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Fig. 1. Four types of crystal structures of substances: (a) LiV30g; (b) NaV30g; (¢) KV30g; (d) RbV30s.

F1 SHRTER AV;0s (A = Li, Na, K, Rb) fiisS4t
Table 1.  Lattice parameters of AV30q (A = Li, Na, K, Rb) before and after geometry optimization.

Compounds a/nm b/nm ¢/nm B/(°) b/c Error V/nm?
. Before 0.668 0.360 1.203 107.830 0.299 0.275

LiV;04 1.67%
After 0.695 0.358 1.219 108.397 0.294 0.288
Before 0.512 0.855 0.744 101.993 1.148 0.319

NaV;05 3.92%
After 0.531 0.877 0.795 113.173 1.103 0.350
Before 0.500 0.839 0.767 98.135 1.094 0.319

KV,04 4.84%
After 0.516 0.865 0.831 103.812 1.041 0.361
Before 0.501 0.842 0.791 96.943 1.064 0.331

RbV,054 2.16%
After 0.516 0.865 0.831 100.581 1.041 0.365

() s A1 p BLIB B FoTmk. M A AE 5 eV
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ARSO A TR IS % B (DOS) F 43k 245 %5 i
(PDOS) #4740 #, fdi ] Gaussian 09 1538 5 4 140
THA LiV30g AR BT 52141 [VO,)* Fil NaV;0g,
KV;30g, RbV30g = Fft fit (4 (1) B 85 F- 3L ] [V404)
Y £ =5 o5 B #1L3E (highest occupied molecular or-
bital, HOMO) FlfAfA 5 4573 7 (lowest un-

occupied molecular orbital, LUMO).
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K2 RS WRIREH S HIE  (a) LiV40g; (b) NaV,0g; () KV;0g; (d) RbV;04
Fig. 2. Band structure diagrams of four compounds: (a) LiV30g; (b) NaV30yg; (¢) KV30g; (d) RbV30s.
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B3 PRGBS % B & HOMO&LUMO  (a) LiV,Og; (b) NaV,0g; (c) KV40s; (d) RbV;05
Fig. 3. Density of states diagrams for four compounds and HOMO&LUMO: (a) LiV;0g; (b) NaV30g; (¢) KV30g; (d) RbV3Os.
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[VO,* #il AV;04 (A = Na, K, Rb) 3 F A
BB F A [V,04) F O-p BLiE 5 V-d #LiE 41 i
d-p 244k, 7E HOMO " HLF7E O Ji 7 J5 i B 4k
LUMO 1 O JF#1 V i+ J& F A7 A R =S .
4 P LA WTETOR BB T d-p RER S LU N %
H, FE4r R V-3d Fl O-2p 22 [8] B I8 22 k15 2
2R, 7€ [VO] B V-3d Bl 5 O-2p $liA
TERL o SEFN = 5, 58 T [VO] SR RE 1.

1 T4 8 PH S T2 A8 A3 K 2 fiff ik S5
kIS8 V—O 19 d-p PLiEiZefk, FE R T 552
[E]HE B 5K B8 4 I8 PH S 11 p P SR sl fk 1
5 (7)ol A et R P B i 4 e P S T 1Y
AR, F 4 & BHES 71 p Bhif s Fxt
0% I 1 DURRIZS T 5 SOR RE L.

ZE LA, TESORBEME, AV50s (A = Li,
Na, K, Rb) 4 FdaRm oy fisais i O 1y 2p Hlil
MVE 3d 3 5, HHRIHHMN-5-5 eV
d-p Bl 241k, 454 HOMO&LUMO Fl43 i 45 %
JEE—BUESE T 4 P4 R IR ER L A 1 A IS
Y T S VR LiVaOg R 1 B B 35 ]
[VO,* #il AV;04 (A = Na, K, Rb) 3 Fl @Ay EH
BT V0 19 O-p Bl 5 V-d #4118 d-
p Zfb. HILATE, [V504,] AT [VOg) BHES 7R &
ZAL AP B BT

3.3 MmESMEFEERE

Mulliken A3 & %070 A m] LI 2 3 0 A 1 B
AP P, DA T T LA R 24 U 19 o 4l 1S

OUFTHL 1 L far . T8I0 T, BT s U b
i1, EIAILM PR, S R AR R 0, 2
PRAYES T 4849 AV,04 (A = Li, Na, K, Rb)
14 a5 A1 JeE B S B A R U 91 Tk 2.

