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Abstract
Semi-organic nonlinear optical (NLO) 2-amino-5-nitropyridinium bromide (2A5NPBr) single crystals have been grown by 
slow evaporation solution technique (SEST) with the growth period of 60 days. The single-crystal XRD analysis confirms 
the unit cell parameters of the grown crystal. The crystallinity of grown 2A5NPBr was analyzed by powder X-ray diffraction 
(PXRD) measurement. The presence of functional groups of 2A5NPBr crystal was confirmed by Fourier transform infrared 
(FTIR) spectrum analysis. The optical transmittance of the grown crystal was analyzed by UV–Vis–NIR analysis. It shows 
good transparency in the visible and NIR region and it is favorable for nonlinear optical (NLO) device applications. The 
chemical etching study was carried out and it reveals that the grown crystal has less dislocation density. The photoconductiv-
ity study reveals that the grown crystal possesses positive photoconductive nature. The thermal stability of the crystal has 
been investigated by thermogravimetric (TG) and differential thermal analysis (DTA). The dielectric constant and dielectric 
loss as a function of frequency were measured. The electronic polarizability (α) of 2A5NPBr molecule has been calculated 
theoretically by different ways such as Penn analysis, Clausius–Mossotti relation, Lorentz–Lorenz equation, optical bandgap, 
and coupled dipole method (CDM). The obtained values of electronic polarizability (α) are in good agreement with each 
other. Laser damage threshold (LDT) of 2A5NPBr crystal has been measured using Nd:YAG laser with the wavelength of 
1064 nm. Third-order nonlinear optical property of the grown crystal was studied by Z-scan technique using He–Ne laser 
of wavelength 632.8 nm.

1  Introduction

In the recent days, there is need for good quality single crys-
tals with sufficiently large nonlinear optical responses that 
can be used for applications such as telecommunications, 
optical data storage, optical switching, optical modula-
tion, photodynamic therapies, and so on [1, 2]. Most of the 
organic single crystals possess large NLO property but poor 
physical properties such as optical, mechanical, thermal, 
and laser damage threshold. The inorganic materials have 
excellent physical properties but moderate NLO efficiency. 
Organic and inorganic materials are combined to make new 
semi-organic crystals for nonlinear optical (NLO) device 

applications. 2-amino-5-nitropyridine (2A5NP) is a good 
organic NLO material and the crystal structure was stud-
ied by Aakeroy et al. [3]. It has an interesting molecular 
structure where nitro group acts as electron acceptor and the 
amino group acts as electron donor. The aromatic pyridine 
ring acts as a cationic bonding site, the nitrogen as a pro-
ton acceptor and the amino group acts as a proton acceptor 
[4]. The 2A5NP derivative crystals have attracted attention 
due to their large nonlinear response with improved optical, 
thermal, laser damage threshold, and mechanical stabilities. 
The large NLO effect and good physico-chemical properties 
are due to the presence of π-conjugated electronic system 
with active short/multiple hydrogen bonding and Coulomb 
interaction between 2A5NP cation and involved counter ani-
ons. In addition, the density of the chromophores (NO2, NH2 
and NH+) and herringbone arrangements are also respon-
sible for the enhancement of NLO effect. 2A5NP deriva-
tive crystals, namely, 2-amino-5-nitropyridinium p-phe-
nolsulfonate (2A5NPP) and 2-amino-5-nitropyridinium 
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p-toluenesulfonate (2A5NPT), exhibit larger NLO efficiency 
compared to KDP material [4, 5]. A detailed literature sur-
vey shows that 2A5NP family single crystals can be used 
for SHG device applications. However, the third harmonic 
generation crystals can also be used in optical limiting, 
photonics, and optoelectronics device applications [6]. It 
will be more interesting if the second-order and third-order 
NLO properties are both well possessed by one compound 
[7]. The grown crystal exhibits polymorphic structure (dif-
ferent crystal structures with the same molecule) with two 
different crystal structures such as centro (P21/a) and noncen-
trosymmetric (P21) space groups. The crystal structures were 
already studied by Pecaut et al. [8] and the crystal growth 
and its preliminary characterizations were reported [9, 10]. 
The present work has been taken up with the aim of grow-
ing good quality semi-organic single crystals of 2-amino-
5-nitropyridinium bromide (2A5NPBr) for third-order non-
linear optical (NLO) device applications.

The present article describes growth of 2A5NPBr single 
crystal by slow evaporation solution technique and its char-
acterizations such as single-crystal XRD (SXRD), powder 
XRD (PXRD), Fourier transform infrared spectrum (FTIR), 
UV–Vis–NIR, chemical etching, thermogravimetric (TG) 
and differential thermal analysis (DTA), photoconductivity, 
dielectrics, electronic polarizability, laser damage threshold 
(LDT), and third-order nonlinear optical studies.

