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In the present study, we have focused on the growth of semi-organic single
crystals, as they play a vital role in the generation of a terahertz pulse and its
potential applications. The single crystals of L-histidine hydrochloride mono-
hydrate (LMHCL) were grown by slow evaporation solution growth by using
deionized water as a solvent in a controlled atmosphere. Good quality crystals
of the required size were obtained within 2 weeks. To estimate the lattice
dimensions and get the structural information, powder x-ray diffraction
(PXRD) study was performed in which we have found that the crystal belongs
to the orthorhombic crystal system with space group P212121. The functional
groups and the corresponding vibrational mode were confirmed using Fourier
transform infrared (FTIR) and Raman spectroscopy, respectively. To study the
optical properties UV–Vis transmission spectrum and photoluminescence (PL)
were recorded. It was observed that the single crystal has a high value of
transmission over a long range of wavelength which signifies that the crystal
is a good candidate for nonlinear optical (NLO) applications. The UV cut-off
wavelength is found to be 236 nm. The grown single crystals were studied by
time-domain terahertz spectroscopy (THz-TDS) for photonic applications and
the refractive indices were calculated and it is found that the refractive index
is nearly equal to 3.4.
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INTRODUCTION

Recently, nonlinear optical (NLO) crystals are of
increasing importance and find a greater consider-
ation because of their potential applications in
terahertz (THz) generation, THz imaging & spec-
troscopy, laser amplifiers, ultrafast switches, optical
devices, etc. in everyday life.1 Synthesizing,

engineering, and designing these new nonlinear
optical (NLO) materials are a major research focus
for scientists and researchers.2 Among these mate-
rials, single crystals are one of the most prominent
and outstanding NLO materials due to their prime
optical quality. In this regard, amino acid-based
single crystals are fascinating materials for NLO
applications as the amino acids contain one proton
donor carboxyl group and a protonated amine
group. This ionic nature favors the special physical
and chemical properties in these acids such as
crystal hardness and high nonlinear susceptibility
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(v2) which make them potential candidates for NLO
applications.3 Nowadays, THz spectroscopy is also
becoming an active and ambitious research field
because almost all materials have terahertz
response below 1 THz. NLO has numerous applica-
tions in terms of single crystals such as detection of
polymorphism in food and drugs, THz imaging,
spectroscopy, and non-destructive security inspec-
tion, and detection of inter- and intramolecular
bonds. These applications are only possible due to
various NLO-based sources and detectors in the
terahertz frequency region.4 Recent reports in
research show that many amino acid-based NLO
crystals such as L-histidine are the focus of current
studies. This amino acid is very crucial, having an
imidazole ring which is known to be the active
center of several enzymes, uses protein and man-
ages the communication of metal elements on the
basis of biology5 which gives different various
derivatives for NLO applications such as L-histidine
tetrafluoroborate, a new novel NLO material.6,7 The
structural information of L-histidine dihydrochlo-
ride was analyzed and reported previously,8

whereas structural properties and THz time-do-
main spectroscopy of L-histidine hydrochloride
monohydrate have been studied recently using
density functional theory (DFT).9 In our present
study, we have grown L-histidine hydrochloride
monohydrate single crystals and observed their
structural properties. We have reported the photo-
luminescence studies for the first time for this
material. THz time-domain spectroscopy of L-his-
tidine hydrochloride monohydrate was studied and
the refractive index of the crystal was also calcu-
lated. To the best of our knowledge, these results
have never been reported. The derivative of L-
histidine, L-histidine hydrochloride monohydrate
(LMHCL) which is a semi-organic material having
chemical formula C6H12ClN3O3 with a non-cen-
trosymmetric space group P212121 , is used for
single crystal growth. The slow evaporation solution
growth technique (SEST) was used to harvest the
mentioned material.

EXPERIMENTAL

Crystal Growth

Single crystals of LMHCL were grown by slow
evaporation solution growth technique (SEST). The
commercially available LMHCL (99% pure) was
taken as a solute and de-ionized water as a solvent
as the host material had good solubility with it.
They were mixed together and stirred continuously
using a magnetic stirrer at a constant speed for
about 2 h until a saturated solution was obtained.
As the purity in the compound is the most important
trait to enhance the quality of crystals, the purity of
the compound was improved by repetitive crystal-
lizations to get the superior optical quality crystals.
The prepared solution was filtered using Whatman

filter paper and covered with a thin, perforated
sheet for evaporation purposes. The filtered solution
was put in a thermally controlled atmosphere using
a constant temperature bath.10,11 After successive
recrystallization, a crystal of good quality was
harvested with a span of 14 days. The dimensions
of the crystal were measured using a length mea-
suring machine (LMM), Model OPAL 1000 with a
range of 0–1000 mm. The dimensions of the grown
crystal were found to be 1.8 cm 9 1.5 cm 9 0.3 cm.
The optically transparent, nonhygroscopic, and good
quality grown crystal with dimensions (1.8 cm 9
1.5 cm 9 0.3 cm) is shown in Fig. 1.12

