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i Pnma AHEEESG TS Fm 3 m AHIEAE.

PR T AT RS2 S g HOR S SR BRI, 78
A58 ) 5 3 T P X6 8 sk 1 2 S R 5 ) A i
FRAY TR 1314, 2 A7 2235 X BaF, W& R AHAE AT
RHEAT T —E ST Y. HR AR R
BaF, BUCHHAS 5853514 2.83—5.10 GPa, 11.2—
15.0 GPalt15=17 Hrp | Ayalal!l R shell-model /7
2, WX BaF, g A 005 A R B
KE A =AM A T, 15 Pnma- P63/ mmce
564 A4S Fe i A58 17 GPa; Kanchana 55 17 F1 H
BRI muffin-tin FLIE, 5 1 7E 33 GPa Jk
5T, L GERY p FUEFE R RNDINY s A1 d BhE,
T T3 BaF, (1) P6s/mme Ml %4 @Ak, SR,
Jiang &5 U9 R IR F P BLIE I, I AR &
SO BRI AT B IE )T, 98 1H7E 50 GPa iR T
BaF, i3 & A4 JmAL; Yang 55 9 3L T2 B2
PRELIE, FIFH CASTEP #4:Xf = JE T BaF, 145
MRS EME A5 L SRR I T T ELe A
AT IR, 725535 210 GPa RYHESR R, A2
KR LB BIS. B, BaF, T
H P6y/ mme FH 1Y T S BRI G /0 AH B 1 3 2 i
FE. AN, BaF, 47 B bifi s o A8 AL A7 R i 77 A
W, T HH R R R ST R A s LB 2D
I, A SCR S — MRS BaF, WL A K H
P63/ mme A B P 1 RIS T s i 22 Atk AT
S DA L R 2 6 iE AT o FE) e A #E
P63/ mme F AT JE IS TR, IF 45 & s
BORAFBRITR., X AT i T3 R G S
5T,

2 HEF &

ASCHHRBE T % 7 RS (DFT), SRR
M (PAW) J5 i 081 A VASP B ff
PR, se i G T U EE IRl (GGA) 1Y
PBE fiAs PO Zea e sk, X1 BaF, (1) 3 F
YA, #BTREXAE A 600 eV, BE 5 H1 ) WSS 1
4350 108 eV A1 0.001 eV/A. i BLIHIX K i 1%
EIRH Gamma HUE 773, XFF BaF, B9 Fm3m,
Pnma 1 P63/ mmc H, MFSEEREMAIR T x 7 % 7,
7x 11 x 6,11 x 11 x 9.
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DL B 25 4 BaF, 3 MMk (H)-FE 58
(P) KA, I AR AL e gt 0921201,

3 ZR5%
3.1 BaF, BI&HiaEM

T HI A A SR, AE— R A4 8 R N X
BaF,3 Al AT 45k Ak, H, Fm3m AH7E
0 GPa LA/ i #ECH o, = 6.281 A, JFF
B M Ba(0, 0, 0), F(0.25, 0.25, 0.25); Pnma AH7E
12 GPa MRALIE 1A B EU 9N a, = 6.284 A,
b, =3.926 A, ¢, = 7.791 A, (BN Ba(0.2452,
0.25, 0.3814), F1(0.0391, 0.25, 0.6820), F2(0.1496,
0.25, 0.0668); P6s/mmc #l7E 32 GPa F fitfb J5
B EAS H BN o, = b, = 4.183 A, ¢, = 5.260 A,
JR 57 B > Ba(0.3333, 0.6667, 0.25), F1(0, 0, 0),
F2(0.3333, 0.6667, 0.75). LA b &A% H it 45
4 55 S50 1 1O A5 B, UE AR TAR R
BALS 3L
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Fig. 1. Variation of enthalpy difference with pressure for BaF,.
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(Fm3m-Pnma), BEAE AT IRR & A2 28 25 2R
AR 2 8.68%; 1M 4 He i 1K B 25 — UAH A8 5 A B
(%9 18.3 GPa), BaF, M AHXMA TR LA /N, AL
B4R 2y 1.35%. WURAHAS 1of B2 34 1 B A AR B 4
#RW Fm 3 m-Pnma- P65/ mmc 10— AHAE.
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Fig. 2. Relative volume (V/V}) variation of BaF, as a func-

tion of pressure.

