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Surface breaking in lyotropic nematic liquid crystals induced by a magnetic field

A. L. Alexe-Ionescu,1,2 L. M. Vega,1 J. J. Bonvent,1,* and E. A. Oliveira1
1Instituto de Fı´sica, Universidade de Sa˜o Paulo, 055315-970, P.O. Box. 66318, Sa˜o Paulo, SP, Brazil

2Department of Physics, ‘‘Politechnica’’ University of Bucharest, Spaiul Independentei 313, R-77206 Bucharest, Romania
~Received 30 March 1999!

The twist deformation induced by a magnetic fieldH in a lyotropic liquid crystal is analyzed. Our results
show the existence of three regimes for the surface deformation related to two critical values for the external
magnetic field. The first, for low magnetic field, is an elastic one in which the surface deformation disappears
when the field is removed. In a second regime, a permanent deformation of the lyotropic liquid crystal is
induced by the distorting field. This regime is characterized by a threshold forH, called Hc* . In the third
regime, the sample is uniformly oriented alongH. Also this regime has a well defined threshold value,Hc** ,
and the alignment remains even when the distorting field is removed. To interpret the experimental data
recently published, we proposed a phenomenological model according to which there is an elastic coupling
between the surface layer of thicknessl and the bulk. This elastic coupling has a saturation for a given value
of the deformation of the bulk with respect to the surface layer.@S1063-651X~99!08812-1#
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I. INTRODUCTION

Liquid-crystal ~LC! mesophases are present in materi
composed of interacting molecules or aggregates of m
ecules that are anisotropic in shape. These materials ca
divided in two categories according to the relevant param
driving the phase transitions: thermotropic and lyotropic l
uid crystals. Thermotropics are composed of elongated
ganic molecules that present liquid-crystalline mesopha
for a certain range of temperature. In lyotropic systems
building blocks are aggregates of amphiphilic molecules d
persed in water. The phase transitions occur by variation
temperature or concentration and are accompanied by si
taneous variations of order and shape of the aggregates

The simplest mesophase is the nematic phase, chara
ized by a long-range orientational order of the molecules~or
aggregates of molecules!. This average molecular orientatio
is defined by a unit vectorn called the director. From the
crystallographic point of view the nematic medium behav
as a uniaxial crystal whose optical axis coincides with
directorn. The orientation ofn in the bulk is sensitive to the
presence of external fields~electric or magnetic!. The elastic
behavior of the bulk nematic can be described by the Fr
energy density, proposed long ago by Oseen, Zocker,
Frank @1–3#.

However, close to the boundary surfaces the nematic
der can be disturbed and a positional order or a partic
orientation of the molecules may result. Indeed, it has b
reported that a nematic mesophase exhibits a positional o
in a thin layer close to the boundary of a solid substrate@4,5#.
In the absence of bulk distortions, usually the substrate
poses on the molecules some particular orientation, ca
the easy axis (n0) @6#, that propagates to the bulk by mea
of the elastic interactions. This surface effect, known asan-
choring, becomes more important when the dimensions
the system are reduced. The surface effects have been w
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used in the design of liquid-crystal displays and new elet
optical devices@7#. The investigation of these phenomena
relevant because of the fundamental aspects of physics
applications in microelectronics and medicine.

When a nematic is in contact with a solid substrate
continuum description is more complicated due to the
duced symmetry of the medium. The interactions of a ne
atic with the boundary surfaces are usually described, i
phenomenological approach, by an anisotropic surface
ergyFs . For thermotropic liquid crystals, the surface ener
has an elastic contribution due to the presence of the sur
field. It is connected with the geometrical shape of the s
face or with the physical anisotropy of the substrate. It i
function of the actual nematic orientation with respect to
easy axis@8#. According to this description, when the distor
ing effect acting on the liquid crystal is removed, the initi
orientation of the system is restored. Most of the experim
tal results and theoretical models reported on surface p
erties of liquid crystals concern thermotropic mesopha
due to their interest for technological applications. Regard
lyotropic liquid crystals, such an investigation is more rece
and a different surface behavior has been observed.

