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SE T Sr,He (L &R RN G5 Ha F1 4 14
ALK BLERE. F0A

(1. YLIRIBVE R S5 o F TR 248, TLI98 TR 221116;
2. HERPL T AR AR, Bram BTSSR 843100)

WE:RASREE RERER TS — MR £ 5 CALYPSO & ik 2 H ¥ 77 i 4 4
SOAGBETHMTES (He) 5 EABM LA WEBEA S THANB TR, ALK
A, EWEAEF, H (Sr) 5 He Bk v /&M B xf 80 B . % i, % 400 GPa T
St,He Y & KA MEATHN ., BT EREHPSEEL N LY, St 5 He BT 2 W R EEHR
S AR, WA, Bader B AT EF, SIEF S H B F 2 AEE B FRAEM, &5 M
He # # % Sr, \ 71 % I 91 Sr,He 4 A MLB R B 7 24 LM, W% % BB 7 T SryHe By & 1A%
M TR B TR, AR UL TR AT O R N AR M R T R %, 3
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fF . 1962 4F, Bartlett"! Ff IR & 1 T XePtF 1§ AL G, 3T0% TIE T EARE R M IE SN A, X —K&
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T+ 485 He RERIE WA E L &9, AT HAH B AR I BEAL S, ANOCA Bh T30 R & e fb 2= ik 5%
5L, LRI S TR B g b 3K PN ) BT 2 i A I S A B AR, S 2 T R 2 4 R A
) G BEER} 22 ) L

AR TAEH Sei L Ba, Be, Cs. Mg, Rb. Sr 468+ 4 & 7T & 2854t Na,He fL5 9 Y Na JU R, 0 1
5 He %A I B B RE e IR A 1= 43 J8 OC 3= Sr; B S, &1 X) Sr-He (K & v Sr 5 He WRC L 2 0 1 1Y
&, 758 R4 S A H CALYPSO J5 kb7 S IR 25 4 0000, 255 56 — PR DR T35, WA i 7 1) S A
B RAA W il oA S EOC R, FIW Sr,He fy RSS9 20 ) Ffe0e v, il a8 i PR,
B+ 48 Sr 51 PEICER He W UL, LUBIA 25604 U AR S Sr-He 145 4 42 157 (4 310 L il
1 HE&ERE

A T AE 3 R 36 F % 72 iR B i8 (density functional theory, DFT) A% 1 i i 35 7 1, I FH
VASP $BAF X2 2% J5 Wk 1= 48 A6 & i A7 pi Ak ™2, £ 1 CALYPSO fh 425 44 500 414 XF Sr,He 16 &
PITE 200~400 GPa J£ 110 il N #E A7 45 K T 2427, Sk HI) OB FE 32 b1 T 1Y Perdew-Burke-Ernzerhof 52
KWKz RS, AE ARG R I 43 I E B S Y 4s74p°5s® Fl He 19 1s 0 HL FH 78, #RIBTRE 1% & R
600 eV, k 15 A% %5 N 21x0.04 A™', Ba, Be, Mg. Cs Al Rb J5L 71 B, T 2500 31 A 5s25p°6s?, 252, 352,
5s75p°6s” il 4p°5s'c TERGANOLALL T, #UNTRE I 800 eV, k s A% 25 R 21x0.02 A", LAGA {14 5
HhRE & AL B84 B8 E] 1 meV/atom Fil 1 meV/A. R PHONOPY H (1) &l B 7 vk 347 7 11T 3,
{8 VESTA #1422 il i 1A 45 #4) A1 L J3 35 PR 4 (ellectron localization function, ELF) &),

