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ABSTRACT

Single crystals of imidazolinium L-tartrate (IMLT) crystals and L-valine doped
IMLT crystals, with good optical quality, were grown by using the versatile slow
cooling solution growth technique, for opto-electronic applications. The grown
crystals were subjected to powder X-ray diffraction technique and the diffraction
peaks were indexed. The grown crystals exhibit the monoclinic crystal structure,
with the lattice parameters of a = 6.72 A, b =690 A, ¢ =9.65 Ao, and o« =y = 90°,
f = 87.70°. The variations in the cell volume, lattice parameters, due to the doping of
amino acid (L-valine) in three increasing dopant concentrations, were studied and
the evolved strains were found to be tensile in character. The high transparency of
the doped crystals was compared with that of the pure imidazolinium L-tartrate
(IMLT), which demonstrates that the effect of dopant has enhanced the optical
properties of the synthesized single crystals. The optical constant values such as
bandgap energy and cut-off wavelength were also analyzed. The dielectric prop-
erties of the grown crystals i.e. the dielectric constant and dielectric loss were
recorded at room temperature for both pure and L-valine doped IMLT single
crystals, through which it is understood that 1 mol% L-valine doped single crystals
have minimum power dissipation factor. By adopting the fourier transform infrared
spectroscopic analysis the vibrational frequencies of carboxyl group and the
vibrations of other intended functional groups were ascertained. The rectangular
etch patterns were observed while etching the surface of the grown crystals with the
water. The densities of the etch pits were found to be lesser for the 1 mol% L-valine
doped single crystals when compared with other doped crystals. The existence of
carbon, hydrogen and nitrogen was confirmed in the analytical carbon-hydrogen—
nitrogen (CHN) study in both the doped and un-doped IMLT single crystals. It was
also found that the existence of carbon, hydrogen and nitrogen have proportionally
improved as the concentration of doping agent increases. The nonlinear absorption
coefficient and nonlinear refractive index were estimated using the Z-scan analysis
from which the third order nonlinear susceptibility was calculated.
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1 Introduction

Lasers have become a vital tool for modernizing the
current science and research initiatives. They have
wide range of applications in the field of entertain-
ment, manufacturing, warfare (laser-guided weap-
ons), construction, communication, education,
robotics, automotive sector, aviation, and etc. Mate-
rials with superior optical qualities combined with
appreciable chemical, thermal and physical stabilities
are highly essential for developing devices to cater to
the needs of the society.

Materials belonging to the two classes-organic and
inorganic based structures and compounds are
widely used in optical industries. In the present
decade, highly stable, single phased inorganic poly-
crystalline phosphor nanomaterials with unique
luminescent properties that emit visible light upon
exposure to UV-visible or visible light have gained
much attention world-wide [1-3]. It has vast appli-
cations in the fabrication of solid-state lighting devi-
ces. Phosphor-in—glass (P-i-G) material is a
composite of inorganic phosphor materials and glass
materials, which functions as color converters upon
irradiation with high energy / high power electro-
magnetic (EM) waves. These P-i-G materials are very
much used in fabrication of light emitting diodes
(LED) and white LEDs [4].

Research on the study of non-linear optical effects
was earlier focused solely on pure inorganic crystal
systems and quartz was the first solid crystal to have
demonstrated the second order NLO properties
among the inorganic single crystals. Research on
inorganic materials such as ammonium dihydrogen
phosphate (ADP), potassium dihydrogen phosphate
(KDP), lithium niobate (LiNbO3), B-barium borate
(BBO), potassium titanyl phosphate (KTP) and
lithium tri borate (LBO) were grown by many
research scientists in the past decades for NLO
applications [5-8]. Inorganic NLO materials are
essentially bonded through ionic and metallic bond-
ing. Inorganic crystals possess high melting point and
high degree of chemical inertness due to the strong
bonds present in them. Hence, majority of the com-
mercial frequency doublers and applications in pho-
tonic industry utilize inorganic materials. Among the
inorganic materials, potassium di-hydrogen phos-
phate (KDP) is one of the popular nonlinear optical
materials used for frequency doubling phenomena.
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It is now best understood through a high quantum
of research that organic single crystals possess unique
opto-electronic properties compared to inorganic
crystals [9, 10]. This may be attributed to the fact that
the organic molecules possess delocalized electrons,
namely, conjugated electron systems which exhibit
various nonlinear responses such as second harmonic
generation, third harmonic generation, Pockel’s
effect, Kerr effect and etc. The organic materials with
intra-molecular charge transfer compounds exhibit
large second-order nonlinear optical (NLO) effects. It
is possible to control the absorption edges of intra-
molecular charge transfer compounds by selecting a
judicious combination of donor and acceptor atoms
present in the crystal.

