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Abstract: Lattice parameters, electronic structures and elastic constants of lithium niobate and lithium tantalate
were calculated with the plane wave pseudopotential method based on the first-principles density functional theory.
The results show that calculated lattice parameters and elastic constants are in consistent with the corresponding
experimental values. It was found that the bottom of the valence band and the top of the conductive band are mainly
determined by electron orbits of O-2p and Nb-4d (Ta-5d). The chemical bonds theory indicate that Li, Nb (Ta) and
O atoms have two types of bonds, and the Mulliken population analysis exhibits that there are two corresponding
bond populations. The Nb-O (Ta—O) covalence is stronger than that of Li—O, and band length shorter than that of
Li—O. Moreover, the planar acoustic velocities, studied by Christoffel equation, shows that the three-dimensional images
of the planar acoustic wave consisting of a longitudinal wave and two transverse waves, indicating the anisotropic feature.
The velocity of the longitudinal wave is larger than those of the two transverse waves. In xz and yz planes, not only the
plane projections of the planar acoustic waves show the stronger anisotropy than those in xy plane which have a

six-fold symmetry, but also the velocities of the two transverse waves are equal in [001] and [001] directions. The
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calculated static dielectric constants and optical permittivity indicate the refractive index of LiNbO; is stronger than

that of LiTaOs.

Key words: first-principles; electronic structure; elastic constants; planar acoustic velocity
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Fig. 1 The crystal structure of LiNbO; or LiTaO;
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Fig. 2 Partial density of states of LiNbO; and LiTaO,
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Fig. 3 Energy band structures of LiNbO;(a) and LiTaOs(b)

23 B ESREEER

B LiNbO; Al LiTaOs fh R4 IR -7 2 18] (1) il
B, MR LA B, LiNDOs fil LiTaO; 1] 43 fi#
o e

LiXO;=Li;,0(/)3/4 +Li; ,0(s)34 +X; ,0()34 + (1)

X,,0(5)5/4(X = Nb,Ta)
KD IR Ko, s Ronmit, £ 428 LiNb(Ta)
Ji 75 O AP EEERA . |8 4 4 LiNbO; Al
LiTaO; fb 44 (1120) A1 (1 120) & 1 A 28 FE K], 5 28
MR FANZE R T2 WA EAE- . O JRT R
FEREE, W78 Nb(Ta) il FHUE B F O J vl
ARSI ES, Rt i, J H Nb(Ta)-O



R I

31 %

(1120) (1120) (1120)
4 LiNbO; I LiTaO; (1120) A (1120) Hifi % &
Fig. 4 The contour charge densities of LiNbO; and LiTaO,

in (1120) and (1120) planes
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Material ~ Atom s p d Total Charge Bond Li/nm Py L,/nm P,
LiNbO; Li —0.17 0 0 —0.17 117  O—Nb  0.1971 0.79 0.2184 0.37
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Table 3  Elastic constants Cj; of LiNbOsand LiTaOs
Material Method C,,/GPa C,,/GPa C3/GPa C,4/GPa C33/GPa C44/GPa Ces/GPa
LiNbO; LDA 191.7 61.8 71.7 4.6 205.1 57.7 64.9
GGA 160.11 9.37 19.36 ~12.04 161.77 63.50 75.37
Other 203.0 53.0 75.0 9 245.0 60 75t
work 196.9 54.8 66.4 0 225.4 58.807
LiTaOs GGA 193.6 44.1 58.9 21.7 292.1 39.3 74.7
LDA 235.7 64.1 97.6 11.6 256.1 60.7 85.8
Other 233.3 47.0 80.0 -11.0 275.0 94.0
work 235.2 63.8 87.7 0 264.1 102.11"
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Fig. 5 The 3-D planar acoustic velocities, in which a and b are transverse wave models, and ¢ longitudinal model, and the plane
projected pictures of LiNbO; with red and blue lines indicating transverse wave velocities, and the green line indicating longitudinal
wave velocity (LDA)



176

T AL M OR

i 931 %

: . .
S [ — : i
o . . e
- \ y ~ p [ e
b 4000 \, 7 4000t .. 1 /7 000
\ i h F4
/ \ / \ / \,
/ \ / N\
/ 2000 \ \ / 2000} / 2000} \
J \ ! \
| \ | \
/ . X . : | ;, A . ] . ) ) 'r ) ) ) \
k-400c 2000 2000/ Jio00 | " -6000-4000k-2000 | 2000 4000 6000 ~6000 ~4000§:2000 2000)\ 4000 6000
/ \ \ /
\ 2000l / \ 2000¢ / \ -2000} /
\ \ / \ k f
\ / / \ /
7 \\ 2000} 7 . —4000f P4
v . S i © o 0 b L BT
e S g = -
Bl 6 LiTaO; dt AP i = 4E K (a, b BT, ¢ AR 5P L RE Kl (d~) (LRI LR m ik, SREERRIK) (LDA)

