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First-order liquid crystal orientation transition on inhomogeneous substrates
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In a recent experiment, we uncovered an unconventional liquid criistalorientation transition on micro-
textured substrates consisting of alternating horizontal and vertical corrugations. When the period of alternation
was decreased towardl um, the LC alignment underwent an abrupt transition from inhomogeneous planar
to a more uniform configuration with a large pretilt angte40°). With the aid of a model based on the
competition between the Frank-Oseen elastic energy and a phenomenological surface potential of the form
W(8, p) = (112)W sir? 6+ (L/4)WSD sirt g+ (1/2)W,, cos @sir? ¢(x,y) (where 6 and ¢ are, respectively, the
pretilt and azimuthal angles of the LC director amf’, W{"), andw,, are constanishat demonstrated good
agreement with experiment, we investigated the microscopic origin of the observed transition. It was found that
this transition comprises two steps. First, the LC director homogenizes towa=thg° azimuthal direction
in the plane to relax the elastic energy. The resulting rise in azimuthal anchoring energy subsequently drives the
LC to adopt a finite pretilt. The values of th&’s deduced from the model reveal that the polar anchoring
energy is about-1/10 of the typical values, with the $id term dominating the sf¥ term. We present a
possible explanation for this unexpected finding.
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[. INTRODUCTION Landau—de Gennes formalism. In all these prior theoretical
investigationg2,9,10, only substrate patterns consisting of
Conventional techniques for uniform liquid crystalC) parallel stripes of varying preferred polar orientatiofg

alignment such as rubbing, oblique evaporation of silicorwere considered. But the majority of recent experiments

oxide, and surfactant treatment produce alignment effectd—7] have studied checkerboard patterns with varying pre-

that are uniform on the substrate surface. Recently, increa¢erred azimuthal alignmenp,, with the preferred polar ori-

ing effort has been spent on the use of patterned substragtation fixed at 0°. In particular, a recent experiment by us

surfaces with Spat|a||y Varying easy a"gnment directions td:?] showed that a LC orientation transition can occur as the

achieve uniform LC alignmentL—7], since it has been dem- periodicity of such checkerboard pattern is decreased, in

onstrated that the resulting LC alignment is applicable tovhich the inhomogeneous state changes to a uniform align-

bistable display$5,6], and that the patterned surfaces mayment state possessing a large pretilt angle.

allow for complete control of LC orientation directi$d]. In In this paper, we present a detailed theoretical investiga-

the initial proposal by Oncet al. [1], the inhomogeneous tion of the equilibrium LC alignment states associated with

substrate pattern induces a spatially varying LC director fieldhis experiment. Our study is based on the Frank-Oseen

for the molecular layer of LC immediately next to the sub-framework on checkerboard substrate patterns of varying pe-

strate surface, which, however, decays exponentially to unidodicities with alternating 0° and 90° preferred azimuthal

form alignment with a decay lengt\/27 where\ is the  alignment. For such patterned substrates, we assume the po-

periodicity of the substrate pattern. Operationally, the inhotential to have the commonly adopted foff4,11,12

mogeneous substrate together with the boundary layer of LC

(within a few decay lengths from the substpatean be 1 1

viewed as providing uniform anchoring for theilk LC with W(0,¢)=§W%2) Sif120+ZVV(04) sin*o

an effective homogeneous surface potential that in turn de-

pends on the local anchoring energies of the patterned sur- 1 )

face and the LC elastic constants]. By using the Frank- +5 Wy coS 0 Sir[ p— do(X,y)], (1)

Oseen form for the LC elastic ener{§], Barberoet al.[9]

obtained analytical expressions for the effective bulk LC di-

rection and effective surface potential for surfaces patternedhere W2 and W{" account for the polar anchoring

with stripes of alternating easy directions and anchoring enstrength[1,11] and W,, the azimuthal anchoring strength

ergies. In a more recent study, Qian and Sheh@0] exam-  [4,12] of the substrate on the LC. Excellent agreement was

ined the problem within the Landau—de Gennes frameworlound between the results of this model and experimental

and found that the LC underwent a first-order orientationabbservations of different grougd,7].

transition from an inhomogeneous state to a uniform align- The organization of this paper is as follows. In Sec. Il, we

ment configuration as the pattern periodicity was decreasesummarize our findings about the equilibrium LC states from

below the LC elastic correlation length inherent to thethis theoretical modeling. In Sec. I, we describe the model
in detall, followed by presentations of the simulation results
and discussion in Sec. IV. We conclude with a few observa-

