VOLUME 82, NUMBER 24 PHYSICAL REVIEW LETTERS 14 Jne 1999

Coarse-Grained Surface Energies and Temperature-Induced Anchoring Transitions
in Nematic Liquid Crystals
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We introduce a coarse-grained description of the surface energy of a nematic liquid crystal. The
thermal fluctuations of the nematic director close to the surface renormalize at macroscopic scales the
bare surface potential in a temperature-dependent way. The angular dependence of the renormalized
potential is dramatically smoothed, thus explaining the success of the Rapini-Papoular form. Close
to the isotropic phase, the anchoring energy is strongly suppressed and the change of its shape
allows for anchoring transitions. Our theory describes quantitatively the temperature dependence
of the anchoring energy and the temperature-induced anchoring transitions reported in the literature.
[S0031-9007(99)09369-2]
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In recent years, surface phenomena have attracted sgales the bulk free-energy[n] is well described by a
lot of interest. Particularly, the interface between liquidsimple elasticity involving only the average molecular
crystals [1] and solid substrates displays a rich varietyorientation n and its gradient [1,27]. The quantity
of behaviors: orientational wetting [2—5] and spreadingexp(—8F[n]) gives the probability of observing a given
[6,7], memory effects [8], surface melting [9], Kosterlitz- smooth director configuratiam(r), whatever the details of
Thouless transitions [10], quasicritical behavior of surfacets rapidly varying components. One therefore obtains the
energies [11-13], surface anchoring transitions [14—22]coarse-grained free-enerdifn] by summing the micro-
etc. Despite the complexity and the diversity of the in-scopic probabilities exp-8 F[m]) over all the Fourier
teractions between nematic liquid crystals and solid subeomponentam(q) with wave vector|q| > A, where A
strates, some simple—though unexplained—ubiquitouss some macroscopic cutoff, the componentty) with
aspects emerge from the experiments: the angular depefy|/ < A being fixed and denoted hy(q). The resulting
dences of the surface potentials are extremely smootfiee-energyF[n], which corresponds to the Frank elas-
and well described by the so-called Rapini-Papoular lawicity [27], is therefore meaningful only for the slowly
[23], at high temperatures the preferred surface orienvarying Fourier componentg| < A of n. Such a coarse-
tation is usually either parallel or perpendicular to thegraining procedure yields a renormalized elasticity ex-
substrate, tilted orientations are difficult to achieve [24],panded in power series of the derivatives mf whose
and temperature-driven anchoring transitions systematecoefficients depend off and are expected to scale as
cally occur immediately below the bulk isotropic transition powers of the rangé of the molecular interactions. This
temperature [20]. In this Letter, we show that all these efis why, for Ab < 1, it is justified to retain inF[n] only
fects can be explained in terms of a renormalization of thehe lowest-order gradient terms.
surface energy by the short-wavelength orientational fluc- Using the Frank elasticity¥[n] implicitly entails a
tuations in the bulk. coarse graining in the bulk. For the sake of consis-

Nematic liquid crystals are fluid mesophases made ofency, this procedure should also be performed on the sur-
elongated molecules displaying a broken orientationaface. The latter will then be effectively transformed into a
symmetry along a nonpolar direction called the nematidlurred layer of widthA ~! acquiring some properties of the
directorn [1]. At a molecular level, nematics exhibit bulk. Such a coupling between surface and bulk is usually
large orientational fluctuations and usually some degree dhtroduced in a phenomenological way by means of Lan-
short-range biaxial and positional order. The link betweerdau expansions in the tensorial nematic order-paranQeter
the microscopic and the macroscopic description can bR—4,9-14,28,29]. However, modeling surface properties
established by means of a coarse-graining procedure [25h this way is rather complicated, since one has to deal with
Before determining the consequences of this procedure apatially varying tensorial fields, and also somewhat arbi-
the surface behavior, let us briefly discuss how it is carriedrary, since high powers o should be included due to
out in the bulk. One can associate a local orientatibn the first-order character of the nematic-isotropic transition.
with each molecule; then the probabilipfm] of a given We have calculated the renormalization of the surface
instantaneous microscopic configuratior(r) is propor-  energy by coarse graining the director orientation from a
tional to the Boltzmann factor exp 8[m]), where mesoscopic length, of the order of the nematic coher-
F[m] is a complex microscopic free energy [26] andence lengthéy; at the isotropic transition [1], up to a scale
B = 1/kgT is the inverse temperature. At macroscopicA ! at least a few times larger than Our results, based
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on perturbation theory, are valid for weak anchorings, inby its spherical coordinate, ¢ centered on the axis.

