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Fig. 1. Ground-state static enthalpy curves per formula unit
as a function of pressure (with respect to the P4/nmm
structure) for static LiYH,. The inset is a partial enlarge-

ment of the pressure range 300—330 GPa.
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B 2 LiYH, B9 ShRZEH. G600 40 B @/ NER B0 Li, Y, H BT (Li-H, Y-H M H-H BE 854> 51/ F 2.20 A, 2.47 AF12.00 A)
(a) 101.325 kPa B [ P2,/m; (b) HEF1°4 150 GPa B[] P4/nmm; (c) FEF1°4 300 GPa B} ) Cmmm
Fig. 2. Crystal structures of (a) P2;/m LiYH, at 1 atm, (b) P4/nmm LiYH, at 150 GPa and (c¢) Cmmm LiYH, at 300 GPa. The

green, purple and pink spheres represent Li, Y and H atoms, respectively. Lines are drawn for Li-H, Y-H and H-H separations short-

er than 2.20 A, 2.47 A and 2.00 A, respectively.
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Fig. 3. Change of enthalpy of different LiYH, structures with pressure in the range of (a) 0—35 GPa and (b) 290325 GPa after the

correction of zero point energy (ZPE) was considered.
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Fig. 4. Three-dimensional electron local function (ELF) with anisosurface value of 0.5 for different LiYH, phase structures (a) P21/m

(101.325 kPa), (b) P4/nmm (150 GPa) and (c) Cmmm (300 GPa).
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B 5 Li,YHy (0 IRSEH. gt ta | 2o Bt/ Nek e BIARFR Li, Y, H IR T (Li-H, Y-H # H-H BB 2 51/ T 2.20 A, 2.47 AF12.00 A)
(a) 101.325 kPa F Y Cmc2y; (b) 101.325 kPa T 1Y Pmn2y; (c) 101.325 kPa F #J Pmmn; (d) 300 GPa F Y I4/mmm

Fig. 5. The crystal structures of (a) Cmc2, Li,YH; at 101.325 kPa, (b) Pmn2; Li,YH; at 101.325 kPa, (c) Pmmn Li,YH; at 1
101.325 kPa and (d) I4/mmm Li,YHsat 300 GPa. The green, purple and pink spheres represent Li, Y and H atoms, respectively.
Lines are drawn for Li-H, Y-H and H-H separations shorter than 2.20 A, 2.47 A and 2.00 A, respectively.
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Fig. 6. Ground-state static enthalpy curves per formula unit
as a function of pressure (with respect to the 4/mmm
structure) for static LiyYH;. The inset shows a modified en-

thalpy curve considering zero point energy (ZPE).
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Fig. 7. Three-dimensional electron local function (ELF)
with anisosurface value of 0.5 for different Li,YH; phase
structures (a) Omc2; (101.325 kPa), (b) Pmimn (101.325 kPa)
and (¢) 4/mmm (300 GPa).
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Fig. 8. Crystal structures of (a) P2;/m Li;YHg at
101.325 kPa, (b) CmemLizYHg at 100 GPa and (c) P4/nmn
Li;YHy at 300 GPa. The green, purple and pink spheres
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2.47 A and 2.00 A, respectively.
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Fig. 9. Eenthalpy curves per formula unit as a function of
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Fig. 10. Three-dimensional electron local function (ELF)
with an isosurface value of 0.5 for different Li;YH; phase
structures (a) P2;/m (1 101.325 kPa), (b) Cmem (100 GPa)
and (c) P4/nmm (300 GPa).
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Fig. 11. Enthalpy curves of various structures (P2;/m,
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LiH + YHj; as functions of pressure, ZPEs included.
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Fig. 12. Enthalpy curves of various structures (Cme2,
Pmmn and I4/mmm) of Li,YHj relative to the products
2 LiH + YH; as functions of pressure, ZPEs included.
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Fig. 13. Enthalpy curves of various structures (P2,/m, Cm-
cm and P4/nmm) of LisYH, relative to the products 3 LiH +

YHj as functions of pressure, ZPEs included.
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Fig. 14. Enthalpy of formation of Li,YH, 5 (n = 1-3) with
respect to LiH and YH; at different pressures. The solid
mark indicates that the hydride is stable at the correspond-
ing pressure, while the hollow mark indicates that it is

metastable or unstable.

