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ABSTRACT 

Nonlinear optical (NLO) metal organic single crystal of Mercury Cadmium Thiocyanate (MCTC) was grown by 

slow cooling method in aqueous solution. The crystal system and lattice parameters were determined from single crystal X-

ray diffraction analysis. The experimental parameters based on single X-ray diffraction data of the crystal such as valence 

electron plasma energy, Penn gap, Fermi energy and electronic polarizability have been calculated. Field Emission 

Scanning Electron Microscope analysis reveals that the surface has minor defects with well defined growth patterns. The 

UV-Vis-NIR study of MCTC shows transparency in the entire visible region of the spectrum. The absorbance of MCTC 

crystal has been used to calculate the refractive index (n), the extinction coefficient (K) and the real and imaginary parts of 

dielectric constant (�). Photoconductivity studies reveal the photoconducting nature of the sample. The AFM images 

confirm the formation of hillocks with cavities and smooth surface of the crystal. Thermal stability of the material was 

investigated by thermogravimetric analysis. Kurtz and Perry powder technique revealed the SHG property of MCTC and 

the efficiency was found to be 1.4 times higher than KDP. 
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1. INTRODUCTION 

The organometallic complexes of thiocyanate are desirable nonlinear optical materials for realizing blue-violet 

light by frequency doubling of laser radiation. The experiments conducted by different research groups effectively favor 

the possible use of this class of materials for various nonlinear optical and photonic device fabrications [1, 2]. The main 

aspect of utilizing organometallic structures for nonlinear optics is their unique charge transfer either from metal to ligand 

or ligand to metal [3]. Thiocyanate (SCN) ion is a good chromophore for second order NLO properties, that forms 

coordination compounds with divalent ions  such as  Zn 2+, Cd2+, Mn2+ and Hg2+ on the basis of  molecular interaction and 

double ligand model [3]. The in-depth study of these crystals point out that the research of new efficient NLO crystals 

based on SCN chromophores having two transition metals is attractive strongly for the design of noncentrosymmetric 

materials. Bimetallic thiocyanate complex crystals such as MMTC, MCTC, ZMTC and ZCTC exhibit unique characteristic 

such as high SHG efficiency nearly 10 times or more than that of urea with high thermal stability, wide optical 

transmission window, better mechanical strength and more stable characteristics than some of the well known organic and 

semi organic NLO crystals [4-7]. Hence, it is believed that exploring the NLO properties of metal organic crystals will be 

significant in the search for new NLO materials. However, to make further inroads into the possible exploitation of this 

interesting class of materials, a complete and systematic approach is to be undertaken to improve the size of the crystals. 
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Mercury cadmium thiocyanate (MCTC) is a good nonlinear optical material.  In MCTC, the SCN ligand is a good 

electron supplier, whereas, Cd2+ and Hg2+ are two strongly accepting ions. It belongs to two metal centered complex 

compounds family, which has the intermediate structural features between small inorganic crystals and large complex 

macromolecular crystals. Therefore, such crystals however have efficient optical, physical and thermal properties. So, 

attempts are made to grow MCTC crystals in desirable dimensions for devices. The grown crystals are characterized by 

single crystal XRD analysis, Field emission scanning electron microscopy, Fourier Transform Infrared Analysis, Energy 

Dispersive X-ray analysis, UV absorption spectral study, Electrical conductivity, Dielectric studies, Photoconductivity, 

Atomic Force microscopy and Second harmonic generation (SHG) efficiency. The experimental parameters related to NLO 

activity from single crystal X-ray analysis are also calculated. The results of these studies are discussed detailed in this 

chapter. 

2. EXPERIMENTAL DETAILS 

2.1 Solubility 

Solubility is one of the most important parameter to grow good quality crystals in low temperature solution 

growth method. Solubility corresponds to saturation of salt in the solution at a given temperature and pressure. As the 

growth rate of a crystal depends on its solubility and temperature, determination of solubility in a particular solvent is an 

essential criterion for obtaining large single crystals. The solubility of MCTC was determined in the temperature range 

between 30-60°C by gravimetric analysis in an airtight container maintained at a constant temperature bath with 

continuous stirring. After attaining saturation, the equilibrium concentration of the solute was analyzed and the solubility 

curve obtained is shown in Figure 1. It is observed that MCTC has positive solubility gradient with a solubility of 2 

gm/100ml at 35 ̊ C. 

