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Abstract In this article, Au nanoparticles in

polyvinylpyrrolidone (PVP) solution were prepared by

gamma radiation at different concentrations. The solutions

were irradiated at doses of 50 kGy for making different

sizes. The average sizes of particle in the prepared samples

were measured using the nanophox machine. A dual-beam

mode-mismatched thermal lens (TL) method was used to

investigate the effect of thermal diffusivity of samples. The

TL measurement was carried out using a green diode laser

(wavelength 532 nm, 60 mW) and a He–Ne laser (wave-

length 632.8 nm, 0.5 mW) for excitation source and probe

beam, respectively. The results showed that the thermal

diffusivity of samples enhances with the growth of particle

size and density of solutions. This increment can be

attributed to phonon scattering at interface of particles–

liquid and contact between the nanoparticles and sur-

rounded liquid.
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Introduction

Nanoparticles, such as metals, are of great interest for a

wide variety of applications in electronics [1] and optical

components [2], heat transfer fluids in automotive [3],

electronic cooling, medical therapies, and drug delivery

[4–7] due to their unique or improved properties deter-

mined primarily by size, composition, and structure along

with their self-organized film structures. In fluids with

metal nanoparticles, laser excitation leads to generate hot

electrons which thermalized by electron phonon scattering.

This phenomenon can help to increase thermal diffusivity

of nanoparticles. The suspension of solid particles in liquid

media enhances its influences thermal diffusivity [8]. The

changes in the thermal diffusivity of the suspension mainly

depend on shape and size of the suspended particles [9, 10].

In addition, the nature of the surface, such as charge, its

distribution, and the presence of surfactant plays an

important role [11, 12]. The subject of heat transport

through dilute suspensions of solid particles has received a

renewed boost owing to the reports of enhancement in

thermal conductivity of suspensions carrying nanoparticles

[13–16].

The TL [17–19] is a type of photothermal effect, which

a laser with Gaussian intensity profile is used as an exci-

tation laser that induces the beam temperature distribution

in a sample. The heat generated is strongest at the center of

the beam, because the beam intensity is strongest at that

point. This temperature gradient produces a refractive

index gradient which behaves like a converging or

diverging lens depending on whether the change rate of

refractive index with respect to temperature, dn=dT , is

positive or negative [20, 21]. The first measurement of the

TL effect was performed by Gordon et al. in 1965 using a

simple single-beam apparatus [22].

The enhancement in the thermal diffusivity values of

solvents, such as ethanol, water, ethylene glycol, and cul-

ture medium, by the presence of Au nanoparticles has been

studied [23, 24]. For example, with 0.033-mmol Ag in

50 ml of ethanol, water and ethylene glycol made the

& Esmaeil Shahriari

esmaeil.phy@gmail.com

1 Department of Physics, Faculty of Science, Shahrekord

University, Shahrekord, Iran

2 Photonic Research Group, Shahrekord University,

Shahrekord, Iran

123

J Theor Appl Phys (2016) 10:259–263

DOI 10.1007/s40094-016-0224-x

http://crossmark.crossref.org/dialog/?doi=10.1007/s40094-016-0224-x&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s40094-016-0224-x&amp;domain=pdf


thermal diffusivity increased by 0.7, 7.0, and 8.4 %,

respectively. It was also reported that with 4 vol. % of

nanoparticles of CuO (23.6 nm diameter) in ethylene gly-

col made the thermal diffusivity increased by 22 % [25].

This phenomenon could be due to the electrostatic inter-

action between cationic solutions and negatively charged

metal nanoparticles.

We have previously investigated the influence of parti-

cle size on thermal diffusivity of Au nanoparticles prepared

by c irradiation in PVA solution [26], but in present work,

we studied the effect of concentration and particle size of

Au/PVP nanoparticles which prepared using c-radiation on

thermal diffusivity by using the TL spectrometric

measurements.