the sensé > £np, where( is the anchoring extrapolation We start with a bulk elasticity already coarse grained on a

length [1]. Calling# and ¢ the director’'s polar angles mesoscopic length = £&yp, such that it can be expressed

and starting from a “bare” surface anchoring energy exin the usual Frank form. In the one-constant approxima-

panded in Fourier harmonics of the form(Zs#) cdm¢)  tion [1], its harmonic part, expanded about an arbitrary

(cs being either cos or sin), we find that each harmonidirection @y, ¢¢), takes the form

is independently renormalized by a Debye-Waller factor 1

exp(—a, — Bn), with a,,, 8, « n*kgT/Ka, wherekK is Hy = — K(T) [ A*r[(V)? + sirt6y(Vep)*]. (1)

a bulk nematic elastic constant. At scales larger thah, 2

the high-order harmonics are thus strongly suppressed At the length scale:, the bare surface potentidt; is

the director thermal fluctuations: this explains the succesgiven by some local functional of the mesoscopic director’s

of the Rapini-Papoular form [23]. Moreover, the anchor-orientation at the surface

ing energy naturally acquires a temperature dependence

through the elastic constaRt(T). The surface energy is H, = ]dzn v(, ). 2)

thus reduced close to the nematic-isotropic transition— ) o

where K is lowered—in agreement with experiments The t_otal free-energy, of the nematic slab is given by the

[11-13]. The different temperature dependences of th@ath integral

surface harmonics allow for anchoring transitions: as the

temperature increases, the suppression of the high-OrdEIeXF'(_lBFt) = f D[0]D[¢]

harmonics shifts the minimum of the anchoring energy to-

wards some symmetry axis of the surface. Our results fit X exd—B(Ho + Huw + Hy)],  (3)

well the quasicritical temperature dependence of the aziwhere #,, contains the nonharmonic bulk terms. To

muthal anchoring energy measured by Faettal. [11],  further coarse grain on a length scale™! > a, we

the oblique-to-homeotropic anchoring transition measure@uté(r) = 8<(r) + 6~ (r) and¢(r) = ¢=(r) + ¢ (r),

by Patel and Yokoyama [20], and the bistable obliqgue-towhered<(r), ¢ <(r) have Fourier components with wave

planar anchoring transition [16] measured by Jagemalmectors|q| = A, andé~ (r), ¢~ (r) have Fourier compo-

et al. [22]. It turns out that the effective macroscopic an-nents withA < |q| < 27 /a. Integrating ou®¥~ and¢~

choring, whose minimum gives the coarse-grained direcyields the renormalized Hamiltonia#{ = at length scales

tor orientation at the surface, can significantly differ from A~!; to lowest order in perturbation theory, it is given

the mesoscopic surface potential (Fig. 1). The directoby [25]

fluctuations within the coarse-grained region dramatically < _

smooth the fine details of the anchoring energy. They can }[ ] Ho + (o, _+. Hs)> “)

also shift the average equilibrium position of the directorwhere (---)- indicates the statistical average over the

at the surface, similarly to the amplitude-dependent shiffigh-wave vector components, weighted by the Gaussian

of the average position of an anharmonic oscillator [30]. Hamiltonian #,. At flr_st or(_jer, the bulk and the surface
Precisely, we consider a semi-infinite nematic slab ir@re therefore renormalized independently.

thez = 0 half-space, and we describe the nematic director Because of thex — —n invariance, the bare surface
energy density can be Fourier expanded as

B v(0,$) = D 'comb[w, cosng + wS, sinne]

+ > "simO[w, cosng + wis, sinmg],

®)

wheren runs over all even integers, amd runs over all
even (respectively, odd) integers in the first (respectively,
second) sum.

Even though (5) is nonlinear, the renormalized Hamil-
tonian (4) can be transformed into Gaussian integrals by
writing the trigonometric functions as complex exponen-
FIG. 1. Schematic representation of the surface and its arfidls. We obtain a renormalized surface energy density
choring potential at the mesoscopic scalend coarse-grained V(0<, ¢ <) whose Fourier component/ﬁ;fnf (a, B being

scaleA~!'. The mesoscopic potential(#) and its correspond- gijther ¢ or s) are separately renormalized,
ing effective coarse-grained potentid(#) are plotted in polar

coordinates in arbitrary units. The renormalized poteriid), 1 m2
which depends on temperature, favors here an oblique anchor- W,f’nf‘(t) = wfl’,f exp —— | n® + — t|, (6)
ing at7; and an homeotropic one @ > T;. 2 sirt6,

n,m
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where, forAa < 1, served a tilted-to-homeotropic anchoring transition on a
/a3 | kT fluoropolymer-coated surface. Again, we can explain it
t=(0"(r)?s = kBTf 9 1 _ Bl by retaining inV the first two harmonics allowed by sym-
A 27)* Kq*  wKa metry, i.e.,

7

Note that(¢~ (r)?)~ = t/sirn*, also appears in (6). o _ . .