* Author to whom correspondence should be addressed. tions in Sec. V.
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Il. SUMMARY OF FINDINGS estimates from prevalent theofg2]. However, W{?) is at
aI_Ieast an order of magnitude smaller than typical values. We
¢further deduced that/i" is greater tham(?), which devi-
ates from the Rapini-Papoular potenfiaB]. This unconven-
tional finding for the polar anchoring potential is attributed to
the unique setting of a checkerboard surface pattern on
hich the LC director undertakes significant relaxations to-
ard the¢p=45° direction. The resulting polar anchoring en-
ergy is thus measured from thé¢=45° direction, far re-
moved from the ¢=0° direction as in conventional
tion transition was observed. But W, is such that some circumstances. 2Simple reasoning shows that this can lead to
patterns have periodicity comparable kg;/W,,, an unex- a reduction irW(g ) and to the need for a higher-order term in

pected LC orientation transition may occur. In this case, thdn€ polar anchoring energy.
azimuthal anchoring strength of an individual domain is not
strong enough to overcome the rigidity of the LC director
against bending and splay deformations. Hence, substantial
relaxation of the director toward the=45° symmetry direc- The substrate patterns considered in this study are shown
tion can take place. If in additioiW¢,>~2W(2), the in- in Fig. 1, which were the same ones used in the experiment
crease in azimuthal surface energy due to this relaxation canf Ref.[7]. As seen, the patterns are composed of alternating
be large enough to trigger a first-order orientation transitiork andy corrugations 85 nmwide)x30 nm (heigh) with

to a(moreg uniform state with a finite pretilt. This prediction variable periodicityA. We consider a semi-infinite space
was realized in a recent experimeg] on microtextured filled with nematic LC above a surface z&0 as shown in
substrates with topographic features produced by atomi€ig. 1. The inhomogeneous anchoring property of the surface
force microscopiod AFM) local oxidation[14]. The magni- is simulated by the potential given by Ed), with the local
tude of W,, obtained by fitting to experiment agrees with easy azimuthal directioghy(x,y) varying according to

Our model calculations were found to reproduce and
low for reconciliation between the experimental findings o
different groupg4,7]. WhenW, is large so that all the pat-
tern periodicities examined are greater thank;/W,
(wherek,, is the LC splay elastic constanan inhomoge-
neous alignment state with the effective easy direction alon
(6,)=(0°,459 persists. This prediction is consistent with
the result of Kimet al. on inhomogeneous checkerboard pat-
terns produced by nanorubbifig], in which no LC orienta-

Ill. THE MODEL

A A
0° ifosxs=m+ 7 and Osys=m+ 50

\ \
m+ Esxs(er 1) andm+ Esys(m+ DX

¢O(X!y):
wherem=0,1,2 . . .,
90° otherwise.
\
|
The LC elastic energyl, in the Frank-Oseen forif8] is is the surface energy. In E¢d), 6(z) is the one-dimensional

delta function and\V( @, ¢) is given by Egs(1) and(2). The
equilibrium LC state is determined by the director configu-
ration n(r) = (6(r), (r)) that minimizesU,,. The minimi-
zation was performed for unit cells of thicknes® and
+kag(NX VxXn)?}, (2) 0.2 um=\<80 um. The integration volume was discretized
. . into 14x14 points in thex-y plane(so the discretization step
wheren is the LC director, ancky,, Koz, andks; are the =\/14) and 30 points in the direction (corresponding dis-

splay, twist, and bend elastic constants, respectively. We a%retization step:\/60). Doubling either of the two numbers

Sltj.mel_tge azf\rametetrsl ZO take tg.ef:/ alulesszjeéevant to Lhe NeYF discretization points or the integration cell thickness pro-
il;:x 10-12 N'n](pefgé;%iqg '\Ilp kenxixl(%"lll'ﬁlq 1511 duced less than 1% variation in the calculated energy. The
— v ez e 1 83T [15] LC director’s polar and azimuthal anglgespectively,d(r;)

1
U= f d3r§{kﬂ(v n)?+kyy(n-Vxn)?

The total energy of the systerdyy, is given by and ¢(r;)] at all discretization points; (i=1,2, .. .,5880)
Ugo=Ug+ Us, (3 Wwere treated as independent variables with respect to which
U, Was minimized by the conjugate gradient method as in
where Ref.[2]. To ensure that the energy of the state obtained was

the global minimum, several random starting configurations
were used at the smalle@r largest N considered. Then the
resultant optimal configurations were used as the starting

Us= f d*rW(6,¢)8(2) (4)
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FIG. 3. (Main panel Variations of the calculated,,, U, and
Ug versus pattern periodicity. Hera,=1 wm. (Insed) The same
plot as in the main panel except that it is focused on the region of
near the orientational transition. The dotted lines depict the energies
of the metastable states. The calculation assumed the same surface

S . otential used to generate the data of Fig. 2.
FIG. 1. AFM topographical images of microtextured substratesIO 9 9

used in the experimental study of RET)]. These substrates were
fabricated by AFM local oxidatiof14]. The scale bars are @m.
The arrow in the\=2.2 um sample indicates from where the cross-
sectional profile in the lower panel was drawn.

configurations for the next highéor smallej A considered.

