W38 % A [=/ S SO 7/ B (= S e Vol. 38, No. 4
2024 4F 8 CHINESE JOURNAL OF HIGH PRESSURE PHYSICS Aug. , 2024

DOI: 10.11858/gywlxb.20240776

HERIN S E BT AR R E — R IEH R

IRE, THE, I B

(M IR BRI~ ) B 5 1 TR 2 e, PRIV M/REE 150025)

WEXAXTEEZEERNE —MHREITHE, 44 CALYPSO &tk £ F il 2 4, &
BHEZTEETROINO, WE ELEMEWEMF ., £ T RoONO,- VA L1 B 4E, i T 44
FEZ @M, £ I PBEsol 2 B A & . T %2 @ WAl 2 RONO, 7 £ i5 T 4y 4
7% N R3m — Pnma — Pmmn (L% VAR ) , AR JESEIKK K 1.7 1 8.2 GPa, 2 K H & ¥
—RME, BRI R 3.73% F12.54% ., R LEREW, KE T RbNO, T #F & A5 T
LI (FREET) SHO P FHEREFHE. SMHELERER TN EREE N H L
“HE-FRHEUBEWAE AEENHENRIHTEEATERAL, XU ENB LA
NFERERE, EFHRINEU,IANAEHN LSRR MR RENTRENERR D, WE LR
HIWH T LB FHNETAHBRREFHY, ARG EREERFRE AN SEE B3 h
FRFEMUERT N L LR EERARRERSS

KRR 7 SR AH A % — MR 35 RDNO;,

&4 25:0521.2; 0469 MEKARARD: A

R YRR I A 8 A AR T AR A0 A R /A - & JE i Ak | R AL | R IRER . A
R 645, W 12 N T Tl AR lb R 22 W e v TR e TR T 0 245 R4 R S 7E 4 H1L 5 M R R 27 40 35
2 K, Hlan: 2013 RIS 5 IWF 5T & B, BUBLES 7 R NaCl 78 & &~ %45 2 Na,Cl #l NaCl,™%
Santos 251 % B, AE Ay Hb BR VRS0 BR 5 B AR AR W Bk BR SR A = L R R R HA 10 R A . iHERIR T
(NO; ) MR R AR B - (CO¥ ) HA S5 4544, B i b 280 W35 8 T b A . 8 7 SR b 9 B8 T )
2 AN IR R R B R T R A S A AR, M T NO; FITCO 78 45 44 R e T-PE 5t [ B AR =2 A, v I
JE 0% 4 8 A PR 2 75 B & 0 45 P A AR SR (A IR AT Y 1)

Bl 4 JE A R AR 4% ) IZ FH T 2O, Qe AR R L AR A TE T TS 1R ek ilifh, K
PHE FIAZ BEATR 0 Bl 4 JE A R SR e A R0 F E 2 BB = & AR 47 AT, Bl TR £ K.
FER I, A2 T SR AN (RONO;) I Al IR K B RS R & T 4 S AR S5 Hg, BE T, T, 10,
VAT, T ARTERE 552 564 K B X 6] N B4 5, o NaCl AU 57 07 TG F 450 (25 [l BE Fm3m) ™5 1A AE
564~492 K X [Alfase, HA 22 45 (a2 AR R3m) s MARTE 492~437 K X Al FasE, —MiA N H2 CsCl Al
SE 7GR (A3 TR Pm3m) S WAHIZE R I T RRE, 387 454 (22 a1 P37, 2001 4F, Liu 262 F I 41
Bl S1 2R e NBRIE & BE T RONO, 78 IV — TR A8 i 2 v NO3 2 A D RE 10 A P A48 R B o 1 8 R
SEYG RIS T 1, 1984 4F Dean AUV 5@ o A, X S ZAT B K BT RONO; 19 IV — V Z5 44 A 4%, AR AR
JESR 2R 1.2 GPa, = & VA8 IE 2 4548 (25 [ Pmmn) .

