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%'e measured the re&active indices of undoped and Mg-doped lithium niobate by an interfer-
ometric technique in a wavelength range from 400 to 1200 nm. The composition of the undoped
samples varied between 47 and 50 mo1% Li&O in the crystal whereas the Mg-doped samples were
grown from congruent melt with up to 9 mol%%uo Mg. Our results can be excellently described by a
generalized Sellmeier equation which takes into account the defect structure of Li-de6cient and Mg-
doped lithium niobate. Calculations of the phase-matching conditions of several nonlinear efFects in
Mg-doped lithium niobate reveal good correspondence with the respective experimental results in a
temperature range from —50 to 250 'C.

I. INTRODUCTION

Although lithium niobate is commonly referred to as
LiNbO3, its phase diagram allows compositions over a
range from about 45 to 50 mol'%%uo Li20 (Ref. 1). Addi-
tionally, a variety of dopants may be added, partly up to
concentrations of some 10%. One of the most interesting
dopants is Mg which greatly reduces the so-called opti-
cal damage. 2 Both the variation of the composition and
the addition of dopants strongly in6uence the physical
properties of the material. Lithium niobate thus can be
tuned to 6t the requirements of a manifold of different
applications.

LiNb03 single crystals of highest crystal quality can
be grown from the congruent melt ( 48.4% Li20) by
the Czochralski technique. s' The fabrication of off-
congruent LiNb03 by this technique turns out to be dif-
ficult due to the strong composition diff'erence between
the melt and crystal.

The addition of Mg to the melt causes similar prob-
lems in the crystal growth process, usually resulting in
expressed growth striations. s However, newly presented
improvements like the continuous charging method or
the double crucible method7 facilitate the growth of
crystals with various Li and Mg contents and good
homogeneity. ' Post-growth techniques such as vapor
transport equilibrationio (VTE) are also used to control
the [Li]/[Nb] ratio in the crystal from 47 to 49.9 mol%
Li20 in undoped and in Mg-doped material. 2

As doping with Mg or varying the [Li]/[Nb] ratio in-
Quences not only the optical damage resistance ' 4 but
also the re&active indices and therefore causes strong
variations in the phase-matching conditions of all non-
linear optical processes, it is of great interest to give an
accurate description of the re&active indices as a func-
tion of the crystal composition. Here we present measure-
ments of the re&active indices of Liwb03 in a wavelength
range from 400 to 1200nm and in a composition range
from 47 to 50 mol'%%uo Li20 for undoped and &om 0 to
9 mol'%%uo Mg for doped near-congruent lithium niobate.
In combination with literature data for the temperature

dependence of the refractive indices we are able to deter-
mine the parameters of a generalized Sellmeier equation
which is a function of the four independent parameters
wavelength, temperature, Li content, and Mg content.
The generalized Sellmeier equation is used to calculate
the phase-matching conditions for several nonlinear ef-
fects such as second-harmonic generation and parametric
oscillation.

II. EXPERIMENTAI DETAILS

The refractive indices of LiNbOs and LiNbOs'. Mg
were measured by an interferometric technique which
uses a monochromatically illuminated Michelson-type
interferometer. is In one arm of the interferometer the
parallel-plate sample is rotated around an axis parallel
to the c axis of the crystal and perpendicular to the in-
cident beam, causing a rotation-angle-dependent shift in
the optical path-length difference. The resulting inter-
ferogram is measured with a computer-controlled setup
and is evaluated with appropriate numerical fit proce-
dures, yielding an accuracy of about Qn, = 5 x 10 for
samples of good optical quality. is ir Using a helium-neon
laser tunable in the visible and infrared region or a mer-
cury vapor lamp combined with a 0.2-m monochromator
several wavelengths in the range &om 400 to 1200nm
are available. Polarizing the light parallel or perpendicu-
lar to the rotation axis Inakes it possible to measure the
extraordinary and the ordinary refractive index, respec-
tively.

