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ABSTRACT 

The mechanical properties of undoped and 2.0, 4.0 and 6.0 mol% Mg-doped LN single 

crystals, grown by the Czochralski technique, have been investigated using nanoindentation 

studies to understand the mechanical deformation behaviour as doping is increased. This has 

been correlated with structural investigations by powder XRD analysis and Raman 

spectroscopy. Powder X-ray diffraction measurements show a slight increase in the lattice 
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parameters as the Mg content is increased in the crystal. The lattice strain developed due to 

the doping has been calculated by the Williamson-Hall relation. The influence of Mg 

incorporation on lattice vibrations was analysed using Raman spectroscopy, which indicated 

no shift in the peak positions with doping, and only slight variation in the intensity and width 

of the peaks. The grown crystals were subjected to nanoindentation and the Young’s modulus 

and hardness values were obtained by using the Oliver-Pharr method. The results reveal the 

optimal doping levels of Mg which result in enhanced mechanical strength of lithium niobate 

single crystals. 

1. Introduction 

Single crystal lithium niobate (LiNbO3, LN) is a versatile functional material that continues to 

be under extensive research due to its high demand in areas of device making as diverse as 

second harmonic generators, electro-optic modulators, optical switches, lasers, holography, 

photonics and optical communications [1]. It shows excellent nonlinear optical behaviour [2], 

electro-optic properties [3] and photo refractive effects [4], as well as ferroelectric 

characteristics [5]. LN single crystals were successfully grown by the Czochralski technique 

and reported for the first time by Ballman [6].  

LN is ferroelectric at room temperature with the R3c space group. Single crystals of LN can 

be grown from stoichiometric composition (SLN), with the Li/Nb molar ratio of 50:50 as 

well as from the congruent composition (CLN) with the Li/Nb ratio of 48.6:51.4 [7,8]. It has 

been well established that many of the physical properties of LN crystals depend on the 

composition. Stoichiometric LN single crystals, for instance have fewer defects and show 

large electro-optic coefficient [9] and shorter absorption edge[10]. However, applications of 

SLN are limited because it shows low laser optical damage resistance and strong light-

induced change in the magnitude of the refractive index, as compared to congruent LN 

crystals [11]. 
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The congruent LN single crystals have good optical quality and compositional uniformity 

across the length [12], though it is non-stoichiometric, exhibiting specific intrinsic defects 

like lattice vacancies at Li sites, Nb anti-site defects (NbLi) and oxygen vacancies in its 

crystal structure[13,14]. Thus, the congruent composition of LN leads to natural point defects 

during growth, which generates lattice distortion and geometric strain in the crystalline 

matrix. Even though innovative approaches have focused on the development of applications 

with SLN single crystals, CLN single crystals continue to be preferred for applications due to 

their excellent optical quality. LN crystals are usually grown from the congruent melt using 

the conventional Czochralski method, since it offers optimal control of parameters during the 

growth run, ensuring good quality crystals. 

For device applications, the LN crystal must be homogeneous in the Li/Nb molar ratio, free 

from low-angle grain boundaries and cracks, and colourless for optical applications[15]. 

Optical damage resistance also needs to be improved for LN crystals if they are to function 

reliably when used for nonlinear optical (NLO) applications. The technologically most 

efficient method for defeating the optical damage in LN single crystals is doping with optical 

damage resistant ions. A variety of rare earth ions within a limited threshold concentration 

can be introduced in the LN lattice as dopants to enhance different functionalities of the 

crystal. Reports on the undoped and doped CLN crystals suggest that doping with optical 

damage resistant ions like Mg, In, Zn and Zr etc.[16,17,18,19] may be an efficient way to 

reduce the optical damage in CLN. 

Among these dopants, Mg ion is one of the best materials to enhance  optical damage 

resistance of the LN single crystals. Optical damage resistance by doping with Mg was first 

reported by Zhong et al. [20]. They observed that LN with a 4.6 or higher mol% of Mg added 

to the melt can lead to enhanced optical damage resistance to about a hundred times that of 

the undoped CLN crystal. This was later confirmed by Bryan et al [21]. Doping LN crystals 
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with Mg reduces point defects [22] and also removes the Nb antisite (NbLi 
4+) defects and 

results in enhanced optical damage resistance. There are several reports available in the 

literature on Mg:LN crystal growth, phase equilibrium [23,24],  defect structure[25,26], 

properties and characterisation[27,28,29,30]. 

