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Abstract: We proposed a new approach to calculate the refractive indices of Mg-doped lithium niobate using 
generalized vacancy models combined with a ferroelectric phase transition theory. We have obtained a generalised 
Sellmeier equation which takes into account the defect structure and Mg-doped lithium niobate. A comparison 
between the calculated values from this approach and the experimental data of the temperature and refractive indices 
is detailed.

I. Introduction
In these ferroelectrics, metal ions are incorporated 
mostly on Li–sites with a slight displacement from the 
original Li-positions1,2. The requirement of charge 
compensation favors certain lattice environments for 
which different dopants are competing with each other. 
Once these sites are used up, other lattice sites are 
occupied by the dopants. For this reason, it is observed 
that some defects also occupy the Nb or the Ta-sites in 
particular, for higher doping levels and under co-
doping with high levels of Zn [3, 4] and Mg5-8.
LiNbO3 single crystals of highest crystal quality can 
be grown from the congruent melt (≈48.4% Li2O) by 
the Czochralski technique9,10. The fabrication of off-
congruent LiNbO3 by this technique turns out to be 
difficult due to the strong composition difference 
between the melt and crystal. The early work into 
LiNbO3 quickly revealed that the LiNbO3 structure 
accepted a wide variety of dopant cations. Undoped 
LiNbO3 is composed of corner-linked LiNbO3 
octahedra, producing 3 different cation sites; Li-site, 
Nb-site and an intrinsic vacancy. A large degree of 
disorder on these sites is tolerated, giving rise to the 
wide composition region11 and the easy acceptance of 
many dopants12. Through the selection of a particular 
dopant, different effects can be produced in LiNbO3 
leading to a variety of potential applications, Fig. 1.  

Lithium niobate has a high potential for optical 
applications. Usually they require material with a 
distinct index of refraction and are often hampered by 
the photorefractive effect, also known as optical 
damage13. Both the refractive indices and its sensitivity 
to light illumination are influenced by the crystal 
composition or – to be more specific – by the number 
of Nb antisites in the crystal14. Besides the techniques 
which improve the stoichiometry without any doping15-

17, several dopants like Mg13, Zn18, In19 and Sc20 are 
known to reduce the optical damage.

Here we present measurements of the refractive 
indices of LiNbO3 in a wavelength range from 0,4 to 
1,06 µm and from 0 to 7.1 mol%  Mg for doped 
lithium niobate. In combination with literature data for 
the temperature dependence of the refractives index
we able to determine the parameters of a Sellmeier 
equation which is a function of the four independent 
parameters wavelength, temperature, Li content and 
Mg content.

Fig. 1: Effect of different cation dopants on the optical properties 
of LiNbO3.

II. Experimental Results

II-1. Characteristics Of The Crystals
The refractive indices of LiNbO3 and LiNbO3:Mg 
were measured by an interferometric technique which 
uses a monochromatically illuminated Michelson-type 
interferometer21. 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 
incident beam, causing a rotation-angle-dependent 
shift in the optical path-length difference. The 
resulting interferogram is measured with a computer-
controlled setup and is evaluated with appropriate 
numerical fit procedures, yielding an accuracy of about

4105 n for samples of good optical quality22,23. 
Using a helium-neon laser tunable in the visible and 
infrared region or a mercury vapor lamp combined 
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with a 0.2m monochromator several wavelengths in 
the range from 400 to 1200nm are available. 
Polarizing the light parallel or perpendicular to the 
rotation axis makes it possible to measure the 
extraordinary and the ordinary refractive index, 
respectively.
G. Kh. Kitaeva et al.24 They used bulk Mg:LiNbO
single crystals, grown by the Czochralski method. The 
starting material was close to congruently melting 
composition with the ratio Li/Nb=0.94225. The MgO 
doping concentration varied from 0 to about 7 mol% 
under growth of different samples. The final 
concentration and spatial distribution of Mg in the 
grown crystals was studied by means of the fluorescent 
x-ray spectral analysis and wave dispersive x-ray 
microanalysis. The spatial variation of Mg-
concentration in the samples was within ±0.01–0.03 
mol%. The measurements of distribution of the 
impurity concentration within each crystal were made 
by x-ray microanalysis using Camebax SX-50 with a 
high relative accuracy. However, an absolute error of 
the value of an average Mg concentration was 
sufficiently larger, and exceeded 0.4 mol% for one of 
the crystals (see Table I).24

