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Determination of the thermo-optic coefficients and the thermal conductivities
of a ferrofluid-doped lyotropic nematic liquid crystal using a nonlinear optical technique
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Nonlinear optical measurements are performed with a ferrolyotropic calamitic nematic mesophase with
different relative concentrations of the mixture compounds. The frontiers of the nematic domain are determined
using optical microscopy and x-ray scattering techniques. The thermal lens model is used to obtain the
thermo-optic coefficients and the thermal conductivities of the liquid crystals. The anisotropies of these non-
linear parameters are discussed with respect to the local order and microscopic structure of the nematic phase
in different positions of thé\, domain.

PACS numbgs): 61.30-v, 42.65-k, 78.20.Ci

[. INTRODUCTION other hand, in the case of lyotropic liquid crystals, ferrofluids
[13] are used to improve their orientation in a small magnetic
The study of nonlinear optical phenomena in condensedield [14,15, and can also absorb energy from a laser beam,
matter gives to physicists and engineers an interesting fielfleating the liquid crystdl16].
of research. In addition to the fundamental aspect of this In a previous work16] we reported on measurements of
research, many technological applications have been devee nonlinear refractive indices of a ferrofluid-doped lyotro-
oped in this area, and the interest in the scientific investigaPiC liquid crystal mixture in the millisecond range using the
tion of the nonlinear properties of materials increases eacfScan technique. On this time scale the nonlinear optical
year. The nonlinear optical response of thermotropic liquid ©SPonse is expected to be of thermal origin. The first ap-

crystals has been extensively studiée 3]. In particular, the pAtoach gva; 10 fit f';hos_e reSLljltSht.o Sheik-Babaal.s godel
nonlinear variation of the index of refractign) of a material [4] to obtain an effective,. In this paper we presedtscan

is associated with different origins: the optical Kerr effect measurements per_formed in ferrolyotropic_ calamitic nema’;ic
third order(and higher ordgrnonlinear electronic polariza- mesophasgs ata fixed temperature, but with different relative
tion, thermal effects, et¢1]. Each of these processes has aconcentratlons of the mixture compounds. The thermal lens
cha'racteristic res o,nse tirﬁe ranain fronﬁ coseconds tmodeI(TLM)wiII be used to obtain the nonlinear parameters

milliseconds P ’ ging P &in/dT and the thermal conductivitigsf the liquid crystals.

) The paper is organized as follows: Sec. Il summarizes the
One of the most simple and elegant methods t0 measuigegretical aspects considered. Section Ill gives the detalils of
the nonlinear response of a medium is ®ecan technique  the samples and the setup. The results are presented and
[4]. Sheik-Bahaet al. used this technique to obtain the non- giscussed in Sec. IV. Finally, the conclusions are presented
linear refractive index rf,) assuming thatn=n,+n,l, in Sec. V.
wheren, is the linear index of refraction andthe incident
light intensity on a sample. In their approach, which is es-
sentially local, changes in the electronic polarizability are
responsible for the nonlinear response of the medium. De- In this section we will summarize the basic equations that
pending on the experimental conditions and on the sampldescribe the thermal lens model. The details about the model
absorption properties, thermal nonlinearities must be takenan be found in Refs[5—-10]. Consider a cw(continuous
into account in actuakZ-scan experiments, especially on a wave Gaussian laser beam of power(wattg incident on a
time scale of milliseconds. Thermal processes are due to theeakly absorbing medium, starting at tirtve 0. The energy
liquid crystal light absorption or to the presence of impuritiesabsorbed by the sample is immediately converted into heat.
which can also absorb heat. These processes give rise toTae continuous heat transfer to the sample results in the for-
nonlinear response due to sample temperature changes. Asration of a radial temperature profile. The higher tempera-
consequence, the physical properties of the liquid crystaiure region is located in the center of the beam 0, where
change, affecting the propagation of the light beam itselfr is the radial distance from the beam axi$he index of
One of the most important effects is due to the spatial variarefraction as a function of andt is given by
tion of the refractive index of the medium and is often re-
ferred to ashermal leng[5—10]. In this approach, which is n(r,t)=ny+[dn/dT]AT(r,t). 1
essentiallynonlocal the index of refraction of the medium
illuminated by a laser beam is written a®&=n, It is assumed that there is no convection, and that the heat
+(dn/dT)AT, whereT anddn/dT are the temperature and axial flow is negligible. In the steady-state regime, a radial
the thermo-optic coefficient. temperature gradient is established. Solving the heat conduc-
To improve the light absorption by thermotropic liquid tion equation and calculating the light transmittance in the
crystals, dyes are often mixed in with thdiil,12. On the far field on the axis of the beam, we obtain the theoretical
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expression for &-scan measurement. Depending upon the TABLE I. Compositions of the different samples in mol %.
order of the expansion inof the temperature field, different MixturesA, B, C, D, AB, AC, andAD, present a calamitic nematic
models can be obtained. We will focus our attention on thePhase N.) at T=23°C. Mixtures denoted bl are the frontiers of
parabolic lens moddl8]. The normalized transmittancés)  the N domain.