Recently, a gliding effect of a director in the surface lay
has been observed in lyotropic nematics@9#. This effect has
been interpreted by assuming that the interaction between
nematic and the substrate is of the dry-friction type@10#.
According to this model, on an anisotropic substrate all
nematic orientations are equivalent; to pass from one or
tation to another one, it is necessary to overcome an en
barrier. To this barrier has been connected a critical tor
responsible for the dry-friction interaction@10#. A more de-
tailed analysis of this phenomenon based on thermal re
ation has also been proposed@11#. This shows that the reori
entation process of the surface layer can be describe
terms of the simple dry-friction model. Furthermore, th
model has predicted the existence of a critical magnetic fi
Hc* , called surface critical field, above which the surface
reorientation process takes place. It was also highlighted
for H.Hc* the surface distortion increases. For high enou
6847 © 1999 The American Physical Society
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fields, there is a saturation regime that corresponds to
director oriented along the applied external field direction

In a recent publication@12#, we reported some experimen
tal results on the equilibrium states of a lyotropic nematic
in the presence of a magnetic field. The experiment cons
of applying a magnetic field to a uniform oriented sample
the nematic calamitic phase, in a planar geometry. The m
netic field is applied parallel to the boundary surfaces a
induces a twist deformation in the sample, along the thi
ness. By measuring the transmittance of the sample betw
crossed polarizers, as a function of the time, it is possible
fit the experimental curves for a given dynamical profile
the director along the thickness. With this fitting one c
determine the characteristic reorientation time and the fi
configuration of the director. It was found that there exist
critical field, Hc* , above which an irreversible deformatio
of the surface layer occurs. By increasing the field intens
we observed that the director in the surface layer tend
align along the direction imposed by the applied field, but
saturation regime is reached with a discontinuity. Indeed
H overcomes a second critical valueHc** .Hc* , the surface
director jumps to the external field direction~see Fig. 1!.
This shows that there is a kind of breaking at the surface
H5Hc** . Such a behavior could not be explained either
terms of the dry-friction model, or by considering also
anchoring contribution to the surface reorientation proce

In this paper, we develop a more elaborate phenome
logical model to interpret the complete surface reorientat
process. We propose a simple two-layer model for the in
face nematic substrate. We assume that there is a first su
layer of the nematic which interacts with the substrate giv
elastic and dry-friction contributions to the surface ener
Such an assumption is based on the fact that lyotropic L
are self-organizing systems. When a nematic lyotropic LC
in physical contact with a solid surface, the interactions

FIG. 1. The experimental curve of the equilibrium orientati
ws of the surface director as a function of the magnetic field int
sity H @12#.
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volved are not only of the particle~micelle! -surface interac-
tions type, but mainly of the amphiphilic molecule-surfa
interactions type. The last interactions may give rise to
formation of a bilayer structure of amphiphilic molecules
the substrate. The thickness of this surface layer depend
the hydrophilic properties of the substrate. In the case o
highly hydrophilic substrate, the surface layer may be s
as a broken lamellar structure, whereas if the substrat
hydrophobic, a more compact reverse bilayer organiza
may be stabilized. The experimental results reported h
were obtained on a hydrophilic glass substrate.

This surface layer is coupled to the bulk by means of
elastic energy. The surface energy depends on the orienta
of the surface layer with respect to the bulk one@13#. The
functional form of the energy describing the interaction
the bulk with the surface is assumed to have a satura
behavior. This means that if the deformation at the interfa
is larger than a given quantity, this energy becomes indep
dent of the deformation; consequently, the transmitted tor
vanishes. This functional dependence is similar to the surf
energy proposed by Blinovet al. @14#. To the saturation is
connected the existence of the second critical fieldHc** .