Tab. 1 : Parameters of bulk Mg : LiNbO3 crystals

Triangular prisms were cut for refractive index 
measurements in the visible range. The input and 
output polished surfaces of each prism were oriented 
along the crystal C axis, with an angle of ~30° 
between them. For measurements of absorption and 
refractive indices in the IR range, the samples were cut 
in the form of rectangular parallelepipeds. Input and 
output polished surfaces were also oriented along C 
axis. Absorption measurements were carried out in the 
samples of different thicknesses. The sample of the 
smallest thickness 8 μm was prepared by polishing of 
the undoped LiNbO. It was enclosed between two 
polished plates of the crystal BaF2.

II-2. Refractive Index Dispersion
G. Kh. Kitaeva et al.24 have measured the dispersion 
characteristics of ordinary (no) and extraordinary (ne) 
refractive indices of the crystals in the visible range at 

room temperature by the prism method, using a 
goniospectrometer. The absolute error did not exceed 
±0.0002. Refractive indices at 1.06 µm were measured 
with the help of an image-converting visualiser. The 
obtained data in the region 0.4–1.06 μm were fitted by 
Sellmeier-type equations with coefficients differing for 
the differently doped samples26. In this form they were 
used in subsequent measurements of the ordinary 
refractive indices in the IR range, made by two 
nonlinear-optical methods (Table II).
In the region of 1–1.25 µm the values of no were 
determined by measuring of the angle for second 
harmonic generation of a yttrium aluminum garnet 
(YAG):Nd laser and of a tunable LiF:F2 laser. To 
calculate the no(λ) values, the results for ne(λ/2) in the 
visible region were taken into account. They24 estimate 
the total absolute error of the obtained data as ±0.0005. 
In the region of 2–5 µm the values of no(λ) were 
obtained by spontaneous parametric light scattering 
(the down conversion) method. The optical scheme26

included an Ar laser as a pump source at 0.488 nm. 
The pump wave was polarized extraordinarily, and the 
visible signal and IR idle waves were polarized 
ordinarily. The experimental values of indices ordinary
represented in Tab. 1.
Concerning the variation of LiNbO defect structure 
under Mg doping, most models 27,28,29,30,31-32 agree that 
there is a threshold in Md concentration, above which 
the crystal stucture and properties change qualitatively. 
Above this threshold concentration Cthr , all defect 
atoms of Nb in Li antisites (NbLi) are replaced by 
Mg.31 the crystal becomes optically resistant and loses 
most of its photorefractivity.33

Tab. II: Measured of no as a function of wavelengths λ 
in Mg:LiNbO3 crystals for different Mg 

concentrations.

III. THEORETICAL APPROACH
A theory of ferroelectric phase transition in the crystal 
LiNbO3 has been performed to understand and predict 
the properties of this crystal34. In this system, the 
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solution of the dynamic problem of the crystal planes 
system exhibits the existence of the "soft mode" at the 
ferroelectric transition. In this work, we suppose that 
ceramic samples of LiNbO3 are single crystal. Such an 
assumption is based on the experimental fact that the 
ferroelectric phase transition occurred in the ceramic 
samples which are formed by parallel planes along the 
polar "c" axis. In Figure 2, distances between planes 
(Li, Nb and O at T=0 K) are denoted as follow: RO-

O(b= 2.31Å), RLi-O(R20= 0.68 Å), RNb-O(R10= 0.883 Å), 
RLi-Nb(R12=b - R10 - R20) 

35.
We avoid the detail of the theory of ferroelectric 
transition in the crystal LiNbO3 which is similar to that 
of reference34 and only report the useful expressions in 
the reference37, for study to Mg:LiNbO3. At 0°K, the 
soft mode frequency, 2, is proportional to the Curie 
temperature. Substituting 2 to obtain the following 
relation that allows to calculate the Curie 
temperature37:
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Expression 1 allows to determinate the Curie 
temperatures of the vacancy models. The element X 
represents the nonstoichiometric compositions and X*

is the nonstoichiometric doped compositions
respectively. 

