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Forces in an inhomogeneously ordered nematic liquid crystal: Stable and metastable states

A. Borštnik and S. Žumer
Department of Physics, University of Ljubljana, 1000 Ljubljana, Slovenia
~Received 30 December 1996; revised manuscript received 8 April 1997!

Forces on plates separated a few nanometers and immersed in an isotropic liquid crystal are examined within
a continuum approximation. The surface induced partial ordering of a liquid crystal is described using
Landau–de Gennes phenomenological theory. Phase diagrams are presented to show the effect of surface
coupling parameters, distance between the plates, and temperature on the stability and metastability of nematic
and isotropic phases. Special attention is paid to the appearance of metastable phases. For selected examples
we study distance and temperature dependences of the force. Values of surface coupling parameters are chosen
in agreement with the results of recent experiments. For large distances between the plates the force scales with
the second power of the surface coupling parameters and becomes an exponentially decreasing function of
distance characterized with the nematic correlation length.@S1063-651X~97!03608-8#

PACS number~s!: 61.30.2v
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I. INTRODUCTION

Observations of forces in nematic films were perform
by Horn, Israelachvili, and Perez@1# more than 15 years ag
but later most attention was paid to the electro-optical pr
erties, ordering, and dynamics of confined nematic liq
crystals, while forces on objects immersed in liquid cryst
have usually been left aside. The ordering in thin nema
films within the Landau–de Gennes approximation was
vestigated by Sheng@2# and later studied by several othe
@3,4#. In a more detailed theoretical study, based on the s
approach, Poniewierski and Sluckin@5# give a brief discus-
sion of forces in the case of partial nematic order. Later m
efforts were devoted to fluctuation~Casimir! forces in the
completely ordered nematic phase@6#. The interest in experi-
mental analysis of forces has been renewed by the inves
tions of Moreauet al. @7# devoted to presmectic phenome
in lyotropic systems. The recent preliminary results
Muševič, Slak, and Blinc@8# who used the atomic force mi
croscope~AFM! to probe forces in partially ordered nemat
liquid crystal above the nematic isotropic phase transit
stimulated us to perform a detailed theoretical study of for
resulting from a nonhomogeneous surface-induced nem
ordering. Particular interest is paid to the stability and me
stability of confined nematic and isotropic phases.

The structure of this paper is the following. In Sec. II w
present a model of our confined nematic liquid crystal. W
use a Landau–de Gennes phenomenological approach w
surface interaction which adds to the free energy of a b
liquid crystal a linear and quadratic term in the order para
eter. In Sec. III we present calculations of the order para
eter. We show a phase diagram in which it can be seen
the regions of stability and metastability of the nematic a
isotropic phase depend on the surface coupling parame
and temperature. Section IV deals with forces. Calcula
spatial and temperature dependences of forces are pres
for various surface coupling parameters.

II. DESCRIPTION OF THE MODEL

Ordering of molecules in a microconfined liquid crystal
strongly influenced by the vicinity of surfaces. In the nema
561063-651X/97/56~3!/3021~7!/$10.00
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phase the most significant effect is the orientational anch
ing of molecules at the confining surface. Such enforcing
a preferred surface orientation of molecules leads in any n
trivial geometry to a spatially dependent director field. Fu
ther, the presence of the surface directly and indirectly,
deformations in the director field, influences orientation
fluctuations of molecules and thus modifies the degree
order and biaxiality. In the surface layer molecules are a
positionally anchored so that their mobility is reduc
@9–11#. The surface layer at flat substrates promotes the
transitional formation of several smectic layers@12,13#. In
the isotropic phase, the most significant effect of the s
strate is the induction of the orientational order extend
beyond the surface layer. Since this ordering is weaker t
in the nematic phase and is also localized to the vicinity
interfaces, the effect of deformed director field and smec
layering is less pronounced. All these ordering effects re
in particular contributions to forces on the substrates.

