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Dynamical behavior of a nematic lyotropic liquid crystal in flat confined samples

I. H. Bechtold, J. J. Bonvent,* and E. A. Oliveira
Instituto de Fı´sica, Universidade de Sa˜o Paulo, Sa˜o Paulo, P.O. Box 66318, CEP 05315-970, Sa˜o Paulo, Brazil

~Received 9 April 2001; revised manuscript received 20 August 2001; published 13 December 2001!

We investigate the dynamical behavior of the director in the surface layer of lyotropic nematic liquid crystals
in an external magnetic field. The characteristic time of the orientation process is obtained from optical
measurements for samples of different thickness~200, 50, and 10mm!. The boundary surfaces are glass plates
coated with rubbed polymer@polymethylmethcrylate~PMMA!#, to introduce an easy axis. Drastic changes in
the dynamical behavior are observed when the thickness is decreased and the experimental results indicate a
uniaxial to biaxial transition due to the confinement of the nematic sample.
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I. INTRODUCTION

Liquid crystalline phases are present in materials co
posed of interacting molecules or aggregates of molec
that are anisotropic in shape. The molecules tend to a
parallel to each other and the average direction of orienta
is characterized by a unit vector, called the directorn. The
particular orientation adopted by the molecules can be fi
by external fields~electrical or magnetic! or by boundary
conditions. If the anisotropy of the diamagnetic susceptibi
is positive, the director tends to align parallel to an appl
magnetic field and the equilibrium configuration will be d
termined by the competition between the boundary effe
and the interaction with the magnetic field. The combinat
of such effects is useful in designing magneto- or elec
optical devices using liquid crystals.

Lyotropic liquid crystals are formed by aggregates of a
phiphilic molecules dispersed in a solvent~usually water!,
and they present liquid crystalline structures within a cert
range of temperature and concentration. Two different ori
tation processes have been observed in nematic lyotropic
uid crystals under the action of a magnetic fieldH @1#, a fast
one, related to the orientation of the director in the bulk, a
a slow one~about 102 times larger than the bulk one!, which
has been associated to the orientation of the director in
surface layer. The dynamical behavior of the surface laye
a lyotropic nematic phase in an external magnetic field
been experimentally and theoretical investigated for a lyo
pic liquid crystal in the nematic phases~uniaxial and biaxi-
al!, and it was shown that the characteristic time of this p
cess, t, is proportional to the inverse ofH2 @1,2#. A
phenomenological model had been proposed considering
particularities of the lyotropic systems and it predicted
possibility of three different equilibrium orientational stat
characterized by the orientation of the director in the surf
layer with respect to the bulk director@3,4#.

In this paper we investigate the orientation process of
surface layer in a lyotropic liquid crystal submitted to
external magnetic field. The characteristic time of the ori
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tation process is determined by optical measurements
samples of different thickness and we observe dra
changes in the dynamical behavior due to the confinemen
the nematic sample. The results obtained are discussed i
light of the phenomenological model presented in Refs.@3#
and @4#.

II. DYNAMICAL BEHAVIOR OF THE SURFACE LAYER

In this section we will present the main assumptions a
predictions of the phenomenological model developed to
plain the dynamical properties of the surface layer of a ly
tropic liquid crystal. It is considered that the interactions
the molecular aggregates with the solid substrate leads to
formation of a surface layer with a two-dimensional orien
tional order with a finite thickness. Let us calle1 , e2 , andc
the principal axes of the biaxial molecular aggregates~mi-
celles! with c parallel to the smallest dimension, which
approximately the bilayer thickness ande1 related to the
biggest dimension of the micelles. The presence of a bou
ary surface tends to fix the orientation of the axisc perpen-
dicular to the surface, but the micelles can glide in the pla
parallel to the surface, therefore thermal fluctuation arou
the axise1 are restricted close to the surface~Fig. 1!. The
order in the surface layer is characterized by the order
rameterr and the eigenvectors of the biaxial order;e1 and
e2 . Due to its finite thickness the surface layer intera
directly with the magnetic field by means of a coupling co

r.
s

FIG. 1. Organization of the biaxial micelles with principal ax
e1 , e2, andc close to a flat boundary surface. Thermal fluctuatio
around the axis parallel to the plane of the surface are restri
close to the surface.
©2001 The American Physical Society04-1
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stantD, D.0, which means that the orientation ofe1 paral-
lel to the direction ofH is favored. In addition, the surfac
layer interacts with the bulk by an elastic torque due to th
different orders~uniaxial in the bulk!, by means of a cou-
pling constantC, which can be either positive or negativ
depending on the relative orientation of the eigenvectors
the director in the bulk;C.0 corresponds toe1 aligned
parallel toH andC,0 corresponds toe2 parallel toH.

