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Surface breaking in lyotropic nematic liquid crystals induced by a magnetic field
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The twist deformation induced by a magnetic fiégldn 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 thresholti,fealledH? . In the third
regime, the sample is uniformly oriented aloHgAlso this regime has a well defined threshold valdé¥ ,
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 thicknésand the bulk. This elastic coupling has a saturation for a given value
of the deformation of the bulk with respect to the surface laj®t063-651X99)08812-1

PACS numbss): 61.30—v

[. INTRODUCTION used in the design of liquid-crystal displays and new eletro-
optical deviceg7]. The investigation of these phenomena is
Liquid-crystal (LC) mesophases are present in materialgelevant because of the fundamental aspects of physics and
composed of interacting molecules or aggregates of molapplications in microelectronics and medicine.
ecules that are anisotropic in shape. These materials can be When a nematic is in contact with a solid substrate, a
divided in two categories according to the relevant parametegontinuum description is more complicated due to the re-
driving the phase transitions: thermotropic and lyotropic lig-duced symmetry of the medium. The interactions of a nem-
uid crystals. Thermotropics are composed of elongated oratic with the boundary surfaces are usually described, in a
ganic molecules that present liquid-crystalline mesophaseghenomenological approach, by an anisotropic surface en-
for a certain range of temperature. In lyotropic systems thergyFs. For thermotropic liquid crystals, the surface energy
building blocks are aggregates of amphiphilic molecules dishas an elastic contribution due to the presence of the surface
persed in water. The phase transitions occur by variations dfeld. It is connected with the geometrical shape of the sur-
temperature or concentration and are accompanied by simulace or with the physical anisotropy of the substrate. It is a
taneous variations of order and shape of the aggregates. function of the actual nematic orientation with respect to the
The simplest mesophase is the nematic phase, charact@asy axig8]. According to this description, when the distort-
ized by a long-range orientational order of the moleciiges ing effect acting on the liquid crystal is removed, the initial
aggregates of moleculesThis average molecular orientation orientation of the system is restored. Most of the experimen-
is defined by a unit vecton called the director. From the tal results and theoretical models reported on surface prop-
crystallographic point of view the nematic medium behaveserties of liquid crystals concern thermotropic mesophases
as a uniaxial crystal whose optical axis coincides with thedue to their interest for technological applications. Regarding
directorn. The orientation oh in the bulk is sensitive to the lyotropic liquid crystals, such an investigation is more recent
presence of external fieldslectric or magnetic The elastic ~and a different surface behavior has been observed.
behavior of the bulk nematic can be described by the Frank Recently, a gliding effect of a director in the surface layer
energy density, proposed long ago by Oseen, Zocker, anas been observed in lyotropic nemafied This effect has
Frank[1-3]. been interpreted by assuming that the interaction between the
However, close to the boundary surfaces the nematic omematic and the substrate is of the dry-friction tyde].
der can be disturbed and a positional order or a particulafccording to this model, on an anisotropic substrate all the
orientation of the molecules may result. Indeed, it has beenematic orientations are equivalent; to pass from one orien-
reported that a nematic mesophase exhibits a positional ord&tion to another one, it is necessary to overcome an energy
in a thin layer close to the boundary of a solid substf4g].  barrier. To this barrier has been connected a critical torque
In the absence of bulk distortions, usually the substrate imresponsible for the dry-friction interactigd0]. A more de-
poses on the molecules some particular orientation, callethiled analysis of this phenomenon based on thermal relax-
the easy axisI(y) [6], that propagates to the bulk by means ation has also been proposd]. This shows that the reori-
of the elastic interactions. This surface effect, knowraas  entation process of the surface layer can be described in
choring becomes more important when the dimensions oterms of the simple dry-friction model. Furthermore, this
the system are reduced. The surface effects have been wideljodel has predicted the existence of a critical magnetic field
H?% , called surface critical field above which the surface
reorientation process takes place. It was also highlighted that
* Author to whom correspondence should be addressed. for H>H} the surface distortion increases. For high enough
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i volved are not only of the particlenicelle) -surface interac-
0.8 - tions type, but mainly of the amphiphilic molecule-surface

. ¢ o ¢ [ . . ! : SeUle

i interactions type. The last interactions may give rise to the
o L formation of a bilayer structure of amphiphilic molecules at
b the substrate. The thickness of this surface layer depends on
i the hydrophilic properties of the substrate. In the case of a
0.6 highly hydrophilic substrate, the surface layer may be seen
i E? as a broken lamellar structure, whereas if the substrate is

g hydrophobic, a more compact reverse bilayer organization

E may be stabilized. The experimental results reported here

e
th
T

i were obtained on a hydrophilic glass substrate.

