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Abstract The ¢-axis oriented single crystal of LiNbO; and LiNbO; : 5mol%MgO was success-
fully grown by Floating zone method using halogen lamp as a heat source. The effects of the
sintering condition of the feed rod and the atmosphere gas during the crystal growth on the be-
havior of the feed rod/melt interface were studied for growing crystal with the high quality,

and then, the optimum growth conditions were determined by studying the experimental param-
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eters, such as gas flow rate, pulling rate, rotation speeds of the feed rod and the seed.

The grown crystals were analyzed using the chemical etching to observe the etch pattern and

the ICP (Inductively Coupled Plasma) to determine the composition uniformity and the impuri-
ty content of Fe. The effects of additive (5 mol% MgO) on the transmittance and refractive

index was, also, analyzed. In order to compare the nonlinear optical characteristics of LiNbO,

with those of the other optical materials, the nonlinear optical refractive index (#,) was calcu

lated using the measured refractive index.
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Table 1
LiNbO; crystal growth parameter in floating

zone system

Growth direction c-axis
Growth rate 3 mm/hr
Rotation rate 20 rpm
Atmosphere N,

Gas flow rate 1 I/min
Crystal growing power 51 ~53 %
Crystal diameter 8 mm
Crystal color dark brown
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Table 2
The composition variation and Fe content of
LiNbO; single crystal grown by floating zone
method

Compositon Fe content
(L1,0mol % ) (ppm)

S, 48.15 0.79

S, 48.42 0.78

S, 48.36 0.77

S, 48.40 0.74




325

]
o
P
BN

d, AAE HAFA, 2722

000t

1
~
»
~

VYV

OH™ band

Transmittance / %
00y 009

00t

00

I ' s
100 600 1200 1800 2400 3000

Wavelength / nm

Fig. 6. The transmittance of (a) LiNbO; single crystal and (b) LiNbO; : 5mol%MgO single

crystal.
Z3-ga| =2 A (48.6 mol% Li,O: 51.4 mol% t}.
Nb,Os) ¢ 2 28] Li,0 mol%7} th4 34 v} A< Mg0 A7) 7HxE &23= Mgrt
eht=d ol AR FHozRE Li #te]§ 2}A]5te] Li/Nbe] u]E Z7}4)1A
Li,O7} 523 343147 92 Az 3 Li/Nb v]& 3}etefgx Ao g wH3AA
D=, S, S, S, Sio AR c- uhEke AATE A7, Feo] z1e]E LiolA
we} Li,0 mol%7t EaHe R FojEA} Nb2 o)FA el BE F&d AL 5
AR FHE waAds 101%] Beo 2y 7HA7e Zeleta Az
Z2AHFo] vl zghe T Ul
Fe g2 =% 1 ppm °16H °—} 0.76 ppm 35. 24§ +¥ ¥4
S velg oz B AR A gledA]
B g Aot vl Jz PSS o Fig. 7<) LiNbO, ©tA A 9] state] o} 2
g et g FEZE vepdigdcl. o]l Zrhghe
w2l FAge] iy e ¢ F Ud
34. & 4 ok oY) el gleiA FAHE oxA
=7 RS gAad 5 A S} F
Fig. 6o Jepd 73 HEHo 2 T3} d& ¥Z(3-D mapping) & Fig. 83} Fig. 9
&9 zlols 2~3% AHEolgler}, LiNbO, o vl =, MgO #Hotel ulel 2§
9] A%e o 83%9 F&E, LINDO;: 5 °] 71 ATE o F Uk =E ¢
mol%Mg09] 73-$-+= < 85% °]4e] F3& ME FHE] HEE Ine EEE %
AE A9l =3 OH™ F54Wls= 5o, of wet Aolrt Slxiut Aol HIFwe} F
LiNbOsoll 5 mol% ¢] MgOE #H7}gtel] ule} A AFE FAF = gl dEo) AYPA

dogo R o)Fst A® HAY 4+ sl A sample Fulge oAE TN 2 W,



Floating zone®j ol ¢}& LiNbO, ©t A @ 2] #sty S} #g AT 326

2.26 [T T O LARASI AARM ARLATARAL T I Ty TorvT T

LN Crystal by FZ E
2.24
i \
222
2.201} ™
H L
218 \‘\

2.16 1

Refractive index

2140

H

2.12}}
f i

210 b R NPT Y N
400 500 600 700 800 900 1000 1100

Wavelength / nm
Fig. 7. The refractive index (x,) of LiNbO,
crystal by Floating Zone method.