Let us consider a semi-infinite sample, with the bound
surface inz50. The initial orientation, att50 corresponds
to the director~n! uniformly oriented along thex axis and the
eigenvector in the surface layere1 parallel ton. A magnetic
field, is then applied to the sample, parallel to the bound
surface, making an angleu with respect tox axis ~Fig. 2!.
Considering that the orientation of the director in the bulk
much faster than in the surface layer, forz→`, it is expected
that n is parallel toH; w(z→`)5u, wherew describes the
orientation of the director in the bulk with respect tox axis
and w5w(z). In the surface layer, the orientation of th
eigenvectore1 with respect to thex axis is given by the
angleF5F(t) and in the border of the bulk, the orientatio
of the director is givenw (z→0)5w0 . The free energy pe
unity area can be written as@3#

f 5FV01FS01
1

2 E0

`

KS dw

dzD 2

1
1

2 E0

`

xaH2 cos2~u2w!dz

2
1

2
DH2r cos2 F2Crr cos2~F2w0!, ~1!

whereFV0 andFS0 are the bulk and surface energies of t
unperturbed state,K is the bulk twist elastic constant,r and
xa are the amplitude of the order parameter and the an
tropic diamagnetic susceptibility in the bulk, respective
The time evolution of the director in the surface will b
given by F(t), that can be obtained from the Landa
Khalatnikov equations@3,4# resulting in

F~ t !5u~12e2t/t!, ~2!

wheret is the characteristic time of the surface orientati
process, given by

FIG. 2. At t50 the nematic sample is homogeneously orien
with the directorn parallel to thex axis. The magnetic field is
applied at angleu with respect to thex axis inducing a twist of the
director in the bulk, characterized byw~z!, the angle between the
director and thex axis. In the surface layer the orientation of th
director is characterized by the angleF~t!.
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H02HG ~3!

and 1/t052Crr/g, H05(2Crr)/(Kxa)1/2, and Hc
2

52Cr/D. For high intensities of applied magnetic field o
for small values ofH0 we expect that 1/t is proportional to
H2, as is shown in Fig. 3~a!. If we extrapolate the linear
behavior of 1/t as a function ofH2 to the region of low
magnetic fields we find the values of 1/t0 and uHc

2u, which
are related to the phenomenological constantsC andD. The
configuration of the director in the bulk can be obtained fro
Eq. ~1!, by imposing the equilibrium of the elastic and ma
netic torques in the bulk, and assuming that the distorti
are small; sinw'w. Then, the twist in the bulk is describe
by w(z);

w~z!5u22 arctanFexpS 2
z

j D tanS u2w0

2 D G , ~4!

wherej5(K/xa)1/2/H is the magnetic correlation length.
An interesting behavior is observed when we consider

competition between the elastic interaction of the surfa
layer with the bulk and the magnetic torque in the surfa
layer. The magnetic torque tends to induce the orientation
e1 parallel toH, however the elastic interaction of the su
face layer with the bulk depends on the signal ofC; when

d

FIG. 3. Dynamics of the orientation process in the biaxial s
face layer. Theoretical dependence of the orientation frequencyt
as a function ofH2. ~a! C.0 and D.0, the equilibrium state I
corresponds to the eigenvectore1 and is oriented parallel toH. ~b!
A transitional orientation can occur when C,0 and D.0. The
equilibrium state II corresponding toe2 parallel to H becomes
stable forH,Hc .
4-2
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C.0 the elastic torque in the surface layer is the same se
of the magnetic torque, and the equilibrium state~I! corre-
sponds to a homogeneous state, withe1 parallel toH, every-
where in the sample. WhenC,0, the elastic torque tries to
oriente2 parallel toH, which corresponds to the direction o
the smallest dimension of the biaxial object in the plane p
allel to the boundary surfaces. This situation can occur in
bulk biaxial phase, when the three bulk directorsni are ori-
ented. The equilibrium state~II ! corresponds then, toe2 par-
allel to theH and there is no twist. Therefore, there are tw
homogeneous equilibrium states, distinguished by the or
tation of the eigenvector with respect to the magnetic fi
with the possibility of an orientational transition from on
state to another@4#, as is shown is Fig. 3~b!. These predic-
tions were confirmed by observing qualitative changes in
behavior of 1/t by variation of the temperature through th
calamitic to biaxial phase transition in the bulk transition@4#.
The effects of confinement were also previously discus
@4,5#, and it is expected that in the surface layer, there i
suppression of the micellar fluctuations around the axes
allel to the boundary surfaces, leading to the formation o
biaxial interface of finite thickness and two-dimensional o
entation order. In this paper we investigate the effects
confinement by changing the thickness of the cells cont
ing the lyotropic sample.