This indicates the possibility of increasing the
conversion efficiency due to the phenomenon of
nonlinear optics, though a suitable combination of
chiral molecule with large dipole moment and an
organic molecule with non-centro symmetric struc-
ture. Organic materials are perceived as being struc-
turally more diverse and therefore are believed to
have more tailorable properties compare to inorganic
counterparts [11]. A wide variety of organic materials
are being investigated for frequency doubling pro-
cesses and applications world-wide.

The organic crystals for nonlinear optical applica-
tions are grown by low temperature solution growth
technique by majority of researchers. The low tem-
perature solution growth is a versatile technique to
provide the necessary super-saturation that enables
the growth of NLO single crystals with lesser avail-
ability of defects. Some of the advantages of these
organic materials are their high flexibility in terms of
molecular structure, high optical laser damage
threshold (LDT), low cost, ease of synthesis and short
response time to optical excitation.

In order to enhance further the nonlinear optical
efficiency of organic materials and to overcome few
shortcomings in their application potential, suit-
able dopants can be added to better their favorable
properties. Organic molecules are linked relatively
with strong hydrogen bond, which permits to build
up novel-organic complex crystals with good chem-
ical stability, high nonlinear and molecular engi-
neering features [12]. The aggregates constructed
using hydrogen bonds induce changes in the struc-
tural and functional properties of the material [13].
They exhibit wide transparency in the UV-Vis near
IR region. Their molecular chirality enables high
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nonlinear susceptibilities by which they have a sig-
nificant impact in nonlinear optical applications [14].

Imidazolinium L-tartrate is an attractive ferroelec-
tric material that guarantees numerous applications
in nonlinear optics. Imidazole is a widely used ligand
in chemical and biological molecules [15]. L-tartaric
acid is a naturally occurring organic bi-carboxylic
acid capable of initiating multi-directional hydrogen
and covalent bonding. The derivatives of imidazole
have improved mechanical and thermal stabilities. In
our previous papers, we have demonstrated the
enhancements in the properties of imidazolinium
L-tartarate single crystals by doping with two dif-
ferent amino acids—L-histidine, and L-proline
[16, 17]. The zwitter ionic nature is very common in
all amino acids which turns them to be a neutral
molecule [18].

The amino acid L-valine (CsH{;NO,) has attracted
researchers from pharmaceutical and optical indus-
tries owing to its peculiar properties. It draws sig-
nificant interest in biological industries since L-valine
is used in the biosynthesis of proteins. The presence
of a-amino group (which is in the proto-
nated — NH;" form under the given biological con-
ditions), o-carboxylic acid group (which is in
deprotonated — COO — form under the particular
biological conditions), and a side chain isopropyl
group. It is a part of the non-polar aliphatic amino
acid. Since it is an essential amino acid for human
beings, it signifies that the human body cannot syn-
thesize this particular amino acid and hence it must
be acquired by the consumption of proper diet.
L-valine finds applications in the food industry in
addition to its significance in the pharmaceutical
sectors. The amino acid L-valine can adapt to a given
chemical environment straight forwardly. The
investigations on the growth and characterization of
single crystals doped with L-valine are limited in
reports and hence in the present study we have
undertaken the systematic investigations on the
L-valine is doped in IMLT single crystals and the
effect on the di-electric, optical, structural properties
were analyzed using various characterization
techniques.
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2 Experimental technique
2.1 Growth of single crystals

