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Temperature dependence of the refractive index near
the reentrant-isotropic—calamitic-nematic phase transition
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The laser-induced nonlinear optical response of a lyotropic liquid crystal system in the reentrant-isotropic
and calamitic-nematic phases is investigated by the use of the thermal lens technique. The occurrence of an
inversion in the temperature coefficient of the ordinary refractive indax/d T, near the reentrant-isotropic—
calamitic-nematic phase transition, is discussed. This effect is attributed to the behavior of the electronic
polarizability due to the change in micelle shape near the isotropic-nematic transition, and correlated with the
results obtained near the nematic-isotropic transition, previously reported.
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[. INTRODUCTION tained near th&lc— | transition, as previously reportéti2].
One of the most fundamental aspects of research on liquid Il. EXPERIMENT

crystal systems is the determination of the macroscopic order o .
parameter§l]. From the Landau—de Gennes theory it is pos- Th? lyotropic I'ql.“d .crystal s_ample was prepar(oad with the
sible to show that for lyotropic liquid crystal systems thefouo";"%g 4C°m0905't'0§' potasgzjm Ialgra(e;%l _m A, hde-
order paramete®,; is directly related to the optical suscep- canol (6.4 wt%), darj[ W.ateé(b S ‘:’t? [. . ep %Se
tibility [2]. In this sense, the optical birefringendan=n, sequences were determined Ly optical microscopy and cono-

. . . .scopic observations, which showed that it was isotropic up to
~No IS an important parameter for analyzing phase transiy g oc  cajamitic nematic from 15.0 to 47.2 °C, and isotropic
tions in lyotropic liquid crystals, wherg, is the extraordi- again above 47.2°C. The width of the nematic-isotropic
nary andn, is the ordinary refractive index. These s;ystemsphase transition of this sample is approximately 1°C. The
are formed by mixtures of amphiphilic molecules and a SO"sampIe was placed in a quartz cuvette with thicknkss
vent (usually wate}, under convenient temperature and con-=0.5 mm. The uniform alignment of the director is produced
centration conditions. The basic units are anisotropic mihy a 0.8 T magnetic field parall¢planay or perpendicular
celles[3,4]. Several methods of measurilgn have been  (homeotropig to the sidewalls. To ensure the good quality of
employed, particularly in thermotropic systeffg6]. How-  the alignment of the director, the magnetic field action was
ever, very few investigations have been reported on refraceinforced by adding a small quantity of ferrofluiec0.05
tive indices or optical birefringendé,8] associated with the wt%) to the nematic mixture. The sample temperature was
nematic-isotropic phase transition in lyotropic liquid crystals.controlled by a circulating temperature batdaake K-20/
Another experimental method, thé-scan technique, was DC-5). The resolution of this temperature controller is
used to measure the amplitude and sign of the nonlined®.01°C. For each orientation of the director, the measure-
refractive index of a lyotropic mixture at room temperaturements were performed as a function of the temperature in the
[9]. In recent years, the thermal le(&L) technique has been range from 12 up to 52°C, so than,/dT and dn, /dT
employed in the determination of both optical and thermalcould be determined. The measurements were performed
parameters of lyotropic liquid crystaJd0—-12, and recently only when the temperature of the sample was stabilized to
it was used in the evaluation of the change of the refractivéoetter than 0.1 °C. The thermal lens experiments were per-
index near the calamitic-nematic—isotropisl{—1) phase formed using the mode-mismatched configuratidd,15.
transition[12]. The details of the experimental setup are given in Réf8}

In this paper, we report the temperature dependence of thend[12].

rate of change of the nonlinear ordinary and extraordinary

refractive indices near the reentrant-isotropic—calamitic- IIl. THEORY
nematic phase transitior (— N¢), obtained through ther-
mal lens measurements. The occurrencelof /dT inver- A. Thermal lens

sion near the reentrant-isotropic—nematic phase transition is The thermal lens effect is created when an excitation laser
discussed. This effect is attributed to the behavior of thebeam passes through the sample and the absorbed energy is
electronic polarizability due to the change in micelle shapeconverted into heat, changing the refractive index and pro-
near thel «— N¢ transition, and correlated with results ob- ducing therefore a lenslike optical element within the
sample. The propagation of the probe beam laser through the
TL results in either a defocusingl(/dT<0) or a focusing
*Electronic address: manoel@ifi.unicamp.br (dn/dT>0) of the beam center. The theoretical treatment of
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the TL effect takes into account the aberration of the thermapolarization(parallel or perpendicular The molar refractiv-
lens and considers it as an optical path length change to thty R; is related to the electronic polarizability, through
probe laser beam, which can be expressed as an additional

phase shift on the probe beam wave front after its passing R-:&
through the sample. The analytical expression for absolute ' 3eg
determination of the thermo-optical properties of the sampl
is given by[14-16

aj . (4)