III. EXPERIMENT

The lyotropic liquid crystal consists of potassium laura
~35.3 wt. %!, decylammonium chloride~4 wt. %!, and water
~60.7 wt. %!, and for such composition it presents a nema
calamitic phase between 15 and 30 °C. The transition t
peratures were determined by birefringence measurem
The sample is introduced by capillarity into cells 200, 5
and 10mm thick, whose inner surfaces are flat glass pla
coated with thin films of polymethyl-methcrylate~PMMA!
by spin coating. Furthermore, the films are unidirectiona
rubbed and we observe that such treatment induces a ho
geneous planar orientation on the nematic sample in the
bing direction.

The dynamical behavior of the surface layer is inves
gated by applying a magnetic field~H! making an angleu
545 °C with the initial orientationn0 , parallel to the bound-
ary surfaces, inducing a pure twist in the nematic sample.
follow the orientation process by measuring the transm
tance of the sample between crossed polarizers as a fun
of the time, when the magnetic field is turned on. A sketch
the experimental setup is shown in Fig. 4, where the ori
tation of the polarizers, with respect to the initial orientati
of the sample, is chosen to start with a minimum of tra
mittance. The propagation of the light through the opti

FIG. 4. Sketch of the experimental setup.
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elements as well as through the sample is simulated by u
Jone’s matrix method; the sample is considered as buil
thin layers, with uniform orientation in each layer, where
phase shift and a rotation of the direction of polarization ta
place. The magnetic field is turned att50, inducing a twist
in the bulk and the reorientation of the director in the surfa
layer, which are described by Eqs.~4! and ~2!, respectively.
The experimental curves of transmittance are then fitted
ing Jone’s matrix and considering the evolution of the orie
tation of the surface layer described by Eqs.~2! and ~4!,
taking t as the fitting parameter@2#. The experiments are
performed at room temperature (2262 °C), which corre-
sponds to the maximum birefringence of the sample in
nematic calamitic phase.

IV. RESULTS AND DISCUSSION

The magnetic field is turned att50, inducing a reorien-
tation of the director and a change in the transmittance of
sample, as can be seen in Fig. 5~a!, for samples of different
thickness. From this figure, we note that there is an incre
ing in the transmittance reaching a saturation regime. T
maximum limiting value of transmittance is lower for th
thinner samples indicating that the amplitude of the dist
tion induced by the magnetic field is also smaller. The sa
effect is observed for the sample, when the field strengt

FIG. 5. Experimental curves of transmittance for~a! different
sample thicknesses and~b! different strengths of magnetic field
The magnetic field is turned on fort50. The solid lines represen
the best fitting for the experimental curves.
4-3
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decreased, as illustrated in Fig. 5~b!. Using the procedure
described above to simulate the propagation of the li
through the nematic sample, we obtained the values of
characteristic time~t! for the orientation of the surface laye
for the 200 mm thick sample. However, for the thinne
samples, 50 and 10mm thick, it was not possible to fit the
experimental curves of transmittance using Eq.~4! to repro-
duce the twist in the sample. Such samples were examine
a polarizing microscope after a long time submitted to
magnetic field and we observed a uniform planar textu
rotated from the initial orientation. The direction of the fin
orientation depends on the intensity of the magnetic fie
However, even for fields as high as 10 kG, the orientat
does not match the direction imposed by the magnetic fi
The experimental curves of transmittance could be well fit
considering that the sample rotates as a whole in the di
tion of the magnetic field with a characteristic timet. The
orientation of the director in the sample is assumed to
described by Eq.~2!. This means that if there is a surfac
layer, it is so thin compared to the light wavelength tha
cannot be detected in this experiment. In Fig. 5~a! we present
experimental curves of transmittance and the respective
ting curves.

