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In this Letter, we report for the first time, to the best of
our knowledge, the anisotropic optical response in a
graphene oxide (GO)-gold (Au) nanohybrid. Polarization-
sensitive nonlinear optical absorption measurements
revealed that nanohybrids are highly anisotropic,
(β⊥ − β‖

In nonlinear photonics, there is significant interest in manipu-
lating the intensity and shape of laser pulses in advanced optical
technologies such as quantum information processing and
communication, ultrafast optical switch, optical limiting,
mode locking, and Q-switching [1–7]. The realization of such
applications required an intrinsic nonlinear optical response
with a fast response time, a large dynamic range, and a broad
spectral response [1–3]. Although various materials have been
tested in this context, the low dimensional system stands apart,
thanks to their enhanced nonlinear optical properties coming
from the quantum confinement [1,2], including carbon nano-
tubes, black phosphorus, transition metal dichalcogenides,
etc. [8–14]. Among these, graphene oxide (GO)/reduced GO
(RGO), a system in which graphene is modified by adding
multiple functional groups, has attracted considerable interest
to achieve higher resonant nonlinear indices, as it offers high
transparency throughout the visible spectrum and a high third-
order nonlinear refractive index, etc. [8,15–20]. It exhibits a
large and tunable energy gap, thus overcoming the zero bandgap
limitation of graphene [20–22]. Further, a tunable ratio of
sp2/sp3 carbon domains provides remarkable optical properties
such as giant Kerr nonlinearity, a crossover from a positive to

In this Letter, we demonstrate for the first time, to the
best of our knowledge, the anisotropic optical response in
the GO(RGO)-Au nanohybrid prepared by the dispersible
template method. The anisotropic optical limiting proper-
ties are measured at 532 nm. Strikingly, we could observe
anisotropy by as much as ≈28 cm/GW at a peak intensity of
0.16 GW/cm2, more than one order of magnitude higher than
GO. Furthermore, the anisotropy has been analyzed at nanohy-
brid interfaces by varying the functional ligand concentration
with the help of first-principle calculations. Our experimental
result offers a new platform of device fabrication in the field of

) ≈28 cm/GW, which is more than one order
of magnitude higher than that of control GO (2 cm/GW).
The first-principle analysis of absorbance at nanohybrid
interfaces with varying functional ligand concentrations
corroborates with the experimentally observed intrinsic
linear anisotropy. Thus, this Letter enables new routes to
realize smart and high-performing nonlinear optical systems
selectively and directionally such as tunable optical limiters
and optical data processing devices.

negative nonlinear refractive index, and excited-state absorption
[20–22]. Additionally, unlike the in-plane isotropic graphene,
GO(RGO) has lower symmetry because of multiple functional
groups oriented in different directions. Thus, it allows the
phase manipulation of polarized light for linear and nonlinear
optical responses. Indeed, the manipulation of light polariza-
tion inside the material is also an essential degree of freedom
for polarization-dependent carrier mobility, optical absorp-
tion, pulse shaping, and cavity-less self-electro-optic effect.
Therefore, the realization of nonlinear optical anisotropy in
GO-based functional material holds paramount importance
in fundamental physics, as well as new device fabrications.
Likewise, we propose a GO(RGO)-Au nanohybrid [23,24] as a
new advanced functional material to achieve an unprecedented
enhancement in the anisotropic optical response towards
realizing high-performing optical devices. One such new func-
tionality is the active control of the polarization-dependent
nonlinear optical response of the GO(RGO)-Au nanohybrid.
So far, there have been no studies to evaluate the anisotropic
nonlinear optical response of the GO(RGO)-Au nanohybrid
to accomplish potential applications in optoelectronic device
engineering at nanoscales. We have selected the plasmonic
Au nanoparticle, because it shows localized surface plasmon
resonance (LSPR), which allows us to manipulate light at the
nanoscale [25,26]. It displays remarkable optical properties due
to LSPR. Apart from their unique optical properties, the Au
nanoparticle is stable at room temperature and easy to fabricate
over GO(RGO) using low-cost, low-temperature synthesis
techniques.
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Fig. 1. (a) Experimental setup for the linear transmission measure-
ments. (b) Linear transmission data when the polarization is switched
every 5 min from ‖ to⊥ and vice versa as a function of time (min). The
vertical dotted lines show the switching instants. The Y -axis label is
normalized. The fluence used for this measurement is 80 µJ/cm2.

nonlinear optics such as polarization-sensitive optical limiting
and switching devices.

