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Abstract We have performed thermal diffusion measure-
ments of nanofluid containing gold and rhodamine 6G dye
in various ratios. At certain concentrations, gold is nearly
four times more efficient than water in dissipating small
temperature fluctuations in a medium, and therefore it will
find applications as heat transfer fluids. We have employed
dual-beam mode-matched thermal lens technique for the
present investigation. It is a sensitive technique in measur-
ing photothermal parameters because of the use of a low-
power, stabilized laser source as the probe. We also present
the results of fluorescence measurements of the dye in the
nanogold environment.
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Introduction

Metallic nanoparticles have been widely used to exploit the
local field enhancement due to surface plasmon (SP) and
consequent enhancement in a variety of optical processes

like nonlinear optical interaction, surface-enhanced Raman
scattering (SERS), etc. [1]. Both electromagnetic (EM) as
well as chemical mechanisms contribute to the observed
enhancement in optical interactions. The former is based on
the interaction of the electric field of surface plasmons with
the transition moment of an adsorbed molecule, whereas the
chemical mechanism is proposed based on the idea that
mixing of molecular and metal states can occur. However,
studies revealed that the EM mechanism is the important
enhancement factor, to which the chemical effect may or
may not provide additional enhancement. However, for
certain experiments like SERS, some researchers also
proposed the chemical mechanism, providing charge transfer
states that provide a resonant Raman mechanism at much
lower energies than those available in the free molecule. This
is true for molecules that are bound to the surface. The large
EM enhancements arise from localized surface plasmon
resonances (LSPR) excited on the surface of the metal. This
excitation is from the incident light at frequency ω with

intensity E
!

wð Þ
��� ���2 as well as the emission from dye at the

Stokes shifted frequency ω| with intensity E
!

wj� ���� ���2. The
overall EM enhancement is thus proportional to E

!
wð Þ

��� ���4 if

the width of the LSPR resonance is large compared to the
difference in ω and ω0, the surface plasmon resonance
(SPR) peak [2]. It was shown by some researchers that a
nearby metal can alter the lifetime of a fluorophore depend-
ing on its distance from the metal, after which there has been
tremendous interest in research in this direction. Fluoro-
phores behave identical to oscillating point dipoles. Near-
field interactions of the fluorophore with the metal can thus
alter the rates of radiation from the dye. These interactions
can increase the rates of fluorophore excitation and/or
emission. At very close distances (<10 Å), radiative rate
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enhancement is observed; at intermediate distances (20–
300 Å), energy transfer is the dominant process; and at very
large distances (>500 Å), fluorescence oscillations caused by
dipole-mirror effects take precedence. In general, the
quantum efficiency of energy transfer is inversely propor-
tional to r=r0ð Þn where r is the distance between donor and
acceptor and r0 is the distance between donor and acceptor at
which the energy transfer efficiency is 50% the case of
dipole–dipole energy transfer. In the case of resonant surface
plasmon excitation, a small dipole in the excited fluorophore
induces a large dipole in the particle, leading to an
enhancement in the energy transfer efficiencies [3]. There
is also a report about SP-enhanced random lasing in polymer
films containing gold nanoparticles when the wavelength of
the SPR maximum coincides with that of rhodamine 6G
(Rh6G) emission [4].

In this paper, we report experimental results of photo-
thermal studies of chemically prepared gold nanosol using
high-power, 532-nm, continuous-wave (CW) laser. This is
close to the SPR of gold that we used for the analysis. The
experiments were also done in a mixture of the sol and
Rh6G, a dye that has emission peak centered at the SPR of
the metal. The objective is to analyze the nature of thermal
diffusion of the nanofluid and the effect of various possible
energy transfer mechanisms on the overall cooling process.
Dual-beam, mode-matched thermal lens (TL) technique
was employed for the study. The importance of photo-
thermal process is that, if the presence of the metal alters
the fluorescence efficiency of the dye, it is worthwhile to
verify whether it is compensated in the thermal decay
channel. If so, that will result in enhanced/reduced thermal
lens signal and will modify thermal diffusion efficiency.
There is considerable research on the application and
design of nanofluids as efficient coolants and heat transfer
agents.