XL G AR AT R A R B R I T S
V R F R, O i 52K, FEiX 4 F
riArf V—O B84 R £ 0.01 1 0.97, BifH V,
O JiZ I T A SR B 1, JFAS 0 — 11
S, FEDIILO S 3, TS REE R S
MRBGER V, O A EAEN. w4815
O Ji ¥ B ) BEATS s BB 13N, R B 11

L ¥ JRy 3k PR %K (electron localization function,
ELF) & FR 0 M 2t 2 48 b 7 22 1] ) i B 1
B, AT LA AR b - 1 R AR R R, O IR
W 44 i~ 22 () T oS A 2 B R T 5 JBE 1501 AV305
(A = Li, Na, K, Rb) (i T Jalk R Ban & 4 iR,
HL = FERAELE O B RE, HOJFT5 VIR
FZEIEA F ik, B O-P Z [ 2 B3NP i
A mAeEHE 5 O Z I, W4 s
BT 5 O ZIA 2B E TR, rissiie 5
A1 FE BT A5 45 FRAH H I IE.

3.4 AV,04 (A = Li, Na, K, Rb) JIT§=
o
RIS 56 4517 12 TRt L
B A, AR b —
SR AR SHA PV TeOF #HRIETE 590 nm
LB RSN 0.183, PbyTeV,0,, 1 532 nm ALY
MATEF AN 0.27559), Phy(Vo0,F)(VO,)(SeO;); £

# 2  AV;04 (A = Li, Na, K, Rb) f4i)E%0 (Mulliken)
Table 2.  Population of AV3;05 (4 = Li, Na, K, Rb) (Mulliken).

Atomic population

Bond

Substance Species X ) 4 Total Charge/e Bond population Length/A
Li -0.20 0.00 0.00 -0.20 1.20 Li—O -0.06 2.16
LiV304 \% 0.20 0.31 3.20 3.71 1.29 o—V 0.01 2.86
(6] 1.90 4.68 0.00 6.59 -0.59 O0—V 0.92 1.66
Na 2.07 5.95 0.00 8.01 0.99 Na—O 0.02 2.38
NaV304 \% 0.15 0.33 3.18 3.66 1.34 O0—V 0.92 1.64
(6] 1.89 4.72 0.00 6.62 -0.62 O0—V 0.33 1.99
K 2.03 5.91 0.00 7.95 1.05 K—O 0.04 2.72
KV;304 \% 0.15 0.34 3.32 3.72 1.28 O0—V 0.97 1.64
(6] 1.89 4.74 0.00 6.63 -0.63 o—V 0.33 1.98
Rb 2.04 5.86 0.00 7.90 1.10 Rb—O 0.04 2.97
RbV304 \% 0.16 0.35 3.23 3.74 1.26 o—V 0.98 1.64
(6] 1.89 4.74 0.00 6.64 -0.64 O0—V 0.34 1.98
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B4 PURMES P E TJREES  (a) LiV40g; (b) NaV;0g; (c) KV30s; (d) RbV;04
Fig. 4. Electron localization function of four compounds: (a) LiV3Og; (b) NaV3Og; (c) KV30s; (d) RbV30g.

