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rder optical nonlinearity and
optical limiting behaviour of (nanospindle and
nanosphere) zinc ferrite decorated reduced
graphene oxide under continuous and ultrafast
laser excitation†

M. Saravanan,a T. C. Sabari Girisun,*a G. Vinithab and S. Venugopal Raoc

Nanohybrids consisting of uniform nanospheres and nanospindles of zinc ferrite attached to reduced

graphene oxide were prepared by hydrothermal reaction. Zinc ferrite decorated reduced graphene oxide

exhibited enhanced nonlinear absorption, refraction and optical limiting (OL) action under continuous

wave (532 nm, 50 mW) and ultrafast (800 nm, 150 fs) excitation. The enhancement can possibly be

attributed to the synergistic effect stemming from the observed reverse saturable absorption and self-

defocusing in the material. The role of defects in improving the nonlinear optical (NLO) performance of

ZnFe2O4–rGO was explained with the aid of Raman spectroscopy and ground state absorption studies.

Using fs and cw excitation, the estimated nonlinear absorption coefficient [g3PA(fs) ¼ 4.0 � 10�12 m W�1,

b(cw) ¼ 6.5 � 10�5 m W�1], nonlinear refractive index [n2(fs) ¼ 4.2 � 10�18 m2 W�1, n2(cw) ¼ 4.7 �
10�12 m2 W�1] and third order nonlinear optical (NLO) susceptibility [c (3)

(fs) ¼ 1.9 � 10�15 esu, c (3)
(cw) ¼

4.2 � 10�6 esu] of nanospindle ZnFe2O4–rGO were found to be higher than those of its other counter

parts. The estimated NLO parameters were found to be higher than those of other known OL materials

such as functionalized hydrogen exfoliated graphene, CdO. Thus zinc ferrite decorated rGO

nanostructures with proficient NLO coefficients have potential scope for utilizing them as smart

materials for OL applications.
Introduction

Graphene has excellent third-order nonlinear optical (NLO)
properties due to its unique electronic band structure and wide
band gap tunability (energy dispersion being in the vicinity of K
point).1 Particularly, metal decoration in low dimensional
materials such as graphene oxide (GO) has attracted signicant
attention due to their superior NLO behaviour, which include
the phenomena of nonlinear absorption (two-photon
absorption-TPA, reverse saturable absorption-RSA and satu-
rable absorption-SA) and nonlinear refraction (self-focusing,
defocusing).2 This is because unlike graphene which has sp2

hybridized p-conjugated carbon, GO has both sp2 and sp3

carbon domains. Therefore, by adjusting the ratio of sp2 and sp3
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carbon atoms, the optical properties can be tuned over a wide
spectral range. Also due to the presence of various oxygen
containing functional groups like epoxy (–COO–) and hydroxyl
(OH–) groups at the basal plane and carboxyl groups (–COO–) at
the edge of the molecular structure, GO can interact with varied
organic and inorganic materials.3 The most important conse-
quences of these functionalization is that these materials offer
the tunability of optical bandgap through the variation in the
concentration of induced sp3 defect states leading to the display
of unique NLO properties.4 In this quest, Wang et al.5 recently
demonstrated broad-band optical limiting behaviour of gra-
phene dispersed in an organic solvent studied by Z-scan tech-
nique at 532 nm and 1064 nm wavelengths. Reji Philip et al.6

investigated the nonlinear absorption of GO nanosheets in 400–
700 nm spectral region with ultrafast laser pulses and found
that the nonlinear absorption arose from the non-degenerate
two-photon absorption. Zhu et al.7 reported that graphene
oxide (GO) covalently functionalized with zinc phthalocyanine
exhibited high NLO extinction coefficient and strong OL
performance than pure GO. Kalanoor et al.8 investigated the
NLO properties of silver decorated graphene in picosecond
regime by Z-scan method and observed that the material
exhibited SA behaviour. Wang et al.9 and Kavitha et al.10
RSC Adv., 2016, 6, 91083–91092 | 91083
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fabricated TiO2 and ZnO decorated reduced GO with enhanced
NLO performance in the nanosecond regime. Zhang et al.11