Theory

It is well known that TL technique is sensitive enough to
measure very small (as small as 10−8) refractive index
changes across the beam width resulting from a temperature
variation of ∼10−5°C in liquids. A laser beam can thermally
induce such refractive index changes, which is the
fundamental principle behind TL spectrometry. Basic
experimental technique for a thermal blooming measure-
ment is to employ a focused laser beam of appropriate
frequency. This creates an artificial beam waist which is a
function of the focal length F, the unfocused beam size, and
the excitation wavelength, λ. Heat generated in the region
of absorption increases the local temperature, thereby
modifying the refractive index and inducing an optical
lens, which could be diverging or converging depending on

the sign of @n=@T , the temperature coefficient of refractive
index of the medium. For most liquids, it is a negative lens
indicating that they expand on heating. A TL measurement
should be performed either by rapidly opening a shutter
located in the path of the pump beam or by giving a single
shot of pulse for CW and pulsed pump sources, respective-
ly. The TL develops over a period of time governed by the
rise time of the excitation pulse and also characteristic of
the thermal time constant of the medium. During this time,
if one allows another probe beam to pass through the
irradiated region and observes the spot at far field, the spot
will increase in size, called thermal blooming. Obviously,
this size change in the probe spot enables us to calculate
@n=@T and consequently various photothermal parameters
of the sample. Alternatively, instead of measuring the beam
spot dimensions, it is more convenient to detect the time-
dependent laser beam intensity during the transient heating
of the sample. In a mode-matched pump probe collinear
geometry, this becomes more practical as we can keep an
aperture at the center of the undistorted probe beam, and as
the pump is turned on, the divergence of the probe results in
a decaying probe beam intensity that can be easily recorded
using a suitable photodetector. Essentially, the focal length
F of the TL formed in a liquid when a CW laser beam is
passed through it at t = 0 is give by [5]

1=F ¼ Pabs dn=dtð Þ
pkw2 1þ tc=2tð Þ ð1Þ

Here, Pabs is the power absorbed by the liquid; k is the heat
conductivity of the liquid; w is the beam radius; and tc=
w2ρc/4k, where ρ=density and c=specific heat. Power
absorbed in the liquid is equal to PαL for small αL where P
is the incident beam power, α is the absorption coefficient,
and L is the length of the cell. The strength of the lens starts
to build up from zero at t=0 to a steady-state value. The
above expression is valid at power levels sufficiently low
such as not to induce spherical aberration in the thermally
induced lens due to large phase shifts. As a rule, excitation
power, concentration of the sample, optical path length, etc.
should be properly adjusted such that the diverging beam
spot is free from aberration rings. Under these conditions, it
can be shown that the time-dependent probe beam intensity
follows the expression

I tð Þ ¼ I0 1� q 1þ tc=2tð Þ�1 þ 1

2
q2 1þ tc=2tð Þ�2

� ��1

ð2Þ

Here, the parameter θ is related to the thermal power
radiated as heat, Pth, and other thermo-optic parameters of
the material as q ¼ Pth

dn
dT

� �
lLk. Interestingly, a knowledge

of Pth is not necessary to find out θ as it is related to the
thermal lens signal through the expression I ¼ I0 � I1ð Þ=
I1 and q ¼ 1� 1þ 2Ið Þ1=2 where I0 and I∞ are the initial
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and steady-state signals, respectively. θ can be manually
computed from the probe beam trace recorded on the
oscilloscope as illustrated in the “Experiment” section.
Alternatively, detailed curve fitting of this experimental
data to Eq. 2 with tc and θ as the free fit parameters is also a
convenient method. From the tc thus obtained, we calculate
the thermal diffusivity D of the sample as tc ¼ w2=4D
where w is the beam radius at the sample position.

One important source of error in this method is the
uncertainty in the measurements of beam spot size. To
eliminate this, we standardized the experimental setup
using water as explained in the next section.

Experiment

The excitation source is a 532-nm diode-pumped solid-state
(DPSS) CW laser with a maximum power of 150 mW.
The power at the sample is suitably adjusted using
attenuators so that the probe beam spot is free from
aberrations. A 2-mW He–Ne used as the probe is arranged
to be collinear with the pump, using a dichroic beam
splitter. The two beams are focused into the sample cell
such that the beam area at the sample plane is the same for
both pump and probe, resulting in a mode-matched TL
configuration. Sample was taken in cuvettes of 1-cm and 5-
mm path lengths for various sets of measurements. A low-
frequency mechanical chopper and a shutter were used as
required, either to quickly block the pump or to intensity
modulate it, depending on the type of data recorded. For
example, if the aim is to optimize the TL experiment, it is
desirable to use the chopper and adjust the sample position,
aperture position, etc. until the TL peak-to-peak signal is
maximum. This also enables one to determine the thermal
recovery of the sample. On the other hand, when a time-
dependent TL signal is required, one should replace the
chopper with a shutter. The TL signal was collected using
an optical fiber, positioned at the center of the probe beam
spot and connected to a photodetector–digital storage
oscilloscope (DSO) system. A filter for 532 nm was used
before the detector to remove the residual pump.