(?-|ere,NA is Avogadro’s number anéd is the permittivity of
free space. By differentiating E¢B3) with respect to the tem-

; perature, we find
|(t)=|(0)[1—§ dn, d(n?)
2mv 2 a1 AT BB (=8
X tan [(1+2m)2+V?](t/2t)+ 1+ 2m+V? } ' where
(1) (nf-1) |
In Eq. (1), I(t) is the temporal dependence of the probe Ai:z—ni " Bi:m. -

laser beam at the detectd(0) is the initial value ofl (1) the guantitiess; and 8 are the temperature derivatives of

(when the excitation beam is swi_tched)panda is thg dif- the electronic polarizability and molar volume, the so called
ference between the thermally induced phase shift of th?nermal expansion coefficient, respectively

probe beam after its passing through the sample. The param-

etersm andV depend on the experimental arrangement, and 10R 1 9¢;
tc is the characteristic thermal lens time constant. The quan- i R T @ T (6a)
tities m, V, 6, andt. are related to the experimental and
sample parameters through 1(dv
=—|=] . (6b)
v\dT
APl dn P
B Aok daT’ (2a) Resolving Eq.(5a) for the temperature coefficients of
both the ordinary and extraordinary refractive indices, after a
[ op 2 v Z, . > o straightforward calculation we get
m= we ’ - ZCI C_4a ( )

dn

7 =Pildi—B) 2014~ 61, (72
we and w, are the excitation and probe beam radii at the

sample, andL is the sample thickness, as defined above. n

FurthermoreZ; is the position of the sample far from the a1 ~Pu(or=B)+au(d— L), (7b)
probe beam waist andZ. its confocal distance 4.

= Trwf,/)\p), anddn/dT is the temperature coefficient of the and

sample refractive index at the probe beam wavelength (N2—1)((n%)+2)
The other quantities in the equations above are the excitation = >0, (8a)
beam power P.), absorption coefficientA.), sample ther- 6n,;
mal conductivity(k), and diffusivity (). (NP—1)(n?—1)

In time resolved TL measuremenandt, are straight- qi:”—i>0_ (8b)
forwardly obtained from the fitting of the experimentally ob- 18n;

served time profile of the developing thermal lens to E&g;.

In this procedurel(0), 6, andt, are left as free parameters. Equations(7a) and(7b) will be used in interpretation of the

TL results near thé,.— Nc andNc—1 phase transitions.

B. Refractive index IV. RESULTS AND DISCUSSION

It is known from the literature that Vuks's equation  fgigyre 1 shows the typical time resolved thermal lens sig-
[17,18 relates the microscopic structures of anisotropic liq-ng| in 3 homeotropic configuratiofirector aligned perpen-
uid crystals to the indices of refraction as follows: dicular to the sidewallsfor three different temperatures near