demonstrated the nonlinear refraction in graphene oxides
sheets through reorientation and thermal effects. Also in
dispersed medium, the switching of saturable absorption
behaviour to optical limiting at high uencies due to the
nonlinear scattering from light induced microbubbles and
microplasma was also reported recently.12 Altogether strong
NLO effects and OL response of GO nanostructures originate
mainly due to nonlinear absorption (TPA, ESA), nonlinear
refraction (self-focusing/defocusing) and nonlinear scattering
under different laser pulses excitation. For the sake of devel-
oping high performance photonic devices, it is indisputably
important to have a comprehensive understanding on the
correlation of NLO properties of the graphene oxide with
molecular engineering. Accompanied by the rapid development
of ultrafast lasers (800 nm) and continuous wave (cw) lasers (532
nm) in the elds of communication, material processing13 and
photo-thermal cancer therapy,14 it is imperative to understand
the NLO behaviour of the material in this domain and develop
an efficient optical limiter to protect eyes and photosensitive
components from laser damage. It has long been recognized
that to protect sensors against both ultrafast and continuous
wave laser damage simultaneously using a single material is
challenging. To achieve this, it will be very interesting to
combine together the outstanding properties of spinel ferrites
(magneto-tunable NLO properties and high laser damage) and
reduced graphene oxide (high linear transmittance, fast optical
response and high thermal stability) to form hybrid material.

Although plethora of studies have been performed using the
Z-scan experiments with GO, the investigation of NLO behav-
iour of nanostructured spinel ferrite systems decorated on GO
still remain unexplored. Among the ferrite systems, zinc ferrite
(ZnFe2O4) is a normal spinel structure, in which all nonmag-
netic Zn2+ cations and magnetic Fe3+ cations are placed at
octahedral (A) and tetrahedral (B) structure respectively. In the
case of a normal spinel structure, all of the A atoms are tetra-
hedrally coordinated while the B atoms are octahedrally coor-
dinated by oxygen atoms. But in the case of an inverse spinel
structure, the A atoms occupy half of the B-sites.15 Recent
studies suggest that the implantation and growth of these
nanoparticles on graphene oxide led directly to severe damage
to the regular structure of graphene, which disrupts the
extended p conjugation, resulting in an impaired device
performance.16 Also the implantation of these ferrites on the
layered structure of rGO enhance phonon transfer which can be
effectively utilized to achieve improved thermal nonlinearity.
Hence, the main motivation of this article is to investigate the
optical limiting performance of functionalized graphene oxide
by attaching uniform zinc ferrite (nanostructures). The third-
order NLO properties of the ZnFe2O4–rGO nanohybrids were
studied using the closed and open aperture Z-scan technique
with cw and ultrafast laser pulses at 532 nm and 800 nm exci-
tation. In the present case these excitation sources were chosen
for following reasons: (a) utilization of ultrafast IR (800 nm)
laser pulses with high repetition rate and continuous wave (532
nm) laser is tremendously increasing in human interactive
91084 | RSC Adv., 2016, 6, 91083–91092
sectors, which facilitate the urgent need for safety devices (b)
understanding thermal nonlinearity is imperative to realize
non-local NLO phenomena such as optical limiting, spatial
soliton propagation and shock waves. The prepared nanohybrid
exhibited superior NLO properties and optical limiting action
compared to their individual compounds, making them
potential candidates for optical limiting applications both in cw
and fs domain.
Experimental details
Synthesis of zinc ferrite decorated rGO nanostructures

Preparation of decorated graphene oxide by physical methods
such as CVD offers the disadvantages of high temperature,
special equipment and complicated experimental conditions.
Recently Tian et al.17 and Qin et al.18 have successfully demon-
strated the preparation of decorated graphene oxide by
a simple, one-step, rapid hydrothermal method. Therefore,
ZnFe2O4 decorated rGO was prepared by hydrothermal method.
Initially, GO was prepared from natural graphite powder by
using a modied Hummers and Offeman's method with H2SO4

and KMnO4 as oxidants.19 The spinel ferrite nanostructures
decorated upon various graphene oxide content (40, 25, 15 wt%)
were synthesized via a one-step hydrothermal reaction of
Zn(NO3)2$6H2O and Fe(NO3)3$9H2O in the presence of gra-
phene oxide. In a typical reaction, initially 40 wt% of the
prepared GO was dispersed in 60 mL of ethanol by sonication
for 60 minutes. Zn(NO3)2$6H2O and Fe(NO3)3$9H2O were dis-
solved in 20 mL ethanol in 1 : 2 molar ratio and were further
added into the GO dispersion solution with constant stirring for
30 minutes at 32 �C. The solution was transferred into 150 mL
Teon-lined stainless steel autoclave and heated at 180 �C
under autogenously pressure. The reaction mixture was allowed
to cool to room temperature (32 �C) and the obtained precipi-
tate was ltered, washed with distilled water several times and
dried in oven at 60 �C for 12 hours. The above procedure was
repeated with 25 and 15 wt% of GO to attain the other ZnFe2O4–

rGO contents. Pure ZnFe2O4 nanoparticles were prepared by
similar treatment without using GO. All the above mentioned
synthesis procedures were environmental friendly as the reac-
tion uses aqueous solution as a reaction medium and it was
carried out in autoclaves.
Physical measurements

