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The surface reorientation process of a lyotropic liquid crystal is investigated in the calamitic (Nc) and
biaxial (Nbx) nematic phases. It is observed that the surface reorientation process is faster in the biaxial phase
and the characteristic time of this processts increases linearly with increasing temperatures, in both nematic
phases. The results obtained are discussed and compared to the predictions of a model assuming the gliding of
the director at the boundary surfaces.@S1063-651X~96!11905-X#

PACS number~s!: 61.30.Gd

I. INTRODUCTION

Nematic liquid crystals can be oriented by external fields
~electrical or magnetic! and the equilibrium configuration of
the director is strongly related to the boundary conditions.
The boundary surfaces play an important role in the liquid-
crystal orientation, but the microscopical interactions, even
in the most simplest case, are not completly understood@1#.
Many theories have been developed to explain surface ef-
fects but there are discrepancies between the predictions of
different models and different interpretations of experimental
results@1#. Despite these difficulties, a phenomenological ap-
proach, based on the macroscopic behavior, has obtained
some success in the interpretations of experimental results
@1–4#.

In a lyotropic liquid crystal, a slow reorientation process
induced by a magnetic field has been observed. It has been
proposed that this process is related to the reorientation of
the boundary layers with a gliding of the director at the
boundary surfaces@5,6#. If the surface reorientation process
is complete, there is no relaxation when the magnetic field is
turned off, because the reorientation of the sample is homo-
geneous. In this paper we investigate the reorientation pro-
cess of a lyotropic liquid crystal due to a magnetic field in
the nematic calamitic (Nc) and biaxial (Nbx) phases.

II. EXPERIMENT

The lyotropic sample consists of potassium laurate~28.1
wt %!, decanol~7.1 wt %!, and water~64.8 wt %! that pre-
sents the three nematic phases;Nd2Nbx(15 °C), Nbx
2Nc(23 °C), whereNd is the nematic discotic phase. The
transition temperatures are determined by measuring the bi-
refringence, as is shown in Fig. 1. The sample is encapsu-
lated in microslides~Vitro Dynamics! 200 mm and 4 mm
wide. The inner surface of these microslides was examined
in a interferential microscope. The surfaces are plane and no
irregularities greater than 0.2mm were detected and no sur-
face treatment was applied.

The laboratory frame axes are defined with the boundary
surfaces atz50 andz5d. The directornW is, initially, in the
xy plane everywhere and parallel to the length of the mi-
croslide. A magnetic fieldHW is applied parallel to thex di-

rection, at 45 ° fromnW ~Fig. 2!. The choice of an angle of
45 ° eliminates the degeneracy present in a Fre´edericksz ge-
ometry, whenHW is applied perpendicular tonW .

The orientation process is observed by measuring the
transmittance of the sample between crossed polarizers, as a
function of the time, whenHW is applied. The polarizers are
parallel tox and y axis, respectively, and the light beam is
parallel toz. The sample is placed in a thermostat, whose
accurancy is about 0.05 °C. Further details about the experi-
mental setup are given in Ref.@6#.

III. THEORY

A. Gliding process

When the magnetic field is applied to the uniform ori-
ented sample, the director orients parallel to the magnetic
field in the bulk. The reorientation of the sample is uniform
except in the thin boundary layers of thicknessj, wherej is
the magnetic coherence length. The characteristic time of
this process is expected to betv5g/(xaH

2), @7# whereg is
the rotational viscosity andxa is the anisotropy of the mag-
netic susceptibility. The rotational viscosity of lyotropic liq-
uid crystals in the nematic phases varies from 1 to 10 P and
xa is about 10

28 ~cgs! @8–11#. The bulk reorientation time
has been measured for different lyotropic mixtures@8,9#, and

FIG. 1. Birefringence of the lyotropic sample exhibiting the
temperature range of the discotic (Nd), biaxial (Nbx), and calamitic
(Nc) nematic phases. The transitionNbx2Nc occurs atT523 °C.
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a value oftv536 s is reported for a nematic calamitic phase
of potassium laurate, decanol, and water~KL-DeOH-H2O!
with a magnetic fieldH of 10 kG @8#.

In termotropic liquid crystals the existence of a smectic
layer at the boundaries has been proposed@11,13# and there
is some experimental evidence to sustain this hypothesis
from measurements of the surface order parameter@14# and
x-ray scattering@15#. To explain the surface reorientation
process observed in lyotropic liquid crystals, in a previous
paper we proposed that at the boundary surfaces, there is an
amphiphilic bilayer, similar to a lamellar structure. The mi-
croscopical structure of the lamelar phase in lyotropic liquid
crystal was investigated by Holmes and Charvolin@16# using
x-ray and nuclear magnetic resonance. They propose that the
bilayer is not a continuous amphiphilic medium, but consists
rather of amphiphilic islands surrounded by water.