For device application the grown crystals needs to be sliced and polished with good surface 

roughness, sometimes even ~1 nm [31]. Hence the utilisation of LN in high-performance 

devices requires that the grown single crystals have to be subjected to various machining 

processes including wire saw slicing from an ingot, mechanical polishing or lapping and 

chemical  polishing, to produce a wafer free from cracks and subsurface damage[32,33,34]. 

In view of this, in the present article the mechanical properties of the grown crystals have 

been investigated in detail by nanoindentation studies of undoped and 2.0, 4.0 and 6.0 mol% 

Mg-doped LN single crystals, grown by the Czochralski technique, to understand the change 

in the mechanical behaviour as Mg doping is increased. Further, the nanoindentation studies 

have been correlated with structural investigations by powder X-ray analysis and Raman 

spectroscopy.  In addition to this the SHG efficiencies were measured by Kurtz and Perry 

powder method. 

2. Experimental details 

2.1. Crystal growth process 

For the growth of crystals, MgO (99.999%), Nb2O5 (99.999%) and Li2CO3 (99.999%) were 

used as the raw material. 2.0, 4.0 and 6.0 mol% concentrations of Mg were used as the dopant 

for the current experiments. The Czochralski method using a MoSi2-based resistive furnace,  

coupled with a Cyberstar automatic diameter controlling crystal puller was used for growing 

the crystals. The use of a resistive heating furnace with lower thermal gradient in the growth 

zone- as compared to induction heating furnace- helps to lower the chances of cracking 

during growth and produces good quality single crystals. During trial experiments, the 
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thermal gradient in the furnace was optimised by adjusting the crucible position. Platinum 

crucibles were used for the crystal growth and the temperature of the molten charge was 

measured by an R-type thermocouple. Eurotherm 902 (single loop) proportional-integral-

derivative (PID)-based programmable temperature controller with a resolution of 0.01 K has 

been used to control the heating and cooling.   

The raw materials were mixed properly by ball milling and the starting materials were 

synthesized by solid-state reaction. Seed crystals used to initiate growth were Z-cut samples 

of high quality. Rotation rate ~5-25 rotations/minute and pulling rate ~1-3 mm/hour were 

used to control the growth of the crystal. 

2.2.  Powder X-ray Diffraction 

To confirm the crystal system and for the determination of lattice parameters of undoped and 

2, 4 and 6 mol% Mg-doped LN single crystal, fine powders of all the samples were analysed 

in a Siemens-D500 powder X-ray diffractometer employing CuKα radiation (40 kV, 30 mA). 

The powder XRD data was recorded in the angular range 15o -140o. The step time and size 

for the scan were kept at 15 s and 0.02°, respectively. 

2.3. Raman Spectroscopy 

Raman spectra were measured by using a HORIBA-T64000 Triple Raman Spectrometer 

equipped with a 514.5 nm Ar+ laser made by Spectra Physics, with a beam power of 80 mW 

as the excitation source. The spectra were recorded for a [001] single-crystal wafer for the 

100-1000 cm-1 wavenumber range at a temperature of 293 K. 
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2.4 SHG measurement 

The SHG behaviour of the grown crystals were examined by Kurtz and Perry powder 

technique [35] using potassium dihydrogen phosphate (KDP)  as standard reference. A 

Nd:YAG laser (λ = 1064 nm, input beam energy of 4.7 mJ/pulse, repetition rate of 10 Hz and 

8 ns pulse width) was used as a source. The powdered form of crystals of particle size of 125-

150 μm, densely filled in a microcapillary of uniform bore and exposed to laser radiation. The 

SHG signal generated from the micro crystal was collected by a lens and detected by photo 

multiplier tube. 