Morphologies of the samples were investigated by Field Emis-
sion Scanning Electron Microscope (FEI – QUANTA–FEG 250)
and high resolution transmission electron microscopy (TECNAI
F (S-Twin)). Raman spectra of the GO pure and spinel ferrite
decorated rGO were obtained using a Raman spectrometer
(Horiba-Jobin, Lab RAM HR) at ambient temperature using 632
nm excitation wavelengths. The linear and nonlinear optical
properties of the synthesized materials dispersed in ethylene
glycol by ultrasonication with concentration (5 mg/5 mL) were
studied by JASCO V-570 UV-Vis spectrophotometer and Z-scan
technique (open and closed aperture mode) respectively. Here
in Z-scan experiment, the samples were excited by continuous
This journal is © The Royal Society of Chemistry 2016
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wave (532 nm, 50 mW) and ultrafast (800 nm, 150 fs) lasers. In
cw excitation Gaussian prole from diode pumped Nd:YAG
laser beam was focused on a 1 mm cuvette by lens of focal
length 3.5 cm to produce a beam waist (u0) of 15.35 mm. In
ultrafast excitation, 150 fs pulse with 80 MHz repetition rate
wave delivered from a tunable oscillator (Chameleon, coherent),
operated at central wavelength of 800 nm was used. An input
beam diameter at 2 mm and plano convex lens with focal length
100 cm were used to focus the laser on the sample. A set of
neutral density lter were used to attenuate the input energy of
laser pulses. Closed Z-scan aperture data was collected at low
input energies to ensure that there was negligible contribution
from higher order nonlinearities. The sample cell was moved
using a translation system along the propagation direction (Z-
axis) and corresponding output transmittance was measured.
The transmission of the beam through an aperture placed in the
far eld was measured using a photo detector fed to the digital
power meter. For open aperture Z-scan mode, a lens to collect
the entire laser beam transmitted through the sample replaced
the aperture. The experiments were repeated several times to
ensure repeatability of the results and the best data were taken
from different sets for all the samples.

Results and discussion
Morphology and growth mechanism

Fig. 1(A) shows the FESEM image of the GO. It is evident that the
structure of GO was layered with some crumples and partially
transparent. Fig. 1(B) depicts the FESEM image of pure zinc
ferrite projecting the formation of very ne and homogenous
nanospheres with some agglomeration. The agglomeration of
particles can be related to many factors such as surface area and
density. The FESEM images of decorated rGO [Fig. 1(C–E)]
illustrate the presence of slight wrinkles and folding on the
surface of GO along with the appearance of ZnFe2O4 as bright
dots. No obvious conglomeration of ZnFe2O4 was observed. In
the present synthesis procedure, the formation of nanospheres
and nanospindles of zinc ferrite on reduced graphene oxide
were observed. To understand the chemical basis and elemental
composition of prepared ZnFe2O4–rGO, EDS was recorded and
is as shown in Fig. 1. The observed atomic percent of C, Zn, Fe
and O was found to be in good agreement with the estimated
elemental content of the performed synthesis procedure. As
expected, the atomic percent of Zn and Fe was found to be
maximum along with lowest atomic percent of carbon for
ZnFe2O4–(15 wt%) rGO. This further conrmed the presence of
densely decorated ZnFe2O4 on the surface of (15 wt%) GO.
Likewise the content of Zn and Fe was found to decreasing with
increase in the graphene oxide content. Thus the estimated
chemical composition matched very well with the expected
decoration of ZnFe2O4 on the rGO.

To further elucidate the growth mechanism, recorded TEM
images are displayed in Fig. 2. The TEM image of GO (Fig. 2(A))
displayed a wrinkled paper like structure of the ultrathin sheets
with stacking. During the reaction, GO which consists of cova-
lently attached oxygen-functional groups such as epoxy,
hydroxyl and carboxyl groups in the surfaces act as a nucleation
This journal is © The Royal Society of Chemistry 2016
site for nanostructure growth and facilitate the formation of
zinc ferrite via electrostatic interaction. In particular, metal ions
was adsorbed on the GO nanosheets by coordination with
functional moieties in GO through electrostatic force. The Zn2+

and Fe3+ ions anchored on the GO sheets form themselves into
ZnFe2O4 and then these nucleuses grew into nano spheres of
101 and 32 nm average diameters [Fig. 2(B and C)]. Since the
reaction involved in the synthesis process was slow and takes
place at atmospheric pressure and room temperature, mole-
cules have an opportunity to attain the most stable sphere
shape in the reaction. However in the case of 15 wt% graphene
oxide, the formation of nanospindles with 55 nm length and 17
nm diameters [Fig. 2(D)] was observed upon the surface of
graphene sheets. Due to the lower concentration of graphene
sheets (15%), nanospheres aggregate themselves due to cohe-
sion and grow as the stack to form nanospindles. Also gradual
increase in the concentration of zinc ferrite upon the surface
with the decrease in the content of graphene oxide was clearly
witnessed. In general, hydrothermal methods do not provide
the provision of controlling the particle size and loading of zinc
ferrite. However in the present case, loading of zinc ferrite was
altered by varying GO content. This also led to the provision of
altering shape from nanospheres to nanospindles.