The flowchart depicting the process of single crystal
growth of pure and L-valine doped IMLT single
crystals are presented in Fig. 1. High pure chemicals
(around 97%, Sigma—Aldrich) were employed in the
process of growing the single crystals. Both imida-
zolinium (C3HsN,") and L-tartaric acid (C4HgOg)
were taken in stoichiometric ratio (equal molar con-
centration) and were blended in deionized water to
initiate the growth of single crystals of imidazolinium
L-tartrate (IMLT) by solvent evaporation technique.
Then the saturated solutions of 1 mol%, 3 mol% and
5 mol% L-valine doped IMLT single crystals were
grown by dissolving them in deionized water. The
saturated solutions were stirred well using magnetic
stirrer for the homogenization of the solutions pre-
pared. The prepared supersaturated solutions were
kept for slow evaporation of the solvents present in
them. The flawless seed crystals were selected and
grown into bulk crystals by using slow cooling
method as shown in Fig. 2.The mother solutions for
the growth of un-doped and concentration of 1 mol%
L-valine doped IMLT single crystals were maintained
at 35 °C, in a temperature-controlled water bath. The
seed crystal was suspended in the solution which
was kept in the temperature-controlled water bath
operating with an accuracy of & 0.01 °C for initiating
bulk crystal growth. By decreasing the water bath
temperature at a rate of 1 °C/day, single crystals with

Imidazolinium (C;H;N,") + L-tartaric acid (C,HsO4)
+ deionized water

Formation of imidazoliniumL-tartarate by solvent
evaporation

v

Growth of pure IMLT single
crystals

doped IMLT in varying concentrations of

Addition of saturated solutions of L - valine
] L - valine

[ Homogenization of solution ]

i

[ Achievement of supersaturation ]

Growth of L — valine doped
IMLT single crystals by slow

cooling

Fig. 1 Flowchart depicting the crystal growth process of pure
IMLT single crystals and L-valine doped IMLT crystals
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Fig. 2 Photographs of single crystals of a un-dopedpure IMLT
single crystal, b 1 mol%, ¢ 3 mol%, d 5 mol% L-valine doped
IMLT crystals

high optical qualities were harvested in duration of
fifteen days. The same technique was implemented to
grow the L-valine doped IMLT crystals pertaining
doping concentration of 3 and 5 mol% respectively.

2.2 Characterization

Powder X-ray diffraction analysis was carried out
with the help of Bruker D8 Advance powder X-ray
diffractometer equipped with Cu-Ko radiation of
wavelength 1.5406 A operated at a voltage of 45 kV
and 30 mA current in the angular range (20) of
10-50°.Varian Cary 5000 Model spectrophotometer
equipment was employed to perform the UV-Vis—
NIR analysis. By using a Hioki 3532-50 LCR Hitester,
in the frequency range from 50 Hz to 5 MHz, the
dielectric measurements for the grown crystals were
carried out. During the measurements, a coating of
thickness 2 mm was made on the crystals with silver
paste to impart conducting nature to the grown
crystals. ElementarVario EL III CHNS analyzer was
used to study the proportions of carbon (C), hydro-
gen (H) and nitrogen (N) elements in the grown
crystals. The IR spectrum was recorded using the IR
tracer-100 (Shimadzu) spectrometer in the range of
400-4000 cm™' by KBr pellet technique.Optical
microscope BX53 Olympus was used to observe the
etch patterns.

3 Results and discussions
3.1 Powder X-ray diffraction analysis

The characteristics of crystal structure were studied
by PXRD analysis which was performed for the
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powders obtained from the grown crystals and is
shown in Fig. 3. Since a portion of the grown crystals
harvested are powdered to carry out the analysis, all
the essential information that are obtained by single
crystal x-ray diffraction studies can be obtainable
through the powder XRD analysis itself. The cell
parameters and crystal structure were calculated
using the unitCell software and are tabulated in
Table 1. From the table it is observed that the crystal
belongs to the monoclinic crystal structure. The sharp
peaks denote that the grown crystals are highly
crystalline in nature. All the grown crystals are iso-
structural in nature and no extra peaks were
observed which confirms that no phase change has
occurred due to doping [19].The cell parameters are
observed to be varied; this can be attributed the
inclusion of the dopant L-valine in the IMLT crystals.
The crystallite size obtained from the intensity data of
few peaks such as (110), (011), (102) were found to
increase with the increase in the dopant concentra-
tion as calculated using the Scherrer equation (Eq. 1).
The value of full width at half maximum height () of
the obtained XRD peaks, for the determination of
crystallite size was obtained using the nonlinear
Gaussian fit distribution function. The dislocation
density gives an estimation of the amount of defects
present in the crystal. Lesser the dislocations, the
quality of the crystal is expected to be superior, and
hence improved device performance. The strain ()
and dislocation density (6) were also calculated by
using the formulae mentioned below (Egs. 2, 3)