2 � Experimental procedures

2.1 � Material synthesis and crystal growth

2-amino-5-nitropyridine is a weak Bronsted base and it 
acquires a proton from strong or medium acids with pH < 2 
[5]. The high purity of 2-amino-5-nitropyridine (Alfa Aesar) 

and hydrogen bromide (Merck) reagents was taken in the 
molar ratio of 1:2 with Millipore water (ρ = 18.2 MΩ cm) as 
a solvent. The reactant containing solution has been continu-
ously stirred for 5 h using the magnetic stirrer. The reaction 
scheme of 2A5NPBr is shown in Fig. 1. The homogeneous 
solution was allowed to dry by heating to an optimized tem-
perature 50 °C. The synthesized material was further puri-
fied by acetone. The growth of 2A5NPBr was performed by 
Millipore water with the pH of 1.7. The purity of the title 
material was further improved by recrystallization process 
(3 times). The good quality 2A5NPBr single crystals were 
successfully grown by slow evaporation solution technique 
(SEST) in the period of 60 days. The photographs of as-
grown and cut and polished crystal wafers are shown in 
Fig. 2a, b, respectively. Already, 2A5NPBr material has been 
synthesized and single crystals have been grown by three 
different research groups [8–10]. The grown crystal exhibits 
polymorphic crystal structure [centro (P21/a) and noncen-
trosymmetric (P21) phase]. So far, the precise conditions 
for the crystallization of each phase (by varying the growth 
conditions such as solvent, temperature, and pH) have not 
been determined [10]. Dhanushkodi et al. have grown non-
centrosymmetric phase single crystal in the pH value of 2.04 
[9]. In the present work, the centrosymmetric phase single 
crystal has been grown in the pH value of 1.7. The pH value 
of solution may possibly be the reason for different crystal 
structures. The growth conditions have to be optimized for 
better understanding of two different crystal structures of 
2A5NPBr.

Fig. 1   Reaction scheme of 
2A5NPBr
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3 � Characterization analysis

3.1 � X‑ray diffraction analysis

The unit cell dimension of the grown crystal was con-
firmed by single-crystal X-ray diffraction analysis (SXRD) 
using Enraf Nonius CAD-4 diffractometer with graphite 
monochromated MoKα (λ = 0.710 Å) radiation. The result 

shows that the grown crystal belongs to monoclinic crys-
tal system with the space group P21/a. The obtained unit 
cell parameter values agree well with previously reported 
values [8] and it is given in Table 1.

The crystal morphology of the title crystal was generated 
by the WinXMorph software program [11]. The single-crys-
tal XRD data were used as input to generate the morphology 
of the grown crystal. The indexed morphology of 2A5NPBr 
single crystal is shown in Fig. 3. The good quality 2A5NPBr 
crystals were crushed into fine powder and it was subjected 
to powder XRD (PXRD) analysis using XPERT-PRO X-ray 
diffractometer with CuKα1 radiation (λ = 1.5418 Å) at room 
temperature. The PXRD analysis was performed in the 2θ 
scanning range from 10° to 60° and the obtained peaks have 
been indexed by the TWO THETA software. The parameters 
obtained from PXRD of 2A5NPBr are shown in Table 2. 
The obtained PXRD pattern is shown in Fig. 4. The well-
defined sharp peaks at specific 2θ angles reveal the high 
degree of crystallinity in the title material.

3.2 � FTIR spectral analysis

Fourier transform infrared (FTIR) spectral analysis was used 
to find the various types of functional groups in the grown 
crystal. In the present case, FTIR spectrum was recorded in 
the range between 400 and 4000 cm−1 using Bruker AXS 
FTIR spectrometer with KBr pellet technique at room tem-
perature. Figure 5 shows the FTIR spectrum of 2A5NPBr 
compound. The absorption band observed at 3324 cm−1 is 
due to the presence of NH2 asymmetric stretching vibration. 
The NO2 symmetric and asymmetric stretching vibrations 
were observed at 1520 and 1345 cm−1, respectively [9]. The 
peak at 1665 cm−1 is due to aromatic asymmetric stretching 
vibration of C=N group. The absorption peak at 1615 cm−1 
is due to the presence of N–H bending vibration. The C–H 
in-plane bending and C–H out-of-plane bending occur at 

Fig. 2   a As grown 2A5NPBr single crystal and b cut and polished 
2A5NPBr crystal wafers

