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Abstract A temperature dependent generalized Sellmeier equation is proposed
which takes into account the defect structure of stoichiometrically varying lithi-
um niobate. The physical assumptions leading to the equation are briefly dis-
cussed. On the basis of this generalized Sellmeier equation all refractive index
dependent effects in lithium niobate can be calculated in the wavelength range
400 - 1200 nm, the composition range 46 - 50 mol% Li content and the temper-
ature range 50 - 600 K. The phase matching conditions for nonlinear effects like
second harmonic generation and optical parametric oscillation are calculated.
Excellent agreement is found with the respective experimental values.

INTRODUCTION

Although commonly referred to as LiNbOjz , lithium niobate can be fabricated over a rel-
atively wide composition range. Since many applications depend on the refractive indices,
a precise description of the refractive indices of LINbO3 as a function of the composition
is of great interest. Here we propose a Sellmeier equation being a function of the three
independent parameters composition, wavelength and temperature. With this generalized
temperature dependent Sellmeier equation it is possible to calculate the conditions for
technologically important effects like second harmonic generation and optical parametric

oscillation.

EXPERIMENTAL

For the measurement of the refractive indices we applied an interferometric technique con-
sisting of a monochromatically illuminated Michelson-type interferometer with a parallel-
plate sample in one arm.! The sample is rotated around an axis parallel to the c-axis
of the crystal and perpendicular to the incident beam, causing therefore a rotation angle
dependent shift in the optical pathlength difference. The interferogram is evaluated with
appropriate numerical fit procedures, yielding an accuracy in the absolute refractive index
of about An =5 x 10~ for samples of good optical qua.]jty.2

We measured six samples with compositions ranging from 46.9 to 49.9 mol% Li;O in

a wavelength range from 400 to 1200 nm.
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GENERALIZED SELLMEIER EQUATION

In contrast to several other authors who give a description of the refractive index only at
a fixed composition 345 we propose a generalized Sellmeier equation which takes into

account the defect structure of Li-deficient LiNbQOg3 . This leads. to four oscillator terms:

1. Nb on Nb site, or more precisely the NbQg octahedron, governs the optical properties
in the near UV region.6 According to Abrahams and Marsh 7 the occupancy of the

Nb site decreases with decreasing Li content.

2. Nb replaces each missing Li atom on its site in Li deficient LiNbO3 .! The corre-

sponding oscillator term depends therefore linearly on the Li deficit.

3. Reststrahl absorption contributes to the refractive index in the IR region.5 This small

term is assumed to be independent of composition.

4. Plasmons in the 13 to 25 eV region8 represent a contribution which is independent
of polarization because the optical anisotropy in LiNbO3 primarily arises from tran-
sitions below 10 eV.6

Here only the first two oscillator terms are assumed to be temperature dependent.
Since the corresponding transitions are excitations from upper valence band states into
lower conduction band sta.tes,8 the temperature variation of the resonance wavelengths can

be assumed to be proportional to the temperature dependence of the energy gap.ll' 12

The refractive indices of LiNbO3 can therefore be excellently described by a general-
ized Sellmeier equation of the form 13
2 50 + ¢ Ao 50 — ¢1; Ay

"= 7100 OoidmiF) A2 T 100 OngtpiF) I n-

7~ ArriAt + Apv

F=f(T)= f(To); f(T)= (T +213)? + 4.0238 x 10%coth( T2ﬁ12"753) _1);

cLiin mol% Liz0; Ainnm; Tin°C; Ty =245°C; i=e,0.

Mo e
Ag,o = 4.5312x 10~° A, = 3.9466 x 1075
Ao, = 223.219 Xoe = 218.203
TABLE 1: Parameters of Ay = 2.7322x 107° A, = 8.3140 x 10~°
the generalized Sellmeier ALo = 260.26 Ate = 250.847
equation. Arg, = 3.6340 x 108 Afr.e = 3.0998 x 10-8
Apv = 2.6613 Ayy = 2.6613
Koo = 2.1203 x 10~© Po,e = 7.5187 x 10~

P, = —1.827 x 104 p1, = —3.8043 x 10~5
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Here ¢ = e refers to the extraordinary, ¢ = o to the ordinary refractive index. The
room temperature parameters Ag;, A1, Ao, 41,4, AIR, and Ayy are fitted to our measured
refractive index data. The coefficients for the temperature dependence of the refractive
index pg; and p;; are obtained by a fit to temperature dependent literature data for
congruent4 and stoichiometric3 LiNbOgs . The numerical results for all parameters are

given in table 1.

NONLINEAR EFFECTS IN LITHIUM NIOBATE

Spontaneous noncolinear frequency doubling. In this techniqueg* 14 ap ordinary
polarized intense laser beam (wavelength );, k-vector El), its Rayleigh scattered light ()4,
E{) and the extraordinary polarized second harmonic light (A2 = A;/2, k) which forms an
elliptic cone around the incident beam must obey the vectorial phase matching condition
Fy=Fk + l-c"1 Defining ¢eryst as the angle between k1 and k; and in a plane normal to the
optic axis this condition can be written as cos Peryst = Ne(A1/2)/7,(A1). Applying Snellius

law one obtains the respective angle g, outside the crystal.