04 | This surface layer is coupled to the bulk by means of an

i elastic energy. The surface energy depends on the orientation
of the surface layer with respect to the bulk ddg]. The

03 - functional form of the energy describing the interaction of
r I the bulk with the surface is assumed to have a saturation
02 L behavior. This means that if the deformation at the interface
r I is larger than a given quantity, this energy becomes indepen-
- dent of the deformation; consequently, the transmitted torque
PR SRR S RN ST SR AT S [T S TS ST SR T S ST ST S ST S ST ST S SN T 1 1 1 1 1 1
0.1 0 2000 1000 5000 3000 10000 vanishes. This functional dependence is similar to the surface

energy proposed by Blinoet al. [14]. To the saturation is
connected the existence of the second critical fi¢fd .
FIG. 1. The experimental curve of the equilibrium orientation ~ With respect to the model presented[#2], this model

¢ of the surface director as a function of the magnetic field inten-2/S0 considersi) the presence of a surface |ay(_9|' \_Nh?fe the
sity H [12]. order parameter and the structure of the lyotropic liquid crys-

tal are different from the bulkji) the elastic energy describ-
fields, there is a saturation regime that corresponds to thig the interaction of the bulk with this surface layer.
director oriented along the applied external field direction. ~ As will be shown in the following, all the experimental
In a recent publicatiofil2], we reported some experimen- data can be interpreted in terms of this model.
tal results on the equilibrium states of a lyotropic nematic LC
in the presence of a magnetic field. The experiment consists
of applying a magnetic field to a uniform oriented sample in . THE MODEL

the nematic calamitic phase, in a planar geometry. The mag- e suppose that the boundary surface induces a posi-
netic field is applied parallel to the boundary surfaces andional order and the amphiphilic molecules are organized as
induces a twist deformation in the sample, along the thickin |amellar structure. When a magnetic field)(is applied to
ness. By measuring the transmittance of the sample betwegRe amphiphilic molecules, it is known that the aggregates
crossed polarizers, as a function of the time, it is possible t§and to orient with their biggest axis parallel to the field
fit the experimental curves for a given dynamical profile of girection, due to the anisotropy of the diamagnetic suscepti-

the director along the thickness. With this fitting one canpjjity. The average orientation of the parafinic chains is per-
determine the characteristic reorientation time and the finghendicular toH.

configuration of the director. It was found that there exists @ | the experiments cited above, the sample is initially in a

critical field, HY , above which an irreversible deformation planar configuration, therefore the average orientation of the
of the surface layer occurs. By increasing the field intensityparafinic chains is perpendicular to the boundary surfaces. If
we observed that the director in the surface layer tends t@t the surface the lamellar structure is not compact, but pre-
align along the direction imposed by the applied field, but thesents defects such as channels, the amphiphilic aggregates
saturation regime is reached with a discontinuity. Indeed, ifmay be larger than the micelles in the bulk. There is a pos-
H overcomes a second critical valt™ >H?Y , the surface sibility that these aggregates can also be anisotropic, and in
director jumps to the external field directidsee Fig. 1. this case they would orient with their biggest axis parallel to
This shows that there is a kind of breaking at the surface fothe direction of the magnetic field, however this process
H=H%* . Such a behavior could not be explained either inwould take a longer time than for the micelles in the bulk. If
terms of the dry-friction model, or by considering also anthe large aggregates in the lamellar structure are not aniso-
anchoring contribution to the surface reorientation process.tropic, the anisotropy of the diamagnetic susceptibility is
In this paper, we develop a more elaborate phenomenaeero for the surface layer.
logical model to interpret the complete surface reorientation In the following we propose the existence of a surface
process. We propose a simple two-layer model for the interlayer of thicknesd of the order of a few molecular dimen-
face nematic substrate. We assume that there is a first surfas®mns as shown in Fig. 2. As we consider that the order pa-
layer of the nematic which interacts with the substrate givingameter and the structure of the surface layer are different
elastic and dry-friction contributions to the surface energyfrom the bulk, it results that;#k,,, wherekg andky, are the
Such an assumption is based on the fact that lyotropic LC’surface and the bulk elastic constants, respectively.
are self-organizing systems. When a nematic lyotropic LC is In our two-layer model we assume th@j the surface
in physical contact with a solid surface, the interactions indayer interacts with the substrate by means of an “elastic”

H (G)
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z other words, the torque of magnetic origin can be neglected
e with respect to the elastic torque. In this context, the mini-
T T mization of Eq.(1) gives the torque balance, for the Euler-
———_—"-"-" |4 @k Lagrange equations: in the surface layerd/2<z=-—d/2
i +1):
TITALL LA AT AR AL AR AN TAT I
—d/2| ||||||||||Iglla::sllslllj:)lsltlrl;::l|||||||| | (Surface layer) k(p’ — const

in the bulk (—d/2+1=<z=<0):

FIG. 2. The two layers systerhis the thickness of the surface

1 r2_1 2 of —
layer (of molecular dimensionsd is the sample thickness. 2Kpe" "= 2 xaH sinf( On— @)

The torque in the bulk is,= (k, /&) sin(6y— ¢y,), Whereé
is the magnetic coherence length, whereas in the surface
fayer the torque iss= Ko (¢ — @s)/17.