Fig. 2(B–D) clearly demonstrate the nanospheres and spin-
dles uniformly deposited on the surface of (40, 25 and 15 wt%)
rGO sheets, respectively. Thus, formations of nanospindle
ZnFe2O4 upon 15 wt% rGO and nanosphere ZnFe2O4 upon 25
and 40 wt% rGOwere clearly conrmed bymorphology analysis.
In the HRTEM images (Fig. 3) of decorated rGO the lattice
fringes had an interlayer distance of 0.25 nm which agree well
with the spacing between (311) planes of ZnFe2O4 crystals. The
schematic diagram of growth mechanism is depicted in Fig. 4.

Linear absorption studies

Fig. 5 shows optical absorption spectra of graphene oxide and
spinel ferrite decorated graphene oxide. In the absorption
spectra of GO, an absorption peak at 235 nm and a shoulder at
292 nm correspond to p–p* transition for aromatic C–C and n–
p* transition due to C]O bonds respectively.20 The character-
istic absorption peak of zinc ferrite was observed around 570
nm in the absorption spectra of pure zinc ferrite. However, in
the decorated graphene oxide, peak at 570 nm (due to ZnFe2O4)
got suppressed and the characteristic peak of GO got red shied
to 284 nm and 385 nm. These changes can be attributed to the
de-oxygenation of GO sheets and the formation of a composite
between the ZnFe2O4 nanoparticles and the graphene sheets
during the hydrothermal reaction. The shi in absorption peak
was also witnessed from the change of colour from light brown
(pure GO) to dark black (composite). The black colour of the
decorated graphene oxide was due to the partial restoration of p
network prevailing between the rGO sheets.

Nonlinear absorption studies

Open aperture (OA) Z-scan measurement was performed to reveal
the different mechanisms, like multi-photon absorption (MPA),
excited state absorption (ESA) responsible for nonlinear
RSC Adv., 2016, 6, 91083–91092 | 91085
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Fig. 1 FESEM and EDS images of (A) GO (B) ZnFe2O4 (C) ZnFe2O4–(40 wt%) rGO (D) ZnFe2O4–(25 wt%) rGO and (E) ZnFe2O4–(15 wt%) rGO.
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absorption (NLA) in the synthesized materials.21 The recorded OA
patterns with two different excitations are shown in Fig. 6. Under
low power (cw) and high intensity (fs) laser excitation, GO
91086 | RSC Adv., 2016, 6, 91083–91092
exhibited saturable absorption (SA) characteristic similar to gra-
phene.22 The Z-scan data for bare GO exhibited a peak with respect
to the focus indicating SA. Here, under photo excitation
This journal is © The Royal Society of Chemistry 2016
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Fig. 2 TEM images of (A) GO sheets and ZnFe2O4–rGO composites
with (B) 40 wt% (C) 25 wt% (D) 15 wt% graphene contents.

Fig. 3 HRTEM images of (A) GO sheets and ZnFe2O4–rGO compos-
ites with (B) 40 wt% (C) 25 wt% (D) 15 wt% graphene contents.

Fig. 4 Schematic diagram of the growth mechanism of zinc ferrite–
reduced graphene oxide nanocomposites.

Fig. 5 UV-Visible absorption spectra of pure GO, zinc ferrite and
decorated reduced graphene oxide. Inset illustrates the expanded
absorption spectrum of pure zinc ferrite.
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a non-equilibrium population was formed in valence and
conduction band of GO attaining the steady state and further
absorption of photons (fs pulse width) was restricted due to Pauli
blocking. Thus saturable absorption behaviour of depicting high
linear transmittance at higher intensities possesses potential
applications in optical switching, pulse shape andmode locking.23

Furthermore, the optical transitions (2.33 eV and 1.55 eV) in the
sp3 domains of GO are forbidden and, therefore, optical absorp-
tion decreases as state lling of the interband transitions in the
sp2 domains dominates transient response.
This journal is © The Royal Society of Chemistry 2016
While in the case of pure zinc ferrite and decoration of rGO
with zinc ferrite the pattern shied from peak to valley, indi-
cating reverse saturable absorption (RSA) kind of behaviour
with fs excitation. This is because when zinc ferrite was deco-
rated upon GO due to the interactions of spinel ferrite with
oxygen functional groups sp3 defect (s-states) turns more
dominant, thus giving rise to RSA kind of behaviour. The
nonlinear absorption with fs pulses can involve either two
photons (two-photon absorption, b) or three photons (three-
photon absorption, g). To identify the possible nonlinear
mechanism, the corresponding net nonlinear transmission for
open aperture data was tted with the following equation24