ItfoIIovéffn(Jr% zg) tha{for Ia(r)ga, i.e.l,oipn the vic?ni)ty of Minimizing (10) with respect (o yields the anchoring
the nematic-isotropic transition, whefé is reduced, the Phase diagram shown in the inset of Fig. 3, which displays
effective surface potential should be very well described€ following regions separated by second-order transition
by its first harmonics. This is indeed what was measuredn€s: conical oblique @), homeotropic &), degenerated
by Faettiet al. [11] using the nematic liquid crystal 5B, Planar ¢), and metastable homeotropanar ¢/P).
planarly anchored on a glass plate treated by obliquéccording to (6) and (9), as temperature increases, the
evaporation of SiO: exploring the azimuthal anchoring€aSy axis of the anchoring follows the typical path shown
energy in regions far away from the parabolic minimum, N the phase diagram.  Settinfg,; = 57.7°C andTy =

they could not detect any deviation from the simple form 5448 °C [20], where Ty is the homeotropic-to-oblique
transition temperature, we fit closely the temperature

V = Wysint¢ = WS co¢ + const (8)  dependence of the easy-axis directiowith 7y — 7 =
1.62 Kand g = 1.2 = 0.04 (Fig. 3).
Setting 6 = 7/2, ¢o =0, we have fitted their data  Usingthe same values @&, 7x1 — 7*, andiny, which
with (6), i.e., W(r) = wsS exd(—21), in which we have depend only on the nematic material, we can fit equally
assumed a Landau—de Gennes form for the temperatqué‘J” the bistable oblique-to-planar anchoring transition ob-

V = Wj;co260 + Wi costo . (10)

dependence of [31], yielding served by Jagemalmt al. [22] at T = Tp = 49.7 °C for
) the same compound E7 (Fig. 4). This anchoring transi-
kgTn1 4 tion also appears close to the nematic-isotropic transition,
"~ 7Ky a <3 + m) ’ ©)  inthe presence of a glass substrate treated by an oblique

evaporation of SiO. Here, by symmetry, the lowest-order

wherer = (T — T%)/(Tn1 — T¥) is the reduced tempera- €xpansion ol is
ture, Tn1 the nematic-isotropic transition temperaturg, R cc SC i
the isotropic supercooling temperature, &g the elastic V= Wi co26 + Wy Co2¢ + Wy SIn26 cosp.
constant at the transition. Withix; = 306.8 K, Tny — (11)
T* = 15K [32], our best fit, shown in Fig. 2, yields SettingW, = W5;/Wg; andW,y = [W5]/Wgsl, the cor-
tnt = kgTni/mKnia =21 201 and W) = responding anchoring phase diagram, shown in the inset
(—2.08 = 0.08) x 10~* erg/cn?. For an extrapolated of Fig. 4, displays the four regions, separated by second-
Kni = 0.5 pN [33], the value ofty; yields a = 13 A, order transition lines, that are observed experimentally
which roughly compares witkfy; for a first-order phase [16,17]: oblique in the evaporation plan®), bistable
transition. symmetric with respect to the evaporation plam®), (

Close to the nematic-isotropic transition of the ne-
matic compound E7, Patel and Yokoyama [20] have ob-

20 F
oW
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= 10F
0r i | 1
-2 T - L1
L £ IS
ol 53.5 54 T[C] 545
0 1 INn—T [OK] FIG. 3. Surface easy-axi8 (measured with respect to the

surface normal) vs temperaturé according to Patel and
FIG. 2. Azimuthal anchoring energy, vs temperaturel’ Yokoyama [20]. Points: experimental data; solid line: our fit.
according to Faettet al. [11]. Points: experimental data; solid Inset: Anchoring phase diagram (in arbitrary units) correspond-
line: our fit. ing to Eq. (10).
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FIG. 4. Surface easy-axi®( ¢) vs temperaturd” according

to Jagemalmet al.[22]. Points: experimental data; solid
line: our fit.
Eqg. (11); the arrow indicates the path followedZaincreases.

homeotropic ), and planar orthogonal to the evapora-

tion plane P). Once fixed the values dfp, and, by the
previous fit, ofTn1, Tn1 — T, andiyy, the fit ond has no
adjustable parameter, while for the fit gnthere remains
the only free parametew;; /w5, best adjusted to the value
6.76 = 0.05.

Inset: anchoring phase diagram corresponding to
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