2 FERE5R
2.1 ZEHBAEM

Na,He # I (9 46 3 80 a=b=c=3.95 A, 7% 1 1 Q
N Fm3m. ZEEM A5 2 4 Na Ji 1, 1> He J&
-, Horp Na JB 7 5 38 Wyckoff i & 8c (0.25, 0.25,
0.25), He J5i ¥ 5 4% 4a (0, 0, 0), S5k an & 1 fir Gl
TN o KF IR RNE R RERSE ), S U 1 4 8 e &R
Ba, Be, Cs, Mg, Rb #1 Sr ¥ #: Na,He 71/ Na Ji

o SR 0 R T A R T T 4 Cl} Yy N

BINE1AR, NEBLAUBFH, BT St 7 TLL e

Sb, FLfl SR+ 4 I8 BT B Na J5 47 e B 1 1 Nete B 00 Gl TR AL
C#< Na Jii+, ) CZ#¢ He J&

W e, 90 St T 5 He 5 F-Hof T RE 76 75 FE x

. Fig. 1 Crystal structure of Na,He at 300 GPa (Rose red
S e
MR RAER N, SRS EY represents Na atoms and grey represents He atoms.)

# 1 Ba.Be.Cs,Mg. Rb #0I Sr ;L R & Na FHIL S HI7E 200 #0300 GPa £ 1 N HIF A 4&
Table 1 Formation enthalpies of Ba, Be, Cs, Mg, Rb and Sr after Na replacement at 200 and 300 GPa

Formation enthalpy/(eV/atom) Formation enthalpy/(eV/atom)
Compound Compound
200 GPa 300 GPa 200 GPa 300 GPa
Na,He —0.185692765 —0.356 622880 Mg,He 4.745655837 4.857751318
Ba,He 3.425471253 4451063222 Rb,He 2225320695 3.149201765
Be,He 9.452763723 10.218131 800 Sr,He 0.339991367 0.312264493
Cs,He 3.940463 840 5.399894 545
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R A B Sr-He 1K RAE 5 R T R IALAAT R, BB IRE T HAE SR WS eEt:. 78 200,
300 F1 400 GPa J& Jj FXFJEFEL LA 2« 1 /Y Sr-He fb-& ¥ i#E4T CALYPSO @R S5 H FL, i T RE it fie
%1y Sr,He, Has A BE K R3m. HIB 46 00385 A Xk

AH(Sr,He) = [H(St,He) — 2H(Sr)—H(He)]/3 (1)

R H: AH(St,He) Ky Sr,He F I &, H(Sr,He) 2 Sr,He %%, H(Sr) I H(He) 53 3~ P6,/mmc-Sr Fl
hep-He 5T (145 o

K 25 R I S AR 5 P RS PR 5 AR AR o AR ) T 22 T L, AR AS 150 B AN [R) A AR &5 M 7 38T 2 R S
TR AE SR . Bl 2(a) Wi 1Y St,He fb A 1k 2 BT B H 22 30 T8 08 BE R A Ak B B TR
MNE TR % 400 GPa, Sr,He MJE UG R LB AIK, 7€ 400 GPa J 77 T ik BRIk (AH=0.303 eV/atom) . iX
S A AR AL T W B T 2 S AR, A B T8 T 5 SR SE IR 0 e A S A Ak . N TR
B Ml 156 WA R 56 D ) B 08 RVE L, i — 25 45 T Sr—He B (d ) BEFE J1 R4 SE R, AN &l 2(b) Jir
INo GEHRFW, BEE IR, St—He SO B/N, R SroHe SR 25 A 76 e 7 9VE T M AT RE PR 15
HJFEF R . Sr,He B SR ZE N 2(c) TR o i85 FI AL 2 4 DA HIZEY Sr iU (Sl Sr2, Sr3 il Sr4)
2 He I 7 (Hel F1 He2), JE S AS AIEE R R3m BJ2RALGY, BT =7 db &R o 4 Fl Sr 57 i g = %2
AR E, A 4 )2 St R FZ A —JZ He JiiF. Sr-He JRFZ M B HE & 0 1.97 A, Sr-Sr I
He-He J5LT- 22 [8] (1) 450 40 5 25 40 30 o0 2.37 1 1.39 A, HEANIZ5 A5 B a6 2 i, Hob: ol By A 3
B 222 by PR L R G5 R B T A v AR AR AR AL T AR

