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Abstract

Manganese mercury thiocyanate (MMTC), a nonlinear optical organometallic single-crystal material, was successfully grown
by the Sankaranarayanan-Ramasamy (SR) method. The as-grown MMTC crystals were subjected to 50 shock pulses and
designated as MMTCS50S. The lattice parameters were measured by single-crystal x-ray diffraction (XRD) with values of
a, b, and ¢ of 11.3150 A, 11.3150 A, and 4.2720 A with a tetragonal system for the pure MMTC, and values of 11.3180 A,
11.3180 A, and 4.2737 A for MMTC50S, respectively. Fourier transform infrared (FTIR) spectroscopy was used to identify
the functional groups present in the MMTCS50S crystal. Scanning electron microscopy (SEM) was used to assess the surface
morphology, which revealed a pattern of minor defects and minor dislocations in the MMTCS50S crystal in contrast to the
pure form because of the shock pulses on the MMTC crystal to create the MMTCS50S specimen. The UV-visible spectrum
showed increased absorption for the MMTCS50S crystal. Fluorescence (FL) studies revealed blue fluorescence emission for
MMTCS50S. Dielectric measurements were carried out and the dielectric constant was calculated for the grown sample. The
piezoelectric coefficients and sensor response at room temperature were also determined for MMTC and MMTC50S. The
maximum sensitivity for the MMTCS50S with a red light-emitting diode (LED) was 8.88%, whereas the blue LED achieved
9% sensitivity.
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Introduction

A major goal in scientific research is the identification and
synthesis of novel crystals for wider application in fields such
as communication, where micro-electronics is the predominant
parameter for growth.!? Crystal engineering and crystallog-
raphy are emerging fields experiencing rapid development in
communications, micro-devices, optoelectronics, and fabrica-
tion. Among the necessary qualities, flawless crystal is the key
parameter in fabrication for the development of nonlinear opti-
cal (NLO) crystal with improved second-harmonic generation
(SHGQ) efficiency for better application potential in frequency
conversion and phase matching.

The most preferred class of crystalline materials for device
fabrication today is organometallic crystals, with their unique
properties including charge transfer and transmission, which
are important parameters for NLO use.>* Specifically, hyper-
coordinated oxygen, sulfur, or nitrogen atoms are attributable
to intramolecular interactions between the organometallic
clusters.>™ The highly unique nature of these specimens is
the presence of soft donor atomic species, which contributes
to their versatile geometry.'*"'> The improved NLO result
is due to the bimetallic types of ligands, mainly thiocyanate
(SCN) crystals. This is owing to the easily locomotive
electronic device use and charge transfer with larger value of
NLO-SHG."'®

An extraordinary representation in the construction of NLO
material is by thiocyanate (SCN) involved in the synthesis
of coordinated clusters with metal ions such as cadmium,
manganese, zinc, and mercury. Studies of coordinated
compounds have identified better NLO-SHG types of
materials.'”?! One compound demonstrating excellent
properties is manganese mercury thiocyanate (MMTC).
Structurally, it has Mn?* and Hg>* as two strong electron
acceptors and SCN ligand as the major electron donor.

This compound is characterized by an intermediate
structure between the small inorganic materials and larger
complex macro materials and is a member of the family
of two-metal-centered complex crystal compounds.?>~*°
Although various methods have been adopted for the synthesis
of MMTGC, existing approaches such as SR and other methods
are still faced with challenges; thus the synthesis of larger,
defect-free specimens is still an important goal of the research
community. Therefore, methods are needed for the growth of
good-quality macro-sized crystals of MMTC to enhance their
application potential %!
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Experimental Synthesis and Reaction
Mechanism of MMTC

MMTC was synthesized using ammonium thiocyanate,
mercury chloride, and manganese chloride as reactants.
Chemical agents of high purity were used for the chemical
reaction, which is specified as follows:

4NH,SCN + HgCl, + MnCl, - MMTC + 4NH,Cl

The MMTC crystal was properly synthesized and purified
by recrystallization with the use of solubility details to
overcome the concentration gradient, and the solution
was mixed continuously for 24 h in a magnetic stirrer. The
crystals were successfully grown over a period of 7-8 days.
The process was effectively enabled by spontaneous
nucleation with the room temperature. Good-quality, defect-
free MMTC crystals were identified for further experiments
and properly harvested. The b-cut MMTC crystal with
thickness of 2x107> m was grown using the customary SR
method. A temperature of 50°C was consistently maintained
on all sides of the growth zone to maintain the proper
stability. The growth of the crystal was enhanced and was
clearly seen within 5-6 days as crystal seed formation and
was finally harvested within 7-8 days. A thin layer of the
solution in the zone between the ampoule and growing
crystal. The fully formed crystal was seen after 40 days
with proper dimensions. Also, a shock pulse with pressure
of 2 MPa with 2.2 Mach shock wave pulses at a temperature
of 864 K was considered with three different categories of
50, 100, and 150 shock pulses, and here the MMTC crystal
sample with 50 shock pulses, designated as MMTCS50S, is
used.

XRD

The lattice parameters were measured by single-crys-
tal x-ray diffraction studies with values of a, b, and ¢ of
11.315 A, 11.315 A, and 4.272 A with a tetragonal sys-
tem with non-centrosymmetric space group 14 for the pure
MMTC and values of 11.3180 A, 11.3180 A, and 4.2737 A
for MMTC50S, respectively, as shown in Table I for ease

Table| Single-crystal XRD data of MMTC and MMTCS50S crystals

Crystal MMTC 618 MMTC50S
a 113150 A 113180 A
b 113150 A 113180 A
¢ 42720 A 42737 A
System Tetragonal

Alpha, beta, and gamma Each 90°

Space group 14
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Fig. 1 Powder XRD pattern of MMTCS50S crystal.

of comparison. The difference in peaks versus the pristine
sample'®!® is due to the impact of 50 shock pulses on the
specimen. The powder XRD (PXRD) pattern of MMTCS50S
is shown in Fig. 1 at 26 angles of 0°-70° and 0—800 arbitrary
units of PXRD intensity, and the pure/irradiated samples are
compared for reference with earlier MMTC work. '8

FTIR Analysis of MMTC50S Crystal

The Fourier transform infrared (FTIR) spectrum of the
MMTC shocked impact crystals was recorded in the range
of 4000-400 cm™". The freshly ground MMTC50S samples
showed a band at 2128 cm™! attributed to CN stretching
vibrations within this range, and a band appearing between
895 and 776 cm™'was attributed to CS stretching vibrations
(N bonding). A peak at 466 cm™" was ascribed to SCN bend-
ing vibrations (N bonding) and a band at 444 cm™! cor-
responded to SCN bending vibration (S-bonding). These
results show that the CN stretching of NH,SCN is slightly
shifted from 2085 cm™! to 2128 cm™! in the present sam-
ple, which confirms the presence of the thiocyanate group
which is linked with the metal ions through the sulfur and
nitrogen. The two weakest absorption bands in the spectra
at 895 and 776 cm™! were due to the effect of N bonded, S
bonded CS stretching of the compounds, respectively, which
is the normal behavior response of ABTC type structural
materials. The bending vibration of the SCN was absorbed
at 466 cm™!, which was evidence of the coordination of the
SCN ligand, and a weak bond was observed near that; thus
the N and S type bonded materials were properly identified
using FTIR analysis for the MMTCS50S crystals as shown
in Fig. 2.

Optical Studies of MMTC50S Crystal

The grown shocked impact on MMTC crystal was ana-
lyzed for UV-visible and fluorescence studies. The absorb-
ance spectrum of the MMTCS50S crystal showed a major

FTIR of MMTCS0S crystal
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Fig.2 FTIR spectra of MMTCS50S crystal.