At the interface the equilibrium imposes

bulk surface energy density of strengthand by means of
dry-friction-like energy of critical torquer;, (ii) the bulk
interacts with the surface layer with an interface energy o
the typesu(¢f — ¢f)?, wherepy ande are the angles of
the bulk director and the surface layer director at the inter-

k
face(see Fig. 3. —bsin(eH—<p§)=u(<p§—cp,*), 2
Note ¢ is not continuous, only the torque has to be con- §
tinuous at the interface. ot o
. . | — s
The torque at the interface is Ke I — (el —gl), 3)

n=u(ep — @ )<m. _ _ . .
showing that the torque at the interface is continuous.
At 7,= 7, the interface is broken and the bulk is free to  Let us consider that— ¢y is very small. In this ap-
move under the action of the magnetic field. The total energproximation, Eqs(2) and (3) become
of the sample, per unit area, is given by

k
_arz Z (04— of) =u(eh —ol), (@
F=f i [2ke'?—3xaH?cOS(0y—¢)]dz ¢
¢ s
0 — * __ *
+f L, [Hke' = dxaH? cod(6,— ¢)1dz T Tue el ©
—d/i2+
+lu(gt —oF)P+F., D From Egs.(4) and(5), we obtain
kb ks ks
where ¢’ =de/dz and Fs= —(1/2)w sir? ¢ is the surface 3 On| T +u|+uTes
energy; 6y defines the magnetic-field direction with respect ol = , (6)
to the surface easy axig, is the anisotropy of the magnetic KpKs (ﬁ N k_s)
susceptibility. Sincd is of the order of a few molecular &l F
dimensionsg does not change too much in the first integral
which appears in Eq1), but its derivative is finite. A change ke [kp Ky
of ¢ modifies the cosine function near its maximum value EQ"S ng“ +U€9H
and this modification would be much smaller than the term oF = K K (7)
connected ta’. This implies that the magnetic contribution b7s u(_b+ S)
in the first integral can be considered as a constant term. In él & |
The torque equilibrium at the interface between the first
layer and the surface imposes
Ks 4 W
O ’ 7 (¢ —9s) +58iN2¢5) + 15=0. ®
. For H>HZY , the surface reorientation process can take
P place only if the torque associated to the dry friction is equal
P to the critical torquer.; the above equation can then be
P rewritten as

T
Z s (o Y Sin(2¢0) + 7,=0 9
- - —=Si =0.
FIG. 3. Azimuthal angle profile in the two-layer systemy is I (¢ = @) 2% N2+ 7 ©
the surface anglep;® and ¢} are the angles at the interfacé;
defines the magnetic field direction. From Eq.(7) we evaluatep;” and Eq.(9) is rewritten as
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u wW . 40 T T T T T T T T
——— 77 (i @) +5siN(2¢5) + 7.=0. (10)
| g 2 35 |- E
1+ul —++—
ke  kp ol )
To obtain the second threshold for which the surface s 3F .
breaking takes place, we evaluate the torque at the interface £ ¢
* * ® 20 -
n=U(ep —¢r ). z | E
By means of Eqs(6) and(7) we deduce & 45l J
kbk 10 3 i
FS( On—¢s) i o
T U(QDE—(‘DT)ZU (11) N P S | IR R RS RPU R |
kb ks kb k s 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500
] T H(G)

25 T T T T T T T T T

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

When the external magnetic field strength is larger than a
critical valueH:* , the torque at the interface may overcome
the critical torquer; for which the interface between the bulk
and the surface layer is broken. Thus, for-H%* | the bulk
is completely free to move with respect to the interface layer
and can follow the direction imposed by the external mag-
netic field. The nematic sample behaves then like a three- Lo
layer system: two boundary layers with uniform orientation S00 1000 1500 2000 2500 3000 3500 4000 4500 5000
along the imposed surface orientation, and the bulk oriented ne
along the external magnetic field direction. The expression of FiG. 4. Final orientationp, of the director at the surface as a