* W is B HA: 2024-04-01; & HH#A: 2024-04-09
BEEWE: K ARPEHEAE(11974135)
EEE M EHEF(1998—), Lo, Wl LWF5 A, FEN S T BEREY T as i 5 Y BLg .
E-mail: wx@fysik.cn
BIEMEE: £ OE1981—), B, WL, %, FENF &L T EERSY R4 5P BT 5T
E-mail: wh@fysik.cn

040103-1


mailto:wx@fysik.cn
mailto:wh@fysik.cn

538 % FWEELE . RN A A A H A R A o — 1 A 5T 541

5 RbNO, Wy =i AF 52 AH L, RONO, BY i A58 00 A 6 o A0 58 T 28 — Mk I B H 58, 456
CALYPSO fRZE ) TN AR, REHIR R F I T RONO, 7£ 0~ 100 GPa [X [H] 1) 45 ¥4 5 9 B i .
1 HEGE

TE 0 K 10, 20, 40, 60, 80 F1 100 GPa HJ R 5 551 T, ffi 1] CALYPSO # 4! i#£ 4T RbNO, 45
P48 2 . S5 R A i AR i AR AR EC R 20, AR H 2 A5 MR 4 A5, RS e SRR AE 32~70 AC IX
[E], A AR s 5 19 s IO/ o i AR — R IR T AR, AR 4 I R R FH T SO B 3 L ( generalized
gradient approximation, GGA ) !"* fif) Perdew-Burke-Ernzerhof( PBE)Z P& 3| Original vdW-DF jZ g4,
Revised PBE for solids(PBEsol) i p&!"*! X ) Revised PBE Hammer et al.(RPBE){Z p& """, 0 {E A fU7E VASP!
AL SE B, SR B 2% (projected augmented wave, PAW) U 7575, Rb, N, O B f H ¥ 435Il 3% K
45%4p°5s' | 2s22p> il 2s22p*, - Ifii P #K T E R 520 eV, Xt T R3m. Pnma 1 Pmmn A8, Aii HLIK X R AE () RO A%
RST 435024 10x10x10, 6x8x6 Al 10x8x10, FHE RIS ZE /N T 1x107° eV/atom. KA R EL G
PHONOPY #1575 i, 97 M5 51 R 3x3%2, 2x3x2 Fl 3x3x3,, P4 115 Kk H Voigt-Reuss-
Hill(VRH) - #53: 2021, (R g8 48 A7 1A A It~ 2 4% T LAk i VESTA BT V_Sim {2
S

2 HR51e

RbNO, FF % 2454 A RONO,-IVAH, 25 [ BE A P3,. R H 4 PR [RI 38 3 632 i1k 0 GPa
RbNO,-IVAH A AT AR TS S S8, 45 08 T3 1. W H S48 Rnl UL B, 4 Fhag e SEBRIZ ok 1 HE R
MK 2 =K A RPBE., vdW-DF, PBE. PBEsol. [, J5£ef oy £ 2L T PBE Hl PBEsol i PR JEF .

# 1 RbNO,-VHHEEEHMEBIRESTEREMELER

Table 1 Comparison between experimental and calculated lattice parameters of RbNO,-IV phase

Method Condition alA c/A Volume/A®
PBE 10.68(+1.62%) 7.60(+1.88%) 867.56(+5.29%)
vdW-DF 10.72(+2.00%) 7.62(+2.14%) 876.29(+6.35%)
Simulation
PBEsol 10.39(—1.14%) 7.39(—0.94%) 797.69(—3.19%)
RPBE 11.14(+5.99%) 7.91(+6.03%) 982.63(+19.26%)
7=296 K4 10.47 7.44 815.58
Experiment =298 K™! 10.55 7.47 831.43
Average 10.51 7.46 823.96

