculated
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compression curves of ordered phases of NiAl alloys, the experimental measurements”®* and the results of the mixture model™" (b)
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Computation and Simulation of High-Pressure Properties of Complex Materials:
A Brief Review on the Methods Based on First-Principles

GENG Huayun, SUN Yi, XIANG Shikai

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

Abstract: This work briefly summarizes and reviewes the first-principles quantum mechanics calculations
and simulations on the high-pressure properties of complex materials. We emphasized the applications in
alloys and intermetallic compounds, materials with defects and strongly correlated electron systems. A series
of methods, including cluster expansion method, lattice gas model, and quasi-annealing simulation approach,
have been developed by combing quantum mechanics calculations with the statistical mechanics principles.
Their pros and cons are discussed. The contents covered in this review are just a small portion of the first-
principles methods that are evolving to tackle the complex systems. But they are of representative, and a
retrospect of them might be helpful for developing better methods with high efficiency and good
predictability for multiple-scale simulations.
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WE:ASARAMKLELAAE, MEARKEEAY (WEE NMEREFTENTEL) 4
LTimGaE. A, REFETARARA G TARABESN KRG EAWESE MF EWF H
HRHFEURTENFHN AL EEEL.. REAENTRREAGH (FRARE) , AEAERELE
ERMEAWMAE. BEl, SR EE AR T 18NN E KRk, £ 5 £ ice Ic.ice Th ice I & &
ice XVII, Wi, ZH -k TERCGWNBEEBREE KM, 28 218 114 HA KA
MTHRERK, LW, EEZHREFAERNITAEEHK (Hice XVI) HIAAET AW 7 &4 EF,
MABHERETAMNEREZEUMREEEL K, EATHEHRBENTEZRBE R T EME Y
FRHFZ 2 FIAHFEN BNTAMNTHANEAEREEN LT EH KM, BHRAGL A
s-1II £k (p=0.593 g/em®) F0s-1V E Lk (p=0.506 g/cm’® ) . s-1II1 EH KB T H 2=
TAREERNKETF (8%°47) meMNTHEKH/NET (84°%) AR, s-IVER KK THFEH
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(Coo) A T M T s- I Frs-IVER KGR, RTFTLHLEZFELHEHN LEE S
T s-11 % Bk, AT K ice XVIA, T4 s-111 Fr s-IV % ok R 7 8 £ ice XVIII 5
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YER K B —FhBE RS TE 2, SR MR b % W o iR . 8 BLVKAR R T DA (N H 3k b e DL 43
Tk, i HAEKHRFER  IMTEUKETENTE EBREATT W Kk, KK A8 785 T 5
A DA AR A B fE R R HA M E 2 &

1 T 7K 53 Z [0 A7 A 58 B R IE AT LA 5835 2458 By 1) U5, AL sk 7K o 22 30 i L = R0 A2 4 1 AH R
I YA Hh ) SR A R T 1, TR A SR T Y, A SR TE T I o FEAS IR I R R 5 A
P, Ko T 2 [0] 25 52 B0 AN [R) 17 S B T 4% 5 4, LS A 7K 437 S TRl 2 A 30 ok S o8 42 1) 4 A4 3 408
Ky, EAEVKFIN . HET, 204 18 Mk ik T & AE L5 = A, 43 )2 ice Th, ice Ic. ice I,
ice IMI~ice XVII, ThP—A~AH XTI IG5 BE fb A4 (3% BE 297 0.926 g/em’) , 2 HA 7S 1 4l v X ki 1)
ANFUK, A TSR T AT LUB VR R R P R M S U AL S & T o MR LT KR AS B R
1AL UK LIS UK RIS XA . h F R SE 30 R B, oS A kb i &R 2 87 iy, B DOK S F
H Y SEE T DT RSB . A EC T A pKAR, 75 A K A SR R, RIS SR i 2 R A %) B T el /N
XA BG SE: ERERE 10) 7 AN B RS Y o 7T UK Te AR LA AR A Y T 0 3T 4 R (5 B 24 Ry
0.933 g/em’) , ZEAIGIR (I T —80 °C) T HH/KIRREL AL, SUE ML T —30 °C (1 Z 4 T A2 /KT Hh 4 i i ke,
NEHEFE 77 K R R pAGH R ) D vE AR AR TR, M LTS MUK, 327 KRR M R T
B ARSI . B R, B B R RS, ST PR B AL S VK. Tee IDE BT T
HIZEIE AR, 25 1 29 09 1.195 g/em?, AT LAH Th, ice V. ice I #7842 i, H7E— & &4 F ol LAAHAE 1 ice
e, B fER—26 Ll pE BAEERY TR (K T = Gannymede 45) (9 =8 5200, 5740, 3SR B
AR EL 37 0T LK S K A A T AR Ak, B UK T AR A KK AR CR TP - TE7 A7) A AR 3 F2 B,
78 T K AR A B 6 7K 43 18] AH B VR R SR BE A 52 A o Tee TUT 2 50 JC 7 A9 DU 5 IR, 265 5 240 R
1.16 g/em™, A /K 7E 300 MPa B3R 2 250 K 732, 7EM B A — A RA A XK. Tee IV E W RAES
HIZETE fm Ak, % B 290 1.275 g/em’™ ), FEAH B AR LE T ice II1. ice V fil ice VI B X3k, Ice V. VI Fl
VIT 3452 H VRS KA — o TR RS B 45 14 ™ B 45 B i, o ice V20T 07 W AR SR 1A, 2%
FEZh 1.233 g/em’™; ice VI &S TE 7 A9 VU 7 AR, 25 B2 290 1.314 g/em™™; ice VII J& i T o BY S T
ERAA, BEEEA) R 1.591 g/em’™, Ice VIII & ice VII FEIRTE BLAY 7 7 db K, B2 4 1.885 g/em’¥1,
Tee IX &5 T4 7 WU 7 iR, 2290 1.16 glem’®s 1 H WA, B BER R AL N ice 1M, Fifi 5 5 1)
AN W 388 0 AR 22 TS A S BT/ DN, dce VI 8 75 252 AH AR B 4 R ice X dRAA . Tee X J& 1T LI
FE T SR R 5 B A ST T SRR, 2R 2.785 g/em’O). Tee XIS A UK Th AEAIGIE 14
ARSI 18004 78 4 1E 32 AR, 5 B 29 0.930 g/em®'7, 38 3 B B ME 2 IR 5 4518 T KoM Y L 25 4%
P o TR T (0 G RE TE S UKAE — E 45 0F T AT RUJE W ice XTI, Tee XIT 2 37 R 25 14 DU 5 b A4, 25 FE 29 0
1.301 g/em?, ZEAHE H AT DIFFAE T ice V b7 5 A0 X351, Tee XTIt /2 AR ZS (A SR A, 25 B 294 1.247 g/em?’, J&
ice V I BT A )7 ALY ice XIV 2 AR MY A, % B2 1.294 g/em’, J& ice XII A BT A JF AP, Ice
XV 2 1E A2 25 i bR, 5 5 29 1,328 g/em?, 2 ice VIZEMRIR T AY T4 F AR, & A JC it B 2
P 9 A E R 7 1 R IS ) 2 ST S B TN 6% A 38 ST 1, S 3500k 2R AR B B N &, BRI e XV J2 L
A AR AAPERT R UKAR . T ice XVIPLRAE S50 % ol USRS W BR B U o 15 200, B B A BB M7
JaEk, BB ERAR, 298 0.81 glem®, Tce XVIIP 3k { A SUK &Y, HBE 4K 0.85 g/lem®,

BT SC5 FE NI VKA AL, B —Se T AR AT 1 B AR VK AH . Russo %5 PUFE 43 2l 244
UK A% SRR R BT ice O 4H, ice 0 RIS T it Vo WA, TR P IE 2 0.99 g/em’s B J&— I
FAH, 23 W 4h dib LA 7S £ VKAH Th 3057 77 UK I Kosyakov S5 HT Conde S5 H /K547 1. 11 AT H AH
B K R A S R ARL VKR, HE8 431 Ay 0.845., 0.832 A1 0.813 g/em®, X408 ZEiR A i 5 T WA ] LUK 2
TETE T AR B DXl 70 3 A 235 88 KR s- TPV s-TV2S1 L% BE 3 1) R 0.593 1 0.506 g/em®, LAk, i A iF
223 3 235 4 T 7 32 4 30 A9 3 4 1 - mlORR B kR 0, U B Ol 6~ 8 g/em?, FEAE T KA R 9 (R 1
FEa AT

PL7S A VK Th B0 ice XTI % (218 0.93 g/lem®) 2 BR, KR4 VKA 0 2 ¥ R FILME, RA KA
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IKE MBI VK ice XVICI BB K GY)) L I 0K ice XVIL, T BUEIE VKA H B I vK 64 2% BEAIK T L
{Ho B, BT m B, ORI B UM B B F B b o DRI, SRR 2R 0 A1 26 B2 A0S = T K K )
FH P BT XS 7K ok AS B BN IR A 6 o 20 3

1 REEIKENFRER

1.1 REEKENTE

Pl ice XTI 875 A1 VK Th (%5 B (2570 0.93 g/em?) 5 BRI T3 445 3 1 A9 UK b AR 2 5L M1 4% 132 vk
o BRT, RA PR B PR ice XVIPUH ice XVIIPWE LI % P o & . BT EE S>3 4 0.81 FI
0.85 g/em’, Y], ice XVIJ& 1T BIZETE H B KA W1 A9 K A A, DR A TIBRR B — K 2% B vk A, 78 52
5 b7 5 &Ry T Z R A EAE A BB R E A AE . ELE 2014 4F, Falenty %5 P2V i M 1T AU 5 <
B K G LB R FAR T RPN ice XVI AR, AT 1, 7EEE KT 55 K i
ice XVI Y #IE ik 22 BIOR (8, 1 FLZEARIR T & 0 P-4 fds % BOR TR K AW HIE . T ice XVIL:
T4 G Strobel 25N i JFUA P72 6% AL A X SFER AT ST SE R I B T B A SR A M, 4 Co H; JE
oK Rosso FEPIESL R E & T C, K EM, H AERE/K ST MEIN T2 EMHE TR IXT
VKERA, Bl ice XVIL, Tce XVII & HA P6,22 25 [ BE AN M f K, 7EIRE M 100 K B H2 4 0.95 g/em’,
A TR R 58 45 F B 0 7S AR DK Th 19 285 BE AR 119054, PRI ice XIVIT & — MR %% B vk AH .

TN, A — Lok [ TSR TTEAR A 1K B VK AH o Fennell ZEP T HITHEE MU T FEAS [ 7K
FETL R WA K45 A B, A BT BN EL oS AR oK Th SERSCE O AH ice i Al ice &', ‘B AT A% 3 b 7S A K Th AIG
0.07 g/em®. (AR B IG5 B2 28 T8 VKA 45 U8 T F B K & W A I T ALE T UK . H 28 58 01 vk BOVRT KA 58 %
PR, DL TR AOK A T RUETE 0K PY 1RGSR vk A9 J0 M 2 7 7 AR, B 2 A ik Ay 512
FEF A6 A+ DU R ) 5267 KT T 4L AL 11 B EIE vk (b o i th & 57 7 A, i 16 A+ iR Y 52 /)
TR 8 AN AR 5126% K8 T2 A H AL TR UK 1 JC B /S dn A, i 3 A iRy 512 /G
T2 AR 4°5°6° T AR RSHIE TR 1A TR 51%6° KB T4 G T ARSI vk Y ot i 2 DU
sk, B2 A IR 475%* 28 T 41 K ABYE I UK oo it 2 U O A, 6 AN R 51 /N
T 5 AT AR 51267 H S RGBT F 4 A R A 5767 KT
1.2 GEMMRHERE

DI L RT LT, BT 330 ) o £ vk Tuoo

2 G I A R B O T 2 TN vk 100 ;

Th 3% ice XD, T H#AFAE FIEIE R o B, A4 S

FEUA RS K MK AT DR EE TR . 5 O x| %
ST U, X PG A 17 O Huygens ] 8

WLIE], 0 2 BER RS A AR SR 1 5

XF A A RS . 19 42 P, Donny ff#RE T X — - 100

S B, 48 U R h B R K A A 200

BRI, F AT T 152 56 TR 5 1 1 1 .

B R A IEAT . A0SR I FE AT B {2 O peecr

R NN N A N i) | R O A A N 7 DA ¥/ il BT kiR R

PN R &5 BT I — AN 5K S s hi Iy . fE AR WL Fig. 1 Phase diagram of water ice!”)

iR A K, B W 3 K f s i i R 2l R

W, AT B I 5 R IR R 28 7 . BT R, 28 SR R AR TE — 52 25 0 T T RE 4k 35 19 B K iy
JE{A . Herbert 25105 3 S 46 A BRIE 25 A 0 00 2 T IS /K 9 2 e J2 B 25 TR 1% 338 i i 2.9 1 T
9, 0 °C BN K 1Y 28 7 J&E—26 MPa, 1fi 80 °C Bl 8 17 MPa. Davitt 55" i h7 il 257K
BT AR B T-26 MPa %5 /UK, I HAEB TS /K 4 7R BAR LA LURR S 5 R R it . Azouzi 451
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33 % = JE Ll L 2% Eitd 1
() B (b) -
) =)
2 \&
........................... 76 cm i
............................ | B e T T T
0 p o p

2 HESE— A KRAEAFTE (a) 1 Huygens HESE 51 AFTE 1Y 25075 & (0)(76 em AR B LA B R7R UE) B
Fig. 2 Schematic representation of experiment to demonstrate the existence of the atmospheric pressure (a)
and Huygens’s experiment to generate negative pressure under laboratory condition (b)
(Above the approximately 76 cm mercury line the pressure is below zero*”.)

18 FH R AR A B A L GRS K T, ST -140 MPa (198 R 45 70K . Zheng % H 4¢
ZEV HV A K 7 0 it T AS TR A AR 3T VA K TR 2R A% 3 B b i A BR 5K 7, 45 B 7E 42 °C B i
o Bk F1{E K1—140 MPa. Yang &I JE T 1 S8 72 /K 09 B 408 38 H i A% T 160 MPa 119 £ JE )
FRAE .
1.3 faE TKEBRAZEEE

TEIK VKB AR B, v DU B 25 308 1 e ), i R 3 1 S O T v A A 2 AN W7 28, TR B o ok
BB RSN . Rz, W R AR B — R B0 RN W /N (9 K AH R 3% T DL R B A A
Kosyakov %1l i3 Al B A K L 75 A UK P A EAR B AR 2 B 1, 11 AV kAR I 5 A i L RB A i T
LA AHTE B T BRE () -1 (p) A E . AR 25 1 TS /K L 7S A kORISR vk i — A, 3
o T TR DK B 3w 00 A B RE, e IR A A B . A EE TS Mok, TRV IR vkonT LA e
FEAE T IR A £ X8, 1 BH % B AR 1 KR P AR A T 3R 67 R 2544 T . Jacobson 45 TH mW 7K
BERUREEL T A0 B2 K Th AL, 11 B IE vk 0 AR Ko B, 3l 0 A B TR A AR R 45 14 T 1 3100 24 Fa e
PRSI T T-p MR, 3% 3 A VKR A AR A B4 5E 7 55 Kosyakov 2545 B 94518280, B2 T i 2k s
EJE T 1 F 8 T 29 200 MPa. 55 Ak, Ml T38 £ T W FP & BAS & &4 53 19 J8 01 oK 1R 108 5 3
(1) 2 T35 XIE K G W)z A KA F S, QSR8 K S Py BRI 3 B2 UK A AR e — R, RS
W5 0L s S A VK A A5 DA LSS A R IR B A b, IR A T R A R i S TR K A R A A ARV TR R A
(2) BB H /NS &R TFHKEY), SR IG ARG INGEF R, 3t ol AR B & AR5 71
I VKA. Conde P TIP4P/2005 7K 5 71 #
LT BrA % B VKA (ice iy ice i’y Th, ice XI DA
K 1L 11, H B GEIE UK 78 1R T B3 28 e
BT — MR TSR Top ML IR 3 TR,
Wil B A B AN TR /DN, A SR e et 1) KRR AR TR
LAY IR J2 ice XT/Th, 1T BUSETE UK . H BB TE
VK, I HLAE XA 13 2 H KORE A %8 BEAS T/ o
14 RBEERIKBESNA - «

ARWEET RE R, Fitk Af1—& —600 1

s-H |
7361V 40 T4 7T LB A7 09 BRI R B a0 | TIP4PI2005 model
AR AURE AT, TS BUAR S fE . o, ’ e 300
FHAR % B2 8T VK S AR s-1, s-I0., s-H &Y T i 3 TIPAP/2005 A5 E T 7K (4 £ AR 1 2
PR LA s 0B ACAT B & 05 35, Dhdi/hs Fig. 3 Phase diagram of water in negative pressures
F14 FIE-F2E TR AR AR A IS U, A B R PR 2 4 with the TIP4P/20035 model”™
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1993 4F, Vos ZEH I ZE % 1 295 K F &ML T 11 B S0K A4, B4 Dyadin 2178 505 h i 5%
B T HAILEH . Mao S84 i T 11 B AUS0OK B9, HLE BT B SE vk i 4 K98 70k 4 A0
T, mAEEN/NE T2 NES 0 T . Mao ZWIE IRl 240~249 K, JE51 N 200~ 300 MPa
(9 2R A I T Bl i R 4050 73K 5.3% 110 11 Bk 25, 7048 AR IR T LA D 0 s 7E TR EE Ay 77 K
JE 5% R 500 MPa %) 554 T, & B 3 78 vk & 0K

B S AF] T 11.2%, Lokshin %59% 3, R:%i‘)“

BT P K 220 S 0 B BT 24 5 o A
FhvK Th AR R0 6 K Y, I 1 4 4 F 7T }
DL P S A SR A . B R T 7E i
10 7T LUAT 0 e AR A 0 1 I 3 §\
Florusse %51 i i 1 11 15896 20 50K & M A i \\

THF ()4 %00k 1) 43 45 0K A 010 1 1 3 B
M 300 MPa F£%] T 5 MPa(JiL 3 4 279.6 K) o 4K — Ty s e
FRaE H 4 T VA S5 FILRE B &R T4 Molar concentration of THF/%

e H,

WK A AR DR KA A SR B RIE N4 @ thr Region I

|‘\ Region II 5 Region III

H, content/%
w

Region II{ P50 Region 1T

P SRR G MU, (ML B 0 53 0 77 12 5 R R
BT K AP AR IOFRAT. Lee %1% JUE IE i QLTS

Fi A% THE 107 2 7T B4 5 0B, 42 THE ()15 - N
RVRIE S 0.15% I OB Aok g 8 TEER B R A T
fif UL Ty 4.03% (LI 4) o e 5h, SRIRAER, 2R Fig. 4/ H, gas c\:)Lnter;t\as aflzmctionij)fTlrjl;ncon:r;:ation,

CL IR P2 A BIL3 Tt ] DU D R i SOk and a schematic diagram of H, distribution in the
EWIIE cages of THF+H, hydratet

Strobel A5 VR B, 18 K or T A o0 T
e H B S SOK S Wb, AN 5 R 45 RO 98 7 B A S 00 1 b i, TR B TR R T 4
Duarte 55 P BFFE I F B, BEGES A R A0T JE At AN FY R 2R O B I W b DR 73, — F SRR3R & e il BB 1)
H RS UK S HA iR E .

