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Abstract. 4-Nitrobenzoic acid (4-NBA) single crystals were studied for their linear and nonlinear optical properties. The
crystals were grown by slow solvent evaporation method at room temperature. The structure and functional groups were
conﬁrmed by X-ray diffraction (XRD) and Fourier transform infrared (FTIR) spectroscopic studies. The 4-NBA crystal
has an optical absorption at 263 nm and a wide transparency window for the visible light. Theoretical predictions for the
measured optical absorption and charge transfer mechanism in 4-NBA were explained with HOMO and LUMO illustrations.
The crystal is found to be birefringent and has produced an optical quality interference pattern. The optic plane of the crystal
is observed along 100 direction. The crystal exhibits nonlinear optical effects viz. reverse saturable absorption and selfdefocussing of laser beam. Considerable nonlinear refraction (n 2 ) and nonlinear absorption (β) coefﬁcients and third-order
nonlinear optical susceptibility (χ (3) ) were determined using Z-scan technique.
Keywords. Defect analysis; mechanical stability; UV–visible spectroscopy; refractive index; birefringence; third-order
nonlinear susceptibility.

1. Introduction
Materials that behave in nonlinear fashion to an intense laser
beam are called as ‘nonlinear optical (NLO) materials’. Conversion of invisible lasers into visible lasers of high energy,
self-focussing, self-defocussing, optical limiting and optical
switching of laser beams are all possible today by these NLO
materials. The electric ﬁeld strength of laser and internal
atomic ﬁelds of materials are nearly equal and so all the
above facts are realized in a NLO material. Electro-optic
modulation, optical imaging and parametric oscillation [1–4]
are some added applications of NLO materials. Due to these
growing applications of NLO materials, they are constantly
attracting technological importance for a long time [5,6]. A
material is considered to be potential for optical nonlinearity
if its structure satisﬁes more than one of the following: (i) π electron delocalization, (ii) lengthy conjugation, (iii) donor
substitution, (iv) presence of donor–acceptor groups and (v)
presence of donor–neutral–acceptor groups [5]. All of these
ﬁve structural factors are able to trigger optical nonlinearity
greatly.
4-Nitrobenzoic acid (4-NBA) is one such organic molecular structure with π -electrons delocalized in phenyl ring
and a nitro-group attached to it. Hence, this material is

chosen for linear as well as nonlinear optical studies. This
material (4-NBA) is thermodynamically and chemically sensitive and hence, it crystallizes in monoclinic crystal system
with three different centrosymmetric space groups (A2/a,
P21 /n and C2/c) [6–8]. There were very few reports on pure
4-NBA that includes a vibrational study (Fourier transform
infrared (FTIR) and NMR) [9]. Derivatives of 4-NBA single crystals [10–15] were concentrated much compared to
pure 4-NBA, so as to generate second harmonic frequency
(SHF) which is another optical nonlinearity exhibited only by
non-centrosymmetric structured crystals. It must be brought
to the attention of the readers that except second harmonic
generation (SHG), centrosymmetric crystals are capable of
producing all NLO phenomena and are gaining equal importance in the ﬁeld of nonlinear optics.
To the best of our knowledge, there were no systematic
studies on the proper growth, linear and nonlinear optical
properties of pure 4-NBA single crystals. Therefore, the
present work aims to understanding the linear and nonlinear optical properties of pure 4-NBA single crystals. Linear
optical properties viz. optical transparency, refractive index
(n 0 ) and birefringence (n) and NLO properties viz. selfdefocussing, nonlinear refraction (n nl ) and nonlinear absorption (β) are experimented in detail. In addition, third-order
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Figure 1. As-grown single crystals of 4-NBA.

NLO susceptibility (χ (3) ) that cause self-defocussing in
the crystal is also calculated from the experimental Z-scan
measurements.

