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A B S T R A C T

A coordination complex, manganese incorporated benzimidazole, thin films were prepared by chemical
bath deposition method. Structural characterization of the deposited films, carried out by Fourier transform
infrared spectroscopy, Raman and electron paramagnetic resonance spectral analyses, reveals the distorted
tetrahedral environment of the metal ion with bis-benzimidazole ligand. Further the molecular composition
of the deposited metal complex was estimated by energy-dispersive X-ray spectroscopy. The prepared thin
films were thermally treated to study the effect of annealing temperature on the surface morphology and
the results showed that the surface homogeneity of the films increased for thermally treated films up to
150 ◦C. But distortion and voids were observed for the films annealed at 200 ◦C. The Raman analysis reveals
the molecular hydrogen bond distortion which leads to the evaporation of the metal complex from the
thin film surface with respect to annealing temperature. The linear and nonlinear optical properties of the
as prepared and annealed films were studied using ultraviolet-visible transmittance spectroscopy, second
harmonic generation and Z-scan analyses. Films annealed at 150 ◦C show a better linear transmittance in
the visible region and larger SHG efficiency and third order nonlinear susceptibility when compared with
the other samples. Further, the film annealed at 150 ◦C was subjected to optical switching analysis and
demonstrated to have an inverted switching behavior.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

New materials with good nonlinear optical properties are in
quest due to their extensive applications in photonics [1,2]. Different
forms of materials such as crystals, thin films, polymer composites,
glasses and nanoparticles are investigated in this regard. In which
metal organic thin films gain much attention in the recent past due
to their high physical and chemical stability compared to that of
pure organic materials [1,3]. In addition, their ease of fabrication,
fast response time and extensive design possibilities make these
metal-organic thin film materials as an ideal candidate for waveg-
uide fabrication and other photonic applications. In particular, many
metal complexes have been investigated for optical switching and
limiting applications and their two photon absorption, multipho-
ton absorption, excited state absorption, nonlinear refraction and
nonlinear scattering mechanisms have also been studied [4,5]. In
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which, excited state absorption, a key mechanism in the CW region,
could be used for optical limiting as well as optical switching pur-
pose. Benzimidazole (BMZ), a heterocyclic aromatic molecule, and its
derivatives are popular for their antifungal and antimicrobial activ-
ities [6]. In the last few decades they have attracted a considerable
interest in different branches of material science and investigated
for magnetic, anti-corrositivity, anti-cancer, photophysical and pho-
tochemical applications [7–9]. Especially many metal complexes of
BMZ were used to model the complex biological systems. In this
context, several crystallographic and spectroscopic analyses were
performed on the metal complexes of BMZ [10–12]. BMZ is also
a good nonlinear optical material with 4.5 times better SHG effi-
ciency than the standard KDP crystal [13–16]. Recently third order
nonlinear optical properties of BMZ and metal halide complexes of
BMZ thin films were reported [3,17]. But the complexes with acetate
substituents are expected to offer better hyperpolarizability values
than the halide substituents [18]. Unfortunately, it is hard to find
metal acetate based BMZ complexes in the literature. The reason
is treating BMZ with metal acetate (M-OAc-BMZ) results rapid pre-
cipitation and the obtained products are often insoluble in most of
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the solvents. From the application point of view, homogeneous solid
form is required to characterize and utilize the materials. Hence, in
this work, manganese acetate based coordination complex of BMZ
(Mn-BMZ) thin films were deposited for the first time. The choice of
Mn is based on its potentiality towards third order optical nonlinear-
ity [19]. Due to the solubility limitations of M-OAc-BMZ complexes
and complexity of the physical methods, a simple chemical bath
deposition method was used to deposit the films and the experimen-
tal parameters are adjusted to obtain a uniform thin solid layer on
microscopic glass slides. The structural, linear transmittance, second
harmonic generation efficiency and third order nonlinear suscepti-
bility properties of the prepared samples are studied. Further, the
role of surface morphology on the nonlinear optical properties are
studied by annealing the films at different temperatures.

