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In the current investigation, ;-proline cadmium chloride monohydrate (LPCC) single crystal is grown by a slow sol-
vent evaporation technique to identify its credibility for nonlinear optical device applications. The constituent elements of
LPCC crystal are determined by the energy dispersive spectroscopic (EDS) technique. The single crystal x-ray diffraction
technique is used to determine the structural dimensions of LPCC crystal. The UV-visible studies are carried out within a
wavelength range of 200 nm—1100 nm to determine the optical transmittance of LPCC crystal. The linear optical parame-
ters of LPCC crystal are evaluated using the transmittance data to discuss its importance for distinct optical devices. The
Nd:YAG laser assisted Kurtz—Perry test is carried out to determine the enhancement in second harmonic generation effi-
ciency of LPCC crystal with reference to KDP crystal. The Z-scan technique is employed to assess the third order nonlinear
optical (TONLO) properties of LPCC crystal at 632.8 nm. The Z-scan data are utilized to evaluate the TONLO refraction,
absorption and susceptibility of LPCC crystal. The color oriented luminescence behavior of LPCC crystal is investigated
within a spectral range of 350 nm-700 nm. The dependence of dielectric constant and dielectric loss on temperature and
frequency is evaluated through the dielectric measurement studies.

Keywords: crystal growth, dielectric studies, nonlinear optical materials, optical studies

PACS: 78.20.Ci, 78.60.-b

1. Introduction

The challenge of designing efficient nonlinear optical
(NLO) crystal has gained huge pace over few decades. In-
terestingly, the unexplored new class of semiorganic com-
plex crystal is still an amateur but rapidly progressing field,
which fascinates large audiences due to its bilateral contri-
bution of properties associated with organic and inorganic
counterparts. The coordination of organic and inorganic sub-
strate reinforces acentric complex crystals, yielding a high
nonlinear response.!!*! In the current era of advanced func-
tional materials it is a thought provoking fact that amino acid
assisted organic-metal complex crystals stand out amongst
the large regime of semiorganic NLO crystals are subject to
an abundance of typical features such as high threshold to
laser damage, large nonlinear response, low angular sensi-
tivity, extended donor-acceptor network and high mechani-
cal hardness, which fetches its desirability for practical util-
ity in photonics, optoelectronics, optical modulation, fre-
quency conversion, optical data storage and telecommunica-

tion devices.>® As the presence of closed d!® shell elec-
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trons in transition metals manifests a high optical response, !
hence the growth of promising amino acid metal complex
(AAMC) crystal has been an innovative idea which is cur-
rently on the verge and actively involves many research groups
of the current era. Several potential AAMC crystals exhibit-
ing an appreciable linear and nonlinear optical response are
r-alanine sodium nitrate (LASN),“O] L-proline lithium bro-
mide (LPLB),[!!! ;-alanine potassium chloride (LAPC),[!2]
r-valine cadmium chloride (LVCC),[13J bis -proline cad-
mium iodide (BLPC),“4J r-alanine cadmium chloride, [’ ;.
proline magnesium chloride,!'®! and ;-proline cadmium chlo-
ride (LPCC).['7-20] The literature reveals that the LPCC crys-
tal is an interesting NLO crystal which needs to be investigated
thoroughly for identifying its credibility for distinct device ap-
plications. The optimization of growth parameters brings out
significant changes in characteristic properties of crystal. The
literature survey on the growth of LPCC crystal at different
temperatures: 45 o, 171 27 o, 191 40 °C20] reveals promi-
nent changes in crystal growth, optical, dielectric, and me-

chanical properties. In the present study the growth tempera-
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ture of LPCC crystal is optimized to 36 °C while an additional
novelty is that the complete third-order nonlinear optical prop-
erties of LPCC crystal are firstly investigated at 632.8 nm in
this paper. Thus a unique approach is adopted to explore the
features of LPCC crystal by employing crystal growth, sin-
gle crystal x-ray diffraction, energy dispersive spectroscopy,
UV-visible study, SHG efficiency test, Z-scan, dielectric and
fluorescence characterization techniques.

