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Behavior of the nonlinear refractive indices and birefringence in the neighborhood
of first- and second-order phase transitions in lyotropic liquid crystals
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We investigated the behavior of the nonlinear refractive indiogy &nd birefringence4n,) in the vicinity
of the nematic-to-isotropicN-1) and nematic uniaxial-to-nematic biaxidll{N) phase transitions in a lyotro-
pic liquid crystal. The single-bea@rscan technique is used to measogen different relative configurations
of the electric field of the laser beam and the symmetry axes of the phases.NH tlransition, the nonlinear
optical birefringence shows a discontinuity at the transition temperaiue s observed in the linear bire-
fringence. On the other hand, in theN transition,An, was shown to be proportional 1@ — T, ~#, with
B~0.5, in both uniaxial and biaxial nematic domains. No discontinuity was observekingrin the N-N
transition. The symmetric invariants of the order parameter were shown to be linear functions of the tempera-
ture in the uniaxial nematic domain, in good agreement with the mean-field prediction.
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[. INTRODUCTION =1.29(6) (the theoretical predictions of th&Y model are
[8] B=0.38 and y=1.35). The uniaxial-to-biaxial phase
In a seminal work, Yu and Saup#] have put in evidence transition in lyotropics was also investigated by Lacerda
the existence of a biaxial nematic phadg) in betweentwo Santos and co-workerf9] using the Rayleigh scattering
uniaxial nematic phasgdNy (discotio and N (calamitig]  technique, observing thermally excited biaxiality fluctuations
in a lyotropic liquid crystalline system composed of two appearing in the uniaxidll, phase. A critical slowing down
types of amphiphilic molecules and water. In the neighbor-of these biaxiality fluctuations was evidenced.
hood of these nematic phases, isotropic phébeare often Contrarily to the linear optical properties of lyotropics
present. This topology of phase diagram was found in othethat have been extensively investigated, the nonlinear optical
ternary lyotropic mixtureg2,3], being a characteristics of behavior of these systems is not completely understood. An
lyotropics and never encountered in thermotropic liquid crys-elegant method to measure the nonlinear response of a me-
tals. An interesting subject of research in the field of phaselium is the Z-scan technique[10], where the sample is
transitions and statistical mechanics is the nature of thenoved through the focal region of a single focused Gaussian
nematic-to-nematic and nematicdtotransitions. Usually, laser beam, along the direction of the beam propagation (
these transitions are studied measuring the invariamtsi (  axis). The transmitted light intensity in the far field is mea-
=1,2,3) of the anisotropic part of the optical dielectric ten-sured as a function of sample position. It is used to measure
sor €,, chosen as the symmetry-breaking order parametethe nonlinear refractive indexg) of a sample assuming that
[4], commonly written in terms of the linear optical birefrin- the refractive index can be written as=n, +n,l , wheren,
gencesAn, and én_ . Galerne and Marcerolb] measured is the linear index of refraction andis the incident light
both An_ and én_ in the KL-DeOH-W (KL is potassium intensity on the sample. Depending on the time scale of the
laurate, DeOH is decanol, and W stands for watgotropic  experiment, different mechanisms can be studied: the optical
mixture, in the temperature rangel/T.~3x 10 3 fromthe  Kerr effect, the third-orderand higher-ordejs nonlinear
temperature transition$.] and calculated the invariants of electronic polarization, thermal effects, etc. In a previous
€. One of these invariantso() is trivially zero since, in  work [11] we studied the nonlinear response, in time scales
this framework, the anisotropic part of the dielectric tensor isof milliseconds, of a sample of the KL-DeOH-W mixture in
traceless. The two other invariants are functions of the temthe N phase (fixed temperature and measuredn,~
perature and presented a linear behavior in the uniaxial ang 10" ® esu, which is 1®smaller than that measured in ther-
biaxial nematic phase domains, in the vicinity of the phasemotropics[12]. In both conditions of the laser electric field,
transitions. Their results show that the uniaxial-to-biaxialparallel and perpendicular to the nematic directoy<0,
transition is second order and mean-field and the nematic-tandicating the defocusing behavior of the sample. Consider-
| transitions are weakly first order, with the linear optical ing the particularities of the lyotropic system and the time
birefringence presenting a discontinuity .. Saupe and scale used, we suggested that the nonlinear response ob-
co-workers[6,7] measured, in the same lyotropic mixture, served is mainly from thermal origin. To the best of our
one of the birefringences at thiés and N phases and ob- knowledge, however, no investigations of these properties
served small deviations from the mean-field behavior at thevere reported in the vicinity of the nematic-to-nematic
uniaxial-to-biaxial phase transition, in a temperature range ofN-N) lyotropic phase transitions. In this work we study the
AT/T,~10"* from T,. The critical exponents of the order behavior of the nonlinear refractive indices and birefringence
parameter @) and of the susceptibility ) of the KL-  of the KL-DeOH-W lyotropic mixture in the neighborhood
DeOh-W mixture were found to bg=0.38(3) andy  of first- (nematic-tot) and second-N-N) order phase tran-
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B. The samples
LASER | K 5 %H i ) The samples investigated are from the mixture of KL-
J:_L i, ED DeOHW, at the corresponding concentrations in weight per-
C 1) centage: a sample named[S0.85/6.88/62.2fand a sample
o +— named SN'30.77/6.55/62.6B The phase sequences of both
samples Sl and SN ares(15°C)Ng(T,=42.6°C) and
(=17°C) Ne(Te1=25.02°CNg(T.,=46.31°CNp