5 mol %
3 mol %
- 1 mol %
_ SyESE Pure IMLT
S :v:ﬁ
Q‘, Jl.l Jada A
: _LJLU
& J
c
5] acb A A s
£
|l
Lo
10 20 30 40 50 60 70 80

20 (°)

Fig. 3 Powder XRD pattern of pure and L-valine doped IMLT
crystals
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Table 1 Structural parameters
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(unit cell data) of pure IMLT Lattice Parameters Pure IMLT 1 mol% LV doped IMLT 3 mol% LV 5 mol% LV
and L-valine doped IMLT doped IMLT doped IMLT
single crystals a (A) 6.72 6.81 6.67 6.95
b (&) 6.90 6.93 7.04 7.07
c (A) 9.65 9.62 9.59 9.78
B (°) 87.70 88.41 88.92 90.36
o= () 90 90 90 90
Cell volume (A)* 451.8 469.41 473.46 484.16
Crystal structure Monoclinic Monoclinic Monoclinic Monoclinic
respectively and are furnished in Table 2. The strain 5
developed due to the doping of amino acid L-valine 50004 =
is found to be tensile strain that makes vacancy type
of defects [20]. It was found that the L-valine (LV) . 40004
doped IMLT single crystal has the large crystallite ; &
size in the case of 1 mol % doping concentration. This 2 30001
implies that the atoms are well distributed [21]. From g
Fig. 4.it is detected that the 5 mol% L-valine doped E 20009 |
IMLT crystal exhibits a particular peak with more é
intensity which implies that there is an extension of 10001 19
the surface of (102) plane. This is due to the fast [
growth rate of plane perpendicular with the intro- °1 r y v y v J
duction of 5 mol% L-valine as dopant [22]. It can be 2 % “ 2 (0)50 % ° %

observed that the intensities of some peaks such as
(11 1), (002) (020), (121) decrease which confirms the
incorporation of dopants in the host (IMLT) single
crystals and the impact is such that their morphology
is varied only to a certain margin but their structure
is not altered. The crystal structure of pure IMLT
crystal is depicted in Fig. 5.

K
B pcosd (n)

) = 1.5406A

B = Full-width at half maximum height (rad),
0 = Bragg’s diffraction angle (°)

B
®~ Jtan0 @)

B = Full width half maxima (rad),

Fig. 4 PXRD pattern of L-Valine(5 mol%) doped IMLT single
crystals

0 = Bragg’s diffraction angle (°)

b= (3)

D = Crystallite size (nm).

3.2 UV-Vis-NIR analysis

The optical spectrum analyses for the grown crystals
were studied using the spectrometer operating in the
absorption mode with the spectrometer. Grown
crystals are expected to be highly transparent in the
entire visible and near IR region for the practical use
in NLO applications. This makes them suitable for

Table 2 Tabulation of crystallite size (D), strain (&) and dislocation density () of the grown single crystals

Crystal Crystallite size (D) x 10 m Strain (¢) (lin™? m™) x 107 Dislocation density (J) (lin m™?)
Pure IMLT 5.32 17.45 1.8 x 10"
1 mol% LV 8.24 7.68 9.4 x 10"
3 mol% LV 5.61 8.46 9.0 x 10"
5 mol% LV 4.18 11.15 9.8 x 10"

@ Springer
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Fig. 5 Crystal structure of
pure IMLT crystal with the
atomic position and numbering

applications in real-time devices. The transmission
spectra are presented in Fig. 6.for the crystals grown.
The output intensity of the transmission spectrum of
L-valine doped crystals is found to increase upon
doping which may be due to the decrease in the
solvent inclusion and defects [23]. The active trap-
ping of the impurities in the vacancies present in the
IMLT crystals might have lead to the decrease in the
transmission of the pure crystals. These vacancies are
filled by the dopant L-valine such that the defects get
reduced and their output efficiency has increased

100
(a) Pure IMLT
——(b) 1 mol% LV
i c (¢) 3 mol% LV
80 ?) (©) ——(d) 5 mol% LV
< 60
: |
=
s
g 40-
=
£
=
20
0