2. Experimental procedure

The AR grade raw material (z-proline and cadmium chlo-
ride) of purity 99% were purchased and recrystallized to elim-
inate the impurity at the primary stage of synthesis. The -
proline and cadmium chloride were later measured in stio-
chiometric ratio (1:1) and dissolved in double distilled wa-
ter to allow the reaction for synthesis of p-proline cadmium
chloride (LPCC) complex. The reaction mixture was allowed
to agitate at a constant speed for six hours in order to facil-
itate homogeneous bonding. The reaction mixture was later
filtered in a clean beaker through the membrane filter pa-
per with the help of a vacuum pump. This beaker contain-
ing the filtered solution was covered with a porous sheet to
avoid inclusion of dust particles and keenly placed in a con-
stant temperature bath for slow evaporation at 36 °C. The seed
crystals of LPCC were harvested within 10-12 days and the
21 mm X 10 mm x 0.7 mm bulk single crystal grown within a

period of 20 days is shown in Fig. 1(a).
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C./eV

Intensity
w
>

0 4 6 8 10
Energy/keV

Fig. 1. (color online) (a) Single crystal of LPCC and (b) EDS spectrum of
LPCC.

3. Results and discussion

The LPCC crystal is subjected to the single crystal XRD
technique at room temperature using the Enraf Nonius CAD4
crystal diffractometer. The experimentally determined struc-
tural parameters of LPCC crystal are discussed in Table 1.
The analysis of the data reveals that LPCC crystallizes with
orthorhombic crystal symmetry and belongs to the noncen-
trosymmetric space group P212,2. The structural parameters
are in good agreement with those presented in Ref. [17].

Table 1. XRD data.

Structural parameter LPCC Lpccl7
Crystal system Orthorhombic Orthorhombic
Space group P212124 P2,2124

alA 9.955 9.952

bIA 13.479 13.484

c/A 7.251 7.255

VIA3 972.96 973.60

The elemental analysis of LPCC crystal is assessed by the
energy dispersive spectroscopic (EDS) technique using the Hi-
tachi S4700 instrument. The single crystal of LPCC is pow-
dered and the energy spectrum is traced in an energy range
of 0 keV-10 keV. The energy peaks corresponding to the el-
ements are indexed in the spectrum shown in Fig. 1(b). The
analysis of the EDS spectrum reveals the presence of car-
bon (47.43%), nitrogen (19.43%), oxygen (21.23%), chlorine
(3.72%), and cadmium (8.19%). This evidences the formation
of LPCC crystal complex.

Optical analysis gives the clues of associated electronic
band structures and compositional nature of the material.[2!-2?]
In the case of linear transmittance, the promotion of elec-
trons to permitted energy states due to the absorption of in-
cident photon and the inherent optical behavior of optically
active functional units of the material are the principal pa-
rameters that determine the operative range of material in
the optical spectrum.!>>-2> In addition, constraints associ-
ated with single crystal such as anisotropy in molecular align-
ment along the crystal plane and defects (voids, vacancies,
grain boundaries, striations, pits, solvent impurities, inclu-

e.[20-28] From

sions) tune the intensity of optical transmittanc
the point of view of applications, the optical transmittances of
NLO material in three prominent regions of spectrum far-UV
(< 200 nm), visible (350 nm-700 nm) and NIR (ca. 1200 nm)
need monitoring.?! In the present case the LPCC crystal (2-
mm thickness) is scanned in a range of 200 nm-1100 nm
using the spectrophotometer (Shimadzu-1601). The trans-
mittance spectrum shown in Fig. 2(a) reveals that the LPCC
crystal offers 84% transmittance which is uniform through-
out the spectral range and the cutoff wavelength (Acypofr) is

found to be at 232 nm. The observed high transmittance in
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LPCC crystal might have been governed by the low absorp-
tion tendency of amino acid (z-proline in the present case)
and the minimum density of defects which sustain the imped-
iment of free propagation of light in a crystal medium. The
LPCC crystal with high transmittance within 240 nm-1100
nm claims its potential candidature for efficient transmission
of the second and third harmonic signal of Nd:YAG laser op-
erative at 1064 nm.3% The transmittance of presently grown
LPCC crystal is much superior to LPCC crystals grown at
45, 27, and 40 °C having transmittances of ~ 80%, ~ 60%,
and ~ 50% respectively. The evaluated optical energy band
gap (E; = 1243 /Acutoft) B of LPCC crystal turns out to be
5.35 eV. The thorough knowledge of linear optical parame-
ters of the single crystal is essential to scrutinize the mate-
rial for distinct optical applications. Hence for the variations
of optical conductivity (0op, Fig. (2b)), extinction coefficient
(K, Fig. 2(b)), refractive index (n, Fig. 2(c)), and reflectance
(R, Fig. 2(b)) in the studied wavelength range are successfully
evaluated using the formulae available in Ref. [32]. The anal-
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ysis of graphs reveals that the optical conductivity and extinc-
tion coefficient increase with incident photon energy increas-
ing. The LPCC crystal with high optical conductivity of the
order of 10'3 and extinction coefficient of the order of 107>
possesses prerequisite qualities desirable for designing optical
information processing and computing devices.!*3! The resis-
tance to the propagating light wave in a medium causes the ve-
locity of light to change, which gives birth to the vital optical
parameter refractive index. The refractive index of LPCC crys-
tal is significantly lower in a range of 300 nm—1100 nm and
materials with lower refractive index are in high demand for
fabricating optical memory storage media for high resolution
holographic systems!**! and calibrating the optical compo-
nents (reflectors/filters/reflectors) used in solid state lasers. !
The solar thermal device needs the coating material that can
trap more and reflect less light incident on it and therefore the
lower magnitude of reflectance throughout the visible region
makes it a potential candidate as antireflecting coating mate-