FIG. 1. Sketch of th&Z-scan apparatu<, chopper; BS, beam (=52 °C), respectively. The width of thé-to-l transition
splitter; L, lens; PD, photo detector; TS, translation stag®; jn sample Sl is~1 °C. Samples are encapsulated in rectan-
sample;H, temperature controlled devick;iris. gular glass cells of sample thicknebs 200 xm, placed in a
i by using the techni Th . tal dat temperature controlled devidaccuracy of+0.1°C). The
sitions, by using the-scan techniqué. The experimental data, ., heating of the sample due to the laser beam at the focus
are discussed in the framework of the Landau—de Gennes_ .. . R .

. position is evaluated to be 0.2 °C. In these conditions, we
mean-field theory. . . . .
fixed the step between successive temperatures in our experi-

ment iNnAT=0.2°C. Samples at the- phase are oriented

IIl. EXPERIMENTAL SECTION initially in an electromagnetstatic field of 10 kG for some

A. The Z-scan technique hourg at T~20°C, outside th&-scan setup, taking advan-

. . tage also of the surface orienting effect. This sample orients
The Z-scan apparatus is the usual one described elsewhere

[10-12. Although many techniques have been developed t ith the nematic director parallel to thg magnetic pr])( .
study nonlinear optical effects, the single-be#racan tech- ef;.the case 9f th&\g phase, the long axis .Of the an|sqtrop|c
nique stands up because of its simplicity and sensitivity inrmcelles(whlch cqrresponds to the direction .Of _the director
measuring both the sign and the magnitude of the nonlinedf’ theN? phas¢ orients parallel to the magnetic field and .the
refraction index. In this technique a polarized Gaussian laset'© optical axes of the phase are in the plane perpenglcular
beam, propagating in thedirection, is focused to a narrow to the biggest surface of the Sample holder, which contains
waist by using a lens. The sampled is moved alongzhe [14]. The orientation of theNg phase is achieved by the
direction through the focal point and the transmitted intensitycombination of the static magnetic field and the surface ori-
is measured in the far field on the axis of the propagatingnting effect of the sample-holder walls. After that, it is
direction, as function of the position. As the sample moves Mmoved to theZ-scan setup where a magnetic field-ef kG
along the beam focus, self-focusing or defocusing modifieswhich defines the axis of the laboratory frame axelseeps
the wave front phase, thereby modifying the detected intenthe sample alignment during the experiment. Two different
sity. The great advantage of tfiescan technique is that it geometries of the laser electric fiedwith respect toB are
allows a straightforward determination of the magnitude anchvailable: parallel|[) and perpendicularl().

sign of the nonlinear phase shit®, introduced by the

sample from the peak-to-valley differencaT,,) in the IIl. RESULTS AND DISCUSSION
Z-scan curve. For a sample where nonlinear absorption is
negligible, the on-axis normalized transmittaritg, as a Figures 2 and 3 present the measurements,cind the
function of the sample positiom=z/z, (where z, is the corEe)spoz(c)ilng nonlinear birefringencesAr=nz —ny,
Rayleigh range of the Gaussian bearis given approxi- =Nz’ —nz’), as a function of the temperature, in both con-
mately by[10] figurations ofE with respect td (|| andL) of sample Sl and
SN, in the vicinity of the phase transitions. These values are
4x obtained by fitting Eq(1) to the experimentat-scan curves.
TN2)=1+AD,————, 1) i ing lin-
(1+x2)(9+x2) Figure 4 presents the measurements of the corresponding lin

ear birefringence An . =n —n.,), as a function of the
with AD = (2md/N) (Ny/sscn)l and AT,, temperature, of both SI and SN phases.

