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Study on Stoichiometric LiNbO, and LiTaO, Crystals

Abstract

In National Institute for Research in Inorganic Materials (NIRIN: the former institute of NIMS), a research
group focusing on stoichiometric LiNbO; and LiTaO; started in April 1998. This group research project for 5
years terminated in March 2003. This report summarizes the research activities performed by the group during
it.

Lithium niobate (LiNbOs;:LN for short) and lithium tantalate (LiTaO;:LT) single crystals are the most
excellent and useful ferroelectric materials for piezo-electric, linear electro-optic and nonlinear optical device
applications. In recent years there has been increasing interest in the use of quasi-phase-matched (QPM)
nonlinear crystals for a variety of frequency conversion applications. However, there are still some fundamental
problems in the conventional materials for fabricating optical devices. High electric field (above 20 kV/mm)
required for domain switching at room temperature and large internal field in both cases of conventional LN and
LT pose limitations on the sample thickness and the ability to control domain periodicity. High power operation
using QPM devices has been limited by material issues such as photorefractive beam distortion and green-
induced infrared absorption (GRIIRA). Recently, it has been revealed that all these undesirable problems are
closely related with intrinsic nonstoichiometric defects of LN and LT,

LiNbO; and LiTaO; are well know as an inter-mediate compound which exhibits considerably wide
nonstoichiometric solid solubility in respect to [Li}/[Nb] and [Li])/[Ta] ratios, respectively. The commercially
available LN and LT crystals are grown by the conventional CZ method from the congruent melting compositions,
which are deficient in Li-component and contain large number of nonstoichiometric defects. In this group, near
stoichiometric LINbO; (SLN) and LiTaO; (SLT) crystals were grown from Li-rich melts by developing a novel
double crucible Czochralski method, and compared various properties between stoichiometric and conventional
congrurent crystals (CLN and CLT).

First, the linear EO constant of SLN at the extra-ordinary polarization, rs;;, was about 30% larger that that of
CLN. The measured nonlinear coefficient, ds3;, of SLN was appreciably larger than that of CLN, and dj; of SLT
was estimated to be 17.5pm/V, which is about 27% larger than that of CLT. Moreover, it turned out that the
coercive fields required for domain switching in SLN and SLT were about one order of magnitude lower than
those for conventional congruent ones. In case of LT, the extending domain shape under the electric field at
room temperature strongly depended on the densities of nonstoichometric defects. The domain shape in SLT is
basically hexagonal while it is triangular in CLT. Concerning the photorefractive damage and light-induced
absorption, even low level doping such as 1 mol % MgO doping to SLN can sufficiently suppress these
undesirable effects.

Based on the research outcome, stoichiometric LiNbO; and LiTaO; single crystals have been commercialized
by several companies including a spin-off company from the group called “Oxide Corporation” established in
October 2000.

All properties of SLN and SLT mentioned above are greatly favorable for fabricating periodically poled grating
and other structures such as lenses and prisms. Actually, these enabled fabrication of bulk QPM-OPO devices
(thicker than a few mm) with higher performances than those reported by using the conventional materials. The
group research has been confirming that stoichiometry control in LN and LT has a key importance for designing
optical devices.
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2. 2 FRERMaHIH SR ERE

BRICBITS LN, LT ORELMIE. By
Nb FRBEEMS D Wi Ta BEFIBNZHET
BO. Li Bo@ERRNZHERTHWRNY (Fig.2.1 &
B) . LEedosT, avF)vy MERIE Nb
HBWE Ta BOBRERICH S, ThicHL, R
M FA A MVITEWHERMD LN, LT & Li &%
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Fig. 2.1: Phase diagram of LiNbO, in Li,0-Nb,0, system
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Fig. 2.2 : Schematic diagram of double crucible CZ method
with full automatic powder supply system.
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> b LT (CLT) ®ZhiL 600°CHIETH %,
22T Li RABRORME»SBERINE LT
(SLT) oF 2 ) —EEIX 690°CICHET S, &
DF 2V —BEED LN ® LT ORMBE & HH
TEHLRETHIE O | “ELZ3DIFETERI N
7= LN. LT BEiERORMEEIX. REEEDOR
MamELbd 1 H1D5 1.5 FHEWEE X %,
EH D Li,0 mol% & SLN, SLT &HiZ 49.9%

BRELRIBO TR M 4 X MYITEW SR
(Fig.2.3 2/R)

BERTET WS,

Fig. 2.3: Soticiometric LiTaO3 single crystals grown
along the Z and Xdirections by the double crucible CZ
method.

2. 3 FARG B RICB T S RELLME
AR AR
IR ED R Y M)V & BT R Z LT %,

TIR® CLN & 320-325 nm 7= b IZIRUREEHS
HDHDIZ=N L. SLN DIRINGIE 303~305 nm
T 20 nm FREOEEREMBEASNS (Fig.2.4
ZMR) W, CLT ORUUHIL 280 nm HZDTH