T ¼ ðz;S ¼ 1Þ ¼
�

1ffiffiffiffiffiffiffiffi
pq0

p ðz; 0Þ
�ðN

�N

In
h
1þ q0ðz; 0Þe�s2

i
ds

T ¼
�

1ffiffiffiffiffiffiffiffi
pr0

p ðz; 0Þ
�

�
ðN
�N

In

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Inð1þ r20expð�2s2ÞÞ

q
r0ðz; 0Þexp

��s2
��
ds
RSC Adv., 2016, 6, 91083–91092 | 91087
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Fig. 6 Open aperture Z-scan curves of GO, ZnFe2O4, ZnFe2O4–(40 wt%) rGO, ZnFe2O4–(25 wt%) rGO and ZnFe2O4–(15 wt%) rGO using (A) cw
(532 nm) and (B) fs (800 nm) laser excitation. Solid lines are the theoretical fits while the symbols are experimental data points.
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with q0 ¼ b LeffI0, r0 ¼ (2gLeff0I0
2)1/2, b is the 2 PA co-efficient,

and g is the 3 PA coefficient, I00 is the peak intensity, Z is the
sample position, z0 ¼ pu0

2/l is the Rayleigh range; u0
2 is the

beam waist at the focal point (Z ¼ 0), l is the laser wavelength;

Leff ¼ 1� e�a0L

a0
, L0eff ¼

1� e�2a0L

2a0
are the effective path lengths

in the sample of length L for 2 PA and 3 PA. Based on the above
mentioned equation, attempts were made to plot the theoretical
ts for both 2 PA and 3 PA mechanism (see ESI le†). With fs
pulse excitation, the theoretical plots (solid lines) for two-
photon absorption process (pure ZnFe2O4) and two/three-
photon absorption process (ZnFe2O4 decorated rGO) matched
well with the experimental data (open circles).

As seen from the data presented in the UV-Visible absorption
spectra, decorated rGO depicts absorption maxima at 284 nm
involving p–p* transition of the rGO. Hence, with IR (800 nm,
1.55 eV) excitation, three photons can simultaneously be absorbed
to transit the electron to the above mentioned energy state (284
nm, 4.3 eV). While in the case of pure ZnFe2O4, two-photon
Fig. 7 Variation of two-photon absorption coefficient of ZnFe2O4–(15
wt%) rGO with input power under fs (800 nm) excitation.

91088 | RSC Adv., 2016, 6, 91083–91092
absorption is the most probable process to excite the electrons
to its band edge (570 nm, 2.2 eV) by absorbing simultaneously
two-photons involving virtual excited state. However, in the case of
cw exposure, both pure and decorated rGO showed SA behaviour,
as it is well known that sp2 clusters gives rise to SA at low inten-
sities. Inorder to further conrm the involved NLA mechanism,
OA Z-scan was performed on ZnFe2O4–(15 wt%) rGO at various
input powers (4–7 mW) with fs excitation. From the recorded OA
pattern the nonlinear absorption coefficient was extracted for
different pulse power and extracted b value increased with
increase in input power/energy (Fig. 7). Although the t in both
cases (2 PA/3 PA) are found to be good for decorated rGO, based
on the variation of NLA coefficient as a function of power of
excitation, the observed NLA is attributed predominantly due to 3
PA mechanism. The observed nonlinearity can be understood as
arising from higher order nonlinear optical process [an effective
three-photon absorption process where in two photons excite the
system to higher state (which could be one of the defect states)
followed by absorption of another photon, possibly free carrier
absorption in this case resulting in a (2 + 1) photon
absorption].25,26
Nonlinear refraction studies

Closed aperture Z-scan (CA) was performed to measure the
nonlinear refractive index (n2) of the material. The recorded CA
patterns under two excitations are shown in Fig. 8. Different
mechanisms can be proposed to describe the observed NLR of
pure and decorated rGO in suspension. Electronic polarization,
molecular reorientation effect, nonlinear scattering, excited
state refraction, free carrier refraction, and thermal effect are
most common reason of observed NLR.11 In the present case, an
obvious nonlinear self-defocusing signal from all the samples
was observed.