2. Experimental

All the chemicals used in the synthesis were analytical reagent
grade and used without any further purification. For the deposition of
Mn-BMZ films the ligand BMZ and manganese acetate tetrahydrate
were taken in 2:1 ratio and dissolved separately using ethanol as the
solvent. A few drops of acetic acid was added to the metal solution
and then BMZ solution was added dropwise with stirring to the metal
solution at room temperature. This solution was transformed to a
refluxing container and the container was kept in a water bath. Two
microscopic glass substrates were fused together by a sellotape and
placed inside the solution container. The solution was refluxed for
5 h at 70 ◦C, whereupon the complex was deposited as thin film on
the substrate. The thickness of the thin film can be altered by adjust-
ing either the concentration or pH of the solution. In the present
work, the concentration of the solution was fixed by choosing 0.1 M
of BMZ (0.236 g) and 0.05 M of (CH3COO)2 Mn.4H2O (0.245 g) in
40 ml of ethanol. The pH of the solution can be varied by varying
the amount of acetic acid added to the metal solution. No film for-
mation was observed with an addition of acetic acid greater than
0.5 ml and also a rapid precipitation was evidenced in the case of
addition of acetic acid less than 0.025 ml. After many trails, we
adopted 0.2 ml of acetic acid (pH=8.06) as an optimized amount to
deposit Mn-BMZ thin films. Supply of thermal energy increases the
reaction rate between ligand and the metal acetate. Since, the rate of
reaction is proportional to the temperature, concentration and pH,
increase in any one of which or all would increase the number of
Mn-BMZ molecules induced in the solution at a particular time.
Often, if more number of molecules present in the solution they tend
to precipitate at the bottom of the solution container. But at opti-
mum temperature, concentration and pH, only a limited number of
Mn-BMZ molecules induced in the solution and the molecules tend
to nucleate on the surface of the substrates due to the higher surface
energy of the substrate [20]. The formation of Mn-BMZ molecules
can be evidenced from the change in color of the solution, from pale
brown to dark brown. After 5 h the solution turns into turbid and
then the substrates were removed from the solution. Shiny brown
color thin film was observed on the substrate after the cleaning
process with ethanol and double distilled water. In order to study
the effect of annealing temperature, some of the as prepared sam-
ples (ASP) were annealed at 100 ◦C, 150 ◦C and 200 ◦C for 24 h and
termed here as 100, 150 and 200 corresponding to their annealing
temperature.

3. Instruments

The as deposited and annealed Mn-BMZ films were subjected
to various structural and optical characterization studies. Surface
topography of the thin films were studied using SEIKO SPA400-
SPI4000 AFM unit in dynamic scanning mode with a scan speed of

0.5 Hz and the tip radius is about 10 nm. Crystallinity of the
deposited thin films were analyzed by powder X-ray diffraction
(PXRD) pattern using XPERT-PRO X-ray diffractometer. Composi-
tional analysis was done by using Bruker energy-dispersive X-ray
(EDS) spectrum with an operating voltage of 5 kV. The powder FT-
IR (Perkin Elmer Spectrum RX I system) spectrum of the complex
was recorded using the powders scratched from the film. Renishaw
inVia Reflex Raman spectrometer was employed to record the Raman
spectra of the samples. An Ar ion laser of wavelength 514.5 nm and
spot size about 5 lm was used as the source and all the spectra were
recorded in backscattering geometry. Transmittance spectrum of the
samples were recorded using Perkin Elmer Lambda 35 UV-VIS spec-
trometer. The electron paramagnetic resonance (EPR) spectra of the
complexes were recorded at room temperature in X-band frequency
on a JEOL JES-FA200 EPR spectrometer. The microwave power is
1 mW and the modulation amplitude is about 160.00. The second
harmonic generation of the samples was studied by placing the films
normal to the probe beam of wavelength 1064 nm and the corre-
sponding output at 532 nm was collected using a photomultiplier.
Z-scan technique was used to calculate the nonlinear absorptive and
refractive coefficients of the samples. A CW diode laser operated at
650 nm with the power of 20 mW was used as the source and the
beam intensity was calculated about 7.8×108 W/cm2. A lens of focal
length 15 cm was used to focus the beam on the sample and the sam-
ples were scanned along the z-axis with respect to the direction of
propagation of the laser beam. The variation in output intensity was
measured in the far field and plotted. Optical path length is about
150 cm and the calculated Rayleigh length of the samples is about
9.8×10−2 m. Since, the thickness of the samples was less than the
Rayleigh length, they could be treated as thin medium and this satis-
fies the critical condition ZR � L (where ZR is the Rayleigh length and
L is the sample thickness).