We measured six undoped LiNb03 samples with differ-
ent [Li]/[Nb] ratios varying between 46.9 to 49.9 mol%
Li20. The crystal compositions of 6ve crystals which
had been grown by the Czochralski technique were de-
termined &om the Curie temperature measured yield-
ing an accuracy of about +0.2 mol% Li20 (Ref. 11).
One sample was a commercially available vapor trans-
port equilibrated crystal with approximately 49.9 mo1%
Li20 (Ref. 19). The six Mg-doped samples were also
grown by the Czochralski technique &om a melt with an
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almost congruent [Li]/[Nb] ratio of 48.5 mol% Li30 to
51.5 mol'%%uo Nb303 and with Mg contents varying from
0 to 9 mol% Mg. The corresponding Mg content in the
crystal was determined by applying the results of Hu et
al. who showed that the distribution coefBcient of Mg
changes abruptly in the region between 5 and 7 mol'%%uo

&om 1.2 to 0.95. The accuracy of this method is about
+0.7 mol%%uo Mg. The Li and Nb content in these crystals
was assumed to depend on the Mg content according to
a defect structure model described later.

The homogeneity of the samples was carefully checked
using spatially resolved second-harmonic generation
measurements. The undoped crystals revealed a homo-
geneity much better than the composition uncertainty. 2~

Measurements of the Mg-doped samples showed varia-
tions in the phase matching-temperature increasing &om
k2'C for the undoped sample to +20 C for a sample
with 6 mo1% Mg in the melt. For 9 mol % Mg the
variations decreased to k6'C. This decrease might be
explained by the fact that the distribution coeScient
changes &om 1.2 to almost unity for high doping con-
centrations. Attributing these variations mainly to Huc-

tuations in the Mg content allows one to estimate that
the maximum variation in the Mg content is still lower
than the composition uncertainty,

The typical size after precise cutting and polishing of
the samples was about 8 x 8 x 8mm, well suitable for
interferometric refractive index measurements.

III. RESULTS AND DISCUSSION

A. Defect structure mockel

10
8 = —(50 —cr,;)/100,

3

where cr,; denotes the [Li]/[Nb] ratio in mo1% Li20 this
can be expressed by

[Liq 3Nbg]r, ; [Nbq 4sysU4gys]gb03 . (2)

Iyi et al. and %'ilkinson et a/. recently suggested a
diH'erent model which is also consistent with the, experi-
mentally verified, fact that no oxygen vacancies occur. In
their model the Nb sublattice remains unchanged, only
one-fifth of the Li vacancies is filled with Nb antisite de-
fects, the rest is left unoccupied to compensate for the
additional charges. This can be written as

[Li& bNbs~sQ4&~3]r„[Nb]~b03 .

The defect structure of Mg-doped lithium niobate has

For a precise description of the re&active indices of
undoped and Mg-doped LiNb03 the defect structure of
the material has to be taken into account. For undoped,
Li-de6cient LiNb03 Abrahams and Marsh proposed a
model in which each missing Li+ ion is replaced by a
Nb + ion. According to their model compensating va-
cancies at the Nb site are created to maintain charge
neutrality. Defining

beenintensively studied, ' too, and agreement is found
that Mg preferably occupies Li sites and replaces Nb an-
tisite defects up to a threshold concentration of Mg. This
is described by the replacement reaction (in Kroger-Vink
notation)

5MgO + 2Nbq; + 8Vr; —5Mgr, ; + 5Vz„+Nb303 . (4)

For Mg contents above the threshold concentration
up to now none of the defect structure models under
discussion is generally approved. For the quantitative
description of the re&active indices in the concentra-
tion range considered here we therefore use a simpli-
Ged defect structure model: Mg is only incorporated at
Li sites, charge compensation takes place via Li vacan-
cies. Neither niobium- nor oxygen-sublattice vacancies
are formed. Up to a threshold concentration the number
of Nb antisite defects decreases linearly with increasing
Mg content according to Eq. (4). This threshold con-
centration cq~, is proportional to the respective [Li]/[Nb]
ratio-dependent number of Nb antisite defects in un-

doped lithium niobate. Beyond the threshold no more
Nb antisite defects exist, the incorporation of Mg is then
governed by the replacement reaction

MgO+ 2Lir, i = Mgr„+V~;+ Li20.