shift in the absorption peak towards the lower-wavelength
region due to the shocked impact on the MMTC crystal.
The results indicate the effect of absorption around 263
for the MMTC crystal of shocked impact. The absorbance
peaks decreased when the shocked impact was increased
due to the lattice defect in a minor level induced on the
sample. Over the total range of 200—1100 nm, the values
from 300 nm to 1100 nm revealed nearly zero absorbance,
which implies that the transmittance is greater, which is
required in material for nonlinear applications, especially
of higher-order NLOs. The cutoff wavelength is 263 nm,
which gives a bandgap value of 4.7148 eV. The fluores-
cence (FL) spectrum of MMTCS50S showed emission at
484 nm resulting in a bandgap of 2.5619 eV related to
blue fluorescence emission, so blue fluorescence emission
was demonstrated by the MMTCS50S specimen. Therefore,
the energy value was increased because the fluorescence
peak value was smaller than that of the pure crystal, as a
result of the impact of the shock pulses over the sample.
This fluorescence emission may have potential use in bio-
chemical, biomedical, and material-related applications.
Figures 3a, b and 4 illustrate the absorbance, Tauc’s plot,
and the FL data for the MMTCS50S crystal. The bandgap
by the direct approach using Tauc’s plot for 1/n substituted
1/2 leads to power 2 of y-axis components, and the value
of the bandgap by photonic energy versus (ahv)? gives
the photonic utility of MMTCS50S with 4.72 eV by Tauc
and 4.7148 by absorbance data using UV-visible data. A
variance of 0.0052 variance is observed.
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Absorbance data of MMTCS0S crystal
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Fig.3 (a) Absorbance data for MMTCS50S crystal. (b) Tauc’s plot of MMTCS50S crystal.
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Fig.4 FL data of MMTC50S crystal for blue FL emission.

SEM investigation of MMTC50S Crystal
and Electronic Studies of Different MMTC Samples

The surface morphology of the MMTCS50S crystal was
investigated by scanning electron microscopy (SEM,
ZEISS). Some isolated islands were present in the speci-
men, and SEM analysis at a voltage of 10,000 V with SE1
signal, and width of 10 mm, magnified around 3000 times,
shows only a rock-like structure with no flaws, and no
major cracks are observed after the shock pulses, only the
small islands and some of the deepest fingerprint observed
for the specimen MMTCS50S as shown in Fig. 5 for 10 pm
scaling.
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Fig.5 SEM of MMTCS50S crystal.

The materials of the MMTC crystal as per space group
are of non-centrosymmetric case of representing SHG-
NLO,'¢ is subjected to frequency doubling and the output
frequency is double the input one for the normal case and
is 2.13 and 2.16 times for the MMTC and MMTCS50S
veneered samples for frequency enhancers. The voltage
regulation using diodes is increased by 2.4% for MMTC
and 3.2% for the MMTCS50S coated components for use
as regulated power supply control applications. The
electronic filter influx is 2.8956 microns and 2.9972
microns for MMTC and MMTCS50S for opto-electronic
filter use.
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Dielectric Studies of MMTC50S Crystal

The dielectric properties of the MMTCS50S were analyzed,
including the dielectric constant and dielectric loss. An
interrelation exists between the electro-optics and the die-
lectric values of crystalline materials, and the current study
shows the variation in the dielectric constant and dielec-
tric loss at room temperature for varying frequency values
along the x-axis. The dielectric constant is higher in the
low-frequency region, at a value of nearly 95, and slowly
decreases to near zero as the frequency is increased; there is
also a zigzag variation in the dielectric constant values. The
dielectric loss starts at 1.45 and slowly decreases when the
frequency is increased, with two or three places showing zig-
zag variation. The zigzag variation for the dielectric loss and
dielectric constant is due to the impact of the shock pulse
on the MMTC crystals, and the decrease in the dielectric
constant at low frequencies is due to the association of elec-
tronic and ionic orientation and space charge polarization.
This represents the purity and perfect nature of the material
towards the space charge in the low-frequencies region. The
higher dielectric constant in the low-frequency region rep-
resents the defects present at the grain boundary. Compared
to the pure MMTC crystal, the higher dielectric constant
and dielectric loss values for the MMTCS50S crystal are due
to the impact of the shock pulses. The increasing frequency
and corresponding decreasing loss indicate moderately bet-
ter quality of the MMTCS50S crystal versus the pure crystal
specimen. The high dielectric loss in the lower-frequency
region is due to the space charge polarization. The change
in the dielectric loss and dielectric constant compared to the
pure crystal is due to the impact of the shock pulse and the
bond length and bond angle variation by the shock pulses,
which in turn produces a zigzag effect at the middle range

(a) Dielectric constant Vs log f data
100

MMTCS50S
80

60

40

Dielectric constant

log f

of the log f values of the dielectric constant and larger log f
values of the frequencies at the dielectric loss parameters.
Thus, one can conclude that the dielectric loss and dielectric
constant increase with an increase in the number of shock
pulses. Here, 50 shock pulses are used, as shown in Fig. 6a
and b, and further 100 and 150 pulses will be enabled.