In our study we focus our attention on the isotropic pha
To be able to concentrate on the effect of surface indu
orientational ordering, we limit our discussion to surfac
which prefer perpendicular orientation of molecules, whi
is usually, in the literature, termed homeotropic anchoring
an experiment homeotropic anchoring can be achieved b
proper preparation of substrates. Further we assume tha
smectic layers are formed in the film. Since the formation
smectic layers depends on the type of liquid crystal, one
choose pentylcyanobiphenyl~5CB! in which layers are not
found in the isotropic phase, instead of 8CB or 12CB,
which pretransitional smectic layering is often observ
@12,13#. Homeotropic anchoring makes the director field p
pendicular to the surfaces and therefore the ordering of liq
crystal can be sufficiently described with a scalar order
rameter. In the case of non-homeotropic anchoring~planar or
tilted anchoring@14#!, the director is spatially dependen
which requires the use of a tensor order parameter@15–17#.
Several experiments indicate that the ordering of molecu
in the surface layer significantly differs from the ordering
other molecules@18–20#. Therefore we expect that force
between substrates, when the liquid crystal film reduces
the surface layers, strongly depend on molecular details
3021 © 1997 The American Physical Society
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3022 56A. BORŠTNIK AND S. ŽUMER
quantitatively understand the ordering of molecules at
substrates, one should first know in detail molecular inter
tions and then perform a molecular dynamics study. On
other hand, if one is not interested in details occurring in
surface layer, studies of the surface induced ordering in c
fined liquid crystals@20–22# indicate that a combination of
phenomenological continuum approximation and an ex
surface layer of molecular thickness and constant order g
a good description of the liquid crystal ordering. The typic
thickness of the nematic film in our study will be of the ord
of 10 nm. Therefore we leave the properties of the surf
layer for future discussions and simply consider them
parts of the substrate. So the thickness of our nematic fi
where we use a continuum approximation, is for two surfa
layers smaller than the real intersubstrate distance. Fur
we must stress that our analysis is performed within a me
field approximation. We expect that fluctuation forces yie
only a minor correction to mean-field values and can the
fore be left for further considerations.

Our model system consists of two infinite parallel pla
immersed in an isotropic liquid crystal. A scheme of t
arrangement is presented in Fig. 1. The anchoring of
liquid crystal molecules on the plates tends to orient the m
ecules perpendicular to the plates. We describe the orde
of the liquid crystal by a scalar order parameterQ and use a
Landau–de Gennes phenomenological approach to d
mine its spatial dependence and to calculate the free en
of the system. We determine the force between the plate
differentiating the free energy of the liquid crystal with r
spect to the interplate distance.

In a standard way the free energy density of liquid crys
is expanded in series of order parameterQ and its derivative
¹W Q @23#,

f 5 1
2 a~T2T* !Q21 1

3 bQ31 1
4 cQ41 3

2 L1~¹W Q!2. ~1!

FIG. 1. A scheme of the model. Two large parallel plates
immersed in an isotropic liquid crystal. The anchoring of the m
ecules is homeotropic, which makes the director perpendicula
the plates. ForceF is perpendicular to the plates as well.
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We use a single elastic constant approximation~correspond-
ing to L250 in @23#! with temperature independent constan
a, b, c, L1 , andT* .

The two plates influence the ordering of the liquid crys
by an interfacial coupling. To describe thissurface coupling
we add to the bulk free energy density an extra term, ch
acterized by constantsG andQs @24#,

G~Q2Qs!
2d~ urW2RW su!. ~2!

This coupling term tends to equalize the order paramete
the liquid crystal at the surface of the plates with the p
ferred value given byQs . The constantG determines how
strongly the surface induces its preferred ordering.

The order parameterQ varies only in the direction per
pendicular to the plates (x), so that the free energy densit
can be written as

f 5
1

2
aDTQ21

1

3
bQ31

1

4
cQ41

3

2
L1S ]Q

]x D 2

1G~Q2Qs!
2@d~x!1d~x2d!#. ~3!

Hered is the distance between the plates. When minimiz
the free energy functionalF5* f dV the following differen-
tial equation and boundary condition are found:

]2Q

]x2 2
aDT

3L1
Q2

b

3L1
Q22

c

3L1
Q350,

~4!

S ]Q

]x D
x50, x5d

56
2G

3L1
@Q~x50, x5d!2Qs#.

Signs1 and2 correspond tox50 andd, respectively.
We use a one dimensional relaxation method to calcu

the order parameter.

III. CALCULATIONS OF THE ORDER PARAMETER

To get a feeling for the magnitude of the effects in
nematic liquid crystal, the values of constants, correspond
to a typical nematic liquid crystal,a50.183106 J/m3 K, b
522.33106 J/m3, c55.023106 J/m3, L153310212 J/m,
and T* 5313.5 K @25# will be used in further calculations
Coupling constantsQs andG will vary between 0 and 1 and
131025 and 531024 J/m2, respectively. These values a
in good agreement with the latest experiments@20,21#.