2. Experimental
2.1 Growth of 4-NBA single crystals
4-NBA single crystals were grown by slow solvent evaporation method at room temperature using ethanol as solvent.
Solubility of 4-NBA in ethanol is moderate that facilitated
the quality of the grown crystals. Crystals were nucleated
after two days and were harvested after seven days (ﬁgure 1).
The crystals are observed to be rectangular in shape (platelike) with a maximum dimension of 4 × 3 × 0.5 mm. The
faces of the grown crystals were identiﬁed using a program
‘WinXmorph’ [16]. Crystallographic axes and crystal symmetry were the inputs given to the program and the predicted
morphology of crystal is presented in ﬁgure 2. The dominant
faces of the crystals are (1 0 0) and (−1 0 0). In addition, some
of the grown crystals were thick enough to show (001) and
(010) faces.
2.2 Characterization techniques
The grown 4-NBA single crystals were conﬁrmed by single
crystal X-ray diffraction using Rigaku AFC12 Saturn724 +
diffractometer. The vibrations of functional groups and other
bonds were recorded and conﬁrmed through FTIR spectroscopic analyses using Perkin–Elmer FTIR spectrometer in
the range of 400–4000 cm−1 . The structure of 4-NBA determined experimentally was used for geometry optimization in
the gas and solvent phases (ethanol). The optimization was
carried out using M052X/6-31+G(d) level of theory using the
program Gaussian 09 [17]. The CPCM method was used to
include the effect of the ethanol solvent. Further, vibrational
frequencies were computed to conﬁrm the proper convergence
and found no imaginary frequencies.
The quality of the grown crystals was analysed by chemical
etching technique. The crystal surface is chemically etched

Figure 2. Morphology of 4-NBA single crystal.

with ethanol for different time durations and dried using a
tissue paper. The etched dry surface of the crystal was then
viewed through an optical microscope to analyse the growth
mechanism and defects in the crystal. Mechanical stability
is another important micro-scale property which reveals the
elasticity of the crystal lattice. This micro-mechanical hardness was measured for 4-NBA using Vickers’ microhardness
tester (HMV-2 Shimadzu) ﬁtted with a diamond pyramidal
indenter and attached with an optical microscope. The time
of indentation was 10 s for all the crystals. The impression
of diagonals (d) was measured and the microhardness (Hv )
value was estimated from Hv = 1.8544P/d 2 , where P is
the applied load. Lambda 35 UV–visible spectrometer (190–
800 nm) was used to record the percentage of transmittance
and absorptions of the crystal in UV–visible region.
The refractive index (n 0 ) and birefringence (n) were
calculated using the formulae, n 0 = tan θp and n =
(λ/π L) sin−1 (I /I0 )1/2 , respectively. The values of θp , I and
I0 were collected from the experiment using diode laser source
of wavelength (λ) 650 nm (power: 20 mW). The θp is the polarizing angle at which the reﬂected light intensity from the
sample surface becomes zero and transmitted light through
the sample is fully polarized, L is the thickness of the sample; I0 is the intensity at the detector with sample when the
polarizers are parallel and I is the intensity at the detector
with sample when the polarizers are crossed. The intensity I0
includes the transmission losses of the crystal and polarizers.
Hence, when the polarizers are crossed, the measured I gives
exactly the intensity due to birefringence of the crystal [18].
Z-scan is an intensity measurement technique in which
sample in scanned before and after the focus of a convex
lens. This is carried out to observe the nonlinear effects produced by the crystal. The nonlinearity changes the intensity
of the laser beam at the detector and so intensity pattern is
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observed through the sample transit. This intensity variation
is useful to calculate nonlinear refractive index (n nl ), nonlinear absorption (β) and third-order NLO susceptibility (χ (3) ).
A continuous wave (CW) diode laser of wavelength 650 nm
is used as source.

3. Results and discussion
3.1 Single crystal XRD and FTIR spectroscopic studies
The unit cell dimensions and space group of the grown crystal
were measured using single crystal X-ray diffraction (XRD).
The measured reﬂections indicate the 4-NBA crystallized in
monoclinic crystal system with centrosymmetric space group
C2/c. Unit cell dimensions measured are a = 21.2833(19)
Å, b = 5.0360(7) Å, c = 12.9026(11) Å, β = 96.751(7)o
and V = 1373.3(3) Å3 . Single crystal XRD data are in good
agreement with the reported values [8].

Figure 3. Superimposed structures of 4-NBA determined experimentally (grey), optimized in solution (orange) and gas phases
(green).
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Table 1. FTIR vibrations at different frequencies and
their corresponding bond assignments.
Absorbed frequencies

Corresponding assignments

3441
3105, 3082 and 3055
1962
1692
1542
1421
1350
1322
1278
1125
1106
1011
920
878
858
798
718
696
556
514
449

OH stretching
Aromatic C–H stretching
C–C–O bending
Asymmetric NO2 stretching
Asymmetric COO
v s (COO)
Symmetric NO2
C–C
v (C–OH)
C–C
β (CH)
β (CH)
γ (CH)
β s (NO2 )
β s (COO)
γ s (COO)
γ s (NO2 )
γ (CH)
β as (COO)
β as (NO2 )
ϕ (CC)