obtained with the parabolic lens modeglithout aberration

in a Z-scan experiment are Sample] KL (mol %) DeOH (mol %) water (mol %)
A 3.14 1.20 95.66
Sl 7) = I'(z0-T'(zAt) _ 2x2 +02( ) AB 313 115 95 72
I'(z,At) 1+x 1+Xx AC 3.19 1.20 95.61
2) AD 3.18 1.14 95.68
where B 3.11 1.10 95.79
C 3.23 1.21 95.56
a D 3.22 1.08 95.70
9:2-3033( - ﬁ)ﬁ- ®) F, 3.08 1.29 95.63
F, 3.16 1.30 95.54
a is the linear absorption coefficient of the samfen 1), A Fs 3.25 1.28 95.47
is the laser wavelengttcm), k is the thermal conductivity F, 3.28 1.21 95.51
(calstem K™Y, T is the absolute(detected transmit- Fe 3.27 1.00 95.73
tance,x=12/z,, z, is the confocal parameter, anxt is the Fe 3.11 1.07 95.82
laser pulse width. F, 3.06 1.19 95.75

At a particular positiorg, the time dependence of(z,t)
can be written as

[1) of DeOH (direction A—C), water (direction A—D) or

r (z)=T(20){ 1+ 4 2X KL (directionA—B). The chemical and thermal stability of
parabl ' 1+t/2t | 1+x2 the samples were checked by measuring the optical birefrin-
) 1 gence as a function of temperature on consecutive days after
o 1 the sample’s preparation. After at least ten days of sample
+ 2 ’ (4) . . . L.
1+t/2t] | 1+x preparation, both the birefringence and the transition tem-

5 ) . peratures do not present changes larger than about 0.1% in
where t;=w"pC,/(4k), p and C, being the density their values. A small amount~1.4x 10**grains/ml) of a
(gcm™) and the sample specific heatg "K ™) respec-  syrfacted water-based ferroflufiiom Ferrofluidics Corp.is
tively. _ ) _ added to the mixtures with the double aim to improve the
In a Z-scan experiment, from the normalized transmit-jight absorption and alignment of the nematic sample in a
tance, the time evolution of the detected sigrad] and the magnetic field. The magnetic grains are made afewith
knowledge ofe, it is possible to determine the thermo-optic mean diameter of 154 Astandard deviation of 94)Adouble

coefficient and the thermal conductivity. coated with oleic acid. The liquid crystal is encapsulated in
rectangular glass cells 2Q@m thick. Initially, the sample is
Ill. EXPERIMENT oriented in a static magnetic field in an electromagri¢t (

~10kG). In this configuration, the sample in the nematic
(No) phase orients in a planar geometry, with the director
parallel toH,. After that, the sample is placed inZascan
apparatus where a magnetic figfcom permanent magnets

The lyotropic liquid crystal studied is a mixture of potas-
sium lauratgKL ), 1-decanol(DeOH), and water with differ-
ent relative concentration§able ). Potassium laurate was
synthesized from lauric acidMerck), and recrystallized
three times in absolute ethandllerck). DeOH (from Fluka, 0.95250.0175
purity p.a.>98%) was purified by freezing, and the water
was distilled and deionized. The errors in weighting are 3
evaluated to be less than 0.5%. Samples were prepared ar & 09550 0.0150 A

2,
left at rest for about three days at room temperature ( o %
=23°C), before being used in the experiments. Figure 1 4§° =
shows the region of the phase diagram investigated. This 0.9575 0.0125
mixture presents a calamitic nematic phase dombig) (@t A /\
T=23°C, and all the measurements are performed at this AN /\