We synthesize the GO(RGO)-Au nanohybrid made by a
dispersible template method [23]; for details, see Supplement
1. The scanning electron microscope images (Fig. S1), X-ray
diffraction pattern (Fig. S2), and Raman spectrum (Fig. S3)
confirm the crystalline nature of the nanohybrid, as well as the
formation of Au over GO(RGO) (for details, see Supplement
1). Before the discussion of the anisotropic nonlinear optical
response, let us first discuss the linear optical transmission. In
this context, we have measured the polarization-dependent
linear transmittance of the nanohybrid by using a nanosecond
laser of a wavelength of 532 nm at very low intensity. (The
nonlinear absorption is negligible.) The experimental setup is
shown in Fig. 1(a). The half-wave plate was used to rotate the
polarization angle, and all experiments were performed at room
temperature. To measure anisotropy in a linear optical response,
we have measured the transmittance of the sample for the two
orthogonal polarizations of the exciting beam defined with
respect to the table: parallel (‖) means that the polarization of
the linearly polarized light is parallel to the optical table and,
in the same way, perpendicular (⊥) is defined with respect to
the optical table. The linear transmission spectra of control and
nanohybrid dispersed in distilled water are shown in Fig. 1(b).
Interestingly, the linear transmission displays a minimum for
the ⊥ polarization in comparison to the ‖ polarization. In
other words, the absorption is maximum for ⊥ polarization.
Real-time transmission measurements of the RGO-Au nanohy-
brid show unprecedented optical anisotropy, which is in sharp
contrast to the nearly isotropic RGO and Au. Expectedly, large
anisotropy is observed for the GO-Au nanohybrid as compared
to relatively weak anisotropy in GO. It can be seen in Fig. 1(b)
that the general features of the linear transmission curve as a
function of time for the ‖ and ⊥ polarizations are followed
a rapid increase of the transmission when the polarization is
switched from⊥ to ‖.

The phenomenon of the intrinsic anisotropy in a linear
optical response inextricably motivated us to do first-principle

Fig. 2. (a) Theoretically calculated absorbance of (a) graphene,
(b) GO(Low), (c) GO(high), (d) graphene-Au, (e) GO(Low)-Au,
and (f ) GO(high)-Au. Our calculations show that there is a difference
between the in-plane [(x x ) and (y y )] optical properties, indicating
optical anisotropy.

calculations for anisotropic linear optical response. In this
context, theoretical calculations are performed with ab-
initio density functional theory (DFT)-based formalism
using a plane-wave pseudopotential approach with projector
augmented wave potentials, as implemented in the Vienna Ab-
initio Simulation Package (VASP) [27,28]. We have included
an electron correlation within the system using the Perdew–
Burke–Ernzerhoff exchange-correlation functional under
spin-polarized generalized-gradient approximation; to account
for the interface-induced dipolar interaction, we have incor-
porated the van der Waal corrections by using the Grimme
DFT-D3 method [29].

To show anisotropic optical absorption, we have theoretically
calculated absorption coefficients of G, GO (low), GO (high),
G-Au, GO (low)-Au, and GO (high)-Au, as shown in Figs. 2(a)–
2(f ); for details, see Supplement 1. Figure 2(a) shows the optical
absorption of graphene. The in-plane [(x x ) and (y y )] optical
absorption of graphene are similar, which indicates an isotropic
nature. However, it can be noticed from Fig. 2(b) that there
is a difference between the in-plane [(x x ) and (y y )] optical
properties, which unveils the anisotropic nature of the optical
properties. Interestingly, when the GO surface was constructed
with optimized concentrations of both OH and COOH (low
the), system exhibits stronger anisotropy [Fig. 2(b)] in com-
parison to the system with higher ligand concentration (high)
[Fig. 2(c)]. The integration of Au over G (low) and G (high)
creates asymmetry and structural distortion due to the sp2