The optimized structures (section 2.2) were superimposed
with the X-ray structure as shown in ﬁgure 3. There exists
a minimum deviation (0.1003 Å) between experimentally
determined structure and optimized structure in gas phase.
Negligible deviation was noted between structures optimized
in gas and solution phases. Furthermore, the time-dependent
DFT calculation was carried out in ethanol solvent at the
M052X/6-31+G(d) level theory. The choice of the basis set
was made based on our previous studies [19,20].
Figure 4 represents the FTIR spectrum of 4-NBA. It is
observed that the functional groups (NO2 and COOH) marked
signiﬁcant absorptions at corresponding frequencies (table 1).
Different absorption frequencies recorded in the spectrum
were identiﬁed and were assigned (table 1).
3.2 Defect analysis

Figure 4. FTIR spectrum of 4-NBA.

Defects play a major role in the reliability of physical
properties and efﬁciency of crystals in device applications.
Therefore, it is essential to analyse the crystalline quality
before analysing the optical properties. Chemical etching
is an effective method to analyse the defects in the crystals. The chemical etching is an inverse process of growth
and reveals the type of defects and defect density through
etch pits and etch pit density, respectively. Figure 5a shows
the surface of as-grown crystal viewed through an optical
microscope (100 × resolution). Elliptical growth patterns are
formed after etching the surface of as-grown crystal for 2 and
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Figure 5. Etch patterns of 4-NBA at (a) 0 (as-grown), (b) 2 and (c) 4 min.

4 min (ﬁgure 5b and c) using ethanol as etchant. The elliptical
growth pits formed are from screw dislocations. Layer step
sequence is shown in ﬁgure 5b and is the manifestation of
two-dimensional layer growth mechanism. Due to the rapid
growth of crystals, the etch pits are formed quickly and are
overlapped. On increasing the etching time from 2 to 4 min,
the etch pits grow in size and decrease in number (ﬁgure 5c).
This shows the decreased defects in the internal layers of the
crystal.
3.3 Mechanical stability
Micro-mechanical hardness is different from macro-hardness
of any material and is important in device fabrication. Type
of interactions between the molecules along different crystal orientations and nature of defects in the crystals greatly
decide the micro-mechanical stability. Hv refers to the Vickers’ hardness number which varies with applied load and
work-hardening effects of the material. Figure 6a shows the
Vickers’ microhardness of 4-NBA with respect to load. The
Hv decreases on increasing the load and above 100 g, the
crystal started cracking around the indentation mark. The
work-hardening exponent (n) calculated from ﬁgure 6b shows
that the crystal belongs to soft category (n = 1.55) [21].
Hardness of the crystal at 10 g is around 32 kg mm−2 and this
is higher than the Vickers’ micro-hardness of Guanidinium
4-nitrobenzoate [15] and m-nitrobenzoic acid m-nitroaniline
p-xylene [22] single crystals.
3.4 UV–visible spectroscopic study
Optical transmittance of 4-NBA was analysed under UV–
visible irradiation. Linear optical absorption occurs in a
molecule, when there is an electronic transition between the
bonding, non-bonding and anti-bonding orbital energy levels.
Figure 7a shows the optical absorption spectrum of 4-NBA
single crystal. Theoretically predicted HOMO to LUMO transition is the reason for the observed absorption at 263 nm. The
excitation energies, oscillator strengths ( f ) and the electron
conﬁguration for some of the excited states are presented in
table 2. At HOMO, the electrons were localized in the phenyl
ring of 4-NBA and when excited to LUMO, where electrons

Figure 6. (a) Vickers’ microhardness and (b) plot of ln d vs. ln P
of 4-NBA single crystal.

are distributed throughout the molecule as shown in ﬁgure 7b.
Thus, charge transfer is taking place in the molecule from
phenyl ring to the substitutions as illustrated. The energy band
gap between HOMO and LUMO is calculated to be 7.21 eV
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Figure 7. (a) Optical absorption of 4-NBA single crystal. (b) Electron distributions in HOMO
and LUMO. (c) Optical transmittance of 4-NBA single crystal.
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Table 2.

Z-scan experiment details and results for 4-NBA single crystal.