Within the Landau–de Gennes approach the tempera
of the nematic-isotropic phase transition (TNI) of a bulk
nematic liquid crystal depends on constantsa,b,c, and su-
percooling temperature of the isotropic phaseT* , and can be
expressed asTNI5T* 12b2/9ac.T* 11.3 K. The super-
heating temperature of the bulk nematic phaseT* 1b2/4ac
is approximately 0.16 K aboveTNI . The transition tempera
ture of our confined liquid crystal depends on, in addition
constantsa,b,c,T* , the surface coupling constantsQs and
G and on distance between the plates (d).

Stable and metastable phases.The differential equation
@Eq. ~4!# with its boundary condition has in the vicinity o
phase transition temperature two solutions. The solution w
Q;0 describes the isotropic phase with partial surface
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56 3023FORCES IN AN INHOMOGENEOUSLY ORDERED . . .
duced order while the other solution withQ;0.3 corre-
sponds to the nematic phase. The solution having lo
value of the free energy defines thestablephase while the
other one corresponds to themetastablephase. At a tempera
ture of the phase transition both free energies are equal

Solutions for the order parameter profileQ(x) at different
temperatures are presented in Fig. 2@~a! nematic phase and
~b! isotropic phase#. The distance between the platesd and
coupling constantsQs andG are taken to be 40 nm, 0.3, an
1.131024 J/m2, respectively. To discriminate betwee
stable and metastable solutions, we present in Fig. 2~c! the
free energy of the liquid crystal per unit area for all curv
shown in Figs. 2~a! and 2~b!. One can see that forT2TNI
,0.11 K the free energy of the nematic phase is lower th
that of the isotropic phase while forT2TNI.0.11 K the re-
verse is true. Both phases have the same value of free en
for T5TNI10.11 K, which therefore yields the temperatu
of phase transition for our particular choice of surface c
pling parameters.

Phase diagram.Conditions for the appearance of stab
and metastable phases depend on temperature, distanc
tween the plates, and surface coupling parametersQs andG.
In Fig. 3 the corresponding four dimensional phase spac
projected on two dimensional phase diagrams for vari
values of temperature. The distance between the plate
fixed to 20 nm.

One can see that for temperatures that are close to
transition temperature of a bulk liquid crystalTNI @Figs.

FIG. 2. Spatial dependences of the order parameterQ for a
liquid crystal between the two plates.Qs , G, andd are equal to 0.3,
0.000 11 J/m2, and 40 nm, respectively.~a! Solutions of the differ-
ential equation~4! ~for various temperatures! which correspond to
the nematic phase.~b! Solutions of the differential equation~4! ~for
various temperatures! which correspond to the isotropic phase.~c!

Free energy of the liquid crystal per unit area (F̃) for the curves in
~a! and~b!. Dots correspond to the values of temperature used in~a!
and ~b!.
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3~a!–3~c!#, regions with only one possible state, nematic
isotropic, and regions with two possible states, one of th
being stable and the other one metastable, can be foun
theQs-G diagram. As temperature is increasing, the regio
with two possible states are becoming narrower. AtT5TNI
10.29 K the region with stable isotropic and metasta
nematic phase disappears. Further increase of temper
for another 0.16 K leads to the disappearance of the reg
with stable nematic and metastable isotropic phase while
line of phase transition, which separates nematic and iso
pic phase, still exists. In our two parameter presentation
the phase diagram the critical point, where this line of ph
transition ends, appears at values ofG far from the interval
of our interest. If temperature is raised aboveTNI10.64 K
the line of nematic-isotropic phase transition disappears
only the isotropic phase exists for all values ofQs andG. In
a three dimensional (Qs ,G,T) phase diagram the phase tra
sition surface ends with a critical line characterized byT
;const.

Surface values of the order parameter.To show what
values of order parameter correspond to certain points in
phase diagram the order parameter of the liquid crystal at
surface of the plates is presented as a function of tempera
for Qs50.3 in Figs. 4~a! and 4~b! andQs50.1 in Figs. 4~c!
and 4~d!. Values of the parameterG vary in the range of
131025 J/m2,G,531024 J/m2. Figures 4~a! and 4~c!
correspond to the liquid crystal in the nematic phase wh
Figs. 4~b! and 4~d! correspond to the isotropic phase. Noti
that in Fig. 4~b! only two curves are drawn. This happen
because liquid crystal cannot exist in the isotropic phase
Qs50.3, G.131024 J/m2, and temperatures that are clo
to TNI .