The bulk applies an elastic torque to the boundary surface
layer of thicknessj, due to their different orientations. In the
bilayer, the amphiphilic islands can be considered as aniso-
tropic objects that can also be reoriented by a magnetic field
if their surface dimensions are comparable to the magnetic
coherence lengthj. Let us call us the angle between the
director in the bulk and the mean orientation of the am-
phiphilic islands at the interface, anda andb are their sur-
face dimensions. The viscous torque per object is
G05abjgu̇s . If there areN objects at the surface andA is
the boundary surface area, then the torque per unit area at the
boundary surface layer may be expressed as

Gv5~Nab/A!jgu̇s5ajgu̇s . ~1!

This torque is equilibrated by the elastic torque coming from
the bulk, which is~per unit area!

Ge5K
]u

]z
52K

us
j
. ~2!

The equilibrium condition is given by

gau̇s52K
us
j2
. ~3!

From the solution of the balance of the torque equation
one obtains the characteristic time of surface reorientation
process,ts ,

ts5
ga

xaH
2 . ~4!

The values ofg andxa are dependent on the temperature.
The parametera represents the number of objects in a unit
area of the boundary surface and may depend on the tem-
perature and also on the magnetic field.

B. Transmittance of the sample

The transmittance of the nonuniform anisotropic sample
can be calculated by dividing the sample into many thin
layers and considering each layer as an anisotropic homoge-
neous medium. Let us suppose that there arem layers of
thicknessz j andu j is the angle between the director and the
x axis. The incident electric fieldE divides into two compo-
nents, one parallel to the director (Ep8) and the second per-
pendicular to the director (Et8). In a matrix notation, the
components ofE are

S Ep8

Et8
D 5S cosb j sinb j

2sinb j cosb j
D S Ep

Et
D , ~5!

whereEp andEt are the components ofE in the previous
layer andb j5u j2u j21 . The propagation through the layer
introduces a phase shift between the two orthogonal polar-
izations, which will be transformed intoEp9 andEt9

S Ep9

Et9
D 5S 1 0

0 eidD S Ep8

Et8
D , ~6!

whered j52pz j (no2ne)/l, andl is the light wavelength
andno andne are the ordinary and extraordinary refraction
indices, respectively.

If Etm andEpm are the components ofE afterm layers,
the amplitude of the electric field transmitted through the
analyzer is

Epm5Etmcosbm112Epmsinbm11 , ~7!

wherebm115w2um , andw is the angle between the ana-
lyzer and thex direction andum the maximum distortion
angle. The intensity of the transmitted light will be

Ĩ 5Epa* Epa . ~8!

Normalizing Ĩ to obtainI max51 andI min50, we get

I5
Ĩ2 Ĩ min

Ĩ max2 Ĩ min

. ~9!

The transmitted light depends on the orientation of the direc-
tor through the sample,u(z). In this analysis we assume that
the sample is uniformly oriented parallel to the magnetic
field, except in the boundary layers of thicknessj. Allowing
the gliding of the director in the boundary layers, the trans-
mittance of the sample will depend onus :

I @us~ t !#5I ~ t !, ~10!

whereus(t) is obtained from the solution of Eq.~3!:

FIG. 2. Definition of the laboratory frame axes. Att50 the
director is at 45 ° from thex axis and the magnetic field is turned
on.
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us~ t !5umexp~2t/ts!. ~11!

According to the geometry of the experiment~Fig. 2! the
transmittance is maximum fort50, whenH is turned on and
decreases with time. The birefringence of the sample is mea-
sured by an independent experiment andts is the fitting pa-
rameter to the experimental curves.

IV. RESULTS AND DISCUSSION

According to the model presented here, in lyotropic liquid
crystals there are two reorienation processes: one with a

characteristic timetv , related to the reorientation of the di-
rector in the bulk, and the second related to the reorientation
of the boundary surface layer, with a characteristic timets
larger thantv .

In this experiment we cannot detect the bulk reorientation
process becausetv is of the same order of magnitude of the
time necessary to turn on the magnetic field; that is, about 15
s. However, in a previous experiment, using the same tech-
nique of measuring the transmittance and a magnet that
could be turned on faster, we estimatedtv; 20 s forH 5 2
kG and tv; 5 s for H 5 4.5 kG @17#. This is in good
accordance with the values reported in the literature for this
process@8,9#.

