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Continuous nematic anchoring transition due to surface-induced smectic order
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A continuous transition from tilted to homeotropic alignment at an interface is observed at a tempEgature
for a nematic liquid crystal on cooling toward the nematic—sme&tahase transition temperatuik, is found
to depend on the treatment of the substrate. The behavior is examined theoretically in terms of a pair of
competing easy axedhomeotropic and planaand the tilt elasticity associated with the growth of surface-
induced smectic order.
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When a liquid crystal forms an interface with another ma-sure of the surface coatir|@,9], changes in the hydropho-

terial, the director at the interfade adopts an orientation bicity of the substrat¢10], or the length and surface cover-
that is determined by a combination of the interfacial prop-2ge of a surfactant moleculé1]. In other cases, substrate-
erties, applied external fields, and torques due to elastic d@dsorbed ions or other impurities have been shown to induce
formations in the bulk. There are two special orientations oftn anchoring transitiofd2—14. In this paper, we report on
n;: homeotropic orientation in which; is normal to the 2" an_chormg transition driven by th? approach_ of the
interface with polar “pretilt” angled, =0, and planar orien- smecticA phase. Although the mechanism that drives ho-

o LA . _ meotropic order is similar to that reported in REEJ, our
tation in whichn; lies in the plane of the interface with P P bt

— /2. For pl ) . h imuthal b transition involves econtinuouschange ofé; rather than a
= m/2. For planar orientation, the azimutha anglenay be discontinuous switching between two extreme states, planar
controlled by manipulation of the surface—for example, one

may rub unidirectionally a polyimide-coated substrate—sor and homeotropi¢L].
- - A .
may be 2r-fold degenerate. In 1981, "Kel et al. showed In a recent paper we showed that judicious processing of

. ) - . a polyimide can facilitate exquisite control ovek [15],
that a discontinuous transition from planar to homeotropic here 6, can be varied from 0 to as high asm/4 in the

orientation occurs at a flat glass or quartz substrate on cool? _ . I
ing toward the smectié phase transition temperatulig, nemat|_c phase, depgndmg upon the I|qU|d.(_:rystaI. On ap-
[1]. Ascribing this result to the onset of surface-inducedProaching the nematic—smec#cphase transition tempera-
smectic order in the nematic phase, they also showed th&"® Tna from above, however, the presence of a smooth
sufficiently deep ion-etched gratings tend to suppress thithterface tends to mduce smectic layering at the mterf_ace
transition. In general, however, the pretilt angleneed not [16—18. The smectic order decays from the substrate into
be 0 orm/2, but may adopt any value in between. In 1983,the bulk on a length scale of the order of the temperature-
Chiarelli et al. demonstrated a continuous anchoring transi-dependent smectic correlation lengtf1,17], although the
tion at the free surface of a nematic liquid crysfal3],  order can be disrupted by surface roughrié$s. Due to the
wherebyd, was found to be zero above an anchoring transi-surface-induced smectic order there exists an elastic constant
tion temperatureT; ; below T; they found a mean field ex- D (*(4?) wherey is the induced smectic order paramgter
ponentB=0.5+0.04 for #; vs reduced temperature. DiLisi that attempts to keep the molecules oriented normal to the
et al. measured the polar anchoring strength coeffickefar ~ smectic laye{20]. This has the effect of enhancing the ef-
a homeotropically-oriented dimeric liquid crystal at a fective anchoring strength coefficient for homeotropic align-
phospholipid-coated substrdi], whereA is defined by the ment and driving#; toward zero. Our central result is the
lowest-order contribution to the interfacial term of the free observation of a continuous anchoring transition at tempera-
energy, viz.,F;=3Asir’(6—6,). F; represents the energy ture T, on cooling the liquid crystal toward'y,, below
cost of a director orientatio; that differs from the polar Which 6;=0. The quantityAT=T,—Ty, is found to be
angle ¢, of the preferred axis; this deviation may be due tosmall for cells having a large pretilt angle and large for small
an externally applied field or to an elastic torg[idote that  Pretilt angle cells. A Landau model for the phenomenon is
this form for the free energy preserves the symmetrypresented.