− sp3

conversion, which inherently leads to more anisotropic opti-
cal properties, as can be observed from Figs. 2(d)–2(f ). The
anisotropy is seen to be very much dependent on the opti-
mal concentration of the ligand’s concentration. Thus, for a
GO(RGO)-Au interface with different ligand concentrations,
it is possible to control the interlayer coupling between the two
layers and thereby to control the structural distortion, charge
transfer, and inherent optical anisotropy of the system.

To determine anisotropy in nonlinear optical absorption,
we have employed the open aperture Z-scan method [30–32].
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Fig. 3. (a) Schematic for the experimental setup for the anisotropic
third-order nonlinear optical response. Normalized transmittance
as a function of position in the open aperture Z-scan for parallel
and perpendicular polarizations of the exciting beam. (b) RGO-Au.
(c) GO-Au.

We performed Z-scan measurements with 532 nm, 5 ns pulses
from the second harmonic of an Nd-YAG laser; for details, see
Supplement 1. The laser beam was focused by a plano-convex
lens of focal length of 200 mm, while the sample was moved by
a computer-controlled translation stage. The Rayleigh length
(Z0) and the beam waist in our experiment were 1.6 mm and
∼17 µm, respectively. For this measurement, we have prepared
the dispersions in the distilled water (1 mm path length liquid
cell, sample concentration 0.5 mg/ml) with a linear transmit-
tance (T) of≈70%. To demonstrate the anisotropy in nonlinear
optical absorption, we have measured the normalized transmit-
tance of the nanohybrid for the two orthogonal polarizations
of the exciting beam [Fig. 3(a)]. Figures 3(b) and 3(c) show
the normalized Z-scan transmittance of the GO(RGO)-Au
for ‖ and ⊥ polarizations. As expected from our linear trans-
mission measurement, the normalized transmittance displays
the maximum for the⊥ polarization compared to the ‖ polari-
zation [Figs. 3(b) and 3(c)]. Clearly, the magnitudes of both
polarizations are distinctly different. The nonlinear absorption
coefficients of both polarization angles are given in Table 1.
In our experiments, strikingly, we were able to observe the
anisotropy in nonlinear absorption1β (β‖ − β⊥) of RGO-Au
by as much as ≈21 cm/GW at a moderate peak intensity of
0.16 GW/cm2, which is a stark contrast to the isotropic satu-
rable absorption (SA) of control RGO and Au. A similar effect
also has been observed in GO-Au (≈28 cm/GW), which is14
times a magnitude higher than control GO (≈2 cm/GW),
and further confirms our experimental finding. Interestingly,
this observation reveals that anisotropic nonlinear observa-
tion can be tuned by controlling the ligand concentration.
We have defined the anisotropy as (β‖ − β⊥)/(β‖ + β⊥),
and we found a large anisotropy in the nanohybrid (≈12%).
Recent studies show that low-dimensional 2D materials such
as ReS2, SnS2, and GeS, having strong in-plane anisotropy,
show polarization-dependent SA [33]. J. M. Lamarre et al.
have demonstrated anisotropic SA in gold nanorods, which
arises from the material’s geometrical orientation [34].
Table S3 highlights the anisotropic response of various
materials.

Before discussing the physical origin of the anisotropy, we
have shown in Fig. 4(a) the dependence of the β on the exci-
tation polarization angle θ (which is defined with respect to

Table 1. Nonlinear Absorption Coefficients (cm/GW)
for Both Parallel and Perpendicular Polarization Angles

Sample β⊥ β‖ β⊥ − β‖

RGO – – –
GO 18± 2 16± 2 2
RGO-Au 112± 3 91± 4 21
GO-Au 130± 6 102± 4 28

Fig. 4. (a) Dependence of the β on the excitation polarization
angle θ for GO-Au. The β response is following a cos2(θ) variation,
equivalent to Malus’s law. (b) Normalized (200) XRD peak of the GO
and nanohybrid. The 2θ position at 10.50◦ gradually shifts towards a
higher angle and indicates structural changes in the nanohybrid.

the plane of the optical table, i.e., θ = 0 for ‖ polarization).
The β response is following a cos2(θ) variation, equivalent
to Malus’s law. Thus, our results reveal that nanohybrids of
GO(RGO) with Au show excellent optical nonlinearities with
the characteristics necessary for the development of next-
generation photonic devices having properties sensitive to
polarization.