We measured the transmittance of the samples for differ-
ent values ofH and different temperatures. Typical experi-
mental curves are shown in Fig. 3. The magnetic field is
turned on att50 and the transmittance starts to decrease,
reaching a minimum. The final equilibrium configuration
corresponds to a uniform oriented sample, with the director
parallel to thex axis. The uniformity of the orientation is
comparable to what is observed fort,0. This orientation
remains and there is no relaxation process.

If the magnetic field is turned off before the transmitted
intensity reaches a minimum, we observe that the mean ori-
entation of the sample is not yet parallel to thex axis. There
is a twist due to the different orientations of the bulk and
boundary layers. Therefore, ifH50, there will be a relax-
ation process of the twist distortion@6#. The final orientation
of the sample depends on the time with the magnetic field
turned on@5#.

The orientation process is faster for higher vales ofH, as
is seen in Fig. 3~a!. Comparing the curves obtained, with the
same values ofH, but in the different nematic phases, we
observe that in the biaxial phase, the reorientation process is
faster than in the uniaxial phase. The fitting to an experimen-
tal curve is illustrated in Fig. 3. The transmittance is calcu-
lated using the model of a three-layered sample, discussed in
the preceding section. Despite the simplifications of the
model, the fitting to the experimental curve is quite good and
the uncertainty in the values ofts is about 10%.

A. Effects of the temperature

The values ofts obtained for different temperatures are
plotted in Fig. 4, withH55, 8, 10, and 11 kG. It is noticed
thatts increases with increasing temperatures in both biaxial
and uniaxial phases. Within the accuracy of our measure-
ments, we observe that the increase ofts is linear with the
temperature and faster in the biaxial range. The measure-
ments ofts in the biaxial phase close to the transition to the
discotic phase are particulary difficult because small fluctua-
tions of temperature disturb the orientation of the sample.
ForT2Tc.24 °C the uncertainty ofts become greater than
10%. However we can observe the qualitative behavior of
ts in the calamitic and biaxial nematic phases.

In the uniaxial phase, the surface reorientation time in-
creases slowly compared to the increasing in the biaxial
phase. This behavior is observed for low and high magnetic
fields; however, the effects of the temperature are more pro-
nounced with a low magnetic field (H55 kG!. The ratios
Dts /DT are shown in Table I, for different values ofH, in

FIG. 3. Experimental curves of transmittance forH510 kG
~broken line! andH55 kG ~solid line!, in theNbx ~a! andNc ~b!
phase. The temperatures are 21.5 °C and 33 °C, respectively.~c!
The broken line represents the transmittance calculated for
ts5280 s. The experimental curve~solid line! is obtained with
T525 °C andH510 kG.
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the uniaxial and biaxial domains. In the biaxial phase,
Dts /DT is about five to six times larger than in the uniaxial
phase. With increasing values ofH, the ratioDts /DT be-
comes smaller and seems to reach a constant value; about 30
s/°C in the biaxial phase and; 5 s/°C in the uniaxial phase.

The effects of the temperature on the surface reorientation
process can be qualitatively analyzed by considering the mi-
croscopical structure of the uniaxial and biaxial nematic
phases. X-ray diffraction experiments in lyotropic liquid
crystal @18,19# have shown that the amphiphilic aggregates
preserve the same shape and are locally organized in a lamel-
lar structure in the three nematic phases. The micelles are
biaxial, with dimensions of about 85350326 Å, where the
smaller dimension corresponds to the bilayer thickness. The
correlation length perpendicular to the bilayer is about six to
eight times the micellar dimension, without any significant
change at the biaxial to uniaxial nematic transition@20#. This
point is consistent with the requirement that the local struc-
ture remains the same in the three nematic phases.

In this view, the different nematic phases are just a mac-
roscopical consequence of different orientational fluctua-
tions. In the biaxial nematic phase the fluctuations are re-
stricted to small oscillations around the principal axes of
symmetry, fixed in the micelle~Fig. 5!. There is a correlation
between the orientation of the micelles in three directions of
the space. The uniaxial nematic phases are generated when
the orientational fluctuations are full rotations around the di-
rector. Naturally, the micellar dimensions vary with concen-
tration and temperature; however, these variations are negli-
gible at the second orderNbx2Nc transition.