Fi(6)=F;(6,+).] DiLisi etal. found thatA first in- Hybrid cells were constructed by using microscope glass
creases, then decreases with decreasing temperature in #lganed in detergent, acetone, and ethanol, and then spin
nematic phase, eventually vanishing at an anchoring transfoated with the polyimide SE121Nissan Chemicajs Un-

tion temperatureT;; for T<T; the polar angled, of the ~ der ordinary cirumstances, the polyimide baking regimen
preferred axis becomes nonzero, and therefore so does tggecified by the manufacturer promotes homeotropic liquid
actual director angl@; in the absence of an external field or crystal alignment. However, we have found that a longer
elastic torque. Subsequently, many other interfacial transibaking time followed by unidirectional rubbing of the poly-
tions have been observed. Temperature has been shown toiféide promotes a large pretilt angl; [15]. We suggested

an important parameter in causing interfacial transitiEﬁjS that the extra baklng enhances the degree of imidization of
Some transitions have been generatedirbwitu chemical  the polymer, and that the LAlnidirectionaI rubbing extends the
changes to the surfadé,7], such as ultraviolet light expo- now more rigid backbonen; then adopts an equilibrium

1063-651X/2003/6(#)/0417065)/$20.00 67 041706-1 ©2003 The American Physical Society



SHIODA, WEN, AND ROSENBLATT PHYSICAL REVIEW E67, 041706 (2003

angle g, that is determined by the relative interactions of the " T " T " T
molecules with the planar-promoting backbone and the 24
homeotropic-promoting side chains. For the present experi-
ment we baked the polyimide-coated glass at 180 °C for 1 h.
One glass slidésurface “1”) was left unrubbed to promote
homeotropic alignment. Four squares, each measuring
50 «mXx50 um and containing 300 parallel lingspaced
167-nm apajt were scribed on the other slidsurface “2”)
by a 20-nm-diameter silicon stylus of an atomic force micro-
scope (AFM). By using an AFM as opposed to a cotton
cloth, we were able to create a region of very uniform rub-
bing and therefore a spatially uniform interaction potential
with the liquid crystal. The forces used for successive
squares were 1.2,1.9, 2.7, and 4. By using the AFM in IR}
noncontact mode, the resulting grooves in the polyimide 79
coating were found to have peak-to-peak distances of 6.2,
9.2, 17, and 24 nm. The two slides were placed together,
separated by Mylar spacers, and cemented at the edges. Ther|g, 1. Retardation vs temperature for four different rubbing
thicknessd of the empty cell was determined by means of aforces. Note that for presentation purposes the data for the two
spectrometer, whose spectrum ranged from 400 nm througdmallest forces, viz., 1.2 and 18N, have been multiplied by a
800 nm. By measuring the wavelengthsof consecutive factor of 20.
maximam and m+1, the thicknesgl=17.1+0.9 um was
determined from the formulal=(\, %, —\ %) "Y/2. The
cell then was filled in the isotropic phase with the liquid
crystal SCE12RMerck) and cooled into the nematic phase.
[Having examined several liquid crystalline materials, we RN
found that the polar tilt anglé; for a given surface prepara- refractive |nd|ce_s were nearly constant. Therefore, through-
tion varies greatly from one liquid crystal to another. Since@Ut our analysis we used tdhe valueg=1.481 andn,
(a) it has a large pretilt in the nematic phage) it remains  — 1.638. The retardatiom = [;_[27An(6)/\]dz, where
liquid crystalline at room temperature, afid has a large the  effective  birefringence  An(6)=nyne(n? sirfg
body of available material data, we chose to study the race+Nnzcos6)” ¥2—n,. Our task now is to determine the profile
mic mixture SCE12R. of the polar angled(z) in bulk as a function of positioz in