Table 1   Single-crystal XRD data for 2A5NPBr crystal

Molecular formula C5H6O2N3Br
Molecular weight 220.03 g/mol
Density 1.887 g/cm3

Space group P21/a

Crystal system Monoclinic

Unit cell parameters Reference [8] Present work

a (Å) 12.686 (± 2) 12.62 (± 0.018)
b (Å) 7.819 (± 9) 7.80 (± 0.011)
c (Å) 7.846 (± 9) 7.82 (± 0.012)
α 90 0.00° 90.00°
β 91.14° (± 1) 91.24 (± 0.03)°
γ 90.00° 90.00°
Volume (Å3) 778 (± 1) 770 (± 3)
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1120 and 740 cm−1, respectively. The band at 645 cm−1 
indicates the presence of inorganic species (Br) in the title 
compound. The assigned functional groups are presented in 
Table 3. The results confirm that 2A5NPBr compound has 
been formed.

3.3 � UV–Vis–NIR analysis

The optical transparency of 2A5NPBr single crystal was 
studied by Perkin–Elmer Lambda-35 UV–Vis–NIR spec-
trophotometer in the scanning range of 200–1100 nm with 
slit width 1 nm. The transmittance and absorption spectra 
of 2A5NPBr are shown in Figs. 6 and 7, respectively. The 
grown crystal shows high transmittance in the visible and 
NIR region. The UV cut-off wavelength of the grown crys-
tal was found to be 408 nm. The absorption is due to the 

Fig. 3   Morphology of 2A5NPBr single crystal

Table 2   Calculated values from the powder X-ray diffraction analysis

2 theta position (°) Peak 
height 
(counts)

FWHM d-spacing (Å) Relative 
intensity 
(%)

12.2878 112.62 0.1476 7.20328 11.79
13.1171 138.29 0.1476 6.74968 14.48
16.4218 123.68 0.1476 5.39806 12.95
18.5487 166.91 0.1476 4.78361 17.48
20.9775 231.15 0.1476 4.23494 24.20
22.8778 244.31 0.1968 3.88728 25.58
23.8500 452.14 0.1476 3.73099 47.35
24.8787 112.23 0.1476 3.57900 11.75
25.8177 430.60 0.0984 3.45091 45.09
26.1314 766.05 0.1476 3.41020 80.22
27.4225 954.97 0.1968 3.25250 100.00
27.9384 273.75 0.1476 3.19360 28.67
30.2446 553.16 0.1476 2.95514 57.92
33.0649 80.23 0.1476 2.70924 8.40
34.0566 77.08 0.2952 2.63259 8.07
35.1990 41.94 0.3936 2.54972 4.39
37.8131 80.89 0.1968 2.37925 8.47
39.5627 94.71 0.1476 2.27797 9.92
40.2454 175.97 0.1476 2.24089 18.43
40.8272 162.16 0.1968 2.21029 16.98
44.1520 41.16 0.2952 2.05126 4.31
48.0675 54.88 0.2460 1.89292 5.75
49.3884 21.39 0.3936 1.84534 2.24
50.5721 91.44 0.1968 1.80489 9.57
55.6700 12.98 1.5744 1.65109 1.36

10 20 30 40 50 60
0

200

400

600

800

1000

(6
12

)(3
03

)
(5

11
)

(5
10

)

(1
03

)
(0

03
)

(1
22

)

(4
01

)

(4
00

)
(1

21
)

(1
20

)
(0

02
)

(2
04

(0
11

)

(5
21

)

(3
00

)

(2
01

)

(1
01

)

In
te

ns
ity

 (C
ou

nt
s)

2θ (degree)

(0
01

)

Fig. 4   Powder X-ray diffraction spectrum for 2A5NPBr single crystal

Fig. 5   FTIR spectrum of 2A5NPBr material
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π–π* transition in the present molecule [12]. The value of 
absorption coefficient was calculated using the following 
expression: 

where T is the transmittance (%) and t is the thickness of 
the sample (1 mm). The absorption coefficient was used to 
find out the bandgap (Eg) of the grown crystal. The optical 
bandgap of the grown crystal has been calculated by the 
Tauc’s plot relation [13]: 

where A is constant, Eg is the band-gap energy, γ is the 
frequency of incident light, and h is the Planck’s constant. 
The graph was plotted between photon energy (hγ) and 
(αhγ)2 by extrapolating the linear portion of the curve to 
zero absorption, as shown in Fig. 8. The optical bandgap 
(Eg) of 2A5NPBr crystal was found to be 3 eV. According 
to Planck–Einstein relation, the energy of a photon (E) is 
proportional to its frequency, and hence, theoretically, the 
optical band-gap energy of 2A5NPBr crystal can be calcu-
lated using the following relation: 

where λ is the lower cut-off wavelength (408 nm). The 
bandgap of the grown 2A5NPBr crystal is found to be 3.03 eV, 
which is in good agreement with the value obtained from 
Fig. 8. When the light encounters a material, it can interact in 
different ways such as absorption, transmission, reflection, and 
scattering. The structural defects of the grown crystal are most 

