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Depression of the nematic-isotropic phase transition temperature at nanopatterned surfaces
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A spatially varying herringbone pattern with an easy axis alternating in angle between ardihaving

a period of 200 nm was scribed into a polyimide-coated substrate. The depression of the nematic-isotropic
transition temperature for a nematic layer at the patterned surface relative to its value at a uniformly rubbed
surface was investigated as a function/dbr 15 < ¢ < 88°. It was found that the depression of the transition
temperature increases with up to~7 mK at¢=88°. A simple model was developed that includes not only
elasticity, but also anchoring effects at the polyimide. The model, which is used to calculate the thickness of the
nematic layer, indicates that anchoring—rather than elastic—effects play the dominant role in the depression of
the layer’s transition temperature.
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About 12 years ago Barbero and Durand showed theoretisrder parametg7]. A model that minimizes the melting en-
cally [1] that if the nematic liquid crystal director attempts to ergy (as opposed to the elastic energnd includes order
follow the topography of a rough surface, the cost of theelectricity was needed to explain their full set of results.
associated curvature elastic energy may result in a decrease With the advent of nanoscopic control of the surface by
of the nematic order paramet8inear the surface, or even in atomic force nanolithographj@], it has become possible to
melting into the isotropic phase. This occurs because theompel the liquid crystal director to adopt a well-defined
curvature elastic moduli are functions &fA decrease of the profile that varies on very short length scales. This is accom-
order parameter results in a decreased elastic energy cogtished by the use of the stylus of an atomic force micro-
Several qualitative and semiquantitative experimental resultscope, whereby tiny patterns are scribed into the polymer
for rough surfaces subsequently have been repd@ed].  that coats the substrate. Pixels as small as tens of nanometers
Yokoyama, Kobayashi, and Kamei, for example, observed are possible, with each pixel having a unique easy axis for
depression of the order parameter at the surface, which walirector orientation. This technique has been used to create
attributed in part to surface roughndgs. Additionally, they  optical device$9,10] and to examine the interaction between
found an anomalous decrease of the anchoring strength netdre liquid crystal and substrafd1,12. Moreover, because
the nematic-isotropic phase transition due to curvature at thatomic force nanolithography relies primarily on the inherent
substrate and the resulting decreasé&s¢8]. Wu and Efron  anchoring of a substrate that is patterned for planar align-
found that the optical phase retardation is not proportional tanent, it is considerably easier to control than the surface
cell thickness when the surface is roughened with a sputterempography{4—7]. In consequence it is now possible to in-
SiO, layer [4]. They interpreted this result in terms of a vestigate in great detail the issue of the substrate’s effect on
reduced order parameter, and therefore a reduced optical biematic nucleation and melting.
refringence, near the surfaces. Analogous results were ob- In this paper we examine how substrate-imposed elastic
tained by Barberi and Durarn®]. Because the elastic melt- deformations affect the nucleation temperature of a nematic
ing model[1] was unable to fully explain their results, they layer at the substrate. We have created nanoscopic herring-
invoked order electricity8] in their analysis. More recently bone patterns in a polyimide-coated substrate, where each
Papanek and Martinot-Lagarde used a surface plasmon tecperiod A contains two very long pixels, such that the easy
nigue to investigate order at a rough Si€urface[6]. They  axes of the two pixels form an anglle The depressiodT
found that the difficult-to-purify liquid crystal methoxyben- of the nematic layer’s transition temperatusdative to its
zylidene butylanaline that penetrates the voids has zero ordealue at a uniformly oriented surfacgas investigated as a
parameter over the entire bulk nematic range, and that a cofunction of ¢, where it was found that the magnitude 5T
tinuous transition of the nematic order param&éiom near  increases monotonically witly up to~7 mK at=88°. A
zero at the SiQsurface to its bulk value in the central part of model for the surface energy that includes not only elasticity,
the cell occurs over a correlation length of several nanombut anchoring effects at the polyimide interface, was used in
eters. Again, order electricity was invoked to explain theconjunction with the Kelvin equation and the data oF to
results. Monkadest al. examined the behavior of the liquid determine the thickness of the nucleated nematic Ipi/@l
crystal at a surface covered with needles and columns of Si@he calculation, which does not include order electricity, in-
and found that the roughness results in a decrease of thdicates that anchoring—rather than elastic—effects play the

dominant role in the depression of the transition temperature.
Two indium-tin-oxide-coated glass substrates were
*Corresponding author. Email address: cxr@po.cwru.edu cleaned sequentually in detergent, acetone, and ethanol. The
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FIG. 2. Schematic diagram of cell cross section. P8imrre-