4. Results and Discussion

4.1. Structural Analysis

X-ray diffraction pattern (not shown) of the films showed a broad
hump, which is a typical pattern of amorphous films. The FTIR spec-
trum of Mn-BMZ powder scratched from the thin film is shown
in Fig. 1. Previous reports suggest that the vibrational spectrum of
BMZ metal (M-BMZ) complexes almost resembles the benzimida-
zole spectrum except some specific metal-ligand absorption effects
in the lower wavenumber region [21–24]. A small blue shift can be
observed in the vibrational pattern of metal complexes with respect
to BMZ spectrum. The amount of shift depends on the electrova-
lency of the incorporated metal ion. The upward shift observed in
the Mn-BMZ spectrum can be attributed to the formation of metal
complex. Further the presence of vibrational peak at far infrared
region (∼350 cm−1) can be inferred as the evidence for metal-ligand
(m(M-L)) coordination. The presence of N-H vibrations in the region
of 2700 cm−1 indicates that the N1 position of imidazolate ion
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Fig. 1. FT-IR spectrum of Mn-BMZ complex.
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Fig. 2. (a) EDS and (b) EPR spectrum of Mn-BMZ complex.

remain unaffected and also confirms the formation of metal complex
is through the N2 atom. Presence of absorption bands in the region
1500 cm−1 can be attributed to the influence of acetate ions [23].
Absorption bands in the region 3000 cm−1 are due to the solid
state absorption of the samples (i.e., weak hydrogen bond forma-
tion between benzene rings) and the bands in the region of 3600–
3800 cm−1 are attributed to the presence of water molecules in the
complex [25]. Since it is hard to scratch the heat treated films, FTIR
spectra of those were not recorded. The compositional analysis by
energy-dispersive X-ray spectroscopy of the samples further con-
firms the incorporation of Mn ions in the BMZ medium (Fig. 2 (a)).
The empirical formula derived from the EDS spectrum suggests bis
form of BMZ with the metal ion. The powder EPR spectrum of Mn-
BMZ complex (Fig. 2 (b)) recorded at room temperature exhibits
hyperfine groups corresponding to monomeric manganese complex
(Mn, I=5/2) with smaller zero field splitting energy [26,27]. Signal at
g=2.4 is due to the transition from S=2 manifold, corresponding to
DMS = ±2 transitions and signal at g=1.89 is due to the free Mn(II)
ion. The signals from g=3.3 and 1.4 are due to two DMS = ±1 tran-
sitions arose from S=2 manifold. Low field signal observed at g=6.2
corresponds to S=1 manifold and they are only weakly allowed. The
partially resolved structures at g=6.2 and g=3.3 can be attributed
to the interaction between manganese and nitrogen which confirms
the coordination of metal ion with benzimidazole ligand [26]. From
the spectral and compositional analyses, the structure of Mn-BMZ
complex was predicted as diaceto bis-benzimidazole Mn(II) and it is
shown in Fig. 3. In order to confirm the same, the vibrational spec-
trum of the predicted complex was simulated using PM6 algorithm
embedded in MOPAC2012 program [28]. The calculated values were
scaled and fitted (Fig. 4) using the method reported elsewhere [29].
The calculated values are in good agreement with the observed fre-
quencies and the percentage of error is approximated about less than
2%.

Fig. 3. Predicted structure of the Mn-BMZ complex.