Optical retardation measurements were performed in orthe cell. The extrapolation lengthfor an elastic distortion is
der to determine the polar tilt anglg at the AFM-scribed given byL =K/A, whereK is an appropriate elastic constant.
substrate. Light from a He-Ne laser passed consecutivelifor an AFM-scribed substrate and deep into the nematic
through a polarizer, the sampleriented such that the direc- phaseA is of the order of 10 ! ergcm 2 [21,22. Be-
tor's azimuthal orientation made a 45 ° angle with respect t€¢ause surface 1 was treated for homeotropic alignment
the polarizey, a Pockels cell modulated at frequeney (6,-;~0) and, as we shall see below, the polar angles
=318 Hz, anf=5 mm focal length lens, a mask, an ana-at surface 2 are generally less than 20 °, the relevant elastic
lyzer, and into a detector. The lens was placed slightly moreonstant is primarily bend<s3. The bend elastic constant
than one focal length from the sample, thereby creating adiverges neaiTy,, although in the temperature region of
image of the sample that was enlarged by a factor of 30 ahterest for SCE12RK 33 takes on values between 1 and 4
the mask. The mask was then centered over the image of th¢ 10 ® dyn [15]. Thus, 0.k L<0.4 um over the tempera-
AFM-scribed square, allowing the detector to sample lightture region that was investigated. Sinceis considerably
that passes only through the square. The output from themaller thard, the two surfaces are approximately uncoupled
detector was fed into a lock-in amplified referenced to fre-and therefore we may taki ~0. [Note that even 9, were
guencyv, and the lock-in output was integrated over time.nonzero, it would make a very small contribution to the re-
The integrated voltage was used to control a dc power suppliardation becaus&n( ;) would be very small.Because the
such that it supplied a voltage to the Pockels cell sufficient teelastic distortion is nearly pure bend, the Euler equation
cancel the optical retardatiom of the cell. The voltage ap- Ks3(d?6/dz?)=0 derived from the elastic free ener§g0]
plied to the automatically compensated Pockels cell thereforgields a solutioné= 6,(z/d). [If we were to include the
was proportional tar. By measuring the Pockels cell volt- splay elastic constanK,;=1x10"° dyn, our numerical
age, the optical retardation was determined continuously asimulations show that the maximum deviation from the form
the temperature was decreased at a rate@D1 Ks . The 6 (z) is at most 294, 6, is determined by matching the cal-
retardationa for all four squares is shown in Fig. 1. culated value of the retardatianwith the measured value in

In order to convert the retardation data into polar tilt Fig. 1. Figure 2 shows the deduced values of the polar tilt
anglesg, at the interface, we first measured the ordinary andangle 6, at the AFM-scribed substrate, using the approxima-
extraordinary refractive indices, andn,, respectively, with  tion that the two surfaces are noninteracting. To make certain
an Abbe refractometer illuminated with light from a He-Ne that the anchoring transition is continuous, we have exam-

Retardation ¢ (rad)
=) n

o
n

Temperature (°C)

laser at wavelengthh =632.8 nm. Over the temperature
range of interest, which is more than 30 K below the
nematic-isotropic transition temperatuiig;=118°C, the
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FIG. 2. Derived tilt angled, (in degrees at left and radians at
right) vs temperature for four different forces. Unlike Fi@), none
of the data sets in this figure has been scaled by a factor of 20.
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we propose a model in which the unrubbed polyimide pro-
motes homeotropic alignment with an anchoring strength co-
efficientA;, wherei =1,2. Rubbing of the polyimide induces
alignment of the backbone, which we conjecture creates a
second easy axiffor planar alignmenton surface 2 with
anchoring strengtB,. The rubbing also implies th&,; may

not be equal toA,. Since the two easy axdhomeotropic
and planar on surface 2 compete, we need to introduce a
higher-order term in the interfacial free ener@y sin*é,, to

determine the equilibrium polar angt of the directorﬁi .
The coefficientC,, which may depend upon the rubbing
strength, must be positive on an empirical basis becéyse
found to be relatively small above the anchoring transition
temperatureT,. Additionally, we assume that surface-
induced smectic layers grow at the substrates over a distance
¢ into the bulk, wheré is the temperature-dependent corre-
lation length [1,17,19. This introduces an additional
temperature-dependent elastic consfaninto the problem,
whose role is to maintain the director orientation parallel to
the layer normal. The total free energy per unit aFe#s

ined the possibility of hysteresis by ramping temperaturegiven by

both downandup at a rate of 0.0005 K. Figure 3 shows

a typical trace. As no hysteresis was observed, we believe
that the transition is continuous. The main points of this

1

2

36\?
) 5 (z—d)/¢
pe D(e

Uddz{(Knsinzm K33C0£6)
0

work are that the transition is continuous and the transition
temperature depends on the rubbing strength. As an aside, we
point out that although it would have been easier to scribe
both surfaces and arrange them antiparallel to each other in

+e Zé)sirtg + A, sirfd,+ B, cog6,+ C, sint 6,

order thatf,= 6,, with no elastic distortion in the cell, we

have chosen to use a hybrid cell because of the difficulty in

getting the 50um><50 um squares at the two substrates into
register.