K 1 PBE Al PBEsol iZ PR £ 0~ 100 GPa J& 5 7 [l P %t fi o A0 A1 119 4 126 45 M A 7RG 40 AR Ak s & B,
R3m. Pnma. P3,. Pmmn FHAEA [F] 04 H i DX 8] P 2 AT #ROT) 2 Fe o, oK 22 Bl s 28 A th Ze 181 1 B
/No fE 0 GPa I, 2 Rz ok A T 45 S 34 3 BH R3m A1 B fE 1 f B 5 Bl 3 A0 T 15, R3m A3 5628 o
Prnma #l . 4KZENHE, PBE 7 PR 5 PBEsol 12 R T ¥ AHAZ 7 81 AN [ : PBE 12 bR U 285 S 22 B, Pnma A5G
FHAE 2= IVAH (BD P3, 2544), FEAHAS 2 VA (BRI Pmmn 25%4 ) ; PBEsol 12 PR TN 25 J 26 BH , Pnma AH B 125578
T VA RS- ABLSE R UK 2 B, Hod, Av/y IR FBPHE R, B PBE 17 & BUN i) Pnma— IV H17AE
ANteFE B W] 0 R FR Y4 LA A, PBE V2 #R T U ) HE Ay 2 /S AR 72 FI PBEsol T i) 2 AN AH A8 B 47 7E 1]
M RFRIHS , XA RN IE e B A3 — A

% 8 5] PBEsol 12 pR X 52 56 IV AH A - i (R B 55 5 M 2 85000 1 iR B Ol e, S5 S F 90k £ 2R A
PBEsol iZ p& TN 2 & T RONO, A HH2E ¥ 51 ( R3m— Pnma—Pmmn) o 1% )75 %4 B8 2 A AH AR 5 1) 5
S35 K 1.7 1 8.2 GPa, AN (RT3 20 0 3.73% H1 2.54%. 1 TR IR A (1 45 4 5 T 4> & il R £
)25 A AR AL, 3 B S 450, IR G, XF Eb T B T 00 R R AR A L R TR 1 A AR 81 O
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Fig. 1 Calculated enthalpy difference of R3m, P3, and Pmmn phases relative to Pnma as a function of pressure
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Fig. 2 Calculated volume of R3m, Pnma, P3, and Pmmn phases as a function of pressure
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Table 2 Lattice parameters and atomic coordinates of R3m, Pnma and Pmmn phases at different pressures

Phase Pressure/GPa Lattice parameters Wyckoff positions
Rb1: 3a(0.3333, 0.6667,0.1699
a=b=5.64 A, c=9.48 A, a( )
R3m 0 N1:3a(0.3333, 0.6667, 0.7275)

—8-90°, y=120°
a=p=90% v= O1: 9b(0.5373, 0.0746, 0.3953)

Rb1: 4¢(0.483, 0.250, 0.686)

P 4 a=7.18 A, b=5.61 A, c=6.77 A, N1: 4¢(0.350, 0.250, 0.122)
nma
a=B=y=90° O1: 4¢(0.448, 0.250, 0.275)
05: 8d(0.302, 0.444, 0.043)
Rb1: 2b(0.500, 0, 0.400)
a=4.67 A, b=5.34 A, c=4.63 A, N1: 2a(0, 0, 0.992)
Pmmn 12
a=B=y=90° 0O1:2a(0, 0, 0.721)

03: 4¢(0, 0.204, 0.128)

(b) Pnma (c) Pmmn

K3 R3m. Pnma F Pmmn KR GhIRLE
Fig. 3 Crystal structures of R3m, Pnma, and Pmmn phase

%3 BSIET R3m\ Pnma 1 Pmmn fHR5E M E AR E

Table 3 Elastic constant and elastic moduli of R3m, Pnma and Pmmn phase at high pressure

GPa

Phase Pressure Cy Cp, Cp Cu G, C,, Cy Cy Ci;s Ceo B G E
0 37 14 11 —4 13 7 12 15 7 19
R3m 4 75 28 21 -8 39 6 23 35 11 29
12 124 46 42 -15 94 12 39 66 19 52
22 7 9 41 9 32 7 10 9 16 10 24
Pnma 4 50 19 30 73 19 69 12 17 19 36 17 44
12 96 43 59 129 35 119 19 =5 34 69 =57 —236
26 9 9 50 16 54 15 5 5 21 10 26
Pmmn 4 60 16 25 84 32 83 33 20 9 40 21 53
12 113 25 53 143 59 129 60 37 16 72 35 91
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Cii>|Cil, Cu>0,