0.4 2.2
(a) (b) (©
B 21F °
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3 0.3+ g \
= 20} .
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&2 (a) R3m-Sr,He 7E 200, 300 1 400 GPa T HIJEHUKS, (b) Sr-He JRF[HBERAE 1 A 2E 1L,
(c) Sr,He £ 400 GPa T Y F AL (G (AR (47351 AU3 Sr 70 He JT)
Fig. 2 (a) Formation enthalpy of R3m-Sr,He at 200, 300, and 400 GPa; (b) evolution of Sr-He bond distance as a function of
pressure; (c) crystal structure of Sr,He at 400 GPa, where green and gray spheres represent Sr and He atoms, respectively

2 400 GPa T Sr,He (L A ¥IM R IKE S H
Table 2 Crystal structure parameters of Sr,He compound at 400 GPa

Space group Lattice parameters Wyckoff position

Srl: 3a (0.00000, —0.000 00, 0.768 18)

a=2.40880 A
Sr2: 3a (0.000 00, —0.000 00, 0.359 84)

b=2.40880 A
Sr3: 3a (0.00000, —0.000 00, 0.25193)

R3m ¢=25.8150 A
Sr4: 3a (0.00000, —0.000 00, 0.51049)

a=3=90°
Hel: 3a (0.00000,—0.00000, 0.97281)
v=120°

He2: 3a (0.00000, —0.000 00, 0.63903)

P OE R AT DU ST AR AR S5 40 3l ) 27 A PE RO AR S, 2 T ot P 45 4 E 75 B E A e Y L 22
W o P T PP A AR R AR (TR R W R F b T AR S AR E RS . O T RAIE R3m-Sr,He 1



ERE AL @5 T SoHe b Wi s AL A 5 x

EWR B R, PR IR T 400 GPa R H A FOBOCEKR, NE 3 i, g5RE/R, A EaRee
RE AR BRI, R ZIE A EA sh fi2eta et

0

Frequency/THz

%3 R3m-Sr,He 7£ 400 GPa F /S T-HER
Fig. 3 Phonon dispersion of R3m-Sr,He at 400 GPa

2.2 SrHe K &EYIHIEBE F M4 R

H, - BE 717 45 #4) A1 5 % i (density of states,
DOS) Al L T /R 45ty 7. & E T
R3m-Sr,He {1 (4 HLF BEAF S5 A 1R 45 R an ] 4
i~ MIE 4 7T LIE i, R3m-Sr,He 1) 577 5 Mty
5 8% 2 K T K A= 28 &, T R3m-Sr,He & — 1~ g
Bi(E,) R 0eV MEREH . TEIKREH(E=0eV)
B3I, HLFREAT S A AR RAERS, e 1
TIE IR R B S i R AR g . i — 20
T T 400 GPa T R3m-Sr,He [ i 25 %5 i #1143

Energy/eV

S, g s Fros, Hob, AT E O 9 oK K 4 SrHe fLBWI7E 400 GPa Ty T-AEH
BEY ., fEIRKBER AL, MABEHE K TF, Fig. 4 Electronic band structure of Sr,He at 400 GPa
W] Sr,He 25 4 FLAT 4 J8 M I, 5 R 4 M -0 45

B8 BHEEHEG R R ETORRESIE, ) |

St-s 075 8 RIS 6 ELC 2, B S BT 1 MMWNW
[0 s BIH L T8 BOK RESLMEE X S R T |

AW Sr-p A HEA POR RO A — ek, 5 2 | —5
HEET Ses WO TEA TWI RGNS, £ Sr s 2 1L = St
T p MR TSR A S THBARIE 2, f

—SETURK; Sr-d WA H L SORRE S R B © | el
Ay i O B R, BE e T 1Y o B " ;

T-1E B K R BT % 325 9 JE 1 ke, ] e S TS S
3 2 H X R R3m-Sr,He i % 2 5 1 5 19 £ Energy/eV