W ] 1000 nm sponds to the position at which the head of the nematic layer be-
loth axis comes pinned at temperatufg. Near the head of the front the
x axis nematic layer has an average characteristic thickdess

FIG. 1. AFM picture taken in noncontact mode of a section of hact 4 uniform nematic wetting layer to extend over a surface
the AFM-scribed square. In-plane and out-of-plane scales arga is uniform in temperature and slightly above the bulk
shown. The raised sections correspond to the cloth-rubbed reg'onﬁematic-isotropic(NI) transition temperature,T. However
and the recessed sections to regions that subsequently have be emperature gradent was present, which varied from '30 to
scribed by the AFM stylus. The axis is parallel to the AFM- 60 mK mmL in the plane of the ce,l(depending upon the
scribed lines, and theaxis is perpendiculai/ is the angle between . . - .
the AEM-scribed lines and the cloth-rubbed direction. position. (Additionally, a small vertical temperature grad_lent

also was present, such that the cell was arranged with the

AFM-scribed square situated on the colder side of this verti-
polyimide PI-2555(DuPon} was spin coated on the sub- ca| gradient Thus, a well-defined nucleated nematic layer
strates and cured at 275°C for 2 h. A rubbing machine wagyas observed to move across the cell with decreasing tem-
then used to buff the substrates with a cotton cloth. One operature. The nematic layer was very thin near the “head” of
the substrates then was scrifester-rubbegiwith an applied  the front and increased in thickness toward the “tail,” which
force of ~5 uN over an area of 10gemx100xm using  corresponds to the NI interface in the center region of the
the silicon stylus of a Topometrix atomic force microscopecell (see Fig. 2 To the right of the tail the cell is again
(AFM). The AFM-scribed lines were oriented at an angle ofmonophasic. The distance between the head and tail depends
¢ with respect to the cloth-rubbing direction, and wereypon the surface wetting characteristics and temperature gra-
~100 um long and 100 nm in width. A gap o£#100 nm  djents, and also may be influenced by impurities, whose con-
was left between each AFM-scribed line, resulting in a pecentration is tiny in this liquid crystalline material. Using a
riod A~200 nm along thex axis. Choosing thg axis as the  polarizing microscope and noting the optical transmission
direction of the AFM-scribed lines, the result was a herring-through the thin nematic region, we estimate the angle of the
bone pattern of two easy axes, making angles of 0 #nd nematic layer to bgd~0.002 rad. It is important to remark
respectively, with respect to theaxis. An AFM image of a  that this region corresponds to the nucleated nematic phase,
typical rubbed pattern is shown in Fig. 1. The long troughsrather than the surface-induced paranematic order.
correspond to the AFM-scribed regions, and ard nm As the head of the nematic layer reached a given AFM-
deeper than the adjacent cloth-buffed regions. Note that thecribed square, it became pinned at the boundary between
cross section of the topography is not quite square: As théhe uniformly cloth-rubbed, nematic-friendly surface region
AFM stylus scribes the polyimide, some of the polymer isand the AFM-scribed, nematic-hostile region, as shown in
pushed to the side, forming a ridge that runs alongside thegig. 3. (We note thanematic hostildés a relative term. The
trough. The width of the ridge is=25 nm, and its peak nematic phase wets the polyimide-coated substrate, indepen-
height above the adjacent cloth-buffed regior-i4 nm. The  dent of the rubbing conditions. This is contrary to the picture
AFM-scribed slide contained eight patterned squares, eadh Ref.[1] in which the nematic order at a rough SiO sub-
having a different value of) for 15<¢=<88°. The two
substrates—one both cotton cloth rubbed and AFM scribed
and the other rubbed by the cotton cloth only—were then
placed together, separated by Mylar spacers of nomina
thicknesst, and cemented. Three such cells were made hav-
ing t=5, 25, and 125um.