Ah3, SLT @OFNid 260 nm T, 2iED 20 nm
FREFERLIZZ LIPS 12, LT ORI
FdedMmOBFERFERICERD LHL
(KNbO, T 380 nm. KTP T 350 nm) . B
HEHREMT A LIZ. COLANEBO KR
FHELUTHEMB 25 (Fig. 2.5 28])
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Fig.2.4: Absorption spectra of non-doped stoichiometric
(A) and congruent (B) LN crystals in the vicinity of the
absorption edge
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Fig.2.5: Transmittance spectra of non-doped

stoichiometric and congruent LT (SLT and CLT)

crystals in the vicinity of the absorption edge
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THHIPH, AN FAAMVZEMALLITUE
D, BEBIFHKRELRD, —AH. LT % —
HItEIE (no < ne) THBIDPSH, A MM FA A
IZIESE 2R BRI b /ha kb,
LT O#EBITIEEE 500 nm FHET. CLT &
0.0055 T.SLT TiX 0.002 FRE E T T2 19,
IR U, SLN O#EHTIX 0.097 24 50 5
RKEW, EEFTZEBES N1 ADEETIE
D SLT DEBEIDENTH . (BIFERD:E
HIZDWTIEE 4 E81R)

BiE. SLN 28172 ne OFEDH7TO b U%
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T, #ikd 5 MgO ¥iIN SLN DSERPETERKIC
BWTH, FEMAEBEHTIBVWTLEETDH
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2. 4 BRENMREIFEBREAZEHRIIBIT
B RE LA AR G

HHEEDOROLTHI2ERNEERICIBIT 3
CLN & SLN ODIL#EDS Fujiwara 512K > THAN
SNTNWS ¥, HROERI CLN & RN SLN
DEENZERET YNV U —FiE (K
£ 633nm) ZAWTCEHAIE N, FBRHIEX1ITR
LTHb. BEHTOELNEE (1,5) 1&. CLN
& SLN ORIICIEBEEL EOEWEERNZW, &
NIRRT L, BEETOER (135) TILSLN T 20%
PLlEREL > TWB, ESEEMEZIGAL
TWAREFPC, TV ALCEHEL -HET
Hb

Table 2.1: Linear electro-optical constants of LN depending on

stoichiometry. (at wavelength of 633nm) ¥
Iy (pm/V) I3 (pm/V)
Stoichiometirc LN 383114 | 104108
(Tc : ~1200°C)
Congruent LN 315414 10.0%0.8
(Tc : ~1140°C)

BIRIZ 2 IRDHIERIEMEIZDNWT S SHG XA
= IONRF—ChsatHlL I N
19, Table 2.2 BHDOPB LD, dyp I LN IZ
BNTH LT EBWTHIFEAEEML LRV, Z
NI Uy das i LN TRIZIERWARE ik TE
HERLUTNS, £130%3 SLN T dy, BIEARL



TWb, HREFEBILIERMEZERD 2 LAY
5. 30%DEBIERIK, HEFEHTHN2E
DOAELERDo dis &, FFIZ LN © LT DU
HES (QPM) CHAZEREERTH S D
5,20, TEIDEMLERTHIPE. 20D
ZAITIGHICKERA Y bEHEHT, LT I
BEL T, dys DKL LN IZEHECHNL TN
BWe ZTNTHH 10%FREDOEREIDHVZST
Hbo

Table 2.2: Nonlinear optical constants of LN and LT

depending on stoichiometry. (SHG Maker-Fringe method,
" Wavelength of fundamental beam: 1064 nm) 15

d33 (pm/V) d3; (pm/V)
Stoichiometric LN
(Te s io00C) | 443%36 63+0.6
Congruent LN
(Ts: 1140°C) 34.1+25 6.10.6
Stoichiometric LT
(TC : ~680°C) 304i32 25i02
C (LT
(Ts+ 600°C) 262422 23403

2. 5 LN GiBEHoSE

WEBER LN, LT 074 MU TS U514 7%
BER., TH—BHEICIDEUZEHELEDE
RPCESIEHREEZBI L. ZOEEEBRX
EHE LTHRNS, JOLMEHOARE I,
-2 UERICHRNS, HEENE
REFNZHETIAGEREICL>TRAD L
SIZEHMBTE B 19,

E, = Kal/ o, T IT. K ESREIEH
(Glass constant) . oldMRUL. 1 EHHRE. o,
ENEEETH D, LED>T. HBEHER
DWREL, HEEENNX RS EHREBETR
{Ib,

LN DBEICIE. A b AFAABMIVITEMNE
HEBEDPAKELLRDE, A M FFAMNIICED
L ENICZEEDOEMTE I EBLUEPSREX
nNctBh, —ARFETHLOEDN. AEEED
MU EICHREREANREEDPRD REIR-T
WA EDbrok 1, EREUTHEENSK
ELROTNAM, Tl (R Fe) OREIK
BKELTWD,

LT OXBEIZDOWTIE. LN L bhi#gndH s
WEWE, o &b LEEBITEI N TR,
BRICEFESDEDHDI DD, RENZE

BEeHLLTHOEL LTEIDILSI RERE2E
TWb, LN LB UTHEKEHA I &L, LT T
WA M FARAMVICEML & HnEE D
AU, HBEBHMEDPBHL T 5., COMHEEILE
B ESRWERHIF T IR, ZXKREEE
BROMBRED—BL TS B, ULEM->T, LT
T LN EREIZA M FTAMVIZEDLE
HBEHEERI DI R2EADPR SN 5 D5,
CNIEHREI RO ELHEBIKEMEIZ LN
¥ LT TEWDEHHDTH D, SLT BT
HEBENHROFLIE. BEZEZOSNTWHE
EEH, RALEFHALE EO 785 REA
DIGFIZIEREE L TV,

Table 2.3: Comparison in photovoltaic current density,

photoconductivity and space charge field. (wavelength : 532 nm

Intensity : 10.5 W)