0.0100

temperature. The frontiers of this calamitic region are iden- 0.9600 6 =

tified with the labelF in Fig. 1. Different phases are present /\M /\
in the N, frontiers:L,, ISO, BIP, andNy are the lamellar,

isotropic, two-phase-regiofi , and 1ISQ and discotic nem- 0-9625./\ Y - . ¥ ./v\.o-o075
atic phases, respectively. These phases are identified by of %% 0.0825 0.0850 0.0875 0.0400
tical microscopid(texture observations and conoscopic mea- KL {mo%)

surementsand x-ray diffraction techniques. TN, samples FIG. 1. Surface of the phase diagram of the mixture KL/DeOH/

in the phase diagram are chosen in such a way as to kegfater atT=23°C. The symbol®, A, V, O, and( represent the
constant the mass fractidmol %, hereafter represented by N., ISO+L,, ISO,Ny, andL, phases, respectively.
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FIG. 2. Time evolution of the absolute optical transmittance in 1004  © ) ]
three successive positions of the sample alongzthgis. Sample 0.9 ]
AD, T=23°C. |
0.98 e
H,~1 kG is present. This field, which keeps the same direc-Z 0.971 -
tion of the formerH,, will keep the orientation of the 5 0.96 ]
sample during the measurements. The data acquisition i€ .
made with temporal resolution, and the signal's temporaly %% ]
evolution is measured. Details about the experimental setu;  0.94 -
were presented in Reff16]. 095 ]
IV. RESULTS AND DISCUSSION 0921 i
0.91 T T T T
TheN, domain of the phase diagram presented in Fig. 1 is 0.000 0.005 0.010 0015 0.020
surrounded, in the top-left frontier, by a discotic nematic t (ms)

phase(samples=1, F2, andF7) [18]; in the top-right fron- ) _

tier by a two-phase region constituted by the coexistence of FIG- 3. TypicalZ-scan transmittances. Sampi®, T=23°C.
lamellar and isotropic phasésamplesF3 and F4); in the The ne.matlc dlrectpr is parallel to thg |UC|d§nt electrl(; figla).
bottom-right frontier by a lamellar regiofsampleF5): and Normahzz_ed transmlytancS(z). The solid I|_ne is a best fit to Eq.
in the bottom-left frontier by an isotropic regioisamples (2). (b) .T'“?e PTVOM'O” c.’f the detected signdl(z=0.75 mmt).
F6). The solid line is a best fit to Ed4).

In the Z-scan experiment, due to the presence of a mefwith respect to the sample positiomear the focus
chanical chopper in the laser beam trajectory, the incidenf|z|<3.5mm), and with a larger rate in the far field
beam hag(in time) a square-wave-type profile. Depending (|z|=3.5mm), when compared with the fitted curve. This
upon the sample’s position with respect to the focus of thgesult seems to indicate that two thermal behaviors, with dif-
beam, the detected transmittarieéso called the time evolu- ferent thermal response times, should be present in the lyo-
tion of the detected signahas its shape modified by the tropic sample, depending on the sample position with respect
sample with respect to the original square-wave type. Figureo the focus of the Gaussian-shaped beam. The heat conduc-
2 presents three typical profiles of the detected signal as #vities could be temperature dependent, since the micelles
function of time in three positions of the sample with respecichange their shape anisotropy as a function of temperature
to the laser beam focust z=0), along thez axis. With the  [19]. We will return to this point later on. A typical set of
measured functionB(z,t) it is possible to calculate the nor- data ofl'(z=0.75mmt) is presented in Fig.(8). Equation
malized transmittances(z). Figure 3a) shows a typical (4), with the value off previously obtained, is used to fit the
Z-scan curve of the lyotropic mixture in the calamitic nem- experimental data and obtain the parameter The error
atic phase with an incident powBr=119 mW on the sample bars in Fig. 3 also take into account the reproducibility of the
and At=18ms laser pulses. Equati@®) is used to fit the experiments. This procedure enables us to calclaaad
experimental data to obtain the parametésolid line in Fig.  dn/dT for each sample investigated in different experimental
3(a)]. A systematic deviation of the fitted curve from the conditions, with the electric field of the laser beam parallel or
experimental data is observed specially for large valu¢g.of perpendicular to the sample directorThese values are pre-