Each cell in turn was housed in an Instec temperature-
_Control!ed oven, which was placed on the _stage_z ofa pOIar'Zénd its trailing thin nematic layer invading the AFM-scribed square
ing optical microscope. The cell then was filled in the isotro-,, cooling.(The tail remains outside the imagéa) Head becom-
pic phase with the liquid crystal octyloxycyanobiphenyling pinned at poiniP, corresponding to temperatufi; the tem-
(80CB), supplied by Merck and used without further purifi- perature gradient is showrib) Head continues to move around
cation, and slowly cooled toward the nematic phase at a veryguare.(c) Head begins to advance beyond pdinto square at
slow rate of —4 mKmin™!. Because the nematigather temperatureT,. (d) Head advances further into square. The
than the isotropicphase wets the polyimide-coated substrate100 xmx 100 um AFM-scribed square is outlined, indicating the
[14] for both rubbing conditions, one ordinarily would ex- length scale in the images.

FIG. 3. Sequence of polarized photomicrographs of the head
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strate is less than it is in bulk. The reason for this difference 9———7F——FT——T——FT 7T T T
lies in the substrate materials, with the polyimide “prefer- i
ring” the nematic phase. Analogous effects were observed by | ]
Yokoyamaet al. [15], where they found the isotropic phase 7k °
wetted SiO and the nematic phase wetted polyvinyl alcohol : 1
substrates We defineT, as the temperature at which the 6 ® A
nematic layer, i.e., the head of the phase front, just reachei [ 1
the square at poir® [Fig. 3(@)]. As the temperature contin- < [ n
ued to decrease, the nematic layer continued to advamee & 4 A
sidethe square, i.e., the nematic layer began to envelop tha:1 5 |
AFM-scribed square when viewed from above, but in the ~ 3 [ u -
region beneath the square the liquid crystal remained in the i 1

[&)]
T
[ J
!

isotropic phasgFig. 3(b)]. Note that although the head of the 2r
front remained pinned at poim, the tail continued to ad- [

®
vance during this time. However, neither the tail nor the ! | 4 a
L B [ |

10 20 30 40

] i
other head(at the warmer substrat@enetrated the square 0 oy
region until the primary head began to advance beyond poin 0 50 60 70 80 90
P. Then at a temperatur€, the head of the nematic layer Angle y (degrees)

began to move into the square, beyoRdFig. 3(c)]. We
define asAT=T,—T,, the difference in transition tempera-
tures between a region at the uniformly rubbed substrate a
at th_e square th?t V\\;\";‘S AFMhSC.”be?hfotr a rapidly .Spat'tal.lyphysical considerations. We emphasize that this paper is pri-
varying easy axis. Vve empnasize that our experimen Inmarily experimental in nature and that the model is meant
volves a measurement of the temperattifeerenceAT, not

; ) only to provide a basic understanding of the experimental
the z_ab;olute nucleation temperatuld. could b.e determined results. Therefore, a number of relevant phenomena that
to within ~0.5—1 mK. Small values oA T, which are asso-

ated with Il val indicate that _ ” guantitatively may affect the calculations have been omitted,
e e Vo s sl s e 1€ dsctssed l e end Fom the measuremedt of
Fo be made: First, several sI?eFI)ect.ed cells also wefe examin Y our goal is to Qetermine a characteristic average thick-
. o ’ ) o1 ssd of the nematic layer near the head of the front.
with cooling rates of-8 mK min™ - and—1 mK min~*. No

L . . . Wi imple pi f the f h in Fig.
significant differences i\ T were observed, which strongly 2 vig azs%rgs i;lr:nﬂgagw:g;oﬁ E)fethri?:ll::]:l;sz %V;Ei:; '9

FIG. 4. Experimental values & T, vs ¢ for cells of thickness
ntd——S (@), 25 (W), and 125 &) um. Typical error bars are shown.

results were obtained on heating, whereby the isotropi@io '

. _ n that the nematic layer thickness remains of ortlat the
phase invaded the AFM-scribed square at temperatures Iow%ad but grows behind the head: this may be seen in Figs.
than it did in the surrounding cloth-rubbed region. Second ! '

we also investigated an AFM-scribed square with a high denB(b) and 3c). We begin the analysis with an effective surface

. . i . . . energy densityr=F,+F,+F,, for a thin nematic layer at
sity of lines. In this case the line density was sufficiently X :
high to eliminate the regions originally rubbed by the cloth;the substrate. The first terf, corresponds to the anchoring

in effect, the square had a uniforgrather than herringbone energy and is composed of three part,=Fyi+Fua

