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Effect of particle size on nonlinear refractive index of Au nanoparticle in PVA solution

Esmaeil Shahriari, W.Mahmood Mat Yunus,∗ and Elias Saion
Department of Physics, Universiti Putra Malaysia, 43400UPM, Serdang

(Received on 24 March, 2010)

Nonlinear refractive index of Au nanoparticle suspended in PVA solution was measured using a single beam
Z-scan technique. Measurements were carried out using a green CW laser beam operated at 532 nm as excitation
source. Five nanoparticle samples with different particle sizes were prepared by γ radiation method. The Au
nano-fluid shows a good third order nonlinear response for particle sizes ranging from 7.0 nm to 18.7 nm. The
sign of the nonlinear refractive index was found to be negative and the magnitude was in the order of 10−8

cm2/W. The results show that the nonlinear effect tends to be increased linearly with the increasing of particle
sizes thus could be a good candidate for nonlinear optical devices.
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1. INTRODUCTION

Nonlinear optical materials have increasing interest over
the past twenty years, due to the numerous applications
in various fields such as telecommunications, optical data
storage and information processing [1]. Metal nanoparti-
cles have been studied extensively because of their large
third-order nonlinear susceptibilities and nonlinear optical
response [2,3] and attractive for many applications such as
electronic and optical devices [4], chemical and biological
sensors [5–8], optical energy transport [9–12] and thermal
therapy [13].

A single beam Z-scan technique developed by the Man-
soor Sheik-Bahae et al. in 1990 [14] is a simple and effective
tool for determining the nonlinear susceptibility. It has been
used widely in material characterization because it provides
not only the magnitudes of the real and imaginary parts of the
nonlinear susceptibility, but also the sign of the real part [15-
18]. This method utilizes a tightly focused laser beam that is
intense enough to access nonlinearities in a sample. As the
sample passes through the focal point of the beam, changes
in its transmittance due to nonlinear absorption (NLA) and
nonlinear refraction (NLR) are measured using an open aper-
ture and closed aperture experimental set up, respectively. In
the open aperture technique, after the beam passed through
the sample, it is focused directly into a detector. As the sam-
ple travels through the focus of the initial beam, the transmit-
tance either increases or decreases (depending on the nonlin-
earity of the sample) and the detector receives more or less
light than the linear transmittance, yielding a hump or dip in
the curve of transmittance as a function sample position. For
NLR, after the beam passing through the sample, it is atten-
uated by a semi-closed aperture that usually allows less than
30% of the initial beam to be detected by the detector. The
converging and diverging of the beam (allowing more and
less of the beam to pass through the aperture, respectively)
due to the changes in the refractive index, a pre-focal valley
and post-focal peak are observed for a positive change in re-
fraction. While a pre-focal peak and a post-focal valley is
observed for a negative change in refraction.

The effect of concentration on nonlinear refraction coef-
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ficient of Au nano-fluid in PVP has been measured and re-
ported in our previous work [19]. Since increasing the γ ra-
diation dose decreases the particle size of metal nanofluid,
it is of our interest to study the effect of particle size on the
nonlinear refractive index of such material. Therefore in this
paper we report the effect of particle size on nonlinear re-
fraction coefficient of Au-PVA nanofluid measured using a
single beam Z-scan technique.