 2.5. Nanoindentation 

 The elastic properties play a key role in many applications of single crystals. The knowledge 

of the mechanical deformation behaviour is very important in the making and operation of 

LN based devices successfully. The mechanical properties such as Young’s modulus and 

hardness etc. of a substance give the information about the strength of the material, which is 

determined by structural parameters of the crystal such as the atomic arrangement, the 

interatomic bonding and electronic structure. The nanoindentation testing is a powerful tool 

based on mechanical response parameters, such as elastic and plastic deformation, dislocation 

behaviour, residual stresses, fracture, time-dependent behaviour, and stability of crystal 

surfaces and thin films[36], which are measured under point contact condition. Consequently, 

nanoindentation techniques have emerged as an important tool to understand and correlate 

various properties at the molecular level [37]. In this technique, data is recorded as the 

controlled applied force variation versus the resulting penetration depth of an indenter 

throughout the entire loading and unloading cycle. By using this technique, one can also 

calculate hardness, elastic modulus, and stiffness of the sample. However, the obtained 

parameters are greatly influenced by the surface roughness of the sample.  
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Mechanical properties of the grown crystals were determined by using a  Berkovich 

pyramidal diamond indenter tip, with a rounding of 20 nm (faces 65.3° from vertical axis), 

attached to a fully calibrated nanoindenter (TTX-NHT, CSM Instruments)  by applying 

various loads on it. The measurements were done over a range of force from 50-200 mN, 

with an approach speed of 2000 nm/min. Impressions (distance between two impressions is 

50 μm) with varying load were made at different locations on an optically smooth surface of 

the grown single crystal along the (001) directions. The loading and unloading speed during 

the measurement was  constant, at  20 mN/min with a dwell time of 10 seconds. The formed 

indentation impressions on the samples  were recorded by using an AFM, to see the structural 

deformations.  

3. Results and discussion 

3.1. Crystal growth 

Fig. 1 a-d shows lapped and polished undoped, 2.0% Mg, 4.0% Mg and 6.0% Mg-doped 

CLN single crystals, respectively cut along (001) plane (hereafter termed as LN0M, LN2M, 

LN4M, and LN6M, respectively). For the growth of LN0M, LN2M and LN4M crystals, 

rotation and pulling rates were 5-25 rotations/minute and 3 mm/hour, respectively, which 

resulted in crack-free crystals. However, for LN6M crystal, the above mentioned pulling rates 

resulted in cracked crystals. This is attributed to the lower thermal conductivity in the crystal 

with higher doping concentration[38]. Hence, pulling rate of 1 mm/hour was employed and a 

good-quality crack-free LN6M crystal could be grown. More details of the crystal growth 

have been reported previously in ref. 39. In our earlier study of HRXRD on these Mg:LN 

single crystal sample it has been reported that the FWHM of the diffraction peak is ~ 29-112 

arc sec signifying the good crystalline quality of the grown crystal [39]. 

Further the Mg content in the wafer is close to that content present in the melt as the 

segregation coefficient of Mg in LN is close to unity [40]. Also the growth experiment was 
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carried out in air and chances of loss of MgO due to evaporation is unlikely because of high 

melting point (~2800°C). 

 

 

 

 

 

 

 

 

 

Fig. 1 Lapped and polished (a) LN0M, (b) LN2M, (c) LN4M and (d) LN6M single crystals 

along the (001) plane. 

3.2. Powder X-ray diffraction analysis  

To evaluate the effect of Mg addition on the crystal structure of LN, fine powder of the grown 

crystals was analysed by powder X-ray diffraction(PXRD). The recorded PXRD patterns for 

LN0M, LN2M, LN4M and LN6M crystals were subjected to Rietveld analysis using Fullprof 

software to determine the details of the crystal structure. Fig. 2 a-d shows the experimental, 

calculated, residual and the Bragg peaks for the LN0M, LN2M, LN4M and LN6M crystals 

respectively. The refined lattice parameters are tabulated as Table 1 along with those 

calculated for pure CLN by Abrahams & Marsh [41]. The obtained values of the lattice 

parameter of LN0M is consistent with earlier reports [42]. The refinement software 
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confirmed that the grown CLN crystals were of a single phase and crystallize in the trigonal 

(rhombohedral) crystal system with space group R3c. XRD peaks show that there is no 

significant change in the parent LN lattice due to doping. However, very small variations in 

the intensity may be due to the particle size and batch preparation.  

From Table 1, a small deviation in the lattice parameters was observed with the incorporation 

of Mg into the LN lattice. A systematic increase in the lattice parameters and the unit cell 

volume was noted as shown in Fig. 3. These observations are in good agreement with 

reported results [43,44 ].  Initially the Mg dopant replaces the NbLi, further addition of Mg 

results in incorporation into the Li sites up to a doping concentration of 5.15 mol% [45], 

which compensates for the Li vacancies. At higher Mg content it replaces both the Li and Nb 

sites in such a way as to keep Li/Nb ratio within the solubility limit.  The Li vacancies 

initially decrease due to replacement of NbLi  and then increase till 5.15 mol % Mg. 