The n2 value was obtained by tting the normalized trans-
mittance versus sample position with the theoretical equation27

given by
This journal is © The Royal Society of Chemistry 2016
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Fig. 8 Closed aperture Z-scan curves of GO, ZnFe2O4, ZnFe2O4–(40 wt%) rGO, ZnFe2O4–(25 wt%) rGO and ZnFe2O4–(15 wt%) rGO under (A)
cw (532 nm) and (B) fs (800 nm) laser excitation. Solid lines are the theoretical fits while symbols are the experimental data points.
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TCA ¼ 1þ DØ
4x

ð1þ x2Þð9þ x2Þ
where x ¼ z

z0
is the diffraction length, DØ ¼ kn2I0Leff is the on-

axis phase shi at focus, k is the wave number, Z0 is the Rayleigh
range (¼npu0

2/l) and u0 is the beam spot radius at focus. In
this case, samples acted like a thermal lens and due to negative
nonlinear refraction index, convergence to the incoming beam
occurs at pre-focal positions and then starts to diverge aer
focus. Thus the recorded normalized closed aperture Z-scans
exhibit a pre-focal peak followed by a post-focal valley indi-
cating the nonlinearity of the samples to be negative and lens-
ing effect to be defocusing (negative nonlinear refraction). Here
the observed nonlinearity is mainly of thermal origin in both
cases (532 nm and 800 nm). Existence of the thermal lens effect
in our experiments arises from absorption of continuous-wave
(cw) laser beam energy and high repetition rate (1 MHz) with
fs excitation. Interestingly, for photonic applications that
require cw or high reputation rates laser, the thermo-optical
effects can be very important. In addition, owing to heat
conduction process, the thermal nonlinear response presents
a nonlocal behaviour, which can be exploited in the investiga-
tion of several nonlocal nonlinear phenomena, such as spatial
soliton propagation and shock waves. The thermally induced
nonlinearity denotes temporal variation of optical parameters
due to linear and nonlinear absorptions in the medium fol-
lowed by a nonradioactive relaxation down to the ground state.28

Furthermore, the laser heating leads to the generation of an
acoustic wave that changes the medium density followed by
a variation of refractive index.

Third-order NLO coefficients and optical limiting behaviour

Optical limiting (OL) curves, illustrated in Fig. 9, were extracted
from the corresponding open-aperture fs Z-scan data. The
position dependent uence was evaluated from the equation29

FðzÞ ¼ 4
ffiffiffiffiffiffiffi
In2

p �
Ein

p3=2

�
uðzÞ2
This journal is © The Royal Society of Chemistry 2016
where F(z) is the input uence, Ein is the laser energy and u0

laser beam radius at the focus. The transmittance decreases
rapidly with increased input uence for all the samples.
However in the case of cw laser, the output was directly
measured by varying the input of the laser beam. From the data
presented in Fig. 9 it is evident that the output power rises
initially with increase in input power and aer a certain
threshold value the output beam start deviating from the line-
arity. The OL onset values, dened as the incident uence at
which optical limiting activity starts, are summarized in
Table 1. Possible mechanisms for 2 PA and 3 PA excitation with
800 nm photons are depicted in Fig. 10. The negative nonline-
arity due to self-defocusing could be attributed to the observed
strong optical limiting behaviour of the material. In liquid
sample, due to the large thermal expansion, at the corre-
sponding wavelength the high absorbance of the nonlinear
material leads to increase in temperature and density of the
samples thus resulting in limiting action. The decorated
samples exhibited strong optical limiting due to large number
of defect induced states, which enhances NLA, causing attenu-
ation of laser intensity at higher incident uencies. The esti-
mated third-order NLO parameters are summarized in Table 1.
It can be clearly be witnessed that decorated rGO demonstrated
enhanced NLO coefficients compared to bare GO and ZnFe2O4.

To understand the role of defects in the enhancement of
NLO behaviour, Raman studies were performed. Fig. 11 pres-
ents the Raman spectra of GO, ZnFe2O4 and ZnFe2O4 decorated
rGO nanostructures. Raman spectra of GO demonstrates the G
band at 1580 cm�1 due to the E2g phonon of sp2 carbon atoms
and the D band (1350 cm�1) which is a breathing mode of k-
point phonons of A1g symmetry, arising from the disordered
carbon structures, edges and other defects. The intensity ratio
of D and G peak (ID/IG) provides the level of functionalization
factor for measuring the sp2 domain size of a carbon structure
containing sp2 and sp3 bonds. The intensity ratio of GO was
estimated to be 0.82. In ZnFe2O4, the peak above 600 cm�1 was
of the A1g mode, involving motions of the tetrahedral groups.
The other low-frequency phonon modes were due to metal ions
RSC Adv., 2016, 6, 91083–91092 | 91089
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Fig. 9 Optical limiting curves of GO, ZnFe2O4, ZnFe2O4–(40 wt%) rGO, ZnFe2O4–(25 wt%) rGO and ZnFe2O4–(15 wt%) rGOwith (A) cw (532 nm)
and (B) fs (800 nm) laser excitation. Solid lines are theoretical fits in (B).
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involved in octahedral groups corresponding to the symmetric
and anti-symmetric bending of oxygen atoms in metal-oxygen
bonds for octahedral groups. The ve Raman modes at 212,
272, 390, 493 and 603 cm�1 can be attributed to the Raman
active modes (A1g + Eg + BF2g) of the spinel structure of
ZnFe2O4.20 The Raman spectra of ZnFe2O4–(40, 25 and 15 wt%)
rGO composite illustrating the characteristics of both GO and
ZnFe2O4 were observed. The intensity ratio ID/IG was calculated
to be 0.85, 1.20 and 1.25, respectively. However, the ID/IG ratio
(1.25) of the ZnFe2O4 (spindle)–rGO nano hybrid was higher
than other pure and decorated rGO which was due to the
presence of more defects arising from the interactions between
the zinc ferrite and the graphene sheets. Also, the perfect gra-
phene domain (La) was estimated using the well-known
formula21