X . +Fup, where Fuwi=3W; is the azimuthal orientation-
easy axis patt_ern. It tums out thalr for this case was neg- independent part of the free energy per unit area—this is
ligible, indicating that nonzero values &fT are due to the

herringbone structure usually nggative—thgt js associated Wi.th a.nem_atic phase in
. o contact with the polyimide substrate. It is primarily this term
Figure 4 shows experimental values 8T vs ¢ for the that causes the nematic phase to nucleate at the substrate, and
three cells. When the anglg betvyeen the easy axes was g responsible for the small contact angle. The second com-
small, AT was nearly—but not quite—equal to zero. This is

as expected because the energy cost in the nematic phase L(I)enent ofFw,

to a weakly spatially varying director is small. Thus, the 1 _

nematic phase forms relatively easily at the AFM-scribed FwaZEWaSinza sif(e— @), (1)
square, allowing the phase front to advance. With increasing

angle s between the easy axes, howevkil was found to s the azimuthal anchoring energy per area, and the third
increase. Owing to the stronger spatial variations of the dicomponent

rector, the isotropic phase was stabilized at the substrate to

lower temperatures, deterring the nematic phase from wet- 1

ting the substrate and thereby keeping the phase front Fup=5Wp cos'g @)
pinned. Notice that to within experimental error, the value of

AT is independent of cell thickness is the polar anchoring energy per unit aré4, andW, are

In order to understand the observed behavior, we introthe azimuthal and polar anchoring strength coefficients, re-
duce a simple description that includes only the most saliengpectively,¢ and 6 are the azimuthal and polar director ori-
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FIG. 5. Schematic representation of director patte(®) over
two spatial periods\.. ¢(x) is the easy axis pattern, anfdis the
angle between adjacent rubbing directions in one period.

entations and are functions of positigrandz, and?is the
local azimuthal orientation of the easy ax&ee Fig. 5 We
remark that Eqs(1) and(2) assume a periodic form ié and
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corresponds to the elastic energy per unit area projected onto
the surface, which is zero at the uniformly cloth-rubbed sur-
face but is nonzero at the AFM-scribed surface region. Here
k, is the splay elastic constant, which we approximate to be
equal to the bend elastic constd®], andk, is the twist
elastic constant. The angk does not appear, as we have
assumed it to be constant. The first term on the right hand
side of Eq.(4) corresponds to a splay/bend elastic energy due
to spatial variations of the projection of the director in the
plane of the cell; the second term corresponds to the twist
energy normal to the cell. The range of integration for
corresponds to the distance from the substrate into the bulk
over which the director relaxes to a uniform azimuthal ori-
entation; this distance is of order. We remark that the
elastic energy associated with an average twist of the director
due to nonparallel easy axes at the two opposing substrates is
very small and can be neglected.

Beyond the substrate-nucleated nematic layer the nematic
order parameter decays to zero over a distance of the order of
the nematic correlation length. The energy per unit area

dz

szf%sinza 4

¢, rather than the simpler Rapini-Papoular quadratic formSsociated with this nematic - isotropic meniscus is

[16]. At the uniformly cloth-rubbed surface the director lies

along the easy axis an#&,=F,;. At the AFM-scribed
square =0 in the pixel region 8&x<\/2 andeg= ¢ in the

pixel region\/2<x<\. For convenience it is assumed that

the azimuthal anchoring strength coefficiéfi} is identical

in the cloth-rubbed and AFM-scribed regions, although ou
computer code allows for independent values. The sam

holds true folW, andW; . Before continuing, let us examine
the relative importance df and¢. The anchoring enerdy,,
can be recast into the form

1 _ _
Fuw=Fuwit E[Wa SIP(¢—¢) +(W,—W,)coS g sinf(¢— o)

+W,y{1-sir’(¢— ¢)}cogd]. 3

®)

whereD, which is of the same order as the elastic constants,
is the coefficient associated with order parameter gradients.

The factor sep indicates that the meniscus energy per unit

rea is projected onto the surface at the head of the frgnt.
turns out to be of the same order of magnitude to a few times
larger tharF,,,. However, unlikeF,,,, the meniscus term is
present aboththe cloth-rubbed and AFM-scribed regions. It
thus contributes nearly equally 6, and T, because the
angle B<1 and is observed to increase by only a small
amount £0.001 rad) when the head of the front invades the
AFM-scribed square. As we are interested only in diiféer-
enceAT=T,—T,, we shall ignore this term in the ensuing
development, and take=F,+F,.