2. EXPERIMENTAL

In the present work, hydrogen tetrachloroaurate (III) hy-
drate, premion (metals basis), (HAuCl4.3H2O with 99.999%
purity), 2.5 g polyvinyl alcohol, PVA (MW 29,000 Aldrish),
and 1 ml isopropanol were used for preparing Au nano-fluid
sample. The PVA and isopropanol were used as a colloidal
stabilizer and hydroxyl radical scavenger, respectively. The
PVA solution was made by dissolving PVA powder in 50 ml
deionized water at room temperature. The solution was mag-
netically stirred for 2 h and was bubbled with nitrogen gas
(99.5%) to remove oxygen. Hydrogen tetrachloroaurate (III)
hydrate, HAuCl4.3H2O at weight of 2 mg was added into
PVA solution to produce Au nano-fluid sample at a concen-
tration of 1.471 × 10−4 M and was subsequently irradiated
at different doses of γ-radiation. The γ-radiation (60Co-rays)
was used as an effective tool for polymerization process and
reducing agent. The radiation dose was varied from 10 to
70 kGy to obtain sample with various nanoparticle sizes as
listed in Table 1. In this process, γ-irradiation produces hy-
drated electrons that reduced the gold ions to gold atoms,
which then aggregated to certain size in the solution depend-
ing on the exposure time of radiation. The average diam-
eters of Au nanoparticles were measured using Nanophox
machine (Sympatec GmbH, D-38678) and the TEM mea-
surements were carried out to confirm the particle size, shape
and uniformity of the specimens. The average particles sizes
of the samples are listed in Table 1.

The schematic diagram of a single beam Z-scan experi-
ment used in the present measurement is shown in Figure 1
as clearly illustrated in our previous report [19]. The ex-
periments were performed using a 532 nm laser beam from
Laser-diode (Coherent Compass SDL-532-150T). The beam
was focused to a small spot using a lens and the sample was
moved across the focal region along the z-axis by a motor-
ized translational stage. The beam waist was 24.4 µm. The
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TABLE I: Nonlinear optical properties of Au nano-fluid measured
at 532 nm laser beam

Table 1. Nonlinear optical properties of Au nano-fluid measured at 532 nm laser beam 

(Au-PVA) 
samples 

Average Particle 
size (nm) 

n2 (cm2/W) α (cm-1) D(10-4 cm2/s) 

S1 7.0 -3.14 × 10-8 2.102 19.9 

S2 9.9 -3.20 × 10-8 2.220 20.8 

S3 10.5 -3.25 × 10-8 2.373 - 

S4 13.0 -3.36 × 10-8 2.420 22.32 

S5 18.7 -3.50 × 10-8 2.733 24.49 

 

 

transmitted light in the far field passed through the aperture
and was recorded by a detector. All the measurements were
carried out at room temperature for both closed aperture and
open aperture configurations using a 2 mm sample cell. The
linear absorption spectra and thermal diffusivity values of the
present samples were measured using UV-Vis spectropho-
tometer (Shimadzu-UV1650PC) and a double beam thermal
lens method, respectively.

 

L 

   Motor track 

D 

Lock in 
Amplifier 

Computer  

A 
S 
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FIG. 1: Schematic diagram of Z-scan experimental setup: L- Lens,
S- Sample, A- Aperture, D-Detector.

Results and discussion

Figure 2 shows the absorption spectra of the Au nano-fluid
prepared using γ-radiation. The measurements of absorp-
tion spectra were carried out at room temperature for visible
wavelength ranging from 360 nm to 800 nm. The spectra
show that the surface plasmon absorption peak appeared at
524 is not affected by the particle size increasing from 7.0 nm
to 18.7 nm. The particle size can be controlled by control-
ling the doses of γ-radiation, however in the present work the
specimens were prepared at a concentration of 1.471× 10−4

M and irradiated at different doses to produce various parti-
cles sizes. Figure 3 displays a typical TEM image showing
the particle with a uniform distribution and uniform shape.
The average particle size obtained from TEM images was
18.7 nm which agrees very well with the particle size mea-
sured using Nanophox machine.

Figures 4-8 show the closed aperture Z-scan curves ob-
tained for Au nano-fluid at same concentration but different
in particle sizes. The squared symbols represent the exper-
imental data while the solid lines are theoretical fits to the

 

FIG. 2: Absorption spectra of Au nano-particle solution at concen-
tration of 1.471 × 10−4 M and different sizes; S1- 7.0 nm; S2- 9.9
nm; S3- 10.5 nm; S4- 13 nm; S5- 18.7 nm.