Fig. 6 The 3-D plane acoustic velocities, in which a and b are transverse wave models, and ¢ longitudinal model, and the planar
projected picture of LiTaOj; crystal with red and blue lines indicating transverse wave velocities, and the green line indicating longi-
tudinal wave velocity (LDA)
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Table 4 The planar acoustic velocities vy, v, v3 in different crystal orientations
Material LiNbO; LiTaO,
Direction Ref v, /(m- s v, /(m- s vy /(m- s v, /(m- s v, /(m- s vy /(m- s
[100], [100] 3976.71 3617.19 6715.98 3486.03 2748.56 5630.82
Expt’! 3940.49 6806.55 3536.56 5746.11
(300)
[100] Cal'”! 3748, 3681 3681, 3396 3573.30
[010], [010] 3684.33 3909.88 6718.73 2839.42 3397.31 5639.35
[010] Cal'”! 3769, 3740 3488, 3404
[001], [00T1] 3689.33 3689.33 6946.61 2857.50 2857.50 5869.44
Expt’! 3591.41 3590.41 7328.60 3573.30 3573.30 6174.94
(006)
[001] Cal'”! 3798, 3788 3903, 3859
1], [111] 3703.68 3774.01 6715.91 3050.45 3070.19 5698.22
[110], [110] 3611.82 3908.97 6652.55 2790.91 3445.03 5635.33
(110) Exp!* 6544.53 5589.17
[011], [011] 3815.94 3902.38 6596.59 3141.09 3378.86 5459.96
[101], [101] 3728.26 3851.12 6676.36 3037.73 3233.43 5604.59
calt”? 3780.8 3780.8 6544.8 3495.4 3495.4 5866.6
£ e A py AL = NIPTPN 2.56 222
#=5 BENTHEEH: (0?' BASITHE n MAENE (a) LINDO, (b) LiTaO,
B £(0)
Table 5 Calculated static dielectric constants ¢ (0), static < 254
refractive indices » and optical permittivity & («) 7
Materal Method Index £(0) n &(©) nf sl
GoA 11 43.6779 2.5401 6.4557 § )
33 30.6094 2.4925 6.2126 ;3
2,50}
DA 11 43.6779 2.5587 6.5467
, 33 30.6094 2.5408  6.4980 e b : , B
LiNbO; 11 50.42 2.58 6.68 2'480 45 90 135 180 'Iﬁ(] 45 90 135 180
Incidence / (%) Incidence / (%)
Other 33 34.16 2.57 6.58
Work 11 4150 229 5.00 BT W ng BT ng B AR R4
33 26.00 2.20 4.60 Fig. 7 Incidence angle-dependent refractive index n,and n, of
caa 4027 20751 4730 LiNbO; (a) and LiTaO; (b)
) 33 31.9626 2.2199 4.8637 2
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HHE 8 FTLLE H, A 0 =0 B Hf b=,
= NS, BEUMEWE N, MNF

n"=ny, PIROGRE R WA |7 [ AL B (R A 187 1),
BT IS W 0 =05, 0 615 e Yo H. 40 5,
M BT . el R B K 5 7 1 1R
0=90°, <} OGHEAE S E G YT B R A &R,
LiNbO; [] e JeHT 4 % n,(0) ik 2 H /IS, LiTaO; [ e
Pr 2 n (0) LB, B THH RAE, &R
ANIR, ATHR I A W ARG AN [ 7 Tl AL 4

TR e 6, HE UM tan(a) BB A
AR A LRI

tan@ =n,/n I, e B KNEHUA, R EHIRKE
BTN . 0 =90° I AN 8, Ik e Joly
o JGIPE T AN [A] o

3 #ig

AW T IS LT3 B2 e R 2 — 1k R B )P
TH % R KRR T7 1501 51T LiNbO; Al LiTaO; fi M4 i
AL A R PR R A RO
K, G g



178 o ML M oK % R

31 %

T T T T T

1 LiNbO,
2—— LiTaO,

Tan a
=

0 45 90 135 180

Incidence / (°)