1 1 1 1 1 1 1
200 400 600 800 1000 1200 1400
wavelength (nm)

Fig. 6 Transmission spectra of undoped and L-valine doped
IMLT single crystals
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[24]. The cut off wavelength of the grown crystals
were found and furnished in Table 3. The trans-
parency and cut-off wavelength of the above-syn-
thesized single crystals demonstrate their suitability
in NLO applications. The decrease in the transmis-
sion around 234 nm and 331 nm is due to the tran-
sition of the orbital electrons i.e. n—n* and n-n*
transitions in the grown crystals [25]. The Tauc’s plot,
plotted between (ahv)'/? versus photon energy (hv) is
shown in the Fig. 7. in the fundamental absorption
region which is attributed to be indirect bandgap.
The bandgap (Eg) was calculated by extrapolating the
linear part of the plot between (ahv)'/? versus (hv),
which is based on the Tauc’s equation (Eq. 4) and is
presented in Table 3.

(ohv) = K (hv — Eg)" (4)

o = Absorption co-efficient.

h = Plank’s constant (6.627 x 107>* m? kg/s).

v = Frequency (Hz).

K = Energy independent constant.

E; = Band gap.

n = Nature of transmission.

(n = 2 for indirect band gap material).

(n = ' for direct band gap material).

It is to be mentioned here that various single
crystalline materials also exhibit indirect electronic
transition. Samples being crystalline in nature need
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Table 3 The cut-off

Cut-off wavelength (nm)

Optical band gap E,(eV)

263
257
259
260

4.72
4.82
4.79
4.76

wavelength and optical band Crystal
Ig;fo;f the tLl-vahne doped pure IMLT
cysias 1 mol % LV
3 mol % LV
5 mol % LV
100
(a) Pure IMLT
—— (b) 1 mol% LV
804 (¢) 3 mol% LV
— (d) 5 mol% LV
~ 60+ (a)
g C)
2 404
=
K
b
0] ® ©
04
) T T T T T
4.0 4.2 4.4 4.6 4.8 5.0 5.2
hv (eV)

Fig. 7 Tauc’s Plot of the pure and L-valine doped IMLT single
crystals

not possess direct electronic transitions. These are
placed with due respect to the journal.

3.3 Dielectric measurements

A dielectric material has the ability to dissipate
minimum amount of heat energy and utilize the
higher amount of energy for the dipole moment [26].
The crystal with minimum dielectric constant can be
efficiently utilized since the dielectric loss can be
minimized. The power dissipation is less in the
dielectric material with minimum dielectric loss [27].
The basic mechanism of a dielectric material can be
estimated by the decrement in its dielectric constant
with an upon rising the applied frequency. This is
due to the winding up of each polarization with the
increase in frequency [28]. The polarization mecha-
nism and the conduction process exhibit similarity.
Each polarization disappears simultaneously as the
frequency increases. Space-charge polarization will
sustain only at low frequencies and vanishes as the
frequency increases. Only electronic polarization
exists at high frequencies and other polarizations i.e.
ionic and orientation polarization disappear

gradually [29]. The dielectric constant for the grown
crystals was calculated. The dielectric loss was also
calculated. The obtained results are shown in Figs. 8,
9. The L-valine (1 mol%) incorporated IMLT crystals
have low dielectric constant as well as low dielectric
loss which implies that 1 mol% L-valine doping has
minimum power dissipation and less heat energy
loss compared with the all other grown crystals.

3.4 CHN elemental analysis

The CHN study affirmed the chemical proportion of
these expected elements in both doped and un-doped
IMLT single crystals. The recorded outcomes of the
CHN analyses are furnished in Table 4, which pre-
sents a comparison between the experimental values
and theoretical values. The formation of both doped
and un-doped IMLT single crystalline compounds
were validated and according to the comparison it
was found that the experimental and calculated val-
ues of the expected elements (carbon, nitrogen and
hydrogen) are in good agreement with one another.
The proportion of existing carbon, hydrogen and
nitrogen elements follow an increasing trend in as the
concentration of dopant increases, which elucidates

1204 — — Pure IMLT
—0—1 mol% LV
) —A—3 mol% LV
1004p —v—5 mol% LV
— r
o
e 804
&
2 4
(=]
=)
2 60+
S
i
=
a 404 v
-v—v v vV vv v v vy
\ \."m.“-Q-O'.-O—.— :j
\‘:A_A_AMZA}A:A:A:A:‘:‘: p—
20 4
1 ) L )
2 3 4 5 6
Log f

Fig. 8 Plot of dielectric constant Vs Log f
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the presence of the dopant L-valine in the IMLT
material.