Absorption and fluorescence spectra were recorded using
a standard spectrophotometer and a fluorimeter, respectively.

Results and discussion

Preparation of gold nanosol

Fifty milliliters of 0.01% HAuCl4 solution is heated to
boiling and, while stirring, a few hundred microliters of
1% (by weight) trisodium citrate solution is quickly added
to the auric solution. The solution changed color within

several minutes from yellow to black and then to red or
purple color depending on the size of the nanoparticles.
The color change is slower for larger nanoparticles than
for small nanoparticles. The amount of citrate solution
determines the size of the nanoparticles. The faster the
capping of the nanoparticles by the citrate, the smaller are
the resulting nanoparticles. The sodium citrate first acts
as a reducing agent. Later, the negatively charged citrate
ions are adsorbed onto the gold nanoparticles, introducing
the surface charge that repels the particles. The average
size of nanoparticles is 60 nm with plasmon band at
558 nm [6, 7].

When the dimensions of the metallic nanoparticles are
large, the spacing of levels within the conduction band is
significantly less than the thermal energy, kT, and the
particle exhibits a metallic behavior. When the nano-
particles approach a size at which the increased energy
separation due to the quantum confinement effect is more
than the thermal energy, an insulating behavior results
because of the presence of these discrete levels. However,
the energy level separations are still too small to affect the
optical properties of metals in the UV to the IR range. In
the case of noble metals such as gold, there are two types
of contributions to the dielectric constant of the metal:
One is from the inner d electrons, which describes
interband transition (from inner d orbitals to the conduc-
tion band), and the other is from the free conduction
electrons. The latter contribution, described by the Drude
model, is given as [8]

"D wð Þ ¼ 1� w2
p

w2 þ igw
ð3Þ

where ωp is the plasmon frequency of the bulk metal and
γ is the damping constant related to the width of the
plasmon resonance band. It relates to the lifetime asso-
ciated with the electron scattering from various processes.
In the bulk metal, γ has main contributions from electron–
electron scattering and electron–phonon scattering, but in
small nanoparticles, scattering of electrons from the
particle’s boundaries (surfaces) becomes important. This
scattering produces a damping term γ that is inversely
proportional to the particle radius r [4, 9]. This depen-
dence of γ on the particle size introduces the size
dependence in the surface plasmon resonance condition.
For larger-size nanoparticles (>25 nm for gold particles),
higher-order (such as quadrupolar) charge cloud distortion
of conduction electrons becomes important. These con-
tributions induce an even more pronounced shift of
the plasmon resonance condition as the particle size
increases. The position and the shape of the plasmon
absorption band also depend on the dielectric constant εh
of the surrounding medium as the resonance condition is
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described by ε1 = −2εh. Hence, an increase in εh leads to
an increase in the plasmon band intensity and band width,
as well as produces a red shift of the plasmon band
maximum.

Absorption and fluorescence measurements

Figure 1a shows the absorption spectra of the dye and the
gold nanosol. The fluorescence spectra in Fig. 1b reveal
that the dye emission is at 558 nm which is the plasmon
band of the metal. The addition of the metal has decreased
the fluorescence intensity of the dye. The dye emission has
contributed to the plasmonic oscillations resulting in lower-
intensity fluorescence emission from the mixture. The
mixture also shows a blue shift of about 8 nm in the
fluorescence peak. Even though the reason is not clear,
the dye metal clusters probably occupy a higher vibrational
energy level compared to the pure dye resulting in higher-
frequency emission.

