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Abstract We discuss the thermal lens phenomenon in high-
absorbing colloidal systems, studied by using the Z-scan
technique. The characteristics of the experimental setup to
avoid undesirable effects are presented, in particular when
pulsed laser beam is used. We show that a cumulative effect
may appear in the experiment with chopped laser beams and
compromise the results obtained with this technique. This
artefact is more significative when colloidal suspensions are
investigated. These materials have different characteristic
times of heat and mass diffusion, which must be carefully
considered to choose the appropriate time interval for the
laser pulse and the time between pulses. Two experimental
cases with a chopped laser beam, with and without a shutter,
are discussed. The sample employed is a magnetic col-
loidal suspension (a ferrofluid). This sample has magnetic
nanoparticles electrically charged in an aqueous solution
with free ions and counter ions. Besides the thermal lens
effect, charge and mass diffusion may take place when the
sample is illuminated by the Gaussian beam, which imposes
a thermal gradient on it. The results show that, with the
experimental setup without a shutter, the sample does not
achieve a complete relaxation between two laser pulses.
This generates a measurable cumulative effect after the sam-
ple is illuminated during a relatively long period of time. A
time modulation with longer time interval between chopped
pulses allows the complete relaxation of the sample. This
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procedure is important for the correct analysis of the ther-
mal lens effect. Reliable values of the thermal conductivity
of the sample in different temperatures are obtained and
discussed.
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1 Introduction

Thermal lens optical phenomenon is widely used to investi-
gate thermal and optical properties of materials, like thermal
conductivity and diffusivity and low absorption coefficients
in complex fluids [1–7]. The thermo-optical properties of
various materials such as liquid crystals, colloidal solutions
[8–12] and liquid mixtures [13] can be investigated inducing
the formation of a thermal lens on them. It is also possible to
apply this method to biological solutions of HDL and LDL
(high and low-density lipoproteins) [14] and plasma from
human blood [15].

The single-beam Z-scan experimental technique [16] is
widely used to investigate the thermal lens effect on mate-
rials [17–19]. This technique is based on the sample self-
focusing (defocusing) effect on a previously focused Gaus-
sian laser beam [20–22]. Light absorbed by the sample is
converted into heat that spreads to non-illuminated regions
of the sample. This process induces a refraction index gra-
dient across the sample, generating the thermal lens effect.
This refraction index gradient is related to the thermo-optic
coefficient dn/dT (n is the refraction index and T is the
absolute temperature) that depends on the sample proper-
ties. The rate and amplitude of thermal lens sample response
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depend on the thermal diffusivity and thermal conductivity
of the material.

The thermal lens characteristic signal from a sample in
the Z-scan experiment shows a peak-to-valley (or valley-
to-peak) behaviour, represented by the z-dependence of the
light beam transmittance [18]. In this case, the light trans-
mitted by the sample is collected by a detector (in the far
field) with an iris in front of it, as a function of time for each
z position of the sample. If the induced thermal lens is of
the divergent type, i.e. dn/dT < 0, the light transmittance
increases as a function of time for z < 0 and decreases for
z > 0 (z = 0 is the beam focus position). Usually in the Z-
scan technique (in the case of the study of thermal effects),
the light beam is pulsed by using a mechanical chopper. It
provides a sequence of square pulses in the time scale of
milliseconds, creating a periodic light incident beam on the
sample. The time interval �t that the sample is illuminated
by the beam is equal to the time interval the laser beam is
interrupted by the chopper blade. The choice of this time
interval is critical to obtain reliable data. If this time interval
is too short, compared to the typical thermal characteris-
tic time tth, the thermal lens does not reach the stationary
state and, in the next laser pulse, the system did not relax
back completely, and a cumulative effect is present during
the measurement [23, 24]. On the other hand, if �t � tth,
other effects can be triggered in the sample, e.g. the Soret
effect (or thermodiffusion) [25], introducing artefacts in the
experimental data. These experimental artefacts appear, and
can be identified, in the transmittance recorded by the detec-
tor just when the chopper opens and illuminates the sample.
We will call this measurement of the transmittance at t = 0
in a given laser pulse “the first experimental point—FEP”
recorded at a z position of the sample, when the laser pulse
illuminates the sample. It is important to stress that, in a typ-
ical time-resolved thermal lens experiment, this FEP should
be independent of the z position of the sample. In colloidal
systems, where the light absorbers have mobility in the fluid
carrier, it is essential to get rid of all additional thermal
processes to investigate just thermal lens properties of the
sample.

