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External fields have a profound effect on the fluctuations of strongly correlated fluids, such as a liquid
crystal. Within a harmonic functional integral approach, we compute the fluctuation-induced force between the
surfaces of a smectic liquid-crystal film under the presence of an ordering field. In particular, we show that for
asymmetrically anchored films, the thermal Casimir interaction energy can be collapsed into a universal form
crossing over from a repulsive to an attractive interaction as the film thickness is increased. We discuss the
possible relevance of this field effect in nematic-smectic wetting transitions.
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The fluctuation modes of a correlated system are known External fields that couple to a long-range correlated order
to be modified by the presence of surfaces and/or externglarameter are also able to promote profound modifications in
bodies. The most prominent example of such a phenomenafieir fluctuation modeg$7,8]. The influence of an applied
is the suppression of fluctuation modes of the electromagmagnetic field on the critical behavior of liquid crystals has
netic vacuum field between conducting grounded paralleheen extensively investigatgd4—17. Theoretical and ex-
plates. As a consequence, it gives rise to an effective anderimental studies showed that several effects can be associ-
attractive interaction between the plates, namely the Casimltyay with the field influence on the smectic fluctuations
force [1]. Similar fluctuation-induced interactions also 15-17, which was recently shown to be nonmonotonic with
emerge in classical systems exhibiting thermal fluctuation he avérage following a universal behav{di8]. Analogous

They are particularly important in liquid crystalR—6], . i
where the long-range character of this interaction has bee%ﬂec.ts can alsg be observclad.for films under an .external glec
c field once it couples similarly to the smectic layer dis-

shown to be relevant to several interesting phenomena, sué SIS e )
as wetting and unbinding of fluid membranes placement. In chiral liquid crystals, an electric field applied
Liquid crystals are characterized by the pr.esence of oriin the smectic layer plane can further induce a molecular tilt

entational order of the constituent molecules which may co(the electroclinic effegt which has been explored in the de-
exist with some degree of positional ord@tg]. In the nem- ~ velopment of electro-optic devicg$9,2Q.
atic phase, with pure molecular orientational order, the In this Rapid Communication, we will compute the
thermal Casimir-like force between the surfaces of a slab ofiuctuation-induced interaction in free-standing smectic
thicknessl decays as 17 [3]. It has an attractive character liquid-crystal films under the influence of an ordering field.
for likely boundaries and a repulsive one for mixed boundanyWithin a quadratic functional approach we will provide the
conditions. In the smectic phase, the liquid crystal developscaling correction to the free energy as obtained from both
an additional layered structure. Layer fluctuations, describediscrete and continuous models of a smectic film. We will be
by the displacement field(r), induce an effective surface- particularly interested in analyzing the field effect in films
surface interaction force decaying as 1%/ Similar  under mixed boundary conditions. In this case, the repulsive
fluctuation-induced forces have also been identified for thehermal Casimir interaction can be driven to an attractive one
columnar[3,9], chiral smectid10], and hexatiq11] phases, as the field is increased. We will characterize the scaling
as well as for liquid crystals with rough surfaces12 and  properties governing this crossover and discuss the possible
nematic films frustrated by external fielfis3]. In this latter  relevance and predictions which can be drawn from these
case, the competition between bulk and surface fields givefindings to experimental investigations of the field effect on
rise to a crossover of the surface-surface interaction froormematic-smectic wetting transitions.
attraction to repulsion as the film thickness increases. In free-standing smectic liquid-crystal films, the interplay
In smectic liquid-crystal films, the decay of the thermal between surface, field ordering, and finite-size effects can be
Casimir force is slower than the usual van der Waals interinvestigated in great detail. The coupling between the film
action and, therefore, it plays a relevant role on wetting tranand the surrounding fluid is usually represented by a surface-
sitions of smectic filmg2]. Most experimental set ups result tension term, which reduces fluctuations in the smectic order
in smectic films with strong anchoring of their surfaces, thusand promotes quasi-long-range order with logarithmically di-
leading to an attractive surface-surface interaction. This atverging fluctuations. For strongly anchored films, the re-
traction leads to incomplete wetting by the smectic phaseduced fluctuations near the film surface are related to several
i.e., the wetted phase can grow only up to a finite thicknessanomalous phenomena, such as the existence of smectic
A possible exception was pointed out in the case of a smectifiims at high temperatures as compared with bulk samples
film bordered by a nematic liquid crystal. In this case, the[21,22, surface-enhanced ordering, and layer-thinning tran-
weak nematic-smectic boundary provides the mixed anchositions [23—2§. Within the harmonic approximation, the
ing condition needed for the emergence of a repulsive interHamiltonian describing the small layer deformations of a
action and would promote complete wetting. film with N layers can be written a@d=Hg+Hg+Hg, where
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L N gk Nlg open boundaries, the total free energy is expected to have the
HB:J dr| > 7[Aui(r)]2+ > U () —u()?], following functional thickness dependence:

a i=1 i=1 2
f=lfg+ fg+ Af(D), (8)

wherefg represents the bulk contribution to the free energy,
L A . W ) fg is the surface contribution, andf(l) is the effective
Hs:J dr E|VU1(F)| +?|VUN(Y)| : (2)  fluctuation-induced(Casimir-like interaction energy. The
a Casimir-like contribution to the total free energy can be ex-
tracted by a subtraction scheme within the above discrete