3.5 FTIR analysis

Fourier transform infrared analysis (FTIR analysis)
was recorded to analyze the functional groups pre-
sent in the grown crystals. The IR spectra are shown
in Fig. 10. The internal vibrations of the molecules
were analyzed and the presences of hydrogen bonds
within the spectrum in the grown crystals are fur-
nished in Table 5. The functional groups and their
bonding assignments confirms the presence of car-
bonyl group, C = O stretching, C-O stretching, O-H
deformation [30] etc. The presence of the character-
istic vibration of NH>" in L-valine doped crystals and
its absence in the spectrum of pure IMLT confirms
the presence of amino acid (L-valine) in the doped
crystals.

3.6 Etching studies

Etching is the reverse process of crystal growth
mechanism [32]. When the surface of a crystal is
etched with an etchant such as water or organic

5
~—&— Pure IMLT
—e&—1 mol% LV
44 —a— 3 mol% LV
—¥—5 mol% LV

Dielectric loss ( tan J)
[ 5]
1

Log f
Fig. 9 Plot of dielectric loss Vs Log f

Table 4 CHN composition

] Mater Sci: Mater Electron (2023) 34:35

solvents well—defined etch patterns are obtained.
The distribution of structural defects can be investi-
gated using the etching analysis. Etching analysis is a
dominant tool to reveal the lattice inhomogeneities
and dislocations that are present in grown crystals
[31]. Etch pits can appear in various forms such as
spirals, hillocks, rectangular etch pits, kinks, trian-
gular etch pits and etc. In the present investigation,
the grown crystals were subjected for etching by
using water as an etchant and the etching time of
about 10 s was maintained. The crystals were soaked
in water for about 10 s, dried and were subjected to
analyze the growth features. The morphology of the
etch pits were studied in the reflection mode
employing a metallurgical microscope. Etch pits in
the form of rectangles were observed in the grown
crystals and are shown in Fig. 11. Dislocations man-
ifest to relax the stress created and reduce the lattice
mismatch in the grown crystal [33]. Due to the
inclusions of the dopants in the mother crystal, etch
pits or dislocations are produced. It is expected that
the air bubbles present in the grown crystals reduces
its optical efficiency. From the Fig. 11, it can be
observed that the etch pitdensities are lesser in
L-valine (1 mol%) doped IMLT single crystals
whereas in pure un-doped IMLT and L-valine
(5 mol%) doped IMLT single crystals, a large number

(a)Pure IMLT
(b) 1 mol% LV
(c) 3 mol% LV
(d) 5 mol% LV

Transmittance (%)

©
@

T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

wavenumber (cm-l)

Fig. 10 FTIR spectra of grown single crystals.a Pure IMLT
b1 mol% L-valine doped IMLT ¢ 3 mol% L-valine doped IMLT
b 5 mol% L-valine doped IMLT

Pure IMLT Theoretical values (pure IMLT)

1 mol% LV 3 mol% LV 5 mol% LV

analysis of the grown IMLT Element

single crystals (%)
C 38.62 38.50
H 4.40 4.5
N 12.67 12.8

38.81 39.05 39.11
4.51 4.58 4.48
12.71 12.80 12.89
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Table 5 FTIR spectral bond assignmentsin the grown single crystals