Fig. 2: Different planes in an elementary cell of crystal LiNbO3.

Refractive indices can be described by the Sellmeier 
equation:

                      F= (T-24.5) (T+570.5         (2)
where λ is the wavelengths, T is the temperature (K) 
and Ai, Bi is the constants determinates. We introduce 

the Refractive indices n , to explain the role of 
optical proprieties in nonstoichiometric doped Mg: 
LiNbO3. 

            F*= (T*-24.5) (T*+570.5)                     (3)

with X* related to nonstoichiometric doped 
compositions. Although the expression of the T* is 
determinate at Curie temperature point, this relation 
seems again correct to calculate the refractive indices 
about T*.
A comparative study between the calculated and 
measured values shows that the lithium vacancy model 
is the best model that has been suggested for 
describing the defect structure in nonstoechiometric 
lithium niobate. We assume the possible dominant Li-
vacancy in the substitution process with CMg.
Taking into account of the experimental results, we 
have proposed the possible models:

- formula analyse before 3% mol of Mg: 
]][][[ 31143351 OVMgNbVMgNbLi yyyxyyxyx 
     )(

- formula analyse after 3% mol of Mg:   
]][][[ 33)2()(1)2(421351 OVMgNbVMgLi yxyyxxyyyx 
    )(

In order to provide an adequate description of 
refractive indices in nonstoichiometric doped lithium 
niobate we have analytically performed the 
calculations of the Curie temperature as function of the 
composition x and the parameter y of the extrinsic 
concentration. Calculated and experimental36 values of 
T* for various nonstoichiometric compositions are 
illustrated in Figures 3.
The incorporation and substitution processes as 
function of CMg can be explain as follow: in the first 
stage, we certified that for the doping rate below 3%, it 
has an excess of niobium which can occupy the sites in 
the lithium vacancy model as deficient lithium in 
LiNbO3 non-stoichiometric, like proposed by Masaif 
et al37. In formulas where the doping rate is above 3%, 
we see that the dopant Mg is substituted in the two 
vacancy model cationic.
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Fig. 3: Experimental and theoretical Evolution of the Temperature 
T*c as a function of different rate of doping Mg.
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IV. Results And Discussion
Doping LN solid solutions with magnesium, gives a 
explication from these models vacancy )( and )(
for description of the structure of non-steochiometric 
compound material LiNbO3 doped with divalent 
magnesium, we have seen that the temperature also 
increases up to 3% and after lightly decrease, this will 
confirm that doping has two different mechanism, a 
3% before and one after that rate. Calculated and 
experimental values of n  for various 

nonstoichiometric doped are illustrated in Figures 4. A 
comparison of the measured refractive indices with 
two vacancy models (before 3% and after 3% Mol:Mg
) is indicate. According to experimental data, the 
refractive indices of LN compounds decreases with the 
increase of doping. In our work, we see that the 
refractive indices also decrease with the increase of 
Mg. We can say that these changes in properties of 
material are strongly related to the elimination of Nb 
ions in the lithium site, bay the substitution of foreign 
ions (Mg) in this site

                                      (a)                                                                                                  (b)

Fig. 4: Experimental (a) and theoretical (b) Evolution of no as a function of λ in the 0.4–1.06 μm range
for LiNbO3 with different rate of doping Mg.

V. Conclusion
In all this work, Vacancies play a fundamental role in 
the variation of the refractive indices, and we found 
much so that the intrinsic structure defect is well 
described by the model of deficient lithium. The 
experimental study shows that doping of LiNbO3 
crystals with magnesium lowers the optical damage. In 
our compounds, that is to say non-stoichiometric LN, 
application of the theory based on the structure 
simplified, combined with theoretical models 
vacancies )( and )( , in refractive indices checked 
out the experience and serves to increase the resistance 
of optical damage.

In the experimental study, they were an 
extension of the Sellmeier equation, where this 
relationship requires some development, it is based on 
experimental measurements. We found that the 
combination approach with the classical equation of 
Sellmeier gives interesting results.
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