Piezoelectric (PE) Effect
and Room-Temperature-Based Sensor Studies
of MMTC and MMTC50S Crystalline Samples

The MMTC and MMTCS50S crystals are subjected to PE
measurement systematically using a piezometer'’ at room
temperature. To improve the electrical outcome, the surfaces
are coated with high-grade Ag. The PE charge coefficient
(denoted as d;3 pC/N) for MMTC is 3.6 pC/N in the recorded
frequency range of 50-300 Hz and for MMTC50S is 3.8
pPC/N. The PE charge coefficient, or PE modulus, describes
the change in volume when the PE specimen is subjected
to an electric field, showing the induced effect of polariza-
tion along the z-axis when stress is along the z-axis and d,
stress is along the x-axis. After polling, no variance in the
PE charge coefficient is observed for each case owing to the
existence of a saturation polarization effect in the crystalline
specimens. Figure 7a and b present the inverse PE effect and
comparison of the coefficients of MMTC and MMTCS50S
using bar charts. The room-temperature-supported sensor
action of MMTC and MMTCS50S at 28.6° C with 52.4% and
53% humidity reveals that the max of 5400 s on the x-axis
and the 1 for counts—intensity values along the y-axis show
the variance in both cases. For MMTC, the linear fit for y of
7% 1075 x40.2301 with R? of 0.1743 gives 7.77% sensitivity
of the MMTC, whereas the MMTCS50S, with y of 8 X 1073
x+0.1876 and R? of 0.2466, achieves 8.88% sensitivity.
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Fig. 6 (a) Dielectric constant of MMTCS50S crystal. (b) Dielectric loss of MMTCS50S crystal.
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Between the MMTC and MMTCS50S, for PE and sensor
applications, MMTCS50S is thus preferred given the values
and sensitive nature, as shown in Fig. 7c and d for MMTC
and MMTCS50S, respectively.'~'® The blue light-emitting
diode (LED)-based sensor work of MMTC50S, showing
time varying from 0 to 6000 s and intensity from 0.31 to
0.51 counts with y of 9x 107 x+0.3591 and R? of 0.2768,
gives blue LED sensitivity of 9%, and the pure with other
shocked impact is further reported soon for blue LED work
near future.

Display Profile, Void Space, and Cloned Impact
of MMTC Crystal

The computational analysis of the MMTC crystal is shown
for the projected display and the spacing and gap inside
the solid crystal and the cluster combination of mapping
of interactions using software tools. The MMTC crystal is
analyzed for the (101) Miller index profile with distance
of 6.7545 A from the origin with Z_;, and Z,,,, of 0.002
and 11.25 for Y-M-C (yellow, magenta, cyan) with recursive
mapping of saturation of maximum value of 0.9964 (0.38%)
and minimum value of —0.0001 (—0.001%) for the (101)
mode as shown in Fig. 8a. The void spacing of MMTC is

(b)

(@)

shown in Fig. 8b with the median voids of the crystal, and
the clustered cloned impact of MMTC for the normalized
profile of interaction is shown in Fig. 8c for harboring/ther-
mal mapping for further analysis.

Results and Discussion

In this work, MMTC is effectively synthesized using
ammonium thiocyanate, mercury chloride, and manganese
chloride as reactant materials to synthesize the MMTC50S
crystal. The crystals are successfully grown over a period
of 7-8 days.

The lattice parameters are measured by single-crystal
x-ray diffraction studies with values of a, b, c of 11.315 A,
11.315 A, and 4.272 A with a tetragonal system with
non-centrosymmetric space group 14 for the pure MMTC
and values of 11.3180 A, 11.3180 A, and 4.2737 A for
MMTCS50S, respectively.

The FTIR spectrum of the MMTC shocked impact
crystals is recorded in the range of 4000-400 cm™". Freshly
crushed MMTC50S samples are measured for FTIR data and
the functional groups are reported.