RESULTS AND DISCUSSION

Powder X-ray Diffraction Analysis

Powder x-ray diffraction (PXRD) analysis of the
grown crystal was carried out to find the lattice
parameters, structure, and phase identification.13

The powdered sample crushed by agate mortar was
put into a Rigaku (Ultima–IV) x-ray diffractometer
using with Cu K-alpha radiation as a source with a
wavelength k = 1.541836 Å.14 The measurements
were made in the 2h range of 10�–50�. The recorded
PXRD diffraction data is enfolded in the mentioned
Fig. 2. The all intense peak is indexed and the
diffraction pattern of LMHCL is efficiently matched
with the reported one.15,16 Refined unit cell dimen-
sions was found as a = 6.8434 Å, b = 8.9401 Å,
c = 15.2763 Å.6 The mentioned crystal belongs to
the orthorhombic crystal system with non-cen-
trosymmetric space group P212121 which is a sig-
nificant need for the second harmonic efficiency
applications.17

Fig. 1. LMHCL single crystal.
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FTIR and FT-Raman studies

The presence of several fundamental groups and
vibrational modes in the host compound was
assessed through an infrared spectrum and Raman
spectroscopy. A Nicolet 5700 spectrometer was used
to find the spectral range for the FTIR analyses
from 400 cm�1 to 4000 cm�1 . The recorded spectra
are given in Figs. 3 and 4. One can see from Fig. 3
that the N–H symmetric stretching, C-H stretching
and CH2 asymmetric stretching lies at 3151 cm�1,
3012 cm�1, and 2949 cm�1 , respectively. The sym-
metric bend of NH3

+ lies at 1483 cm�1 in the FTIR
spectrum and at 1495 cm�1 in the FT-Raman
spectrum.6,7,15,18 The detailed comparative assign-
ments for the compound are tabulated below in
Table I.19,20

UV–Vis Analysis

To find the optical properties, structural informa-
tion, and transmission of the grown ingot, UV–Vis

spectra were recorded, as highly transparent crys-
tals play a vital role in optoelectronic, photonics,
and NLO applications. The experimental recorded
optical transmission spectrum of the crystal is
shown in Fig. 5. It can be found that the trans-
parency of the crystal is about 80% and the UV cut-
off wavelength is 236 nm. The low value of cut-off
wavelength with a high range of transmission
signifies the importance of the LMHCL crystal for
optoelectronic and NLO applications.21

To examine the material strength for optoelec-
tronic application, it is important to find the optical
constants. The value of absorption coefficient (a) can
be evaluated by using transmittance (T) and thick-
ness (t) of grown crystals, as given in below Eq. 1:22

a ¼ 2:3026

t
log

1

T

� �
ð1Þ

Now the optical band gap Eg can be obtained by the
following expression

aht ¼ B ht� Eg

� �n ð2Þ

Here, n determines the nature of transitions taking
place (n = 2 for allowed indirect transitions and
n = 1/2 for allowed direct transitions), B is constant
and ht is the photon energy.23 Now using Tauc’s
plot (graph of (aht)2 versus ht) band gap of the
crystal was calculated and found to be 5.13 eV. The
plot for the band gap is shown in Fig. 6.

Photoluminescence Properties

Photoluminescence (PL) spectroscopy is an effec-
tive characterization tool to detect imperfections,
the density of colour centres, defects, to determine
band gap, etc. It is commonly done using high-
energy photons in excited valence electrons of the
material from the ground state to the excited states.
In this way, we can find the defects present in the
material from the recorded emission spectrum. For
the abovementioned crystal, PL measurements
were examined using Edinburgh instruments

Fig. 2. PXRD pattern of LMHCL.

Fig. 3. FTIR spectrum of LMHCL.

Fig. 4. Raman spectrum of LMHCL.
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(FLS-980, D2D2).24. In this setup, firstly the
LMHCL crystal was excited using a xenon flash
lamp at 270 nm in ambient conditions, and the
spectrum was recorded in the range of 270–600 nm,
as shown in Fig. 7, in which one can see that there
are no extra peaks and a single intensified emission
peak is observed at 305 nm for the excitation
wavelength of 270 nm. The results indicate that
the crystal is defect-free and have single-crystalline
nature. It also reveals the utility of LMHCL in
practical applications.

Terahertz Spectroscopy

The high-quality LMHCL single crystal was
studied further through terahertz time-domain
spectroscopy in transmission mode. The schematic
representation of the interaction of incident THz
pulse with LMHCL crystal is mentioned in Fig. 8.

Table I. Wavenumber and assignments for FTIR and FT-Raman spectra

Wavenumber (cm21) FTIR Wavenumber (cm21) FT-Raman Assignment

3151 – N-H symmetric stretching
3012 – C-H stretching
2949 – CH2 asymmetric stretching
– 1603 Asymmetric bend of NH3

+ and C=N stretching
1483 1495 Symmetric bend of NH3

+

1448 – Ring deformation
– 1412 Symmetric mode of -COO� and C-N stretching
– 1336 CH2 bending
1357 – CH2 deformation
1315 – C-N stretching
1266 – C-C and C=O stretching
1162 1143 C-H in plane bending
1064 1069 C-O stretching of COO� group
972 963 O-H stretching of carboxylic acid
868 869 C-N deformation
805 819 Ring deformation
651 – C=O deformation
610 – Ring deformation or C-N deformation

Fig. 5. UV-Vis spectral analysis.