In the fitting procedure, the parametércontrols first the sented in Table Il. The value of the linear absorption coeffi-
peak-to-valley amplitudd S,,, , and, second, the asymptotic cient, measured independently with a photospectrometer, is
behavior at large values df. Our results show that the «=(4.4+0.1)x10 2cm L. The errors presented in Table Il
experimental values 08(z) decrease with a smaller rate take into account not only the usual propagation and the
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TABLE Il. Values of the thermal conductivities and thermo- T i T i T i T i T
optical coefficients of the nematic samples, in the pardllebnd 0.10 4 (@) i
perpendiculakl) orientations ofn with respect to the electric field
of the laser beam.
0.05 .
—dn/dT  —dn /dT e =
Sample| k; (W/m°C) k, (W/m©°C) (1075°C™1) (107°5°C™}) 2
3 004 -
A 0.16-0.04 0.16-0.03 8.2r2.1 10.6:2.7 g oo
B 0.14+-0.04 0.1G6-0.03 13.5-3.4 4.7+1.2 A o
C 0.10-0.03 0.13-0.03 3.6:0.9 4.2+1.1 D o051 .
D 0.23+0.06 0.23-0.06 13.2:3.3 8.7+2.2
AB 0.08+0.02 0.13-0.03 3.9-1.0 4.6-1.2
AC 0.39+0.10 0.63-0.16 30.0:7.5  3.4-0.9 0199 i
AD 0.12+0.03 0.12-0.03 7.8:2.0 5.0-1.3 T T T T T T T T T
-4 -2 0 2 4 8

reproducibility of the experiments, but also the quality of the
fitting. The thermal lens model predidi8] that 6« P. Figure

4 shows the linear dependenceWith P, with sampleF7
(isotropic phasg in good agreement with the TLM. The
same behavior is observed with the nematic samples in botl 5 |
orientational conditions. Let us return to the point of the two
possible thermal behaviors pointed out above. It is expecte@

that the sample temperature var[@9] as a function of its 5 0.00 -
position with respect to the focus beam: the closer to the2
focus, the higher the temperature. Figure 5 shows the data ¢;

Fig. 3 with two different fit procedures with EqR). In the 0.054
first one[Fig. 5@)], only experimental points near the focus
(J]z|=3.5mm) are used; and in the second ¢Ray. 5b)],
data with|z|=3.5 mm andz|=1 mm, namely, the far field
limit, are used. Table Ill shows the thermal parameters ob- — T T T T T 1
tained with these two fit procedures. Our results indicate thal ’
the thermal parameters obtained in the far field limit are
smaller (about 1/2 in the case of the parallel configuration  FG. 5. Data of Fig. 3 with two different fit procedures to Eq.

and 1/3.4 in the case of the perpendicular configuration(): (a) Experimental data withz| < 3.5 mm. (b) Experimental data
when compared to those obtained in the position closest t@ith |z/=3.5 mm andz|<1 mm.

the focus. This result can be due to different aspects of the
physics of lyotropics. One of them is the large amount of
water present in these systelisge Table)l As the thermal
conductivity of water increases with temperatigd], this
could be one of the sources responsible for the higher valu

0.10 4

-0.10 1

z (mm)

of k obtained with the sample near the beam focus. However,
other aspects of the lyotropic system must also be taken into
eaccount. It is known that the shape anisotropy of the micelles
decreases in the nematic domain as the temperature increases
toward the isotropic phagéd9]. These changes in the micro-
scopic structure of the micelles as a function of temperature

0.14 -1 . . .
could also modify the thermal properties of the medium. In
E this framework, the values of the thermal parameters pre-
0.12 -
E ] TABLE lll. Values of the thermal conductivities and thermo-
. 0.10 E ] optical coefficients of the nematic sam@®, in the parallelll) and
g 1 E 1 perpendiculafL) orientations ofh with respect to the electric field

- 0.08 of the laser beam. Values obtained from the fit of E?).to the
E | Z-scan experimental data, with emphasis on the points near the

0.06 i focus (first row) and in the far fieldsecond row.

E 1 k” kJ_ _dn”/dT _dnl/dT

0.04 1 . (W/m°C) (W/m°C) (10°°°C™Y) (1075°C™}

80 100 120 {40 160 180 200 200 240  |Z/=3.5mm 0.12-0.02 0.12-0.02 7.9-1.0 5.1+0.9

P (mW) |z/=3.5mm 0.07+0.02 0.04-0.02 4.10.7 1.5-0.2
and
FIG. 4. Dependence dof on the incident poweP. SampleF6, |z]=1mm

T=23°C.
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28 T ACI LE—— A. Direction A—C

] @ ] Along this direction, [ DeOH]~1.20 mol %, [KL] and
T [waten increase, both anisotropies incre@asampleAC) and
© 7 1 then decreasésampleC). These results are consistent with
o 16 ] the picture in which the micelles increase their shape anisot-
= ropy, increasing their dimensions in the plane perpendicular
5 127 B ] to the amphiphilic bilaye(since the bilayer is almost inde-
_g* o] ] pendent of t_he concentration of the compounds, being de-
- fined essentially by twice the length of the KL molegule
'z:: 44 AD AD The decrease of the anisotropies observed in Fig. 6 is due to
£ ol / T the proximity of the two-phases frontier (IS ), with the
- A/ Eé $. ] increase of the water concentration in the mixture. The two-

44 4 phase region is characterized by the coexistence of the iso-

] . tropic phase and dropletsvith typical sizes of someum)

direction in the phase diagram with a lamellar structure, randomly oriented. The values of
the thermal conductivity anisotropies obtained are of the
same order of magnitude of those measured by Benhti.
[24].