 

FIG. 3: TEM image of Au particles with a nominal size of 18.7 nm.

closed aperture using standard equations given as [14]

T (z,∆φ) = 1+
4∆φox

(x2 +1)(x2 +9)
(1)

where x = z/z0, z0 is the Rayleigh length (3.52 mm), ∆φ0 =
kn2I0Le f f , is the phase change due to the nonlinear refrac-
tion, n2 is the nonlinear refractive index, k = 2π/λ is the
wave vector, I0= 4.27×103 W/cm2 is the on-axis irradiance
at focus (i.e., z = 0), and Le f f = [1− exp(−α0L)]/α0 is the
effective length of nonlinear medium, α0 is the linear ab-
sorption coefficient of the samples and L denotes the sample
thickness (2 mm). The theoretical transmittance curves pre-
sented in Figures 4-8 fit very well to the experimental data
and show perfect symmetry curves indicating nonlinearity
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absorption coefficient is very small. This was confirmed that
all the open aperture Z-scan curves for the present sample are
linear (not shown).

 

FIG. 4: Closed aperture Z-scan experimental curve for (Au-PVA)
nano-fluid measured for sample with particle size of 7.0 nm.

 

FIG. 5: Closed aperture Z-scan experimental curve for (Au-PVA)
nano-fluid measured for sample with particle size of 9.9 nm.

The nonlinear refractive index, n2 was calculated from
(∆TP→V ), where the value of peak to valley of data trans-
mittance from the closed aperture Z- scan measurement can
be described as [14]

∆Tp−v ≈ 0.406(1− s)0.25 |∆φo| (2)

Here s is the linear transmittance of the aperture. The nonlin-
ear refraction coefficients n2 (cm2/W) together with the val-
ues of linear absorption and thermal diffusivity of all samples
obtained in the present work are listed in Table 1 and clearly
indicates the self-defocusing phenomenon. In Figure 9 we

 

FIG. 6: Closed aperture Z-scan experimental curve for (Au-PVA)
nano-fluid measured for sample with particle size of 10.5 nm.

 

FIG. 7: Closed aperture Z-scan experimental curve for (Au-PVA)
nano-fluid measured for sample with particle size of 13.0 nm.

show the variation of the nonlinear refraction index coeffi-
cient as a function of particle sizes. We observed the nonlin-
ear refraction coefficient tends to increase linearly with the
increasing of particle sizes. This nonlinear refractive index
particle size dependence is totally different with the one re-
cently reported in the literature [19]. Thus the nonlinear re-
fraction behaviour of Au-PVA nanofluid was affected by the
sample synthesizing technique.

Since the effective thermal nonlinearity of the medium can
be written as [20]

nth
2 = (

dn
dT

)
ω2

0

4

(
α

k

)
(3)

where k = DρCp, D is thermal diffusivity of the nanofluid.
For small changes of dn/dT, the nonlinear refractive index
solely depends on the ratio of α/D. In the present work the
value of α/D increases with the increasing of particle size
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FIG. 8: Closed aperture Z-scan experimental curve for (Au-PVA)
nano-fluid measured for sample with particle size of 18.7 nm.

                   Figure 9. Nonlinear refractive index as a function of particle size
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FIG. 9: Nonlinear refractive index as a function of particle size

(Table 1) in which explains the variation of the n2 with par-
ticle size of our experimental results.

3. CONCLUSION

The third order nonlinearity refractive index of Au nano-
fluid prepared at different particles sizes has been successful
measured using a single beam z scan method. The measure-
ment was carried out at room temperature using a CW green
laser beam at wavelength 532 nm. The Au nano-fluid showed
a good third order nonlinear response. The sign of the non-
linear refractive index was found to be negative and the mag-
nitude was in the order of 10−8 cm2/W. This nonlinear effect
increases with the increasing of particles size ranging from
7.0 nm to 18.7 nm.
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