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We describe applications of Thermal Lens Spectrometry to study optical and thermal prop-
erties of lyotropic liquid crystal. In particular, we refer to methods for measurements of
thermal diffusivity anisotropy at different temperatures and as a function of the ferroflu-
ids doping. The theoretical basis for quantitative measurements is discussed together with
the advantages and limitations as compared with conventional methods. Finally, future
developments of photothermal techniques for these applications are assessed.
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I Introduction

The importance of studying the properties of complex
fluids cannot be underestimated. For the liquid crystal
families there are many important applications which
are crucial in everyday life, such as the displays, electro-
optical components, sensing, and so on. The liquid
crystals have called the attention of many scientists of
different areas because these systems present the ab-
solutely unique flow phenomena which are very diffi-
cult to understand since they combine the flow prop-
erties of liquids with the orientational order of crystals
driving the induced mass motion to an specific pat-
tern which depends on both the applied forces into the
system and their physical and chemical properties. For
example, the application of external fields induces sym-
metry changes with consequent modification on their
texture and basic properties, such as the values of the
elastic constant, magnetic susceptibility, refractive in-
dex, viscosity, etc. [1-6] Laser induced refractive index
changes have been widely employed in order to under-
stand the liquid crystal systems [7-16]. By changing the
beam power, experimental configuration and time scale
of the experiments, many optically induced nonlinear
mechanisms have been investigated [7]. In all of these
previous studies, the experiments and theoretical mod-

els have been applied in thermotropic liquid crystal in
order to obtain their fundamental properties. Thermal
Lens Spectrometry(TLS) is a photothermal technique
which is based on the change in the refractive index of
the sample when it is illuminated by a laser beam. Re-
cently, we have introduced this technique in the study
of lyotropic liquid crystals [17,18]. TLS method was
employed in order to measure the thermal diffusivity
anisotropy of the nematic phase of this family of lig-
uid crystals. The geometrical form of the micelles was
correlated to the anisotropy of the heat diffusion in the
two directions of the samples. Subsequent works [19-22]
have been devoted to the study of the role of ferrofluid
in the lyotropic system, but a definitive description of
the composed sample thermal anisotropy still needs to
be presented.

Photothermal techniques are advantageous as com-
pared to conventional thermometry because they usu-
ally allow the experiments to be performed without
the dificulties of obtaining the steady state conditions.
Near phase transitions, photothermal methods allow a
better definition of the critical temperature, since in
the calorimetric methods and thermal flow techniques
the experiments have been made with thermal gradients
higher than 10°C ([8, 23]). Inherent in these scientific



studies is the need to determine rates of heat diffu-
sion into and through such a system which in turn re-
quires measurements of physical-chemical properties of
the obtained device. Although lyotropic liquid crystals
have not yet been used for technological applications,
their structure presents similarities with many biolog-
ical systems [25] and therefore their basic properties
may be useful for the understanding of these related
systems. Although being desirable, it is not often pos-
sible to make bulk or interfacial measurements of the
thermal properties of this system because of the need to
probe non-destructively and non-invasively the sample.
It is for this reason that photothermal techniques are
promising for the study of this system since they are
non-contacting, sensitive, remote and easy to perform
[25,26-31].

The aim of this paper is to discuss some of the re-
cent advances in the thermal lens methods with special
reference to the measurements of thermo-optical prop-
erties of lyotropic systems. In particular, the mode-
mismatched thermal lens method will be described in
order to analyze the quantitative measurements in un-
doped and ferrofluid doped samples.

IT Theoretical basis of thermal
lens spectrometry

All photothermal techniques are based in the use of
electromagnetic radiation to induce non-radiative de-
exitation of excited states resulting in a change in tem-
perature of the tested sample. This temperature rise
can be measured through different processes. Many of
the techniques use laser as the exitation beam. This
brings advantages such as: high power density, coher-
ence, directional and spatial stability, the possibility of
probing very small volumes and the ability of perform-
ing non-contacting measurements [27].