This simplified model is consistent with the following
experimental and theoretical results

(1) Dopants in lithium niobate are found to replace
only one species of cations. For Mg this is verified for
concentrations up to about 10% (Ref. 20).

(2) Measurements of the optical phonon damping show
that Mg does not occupy Nb sites.

(3) The distribution coefficient of Mg changes abruptly
near the threshold concentration. 2

(4) No oxygen vacancies are found in lithium niobate.
(5) Niobium vacancies are found to be energetically

very unfavorable.

(6) There is no indication in literature that by treat-
ments like VTE lithium niobate beyond the intact nio-
bium lattice could be fabricated.

(7) VTE-treated Mg-doped lithium niobate shows
SHG phase-matching temperatures which Bt excellently
into this model (see Fig. 8).

B. Generalized Sellmeier equation

A description of the refractive index in terms of a Sell-
meier equation consists of several oscillator terms

n =1+ A

A —A
—2j 2

(6)

where Aj is the resonance wavelength of the jth oscillator
and Aj is a parameter being proportional to the transi-
tion probability for optical excitation and the number of
oscillators per volume. The various oscillators usually are
regarded to be independent from each other, therefore Aj
can be assumed to be proportional to the concentration
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of the respective oscillator whereas A~ should not depend
on composition. 1.50- ordinary polarization

1. Nb on Nb site

Since the optical properties of LiNb03 in the near UV
region are mainly governed by the NbOs octahedron,
the first oscillator term we take into account is the contri-
bution from Nb on Nb site. Nb antisite defects or doping
with Mg may infiuence the amount of Nb sites occupied
by Nb due to vacancy creation or incorporation of Mg.
The parameter Ae therefore depends on the concentra-
tion of Nb antisite defects cNb„,. and the concentration of
Mg cMg which can be expressed by

Ap

Ao
z [1 —E(cNbq, , cMg)]

as the first oscillator term. The function I" must be de-
rived f'rom the defect structure model used, our simplified
model reveals F—:0.

S. Nb on Li site

The oscillator term describing the contribution from
Nb on Li site depends linearly on the concentration of
Nbg; antisite defects like AicNb„./(Ai —A ). The res-
onance wavelengths for the NbNb and the Nbr, ; oscilla-
tors difFer only slightly (Ae ——223nm, Ai ——260nm for
ordinary, Ao ——218nm, Ai ——250nm for extraordinary
polarizationsi). This can be explained by the similar oc-
tahedral configuration of Nb and Li sites in LiNbOs, z s

due to the nearly identical ionic radii of Nb + and Li+
(0.69 k. and 0.68k., respectively). The NbL; contribution
can therefore be approximated by

1.25-
tX

1.00-
4J

0.75—

0.50-

extraordinary polarization

0.25-

500 600 700 800 900 1000 1100
WAVELENGTH (nm}

in the visible region, for the description of the refractive
indices in the visible and near infrared region we there-
fore can approximate Az Ae in the same way as for
NbL;, which leads to the Mg oscillator term

AMCMg

A —A
(10)

f. Plosnaons oad phoraoas

The contributions to the refractive index from plas-
mons in the far UV can be described by an oscillator term
which is in good approximation independent of composi-
tion and polarization. We define

AUv = 1+AsAs

as this constant UV oscillator term.
Reststrahl absorption in the IR region leads to a wave-

length dependent contribution

FIG. 1. Wavelength dependence of the parameter p (see
text).

ANbr, a cNbr, i

A
(8)

as the IR oscillator terxn.

(12)

with ANb~, . = hip const, because the parameter p,
defined by

Ae —A z

A —A
—2 (9)

has only a weak wavelength dependence in the wave-
length region considered here (see Fig. 1).

$. The complete Sellmeie~ equation

The temperature dependence of the first three oscilla-
tor terms can be excellently described by a temperature
dependent oscillator wavelength

8. Mg on Li site

According to our simplified model Mg occupies only Li
sites. The incorporation of Mg can therefore be described
by an oscillator terxn depending linearly on the Mg con-
tent like AmcMg/(Az —A ). The ionic radius of Mg~+
is quite similar to that of Li+ (0.66k. and 0.68%., re-
spectively), thus no severe lattice distortions are likely to
occur which could afFect the properties of the other oscil-
lators. Absorption measurements on Mg-doped lithium
niobate do not exhibit any additional absorption bands

where f(T) is proportional to the shift of the UV ab-
sorption edge. The parameters ANb~„AMg, AU@, and
AiR can assumed to be temperature independent (for a
detailed description see Ref. 31).