1064 nm AL FRETHHA 0.105059, Sr[VO,F (105),]
1 Sr3Fy(VO,F,) (105) 7£ 550 nm Ab i XU 5 543
512 0.250 F10.406122). #E— L PR T % [VO] Ak
AP HAT AT R S500 . AR SCRIFFE I 4 A
PR R U AR, U AR ARG 3 A~ F2 57 F RECERAS
AHEE, Bl ey # ey # &5 W FNHEAESL ¢ < &y <
ey WUEA PIASEH, Uz Gy 1 G 4G, I
FHRE () R VPSR RO I A A 3G SR B (BT 5 2%%)
FHAE. B 5 T R R AL

Cl CZ

K5 XA R K

Fig. 5. Schematic diagram of the principle of birefringence.

K 6 4 LiV;0g, NaV,0g, KV;04 Fil RbV,05
IR S ZE 1S, 78 1064 nm &b LiV;0g, NaV,0y,
K V304 Fil RbV30y 1 ST 5 %4351 24 0.28, 0.30,
0.28 1 0.27, X Fh K AT S I i T H L5 R
FHUY: WA [LiVyO0qy) o M [V30 1] JE#A Ht2

21 S, T HIXSE [LiV309] o Fl [V3010] o J2 42
T SCEATHESN Y, 24546 %F HOMO A LUMO #y
M AT EAE—AS [VO] A ) V-3d BB AT O-2p
PUEFIE LT d-p Pl 2 fb, XARRRR [VO] 3
VAT HES 250 15 1 T 56545 ) S PR R K A8 3T 4 %8
F MR, N T 30T B B 3 A 45
] SR R AL, AR SR T 4% AR AR e i FL 3 A
2% ) S PEFE R (REDA)RYT 3% 3 A1 NaV;Oy,
KV;305 1 RbV30g —Ff AR HE REDA 5§
B IE A OE, (H LiV,0g FhAE1 26 B0 sl Y
MATHS R, HRIT LI R R [ 88 A 119 22 S M
BRI HE— 2 BIE T B B 3 DG ST S SR 1 5 .
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Table 3. REDA of AV303 (A = Li, Na, K, Rb) of the
electron distribution.

Compounds Groups 1 An
LiV;04 VO, 0.011 0.28
NaV;304 V304 0.019 0.30
KV304 V304 0.013 0.28
RbV;04 V304 0.012 0.27
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First-principles study of mechanism of high birefringence in
alkali metal vanadates AV;05 (A = Li, Na, K, Rb)"
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Abstract

Birefringence, as a fundamental parameter of optical crystals, plays a vital role in numerous optical
applications such as phase modulation, light splitting, and polarization, thereby making them key materials in
laser science and technology. The significant birefringence of vanadate polyhedra provides a new approach for
developing birefringent materials. In this study, first-principles calculations are used to investigate the band
structures, density of states (DOS), electron localization functions (ELFs), and birefringence behaviors of four
alkali metal vanadate crystals AV;0g4 (A = Li, Na, K, Rb). The computational results show that all AV;0q
crystals have indirect band gaps, whose values are 1.695, 1.898, 1.965, and 1.984 eV for LiV30g, NaV;Og,
KV304, and RbV30g, respectively. The DOS analysis reveals that near the Fermi level, the conduction band
minima (CBM) in these vanadates are predominantly occupied by the outermost orbitals of V atoms, while the
valence band maxima (VBM) are primarily contributed by O-2p orbitals. The O-2p orbitals also exhibit strong
localization near the Fermi level. Combined with highest occupied molecular orbital-lowest unoccupied
molecular orbital (HOMO-LUMO) analysis and population analysis, the bonding interactions in all four crystals
mainly arise from the hybridization between V-3p and O-2p orbitals, indicating strong covalent bonding in
V—O bonds. Through the analysis of structure-property relationships, the large birefringence is primarily
attributed to the pronounced structural anisotropy, high anisotropy index of responsive electron distribution,
unique arrangement of anionic groups, and d-p orbital hybridization between V-3d and O-2p orbitals. The
calculated birefringence values at a wavelength of 1064 nm for LiV30g, NaV30g5, KV305, and RbV305 are 0.28,
0.30, 0.28, and 0.27, respectively.

Keywords: alkali metal vanadate, first principles, electronic structure, birefringence
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