(1)� =
2.3026 × log10

(
100

T

)

t

(2)(�h�) = A
(
h� − Eg

) 1

2

(3)Eg =
hc

�

Table 3   FTIR wavenumbers and their assignments of 2A5NPBr

where, νas is the asymmetric stretching, ν is the symmetric stretching 
and δ is the bending vibrations

Wavenumber (cm−1) Assignment

3324 νas (NH2)
1665 νas (C=N)
1615 δ (N–H)
1520 ν (N–O)
1345 νas (N–O)
1120 C–H in-plane bending
740 C–H out-plane bending
645 N–H–Br rocking curve
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responsible for the optical transmission. In this case, the grown 
crystal possesses 66% of transmission in the near IR region, 
which makes the material favorable for NLO device applica-
tions. Although this crystal has lower cut-off wavelength at 
408 nm with good transparency, it is still better than several 
organic/inorganic NLO crystals [14–20] which are presented 
in Table 4.

3.4 � Chemical etching analysis

The surface feature of the grown 2A5NPBr crystal was iden-
tified by chemical etching analysis using COSLAB Model 
CMM-23 optical microscope in the reflection mode. The 
grown crystal must possess high quality for practical device 
applications, because the defects generated during growth 
cause the reduction of the NLO efficiency [21]. Hence, it is 
necessary to analyze the presence of microstructural imperfec-
tions in the grown crystals. In the present investigation, the 
chemical etching analysis was carried out using DMSO as an 
etchant at room temperature with the different time durations. 
The chemical etching study was performed using the transpar-
ent 2A5NPBr single crystal and the as-grown crystal surface 
is shown in Fig. 9a. The etch pits are produced after the suc-
cessive etching for 3 s and it is shown in Fig. 9b. Figure 9c–e 
shows the elongated well-defined etch pits after etching for 
7, 10, and 13 s, respectively. Finally, the size of the etch pits 
enlarged and overlapped after the etching for 20 s and it is 
shown in Fig. 9f. The obtained etch pits have resulted from 
the internal structural symmetry of the grown crystal [22]. 
The calculated etch pit density (EPD) of the grown crystal is 
1.7 × 104 cm−2 for etching for 10 s. The less number of etch 
pit density (EPD) indicates that the grown crystal has more 
systematic packing of atoms/molecules. The etch pit density 
was calculated by the following relation: 

(4)Density of etch pits = Number of etch pits∕Area.

3.5 � Photoconductivity studies

The grown crystal was subjected to photoconductivity meas-
urement using Keithley pico-ammeter (MODELM6487) at 
room temperature. The good quality sample was selected 
for measurement and the electrical contacts were made on 
the crystal surface with 3 mm of distance using silver paste. 
Then, the sample was mounted inside a cryostat, which was 
evacuated to about 10−6 m bar. Two electrodes were con-
nected to the DC power supply and their potential varied 
from 1 to 50 V with step voltage 1 V/s for the entire experi-
ment. The dark current (id) was recorded by keeping the 
sample unexposed to any light radiation with their respec-
tive applied voltage (V). The photocurrent (ip) was measured 
under the illumination of light radiation (Halogen source 
of 50 W) for the corresponding applied voltage. The plot 
of photocurrent and dark current as a function of applied 
voltage is shown in Fig. 10. From the figure, it can be seen 
that the photocurrent is higher than the dark current at every 
applied voltage, which defines the positive photoconductiv-
ity property of the title crystal. This phenomenon is due to 
the generation of charge carriers or their lifetime increases 
with the illumination of light radiation [23]. When the grown 
crystal is excited with photons of energy E > Eg (Eg is the 
band-gap energy of the grown crystal), electron–hole pairs 
are generated and the conductivity of the sample increases 
[24]. As the grown crystal possesses high bandgap (Eg) for 
light absorption, it can be utilized towards the soliton wave 
communication, because the optical pulses propagate within 
the photonic bandgap for large distances without any distor-
tion [25]. The positive photoconducting samples play a vital 
role in the photodetecting sensors and infrared (IR)-based 
photonic devices [23].