When the magnetic field is applied to the lyotropic liquid
crystal in theNbx andNc phases, the micelles in the bulk
orient with their longest dimension parallel toH¢ . If the in-
teractions in the bulk are comparable to the nematic-surface
interactions the orientation of the bulk can be transmitted to
the adjacent micelles in the boundary surface layers. Our
experiment shows that this surface reorientation process is
faster in theNbx . Small variations of the temperature pro-
duce a more significant variation ofts in theNbx phase than
in theNc phase. We associate this behavior with the different
orientational fluctuations in the biaxial and uniaxial nematic
phases.

In the biaxial phase, there is a long-range orientational
order along the three directions of space. The distortions im-
posed onto a small domain propagate to the neighbor do-
mains in the three directions of the space. When the tempera-
ture is increased towards the transition to theNc phase, the
amplitude of the orientational fluctuations around them axes
becomes larger, up toT.Tc , when there is no orientational
order along thel andn axes. The increasing amplitude of
the orientational fluctuations can be seen as a thermal noise,

which hinders the propagation of the elastic torque through
the boundary layers.

Another factor that affects the propagation of the elastic
torque is the average volume of a micelle; that is,
Vbx5ABC, in the biaxial phase. In the calamitic phase, due
to orientational fluctuation around them axis, the average
volume of a micelle isVc5AB2. Therefore, the orientation
of a micelle in the calamitic phase involves a greater volume
than in the biaxial phase.

In the biaxial phase, close to the transition to the discotic
phase, the orientational fluctuations around thel axis become
larger. If the sample is cooled down small homeotropic do-
mains appear that propagate through the sample after some
time. More experimental work is being done in order to de-
terminets in this range of temperature, where the orienta-
tional fluctuations play an important role.

In the domain of the calamitic phase, the increasing of the
temperature does not induce a significant effect on the orien-
tational fluctuations, except close to the transition to the iso-
tropic phase, when the orientational order along the director
is lost.

B. Effects of the magnetic field

In Fig. 6, ts is plotted as a function ofH, for different
values ofT2Tc , in the uniaxial@Fig. 6~a!# and biaxial@Fig.
6~b!# domains. We observe that it is possible to fit a straight
line to the experimental points, in the uniaxial and biaxial
domains, except forT2Tc526 °C, where the fitting is very
poor. The exponents ofH, ts;H2v, for different values of

FIG. 4. Dependence ofts on the temperature in the biaxial and
uniaxial domains with different values of magnetic field.

FIG. 5. Schematic representation of the amphiphilic aggregates.
A, B, andC are the dimensions of the micelle along thel , m, and
n axes, respectively.

TABLE I. Dependence of the ratioDts /DT ~s/°C! with the
magnetic field in theNbx andNc phases.

H ~kG! Nbx Nc

5 97 18
8 20 5
10 29 3
11 33 7
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T2Tc are presented in Table II with the respective values of
ts . We observe thatts is proportional toH21.8 in the
uniaxial phase. Within the experimental error in the determi-
nation of the exponent, which is about60.3, this result is in
good accordance with what is expected from Eq.~4!
(ts;H22). In the biaxial phase, Eq.~4! still holds, within
the temperature range of 4 °C belowTc , as is clear from Fig.
5~b!.

For a given temperature, the values ofg andxa are con-
stant in Eq.~4!. Assumingg51 P andxa51028 ~cgs units!
and with the experimental values ofts , we investigate the
behavior of the parametera with the magnetic field. We
assume thatg andxa are constant in the temperature range
considered and we calculatea(H) for different values of
T2Tc . The results are illustrated in Fig. 7 and we notice
that, in the uniaxial phase,a is almost constant forH<10
kG, with a mean valueā> 260. With magnetic fields higher
than 10 kG, the value ofa increases very fast and jumps to
a;350 forH511 kG. This behavior is observed for differ-
ent temperatures in the uniaxial domain and also at the tran-
sition temperature,T2Tc50 °C @Fig. 6~b!#.

The values ofa in the uniaxial phase, shown in Table III,
are about three times smaller than what was found in a pre-
vious work, with the same lyotropic mixture, but with differ-
ent composition@6#. In that case, the phase sequence was
different ~isotropic-calamitic nematic-isotropic! and a was
approximately constant forH between 3 and 14 kG.

In the biaxial domain, forT2Tc522 °C, a is almost
constant, although there is a tendency fora to be slightly
larger for H58 kG. This behavior is present in the two
curves with constant temperatures,T2Tc522 °C and
T2Tc524 °C. The curvesa(H) must be examined with
some care, because we assumed the same values ofg and
xa for all the temperatures. This does not change the shape
of the curvea(H), but may cause only a shift of the curves.