The results obtained for the sample 200mm thick are
presented in Fig. 6~a! where we observe a linear dependen
of 1/t as a function ofH2, in the region of high magnetic
fields as expected. However, we observe that for low m
netic fields the dependence is also linear, but with a cha
in the slope. The parameters obtained for a linear fitting
the two regions are listed in Table I, where the dataF1 and
F2 refer to the low and high magnetic fields, respective
and the values of 1/t0 andHc

2 are obtained from the extrapo
lation of the linear behavior. Comparing the two fittings, w
observe that in the region of low magnetic fields, the slope
the line (s5Dr/g), is larger with respect to the region o
high magnetic fields~* 6 kG! while the value of 1/t0
(1/t052Crr/g), is two orders of magnitude smaller. Such
large variation in 1/t0 cannot be explained by variations ofr
and r ~that are restricted between 0 and 1!, therefore we
speculate about the influence of the magnetic field on
others parameters;C, D, and g. High magnetic field may
increase the order in the surface layer, which could resu
an increasing viscosity, and smaller values of both 1/t0 and
s. Therefore, we think that the changes in the slope should
related to the influence of the magnetic field onC andD.

In Figs. 6~b! and 6~c! the values of 1/t are plotted as a
function ofH2 for samples 50 and 10mm thick, respectively.
In both cases it is possible to fit a straight line and the rela
parameters are listed in Table I. In Fig. 6~b!, there are two
points in the region of low magnetic field that were not i
cluded in the fitting because they could belong to anot
line, as was sketched in Fig. 3~b!. This result indicates the
possibility of an orientational transition, as was discuss
above, and this situation corresponds to the existence
bulk biaxial phase. The two points, that can be connected
a straight line with negative slope, would correspond to
equilibrium state II, where the axise2 is parallel to the mag-
netic field. It is important to note, that this transition is d
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only to the decreasing of the cell thickness, as was predic
@4#.

For the cell 10mm thick within the experimental uncer
tainties, it is observed thatt is independent on the intensit
of the applied magnetic field and the plot of 1/t as a function
of H2 results in a straight line with a very small slope;s
'3.8310213s21 G2, which is two orders of magnitude
smaller than the values obtained for the other cells~see Table

FIG. 6. Experimental results for 1/t as a function ofH2 for
different cell thicknesses,~a! 200 mm, ~b! 50 mm, and~c! 10 mm.
The solid lines correspond to a linear fitting using Eq.~3!, where the
related parameters obtained from the fitting are listed in Table
4-4
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TABLE I. Values obtained from the fitting of the experimental data.

d ~mm! Linear fit 1/t0 (1025 s21) Hc
2 ~units of 106! G2 s (10211 s21G22) C ~units of 1023! D ~units of 10210!

200 F1 4.13 21.11 3.70 0.82 8
F2 124 2120.4 1.03 24.8 2.1

50 F3 5.53 24.87 1.13 1.4 2.3
10 F4 116 22993 0.038 23.2 0.076
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I!. Such low value ofs can be due to a decreasing in th
value of D, which means that the direct interaction of th
surface layer and the magnetic field has a weaker contr
tion to the total energy, compared to the other cells. It
worthwhile to note that the magnetic field is applied maki
an angle of 45° with respect to the initial orientation, but t
maximum deformation observed for such a thin cell is o
'10°, for H'10 kG.

Concerning the experimental results the first point
must discuss is the existence of two lines with differe
slopes for the thicker cell~200mm!. In fact, we proceeded to
the fitting assuming two independent lines, and we arg
that this should be related to changes in the phenomeno
cal parametersC andD. Considering the values of 1/t0 and
s listed in Table I and assumingr'r'0.5 andg'10 P @6#,
which are reasonable values for such parameters, we
mate the values ofC andD. Such values introduced in Eq
~3! were used to simulate the curves presented in Fig
introducing small variations on both parametersC andD. We
observe that keepingC constant and allowingD to assume
different values it is possible to obtain two lines connec
with different slopes, however, the break occurs for very l
values ofH. It was not possible to fit all the experiment
points using Eq.~3!, for unique values ofC andD; the data
must be separated in two independent lines, as we have d

The second important point to be discussed concerns
fact that in the regions of high magnetic fields the slope
the curve is smaller. We argued that this could be related
lower value ofD, which means that the coupling of the su
face layer to the magnetic field is weaker. This may be du

FIG. 7. Simulation of Eq.~3!, assuming constant values for th
parametersr, r, K, andg and allowingC andD to assume different
values, to illustrate their influence on the behavior of 1/t vs H2.
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the fact that increasing the intensity of the magnetic field
larger portion of the sample is oriented in the direction of t
magnetic field, reducing the thickness of the surface la
For thin cells we observe also a decreasing ofD, which is
consistent with the fact that we had to change the profile
the director in order to fit the experimental curves of tran
mittance, neglecting the thickness of the surface layer,
considering a uniform orientation in the sample. The ext
mum situation is illustrated for the thinner cell~10 mm
thick!, where we obtainedD'0. In fact, assuming strong
anchoring conditions~which are not the observed for lyotro
pic liquid crystals!, the magnetic correlation length would b
'10 mm for H510 kG, which is comparable to the thick
ness of the sample, and we would not expect any effec
the magnetic field@5#.