3.6 � Thermal analysis

The thermal property of 2A5NPBr crystal was analyzed by 
TG-DTA analysis using Perkin–Elmer Diamond TG-DTA 
instrument in the temperature range 30–320 °C. The experi-
ment was carried out at the heating rate of 10 °C per min in 
nitrogen atmosphere. The TG and DTA graph of 2A5NPBr 
is shown in Fig. 11. It is observed that there is no weight 
loss up to 175 °C. The TG curve reveals the three stages 
of decomposition in the title compound. The initial decom-
position occurs in the temperature range between 175 and 
210 °C with the mass loss of 57.5% which is due to the 
formation of volatile products such as HBr and NO2. The 
second stage weight loss occurs in the temperature range 
between 210 and 255 °C with the weight loss of 19.5% 
which is due to the elimination of NH3 and CN groups. The 
third stage weight loss is about 17.5% which is due to the 
elimination of hydrocarbons. The 5.5% of the weight was 
remaining in the platinum (Pt) crucible which is the residual 

Table 4   Comparative optical studies of 2A5NPBr and other NLO sin-
gle crystals

Crystal name Cut-off wavelength (nm) References

2A5NPBr 408 Present work
2A5NPDP 450 [14]
LHPP 450 [15]
LAPP 496 [16]
NPNa 500 [17]
DAPNP 501 [18]
DMSI 510 [19]
HMSB 580 [20]
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carbon. The decomposition of the grown crystal was com-
pared with the theoretical and experimental values and it is 
listed in Table 5. From the DTA curve, the exothermic peak 
was observed at 210 °C, which indicates the decomposition 
point of the grown crystal and this peak coincides with the 
initial stage weight loss in the TG curve. On further heating, 
there is no significant change in DTA curve, which indicates 

the remaining residual carbons. The title compound with-
stands the temperature up to 175 °C without any weight loss 
and it can be useful for any applications up to this tempera-
ture. In general, the bonding forces within the molecules are 
stronger than the lattice forces. The good thermal property is 
due to the stronger bonding forces between pyridine and the 
subsequent entry of Br− anion in the crystal lattice.

Fig. 9   a As grown 2A5NPBr crystal surface before etching. b Etch pits were initiated after the etching for 3 s. c–e Elongated rectangular shaped 
etch pits obtained after etching for 7, 10, and 13 s, respectively. f Etch pits were overlapped and some pits disappeared after the etching for 20 s
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3.7 � Dielectric study

The dielectric study is one of the important characterizations 
to know the electrical response, lattice dynamics, and quality 
of the material. Hence, the dielectric constant and the dielec-
tric loss of the grown 2A5NPBr crystal were studied using 

PSM 1735 LCR instrument as a function of frequency from 
100 Hz to 1 MHz. The cut and polished 2A5NPBr single-
crystal samples were used for dielectric analysis. The silver 
coating was applied on the opposite faces of the sample and it 
gives good ohmic contact to both electrodes without any short 
circuit condition. The sample was placed between two copper 
electrodes, which acts as a parallel plate capacitor. The dielec-
tric constant of the crystal was calculated using the equation: 

where A is the area of cross section, d is the thick-
ness of the sample, and ε0 is the permittivity of free space 
(8.854 × 10−12 F/m). The dielectric constant as a function of 
frequency is shown in Fig. 12. Normally, the dielectric con-
stant is high at lower frequency and it can be attributed to 
the contributions of electronic, ionic, orientation, and space 
charge polarizations [26]. It is observed that as the fre-
quency increases, the dielectric constant of the grown crystal 
decreases. It is due to the improper period of motion of ions 
and molecules. The electronic polarizability only is active at 
a higher frequency and other polarizations are inactive. The 
dielectric loss of the grown crystal is shown in Fig. 13. The 
low value of dielectric loss indicates that the grown crystal 
possesses lesser defects with high quality.

3.8 � Polarizability (α) of 2A5NPBr crystal

The electronic polarizability (α) is the significant factor for 
the desired effect of optical nonlinearity. There are many theo-
retical approaches available to calculate the electronic polariz-
ability of molecule such as Penn analysis, Clausius–Mossotti 
relation, Lorentz–Lorenz equation, optical bandgap, and cou-
pled dipole method (CDM). The electronic polarizability (α) 
of 2A5NPBr was calculated using dielectric constant at higher 
frequency (�� = 237 at 1 MHz). The electronic polarization is 
strongly active in the higher frequency region. The density of 
2A5NPBr is calculated by the following equation: 

(5)�� =
Cpd
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Table 5   Thermal behavior 
of 2A5NPBr crystal as the 
function of temperature