In order to examine the effect of the herringbone pattern

Earlier we had obtained the anchoring strength coefficients aj, the nematic-isotropic transition temperature, we need to

an AFM-scribed polyimide substrate, findilg,=0.048 and
W,= 0.099 erg cm? well into the nematic phagd.7]. This
is consistent with the fact thaw/, is generally greater than
W,—in fact, oftenW,>W, [18]. From Eq.(3) we see that

estimate the nematic order parameter at the transition. As we
are not aware of literature values for the Landua—de Gennes
coefficients[19] for the liquid crystal 80CB, we have have

chosen to use values for a similar material, octylcyanobiphe-

and that for a given value op— ¢, F,, is minimized for

we find an order paramet&=0.294 just inside the nematic

0=/2, i.e., for planar alignment. Although elastic terms phase.

involving 96/ dx and 90/ 9z may cause) to deviate slightly
from /2, we shall see that the elastic enefgy<F,, and
that any deviation fromd= /2 therefore must be small.

For the splay elastic constant, Bradshatal. found k;
~2%x10 " dyn near the nematic-isotropic transition in
80CB[21]. The twist elastic constant is normally about one-

Thus, because a transition to homeotropic alignmeit ( third the value of the splay constafit9]; thus, we usek,

=0) does not occur iW,<W,—and indeed, was not ob-
served experimentally to occur—we shall tafkéo be con-
stant and equal tar/2; terms involvingW, therefore do not
enter into the calculation.

The second term i, i.e.,

=k,/3. The anchoring strength coefficient is more problem-
atic. Sluckin and Poniewierski showed theoretically that the
two leading terms in the expansion of the fundamental an-
choring free energy scale linearly and quadratically with the
value of the order parameter at the substf&®. In most
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cases, however, the effective anchoring strength also mas 10r———FT———T————T T T 7T T
involve polar effects, flexoelectricity, and mobile charges.
Indeed, several workers have found that the anchoring
strength coefficient divided bg?, whereSis the bulk order 8 7
parameter, is approximately constant well into the nematic
phase[23,24], but decreases with decreasii®near the
nematic-isotropic phase transitidr3,23,25,26. Based on
these widely reported experimental results, we shall adop
the ad hocempirical formW,= —G2S+W?2S?, a form that
simulates the temperature dependenceWf reasonably 2 4
well. SinceW,=0.048 erg cm? deep in the nematic phase ¢
[17], we takeW3=0.12 andG2=0.02 erg cm?. Because

the temperature dependenceé/df for 8OCB at this substrate

is not known, we have chosen these values/randG3 to

rees)
»
L]
1

(deg

yield the correct value fow, deep inside the nematic phase, ol e v
and to show the correct qualitative decrease \Wf 0 10 20 30 40 50 60 70 80 90
[3,23,25,26 near Ty,. Thus, at the transition wher& Angle y (degrees)

=0.294, these parameters yield an anchoring strekigth
=0.0045 erg cm2. We have tested other reasonable combi- FIG- 6. Calculated peak-to-peak valueg,, for ¢(x) vs .

nations ofWJ and G3, and found that our final results are

quantitatively similar. along withF,,, andF separately. It is clear from Fig. 7 that
The extrapolation length=k, /W, determines how well F,, plays the dominant role in the overall surface energy.

the director profilee(x,z=0) follows the scribed pattern We note that because of the dominanc&gf,, our approxi-

Z(x) at the substrate, i.e., a=0. We find thatL~450 nm  mation to ignore spatial variations éfwas reasonable.

at the transition, which is several times larger than the pixel Let us now turn to the Kelvin equation, which is a

size\/2. If the pixels were larger thah, the director would ~ Clausius-Clapeyron-like equation for thin filnj43]. The

align locally with the easy axes, except near the boundarghift in transition temperaturéT; due to boundary effects

between the pixels. However, sinte>\/2, the profile ofe can be expressed as

is nearly sinusoidal ik with a period\ (Fig. 5. With k, - N el

=Kk4/3 [19], the Euler-Lagrange equation can be applied to ST. = ni(Fi = Fi)j @

F in Eq. (4), resulting in a fundamental harmonic solution e Qd '

o(x,z)=constt ¢, singxexp(—/3qz), where q=27/\.