Accordingly, the Li/Nb ratio initially remain constant up to 3 mol.% and beyond this it  

decreases further.  As the ionic radius of Mg (86 pm) is higher than Nb (78 pm), but lower 

than Li (90 pm), a slight increase in the lattice parameter is expected due to incorporation of 

Mg and the corresponding Li vacancies in the lattice.  
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Fig. 2 Rietveld refinement of (a) LN0M, (b) LN2M, (c) LN4M and (d) LN6M crystals, 

respectively. 

 

 

 

 

 

 

 

 

Fig. 3 Variation of lattice parameters and volume with varying Mg concentration.  
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Table 1. Obtained lattice parameters after Rietveld refinement of LN0M, LN2M, LN4M and 

LN6M crystals 

Crystal  

Composition 

 a (Å)  c (Å) Volume (Å3) 

LN0M                                            

LN2M 

LN4M 

LN6M 

Undoped LN† 

5.1500(3) 

5.1504(6) 

5.1509(9) 

5.1515(4) 

5.1505(2) 

 13.8650(9) 

13.8664(8) 

13.8683(2) 

13.8713(7) 

13.8649(6) 

318.46(9) 

318.55(8) 

318.66(5) 

318.80(4) 

318.51(3) 

(† calculated by Abrahams &Marsh) [14] 

The sources of lattice strain in the crystal lattice can be dislocations, grain boundaries, 

stacking faults, contact stresses and others[46]. The strain (η) developed in the crystalline 

lattice is given by the Williamson–Hall relation[47] as follows.                                   

                                     ����� = ��
	 + ����                                                                   (1) 

 where � is the FWHM (full width at half-maximum) in radians, � is the Scherrer constant, � 

is the wavelength of the X-rays, � is the Bragg diffraction angle of the peak, and  � is the 

crystallite size. The slope of the ����� versus ��� plot gives the value of � . In the present 

study, the value �  for LN0M, LN2M, LN4M and LN6M crystals are found to be -1.24 x 10-3, 

-4.37 x 10-4, -9.01 x 10-4 and -4.94 x 10-4, respectively as shown in Fig. 4(a-d). In spite of 

taking sufficient care for preparation of the sample and evaluation of FWHM and the 

accuracy of the fitting is not very good. However the negative value of the slope is quite 
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evident from the plot.  Generally, a negative value of � confirms the expansion of the lattice 

around the substituent Mg ion, as discussed in the earlier section, which leads to strain in the 

crystal. Compared to undoped LN, the decrease of strain  in Mg:LN crystals may be due to 

the dopant Mg ions well occupied in the crystal lattice. It is interesting to see that the strain 

for LN6M is less than LN4M and LN2M. As mentioned in the growth condition earlier, the 

cracks were present in LN6M grown at a pulling and rotation rate of 3  mm h-1, 5-25 r min-1 

respectively. Hence, we chose at cooling rate of 50 K h-1 and a low pulling rate of 1 mm h-1 

for LN6M. From the low strain value of LN6M, it is clear that the pulling rate during  growth 

has a significant effect on crystalline perfection. The low strain value indicates that the grown 

Mg:LN crystals are free from strains. 
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Fig. 4 Williamson–Hall plot for  (a) LN0M, (b) LN2M, (c) LN4M and (d) LN6M crystals for 

calculating strain in the grown crystals 

 3.3. Raman Analysis 

The parameters of Raman spectra are very sensitive to the component of crystal structure, 

defects, and deviations from the stoichiometry of LN crystal[48]. Fig. 5 shows the Raman 

spectra of LN0M, LN2M, LN4M and LN6M single crystals which are carried out in the Z(YX)Z 

scattering direction. The peaks in the spectra of the crystal correspond to various vibrational 

modes. The spectra indicate that all the doped crystals exhibit the same peak positions as the 

fundamental phonon modes of undoped LN. The observed peak at 152 and 872 cm-1 are due to 

the E(TO1) and E(LO9) modes of Nb-O vibrations. The E(TO6) mode at about 365cm-1 is 

attributed to Li-O vibration. The E(TO8) mode at about 580cm-1 are identified as the stretching 

vibration of the oxygen octahedron. The E(TO7) band at 432cm-1 corresponds to Li-O 

vibrations[49,50]. There were no variations in the wave numbers of the Raman peaks with Mg 