Photothermal studies

Figure 2 shows the experimental setup for pump probe
thermal lens studies. A DPSS laser at 532 nm is used for the
excitation. The maximum power delivered by the source is
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Fig. 1 a Absorption spectra of gold nanosol and Rh6G. b Fluorescence
spectra of Rh6G and a mixture of Rh6G and Au sol
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Fig. 3 Typical thermal decay measurement. When the pump is turned
on, the probe beam expands. The time constant of this decay is
characteristic of the sample
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150 mW, CW. It is modulated using a chopper for TL signal
measurements. For thermal decay studies, the chopper is
replaced by a fast mechanical shutter. He–Ne laser at 2 mW
is used as the probe beam. The low intensity ensures that
there will not be any photothermal effect due to the probe
beam. For the thermal decay measurements, initially, the
shutter is closed which blocks the pump and hence there is
no thermal expansion. Correspondingly, the probe beam
intensity recorded at the DSO is high. When the shutter is
quickly opened, there is thermal lens formation, which
causes the probe beam to expand. This is illustrated in Fig. 3.

This process is governed by Eq. 2. Fitting the experi-
mental data to Eq. 2 gives the time constant tc of the
thermal decay process. With knowledge of the beam spot

size at the sample plane, the thermal diffusivity D can be
calculated. The experiment was performed for different
concentrations of the gold sol in distilled water and also for
various relative volume fractions of the dye Rh6g and gold.
Representative graphs of thermal decay are shown in Fig. 4
for gold sol and also its mixture in the dye.

The variation of diffusivity with different relative volume
fractions of gold and dye in the mixture and also with
concentration in a pure gold sol are shown in Tables 1 and 2,
respectively. The sample shows temperature-dependent
diffusivity as shown by the last four rows of Table 1 which
were performed at different power levels of the pump laser.
And, in this case, at the lowest power level, the diffusion is
four times larger than that of water, which is a very good
indicator of the application of this nanofluid as a coolant.
Therefore, for low gold concentrations, the nanofluid is
efficient in dissipating low temperature fluctuations in the
medium. It can be seen that the heat diffusion mechanisms
are not the same for a pure gold solution and the gold–dye
mixture. For the former case, the decrease in metal
concentration reduces D. Therefore, it can be assumed that
collision of the metal nanostructures and their Brownian
motion are the major thermal decay channels. Whereas in the
presence of dye, energy transfer between the two species,
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Fig. 4 a Thermal lens decay in various concentrations of nanogold in
distilled water. b Thermal lens decay in various concentrations of
nanogold and Rh6G; 1 is gold dye ratio 0.90, and 2 is for the ratio
0.96

Table 1 Data showing time constant and diffusivity of gold dye
mixture

Gold/dye tc (ms) D (10−2cm2/s)

Water 25.5 0.1412

1.0 309.9 0.0116

0.96 193.0 0.0187

0.93 160.4 0.0224

0.90 161.9 0.0222

0.87 92 0.0391

0.84 96.4 0.0373

0.82 at 15 mW 8 0.4500

0.82 at 45 mW 86 0.0419

0.82 at 136 mW 484.4 0.0074

0.82 at 150 mW 1767.4 0.0020

Table 2 Data showing the diffusivity of gold sol at various
concentrations in distilled water

Sample (mM) Theta D(10-2cm2/s)

0.1 −3.0408 0.0225

0.084 −2.0928 0.0222

0.08 −6.1253 0.0201

0.07 −3.6673 0.0184

0.01 −2.9139 0.0165

Theta is a measure of the initial slope of the decay curve
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cage formation of the dye around the metal, and the
movements of this macromolecules, etc. should be consid-
ered. Low temperature fluctuation is dissipated faster. The
reason for this can be that high-power laser will induce
cluster formation, and the heavy macromolecule will have
slower rate of motion and hence smaller D. Even in this case,
smaller concentration of gold results in better dissipation.
The dye molecules get attached around gold and forms a
cage-like structure. This reduces the Brownian motion and
hence D. Therefore, for better results, we should maintain the
gold/dye ratio around 0.82 by molar volume.

Conclusion

We have studied the thermal diffusivity of nanogold and its
mixture with Rh6G dye at various concentrations using the
mode-matched thermal lens method. Generally, the diffu-
sion of gold nanofluid is lower than that of water. However,
at certain relative volume fractions of this solution with
Rh6G and at low excitation power, the diffusion is four
times faster than that of water which will make this kind of
fluid as efficient heat transfer agents. We have also
observed that the diffusion is temperature dependent. The
study will be useful in designing heat transfer nanofluids
which will particularly find application in random lasing.
Emission from dye molecules will be amplified because of
the nanoresonators of gold. The small rise in temperature
will be dissipated by the gold themselves.
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