1
C% < §C33(C11 +Ch2), (1)

1
Cﬁ < §C44(C11 -Cp)

C; >0, C;Cyp> C%g,
C1CpuCs3 +2C1,C13C; — C11C§3 - C22C%3 - C33C%2 >0 )
Cuy>0, Cs55>0, Ce>0

T B E RONO, 1Y 3 AR 3N Iy 2-Fa e v, R A RO RS B30 T e s i, A8 FisEA
FOA, W R 3 12 AT e, PR T, 20535 T R3m. Pnma F1 Pmmn FHAER [6] 58 T
By 7 o O 2R DL KR T4 0% 25 % (phonon density of states, PHDOS), 5 W& 4 s, ] LLE W, -
TIESA AR I B AR, RT3 ASAELEA I o T Y B ) g 2 ta e

(a) R3m, 0 GPa
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Fig. 4 Phonon-dispersion curves and the PHDOS of R3m, Pnma and Pmmn phase
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J& BHES T Rb™(Ca®) ; TEAR BN M4 32 THz Wil 75 1 2% B B 5Tk £ 20k B T O i TR s iR K T
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NO; Y [l 4 85 £ 32 THz BT, R3m 1 Pnma A% N—O 4 sh Al C— O g sh ¥ b X B 4 4 5, 5 07 i
AORNSCAT RS FE 21 THz BMEE, N— O R 3h Ml C— O #ik 3 ¥ 5 7 1l N 45 it 4 25 76
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T 40 THz WE BN, N—O R8I fl C— O HRsh 3 R e XIFR 2 ik 3 . #HXF T 0 GPa 1) R3m #H il
4 GPa 1Y) Pnma A1 5, 12 GPa B Pmmn FH B 75 -3 20 S5 R % K F 57, AEAS [a] A5 K 8 451 2440 A i e R 3K
*HEO

H T WG R3m . Prnma F1 Pmmn A5 0 55 6] /Y BCHEAT 9, TH3A T 0 GPa Y R3m AH | 4 GPa 1) Pnma #H
F1 12 GPa ) Pmmn #H0 HL 1 51 188, 1% %% (electron localization functionm, ELF), iT8& 45 UK 5 s, —4E

ELF & v 45 {8 I A9 BUE A 0.8, —4E ELF [E /9 &A% DI TH 4351 8 (1.000 14.005 31.363). (20.145 2.048

~1.000) i1 (4.542 1.000 —1.516), FILLE H, N FT5 O JL F A /9 ELE {H#&iE F 1, & N—O Z [HfF7E
s LA 5

R3m, 0 GPa

Pnma, 4 GPa Pmmn, 12 GPa
5 R3m. Pnma 1 Pmmn A0, T 538 6 5%

Fig. 5 Electron localization function of R3m, Pnma and Pmmn phase

HEAR, TFE T 0 GPa Y R3m A . 4 GPa ) Pnma A F1 12 GPa ] Pmmn F 19 if AR I8 15 %5 10045 8
(crystal orbital Hamiton population, COHP), 7545 R 411l 6 ir7x . COHP 1 Kox MU . AHXT T
O—O H#H N—O #IM 5, Rb— O X} COHP [ 5TwkAE# /)N, JLF- Al LLZBE AT, 456 Rb™ 5 NO; Z ]2
EFMHEERHPES ., F£-1.5~0eViEE N, O—O #HY COHP My 1E(H, F I H 2RI RELIAE, 1
FNO; A ROAL I 1 S B F AU TTHk . 72 0 eV LA, N—O Y COHP JL-F 43~ i fi, &M