Kim 1 LeeP & 1 UK &t & 8L T & A9 F B 1E, JF B35 1 7E H, f1 CO, IR &K &Y
N T B2 A E A Tl R . Kumar S5 PY7EJRSR 8 MPa, il B 253 K Y2 4F P& M 1
H,/CO, WIR G 1 BUKA Y, ELI B B4 /INE T8 1 A8 2 A 000 5 i R 5 W gk Co, 73 1
G . Willow 55558 o8 58—V HR T SEAR 2 1 1 BUK G Wit S 1 B R AE S 10%, JL i~/ o
B S ADA TN RETHEE 7Aoo R, HTSEs Bd 3A S B e i a4 iy
RO R, EEIFEPUE R Tl 81 L RN IP mill e ok
2 BIREEEMIKE s-I BT
21 HERFE
2.1.1 FBEERKENRHERSER

N T ST UAETE TR T B UKAH, 55T CVEF J137, TATR 5245 R 2 M RIS ELR K iy T 12
FHBEA T Sy TR R A ECE AR L, AT T (CH)(H,0), (x=2,3,4) WAL, I
i e B 5 R A GEOK G W) B — 28 (AR G R H B K S ) s-1 e B GE LK 43 1 B AL A T L Ol
1:5.75, Bl (CH)(H,0)5 55 F— AL # itk Fe T OB RLHR AR 230 Fhs I R b AT THE R . &a, 42
e 737 ASEAULR IS5 A 0 9 R GE K B b S 4, B B 1 R 7 T BOE I vk A
2.1.2 DFTHHE

KM VASPS 3R AT T BT A7 JC S % A 71 B9 8 ICRH A0 % B2 DR A8 [R] S 5 R Y
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RE L FNAS (R, FH PAW JEE SIS A o 7 RN 88 1 22 8] B AR B AR, & A KRR I DG B AR 1Y vdW-DF21158 46
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s-111 58 JE VK RE 7 52 25 6] 4 3 B I, 9K 5 F Phonopy B 138 1 18123 [A] 1Y g 2446 [ JF 45 3 75 7 19 £,
B2 BN HLDH X HR I AT H R 95, U6 s-1IT BT vk AR e 3h J12f B R Fa e . nE 5 FToR,
s-1I1 8T VK SR B JC M & A 48 AN K AY T, BB Pa3nty 23 Al AR PE . BN el 2 4 ok
8°6%4'2 KA T (6 > /\GHILITH . 8 /ST BT FI 12 AN PUH I B 1D F 6 A4S+ AR 0 824° /N T (2 4
J\IIE T A 8 AN VU SA I 1 TR 2H . AHAR B A 824° /N - 22 [ 3k Y i I 1Y) T i AR — B, AHAR
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~pa | - | 19 6@ Be b-Q B
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R | e | 14 PO Srd B0 o
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(a) (b) (0)

P S sIIT S8 A0 UK 1Y 457 75 8 2(a) AL s-IT AR R W R OK 5 7 (T T2 i 48 K 48 FIE I 8°6%412 G F,
TSR 16 UK IR R 8°4° B RoR TR E4L), (b) B () 432 1x2 i i 2x2 g
(L FmEM, aakRnails, HamERRERF)

Fig. 5 Structure of s-III ice clathrate: (a) Two types of building water cages (bottom: 8°6°4'%, 48-molecule; top: 8?4%, 16-molecule;

only oxygen frameworks are shown); repeated unit cells (1x2) (b) and 2x2 unit cells (c) (The hydrogen bond network is shown
with blue dash line, red ball for oxygen, and white stick for hydrogen.)
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HIPIA 8°6%4"7 K+ Z MUK FE ST IE B 240 & 76—, 1 AH 4R 1Y 824° /NGB 1 8°6%4" KB+ Z [l3@ 1ot
VUSHE ok & N H I B9 T % o DA FNF 0 A B R U, s-TIT 28 KA A6 235 4 R — SR04k 1l o 4 A 1Y)
RHO &bl [RlFEHE, -1, s-11 Fl s-H 88 vk &5 #4153 550 %5 1 Tk 43 AH H %9 MEP, MTN #1 DOH, 53
ftb ZE T VK25 ¥4 (A1 45 s-1, s-T1. s-H. s-T Fl s-K) H1 (7K 58 FAH L, s-TTT 69 45 440 119 32 B2 20 B o6 ——
48 ARG F AU /S TR J8 TR fe R, T LA KR SE (1 58 7 s-T10 A A AR 0 2% %

N T BIRSEAR B E UK e AR B0 A5 R T R
ice XIMHAESEAM, I 5 — R I T H A>T

FERIETE VKA s-1, s-IT, s-HOT | KB g-TP8

s-II1, 250 F A Ak fik sigma-21 1 F RS 7R (1) K
LUK SGT L K REAL UK ice i*WE F#, [# 6 4 i
TR RE. ®R1LABTRHA
vdW-DF2/DFT 11545 2 (1) BT 4 vKAH 1 70 M F-
M RFL, P2 0-0 BE B B N AR 45 A B .
W 1 BTN, X 9 AN VKA 14 A A% 25 6 e F 2
BUIE LG R, BV : v 1 25 BB, 45 A e st
MR . TESR 10 B A VKA Y ice XT Y

F£(0.93 g/em’) e K H BA 5w 1Y b A& 45 5 g
(62.84 kJ/mol) , 1fii s-II1 ETE UK 19 %5 B (0.593 g/em’)
/N2 s- 11 BIE UK FE 1Y 3/4) B ks 456
fig (55.77 kJ/mol) ik . s-111 #H -4 0-0 #E
B0 2.765 A, i AT UK s-1. s-I1L s-K, s-H.
s-T Al SGT fYF 4 0-0 M & 4 5 4 2.765 .
2.765. 2.765, 2.785, 2.795 f1 2.765 A, W[ LIFE
Hs-TIT AH FUHA S T VK AH 19 °F- 25 O-OfE 25 JL T

=

R

ice XI ice i s-T

K6 icei, ice XI FIEI VKA s-T. s-1, s-1I., s-K. SGT M
s-H I RS54 (2 x 2 T (Gl 68 i 4k 3R Sk,
LLRF R AR T, HIRRR AR T)

Fig. 6 Crystal structures (2 x 2 unit cells) of ice i, ice XI, and
clathrates of s-T, s-1, s-1I, s-K, SGT and s-H (blue dash line for
hydrogen bond, red ball for oxygen and white stick for hydrogen)

AHAE, BT R s-IAH BAT 105 BB SUSE R 245 A0 o DRIk, s T2 AR ) 11 28 8 s P = 00T
A YR AN AR OK S8 T, AN 2 PR R 3SR R K 23 22 8] A 88 LE e .

Kl 74T ice XI. ice i, s-K. SGT. s-T. s-

I, s-I1. s-H I s-TIT VKAH B S A% 25 & RE BEAR B AR A (B, -

V) B RREC R . T LR A KA B,V iR S BT U ek R A2 A B 3, 28 b A9 R /DML RS

x1 FRKEMERGAD FEANER KN THADS FHE Z.) THREFERR (V) FH 0-0 BB (doo)h
BE () UREHE BN FLEHNRRESEE EHEESHBNBIERTXGE)
Table 1 Number of water molecules per unit cell (Z_,), equilibrium volume of unit cell (V_,), average distance between

oxygen atoms in adjacent water molecules (d,,,), density (p), and lattice cohesive energy per water molecule (£,,,)
for various ice and guest-free clathrate phases (The values in parenthesis are experimental data.)

Phase Zou V. /A doo/A pl(g-em™) E,/(kJ-mol™)
ice XI 8 266 (257" 2.785 (2.73517) 0.900 (0.930"™) 62.84 (58.86™)
ice i 8 280 2.785 0.855 61.31

s-1 46 1692 2.765 0.813 61.38

s-K 80 2962 2.765 0.808 60.76

s-I1 136 5059 (5 02282 2.865(2.7512%) 0.804 (0.8177) 61.37

s-T 12 453 2.795 0.792 60.23

s-H 34 1325 2.785 0.768 60.79
SGT 64 2 650 2.765 0.722 59.27

s-111 48 2423 2.765 0.593 55.77
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Fig. 7 Lattice cohesive energies (E,,) for ice XI, ice 7, s-K, s-1, s-11,

s-H, s-1II, SGT, and s-T clathrates as function of volume per water

molecule (Inset is amplification of the region for the volume
between 42-48 A’. E, is defined as E,,, = E,, — E /N,

N is the number of water molecules in the crystal

latt

E

s Hery

where

and

E,, are the total energies of the ice/clathrate crystal and

an individual water molecule, respectively.)

P 8 1 H-p sRELIR AN 25 T T VKAE IR T A ARG AR 1k, 35 Ok TR R B vk AE T A
VL JEE T S X 08 P ) g 2 R e M, FRATT IR HE TIPAP/2005 7K 3% bk B0t 0 S35 vk AR 9 [ | g, 51 ELAR
Gibbs-Duhem FR 7314 #& /K vKAE U B (1) p-T AHE . 18 9 4511 T B TIP4P/2005/K A AR p-T AH A .
B oI T 4 AN UKHE, 20 2 dce XT, Th, s-IT Al s-II1, |y T Ho A4 28 vk AH 20 ice X, s-I1. s-K. SGT. s-T
M s-H 1Y A B, UL B AT&A HIAEAH B . ZErA IR E 2544 (0~300 K) F, s-11 ZE 7% oK i 1
— BLAE R e R B AH Y BRAE ice XT. Th MR A KA R J7, 13X 5 B N AR 8L 25 L2020 51— 50 A )
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5 (L ice X1 2% A1) Bifl 67 1572 A B R 5 it 2k
Fig. 8 Relative enthalpy versus negative pressure for
clathrate phases s-1, s-11, s-H, s-III, SGT, s-K, s-T, and
ice i with ice X1 as a reference

s-I, s-I1, s-H. s-III, SGT. s-K. s-T #il ice i BIAAXF & 9

Pressure/MPa

| | |
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0 50

Th, s-IT 8 A FE 77 il 26 SR U T SCik [26])
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1 [X 48 Y TIP4P/2005 /K HE AL () p-T MR (A K 5

Fig.9 p-T phase diagram of TIP4P/2005 water model in the region

of negative pressures (The phase boundaries between liquid water
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and Th or s-1I ice phases are taken from Ref. [26].)
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8568412 KT, H N4 40~ 60 BT 1 5 ) N

WS TF B (CoH,) 48 F L B (CooH,g) 28 T o E 10 (a) CyH,, 5 T 2E7E 8°6°4'2 /K 5 F P B 25 /R B
LK 44— PR B (C,H,y,) 4046 1T B2 3154 ®) BFRETFIHU A Colly 37 21 50T sl
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N \ /b B A =74 AN
KR AT LI ARG b b 258 3 1 36 19 £ 65 C,,H,, molecule encapsulated; (b) Structure of the s-1II clathrate
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Al REAE 52 B 25 Hh A (2x2 unit cell is shown for clearer view.)
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Fig. 11 Hydrogen uptake versus hydrogen pressure for empty s-III and s-II ice clathrate lattices at temperatures of
77, 240 and 298 K, respectively (In the middle panel, the corresponding experimental value “*** for
the s-1I ice clathrate at 240 K and 300 MPa is marked by a black square.)
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Wi N mER, W Fil, 587 JL Fig 12 Crystalline structure of the s-IV ice clathrate: (a) Three types
FEETE VKA A, s-TV ZETE vk 1 45 4 5 3k A4 A0 of cavities (only oxygen frameworks are shown), from left to right
— S ALRER AR Y Y BTG (FAU) 217 they are large cavity—48-member 12°6'4"® with T symmetry,

e intermediate cavity—24-member 6°4° with T symmetry, and
VarAng 1 AR 7
SR s-1V IR 0K -1 S VKA AT 1 48 oK small cavity—12-member 6°4° with S, symmetry, respectively;

SFHR RS RE T, B s-IV 1R %E (b) and (c) are the cubic unit cell of the s-IV ice clathrate (The

+ ':F' A ﬁ ﬁf ﬁi -V # Eﬁ % ﬂi ] % hydrogen-bonding network is shown with blue dash line,
B (0.506 g/cm3) CHCE AT s-TIT 40 KA B red for oxygen, white for hydrogen.)
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%2 1832 vdW-DF2/DFT i+ E 5 3|/Y ice X1, s-IL, s-III 0 s-IV JK BT AR 2 F#H B (Z,) TR EER (V) T
0-0 B (doo)s FHEHEK (4o BE (o) FHBEIENKDFLHRBE SR (E)BSANEERXRE
Table 2 Number of water molecules per unit cell (Z_,), equilibrium volume of unit cell (V), average distance between

oxygen atoms in adjacent water molecules (d,,,), average length of hydrogen bond (d,..,;), mass density (p), and lattice
cohesive energy per water molecule (£,,,) from vdW-DF2/DFT calculations for ice XI, s-II, s-III and s-1V ice clathrates
(The values in parenthesis are experimental values.)

Phase Zea Vol A doo/A d, /A pl(g-cm™) E,/(kJ-mol™)
ice XI 8 265 (2677 2.785 (2.7351'7) 1.785 0.903 (0.931)  65.64 (63.867)

s-11 136 5190 (5 02202 2.785 (2.7511) 1.795 0.784 (0.811%) 64.08

s-11T 48 2426 2.765 1.795 0.592 58.64

s-IV 192 11350 2.815 1.855 0.506 58.23
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Ultralow-Density Clathrate Ices and Phase Diagram under Negative Pressure
HUANG Yingying'?, SU Yan', ZHAO Jijun'

(1. Dalian University of Technology, Dalian 116024, China;
2. Shanghai Institute of Applied Physics, Chinese Academy of Science, Shanghai 201800, China)

Abstract: Water is not only omnipresent on the Earth but also ubiquitous in the solar system such as on
comets, asteroids, or icy moons of the giant planets. Hence, exploration of different forms of ice in different
environment has significant implication to physical science, chemical science, bioscience, geoscience and
planetary science. Depending on the surrounding conditions of pressure and temperature, water ice exhibits
an exceptionally rich and complicated phase diagram. To date, at least eighteen crystalline ice phases (ice Ih,
Ic, ice II to ice XVII) have been identified under laboratory conditions. In addition, there are many
hypothetical ultralow-density ice phases from clathrate hydrates, such as structure I (s-I), structure II (s-1I),
structure H (s-H), structure K (s-K) and structure T (s-T) ices. Recently, the s-II clathrate ice (ice XVI)
produced in the laboratory emerges in the negative pressure part of phase diagram, which stimulates greatly
people to explore the other low-density clathrate ices. Using extensive Monte Carlo packing algorithm,
classical molecular dynamins simulations, and dispersion-corrected density functional theory optimization,
we predict two cubic clathrate ices with ultralow densities, and name them as s-III (p=0.593 g/cm’) and
s-IV (p=0.506 g/cm’) clathrate ices. The unit cell of s-III clathrate ice is composed of two large
icosihexahedral cavities (8°6°4'%) and six small decahedral cavities (8°4*), while the unit cell of s-IV clathrate
ice is constructed by eight large icosihexahedral cavities (12*6'4'®), eight intermediate dodecahedral cavities
(6°4%), and six small octahedral cavities (6°4°). For these two clathrate ices, the large-sized icosihexahedral
cavities and the unique packed patterns among different cavities result in their record low densities.
Considering all the low-density (lower than ice XI or equal to ice XI) ices, we construct a new p-T (pressure-
temperature) phase diagram of water with TIP4P/2005 model potential under negative pressures. Below the
deeply negative-pressure region of s-II clathrate ice, s-III and s-IV clathrate ices replace s-H clathrate ice,
arising as the most stable ice phases in the high-temperature part and the low-temperature part, respectively.
As a result, a triple point (7= 115 K, p =—488.2 MPa) appears in the phase diagram. The density functional
theory calculations suggest that the s-1II and s-IV clathrate ices can be fully stabilized by encapsulating an
appropriate guest molecule such as dodecahedrane molecule (C,oH,,) and fullerene molecule (Cg,) in the
large cavity, respectively. Considering that the guest-free s-II clathrate ice has been produced in the
laboratory, which is also recognized as ice XVI, both the s-III and s-IV clathrate ices can be viewed as
potential candidates of ice XVIII or ice XIX. Computations show that the hydrogen storage capacities of s-11I
ice clathrate amount to nearly twice of those for the s-II ice clathrate at low temperature and room
temperature, which satisfies the DOE ultimate target for on-board hydrogen storage.