With respect to the model presented in@12#, this model
also considers~i! the presence of a surface layer where t
order parameter and the structure of the lyotropic liquid cr
tal are different from the bulk;~ii ! the elastic energy describ
ing the interaction of the bulk with this surface layer.

As will be shown in the following, all the experimenta
data can be interpreted in terms of this model.

II. THE MODEL

We suppose that the boundary surface induces a p
tional order and the amphiphilic molecules are organized
in lamellar structure. When a magnetic field (H) is applied to
the amphiphilic molecules, it is known that the aggrega
tend to orient with their biggest axis parallel to the fie
direction, due to the anisotropy of the diamagnetic susce
bility. The average orientation of the parafinic chains is p
pendicular toH.

In the experiments cited above, the sample is initially in
planar configuration, therefore the average orientation of
parafinic chains is perpendicular to the boundary surface
at the surface the lamellar structure is not compact, but p
sents defects such as channels, the amphiphilic aggreg
may be larger than the micelles in the bulk. There is a p
sibility that these aggregates can also be anisotropic, an
this case they would orient with their biggest axis parallel
the direction of the magnetic field, however this proce
would take a longer time than for the micelles in the bulk.
the large aggregates in the lamellar structure are not an
tropic, the anisotropy of the diamagnetic susceptibility
zero for the surface layer.

In the following we propose the existence of a surfa
layer of thicknessl of the order of a few molecular dimen
sions as shown in Fig. 2. As we consider that the order
rameter and the structure of the surface layer are diffe
from the bulk, it results thatksÞkb , whereks andkb are the
surface and the bulk elastic constants, respectively.

In our two-layer model we assume that~i! the surface
layer interacts with the substrate by means of an ‘‘elast

-
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bulk surface energy density of strengthw and by means of
dry-friction-like energy of critical torquetc , ~ii ! the bulk
interacts with the surface layer with an interface energy
the type1

2 u(wb* 2w l* )2, wherewb* andw l* are the angles o
the bulk director and the surface layer director at the in
face ~see Fig. 3!.

Note w is not continuous, only the torque has to be co
tinuous at the interface.

The torque at the interface is

t I5u~wb* 2w l* !<t t .

At t I5t t the interface is broken and the bulk is free
move under the action of the magnetic field. The total ene
of the sample, per unit area, is given by

F5E
2d/2

2d/21 l

@ 1
2 kw822 1

2 xaH2 cos2~uH2w!#dz

1E
2d/21 l

0

@ 1
2 kw822 1

2 xaH2 cos2~uH2w!#dz

1 1
2 u~wb* 2w l* !21Fs , ~1!

where w85dw/dz and Fs52(1/2)w sin2 ws is the surface
energy;uH defines the magnetic-field direction with respe
to the surface easy axis;xa is the anisotropy of the magneti
susceptibility. Sincel is of the order of a few molecula
dimensions,w does not change too much in the first integ
which appears in Eq.~1!, but its derivative is finite. A change
of w modifies the cosine function near its maximum val
and this modification would be much smaller than the te
connected tow8. This implies that the magnetic contributio
in the first integral can be considered as a constant term

FIG. 2. The two layers system.l is the thickness of the surfac
layer ~of molecular dimensions!; d is the sample thickness.

FIG. 3. Azimuthal angle profile in the two-layer system.ws is
the surface angle;w l* and wb* are the angles at the interface;uH

defines the magnetic field direction.
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other words, the torque of magnetic origin can be neglec
with respect to the elastic torque. In this context, the mi
mization of Eq.~1! gives the torque balance, for the Eule
Lagrange equations: in the surface layer (2d/2,z<2d/2
1 l ):

kw85const

in the bulk (2d/21 l<z<0):

1
2 kbw825 1

2 xaH2 sin2~uH2w!.