T P63/mmc(ay, ¢,) ATLAA Prma(a,, b,
c,) F—A~ supergroup 27, 4 W AH S A& H B0 2
Gy = Cpy by = @y, ¢, = V3 ay, IFH Pnma HHHY
SRR EAHRNALE W, AT LA Pnma AH58 4272
BT P6s/mme 8 4251 Hy BE T DLAE I 58 42 A AR
SRS T LA SCN BaF, [ Fm3m (a,), Pnma (a,,
by, Co), Pbg/mme (ay, o) FHAYAFAS & 5 bifi R 58 A8
AT T 43, SR 1 S Gl b fA R TR G
R, A R AFE O R0 A w8 T — o ik
B SR R R SR A AR AL

mE 3R, —IEMN T, Fm3m, Pnma,
P63/ mme AH Y &R H 0 36 B Bl 5 3 I
SRR N RRAE . A ZAEXT Prma tHBY f A& 1L
ORI, Y RS 2N 15 GPa (32 3T A1 AF R 5%
18.3 GPa i), Pnma MFF R ] P65/ mme Fh T
rm A P 2 RS AR A, R IR I R R G A A
WAL b, FWOE N, a, B EE /. Smith S5 10 FE X
BaF, B9 gt & B30 T B4, A PRF LA
Z R EAEMAZ B ETIE LS . Dorfman 45 ¥ X}
CaF,, SrF,, BaF,3 Fbf B} Y v R 52 40 rp W %%
FEANTH Pnma A8 Bl R 58 35 00 & A% 23 580 m)
P65/ mmc FHFLHR.

MIERIKFN Y 20 GPa &, a, = ¢, b, = ay,
o/ V3 = ay, WHFTHT LA Pnma 56250500 P65/

mme A, BURAE T 582748, fEX] CaFy0, BaF,l!,
CaH,?, CeOy I ThO,P 45 Pnma AHFI LiOBY,
Mg,SiP, LiyS, Na,S, KySP &5 5 Pnma AT
rh 385 B0 A A PR A T B e 5 AR b 2 IR R AL
ML, WIFXT Pnma-P6s/mme G5 FFAZ (IR RL,
AT RIS R ).
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Fig. 3. Evolution of the lattice constants of BaF, with three

structures under pressure.
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[F]3Z B X CaF,2027 1145 & 3 LDA ¥Z R824
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FAH AR T2 AT LLBRAR Y, X T Pnma- P63/ mmc
PIFRAS , THE AR AR 2 2 R 2 (20 GPa) 57T 4R
AHAE TR 5% 1 (18.3 GPa) I ZE{HZN 1.7 GPa, 5
UL A ZE R (15 GPa JFIRAMIZAE, 17 GPa A7
SEI) B,
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(L= W37 DL K, P63/ mme AR R -t 2 bl e
SRR AT T

HUFTHEEAT B A AT HLIK DX AL (1) 75 74k
[ e SR AE 3 A RS FRARC, H RIS B A3 AT,
BaF, 3 MIAHRHL 2 RSl Al LA Bl

I'tmdm = T2g7
Tprma = 6Ag + 3B1g + 6Bag + 3B,

FP63/mmc = 2E2g-

21 A TS BaF, 19 Pnma HIWE 10 GPa
JEBR T (R 27, Hirh 190.6—363.8 cm ! HYIE AL
U5 S BTN 6 204 (29 210—380 cm )
B —2 L ] 4(a) FE 4(b) 4350k Fm3m A
Ty BEH PG/ mme AH 2E,, H 7 £ 15 It i 56 25 1k,
G R EL 76 0 GPa B, Fm3m# Ty, W20
235.8 cm !, G (240—242 cm V) BOAEE 101,
FEA T HABTTE (29 216 cm V)BT, A SCHY T8 45
TR SCOE. Bl R R K, 07 ) 5 B B0
A5, HARRZAHN 6.36 cm ' /GPa, AR T 525
{f 7.6—8 cm!/GPall01,

%1 10 GPaJEMT Prma 25K BaF, R e fiHiss i

Table 1. Calculated Raman shift of Pnma structure
BaF, under 10 GPa.