Keywords: clathrate ice; phase diagram; negative pressure; ultralow-density
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Fig. 2 Comparison of the cohesive energy for rare-gas solids
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Table 1 The pressure components of solid argon

P/GPa
R/A V/(cm®-mol ™) Error/%
Exp." Ab initio" Eq.(10)
2.40 5.887 237.61 248.95 247.04 3.97
2.45 6.262 194.11 204.44 200.72 3.41
2.50 6.653 158.51 167.59 163.25 3.00
2.55 7.061 129.38 137.12 132.81 2.65
2.60 7.484 105.53 111.96 107.98 2.32
2.65 7.924 86.02 91.23 87.70 1.95
2.70 8.381 70.06 74.18 71.12 1.51
2.75 8.856 57.00 60.20 57.57 1.00
2.80 9.348 46.34 48.75 46.49 0.32
2.85 9.857 37.62 39.41 37.54 -0.21
2.90 10.385 30.51 31.80 30.31 —0.66
2.95 10.932 24.71 25.62 24.65 -0.24
3.00 11.497 19.99 20.60 19.79 -1.00
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A Novel Expression of Cohesive Energy Contributions to the
Highly Compressed Characteristic for Rare-Gas Solids

ZHENG Xingrong

( Department of Physics, College of Electrical Engineering, Longdong University, Qingyang 745000, China)

Abstract: Based on quantum theory and atomic cluster theory, using many-body expansion method and the
ab initio method, a novel expression is presented for calculating the cohesive energy of rare-gas solids (RGS)
(RGS=He, Ne, Ar, Kr) and studying the cohesive energy contribution to the highly compressed
characteristics for RGS. In this expression, we introduce a new coefficient 8=0.5, which makes the
expression of potential function simple and accurate. Compared with previous results, it is necessary to
obtain a new cohesive energy expression that can describe accurately the many-body interaction contribution
to cohesive energy, and the mean relative errors are within 5%. The expression can also be applied to
calculate the compressibility of solid helium, neon, argon and krypton in the present experimental pressure
range (He 60 GPa, Ne 238 GPa, Ar 114 GPa, Kr 128 GPa), and the numerical results are consistent with the
recent experiment results and ab initio calculation results with the mean relative errors of no more than 5%.
Finally, an application in solid argon verifies the accuracy of the potential expression. The expression not
only can be applicable in a wider density and pressure range, but also all rare gas systems. In addition, it has
important guiding significance for studying the high-pressure compression, specific heat, melting curve and
elastic modulus of rare-gas solids.

Keywords: rare-gas solids; cohesive energy; atomic cluster theory; many-body expansion method; ab initio

method; compressibility
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Diffusion of Helium in Calcite and Aragonite:
A First-Principles Study
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Abstract: Helium diffusion in carbonate minerals is important for studying the physical and chemical
properties and dynamic processes of Earth’s degassing. This paper discussed helium incorporation and
diffusion mechanism in crystals of calcite and aragonite based on density functional theory calculations. The
diffusion pathways, activation energies (E,), and frequency factors (v) of helium under the surface and
mantle condition were calculated. Calculations show an apperant anisotropy of helium diffusion in calcite,
with more energetically favorable directions along a(b) axis. The moderate anisotropy of helium diffusion is
showed in aragonite, in which the diffusion rate along ¢ axis is slower than that along a axis. Under high
pressure conditions, the activation energies of helium diffusion in aragonite increase with pressure. The
closure temperature for calcite crystal varies from —54 °C to —25 °C in the direction [010], and for aragonite
varies from —12 °C to 23 °C in [100]. Aragonite may be more retentive for helium than calcite under surface
condition, which agrees well with previous experimental studies.

Keywords: helium diffusion; calcite; aragonite; ab initio; pressure effect
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Helium gas in minerals may provide plenty of useful information on Earth’s mantle evolution and
geodynamic processes. There are many accessory minerals with high concentration of U and Th, such as apatite
and zircon, have been widely used in (U-Th)/He dating method" . However, calcite, quartz, olivine, and other
common minerals are less involved in this method. The application of carbonate (U-Th)/He method in thermo-
chronometry has attracted more and more attention due to its ubiquity, large grain size, and extremely low closure
temperature on the Earth™* 7). *He is attributed to the presence of primordial helium leaking from the mantle and
*He is produced by the decay of radioactive isotopes. High *He/*He ratios are characteristic of samples of mantle
origin. To understand dating and cooling histories of rocks, the diffusion mechanism of helium in carbonate
minerals should be studied.

Recently, the experimental approaches to determining He diffusivities in carbonates have obtained some new

achievements' ™. Copeland et al.™ undertook a series of bulk step-heating experiments on calcite. They suggested
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that the diffusion of helium in calcite has no connection with the origin of minerals or the source of helium. The
potentiality of calcite (U-Th)/He dating was also investigated by Cros et al.””’ Later, Amidon et al.™ explored the
production and retention of helium in calcite samples at several different locations. Step-degassing experiments
were also used to investigate the diffusion of He in calcite. All the above experiments indicate that helium
diffusion in calcite is influenced by multiple diffusion domains (MDD). This factor has been attributed to the loss
of He from small domains with a faster diffusion rate, making it difficult to speculate bulk He retention in natural
samples™®. To avoid these limitations of bulk degassing experiments, Cherniak et al."*! performed ion implantation
experiments and NRA (nuclear reaction analysis) measurements to study helium diffusion in calcite, dolomite,
magnesite, and aragonite. This approach can be used to study the anisotropy of helium diffusion. They found that
the diffusion is anisotropic in calcite, dolomite and magnesite, and is slowest along the [001] direction. They
found that magnesite and calcite are unlikely to be retentive of He on the Earth’s surface conditions,
while dolomite and aragonite can be retentive under cooler conditions'.

To better understand the diffusion mechanism and rate of helium in carbonates, we undertake a series of
theoretical computations. The density functional theory (DFT) and climbing image nudged elastic band (CI-NEB)
method are powerful for exploring the microscopic mechanism of He diffusion in minerals and have been applied
to investigate the diffusion mechanism of helium in a few important minerals, such as zircon and apatitel’],
olivine!'”’, hematite!'!), preclase!'”!. This method, using the microscopic atomic-scale calculations to elucidate He
diffusion in perfect crystals without impurities, defects, or radiation damage, provides the basis for comparison of
diffusion rate among different minerals. In this paper, the electronic nature, diffusion pathways, activation
energies, and frequency factors of He diffusion in calcite and aragonite under ambient and high pressure
conditions were investigated based on the DFT and CI-NEB method. After calculating the diffusion data, we
discussed the anisotropy of helium diffusion in the two mineral phases. The closure temperature were also

calculated using Dodson’s equation"*!.

1 Method

The structural properties and diffusion behavior of helium in calcite and aragonite were calculated based on
the density functional theory and the plane-wave pseudo-potential approach!'* '* as implemented in the Vienna 4b
Initio Simulation Package (VASP)!'* "7, The projector-augmented wave (PAW) potential was used to represent the
interactions between ions and electrons!® ", We adopted the generalized gradient approximation (GGA) with the
Perdew-Burke-Ernzerh of (PBE) functional® to describe the exchange-correlation interaction. The Brillouin zone
was sampled by a 3x3x3 Monkhorst-Pack mesh!®"! of k-points for the (2x2x1) calcite supercell. For aragonite, an
80-atom supercell formed by 2x1x2 unit cells was used and the Brillouin zone was sampled by a 2x2x2
Monkhorst-Pack mesh of k-points. The atomic coordinates of the two structures were fully optimized until the
energy change on each atom was less than 10~ eV and the force was less than 0.02 eV/nm. The cutoff energy was
set to be 550 eV. The energy cutoff and k-points are sufficient to reach the required accuracy in the present work.

We first study the structural properties of bulk calcite and aragonite. The relaxed lattice parameters, and
several characteristic interionic distances are reported in Table 1. The other experimental and DFT datal*> > are
also presented as comparison. As seen from Table 1, good agreement is achieved between the calculated results in
the present work and experimental data. The deviation between our calculated structural parameters and previous
studies were less than 1.5% for calcite and aragonite.

To study the He diffusion in calcite and aragonite, one He atom was placed on several different types of
interstitial sites. We first found the most stable interstitial sites of helium in the two systems to evaluate He

interstitial formation energies. The mechanical stability of He interstitials at each site is studied by inserting a
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Table 1 Calculated structural parameters of calcite and aragonite in comparison
with previous theoretical and experimental values

C-O bond Ca-O bond

Mineral Data source Unit cell volume/nm’>  a/nm b/nm c/nm ) .
distance/nm  distance/nm

This work 379.58 5.05 17.21 1.299 2.383
Calcite Calculation” 383.20 5.05 17.33 1.291 2.397
Experiment® 368.10 4.99 17.06 1.284 2.359
This work 232.58 5.01 8.01 5.79 1.291 2.469
Aragonite Calculation™" 233.84 5.02 8.04 5.80 1.292 2.440
Experiment 226.65 4.96 7.96 5.74 1.284 2414

helium atom at the site and then relaxing the lattice structure to check whether the He moved to another stable site
or not. In addition, the thermodynamically stable sites are determined by the formation energy.
The formation energy for a He atom at one interstitial site is defined as

AEy. = E(CaCO; + He) — E (CaCO;) — E (He) 1)
where E(CaCO,+He) is the total energy of the relaxed atomic model containing a He atom, E(CaCQ,) is the total
energy without He atom, and E(He) is the energy of the isolated He in vacuum.

The activation energy of helium in calcite and aragonite and the minimum energy paths (MEPs) were
calculated using CI-NEB method™®. All images were relaxed until the maximum force on each atom is less than
0.03 eV/nm. The diffusion rate is assumed to follow an Arrhenius form

D = Dyexp(—AE,/RT) 2)
where D is the diffusion rate, D, is the pre-factor, AE, is the activation energy, R is the gas constant, and 7 is the
temperature in Kelvin. The activation energy E, can be obtained by the CI-NEB method, but the pre-factor D, in
Eq.(2) is also required to calculate the diffusion rates. In the harmonic transition state theory””), all of the atoms in
the lattice vibrate harmonically around their equilibrium positions and the diffusion rate relates to the atom vibration by

1

Do = EIZV (3)
where
3N
i Vi
Y=y @

The factor 1/2 in Eq.(3) indicates that the helium atom is moving along the specific direction, / is the jump
distance between two He atoms. The frequency, v, was calculated by displacing the helium atom in the activated

and ground state'””), the value of v, (the ground state) to v/ (the activated state) for N He atoms (1 in this case).
2 Results and Discussion

2.1 Calcite

Calcite belongs to the R3¢ space group with trigonal system. Fig.1(a) and Fig.1(b) show the unit cell of
calcite at ambient pressure viewed from two different directions. To investigate the helium diffusion behavior in
calcite crystal, we put a single helium atom in several possible interstitial occupation sites in calcite. We calculate
the total energy of the whole system and find the most stable location with minimum energy of He in calcite. The
computed formation energy AEy, is 74.29 kJ/mol.

First, we pay attention to the microscopic structure of calcite and find that in the [100] and [010] directions,

the atomic arrangement and lattice position have no difference (see Fig.1(b)). Helium diffusion behaviors along
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Fig. 1 Schematic diagrams showing unit cell of calcite ((a) and (b)) and aragonite ((c) and (d)) (The two structures both show layers
of Ca®" cations and layers of planar CO, groups stacked perpendicular to the c-axis. Green: Ca, red: O, gray: C.)

a-axis and b-axis are exactly identical. Then, we choose two different possible diffusion pathways between the
most energetically favorable sites and obtain the relative activation energies based on the CI-NEB method. One
path is a direct hop along [010] direction between nearest-neighbor He atoms (S,—S,) and parallel to the CO, layers
in calcite crystal structure (see Fig.2(a)). The jump distance and calculated activation energy F, is 5.046 nm and
67.64 klJ/mol, respectively. For the direction [001], the helium diffusion behavior is much more complicated. The
direct path between the nearest-neighbor He atoms along [001] direction (S,—S,) is perpendicular to the CO, layers
but hindered by a Ca®" cation, so we choose another possible pathway for helium diffusion: along S,—S, S, (see
Fig.2(b)). The jump distance and calculated activation energy E, is 4.711 nm and 97.36 kJ/mol, respectively. The
energy barriers curves for the helium atom moving along [010] and [001] directions are shown in Fig.3(a) and
Fig.3(b). The CI-NEB calculations were performed by placing 5 images between neighboring stable sites for both
directions. Then, we calculate the frequencies (v) and pre-factor (D,) of the two directions. The pre-factors are
5.46x10°" m*s (Ig D, = —6.26) and 4.65x10"" m*/s (g D, = — 6.33) for [010] and [001] directions, respectively.
According to the parameters of Eq.(2), Eq.(3) and Eq.(4) as shown in Table 2, the calculated diffusive

coefficients of helium in calcite are

B —67.64 kJ/mol
Dygioyq00y = 5.46x 107 eXP(T)(mz/S) Q)
-97.36kJ 1
Dior; = 4.65% 1077 exp(T/mo) (m?/s) (6)

Helium diffusion data from DFT calculations are reported in Table 2, and diffusion coefficients are plotted in
Fig.4(a). Calculations show marked anisotropy of helium diffusion in calcite. Diffusion rate for [010] is about
five orders of magnitude faster than [001] at ambient temperature (298 K) due to its lower activation energy. It can
be explained by the different microscopic atomic structures. Table 3 shows the characteristic bond distances of
activated states in calcite for [010] and [001] directions. The He-O distance in [010] is about 0.11 nm longer than
that in [001], and the separation between two neighboring parallel CO, layers in [010] is about 0.06 nm larger than
that in [001], indicate a more narrow space when He moving along [001], making it difficult to go through. In

contrast, the C-O and Ca-O bond distances have little difference between the two directions. As temperature
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(a) (b)

(© (d)

Fig. 2 Diffusion pathways of helium atom in calcite along [010] (a) and [001] via the S,. site and reaching the S, site (b);
in aragonite along [100] (c) and [001] via the S, site and reaching the S,. site (d)
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Fig. 3 Energy barriers of different paths for helium diffusion in calcite: (a) $ ' —S$* path in the [010] direction, (b) S -5 - §§
path in the [001] direction; in aragonite: (c) S ® — S 2 path in the [100] direction, (d) S ® — S — S path in the [001] direction
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Table 2 Calculated parameters for helium diffusion in calcite and aragonite under ambient and high pressures

Mineral Pressure/GPa Direction E /(kJ-mol™) v/THz I/nm Dy/(m*s™)
0 [010] 67.64 4.29 5.05 5.46x1077
Calcite :
0 [001] 97.36 4.19 4.71 4.65%10°
0 [100] 82.40 7.71 5.00 9.64x107
0 [001] 96.00 6.34 5.79 1.06x10°°
3 [100] 110.57 7.11 498 8.82x107
3 [001] 125.43 6.57 5.68 1.06x107
Aragonite 6 [100] 115.78 7.03 4.95 8.61x10”
6 [001] 133.63 6.85 5.85 1.17x10°°
10 [100] 139.42 7.54 4.90 9.05x10”
10 [001] 160.17 7.56 5.47 1.13x10°°
14 [100] 154.38 7.01 4.86 8.28x107
14 [001] 174.45 8.41 5.36 1.21x10°°
700 K 500 K 400 K 10 625K 500 K 400 K
o &) . . . o) T :
b Cherniak et al. “l2p
perpendicular to ¢ 14 This study
= -4} = 100
T This study. » _16 L *]/
E -16F £
S S ig} 1001]
& C18r & [010]
Cherniak ef al. 20 ) ©
201 [001] Cherniak et al. (2015)
[001] 22+
_22 -
L L L 1 1 24 1 1 1 1 1 1
12 16 20 24 28 16 18 20 22 24 26
1047 /K™ 1047 1/K™!