TLS is one of the photothermal techniques which is
remote and quite sensitive. The TL effect is created
when the excitation beam passes through the sample
and the absorbed energy is converted into heat. The
consequent change in the refractive index induced by a
temperature rise will produce a lenslike optical element
at the sample, the so-called thermal lens. The propa-
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gation of a probe beam through the TL will be affected
resulting in a spreading or focusing of the beam centre.
By measuring its beam center intensity in the far field,
the optothermal properties of the sample can be deter-
mined. Since the first report of the thermal lens effect
[32] the sensitivity of the technique has been improved
by changing the experimental configuration. The mode-
mismatched TLS method has been demonstrated to be
the most sensitive [26]. In this case the sample is po-
sitioned at the waist of the excitation beam, where the
power density is maximum, Fig. 1. In these arrange-
ment a TEMg, gaussian beam illuminates a sample,
causing a thermal lens. A weak probe beam passes
through the the sample to probe the thermal lens. The
position of the waist of the probe beam is taken as the
origin along the Z axis. The sample is located at Z; and
the detector plane is positioned at Z; + Z>. The waist
of the probe beam is w,,, the radius of the probe beam
and the excitation beam in the sample are w,;, and we,
respectively. The theoretical treatment for the thermal
lens effect needs to take into account realistic boundary
conditions of the sample in both radial and axial direc-
tions. Their theoretical basis have been developed and
presented in the references [28,29,31,33,34]. A brief re-
view of this three-dimensional model will be presented
in this work, with special emphasis in the approaches
necessary for the liquid crystal measurements.

There are three steps in deriving the aberrant model
[33]. First, the temperature rise in the sample induced
by the optical energy absorption is calculated. Second,
the phase shift of the probe beam caused by the refrac-
tive index change is obtained and finally, the Fresnel
diffraction theory is used to calculate the field distri-
bution of the probe beam in the detector plane. The
model uses the following considerations: both the ex-
citation and the probe beam lasers are Gaussian and
in the TEMyg mode; The sample is homogeneous and
obey the Beer’s Law; detection of the probe beam is
obtained in the Fresnel region.

A. Temperature rise in the sample

The differential equation of conduction of heat in an
isotropic sample can be written as[29, 38]

Q(T1,¢1,Z,t)

—[AT(T1,¢1,Z,t)]—DV2 [AT(T17¢1)Z)t)]: - (1)

cp
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Figure 1: Scheme of the geometric position of the beams in
a mode-mismatched dual beam TL experiment.

In Eq. (1) (r1, ¢1, 2) are the cylindrical coordinates in
the sample; AT (ry,¢1,2,t) is the temperature rise in
the sample (K); Q(r1,¢1,2,t), the heat source, is the
heat generated per unit volume and unit time (J s™!
cm™3); D = k/cp is the thermal diffusivity of the sam-
ple (cm? s~1), where k is the thermal conductivity (W
cm~! K1), ¢ the specific heat (J g~ K1), and p the
density (g cm™3) of the sample; ¢ is time (s) . The
temperature rise can be obtained by solving this heat
conduction equation with suitable heat source and ap-
propriate boundary conditions.

In the TL experiment the heat source in Eq. (1) is
the absorbed excitation energy by the sample assuming
that all of the energy is converted to heat by nonradia-
tive processes. The TEMgy Gaussian laser beam can
be expressed as [35-39]

2P, 92
1) = e (-2, ©)

ATci(rlazat) -0

where I.(r) and P. are the intensity (W cm~2) and
total power (W) of the excitation beam, respectively.
The heat generated due to the optical absorption per
unit volume and unit time at (r1, z) in a medium with

optical absorption coefficient A (cm™!), is then [36, 37]

Q(r1,2) = AL (1) exp(—Az). (3)

The 3D temperature distribution treatment takes
realistic axial boundary condition, shown in Fig. 2, into
account, while the radius of the sample is assumed as
infinite. In Fig. 2, the thickness of the sample cell wall
is d (cm), and its conductivity is K, (W cm~™t K~1).
AT, and AT, are the temperature rises in the cell
walls. The boundary conditions are that temperature
rises and heat fluxes are continuous at the boundaries,
z = —d,0,[, and [ + d. Neglecting the heat capacity of
the cell wall, we have
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Figure 2: A schematic diagram of the sample and sample
cell.
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providing the temperature rise in air is zero. Considering the heat flux directions at the boundaries, the boundary

condition can be expressed as [29,36,38]
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where h = ko /(kd).

[AT(TD 2, t)] =h [T(Tlv 2, t)] )

(7'1 <00, z= 0>l)) (5)

The Green’s function yielding the temperature rise at (ry, ¢1,2) and time ¢ for a unit heat source at (r{, ¢},2")

and time zero in the sample with the boundary condition, Eq. (5), is given (see [32,38]) as

(&

—R?/(4Dt)

An(2)An(2") —Da?