FIGURE 1: Cone angle
for spontaneous noncolin-
ear frequency doubling as
a function of the temper-
ature. The angle is mea-
sured outside the crystal
in a plane normal to the
optic axis. The curves
are calculated from the
generalized Sellmeier equa-
tion (see text) for crys-
tals grown from congru-
ent melt (about 48.4 mol%
Li;O ),from stoichiometric 100 150 200 250
melt (solid composition TEMPERATURE (°C)

about 48.9 mol%) and

VTE equilibrated material (about 49.9 mol%). The grey areas correspond to a variation of
40.1 mol% Li;O in the composition. The data points represent our measurement (A) and
results from Bates 9 (O) and Byer et al.10 (0).

CONE ANGLE (°)

In figure 1 the cone angle g, for a fundamental wavelength of A; = 1064 nm is
calculated as a function of temperature for several crystal compositions. For a cone angle
of 0° the condition reduces to n.(A1/2) = n,(A1), the corresponding temperature at this
point is therefore identical to the phase matching temperature for type I noncritical second
harmonic generation. Within an uncertainty in the composition of £0.1 mol% Li;O our

measurement and the results of other authors? 10 agree well with these calculations.
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FIGURE 2: Calibration
curves for the crystal com-
position of lithium nio-
bate as a function of the
phase matching tempera-
ture TINCFP for induced
noncolinear frequency dou-
bling. The two fundamen-
tal beams are inclined to
each other under the angle
2¢ inside the crystal.

49.5

49.0

48.5

48.0

il A L | ~l — —d —l

-100 -50 0O 50 100 150 200 250
PHASE MATCHING TEMPERATURE (°C)

CRYSTAL COMPOSITION (mol% Liy0)

Induced noncolinear frequency doubling. The method of induced noncolinear
frequency doubﬁﬁg (INCFD) uses two intense laser beams which are crossed inside the
crystal under an angle 2¢,y,;. This newly presented method!? has the advantage that the
interaction volume within the sample is limited in all three spatial direction. This allows to
perform a three dimensional topographic inspection of the crystal by the measurement of
the noncolinear phase matching temperature TINCFD 4t any position in the crysta.l.14 In
figure 2 the calibration curves for the crystal composition as a function of the phase matching
temperature TINCFD are calculated for a fundamental wavelength of A\; = 1064 nm and

several angles @cyyst-

FIGURE 3: Phase match-

ing temperature for non- o
critical type I second har- W 600 - T r T T
monic generation in lithi- 2 stoichiometric
. . — 500}
um niobate as a function =
of the fundamental wave- L 400 [
length. The curves are = 300
calculated from the gen- = 200
eralized Sellmejer equation g 100 [
{see text) for congruent g ok onaruent
(about 48.4 mol% 1i,0) 9
and stoichiometric (about = -100| 1
49.9 mol%) material. The M 200 -
data points represent r1e6 < 10‘00 ?'00 12‘00 ” I’;JOO —
sults from Bordui et al. a
(Zl), ]fuh etB al.ggl(g)find FUNDAMENTAL WAVELENGTH (nm)

Byer et al.16 (0)

Phase matching temperature., The application of the Sellmeier equation on the

phase matching condition n.(A1/2) = n,(A1) for colinear noncritical type I second harmonic



GENERALIZED SELLMEIER EQUATION [1987]/103

generation allows for a given Li content to compute the phase matching temperature Tpps
as a function of the fundamental wavelength. This is done for congruent and stoichiometric
LiNbOg3 in figure 3. The experimental results of several other authors reveal excellent

correspondence within an extremely wide temperature range from about -100 to at least
400°C. '

Parametric oscillation and difference frequency mixing. As a further test
for our generalized Sellmeier equation, we calculated the phase matching temperatures for
parametric oscillation in vapour transport equilibrated LiNbO3 (49.9 mol% Li,O ). A com-

parison with the experimental results from Jundt et al.3 is shown in figure 4. Edward and

4

Lawrence * measured the phase matching temperature for difference frequency generation in

almost congruent LiNbO3 (about 48.6 mol% Li,O ) for a pump wavelength of 488 nm. The
comparison with our calculations in figure 4 for the respective experimental configuration

reveals execellent correspondence also.

FIGURE 4: Phase match-
ing temperature for opti-
cal parametric oscillation
as a function of the sig-
nal and idler wavelength.
The curves are calculated
from the generalized Sell-
meier equation (see
text) for almost congruent
(about 48.6 mol% LiyO )
and stoichiometric (about
49.9 mol%) material for
a pump wavelength of
488nm. The data points
represent results from Ed-
wards and Lawrence? ()
and Jundt et al.3 (0).
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CONCLUSION

We propose a generalized Sellmeier equation which describes the refractive indices of lithium
niobate as a function of composition, wavelength, and temperature. The equation consists
of two approximated oscillator terms for infrared and plasmonic contributions and two
terms representing Nb on Nb site and Li site. Only the latter two terms are composition
and temperature dependent. The temperature variation is assumed to be proportional to
the shift of the UV absorption edge with temperature. The parameters of this equation were
fitted to our refractive index measurements and literature data. The error in the calculated

refractive indices is less than 0.005 in-the composition range from 47 to 50 mé)l% Li;O , in
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the wavelength range from 400 to 1200nm and for temperatures between 50 and at least
600K. For room temperature the error is less than 0.001.

With this Sellmeier equation the phase matching conditions for nonlinear effects like
second harmonic generation and parametric oscillation can be calculated with excellent

accuracy.
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