V. CONCLUSIONS

We must be careful when comparing length scales in th
motropics and lyotropic liquid crystals, because the build
blocks present completely different features. In the case
lyotropics, the building blocks are aggregates~or micelles! of
amphiphilic molecules that due to self-organization can
hibit simultaneously shape and order variations driven
temperature and/or concentration changes. The mice
present a biaxial shape~Fig. 1! with typical repetition dis-
tances; 10, 8, and 5 nm, along the three main directions.
three nematic phases are the macroscopical consequen
orientational fluctuations, which are free rotations arounc
axis ande1 axis, in the discotic and calamitic phases, resp
tively, and only small amplitude oscillations in the biaxi
phase@7#. Furthermore, there is a pseudolamelar order alo
the shortest dimension of the micelles~or perpendicular to
the bilayer! with a correlation length of about 30 nm, whic
corresponds to approximately six bilayers, including the w
ter between them. The frequencies related to the orientati
fluctuation modes are in the range of 200 Hz for lyotrop
@8# while for thermotropics the typical frequency is 5 kHz@9#
for thick samples.

The existence of a limiting surface imposes a restrict
on the fluctuations of the biaxial micelles around the long
axis, parallel to the boundary surface, although they are
to rotate aroundc axis. If a magnetic field is applied to th
calamitic sample, the orientation of thee1 axis is fixed~par-
allel to H!, leading to a biaxial order close to the surface. T
phenomenological model discussed in this paper consi
the existence of a surface layer of finite thickness and bia
order that interacts directly with the magnetic field. Th
model predicts there are two possible equilibrium sta
4-5
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which are distinguished by the orientation of the longest a
(e1) of the micelles with respect to the direction of the ma
netic field. The experimental data obtained for the cell 2
mm thick presents a behavior similar to what has been p
dicted when the equilibrium state corresponds to state I,
axis e1 is parallel toH, both in the surface layer and in th
bulk. In fact, this is what is expected in the bulk, since we
dealing with a calamitic nematic sample that tends to al
with the director parallel to the magnetic field, and this
rection corresponds also to the average orientation of lon
axis of the micelles.

The equilibrium state II can occur when the phenome
logical constantC is negative, which corresponds to thee2

axis oriented parallel to the magnetic field in the bulk and
the surface layer. This state is possible when there is a
biaxial phase, and the magnetic field is not strong enoug
induce the orientation of the longest axis, i.e., forH,Hc . It
is possible to distinguish the two equilibrium states from
dynamical behavior of the surface layer, as was sketche
Fig. 2~b!, where in state II the angular coefficient is negativ
According to the experimental results obtained for the cell
mm thick there are two points in the region of weak magne
fields that would be connected by a line of negative angu
coefficient. This is consistent with a bulk biaxial order, a
though the temperature of the sample has not been cha
with respect to the thicker sample. Therefore, we believe
s.

a,
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the existence of the equilibrium state II characterized b
homogeneous orientation of the director, is a consequenc
the reduction of the sample thickness. It is worthwhile
remember that in order to fit the experimental curves
transmittance for the cells 50 and 10mm thick, we assumed
that there is no distortion in the sample induced by the m
netic field and the sample rotates as a whole towards
field. For these cells, it is possible that the thickness of
biaxial layer becomes comparable to the thickness of
sample, and the biaxial order is stable over the wh
sample. In this case, there is no discontinuity between b
and surface layer; they are the same.

In conclusion, the behavior oft as a function ofH2 ob-
served for the sample 200mm thick is consistent with a
uniaxial nematic~calamitic! bulk phase, while the results ob
tained for the 50 and 10mm thick samples are consisten
with a bulk biaxial phase. Since the temperature of
sample is the same during the experiments, we believe
the uniaxial-biaxial transition is an effect of the reduction
the thickness of the sample, which restricts the orientatio
fluctuations in the cell, or in other words, it is a confineme
effect.
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