4.2. Surface Analysis

Surface morphology of the thin films plays a vital role in the lin-
ear and nonlinear optical properties. The atomic force microscopy
(AFM) images of the as prepared and annealed Mn-BMZ samples are
shown in Fig. 5 and the corresponding grain size, root mean square
roughness (Rq), skewness (Rsk) and kurtosis (Rku) values are given
in Table 1. It is a well known fact that the diffusion coefficient expo-
nentially increases with temperature. Thus the increase in surface
homogeneity of the films with increasing annealing temperature can
be interpreted to surface diffusion [30]. This can be further evidenced
from the Rq values given in Table 1. The decrease in Rq values, for
the films annealed at 100 and 150 ◦C corresponds to the increase in
homogeneity of the film surface. Also the decrement in Rsk values of
these films reveals the surface with more planar and predominant
by the valleys. Further Rku values showed that the platykurtic nature
of the films increases for the films annealed at 100 and 150 ◦C. But
the dramatic change in the surface parameters observed for the films
annealed at 200 ◦C is due to the surface distortion of the films.
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Fig. 5. Surface morphology of Mn-BMZ thin films: (a) As prepared, and annealed at
(b) 100 ◦C, (c) 150 ◦C, and (d) 200 ◦C.

Table 1
Calculated surface parameters of Mn-BMZ thin films.

Sample Grain size RMS roughness Skewness Kurtosis
(nm2) (Rq) (nm) (Rsk) (arb.) (Rku)(arb.)

ASP 40.96 10.77 2.34 8.2
100 29.07 5.69 −0.03 2.5
150 28.03 5.56 0.22 0.64
200 80.64 11.8 3.43 28.1

The molecular distortion at surface may either due to the evapo-
ration of the molecules from the surface or due to the decomposition
of the molecules. This can be investigated by analyzing the molec-
ular composition of Mn-BMZ by EDS and Raman studies. At higher
temperatures, even though there is a reduction in the overall weight
percentage of the molecules, the composition of the samples remains
almost invariable. This shows that there is no molecular decomposi-
tion of the material at higher temperatures. Fig. 6 shows the Raman
spectrum of as prepared and the samples annealed at 100, 150 and
200 ◦C. From the Raman spectrum, peaks at 321, 379 cm−1 (corre-
spond to the C–H solid state bonding) and 659 cm−1 (corresponds
to out plane modes of C–H bond of BMZ) are missing in the sam-
ples annealed at 200 ◦C. This can be explained by the fact that the
organic materials solidify by forming weak hydrogen bonds between
the molecules. BMZ is also form such a weak bond by means of four
C–H bonds. Due to the breaking of these bonds (Fig. 7) distortion of
film surface was observed [31].

4.3. Linear Optical Properties

Transmittance spectrum of Mn-BMZ complex thin films was
studied by UV-Vis. spectrum analysis and is shown in Fig. 8. A broad
absorption peak is observed in the region between 300 nm and
500 nm for all the films. At higher wavelength region, the films show
high optical transmission about 80% and this ensures the optical
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Fig. 7. H-bond breaking in the benzene ring of solid BMZ molecule.

homogeneity of the deposited films. The absorption maxima cen-
tered around 320–350 nm can be assigned to p−p∗ interligand trans-
missions and the secondary peak observed around 500 nm can be
inferred to the metal to ligand charge transfer dp(Mn) −p∗

(ligand) transi-
tion [23]. The enhancement in transmission percentage of annealed
films with respect to their annealing temperature can be interpreted
to the variation in grain size. It is a well known fact that the trans-
mission percentage of thin films increases with decrease in grain
size [17]. A similar phenomena is observed in the case of Mn-BMZ
films too. Increase in grain size at 200 ◦C of annealing temperature
results lower transmission in the sample. The red shift in the absorp-
tion maxima indicates the possibility of electronic transition in lower
energy region with respect to the decrement in grain size.

4.4. Nonlinear Optical Properties

4.4.1. Second Harmonic Generation Efficiency
Second harmonic generation (SHG) efficiency of the Mn-BMZ

films was measured using a modified Kurtz-Perry method and the
schematic of the setup is shown in Fig. 9. Measurements were carried
out using a Q-switched Nd:YAG laser (Quanta-Ray DCR-11 Model)
of operating wavelength 1064 nm, power of 190 mJ and the pulse
width of 10 ns. The amplitude of SHG in the films was measured
by placing the films normal to the probe beam [32] and the second
harmonic generation in the samples was confirmed by the observa-
tion of green radiation. The output amplitude usually increases with
increase in the input energy and it may diminish if some damage
occurs to the sample. In the case of Mn-BMZ samples, up to 25 mJ
the output increases with respect to input energy and then it begins
to decreases. So, we have chosen 25 mJ as operating laser power for
all the SHG measurements. Initially, the beam was allowed to pass
between two IR reflectors and then on to the sample. The output