Fig. 4 Comparisons of our Arrhenius relations for calcite (a) and aragonite (b) with the data of Cherniak et al.'

(He diffusion in calcite displays marked anisotropy, while in aragonite shows moderate anisotropy.)

Table 3 Summary of the characteristic bond distances of activated states in calcite and aragonite

under different pressure conditions (All bond distances are the smallest distances.)

Mineral Pressure/GPa Direction Ca-O bond distance/nm  C-O bond distance/nm  He-O bond distance/nm
Caloite 0 [010] 2.261 1.299 2.033
0 [001] 2.241 1.295 1.922
0 [100] 2.356 1.296 2.141
0 [001] 2412 1.287 2.042
3 [100] 2.358 1.294 2.067
3 [001] 2.379 1.294 2.002
Aragonite 6 [100] 2.351 1.289 2.026
6 [001] 2317 1.284 1.970
10 [100] 2.340 1.278 1.982
10 [001] 2.290 1.274 1.927
14 [100] 2.334 1.277 1.951
14 [001] 2.265 1.270 1.909
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increases, helium diffusion in calcite becomes more and more isotropic. At 800 K, the diffusion rate for [001] is
only about 2 orders of magnitude slower than that for [010], indicating that anisotropy become insignificant at
mantle temperature in calcite.

2.2 Aragonite

Aragonite is a high-pressure polymorph of calcite with orthorhombic symmetry and space group Pmcn, and
consists of layers of Ca®* cations with layers of planar CO, groups stacked perpendicular to the c-axis. Fig.1(c) and
Fig.1(d) show the unit cell of aragonite viewed from two different directions. In aragonite, we put a single helium
atom in several possible interstitial occupation sites and find the most stable location with minimum energy of He.
The computed formation energy AE,,, is 87.80 eV.

We find two possible diffusion pathways of helium between the most energetically favorable sites in aragonite.
Diffusion along [100] direction is a direct hop (S,—S,) (see Fig.2(c)). The jump distance and calculated activation
energy £, is 5.00 nm and 82.40 kJ/mol, respectively. Diffusion along [001] is more complicated because Ca*"
cation will hinder the helium motion. We find another possible path for helium diffusion along [001] direction:
S,—S,—S,. (see Fig.2(d)). The jump distance and calculated activation energy £, is 5.79 nm and 96.00 kJ/mol,
respectively. Then, we calculated the frequency factors (v) and pre-factor (D,) of these two directions. The pre-
factors are 9.64x10"7 m*/s (Ig D, = —6.02) and 1.06x10"° m?*/s (Ig D,= —5.97) for [100] and [001] directions,
respectively.

The helium diffusion in aragonite can be written in Arrhenius as follows

~82.40 kJ/mol
Doy = 9.64% 1077 exp(ﬁ)(mz/s) 7
RT
9600 kJ/mol
Dior; = 1.06x 107 exp(T/mo) (m?/s) )

Helium diffusion data from DFT calculations are list in Table 2, and diffusion coefficients are plotted in
Fig.4(b). Helium diffusion shows moderate anisotropy in aragonite, with diffusive rate along [100] about 2 orders
of magnitude faster than [001] due to its lower activation energy. As seen from Table 3, the He-O and Ca-O
distances in [100] are about 0.10 nm and 0.14 nm longer than those in [001], respectively. The separation between
two neighboring parallel CO; layers in [100] is about 0.21 nm larger than that in [001] at ambient condition, which
indicates the small space when He is moving along [001], making it difficult to go through and leading to great
activation energy. In contrast, the C-O bond distances have little difference between the two directions.

2.2.1 Pressure Effects in Aragonite

To investigate the pressure effect on helium diffusion in aragonite, we performed calculation under high
pressure up to 14 GPa. The high pressure data and diffusion coefficients are reported in Table 2 and Fig.5. For
[100] direction, E, increases from 82.40 kJ/mol at 0 GPa to 154.38 kJ/mol at 14 GPa. For [001] direction, E,
increases from 96.00 kJ/mol at 0 GPa to 174.45 kJ/mol at 14 GPa. The activation energies significantly increase
with the pressure in both directions. The large differences in diffusion kinetics between ambient and high pressure
conditions may due to the structural transformation of aragonite. We list the characteristic bond distances from
activated states in aragonite under different pressure conditions (see Table 3). With increasing pressure, some
characteristic bond distances become more and more short, creating more congested space to allow He atom to
move. It can be noticed that the C-O bonds are hardly compressible in aragonite. For [100] direction, the He-O
(Ca-0) bond distance decreases from 2.141(2.356) nm at 0 GPa to 1.951(2.334) nm at 14 GPa. For [001]
direction, the He-O (Ca-O) bond distance decreases from 2.042(2.412) nm at 0 GPa to 1.909(2.265) nm at 14 GPa.
Thus, the pressure effect will significantly influence the crystal structures and activation energies. With the

increasing of pressure, helium diffusion rates in aragonite will become slower.
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As seen from Fig.5, the diffusion coefficients Dy, and Dy, obviously decrease with increasing pressure.
When the pressure increases to 14 GPa, Dy, and Dy, nearly decline by 13 orders and 12 orders of magnitude at

ambient temperature, and 5 orders and 6 orders of magnitude at 800 K.

1000K 667K 500K 400K 1000K 667K 500K 400K
= (@) [100] 10} (b) [001]
~15} ~15}
L 0| 0 GPa £ 20t
E/ = 0 GPa
] 3GPa )
% st 6 GPa o 25+ 3 GPa
10 GPa 6 GPa
30 14 GPa —30 10 GPa
14 GPa
735 1 1 1 1 1 _35 1 1 1 1 1
10 15 20 25 30 35 10 15 20 25 30 35
1047-1/K! 1047 V/K

Fig. 5 Effect of pressure on helium diffusion in aragonite up to 14 GPa in the [100] (a) and [001] (b) directions
(The diffusion coefficients obviously decrease with pressure increasing in both directions.)

2.3 Comparison with Previous Experimental Data for Carbonates

In recent two decades, the diffusion mechanism of helium in natural carbonates samples has been studied by
some experimental work (e.g. Refs.[4-5,7-8]). Copeland et al"! investigated the helium diffusion kinetics by
soaking a wind range of carbonates in helium gas and conducting bulk step-degassing experiments. From the
helium release behaviors, they constrained activation energies for calcite ranging from 121 to 170 kJ/mol, larger
than those (67-97 kJ/mol) in the present work. The Arrhenius parameters show some high-temperature data have
retrograde steps that do not fall on the initial array well documented as multiple diffusion domains (MDD)
behaviors. He diffusion in saturated and natural samples both suggest the MDD behavior and the diffusion domain
is smaller than the size of the sample analyzed, making some of the He release behaviors quite complicated™. The
similar results were obtained by Cros et al.”, they undertook step-degassing experiments on fault-filling calcite,
and their results show a complex degassing behavior. Their Arrhenius parameters can be explained by the MDD
model, or by the presence of fast paths in the crystals due to structural defects. The presence of defects creates the
small domains in calcite crystals, making (U-Th)/He ages variable!”. Amidon et al™ explored the potential of
helium dating and evaluated He retention in natural sample under Earth’s surface condition. They constrained
activation energies ranging from 101 to 113 kJ/mol by step-degassing experiments on calcite and suggested that
He retention was controlled by MDD pattern in the crystals. All the above experiments indicate that the helium
diffusion in calcite will be controlled by MDD, and these results are quite complex and difficult to investigate the
real diffusion mechanism of helium in carbonates. In addition, the high activation energies they obtained may
reflect the overprint of anisotropy of He diffusion in the calcite.

To avoid the limitation of previous bulk degassing experiments and distinguish between the effects of
diffusion kinetics, diffusion domain sizes and the anisotropy, Cherniak et al."! performed *He ion implantation
experiments and NRA measurements to study helium diffusion in calcite, dolomite, magnesite and aragonite. For
calcite, they obtain the activation energies of 52 kJ/mol for direction perpendicular to [001], not far from our
results (67 kJ/mol). However, they obtain the activation energies of 54 kJ/mol for the direction [001]. It is much
smaller than our results (97 kJ/mol). Bengtson et al.™! calculate the diffusion of He in apatite. They found the

results that the activation barriers in experimental measurements are higher than calculation results, and it is likely

052202-8



9533 % A3 RAF: QIO AISCO IR G ST — MU AT 55 5 )

explained by the presence of radiation damage. Even though calcite contain very low concentrations of radiation
damage producing elements (U, Th, K), this effect may play an important role in the discrepancy between
experimentally determined helium diffusion kinetics and the calculations presented here. In addition, natural
calcite that undoubtedly contains abundant structural defects that disrupts the perfect CaCO,. Our calculation show
He diffusion in calctie is very sensitive to local structure. This may be an important cause to leading the different
activation energies and diffusivities between the results presented here and the experimental study by Cherniak et
al."! In addition, the limited experiment conditions and our simulated conditions are quite different, which may
cause the discrepancies in the results. As shown in Fig.4(a), Arrhenius relations for calcite between our data and
Cherniak ef al.™ are similar. Their data showed that the He diffusion in calcite is anisotropic, and is slowest for
diffusion along the [001] direction, which agree well with our calculations. This pattern of anisotropy was due to
the smaller inter-atomic apertures along [001] direction, which may reduce the diffusion rate.

For aragonite, they obtained the activation energies of 95 kJ/mol for [001] and 82 kJ/mol for [010], while our
results are 96 kJ/mol for [001] and 82 kJ/mol for [100]. It is not clear why we obtain different anisotropy results,
but the values of activation energy are identical. The findings of Cherniak et al. indicate diffusivities are about
2 orders of magnitude lower than the results obtained in the present study (Fig.4(b)). The differences may due to
the different research methods used, making relatively large discrepancy of “jump distance a” between experimental
and theoretical value.

In addition, we compare the helium diffusion rates between calcite and aragonite. For the convenience of
comparison, we choose the faster diffusion paths [010](100) in calcite and [100] in aragonite. Helium diffuses
faster in calcite, with diffusion rate about two orders of magnitude faster than in aragonite at ambient condition.
The differences are due to the small activation energy of calcite, making it easier for helium atom to pass through.
Thus, calcite may be less retentive for helium than aragonite under surface condition. Early work studied on
calcite and aragonite suggest calcite is unlikely to be retentive of helium on the Earth’s surface, while aragonite
may be retentive under cooler conditions***., consistent with our study.

2.4 Closure Temperature

It is necessary to investigate detailed information about closure temperatures (7,) for carbonates. For

thermally activated diffusion D = D, exp(—AE./RT),

o [13]
it is given by Dodson" ' as 350 - Calcite [001]
E, ART?D,
T.= —|In| —— 9
R / n(azEadT/dt) ©
where E, and D, are from the current calculations. 3007 7
/ —
A cooling rate (d77d) of 10 °C/Ma (3.168 88x10 " K/s) “ Aragonite [001] _ — — = =77
(consistent with Bengtson et al."”’) and spherical ol T
geometry (4 = 55) were used"’. T, is plotted as a 250 @
function of crystal size in Fig.6. The closure tempe- Caleite [010]
rature of 0.2-2.0 mm grain size of calcite crystal
varies from —54 °C to —25 “C in the direction [010]
o : : : 200 & L . . .
and 40 °C to 82 °C in the direction [001], and for ara- 500 1000 1500 2000
gonite varies from —12 °C to 23 °C in the direction Grain radius/um
[100] and 30 °C to 69 C in the direction [001]. Fig. 6 Calculated closure temperature (7,) as a function of grain

The low closure temperatures from our radius (a) along different directions in calcite and aragonite (Closure

temperature are plotted for assuming spherical geometry (4=55) of

calculation are due to the relatively low activation L . .
the crystals. Helium in each carbonate composition using

energies. In calcite, the closure temperature are very Dodson’s (1973) equation and a cooling rate of 10 °C/Ma.)
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low due to its rapid diffusion rate along [010] direction. Previous experimental study suggest that a good
evaluation of the T, of helium in calcite is around 60—80 °C and is independent of the size of the grain”!. The high
T, in experimental samples are due to the high activation energies they obtained. In ideal aragonite, the calculated
closure temperature is higher than that in calcite, indicating that helium will be more retentive in aragonite than in
calcite. The temperature differences between aragonite and calcite were more pronounced in the study of Cherniak
et al.™ They suggest carbonate will retain initial He in their centers at temperatures up to —11 °C and 91 °C for
calcite and aragonite in the case of 1 mm radius grains. The large difference is due to the significantly higher

diffusivity in aragonite than in calcite they obtained.

3 Conclusions

Using first-principles calculations and CI-NEB method, we investigated the possible trapping sites and
diffusion of He in the perfect host lattice of calcite and aragonite.

He diffusion in calcite shows marked anisotropy, with more energetically favorable directions of [100] and
[010]. Aragonite shows moderate anisotropy of He diffusion, with diffusion rate along [001] slower than [100].
The diffusivity of He is greater in calcite than that in aragonite. Aragonite has a higher closure temperature than
calcite. Helium diffusion in aragonite is obviously influenced by pressure at low temperature. When the pressure
reached up to 14 GPa, the activation energies increased with the pressure. The microscopic structure of minerals
can significantly influence He diffusion.

Previous step-degassing experiments suggested that the helium diffusion in calcite is controlled by MDD.
The differences in diffusivity of He for computed structures and natural samples suggest natural samples are far
from ideal in their structure, probably the result of varying sizes of diffusion domains.

Our DFT calculations provide a theoretical research into the helium diffusion behavior in perfect crystals of
calcite and aragonite under ambient and high pressure conditions. These results provide useful information for

understanding dynamic and geochemical processes by investigating noble gases reserving in crust and mantle minerals.
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9 0.03 eV/A, Ji 5 [H] B J7 W SIOKS BE R 0.05 GPa, JiF Wi K AL 0.001 A, 2 F LR S5, 1A
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ARHIFGE BT 17 S R AR ) 56 ZRARAS T 3k i 4 AR A RS ) 2 A SC B, I N AR 2 [
(P
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WEE p, FHSIRIERTCE Vo 7EARTAES, 8ik& 4 WA ISR . Voigt® A (R Bk &
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E =
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Ky = 5 (3)
M+3c;; -3 12

Gy= + 3¢y Cio+ 12C44 + Cop (4)

30

Reuss™! #& H BB 1 K, BT YR G, 430010

Kr=C*/M (5)
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T HAlPO DA Ay A v B g R0 0 A8 43 A AN 345, HAR B K, A BY U1 & Gy, VR Voigt Fl Reuss HE LAY
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1
1
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4
K+-G [
3 |G o, 4
v, = PR Vs = > Vb= 4[Vi— §v§ (11)
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2 ERE5WE
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2.1 JL&Eaifiit
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4x2x4(1-64-atoms) Fll 4x2x4(11-64-atoms) , W&l 1 fif 7, Horfr: 4x2x4(1-64-atoms) Y H8 i L2 4 4~ Si i+
Y5 53 BUAE 64 4> Fe Ji T, 4x2x4(11-64-atoms) 25 #4524 4> Si J T4t T 64 4> Fe J5 7 v dw 4 B0 47
B X 4 Bl Fe-3.24%Si G5 ML T AT TH0AL, B8 T AR RE M . AR 4 1 — s R R BE
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F 100 GPa B, [ EXT 11-64-atoms 4544 (1 e 1t JC 52 A, DAL b 457 AR B N 11-64-atoms A7 e IR A fig &, BD
HBE R B RS E -

(a) Fe-3.24%Si (16-atoms) (b) Fe-3.24%S1 (32-atoms)
(c) Fe-3.24%Si (1-64-atoms) (d) Fe-3.24%Si (11-64-atoms)

[E 1 hep-Fe-3.24%Si fI45H4
Fig. 1 Structure of hcp-Fe-3.24%Si
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==K
P20

400 -
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Fig. 2 Variation of the energy per unit volume e versus pressure Fig.3 Calculated density vs. pressure for Fe-3.24%Si

& 3 25 Y T AR 4 Hugoniot 0483154 19 Fe-3.24%Si 19 300 KR A& 7 2, H 3 M 2R . Mie-
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PV = pulV) = [ Cyead (13)
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Fe-3.24%Si ) Hugoniot (¥
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Hugoniot Z24(°A C,=4.182 km/s, 1=1.551, LA} 0 K % & p;=7.668 g/em’. (13) X Hpg b IR v LIl T
B= W<
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Fig. 5 Comparison of the density, longitudinal sound velocity v,, bulk sound velocity v, and
shear velocity v, of Fe-3.24%Si with those of Fe and the data of the inner core
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First-Principles Calculations of the Equation of State and Sound Velocity of
Fe-3.24%Si: Implications for the Composition of Earth’s Inner Core

LI Peiyun, HUANG Haijun, LI Yanli
(School of Science, Wuhan University of Technology, Wuhan 430070, China)

Abstract: Silicon (Si) is considered as one major light element in Earth’s inner core, but its content is still
controversy. In order to constrain its content in the inner core, using first-principles calculation method, we
constructed four different supercells of Fe-3.24%Si and investigated the effects of cell size and spin on
geometry optimization. It is found that the spin doesn’t affect the equation of state of Fe-3.24%Si above
100 GPa, and below 100 GPa, the calculated results with the spin are closer to the experimental data. Based
on the equation of state, the sound velocity at 0 K and the corresponding thermodynamic parameters, the
density and sound velocity of Fe-3.24%Si are obtained under the conditions of the inner core. The density of
Fe-3.24%Si is lower than that of pure iron and slightly higher than that of the inner core. The sound
velocities of longitudinal wave and shear wave for Fe-3.24%Si are very close to that of pure iron, but both
are significantly higher than that of the inner core. Therefore, we could exclude the possibility that Earth’s
inner core contains a large amount of Si.