Photovoltaic | Photoconduc- | Space charge
current density tivity field
I, [Alem?] o, [Qlem™|E, [kV/em]
Stoichometric
LT (Tc:687°C) 20E-12 4.0E-14 0.05
Congruent
LT (Tc:603°C) 4.0E-11 6.9 E-15 6.0
2. 6 LN A~®D MgO FIMEE L LB EME

BTl SLN BWTHIBEDKRIENS
AR, TR TZ ANV TSI T 4 THED
JGRICIEE LTV D, HNEHR. HELHRET
WWIERMETH D, MBI T, TIEEME
EBAITSHWT, MgO % 5 mol BEERM
LTW3,5mol & WD HMEIE PR D KE L.
W—IZHmmd a2, BERBICE—SEILT S
O ESTIERVY ¥, Furukawa 5.
[Li)/ [Nb]EE R TN MgO @RINEDRRHFE 4L D
O LN BiEEZEER L. [Li)/ [Nb]L & EE
SRRV 5ICLER MgO RINEDRRZ
PR 202, Fi. 2.6 IEFEMBRO LN #fRiZD
W HIBEMEZF MU EERCH 2. K
EREIX. HEEERIIED Nd:YAG-SHG L —¥—
% LN RO EEAEPOAF L, E—
LI P UV TBBETEINEREL LU TCERL
TWb, EHRMOBEIZIE., SLN #ERIL SR
CLN fE&IZ AT 1 MR ECIRE BB E WD
DIPOED MgO ZRINT 52 & THEEGHE
KOs M EmLELTRE L, ERLEEEOR
EDEBEE RSRVWL VI ETHEREEDS
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Fig. 2.6: Optical damage threshold and MgO dopant

concentration in LN depending on stoichiometry of crystals
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HIfFE T, FiZaii L= K 5120 LN LT
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WEEDBLEBETH >0DIZ. SLT Tk, 2
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T2, FFEL. §ETOEIA LT FLEW
BEREEESN TRV, 4 kV/mm ZETH
2D, TNTHCINDSHDIUTTHBE M,

Table 2.4: Ferroelectric domain switching properties

of LT depending on stoichometry. =

Congruent |Stoichiometric

LT LT
Curie Temp (°C) 601+2 68511
Melt composition 48.5 60.0
(Li,O mol %)
Coercive fie ld 20 1.%
(kV/mm)
Internal field 4 0.1
(kV/mm)
Spontaneous 60+3 5513
polarization
Clem?2)
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; WA Fig. 2.7:Triangular
N domain shape of
congruent LT swi-
tched by an elect-
ric field at room
temperature.

Fig. 2.8: Periodically
poled LT (congruent)
showing a notching
domain wall. (period:

30 um)
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Prediction of opto-electric properties of lithium niobate crystal

3.1 Introduction

The opto-electric properties of lithium niobate
(written as a typical formula LiNbO;) single crystals
including refractive indices, second-order nonlinear
optical coefficients, dielectric constants, and the
charge distribution, are quantitatively studied by the
crystallographic structure. On the basis of structural
of LiNbO;, different

conditions (e.g., variations of the crystal composition

characteristics crystals at
and temperature), the chemical bond method [1] is
employed to quantitatively understand the opto-
electric properties of crystals. With the aim to
effectively realize the defect control (i.e., improving
the required crystal quality for various applications of
LiNbO; crystals, we in this work study important
effects of the crystal temperature and composition on
the opto-electric properties of crystals.

Ferrcelectric LINbQOs crystallizes into the space
group R3¢, in which the 1deal cation stacking
sequence along the ftrigonal axis (c-axis) is
~Li-Nb-U-Li-Nb-J--, 0

structural vacancy. The crystallographic structure of

where represents a
LiINbO; crystals can be regarded as a frame that is
made up of oxygen octahedral units, which are
centered by Li and Nb cations. The oxygen octahedra
in the LiNbOs structure are significantly distorted due
to the fact that each octahedron shares its common
oxygen planes with two neighboring ones along the c-
axis, while in the ab plane (perpendicular to the c-
axis), each octahedron shares its common oxygen

edges with six neighboring ones [2] (see Fig. 3.1).

3.2 Optical properties of LiNbOs crystals and their
temperature dependences

The optical properties of LiNbO; single crystals are
quantitatively calculated at different temperatures.
The chemical bond method is used to predict the
temperature dependence of the refractive index and
nonlinear optical coefficient variations. Employing
the chemical bond method, both the refractive index

-14-

represents oxygen, the dashed slim line represents M~O
chemical bond (M = Li and Nb)

Fig. 3.1 Chemical bonding behaviors of fundamental
constituent octahedra, LiOg and NbOs, in LiNbO; crystal
There are two types of constituent A~O bonds (M = Li and
Nb), the longer and shorter ones, respectively. Bond length is
in the unit of A and the oxygen triangle area in A%, In the same
plane each octahedron is surrounded by other six octahedra by
sharing their edges, the case for a LiOg octahedron is described,
there are three NbOg octahedra and three vacant octahedra
around it. Similarly, for a NbOg octahedron there are three
LiOg octahedra and three vacant octahedra around it.