=0.406Ad,|, wheree, andc are the permittivity of free
space and the speed of light, respectivelys the sample
thickness, and, is the light intensity at the focus.

In our Z-scan setupll], sketched in Fig. 1, a solid state  Let us analyze firstly théNq-to-1 phase transition. The
cw Millennia laser §=532 nm) is used. A mechanical values ofn, in both configurations areegative[Fig. 2@)].
chopper is placed in the beam path, before the sample, t8s previously discussed15], n,«dn/dT, which is the
modulate its intensity, providing nearly square pulses with ghermo-optic coefficient. Our results indicate that the sign of
pulse width of 25 mdi.e., 25 ms in the “on” state, with the the thermo-optic coefficieniemains the same up 1©.1°C
laser shining the sample, and 25 ms in the “off” statéhe ~ from T, . In theN¢ phasen,; shows a stronger dependence
power of the beam ranges from 100 to 250 mW; typicalon T thann,, , whose values present a spread of about 0.1
beam waist at the sample is 28n. A signal acquisition, x10 ® esu around—2.6x 10 © esu. The origin of this ef-
with temporal resolution, is made to discard the linear effectdect could be the modification of the shape anisotropy of the
[13]. micelles, principally in the direction of their long axisr,

A. The N¢-to-I phase transition
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FIG. 2. (a) Nonlinear refractive index, as a function of the
temperature in both configurations Bfwith respect toB, sample FIG. 4. () Linear birefringence&n, =n —n_,) as a function
SI: (@) E|B; (O)ELB. Dashed line corresponds td., of the tempergture of sample Sl. Solid line corresponds‘l’lctp
=42.6°C. (b) Nonlinear birefringence An,=n,—n,,) corre- ~ =42.6°C.(b) Linear birefringence4n =n,—n,,) as a function
sponding to the data of Fig.(@. Dashed line corresponds T,  ©Of the temperature of sample SN. Solid lines correspond fo
—=42.6°C. =25.02°C andl;,=46.31°C.

the directoy, as a function of the temperature. In the direc-t0 stress that during our experiment a magnetic field is
tion perpendicular to the director, the amphiphilic doublePresent to maintain the good orientation of tde sample.
layer is not expected to considerably change its dimension ifhis is a key point since the sample may disorient during the
this temperature range, what reflects a weak temperature déxposure to the beam. In thé: phase domain near the tran-
pendence of,, . Our results, however, differ from those sition to the isotropic phaséyn, presents a minimurfnega-
reported by Pereira and co-workers using the thermal lentive) value atT~41°C and then increases ds-Tg,. It
technique in a similar lyotropic samplthicker than oursof ~ becomes positive, reachési,~0.2x 106 esu at T¢;—T)
the same mixtur¢l16], where ¢n/dT); changes its signina ~0.1°C and vanishes &t>Tg,. This discontinuity inAn;
range of about 2 °C from the nematicitatransition tem- atT=T, is compatible with the first-order characteristics of
perature anddn/dT), keeps the same sign. It is important the nematic-to-isotropic phase transition, being also observed
in the measurements of the linear birefringence shown in

'0‘15_""I""I""I-""I""I‘"'I""I""I""_ Flg 4(a)
0304 (a) .!- w ]
: - s @ 2 N he N-to-Ng phase transiti
g 0457 g g 5 o, : 53 . J B. The N.-to-Ng phase transition
o ] B ] . . . .
S 907 P * =] Let us face now the nematic-to-nematic transition. Figure
i N, §§ Ny E 3(a) shows the nonlinear refractive indicas as a function
0% ‘s E of the temperature, in both configurationsl:zoﬁ/vith respect