Keywords: Fe-3.24%Si; first-principles calculation; equation of state; sound velocity; inner core
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Table 1 Lattice parameters and elastic modulus of garnet under normal pressure

Garnet Lattice parameter/A Density/( g'cmd) Method Bulk modulus/GPa Shear modulus/GPa
11.559 Exp.B” 199.0
11.466 3.582 Exp.[" 172.7 92.0
Exp.>* 173.6 94.9
Pyrope 3.610 Exp.1 170.1 90.2
11.447 3.569 Exp.P" 167.0
11.472 Exp.¥ 173.7
11.486 3.587 Average 176.0 92.4
11.581 3.448 This study 154.5 83.1
11.532 4312 Exp.!¥ 168.0
4.289 Exp.1 175.1 92.1
11.519 Exp.["! 185.0
Almandine 11.507 3.916 Exp. 173.7 95.4
11.535 3.930 Exp.™ 174.9 95.5
11.523 4.110 Average 175.3 94.3
11.591 4.250 This study 166.6 79.4
11.99 3.850 Exp.P” 162.0 92.0
Uvarovite 3.841 Exp.[ 164.8 89.9
11.990 3.846 Average 163.4 91.0
12.070 3.780 This study 139.1 79.8
11.617 4.195 Exp.[*! 178.8 96.3
11.611 4.172 Exp. 176.4 96.5
Spessartine 11.608 4.185 Exp.[ 171.8 93.3
11.612 4.184 Average 175.7 95.4
11.744 4.060 This study 165.6 89.8
11.849 3.600 Exp.l" 166.8 108.9
11.848 3.602 Exp.[*! 168.4 109.0
Grossular 11.870 3.659 Exp. 161.2 102.6
11.910 3.667 Exp.¥ 162.4 102.9
11.869 3.632 Average 164.7 105.9
11.991 3.471 This study 143.4 87.4
12.048 3.840 Exp.l" 159.4 90.0
12.054 3.836 Exp.*” 157.0 90.0
Andradite 12.009 3.775 Exp.[ 147.3 92.7
3.938 Exp.1 162.5 86.0
12.037 3.847 Average 156.6 89.7
11.977 3.930 This study 151.9 89.3

GGA EUMEAS 1551819 A 3R, 3 it 5 TS fh i Kok . 2= TES 8RR O I AR T Zhang 251
S5 R I DA AT R SR S 0 A 45 S BR AR A A A, 32 3 T HAB AL A SR . IR S TECAL Y AL TR T
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Table 2 Elastic constants (C,,, C\,, C,,) and wave velocity of garnet

Garnet C,,/GPa C,,/GPa C,/GPa vp/(m's™) vg/(m-s™) Ref.
297.6 109.8 92.7 9.08 5.07 [7]
301.0 110.0 94.3 [36]
Pyrope 8.94 5.02 [6]
90.7 8.92 4.99 [8]
91.7 8.92 5.00 [8]
263.1 100.1 84.2 8.78 4.91 This study
309.0 111.0 96.0 [41]
8.33 4.64 [6]
Almandine 95.0 8.77 4.94 [8]
94.9 8.77 4.93 [8]
270.9 114.4 80.1 8.01 4.32 This study
304 91 84 8.85 4.64 [39]
Uvarovite 8.60 4.83 [6]
259.7 78.7 73.4 8.34 4.75 This study
309.5 113.5 95.2 [41]
96.2 8.55 4.81 [8]
Spessartine
92.0 8.41 4.72 [8]
283.1 114.4 90.9 8.38 4.70 This study
321.7 104.6 91.4 9.49 5.54 [7]
321.7 104.6 914 [40]
Grossular 98.8 9.02 5.30 [8]
9.04 5.30 [8]
274.7 80.7 77.7 8.65 5.02 This study
8.49 4.73 [6]
87.9 8.47 4.96 [8]
Andradite 289 92 85 9.05 5.09 [7]
289 92 85 8.38 4.95 [39]
285.5 85.1 82.7 8.30 4.77 This study

/NSRS Fe’, CoTB 7242, HAE BRI A1 . BRERAR A0 AR S0 A 0 b+ i A4k ) Mg
Fe?", Mn* & 24235/ T Ca®, [ IAT R B A1 0 b M K/ T45 R U A, BRI 140 b it i
B I AR R R AR SRR A A5 R A A A B (AT 1 R o X TR R SR A, R LA
IR B A RO L R AR, AR LD R AR AR AR 5 A TR XA T R TR AR
AR ACSFAE— B X TES RV A, RIEFME T R T p<8 GPa), LI i /NI KA 5 2R 41
AR A L SRR O, SR T AR AL (B r(Fe™)<r(AI)<r(Cr™)) — B (HIE X p>8 GPa, fh i <
RN RAR YR BRI A7 . BRI A7 B4R A1 o X T RE2 il T IR ISl T Bl 48 7> 5, 1 Fe™ A
Ji@ FH AL S TR B AR, R Fe R AR /N T AP AR o DA R T At 32 A AR AR S B
TR AR — B

AR A 0 % B A T T 3G T et (UL IR 2) o Hev, SRR AR A L B R A R B A
A SR AT, LR TS B A7 L B AR AR A AR E AR AT, 3X 5 AR A B0 N B A N AR
Ko TEPRATAH R S5~ % H AL A4 T, AT FAR 6 233 o (oAU A M A i, BE AR AR A R A
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Structure and Elasticity of Garnet under High Pressure
by First-Principles Simulation

YANG Longxing, LIU Lei, LIU Hong, YI Li, GU Xiaoyu

(Key Laboratory of Earthquake Forecasting, United Laboratory of High-Pressure Physics and
Earthquake Science, Institute of Earthquake Forecasting, CEA, Beijing 100036, China)

Abstract: Garnet is an important component of the upper mantle and mantle transition zone, and its
properties under high temperature and pressure are of great significance to understand the composition,
structure and dynamic process of mantle. Therefore, the crystal structure and elastic properties of pyrope,
almandine, spessartite, uvarovite, grossular and andradite under 0—-16 GPa, the six most common garnet in
the Earth, were calculated by first principle method. The results show the unit cell volume of pyralaspite
(pyrope, almandine, spessartite) is smaller than that of ugrandite (uvarovite, grossular and andradite), and the
density of pyralaspite is higher than that of ugrandite except for pyrope. During structural compression, the
volume change of polyhedron is from large to small as [XOq] dodecahedron, [YO,] octahedron and [SiO,]
tetrahedron, and their ratio is close to 3 : 2 : 1, indicating that the compression mechanism of garnet is
mainly controlled by the dodecahedron. The variation of bond angle shows that tetrahedron and octahedron
of the ugrandite would be more regular under high pressure; while the tetrahedron of pyralaspite becomes
more irregular under high pressure. The bulk modulus of garnet increases with the increase of almandine,
and decreases with the increase of uvarovite and grossular; while the shear modulus of garnet increases with
the increase of grossular, and decreases with the increase of almandine and uvarovite. The wave velocity of
pyralaspite is smaller than that of ugrandite except for pyrope. Calculation results show that the wave
velocities of garnet intersect with the typical wave velocity model of the Earth near 410 km, proving that
garnet is an important component of the mantle, and the existence of garnet and its solid solution with
different compositions may have an important influence on the wave velocity structure of the Earth’s mantle.

Keywords: garnet; crystal structure; elasticity; high pressure; first principle simulation
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WE:NE L ERET —MFHEAS2EMENEXR MK WPI2-Si, hP12-Si &4 T U &1
REANTIHG RN —Fr A EHM, 52 iR i Si, FHa i, BEFHFE FENITESE
RBRETZENAEAFTETHREE., AL EWREUERAIFREL PN EA, TUKG
Si,, W#l & 7k, AdF 4R EEEMBA LiSI, BR FHF W LI EFREHS hP12-Si. £
KA, A—FNERTFASEL, HAERFHABRML, B FTEWITELEN, EHEH
LREREM, SERFTERHTSHEARE TR EAESHM B FTEABHRME.

X B, - HRE; HEERE;, SR

B 25:0521.2;0522.2 XHEkFRIRAS: A

REAE A AR = BOR A% A R, & 2 2 0 F T4 i i U2 ROR PHAE At B 45 . HE,
UL Si-1AHAT BN 2 98 15 O HZ R4 BR AR T 6 M, P AN TSR & Jie LAt > b R R Rk,
il G >R B 5% L v 2 0 e AR R AR ek 2R 7 R O R P AR FL Y O, I AR, At e 2 A W LA B AR S
B i FH B A, (R A =5 i . JCaE M I H A B AR ) R A R R B (B4 I R A A ), DRt —
BLAZ B OCHE  ATJEAL, BR T8 T e ReUE 19 Si-1AH, 7EAS R 1 2540 T kB 08 Wk =F & 1Y )
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1 HEFGE

R AL TR BESL UL 19 CALYPSO /R0, 7£ 0 GPa [ ) T, X FMUE FHUN T 16 1k S 1A 45
F AT R G485 2K HH 3L F %% 2 127 oK P36 ( Density Functional Theory, DFT) ) CASTEP %402 g 17 4%
PO VA KI5 S PR BT i BRI TH 5 . 35k FH 8 4% % (Ultrasoft Pseudopotentials) >y 22 4 SCHK 17 pR
HH Jai 38k % & 1T 8L ( Local-Density Approximation, LDA) f) CA-PZ J& 20242 S 30 11 BE M 400 eV & A5 AY
FEHUCR ] Monkhorst-Pack 77328, f5 K43 B A1 B R 0.04x2m At 25 F9 O A3 F2 AU BAR 1 - B RE AR
1. B KRE L% . NV 1 FITES 1) Hellmann-Feynman 7143 51)/NF 5.0x10°° eV/atom, 5.0x10* A, 0.02 GPa
F110.01 eV/A . B IURURL T30 & VAR5 44 A S 6 50, PR S ASE B R B DTSR, 7E-0.005~0.005 Y I 22
FEL PSS 27 B 6 S B 78 5 FE B BE Al b ) 2x2x2 I b AT A R B0 . AR R &R
P, B LR 2 F CASTEP #4143 BRA RS J7 i 15 i, e A T S ECER 22k T 474 i e s
P I R P At P 3

R

21 GIkEEH

A 3 A 2 I A, e R — e (] 30 0 S 6 B B Sy, S AT S ARL Y K T AR 2 4 ik 1) [ 3 S0
A hP12-Si, Q& 1(a) fim . EE 1) o, #F ¢ 4l 8] hP12-Si B f /S JGFF | L OGER I = Ju 34 1 A B
TR EERY AT AL, HA 7S TT IR = o R 254, EAT 2 (838 o FT I HE A i hP12-Sie WA 1(c)
B, Wi T Hoh = e 3R g Ak 2, ml DA T HH 2 B hP12-Si 45 Mg 19 1 &5 BT, X S T AT BT R < e —
FER AN A, I ARSI 2 A 8 T hP12-Sic & 1(d) /R T hP12-Si 5§ & 258 St iy R, 14—
FR LTI B A — A 1 T 250 Siy, A BRI ZE Y, T LA AT 28 N W] LUJELA B3 A TR BB 7

S
\f%

(a) Conventional unit cell of (b) Perspective view of (c) hP12-Si structure composed  (d) Repeating structural
hP12-Si structure hP12-Si structure of repeating structural units units of hP12-Si

Bl 1 hP12-Si &5 e A
Fig. 1 Structural models of hP12-Si

Pl 1(a) &y hP12-Si (5 LA A5 HY, J8 T8 T fb &, BB S A 12 AR (Si-1~Si-12), 7E%
TR AR S BN E 07 B L 1, Hod Si-1~Si-6(#5 21) J& & 1(c) ik 48 45 ¥ fe A1 1 — B B B DR 7
5 RS TCER 1 Si-7~ Si-12 fEJE T AN [, e b — B8 14 ik J5E - b 2 8 2 dmc U << 3 5 4l i i) VR
FEF-T N AL T —JCHR . hP12-Si 4544 B — P19 I 702 5 i f7, 5 Wang 551 32 51 ) m-Si,, 254 1R
&, Wiz a5 b vl se -t BA 4 Jm Pk . a3k 2 th I T, hP12-Si 544 h A7 A 4 P, P i il
PATTHIERE K 2.321 AR 2.327 ABRHE /N T Si-1 AR K 2.328 A, S % 34 FH A A 79 b T L Si-T K
MR hP12-Si A 45 A 2 TF i sCHE 2245 4, (HJR HUZ B (2,512 g/em?) UK T Si-1(2.402 g/em?), EE R H T
hP12-Si 2544 v 88 &2 PRoT A B KA X 5, O BB BT Z RN E AR G . B S 800 . 534k, hP12-Si
SR AT REAGAE 1) LAt = 2 B A — R, R R ) IR Bl T 2 4 Y
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1 HEET hP12-Si B M f) RS HIE
Table 1 Crystallographic data for hP12-Si conventional cell

Space group alA c/A pl(g-em™) Atomic positions
Si:6k (0.499 33, 0.846 42, 0.5)
Si:65 (0.679 02, 0.892 27, 0.0)

P6/m (175) 8.202 3.823 2512

2 hPL2-Si B HERNABEHMEK

Table 2 Populations and length of silicon bond in hP12-Si conventional cell

Silicon bond Populations Length of silicon bond/A
Si-7—Si-11, Si-7—Si-12, Si-8—Si-10
0.76 2.321
Si-8—Si-12, Si-9—Si-10, Si-9—Si-11
Si-1—Si-7, Si-2—Si-8, Si-3—Si-9
0.77 2.327
Si-4—Si-10, Si-5—Si-11, Si-6—Si-12
Si-1—Si-2, Si-1—Si-3, Si-2—Si-3
0.33 2.462
Si-4—Si-5, Si-4—Si-6, Si-5—Si-6
Si-1—Si-4, Si-2—Si-5, Si-3—Si-6 0.41 2.514

22 MWz hEREN

T UEW] hP12-Si S5 F4 (O HUBRRR A P RN 3l ) 2# A2 e vk, 3 i i vk s JOR A 1% . X LE hP12-Si,
Sty Fl Si-1 45 A6 7E 2 P 5P 1 A48 1 Bl P 0 Pk 45, e 3 Bt . R T hP12-Si 250 )8 T8 7 fm &,
BB E R FIE R 2 €, >(C s 2(C 1) <Ciy(CyF+Chy), Cou>0, Coo>0 1, I8 8K hP12-Si 2544 1) i 5 B0 e 7
J7 i Z LA RS S PR 40, PR R AL ARR S 1 . hP12-Si 435 M (0 (R S e A 1 0 5 U104 1 40 34 94 GPa
51 GPa, K/NGTF Siy, FI Si-T 4544 (0 5P A5 5 22 R), 156 B AL AR 5t B 1 B 12 4k T Si,, A1 Si-T 4544 2
6] . hP12-Si 544 1) 8l ) 2R Ml 2o 75 5405, 18] 2 o8 hP12-Si S5 44 1 75 13, 762 HLIM IX B
WA B, NI R sh R e . R AR E EF A A5 R . 8 KR, SEI & B hP12-Si 7] LU

%3 HEIET hP12-Si.Si,, M Si-1 MW EE EMER AR EENTYIES

Table 3 Calculated density, elastic constants , bulk moduli, and shear moduli of hP12-Si, Si,, and Si-I at ambient pressure

Elastic constants/GPa

Structure  p/(g-cm™) c. c. Co c. c. c. c. c. C. B/GPa  G/GPa
hP12-Si 2.512 166 166 148 51 51 56 66 66 94 94 51
Si,, 2.236 164 204 147 37 42 51 40 46 85 85 50
Si-1 2.402 161 161 161 76 76 76 62 62 95 95 64
ij ! ! = 23 RAOFREM
512 %é = Py 2 Fa T MR IE B hP12-Si 254 £ 75 Al g
5,10 ~_| = TG Y SEH AR . K] 3 0 hP12-Si MR A 24
§ ECéX | 1 Y FE B2 A (Si-I1, be8. 18, P6/m-Si, Al Siy,) 5
M S~ = Si-1 X0 H A TR M 2k . 26 9 BIF 5 19 1 1 9 FBT S, B
2¢ 1T, R R e A Si-1 AR AL T Si-1 A,
% 4 H K ¢M LH VAN SRAUAL S T R AR 1 54T
2 R hP12-Si 74 1 I 1) I AR AH H AN T BB RRUE AR AE o R T AE R[]

Fig. 2 Phonon dispersion curve of hP12-Si at ambient pressure [/ SZ 36 514 5, 1% 28 G 5 A0 Xt 40 v 14 7k 14 0 2 AH
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(be8. 18 Fll Si,,) B 2 Ty il 45, 1E ks J ith 28 43 300 B E—

BF ) 25 SR — B, 3010 2 PR AR AR R ) DX 9 A A i _2s0f I — A

BIME SRS, 3T, hP12-Si LR S £ 200 — POIm-Si;