Mode w/em?® Mode w/em! Mode w/cm'!

A, 81.2 A, 1906 By, 2687
Bj, 81.4 B, 2033 A, 283.3
By, 90.2 A, 2112 By, 3044

A, 112.9 By, 2187 By, 309.6
By, 151.5 By 2240 A, 321.6

By, 1747 By, 2512 By 3638

&l 4(b) g P63/ mme FH B IS Eg, BBl s 58
1A, 7E 14 GPa I}, BN IE5 R0 T4 95.5
Al 366.7 cm *; 80 GPa B}, 23 I T £ 123.0 Al
537.8 cm !, 5 52H (14.1 GPa i 95 il 325 cm !,
77.1 GPa HA—AN2 525 cm ! B A ) 10 7R AH
N RN A R A S Bl 4(b) FTHL S
BRSSO i 1) AR Ak T A SURK, SR sh AR B
JESRAR L R B A L b TR, JRLR MR
M, RS, AR PR . BT LA b 7
5/ INBR R R T T PR X o 0 B i 1) A Ak G R
PRI E AT AT, (R Y Rk v R 4 K,
TR A PIBIE LA KA.

270 | (a)
265 |
260 |
255 |
250 |

245

Raman shift/cm~—!
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100 eesecesee @
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Kl 4 BaF,(a) Fm 3 m %5 Ty, BEH (b) P63/ mimc 4514 2E,,

R o W07 I S 5 ) 78 1

Fig. 4. Raman shift as a function of pressure for (a) Ty, of

Fm 3 m and (b) 2E,, of P63/mmc.

K 5 AR ESE T P65/ mme R T
22 15 14 GPa I, B B X8 HEMT, SRII45
M2 8l ERa e 1, H2 M gL (0.5, 0.0, 0.0)
PR A AL S 12 GPa B, 76 M g
PR, 2RI 2540 R B ) A TRE Y. 18 6 45
T M SRR SR AR . AT LUE
FFAIREALE 0 THz EHRZN 13.5 GPa. XUl
BRI LR, P63/ mme FITTLIAFAEZR 13.5 GPa,
Hy e TT DR e B v A AR S A (n
JEid 2, 18.3 GPa lF A B P63/ mme M), i J5
#j 4.8 GPa.

MRS R 80 GPa i), B A BN X A fETE
A, B BaF, 19 P6s/mmc 8 2 /D 1] DI E )
80 GPa, 5526 firfs 77 GPa UL E—E 10, X
40 GPa W/ B Z T LLUR B, BUit M s
FALT SR T Ak %, it 80 GPa )&,
P63/ mme FIFIRAFRE, AT B 24— IRAHZE,
Bl an%% A8 BaH, 19 A1B, 2544 B8, 5% Luo 4 B iy
T P-3ml 25F4).
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Fig. 5. Phonon dispersion curves for P63/mmec structure of BaF, at different pressures: (a) 12 GPa; (b) 14 GPa; (c) 40 GPa;

(d) 80 GPa.
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v/THz
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15 . . . .
20 18 16 14 12
Pressure/GPa
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Fig. 6. Phonon frequencies at M point as a function of pres-

sure for P63;/mmc structure.

3.3 BaF, WwMEEEETHXR

ARSI X BaF 3 Ry A 1) B b e 5 1) 25 4k
AT TR, 53RN 7 FiR. 0 GPa i, Fm3m
THHTBRZI R 6.61 eV, IR T ILHE 1010 eV, XA LA
BEIN N 2 R BRI T R 25 Ik B
— YA TR, 254955 A8k Prma #, 7 BRIESR
HEIN2y 0.22 eV, HABRNITF4G 5 01 2 IEACE
Z, B YR N2 16 GPa i, H BRIT MW/ . 18

—a— Fm3m
—o— Pnma
—a— P63/mmc

74t
7.2 ././,/
7.0}
6.8 f‘ N\

0.22 eV
6.4}
6.2}
6.0 F
5.8

5.6 Adaaaas ., o,
5.4
0

-—1.11 eV
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é 1b £5 Qb 55 50 3% 4b
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Pl 7 GGA Z AT BaF,3 Ty Al B b s 5 9 25 4k

Fig. 7. Band gap as a function of pressure for three struc-
tures with GGA of BaF,.