Compound name Theoretical 
values (%)

Experimental 
values (%)

Tempera-
ture range 
( °C)

Mixture of gaseous products such as HBr and NO2 57.6 57.5 175–210
Mixture of gaseous products such as NH3 and CN 19.5 19.5 210–255
Hydrocarbons 17.3 17.5 255–320
Remaining residual carbons 5.4 5.5 Above 320
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where M is the molecular weight of the grown crystal 
(M = 220.03 g/mol), Z is the number of molecules per unit 
cell (Z = 2), NA is Avogadro’s number (6.023 × 1023), and 
V is the volume of unit cell (V = 770.1 Å3). The calculated 
density of 2A5NPBr crystal is 1.887 g/cm3. The valence 
electron plasma energy (ħωp) is given by [27]: 

where Z′ is the total number of valence electrons of 
the title crystal (C5H6O2N3Br) and Z′ = ((5 × Z′C) + (6 × 
Z′H) + (2 × Z′O) + (3 × Z′N) + (1 × Z′Br) = 60. It can be 

(7)ℏ�p = 28.8

(
Z� × �

M

) 1

2

calculated by substituting for each atom of C, H, N, O, and 
Br as corresponding valence electrons are 4, 1, 5, 6, and 7, 
respectively. According to the Penn model [28], the aver-
age Penn gap (EP) and Fermi energy (EF) [29] of 2A5NPBr 
were calculated using the following two relations: 

We can calculate the electronic polarizability (α) of the 
2A5NPBr crystal using the relation: 

where S0 is a constant for a particular material which is 
given by 

The value of electronic polarizability (α) is also con-
firmed by the Clausius–Mossotti relation [30]: 

According to Maxwell relation, the dielectric permittiv-
ity (ε′) is equal to the square of refractive index, ε′=n0

2. The 
linear refractive index (n0) of the grown crystal has been 
found using Metricon Model 2010/M Prism coupler instru-
ment with the laser wavelength of 632 nm. The n0 value was 
found to be 1.527. The relationship between the electronic 
polarizability (α) and refractive index (n0) in such fields can 
be described by the Lorentz–Lorenz equation [31] given by 

The value of electronic polarizability (α) can also be 
obtained using optical bandgap, which is given by 

where Eg is the optical bandgap of 2A5NPBr crystal, 
which was calculated by the Touc’s plot method. Elec-
tronic polarizability can be calculated based on coupled 
dipole method (CDM), which was introduced by Renne 
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and Nijboer [32, 33]. The atoms have no permanent electric 
dipole moment, but their dipole moments are induced by 
the local electric field, so that if the electron is at a nonzero 
distance from the nucleus, the atom is effectively an induced 
electric dipole. Therefore, the electronic polarizability (α) of 
2A5NPBr crystal can be calculated by the following relation: 

where Z′ is the total number of valence electrons, e is the 
charge of electron (1.602 × 10−19 C), me is the mass of elec-
tron (9.1 × 10−28 g), and ω0 is the natural frequency (2πf0), f0 
is 1 MHz. The obtained results are comparable to KDP and 
some other NLO crystals [34–37] and it is listed in Table 6.

3.9 � Laser damage threshold studies

It is necessary to investigate the laser damage threshold anal-
ysis for nonlinear optical single crystals, because the crystals 
should have the ability to withstand high power lasers [38]. 
The laser damage threshold analysis was performed using 
a Q-switched Nd:YAG (1064 nm radiation) laser of 10 ns 
pulsewidth and 10 Hz repetition rate in transverse TEM00 
mode. The observed LDT pattern of 2A5NPBr crystal is 
shown in Fig. 14. In general, the surface damage threshold 
is affected by the energy absorbing defects such as polishing 
contaminants and surface scratches, which get incorporated 
during mechanical polishing [5]. The present study was car-
ried out using the polished flat single crystal, thus mini-
mizing the surface defects and incorporated impurities. The 
surface damage of the grown crystal can be determined by 
the visual formation of damage or audible cracking and the 

(15)� =
Z�e2

me�0
2

corresponding laser energy density was recorded by a power 
meter (Model: EPM-2000). The laser damage threshold of 
the grown crystal was evaluated by the following relation: 

where E is the input energy density (mJ), τ is the 
pulsewidth (ns), and r is the radius of the circular beam. 
The laser damage threshold of the grown crystal depends 
on several factors such as quality of crystal surface, density 
of crystal defects, wavelength of the laser beam, pulsewidth, 
repetition rate, laser intensity, location of the beam, longitu-
dinal and transverse mode structures, laser beam size, and so 
on [39]. The mechanism for the laser damage threshold in 
the crystal is often very complex involving various processes 