Fig. 8. Transmission spectrum of Mn-BMZ samples.
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Fig. 9. Experimental setup used to measure SHG in Mn-BMZ samples, where LR is the
Q-switched Nd:YAG laser, R1 and R2 are IR reflectors, S is the sample, F is the IR filter,
LS is the focusing lens, M is the monochromator, PT is the photomultiplier and D is the
data acquisition system.

from the sample was filtered by using an IR filter and focused on to
the monochromator using a focusing lens. Then the output from the
monochromator was collected by using a photomultiplier and the
data was collected using a computer. The relative SHG efficiency of
the films was calculated by the ratio between the intensity counts
of Mn-BMZ and BMZ thin films of similar thickness and the calcu-
lated values are shown in Table 2. The variation in SHG efficiency
of the Mn-BMZ samples with respect to annealing temperature can
be attributed to the variation in surface homogeneity (Fig. 5). During
the deposition of Mn-BMZ thin films, due to the dipolar forces the
molecules tend to align in the antiparallel fashion. Upon annealing,
molecular orientation aligned and this improves the SHG efficiency
in the films [33]. In the case of organic/metal organic materials, major
contribution is expected to arise from the molecules rather than their
molecular arrangement. This is the reason that even the strong sur-
face distortion at 200 ◦C of annealing temperature slightly reduced
the SHG efficiency.

4.4.2. Third Order Optical Nonlinearity
The nonlinear absorptive effects of the samples were studied

using open aperture Z-scan curves (Fig. 10). All the films, excluding
the films annealed at 200 ◦C, show saturable absorption (SA) whereas
the film annealed 200 ◦C shows reverse saturable absorption (RSA)
characteristics. The SA and RSA behavior of the films can be inferred
with the help of five-level electronic transition model [34,35]. Let
us consider two sets of energy levels Sn and Tn (n=1, 2, 3 . . .) corre-
sponding to the singlet and triplet states of a molecule, respectively.
Often, when the sample is irradiated by a laser source, molecules in
the ground state (S0) get excited to the first electronic excited state
(S1), upon continuous laser irradiation they can further make a tran-
sition to the second excited state (S2) or to the first triplet state (T1)
by intersystem crossing (ISC). This type of transitions are referred as
excited state absorption (ESA). If the excited state absorption cross
section (sex) is greater than that of the ground state absorption cross
section (s0) then RSA will takes place. On the other hand, if s0 is
greater than sex, saturable absorption will be observed [34]. The
observation of SA in Mn-BMZ films suggests that the ESA has lower
excited state absorption cross section than that of the ground state
absorption cross section and S1 → S2 transition process might dom-
inate in the electronic transitions. In the open aperture Z-scan, the
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Fig. 10. OA Z-scan curves of Mn-BMZ films.

absorption coefficient of the films can be related to transmittance
using the relation,

T(Z) = 1 − q0

2
√

2
(

1 + z2

z2
0

) (1)

where,

q0 = bI0Leff (2)

I0 is the intensity of the laser beam at focus (z=0), Leff is the effective
thickness of the sample and it can be calculated by using the relation,

Leff =
1 − eaL

a
(3)

here L is the thickness of the films and a is the linear absorption coef-
ficient of thin films and z0 is the Rayleigh radius, could be obtained
from the relation z0 = py2

0/k, where y0 is the beam waist and k

is the wavelength of source. The q0 value was obtained by fitting
the Eq. (1) to the experimental data and the b value was calculated
by substituting back q0 values in Eq. (2). The nonlinear refractive
effects of the samples were measured using closed aperture (CA) Z-
scan configuration. An aperture with linear transmittance 0.4 was
placed in front of the detector and the variation of transmittance was
measured for different sample positions. The obtained plots imitate
the open aperture Z-scan curves. In order to extract the nonlinear
refractive effects, closed aperture data was divided by open aper-
ture data and the corresponding graphs are shown in Fig. 11. The

Table 2
SHG efficiency and Third order nonlinear optical properties of Mn-BMZ films.