To reveal the facts promoting the explanation of the observed
intrinsic anisotropy in the optical limiting and linear optical
transmission, we turn our attention to the observed enhance-
ment in anisotropic nonlinear absorption in the nanohybrid.
The observed strong anisotropy in the nanohybrid is due
to the result of substantial overlap of the anionic -OH and
-COOH oxygen functional group of GO(RGO) with the Au
nanoparticle creating structural distortion and asymmetry in
the nanohybrid structure, which is also supported by an X-ray
diffraction (XRD) pattern. The XRD pattern of the nanohybrid
[Fig. 4(b)] even shows (220) peak shift in the higher 2θ side
compared to control GO due to the strong interaction of Au
with GO, which creates structural distortion in the nanohy-
brid. Upon laser illumination, the photo-induced electron
transfer from Au 6s to C 2p creates even more asymmetry in
the nanohybrid structure, which leads to the strong anisotropic
optical properties in comparison to GO(RGO) (from our
first-principle DFT calculations).

The anisotropic nonlinear absorption in GO(RGO)-Au is
observed at room temperature and, under ambient conditions,
has potential applications. For example, they are instrumental
as polarization-dependent passive optical limiters that pro-
tect various optoelectronic detectors and eye from intense
laser beams. To show their device potential, we have shown in
Fig. 5(a), a plot of normalized transmittance of the signal light
as a function of time at three different ligand concentrations
(12%, 33%, and 66%). Our measurement indicates that the
ligand concentration of 66% (GO-Au) and 12% (RGO-Au)
shows maximum and minimum optical limiting characteristics,
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Fig. 5. Demonstration of optical limiting-based switching of the
RGO(GO)-Au nanohybrid. (a) Normalized transmittance of the sig-
nal light as a function of time at three different ligand concentrations
(12%, 33%, and 66%). (b) Normalized transmittance data of GO-Au
when the polarization is switched from ‖ to⊥.

respectively. From Fig. 5(a), it can be seen that the functional
ligand modulating the optical limiting behaviors, provide an
additional degree of freedom to control optical limiting-based
advanced photonic devices. The optical response time of a GO-
Au nanohybrid-based device is τ = 1.65± 0.30 ps (Fig. S5).
Figure 5(b) shows normalized transmittance data of GO-Au
when the polarization is switched from ‖ to ⊥. Remarkably,
the normalized transmittance displays the maximum for the
⊥ polarization compared to the ‖ polarization, which pro-
vides polarization tunability of optical limiting. The observed
variation in the normalized transmittance by changing the
polarization angle display “ON” and “OFF” like optical switch-
ing behaviors and provides guidelines to design new advanced
optical switching-based photonic.

In summary, we have characterized the anisotropy in
nonlinear optical absorption of the GO(RGO)-Au by
polarization-sensitive Z-scan measurements to define their
potential use as the optical limiters. The intrinsic anisotropy
can also be visualized from the linear transmission measure-
ments. Strikingly, an anisotropic nonlinear optical response
from nanohybrids shows more than one order of magnitude
enhancement compared to control GO. Moreover, the nonlin-
ear optical absorption can be efficiently controlled by varying
the polarization angle of incident light. Following our theo-
retical predictions that these nanohybrid structures are highly
anisotropic, we experimentally measured the anisotropy that
is as much as ≈12%. Based on the above experimental and
theoretical results, we conclude that the optical response can
be tuned as a function of the exciting beam polarization, which
opens a new degree of freedom and may find promising applica-
tions in protecting the optoelectronic devices from high intense
beams and all-optical switching.
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