T2 E R E WY LiYH - PA/nmm, LiyYHg-
I4/mmm, LisYHg-P4/nmm 2585, g8 — £+ 8 H
TE 200 GPa 1T 0y F it Ze 8% B2, 4
Bl 15 Fis. SrBrAs s, s A1 BLK X O 8A 1 A
PR, UL LRSS F e B J e iR e 1. vl
PIFEH, RHIX (< 10 THz) Rt £ 2k T
Y RSN X (1030 THz) B4RS) 3%
kAT Li ksl Hrp ook B H R
Pah; WM MIRS (=45 THz) FEEK AT
H EFiRsh, X F202 T H )RRy Li/
Y Y /N B . RO B, 3 NS5
P B4R Bl B 3 AR 230 D9 2 70 THz(2335 cm 1),
#J 65 THz(2168 cm ), /M T 500 GPa I “4:J&” &
FIHR SR 2600 cm B2, {H5 300 GPa F LaH,,
(Fm-3m) T IR (2300 cm ) B A7 .
%f LiYH,, Li,YHs F1 Li,YHq AR5 Y24, 15
WA RS, AP LiYH,-P2,/m Fl LisYHe-
P2y /m ANHA B I 2E R e Z Ak, A ZE H R
A SR F (Fig.S1).

3.5 Li,YH, ; (n=1-3) BF&EHSH

I T4, YH, ., (n = 1—3) {ERIRIE ST
HL T A A 1 A R R4 TR R B 22 1 0
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Fig. 15. Phonon dispersion (left), projected phonon density of
states (PHDOS) (right) for (a) P4/nmm (LiYH,), (b) I4/mmm
(Li,YH;) and (c)P4/nmm (LisYHg) at 200 GPa.

BiktiE ey Astb it 2, il 16 s, BT
0 eV IR ML A REH WA A B (2 4R 4y
fiE), KT 0 eV MR R T J) R IZ S5 1 = 4
GRS AR, A3, B LigYHg-P4/nmm 45
FOFEH T 2B A B FRE 2 A, LiYH,-P4/nmm,
LisYH;- 14/ mamm 55 H N &R 24 24k, HBEH )
FhE Bk A & IR AL R A2, ¥ s J1 43 5 R 25 GPa
18 GPa. B 17 /n 13X 3 Pt 113l J1 241
FaE RS HITE 200 GPa I A L T-REAF S5 A RIS 2%
JE, FHT 3FLAEYNEEME. NEHRETT UL

B, XFT PA/nmm, (LiYH,), I4/mmm (Li,YH;), P4/
nmm (LisYHg) iX 3 Fhg5t, 40T 2 K REH AL 1Y &
HL A% AR/, Y Jo R A R B T 32 ST kAR
H, 1 H B otk L8 HJE X FaR g k1T
T Bader Hifaf 20 #7, Wig 1—3 PR, Li MY J5F
HIFR A FL T ] H R 88, X R Li fLY JE 148
JEAT IE LA L PR R H R oA O B
&, H 5 Li/Y JF-FRFAESFAHEAER. W, H-H
ZIHATE R Hy HUTT, T2 2 e 1.
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Fig. 16. Change curves of the electron band gap with pres-
sure for Li,YH, 3 (n = 1-3).

*1 if 1f Bader HL i 43 87 45 ] () P4/nmm
(LiYH,) # 200 GPa £ 71T, Li, Y Fi1 H J& -+
RN FHiE; o(e) MERBRNBFHE (EE
FORKEHRT, FUEFRHRET)

Table 1.  Number of remaining valence electrons in
Li, Y and H atoms of P4/nmm (LiYH,) obtained by
bader charge analysis under the pressure of 200 GPa;
o(e) represents the number of valence electrons
gained and lost (positive means lost electrons, negat-

ive means gained electrons).