Sample SHG efficiency b (m/W) n2 × 10−7 (m2/W) w(3) × 10−9 esu FOM ×10−14 esu

ASP 2.37 −0.41 −1.57 2.77 1.10
100 2.54 −0.52 −1.60 3.00 1.17
150 2.67 −1.95 −2.16 3.93 1.47
200 2.51 1.22 5.40 1.64 0.30
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Fig. 11. CA Z-scan curves of Mn-BMZ films.

theoretical relation between transmittance as a function of distance
can be expressed as [34],

T(Z) = 1 − 4DV.x
(x2 + 9)(x2 + 1)

(4)

where x=z/z0, DV is the laser induced phase shift and related to the
nonlinear refractive index by the equation

n2 =
DVka

2pI0(1 − e−al)
(5)

Eq. (4) is fitted to the experimental data to obtain DV and by substi-
tuting back the value of DV in Eq. (5), the n2 value was calculated.
Since the CW laser is used as the source, origin of nonlinear refractiv-
ity can be attributed to thermal effects [3]. The calculated values of
nonlinear optical properties are given in Table 2.

The nonlinear absorption and refractive coefficients are used
to calculate the real and imaginary part of third order nonlinear
susceptibility [36].

Imw(3) =
n240Ckb

2p
(6)

and

Rew(3) = 2n240Cn2 (7)

where C is the speed of light in vacuum, 40 is the free space permit-
tivity and n is the linear refractive index of the material. The absolute
values of third order nonlinear susceptibilities of Mn-BMZ films were
calculated using the relation,

∣∣∣w(3)
∣∣∣ =

[(
Rew(3)

)2
+

(
Imw(3)

)2
]1/2

(8)

Table 2 provides the calculated third order nonlinear optical
parameters of Mn-BMZ thin films. The origin of observed third order
nonlinearities is due to thermal effects. When the CW laser beam
traversed through the sample, it has been absorbed by the sample
by linear absorption. Often, absorption of high energy beam cre-
ates a heating effect in the medium, which induces a local thermal
gradient. Induction of thermal gradient alters the refractivity of the
medium, which acts as lens, known as thermal lens. Further propaga-
tion of the beam through this lens alter the phase of the propagating
beam and thus induces the nonlinear effects. In Z-scan analysis, it is
well established that the peak-valley separation in CA scan about 1.7
times of Rayleigh range indicates Kerr-type nonlinearity. More than
that could be attributed to the thermal effects [37]. Since, the peak-
valley separation in our case is around 2.8 times of Z0, supports the
discussion above. Further, the calculated nonlinear absorptive and
refractive coefficients are compared with the previous reports and
given in Table 3. It should be kept in mind that depending on the
nature of the medium, laser source, power, sample thickness, sam-
ple dimension (crystals/films/particles) etc., the observed nonlinear
parameters may vary. Given comparison is meant to provide an idea
about b and n2 of different materials of different forms. In order to
estimate the potentiality of the different Mn-BMZ samples, figure
of merit (FOM) was calculated using the relation w3/a. Higher the
FOM, higher would be the sample’s third order optical nonlinear-
ity. With better linear transmittance and higher nonlinear absorption
coefficient, sample annealed at 150 ◦C shows higher FOM.

5. Role of Surface Morphology on Optical Properties

The variation in optical properties with respect to the surface
morphology (especially in the case of the sample annealed at
200 ◦C) can be explained in terms of molecular deformation process.
In any metal organic thin films, the molecular packing in a layer can
be expressed in terms of rotation (h) and bending (0) angles of a
molecule in that particular plane. Upon annealing, due to thermal
diffusion, the molecules tend to reorient themselves (i.e., h and 0

Table 3
Comparison of the measured values of b and n2 of Mn-BMZ with the previous reports.

