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Abstract. A bulk size transparent nonlinear organic single crystal of Iminodiacetic acid was harvested using slow
evaporation solution growth technique in controlled atmosphere with a span of 4 weeks. The structural properties of
titled crystal were examined by single-crystal X-ray diffraction. The quality of the ingot was determined by highresolution X-ray diffraction and found that the sample is free from grain boundaries. From UV–Vis analysis, one can
understand that there is less absorption in the entire wavelength range of visible region and observed cut-off
wavelength is 242 nm. From photoluminescence analysis, the emission of wavelength is identified at 421 nm.
Mechanical strength and various parameters like work-hardening coefficient and stiffness constant of ingot was
measured using Vickers microhardness test and corresponding experimental data had been explained using distinct
theoretical models. The variation measurement of dielectric constant and dielectric loss in respect of frequency was
carried out to compute the electronic polarizability of titled compound using Penn model. The detailed analysis of
third-harmonic generation was executed using Z-scan method. The values of nonlinear refractive index (n2) and two
photon absorption coefficient (b) were obtained to be 2.19 9 10-17 cm2 W-1 and 4.25 9 10-12 cm W-1, respectively. The higher value of coupling factor suggests nonlinear absorption is more dominant and the crystal is
suitable for optical limiting application.
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Introduction

The current science and technology requires potential
nonlinear optical (NLO) single crystals for their varieties of
applications in different fields, such as optical limiting,
lasers, fibre optics communication, optical data storage, etc.
The above said efficient materials can be grown using different techniques [1,2]. Generally, organic crystals are more
optically nonlinear than inorganic, because of its hydrogen
as well as Vander Waal’s bonds and also high degree of
delocalization of electrons. It is also found that organic
molecules possess high laser damage threshold (LDT) with
wide range of optical bandgap and good thermal stability,
which make them suitable for fabrication of various devices
[3,4]. Iminodiacetic acid (IMDA) is an acid amine having
lone pair at nitrogen connected to two CH2 groups, which
are bonded with carboxylic group. The title compound was
first reported by Tomita et al [5] and observed that this
material crystallizes in three different forms of phases, such
as a, b and c. The present compound of IMDA belongs to

‘a’ form and crystallizes in noncentrosymmetric in nature
and shows various NLO properties. The presence of nitrogen atoms and carboxylic groups in IMDA act as ligand to
form a metal complex, which can be used for removal of
metal ion from industrial waste solution. The harvested
crystal also shows the NLO applications like secondharmonic generation (SHG), which signifies the usefulness
of titled material [5,6].
In the current investigation, we are reporting the growth
of bulk size IMDA single crystal by slow evaporation
solution growth technique (SEST) and studied its various
properties for NLO applications. Especially third-order
nonlinearity of IMDA crystal has been studied using Z-scan
technique to find its suitability in NLO, optoelectronic and
device applications. To the best of our knowledge, there is
no such report which defines the third-order NLO behaviour
of the grown crystal except SHG behaviour of the same by
Tomita et al [5]. This is the first article that consists of
detailed mechanical analyses and Z-scan measurements,
which are mandatory for machining novel NLO devices.
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The commercially available material (purity: 99%) was
used as the source material for growing the title compound.
Its purity was improved by frequent recrystallization. A
saturated mother solution of IMDA was made by dissolving
the solute in deionized water by continuous stirring for 4 h.
After preparing the concentrated solution, filtration was
performed using a Whatman filter paper and covered by thin
plastic cover. Then it was housed in a constant temperature
bath (CTB) maintained at temperature of 36°C (with
accuracy ±0.5°C). The nucleation was started after few
days and the bulk size (47 mm 9 9 mm 9 6 mm) of single
crystal was harvested from the mother solution after a time
period of a month. The mentioned bulk crystal is presented
in figure 1.
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3.1

Results and discussion
X-ray diffraction analysis

The structural information and lattice dimensions of grown
IMDA single crystal was determined using a single-crystal
X-ray diffractometer (Model: Bruker D8 QUEST) with IlS
microsource (wavelength (k) = 0.7107 Å) at atmospheric
temperature. From this investigation, it was noticed that the
grown ingot corresponds to orthorhombic structure and
crystallizes in noncentrosymmetric having space group
Pbc21. The calculated unit cell parameters are good
acceptance with the literature [5]. The calculated lattice
dimensions are given in table 1. From the table, one can
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Figure 3.

W–H plot.

understand that the deviation in the calculated one with the
reported may be due to the presence of strain in the sample.
The observed powder X-ray diffraction (PXRD) pattern of
mentioned crystal is given in figure 2. The strain was
calculated using Willamson–Hall (W–H) relation [7]
b cos h ¼

3.