222
2.218
2.216
2.214
=212
221
2.208
2.206
2.204
2.202

Refractive index

2.2

Fig. 8. The 3-D mapping of refractive index
for LINbO; at 632.8 nm.

Refractive index
~
N
-

Fig. 9. The 3-D mapping of refractive index
for LiNbO; : 5 mol%MgO at 632.8 nm.

Wpdo 2 dnol Adsl e AL & &
glelx, 3], LiNbO, : 5 mol%MgO ZAo]
LiNbO, ZAuc} ) e dn g 7Hie
24, Mg0e] H7rh #etd #FAAel 7]
Yopi= Aol vhehte.

3.6. vy 3t 549 o] 13[18]

3.6.1. WA

FHEH A7 B F3tAsE Hubo)
7z w4y F3 549 T8 H=s)
= oAy 248 09 At YAl
ZAE st Heolch w4y FHELE A 3
A vy Fpeg YEREH 4S5 o
= F83% AR F WAEA e hEE
Zro] A eojg & girt.

n= N+ n2<E2>

4714 nts AWZ ALl Ex Qstd

#7 Qolch. SuAe) WA Fol«

oz ¥ 2w A AUFeA
o

QAo RS AH B3 o

29 lasere} F3HA ¢
=t} 93 parametero]t}. ujz
S E93sE laser FAe] 12 wavefront
2, 379 5 rE wel wlEsie vl
3 A el vEe] ApgrHor Fof

o
2
e
{.o
-
e
c
Z
o
)
i
o,
lo
3

ey
olgH e AArsted 1 3o =VE b E



327

3.6.2. nol Widr vlAH AdA 2d

Bl A3 FAHEL time scale?] ¥ W9
oA A4t gl 27129 &2 A mech-
anismell 9j3] ZA =] wFo 5HI A
o2, 7l9Ex glE mechanismel| o3}
79 "dgrt gk meell 7]sE ot
A FA LA}

%, = n»(electronic) + #,(vibrational) +

n.(electrostrictional) + 2,(thermal)

ojt}. o]2q o2i7kA] Z)ojel whdt 3HA]
he g R ENE o olfF AW
= Aol 745ttt Axkel AEoH A
] Aztel Az FS T3 = B
transition®] ZEFF2HEH I F o,
olAAL Zzk ~10"7 107" seco]c}. Elec

trostriction®] 3517k FAde AL 3
el ool SFA W it 97
sl Azl A9 stk &, AYER38)
A4 o 1077 sec ot}

g #A9] time scale® Bt} Zoji vf
Ao I AAo) oEgr}. wjAS F343}
o}, nano sec®] laser pulse®] propagation
FollA, $1 A2 mechanism % g F 7}
#|gke] activestA) Rtk o) o] n, 2ol
Aefatis % 7ha] 77 ol e},

7,8} AAre Z3kEle) 9l= high order?)
purterbation theory$} tig=2] o 7|4t ol o]
3t} Q&g B3 ot energyell ik o
24 WFel 423 ojgc). 2P A|wt Boyle
S[19]e oJa A5 sk}, 2 halogen
5t 2] AA| st AAbER T 9]
th. ol2gh o]f-2 izt AAe] Wit o]
B4 As Eate] wAdyPFEEA] FH
=7 HE n, 3] vlxE sz g

5" B Ay sy s wE

rir

7} 3ty AH8-R b T2l g F )
e 2 227 S ), o] mE 23
9] polarizability°]c}. Tessman[20]%-&
Zte] defolm AAO ZHEERE Ay
72 ©]23 halogen o] &9 Bl o
g gtoll dEte] AFsidch o] sge 34

o2 AYFEAE o9 FAR vA A
249 RALTE v 8 Ao 2y 379
A g R dusiA)gle Ao sbsst
tf ol3E 94 % A BEse

FPi=a E +7y E%6

2 Aelsezich
°47]H E & FH-Aq AR o)}, Wang[21]
& 7|2 o] b Holdrle WM o
Feo] AeFedr s AdSdA] vl
g AEE S U] Foz g 4
Aol g a9} y o} Atelol) et AP
HAE Aot o]
Aesta ot
Auf Al AgE Zh= oA RE Y Fo H
olof] thsled HF 7] energyel] ubu]H gk
c}.