All oscillator terms can be summarized to a generalized
Sellmeier equation of the forxn

+O,i (cLi & cMg)
n; —,', A(R, ;A + AUV,

o+L j

with
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Ao, + (cth cMg)ANb„, ,; + cMgAMg for cMg ( crab„
AO, i (cLi& cMg J Ao, i + cMgAMg, i for t-Mg + thr&

f(T) = (T+ 273) +4.0238 x 10 coth
i ~

—1
261.6

i T+273)

cth, is a linear function of cL; where t"L; denotes the ra-
tio [Li]/([Nb)+[Li]) measured in mol% —ctb, = 0% for
cL; = 50% and ctb, = 5% for cL; = 48.5'%, respec-
tively. eMg is the Mg content in the crystal in mol%
Mg, A the wavelength in nm, T the temperature in 'C
(To ——24.5 'C), and i = e, o denotes the extraordinary
and ordinary polarization, respectively.

For cL; = 50 mo1% Li20 and cMg ——0 Eq. (14) is
identical to expression (12) in Ref. 31. The coefficients
Ap ', Ap i, AgR ', AUV can therefore be adopted. The
parameters ANb~, . i are fitted to our measured refractive
index data for undoped LiNbOs with varying [Li]/[Nb]
ratios. The measured data and the respective Sellmeier
fits are shown in Fig. 2. The standard deviation is about
1.3 x 10 . The parameters AMg, . were obtained by a
fit to our measurements for Mg-doped LiNbOs (see Fig.
3). The higher standard deviation of about 2.0 x 10 s is
mainly due to the inhomogeneity of the samples. How-
ever, the birefringence we calculated from the generalized
Sellmeier equation in Fig. 4 is in good correspondence
with our experimental data.

Finally the parameters pp, for the temperature de-
pendence of the re&active indices are fitted to tem-
perature dependent literature data for congruent35 and
stoichiometric LiNb03. Figure 5 shows that in spite
of the parameters po, being fitted to undoped LiNbOs
the generalized Sellmeier equation also gives an excellent
description of the temperature dependence of the refrac-
tive indices for Mg-doped LiNb03. Doping with Mg has
therefore no significant infiuence on the temperature de-
pendence of the refractive index. The numerical results
for all parameters are given in Table I.
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FIG. 2. Dependence of the ordinary (n ) and extraordinary
(n, ) refractive index of undoped LiNbOs on the Li content
for various wavelengths at room temperature. The curves are
calculated from the generalized Sellmeier equation (see text).

C. Nonlinear efFeets in Mg-doped lithium niobate

The phase-matching parameters of all nonlinear ef-
fects can be calculated Rom the conditions for energy
and momentum conservation. For undoped LiNb03,
we found excellent correspondence with the respective
experimental results of several authors. Moreover, for
cMg ——0 the generalized Sellmeier equation allows one to
calculate the calibration curves for all refractive-index-
dependent characterization techniques which are used to
determine the [Li]/[Nb] ratio in undoped LiNbOs. s Here
we will concentrate on nonlinear effects in Mg-doped
LiNb03.

1. Noncolinear frequency doubling

cos (p„r,t —— n(A /2i)/ n(Ai) .
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FIG. 3. Dependence of the ordinary (n ) snd extraordi-
nary (n, ) refractive index of Mg-doped LiNbOs grown from
congruent melt on the Mg content in the crystal for various
wavelengths at room temperature. Filled circles refer to our
measurements, open circles are measurements by Furukawa et
aL (Ref. 29). The curves are calculated from the generalized
Sellmeier equation (see text).