18.3 GPa i, P6s/mme AHIIHBRZ) N 5.61 eV,
e F A 58 T Pnma ) B, K2 1.11 eV.
BaFy X Faly B B s 53 19 28 46 A7 S 5 HAb sl 1
8 AL AT R —E o= RSO 4 R 5
Kanchana %5 7 1) 25 15— 2, 178 SCHR [15] F13C
Mk [44] FVEE 48, BaF, 1 Pnma #8175 B bl
SRIG IR — N, B I ERR AL, B4
I 2 AR S RSORRT )H BU RSO , LTS R At
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ARH i B e s AR AR . T B Hh T
B9 AR (1) BRI LA/, i A SR SO A 2 22 T

X TR RN &, B TR IR A, J5ir A B
BN, o EEBRERN, &SRR R A
e -5 1) LA B i, AT B B
RS A K, BTN B T B A
B, P B, S ECR BRI 8L S T
0T Proma F BRIBEAR A SR, AR SO H AL 2%
% B WA s AR AR HEA T TR, SR ANIA 8 B,
Wi T E 2 F Y p BUE i 7 5Tk, s 1%
H1 Ba 1 d %UE fL 7 DTk, FRsmIG R, 2%
e DXCIRET 90 B2 A BTN, 2458 i 5 GPa 3§
#) 16 GPa i, Sl i 23 a] = BERE 7 1) B 3), l B
B 585 16—18 GPa I, FAfF 43 3 [ AR AE & J7 7]
¥l SEM AR, R K9k
AR T Pama 0 FL(A & W 3.1) J5 76
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Abstract

There have been some theoretical studies of high pressure phase transition behavior of BaF,, while in most
cases the attention is paid mainly to the optical and electrical properties of BaF, under increasing pressure. To
date, there has been still a lack of theoretical explanation for the hysteresis phenomenon of high-pressure phase
of BaF, when the pressure is released. In addition, the pressure-dependent behavior of the BaF, band gap is still
under controversy, and there are few studies of its high-pressure Raman spectra. Therefore, first principle is
used to make a supplementary calculation of the high pressure behavior of BaF,. For a given pressure P and
temperature 7T, the thermodynamic stable phase has the lowest Gibbs free energy. The calculations are
performed at zero temperature and hence, the Gibbs free energy becomes equal to the enthalpy. Thus, the
variation of enthalpy is calculated as a function of pressure to study the high-pressure phase stability of BaF,
based on density functional theory as implemented in the Vienna ab initio simulation package (VASP). The
results show that the BaF, undergoes two structural phase transitions from Fm3m (cubic) to Pnma
(orthorhombic) and then to P6s/mmec (hexagonal) with increasing pressure, and their corresponding transition
pressures are 3.5 and 18.3 GPa, respectively. By calculating the evolution of lattice constant with pressure, it is
found that at about 15 GPa (near the second phase transition pressure), the lattice constants of the Pnma
structure show abnormal behavior (a slight increase in b, and a slight decrease in a,). We suggest that this
behavior leads the band gap to decrease, indicated by analyzing the calculated results of Pnma structure of
other materials. The Pnma structure completely transforms into P6s/mme structure at about 20 GPa. By
analyzing the phonon dispersion curves of BaF, as a function of pressure, the structural stability information of
the material can also be obtained. Then the density functional perturbation theory (DFPT) is used to calculate
the phonon dispersion curves of BaFy by VASP code and Phonopy code. The hysteresis phenomenon of the
P65/ mme structure, when the pressure is released, is explained by the kinetic stability. The results predict that
the P63/mmc structure can be stabilized at least to 80 GPa.

Keywords: first-principles, BaF,, phase transition, hysteresis
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