Jo
urn

al 
Pre-

pro
of



 16   

 

doping concentration, but changes in the Raman intensities and FWHM of the peaks were 

observed. These observations suggest that the addition of Mg dopant causes no basic structural 

change in the crystal lattice except for the changes in the concentrations of point defects as 

analysed by powder XRD. The peak at 872 cm-1 is attributed to LO modes of the Li sub-lattice 

and line-width of the same is correlated to the Li content in the lattice.  The line width (FWHM) 

of the 872 cm-1 peak was evaluated by Lorentz fit and its values are 28.46, 32.77, 38.82 and 

42.67 cm-1 respectively for LN0M, LN2M, LN4M and LN6M sample. The change in half width 

of the peaks with the addition of Mg indicates the increase in disorder within the crystal 

structure[51]. The change in FWHM for E(TO1), E(TO7) may be due to the addition of Mg ions 

which contributes to the disorder in Nb sub-lattice and Li sub-lattice respectively. It is known 

that Mg ions replace the Nb cations at Li sites first, and further increase of Mg gradually replaces 

Li from its sites, leaving some Li vacancies. The observed increase in the Raman line-width may 

be attributed to the presence of vacancies, lattice strain, decrease in Li/Nb ratio and the disorder 

depending on the  the Mg content in the lattice[52]. The presence of Li vacancy defects is in 

correlation with strain calculation from PXRD data. 
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Fig.  5 Raman spectra of  (a) LN0M, (b) LN2M, (c) LN4M and (d) LN6M single crystals 
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3.4 SHG Analysis 

The SHG property of undoped and Mg doped LN samples were confirmed by green light (λ= 

532 nm) output during SHG measurement as described by section 2.4. Output power values 

of LN0M, LN2M, LN4M, LN6M samples are given in Table 2. The Mg dopant enhances the 

NLO efficiency. These observations show that the LN4M samples have high NLO efficiency. 

The relative SHG efficiency of LN0M, LN2M, LN4M, LN6M are 2.88, 3.11, 3.29 and 3.05 

respectively to that of standard KDP crystal. 

Table. 2.  Relative SHG output 

Sample  Power output  

KDP                                                                                       13.6 mV 

LN0M                                                                                    39.2 mV 

LN2M                                                                                    42.4 mV 

LN4M                                                                                    44.8 mV 

LN6M                                                                                    41.6 mV 

 

3.5. Nanoindentation 

For the present study, well lapped and polished crystals for LN0M, LN2M, LN4M, and 

LN6M were selected. For this, the crystals were cut along (001) plane and optically polished 

using fine grade alumina powder. In general the imprint of the indentor may show a slight  

azimuthal angular dependence due to the anisotropic properties of the crystals, hence the 

measurements should be done along a particular direction for proper comparison among the 

samples. If grown along the c axis, LN crystal exhibits characteristic 3 fold symmetric growth 

ridges in the body part as can be seen as three protruded parts along the edges of the wafers 

[Fig. 1]. Along these ridges the atomic arrangement is same. Hence to ensure the accuracy in 
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the measurement, in the present investigation, we have performed the measurements along 

one of the growth ridges to keep the azimuth orientation of the sample same and to have 

accuracy in the measured value. In addition, for evaluating the roughness of the surface for 

proper indentation, the surface topography AFM image was taken. Fig. 6 (a-d) shows low 

resolution and Fig. 6 (e-h) shows the high-resolution surface topography AFM image for 

LN0M, LN2M, LN4M and LN6M crystal. The RMS roughness of the polished surface was 

calculated in a wide area (45 x 45 µm) as well as from the high-resolution AFM image of the 

small area (25 x 25 µm). The RMS roughness values of the z-cut, well lapped and polished 

surface are shown in the respective Fig. 6 (a-h).   