Absorption (cm™") Assignment of functional groups
Pure 1 mol% LV 3 mol% LV 5 mol% LV
IMLT IMLT IMLT IMLT
3947, 3959,3825, 3987, 3810,3462 3924,3888,3398  O-H stretching in the carboxyl group
3804
- 3199 3239 3167 NH;" asymmetric stretching of L-valine
3009 2946 2895 2925 C-H asymmetric stretching vibration of carboxyl group
2842 2843 2843 2689 Presence of N-H functional group in the title compound
1680,1584 1663,1588 1696, 1592 1655 C = N stretching vibration of imidazole ring
1438 1435 1445 1464 characteristic peakof aromatic ring vibrations their
1334 1338 1335 1339 In-plane bending modes of aromatic C—H bonds
1303 1305 1316 1309 C = O stretching
1248 1263 1259 1267 The breathing mode of the imidazole ring in plane C-H
deformation
1212 1213 1215 1213 C-H in plane of the aromatic ring
1128 1134 1154 1134 C—C stretching of imidazole
1091 1092 1059 1088 CO-OH stretching vibrations of carboxylate groups
879 842 854 867 C—C-N asymmetric stretching
791 788 794 777 C—H out of plane deformation
717 731 759 762 COO™ scissoring
642 654 698 678 The bending vibrations of COO™
627 635 626 627 C—C deformation
491 504 519 522 N—-C-N stretching

Fig.11 Etch patterns of grown
crystals a Pure IMLT,

b 1 mol% LV doped IMLT,

¢ 3 mol% LV doped,

d 5 mol% LV doped IMLT

@ Springer
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of etch pits are observed. This is expected to affect the
quality of the crystal and hence its performance. The
L-valine (3 mol %) doped IMLT crystal has the
inclusion of air bubble in the crystal which shall
reduce its efficiency.

3.7 Z-Scan analysis

The third order nonlinearity is responsible for the
nonlinear optical (NLO) effects such as four-wave
mixing phenomena [34]. The third order nonlinear
optical phenomenon is associated with the intensity
dependent change in the nonlinear refractive index
and nonlinear absorption coefficient. Z-scan technol-
ogy is a reliable technique to measure the nonlinear
refractive index and absorption coefficient of the
solid materials. The real and imaginary parts of the
nonlinear susceptibility as well as their signs can be
found by using the nonlinear refractive index and
absorption coefficient. The term Z-scan is coined
since the sample is scanned along the Z- direction.
Samples having thickness less than the Rayleigh
length are favorable for the study. The gaussian laser
beam is focused by a lens and is allowed to pass
through the sample which is moved along the beam
direction by using a motorized translation stage. The
sample exhibits self -focusing or self- defocusing
nature due to the alteration of refractive index by the
beam. A Gaussian laser beam of a continuous-wave
(cw) generated with the wavelength of 532 nm from a
frequency-converted diode-pumped Nd: YAG laser
beam was projected on the single crystals to examine
their third-order nonlinear optical (NLO) properties.

Using a stepper motor, the samples (grown crys-
tals) are moved along the negative and positive z-axis
with the simultaneous passage of the Gaussian laser
beam focused on the samples [35]. The intensity of
the incident cw-laser beam is varied by moving the
grown crystal (sample) through the focal point of the
lens. The grown crystal samples were placed in the
focal point of the lens in the normalized transmit-
tance condition and the intensities were recorded.
This is carried out to maintain the intensity of the
beam at a constant value. The normalized transmit-
tance values of the samples were recorded in both the
open and closed aperture modes and are presented in
the Fig. 12a, b and c. The transmitted intensities from
both the closed and open aperture methods are
investigated and the nonlinear parameters are
determined.
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3.7.1 Closed aperture method

In the closed aperture method the laser beam is
transmitted along the z- direction and the sample is
moved along the direction of propagation of the laser
beam. It is found that the intensity of the laser beam
gets altered by the sample since its refractive index
gets altered. The dependence of self-defocusing /
self-focusing nature on the optical properties of the
samples can be obtained. The samples having self-
focusing nature possess pre-focal transmitted valley
and then pos-focal transmitted peak which is attrib-
uted to the positive refractive index of the sample
(1, > 0).The negative refractive index of the sample
(ny<0) was established due to theself- defocusing
nature of the sample since a pre-focal transmitted
peak followed by a post-focal transmitted valley are
observed. The obtained data for the grown crystals is
shown in Fig. 12a, which is recorded by exposing the
grown crystals in the closed aperture Z-scan method.
Through the closed aperture method, the self-defo-
cusing character of grown crystals are confirmed
since the data shows the existence of a transmitted
peak trailed by a valley, which can be attributed to
the local deviation in the refractive index [36]. To
fabricate devices that function as optical sensors, it is
preferred that the materials exhibit self-defocusing
character.