FHaE A Si-1 WK F & AH Si-11, BB e 2 A E’ 150} 34 GPa

(45 B2 TE 1 TF i, hP12-Si M X F Si-T 254 1 4 2 = 100 26 GPa

BRI, BLWTHTR T Sic 45 45T 75 hP12-Si 2 ) Il

RS RULEHY s B JR 1 AR ST R 2 3.4~ 9.6 GPa i, . N

hP12-Si 454 i B 1 [5] BHIS T Si,, 1 P6/m-Sig, i H G : : TR

TEZ R JTIa FEIN hP12-Si L & MY Siy, Fl P6/m-Sig Pressure/GPa

SR TRROE o B3 RERIZE SR AR AR RS T Si- AR 45 F 1 &
AN, 38 ok 5 R AL U A, BT DL — R Fig. 3 Enthalpies of various Si allotropes relative to

Si-I as a function of pressure

FE I 0T B R A A AR A M S o DA A 3 A% 1 A
JEF, PIAT AL T2 8 45 44 () hP12-Si Al Si,, 4548 22 8] (4 AH 2 i £2 1T RE Hb H A G X A = 2 IR ek &4
F4 (Si-1, be8. r8 Fl Si-1D) Z [Al I AHAS BE 22 /N, T LA, #EN hP12-Si A] LL3E if Si,, 4544 B 42 v i AH A2 il 4
B R AL R Siy, S5 H 095230 7 B 4
24 EHREEE

R T A B AT A HL A R hP12-Si i 3256 ik, il FEAUEE A T T AT T E 4S8R Y
Si,, W AARSGEH, (8 4 O Siy, FHIKIIEEFIRERL . 40 T& 4(a) FT7R, Sy, BB 5 A2 i /\ G 3R A TG 3R
G I R A R S5 K, 245 5 hP12-Si Z5 2L, ani&l 4(b) B, f#AT Sy, SR SE 4 1Y B2 SRoTIE H
W T 45 #2242, A W Sy, B TE K B0 (L0 AR AE ) Z ] B 405 255 hP12-Si By 7 i 45 44
(A 1Ce) ) 284, BT RAAS 5 X 591 By 5 25 o 4 AT =22 ) 14 57 Tl

~
(a) Perspective view of Si,, structure (b) Repeating structural (c) Si,, structure composed of
units of Si,, repeating structural units

&l 4 Siy, 45
Fig. 4 Structural models of Si,,

Bl 4(c) FE 1(d) 43514 Si,, A1 hP12-Si 852 BT 2H B W58 53 45 44, 1 5 1) DX 2 << kT 28 11 36 4 D
TR . e 4(c) H, Si,, R T RS 7 1 8 A B AL JFE T W, SR IE bR 1A 6 4b 1R T
RCEE, B R B9 A\ JCER (] 4(e)) B R T ATCH ( 1(d)) S BT DU, 55 7 1 8 AT AS 115
AR T hP12-Si (AL BTG . 3T HE hP12-Si Fl Si,, AR ARG A6 A0 45 5, & TR G 3 4540 =22 18] 22 51 Ak
AN, UTAERUN AR o B AR P 2 45 0 2 (R A7 FE AR S (3845 M, (EJ2 A Siy, ELEEAHAE 21 hP12-Si 75 2L
SEHRAEY . B8 — I WA RN BB AR XA I R — A R SRS R A IR S . v LR R
Na,Si,, & h¥ Si,, G5 L B2, LUK P6/m-NaSi, & W P6/m-Si, HISEH J5 kP, Wt Na #eml Li, T
Li [ J5 2 AR T /0N, [ B i o o8 w3 0 e g i A << 58 1 A8 /N (I 1(d) ), AR A AT BB 26 & okt B 14 45 I ik
164 Li,Si,, (B LiSi,,) , 285 R 2Ry 7 U2 B AT 28 BL Y Li Ji - T4 8 hP12-Sio A&l 5 i
7N, I AN A hP12-Si S5 HESE Y 4 J@ i Ak W) Li,Si,, . A Si,, HEZL 1 4 )8 ik 1k Li,Si,, 5 %k
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Li A1 Si-1 41 5% 19 sk 2 18] 0 %8 e il 2%, & B0 7E R 80 ——2Li24(Si-)
J132 29 10.5 GPa JE #lI 4 hP12-Si £ HHE SR A 42 w0l e
JEGEALH) LiSiy, (B LiSi,) R AH XA SE (945 g o

¥, 1816 % Li,Si,, B Li 25 hP12-Si 38 72, &1 = 0 7

gl Li ST 6 0 BT 0 I L S, E 7o

B9 T 3 bR L a5 N 1) Li B F 5 o] A4S 31 hP12-Sis <

L, 08 0000 1 45% H4 348 1% 4 43 465 50 14 R R 80| 105 GPa

o 2 FF X AP %, (B2 5 A B S T Y 0 3 6 9 12 15
P6/m-Si, A1, S50 45 1 P 12-Si 7 Ve A7 150k pressure/Pa

BRI R B 5 Li,Si,, 1 Li,Si,, JFRHAG KA i 28

Fig. 5 Enthalpies of Li,Si,, and Li,Si,, phase relative to
reactants (Li and Si-I) as a function of pressure

hP12-Si

6 Li,Si,, it Li i #&
Fig. 6 Schematic of the compositional change from Li,Si,, (left) to hP12-Si (right)

25 BEFMR
FEIRF S 4 A, 3 TR G5 Mt 0B BT 1 sp® 7 s 0B, DAL o 70k 36
BRI, 847 EUATAR A0 ) 1 H T RO RERY M i FE T v~ 4303 252 00 7% 10
T B TP AT B LA B 07 R M RO BE R 2 SR A WP 7 R, 16 hP12-Si Y A G5 by
T G R S TR ARG, ] hP12-Si AT T b 1 8 Ca) T, BAFEL T 5 7 4 oo o,
hP12-Si 1) 5 Mk B B p LA T b T B AT 0 P A T s, ) B o ok
S G B R T Th L B TS 1), PRI 5) 19 HL A & T O TP . DT 8 () i T )
SR AL 7 — /e, S S BT hP12-Si 10 R et T i (18 8 (b) Al 8(c) ), 7T B % B A
BT K RE b /N 47 TR, ELJ 2 B SO B T EUA S B A Sicl ~ Si6 5T
S e B, B 0 4 B 22 SOV FA L et B AR e, 3 T P BT B T 3
(LA TR A5 4 R B T L S DR R BT (3 . B AN LT ) 7 T OB (o O
UF R, 1 B2 R DA 4 (3 0 Si IO = 2 G 2, P 12 B 19 Si-X A TS 5
ety RO, BIAN, Siy, 25 H A ES R 4 RO G INGE =R
BT o TR R A S 1 I T V% M
/\

S

FFLAJGE: S . 1 hP12-Si (1 S o PR VR T H g5 4 op %

FUAT S B0 B RE T, B0 4 F BT 1 1 2o ”\g AT
LT R, T B S R BT RN

B 97 He, W1 4 o0 T RN N7 AN

No Si-1~Si-6 i HA 5 Ak 48R, 4 Bl B¢ 4 H K GM _ LH

A7 IR DR T 5 0 22 1 T2 5 R, R 43 31 A 7 ¥ EF hP12-Si A T 4 g

HH 20 B4 1k D - R A 40 L AT Fig. 7 Band structure of hP12-Si at ambient pressure
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g0 e e W R )
-14 -12 -10 8 -6 4 -2 0 2 4 © -14 -12 -10 8 -6 4 -2 0 2 4 6
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(a) Partial density of states (PDOS) of hP12-Si (b) Local density of states (LDOS) of Si-1-Si-6
ol —
S4r— P
§ 3l — Total
S2t
)
21t
o 0 :
A
-14 -12 -10 8 -6 4 -2 0 2 4 o6
Energy/eV
(c) Local density of states (LDOS) of Si-7-Si-12
K8 hP12-Si &5 MY L T 5
Fig. 8 Electron density of hP12-Si structure
x4 BETHPR-SIEHHNEFUE RUKMBELK
Table 4 Wyckoff positions, coordination numbers, and populations of silicon atoms in hP12-Si
Atomic number Wyckoff positions Coordination numbers Populations
Si-1-Si-6 6k (0.499 33, 0.846 42, 0.5) 5 -0.02
Si-7-Si-12 67 (0.679 02, 0.892 27, 0.0) 4 0.02

3

2 i

i S TR R O A T — MR B M O TR 3R SRR AR hP12-Si. WS R W A5 K B A LK

T MR 12 R v, SIS T A/ H R R RAAEAE . 1 TAEAE 5 TE A i ik R T, S 30 hP12-S 454
o BT B A B R T, TR L — 1 4 SR, K45 M 5 Siy, Al P6/m-Sig (25 KA, #RI0A B%
HGERE 2805 F B AL R ) S R VA T R B 7T LASKCATS Sy, () 46 J7 15, 84 A LiSi,, Bl 25 h
) Li 5T 4515 hP12-Sio W K 4 B 1 Ak 7] 28 ST PR 1 2 L, 1T i ik IO P 4 i 380 g 400
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First-Principles Investigations on Metallic Silicon Allotropes
SUN Lei, LUO Kun, LIU Bing, HAN Qiaoyi, WANG Xiaoyu, LIANG Zitai, ZHAO Zhisheng

( State Key Laboratory of Metastable Materials Science and Technology, Center for High Pressure Science (CHiPS),
Yanshan University, Qinhuangdao 066004, China)

Abstract: A new metallic metastable silicon allotrope hP12-Si has been theoretically proposed using the
particle swarm optimization method. The hP12-Si structure can be seen as a combination of a tunnel-type
structure formed from six-membered sp® silicon rings, which is similar to the previously reported Si,,
structure. Its stability was verified by calculating its elastic constants and phonon spectrum. The analysis of
structural heritability and thermodynamic stability shows that hP12-Si might be obtained by removing Li
atoms from the pre-synthetic LiSi,, precursor, which is analogous with the recent preparation of Si,,. There
are 50% five coordinated silicon atoms, whereas the others are four coordinated in the hP12-Si structure.
Electronic band structure calculation indicated that this structure could perform the metallic properties,
which might be resulted from the delocalization of valence electrons caused by the existence of five
coordinated atoms.

Keywords: metallic silicon; first-principles; high density silicon; structural transition

020103-8



$33% B [=/ S SO 7/ B (= S e Vol. 33, No. 1
2019 4F 2 CHINESE JOURNAL OF HIGH PRESSURE PHYSICS Feb. , 2019

DOI: 10.11858/gywlxb.20180645

=E T Ir,P SBASEHTN S IR M B
£ £ 3T BAR S

(BEh R PR, FHAK SE55F 133000)

FE:AE® K 0~100 GPa it H i, 5l CALYPSO 4 M ZH A, B4 ETEEZ B HE
Wy B — MR IE 7k, X I, P SRS ATE A TN, AT W ey 5 R 4 A e M R AT
BWHE ., EEET, MAUB N a-I,P HEA L F &M, LREBN Fmdm, 5 L% /& 44—
B Ry 86.4 GPa i, X £ MAL, B a-Ir,P M 3 & N p-1r,P M, W 7 454, 2L = 8 # %
I4/mmm., EAE RSP, GERERLERR, FEH AL EL T M —FHE ., B FHFITE
%k W,86.4 GPalf, MMl th B-I,P A R H M ERKEMEAALERE, RAALEWEALE
MR B FREERITEEA, - ILPHEAEFENE®, GERELENE 2BEPE T4#;
Bader W ¥ It EHH BT U R FEARENE AME, B ILPHFEANAPEFAENTT R F
W 019,

KEEIR:HE; & —MRE; RESHTN; P

FE 53 HS:0521.2 XHEkFRIRAS: A

IV 4 B BE LA R — R IR DO RE A RL, FEMEAL . BT R RN BT P A5 O AR A A
FHUST, SR, 5 ELAG A v A SR i R 5 KR ) ok U 4 TR AR | Ak Ak R R AR A LT, 3L 4 TR
WL A XS B D . BB R PR AR U & R Bk 10 A it R v, K2 AnT AT Bk B IR T
TR R RONE, IR T S A B, AT BELAS e AN R Y,k U 4 R Ak W 1 B O 2R
e a7, B &R -2 48 (M-P) iR L4 B R 2 4 R -2 4 ) (P-P) L f 4, ok 2 b2 4t il
HHCTERR AL A A AL b SR 3 1 B R T i 1

1998 4, Oyama 5" 1 YR iRGE T R BUR e TR J5 32 il 4 B AL 81, 205 ATTIF R Km0 o8 1 4
JE WA B 45 R 45 0 ik, RIS LG M L RS R L B AR R RE T AE . AR, I S R e L Y
(4N NiP, WP, Fe,P, Co,P &5 ) 1 by — P& AE 0 in Ak BRAEAL 112 52 81 7 7732 &4 . 1940 4 Zumbusch!™!
TR IRGE T —FP o 0% 4R 8L TP, 345 Ir,P OS5 A Ay 45 W I A1 4548 . Rundqvist!™ #3577 414 )8
BE LR 2, B SR AT S e — 2L A5 T I P A SR AR5 . Raub ST YEAN B 555 1TV £k BV £
WA VI EEITTE LG &I T JUR BT B9 TR (40 IrGe fl Ir,Ge,) , (HR E &R E DT
Y Ir,X Fl IrX (X =P, As, Sb, Bi) LA B S5 . Wang 20 #5 SRS TE R A8 T 52 5 8 In,P 454, %
AR SR SR AT TR, R Ir AP R 22 (R AR AN R R BT I P B9 AS AT R4 . Sun 2617
WFSE T i il i TR T A B TP S e A 48548 v %) v P s S5, PN g - AR IR 5T T T P A BPE B 50 €
C,, fl C,,, R et R B, B 2/ EFE 100 GPa, J-HUM T 48 [100]. [110] F1 [111] 3 4A~A[H]
77 1) NI FIRR O 1 B 55 1 195G &R o Liu 58U SR Debye #5780 5 55 — P L BAH 45 & 98 7 i, 9F
2 MR I T B 7 TR, M8 T FE 0~ 100 GPa J5 38 31 FE AT 0~3 000 K A4 75 B2 JE [ 4 I, A1 ) 2F
PESF

* UG FS B HEA: 2018-10-06; &2 H H#A:2018-11-01
HEEWH: ERHRBFEEES (11764043, 11474125, 51202084, 11504007, 11404035) ;75 AR BT B R FL#
FE 41 L5 H (20180101226JC)

EZRBN: = F(1993—), L, i1, FENF S — MR B F 5T . E-mail: 751686624@qq.com
BEEE: XHOE(1971—), Z, W1, FEAFM BRI S5 Y PEFS. E-mail: yhliu@ybu.edu.cn

011103-1


mailto:751686624@qq.com
mailto:yhliu@ybu.edu.cn

33 % = JE LY} L 2% Eitd 1

FUHTA R R T Iy Sb R S5 0 T30 5 4 3800 5T (9 0T 9 A 0, PRI PR R 8 JE T I, P (AR ZZ F )
PR A R H R L, AWFSEE FH CALYPSO S5 48 REAR, 45656 T % B2 sk BLS 19 25 —
PRSIy 2, 788 R T X InP dd AR SEAT S5 00, DL ARAS 5 He T A AH 28 1P 91, 5% F0I0 i) o A4 235 4 A )
PRPE BT T B AT
1 HEET

ia A TR F R AL BIL 9 CALYPSO S EM 7E 0~ 100 GPa Y F 5 30 [ A X I, P S AR A7 25 44
FIOI AR UL At L 2 A B R 4 RN S R D01k R R T I eR BB B VASP AR RO, ] Y
A e B A BE R AR AT SO B 3T 8L ( Generalized Gradient Approximation, GGA) T ¥ Perdew-Burke-
Ernzerh( PBE) 284t eIk vz pR 21, JEE 34 R A 4 W B0 S0P T I Y, Ie IR 7B Lk 5d%6s', P JRF-1Y
e 70 35%3p°. S TR IE AE B UCEORS /N T 1 meV/atom, fE B USRS, A5 1w I i AR KT AE Sk
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2.1 ARSI

Xof T A Tr, P A 48 A8 R A RS SO R T B A4, TR T S IR AR E N 0 K, R G =
H-TS(H:h G a5 A | e, H G, TR, S ), Al LU E @ Rk, i i 8 i 4544
) (L Bt 5 1 A8 A, A5 M R AR S5 A R I A AR XA . 2o HR R 2 {8 B 1 s AR fh iy il 2, an &l 1 BT
Re MK 1(a) B IE H: W IE T, 25BN Fm3m B9 SRS MRS AR, 100 a-In,P AH; 2 R0 K
86.4 GPa i}, a-Ir,P A & A= A4S, 25 A1 A T4/mmm 1 S VR 25 ¥4 B 55 (BB AIG, 13 100 GPa I, % S AR 45 4
WARFEEAEAE, B GEIC N B-InP Mo [ 1(b) LG T o-Ir,P MR B-Tr, P A AR R 5 14 28 fk il 2%
2t oy AT kB, AR, o-Tr, PO A4 (AR R F 5 1 388 R T /0N, AR BRURE R i 2 R PR G R, Y TR R A B
86.4 GPa I}, IRFUR A= 35 45, H3 46 K N 5.56%, X Fh&EF A A & T — R AR .