rial for solar thermal devices. 3!
50 6
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Fig. 2. (color online) (a) UV-visible transmittance spectrum, (b) variation of optical conductivity and extinction coefficient, (c) variation of refractive index

and reflectance, and (d) graphical representation of SHG response.

Crystals with high conversion efficiency are largely de-
manded by the photonic industry, hence the occurrence of
the frequency doubling phenomenon in LPCC crystal has
been experimentally determined using the Kurtz—Perry pow-
der SHG efficiency test.[*”] For sampling, all the components
are aligned and the Nd:YAG laser (1064 nm, 8 ns, 10 Hz) is

tuned to the Q-switched mode. The powder samples of LPCC
and potassium dihydrogen phosphate (KDP) material are pre-
pared and tightly packed in the microcapillary tube. Each sam-
ple is independently irradiated multiple times by the Gaus-
sian filtered beam of laser and the output window is moni-

tored. The emergence of green light is confirmed and the out-
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put signals are collimated through an array of photomultiplier
tubes and further converted into an electrical signal to be dis-
played on an oscilloscope. The recorded voltages for KDP
and LPCC crystal are shown in Fig. 2(d). The SHG efficiency
of LPCC crystal is thus found to be 2.12 times higher than
that of KDP. The high magnitude of SHG efficiency of LPCC
crystal might be due to (i) the fact that the structural disorder-
ing/discrepancy in semiorganic molecular crystals leads to the
formation of a sub-energy band below the energy gap, which
increases the electron-phonon interaction and thus facilitates
the favorable surrounding for photoinduced nonlinear optical

effects to dwell efficiently, 38!

and (ii) the enhanced charge
transfer induced by the metal-organic coordination (donor-
acceptor bridge). The SHG efficiency of LPCC crystal is
higher than LPLB (0.3 times that of KDP),[!!l LPZC (0.5
times that of KDP), and BPCI (twice that of KDP)!!#! crys-
tals. Thus LPCC crystal with high SHG efficiency is a compe-
tent alternative for designing frequency convertors and SHG
device elements. [3%40]

The focused beam irradiation of high intensity on the
crystal surface dwells in an anharmonic manner in energy dis-
tribution due to which several third- order nonlinear optical
effects evolve. The third order nonlinear optical (TONLO)
effects are very sensitive and therefore accountability of the
Z-scan technique is much higher for examining these TONLO
properties of the given substrate. The Z-scan technique was
proposed first by Bahae et al.1*!! The configuration of Z-scan

setup used for analysis is detailed in Table 2.

Table 2. The optical resolution of Z-scan setup.

Parameters and notations Details
Laser wavelength A/nm 632.8
Lens focal length f/mm 30
Optical path distance Z/cm 85
Beam waist radius @,/mm 3.3
Aperture radius r, /mm 2
Incident intensity at the focus Io/KW/m? 2.3375

The trace of TONLO refraction (n;) in LPCC crystal is
To start
the analysis, the He—Ne laser was optically aligned and the

trailed using the closed aperture Z-scan analysis.

Gaussian filtered laser beam was converged via convex fo-
cusing lens to make localized irradiation on the crystal sam-
ple positioned at focus (Z = 0). The crystal is translated
along the beam irradiated path, i.e., the Z direction which is
equally divided into two halves with focus as the midpoint.
The contributed change in transmitted light about the focus is
monitored through the photo detector placed at the far field.
The on-axis phase shift in TONLO refraction is governed by

spatial distribution of energy along the crystal surface due

to a localized thermal lensing effect!*?! and it can be effec-
tively tuned by modifying the repetition rate of the incident
beam.*>*4 The closed aperture Z-scan transmittance curve
shown in Fig. 3(a) depicts that the pre-focus peak followed by
post-focus valley resembles the feature of negative nonlinear
refraction which is the inherent characteristic of material pos-
sessing self-defocusing tendency. [*>#%! The LPCC crystal with
self-defocusing nature could be adopted for designing optical
night vision sensor devices.*’! The peak-to-valley transmit-
tance (AT,_,) and on-axis phase shift (A@) are related by *!!