Sample Medium CW source (nm) Power (mW) b (cm/W) n2 (cm2/W) Reference

Mn-BMZ – 650 20 −0.41×10−2 −1.57×10−11 This work
Tetra tert-butyl phthalocynanine PMMA 633 14 −0.49 −12.0×10−6 [37]
Zinc tetra tert-butyl phthalocynanine PMMA 633 14 −1.1 −14.2×10−6 [37]
Graphene oxide Ethylene glycol 532 50 6.1×10−3 4.0×10−8 [38]
ZnFe2O4 Ethylene glycol 532 50 6.1×10−3 3.0×10−8 [38]
Thiobarbituric acid derivative T1 Chloroform 632.8 10 −0.890×10−3 −0.424×10−7 [39]
Thiobarbituric acid derivative T2 Chloroform 632.8 10 1.667×10−3 −1.571×10−7 [39]
15-DAAQ PMMA 532 – 7.88×10−5 −3.13×10−15 [40]
Pyran dye PMMA 514 – 8.37×10−5 0.66×10−9 [41]
TiO2 nanocomposites Ethylene glycol 632.8 50 0.337×10−7 −0.43×10−14 [42]
Au/TiO2 nanocomposites Ethylene glycol 632.8 50 0.2×10−7 −0.565×10−14 [42]
PVP/TiO2 nano-fibers – 632.8 – 2×10−3 −1.01×10−7 [43]
Ni nanoparticles Ethanol 632.8 48 0.79×10−3 −3.04×10−7 [44]
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Fig. 12. Reflectance spectrum of Mn-BMZ samples.

values changes). During such a process, two phenomenon will take
place. The dislocation densities of the sample will be reduced and
depending upon the molecular weight, deformation of molecules
with respect to annealing temperature will takes place [45]. These
variations can significantly affects the physical properties, in partic-
ular, the optical properties [46]. In the case of Mn-BMZ films, the
strong molecular deformations at 200 ◦C of annealing temperature
can cause the unfilled d-valence orbital, formed due to the interac-
tion between p electrons of the ligand and d-shell electrons of the
metal ion, to split into several levels. This in turn will increase the
optical absorption in the samples. It is worth to note that higher the
grain size, lower would be the coherence between the molecular net-
works [47]. This explains the variation of optical properties of the
sample annealed at 200 ◦C with respect to its (increased) grain size.
On the other hand, since the SHG efficiency of the samples entirely
depends on the d-shell of the Mn ion in the molecular structure, only
slight variation in SHG efficiency with respect to surface scattering
has been observed, similar to the effects observed in porphyrine and
phthalocyanine molecules [48]. But, in order to precisely explore the
surface dynamics, combined experimental and theoretical studies
such as scanning tunnelling microscope analysis and density func-
tional theory/molecular dynamics simulations are required. We hope
such a studies will be reported as our future work. The observed
switch over phenomena from SA to RSA and self defocusing to self
focusing in the sample annealed at 200 ◦C can be accounted to the
variation in input intensity with respect to the reflectivity of the sam-
ples. Switch over phenomena are often observed with pulsed laser
sources and two or three photon absorption could be the possible

mechanism for such a behavior. It is rare to observe a switch over
phenomena with a CW pump since with a CW laser it is not possi-
ble to produce an intensity about 108 W/cm2, which is the minimum
requirement to observe the above mentioned effects. Even the avail-
able reports on switch over behavior in a CW regime, mainly studied
in a solution form or doped in polymers and the effect is attributed
to the aggregation of particles in the solution/polymer, with respect
to their concentration [49]. But, in our case the variation in the input
intensity with respect to the surface morphology can be attributed
to the observed effect. Because, in nonlinear optical materials, switch
over from one phenomena to other phenomena can arise if the input
intensity crosses the threshold value, say Ic. So, by varying the input
intensity on the sample one could vary the nonlinear optical phe-
nomena. In the Z-scan experiment, the intensity of the light traversed
through the sample can varies by means two factors: (i) depending
on the position of the sample with respect to the focusing lens and
(ii) by the amount of surface reflections on the sample. Higher the
reflectivity of the sample, lower would be the light traversed through
the sample. In the case of high reflectance samples like Mn-BMZ,
variation in surface morphology would alters the reflectivity of the
sample. For the samples annealed at 200 ◦C, decrease in reflectance
(Fig. 12) should increase the input intensity which crosses above Ic

results the observed phenomena, similar to the report by Chen Dai-
Jian et al. [50]. This is possible in the case of organometallics and
polymers even in the CW regime since the saturation intensities are
very low for these systems (about 104 W/cm2) [49].