-1.05
038

to B of sample SN in the vicinity ofr;;. Measurements are
made in the temperature domaing/T,,~7x10"2 and 2
X 1072, corresponding to thé&c and Ng phases, respec-
tively. Sample at théN. phase is oriented with the director
parallel to they axis and at théNg phase with both optical
axes in theyz plane, symmetrically oriented with respect to
thez axis. In the studied configurations,<0 and present a
“singular-type” behavior asT—T,; from both sides of the
transition temperature: the sign éh,/JT changes af;.
Let us consider that, is mainly influenced by the variation
FIG. 3. (@ Nonlinear refractive index, as a function of the of the local density ) and the order paramet¢f) as a
temperature in both configurations Bfwith respect toB, sample ~ function of the temperature. The singular-type behaviar.of
SN: (@) E|B; (O) ELB. Dashed line corresponds ta,, N both configurations, a§—T.,, seems to indicate that
=25.02°C. (b) Nonlinear birefringence Xn,=nz—n,,) corre- fluctuations ofp gndS due to t_he njod|f|(;at|ons of the_ mi-
sponding to the data of Fig.(®. Dashed line corresponds ., cellar shape anisotropgnd their orientational fluctuations
=25.02°C. The solid and dotted lines correspond to the fitting(which account for the different nematic phasdéecame
function Anye|T—Tg,| ~#, with 8c=0.55(3) andBg=0.50(1) in  more important when the system approacfigs The con-
the Nc andNg phases, respectively. tinuous variation oh, in both configurations across the tran-
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FIG. 5. Z-scan normalized transmittance curves of sample SN2,

geometryE|B. (O)T=31°C, N¢ phase; ®)T=T,=32°C.

sition is compatible with the continuous modification of the
micellar shape anisotropy previously propogddl]. This
general behavior o, as a function oflT was also observed
by us at theN-to-Ng transition in other lyotropic samples of

the same mixture, with different relative concentrations of

the compounds. However, concerning the sigmgfan in-
teresting result is observed in a sample with the concentr
tions in weight percenfKL (29.42-DeOH6.47)-W(64.11)],
named SN2n, continuously decreases ifsegative value,
becomes positivand then increases its value up 1@,
(=32°C in this case Figure 5 shows typicaf-scan curves
obtained afT=31°C (at the N phase¢ and atT.q, in the

configuration ofE||B. The inversion of the peak and valley
relative positions is a signature of the inversion of the

sign. The origin of this inversiofreported previously in the
N-I transition [16]) is not completely understood. Figure

3(b) presents the nonlinear birefringence as a function of th(?n
temperature in the vicinity of the uniaxial-to-biaxial phase
transition of sample SN. In the framework of the mean-field
theory, the free energy of the system can be written in terms

of oy as[5] F=ao,+bos+ tdos+eo 05+ 3fo3, both in-
variants being<|T—T,|. In the N phase,

2

6

2
(Anz)z_EzAnLAnz i

oz=2—7ﬁ2 G(AnL)2+(

2 2

3 E ° 3 3E 2
——n > (Any)) +T(AnL) An,

9

3E? )
+ TAnL(Anz)

(AnL)3—(

0O3=

where n is the mean index of refractionAn=An_
+(E?/2)An, and sn=én_+ (E?/2)én,. In our experimen-
tal conditions we measure the birefringencgéimear as

FIG. 6. Symmetric invariants, (a) ando; (b) as a function of
the temperature. Sample SN¢ phase domain. The solid lines are
linear fits.

An x|T—T*# with 8=0.5, one expects thatn,=|T
—T|*#A. The fitting functions An,=|T—T.| #) in Fig.
3(b) have Bg=0.50(1) andBc=0.55(3) in theNg and N
phase domains, respectively. This behawoboth uniaxial

£nd biaxial phases is remarkable. From both sides, tends

to ~0.9x10 © esu, which is compatible with the character-
istics of a second-order phase transition where no disconti-
nuities are expected in the order parametef at On the
other hand, this behavior in thd: domain is completely
different from that of the linear birefringence, which was
shown to be almost constafdepending on the particular
sample’s compositionin the vicinity of the uniaxial-to-
biaxial transition[5]. The invariantso, and o3 in the N¢
domain as a function of the temperature are presented in
Figs. 6a) and Gb), respectively, in good agreement with the
ean-field prediction.

IV. CONCLUSIONS

In summary, we investigated the behavior of the nonlinear
refractive indices and birefringence in the vicinity of the
nematic-to-isotropic and nematic uniaxial-to-biaxial phase
transitions in a lyotropic liquid crystal. In the-Il transition,
the nonlinear optical birefringence shows a discontinuity in
T., as observed in the linear birefringence. On the other
hand, in theN¢-to-Ng transition,An, was shown to be pro-
portional to| T—T,| ~#, with 8~0.5. No discontinuity was
observed om\n, in the N¢-to-Ng transition. The symmetric
invariants of the order parameter were shown to be linear
functions of the temperature in the temperature range of
AT/Ty~7x10"2 and 210 2, corresponding to théc
and Ng phases, respectively, in good agreement with the
mean-field prediction.
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