This continuation method may thus generate several curves

of local minimumU,,; as a function ofA. We found that

6 demonstrated an abrupt jump from 0° to 40° whewas
decreased toward-1 um. It has been notedl7] that the
transition can be reproduced with the present model if the
surface potential parameters satisfy the following criteria:

W, = yW(H72

except near the orientation transition, if any, the curves wer@nd

independent of whether we performed the calculation in an

increasing or decreasing order xf Furthermore, the curves

obtained from different starting configurations give rise to at

most two branches — one witf¥)=0° and the other with
(6)=40°, with the branching occurring also only near the
orientation transition.

IV. RESULTS AND DISCUSSIONS

We consider a surface potentld( 0, ¢) that gives rise to
a LC alignment transition like that observed in Riéf], i.e.,

40 B ._.
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FIG. 2. Average LC pretilt as a function of pattern periodicity
obtained by using parameters for the surface potefffal (1)] as
indicated.

W2 = (0.5-0.84354)W,,( y=1.687. (5)

The origin of these criteria will become apparent after we
show how the elastic energy, surface energy, and director
field of the LC vary across the orientation transition. We use
a particular choice of the surface potential to exemplify
variations of these specific properties. Figure 2 shows a plot
of average pretilt angle versus pattern periodicity obtained
for the choice withw{?)=0, W{Y=1.2x10"% Jm~?, and
W,=1.0x10"° Jm~2 [7]. As seen, there is an orientation
transition displaying a 40° jump i@ at A=1 um. We then
examine variations of the calculatét;, U, andUg as a
function of A over 0.2um=<A=<80 um. From Fig. 3, one can
see that, on decreasingfrom 80 um, U, shows a slow rise
initially, but starts to decrease rapidly with decreasingear
N=5 um. The latter behavior is contrary to the simplistic
expectation with the form ol shown in Eqg.(2). On the
other handU s demonstrates a much more rapid and mono-
tonic rise with decreasing, and begins to matct; closely
below\=5 um (whereU, shows the onset of a fallin the
vicinity of the orientation transitiorfinset of Fig. 3, how-
ever, variations in the three energies, il&y;, Ug, andUg,
are much more gentle except)at1.05 um, whereU, and
Ug show a jump andJ,,; shows a discontinuous change in
slope, exemplifying a first-order phase transition.

We first try to understand the onset of the decreadédn
around\=5 um. In regions on the=0 plane between do-
mains containing the corrugations and thg corrugations,
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FIG. 4. Profiles of¢(x) at z=0 andy=3\/4 for different val- 12/: :" //: ; ; ; ; ; :" ; ; :" ; 1:
| 7
ues of\ between 0.2 and 8am. NN NI N YYY,
_ _ We f/p 72l s AP
we expect the azimuthal alignment of the LC to undergo a VAV AV A SV AV AV AV Y AV SV SV SV §
gradual transition from they=0° orientation to thep=90° S rrr VPSS
antati : - f A7 77777 rr7y
orientation(domain wal). If A is not much larger than the N NN NI NN NN YN
extrapolation lengtti16], the azimuthal alignment can devi- X AAAS AN AT p N
ate significantly from the local easy direction in the domain, A A A L A A A A
causing considerable relaxation of the director field in the 1 rrrrrrzrs72r,s771
plane. The extrapolation length is a weighted sum of Ll f: ,/. ,/., f: ,/.. ,/. ,/., f: f.: :: :: ,/. 7
k11/W, (=0.64 um) andks3/W,, (=0.91 wm) [16]. There- 2 4 6 8 10 12 14
fore, azimuthal relaxation of the LC director can very well (b)
commence at the noted value)of~5 um) whereU, starts
to decline with decreasing, which is a few times the ex- FIG. 5. Projections of the LC director in they plane atz=0

trapolation length. Figure 4 displays the profiles $fx) for X equals(a) 1.1 wm and(b) 0.2 um. Data are presented for one
along the liney=3\/4 atz=0 for various values ok up to  unit cell. Thex andy scales are in units of discretization steps.