JET FIRMABEFHE  BEBTEL ole)
Lil 0.299804 0.700196
Li2 0.300035 0.699965
Y1 9.688036 1.311964
Y2 9.688036 1.311964
H1 1.538704 -0.538704
H2 1.508556 -0.508556
H3 1.495277 -0.495277
H4 1.469508 -0.469508
H5 1.538704 -0.538704
H6 1.469508 -0.469508
H7 1.508556 —-0.508556
H8 1.495277 -0.495277
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Fig. 17. Electronic band structures and local density of states

for (a) PA4/nmm LiYH,, (b) I4/mmm Li,YH; and (c) P4/nmm

Li;YHg, calculated at 200 GPa. The horizontal dotted line

indicates the Fermi energy levels.

8% P4/nmm (LiYH,), I4/mmm (Li,YHs),
P4/nmm (LisYHg) 3X 3 #&5#h P AE7E Hy o, I
ZTE 200 GPa i}, 354 Hy BTz i H T4
4194 1.006e, 1.049¢, 1.103e, 300 GPa T P-3ml
(LioMgH, ) 4544 o &4~ Hy BT IR 3 51 HL F
H (0.39e) Z15Z. [AHF, ANATHNAR, X 3 445
P B AR 1 H R F 22 ) Y 40 1 1.89 A,
148 A, 1.50 A, ¥ R FHIRHEET Hy /7

% 2 i 5 Bader H faf 70 B 1% 2 19 14/ mmm
(Li;YH;) 7€ 200 GPa (&7, Li, Y #il H J5E -+
R TFER; o(e) RRBRMBTEHE (EE
FRRER T, FUEFRHFRET)

Table 2.  Number of remaining valence electrons in
Li, Y and H atoms of I4/mmm (Li,YH;) obtained by
bader charge analysis under the pressure of 200 GPa;
o(e) represents the number of valence electrons
gained and lost (positive means lost electrons, negat-

ive means gained electrons).

JEF Rl THHA R TE o (e)
Lil 0.309583 0.690417
Li2 0.309831 0.690169
Li3 0.309583 0.690417
Li4 0.309583 0.690417
Y1 9.758049 1.241951
Y2 9.758049 1.241951
H1 1.548559 -0.548559
H2 1.518422 —0.518422
H3 1.518422 -0.518422
H4 1.548559 —0.548559
H5 1.488825 -0.488825
Hé6 1.548435 —0.548435
H7 1.518422 -0.518422
HS8 1.518422 —0.518422
H9 1.548435 -0.548435
H10 1.488825 -0.488825

H—H @4 (0.74 A), FEF L H 500 GPa T “&J&8”
AP H—H A (0.98 A)B2 K75 Z. RG22 HT
A SCHRARGE , I 2REEAS Hy BICHES2 B fL 5 B0k
0.6e Z£ 47, H—H 8K RN Z 1 AR, Hy 20 Tk
SR — B Hy o PR e 2 e 2
A E TR 2, —F R IRAE 451 (N
FETE LR W BT B0, S A 45 R S X — A
FHAE, HE— U T 3 E5H P %A Hy BT, t
T H IS, A 28R Hy $oT2421k Li
MY et i+, (E3CA R 20 H A 9K 6E
TR, WIHRER T PA/nmm (LiYH,), I4/mmm
(LisYH;), >P4/nmm (Li;YHg) AHE9H S, it
BT MRS EEON, ¥IE 0—-0.2 Z[H, Fl
UHg R R G S8R (A = 038, T, =
1.32 K)M1 378 78 /)N HoAh 2 4 38 1) 755 TR AR 1)
HL -7 TR A S (HsS(\ = 2.30, T, = 200 K)I9,
YHg (A = 3.00, T. = 165 K)(6), MgH,4 (P-1, X\ =
0.83, T. = 48—73 K)I%, LiMgH,4(P1, X\ = 1.63,
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# 3 il i Bader B fif 43 A7 45 B Y P4/nmm
(LisYHg) £ 200 GPa BES T, Li, Y 1l H JEF%
RN BT EE; o(e) REMRMBEFHE (EHE
FoRR T, AERRH R F)

Table 3. Number of remaining valence electrons in
Li, Y and H atoms of P4/nmm (Li;YHg) obtained by
bader charge analysis under the pressure of 200 GPa;
o(e) represents the number of valence electrons
gained and lost (positive means lost electrons, negat-

ive means gained electrons).