In this work, we focus on an unexpected behaviour that
can be observed in the Z-scan experiment in colloidal sys-
tems, analysing the FEP of the laser pulse transmitted by
the sample. We will show that in the investigation of the
thermal lens phenomenon in colloidal solutions, it is possi-
ble to obtain a valley-to-peak (or peak-to-valley) behaviour
from this FEP measured. The physical mechanism responsi-
ble for this behaviour is, sometimes, wrongly assumed to be
from electronic origin. We will discuss the physical mech-
anism that is the source of this unexpected behaviour in
the laser-chopped experiments. We will see that it is related
to the cumulative effect of mass migration (thermal dif-
fusion, also known as the Soret effect). This effect could

happen during the formation of the thermal lens itself, if
the chopped beam has �t ∼ tth [23]. A step-by-step anal-
ysis will be described to correctly obtain the (previously
unknown) thermal conductivity of a colloidal sample in the
thermal lens Z-scan experiment. As a working example, we
performed the Z-scan thermal lens experiment with an aque-
ous ionic ferrofluid [26], as a function of temperature of the
solution.

2 Thermal Lens: Theory and Experiment

The thermal lens effect is induced by a focused Gaussian
beam incident on a sample, due to light absorption, gen-
erating a radial temperature gradient on it [27–30]. The
temperature profile is calculated by solving the radial heat
transport equation [31]. A radial refractive index gradient is
established in the sample due to the local thermal expansion
of the material, producing the lens effect. Figure 1 illustrates
the beam defocusing effect generated by the sample heat-
ing. In this example, the beam waist increases in the far-field
position, where a detector with an iris in its front registers
the on-axis transmittance. Gordon et al. [27] described the
focal length of the thermal lens generated in a sample illu-
minated by a non-focused Gaussian beam. Whinnery and
Hu extended this calculation to the case of a focused Gaus-
sian beam [20, 21]. These two calculations use a parabolic
approximation to the refractive index profile. A different
model was developed by Sheldon et al. [28] considering the
aberrant nature of the lens. Both models were reviewed by
Carter and Harris [32] to obtain the thermal lens amplitude
and thermal diffusivity of weakly absorbing materials. In
the present work, we will use the parabolic approximation,
briefly described below.

2.1 Parabolic Model

Assuming the Gaussian beam light absorption in a cylindri-
cal section of the sample that acts as a source of heat, the
temperature increase is given by

�T (r, t) = 0.06αP

πκ

[
Ei

(
−2r2

w2

)
−Ei

(
− 2r2

8Dtht + w2

)]
,

(1)

where α is the light absorption coefficient, P is the irradiat-
ing beam power, κ is the thermal conductivity of the sample
and Ei(x) is the exponential integral function. The variable
r is the radial distance with respect to the centre of the beam,
and w is the beam radius (waist) at the sample. The thermal
diffusivity is defined as Dth = κ/ρCp, where ρ and Cp are
the mass density and specific heat capacity of the sample.
As the iris aperture (Fig. 1) is much smaller than the beam
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Fig. 1 Schematic view of the
thermal lens defocusing effect:
the solid line corresponds to the
original beam path and the
dashed line to the path after
sample is heated by the focused
Gaussian beam

waist at the sample position z, a parabolic approximation to
(1) leads to

�T (r, t) = 0.06αP

πκ

[
ln

(
1 + 2t

tth

)
− 2r2
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(
2t

2t + tth

)]
,

(2)

with the characteristic time of heat diffusion tth =
w2/4Dth. It is important to notice the number 0.06 that
arises from the unit transformation of generated heat from
(cal/cm.s) to the SI units, as indicated in [27, 28]. So special
attention must be payed in the use of Eq. (2.2) and the unit
system employed.