FIG. 3. Phase diagrams in whichQs , G, and temperature are
varied. Distance between the plates (d) is set to 20 nm. Regions o
stability and metastability of the nematic and the isotropic phase
marked in the figure. SymbolsNs and I s denote stable nematic an
isotropic phase, respectively, whileNms and I ms denote metastable
nematic and isotropic phase, respectively.
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3024 56A. BORŠTNIK AND S. ŽUMER
As can be seen in Fig. 4~a!, for some values ofG,4
31024 J/m2, the stable surface value of the order parame
is not a continuous function of temperature. The tempera
at which the discontinuity appears is the phase transi
temperature. ForG5531024 J/m2, there is no phase tran
sition because this value ofG corresponds to a point lying
above the surface in theQs, T, G phase diagram. It is inter
esting to note that in the case ofQs50.3 @Fig. 4~a!# transi-
tion temperature increases with increasing values ofG while
in the case ofQs50.1 @Fig. 4~b!# the transition temperatur
decreases with increasing values ofG. This effect can be
explained in the following way.Qs50.3 is bigger than the
bulk value ofQ at TNI thus the surface tends to increase t
ordering of the liquid crystal. On the other handQs50.1 is
smaller than the bulk value ofQ at TNI and the surface tend
to decrease the liquid crystal ordering.

A change of distance between the plates has a sim
effect on the ordering of the liquid crystal as a change
coupling constantG. This becomes obvious if we compa
Fig. 4~a! with Fig. 5. In Fig. 5 the order parameter value
the surface of the plates is presented as a function of t
perature. Different curves correspond to different values
distance between the platesd. We can see that ford
.15 nm the order parameter of the liquid crystal is no
continuous function of temperature. As in Fig. 4, the disco
tinuity of the stable surface value of the order parame
shows the position of the phase transition.

IV. CALCULATIONS OF FORCE

Force exerted by the liquid crystal on the surfaces o
nematic film is defined in the following way:FW 5

2DA/DdW , whereDA is the amount of work which has to b
performed by the liquid crystal in order to move one of t
surfaces forDdW . DA is related to the free energy of th

FIG. 4. The order parameter of the liquid crystal at the surf
of the plates (Q0) as a function of temperature for different valu
of surface coupling constantsQs andG. In ~a! Qs is equal to 0.3,
while in ~b! Qs is equal to 0.1. Labels 1,2,3 correspond to values
G5131025, 2.131024, and 5.131024 J/m2, respectively. The
distance between the plates is equal to 20 nm. Dashed lines c
spond to the metastable state.
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systemF by the well known thermodynamic relationDA
5DF1SDT, whereS is the entropy of the system. Takin
into account this relation and limiting the description to
isothermal process, we get the following expression for
force:

FW 52
]F

]dW
. ~5!

Since the force on the substrates of a thin nematic film
always pointing in the direction perpendicular to the s
faces, arrows in Eq.~5! can be omitted. According to the
above convention negative values of force correspond to
attraction and positive to the repulsion of the plates. O
finds for the force per unit surface area

F̃5
F

A52
1

A
]F
]d

52
]

]d E
0

d

f ~x,d!dx1 f bulk, ~6!

where both the integral range and the free energy densit
the confined liquid crystalf (x,d) @Eq. ~3!# depend ond and
A denotes the surface area.f bulk, which depends only on
temperature, is equal to zero above bulkTNI.

We would like to point out that since the two plates a
immersed in a liquid crystal, a change of the distance
tween the plates does not affect the total volume of liq
crystal.

High temperature and large distance approximation.For
temperatures far above nematic-isotropic phase trans
(DT5T2T* @1 K) or for large distances between the plat
(d@j05A3L1 /aDT) the order parameter becomes mu
smaller than 1. In this case the quadratic and the cubic t
in Eq. ~3! become negligible and one can find an analyti

e

f

re-

FIG. 5. The order parameter of the liquid crystal at the surfa
of the plates (Q0) as a function of temperature for different value
of distance between the platesd. Surface coupling constantsQs and
G are equal to 0.4 and 2.131024 J/m2, respectively. Dashed line
correspond to the metastable states.
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56 3025FORCES IN AN INHOMOGENEOUSLY ORDERED . . .
solution of the differential equation~4!. Inserting this solu-
tion into Eq.~6! one finds the following asymptotic expre
sion for the force per unit area:

F̃asy52
8

3L1
G2Qs

2e2dA~a/3L1!DT. ~7!