La ðnmÞ ¼ 560

El
4

�
ID

IG

��1

where El is the excitation energy (eV). Estimated La shows that,
GO has perfect graphene domain (La) of �46 nm, which upon
functionalization reduces to 44, 31 and 30 nm for ZnFe2O4–(40,
Table 1 Third-order NLO parameters of pure and zinc ferrite decorated r

Samples

532 nm, cw excitation

b � 10�3

cm W�1
n2 � 10�8

cm2 W�1
c(3) � 10�6

esu

Optical limiting
onset values
(mW)

GO 6.1 4.0 3.2 30.4
ZnFe2O4 6.1 3.0 1.8 34.2
ZnFe2O4–rGO
(40 wt%)

6.1 4.5 3.9 29.9

ZnFe2O4–rGO
(25 wt%)

6.3 4.5 4.0 28.8

ZnFe2O4–rGO
(15 wt%)

6.5 4.7 4.2 27.7

91090 | RSC Adv., 2016, 6, 91083–91092
25 and 15 wt%) rGO, respectively. This small change further
conrms a decrease in the lower size and a higher defect density
of in-plane graphitic crystallite sp2 domains upon reduction of
the GO. In fact, the deoxygenation of the GO sheets during the
hydrothermal reaction could have resulted in the reduction of
ID/IG ratio and, thereby, conrming the formation of chemical
bond between the ZnFe2O4 and GO sheets. The Raman results
were further supported by the morphology analysis, indicating
the successful synthesis of ZnFe2O4–rGO nanocomposite
through the hydrothermal treatment. Further the reduction of
graphene oxide and decoration of ZnFe2O4 was conrmed by
powder XRD (see ESI†). Thus, it can be clearly seen (Table 1) that
decorated graphene show enhanced nonlinear behaviour than
its pure counterparts and other known OL materials. Especially
the nonlinear absorption coefficient of ZnFe2O4–rGO was found
to be two orders of magnitude higher than f-HEG graphene
composite, CdO, Fe–Ag (�10�15 m W�1) excited with ultrafast
(800 nm, 100 fs) laser pulses.21,30,31 Also the nonlinear absorp-
tion coefficient of the decorated GO material under cw excita-
tion (532 nm, 50 mW) was found to be very higher than other
graphene composite like GO (5.4 � 10�4 cm W�1) and tetra
GO under cw (532 nm, 50mW) and ultrafast (800 nm, 150 fs) excitation

800 nm, 150 fs excitation

Nonlinear absorption
coefficient 10�12 m W�1

n2 � 10�18

m2 W�1
c(3) � 10�15

esu

Optical limiting
onset values
(mJ cm�2)

12.0 (SA) 14.7 5.2 46.3
5.1 (2 PA, b) 3.4 0.1 34.2
2.6 (3 PA, g) 1.5 1.3 28.1

3.1 (3 PA, g) 2.8 1.5 22.2

4.0 (3 PA, g) 4.2 1.9 14.7

This journal is © The Royal Society of Chemistry 2016
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Fig. 10 Probable excitation mechanisms for 2 PA (left) and 3 PA (right) for all the samples studied. Dashed line represents non-radiative decay.