2.2 Synthesis and growth of the crystal 

Mercury Cadmium thiocyanate HgCd(SCN)4 was synthesized by taking ammonium thiocyanate, mercury chloride 

and cadmium chloride in the stoichiometric ratio. The starting materials were of analytical reagent grade and used as 

purchased. The raw materials used for the crystallization process is synthesized in deionized water based on the following 

reaction, 

 4��4��� + ���	2 + �
�	2 − −−→ �
������4 + 4��4�	 

The synthesized salt was recrystallised by using water + ethanol (2:1) as a solvent. The prepared solution was 

thoroughly stirred to avoid co-precipitation of the salt. To improve the purity of the synthesized salt, recrystallization 

process was repeated twice. The saturated solution prepared by the purified synthesized salt under constant low 

temperature yields optically good quality crystals of MCTC within 35 days. The photograph of the as grown single crystal 

is shown in Figure 2. 

2.3 Characterizations 

The single crystal X-ray diffraction analysis was carried out using ENRAF NONIUS CAD4 Diffractometer. The 

structure was solved by the direct method and refined by full matrix least square technique using SHELXL program. The 

FTIR analysis of MCTC single crystal was carried out using KBr pellet technique by IFS BRUKER 66v spectrometer. The 

FESEM studies were carried out using Field Emission Scanning Electron Microscope. The optical absorption spectrum 
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was recorded in the wavelength 250-1000 nm using VARIAN CARY 5E spectrophotometer. Dielectric measurements 

were carried out using HIOKI LCR HITESTER in the frequency range 50Hz to 5MHz for different temperatures. The 

second harmonic generation test was performed using Kurtz and Perry technique. An optical study was performed by 

means of Bright field/ Fluorescence microscopy using Nikon Eclipse 80i. To collect the three dimensional image for 

MCTC crystal, NT-MDT, NTEGRA PRIMA – Modular AFM was used. The measurements of photocurrent and dark 

current were done using the Picoammeter (Keithley 480). 

3. RESULTS AND DISCUSSIONS 

3.1 Single Crystal XRD and Fundamental Parameters 

Single crystal X-ray diffraction analysis reveals that the grown MCTC single crystal belongs to tetragonal 

structure with 14 space group. The calculated lattice parameters for the crystal was found to be a = b =11.382 Å, c= 4.197 

Å and the crystallographic data given in Table 1 are in good agreement with the reported value [8].  The calculated value of 

the molecular density of the grown crystal was found to be ρ = 3.336 g/cm3. The valence electron plasma energy ℎ�p is 

obtained by, 

ℎ�p  = 28.8 ��ρ
� � 1/2                                                                                                                                                    [1] 

Where, z is the total number of valence electrons, ρ the density and M the molecular weight of MCTC crystal. The 

explicit factors depending on ℎ�p are the Penn gap �p and the Fermi energy EF given by, 

�p =  ��p

��� �1/2                                                                                                                                                            [2] 

Where, �r is the highest value of dielectric constant 

EF = 0.2948 (ℎ�!) 4/3 

The electronic polarizability ∝ was obtained using the relation, 

∝ = # ��p�2$o

��p�2$o%&'p
2( ×  �

*  × 0.396 × 10-24 cm3                                                                                                         [3] 

Where, S0 is a constant given by  

0o = 1 − # 'p

1'F
( +  

& # 'p

1'F
( 2                                                                                                                                                                                                                  [4]  

The value of ∝ so obtained agrees well with the Clausius-Mossotti relation, 

∝ =  &�
123a

�r� �
�r%4�                                                                                                                                                         [5] 

Where Na is the Avogadro number. The calculated fundamental parameters of the grown MCTC crystal are 

presented in Table 2.  

3.2 Optical Absorption Studies 

The optical absorption spectrum of the MCTC crystal in the wavelength range 300 – 900 nm is shown in Figure 3. 