6. Optical Switching

The thermal assisted nonlinear phenomena can be effectively
utilized for optical switching applications. The inverted switching
behavior of Mn-BMZ films annealed at 150 ◦C was studied. The prin-
ciple is that the population dynamics of the sample vary with respect
to the intensity of the incident laser. i.e., a high power laser can pro-
duce a strong heating effect in a nonlinear medium than a low power
laser and the corresponding variation in the excitation dynamics can
alter the nonlinear effects [51]. Fig. 13 shows the schematic of an
optical switching experimental setup. A CW diode laser of power
20 mW was used as the pump (writing) beam and a weak laser
of power 1 mW was used as the probe (reading) beam. Both the
lasers were operated at the wavelength of 650 nm. Since the sample
possesses very low absorption in the 650 nm region, any observed
variation can be attributed to the effect of thermal nonlinearity. The
pump beam was passed through a mechanical chopper in order to
obtain a square wave pattern (ON/OFF states). A lens of focal length
6 cm was used to focus the beams on the sample and the variation
in probe beam with respect to the pump beam was measured using
an oscilloscope. The obtained traces are shown in Fig. 14. By prop-
erly adjusting the revolutions per minute (RPM) of the mechanical
chopper, a frequency variation up to 1 kHz can be achieved. When
the pump beam is in OFF state, the low power probe beam does

Pump laser

Probe laser

Chopper

Lens

Sample

Photodetector

Fig. 13. Schematic of an optical switching setup.
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Fig. 14. Demonstration of optical inverter switch in Mn-BMZ film annealed at 150 ◦C.

not induce much effect in the nonlinear medium and it transmits
through the sample as it is. But when the pump beam is in ON state,
the intensity of the beam induces the thermal assisted nonlinear
effects in the medium which leads to the saturation of population in
the excited state and correspondingly a low state was obtained as
output. This corresponds to the inverted switching behavior of NOT
gate, analogous to electronics.

7. Conclusions

Manganese incorporated benzimidazole metal complex thin films
were deposited by chemical deposition method and the XRD studies
revealed the amorphous nature of the deposited samples. Presence
of metal ligand vibrations at 350 cm−1 and the observation of N-H
and C-H vibrations at 3100–3400 cm−1 confirms the formation of
Mn-BMZ complex by the coordination of Mn through N2 atom of
the imidazole ring. Further, the distorted tetrahedral environment of
metal ion with benzimidazole ligand was confirmed by EPR analy-
sis and the molecular composition was estimated using EDS analysis.
AFM studies showed that the surface homogeneity of the sam-
ples varies with respect to the annealing temperature. Even though,
annealing induced a positive impact on the surface homogeneity,
surface distortion and voids were observed on the films annealed at
200 ◦C due to the molecular evaporation. The breaking of hydrogen
bonds with respect to the annealing temperature leads to the rapid
molecular evaporation at 200 ◦C and which was studied through
Raman analysis. For the films annealed at 100 and 150 ◦C, decrease
in grain size increases the optical transmission percentage. Similarly
annealing induced molecular alignment improves the SHG efficiency
of the samples annealed at 100 and 150 ◦C. On the other hand optical
scattering loss due to surface distortion reduces the performance and
a corresponding decrement in optical transmittance and SHG effi-
ciency was observed for the sample annealed at 200 ◦C. In the case of
third order nonlinear studies ASP sample and the samples annealed
at 100 and 150 ◦C show a self-defocusing effect (CA curves) and sat-
urable absorption (OA curves) in the Z-scan analysis. But the film
annealed at 200 ◦C shows an switch over phenomena from SA to RSA
in OA curves and defocusing to focusing in CA curves due to the vari-
ation in input intensity with respect to the surface defects. Calculated
third order nonlinear susceptibility of the samples was ∼1.64 to
3.93 ×10−9 esu and the films annealed at 150 ◦C showed better FOM
than the as prepared and other annealed samples. Inverted switching
behavior is demonstrated in one of the fabricated films and ther-
mal assisted nonlinearity can be attributed to the switching effect
in samples. The major advantage of these type of switches is their
low linear absorption in the operation wavelength and low pumping
power requirement. This ensures the compactness and cost effective
in device fabrication.
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