Material and method

For preparing the Au/PVP nanoparticles samples,

hydrogen tetrachloroaurate (III) hydrate, premion (metals

basis), (HAuCl4.3H2O with 99.999 % purity), 4-g PVP

(MW 29,000, Aldrich), and 1-ml isopropanol were used

for preparing Au nanoparticles samples. The PVP and

isopropanol were used as a colloidal stabilizer and

hydroxyl radical scavenger, respectively. The PVP solu-

tions were made by dissolving PVP powder in 50-ml

deionized water at room temperature. The solution was

magnetically stirred for 2 h and was bubbled with

nitrogen gas (99.5 %) to remove oxygen. c-radiation

(60Co-rays) was used as an effective tool for polymer-

ization process and reducing agent same as procedure

reported in our previous paper [27]. Hydrogen tetra-

chloroaurate (III) hydrate, HAuCl4.3H2O, at different

weights (i.e. 2, 5, 10, 15, 20 and 30 mg) was added into

PVP solution to produce Au nanoparticles samples. The

Au ions with different concentrations in PVP solution

were then irradiated with c-radiation at dose of 50 kGy

to produce various concentrations and nanoparticle sizes,

and were labeled as S1 = 1.17 9 10-4 M;

S2 = 2.94 9 10-4 M; S3 = 5.88 9 10-4 M;

S4 = 8.83 9 10-4 M; S5 = 11.76 9 10-4 M; and

S6 = 17.64 9 10-4 M. In this process, c-irradiation

produces hydrated electrons that reduce the Au ions to

Au atoms, and then, the aggregated Au atoms are dis-

tributed in the solution. The characteristic of Plasmon

peak of Au nanoparticle inside the fluid was detected

using UV visible spectrometer (Lambda 25-Perkin

Elmer), and the size of silver nanoparticles was deter-

mined using nanophox machine (Sympatec GmbH,

D-38678).

The average diameter of Au nanoparticles was measured

using the nanophox machine (Sympatec GmbH, D-38678)

and listed in Table 1. The shape of the particles and their

polydispersity of a few samples were determined via

transmission electron microscopy (TEM) (Hitachi H-7100).

We found that the particles distribution in the solution are

in uniform shape.

Schematic diagram of the TL experimental setup is

shown in Fig. 1. The measurements were carried out using

a diode laser (532 nm at 60 mW, DPSS) as an excitation

source and a He–Ne laser (632.8 nm, 0.5 mW, HRP050) as

a probe beam. The excitation light beam was modulated by

a variable frequency chopper (SR540), and then, it was

focused by a lens of 21-cm focal length onto a liquid

sample contained in a 5-mm length quartz cuvette posi-

tioned at its focal plane. The Rayleigh parameter was found

to be 16 mm which is larger than thickness of samples

(5 mm), and hereby, the Rayleigh condition is satisfied.

The probe beam was focused by a lens of 5 cm focal length

away from the cuvette and aligned at an angle smaller than

1.5� with respect to the excitation beam. The transmitted

beam was detected by a photodiode detector (PD). An

optical bandpass filter is placed in front of an aperture to

remove the stray light from excitation beam entering PD.

The PD output was coupled to a digital storage oscillo-

scope (Tektronix TDS 210) to record the time evolution of

TL signal. The LabView software was used to capture the

TL data from oscilloscope and to normalize it with respect

to TL signal at time t = 0.

A mechanical chopper was used for limiting the expo-

sure of the sample to the light; when the hole is opened, the

sample is illuminated, and light sent a signal to initialize

the data acquisition. The maximum intensity of the probe

beam was centered on the photodiode detector, and then

signals, as a function of time, were registered and recorded

by a detector, oscilloscope, and sent to a PC, through a

GPIB interface bus. The analysis data must be extracted

throughout the one period of whole signal and then nor-

malized. The experimental data are fitted using theoretical

Eq. (1) with h and characteristic thermal time constant (tc)

as adjustable parameters. Now, thermal diffusivity of the

sample can be easily calculated from Eq. (1). This process

was applied for all experimental data to obtain the thermal

diffusivity of samples.

Theory

The TL signal is defined as the normalized change of the

transmission of the probe beam, centered at the beam axis

and located at a distance much larger than the pump

Rayleigh parameter. Shen et al. in 1995 have derived as

expression for the signal using a diffraction approximation

for Gaussian beams, which is given by [28]:
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in which kp is the wavelength of the probe beam, D and j
are the thermal diffusivity and thermal conductivity, Pe is

the excitation beam power, a is the absorption coefficient,

and l is the sample thickness. zc ¼ w2
o =k is the confocal

distance (cm), wo is the probe beam waist radius, wp and we

are the probe and the excitation beam radii at sample,

respectively, z1 is the distance of laser beam waist to

sample, and tc is the characteristic thermal time constant. In

Eq. (1), I(t) is the temporal dependence of the probe beam

intensity at the detector, Io is the initial value of, I(t). ds=dT

is the temperature coefficient of the optical path length

change, at the probe beam wavelength, which is written as

[29]:

ds

dT
¼ ðn� 1Þð1 þ mÞaT þ dn

dT
ð3Þ

where aT is the sample linear thermal expansion coeffi-

cient, m is the Poisson ratio, and dn=dT is the temperature

coefficient of its refractive index.