In the technique of spontaneous noncolinear frequency
doubling (SNCFD) first presented by Giordmaine the
vectorial phase-matching condition must be obeyed by an
ordinary polarized intense laser beain (ki), its Rayleigh
scattered light (kz), and the extraordinary polarized
second-harmonic light (ks ——ki + kz) which forms an
elliptic cone around the incident beam. In a plane nor-
mal to the optic axis the cone angle y& yst between the
second-harmonic light and the incident beam is defined
by40, 41
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-0.07— TABLE I. Parameters of the generalized Sellmeier equa-
tion. For the definition see Eq. (14) in the text.
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FIG. 4. Dependence of the birefringence of Mg-doped
LiNb03 grown from congruent melt on the Mg content in the
crystal for various wavelengths at room temperature. The
curves are calculated from the generalized Sellmeier equation
(see text).

Applying the Snellius law one obtains the respective an-

gle &p;, outside the crystal. In Fig. 6 the computed cone
angle p;, is depicted as a function of the Mg content
in the crystal for a fundamental wavelength of 1064 nm,
cL; = 48.5 mo1% Li20 and T = 24.5'C. For cMs ——8.5
mo1% Mg the cone angle converges to p;, = 0', which
means that colinear frequency doubling at room temper-
ature is observed. Since the [Li]/[Nb] ratio in the crystal
may by influenced by the Mg doping, we also calcu-
lated the phase-matching conditions for slightly different
Li contents. Within a variation of +0.2 mol% Li20 there
is good correspondence with our measurements and the
result of Volk et al. (Ref. 38). Figure 6 shows that in our
simple model a variation of the Li content for cMs ) ciI„
has no effect on the SNCFD angle because all Nb antisite
defects are already replaced by Mg [Eq. (4)].

1 cos28 sin 8

(~1) ri (~1/2) &, (&1/2)
(16)

8. Phase-matching temperetum

The phase matching condition for colinear noncritical
type-I second-harmonic generation (SHG) is equivalent
to

+'+SHG = &e(~1/2) TPM) iso(~1$ TPM) = 0 l

which allows one for a given Li and Mg content to com-
pute the phase-matching (PM) temperature TPM (see
Fig. 8). Our calculations for LiNbOs. Mg crystals grown

where 8 denotes the direction of propagation in the crys-
tal with respect to the optic axis. In Fig. 7 the phase-
matching angle is computed as a function of the crystal
composition for T = 24.5'C and two fundamental wave-

lengths Ai. Our experimental data and the results from
other authors s s agree well with our calculations within
an uncertainty in the [Li]/[Nb] ratio of +0.3 mol% Li20.

S. Angle phase matching
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The phase-matching condition for type-I angle phase-
matching in LiNbOs can be written as
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FIG. 5. Temperature dependence of the re&active indices
of LiNb03 grown &om congruent melt doped with 5 mol /0

Mg (about 6 mol % Mg in the crystal) for various wavelengths.
The curves are calculated &om the generalized Sellmeier equa-
tion (see text). Data points correspond to experimental re-
sults from Shen et al. (Ref. 34).

FIG. 6. Cone angle for spontaneous noncolinear frequency
doubling as a function of the Mg content in the crystal.
The curve is calculated from the generalized Sellmeier equa-
tion (see text) for a fundamental wavelength of 1064 nm and
T = 24.5 C. The data points represent our measurements and
the result of Volk et al (Ref. 38). The a.ngles are measured
outside the crystal in a plane normal to the optic axis. The
grey shaded area corresponds to a variation in the [Li]/[Nb]
ratio of the crystal of 48.5 + 0.2 mol Fo Li20.
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FIG. 7. Phase-matching angle as a function of the crystal
composition. The angles are measured inside the crystal with
respect to the optic axis. The curves are calculated from the
generalized Sellmeier equation (see text). The grey shaded
area corresponds to a variation in the [Li]/[Nb] ratio of the
crystal of 48.5 6 0.3 mol'%%uo Lizo. Data points represent our
measurements and results of Volk et al. (Ref. 43) and Shen
et aL (Ref. 34).