Spatial dependence of the force.In Figs. 6 and 7 we
present typical spatial dependences of the force per sur
area (F̃). As insets to the figures the corresponding dep
dences of the order parameter of the liquid crystal at
interfaces (Q0) are shown. We have concentrated our att
tion on the vicinity of TNI and selected values of surfac
coupling parameters in a range used in explaining surf
induced ordering in Sec. III. Exploration of forces for oth
values of parameters is left for future studies.

The temperature of liquid crystal in Fig. 6~a! is slightly
~0.005 K! aboveTNI while the surface coupling constantsQs
and G are 0.2 and 3.631024 J/m2, respectively. Ford
520 nm the set of parameters chosen corresponds to a
in the phase diagram@Fig. 3~a!# in a region of a stable nem

FIG. 6. Force between the plates per unit area (F̃) and order
parameter at interfaces (Q0), inset, as a function of distance be
tween the plates. Surface coupling constantsQs andG are 0.2 and
3.631024 J/m2, respectively. Temperature of liquid crystal
TNl10.005 K in ~a! and isTNl10.17 K in ~b!. In ~a! the distance
where the phase transition occurs is equal to 500 nm.
ce
-
e
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e

int

atic phase, slightly above the region of two possible sta
stable nematic and metastable isotropic phase. As we can
in Fig. 6~a! for d.21 nm the liquid crystal can be foun
either in stable nematic or metastable isotropic phase.
d,21 nm the metastable isotropic phase of the liquid crys
does not exist and atd521 nmF̃ is a discontinuous function
of d. We would like to point out that the hysteresis loop
not closed. This happens becauseTNI10.005 K is lower than
the highest superheating temperature of the nematic pha
a bulk liquid crystal. Therefore the metastable nematic ph
exists also for large values ofd yielding a nonzero attractive
force. Namely, when the distance between the plates is
creased for larged, the order parameter profile close to th
plates does not change@see the insetQ0(d)# so one can
imagine that some amount of liquid crystal from the regi
outside is moved in the region between the plates and
order parameter value is increased from zero toQ of a bulk
liquid crystal in the nematic phase. Therefore the free ene
increases proportionally tod and leads to a long range a
traction force which does not depend ond.

FIG. 7. Force between the plates per unit area (F̃) and order
parameter at interfaces (Q0), inset, as a function of distance be
tween the plates (d). Surface coupling constantsQs andG are 0.3
and 231024 J/m2, respectively. Temperature of liquid crystal
TNl10.2 K in ~a! andTNl10.26 K in ~b!. The distance at which the
phase occurs in cases~a! and ~b! is equal to 19 and 14.8 nm, re
spectively.
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3026 56A. BORŠTNIK AND S. ŽUMER
For plots in Fig. 6~b! the surface coupling constantsQs

and G have the same values as in the case of Fig. 6~a! but
here the temperatureTNI10.17 K is set higher so that fo
d520 nm the corresponding point in the phase diagram@Fig.
3~c!# is in the region of isotropic phase. The knee of t
curve atd512 nm is a consequence of a nonmonotono
decrease of the order parameter profile with respect tod @see
the insetQ0(d) in Fig. 6~b!#. It corresponds to the phas
transition from the nematic to the isotropic phase.

In Fig. 7~a! the parameterQs is set to 0.3, which is 50%
larger than in the case treated in Fig. 6.G andT are selected
to be 231024 J/m2 and TNI10.2 K, respectively. In the
phase diagram@Fig. 3~d!# for d520 nm this corresponds to
point lying in the region of two possible states (Nms1I s).
This helps us understand why ford.36 nm only a curve
corresponding to the isotropic phase exists while for the
terval 16 nm,d,36 nm either the nematic or the isotrop
phase is present. Ford,16 nm there is only one curve, co
responding to the nematic phase. The discontinuities of
order parameter atd516 and 36 nm@see insetQ0(d)# mani-
fest in the discontinuities of theF̃ curves.

To obtain results in Fig. 7~b! the same surface couplin
constants,Qs50.3 andG5231024 J/m2, are used as in
Fig. 7~a!. The temperature is raised for 0.06 K and set
TNI10.26 K. The hysteresis loop of the force has beco
narrower. The nematic-isotropic phase transition occurs
the region of the hysteresis loop, somewhere between 14
16 nm. Ford smaller than 14 nm the liquid crystal is in th
nematic phase while ford.16 nm only the isotropic phas
exists.