 Fig.  6 (a-d) Wide area and (e-h) small area surface topography AFM image for LN0M,  

LN2M, LN4M and LN6M crystals 

 The standard Oliver and Pharr method [53] was used to analyse the obtained results. The 

hardness, �, is determined from the ratio of the peak indentation load to the projected area of 

the indentation, �� , i.e.: 

                                                                                        � = ����
��

                                                                 (2) 
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The load independent hardness���� calculated  using the  relation [53]: 

                                                              �� = ��                                                                   (3) 

where �  is a constant which depends on the geometry of the indenter, � = 1 24.5⁄  for 

Berkovich indenter and �   is a constant derived from the polynomial fitting of peak load-

indenter displacement plot. The area function �� was calibrated for a standard silica sample 

of known hardness with polynomial function [53]:  

�� = 24.5ℎ� + ()ℎ� + ( ℎ�
)  ⁄ + (*ℎ�

) +⁄ + (+ℎ�
) ,⁄                           (4)     

where, ℎ�  is the contact depth, (), ( , (* and(+  are constants.  

The stiffness . /0�
012 defined as the slope of the unloading segment of the experimental load-

displacement curve at the peak load can be expressed as [53]: 

     ℎ� = ℎ345 − 0.75 × ����
:                                                       (5) 

where ℎ345  is the maximum displacement at the peak load, and the second term is the 

displacement of the specimen surface at the perimeter of the contact at peak load. 

Further, the unloading portion of the load-displacement curve is related by the following 

relation [54] 

                   ; = < �ℎ − ℎ=�3                                                 (6)                    

where ;  is the load applied > and < are material constants,  ℎ is the indenter displacement,  

and ℎ=  is the final displacement after complete unloading. After obtaining the parameters, m, 

by nonlinear curve fitting, the value of, . , can be calculated by differentiating ;  at the 

maximum depth of penetration [55], 

                                           . = /0�
012 =∝ >�ℎ345 − ℎ=�3@)                                                          (7) 
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Fig. 7  Typical load-displacement curve on (001) plane of  LN0M, LN2M, LN4M and LN6M 

crystal for (a) 50 mN (b) 100 mN, (c) 150 mN and (d) 200 mN load. 

The load -displacement curves (P-h) of undoped as well as all the Mg doped LN crystals 

show the similar elastic behaviour under the applied force (Fig. 7 a-d). On a closer look, it 

was observed that the indenter forms only very slight pop-ins. The presence of these pop-in is 

due to the breaking of the molecular interlayer resulting in a sudden penetration of the 

indenter into the sample[56]. Further, the existence of these pop-ins is also related to the 

transition from elastic to plastic regime, which is indicated by the nucleation of plastic 

deformation due to dislocations, cracks and slips [37]. These observations are in consistence 

with previous reports on nanoindentation of LN [57,58]. At a particular load, LN2M, LN4M, 
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and LN6M show comparatively less displacement than LN0M which is evident for the Mg 

doping gives more rigidity in the crystal structure. The Fig. 8 shows the AFM image of a 

typical imprint made after nanoindentation, which allows precise topography imaging in a 

controlled manner. The deformation beneath the indentation area was analysed. No 

indentation-induced cracking was found in the vicinity of the indentation. 

 

 

Fig. 8  A topographic image (AFM) of the triangular indentation mark made using Berkovich 

nano-indenter 

Apart from this Young’s modulus, hardness and stiffness, were also estimated. The relation 

between the contact depth and peak load can be formulated as follows[37]: 

                                   ; = �� + �)ℎ� + � ℎ�                                                               (8)       

 where ;  is the peak load, ��, �), �   are the constants and ℎ�  is contact depth. Fig. 9 shows 

the variation of contact depth (ℎ�) with peak load, for indentation made on the (001) plane of 

LN0M, LN2M, LN4M and LN6M. The curve was fitted with a polynomial function and the 

fitted values for ��, �), � and the load independent hardness ���� value calculated from the 

equation (3) is shown in Table 2. The value of hardness for LN0M, LN2M, LN4M and 

LN6M are 3.996 GPa, 3.959 GPa, 4.449 GPa, 4.245 GPa respectively. The increase in the 
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hardness shows that the addition of Mg ions makes the crystal structure of LN mechanically 

strong. Also, the highest load independent hardness of LN4M crystal suggest that the LN4M 

crystals are mechanically more stable than others. It is interesting to note that Mg doping 

concentration of 4-5 mol% is the optimum (threshold) concentration for  enhancement of the 

mechanical properties of LN. This is consistent with the findings of Zhong et al. [20], who 

have reported that Mg doping concentration of 4-5 mol% resulted in the highest laser damage 

threshold of Mg:LN crystals due to the decrease in intrinsic defects.  
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Fig. 9 Variation of contact depth  with peak load. 
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Table 3 The obtained values for the constants ��, �), �  and the calculated load independent 

hardness value of LN0M, LN2M, LN4M, LN6M crystals. 