G(TI)T’1>¢1)¢’17272,7t) =

with

2w Dt

— l(ai+h2)+2h6 ’ (©6)



An(C) = ap, cos(an€) + hsin(ay(). (7)

In Egs. (6) and (7) oy, represents the positive roots of

2ah
tan(al) = m, (8)
whereas
R*=r] + r'12 — 2ry7] cos(pr — @)). (9)
The temperature rise in the sample is then
l l o0 27 1ol
stz = [ [T [T G 61,04 Ol doldr s (10)

Substitution of Egs. (3) and (6) into Eq. (10) yields

PAE e cos (%)%—hsin (%)

AT t) =
(st = kT R IR+ 2k
t 27,2
1 2r? w Yn\2
F, —_— -1z _p(Z) ¢ dt 11
X /0 1+2t'/tceXp[ 1+ 2/t (l) } ’ (11)
where
Yn = anl, (12)
and
exp(—=Al) [(yx . Yn yn(A +h)
F, ——— || =2 — Ah —=(A+h T T 13
n A2 + (yn/l)2 l2 Sln(yn) l ( + )Cos(yn) + Azl _+_ y%/l) ( )
Furthermore, in Eq. (11)
2
w
te = —% 14
is a characteristic thermal time constant.
B. Phase shift of the probe beam
The refractive index n(ry, z,t) of the sample is a function of temperature as
dn
n(Tl,Z,t) =no+ _AT(Tlazat)7 (15)

dr
where nyg is the refractive index at initial temperature. When the probe beam propagates through the TL its wave
front is slightly distorted, and the distortion can be expressed as an additional phase shift, which can be found by
considering the problem from the point of view of optical path length variation regarding the axis [35].
The phase shift ®(ry,t), therefore, is [35,36]

_ 27

l
B(r, 1) = A_p/o (1, 2, 8) — n(0, 2,8)] dz, (16)

where A, is the wavelength of the probe beam. Substituting Eqgs. (11) and (15) into Eq. (16) gives



26 sin(y,) — (hl/yn) cos(yn) + hl/yn
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- _D _n ! _ D _TL ! ! 1
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where
P.A dn
f=-—. (18)
Ak dT

The TEMgyo Gaussian probe beam has emerged from the sample with the additional phase shift, (Eq.(17)) can then
be expressed as [33,35,39]

2P, \'/* 1 P2\ r2
=(=£2) — 27, + -1 | — j® - L 1
Up(rla Zl: t) ( p > exp |: >\1p < 1+ R1p> J (rla t) wiy y ( 9)

where P, and Ry, are the total probe beam power (W) and the radius of the wave-front curvature of the probe

beam at Z, respectively.
C. Propagation of the probe beam

The probe beam coming from the sample with the additional phase shift propagating to the detector plane can

be treated as diffraction by using Fresnel diffraction theory [33,35,36], given as [40]

1 2w 3
Z1+ Z = Z
Up(rs, Z1 + Z,t) N7 exp{ J/\ ( 2+ 2Z2>}
o0 o}
X Up(ri, Zy,t)exp | —j——= | ridriG(ry,m2), (20)
0 Ap 2>
with
2 2 m™Trire
G(’I"l,TQ) :/ exp )\_Z— COS(¢1 ¢2) d¢1, (21)
0

where (1, ¢1), (r2, ¢2) are the polar coordinates at the sample and at the detector plane, respectively. Substituting
Eq. (19) into Eq. (20) and remembering that [41-43]

2
G(ry,ms) = 21J ( A” “;2) (22)
2
w%p = wgp[]' + (Zl/Zc)2]) (23)
and

Riy = (27 + 22) | 21 (24)

for the Gaussian probe beam, where
Zo = mwi,[Ap (25)

is the confocal distance of the probe beam, we have the complex amplitude of the probe beam at the detector plane

as
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2y 2oy, (A i (27)
V= — — .
Z. 7y Z, ’
LWip 27'('Pp 21 r%
C=j—F— —i— | Z VA — 28
=7 exp[y/\p LA IE (28)
g = (ri/wip)? (29)
and
m = (wlp/we)2, (30)

which is the degree of mismatching of the probe beam and excitation beams in the sample. Here Jy is the zeroth-

order Bessel function. In Eq. (26) the phase shift of the probe beam is expressed as

28 o= sin(yn) — (hl/yn) cos(yn) + hl/yn
o - 2 F,
(9:) te nz::l y2 /1 +1h? + 2h
¢ 1 Yn\2 2mg Yn\? ’
X /0 1+2t'/t, {eXp {_D (T) t] TP [_1+2t’/tc _D(T) t”dt' (31)

Finally, the probe beam intensity distribution I, at detector plane is given as

Ip(’l"Q,Zl-{—Zg,t) = |Up(T2,Z1+Z2,t)|2, (32)

which can be simplified as I),(t) when only the center point of the probe beam at the detector plane is considered.
When m = 1, which is a mode-matched dual-beam or single-beam TLS situation, Eq. (26) becomes the same form
as that obtained by Wu and Dovichi’s[36].