0.15

Kk
þ g sin h;
D

ð1Þ

where b, D, g and K are the full-width half-maxima
(FWHM), crystallite size, strain present and the Scherrer
constant, respectively. A graph between b cos h and sin h
was plotted as shown in figure 3, where slope gave the
strain in the crystal which was found to be 0.006. The
crystallite size had been calculated using intercept of given
graph. The average crystallite size was obtained to
be 0.046 lm.

3.2

High-resolution x-ray diffraction

The crystalline perfection of IMDA single crystal was
investigated by recording the diffraction curve (DC) using
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high-resolution X-ray diffraction (HRXRD). A well-polished
ingot with (040) planes was employed to a PANalytical
X’Pert PRO MRD high-resolution X-ray diffractometer
system and recorded DC is shown in figure 4. The single peak
in DC implies that the sample is free from grain boundaries.
The FWHM of the intense peak is 33 arc sec, which is higher
than the value obtained from the plane wave theory of
dynamical XRD for an ideally perfect crystal, but reasonably
nearby the value expected for perfect crystals [8]. The symmetry of DC can be identified by setting Bragg’s diffraction
peak position to zero and the asymmetry with good scattered
intensity was found in the positive side of DC, which points
out that IMDA crystal contains interstitial type of defects that
are dominating more than vacancy defects. However,
concentration of such defects is lesser which eventually
affects the performance of devices built on such ingot single
crystals.

consideration and absorption coefficient (a) can be written
by following equation [11]:
 
1
1
a ¼ log
ð2Þ
t
T
Here T denotes transmittance and t the thickness of used
ingot accordingly. The absorption coefficient of grown
direct bandgap single crystal is related with photon energy
as follows [12]:


ðahtÞ2 ¼ A Eg  ht
ð3Þ
ht being the energy of photon and Eg represents optical
bandgap. The details of the bandgap study have been given
in figure 6 and it was obtained to be 4.91 eV.
The wide bandgap and higher value of transmittance of
the specimen makes it suitable for application in conversion
of infrared light to visible light and in the generation of
higher harmonics in the field of laser applications [13].

UV–Visible spectroscopy

It is very much important that a crystal to be transparent in
wide range of light spectra for practical applications in
nonlinear optics. The optical properties provide the information about electronic band structure and types of optical
transition occurring in solids [9]. The optical transmittance
of the as-grown IMDA crystal of thickness 3 mm was taken
for the present case and spectra was recorded between 200
and 1100 nm, and it is shown in figure 5. It was found that
the crystal had good transmittance in complete visible
region with a UV cutoff wavelength (k) of 242 nm. The
lower UV cutoff may be explained by the appearance of
chromophores like amino and carboxylic groups that made
the crystal transparent and results almost no absorption in
the UV region. The lower UV cutoff also suggests about
gradual and consistent degradation of transmittance in nearUV region, as all the incident photons are excited to the
higher nonbonding energy states [10].
In order to evaluate optical bandgap relation of absorption coefficient (a), photon energy (ht) was taken into

3.4

Photoluminescence

Photoluminescence analysis is an advantageous nondestructive technique for identifying the fluorescence
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behaviour and electronic structure of the materials. In
addition to these properties, crystal quality, impurities,
defects and dislocations present in the harvested crystal can
also be analysed by using this tool [14]. The grown single
crystal was excited with a wavelength of 368 nm using a
Xenon (Xe) flash lamp as a source at ambient temperature
and the corresponding emission peak at 421 nm was
obtained, which is given in figure 7. In the spectrum, there
is a sharp single emission peak of energy 2.95 eV, which
suggests that there is no impurity and the crystal has minimum defects. It may be concluded that the emission peak is
due to the occurrence of electron donating group OH and
accepting group C=O. The band separation obtained from
PL is lesser than the bandgap obtained from UV–Visible
spectroscopy, this arises due to the radiative transition of
trapped electrons and trapped holes from the localized state
situated between the bandgaps.