The refractive index of the sample is written as n = n0 +
(dn/dT ) �T . The focal length f of the thermal lens formed
is [33]:

1

f (t)
= − leff

dn

dT

d2

dr2
�T (r, t)
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r→0

, (3)

where leff is the sample effective optical length. The nor-
malised transmittance �N is written as [34, 35]

�N(z, t)= I (z, t)

I (z, t =0)
=

[
1−2γ

z0

f (t)
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(
1+γ 2

)(
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f (t)

)]−1

,

(4)

where γ = z/z0 is the relative sample position, z0 =
πw2

0/λ the Rayleigh length, λ the light wavelength and w0

the beam waist at the focal position (z = 0). �N may
also be written as a function of the thermal lens amplitude
θ = (0.24 α P leff /κ λ) dn/dT :

�N(z) = I (z, t)

I (z, t = 0)
=

[
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. (5)

To build up the Z-scan characteristic curve, we perform
the following normalisation:

�N(z) = �N(z, 0)

�N(z, t∞)
, (6)

where t∞ corresponds to the time that the thermal lens
reached the stationary state.

This model predicts a maximum sample response at the
positions z = ±√

2z0. If it is possible to measure inde-
pendently with good accuracy α, P , leff and dn/dT , the
thermal lens Z-scan experiment can be used to obtain the
thermal conductivity κ of the sample.

2.2 Experimental Thermal Lens Transient

Figure 2 presents a sketch of the experimental setup, where
a chopper gives a sequence of square light pulses. The Gaus-
sian beam of wavelength 532 nm is focused by the lens
L1 on the chopper blade. The laser used is the cw Verdi,
from Coherent Inc. A computer-controlled chariot moves
the sample along the beam focus. After the sample, the
beam is splitted for the analysis with two photodetectors:
D1 analyses the beam refraction and D2 analyses the possi-
ble changes in the light absorption during the experiments.
A shutter is also present in the setup, and the convenience
of its use in an experiment will be discussed in the fol-
lowing. Considering a focused Gaussian beam with typical
waist w0 ∼ 30μm and a sample of thermal diffusivity
Dth ∼ 10−7 m2/s, the heat diffusion time is a few mil-
liseconds. The sample investigated in our experiment is an
ionic magnetic colloidal suspension (also named ferrofluid),
constituted of CoFe2O4 magnetic nanoparticles, average
diameter 13.6 nm, dispersed in aqueous nitric-acid solution
0.1 M [36, 37]. This ferrofluid was recently employed in an
investigation to measure its Soret coefficient [25]. For this
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Fig. 2 Schematic view of the
experimental setup for the
thermal lens experiment,
showing the propagation of the
Gaussian beam trough the
optical elements. The upper
schema shows the light
modulation by using the shutter
and the chopper

type of material, light pulse of �t = 30 ms is enough to
detect the transient of the thermal lens effect, measuring the
time evolution of the transmitted intensity.

We will perform the analysis of the thermal lens transient
in two cases: the first one (I), when only the chopper is used
to create the 30-ms periodic modulation of the laser beam;
in the second case (II), a shutter is placed before the chopper
and blocks the beam during 2 s between a sequence of two
square pulses (see Fig. 2).