L N 2 ;
dy,H formulation.
_ 2 a 2
He ‘J d f[zl > |V u(r)] ] ' 3) In the limit where the number of smectic lay@s- o but

a = with |=(N-1)d finite, a simple expression for the interaction
are the bulk, surface, and external field contributions, respeenergy can be obtained from the continuous version of the
tively, andu;(r) represents the small displacement of itte  model[2]. The eigenmodes are obtained from the differential
smectic layer from its original equilibrium positia=id at  equation
point r, with d being the mean layer spacing. The upper 5
integration limitL is the transversal size of the film and the dKcfu(z) + dy,H2u(2) - dBE =\u(2), (9)
lower limit a is a cut-off length of the order of the molecular z
diameter.K and B are, respectively, the layer bending and
layer coupling constantsy, (i=1,N) is the surface tension
which penalizes variations in the area of the surface layer
[27].' A characteristic surface tensiog,=vKB, dehr_mts the ting of the surface and volume contributiofs6,17. After
regimes of weakKy< y,) and strond y> v,) anchoring. The : -

. some algebra, it results in
above model was introduced by Holyst to compute the x-ray
diffraction pattern for thin smectic-A liquid-crystal films 2AF(1)  [*2 d?q Ny
[28], and further extended by Mirantsev to allow for nonflat T :f 2m)? In[1-e2*49G,Gy], (10)
profiles of the elastic constanf29] and the presence of a B 2t
solid substrat¢30]. The anisotropy(a i§ usually positive _and where(q)=1+1/axg%H/H,)? and
therefore an external fieltli (magnetic or electricapplied

1

wherez runs from 0 td. By imposing appropriated boundary
conditions, the eigenmodes can be obtained and the scaling
Rorrection to the free energy can be extracted after the split-

perpendicularly to the layer's plane reinforces the smectic _ 2(k(q) = %y — d\ g = (dfa) (H/H,)? 11
order by penalizing any in-plane gradient of smectic fluctua- i 2(x(Q) + il ye) + AN + (d/a)(H/H)?' (11)
tions.

The quadratic form of the total Hamiltonian allows for a N the absence of an applied external field, the fluctuation-
direct computation of several thermodynamic properties ofnduced interaction energy between the film surfaces is at-
free-standing smectic films in Fourier space. In particularfractive for likely boundary conditiong,3], decaying as 1/

the Helmholtz free energy per unit area can be written as Strong anchoring configuration on both film surfaces is the
most commonly obtained in experimental set ups where the

smectic film surfaces are in contact with the surrounding gas,
or confined by isotropic liquid or solid phases. The action of
an external field in this case will further reduce smectic fluc-
from which trivial extensive contributions were neglected. Intuations, but the fluctuation profile remains symmetric and
the above expressioM is the dimensionless interaction ma- the attractive nature of the fluctuation-induced interaction re-

_le 27la d2q
2 Jom (2m)?

In detM, (4)

trix of the system whose only nonzero elements are mains, although it decays faster asl?ldue to the field-
. H\2/ g q ordering effecf31]. This attractive interaction favors the in-
M= {(ﬁ) + (_> (—)}dzq% A3 + <_>; complete wetting of the smectic film.
' Ve H./ \a Ae An experimental set up for generating mixed boundary

(5) conditions would result in a repulsive long-range interaction
i =1 andN, between the film surfaces. This configuration may be ob-
tained in a smectic film bordered on one side by a nematic
H\2/d d liquid crystal once the surface tension at a nemactic-smectic
M= <—> (—)dzq2 + N\ dPgt + 2(—>; i=2,N-1, interface is smal[2]. In this case, the fluctuation profile can
He/ \a Ne be quite asymmetric in the absence of an external field and
(6) the fluctuation-induced interaction becomes repulsive. Such
a condition would favor the complete wetting of the smectic
. film with its thickness growing continuously as the bulk tran-
Mii+1= Mg == (;) i=1N-1, ) sition temperature is approached. The presence of an external
¢ o field under this condition strongly affects the fluctuation-
whereH.=\'y./ax, is a characteristic field ang,=\VK/Bis  induced interaction once it acts by reducing the fluctuation
a characteristic length scale. For a film of thicknéssgith profile asymmetry, thus restoring its attractive character. In
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FIG. 1. The fluctuation-induced interaction energy vs film thick-  FIG. 3. Normalized Casimir-like force vs normalized external
ness for films under mixed boundary conditions. The external fielddield for a 40-layer film. The surface tensions are the same as those
are:H=0 (circles, H=0.0%H,. (squarg, andH=0.1H, (diamonds. of Fig. 1. Notice that the nature of fluctuation-induced force
In all cases, surface tensions ayg=0 and yy=37.. We used as changes from repulsive to attractive with growth of the external
typical smectic parameters K=10®dyn/cm, B=25 field.