FIG. 9. Phase-matching temperatures for parametric oscil-
lation in LiNbos..Mg grown from almost congruent melt (48.6
mo1% Li&O) with 5 mol%%uo Mg in the melt (about 6 mol '%%uo Mg
in the crystal) as a function of the signal and idler wavelength.
The curve is calculated from the generalized Sellmeier equa-
tion for a pump wavelength of 532 nm. The grey shaded area
corresponds to a variation in the Mg content of +0.5 mol%
Mg. Data points correspond to experimental results from Ko-
zlovsky et aL (Ref. 44).

from almost congruent melt agree well with the experi-
mental results Rom Schmidt et aLs and Volk et a/. For
cMs ( ctI„the deviations of the experimental values from
the calculated curve can be explained by a variation of
the Li content by +0.2 mo1% LizO. For cMs ) ctI„the
additional error in the Mg content has to be taken into
account, which explains, for example, the discrepancy in
the literature values for 8.5 mo1% Mg.

Moreover, the composition dependence of the phase-
matching temperature for vapor transport equilibrated

(VTE) material can be explained. Below the threshold
value a VTE treatment decreases the amount of Nb anti-
site defects because cL; —50 rno1% LizO, which leads to
an increase in the phase-matching temperature. Above
c&I„allNb antisite defects are already replaced by the
Mg doping [Eq. 4]. An additional VTE treatment has no
significant effect on the phase-matching temperature.

Assuming Bn, (532 nm)/BT 1 x 10 4/'C and ne-

glecting Bn (1064 nm)/BT the maximum error in the cal-
culated refractive index can be estimated. With KTpM =
20'C this leads to An = 0.002 which is in good corre-
spondence with the fit accuracy.

O
I

300—

250 —~-"

200—
LLJ

CL 150—
LJJ

100—

50—0
I— 0—

50 — a

I

CL

vapour transport equilibrated

0.0 2.5 5.0 7.5
CRYSTAL CQMPOSiTION (mo[% Mg)

10.0

g. Paremetric oscillation and digemnce jreqnencII
flWe54fLg

For a LiNb03..Mg crystal grown from almost congruent
melt (48.6 mol% LizO) with 5 mo1% Mg (correspond-
ing to about 6 mo1% Mg in the crystal) we calculated
the phase-matching temperatures of parametric oscilla-
tion (Fig. 9). Within a variation in the Mg content of
+0.5 mo1% Mg there is good agreement with the respec-
tive experimental values of Kozlovsky et al. even in the
IR region &om 1200 to 1500 nm.

& Schmidt et al. & Volk et al. + Young et al. IV. CONCLUSION

FIG. 8. Phase-matching temperature of LiNb03. Mg as a
function of the Mg content in the crystal for a fundamental
wavelength of 1064 nm. The curves are calculated from the
generalized Sellmeier equation (see text) for a [Li]/[Nb] ratio
of 48.5 + 0.2 mol'%%uo LizO (almost congruent, solid line, aud
grey shaded area) and 49.9 mol '%%uo Li&O (vapor transport equi-
librated, dotted curve). The data points show results from
Schmidt et al (Ref. 5), Volk et. al. (Ref 38), and Yo.ung et
al. (Ref. 12).

We propose a generalized Sellmeier equation which de-
scribes the re&active indices of LiNb03 and LiNb03. Mg
as a function of composition, wavelength, and temper-
ature. The equation consists of several oscillator terms
representing approximated in&ared and plasmonic con-
tributions and a summarized term for Mg and Nb on a
Nb or Li site. The temperature variation is assumed to
be proportional to the shift of the UV absorption edge
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with temperature. The parameters of this equation were

fitted to our refractive index measurements for undoped
and Mg-doped LiNb03 and literature data.

The generalized Sellmeier equation allows one to cal-
culate all re&active-index-dependent effects in undoped
and Mg-doped LiNb03 with excellent accuracy. Calcula-
tions of nonlinear effects like second-harmonic generation
and parametric oscillation in LiNbOs. Mg verify that the
equation gives an accurate description of the refractive
indices in the composition range from 0 to 9 mol%%u0 Mg,
in the wavelength range &om 400 to at least 1200nm
and for temperatures between —50 and at least 250'C.

Effects of a variation in the [Li]/[Nb] ratio are also de-
scribed correctly. The maximum error in the calculated
refractive indices is about 0.002.
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