+A; sinzel}, (1)

wherez=0 at surface 1 and=d at surface 2. Although the

As is clear from both Figs. 1 and 2, an anchoring transiqa 46 number of parameters precludes a detailed data fit, we

tion occurs at a temperatuilg, close toTy,. Moreover, the
anchoring transition occurs closerTg, for regions that are

more strongly rubbed and that exhibit a larger pretilt angle,,, K SirPH(3 6132)?
0, in the nematic phase. In order to understand this behavio;KSS(a 6}1?2)2.

2.0

1.5

1.0
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0.5

1 1
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FIG. 3. Retardation vs temperature for 4N square. Open

shall discuss the qualitative behavior of HG). Because
L<d and 6#<20°, for now we shall neglect the
and take Kg3c0S0(0 6ldz)
Moreover, we shall neglect the terms
De Z¢sirfg and A, sir’d, near the(almosy homeotropic
surface 1; these restrictions will be relaxed later. Addition-
ally, because is at most 100 nm, the tere~9¢ sir?g is
non-negligible only in a thin surface layer, where we can
approximated as a constant equal #y. With these approxi-

mations the integral becomesfgd Z3[K (0 0192)
+De@ Vésirgl~(1/2d)K 3365+ 1D & sirPd,,  Where  we
have assumed that; =0. The free energy becomes

111

I:2d

K305+ Byt (DE+A,—By)sirtd,+ C, sinto,|.
)

Let us first consider the behavior in the absence of
surface-induced smectic orddd €0) in the limit of a very
thick cell (large d). We minimize F with respect to si,

and find that sir,=+/(B,— A,)/2C, for B,>A, and sind,
=0 for B,<A,. It is important to stress that this is qualita-

circles correspond to the heating curve and solid circles to the cootively the behavior observed in measurements of pretilt angle

ing curve. Heating and cooling rates were 0.0005 K fNo appar-
ent hysteresis is observed.

of the liquid crystal pentylcyanobiphenyl at a rubbed
SE1211-coated substrafd5]: Below a critical rubbing
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strength the pretilt angle is zero, and it rises continuouslysiz., 1.2 and 1.9«N, where the retardation (which is ap-

with approximately this form above the critical rubbing

strength. In other words, there is a minimum rubbing

strength required before the pretilt angle becomes nonzero,
For rubbing strengths weaker than those reported herein, we

found thaté, remains zero even well abovig,,, presum-

ably becauseaB, is small. The addition of surface-induced
smectic order D #0) has the consequence of increasing the®

effective (quadrati¢ anchoring strength coefficient for ho-

proximately proportional taﬁ%) varies linearly with tempera-
ture even well abov@ ,; this is seen in Fig. 1. For stronger
rubbing strengths, the predicted behavior is less obvious. We
note that for stronger rubbing the quanty becomes large,
requiring a large value dd ¢ before a transition t@,=0 can
ccur. Since the quantitp¢ varies very rapidly close to
Tna, @n expansion ofy in powers of temperature would

meotropic order; the same holds true for the elastic term[equire the incorporation of higher-order terms, even moder-

which exerts a(smal) torque at surface 2. A3, is ap-
proached from above the term¢ grows algebraically, the
coefficient of the sif, term in Eq.(2) becomes positive,

ately close toT,. Thus, one would expect a rapid linear
increase of the retardation only very closeTg, followed
by a shoulder and a much less rapid rise at higher tempera-

and there is a transition to homeotropic alignment at temtures; indeed, this is the behavior observed in Fig. 1. We note

peratureT ,. Moreover, becausB, increases with increasing
rubbing strengthcf. Ref.[15]), the temperaturd, at which

that the small amount of rounding observed n€&garin the
strong rubbing strength data, especially for a force of

the transition occurs decreases with increasing rubbing-1 «N, likely is due to small inhomogeneities in the square.
strength, as is evident in Figs. 1 and 2. Consistent with EqAgain, the rapid variation oD ¢ in this region causes round-
(2), we note that no such anchoring transition to homeotropidng very close toT . Finally, as noted above, no hysteresis
order was observed for the liquid crystal pentylcyanobiphewas observed on cooling and heatitg. Fig. 3), further

nyl [15] due to the absence of a smechicphase in that
material.