20

95 (deg)

the second thresholds* can be calculated as follows. function of the magnetic field strengti. The solid curve corre-
From Eq.(11) one obtains sponds to the fitting obtained using E40). (a) 6,=45°, (b) 6y
=35°.
Tt | €
Oy— os=—| 1+ul —+— (12 _
u ks kp andk,), the thickness of the surface layd),(and the cou-
) . . ) pling energyu.
and introducing Eq(11) in Eq. (10) gives Saupe and co-workef45] determined the bend and splay

elastic constants as a function of temperature, for a lyotropic
il 7T T LT mixture in the nematic domain close to transition to the
6y —arcsin 2 . (13 : :
w Ks lamellar phase. According to these authors, the bend elastic
_ constant is about 10 ° dyn in the middle of the nematic
The above equation expresses the dependence of the seemain and is 100 times larger close to the transition to the
ond critical fieldH%* on the surface and bulk parameters,lamellar phase. As was mentioned in the preceding section,
and on the critical torque for the breaking of the interfacewe consider that the order in the surface layer is different

Tt

1

between the surface layer and the bulk. from the bulk, with a positional order similar to a lamellar
structure. This order extends to the bulk, within a few mo-
IIl. DISCUSSION AND CONCLUSION lecular dimensions. We assume that the elastic constant in

the surface layer is one order of magnitude greater than the
The configuration of the director, when the magnetic fieldbulk one;kg~10"° dyn andk,~10 ® dyn.

is applied, is determined by optical measurements of the Experiments of x-ray scattering perfomed in lyotropic
transmittance of the sample between crossed polarizers, gamples have shown that the amphiphilic aggregates present
described above. From the experiments, one obtains th&re positionally correlated in the three nematic phates
characteristic time of the reorientation process of the surfacavo uniaxial phases and the biaxial phasghich has been
layer and the orientation of the surface laygy, as a func- called a pseudolamellar ordgk6]. The correlation length is
tion of the applied magnetic field. We will proceed to about 40 nm, which corresponds to eight lamellar distances.
the fitting of the experimental values af; as a function Therefore, we will assume that the thickness of the surface
of H; according to our model, the dependencegqfon H layer can vary from~20 nm up to 50 nm, which corre-
can be obtained from Eq10). The value of the critical sponds to approximately five to ten bilayers, including the
torque was calculated in the previous wofl2]; 7, water between them.
=7x10"° erg/cnt, from the determination of the first criti- The experimental data are fitted using Hd.O) and
cal magnetic field. However, we have to introduce numericabrIGIN 5.0 software. We start fixing the values of the follow-
values for some parameters, such as the elastic constants (ng parameterst=5x10"°, k,=10 6 dyn, ke=10"° dyn,
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and 7,=7x10"° erg/cnf, and we alloww and u to vary  face, 7,. The corresponding values arg~10 * erg/cn?
from 10°° up to 1 erg/cr. This results inw=6X10"°  and r,~6x10 5 erglcn? for 6,=45° and 6,,=35°, re-
erglcnt andu=1 erg/cnt and they?® is 54. The resulting spectively. We expect that the weaker the deformation intro-
value ofw corresponds to a weak anchoring. We expect thatiuced by the magnetic field is, the smaller is the torque at the
U~ua, whereU is the energy of the interaction between theinterface. The experimental results follow this tendency,
surface layer and the bulk areds the area of the aggregate. since for smaller value of,; we obtained a smaller value of
Taking a~ (10 °)? cn? and the calculated value of we 7.
obtain U~ 10~*2 erg, which is comparable to energy of the  In this paper we have analyzed the effect induced by an
interactions between the aggregates in the puwK. external magnetic fieldH on planarly oriented lyotropic
If we proceed to fit starting withu andw in the above nematic liquid crystals. According to the model presented, in
best-fitting values and allow all parameters, expagt to  the first two regimes the surface energy has elastic and dry-
vary imposing the following constrains th ks, and 7.: friction-like contributions. The third regime exists when the
10 5<k,<10"*dyn, 10 ®<I<10"2cm, 10 °<7,<10"2  torque at the interface between the bulk and the surface layer
erg/cnf, we obtain as best valuesks=104dyn, overcomes a critical value.
|=10"% cm, and 7.=9%x10 ° erg/cnf, with almost the To explain the existence of the two thresholds Fhra
samey?. Therefore, we can conclude that the valuesiofi, ~ phenomenological model based on the presence of a surface
[, and 7, do not change too much, remaining with the samelayer coupled to the bulk by means of an elastic energy has
order of magnitude. However, fde, we arrive at a larger been developed.
value than the initial one, but still compatible with the ex- It was found that our model is in good agreement with the
perimental value of the elastic constant in the nematic phasexperimental results recently observed on lyotropic nematic
close to the transition to the lamellar phase. liquid crystals.
In Fig. 4 are reported the experimental data of the surface
angle versudd with the best-fitting curve. From the experi-
mental data in Fig. 1, we estimate the value of the second
critical magnetic fieldH}* ~5000 G, and this value can be  The authors are grateful to G. Barbero for useful discus-
used in Eq.(13) to evaluate the critical torque at the inter- sions and to FAPESP for the financial support.
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