and nonlinear optical coefficients of LiNbO; are
the
crystallographic structure [2]. A thorough study of the

theoretically denived from corresponding
influence of temperature on the crystallographic
structure and optical response of LiINbO; crystals
should therefore be of interest for the microscopic
modeling of LiNbOj; single crystals. As shown in Figs.
3.2-5, the selected parameter —the tolerance factor ¢
(t:(rAﬂo>/\/§<rB_o> , where <rA_O> and <”B-0>
refer to the average bond length of constituent
chemical bonds in ABOs—type compounds, A—O and
B-0,

temperature-dependent variations of the crystallo-

respectively)- can clearly express the



graphic structure, chemical bonding behaviors of
constituent atoms, the principal refractive index n,
NLO
coefficients dyy, ds; and ds;3 of LINbO; crystals at
1.064 pm.

and independent second order tensor

0.82

0.80

0.78

Tolerance factor t

0.76

1 " i H

400 800 1200
Temperature T(K)

1600

Fig. 3.2 Temperature dependence of the tolerance factor ¢ of
lithium niobate.
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0.76 0.78 0.80 0.82

Tolerance factor ¢

Fig. 3.3 The mean bond length <r; > of constituent chemical
bonds in LiOs and NbOg octahedra as a function of the
tolerance factor.

The temperature dependence of the refractive index
and NLO coefficients of LiNbO; crystals predicted by
the chemical bond method, in a sense, can agree with

experimental measurements in literature [3]. The

-15-

originally vacant sites in LiNbOs; crystallographic
structure may be partially available for Li atoms at
higher temperatures, which provides a high local
effect on valence electrons of constituent ions and
finally leads to an increasing optical response of
LINbO; crystal with increasing temperature. As
pointed out in our publication [3], further work on
temperature dependence of optical properties of
LiNbOj single crystals is still necessary.

2.40

o

2.35

T

2.30

2.25

Refractive index n

2.20

0.78 0.80 0.82

Tolerance factor t

0.76

Fig. 3.4 The plot of the principal refractive index n, of lithium
niobate as a function of corresponding tolerance factor ¢, at
1.064 pm.

3.3 Dielectric properties of LINbO; crystals

Chemical bond analysis of LiNbO; crystals shows
that LiNbOs crystal 1s a typical ionic crystal [4],
therefore, we may theoretically study the macroscopic
of LiNbO; by

microscopically ionic behaviors of constituent atoms.

properties crystals employing
In this work, the relationship between the dielectric
constant and corresponding defect concentration of
LiNbO; crystals is studied with the aim to implore a
new quality-characterization way of LiNbOj; crystals.
An ion polarizability additivity rule of dielectric
constants of complex substances [5] and the Li-site
vacancy model [6] are employed in the present work.

For complex oxides the total polarizability of a
complex substance may be expressed as the oxide
additivity rule or the ion additivity rule [5,7],



« (complex oxide) = L a (simple oxide)

G.1)

=¥ a (ion),

and for LiNbO; crystals which can be rewritten as the

following equation,

a(LiNbOs) = aLi) + a (Nb*) + 2 (0%).  (3.2)

According to Eq. 3.2 we calculate dielectric constants
of various LiNbO; crystals with the different crystal
compositions, in Table 3.1 we list some calculation
results n this regard.

In order to further verify our present results, we also
calculate values of dielectric constants of LiNbO;
crystals whose crystal structures were experimentally
reported by other groups [8]. As shown in Fig. 3.5, the
obtained linear correlation between the dielectric
constant and corresponding defect concentration of
LiNbO;
quantitatively characterize the optical quality of the

crystals presents a novel method to
obtained single crystals. The working formula and
curve for LiNbO; crystal samples [7] give us a
defect

concentration of the obtained LiNbO; single crystals.

quantitative scale to characterize the
Here we also find that defects in LINbO; crystals may
be effectively controlled if their dielectric constants
can be successfully modified as what we expect, as

shown in Fig. 3.6.

200 ——Mm@ —————————
§ 160 |- " dzz i
"I° : _331
= 120} s ]
T
]
S 8ot -
]
S
o 40 ® -
[3)]
o) o
- &
Z O s 1 1 i 1 I

0.76 0.78 0.80 0.82

Tolerance factor ¢

Fig. 3.5 The plot of NLO coefficients d; of lithium niobate as a
function of corresponding tolerance factor ¢, at 1.064 um.
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Table 3.1 Calculated dielectric constants of lithium niobate

crystals with different compositions.

Crystal formula® o Cuiid &

LiNbO; 0.500 0.000 24.14
Lio.994NBg 001300.004NbO5° 0.498 0.080  24.05
Lig.051Nbg 0098l]0.0391NDO5 0485 0.780  23.52
Lig.919Nbg 016100.06sNbOs 0.475 1.300 23.05
Lig.0041Nbg 0192000.077NbO3 0.470 1.540 22.88

*Taken from Iyi et al. [6].
bCLi represents the lithium concentration of LiNbO; crystals,
cy, =Ny / (N, + Ny, ), where Ny is the atomic number

of lithium in the crystal formula.

°Cy1; (at. %) represents the lithium-site vacancy concentration
in LiNbO; crystals.

d¢ is the dielectric constant of the crystal.

°0 represents a vacant location at lithium sites in the LiNbO;

crystallographic frame.

T T

242
24.0
23.8}
236}
234
23.2}
23.0}
22.8]
0.0 02 04 06 08 10 12 14 16

Li-site vacancy concentration ¢ (at. %)

lyi et al. [6]
Palatnikov et al. [8]

Crystal dielectric constant ¢

Fig. 3.6 The linear fit of the relationship between the crystal
dielectric constant and its corresponding Li-site vacancy
concentration in LiINbO; single crystals.

