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Effect of director fluctuations on the surface tension of nematic liquid crystals
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We discuss the surface tension of a thermotropic nematic liquid crystal near the nematic-isotropic tempera-
ture. We find that certain experimentally observed features of the temperature trend that present difficulties to
mean-field theoretical approaches can be attributed to director fluctuations. Our main result is the possibility of
a minimum belowTy; if the anchoring extrapolation length scales with reduced temperature in the spinodal
limit as t*, with x<<1. We also show in the case of partial nematic wetting that dampening of director
fluctuations at the surface by anchoring at the nascent interface can reverse the sign of the surface tension
discontinuity atTy, . [S1063-651X99)50604-1

PACS numbd(s): 61.30.Cz, 68.10.Cr

Experimental measurements of the surface-tension tenperposing terms of the spherical-harmonics expansion with
perature dependencgT) of nematic liquid crystals exhibit at best conjectural physical contingency. Moreover, the con-
a number of interesting features in the vicinity of the clusion arrived at, that smecticlike subsurface structure is
nematic-isotropic transition temperatufg, [1]. While glo-  responsible for the surface-tension minimum, begs the ques-
bally the surface tension decreases monotonically with temtion of why, qualitatively speaking, smectic order should be
perature in a generic fluidlike fashion, in some, though notncreasing as temperature increasasay from the bulk
all, of the available data, there is a region of positive gradienBmN transition. This is a counterintuitive state of affairs, in
dy/dT on one or both sides ofy,, and there is almost view of the wetting paradigm, obfuscated in the models by
always a discontinuity afy, itself. subtle coupling effects that lend it the character of a less-

Anomalous behavior of the gradient on fhg, side of the  than-compelling numerical artifact.
discontinuity has a straightforward wetting thermodynamics The present discussion is motivated in part by the incon-
interpretation. Insofar as a nematic wetting layer constituteglusiveness of the density-functional approach. We argue
negative surface excess orientational entropy, it contributethat the swing in negative surface entropy driving the
positively to the temperature derivative of the Gibbs adsorpsurface-tension minimum might derive alternatively from en-
tion equation, hanced director fluctuations ne&y,. This is a critical ef-

fect, substantiating a suggestion made long ago by Gannon
dyldT=—sq, (1) and Faber[6] that the surface-tension minimum might be
somehow related to the nearly continuous nature of the
wheres; is the surface excess entropy per unit area. If thenematic-isotropic transition. Density-functional models are
nematic phase completely wets the surface, tthefdT di- unable to explore this avenue, since they are constrained by
verges atTy,, since an ordered wetting layer diverging in mean-field approximation.
thickness is tantamount to diverging surface excess orienta- We also address an issue raised recently by Mezt
tional entropy. At some temperature not too far ab®ye, a  Ratm et al. [5] concerning the sign of the discontinuity at
maximummust therefore appear as the surface tension recovky, when the surface is partially wetted by the nematic
ers the negative-slope characteristic of the isotropic phasghase. The observable surface tension abigyeis then re-
[2]. lated to that of the nematic-air interfacéNg¢) and the

A pretransitionalminimumbelow Ty, is also commonly nematic-isotropidNI) interface by
observed, but does not have a straightforward orientational
Wettir!g th_ermodynamics interpr_etation. Recent attempts to Y(T}i) = Yna+ Y1 COSHe, 2)
explain this feature have applied density-functional tech-

.n|que|s[3|—tS]a|? which clietallled mllcroslco_pltc sur;ace StrUCture pore the contact angle. is finite for partial wetting, and
IS calcuiated lrom molecuie-molecule Interactions In meany, ¢ 14 zerg in the limit of complete wetting. Approaching

field approximation. Certain carefully chosen interactions arequ, from below when there is no wetting layer, one has

found to induce smecticlike structure just below the surfaceSim ly Y(Too)) = S0 for complete wetting one expects a
in the regionTy,, and this may lead to a surface tension Y YN = YNa s P 9 P

o : . ) itive discontinui
minimum driven by surface excess entropy deriving pnma-pOSt e discontinuity

rily from translational, as opposed to orientational, degrees _
of freedom. Ay=y(T4) = Tu) =i )
A drawback of these studies is that they rely on rather ; ] _
specific anisotropic attractive interactions, constructed by su- Martinez-Rato et al. assume a more general expression
encompassing partial nematic wetting:

*Electronic address: braun@ph.ed.ac.uk Ay=yy, COSH.. 4
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However, there is an apparent contradiction in trying totential. Ther ~2 tail of the effective interaction also presents
resolve this equation with experimentg]T) behavior some- an analogy with a monolayer of homeotropically anchored
times observed in which a negative discontinuity appears imipoles, as studied ifiL3], although the focus there is on the
conjunction with a surface-tension maximum aboVg, interplay between the linear term and a terngfderiving
(e.g.,[7]). Given that the presence of a surface-tension maxifrom short-range interactions in the monolayer.
mum indicates nematic wetting, the sign of the discontinuity From Eq.(6) we obtain the average
should, according to Ed4), be positive. ~

We show that in fact an additional term deriving from ([6(@)|?)=A[ B(W+KQq/2)] 1, (7
director fluctuations should be included in E@), which _ o )
may explain the negative sign of the discontinuity. The cor-2nd hence, in the limiA— e, the mean-square director fluc-
rection can be regarded as a signature of the directoftation,
fluctuation-induced effective interaction between nematic
walls recently discussed by several auth@3)]. 2\ 1

First, howgver, we give );m account of the surface-tension (5= 2w 0 dq1+§q/2, ®
minimum belowTy,, assuming there is no isotropic wetting
film. The fluctuations we consider are polar fluctuatiaghs
=cos (n-d) about a homeotropic equilibrium in which the ¢! , i
directorn is preferentially oriented along the surface normalliMit of the continuum formulation. .

d. As we remark below, the overall effect turns out to be The correspo_ndlng contribution of polar fluctuations to
similar at a planar anchoring surface. the surface tension is

Writing for surface ared\, ainz,

kgT (ac q

where £=K/W is the anchoring extrapolation length of de
Gennegq11], andq, is a wave-number cutoff defining the

W 3KgT

S /p?\_ 2
T AL T A

1¢-~ .
bs(r)= 7 > By(a)expliq-r), (5)
a For stronger anchoringy/~ vy, , director fluctuations are

wherer denotes the spatial coordinates in the plane of th&°upled to capillary wave fluctuatiorss in the position of
surface, our starting point(following [10]) is the the surface,

Berreman—de Gennes ‘“one-constant” elastic response 1

v(q)=Ka/4 to a modedy(q) [11]. z(n =% > z(q)expig-r). (10)
This unusualq dependence reflects the penetration of a

elastic deformation below the surface. With the proviso that In the limit of rigid coupling 8.~ Vz,, we have to effec-

the response 1S mstant_aneduﬂa ignore the dynamu)sanq tively consider a modified capillary wave Hamiltonian,

that there is no coupling between the modes, there is an

associated contribution to the Hamiltonian of the system 1 - _ K

52 Izs(q)|2< TNaO” §q3), (1D

1 ~ q

x 2 [0l (@). _ o
q where vy, is the “bare” surface tension in the absence of

capillary wave fluctuationgsee, e.g.[14]).

In real space this is equivalent to Equivalently, we can write

1
= O(r)v(|r—r"])6(r")drdr’, 1o -~ — K
2] [ oo 33 0l et 59, 12
h the effective int ti ; the i Fouri . _ .
where the eflective interac '0_”3(” © Inverse Founer which gives, by straightforward analogy to the weak anchor-
transform ofv (q), falls off asr™~. ing derivati
. o : ._jng derivation,
Implementing a Rapini-Papoular-type anchoring potentla'
W62/2, we have in addition o

w 7 2
o 2 o, o o
q with K/ vy, replacingé in Eq. (8).
and hence a partition function In the regionTy,, the close proximity to the spinodal
temperaturdl* can lead to strong critical effects. By way of
- B -~ illustration, Maier-Saupe theory predicts decay of the elastic
ZaNHqJ das(q)ex;{ - ﬂ|95(Q)|2(W+ Ka/2)|, (6)  constantk with reduced temperature= (T* —T)/T, asK