3.5

Mechanical stability analysis

To understand the mechanical behaviour of the harvested
single crystal, the cut and polished specimen was taken and
underwent for Vickers microhardness analysis. For device
fabrications, it is much important to have knowledge about
the mechanical strength of that particular material. For the
study of mechanical strength, elastic-plastic behaviour of
the harvested single crystal, Vickers microhardness experiment was performed with pyramidal diamond indenter at
room temperature. A wide range of load from 5 to 100 g
were indented on the surface of solution-grown sample, free
from cracks for dwell time of 10 s. For each load, minimum
five indentations were taken and the corresponding hardness
was recorded. The recorded hardness (Hv) plot is shown in
figure 8 and was observed that in low load range Hv
increases with the increment of load. This rise in hardness
for low load range (below 50 g) was due to piercing of
intender on the top of the surface revealing that crystal
possess reverse indentation size effect (RISE). For further
increment of load, it was observed that Hv was load

independent, i.e., it became saturated. The saturation in the
hardness was due to the rearrangement of dislocation, which
in return increases the mutual interaction stresses [15].
Now some theoretical studies have been performed to
explain phenomena like RISE and get to know about the
mechanical behaviour of the material. According to Meyer’s law for indentation size effect (ISE)
P ¼ Kdn

ð4Þ

Here n is known as Meyer’s index or work hardening,
this value explains ISE behaviour in the material and also
distinguish between the materials either being soft or hard.
For material having n value less than 2 shows normal ISE,
which means decrease in hardness with rise in applied load.
If n = 2, then hardness is load independent, whereas if n[2,
RISE is observed that corresponds to increase in Hv with the
increase in load [16]. To demonstrate RISE in case of single
crystal of IMDA, a graph of log P vs. log d is plotted in
figure 9, where slope of linearly fitted curve determined the
value of n, which was achieved to be 2.413. It shows that
material used for study comes under soft category [17]. The
average hardness for above material was evaluated using

65

60

Hardness (kg/mm2)

55

55

50

45

40

35
0

20

40

60

80

100

Load (g)

Figure 8.

Hardness vs. load.

16
LogP
Linear fit

16
14

Intensity (*105) (cps)

12

12

2.2

10
8
6
4

2.0

2
0
200

250

300

350

400

Wavelength (nm)

1.8

10

1.6

8

Log P (g)

Intensity (*105) (cps)

14

6

1.4
1.2

4
1.0

2

0.8

0

0.6

400

500

600

700

800

1.2

Wavelength (nm)

Figure 7.

Photoluminescence spectra.

1.3

1.4

1.5

Log d (micrometer)

Figure 9.

Log P vs. log d.

1.6

1.7

Bull. Mater. Sci. (2021)44:55

Page 5 of 9

P ¼ W þ Cd 2

ð6Þ

Dielectric studies

Dielectric measurement for NLO single crystal is very
much effective for getting information about molecular
anisotropy, structural changes, electro-optical molecular
responses, and transport phenomena within the crystalline
material [22–24]. The low dielectric constant material can
be useful for faster application and better performance of
microelectronics devices. Its utilization can significantly

Table 2.
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In this expression, A is related to load-dependent hardness and B corresponds to load-independent hardness. A
plot of P/d vs. d is given in figure 11, in which slope is used
to obtain the minimum hardness (H0p), after which it will
become load independent [20].
The average value of hardness from Mayer’s formula, the
hardness from Hay–Kendall’s model and PSR model is
given in table 2. The average value of stiffness constant was
found using Wooster formula C11 = H7/4
v and was calculated
to be 0.978 9 105 MPa, which was very large. The obtained
result of C11 gives the idea that the tightness of the bonds
among ions in IMDA was very strong and hence the
material had good mechanical properties [21].

3.6

80

ð5Þ

where W represents resistance pressure and C the constant
independent of load. The value of W was calculated from
the plot between P and d2, where W was found to have
negative value that could predict the material exhibit
reverse ISE as shown in figure 10 [19]. The load independent hardness is also calculated from the above plot, which
is given by H0 = 1854.4 Ckg mm-2. The values of the above
quantities are represented in table 2.
According to proportional specimen model (PSR), load P
can be expressed as a function of indentation size represented in equation (6):
P ¼ Ad þ Bd

Linear fit

100

P (g)

the formula Hv = 1854.4P/d2 and by Meyer’s formula that
shows both the results are nearly equal.
In order to find out the resistance pressure that can be
defined as the minimum load to initiate plastic deformation,
Hay–Kendall’s law had been taken in account [18]. The
expression for the dependence of indentation size on
applied load may be given by:
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P/d vs. d.

minimize the RC time delay and power dissipation in new
generation of high-speed circuit [25]. Predominantly this
analysis gives the information about dielectric constant,
which depends on parameters like extrinsic nature of
material, electronic, space charge, ion and oriental polarizations, respectively [26]. In order to study dielectric
constant and loss of the crystal for a variation of frequency (F) at room temperature, a polished sample having dimensions 6.85 mm 9 3 mm 9 1.89 mm was taken
and pasted with conducting silver for making smooth
electrical contact. Then sample was placed in a thermal
insulated chamber in order to restrict the thermal fluctuations. Then an alternating current (AC), electrical signal
of frequency ranging from 100 Hz to 1 MHz was applied
between the two electrodes and the variation of

Mechanical studies.