 LN0M LN2M LN4M LN6M 

R2 0.99623 0.99919 0.95389 0.99248 

AB 1.78845 -1.21712 16.17387 -1.62725 

AC 0.02164 0.03349 -0.06645 0.03527 

AD (mN nm-2) 0.0000979 0.0000970 0.000109 0.000104 

Ho (GPa) 3.996 3.959 4.449 4.245 

 

 

Further, the stiffness (.) of the sample vs the contact depth at peak load is shown in Fig. 10. 

The relation between stiffness and contact depth is given by 

                                                             . = � + Eℎ�                                                               (9) 

where a is a constant related to indentation tip rounding and the slope b is related to the 

reduced Young’s modulus as[59] 

                                                       Slope =  F GH√24.5                                                 (10) 

A linear relationship between the contact depth and  initial stiffness was observed. Using 

linear fitting the value of slope was calculated and substituted in equation 10 in order to 

calculate the reduced Young’s modulus (GH�. The GH for LN0M, LN2M, LN4M and LN6M 

were found to be 143.75 GPa, 143.44 GPa, 129.79 GPa and 125.35 GPa respectively. A 

decrease in the value of Young’s modulus was observed with increasing doping concentration 

of Mg. The obtained hardness and Young’s modulus are in agreement with the trend 

observed by Palatnikov et al. [60]. 
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The result is in agreement with the structural investigation by XRD in which the strain in the 

lattice is minimum for the doping concentration of 4 mol% of Mg. Also the powder SHG data 

as described in the previous section shows that SHG performance is best for 4 mol% of Mg 

doping. 
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       Fig. 10 Variation of initial loading stiffness  with the contact depth at peak load 
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Table 4 Various parameters obtained from the stiffness vs contact depth plot for LN0M, 

LN2M, LN4M, LN6M crystals 

 LN0M  LN2M  LN4M  LN6M  

R2 0.990298 0.98588 0.949241 0.991578 

Intercept  0.068075 0.055098 0.05817 0.072583 

Slope (mN nm−2) 4.53E-04 4.52E-04 4.09E-04 3.95E-04 

Slope (GPa) 453 452 409 395 

Er (GPa) 143.75 143.44 129.79 125.35 

 

4. Conclusions 

The focus of this study was the investigation of the nanoscale mechanical behaviour of Mg doped  LN 

crystals. Nano-indentation study reveals that the addition of Mg gives high rigidity and 

mechanical strength to the crystal. The highest load independent hardness is observed for 4 

mol% Mg doped LN crystal (LN4M) indicating it as a threshold concentration for the 

enhancement of mechanical properties, in congruence with the optical damage threshold 

which has been reported as the highest for the 4 mol% Mg doped LN crystal.  Undoped and 

Mg doped LN single crystals were successfully grown under optimized conditions by using 

Czochralski technique and variations in crystal structure and NLO behaviour were confirmed 

using PXRD, Raman and SHG. Powder X-ray diffraction confirms good crystallinity and 

shows that there no significant change in the parent LN lattice due to Mg doping.  A slight 

increase in the lattice parameters confirms the incorporation of dopant into the LN lattice, and 

the presence of tensile strain due to vacancies in the crystal structure. The Raman spectra 

shown no change in vibrational modes of the lattice except a slight variation in the intensity 

and peak width with addition of Mg. These observations suggest that the addition of Mg 

makes no basic structural change in the crystal lattice except the change in the concentration 
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of point defects as analysed from powder XRD. A slight increase in half-width of the peaks 

with the addition of Mg indicates the increase in disorder within the crystal structure. The Mg 

dopant enhances the NLO efficiency, and LN4M crystals shows high SHG values.  
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• Mg-doped lithium niobate single crystals 

• Mechanical properties  using nanoindentation studies 

• Structural investigations by powder XRD analysis and Raman spectroscopy. 
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