(16)Power density (Pd) =
E

��r2

Table 6   Comparative polarizability analysis for 2A5NPBr and some other known NLO single crystals

Parameters KDNP sin-
gle crystal 
[34]

HSPI single crystal [35] 2A5NPBr single 
crystal (present 
work)

CDO single crystal [36] KDP single crystal [37]

Plasma energy hωp (eV) 21.51 18.887 20.65 16.225 17.33
Penn gap Ep (eV) 1.685 3.950 1.344 1.748 2.39
Fermi energy Ef (eV) 17.642 14.248 16.711 12.109 12.02
Electronic polarizability (α) 

using Penn analysis (cm−3)
5.43 × 10−23 7.586 × 10−23 4.55 × 10−23 3.61 × 10−23 2.14 × 10−23

Electronic polarizability (α) 
using Clausius–Mossotti 
equation (cm− 3)

5.44 × 10−23 7.66 × 10−23 4.57 × 10−23 3.62 × 10−23 2.18 × 10−23

Electronic polarizability (α) 
using refractive index method 
(cm−3)

2.14 × 10−23 – 1.42 × 10−23 – –

Electronic polarizability (α) 
using optical bandgap (cm−3)

3.09 × 10−23 – 2.65 × 10−23 1.85 × 10−23 –

Electronic polarizability (α) 
using CDM method (cm− 3)

5.57 × 10−23 – 4.29 × 10−23 – –

Fig. 14   Laser damaged pattern of 2A5NPBr single crystal
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such as multi-photon absorption, electron avalanche effect, 
photochemical dissociation, photoionization by thermal 
absorption, electrostrictive fracture, etc [4]. Hence, the ther-
mal effect plays an important role in laser damage threshold, 
which causes melting or decomposition with the exposure 
of high power lasers. From this study, it is observed that the 
laser damage threshold (LDT) depends on the nature of the 
grown crystal and experimental parameters. From the exper-
iment, the value of laser damage threshold of 2A5NPBr was 
found to be 3.4 GW/cm2, which is higher than several NLO 
single crystals [40–44] and it is presented in Table 7.

4 � Z‑scan technique

Z-scan technique is a reliable method for determining the non-
linear optical properties of materials (i.e., nonlinear absorp-
tion and nonlinear refraction). The method has been developed 
for wide ranging applications such as optical limiting [45] 
multi-photon polymerization [46] as well as optical switch-
ing [47]. The Z-scan method was developed by Stryland and 
Sheik-Bahae [45, 48]. In this experiment, the third-order NLO 
properties of 2A5NPBr crystal were investigated using He–Ne 
laser (5 mW) of wavelength 632.8 nm and the beam diameter 
0.5 mm. The laser was focused with a Gaussian filter to con-
vert input laser beam into Gaussian form. The TEM00 mode 
was used to polarize the optical beam with the focal length 
30 mm. The waist beam (ωo) was 12.05 μm. The thickness of 
the sample used was 0.6 mm and it was fixed on a holder at 90° 
with respect to the laser beam. The sample was moved along 
the negative (– Z) to positive (+ Z) axis with the propagation 
direction of the laser beam. The output intensity of a laser 
beam directly depends on the refractive index of the materi-
als and its absorption nature. The obtained open and closed 
aperture spectra of 2A5NPBr crystal are shown in Figs. 15 and 
16, respectively. The sample causes an additional focusing or 
defocusing, depending on the nonlinear refraction values. The 
maximum transmission at the focus (Z = 0) indicates the satu-
ration of absorption (SA) and minimum transmittance reveals 

Table 7   Comparison of laser-
induced damage threshold 
(LDT) for 2A5NPBr and some 
other known NLO crystals

Crystal name Wavelength (nm) Pulsewidth (ns) Laser damage thresh-
old (GW/cm2)

References

KB5 1064 12 > 0.08 [40]
LBO 1064 18 > 0.6 [40]
LFMH 1064 11 1.5 [40]
KTP 1064 11 > 1.5–2.2 [40]
L-Serine 1064 20 2.1 [41]
Benzamidazole 1064 20 2.86 [42]
2A5NPBr 1064 10 3.4 Present work
L-Alaninium maleate – – 4.9 [43]
KDP 1064 1 5 [44]
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Fig. 15   Open aperture spectrum of 2A5NPBr single crystal
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the reverse saturation absorption (RSA) and two/multi-photon 
absorption.