3.4 Charge distribution of LiNbQ; crystals and its
temperature dependence

The bond valence model (BVM) [9] provides a
useful and quantitative description of inorganic
bonding, which makes the charge distribution analysis
possible. In the BVM, all atoms are considered to be
cations or anions according to the sign of the
All

distances (i.e., bond lengths) are considered to be

oxidation  state. neighboring  cation-anion



bonds although not all are of equal strength. Each
bond between atoms i and j is associated with the
bond valence (or bond strength), s;;, which may be
related to the length dj; of a given bond (over the
limited distance ranges observed for most bonds) by
the function form of an inverse exponential or
negative power,

s, =explld, ~d, )/B). 63)

where the parameters dy and B are constants fitted
empirically. B has frequently been taken as a fixed
constant 0.37 [9]. Based on the above expression, the
oxidation state confributions are quantitatively
apportioned between the metal centers according to
the BVS values. The sum of the nearest integers to
each BVS value for a structure 1s equal to the total of

the metal oxidation states, V;, 1.e.,

V,zZsU,
7

The oxidation state or ionic charge, and bond valence

(3.4)

are measured in valence units, v.u., which formally
correspond to units of electronic charge, though the
actual charges may be smaller. Eq. 3.4 necessarily

holds for sums around both the anions and cations.
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Fig. 3.7 Varations of unit cell parameters as a function of
temperature. The dots are experimental data, which are taken
from the reference.

The definition and determination of oxidation states

or atomic valences of constituent atoms or ions of

compounds are an attractive topic for basic research
with potential applications in the search for new
compounds, which has been well summarized by
Shields et al. [10]. The BVM is the most widely used
means of utilizing bond length data for quantitative
oxidation states analysis. This model is based on the
concept of bond valence sums (BVS), i.e., the sum of
valences of individual bonds is equal to the atomic
valence (i.e., the formal ionic charge), and has its

origins in Pauling's second rule {11].
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Fig. 3.8 Mean bond length <d[j> of constituent chemical bonds

in the LiOg and NbOg octahedra as a function of temperature.

The structural distortion and charge distribution of
LiNbO; single crystals have been investigated at
different of
constituent chemical bonds [12]. Chemical bonding
of LiNbOs

crystallographic frame are quantitatively described on

temperatures, from the viewpomt

behaviors constituent  atoms in
the basis of crystal structure data obtained at different
temperatures [13]. The crystal structure and charge

distribution of LiNbQs crystal are strongly dependent

. on temperature; this dependence is given in detail in
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the current work.
Structural of LiNbO;

constituent octahedra are described on the basis of

characteristics and its
temperature-dependent bond length variations, which
are derived from corresponding crystallographic data
at different temperatures [13]. As shown in Figs. 3.7-9,

we can see that structural characteristics of LiNbQO;



crystals may be expressed as a function of
temperature. In Fig. 3.8 we can find that the distortion
degree of LiOg octahedra is much larger than that of
NbQs octahedra. As shown in Figs. 3.10-12, the
oxidation states of all constituent atoms decrease with
the increasing temperature, which shows us that all
kinds of constituent chemical bonds tend to get
weaker, which agrees well with the experimental
results [12]. The

expresses various dependences of the structure and

present work quantitatively

charge distribution of LiNbO; crystals on temperature,

and gives a detailed description of chemical bonding
behaviors of constituent ions showing that some

related parameters have a linear correlation with

temperature, which others have a non-linear
correlation.
g 0.16 o /;. 1
< 014 . /\.,.A,,/"' ]
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Fig. 3.9 Varations of the structural distortion factor A of
constituent LiOg and NbOg octahedra as a function of

dy "<du>>

where d i is the bond length of two bonded ions i and ;.

temperature. A may be simply defined as A — <

3.5 Conclusion

Chemical bond and related parameters of constituent
atoms of LiNbOs; crystals are found to be useful in
quantitatively  characterizing the  opto-electric
properties of the crystal. Opto-electric properties of
LiNbOj; crystals are strongly dependent on the crystal
composition and temperature, which provide us some

new ideas in realizing the defect control of LiNbQO;
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Temperature (K)

Fig. 3.10 Oxidation state of Li atoms in LiNbOs crystal at
different temperatures, estimated by the BVS method.
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Fig. 3.11 Oxidation state of Nb atoms in LiNbO; crystal at
different temperatures, estimated by the BVS method.

-1.82 -
__ 184} i
! 186/ o
-1.88 1 X ]
-1.90 | :
-1.92} .
-1.94} / :
-1.96 :
-1.981 .

200 400 600 800 1000 1200 1400 1600
Temperature (K)

Oxidation state of O (v.u

Fig. 3.12 Oxidation state of O atoms in LiNbO; crystal at
different temperatures, estimated by the BVS method.



crystals. The origin of the defect control is to remove
those Nb™* ions occupying at Li" sites, our work
clearly shows that the Li" site is an important
sublattice in the LiNbO; crystallographic frame. The
destination of the defect control is to improve some
practical parameters, the present study shows that the
opto-electric properties may be effectively modified
by temperature. With increasing temperature, Li" sites
are pushed down along the c-axis, which can also be
realized by the defect control, ie., changing the

composition from the congruent to stoichiometric.
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Fig. 4.3 Dependence of refractive indices of MgO-doped
SLN and MgO-doped CLN crystals on the MgO
concentration for different wavelengths at room
temperature: (a) ordinary refractive index (n,). (b)
extraordinary refractive index (n.). VTE (633 nm) represents
the data measured at a wavelength of 633 nm for SLN
crystal prepared by the VTE method. '?
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Table 4.1 Constants 4, B, C and D of Sellmeier’s equations
(n*=A-{ BA(C- \))}-DAY) for MgO-doped (0 - 4.6 mol%) SLN

crystals, derived from the measured refractive indices by curve
fitting.