Focusing on the curves corresponding to the isotro
phase in Figs. 6 and 7 one can see that in the limit of largd
the absolute value of the force is an exponentially decrea
function ofd. We have found out that the correlation leng
is equal to 6 nm and is independent of the surface coup
parameters. These results are in accordance with the l
distance approximation@Eq. ~7!#, which determines expo
nential decrease of force with respect tod with correlation
length inversely proportional to the square root ofDT and
approximately equal to 6 nm for temperatures close toTNI .

Temperature dependence of the force.In Fig. 8~a! we
present the temperature dependence of the force in the
tropic phase for several values ofQs . Surface coupling
G5231024 J/m2 has the same value as the one in Fig.
Distance between the plates is 10 nm. The graph is plotte
the logarithmic scale. In Fig. 8~b! a part of Fig. 8~a!, plotted
in an ordinary scale, is presented in order to show a deta
behavior of the curve. In Fig. 8~b! one can see that forc
corresponding toQs50.1 is a monotonous function of tem
perature, indicating that for this value of the surface coupl
constant the liquid crystal is in the isotropic phase for all
temperatures aboveTNI . Even if d is increased to 20 nm
Qs50.1 still induces isotropic phase of the liquid crystal f
all temperatures aboveTNI , which can be seen in the phas
diagram~Fig. 3!, where the lineQs50.1 lies beneath the line
of phase transition for all values ofT. For Qs>0.2 the be-
havior of the force is more heterogeneous. For temperat
close toTNI , where values of order parameter are close
those of a bulk nematic liquid crystal, the force is an incre
ing function of temperature. ForQs50.2 at a certain tem-
s
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perature a phase transition from the nematic to the isotro
phase occurs. It is accompanied by the jump in the value
the force. ForQs50.3, 0.4 the change from the nematiclik
to the isotropiclike behavior is continuous, but relative
sharp, occurring within the temperature range of a few ten
of a degree. In this range the absolute value of force reac
its maximum value. For temperatures well above the ph
transition (T2TNI@1 K) the liquid crystal is in the isotropic
phase. One can see in Fig. 8~a! that force is an approximately
exponentially decreasing function of temperature. Cur
corresponding to different values ofQs only differ by a con-
stant scaling factor, proportional toQs

2. This is in accordance
with the high temperature expansion formula@Eq. ~7!#,
which describes the force as a product of a scaling fac
proportional to the squares of surface coupling constants
a surface coupling independent exponential function o
square root ofT2T* .

V. CONCLUSION

We investigate ordering and forces in a liquid crystal
temperatures above the nematic-isotropic phase transitio

FIG. 8. ~a! Force between the plates per unit area (F̃) as a
function of temperature for various values ofQs . Graph is plotted
in the logarithmic scale. Surface coupling constantG and distance
between the platesd are 231024 J/m2 and 10 nm, respectively.~b!
A part of ~a! with temperature scale expanded in order to show
detailed structure of the curve.
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56 3027FORCES IN AN INHOMOGENEOUSLY ORDERED . . .
a bulk material confined by two parallel plates. We limit o
discussion to cases where the typical distance between
plates is much larger than one molecular layer so that
leave the properties of the surface layer for future consid
ations. Using Landau–de Gennes continuum theory we
calculate the phase diagram to localize regions of the sta
ity and metastability of nematic and partially ordered isot
pic phases. The main goal of our study is to show how
force between the parallel plates depends on the dista
between the plates, temperature of liquid crystal, and on
face parameters. In the range of our interest the force o
can have two different values, which manifests in a hys
esis loop in a force versus distance diagram, and jumps in
dependences on distance. The size of the hysteresis loo
creases with temperature and at a certain temperature it
appears. At large distances between the plates, where
liquid crystal can be found in the isotropic phase only, t
ys

et

.

.

llo
he
e
r-
st
il-
-
e
ce
r-
n

r-
he
de-
is-
the
e

absolute value of force approaches zero exponentially, wi
correlation length independent of surface coupling para
eters. Similarly, when observing the temperature depende
of the force at higher temperatures, one finds out that cur
corresponding to different values ofQs exhibit the same be-
havior.

A comparison of our predictions with the results of th
preliminary experiments performed by Musˇevič, Slak, and
Blinc @8# show that the observed behavior of forces can
explained within the Landau–de Gennes formalism.
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