T R TR R AT o(e)
Li1 0.305713 0.694287
Li2 0.309284 0.690716
Li3 0.313798 0.686202
Li4 0.309165 0.690835
Li5 0.313798 0.686202
Li6 0.305713 0.694287
Y1 9.761139 1.238861
Y2 9.761139 1.238861
H1 1.548839 -0.548839
H2 1.548839 -0.548839
H3 1.674347 -0.674347
H4 1.528941 -0.528941
H5 1.475093 -0.475093
H6 1.556821 -0.556821
H7 1.556821 -0.556821
H8 1.548839 -0.548839
H9 1.475093 -0.475093
H10 1.528941 -0.528941
H11 1.548839 -0.548839
H12 1.628839 -0.628839

T, = 160 — 178 K), Li,MgH,s (P-3ml, A\ =
1.25, T. = 180— 201 K), Li;MgH, (€2, A =
2.78, T, = 197212 K)¥, Li,MgH,4 (Fd-3m, \ =
3.35, T, = 430—A473 K)9, Li,YH,; (Fd-3m, A =
1.00, T, = 112 K))); J5 el % JBFF e o i A
WA Li-Y-H =JoiR RZ0F5, R IEE R AL &
TR PR .

4 % b

AL TR RO R RO 25 M T T VA4
5 — M LR = o & Li, YH,.5 (n = 1—
3) ik TSGR T TAFSE. 253 LiYH,-
P4/nmm, Li,YHs-14/mmm 1 LisYHg- P4/ nmm 45

RT3 9IE 169—221 GPa, 141—300 GPa H1166—
300 GPa JE TG HE P i LiH A1 YH, #%— & B He i
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BEAWEEA, 5 LiYH,- PA/nmm, Li,YHs-I4/mmm
M LiYHg-PA/nmm G54 Li 57349 9 4> H i
FHIZE, Y ERFH8 12 MR PR, PR A S
JEALERIE. 5 LiYH, f Li;YHg A, Li, YH; §a 5
SER RS E RS R, HAR AR e 7 /)N,
TS F S LiH A YH; ES . g
SER L f B RS e A 25 SRR W BT LiYH,
(n=1-3) M H & 8=8AK, 20081/ Hy 08
L, Y AR B RO R R — R Y L
i), 45 H 72 POKBEMHE I sTikA B, KA
AL AP R S EZORE T A Y Hy R
JUAR B A B H X ORI IR i BTk, AR T
Li,YH, 3 (n = 1--3) &R AR, K2 HR
I i SR 2T ) Li,YH, 5 (n = 1-—3) 1K
FmE, DIREZBU B IR R ASCWEEE R
=IuE A EY R G R T R TE T, X
B = e IR AR IS B R — e B
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Abstract

The research on the superconductivity of hydrogen-rich compounds has become a hot research topic in the
field of high-temperature superconductors in recent years and yttrium hydride YHg,, has been experimentally
confirmed to have high temperature superconductivity (near room temperature (Tc = 262 K)), following behind
the research of H3S (Tc = 200 K) and LaH;; (Tc = 260 K). The theoretical study of binary hydrogen-rich
systems is relatively mature, while the structural characteristics and superconductivity of ternary or quaternary
hydrogen-rich compounds are still under exploration. In this paper, nLiH + YH;—Li, YH, 3 (n = 1-3) is the
synthesis way to explore the stable configuration of ternary hydride LinYH, 5 in a pressure range of 0-300 GPa.
The crystal structure, electronic structure, thermodynamic and kinetic stability of LiYH,, Li;YH; and LisYHg in
the pressure range of 0-300 GPa are studied based on the structure prediction by particle swarm optimization
algorithm and first-principles calculation. The CALYPSO method is used to search for 1-4 times molecular
formula structures for Li-Y-H ternary systems with different stoichiometric ratios in the pressure range of 0-300
GPa in steps of 50 GPa. The results show that LiYH,-P4/nmm, Li,YHs-14/mmm, and LisYHg-P4/nmm can be
respectively synthesized with a certain ratio between LiH and YHj; respectively in a pressure range of 169221
GPa, 141-300 GPa and 166-300 GPa. The Li,YH; has the lowest stable pressure and widest range which can be
the possible choice in experiment. The results can provide the data support for the superconductivity research

and experimental synthesis of hydrides in Li-Y-H ternary system.
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