FH 7E SR RE BT, He-s A He-p A 25 25 BE W K 5 StHe fLA¥I7E 400 GPa 757 e 4 i
T ZE, W He JRF 10 s Ml p BLIE BB F7E 20 K6 Fig. 5 Density of states of Sr,He at 400 GPa

B0 S A B LF E5THR, 5 He I 1A B B9

B EiRsE  ASS 5 THRBERIEMAT . X 5% He LT A Na B HTIF T — DY
A BRI AT BN TR] o a2 PSR T LU Y, St 5T He JRF Z IRV AETE B i 2 Ak, SR B Sr il
Y5 He J57 2 (8] YA AR TR, n] BEAN A7 70 UEEA T O o



ERE FIASE: E R T Sr,He b A WY SRSt A 1k 5 x

h T B B Sr,He 16 A W B HLF A3 AR
A, H ELF FAE 7/ R FE B : ELF O 1 R
H 1 B Ry A, 7 AR SR SR 65 ELF R 22 X6 )3
2% (1] v Jy Bl A0 ABE 3R AR 9 IX B85 ELF Oy 0.5 3R/ HL
TFRAEIT A X IR . & 6 7R, R3m-Sr,He
Sr 5L Jil il %) ELF 29k 0.5, He Jii 1 J& [l () ELF
Y9h 2, He 5 J] ] 5 B2 Jmy Ak 1 v, 1~ SR 4R U
ZefE HoE i, W Sr 5 He Z 18] A H A& T8 i 3y
FERYRRIE

¥k L RE L T o0 A, B R
X} R3m-St,He I Bader #E4F 7 8543 Br, 45 40 [#l 6 Sr,He 7& 400 GPa T iYL TR i %k
%23 iR, Hith e JICHL Fig. 6 Electron localization function of Sr,He at 400 GPa

1£ 200 GPa i}, Sr,He '[9 Sr1. Hel il He2 Ji
T A5 2-0.034, —0.104 F1-0.091 N HL ¥+, Sr2., Sr3 il Sr4 435 2 0.123. 0.100 F10.006 ~HL, 1. Fifi
% JE J1 74 8 400 GPa, Sr,He H(1) Srl. Sr4. Hel fil He2 J& 143 %143 5]-0.027, —0.013, —0.091 #iI
—0.083 4~ -, Sr2 A1 Sr3 JE 74533 0.102 A1 0.113 4~ HLF . Sr,He "' He J5i F A HL fif §4 52 5 NH,-He,
H,0-He. MgF-He. MgO-He. FeO,He H A HL T4 R4 001012 61 (-0.002~0.1 I~ HLF ), KW
R3m-Sr,He HAT B F 1. & K St — 2T+ &, Sr i F 10 He R 558 09 B far UL A ZE, HARTE
Sr 5 He 2 [a] 4 W] B B8 T, 55 Mg-He, Na-He., Mg-Xe 22 [8] it i 5 A W W A R[], MR A, XS0 R
55 He Z M1 WAk 27 A0 BLAE AT AC 2 T — 2 FEAR N BB AURICR , He JEL- ] LIAE 5 Bt A 2 1R R R Biga
FE SRR E AL A 20,

# 3 R3m-Sr,He 7£ 200~400 GPa TR T4
Table 3 Bader charge transfer values of R3m-Sr,He under pressures of 200—400 GPa

Phase Pressure/GPa Atom Charge/e
Srl 0.034740
Sr2 —0.123743
Sr3 —0.100587
Sr,He 200
Sr4 —0.006534
Hel 0.104386
He2 0.091738
Srl 0.030874
Sr2 —0.115756
Sr3 —0.103 687
Sr,He 300
Sr4 0.005 565
Hel 0.097306
He2 0.085698
Srl 0.027394
Sr2 —0.102514
Sr3 —0.113609
Sr,He 400
Sr4 0.013318
Hel 0.091454