AT,_, = 0.406(1 —5)°* |A¢, (1)

where S = [1 — exp(—2r2/®?)] is the aperture linear transmit-
tance, r, is the aperture radius, and @, is the beam radius at
the aperture. The value of n; is evaluated using the following
equation*!]

A¢
ny = )
KloLet

@

where K =21 /A (A is the laser wavelength), I is the beam in-
tensity at the focus, Legr = [1 —exp(—oL)]/a is the effective
thickness of the sample depending on linear absorption coef-
ficient (@), and L is the thickness of the sample. The ny of
LPCC crystal is found to be 6.3 x 10~ ! cm?/W. The TONLO
absorption coefficient (8) is examined and evaluated using the
open aperture Z-scan analysis. The open aperture Z-scan curve
of LPCC crystal is shown in Fig. 3(b). It reveals that as the
sample approaches to the focus point the intensity of transmit-
ted light becomes low, which is the concrete evidence for the

t.148] In order to elab-

reverse saturable absorption (RSA) effec
orate it, it must be realized that on a nanosecond time scale the
existence of multiphoton absorption (MPA) and excited state
absorption (ESA) phenomenon effectively reinforces the cross
section of excited state absorption to capitalize the ground
state absorption, which is the principle reason for the origin of
RSA.[1939 The TONLO absorption coefficient (8) of grown

crystal is evaluated from the following equation(*!]

_ 2V2AT
IoLeg

3)

where AT is the one valley value at the open aperture Z-
scan curve. The B of LPCC crystal is found to be 7.29 x
1073 cm/W. The LPCC crystal with promising RSA property
pronounces its liability for optical limiting devices.!3!?! The
TONLO susceptibility (x>) is calculated using the following
equations(*!]

Rex®) (esu) = 107*(8oC*ndmy) /7 (cm? /W), @
Imyx® (esu) = 1072 (&C?n§AB)/47* (cm/W), (5)
2@ = \/(Rex(3))2+ (Im 32, (6)
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where € is the vacuum permittivity, n is the linear refractive
index of the sample, and c is the velocity of light in a vacuum.
The knowledge of polarizing ability of crystal material at high
power laser intensities is emphasized to be the most essential
factor and the 3 is the parameter which gives the magnitude
of polarizability in the material. The x> of LPCC crystal is
found to be 2.39 x 10~* esu. The delocalization rate of charge
transfer over the pi bonded network is the vital factor giving
rise to large x3.153
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Fig. 3. (color online) Z-scan transmittance curve with aperture (a) closed

and (b) open, (c) PL emission spectrum.

Photoluminescence (PL) is the most vital nondestruc-
tive technique that sufficiently unfolds the electronic band
structures, transition tendency of electrons in different energy
states, electronic purity of the material, and the disorders as-
sociated with alloys.>*>31 The luminescence process involves
the photo-excitation followed by photo-relaxation. The flu-
orophore (moiety of molecule responsible for its color) as-

sociated with the material is allowed to absorb the energy
at the selected wavelength and re-emit the energy at a dif-
ferent but specific wavelength. The wavelength and inten-
sity of emission relies on two factors: (i) the intrinsic nature
of fluorophore and (ii) the surrounding environment of the
fluorophore.*®! The surrounding environment implicates the
presence of dopant/defects/impurities, which majorly affects
the trajectory of an electron during photo-relaxation.>” These
aspects vitalize luminescence as a decisive feature which un-
covers the exact property of the material. In the present anal-
ysis the luminescence study has been accomplished using the
Hitachi FL-7000 spectrophotometer. Before the analysis, the
instrument parameters were set to be excitation and emission
slit width = 2.5 nm, scan speed = 240 nm/s, response time =
0.1 s, and delay = zero. The LPCC crystal material is photo-
excited at an energy wavelength of 294 nm (4.22 eV) and
the PL emission spectrum is recorded in a range of 350 nm—
700 nm as shown in Fig. 3(c). It is observed that the LPCC
crystal exhibits violet colored emission with high intensity and
the peak maximum is centered at 421 nm. It is a known fact
that the defects and impurities existing in a crystal avail more
states for electrons and holes, which finally affects the tran-
sition energy, trajectory and lifetime of an electron.[>® The
absence of multiple peaks, smooth emission profile and high
intensity of emission confirms that the LPCC crystal does not
possess optically active defects and intermediate states. In the
fields of biomedical, biochemical, and chemical research, the
materials with unique emission behaviors are utilized to detect

(59601 and the LPCC crystal seems to meet the

the compounds,
requirements for the discussed applications.