A B C D

Mo

SLN(K) 4.9401 0.10814 0.055109  0.046797
SLN(L) 49135 0.11836 0.045328 0.027871
Mg0.78SLN(K) 4.9307 0.10787 0.054736  0.043303
Mg0.99SLN(L) 4.9069 0.11552 0.046563  0.033963
Mg1.98SLN(K) 4.9067 0.11554 0.046574 0.033764
Mg3.3SLN(K) 4.9150 0.10747 0.053838  0.049056
Mgd SSLN(K) 4.8676 0.11712 0.044846  0.027157
Ne

SLN(K) 4.5562 0.088992 0.051018 0.038441
SLN(L) 4.5214  0.10298 0.03453 0.016218
Mg0.78SLN(K) 4.5563 0.089272 0.049674 0.038631
Mgl.OSLN(L) 4.5409 0.09338 0.045138 0.032163
Mgl.98SLN(K) 4.5491 0.092552 0.044366 0.036329
Mg3.3SLN(K) 4.5524 0.09153 0.046705  0.037500
Mg4.5SLN(K) 4.5429 0.093399 0.046272 0.030588
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Table 4.2 Curie temperatures of the undoped and MgO

(0.5 and 1-moi%)-doped SLT crystals, CLT crystal and
ceramics of known Li/Ta ratio.

Sample Curie temperature ['C]
SLT 688
MgO 0.5 mol% SLT 694
MgO 1.0 mol% SLT 695
CLT 604
Ceramics (Li/Ta=49.9/50.1) 686
Ceramics (Li/Ta=50/50) 694
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Fig. 4.4 Wavelength dependences of n, and n, for the
undoped SLT and CLT crystals. SLT represents the data
for the SLT crystal grown by the DCCZ method. CLN
represents the data for the CLN crystal grown by the
conventional CZ method. The dashed curves were
calculated using the temperature-independent Sellmeir
equation (n*=A+{B/( A:-C)}-DAY).
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Table 43 Constants 4, B, C and D in the temperature-
independent Sellmeier equation (n*=4+{B/(\*- C)}-DX?) for
undoped SLT crystal, derived from the measured refractive
indices by curve fitting.

A B C D
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Fig. 4.5 Dependences of refractive indices of MgO-doped
SLT crystals on MgO doping concentration for different
wavelengths at room temperature. (a) Ordinary refractive index
(no). (b) Extraordinary refractive index (#,).
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Table 5.1. The weight of each part in a crystal.
Neck Shoulder Body Tail

Pulling rate[crmv/h] 0.1~0.2 0.01~0.05 0.01~0.05 0.1~02
Diameter[em] 03 03~4 4 4~2
Length{cm] 05 2 6.5 1
Weight increasing rate [g/h] | SLN 0.032~0.064 0.003~2.83 0.565~2.83 141~113

CLN 0.16 0.16~283 283 7.07~283
Weight of each part {g] 0.159 37.683 367.566 32.986

EROZMIIHNIGT 2EREE. HRE
t@ﬁ%N“xtﬁ%NixwﬁwéikaQ
SLN. CLN ODOLEL 45g/m® ¥ LTEEL TN
%o BRFERDEEIIN 440g 12722, BAIGRY
LD DEMRERIZ. 0.032~1131gh OETE
169 %, M. FHEDR, ¥ a)V¥—EOTEMAIE 90
E& L=,

BEETFT—VDORBIEZEBL. 20HE
WU CBSIFICHIEIE D2 7 1 —RNv 7 F
LEH% 300sec ¥ § 3, SLN DL S I SEBRK
POERT 2%IE CLN OL S ICE UMHKRD AN
FPSEBT HRICEANTEL, 300sec TH+
DK TE S Z & PREREE DRI RD S

RAP2>TND, #> T, BRMEDEEEINE
I 1 EORMIC 0.003~0.943g/300sec & 7125,
PEf. 2w I EOERIZ ADC Y AFLABFBT
LI TERPSED, TNE2RET I8
i 0.003g U EOREZFEOO— RE)VBEHS
BTHb,

fesk, ADC Y25 ATCHEHAINTWIER
Y — REDHBEET Y —DEAER
MU, Fh2BKEBIEBRTIINLAVY
—vXoo—FeVBERHINTBD, MO
HDT 7 IVAT =)V 1~3kg, BREDZ D 10000
SDOIEETHLPL MM TEIRIKEREIL0.1g
EET@D\@EKEE;D\KEmEiﬁ@
TERW, —/H. EFRFE2HEHALTHERE
%%E?%:t@—%f@ﬁbnfméo@¥
KIE kg BEDZ VA — )T, 0001 g
(1,000,000 53D 1) OREZFOLOMNHRX
NTNHDTC, TnzfEHAT 5. XL, £
NDHDEFEATE, RFEOEL DHDILEE
FHIZ RS-232C A 7 —T7 24 RZEFEL TN S