~t12_ Assuming thatW remains finite in the critical limit,

where 8= 1/kgT. we have thert~t*2 correspondingly. Expanding E¢B) up
A Hamiltonian term linear irg is not altogether unfamil-  to first order in¢ and substituting into Eq9),

iar. In the wetting-layer-spreading scenario 2] the same ke TP

general partition function in one dimension describes thermal - (1+£9./6). (14

contact line displacements in the presence of a pinning po- LC P
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Writing g.=27/0 andé~ o, with o a molecular dimen- K ! Kq ~
sion, vy, is of the order ofkgT/0?, i.e., a few dyn/cm, as gf (V9s5)2d227|HS(Q)|2[1—9XFi—2q|)].
compared with typically 20—30 dyn/cm fory,, . 0

With increasing temperatur€ just below Ty, (i.e., de-
creasing), we see that the singular partt'/? drives a posi-
tive divergence in the gradient,

where ess(r,z)=~05(q)exp0q-r—qz) is the subsurface z(
>0) director deformation in response to a surface director
fluctuationq (see[11]).

o . _1p This lowering of the fluctuation Hamiltonian leads to an

ST ov (19 increase in #2). On the other hand, a fixed anchoring bound-

ary condition at the NI interface has a dampening effect on
In order for a minimum to appear i,(T), this has to the surface director fluctuations,
overcome the generic density-driven “background” negative
trend we mentioned at the outset, which only happeisg,jf 0o(1.2) = B(Q)exp(iq: r)(exr(—qz)—exri—ql)>
is sufficiently close tor*. Although it is obviously feasible ss\ s 1—exp—ql) '
in this theory, the minimum is by no meansnacessary (16)
signature, as is also found to be the case experimentally. .
The ansatz~tY2 that we have made here is not defini- 9iving an elastic-response free energy

tive, since it ignores possible scaling \0f More generally,
the gradient divergence is associated with decay of the an- ﬂre ( |2< 1—exp(—2q|))
choring extrapolation length &% with x<1. Beyond Maier- 47 1-exp(—ql) )
Saupe theory, which fails to predi¥V, the more sophisti-
cated density-functional approaches discussed above might We now reformulate the nematic wetting expressions,
be helpful in yielding detailed predictions for Alterna- Eds.(2) and(3), taking these considerations into account:
tively, grazing-incidence scattering experiments at the sur-

face might allow extrapolation of in the critical region by V(TN = Yt 76(1) + ¥ii COSO

probing the unusuad) dependence of the director structure

factor Eq.(7). YT = Ynat Yo%), (17)
One reaches similar conclusions in considering polar fluc-

tuations about a planar anchoring equilibrium. The only Ay=yy(1) = y4(*)+ yni COSOL. (18

modification is that the elastic-free-energy response picks up

a factor cod¢, where ¢ is the angle between and the  The condition for a negative discontinuity is
average azimuthal orientation of the director in the surface

plane[11]. The effect on Eq(14), for example, is merely to ) o _ 4ynicosO.

reduce the singular part by a factor of 2. Note, however, that <9s>oc_<9s>|>T- (19
in the planar case, there is an azimuthal counterpart to the

polar contribution we have focused on here. For homeotropic anchoring, the limit described by Etp),

There are more interesting modifications to the elastic regy which the director is rigidly coupled to capillary waves,

sponse term in the case of a nematic film ab®dyg, due to . .
finite film thicknessl and the anchoring conditions at the sets a lower bound #y; Cosf/, on the right-hand side.

nascent NI interface. For negligible anchoring energy, we The author thanks Tim Sluckin for discussions and com-

have ments.
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