Although ultimately we will determine the dependence of Where the subscript refers to the AFM-scribed regionj (

@ numerically, this solution shows that variations@flong ~ =AFM) or uniformly cloth-rubbed regionj=CR). Qis the

the substrate decay over a distagee\ /23 into the cell. latent heat of the NI transition. Because the thin nematic

Moreover, the associated elastic energy density decays ovel@/er has two boundarielenoted by the subscrip), i

distance/4y3 into the cell. This is the relevant distance =1 efers to the boundary with the polyimide-coated sub-

scale over which anchoring and elasticity contribute to theStrate and =2 refers to the plane dividing the_nemalnc layer

surface energy. Thus;, can be approximated in this region with the bulk isotropic liquid crystal below. Finally; and

by replacing the integration overin Eq. (4) with the multi-

plicative factor\/4./37 that corresponds to the decay length 1-0 X 10° —
into the bulk of the elastic distortions. Therefore the energy
per unit ared= averaged over one period for a layer of thick- + ¢.8 i
ness\/4.3 at the AFM-scribed substrate is given by 5
fo]
_ _ _ 1A ) _ L 0.6 i
I:EFWidl'Fwa‘H:k:Fwi_"_J Wasmz((P_SD) b4
NJo .%
@
A do 2 g 04 ]
+——k (—) dx, (6) 3
2\/577 ' 24 z=0 E
_ 3 02 :
wheree is now a function ok only. (Note thatF=F,,; at the
uniformly cloth-rubbed surfagee(x) is determined numeri-
cally by dividing a full period\ into 100 units and minimiz- 0.0
ing Fy,+Fy; peak-to-peak valueg,., are shown in Fig. 6. Anal d
From these values Eq6) may be used to determine the ngle v (degrees)
quantity F—F,; (=F,a+F), which is shown in Fig. 7 FIG. 7. Energiesy, Fya, andFy+F,, Vs .
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T T error bars in Fig. 8 represent uncertainty in th€ measure-
ok & i ments. Additionally, the values fat may need to be scaled
i . 1 up or down due to the uncertainty & b, ¢, andW,. We
. 8or ] remark that although the calculated thicknessf the nem-
E 70 . atic layer does not depend strongly kpalone, itdoesde-
> 60k ] pend moderately strongly on the ratig /k,; because this
@ : : ratio determines the thickness of the elastically deformed re-
o 50 ] gion [cf. Eq. (6)].
S a0t [ - Despite the apparent reasonable values obtained| four
= 50 [ ° a u .. procedure has a number of shortcomings. First, we assumed
% I . L ] thatSis spatially uniform in the elastically distorted interfa-
- 20 ° A . cial region, and has a value equal to the bulk valu& gt
10 N ] Because this region is comparable in thickness to that of the
- . . . . . 1 nematic-isotropic meniscus, the order paramsterlikely to
%5 40 50 60 70 80 90 vary somewhat witfz in this region. The result likely would
Angle y (degrees) be to reduce the calculated valuég, as the elastic energy

cost would be smaller in regions of smaligri.e., away from
FIG. 8. Calculated characteristic nematic layer thickresgar  the surface(Interestingly, in principleS may even vary with
the head of the front vg for cells of thicknessi=5 (@), 25 (H), X, i.e., it may be smaller in regions where the anchoring
and 125 &) um. Because of the large relative uncertainty in mea-anergy cost is large, and larger in other regjor8cond,
surements foAT at small angles, data are considered reliable Onlywith decreasing temperature the nematic layer grows in
for ¢=50°. thickness behind the front. A result of this growth is an in-
N . . . crease in the angl@ very close to the head; this would
Fi" are the surf_ace energies for _the 'SOtr(.)p'C and ne_ma“F\ecessitate the inclusion of a component of meniscus energy
phases, respectively, in contact with boundarur experi- i, yhe cajculation. Although the sgcfactor keeps this con-
ment. measuresAT= 46T —apm~ 6Tj—cr- By definition, i tion small, ultimately it may have a noticeable influence
Fi_, is zero in both AFM-scribed j=AFM) and cloth- 4 oy calculation ford. A third, related effect is that the
rubbed §=CR) regions, as this is just a continuation of an model does not account explicitly for order electricity. Bar-
isotropic layer into the bulk. Additionally{L , corresponds hero and Durand calculated the effects of order electricity
to the nematic-isotropic meniscus energy discussed earliegue to a gradient of the order parameter at a nematic— iso-
which we approximate as the same at both AFM-scribed angtopic interface, finding that the equivalent energy per unit
cloth-rubbed surfaces, and therefore cancels when calculafreg is~5x 103 ergs cm 2 [8]. Faetti and Palleschi have
ing AT. Likewise,F|_, is the energy of the isotropic phase measured this quantity, obtaining smaller values(bf2)
at the polyimide-coatedi € 1) substrate, which is the same x10 2 ergs cm? [30,31]. These values apparently are
for both the AFM-scribed and cotton-cloth-rubbed regionssmaller than the anchoring strength coefficients used in our
for the approximations used herein; thus, these two termgalculations. If the order electricity associated with a
cancel. The only nonzero and noncancelling terms involvéhematic-isotropic interface had been included in our effec-