8-

DT, fIEAa Y Ea—4% & D@EEIE RS-232C
EHEHTAIEICTS, ¥, EEORRED
PEL—FPUANCRTEBEHABLTC, BiICX
N RIS

ek, HREEZRET IS, HREE
zEHAET S AL, BRADDIVYRDE
BEHELT. ThPoEHL-ERERBZE
BB WSENTWS, BiHEIEHE R0
WZED A ZWADR TN, ZIVAT =)D
INSWKFERFERTZIEDTED, BETIE
s/ A4 A SRNDS, B\, VYR, VW
TREEFHEKFICHEL RITERST, 7
WRT—=)VDOREL, BREDEWREBLEID
5. HADERTHE. WY HRDEERIL 5208,
BIRIEA 1200g, VW REREFRIZK 2kg 22D
WY REEBREARNIIREN TRV, o7,
HREELEFIET 2 ARNEERAT 5,

SLN HiEROEBREHAKIE =R TH DD T,
BRSHSZRETE 2 L5 RAEEEIZED
1T 7200 TSSG ¥:1Z & % SLN BEEREmR TIX
EROMOERIERARTH SO T, HEHE—F
—Z2E T %,

BEFRMEOEBMAMBIIEEICN UCHEE
R THHD T, TOREME LI FiT 5,
O— RE)NVEETHERE, O—REVE2THLE
ZeE RIF TR RERRMBEET, £
BWHEL LR TEEE, H2WE, BI& L
KLV BEOEHE ZEEMRAGRICHENT 2208
LW, o T, L3 20REICLABRZAE
BN T 2B BLELRS, THRODERE L
& BIELRORERICN T 5 2. 74—
AN—D—HZzEHETESMWMZ 22 ICL0IT
B BIE Smm OFEHEDLH 40mm T, # 10mm D



e FIFICHLT 22D CE D, 2. B
BEROREIIN LTS, THIEIRTI L
CTEBMRANEZRETLIZNTEL, EFK
AT 2BEOAR IR LT, 2V Ea—
Y ERANT, RIEOEREDP—FEERL LITR
SR EEIIEERHTIETHINT %,

BRI ER T — 4 —. B, B Al
F—E]DBDOEEE UTERL. REED T v
TR TRz ET 5,

E—F— LT, N - BETCHEORS
%% DC £—% —%HEHT 5, fHEBEMREO R
Bl 1~45mpm 2B, HEX VITEDE—F—
ZHEALTC. E—F—0REHE TFRIThE

BHRWN, —fRIC, BEF YDA NAED
MEBIFNE L, BEREIPHBEOEEZEZIEN
e 2T, FOEERZITDHHICRAT R

fAR7ZYV T RFERALURE. 25352 &T. 10kg
BEOMEICE+AMASNI2BEZ/HDOIL
bi"é%f:o

l ® | L& ]

@ Weighing frame @

@ Weighing dish /®
@ Electric balance o
@ Balance stand
@ Load cell base
@ Motor @
(D Thrust block

Axle

(®) Chain ®

Pulling rod

®

Fig. 5.1.The structure of high precision load cell.

RSsERE 2 S AP 7 4 —XN—EB% Figs.1 iZ
Rdoe LZN—Y NV aAfy hCE—F—LE
A2 S 5. B—% —TEAEE BERX B
ZOTOLEHEITERMEZREAAICEDES &
BIREIC. BallzEE B, BROBHELRED
EERIC N T2 REMBL LTE. EK#HEHEH
Uiz Z2MBldEEc. SROLHULEST
HLHFWEFEON, HEEHE LT 2 L EEREO
DENZRI ULBWRALFD. /o T, Wi

-29-

W TWIRWE, FEROLENZHIET /-
SHDY T EEE ETHMOTIVIFESCE
LTW3,

523 MERAFORELHIMHM OIS LDTIV
)i 9N
HRONEEEE T 2D HBERINT A
—% —% Table52 IZ/RT, ¥z, RPDHFZE
WET B/85 A—F—{ZDIT Fig52 2ANT

Table5.2. Parameters for determining the shape of SLN crystal.

Parameter Symbol Default value
Diameter of the crystal D=2r,
Length of the body !
Gradient of the shoulder G 1
Gradient of the tail G, 2
Length from beginning of rod L 0.5¢cm
Density of the crystal Os 4.5g/em’
Density of the solution oL 3.5g/em’
Inner radius of the crucible 2r, 7.8cm
Pulling rate s 0.05cm
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Fig.5.2. The shape of crystal and related parameters.
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Symbols round meniscus.
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TableS.3. The valuesof r, £ and some of the terms in equation (1).

*) Control interval 1s 300sec.

*%) fraction=ror °p ql/(2rc cosB+ar p,gh taur*p,ql).

r h 2nro cost nr'p,gh wrpggl® fraction™
015 0.134 2764 445 I3 0.004
125 0340 23036 57150 89.8 0011
2350 0336 46072 239327 3592 0012
375 0361 6920.8 54679.4 3081 0.013
5.00 0364 92144 979552 1436.7 0013
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Table3.4. The effects of surface tension and the weight of
meniscus on the radius of crystal.

r n £
0.16 0.70 0.59
251 367 257
5.01 5.68 5.04
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Fig.5.4. Length of the grown crystal at /=0 and ¢=¢.
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Fig.5.5. The schematic representation of ADC system
developed in this study.