Laser parameters
Laser
Wavelength
Power
Experimental details
Sample thickness, L
Focal length of lens, f
Beam radius at aperture, ωa
Intensity of laser at focus, I0
Radius of beam at aperture, ra (closed aperture)
Results
Nonlinear refractive index, n nl
Nonlinear absorption coefﬁcient, β
Real part of χ (3)
Imaginary part of χ (3)
Third-order nonlinear susceptibility, χ (3)

Diode laser
650 nm
20 mW
5 × 10−4 m
8 × 10−2 m
7.5 × 10−3 m
0.118 MW
4 × 10−3 m
1.44 × 10−6 cm2 W−1
0.41626 cm W−1
3.9524 × 10−5 esu
5.9128 × 10−5 esu
7.1122 × 10−5 esu

indicating that 4-NBA is a dielectric material. In the view of
transparency (ﬁgure 7c), the crystal is widely transparent to
all visible radiations (60%).
3.5 Refractive index and birefringence
Refractive index along 100 orientation of the crystal is measured to be 1.22 for a diode laser of wavelength 650 nm.
Birefringence is yet another linear optical property which
plays a major role in determining the optic axes, angle
between the optic axes and optic sign of the biaxial crystal.
4-NBA single crystal (monoclinic) is biaxial with two optic
axes and three refractive indices.
The birefringence can be viewed through a plane of the
crystal, which is perpendicular to the optic axis. This plane
allows the ordinary ray (OR) and extra-ordinary ray (ER) to
travel in same direction, but with different velocities. Therefore, the plane facilitates the rays to interfere and produce
birefringence pattern. The (1 0 0) crystal face of 4-NBA may
be the optic plane, which is perpendicular to the optic axis of
the crystal. Figure 8 shows the birefringence pattern of 4-NBA
single crystal and the birefringence value is measured to be
0.04. Birefringence technique is an excellent tool to project
the optical quality of the crystal. The continuous bright and
dark fringes in the birefringence pattern represent good optical quality of the crystal.
3.6 Third-order nonlinear optical susceptibility
3.6a Z-scan technique: Optical nonlinearity in the crystal is triggered by irradiating a 20 mW CW diode laser of
wavelength (λ) 650 nm. Whenever a laser beam falls on a
crystal, spatial distribution of temperature at the laser spot
on the crystal is produced [23]. This is due to the localized absorption of the tightly focussed Gaussian laser beam

Figure 8. Birefringence pattern of 4-NBA single crystal.

propagating through the crystal medium. Intensity of the laser
beam is high at a spot centre and decreases outwards from the
centre as shown in ﬁgure 9a. Hence, a spatial variation of
refractive index is produced (ﬁgure 9b), which acts as thermal lens resulting in self-defocussing/self-focussing of the
propagating beam. Crystals are brilliant in varying the refractive indices. (1) Some crystals offer a high refractive index at
the centre of the spot and decreases concentrically outwards
(negative nonlinear refraction). (2) Exactly opposite are some
other crystals that offer a low refractive index at the centre and
it increases when moved outwards concentrically (positive
nonlinear refraction). Therefore, (1) crystals defocus and (2)
focus the laser beam, respectively. The variation in refractive
indices, self-focussing and self-defocussing behaviours can
be identiﬁed in Z-scan technique. This knowledge about the
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Figure 9. (a) Gaussian laser beam and (b) concentric refractive
index changes at laser-irradiated crystal spot.

crystals is of great importance in optical limiting and optical
switching applications [24].
Z-scan is an intensity measurement technique in which a
crystal is scanned across Z -axis through a small distance and
observed for intensity variation. The intensity variation at
the output can be attributed to the optical nonlinearity/selffocussing/self-defocussing behaviours of the crystal. Z-scan
is operated in two modes: open aperture (OA) mode and closed
aperture (CA) mode to determine the values of n nl and β,
respectively. In OA mode, no aperture is placed in front of photodiode and hence, all light transmitting through the sample
is determined. Thus, the detected intensity is for the nonlinear
absorption (β) of the sample. In CA mode, a small aperture
is placed at a distance in front of the photodiode and only the
central part of transmitted light through the aperture falls on
the photodiode when the sample is scanned along Z -axis. The
intensity varies with Z position and produces a peak–valley or
valley–peak pattern. The sign and magnitude of the nonlinear
refraction index coefﬁcient can be determined from the result
[25].
4-NBA single crystal of thickness 0.5 mm was used to measure the nonlinear refractive index (n nl ), nonlinear absorption
coefﬁcient (β) and third-order NLO susceptibility (χ (3) ) using
Z-scan technique. A lens of 8 cm focal length ( f ) was used to
focus the laser beam. Laser beam is allowed to pass through
the crystal. In CA mode, the transmitted light through the aperture placed in the far ﬁeld was detected by a photo detector
attached to a digital power meter. In OA mode, the aperture is
replaced by a lens to focus the entire transmitted light through
the sample.
3.6b Mathematical descriptions: The magnitude of the
phase shift (ϕ0 ) can be determined from the change in
normalized transmittance between peak and valley using the
relation [26],
ϕ0 =