Examination of the spectrum from lower to higher wavelength reveals very less and insignificant absorption between 350 

nm – 900 nm and is desirable for a material possessing NLO property. The absorption in the region between 380 nm and 

900 nm shows that this crystal is good enough for the second harmonic generation. From the spectrum, it is also evident 
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that the material has a lower cut off wavelength of 346 nm, which is in agreement with the reported value [9]. Hence, it can 

be utilized for SHG from a laser operating at 1064 nm or other optical application in the blue region. Thus, the present 

study confirms the relatively better optical quality of MCTC crystal and increases the UV tunable laser applications. 

The optical band gap was evaluated from the spectra employing Tauc’s relation. The absorption coefficient (α) is 

calculated using the equation, 

   5 =  
6 log  

:                                                                                                                                                             [6] 

Where T is transmittance and t is the thickness of the crystal used for absorption study. The absorption coefficient (α) and 

the incident photon energy (hʋ) is related by the following equation, 

)(2)( gEhAh ννα =
                                                                                                                                          [7]

 

Where A is a constant and Eg the optical band gap. The estimated value of Eg can be determined by extrapolation 

of the linear portion of the curve to the hʋ axis. Figure 4 shows the curve of (αhʋ)2 versus photon energy (ℎ;�. The 

estimated value for MCTC crystal is 3.71 eV, which is in agreement with the reported value [10]. The dependence of 

optical absorption coefficient with the photon energy helps to study the band structure and type of transition of electron. 

The Reflectance (R) in terms of absorption coefficient and the related parameters are obtained by the relation, 

< =  =>? �∝6�±A=>?�∝6�:�=>?�&∝6�:%=>?�4∝6�:4
=>?�∝6�%=>?�4∝6�:                                                                                                      [8] 

Where   B =  �C�2 =>? �∝6�
 �C2 =>? �4∝6�                                                                                                                                       [9] 

The extinction coefficient is calculated using the formula D = E ∝/4G 

Refractive index (n) can be obtained from the reflectance data using 

  H = −< + 1� ± 4√C
C� �  

The refractive index (n) is found to be 1.03 at λ = 900 nm. From the optical constants, the electric susceptibility 

(χc) can be obtained from the relation [11]    

�r = �0 + 4GJc = H2 − D2                                                                                                                                       [10] 

Hence  Jc = K2�L2��0

12                                                                                                                                                 [11] 

The value of electric susceptibility calculated at λ = 900 nm is found to be 0.7706. The real part dielectric constant 

(ϵr) and imaginary part dielectric constant (ϵi) is calculated using the relations [12]. 

ϵr = n2-K2 and ϵi = 2nK 

The values of real ϵr and imaginary ϵi dielectric constant at λ = 900 nm are 0.967 and 3.59 x 10-5 respectively. 

 3.3 Fourier Transform Infrared Analysis 

The FTIR spectrum for the grown MCTC crystal is shown in Figure 5 and the vibrational assignments are 

presented in Table 3. From the spectrum, it is evident that the intense sharp peak at 2102 cm-1 is assigned to CN vibrations. 
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The CS vibration is observed to produce a less intense peak at 714 cm-1. The peaks at 508 cm-1, 929 cm-1 are due to the 

bending modes of NCS. In the higher energy region, OH vibrations of H2O produce more intense broad band at 3588 cm-1. 

The bending mode of water is seen at 1610 cm-1. The assignment of the main characteristic IR band frequency of MCTC is 

in good agreement with literature [13]. 

3.4 Epifluorescence Analysis  

Fluorescence is a molecular phenomenon in which a substance absorbs light of some colour   and instantaneously 

radiates light of another colour with lower energy and thus longer wavelength. This process is known as excitation and 

emission. The most important advance in fluorescence microscopy was the development of episcopic illumination for 

fluorescence microscopes in 1929. The first epifluorescence microscope eventually used half-silvered mirrors for the 

beamsplitter, with a maximum efficiency of 25%. Fluorescence may be expected generally in molecules that are aromatic 

or contain multiple conjugated double bonds with a high degree of resonance stability [14]. Fluorescence finds wide 

application in the branches of biochemical, medical, and chemical research fields and also used as lighting in fluorescent 

lamps, LED etc. The Epifluorescence emission spectrum for MCTC was recorded using Nikon Eclipse 80i in the 

wavelength range 400 – 700 nm. It is observed from the fluorescent image shown in Figure 6 that the compound has 

complete emission and exhibits green fluorescence at 530 nm [15].  Hence the fluorescence excited at 390 nm reveals 

complete emission of fluorescence image at around 530 nm as indicated in Figure 7. This emission of green light confirms 

the SHG property of the crystal. 