In ref. [29] the comparison between 3D finite and 2D conventional infinite models is made, in which a 2D infinite

conventional model for cw laser-induced mode-mismatched dual-beam TLS (Ref. [34]) is used, as:

P,A (! 1 2r2 [w? ,
ATt = 5 /0 1+2t/t, <_ 1+ 2t’/tc> at’ (33)
6 [ 1 2r? Jw?
o =2/ — 11— e gy 4
1(r 1) tc/o 1+ 2t'/t, [ eXp( 1+2t’/tc>} at, (34)
°° . ) 2T WeTs
Upt(r2, 21+ 22,1) = € [~ expl=(1-+ iv)g = 910,00 (552 v ) o (39)
0 4
and
Li() = Li(0) |1 = & tan—! 2my 2 (36)
P\ = Ipl 2 [ r2mez+ o2t 20 + 1+ 2m+ 02 )]
where
9 =gl (37)

and I denotes the 2D infinite model.



IIT Experimental

Thermal lens measurements can be performed for both
time-resolved and steady state mode. Up to now, in
the study of liquid crystal, we have used time-resolved
methods and the experimental arrangement shown in
Fig. 3. The excitation laser beam is a 6 W Ar* laser
(Coherent Innova 90 Plus ) at 514.5 nm or at 488 nm.
The sample was put at the focal plane of the lens 1 and
its expossure to the excitation beam was controlled by a
shutter. The probe beam was an He-Ne laser at 632 nm.
The output of the photodiod was coupled to a storage
oscilloscope. The magnitude of the thermal lens sig-
nal with time was recorded and the data thus obtained

were processed using least-squares curve fit.

M1
Laser Ar
Shutter Sample Probe Laser
Lens Hold% HeNe
e il
\ ' Lens u

Photodiodo
M4

. Filter 1 | IFllmtodmdu
M5 % Ll
Pinhole
Digital Signal
Osciloscope Trigger
Figure 3: Mode-mismatched thermal lens experimental

setup.

The Lyotropic nematic liquid crystals studied were:
sample 1) potassium laurate(29.4 wt%), decanol (6.6
wt%), water (64 wt%); sample 2) potassium laurate
(34.5 wt%), potassium chlorate (3 wt%), water (62.5
wt%); sample 3) sample 1 doped with 0.08 wt% of
ferrofluid and sample 4 doped with 0.34 wt% of fer-
rofluid. Ferrofluid enhance alignment of the micelles in
the presence of a magnetic field. The phase sequences
of the samples were determined by optical microscopy
and conoscopic observation. The axes of the directors
were aligned in a magnetic field for both orientations,
paralell and perpendicular to the side walls. The mea-
surements were performed at room temperature and

also for different temperatures [17-19,21,22].

IV  Thermal diffusivity measure-
ments

Fig. 4 shows the experimental data and the theoretical
best curve fitting of Eq. (36) for sample 3 with the mi-
celles aligned parallel to the side walls. As it can be seen
the signal intensity decreases with time, which means
that dn/dT < 0. Table I shows the thermal difusivity
results for the samples investigated in both, perpen-
dicular and parallel directions of the director. For the
undoped samples the ratios between the thermal dif-
fusivity parallel and perpendicular D) /D, are around
1.2. In all of the results, the ratios between D) /D
are smaller than those measured for thermotropic lig-
uid crystal, obtained by several techniques, which are
about 2.0. In order to explain this difference we have
considered the sample as an array of thermal resistor
of rode-like shape and developed the following equation
[44,45]

Dy _ L1 +25)/R+(2-25) (38)
D, L(1-S)/R+(2+5S)

0.220 S —
5 O Experimental data
0.215 I Best fit curve ]
m thermal lens parameters
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Figure 4: Thermal lens experimental data of sample 3 with
the director aligned parallel to the sidewalls and their best
fit curve.