Fig. 6. Graph of (aht)2 versus photon energy (ht).

Fig. 7. PL spectrum.
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When the THz pulses are incident on LMHCL
crystal, some THz radiation is absorbed, some
reflected and the rest transmitted through the
LMHCl crystal. In the THz-TDS experiment, a
signal proportional to the electric field of the THz
pulse E(t) is used. To find the frequency, the Fourier
transform is obtained from the time-domain signals
(Fig. 9, 10).

E xð Þ ¼ 1

2p

Zþ1

�1

e�ixtE tð Þdt ð3Þ

Two traces are recorded in the THz transmission
spectroscopy experiment in which one where the
pulse propagates through the sample and the other
as a reference pulse propagated through the bare
substrate, Esam and Eref, respectively. From the
captured data it is possible to extract information
about the response time, frequency spectra, absorp-
tion coefficient and optical density for particular
devices and samples (Fig. 11).

The reference wave propagating through vacuum
(n = 1, k = 0) of the same length as shown in
Fig. 12, is given by Eq 4.

Eref xð Þ ¼ EoðxÞ exp i
x
c
d

n o
ð4Þ

Now, the absorption and dispersion across the
medium causes a change in the THz field. Thus,
after propagation, the frequency-dependent field
through the MWCNT-FP sample is given by Eq 5.

Fig. 8. Interaction of THz pulses with LMHCl crystal.

Fig. 9. Reference signal and sample signal versus time graph.

Fig. 10. FFT amplitude spectrum.

Fig. 11. Refractive index versus Frequency graph.

Fig. 12. The basic scheme of a THz-time domain spectroscopy
transmission experiment.
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EsamðxÞ ¼ Eo xð ÞT exp i
n xð Þx

c

� �
d

� �

� exp
k xð Þx

c

� �
d

� � ð5Þ

where n(x) and k(x) are the refractive indices of
MWCNT-FP sample and T is the transmission
amplitude coefficient. It is given by

T ¼ n xð Þ
n xð Þ þ 1f g2

ð6Þ

The frequency-dependent complex ratio is called
by transmission and can be determined by the Eqs 4
and 5.

Trans ¼ Esam xð Þ
Eref xð Þ

¼ n xð Þ
n xð Þ þ 1f gx2

exp � k xð Þ
c

� �
d

� �

� exp i
n xð Þ � 1

c

� �
xd

� �
ð7Þ

So, the transmission intensity is defined as

Itrans ¼ Iine
�a�d

where

Itrans ¼ Esamj j2 and Iin ¼ Erefj j2

Thus, the ratio of transmitted and incident intensity
can easily obtain according to Eq. 5 and defined as

a ¼ � 2

d
In Transð Þ ð8Þ

where a is the absorption coefficient and if the base
of exponential function is 10, then it is defined as
optical density.25.

From the spectra, it is concluded that the small
dips were due to the multiple reflections of THz
waveforms from both edges of the crystals found
using a Fabry-Perot interferometer. Above 1.5 THz,
the peaks were due to the noise in the system. The
sharp spectral peaks nearly equal to 1 THz are due
to the absorption of clusters of water molecules in
the setup. From 0.2 THz to 2 THz, the dips shows
the intermolecular interactions between the
molecule.26–28

By the formula mentioned below in Eq. 9, we
calculated the refractive index (n) of the above
compound and its a graph of refractive index versus
frequency is shown in given Fig. 11.

n ¼ 1 þ DUc
xt

ð9Þ

where / is a phase difference, c is the velocity of
light x is frequency and t is the thickness of the

sample used. The refractive index of the above
compound is nearly equal to 3.4.

CONCLUSIONS

High optical quality single crystals of LMHCl
have been grown by adopting slow evaporation
solution growth. Crystal structure and lattice cell
parameters are confirmed by using PXRD and it is
revealed that the crystal is non-centrosymmetric
with space group P212121. Functional groups and
vibrational modes existing in the ingot have been
examined by FTIR and Raman spectroscopy. The
transparency of the crystal was checked by using
UV–Vis spectroscopy and it was about 80% with a
cut-off wavelength of 236 nm. There was no absorp-
tion of light in the visible region of the EM
spectrum. From Tauc’s plot, the energy band gap
is found to be 5.13 eV. From PL studies it is
understood that the crystal is free from defects.
The ingot crystal is studied using terahertz spec-
troscopy and periodic behaviour is observed due to
repeated functional groups. This crystal has the
ability to generate a THz pulse, but first we must
analyse its properties in THz frequency region. The
refractive index of the material was estimated to be
3.4. The intermolecular interactions of the material
were studied in terahertz region. It revealed that
LMHCL is very efficient THz material for upcoming
practical applications.
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