1.2 45
-phase Fm3m
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0 36r 5.56% ——
86.4 GP
-0.3 I i 1 a 33 i i 1 L
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(a) Thermodynamic enthalpy difference curve (b) Volume vs. pressure for a-Ir,P and S-Ir,P

B 1 InP ARG 22 M4 L B oTe,P AH A B-Te,P AR (A BURE F 5 78 o il 42

Fig. 1 Calculated enthalpies per formula unit (f.u.) of pressure with respect to a-Ir,P and
the calculated pressure versus volume phase diagram of a-Ir,P and f-Ir,P

o-Ir,P AH AN B-Ir,P AH I S AR S5 40 UL IR 2, DAk 5 (0 7 245 kst o SO R A8 an 3k 1 s . &1 2(a)
4 0 GPa B S Y a-Ir,P AHASHE o o-1r,P AHELA 57 07 XEFRYE, B4 Ir 519 4 > P 160 il 44 B iE
TR ZE L), Tr—P SR EEK Ry 2.434 A, Tr—Tr SEAYSEE N 2.811 AL a-Ir,P AHZE I A B 880 a=b=c=5.622 A,
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%334 & BRI P RS R T -5 ) A B 51
F1 o-Ir,P 1HH f-In,P HN EESRBERMEFLE
Table 1 Lattice parameters and atomic coordinate of o-Ir,P and 5-Ir,P
Wyckoff position
Phase Pressure/GPa  Space group Lattice parameters
Atoms Site
a=5.622 A(5.535 A"), b=c=5.622 A Irl 8¢(0.250, 0.250, 0.250)
o-Ir,P 0 Fm3m
a=p=y=90.0° P1 4a(0, 0, 0)
a=b=2.694 A, c=9.461 A Irl 4e(0.500, 0.500, 0.146)
S-Ir,P 86.4 14/mmm
a=f=y=90.0° P1 2a(0.500, 0.500, 0.500)

Note: The asterisk represents the experimental data from Ref. [13].

a=p=y=90.0°, H 1 Ir JiL F 1) Wyckoff (5 {ii
8c(0.25,0.25,0.25), P Jii ¥ 1 Wyckoff 5 {7 Ky
4a(0, 0, 0), It AL FY B 5 Z i S5 00 P 15 45
FEAR — B, HE— 2R T ARWE ST BT R A A b AR
SR TN J5 12 A SO SR e B R MR ] S
& 2(b) il 7~ A 86.4 GPa JE 58 K T A4 B-Ir,P H i
RZ5K o B-In,P AHEAT DO 7 X FR I, 2 4 Ir S 3L
44 P IR, 4 RLIE N4, Tr—P 8 AYEE K
2.355 A, Ir—Ir SR B 2.735 Ao T00 T 15 b
¥ S HN a=b=2.694 A, ¢=9.461 A, a=p=y=90.0°, H
W Ir JE T 1) Wyckoff (51 & 4e(0.5, 0.5, 0.146) ,
P J5 T 1 Wyckoff (517 & 2a(0.5, 0.5, 0.5) .

2.2 p-Ir,P HBKEHHERE M

(a) a-Ir,P at 0 GPa
B2 o-Ir,P A B-Ir,P HH Y SR 45 14
Fig. 2 Crystal structures of o-Ir,P and g-Ir,P

(b) B-Ir,P at 86.4 GPa
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5T p-In,P AH AR JAS

AH,,(Ir;P) = [Ho(Ir,P) = 2H,;,(Ir) — Hy;, (P)]/3

s AH, (Ir,P) 327K p-Ir,P AHEYTE WS, H, (Ir,P) 183 p-Ir,P AH 25 ¥4 AH B 5% e A7 78 B ) X3 (8, H,,, (Ir) A
H,, (P) /R AN K58 T Ir JRF A P IR F RIS (E . T3 A5 3] g-Ir,P BB WLKS H-0.239 eV/atom, Ui I 7E

86.4 GPa | f-Ir,P A HA #1250 et

W TR T EHEOC R, WA R B T 2
FoE Pk RS G5 A RS E 1 AR T T I T
AR ) Ry A R B SEAE P2 S R AL, DU AT DA
A RHE LT R T, RS R AR E . AR
WFoe B T p-1Ir,P M AE 86.4 GPa N (Y
F %4k M i 175 % % (Phonon Density of States,
PHDOS), W&l 3 . 43t £ i & BL: p-Ir,P
AHAE 2 A A BLH X P oA B 3t B4R, 156
B-In,P AN ) 25 A3 5 e KO SO %4 16.7 THz.
i 3 P AR B Ay AT e 4%, 7E 10.7~16.7 THz 1Y
e A DX SR P 2 B P ORF BTk, #E 1.1~7.7 THz
FAAER AR X 35 P4 2 2 fl T JF Bk o
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Fig.3 Phonon-dispersion curve:
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Space group Pressure/GPa Atom Number Charge value/e Charge transfer/e
Ir 2 9.19 -0.19
14/mmm 86.4 GPa
P 1 4.62 0.38
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Evolution of Crystal Structures and Electronic Properties for
Ir,P under High Pressure

LI Xin, MA Xuejiao, GAO Wenquan, LIU Yanhui
( Department of Physics, College of Science, Yanbian University, Yanji 133000, China)

Abstract: The crystals of Ir,P were predicted under the pressure ranging from 0 to 100 GPa using the
CALYPSO structure exploration technique with the first-principles method based on the density functional
theory. The predicted physical properties and crystal structures were examined in detail. At ambient pressure,
the predicted a-Ir,P phase was found to have a cubic structure with Fm3m space group, which is consistent
with the experimental structure. The pressure-induced structural transformations were unraveled, from the
a-Ir,P phase to the S-Ir,P phase at 86.4 GPa. The predicted f-Ir,P phase has [4/mmm space group. In the
process of phase transition, the volume of the crystal collapses and a discontinuous first order phase
transition occurred. The calculation of the electronic properties showed that the predicted conduction bands
and the valence bands of the f-Ir,P phase overlap near the Fermi surface at 86.4 GPa, indicating that the
structure of the f-Ir,P phase has metallic properties. The electron localization function revealed that the
p-Ir,P phase has a polar covalent bond, a metallic bond and an ionic bond. The Bader charge transfer
calculations showed that each P atom transfers 0.19¢ to Ir atom, mainly due to the strong electronegativity of
the Ir atoms.

Keywords: high pressure; first-principles; crystal structure prediction; Ir,P
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o, SR ZE K B 7 7 R RRYE, I BT Sb R T Ir—Sb 8Ky 2.746 A; 7EB-IrSb M4 H h, Ir JRL T 5
Sb JFLF 1) Tr—Sb # 1K Ky 2.665 A; 1Ey-IrSb AHZE M 1, Ir JiF15 Sb JFLF B L 4B Y Tr—Sb &K 4 2.486 A,
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YRR B Ir—Sb #E Ay 2.528 Ao BT AT dit ks 5 B K5 Bl T A9 384 0 T s/ ), 565 — U AR I i A AR U B
PRBU BN 1 e84k, W] TrSb Ao — A AL O — A AL, 5% R AL I AR R 0 0.35%, bl 2
BB AR, W AR S AR

# 1 a-IrSb 8. B-IrSb M y-IrSb M RIS HMRE T E
Table 1 Lattice parameters and atomic coordinates of @-IrSh, 5-IrSb and y-IrSb

Phase Pressue/GPa Space group Lattice parameters Wyckoff positions
a=4.082 A, b=4.082 A, c=5.634 A Irl: 2a (0, 0, 0)
a-IrSb 0 P6,/mmc R o R
@=90.0°, 5=90.0°, y=120.0 Sb1: 2¢ (0.333, 0.000, 0.500)
B.1sSb l64 ) a=11.207 A, b=5.326 A, c=5.061 A Irl: 8(0.400, 0.673, 1.361)
-Ir . c o o 5
@=90.0°, 8=110.7°, y=90.0 Sb1: 8/(0.000, 0.500, 0.152)

Ir1: 2i (0.217, 0.525, 0.204)

a=4.812 A, b=5.034 A, c=5.033 A Ir3: 2i (0.676, 0.877, 0.183)

v-IrSb 76.5 P-1 o 0 o
@=98.8°, 3=99.6°, y=92.1 Sb1: 2 (0.200, 0.032, 0.297)

Sb3: 2i (0.722, 0.393, 0.289)

Qo
@ Sb

(a) a-IrSb phase at 0 GPa (b) p-1rSb phase at 16.4 GPa (c) y-IrSb phase at 76.5 GPa

2 a-IrSb M. B-IrSb AHFy-IrSb i A LEH
Fig. 2 Crystal structures of @-IrSb, 5-IrSb and y-IrSb

2.2 IrSb & 454352 2 M 7N

WEEOUT, AT LLGE it A G W i O R Bl ) R e R R B A W AR e . RS S R 1 Bl
125 R E B SR T A ] TE S R AR R A PR A 52 E Y, 245 7E Brillouin X N A H S F AL S,
PP IS R A A, BB AR R BT Bh ) 2 AR MR S T B T A5 B Y 1rSb A IR 254 11 )
JiERaE v, 4 B E T a-IrSb ML B-IrSb A Fly-IrSb A (K 7 T3, Wil 3 s . K 3(a) . K 3(b)
& 3(c) 439 M a-1rSb AHTE ¥ JEF . B-IrSb #H7E 16.4 GPa i Flly-IrSb #H7E 76.5 GPa i 1 75 1~ (0,5 56 2 il

5 7 — 10 —
/ ~ 6 K ——
v 4 B N g = —H I y 3= = |
£ V7 1 2 = T
23 34 sNv==—= 3L AN
3 = g 3 AN | 5 — K
& 2r \ / S N = s 4 f N
=1 =) >< e /
= = | = 2%
1 [ —1Ir 1 | LN —1Ir 2r v —1Ir
—Sb —Sb —Sb
OFA HK I' MLHO 3 6 OZ I' YA B D ECO 09 18 Of F o V4 I'o 0.5 1.0
PHDOS PHDOS PHDOS
(a) The a-1rSb phase at ambient pressure (b) The S-1rSb phase at 16.4 GPa (c) The y-IrSb phase at 76.5 GPa

3 @-IrSb, B-IrSb Aly-IrSb A T-AHEC R S A%
Fig. 3 Phonon-dispersion curves and the projected density of states of @-IrSb, B-IrSb, and y-IrSb
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7T A% (PHDOS) o 3 i 7 3% 4347 T L& 3 7645 F 14 Brillouin X PN, 3 /M AHE AT H 30451, 3= W
3 EA B SR e Y . o-IeSb M TEH T A i K624 S0 % 4.9 THz, B-1rSb A 7E 16.4 GPa )
e KOG SR N 6.9 THz, y-1rSb #H7E 76.5 GPa N [ KN4 4R K 9.8 THz, o Mr&b LKW MiE
JE SR, PR sl T, Aak ae g n .
A AH< 0, UL A R 25 40 AT 0 e e e v o At (2) 20400 H 3 A AR S5 44 78 % N a-1rSb A
16.4 GPa J% 71 T B-IrSb A Fl1 76.5 GPa J& /1 Fy-IrSb A (I Wi k&
AH(IrSb) = [H(IrSb) — Hyin(Ir) — Hyin(Sb)]/2 (2)

A AH,(IrSb) /R a-1rSb #H . B-1rSb AH Fily -1rSb A B IE iikS , H,,(IrSb) /R a-1rSb AH . B-1rSb AH Fily-
TrSh A 4544 A1 I F8 8 AR TR 1 F Bk, H,, (Ir) Fl H,, (Sb) 73 %22 /8 HH R TE 1T I J57-F Sb J 1 4%
i o T8 a-IrSb A AT WK 0,142 eV/atom, B-IrSb A B IE Wi k% 41-0.332 eV/atom, y-IrSb AH )
JEBLKS —0.505 eV/atom, 6B H K N i a-1rSb #H | 16.4 GPa J& J1 T #93-1rSb AHF1 76.5 GPa & J1 F 9
y-IrSb AHI BAT ) 2= Fa e v
2.3 IrSb @IARZE AV B F M4 BT

R T WFST TeSb (1) HE 25 F4 B 5 A AR Ak, T3 T TeSb 45 M REAT 45 AT 8 % . Bl 4(a) |

3 W 4 [Partial density o sta:tes — Total
— =2\ '
. 4 % 0 . . ! . .
o 0 ] § 4r i Ir-s
RS NS g 5| ; —Irp
5 & 2 : —1Ird
[S 4 Q_o 7 0 )
7 R 2f ! —8bs
8 N 1 A .
-12 0 L NN ) —
I 4 H K r M L H -12 -8 —4 0 4 8
Energy/eV
(a) a-IrSb phase at 0 GPa
4
2 w// ] Partial density of sfates | —Total
‘\_'__q_ ;/ = 2+ E
2 | 8 .
& -2 g 2r
ks 2
- = 804}
—
i 021,
0
VA r Y 4 B D EC
Energy/eV
(b) S-IrSb phase at 16.4 GPa
4 ]
) Partial densityrof states —Total

Energy/eV

DOS/(states/eV)

Energy/eV

(c) y-IrSb phase at 76.5 GPa

E 4 a-IrSb #l, B-IrSb M1y -IrSb IR REHF 45 H A el T2 56 F
Fig. 4 Band structure and partial density of states of @-IrSb, 8-IrSb and y-IrSb

052203-4



33 % X e T A — e IR A IrSb IR AR 55

K 4(b) FlE 4(c) 739 4 a-IrSb #H . B-IrSb AH Fly-IrSb AH f & 2544 il By, TR 45 A 16 . T LLA L 3 M
s VAR 25 K 1) Tl R A S OK T BT R A AR S, HgE ok, RIS R A B R E. T E%E
BT e, SRR RE AL RO S5 B R E R Ir JR 19 d 3B A Sb T A9 p B 2 [ A Ak sk =, &
BIAE T 1 Sb J5F Z A & T Tr-Sb SE M08 . 53 7 a-IrSb AHZS % B T 0, Tr J5F (1 d W07 2 22 5 4
—3.5~-2¢eV,Sb T p LT FE HHE-5~-3.5 eV Hl 1.5~5eV; H1B-IrSb M B W 40, Ir J5 11
dHLFFEHPE-3~-0.5 eV, Sb I T p B+ F L HHE-0.5~3 eV; fHy-IrSb AHA R EE R, Ir 5119
dBTFEELEHE-3~—1eV,SOETH p B TFEELEE 1.5~3eV,

#1411 B a-IrSb #H . B-1rSb #H Fly-IrSb #H 1) B, 7 J7) 18, 28 4% ( Electronic Location Finder) , 85T & JE F
3R ARG R TP Ak A U . 3 AR A T 430 BCR 0.755. 0.745 F10.700, AL 2 Haf LLE H, BT
Jey A B AFAE T Tr T Sb B 22 18], I HL L 1 S5 B R 28 4E Sb 5T JE R, K WAE I JBLF-F0 Sb 122
o] 72 A g AN B R A P AN B, XSS R S TSR A A R

AT TS Bader L fap 86 12524 0] LU0 BT b 8 AR T ) A R R L TR BOE S TR 20 K2
W B B R s I BT R PR SR Sb JRF, Ir TR 82 3, Sb R TR, T JBF A Sb R T 2 B 1)
H oy A R RS AR o -TrSb AH HP A3~ Sb JEF ) Ir J - HL fa 54 5 A 0.60e; B-1rSb A H A4 Sb Jii 1
] Ir i HL 17 5% #% 0.66€; y-IrSb AH H1 84> Sb J5 -] Ir JF HL 7 4% #8 1,39,

% 2 «-IrSb 8. B-IrSb t8#0y-IrSb FH I Bader BT 4E %5
Table 2 Calculated Bader charges of @-IrSb, B-IrSb and y-IrSb

Phase Pressue/GPa Space group Atom Number Charge value/e ole
Ir 2 9.60 —0.60
a—TIrSb 0 P6,/mmc
Sb 2 4.40 0.60
l64 o Ir 8 9.66 -0.66
_ . c
p-Irsb Sb 8 434 0.66
2 9.64 —0.64
Ir
2 9.75 -0.75
y—IrSb 76.5 P-1
2 4.30 0.70
Sb
2 431 0.69
3 &

BT VR T BN AR A IeSb AL S I TE = R N IYAHAS AR . FE 0~ 100 GPa JE [N, &
A WS URMAAS , AHAR P S ERAE : 7% RIS, 23 (8] 84 P6,/mme B a-TrSb A HA 37 7 4544 24 K5k F] 16.4 GPa
B, IrSb & A4 T 25 ¥ AHAZ, 11 -1rSb AHAE Ky B-1rSb #H, FLZ5 [ #E 1 P6y/mme FH7AE Ky C2/c, FEAHAE 1 F2
TR AR PHE, PHE RN 5.27%; 2458k 5] 76.5 GPa i}, IrSb F- 1K & 4= 45 Mg H 7%, thip-1rSb A, Hi25 6]
BE C2/e AHAE Ry P-1, (RFPHH R K 0.35%. 75 F O R R 3 M EA g Jy 24 5ae de, T8 Bk ik
BT 3 NHHI T AR e e . BRI ST R I T 1 a-leSb AH . 16.4 GPa T 19 8-IrSb #HF1 76.5 GPa 1Y
y-IrSb M R G @t . B FAREITAES R R ORI A% E E2 W Ir JiE11Y d HUE R Sb i
T p B vimk. BT RS eR AT R I P R A TE T T SRR Sb T 22 18], I ELHE T SR R 46
£ Sb JEF JE i, U6 Tr J5F A1 Sb J5F 22 8] BF 7= A8 /9 e s JE i v L4 5 . Bader A5 JR) 40 A W I Ji
T HAT B H B, 7R VR R R 5 S L far AL Sb R[] I BT A4 AL, -1rSb A#H . B-1rSb #H . y-IrSb #H
FR AR Sb JFF1A] Ir J51- 43 5 54 75 HL 17 0.60e. 0.66e A1 1.39e. ASHFZE TAEH, & A IrSb 76 5 K K (145
FIAHAE M T IR AR ZE, T —2 W5 [eSb AL P 0T . S 20 ) 4P 00 F s - F 22 ] 9 1 FH St
THMSH, M TR RS E T EEA NS N E.
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Pressure-Induced Phase Transformations of IrSb from
First-Principles Calculations

LIU Siyuan, MIAO Yu, MA Xuejiao, LI Xin, GAO Wenquan, CHENG Yuheng, LIU Yanhui
( Department of Physics, Yanbian University, Yanji 133000, China)

Abstract: Based on first-principle calculations and the structure prediction method CALYPSO of particle
swarm optimization algorithms, phase transition behaviors and physical properties of IrSb in the pressure
range of 0—100 GPa have been systematically studied. At ambient pressure, the space group of a-IrSb phase
with cubic structure is P6,/mmc, in consistency with experimental results. A new cubic structure, 8-IrSb
phase, is found at 16.4 GPa with the space group of C2/c. When the pressure is above 76.5 GPa, the space
group becomes P-1. The phonon dispersion shows that a-, 8- and y-IrSb phases have no virtual frequency in
the whole Brillouin zone, thus the three phases are dynamically stable. Calculated results show that the
formation enthalpy of three phases are less than zero, indicating that all the three phases have the
thermodynamic stability. Band structure calculations show that all the three phases have the overlapping of
conduction bands and valence bands near Fermi surface, thus are metallic phases. The charge transfer of each
phase is calculated and discussed, in which Ir atoms are the acceptor and Sb atoms are the donor.