X 10" dyn/cn?, a=4 A, andd=30 A. Solid lines were obtained

from the continuous model. Quantities are in dimensionless units. i o .
anchored film surface. However, they exhibit well-defined

hat foll il : vsi his mixed scaling laws withé, = 1/H? and Af,,;,< H?. These data indi-
what follows, we will restrict our analysis to this mixed .4t that the potential shall become purely attractivetor
boundary conaitions case in order to ﬂ.J”y _Charact_enze the, H.. The field dependence of the crossover thickness can be
crossover from a repulsive to an attractive interaction. used to drive the repulsive fluctuation interaction of a film

In Fig. 1 we plot_ the fluctuatlon—mduceq Interapnon €N-with a fixed thickness to an attractive one. This feature is
ergy between the film surfaces as a function of film th|ck-shOWn in Fig. 3, where we plot the Casimir-like force per

ness. The reported data were obtained from both discrete angli: -rear =—dAf/dl between the surfaces of a film with 40

continuous formulations. These give rather coincident relayers as a function of the external field. Notice that after

sults, except by small corrections in the limit of very thin o oqqing 1o attractive, the force reaches a maximum magni-
films. The surface tension at one of the surfaces was chosqude before starting to exhibit the asymptotic decay

to be null, representing the weak anchoring condition. The 1o \ye|l_defined scaling behavior of the relevant charac-

opposite surface_was co_nsidere_d strongly_anchoring Wm?eristics of the fluctuation-induced interaction suggests that it
=37 At zero field the interaction energy is repulsive |r-})

: . ) ; ollows a law of corresponding states after introducing ap-
respective to the film thickness. However, under the action o ropriated thickness and energy scales. In Fig. 4 we show the
a finite field the interaction energy develops a minimum. Fo ' ,

hin fil hei ion is still lsive but b normalized fluctuation-induced energy as function of a
thin films the interaction is still repulsive but becomes attraC-g.51aq film thickness for distinct values of the external field.

tive as the film thickness increases. The thickngssepa- e collapse of data from different field values indicates that

rating both regimes decreases as the applied field increasgfs casimir-like interaction is a generalized homogeneous

Also t_he de_-pth of the potential wellf, which acts as an function of the film thickness and external field, which can
effective binding energy, becomes more pronounced fog)e put in the scaling form

strong fields. In Fig. 2 we analyze the field dependence o
these two parameters characterizing the long-range potential.
Their absolute values depend on the surface tension at the 25
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FIG. 2. (a) The effective binding energy an@) characteristic FIG. 4. The normalized fluctuation-induced energy vs normal-

thickness vs external field. The surface tensions gye0 and yy ized film thickness for several values of external fields. The external
=3y, (circles; y,=0 andyy=4v, (squares Both effective binding field are: H=0.05MH, (circley, H=0.073; (squarey H=0.1H,
energy and characteristic thickness depend on the anchoring at tiidiamonds, andH=0.123;, (triangles. Notice that the fluctuation-
surfaces. They scale ggo1/H? andAf,,>H2 All quantities are  induced energy has a universal behavior when film thickness is
in dimensionless units. measured in units of characteristic thickness.
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Af(I,H) =H%g(IH?), (12) plete wetted smectic phase being field controlled. The re-
5 versed effect, i.e., the field-induced transit from partial to
where g(x)<1/x for x—0 and g(x)(-1/x°) for x—=,  complete wetting, was previously shown to occur for nem-
which are the known asymptotic forms of the fluctuation-aic films [33]. The presently predicted effect can be ob-
induced interaction. o served by using either an external magnetic or electric field.
In conclusion, we have shown that the fluctuation-inducedaccording to the diamagnetic anisotropies and elastic con-
surface-surface interaction of asymmetrically anchoredants of typical liquid crystals, the magnetic field required to
smectic liquid-crystal films can be driven from a repulsive gpserve the crossover would be above the present experi-
character to an attractive one under the action of an externghental limits [29]. On the other hand, the required electric
field. This crossover is due_ to the predommgnt ordering effield in a strongly polar liquid crystal would be of the order
fect of the external field which acts by reducing the fluctua-5¢ 105 \//cm, which is well within experimentally achiev-
tion profile asymmetry. The resulting long-range potentialapje valueg32]. However, the external field may influence
was shown to follow a law of corresponding states wher&ne anchoring and induce the emergence of additional surface
data from distinct field values fall onto a universal CUNVe.phase transitions. These effects can compete with the
The potential de_pth, wh|ch represents the maximum bindingyctuation-induced Casimir force. They should be consid-
energy of the film associated with the fluctuation-inducedg e in any experimental set up aiming to probe the predicted

interaction, grows quadratically with the applied field. On ansit from complete to partial wetting of a smectic film
the other hand, the corresponding film thickness of maxijngyced by a strong external field.

mum binding decreases asH?. Our results indicate that the

wetting of a smectic film bordered on one side by a nematic This work was partially supported by the Brazilian re-
phase may be driven from complete to incomplete wetting bysearch agencies CNPqg and CAPES, and by the Alagoas State
increasing the external field, with the thickness of the incom-agency FAPEAL.
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