Let us now return to Eq.2). We can examine the behav-
ior close toT, where 6, is small and expandr for small
values of#, and 6#,. Thus sind,~6,. Moreover, we shall
partially relax the restrictions of,: We shall now include
the termsA, sirf6;~A, ¢ andD & sirf,~D¢&¢, and approxi-
mate @6/dz)? as[(6,— 6,)/d]?. Minimizing F with respect
to 6,, we find dF/90,=(1/d)Ks5(0,— 65)+(A;+D¢E)o,
=0, and therefore

K33

=t (At Do 2

)

On substitutingd, into the free energy, we obtain

e 11 Kas
“2|d Kast (A +Dé&)d

2

5| gKas 1] 62+(Dé+A,—B,) 62

K33

2
+C,0%+A —) 62
2727 T Koot (A +DE)D] 2

1
= = (y05+Cy03),

- @

where

2

1 K
= +(Dé+A—By)

Y= HK33( Kast (A, +D&)d 1

K33

2
K33+<A1+D§>d) : ®

o
Equation(4) has only one solutior4,=0, for y,C,>0; this
occurs when the rubbing is weak aBd is small. Another
solution 0§=—7/2C2 exists for y<0; this solution has
lower energy E=—y?/4C,) than the#,=0 solution, for

evidence of a continuous transition.

We can estimate the importance of the various contribu-
tions to y in Eq. (5). We assume thatA;~A,~B,
~10 ! ergem ? deep inside the nematic phaf2?], Kag
~4x10 ® dyn atT=Tya+1 K[15], andd~10 % cm. The
situation is more complicated fob and &, Taking D
=Dy(#?), Sinha etal. found Dy=(3.5-0.9)

x 10" erg cm 3 [19]. For a typical flat interface Mirantsev
calculated a surface-induced smectic order parameter
~0.5,~30 mK  above Tya. Since (2)[(T
—Tna)/Taual 2%, wherev is the correlation length critical
exponent, atT=Tya+1 K we would find a value(y?)
~0.0005 fory=0.9[19] or (%)~0.002 if » had the more
typical value 0.7[23]. These would correspond 1~ 1.6

x 10" and 6.5<10* ergcmi 3, respectively. Using a bare
correlation lengthé,=5.3x10"8 cm [19], at T=Tya+1 K

we find correlation lengths of=9x10® cm and £€=3
X108 cm for v=0.9 and 0.7, respectively. Thuf)¢
~0.1-0.2 ergcm? for both exponents.. Such values for
D¢ are of the same order as the quadratic anchoring coeffi-
cients, indicating that the anchoring transition temperature
T, would be of the order of a few hundred millikelvins to a
few degrees kelvin abovéy,, as observed experimentally.
Thus, in Eq.(5) the orders of magnitude for the elastic en-
ergy, anchoring energy at the scribed surface, and anchoring
energy at the unscribed surface, respectively, are®10
10" %, and 10°° erg cm 2. Clearly the anchoring term domi-
nates, and our experimental use of a hybrid cell and assump-
tion that the two surfaces are largely noninteracting are valid.

As noted originally by Kael et al. [1], surface-induced
smectic order in the nematic phase can drive an anchoring
transition to homeotropic orientation. We have demonstrated
here that such a transition may be continuous with a transi-
tion temperaturel, that depends on the rubbing strength.
Moreover, we have shown experimentally that such a transi-
tion may be limited to a very narrow range of surface treat-

which F=0. The transition from one regime to the other is ment conditions. From a theoretical standpoint, we suggested
second order. Experimentally, this predicted behavior is obthat rubbing gives rise to a pair of easy axes. Multiple easy
served unambiguously for the two weaker rubbing strengthsaxes, which have been observed previously by optical con-
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trol of the surfacg24,25, may be used to explain our earlier ~ This work was supported by the U.S. Department of En-
results[15], wherein there exists a nonzero threshold rubbingergy’s Office of Basic Energy Science under Grant No. DE-
strength below which the director remains homeotropicFG02-01ER45934; by the U.S. Department of Energy’s
Coupled with surface-induced smectic order, the modeNanoscale Science, Engineering, and Technology Program at
qualitatively explains our current results, viz., there existsBrookhaven National Laboratory under Contract No. DE-
only a narrow range of rubbing strengths that facilitates obAC02-98CH10886 and by the Donors of the Petroleum Re-
servation of an anchoring transition, and there is an inverseearch Fund, administered by the American Chemical Soci-
relationship betweeit, and the rubbing strength. ety, under Grant No. 37736-AC7.
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