€18 LiNbO; £l LiTaOj it A AE o e B A
Fig. 8 The discrete angles of extraordinary wave for LiINbO;
and LiTaOs; crystals

1) LiNbOs3 Fl LiTaOs & A7 10 3= %2 i O-2p-
Nb-4d(Ta-5d) H AL IE 4 ik, 13405 35 F 2k
Nb-4d(Ta-5d). O-2p DL Li-2s HLF &M/ vimk4l
o &)@ T Liv Nb(Ta)5 O Jl A RS AL 1
T ESAE, Nb (Ta)-O BN R 58, Li-O HEAH
HAE %59, Nb(Ta)-0 K/ T Li-0 K,

2) LiNbO; I LiTaOs & 1A 35 180 5 B (2 K1
PR o SIS PAE xy SFIBE R T /N IR e 0]
PRk, I HAE yzoxz S ) S PR BE 5 T Xy SF 1
W00 [00 1] i I7) =, P~ T 75 30k 14 Sz A8 J 39K 5 A
&5 o LiTaOs fip M4 Y- 11 75 B 25 ) S PE AR FE 98 T~ LiNDOs
RN

3) LiNbO; i 4 /i H i BRI S 4 96 % KT
LiTaOs f ik, ANSHG KR K 56571 ¢ —8
PRI, o JEHT e LI OGN BE AL R U A [R]— U7
) NSEI R K 5otk ¢ TER, o Jafl e ST
SPERZERECOR, XTSI G W] W, Jf H LiNbOs &
& e GBS E KT LiTaOs A A4 .

SE Wk

[1] CHEN WEL-JUN, LU KE-QING, HUI JUAN-LI, ef al. Study on-
nonlinear surface waves along the boundary of LiNbO; crystals.
Acta Physica Sinica, 2015, 64(1): 014204.

[2] BUSACCA A C, STIVALA S, CURCIO L, et al. Soft protonx-
changed channel waveguides in congruent lithium tantalite for
frequency doubling. Optics Express, 2010, 18(25): 25967-25972.

[3] KUSHIBIKI J, TAKANAGA I, ARAKAWA M, et al. Accurate
measurements of the acoustical physical constants of LiNbO; and
LiTaO; single crystals. /EEE Transactions on Ultrasonics ferro-
electrics and Frequency Control, 1999, 46(5): 1315-1323.

[4] ABD-ALLA A N, ASKAR N A. Calculation of bulk acoustic

[3]

(el

[7]

(8]

9]

[10]

[11]

[12]

[14]

[15]

[16]

[17]

wave propagation velocities in trigonal piezoelectric smart materi-
als. Applied Mathematics & Information Sciences, 2014, 8(4):
1625-1632.

LIU MEI-NAN, XUE DONG-FENG, LI KE-YAN. Soft-chemistry
synthesis of LiNbO; crystallites. Journal of Alloys and Compounds,
2008, 449(1): 28-31.

GONG XIN-XIN, FANG MING, FEI GUAN-TAO, et al. LiTaO;
microbubes: thelayered structure and the increased Curie tempera-
ture. Royal Society of Chemistry, 2015, 5: 31615-31621.

YANG JIN, LONG JIAN-PING, YANG LI-JUN. First-principles
investigations of the physical properties of lithium niobate and
lithium tantalite. Physica B, 2013, 425(12): 12-16.

TOYOURA K, OHTA M, NAKAMURA A, et al. First-principles
study on phase transition and ferroelectricity in lithium niobate and
tantalate. Journal of Applied Physics, 2015, 118(6): 64103.

LI JIN, ZHOU XIAN-MING, ZHU WEN-JIN, et al. Ashock- in-
duced phase transformation in a LiTaOs crystal. Journal of Applied
Physics, 2007, 102(8): 083503.

SANG DAN-DAN, WANG QING-LIN, HAN CHONG, et al.
Electronic and optical properties of lithium niobate under high
pressure: A first-principles study. Chinese Physics B, 2015, 24(7):
077104.

LIU YUE, ZHU HAO-NAN, PEI ZI-DONG, et al. Molecular dy-
namic simulations of surface morphology and pulsed laser deposi-
tion growth of lithium niobate thin films on silicon substrate. Chi-
nese Physics B, 2015, 24(5):056802.

NAKAMURA K, HIGUCHI S, OHNUMA T. First-principles in
vestigation of pressure-induced phase transition in LiNbOs. Jour-
nal of Applied Physics, 2012, 111(3):033522.

MUKAIDE T, YAGI T, MIYAJIMA N, et al. High pressure and
high temperature phase transformations in LINbO;. Journal of Ap-
plied Physics, 2003, 93(7): 3852-3858.