Tpv
0.406 (1 − S)

,
0.25

(1)

Where Tpv is the difference in transmittance between peak
and valley, S is the aperture linear transmittance and it can be

Figure 10. Z-scan normalized transmittance of 4-NBA single crystal for (a) OA and (b) CA modes.

calculated using the relation,
S = 1 − e(−2ra /ωa ) ,
2

2

(2)

where ra is the aperture radius and ωa is the beam radius
at aperture. The nonlinear refractive index, n 2 , can be determined using,
n nl =

ϕ0
,
K I0 L eff

(3)

where K = 2π/λ, λ is wavelength of laser, I0 is the intensity
of laser beam at focus (Z = 0), L eff = [1 − exp(−αL)/α],
where α is the linear absorption coefﬁcient and L is the thickness of the sample. The pure nonlinear refractive index n nl is
obtained by dividing the CA data by the OA data [27]. The
nonlinear absorption coefﬁcient β is calculated from the OA
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Table 3. UV–Vis excitation energies of 4NBA in ethanol solvent. TD-DFT calculation
was performed using M052X/6-31+G(d) level of theory.
Excitation energy (nm)

Oscillator strength, f

Main conﬁguration

279

0.0003

267
249

0.0518
0.0006

248

0.4733

H-5 → L (79%)
H-5 → L+1 (18%)
H → L (93%)
H-2 → L (56%)
H-2 → L+1 (33%)
H-1 → L (96%)

Z-scan data i.e.,
β=

√
2 2T
,
I0 L eff

(4)

where T is the normalized transmittance of the sample when
at position Z . Experimentally determined nonlinear refractive
index n nl and nonlinear absorption coefﬁcient β can be used
to ﬁnd the real and imaginary part of the third-order NLO
susceptibility according to the following relations [28],
Re χ (3) (esu) = 10−4

ε0 c2 n 20 n nl
,
π

(5)

ε0 c2 n 20 λβ
,
4π 2

(6)

Im χ (3) (esu) = 10−2

where ε0 is the vacuum permittivity, n 0 is the linear refractive
index of the sample and c is the velocity of light in a vacuum.
The absolute value of the third-order NLO susceptibility is
given by the relation,
 (3)  

 1/2

χ  = Reχ (3) 2 + Imχ (3) 2
.

(7)

3.6c Observations: Figure 10a and b shows the Z-scan
curves of 4-NBA single crystal. The experimental details and
the result of Z-scan for 4-NBA crystal are shown in table 3.
The results tabulated correspond to the parameters of the laser
source.
It is observed from ﬁgure 10a (OA mode) that the curve is
symmetric about the focus (Z = 0) at which the measured
transmittance forms a valley and such a behaviour is known as
Reverse saturable absorption (RSA) of the crystal. The RSA is
a positive type of absorption nonlinearity in which the absorption increases at focus (at high intensity) and decreases away
from the focus (at low intensities). Figure 10b indicates a prefocal transmittance maximum (peak) followed by a post-focal
transmittance minimum (valley) in the scanned range. This
indicates that the crystal has a negative nonlinear refraction
(n nl ), in which the refractive index is high at the centre and
decreases outwards concentrically (ﬁgure 9b). Thus, 4-NBA
crystal self-defocusses the laser beam.

Expt. (nm)

263

From equation (7), it is clear that real and imaginary parts
contribute to the third-order NLO susceptibility (χ (3) ). The
contribution from imaginary part is observed (table 3) to be
larger than the real part specifying the dominance of nonlinear
absorption over nonlinear refraction. Therefore, there exists a
possibility of decrease in the NLO susceptibility (χ (3) ) value
when the laser intensity is increased.

4. Conclusions
Structural, linear and NLO properties of 4-NBA single crystals were investigated systematically. The grown crystals had
minimum defects in the internal layers compared to the surface layers of the crystal. This has resulted in a perfect
elastic lattice arrangement and comparatively a high micromechanical stability. 4-NBA crystal has moderate percentage
of optical transmittance (60%) and is widely transparent to
visible light. The crystal is observed to be birefringent exhibiting continuous bright and dark interference fringes along
100 direction. Z-scan studies revealed signiﬁcant nonlinear
effects in 4-NBA crystal. The crystal has positive nonlinear
absorption and negative nonlinear refraction. The nonlinear absorption (β) of the crystal is dominant over nonlinear
refraction (n nl ) for the incident intensity at focus. The RSA
exhibited by 4-NBA indicates its effectual role in opticallimiting applications.
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