5 5
(a) R3m, 0 GPa (b) Pnma, 4 GPa (c) Pmmn, 12 GP
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Fig. 6 Crystal orbital Hamilton populations of R3m, Pnma and Pmmn phase
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NO; H1 i) N— O St 0 B e s St 8, 5 ELF B0 BT 45 5 — 3. 7€ 0 GPa 1Y R3m A, 4 GPa [y
Pnma FF1 12 GPa 1) Pmmn i, N JEF5 O JEF R K 435 1.26. 1.25 F11.26 A, 1153 Bader Hi fif
R LI E Rb J5 1. N 7R O J5iF Z Bl 0 L PR R AE O0, T4 ANk 4 oo X 3 45t i
R AR 120 5 A Rb™3RA5 T 0.90e, 0.87e il 0.86e A4 Hi faf , 2 BH 568 311 il Rb™ %) #L Al 1] NO; B 4 %5 .

* 4 SET R3m. Pnma 1 Pmmn 18849 7T B A BY Bader B it #%

Table 4 Calculated Bader charges within R3m, Pnma and Pmmn phases primitive cells at different pressures

Phase Pressure/GPa Atoms Number Charge/e Charge transfer/e
Rb 1 8.10 0.90
R3m 0 N 1 4.16 0.84
(¢} 3 6.58 —-0.58
Rb 4 8.13 0.87
N 4 4.13 0.87
Pnma 4 (0)} 4 6.57 -0.57
02 4 6.58 —0.58
03 4 6.59 -0.59
Rb 2 8.14 0.86
N 2 4.07 0.93
Pmmn 12 O1 2 6.58 —0.58
02 2 6.59 -0.59
03 2 6.62 -0.62

K7 245t 7 0 GPa ) R3m AH . 4 GPa 1Y Pnma A1 12 GPa ] Pmmn AH 1 H - BE 1T 45 44 A L 7 25 %
J# ( density of states, DOS)., HLFA&%ELRELEWH, iy T RB O p #HLil, W EZE KA Np 5 Op

5 - 5
(a) R3m, 0 GPa (b) Puma, 4 GPa -
— ] T Tt — =
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0 R et by il S Se S R ——— 0 e == = - -
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Fig. 7 Band structures and partial densities of states of R3m, Pnma and Pmmn phases
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Ry — R EE R ARAS , RN A IR BRI 2R 40 R 3.73% Al 2.54%, WIN R IR T RbNO, 77 7€ 2 MK R H7 A,
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First-Principles Study of the High-Pressure Phase Transition
and Physical Properties of Rubidium Nitrate

WANG Xiaoxue, DING Yuqing, WANG Hui

(School of Physics and Electronic Engineering, Harbin Normal University, Harbin 150025, Heilongjiang, China)

Abstract: The high-pressure structure and physical properties of RbNO, at zero temperature was

systematically explored using first-principles calculations based on density generalized theory combined with

CALYPSO crystal structure predictions. The accuracy of four different functionals was compared based on
experimental data of the RbNO,-IV phase, and the revised PBE for solids (PBEsol) functional was found to

be the most reliable. The =zero-temperature phase transition sequence of RbNO; predicted is

R3m—Pnma—Pmmn (experimental phase V) based on the PBEsol functional, and the two phase transition

pressures are 1.7 and 8.2 GPa. The two phase transitions are first-order phase transitions, and the volume
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collapse rates reach 3.73% and 2.54%, respectively. This suggests that RbNO, at low pressure may have new
low-temperature phases those are different from P3, structure given by experiment in the room temperature
and ambient pressure. In the energy-stabilized pressure interval, all three phases satisfy the “Born-
Huangkun” elastic stability criteria, and there is no phonon virtual frequency phenomenon in the whole
Brillouin zone, which indicates that they are dynamically stable structures. The electronic property analysis
showed that the three phases are semiconductors, and the band gap changes caused by the phase transition
are generally small, but the pressure generally inhibits the charge transfer from alkali metal ions to nitrate
ions. The high-pressure phase transition sequence predicted in this paper and the elasticity, lattice dynamics,
and electronic structure properties of the individual phases can provide a reference for subsequent
experimental and theoretical studies.

Keywords: high pressure; phase transition; first principles; RbNO,
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