Case (I) Figure 3a shows the time evolution of the light
transmittance (raw data obtained in the photodetector) with
the sample in two different z positions, before and after the
beam focus position (sample at z ∼ ±√

2z0). The data
represent the absolute values of the transmitted intensity of
the square pulses, representing an average of 10 indepen-
dent measurements at each z position. The different values
of the transmittance (in the FEP) in both curves are clearly
observed. If only the thermal lens effect occurred, the curves
should start at the same transmittance value. The plot of
the transmittance of the FEP (normalised by the transmit-
tance value obtained with the sample in a z position far
from the beam focus), as a function of z, is presented in
Fig. 3b, showing an unexpected valley-to-peak behaviour.
The results in Fig. 3b can lead to a wrong interpretation
that the normalised transmittance of the FEP changes with
z due to electronic optical mechanisms that occur at time
scales faster than milliseconds, as the optical Kerr effect
[38]. A detailed description of the physical mechanism that
generates this behaviour will be given in the following.

Case (II) The same experiment was performed now with
the chopper and the shutter present. We choose 30-ms

square periodic pulses created by the chopper and modulate
themselves by a 100-ms opened window and 2-s closed win-
dow with a shutter, as shown in the upper sketch in Fig. 2.
The time evolution of the light transmittance (raw data, sam-
ple at z ∼ ±√

2z0) is shown in Fig. 4a. In this case, different
from the results shown in Fig. 3a, the initial values of the
transmittance (FEP) in both curves are the same. This occurs
for all the z positions of the sample and is shown in Fig. 4b
(the same normalisation procedure described in case (I) was
employed here). The results shown in Fig. 4b clearly indi-
cate that the behaviour of the FEP in the Z-scan experiment
shown in Fig. 3b is not due to mechanisms faster than mil-
liseconds. Otherwise, the results of Figs. 4b and 3b would
be the same. In other words, none of the results with shut-
ter + chopper combination resulted in any lens effect of the
FEP from electronic origin. Electronic effects, like the two-
photon absorption, have a faster characteristic time, of the
order of femtoseconds. This effect may be investigated by
using a pulsed fs laser, which is not the aim of the present
work.

The behaviour observed in Fig. 3b (experimental case
I) can be explained considering the mass diffusion effect
generated by the temperature gradient established in the
illuminated region of the sample, due to the chopped laser
pulse. While the chopped light pulses of �t = 30 ms heat
the sample, the nanoparticles dispersed in water respond to
the temperature gradient corresponding to the Soret effect.
In the present case of ferrofluids with positively charged
particles, the faster response comes from the free nitrate
and hydronium ions present in the sample subjected to a
temperature gradient. The characteristic response time of
the charged nanoparticles and the ions to the thermal gradi-
ent, associated with the mass thermodiffusion phenomenon,
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Fig. 3 Experimental case I, where the laser beam is chopped. a Time
evolution of the transmittance of the sample in two z positions. The
transmittance is expressed in absolute values given by the photodetec-
tor. b Normalised transmittance of the first experimental point (FEP at
t = 0)TN = I (z, t = 0)/I (z → ∞, t = 0) as a function of z. z → ∞
means a z position far from the focus, where the thermal lens effect is
assumed to be absent

is different. The mass diffusion time is given by tc =
w2/4DM , with DM being the mass diffusion coefficient
of the ions or nanoparticles [39, 40]. It is of the order of
hundreds of milliseconds for ions and tens of seconds for
nanoparticles. The movement of the nanoparticles is, in part,
caused by the thermoelectric field created by the ionic Soret
effect [25, 41]. The irradiating time of 30 ms is enough to
generate a small ionic concentration gradient in the sample.
In the next 30 ms, when the laser is turned off, there is not
a complete relaxation of the ionic gradient established and
it continues to increase in the next irradiating pulse, and so
on. Figure 5 illustrates the way that the thermoelectric field
evolves in the chopped-beam experiment. An analogous
behaviour was reported by Fang and Swofford [24], where
a cumulative effect on the thermal lens itself is described.
In the case of our sample, the thermoelectric field created