EEEOD—-FE NV THRBREEZO VY2 -4 T
Bhikts, 2 a1 —4TlE, gidLERZ2H
WTHRZE, BERRE. BHREREZEEL. &
NEIHEE~HIL, BRESF (GREE =
FIRFUF) 2O bo—)V UTHRBERZ I
T 5,

524 O— RE)VORE

AO— R )VOEEHRHEBICIZRERE 1mg O
BYRHZFEALED, ERIICOREORE
ZRFODPETETHZ, TNEFET 22010
KBIIHREBFICEREL, QIEE2To7, E
BEREMICNLTC7Ow MLEDOD Figse TH
o BE—H T v BT, KRKT7v o
Wb TiF2EEon— R )VTCERLET—
Y THb. MDREAILAEREIEE (48pm) L [F
HLT\W3, EEOHRIEIEX 20~30mg BETH
%o NI REBERIT N T 2 BTD S DISSIH.
E—F—T v ERMETT v I OEMEIZER
L EBEERZE LB TWAEOTH HFigs.l
DESCE—Y XM OKEEHD %25

-32-

8.54

8.52 |

8.50 -

8.48 [

Weight(g)

8.46 |

8.44 |

842:....‘., P PR
705 710 718 720
Period{sec]

Fig.5.6. The influence of crystal rotation on the crystal weight.
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Fig. 5.7. The relationship between the set values and the
process values of crystal diameter. The calculation of the
diameter is performed without taking the weight of meniscus
into account.
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Fig. 5.8. The relationship between the set values and the
process values of crystal diameter. The calculation of the
diameter is performed with taking the weight of meniscus into
account.

—H. AZRARMBEEREEZHAANTZERE
SEETHEERE L2, Figs.8 IZRT. X
T 2.8cm (T CHIEHMEDSEREM L D MWD,
COEATIE P HIfIZITN, A7y FDBED
=l TH b Pl HIIICEERI A 7Y
MIEBLTWS, RF4 —CORPREET
0.03cm THH., AR HhREOEELRFHEITH
HAND L, BERFAEREPRNICHEZEINS,

CDBOEBDOERIE 46cm THDH. RE
fl 5em & D a5, i, TEICHER L=
e - BWLE, BESIE ETHMoERERED
BEEDRBEITAILICLDEL D, FHICHBWLL
BRI & LFiconTt& LT 208, SED
HETCREENSDEIF—EEE LTURELTWY
%o —MRIC. COMODBREIERDREMEE K
SLTHILTCHETCSLZDOTCREREAEATIK
AT

SR LBk E ADC Y X5 L% SLT
BiEROBERICHEA LIz L TFICRT, Figs.9
& SLT OffREEZEEZERTRL. £0D.L
7o RfEZ7O0Y PLTWD, MK
—HLTHh, HEEZ7OY MZEATBD#E
BTERV. TAIVDERE 2.8cm D& AT,
EBEROHANTCERI RN, TOELIEBRR
INTVRN, BIRLELDIC. HREEDL/N
LB ERAERANEDILERICED D EEGDBKR
E<lh, Ho. HERZAAETNELTEL
BREFESIEDEDPRE L RVEEDEIT RS,

-33-

500

400 L ty—]
[ /| \'
E 300
B : \
“E’ L ]
5 200 ¢ 7 ]
a [ / ]

10.0 N/

00 ; ol U | SN S - A - VI T T W, S - i

00 10.0 20.0 30.0 40.0 50.0 60.0 70.0

Length{mm)]

Fig. 5.9. The diameter and the length of crystal grown by the
newly developed ADC system in this study.
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Fig. 5.10. The neck of crystal automaticaly formed
by the ADC system.
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Fig. 5.11. The SLT single crystal grown by the newly
developed ADC system.
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Fig.6.3 SFM topographic (a) and piezoresponse (b) images
of periodically-inverted domain structure in a LN
crystal.
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Fig.6.5 SFM piezoresponse image of ferroelectric domains
inverted by applying a bias voltage of V = -40 V
for various treatment times. The black area and
gray area correspond to the +Z and —Z surfaces of
polarized domains, respectively.
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Fig.6.6 Relationship between domain size and applied
voltage where the treatment time was 120 sec (a),
and relationship between domain size and
treatment time where the bias voltage were V= -40
and -60 V.
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Fig.6.8 SFM piezoresponse image of a lattice pattern
made of inverted linear domains
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Table 7.1 Nonlinear optical constants of typical inorganic
materials.
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Table 10.1: Comparisons of properties between
congruent and stoichiometric LN & LT crystals

Congruent Stoichiometric Congruent Stoichiometric
LiNbGs (CLN) | LiNbO3(SLN) | LiTaO (CLT) LiTaQ (SLT)
+ Curie temperature “To(K) ~1418 ~1473 ~873 ~963
- LHOHNLG, or Ta0)
mol ratio (cal. From T,y 48.5 ;518 49.9 - 501 48.5 ;5.5 49.95 - 50.05
* Linear EO constants
@ r=633 tm 3 100 10.4 8.0 8.1
(pm/V) & 315 383 322 35.5
— 22% up > 10% up
« Nonlinear optical constants
BA=10640m d, 6.1 6.3 23 2.5
(pm/V) 4y 341 43 26.2 30.4
s 30% up - 15% up
« Electric field for Py switching!
(Coercive field) kVimm ~22 <4 ~22 <17
-3 20X down —3} 1order down
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