Tabela 1: Thermal diffusivity paralell and perpendicular for the
ferrofluid doped lyotropic liquid crystal

ferrofluid content oy oL
(Wt.%) (107 cm’/s) (10° cm®s)
0 1.69 £ 0.05 1.40 £ 0.03
0.080 + 0.008 1.40 £ 0.09 1.35+£0.13
0.290 + 0.029 1.58 £0.04 1.54 £ 0.05
0.340 + 0.034 1.25+0.09 1.44£0.14
0.4 = 0.04 1.67+0.1 1.75 1 0.04

In Eq. (38) S is the scalar order parameter and L
and R are the length and diameter of the cylinders
respectively. Lyotropic liquid crystals in the nematic
calamitic phase are mixtures composed of micelles with
geometrical anisotropy shapes of about 1.6, while ther-
motropic liquid crystals molecules length-to-width ra-
tio is about 3.0 [46,47]. Using the above expressions
we could find the estimated value of D;/D; = 1.3
for lyotropic samples and D) /D, = 1.9 for ther-
motropic ones. In this treatment the thermal diffusiv-
ity anisotropy was associated to the form of the micelles
for lyotropic nematics and the molecular shape for ther-
motropic liquid crystals, as predicted by Eq. (38). In
contrast, for ferrofluid doped samples, this treatment
does not explain the thermal diffusivity anisotropy val-
ues. For both samples it can be observed, Table I, that
the anisotropy decreases as ferrofluid concentration in-

creases (see also Fig. 5).
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Figure 5: Parallel and perpendicular thermal diffusivities as
a function of ferrofluid concentration.

Furthermore, the values of the thermal diffusivity
decreases as ferrofluid concentration increases. These
results suggest that ferrofluid particles may play as
an addition thermal resistence in the sample and their
conection to the order parameter still need to be clari-
fied.

V  Future work

The ultimate goal in the study of thermal diffusivity of
lyotropic liquid crystal using photothermal technique
is the determination of the role played by the ferrofluid
particles in the heat diffusion process in both direc-
tions of the sample. Based on recent results in this sys-
tem [19, 21, 22] we have suggested that ferrofluid par-
ticles may induce an additional thermal barrier in the
sample. These experiments were performed for both
changing ferrofluid concentration and the sample tem-
perature. However, further studies to obtain a more de-
tailed physical description of the thermal anisotropy of
this doped liquid crystal are still required. This seems
to be a difficult task, since the experimental discrimina-
tion between the laser beam intensity change induced
by both the doping and the liquid crystal itself is dif-
ficult. Furthermore, there are concentration gradient
across the beam which may not be linear. In this way
it is necessary to determine the gradient profile of the
doping. This may be possible to investigate through
time resolved measurements since the thermal diffusiv-
ity and gradient diffusion coefficients are usually at least

two order of magnitude different.

For experiment in function of temperature, thermal
lens seems to be a valuable technique to measure the
thermo-optical parameters of liquid crystal[22]. Fig. 6
shows the sample heater that can be used for such
measurements. This is possible to be make because
of the especial ability of the technique of being a re-
mote method. In addition the change in the temprera-
ture induced by excitation beam at the sample is lower
than 1072 °C, allowing therefore a fine determination of
the experimental parameters around the sample phase
transitions. An additional application of thermal lens
spectrometry in the study of liquid crystals is the de-
termination of the absolute values of dn/dT. This is an

important parameter because it contains information



about sample thermal expansion, polarizability, refrac-
tive index, viscosity, etc. The study of dn/dT" in liquid
crystal is also attracting due to the its unusual behav-
ior. It has been observed in thermotropic liquid crys-
tal, that the refractive index change can produce either
laser beam self-focussing and defocusing, depending on

the sample orientation and the laser beam polarization.

The use of TLS as quantitative method to study
liquid crystal through the tree-dimensional model re-
viewed in this work needs to obey some experimental
conditions, such as performing the measurements for
a short period of time and with the ratio between the
probe and excitation beam spot sizes at the sample no
larger than 3. This procedure avoid heat diffusion in the
laser beam direction, which is not taken into account in
the development of the model. For thin sample, such as
liquid crystal, this heat flow can invalidate the obtained

results.

In summary, with the introdution of thermal lens
spectrometry, to study lyotropic liquid crystal we have
investigated the lyotropic systems difusion rates and
tried to associate the anisotropy of the thermal diffusiv-
ity with their structure. The method used is promiss-
ing, since it is very sensitive, remote, non-cantacting
and allows the determination of the absolute values of

the sample thermo-optical parameters.
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Figure 6: Sample holder and heating unity for the mode-
mismatched thermal lens measurement.
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