Fig.8 (a) YMC (101) profile of MMTC crystal. (b) Void spacing of MMTC crystal. (c) Cloned clustering of normalized interaction mapping of

MMTC crystal.
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The results show the effect of absorbance with a cutoff
wavelength of 263 nm which gives a bandgap value of
4.7148 eV. The fluorescence (FL) spectrum of MMTC50S
shows fluorescence emission at 484 nm, which gives a
bandgap of 2.5619 eV related to the fluorescence emission,
which is blue in color, thus indicating blue fluorescence
emission from the MMTC50S specimen.

Analysis of the surface morphology of the MMTC50S
crystal (ZEISS SEM) shows some isolated islands present
in the specimen, with no flaws, and no major cracks are
observed after the shock pulse, only the small islands and
some of the deepest fingerprint observed for the specimen
MMTCS50S as mentioned for 10 pm scaling.

The increase in the dielectric constant at low
frequencies is due to the association of electronic and ionic
orientation and space charge polarization. This represents
the purity and perfect nature of the material towards the
space charge in the lower-frequency region. The higher
dielectric constant in the low-frequency region represents
the defects present at the grain boundary. Compared to
the pure MMTC crystal, the higher dielectric constant and
dielectric loss values for the MMTCS50S crystal are due to
the impact of the shock pulses. The increasing frequency
and corresponding decreasing loss indicate the moderately
better quality of the MMTCS50S crystal versus the pure
crystal specimen. The charged lattice defects represent the
larger dielectric loss in the lower-frequency region which
is due to the impact of the space charge polarization.
The change in the dielectric loss and dielectric constant
compared to the pure crystal is due to the impact of the
shock pulse and the bond length and bond angle variation
by the shock pulses.

The PE charge coefficient (d;; pC/N) of MMTC is 3.6
pC/N in the recorded frequency range of 50-300 Hz and
3.8 pC/N for MMTCS50S. The room-temperature-supported
sensor action of MMTC and MMTCS50S of 28.6°C with
humidity of 52.4% and 53% concerned with max of 5400 s
as the x-axis and 1 as counts—intensity values along the
y-axis show variance in both cases. For MMTC, the linear
fit of y as 7x 107 x+0.2301 with R* of 0.1743 gives
7.77% MMTC sensitivity, whereas the MMTCS50S with
y of 8107 x40.1876 with R? of 0.2466 gives 8.88%
MMTCS50S sensitivity. Between MMTC and MMTCS50S,
for piezoelectric and sensor applications, MMTC50S
is preferred by the values and sensitivity for MMTC and
MMTCS50S, respectively. The blue LED work shows 9%
sensitivity for MMTCS50S.

The MMTC crystal was analyzed for the (101) Miller index
profile with a distance of 6.7545 A from the origin, with Z vin
and Z_ .. of 0.002 and 11.25 for Y-M-C [yellow, magenta,
and cyan] with recursive mapping for the (101) mode; also,
the void spacing of MMTC is characterized by median voids
of the crystal, and the clustered cloned impact of MMTC for

@ Springer

normalized interaction profile for harboring/thermal mapping
for further analysis.

Conclusion

A nonlinear optical MMTC single crystal was grown using
the SR method. The MMTC single crystal was properly
developed through exposure to 50 shock pulses and designated
as MMTC50S. The parameters of the pure MMTC crystal
compound were a= 11.315 A, b=11.315 A, and c=4.272 A
with a tetragonal system. The shocked MMTCS50S parameters
were a=11.3180 A, h=11.3180 A, and c=4.2737 A. The
functional group of the MMTCS50S crystal was clearly
identified from the FTIR spectra. The SEM analysis showed
that the surface morphology of the MMTCS50S crystal was
characterized by minor defects and minor dislocations in
contrast to the pure form of MMTC. The absorbance value
of MMTCS50S was increased by UV-visible spectra. The
fluorescence study of MMTCS50S showed emission spectra
with blue fluorescence related to the shocked form of the
compound. Dielectric measurements were carried out and the
dielectric constant/loss were calculated for the grown sample.
The computational data indicated potential for use in devices
and for piezoelectric and sensor-based applications for the
MMTC and MMTCS0S crystals. The blue LED work showed
9% sensitivity for MMTCS50S, greater than for red LEDs.
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