Experimental results
Average
Hv = 48.366 kg mm-2

Mayer’s law

Hay–Kendall’s law

PSR model

C11

Average
Hv = 51.604 kg mm-2
n = 2.413

H0 = 62.79 kg mm-2
W = –4.2181

H0p = 70.54 kg mm-2

0.978 9 105 Mpa
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capacitance with frequency was observed. The dielectric
constant (e?) was determined by:

8

Cd
Ae0

ð7Þ
6

C, A, d, e0 are the capacitance, area, thickness and permittivity of material correspondingly. It was perceived from
the plot shown in figure 12 that the e? decreases exponentially with increase in frequency and became almost
constant for higher range of frequencies. Higher value of e?
at lower frequencies is due to the existence of ionic, space,
oriental and electronic polarizations. As the frequency
increases these polarizations lose their effectiveness,
resulting in lower values of dielectric constant [27]. As seen
in figure 13, the dielectric loss for higher frequencies was
low, which suggested that IMDA crystal possessed enriched
optical quality with less defects. This behaviour of the
material signifies the suitability of IMDA crystal for optoelectronic applications and NLO device fabrication [28].
Further electronic polarizability had been evaluated using
Clausius–Mossotti relation and compared with the theoretical calculation, which was done using Penn model. This is
also compared with the electronic polarizability determined
from bandgap, which was determined from UV–Vis analysis. The detailed study is given below.
3.6a Electronic properties of IMDA single crystal: The
electronic properties of the above sample had been
determined using the dielectric constant (e?) at higher
frequencies. For higher frequency, dielectric constant
depends on number of valence electrons, which is related
to Plasmon energy and Penn energy explicitly. Penn energy
is defined as the average energy related to dielectric
constant at higher frequencies, which depends on Plasmon
energy [29]. In this work, electron polarizability of the
material has been calculated with the help of theoretical
model given by Penn using the experimental dielectric
constant at high frequencies. Further, it has been calculated
using Clausius–Mossotti relation and by using optical
bandgap. In addition to electrical polarizability many
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Dielectric loss with frequency.

other electronic parameters like Fermi energy, Penn gap
energy and Plasmon energy were reported in the current
work. The Plasmon energy (
hxp) can be calculated using
equation (8):
 ð1=2Þ
Zq
hxp ¼ 28:8

eV
ð8Þ
M
Z represents sum of the total number of outer most shell
electrons for each atom in the molecule, density q is in g
cm-3 and M is molecular mass for the material. The Plasmon energy was computed to be 22.77 eV. Applying Penn
model, the average energy gap (Ep) for the single crystal of
IMDA is given by [30]:
Ep ¼

hx p

½e1  11=2

ð9Þ

eV

where e? = 23.61 is the dielectric constant at higher frequencies, now the Fermi energy of the titled sample is
represented by:

ð4=3Þ
EF ¼ 0:2948 
hx p
eV
ð10Þ
The electronic polarizability of single crystal is given by
the expression:
" 
#
2
hx p S0

M
a¼ 
  0:396  1024 cm3
2
q
hxp S0 þ 3E2

p

55

ð11Þ

Dielectric constant
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where S0 is material constant and can be calculated using:


Ep
1 Ep 2
S0 ¼ 1 
þ
ð12Þ
4EF 3 4EF
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Now electronic polarization is determined using Clausius–Mossotti relation:
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Variation of dielectric constant with frequency.

It has been seen that the value for electron polarizability
obtained from equation (11) nearly matched with the value
determined from Clausius–Mossotti relation. Considering
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Plasmon energy
Penn energy
Fermi energy
Electron polarizability (a) from Penn
approximation
S0 material constant
a from Clausius–Mossotti
a from optical bandgap

Values
22.77 eV
4.789 eV
19.026 eV
2.886 9 10-23 cm3
0.9384
2.911 9 10-23 cm3
1.496 9 10-23 cm3
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the polarizability has a dependence on optical bandgap, the
value of a can be determined as follows:
"
pﬃﬃﬃﬃﬃ#
Eg
M
a¼ 1
ð14Þ
  0:396  1024 cm3
q
4:06
The value obtained using this formula was also found to
be nearly equal to the values determined from previous
equations (11 and 13). The electronic parameters values that
were calculated from above analysis are given in table 3.
3.7