The torque in the bulk istb5(kb /j)sin(uH2wb), wherej
is the magnetic coherence length, whereas in the sur
layer the torque ists5ks@(w l* 2ws)/ l #.

At the interface the equilibrium imposes

kb

j
sin~uH2wb* !5u~wb* 2w l* !, ~2!

ks

w l* 2ws

l
5u~wb* 2w l* !, ~3!

showing that the torque at the interface is continuous.
Let us consider thatuH2wb* is very small. In this ap-

proximation, Eqs.~2! and ~3! become

kb

j
~uH2wb* !5u~wb* 2w l* !, ~4!

ks

w l* 2ws

l
5u~wb* 2w l* !. ~5!

From Eqs.~4! and ~5!, we obtain

wb* 5

kb

j
uHS ks

l
1uD1u

ks

l
ws

kbks

j l
1uS kb

j
1

ks

l D , ~6!

w l* 5

ks

j
wsS kb

j
1uD1u

kb

j
uH

kbks

j l
1uS kb

j
1

ks

l D . ~7!

The torque equilibrium at the interface between the fi
layer and the surface imposes

2
ks

l
~w l* 2ws!1

w

2
sin~2ws!1tD50. ~8!

For H.Hc* , the surface reorientation process can ta
place only if the torque associated to the dry friction is eq
to the critical torquetc ; the above equation can then b
rewritten as

2
ks

l
~w l* 2ws!1

w

2
sin~2ws!1tc50. ~9!

From Eq.~7! we evaluatew l* and Eq.~9! is rewritten as
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2
u

11uS l

ks
1

j

kb
D ~uH2ws!1

w

2
sin~2ws!1tc50. ~10!

To obtain the second threshold for which the surfa
breaking takes place, we evaluate the torque at the inter
t I5u(wb* 2w l* ).

By means of Eqs.~6! and ~7! we deduce

t I5u~wb* 2w l* !5u

kbks

j l
~uH2ws!

kbks

j l
1uS kb

j
1

ks

l D . ~11!

The above equation shows thatt I is a function of the
applied magnetic field sincews depends on the magnet
field intensity, as can be seen in Fig. 1.

When the external magnetic field strength is larger tha
critical valueHc** , the torque at the interface may overcom
the critical torquet t for which the interface between the bu
and the surface layer is broken. Thus, forH.Hc** , the bulk
is completely free to move with respect to the interface la
and can follow the direction imposed by the external m
netic field. The nematic sample behaves then like a th
layer system: two boundary layers with uniform orientati
along the imposed surface orientation, and the bulk orien
along the external magnetic field direction. The expressio
the second thresholdHc** can be calculated as follows.

From Eq.~11! one obtains

uH2ws5
t t

u F11uS l

ks
1

j

kb
D G ~12!

and introducing Eq.~11! in Eq. ~10! gives

j** 5kbH 1

t t
FuH2arcsinS 2

t t2tc

w D G2
1

u
2

l

ks
J . ~13!

The above equation expresses the dependence of the
ond critical fieldHc** on the surface and bulk paramete
and on the critical torque for the breaking of the interfa
between the surface layer and the bulk.

III. DISCUSSION AND CONCLUSION

The configuration of the director, when the magnetic fie
is applied, is determined by optical measurements of
transmittance of the sample between crossed polarizer
described above. From the experiments, one obtains
characteristic time of the reorientation process of the surf
layer and the orientation of the surface layerws , as a func-
tion of the applied magnetic field. We will proceed
the fitting of the experimental values ofws as a function
of H; according to our model, the dependence ofws on H
can be obtained from Eq.~10!. The value of the critical
torque was calculated in the previous work@12#; tc
5731025 erg/cm2, from the determination of the first criti
cal magnetic field. However, we have to introduce numer
values for some parameters, such as the elastic constanks
e
ce

a
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d
of
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e
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andkb), the thickness of the surface layer (l ), and the cou-
pling energyu.