FiL, for the j=AFM and j=CR regions, giving tive surface energf, its effect would have been to stabilize
N N B — the isotropic phase dioth the AFM-scribed square and in
AT= Tni(Fizaj—arm—Fiz1j-cr) _ Tni(FwatFWj=arm  the uniformly rubbed region in order to achieve a uniform
Qd Qd ' phase throughout. In consequence our calculated valués of

(80 would have been little changed. Fourth, the model neglects
surface-induced paranematic order in the bulk isotropic
phase. This order would have been larger at the uniformly
> - Ak ; cloth-rubbed surface, slightly driving up; and thereby in-

X 10" erg cm > [28]. (Note that this is about two-thirds of creasingA T. Nevertheless, due to the weak paranematic or-
the Landau—de Gennes val_@:aSZTM/Z_ usINg appropri-  der for our system, this correction is small compared to the
ate values fom, b, andc). Using the experimental values for pserved results foAT.

AT in Fig. 4 and the calculated values®f ,+ Fy in Fig. 7, Several other approximations also need to be mentioned.
we calculate from Eq8) the average characteristic thickness Our computational results assume that the anchoring strength
d of the nematic layer near poift; the results are shown in coefficients are the same at both the cloth-rubbed and AFM-
Fig. 8 as a functiony. Values ford at smally are unreliable  scribed substrates. However, if the coefficients at the two
owing mainly to the large relative uncertainty in measuringlocations were to differ from each other by up to a factor of
AT. As seen in Fig. 8, for largey the data tend to scatter 2 (but with the same average value as abpwe find thatd
about a thicknesd~30 nm. This is equal to about two nem- would differ slightly—but not significantly—from our calcu-
atic correlation lengthg, whereé is typically about 15 nm lated values. Additionally, throughout our calculation we
nearTy, [29], as well as approximately twice the penetrationhave ignored the elastic energy associated with a twist dis-
depth of the elastic distortion/27\/3. We point out that the tortion from one surface of the cell to the other, or even the

The transition temperaturd ;=353 K and, assuming a
mass density of 0.981 g cm [27], the latent hea@=1.76
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possibility of nonzerod at the meniscus. The former is of strates that are wetted easily by the nematic phase, although
very long wavelength, and it has virtually no impact on ourorder electricity may play an important—yet not
results; the latter may change our calculated valug,oby  Prevailing—role. For future work it would be interesting to
up to 50%, but as this is small relativefq,, it would not mvesUga;e sys.temau.c'ally the role of |mpur|t|es, as the
have a great impact on our results. Finally, we note that ofjematic-isotropic e_q_umbrlum may_affect the thickness of the
symmetry grounds flexoelectricif32] does not play a role. nematic layer. Additionally, changing the nature of the poly-

Control of the director profile on very short length scales'mIde would change the wetting angle, and therefore the

opens up an exciting vista for the science and technology otP'CkneSS of the nematic layer at poiPt

liquid crystals. In this paper we demonstrated in a controlled

manner the depression of the nematic-isotropic transition The authors have benefited from conversations with Pro-
temperature, relative to its value for uniform orientation, byfessor T. J. Sluckin, Professor Rolfe G. Petschek, and Pro-
high energy, short length scale distortions and the associatddssor Philip L. Taylor. This work was supported by the U.S.

anchoring energy. Unlike previous results, our modeling in-Department of Energy’s Office of Basic Energy Science un-
dicates that the dominant effect is due to anchoring at subder Grant No. DE-FG02-01ER45934.
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