The nonlinear refractive index of 2A5NPBr crystal was 
calculated using the difference between the transmittance of 
peak and valley (∆Tp−v) and it can be written in terms of axis 
phase shift at the focus: 

where ∆φ is the axis phase shift at the focus, and S is the 
linear transmittance aperture and it can be calculated using 
the relation [49]: 

where ra is the radius of aperture (0.2 mm) and ωa is 
the beam radius at the aperture. From the closed aperture 
experiment, the nonlinear refractive index (n2) of the grown 
2A5NPBr crystal was calculated using the relation: 

The nonlinear absorption coefficient (β) can be determined 
using open aperture spectrum. The value of β will be positive 
for two-photon absorptions or reverse saturable absorption and 
negative for saturable absorption [48]. β was calculated using 
the following equation: 

where k is the wave number (k = 2π/λ), ∆T is peak value 
at the open aperture, and I0 is the intensity of the laser at the 
focus (25 MW/m2). The effective thickness (Leff) of the sample 
can be calculated using the expression: 

where α is the linear absorption coefficient and L is the 
thickness of the sample. The real and imaginary parts of the 
third-order nonlinear optical susceptibility (χ(3)) were esti-
mated using the relations: 

where ε0 is the vacuum permittivity (8.854 × 10−12 F/m), 
c is the velocity of light in vacuum, n0 is the linear refractive 
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index of the sample, and λ is the wavelength of laser beam. 
The third order nonlinear optical susceptibility (� (3)) of the 
2A5NPBr crystal can be calculated using the following 
expression: 

In addition, the second-order molecular hyperpolarizabil-
ity (γ) of the grown crystal is related to the third-order bulk 
susceptibility and it is calculated by the following equation 
[50]: 

where N* is the number of molecules per cm3 and f is the 
local-field correction factor. The value of N* can be calcu-
lated by the following equation: 

where N* was found to be 5.60 × 1021 cm3. According 
to Lorentz equation, the local-field correction factor can be 
calculated by the following equation: 

The calculated value of third-order nonlinear refractive 
index (n2) (from closed aperture) is 2.48 × 10−11 m2/W, 
third-order nonlinear absorption coefficient (β) (from open 
aperture) is 3.399 × 10−5 m/W, absolute third-order nonlinear 
susceptibility (χ(3)) is 6.76 × 10−9 esu, and the obtained sec-
ond-order molecular hyperpolarizability (γ) is 2.83 × 10−31 
esu for 2A5NPBr crystal. The experimental details and the 
obtained results are presented in Table 8. The third-order 
susceptibility is found to be larger than the other NLO crys-
tals [51–57], as shown in Table 9. The large value of (χ(3)) 
can be attributed to the electron density transfer (donor to 
acceptor) within the 2A5NPBr molecular system. The nega-
tive sign of the nonlinear refractive index (n2) indicates the 
self-defocusing nature of the material. This may have an 
advantage in practical devices, by providing a self-protecting 
mechanism for the limiter in optical systems such as direct 
viewing devices (telescopes, gun sights, etc.) and night 
vision devices [58].

5 � Conclusions

Good quality, semi-organic nonlinear optical 2A5NPBr sin-
gle crystals were grown by slow evaporation solution tech-
nique (SEST) with the growth period of 60 days. The centric 
nature and unit cell parameters of the grown crystal were 
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confirmed by single-crystal XRD analysis. The FTIR analy-
sis reveals the formation of 2A5NPBr compound. The grown 
crystal shows 66% optical transmittance in visible and NIR 
region and it indicates its usefulness for nonlinear optical 
applications. The etch pit density of the grown crystal was 
found to be 1.7 × 104 cm−2 by chemical etching analysis. The 
photoconductivity studies confirm that the grown 2A5NPBr 
crystal possesses positive photoconductivity nature. The 
grown crystal is thermally stable up to 175 °C which was 
confirmed by TG-DTA analysis. The dielectric measurement 
reveals that the grown crystal has normal dielectric behavior. 
The low value of dielectric loss evidences that the grown 
crystal possesses good quality. The electronic polarizability 

(α) of 2A5NPBr was found to be larger than that of KDP 
single crystal. The grown crystal has larger laser damage 
threshold (3.4 GW/cm2) compared to several NLO crystals, 
which is an essential requirement for the fabrication of NLO 
and high power laser devices. The third-order NLO param-
eters were evaluated and the results showed that the grown 
crystal exhibits good third-order nonlinear susceptibility. 
The Z-scan study reveals that the grown crystal has self-
defocusing nature and reverse saturation absorption (RSA). 
The present results suggest that the grown crystal can be 
useful for optical limiting and photonic device applications.
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