1
/DB -
00 D B. Direction A—B
[ )

AD
] \D/ c | Along this direction, [KL]~3.13 mol %, [DeOH] de-
AB creases anflwater increases, the thermal conductivity an-
014 4 isotropy decreases, and the thermo-optic anisotropy de-
creasegsampleAB) and after changes its sign and increases
] ; (sampleB). It is known that the DeOH molecules are located
[25] mostly in the flat part of the micelles. Decreasing the
021 ) 8 concentration of DeOH leads to a decrease of the shape an-
isotropy of the micellegthe bilayer remains almost constant
4 AC 4

during this procegsmoreover, the increase of the water con-

1 s centration increases the intermicellar separation, favoring the

direction in the phase diagram isotropic phase. These facts should explain the reduction of
the thermal conductivity anisotropy from sampléo sample
FIG. 6. Anisotropies of the measured parameters of Kge B, and the thermo-optical anisotropy from sampleto

phase along the three different directions in the phase diagram. DagampleAB. There is, however, an unexpected behavior of the
are extracted from Table I(a) Thermo-optic coefficientgb) Ther-  thermo-optic anisotropy from samplsB to sampleB. This
mal conductivities. result could be related to the proximity of the birefringiyt

sented in Table Il must be considered as effective values?hase domain.
closer to those obtained with the sample near the beam focus.

An interesting result of our measurements is the negative C. Direction A—D
sign of both parallel and perpendicular thermo-optic coeffi-  Ajong this direction[watef]~95.68 mol %,[DeOH] de-
cients. It is well known{3,22] that in thermotropic nematic ¢reases anfKL ] increases, the thermal conductivity anisot-
liquid crystalsdn,/dT>0 anddn,/dT<0. In the case of opy decreases, and the thermo-optic anisotropy changes its
lyotropics, however, a different behavior was observed in thejgn (sample AD) and afterward remains almost constant
mixture - decylammoniumchloride-ammoniumchloride-water(sampleD). Along this direction in the phase diagram an
[23], where the ordinary and extraordinary refractive indicesncrease of the micellar shape anisotropy is expected, until
decrease asl increases toward the nematic-to-isotropic the first-order phase transitidd,—L,. In principle an in-
phase transition. Our results indicate that the thermo-optigrease of the anisotropies is expected, and the micelles tend
coefficients of the potassium laurate mixture present thgg collapse in large structures, for which it is more difficult to
same behavior of the decylammoniumchloride mixture. Thenaintain the original planar orientational geometry with
modification of the shape anisotropy of the micelles as &mall magnetic fieldgas can be used in our experimental

function of temperature should be responsible for this differ-setyp. This effect seems to be the responsible for the results
ence between lyotropics and thermotropics. observed.

Let us now discuss the evolution of the different param-
eters presented in Table Il as we move in the three directions
(A—B, A—C, andA—D) in the phase diagram. Figures
6(a) and Gb) show the evolution of the thermo-optical coef-  Z-scan measurements are performed in ferrolyotropic
ficient and thermal conductivity anisotropies, respectively.nematic mesophases at a fixed temperatir¢he calamitic
The solid and dashed lines in the figures are only guides fonematic phase but with different relative concentrations.
the eyes. All the paths start in sampie near the top-left The thermal lens mod€lTLM) is used to obtain the nonlin-
frontier, in theN, domain. ear parametergthe thermo-optic coefficients and thermal

w -

T
A

k,-k (W/m °C)

w -

V. CONCLUSIONS
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conductivitie$ of the liquid crystals. The fit of the theoretical order and microscopic structure of the nematic phase in dif-
expressions of the TLM to the experimental data indicateserent positions of thé, domain.

that two thermal behaviors with different nonlinear param-

eters are present, depending on the heating of the sample.

This behavior should be related to the modifications of the ACKNOWLEDGMENTS

micellar shape anisotropy as a function of the sample tem-
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