Fig. 11 Raman spectra of pure GO, zinc ferrite and decorated reduced
graphene oxide. Inset shows the expanded Raman data of pure zinc
ferrite.
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amino porphyrin decorated GO (13.1 � 10�4 cm W�1).32 Since
limited information is available in literature under similar
experimental conditions, direct comparison with known mate-
rials is not viable in the present case. The enhanced nonlinear
absorption mainly arises due to the defect induced states orig-
inating due to functionalization of GO which facilitate inter-
band transition. During the decoration process few oxygen
containing functional groups on the surface of the GO were
removed leading to the extent of conjugations which also
resulted in the enchantment of nonlinearity. Hence, it can be
concluded that loading has the direct inuence on the overall
performance. The nonlinear optical properties of decorated rGO
can be mainly attributed to two different origins: local eld
effect and large metals nonlinear response. Larger the extent of
conjugation, higher the chance for electron/energy transfers,
leading to enhanced nonlinear optical response. The densely
decorated zinc ferrite upon GO (ZnFe2O4–(15 wt%) rGO) show
higher nonlinear absorption coefficient, nonlinear refractive
index and third order nonlinear optical susceptibility than
This journal is © The Royal Society of Chemistry 2016
other samples suggesting the superiority for optical limiting
applications. Furthermore, the major advantage of such nano-
hybrids is that they possess the benets of both zinc ferrites
(magneto-tunable NLO properties and high laser damage) and
reduced graphene oxide (high linear transmittance and fast
optical response). This property provides the additional benet
of tunable NLO property under the interaction of a magnetic
eld and, hence, making them suitable for broadband optical
limiting applications. However, the major limitation is that the
sensitivity of the protected photosensitive components will be
reduced even at low input uencies due to this broad spectral
response. Moreover, the control on the morphology of prepared
nanohybrids in such cases is poor. Further, literature data
demonstrates that this material can be a suitable candidate for
biomedical applications such as target drug delivery and photo
cancer therapy. However, issues such as biocompatibility,
environmental durability etc., need to explored further.

Conclusions

Pure and decorated graphene based nanostructures were
synthesized by hydrothermal reaction method. This method
provides the ease of effective reduction of the GO sheets along
with attachment of zinc ferrite spinel nanostructures on the
rGO sheets in a single step. The incorporation of zinc ferrite
upon the GO surface was conrmed by Raman, FESEM, TEM
and optical absorption studies. Raman spectra showed the G
band (1580 cm�1) of sp2 carbon atoms and the D band (1350
cm�1) of A1g symmetry, which arises from the defects. The ve
Raman modes at 212, 272, 390, 493 and 603 cm�1 were due to
the Raman active modes (A1g + Eg + BF2g) of the spinel structure
of ZnFe2O4. The ID/IG ratio (1.25) of the ZnFe2O4 (spindle)–rGO
nanohybrid was higher than other pure and decorated rGO
compounds, which is attributed to the presence of higher
number of defects arising from the interactions between the
zinc ferrite and the graphene sheets. Formation of nanospheres
with 32 nm and 101 nm diameter (25 and 40 wt%) and nano-
spindles (15 wt%) with typical size of 17 nm � 55 nm was
observed. Due to the lower concentration of graphene sheets
RSC Adv., 2016, 6, 91083–91092 | 91091
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(15%), nanospheres aggregate themselves due to cohesion and
grow as stack to form nanospindles. Also gradual increase in the
concentration of zinc ferrite upon the surface with decrease in
the content of graphene oxide was clearly witnessed. In the
absorption spectra of GO, an absorption peak at 235 nm (p–p*
transition for aromatic C–C were observed) and a shoulder peak
at 292 nm (n–p* transition due to C]O bonds). The charac-
teristic absorption peak of zinc ferrite was observed around 570
nm in the absorption spectra of pure zinc ferrite. Third order
optical nonlinearity and optical limiting action under contin-
uous wave (532 nm, 50 mW) and ultrafast (800 nm, 150 fs) laser
excitations were studied by Z-scan technique. The enhanced
nonlinear absorption mainly arises due to the defect induced
states originating due to functionalization of GO which facili-
tate interband transition. When zinc ferrite was decorated upon
GO, due to the interactions of spinel ferrite with oxygen func-
tional groups, sp3 defect (s-states) turns more dominants, thus
giving rise to RSA behaviour. Hence, under ultrafast (800 nm)
excitation, the origin of nonlinear absorption was found to
different for GO (SA), zinc ferrite (2 PA) and ZnFe2O4 decorated
rGO (3 PA) due to the variation in its electronic states. In the
case of cw exposure, both pure and decorated GO exhibited SA
behaviour due to the low intensity excitation. The peak followed
by a valley normalized transmittance obtained from the closed
aperture curves indicated that the sign of nonlinear refractive
index is negative and self-defocusing optical nonlinearity.
Larger the extent of conjugation, higher the chance for electron/
energy transfers, leading to enhanced nonlinear optical
response in nanospindle zinc ferrite decorated–(15 wt%) rGO
with higher nonlinear absorption coefficient, nonlinear refrac-
tive index and third order nonlinear optical susceptibility. The
versatile NLO properties of the ZnFe2O4 decorated rGO in
different domains of excitation imply a huge potential in the
development of optical limiters for the protection of sensors
against both ultrafast and continuous wave laser damage
simultaneously using a single material.
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