Third-order NLO study

Z-scan technique had been widely adopted to study the
third-order nonlinearity in the sample. For the determination of nonlinear absorption (NLA) coefficient (b) and
nonlinear refractive (NLR) index (n2), open aperture and
closed aperture Z-scan experiment was performed [31].
The magnitude and sign of the above parameters were
evaluated using the corresponding experimental data in
order to find out the nature of the sample. For the measurement, Gaussian laser beam of wavelength (kL ) 800
nm of femto second laser with peak intensity (I0) 2.2 9
1012 W cm-2 was made to focus by a convex lens of focal
length ( f ) 40 cm on the used crystal of having thickness
(L) 0.3 cm. Due to the high intensity, the laser beam
induces nonlinearity in the crystal which generally causes
decrease or increase in the normalized transmittance with
the change in position with respect to focus [32]. For the
measurement of transmittance in open aperture, the
crystal was fixed on sample holder and kept at focus.
After placing sample at focus, the sample holder was
moved towards and far away from the source (–z to ?z)
and corresponding transmittance was measured using
detector. It was observed that normalized transmittance
reduces, which results in a valley at the focus and is
shown in figure 14.
This observation clearly signifies that the crystal is having revere saturation absorption behaviour (RSA) and
should have positive b-value. The positive value of b is an
important aspect of material characteristics, which tells that

Open aperture Z-scan.

crystals may be useful in optical limiter. The value of b is
calculated by the fitting of experimental data with the following equation [33]:
T ðzÞ ¼ 1 

bI L
 0 eff
h i2 
23=2 1 þ ZZ0

ð15Þ

Here Leff is known as the effective thickness of used
crystal and is given by
Leff ¼

1  eaL
a

ð16Þ

Here a is known as linear absorption coefficient, which
has been calculated from UV–Visible spectroscopy data
corresponding to wavelength of 800 nm. Z0 = px20/k is
known as the Rayleigh range for the laser beam with beam
waist x0. The x0 can be calculated using x0 = 1.27fk/2d,
which is found to be 40.64 lm, where d is the beam
diameter. The value of NLA coefficient (b) was also evaluated by the use of experimental data using in the relation
b¼

23=2 DT
I0 Leff

ð17Þ

The value of b was evaluated to be 4.25 9 10-12 cm W-1
and the fitted data shows that crystal exhibits the two photon
absorption (2PA) phenomena; a vital parameter for optical
limiting applications. The closed aperture Z-scan has been
performed to measure NLR index of the material. It has
been done by placing an aperture of radius (ra) 0.5 mm in
between the source and sample.
Figure 15 shows the valley to peak form, in which variation of normalized transmittance (T) with position is given,
which signifies that NLR index (n2) of titled crystal is
positive and is self-focusing in nature. The change of normalized transmittance for closed aperture between peak to
valley (DTPV ) can be given by the relation
DTPV ¼ 0:496ð1  SÞ1=4 jDUj

ð18Þ

Here S being the aperture linear transmittance is a function ra and beam radius at aperture (xa) and is determined
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low dielectric loss at higher frequencies region suggests that
it is transparent for entire visible region with good optical
quality. The higher value of stiffness constant grown crystal
has good mechanical strength, which is a useful property in
finding the applicability of the material. Hence it can be
concluded that the grown crystal can be suitable for various
optoelectronics and NLO applications.
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Closed aperture Z-scan.
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using the following equation:
h 2i
s¼1e

2ra
x2a

ð19Þ

The value of n2 could be evaluated using nonlinear phase
shift (DU), which has been calculated from the experimental
data by the use of given equation
n2 ¼

kL DU
2pI0 Leff

ð20Þ

The value of NLR index was figured out to be 2.19 9
10-17 cm2 W-1. The coupling factor (q0 ) is derived using
the relation
q0 ¼

kL b  102
4pn2

ð21Þ

The value of q0 was found to be 123.5, which suggests
that nonlinear absorbance is more dominance than nonlinear
refraction for this single crystal. Hence open aperture and
closed aperture studies of the IMDA single crystal suggest
that it can be an appropriate material for self-focusing and
optical limiting applications.

4.

Conclusions

A transparent bulk size IMDA single crystal was harvested
by SEST in a controlled environment. The existence of
strain in the crystal was measured from the PXRD data
using Hall–Willamson relation. Third-order nonlinearity of
solution harvested IMDA single crystal has been studied by
Z-scan technique. The physical parameters NLR index and
NLA coefficient were calculated to be 2.19 9 10-17 cm2
W-1 and 4.25 9 10-12 cm W-1, respectively. The selffocusing nature of IMDA was obtained from closed aperture
and the 2PA behaviour of the same sample was obtained
from open aperture Z-scan accordingly. The DC obtained
from HRXRD indicates that ingot possess interstitial-type
defects. The optical transmittance of the grown material and
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