3.5 FESEM Analysis 

The FESEM photographs of MCTC shows that the crystal surface contains voids of irregular size as shown in 

Figure 8(a). At higher magnification, dendrites like growth pattern were visibly prominent and formation of microcrystals 

is also evident from the micrographs of Figure 8(b). These changes could probably be caused due to the fluctutation of 

mercury and cadmium metals when the ligand bridges them to form 3D network [16]. The well defined pattern that 

controls over the growth parameters results in the quality of the grown crystal. Figure 9 shows the EDAX spectrum of the 

MCTC crystal having all the elements of the crystal without the absence of impurity. The weight % of elements present in 

the crystal is given in Table 4. 

3.6 Atomic Force Microscopy  

Atomic force microscopy (AFM) is a new and rapidly advancing technique, with a unique approach for observing 

crystal growth dynamics as well as imaging and measuring surface features in nanometer resolution. To observe the three 

dimensional image for MCTC crystal, NT-MDT, NTEGRA PRIMA – Modular AFM was used and attached to a cantilever 

spring across the surface of a solid sample in semi contact mode. Monitoring the movement of the cantilever leads to a 

high resolution 3-D AFM image of the sample’s topography with phase and amplitude as shown in Figure 10. The surface 

roughness profile indicates that (Sa = 3.875 nm) the sample possesses almost smooth surface. The ten-point height (Sz), 

which is regarded as the difference in height between the average of the five highest peaks and the five lowest valleys 

along the assessment length of the profile was found to be 25.8811nm. Another parameter, surface kurtosis Rku is the 

measure of sharpness and the measured values of MCTC are presented in Table 5. If Rku > 3, the surface is said to have 

more peaks than valleys and if Rku < 3, the surface is regarded as a perfectly flat one. From the skewness data, it is 

concluded that the crystal possesses almost a smooth surface. The average roughness and root mean square values in an 
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image are affected by a large number of peaks and valleys. It has been reported that the skewness moment is positive if the 

height distribution is asymmetrical and if the surface is planar, the skewness moment is negative. Figure 11 shows the 2 

dimensional AFM micrographs where the grain distribution is found to be uniform. The grain size increases with increase 

in the thickness of the surface, which is due to large ionic radius of Cd causing larger clumps of unit cells or grains. The 

amplitude parameters give information of the histogram heights and other extreme properties as depicted in Figure 12. The 

size of the histogram showed that during the growth the mean diameter increased together with the change in the 

distribution width of the material [17]. 

3.7 Thermal Analysis 

From the TG/DTA spectrum shown in Figure 13, it is noted that MCTC exhibits two stages of weight loss. At 

160˚ C, breakdown of three-dimensional steric structure takes place with the evaluation of (CN)2  corresponding to the 

weight loss in the first step and proceeds till 430˚ C. So, the sample is stable upto160˚ C [18]. The first stage of weight loss 

may be due to dehydration of the material and this dehydration is shown as endothermic peak at 296  ̊C in DTA graph. The 

second stage of weight loss occurs between 430˚ C to 630˚ C. The major weight loss in the second step corresponds to the 

evaluation of nitrogen gas, carbon disulphide and sublimation of mercury. 