The dielectric measurement studies provide a great deal
of information about the lattice dynamics and electric field dis-
tribution in material for exploiting the NLO applications. ]
The dielectric constant and dielectric loss of LPCC crystal
are evaluated at different temperatures (30 °C—80 °C) and fre-
quencies (100 Hz, 1 kHz, 10 kHz, 100 kHz, 1 MHz) using the
HIOKI-3532 LCR cubemeter. The response of the polariza-
tion mechanism (electronic, ionic, dipolar, and space charge)
is the principle factor responsible for the dielectric constant
in crystal material.[®?) The variation of the dielectric constant
is shown in Fig. 4(a) and it is interesting to know that the di-
electric constant of LPCC crystal increases with the increase
in temperature but significantly decreases with the increase
in frequency. It is due to the fact that all four polarizations
are dominant at lower frequency and high temperature, which
results in high magnitude of dielectric constant, on the con-
trary, the decrease in magnitude of dielectric constant is less
at higher frequencies due to the diminished effect of foresaid

polarizations. %3]

The space charge polarization plays an ac-
tive role as the temperature of the material increases but as the

frequency of applied field exceeds 1 kHz even the space charge
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Fig. 4. (color online) Response of (a) dielectric constant and (b) dielectric
loss.

polarization becomes deficient.!**! Tt is an intruding observa-
tion that the LPCC crystal is reported to have a high dielec-
tric constant in a given frequency range,!'*%>1 however much
lower, and the concurring results are obtained in the presently
grown LPCC crystal, which might have stable growth at con-
strained temperature, high electronic purity and less hindrance
It is highlighted that the di-
electric constant of LPCC crystal has been tuned to much

of space charge polarization.
lower value as frequency increased to 1 MHz. The mate-
rials exhibiting low dielectric constant consume less power
and offer decreased RC delay, which is vital for microelec-
tronics devices!®! and also enhances the SHG coefficient of
the material.[®”] Thus the LPCC crystal with lower dielectric
constant is considered to be a better alternative for fabricating
photonics, electro-optic modulators, field detectors, THz wave
generators, and microelectronic devices.°8%1 The dissipation
of electromagnetic energy in crystal medium is termed dielec-
tric loss. The dielectric loss in single crystal is majorly con-
tributed by macro/micro cracks, random crystal orientation,

[70.71] The response

porosity, impurities, grain boundaries, etc.
of dielectric loss shown in Fig. 4(b) reveals that the dielectric
loss follows the same trend as that of the dielectric constant.
The lower magnitude of dielectric loss at higher frequencies
suggests that the LPCC crystal possesses a very small quan-

[72

tity of electrically active defects.[”?! It is noteworthy that the

dielectric constant and dielectric loss show a lot less variation

at higher frequencies even when the temperature of the crystal
sample is raised. From an application point of view the LPCC
crystal could be a potential candidate for distinct technological
devices.

4. Conclusions

LPCC bulk single crystal is successfully grown by the
slow solvent evaporation technique. The EDS analysis con-
firmed the presence of constituent elements of LPCC crys-
tal. In single crystal XRD analysis the LPCC crystal is found
to have an orthorhombic crystal structure with space group
P2,2,2;. Linear optical studies employed within 200 nm—
1100 nm reveal that the LPCC crystal has high optical trans-
parency (84%), low cutoff wavelength (232 nm), wide opti-
cal band gap (5.35 eV), low refractive index, reflectance, ex-
tinction coefficient and increasing optical conductivity. The
promising second and TONLO property of LPCC crystal is
confirmed by Kurtz—Perry test and Z-scan analysis. The SHG
efficiency of LPCC crystal is found to be 2.12 times higher
than that of KDP crystal. The LPCC crystal possesses the
negative nonlinear refraction and reverse saturable absorption
under beam irradiation of wavelength 632.8 nm. The values
of ny, B, and 7{3 of LPCC crystal are 6.3 X 10711 cm?/W,
7.29 x 107> cm/W, 2.39 x 10~* esu, respectively. The lu-
minescence behavior investigated with 350 nm—700 nm con-
firms the prominence of violet colored emission in LPCC crys-
tal with a maximum at 421 nm. The dielectric studies reveal
that the dielectric constant and dielectric loss of LPCC crys-
tal greatly decreases with the increase in frequency through-
out the applied temperature range of 30 °C-80 °C. The LPCC
crystal with high optical transparency, large SHG efficiency,
promising TONLO properties, single colored emission, and
low dielectrics advocates the efficient utility of LPCC crys-
tal for applications in photonics, NLO, night vision sensors,
biomedical, optical limiting, SHG, and microelectronics de-

vices.
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