He2 0.083956
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B AR B3 I %% 0 4R JE (crystal orbital Hamiltonian population, COHP) 4 i & /4 L 3B M %25 11 7 J&
(integrated crystal orbital Hamiltonian population, ICOHP) 7] I F ¥R A T fif FL3E X S AR S5/ B BTk . TRy
COHP AR MR 2 s 52, IE A COHP AR S SR A o AL B 0 45 5 9 B2 W LU ICOHP A i, i 1]
BB RGETARFEMITTEREN . T 8E St i+ 5 He [ FZ A BAEH, 315 T R3m-Sr,He
) COHP £k, 4nl&l 7 s . fe (1 Sr-He #8119 COHP 78 % K B S ML ) ICOHP £44-0.0025 eV, Rk
& Sr,He Wi i 1Y Sr 15 He J5iF Z [BI A BB . 4k, Sr,He Hh 98 KRB b b 9 S B A A W - fy
B FIE S alr, N b G &, X —25R 518 4 TN 5 i ik 04 68 17 45 1 28 25 2 45 21
—3,

10

710 -

Energy/eV
Energy/eV

—0.02-0.01 0 0.01 0.02 -0.04 -0.02 0 0.02  0.04
COHP ICOHP

&7 Sr-He Z[a]f#) COHP #I ICOHP
Fig. 7 COHP and ICOHP curves between Sr and He

K CALYPSO @R Z5F T )y 0, &5 458 — MR IR BT, RS T 0 1 4 J8 5 % Na,He fb &
Yy Na J5 7 J5 RO S5 A S4B ME I . 1545 5 R, 7F 400 GPa 5 JE 4514, Sr,He 2 B H e IR A
% (AH=0.303 eV/atom) , XJ N R3m =5 [AIEL5H, S A6 0 ] & i) AR AR 254 o 3 b B 1k 5 Pl M o
53 HT, IESE Sr,He 78 400 GPa T HA& 8l fy 24 R M, ML 7 BB 45 M 76 B oK TH BHE 19 Bl S Ml 22 &, 2
4 R AEME . ELF 3168, Sr 5 He JR T M AN FFEML G i . Bader L f 5 B 1T 5 — 20 7,
St J5 75 He J5 T Z A1/ A6 LT 5 78, 271 Sr 15 He 22 (K 5585 O B T4 . {HA9VE 2 A9 J2, ICOHP 44
SEILR, FOKRBE S L o 9 SRS A H X S B LA R HEFE L, I T AR A & B Ak R . AR
TAEFTHE Y St He VA2 AS 45 44 S 5256 A BH B & SAL A AR W1 T 07 1), A R A Bh R AR A AR
BRI, AR R | e it R BT BRI B A BIF e AR IV A A e R R
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Crystal Structure and Physical Properties of Sr,He Compound
under High Pressure

WANG Qingmu', ZHANG Pan’, SHI Jingming', LI Yinwei'

(1. School of Physics and Electronic Engineering, Jiangsu Normal University, Xuzhou 221116, Jiangsu, China,
2. School of Sciences, Xinjiang Institute of Technology, Aksu 843100, Xinjiang, China)

Abstract: By combining first-principles calculations under the framework of density functional theory
(DFT) and the CALYPSO crystal structure prediction method, the structural stability of the inert element
helium (He) and alkaline-earth metals under high-pressure conditions has been systematically investigated.
The calculations reveal that among the alkaline-earth metals, strontium (Sr) forms compounds with He
exhibiting relatively low energy values. Consequently, the crystal structure of Sr,He at 400 GPa was
predicted. Electron localization function (ELF) and density of states (DOS) analyses show no tendency for
covalent bond formation between Sr and He atoms. Furthermore, Bader charge analysis reveals ionic
bonding between Sr and He atoms, with charge transfer occurring from He to Sr. These results provide key
insights into the bonding mechanism of Sr,He. This study elucidates the crystal structure, bonding nature,
and electronic properties of Sr,He, offering theoretical support for understanding the stability and physical
properties of such metastable materials and providing important guidance for their experimental synthesis.
Keywords: high pressure; alkali-earth metals; He; first-principles calculation; CALYPSO; structure
prediction
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