3.8 Electrical Conductivity 

The dc electrical conductivity measurements were carried out for the MCTC crystal using the conventional two-

probe technique in the temperature range 313 - 423 K. The dc electrical conductivity (σdc) of the crystal was calculated 

using the relation σdc= t/RA 

Where, R is the measured resistance in ohm, t is the thickness of the sample and A is the area of sample face in 

contact with the electrode. The σdc values were fitted into the equation 

Mdc = M0 exp − 'd

Q:�                                                                                                                                                 [12] 

Electrical conductivity depends on transport of charge carriers in the crystal. The σdc values in the temperature 

region studied are found to increase with temperature for MCTC crystal. The electrical conduction is mainly a defect 

controlled process in low temperature region. It is observed from the Figure 14, the electrical conduction of MCTC is low 

at lower temperature owing to trapping of some carriers at defect sites, which is predominantly due to moment of defects 

produced by thermal activation [19] whereas the value of conductivity ln σdc is found to increase with temperature. The 

activation energy evaluated from the slope of the Arrhenius plot was found to be 1.03 eV as shown in Figure 15. 

3.9 Dielectric measurements 

The dielectric constant and loss were measured in the frequency range from 50 Hz to 5MHz for different temperatures 

of the grown MCTC crystal. Good quality cut and polished crystal was selected for dielectric studies. The dielectric 

constant was calculated using the relation, 

�R = ST
UεV

                                                                                                                                                                  [13] 

Where C is the capacitance, d is the thickness and A is the area of the sample. The plot of dielectric constant Vs 

log of frequency for different temperatures is shown in Figure 17 and the corresponding dielectric loss Vs log of frequency 

is depicted in Figure 16. It is observed that both the dielectric constant and dielectric loss decreases with increase in 
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frequency. The large values of dielectric constant at low frequency enumerate that there is a contribution from all four 

known sources of polarization namely, electronic, ionic, dipolar and space- charge polarizations. Space charge polarization 

is generally active at lower frequencies and high temperatures [20]. Further, the space charge polarization is dependent on 

the purity and perfection of the material. The decrease in the value of dielectric constant with frequency is due to the fact 

that the frequency of electric charge carriers cannot follow the alternation of the ac electric field applied beyond a certain 

critical frequency. In accordance with the Miller’s rule, the characteristics of low dielectric constant at high frequency 

suggest that the sample possesses enhanced optical quality with fewer defects [21]. The very low value of dielectric 

constant at higher frequencies is important for the fabrication of materials for ferroelectric, photonic and electro-optic 

devices. 

3.10 Photoconductivity Studies 

Figure 18 shows the variation of both dark and photocurrent with applied field. It is observed from the plots that 

both dark and photocurrent of the sample increase linearly with the applied field and the dark current is less than the 

photocurrent at any instant for the same applied field. This phenomena exhibited by the sample may be due to the reduction 

in the number of charge carriers or their life time in the presence of radiation. Decrease in lifetime with illumination, could 

be due to the trapping process and increase in carrier velocity according to the relation, 

τ = (vsN)-1 

Where, v is the thermal velocity of the carriers, s is the capture cross section of the recombination centres and N is 

the carrier concentration. As intense light falls on the sample, the lifetime of the carrier decreases. The phenomena of 

photoconductivity based on Stockmann model have basically two levels. One level is located between the Fermi level and 

the conduction band, while the other is close to the valence band. The second state has high capture cross sections for 

electrons and holes. Thus the total number of mobile charge carriers is reduced due to incident radiation. This may be due 

to more positive charge nature of cadmium and mercury metal ions [22]. 

3.11 Second Harmonic Generation (SHG) Studies 

The NLO efficiency of the crystal was estimated by using Kurtz and Perry technique [23]. A Q switched mode 

locked Nd:YAG laser operating at 1.06 um and generating pulses of 10 ns was allowed to pass through the crystal. The 

SHG signal was confirmed by the emission of green radiation of the sample collected by photomultiplier tube and 

displayed on the oscilloscope. The well known KDP crystal was taken as reference material to compare the SHG 

conversion efficiency of MCTC. The laser was incident normally on the capillary tube filled with sample and output from 

the sample was passed through monochromater to collect the intensity of 532 nm component [24]. The results indicate that 

the efficiency of frequency doubling in MCTC crystal is 1.4 times better than KDP crystal. 

4. CONCLUSIONS 

Good quality organometallic compound of MCTC was grown by slow cooling method within a period of 35 days. 

The structure of the grown crystal material was confirmed by single crystal XRD studies and the fundamental experimental 

parameters have been measured. The FTIR spectrum confirms the presence of functional groups in the compound. The 

FESEM studies show that the crystal contains good surface with few voids of irregular size and dendrite growth patterns. 