The rotational viscosity of a lyotropic liquid crystal has
been measured as a function of the temperature, in the
uniaxial nematic phases@10#. The results obtained showed
that in theNc phase, there is a rapid decrease ofg when the
temperature is lowered approaching the transition to the bi-
axial phase and that the decreasing ofg is faster than the
order parameter. However, there are no measurements in the
biaxial phase and it was not possible to obtain an expression
g(T). If we take into account the dependence ofg with the
temperature and assume thatxa is proportional to the bire-
fringence, in the uniaxial phase, the curvesa(H) would be
shifted to higher values ofa for values ofT2Tc close to the
transition to the biaxial phase. We still expecta to be
smaller for lower temperatures, since the decrease ofg is
faster than the order parameter, andxa is often assumed to
be proportional to the birefringence~which in lyotropics is
proportional to the order parameter!.

TABLE II. Dependence ofts ~s! on H for different values of
T2Tc . The sample is the biaxial phase forT2Tc,0. The last
column represents the exponent ofH, with ts;H2v.

T2Tc (°C! 5 kG 8 kG 10 kG 11 kG v

26 400 280 90 50
24 600 320 150 120 2.0
22 790 360 200 200 1.8
0 970 410 250 270 1.7
2 1010 420 255 280 1.8
4 1050 430 260 290 1.8
6 1080 440 270 300 1.8

TABLE III. Dependence ofa on H for different values of
T2Tc . The values listed were calculated assuming thatts is pro-
portional toH22, g51, P, andxa51028 ~cgs units!.

T2Tc (°C! 5 kG 8 kG 10 kG 11 kG

24 150 205 150 145
22 198 230 200 242
0 243 262 250 327
2 253 269 255 339
4 263 275 260 351
6 270 280 270 363

FIG. 6. Dependence ofts on H, in the uniaxial~a! and biaxial
~b! phases.
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In the biaxial phase, forT2Tc526 °C, the sample is in
a temperature range closer to the transition to the discotic
nematic phase (Nd). In theNd phase the anisotropy of the
magnetic susceptibility is negative and the director orients
parallel toH. Therefore, we expectxa to become very small
when the temperature is lowered approaching the transition
to theNd phase. The decreasing ofg and xa close to the
transition would not allow a discontinuous increasing ofa
close to theNd transition. However, the explicit dependence
of g andxa with the temperature is required to obtain more
precise values ofa and its dependence on the temperature.

V. CONCLUSIONS

In this work we investigate the behavior ofts in the ca-
lamitic uniaxial and biaxial nematic phases, for different in-
tensities of applied magnetic field. Within the temperature
ranges considered, we observed a linear dependence ofts on
the temperature, which is more pronounced in the biaxial
phase and for low intensities of the magnetic field.

The experimental results show that the model proposed,
allowing the gliding of the director at the boundary surfaces,
can be extended to the biaxial phase, within a range of
4 °C below the transition temperature. Close to theNd phase
(T2Tc526 °C! the predictions of the model@Eq. ~4!# are
not valid, probabily due to the orientational fluctuations
around the director, that become larger in theNd phase and
degenerate one of the three axes of symmetry present in the
Nbx phase@17#.

The parametera is related to the microscopical structure
of the boundary surface layer and it is known that the dimen-
sions of the micellar aggregates are very influenced by the
composition of the sample@18#. Thus, the differences ob-
served in the values ofa and its behavior may be related to
the different composition of the samples.

The fluid dynamics of biaxial nematics have been exam-
ined in detail by many authors@21–25#. The analysis leads to
12 viscosities and 12 independent elastic constants for a in-
compressible biaxial nematic@20#. If the fluid is considered
to be compressible 15 viscosities are required to describe the
flow and hydrodynamical properties@22#. Nevertheless, the
form of the expression for the elastic energy density with so
many elastic constants is too complex for practical use. Even
in the case of uniaxial nematics, when only three indepen-
dent elastic constants are required, the solutions of the equi-
librium equations are usually prohibitive and the one con-
stant approximation is often very useful.

Although the analysis presented in this work is qualita-
tive, it is possible to obtain some insight into the surface
orientation process and its relation with the microscopical
structure of the lyotropic nematic phases. It is important to
remark that more experimental work is required to determine
how g and xa depend on the temperature in the nematic
phases, especially in the biaxial phase. This would allow a
more precise determination of the parametera in the differ-
ent nematic phases, a better description of the microscopical
structure at the boundary surface layers and its interactions
with the bulk and the substrate.
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sions and to FAPESP and CNPq for the financial support.
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