The parameter A, the on-axis phase shift at the
focal point is determined. The relationship between
the third-order nonlinear refractive index (11,) and the
on-axis phase shift (A¢) are studied. The numerical
values of nonlinear refractive index for the grown
IMLT single crystals were determined and are
depicted in Table 6.

3.7.2  Open aperture method

Open aperture Z-scan is a method employed to
measure the nonlinear absorption coefficient (ff) of
samples. The value of f§ of a crystal may be positive or
negative, and is found to vary due to the nature of
interaction between the sample and the incident laser
beam. In the open-aperture method, (placed in nor-
malized transmittance curvature mode), a reverse
saturable absorption curve is attained for samples
exhibiting positive nonlinear absorption coefficient
(p), and a negative value of nonlinear absorption
coefficient () is exhibited by the crystals possessing
the saturable absorption nature [37].The saturable
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absorption behavior of the grown single crystals is
confirmed from the obtained data presented in
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Fig. 12b. The possessions of negative nonlinear
absorption coefficient () of the grown crystals are
proved. The obtainment of the value of ‘" with a
lesser degree of accuracy in the closed-aperture
method is witnessed since the nonlinear refractive
index and saturation absorption coefficient affect the
transmittance of the single crystals. This signifies that
it is imperative to distinguish the nonlinear absorp-
tion coefficient () from the transmitted nonlinear
refractive index (n,) values. The respective transmit-
ted values (obtained from the closed aperture scan)
are divided by open aperture scan and the informa-
tion is shown in Fig. 12c.

The contributing real and imaginary factors of the
3"dorder non-linear susceptibilities for the samples
are calculated by employing the relations connecting
them as presented below [38].

2

10 46yC?*n2ny cm
@) — -2 0%~ o2 LT
107260C?n2Ap cm
(@) _ 1Y %0~ Torp LT
L (X ) 4m? (W) (6)

The third-order nonlinear susceptibility of the
grown crystals were calculated using the following
relation.

19 = Rz + (1) Pest 7)

And are tabulated in Table 6. L-valine doped IMLT
single crystals have higher nonlinear optical suscep-
tibility in the case of 1 mol % doping concentration,
which elucidates the substantial distribution of the
dopant atoms enabling the increment of the dipolar
moment. Owing to the possession of self-defocussing
nature in both the L-valine doped and un-doped
IMLT single crystals, their suitability in the domains
of sensor-operated devices and other optical appli-
cations are confirmed.

4 Conclusions

The powder XRD data implies the impact of dopant
on the structural parameters of the un-doped IMLT
single crystals are within a certain limit, and hence
the crystal structure remains the same. The small
variation is observed in lattice dimensions and strain
was examined from powder XRD analysis. This
confirms the amalgamation of the amino acid L-va-
line in the IMLT crystal. The crystallite size, strain
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Table 6 Non-linear optical parameters of L-valine doped IMLT single crystals

Sample 1, 1078 cm*/W 1074 c/W o Re 3@ 10 %su Imy® 10 %su 1 107 %esu
Pure IMLT 8.34 0.09 1.32 3.67 0.58 3.71
1 mol% LV 1.13 0.07 1.52 10.08 5.06 11.28
3 mol% LV 8.33 0.02 1.04 7.81 3.66 8.62
5 mol% LV 1.02 0.05 1.31 8.81 4.38 9.83

and dislocation densities were also calculated. L-va-
line doped IMLT has the largest crystallite size
(824 x 108 m) having 1 mol % dopant concentration
was found. The UV-Vis-NIR analysis unveils that the
transparency of 1 mol% L-valine is high and it has
large bandgap energy (4.82 eV) value which is an
essential factor for the second-harmonic generation
applications. The increase in the band gap of the
doped crystals and the shift in the absorption coeffi-
cient towards the lower wavelength region show that
the grown crystal can be utilized for photoconductive
applications. The dielectric constant and dielectric
loss factors for the grown crystals were measured.
The dielectric measurement confirms that the L-va-
line (1 mol %) doped crystal has minimum heat dis-
sipation factor and hence there is a minimum power
loss. FTIR analysis confirms the vibrational groups
present in the grown crystals. It is observed that the
efficiency has increased while the doping concentra-
tion has increased till 1 mol%. It demonstrates that
thel mol% L-valine doped crystal is suitable for the
non-linear optical applications such as frequency
conversion, second harmonic generation.
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