Boling, Glass, Owyoung(BGO)[22]& ©]
FAZE Az AAbe) o]-29f odubsix|A

sl Ze FHsdnh olFe

3.9
=

Hode 2 orfo o

A
-

Fol MY FAEL A4asrh o)
Nt iz EFel sleld FU=oln f

FAUAl 2EE ol A
4% el
- ﬂai‘ﬂ’
7} A 2

i



Floating zone* ol 2% LiNbO,

Bare] BA eI i B 23}
A5 Aol o8 QPRI 2L A4
ek ol Hg ARAL e ek,

K(n-1)(n*+ 2)?

Na =
v [1.517 + —(l‘—i-z—ew ]2

714, n& APFAE(E AT
1.064 pym), v= Abbe numbere]t}. Abbe
number= o] tAe] slefA wjAe AYF
Age] gARAe] Aol K+ #H™
frAbRE o] oiste] A nEAHE A&
of delXi= Kghel oF 48, AFH &9 A4
£ 9 68ojct. ¥ AFelME ITFAHE
LINbO, w+AAe] H&x|7]7] $43ld K=
182 DA o Ae e A
& ZAAHN glasse] vy THES A3
ool 2% AHxE A& EHA AT ot

3.6.3. &

ujA Y ek 2AHEE AAELr) $lste] o
A w4, ne, ned TAEE AAE). AA
L olzfe} 72 Wemple[23]9] FHAA)eo =
F-E] AAbst it

1 _E _ E
nz_ 1 Ed EaEd

714 e AFFAEo)lx EE photon en-
ergy, E,+ Sellmeir gap¥® 22 Ztael I
7] oy Ae]ln} E,i= eV h9j2a FAlo
UAE o],

Fig. 102 LiNbO; HA o diste] E?l o
& (n*-1)7'9 gh& plot g Aolch. o]
plote] A3 fittingo 2REl <¢lele =xb
(1064 nm, 656.3 nm, 587.6 nm, 486.1 nm)

GAge) FHd Sy B AT 328

0.28 UL N 0 G O 0 S 0 0 O A At

11144

S

©
N
N

1/(n*-1)
(=]
2

0.25

o o 0 0 0 s B S B A S G O \ 11

Fig. 10. The dependence of refractive index

0.24

=y SRR R AR AR AR RS AR LR

on photon energy in LiNbQ; crystal.

Table 3
The calculated refractive index of LiNbO,

crystal

Wavelength(nm) Refractive index
1064.0 2.155

656.3(n.) 2.197

587.6(n,) 2.214

486.1(ny) 2.254

TAEE A 5 drh(Table 3).
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_ PR4a— lv
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He— N
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21.3& g,
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Table 4

Nonlinear and linear refractive index data for all crystals studied in this study

Crystal Linear - index Calculated
nonlinear
n(1.064 £m) Abbe number 2eiffli85igee;?l<§ex
LiNbO, 2.155 21.3 19.14
LiF 1.3866 98.0 0.28
NaF 1.3213 85.2 0.26
KF 1.3583 97.9 0.25
NaCl 1.5312 42.9 1.54
KCl 1.4792 44.1 1.26
NaBr 1.6228 31.7 3.16
KBr 1.5435 33.7 2.29
Mgk, 1.3735 104.9 0.24
CaF, 1.4285 95.1 0.34
SrF, 1.4328 93.9 0.35
CdF, 1.56 61.0 1.00
BaF, 1.4682 81.8 0.48
LaF, 1.600 57.0 1.24
AgCl 2.020 21.2 14.79
MgO 1.72 534 1.88
Zn0O 1.96 11.6 . 3146
AlLO; 1.75 71.8 1.31
Y05 1.92 375 5.11
Si0,(fused silica) 1.4496 67.8 0.60
Si0,(quartz) 1.5429 70.1 0.77
TiO, 2.48 9.8 107.16
Zr0, 2.12 35.8 8.28
BeAl, 0, 1.73 72.5 1.23
MgAlO, 1.72 60.6 1.56
YAIO;(y) 1.933 51.2 3.31
Y;ALO(YAG) 1.822 52.4 2.49
GdsSc;ALL0,,(GSAG) 1.891 48.6 3.26
GdiSc.Ga0,.(GSGG) 1.943 37.3 5.41
GdiGa;0,(GGG) 1.945 37.6 5.37
Y:Gas0,(YGG) 1.912 40.0 4.56
La;Lu,Ga0,,(LLGG) 1.930 364 5.46
SrTiO; 2.31 13.6 49.42

CaCO, 1.4795 76.8 0.55
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Fig. 11. The relationship between the linear

refractive index and nonlinear refractive

index.

(Table 4, Fig. 11).
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