WANG FAN-HOU, YANG JUN-SHENG, HUANG DUO-HUI, et
al. Study on magnetic and optical properties of Mn-deped LiNbO;
by using the first principles. Acta Physica Sinica, 2015, 64(9):
097102.

REICHENBACH P, KAMPFE T, THIESSEN A, et al. Multiphton
photoluminescence contrast in switched Mg: LiNbO; and
Mg:LiTaO; single crystals. Applied Physics Letters, 2014, 105(12):
122906.

ZHAO BAI-QIANG, ZHANG YUN, QIU XIAO-YAN, et al.
First-principles study of the electronic structures and absorption-
spectrum of Fe: Mg: LiNbOs crystals. Acta Physica Sinica, 2015,
64(12): 124210.

MAMOUN S, MERAD A E, GUILBERT L. Energy band gap and
optical properties of lithium niobate from ab initio calculations.

Computational Materials Science, 2013, 79: 125-131.



%2

Ll MR IC, A%: LiNbOs AT LiTaOs fit A HL 15K P17 S A4 S sk

179

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

SHAO DONG-YUAN, CHENG NAN-PU, CHEN ZHI-QIAN, et
al. First-principles studies electronic structures and optical proper-
ties of LiNbO; under high pressure. Journal of Atomic and Mo-
lecular Physics, 2014, 31(6): 6-13.

RIMEIKA R, SEREIKA A, CIPLYS D. Acoustoelectric effects in
reflection of leaky acoustic waves from LiTaO; crystal surface
coated with metal film. Applied Physics Letters, 2011, 98(5):
052909.

ANISIMKIN V 1. Anisotropy of the acoustic plate modes in
ST-Quartz and 128 degrees Y-LiNbO;. IEEE Transactions on Ul-
trasonics Ferroelectrics and Frequency Control, 2014, 61(1):
120-132.

ALSHITS V I, LOTHE J. Acoustic axes in trigonal crystals. Wave
Motion, 2006, 43(3): 177-192.

CIPLYS D, RIMEIKA R. Measurements of electromechanical
coupling coefficient for surface acoustic waves in proton ex-
changed lithium niobate. Ultragarsas, 1999, 3(33): 14-20.
TAKANAGA I, KUSHIBIKI J. A method of determining acousti-
cal physical constants for piezoelectric materials by
line-focus-beam acoustic microscopy. /EEE Transactions on Ul-
trasonics Ferroelectrics and Frequency Control, 2002, 49(7):
893-904.

OHGAKI M, TANAKA K, MARUMO F. Anharmonic thermal vi-
bration in a crystal of lithium(I) tantalum(V) trioxide, LiTaOs.
Mineralogical Journal, 1989, 14(8): 373-382.

HOHENBERG P, KOHN W. Inhomogeneous electron gas. Physi-

cal Review B, 1964, 136(3B): 864-871.

[26]

[27]

(28]

[29]

[30]

[33]

[35]

CEPERLEY D M, ALDER B J. Ground state of the electrongas by
a stochastic method. Physical Review Letters, 1980, 45(7):
566-569.

PERDEW J P, BURKE K, ERNZERHOF M. Generalized gradient
approximation made simple. Physical Review Letters, 1996, 77(18):
3865-3868.

VANDERBILT D. Soft self-consistent pseudopotentials in a gener-
alized eigenvalue formalism. Physical Review B, 1990, 41(11):
7892-7895.

MONKHORST H J, PACK J D. Special points for Brillouin-zone
integrations. Physical Review B, 1976, 13(12): 5188-5192.
BROYDEN C G. The convergence of a class of double-rank mini-
mization algorithms 1. General Considerations. /ma Journal of Ap-
plied Mathematics, 1970, 6(1): 76-90.

FLETCHER R. A new approach to variable metric algorithms.
Computer Journal, 1970, 13(3): 317-322.

GOLDFARB D. A family of variable-metric methods derived by
variational means. Mathematics of Computation, 1970, 24(109):
23-26.

SHANNO D F. Conditioning of quasi-newton methods for
function minimization. Mathematics of Computation, 1970,
24(4): 647-656.

OZISIK H, COLAKOGLU K, OZISIK H B, et al. Structural, elas-
tic, and lattice dynamical properties of Germanium diiodide
(Gelb). Computational Materials Science, 2010, 50(2): 349-355.
MR 44, B3JL. SR s gEaL. duat: Rl AL, 1992(2):
238-276.