Results and discussion

The absorption spectra of the Au nanoparticle prepared

using c-radiation is shown in Fig. 2. The measurements of

absorption spectra were carried out at room temperature for

visible wavelength, 380–800 nm. As it can be seen,

absorbance values increase with increasing the concentra-

tion of Au nanoparticles which indicated the total number

of particles in the solution. Furthermore, the absorption

peak shifted to lower energy or higher wavelengths with

growth of nanoparticle sizes [30].

Table 1 Au nanoparticles samples in PVP polymer prepared at different concentrations and irradiated for dose of 50 kGy

Nanofluid samples Concentration

(910-4 M)

Average particle

size (nm)

tc (910-3 s) h D (910-3 cm2/s)

S1 1.17 10 9.43 ± 0.24 1.254 ± 0.06 1.23 ± 0.04

S2 2.94 15 6.91 ± 0.21 1.121± 0.02 1.68 ± 0.14

S3 5.88 19 5.95 ± 0.22 1.232 ± 0.04 1.95 ± 0.07

S4 8.83 32 4.58 ± 0.22 1.152± 0.05 2.53 ± 0.11

S5 11.76 45 4.01 ± 0.19 2.245 ± 0.02 2.89 ± 0.13

S6 17.64 60 3.72 ± 0.19 2.321 ± 0.03 3.12 ± 0.13

Fig. 1 Schematic diagram of

TL experimental setup

Fig. 2 Absorption spectra of the different concentration Au

nanoparticles
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The particle size can be controlled by controlling the

doses of c-radiation, however, in the present work, the

specimens were prepared at different concentration levels

and radiated at 50 kGy. A typical TEM image of Au

nanoparticles distributions with a nominal size of 10 nm

and shape of these particles displayed in Fig. 3. Other

samples of various concentrations or sizes of nanoparticles

after irradiated at 50 kGy can be seen in Table 1.

Figure 4 shows a typical TL signal as a function of time

for Au nanoparticles dispersed in PVP at concentration of

1.17910-4 M and irradiated with dose of 50 kGy. The

theoretical curves in Fig. 4 calculated using Eq. (1) agree

very well with experimental data, which give the thermal

diffusivity value for the sample as 1.23 9 10-3 cm2/s.

Thermal diffusivity value as a function of concentrations

and nanoparticles sizes plotted in Fig. 5 which shows a non-

linear increasing with the increasing of concentration of

nanoparticles and particles sizes. This enhancement can be

due to the phonon scattering phenomena between the parti-

cles-liquid interfaces. Since, as the particle size becomes

small, the phonon scattering transfers less energy to the sur-

rounding liquid [31]. Moreover, the energy deposited into the

phonon modes is subsequently transferred to the surrounding

medium. In addition, when the particle concentration is

increased, the optical absorption intensity is increased, as well

as the thermal diffusivity of the surrounding medium. This

interaction implies a higher nanoparticle concentration per

volume unit in the solution [32].

Conclusion

We investigated thermal diffusivity treatment of Au

nanoparticle at different concentrations and particle sizes.

According to the experimental results with the increment of

concentration and particle size of nanoparticle, the thermal

diffusivity of samples increased. This increment in thermal

diffusivity can be attributed to phonon scattering at inter-

face of particles–liquid and contact between the nanopar-

ticles and surrounded liquid.

Fig. 3 TEM image and particles size histogram of Au particles with a nominal size of 10 nm

Fig. 4 Typical time evolution of the TL signal for Au nanoparticles

(S1). Symbol (O) represents the experimental data and solid line is the

best fitting line to Eq. (1)

Fig. 5 Variations of thermal diffusivity of Au nanoparticles as a

function of concentration and particle size
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