Keywords: high pressure; first-principle calculations; crystal structure prediction; IrSb
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FRAEA o o 5, R A Rk A L 1 T A2 Y 1 o T 32 B oL 0 5 AR 22 TR A5
S=Ce (1)
KA. SRRy, CRHFRMET R, e RiAE . ) B S AR ) rb i R g NN AR R R R kDR R
e RN Brak s, Hdsr w50k 36 4, B

S Ch Cp Cs Cy Cis Cg &1
S Co Cp Cy Cy Gy Cy &
S3 _ Gy Cn Cx Gy Gy Cy &3 )
S, Ca Cp Ci Cy Cus Cy &4
Ss Csi Cs; Cs3 Csy Css Cse Es
S Co Cop Co3 Co Cgs Ces &6

1 T dh AR LA S5 R AR (IR 1), PRt
PR B B T A — AN AT 21 AT A AR
M 2 8 3] LaB, AL &b &, 25 81 B 0 Pm3m,
PR 3 i K B A EL A 3 sy oy i, B
Ciiv Cuy Cpao R BEIZ PR BLIE A1 B-M W) 2507
TR SE LaB, B34 5 41, 3£ T Voigt J7 1% . Reuss
J5 5 A0 Hill J5 325 Xof A g8 AR g R B 1) SR AR i AT TS 0 AT, SR P R 4 45 1 PR A 5L 114 45 1) S
P, SR A Tian 58U (1% 2 FCRSE B2 J7 V6 40 T R B2, ISR FHIATARS BU R 4% 1) S5 PR %o L f ik A7 o 10110,

2 GRS

TR A+ 2B LaB, st BN A SR T3 1 W3R 1 AT LLE ), MRS i 420l 58 7 ith iR
ZJe, VR B B A SRS SE R R A AR X R 22 2/ T 3%, BT A AR B S O S B

#z 1 LaB, MR RKZESH

Table 1 Structural parameters of LaB, crystalline material

Bl 1 LaB, S5 G5k BB

Fig. 1 Schematic cubic structure of LaB,

Method a/nm b/nm c/nm al/(°) p/(°) y/(°)
Experiment 0.41549 0.415 49 0.41549 90 90 90
Calculation 0.420 205 0.420 205 0.420 205 90 90 90

WA AR B LaBg s R A B BT W B S5 C,, . C,, I Cy 53908 436.92 22.37 Fi1 47.64 GPa,
C#8 K, FWITE M F 5N 77 J7 10 | LaBg A B A B A 5PE o BRIV A SO AR B o AR ST 7 W AR 1)
haE MR A, S TR TS LaB, i i i S 5 5S40 2

C,>0, Cu>0, C,;>ICpl, C+2C,>0 3)
FWIAT 5T T FH A 28540 R 0 4 R W A AR S5 )

439K H Voigt . Reuss A1 Hill 35, #R45E LL T A, THE LaBg fb (4R 8 1) 44 5504 455 18 71 5 1) 53

PR

By = (C,+2C) /3 (4)
Gy = (C;;—C,+3Cy) /5 5)

By = (C;+2C) /3 (6)

Gr = 5(Cy; = C1y) Cay/ [4Cus +3(Cy = Cy)] (7)
By = (Bx +By)/2 ®)

Gy = (Gr +Gy)/2 ©)

A B ONIR TP R, G AT YIS PERE, FhR V. R, H 2538 Voigt ¥ . Reuss ¥ Ml Hill ¥, i1H5&
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9533 % TR 45 A AL LaB i BT SR S A s 2

G5 RHT 3 2, A] L LaB, AR B A B K BYARSPERIG . T LaB fWIATE a. b, ¢ J5m) B A % 1 [6) 1,
PRI SR HT Voigt 77 %5 Fil Reuss 7 121158 B AR 5 M AR £ B A A ] (0 500 (E -

2 LaB, RIFM BRI EEMRERMEYEMLIES

Table 2 Bulk modulus and shear modulus of LaB, crystalline material

B,/GPa B,/GPa B,/GPa G,/GPa G,/GPa G,/GPa
160.55 160.55 160.55 111.49 68.85 90.17

W ERASE i B ATk [T (A 8 ) W E, AR, WP R o YRR BEy T T & [ A bR R Bt
I AZ B BE ST, Bl — B AE—1~0.5 Z 8], {EASOK, SE VRS, — ik y<1/3 mERTRE P, v>1/3 B &
o A AR B BT D) PR AL R A AR A T T AR R 0 e R S R A, L R — R
175, /N BEAE AR S SR 1, KT e R DU 22 S 3R 25 1) S PR IR 1 A A2 0~ 1 22 18], 4=0 K]
FHBHEAT 25 10 (R 4, A=1 R HA BRI 25 10 St o AR SO0 It 305 45 B ot B8 T 0130 1Y ) s 5 5
O E A d S TR RGO, B, WS B e B

RHLLT A LaBg SR BEL R4 IO EL JAFA Loy | (R 3T SRR &L L A(A=B/G) | A LA
A ) VRN T Ay ST DD SRR R A ) SR N T A FIREE H

E =9BG/(3B+G) (10)
y = (3B-2G)/(6B+2G) (11)
Ap =(By—Bg)/(Bv+ Bgr) (12)

Ag =(Gy—Gr)/(Gy +Gr) (13)

H=0.921"1G"™ (14)
1=B/G (15)

F 3B TH B HTEER, AT LA e LaB, S A8 B A7 TR 227.85 GPa, 18 KT — 28 42 & 1
B OB, 5 AR A7 FRBE B 30T, 3R] LaB, A 5y & AR S 4, WP s A FA LE o 0.26, KW
LaB, HAT— & B ME 1k s MR oy s v i b FRAEAY LA A 8 1.44, /N T 175, S5IAAS ETHEE 0 A 45 R W) &5
PR AR AR A% [ S PR D T A4,=0, BT D) SRR AL 4% 1] S MR [N 1 4,=0.24, K W] LaBg AR L HAT 4% i) [7]
P, T BT D) S B A — 7 4% o) S5 BRIRRE B H GAF) 11.56 GPa, K W] LaB, #RHT 39 VB AL B RE 1 H05

R 3 LaB, RIEM BB N F MRS BN MR E

Table 3 Mechanical parameters and elastic velocities of LaB, crystalline material

E/GPa y A A Ag H/GPa v/(km-s™) v/(km-s™) v, /(km-s™)
227.85 0.26 1.44 0 0.24 11.56 7.72 438 4.87

RHILAT A 515 LaBy f AR89 AP SR B0 v, 5D 5P I3 v, RSP 25 5P el

1
4 \1 G 1/2 1\] 3
R e PR O e =

LSRN 3 TR . LaB ShiRMOBHE 3 S BAEDE R, A 1 YR 2 M. NE 3 TR
i, LaBg i fA i 0008 0 D 7.72 k/s) 52K, 0 11D 0 3o (4,38 Kan/s) AFDRE 58/, S B4 9 ik 3 )
4.87 km/s. 15 LaBy iRm0 Kb B, 7 20 09 il <23 3 A, D 5l AT 58 /18 , 2 W I A
T2 B % S K

HEAT AR B 1Y LaB, 5 Aob R0 A 25 M R 25 95 B2 G0 I 2 BT . MAIEL 2 il LU H, LaB, B 4%
TR, HEBRSERE R 0.20 eV, oK BRLL S I A5, W] LaBy 4R YE. W AMAS3 BEIRITT LU Hy, ik
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BA ZAW(H, W] LaB, NHBH F HAT BRI R, X R + La b SR . 256 agil
SRR S EE T LLE Y, LaBg MRHMA A 0 BET F p. d A s BB FIE AR, S I BEAT fH p 1 d LT
TERG, Ho p 25 B 5o TR 415 IS A T8 iR S B ME I o 3T B i S 201 LaB, S A0k k45 Bt
B H i e B i A M DL N % 4 i . AT UL, La i s LI A p LB FHBE E dIEM B R T L, B4
B La 9 7, H s LA TR E p HUE, P La 5 2.53 411 B 5£-0.42 #r, %8 La f1 B Z || B4
SR SE M SRSy . La B B A X Fh 45 &t 3 W] LaB, ELAG %50 8 0O A B rE A5 i | A FC A f: AR B, [] st
LB 5 o L A — R i

E,
6 s
4r7 o L ] R 4} i d
N2 NS = 5 Sum
i o H > i :
> 2t/ T o
2o/ g3
R S B g ;
SRS N /\\/ 227, .
2 . l,>v\/’ p: 8 Vo
T a e Y _
Sl /_./ N /\\/ - 1 i;‘;h‘. .
-5 : — ; [ A s i'\ R T \/
6 : I o S e N R
X R M G R -6 —4 -2 0 2 4 6
Energy/eV

B2 LaB, S U BRI A 46 4 5 2
Fig. 2 Band structure and partial density of states for the LaB, crystalline material

&4 LaB, miFH R B EEY

Table 4 Charge distributions of LaB, crystalline material

Charge distribution/e

Atom
s orbital p orbital d orbital Total charge
B 0.88 2.54 0.00 —0.42
La 1.50 5.46 1.51 2.53
3 4

I 5% Y7 PR LS A Birch-Murnaghan ) 2577 F2, 2405041 T LaB, dbAR M BB 50 5 5S40, 1k
SRR | BT AR R S A PR RE . 45 SR LaB, SRR EAA BRI Cy, 2 WIAE M TN S 0
) b BT B R A 3 8 48 LaBy i AR 2L A B A PR S P St I LA PR ARE o 522 4% 1] (W] 44, T B D70 o e
R 5L 4% 1) SV s LaB, b 194 RN 227.85 GPa, YA L4 0.26, 7R 57 3 PR LU (E A 3K 5] 1.44, %
B LM M AR, AN ) & AR SR TR AR s LaB, S AR BB B2 3K 5] 11.56 GPa, -5 3 14 1 i 1k 4.87 km/s; LaBy i
RS RN, WHLYE N 0.20 eV, NERHL T H A3 B0 1Y R i, La Al B 22 8] 5 A 55008 14 SL 4 B 4 -

S Xk
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Elastic and Mechanical Properties of Rare Earth Boride LaB, Crystalline Material

ZHANG Feipeng'?, SHI Jiali’, ZHANG Jingwen’, BAO Lihong*, QIN Guogiang®,
ZHANG Guanglei’, YANG Xinyu®, ZHANG Jiuxing’

(1. Henan Provincial Engineering Laboratory of Building-Photovoltaics, Institute of Sciences,
Henan University of Urban Construction, Pingdingshan 467036, China;

2. School of Materials Sciences and Engineering, Shijiazhuang Tiedao University, Shijiazhuang 050043, China;
3. Anhui Provincial Key Laboratory of Advanced Functional Materials and Devices, College of Materials
Science and Engineering, Hefei University of Technology, Hefei 230009, China;

4. College of Physics and Electronic Information, Inner Mongolia Normal University, Hohhot 010022, China)

Abstract: The elastic constants parameters, bulk modulus, shear modulus and mechanical properties of the
LaBg crystalline material have been systematically studied with density functional theory and the Birch-
Murnaghan formation. The results show that the LaB, has larger C,,, indicating its larger elastic constant along
this direction. The LaBy also has large bulk modulus, and the bulk modulus is isotropic, whereas the shear
modulus is moderately anisotropic. The LaB crystalline material has large Young’s modulus of 227.85 GPa,
so it is hard for elastic deformation. The Poisson’s ratio is 0.26 and the B/G value is 1.44, these values
indicate the moderate brittleness of this material. The hardness of LaB, is 11.56 GPa and the mean elastic
velocity is 4.87 km/s. The LaB, has narrow band gap of 0.20 eV, showing that it is metallic type material.
The electrons of LaB, have strong localization interaction, and there is covalent bond between La and B.
Keywords: LaBg; elastic properties; mechanical properties; elastic constant
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Table 1 Equilibrium lattice parameters a, b, c and (3, equilibrium volume 7, bulk modulus B, and

its pressure derivation B at p=0 GPa and 7=0 K, together with other theoretical results**"

Method a/nm b/nm c/nm B/(°) V,/am’ By/GPa B,/GPa
This work 0.682 0.282 0.939 142.38 0.027 59 361 4.78
Ref. [13] 0.682 0.284 0.936 142.30 0.027 60

Ref. [27] 0.683 0.284 0.939 0.027 77
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C1 >0, Cp>0, C33>0, Cu>0, Cs5>0, Ce>0
Ci1+Cpu+C;3+2(Cp+Ci3+Cy)>0
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it B MBS YRR G, AN Fig. 1 Relationship between the elastic constants

and the pressure p at 0 K

By =(1/9)[Ci1 +Cp+ C33+2(Cia+ Ci3 + Co)]
Gy =(1/15)[C11 +Cy+ C334+3(Cas+ Css + Ce) = (Cra + Ci3+ Ca3)]
Br =Qla(Cy1+Cyn—2Cn)+b(2C;, —2C; —Cyp) +¢c(Ci5—2Cy5) +
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Table 2 Bulk modulus B, shear modulus G, Young’s modulus £, Poisson’s ratio o and Vickers hardness H,,
at p=0 GPa and 7=0 K, together with other theoretical results'* "

Method B/GPa G/GPa E/GPa o H /GPa
This work 370 242 596 0.23 27.66
Ref. [13] 369 217
Ref. [27] 376 210 531 0.26
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of bulk modulus and shear modulus

K2 0K &M C2m-ReN, By it (B, E. G)
FAEFERE 05 Kok p A R

Fig. 2 Pressure dependence of the bulk modulus B, Young’s

modulus E, shear modulus G and Debye temperature &
for C2/m-ReN,at 0 K

Pressure/GPa
(b) Pressure dependence
of the Poisson’s ratio
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Fig. 3 Pressure dependence of the toughness and brittleness for C2/m-ReN,at 0 K
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Elastic Properties of ReN, under High Pressure
LEI Huiru, ZHANG Lihong
( Department of Basic, Shanxi Institute of Technology, Yangquan 045000, China)

Abstract: Super hard materials have wide applications in industry, such as cutting tools, abrasive materials,
wear resistant coatings. As one of the 5d transition metals double nitrogen compound, ReN, contains both
covalent bond, ionic bond and metallic bonding. In view of its many excellent physical properties, such as
high hardness, high melting point and corrosion resistance, ReN, earns much research interests. This article
has calculated the structural properties of C2/m-ReN, under zero temperature and zero pressure using the
plane wave pseudo-potential method of density functional theory, and has studied the mechanical structure
stability and elastic properties of C2/m-ReN, under high pressure for the first time. The relations of the
elastic constants, various modulus of elasticity, Debye temperature and the sound speed of C2/m-ReN, with
the pressure have obtained. In addition to the individual elastic constants, these quantities increase with the
increase in pressure. In addition, we have also predicted the toughness and brittleness of C2/m-ReN,, and
have estimated the Vickers hardness of C2/m-ReN,.
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