Saupe and co-workers@15# determined the bend and spla
elastic constants as a function of temperature, for a lyotro
mixture in the nematic domain close to transition to t
lamellar phase. According to these authors, the bend ela
constant is about 231026 dyn in the middle of the nematic
domain and is 100 times larger close to the transition to
lamellar phase. As was mentioned in the preceding sect
we consider that the order in the surface layer is differ
from the bulk, with a positional order similar to a lamella
structure. This order extends to the bulk, within a few m
lecular dimensions. We assume that the elastic constan
the surface layer is one order of magnitude greater than
bulk one;ks'1025 dyn andkb'1026 dyn.

Experiments of x-ray scattering perfomed in lyotrop
samples have shown that the amphiphilic aggregates pre
are positionally correlated in the three nematic phases~the
two uniaxial phases and the biaxial phase!, which has been
called a pseudolamellar order@16#. The correlation length is
about 40 nm, which corresponds to eight lamellar distanc
Therefore, we will assume that the thickness of the surf
layer can vary from'20 nm up to 50 nm, which corre
sponds to approximately five to ten bilayers, including t
water between them.

The experimental data are fitted using Eq.~10! and
ORIGIN 5.0 software. We start fixing the values of the follow
ing parameters:l 5531026, kb51026 dyn, ks51025 dyn,

FIG. 4. Final orientationws of the director at the surface as
function of the magnetic field strengthH. The solid curve corre-
sponds to the fitting obtained using Eq.~10!. ~a! uH545°, ~b! uH

535°.
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and tc5731025 erg/cm2, and we alloww and u to vary
from 1025 up to 1 erg/cm2. This results inw5631025

erg/cm2 and u51 erg/cm2 and thex2 is 54. The resulting
value ofw corresponds to a weak anchoring. We expect t
U;ua, whereU is the energy of the interaction between t
surface layer and the bulk anda is the area of the aggregat
Taking a;(1026)2 cm2 and the calculated value ofu, we
obtainU;10212 erg, which is comparable to energy of th
interactions between the aggregates in the bulk@17#.

If we proceed to fit starting withu and w in the above
best-fitting values and allow all parameters, expectkb , to
vary imposing the following constrains tol, ks , and tc :
1025<ks<1024 dyn, 1026< l<1022 cm, 1026<tc<1022

erg/cm2, we obtain as best valuesks51024 dyn,
l 51026 cm, and tc5931025 erg/cm2, with almost the
samex2. Therefore, we can conclude that the values ofw, u,
l, andtc do not change too much, remaining with the sa
order of magnitude. However, forks we arrive at a larger
value than the initial one, but still compatible with the e
perimental value of the elastic constant in the nematic ph
close to the transition to the lamellar phase.

In Fig. 4 are reported the experimental data of the surf
angle versusH with the best-fitting curve. From the exper
mental data in Fig. 1, we estimate the value of the sec
critical magnetic fieldHc** '5000 G, and this value can b
used in Eq.~13! to evaluate the critical torque at the inte
ur

s.

.

t

e

se

e

d

face, t I . The corresponding values aret I'1024 erg/cm2

and t I'631025 erg/cm2 for uH545° and uH535°, re-
spectively. We expect that the weaker the deformation in
duced by the magnetic field is, the smaller is the torque at
interface. The experimental results follow this tenden
since for smaller value ofuH we obtained a smaller value o
t I .

In this paper we have analyzed the effect induced by
external magnetic fieldH on planarly oriented lyotropic
nematic liquid crystals. According to the model presented
the first two regimes the surface energy has elastic and
friction-like contributions. The third regime exists when th
torque at the interface between the bulk and the surface l
overcomes a critical value.

To explain the existence of the two thresholds forH, a
phenomenological model based on the presence of a su
layer coupled to the bulk by means of an elastic energy
been developed.

It was found that our model is in good agreement with t
experimental results recently observed on lyotropic nem
liquid crystals.
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