n2-1 R the reentrant-isotropic—calamitic-nematic phase transition.
('2_ = (3)  Aninversion can be observed in the build up of the thermal
(n%)+2 v lens at 15.0°C[Fig. 1(b)]: the self-defocusing behavior
[Figs. Xa) and Xc)] observed for the entire range of tem-
wheren; stands fom; andn, , the extraordinary and ordi- perature changed to a self-focusing one near Itge:N¢
nary refractive indexes;n?)=(n?+2n?)/3 is the average transition. The corresponding values 6f (normalized to
value of the refractive index in the nematic phases the the laser powerobtained from the phase-shift signal data
molar volume, andR; is the molar refractivity for a given fitting to Eq. (1) are plotted in Fig. 2, as a function of tem-
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On the other hand, for the planar geometry, the sigh, of
does not change in thg.— N transition, as one can see in
Fig. 3. For this geometryg, presents a peak at 15.2°C,
perature. Crosses in this figure represent the data points figturning to an almost constant value in the range ofNge
the isotropic phase. They were obtained through an averagthase. However, near thidc—1 phase transition, it de-
ing of the data from all measurements performed in this recreases and becomes negative between 46.0 and 47.1°C,
gion and showed to be reproducible. From E2p) one can  reaching a minimum at 46.7 °Gee Fig. 3. This inversion of
see that all the parameters are positive, namely, the optic#te 6, sign is a consequence of a changedin /dT from
absorption coefficient and thermal conductivity etc., excepfiegative to positive and was recently reporfed]. To our
dn/d T, which can be either positive or negative. Therefore knowledge, except for our results reported in R&2], there
the occurrence of the Sign Change Qn(from positive to are no direct measurements of the behaviodofdT for
negative and vice versés related todn/d T. As one can see lyotropic mixtures in the literature. A final remark on the
from Fig. 2, 6, is positive in the reentrant isotropic phase. €xperimental results is that the absolute valuesdpfare
As the temperature increase8, decreases and becomes Mmuch higher than those fof, near the phase transitions
negative at 15.0°C, returning to a positive value above|6|>[6.]). According to Eq.(2a this result leads to a
15.2 °C. It follows from Eq(2a) that this inversion of thg, ~ variation ofn; much higher than the variation of, in the
sign from positive to negative is a consequence of a changehase transitions, since the anisotropy in the thermal param-
in dr‘iL /dT from negative to positive_ We note that this eters, SpeCifica"y the thermal CondUCtiVity, is small for this
defocusing—self-focusing inversion was observed only neagystem(see Ref[10]). This variation ofn is in accordance
thel,.— N¢ phase transition, for the homeotropic geometry.With refractive index measurements for a similar lyotropic
Indeed, near the nematic-isotropic phase transitihnjn-  System near thélc—| phase transitiofi7].
creases with temperature, presenting a peak at 47(36€ Let us now consider Eq$7d) and(7b) in the analysis of
Fig. 2. thedn, /dT sign inversion in the .— N¢ transition. Taking
the values ofn, andn, from Ref.[7] one can considep,

FIG. 1. TL experimental data and their best-fit curi@: reen-
trant isotropic phaseg}p) nearT,_Nc; (c) nematic phase.

50 ~p,=p andq,~q, =q [see Eqs(8a) and (8b)]. Further-
40 | more, g~ (p/13)<p. Let us use these approximations and
first discuss the birefringence in the nematic phase. Equation
30 . (7@ minus Eq.(7b) gives
S 20} d(n,—n
3 ) (o391 - o). €]
2’ 10 4 dT
< ot | From Figs. 2 and 3, one deduces théh,—n,)/dT<0
around thd ,.— N¢ phase transition. This result is also con-
-10 ¢ sistent with optical birefringence measurements performed
20 L on the same lyotropic mixture near these phase transitions

[19]. Since p—3qg)>0, one concludes that
(¢y—#.)<0
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FIG. 2. Normalized probe beam phase slHtft/P.. Crosses

representd/ P in the isotropic phase. Conversely, the same analysis gives
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(¢y—#,)>0 in the Nc—| phase transition. lated with those previously reported for tNe— | transition.
(10  The temperature coefficient of the electronic polarizability in
) the vicinity of the reentrant-isotropic—calamitic-nematic
Therefore, going back to Eq¢7a) and (7b), one con-  phase transition plays a relevant role in producing the sign
cludes that the sign changesdif; /dT in thel .—Nc and of  change ofdn, /dT. The same occurs near thi— 1 transi-
dn, /dT in the Nc—1 transitions are associated with the tjon for dn,/dT. A possible explanation of the observed be-
variation of ¢ and ¢, . Our experimental resultéFigs. 2 nhayvior of dn/dT is a change in the shape of the micelles in
and 3 show that¢, values dominate the inversion in the the phase transitions. Furthermore, the observed inversion in
sign of dn, /dT occurring in thel .—Nc phase transition  qn/qT for both phase transitions,;—Ne— |) shown in this
sincedn, /dT becomes positive, indicating that, prevails  \york may be helpful for investigating, from a microscopic
over 3. In the same way, in thelc—1 transition ¢ drives  point of view, the influence of the temperature coefficient of
the inversion in the sign of theén, /dT values. These varia- the electronic polarizability of these materials over their non-
tions can be connected to some type of change in the micefmear optical phenomena.
lar structure, such as those observed by x-ray diffraction
measurements in a similar lyotropic system presenting a
reentrant-isotropic—diskotic-nematic phase transif20i. ACKNOWLEDGMENTS
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