Fig. 4 Experimental case II, where the laser beam is modulated by
using the shutter and the chopper. a Time evolution of the transmit-
tance of the sample in two z positions. The transmittance is expressed
in absolute values given by the photodetector. b Normalised transmit-
tance of the first experimental point (FEP, at t = 0)TN = I (z, t =
0)/I (z → ∞, t = 0) as a function of z. z → ∞ means a z position far
from the focus, where the thermal lens effect is assumed to be absent

acts during all the time the experimental results shown in
Fig. 3 were taken. It induces the nanoparticle concentra-
tion gradient, which is the matter lens observed in Fig. 3b.
This thermoelectric field increases as the sample approaches
the beam focus, due to the higher light intensity. In a typ-
ical Z-scan experiment, 10 independent measurements of
the thermal lens transient are recorded at each z position,
with 1 s of interval between each acquisition. After that,
an average time evolution curve (those shown in Fig. 3a) is
obtained. Under these experimental conditions, the sample
remains about 15 s in each z position during which approxi-
mately 250 cycles of turning on and off the light beam occur.
In this total time, noticeable particle and ion concentration
gradients are established. This phenomenon is responsible
for the behaviour of the FEP measured in the time evolution
of the transmittance curve.



552 Braz J Phys (2016) 46:547–555

Fig. 5 Sketch of the chopped light beam intensity I and the cumulative thermoelectric field E established in the ionic ferrofluid sample due to
the ionic Soret effect

When the shutter is employed in the setup, as indicated in
Fig. 2, only two chopped pulses reach the sample during the
time the shutter is opened. During the following 2 s, when
the shutter is closed, the sample has time to completely relax
the low ionic concentration gradient induced. In this case,
the matter lens is not formed, as shown in Fig. 4. This is an
important result since the undesired effect of mass diffusion
can introduce artefacts in the study of the thermal lens effect
on colloidal solutions. Figure 6 shows the normalised trans-
mittance �N(z) experimentally obtained for both cases I and
II. An important and unexpected asymmetry of the Z-scan
characteristic curve and a bigger peak-to-valley amplitude
is observed in the results obtained according to the case
I procedure. The curve obtained in case II shows a more
symmetric aspect and a smaller peak-to-valley amplitude.

The accumulated matter lens effect described above can
be present in previously reported experiments performed
with pulsed laser light in colloidal systems [42, 43]. The
beams used were light pulses separated by millisecond or
even microsecond time intervals, enabling the formation of
the thermal lens, but also the cumulative formation of the

Fig. 6 Z-Scan typical curve in the time scale of the thermal lens phe-
nomenon. Normalised transmittance �N(z) as a function of z: case I
(white circle), case II (black circle)

matter lens. This effect has been considered as an “accumu-
lated thermal effect” and was observed also in dye [44] and
polymer [45] solutions. In conclusion, the peak-to-valley
behaviour of the Z-scan results may contain contributions
from thermal and matter lens, besides the electronic self-
focusing effect. Much attention must be paid in the identifi-
cation of each one of these contributions in the measurement
to the correct interpretation of the experimental results.

3 Analysis of the Thermal Lens Results

Now, we are able to obtain the thermal lens experimen-
tal results, employing the Z-scan apparatus, without the
influence of the Soret phenomenon. The experiment pre-
sented below is a working example performed according
to case II. We will investigate the temperature dependence
of the sample thermal conductivity measured by using the
Z-scan technique, in the framework of the parabolic ther-
mal lens model. All the other characteristic parameters of
the sample present in the expression of the lens ampli-
tude θ were measured independently, or obtained from the
literature.

The volume fraction of nanoparticles in the solution was
very low (φ ∼ 0.075 %) and the solution absorption coeffi-
cient was α = (29 ± 2) cm−1 at 532 nm. It is a relatively
high absorption coefficient but we neglected the possible
effect of axial heat propagation as the sample effective
length changes only around 10 % relative to sample thick-
ness l = 80 μm and leff ∼ 72 μm. The thermal lens
experiments were performed inserting the sample in a hot
stage temperature controller (293K < T < 333K), and
the beam power used was 2.1 mW. The hot stage allows us
to perform the thermal lens experiment as a function of the
sample temperature.