Energy dispersive X-ray analysis confirms the chemical composition of the crystal in weight percentage. The optical 
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absorption study reveals that the sample possesses very low absorbance in the visible region. The frequency dependence of 

dielectric constant decreases with increasing frequency at different temperatures. The UV cut-off wavelength of MCTC 

crystal is found to be 346 nm. Band gap analysis reveals that the crystal has large band gap for large photon absorption. 

TG/DTA analysis implies that MCTC is thermally stable up to 160  ̊ C. Photoconductivity study reveals that the 

photocurrent is greater than the dark current at varying fields. The NLO efficiency of the crystal was estimated by Kurtz 

and Perry technique. 
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Figure 1: Solubility curve of MCTC 

 

Figure 2: Photograph of as Grown MCTC Crystal 
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Figure 3: Optical Absorption Spectrum of MCTC

Figure 5: FTIR Spectrum of MCTC

 

                                                                                                      S. Cynthia, A. Victor Anthony Raj

                                                                                                                                            

 

Figure 3: Optical Absorption Spectrum of MCTC

2.0 2.5 3.0 3.5 4.0
0

5

10

15

20

25

 

 

(α
hυ

)2 (1
03  c

m
-1
 e

V
)2

Energy hυ (eV)
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Figure 3: Optical Absorption Spectrum of MCTC 
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Figure 6: Epifluorescence 
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Epifluorescence Image of MCTC Single Crystal

ure 7: Emission Spectrum of MCTC Crystal 

(a)                                                                      (b) 
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Figure 9: EDAX Spectrum of MCTC Crystal 

 
Figure 10: Three Dimensional Image of MCTC Crystal 

 
Figure 11: Two Dimensional AFM Micrographs of MCTC Crystal 
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ure 12: Histogram Peak of MCTC Crystal 

 

ure 13: TG/DTA Curve of MCTC Crystal 
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14: Electrical Conductivity of MCTC Crystal
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Figure 15: Temperature Dependent Conductivity for MCTC 
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Figure 16: Dielectric Loss vs Log of Frequency 
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Figure 17: Dielectric Constant vs Log of Frequency 
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Figure 18: Photoconductivity Curve for MCTC Crystal 

 

Table1: Single Crystal XRD Data of MCTC Crystal 

Crystal Formula HgCd(SCN)4 
Crystal System Tetragonal 
Space group I4 
a (Ǻ) 11.382 
b (Ǻ) 11.382 
c (Ǻ) 4.197 
α (deg) 90 
β (deg) 90 
γ (deg) 90 
Volume (Ǻ)3 543.21 

  
Table2: Fundamental Parameters of MCTC Crystal Obtained at Room Temperature 

Plasma 
Energy (eV ) Penn gap (eV) Fermi Energy 

(eV) 

Polarizability/cm 3 

Penn Analysis Clausious 
Mossotti 

9.884 1.374 39.60 6.4607x10-23 6.0825x10-23 
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Table3. Assignments of IR Band Frequencies of MCTC Crystal 

Band Frequencies for 
MCTC Crystals (cm-1 ) Assignment 

2102 CN stretching 
714 CS vibration 
508 NCS bending 
929 NCS bending 
3588 OH vibration 
1610 H2O stretching 
900 C- H bending 

 
Table 4: Energy Dispersive X-ray analysis data of MCTC crystal 

Element Weight% Atomic% 
C K 18.91 44.15 
N K 9.55 19.15 
O K 6.65 11.65 
S K 19.17 16.76 
Ta L 1.42 0.43 
Cd L 15.40 3.85 
Hg M 28.69             4.01 

   
Total 100.00  

Table 5: Roughness Analysis of MCTC Crystal 

Peak-to-peak (Sy) 51.974 nm 
Ten point height (Sz) 25.881 nm 
Average Roughness (Sa) 3.875 nm 
Root Mean Square (Sq) 5.176 nm 
Surface skewness (Ssk) 0.2914 
Coefficient of kurtosis, Rku 1.4387 

 
 
 

 

 

 

 

 