The thermo-optic coefficient dn/dT was also precisely
measured with an ATAGO 5000i refractometer with 2 ×
10−5 nD accuracy. The temperature dependence of the
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Fig. 7 Temperature dependence
of the refractive index of the
ferrofluid. The inset shows the
temperature dependence of the
thermo-optic coefficient dn/dT .
Solid line represents a guide for
eyes

refractive index of the ferrofluid is presented in Fig. 7. The
insert shows [dn/dT ] (T ), where it is interesting to notice
its linear temperature dependence, due to the parabolic
dependence of the refractive index with T .

Figure 8 shows the experimental Z-scan curves (�N(z))
and the fits with (6), where it is possible to see the influ-
ence of the temperature on the peak-to-valley amplitude of
the curves. This behaviour comes from an interplay between
the parameters dn/dT and κ . The unique fit parameter is
the thermal conductivity of the sample. The obtained tem-
perature dependence of the thermal conductivity is shown
in Fig. 9 and compared with the values of pure water [46].

Fig. 8 Z-Scan typical curve in the time-scale of the thermal-lens phe-
nomenon. Normalised transmittance �N(z) as a function of z, case II:
T = 293K(•); T = 343K(◦). Continuous and dashed lines are fits
with (6)

As expected, the thermal conductivity of our water-base fer-
rofluid is essentially that of water, except at T > 50 ◦C,
where the values show a tendency to be larger than those
from pure water. The ferrofluid contains magnetic nanopar-
ticles immersed in 10 mM HNO3 solution, and these solutes
are expected to increase the heat conduction. The free ion
contribution to the heat conduction is expected to be smaller
than 3 % [3]. Lee et al. [47] have shown that the influence
of the (semiconductor) nanoparticles depends on the surface
charge complexation, resulting in a higher thermal conduc-
tivity for nanoparticle solution, with higher zeta potential.
In a previous work [25], the increasing of the zeta potential
with temperature was shown, and this can be reflected in

Fig. 9 Temperature dependence of the thermal conductivity obtained
for the ferrofluid sample (black circle) compared with that of pure
water (white diamond)
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the higher thermal conductivity of the ferrofluid for higher
temperatures. In the present work, the contribution from
the nanoparticles to the thermal conductivity measured is
expected to be low, due to the small volume fraction of
them in our samples. For example, the classical Maxwell’s
model [48] predicts a thermal conductivity enhancement
lower than 5 % due to the presence of 0.075 vol% cobalt fer-
rite nanoparticles in water (assuming κ < 100 Wm−1 K−1

for cobalt-ferrite nanoparticles). Even the newest and more
refined models predict values below this limit [49].

If we use the Z-scan results obtained according to the
procedure described in case I (open circles in Fig. 6), the
thermal conductivity obtained by fitting expression (6) to
the data is about (0.4±0.1) Wm−1 K−1 that certainly is not
expected for a diluted water-base ferrofluid.

4 Conclusions and Perspectives

In this work, we show that, depending on the experimen-
tal conditions, the thermal lens Z-scan experiment may
bring cumulative thermal effects (e.g. thermodiffusion) that
can introduce artefacts that compromise the analysis of the
thermal lens experiment. This is particularly critical when
chopped laser beams are used in the apparatus. This effect
can be avoided by placing a shutter before the chopper and
adjusting the time interval between pulses to allow the sam-
ple to relax back to the initial state (before the incidence of
the beam). As a working example, we measured the ther-
mal conductivity of a ferrofluid and show how additional
phenomena, besides the thermal lens, may contaminate the
experimental data and, as a consequence, the final results.
As a final remark, the parabolic lens model used in the
present investigation works well, despite the model limita-
tions. A comparison with newer lens models (e.g. based on
the aberrant lens model) can be the subject of forthcoming
studies, being beyond the scope of the present investigation.
Here, we emphasise the importance of the experimental pro-
cedure (independent on the thermal lens model) to obtain
reliable results.
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