80 um. Consistent with the onset of the fall idg, the

deviation of ¢ from ¢, at the domain center also becomesthan its counterpart fox=1.1 um corresponds well with its
significant(>10°) nearA=6 um, although the deviation ac- lower elastic energy as illustrated by the inset to Fig. 3. The
tually begins as soon as<30 um. The latter is in keeping higher surface energy of the=0.2 um state comes from its
with the onset of a rise iU g aroundA=30 um in the main  larger value of(6), plus the larger rms deviation @f from
panel of Fig. 3. For still larger values of (>30 um), the  ¢y. We now examine the fact@ that determine the pretilt
slow increase inJg with decreasingh. may arise from the orientation of the LC director. Some insights may be gained
misalignment of the LC director fronp, in the domain wall by examining plots of the surface potentll(6,¢) as a
region between the two types of domains. Another interestfunction of ¢ for various fixed values oflp— ¢|. As

ing feature to note from Fig. 4 is the abrupt flattening ofseen from Fig. 6, wheh¢— ¢¢| is increased, the position
¢(X) betweem\=0.8 um and 1.2um, which coincides with  of the W(6,¢) minimum, 6,,,, gradually shifts from 0°
the location of the orientational transition revealed by Fig. 2to larger values and eventually reaches 40° wher ¢

and the inset of Fig. 3. Flattening @f(x) signifies a quali- is equal to 45°. In the meantime, the depth of the mini-
tative improvement in the uniformity of the LC configuration mum increases and so does the valueW(f0°,¢). With

in the plane. To better see this change of the LC alignmenthese noted variations in the surface potential with increas-
we display the two-dimensional projection of the LC directoring | ¢— ¢,|, we can envision a picture for the occurrence
in thex-y plane atz=0 for A=1.1 um (above the transition  of the LC orientation transition. When the pattern periodi-
andA=0.2 um (below the transitionin Figs. 5a) and §b),  city is decreased(|$— ¢|) increases while the spread of
respectively. For the LC configuration with=1.1 um, the  ¢(r)[= (¢ —($))?)] decreases. At some point, the sur-
deviation of the director azimuth from the preferred azimuthface energy  of  the inhomogeneous  state
(i.e., \((¢— o)), where ¢y is the angle with the lowest [=(W(0°,|¢— ¢o|))] becomes=W(0°(|d— ¢¢|)). When
azimuthal surface potentjals 33°, and the corresponding compared with the surface energy of the uniform state rep-
spread in the distribution o (i.e., {(¢—(¢))?) is 16°.  resented byf= b, and (p)=do+40° [~W(bmin,|($)

But for the configuration withh=0.2 um, the values of the — ¢,|=40°)] [7], the difference might become smaller than
two corresponding parameters are 44° and 1°, respectivelyheir corresponding elastic energy differenk®,, thereby
The finding that the state fax=0.2 um is more uniform  making the orientation transition energetically feasible. Fig-
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) ] FIG. 7. Various surface energy parameters that were found to
~ FIG. 6. W(6,¢) vs 6 for various fixed values ofp—¢o| as  reproduce the LC orientation transition observed in R&f.when
indicated. Here AU, denotes the difference in elastic energy be- 5ppjied to the model calculations. Those parameters labeled by
tween the inhomogeneous and uniform state. It is put here to dem"(constAUeQ" are calculated by using Eq5) and assuming the

onstrate the balance of energy for the orientation transition. change in elastic energy at the transition to be constant, fixed to that
found for y=5.

ure 6 illustrates this point. It is interesting to note that the
sizes of the surface energies of the two states andlgf,  nates(for y<3) or else is comparable @), violating the
deduced by this simple-minded consideration agree quitéommonly obtained Rapini-PapouldRP) potential Wgp
well with the corresponding quantities found by numerical~(nXng)? [13], wheren=(6,), andn,= (o, Bo) is the
simulations(inset of Fig. 3. It should, however, be remarked €asy direction. Since /\=0.7x10"° J/m~?, the range
that this way of deducing the balance of energy is expecte@f W, found (i.e., <1.1x 10 ° J/m~? according to Fig. ¥
to fail should the spread ig too large, so that the surface encompasses the prediction from Berreman’s madkich
energy of the single director stateW(0°(|¢— ¢g|)) can i Wy=1x10"° J/m~?) [12]. If we let W, =1.1X10"°
no longer provide a good approximation for the actual surJ/m~2, we face the anomaly thaw(;‘) is about ten times
face energy of the inhomogeneous state. The present findingnmaller than reported valu¢$l] However, it is noteworthy
suggests a simple way of setting the criterion W(6,¢)  that in typical surface anchoring energy measurements one
that may give rise to a LC orientation transition from a pla- either keepsf= 6, and measures the variations in surface
nar inhomogeneous alignment state to a more uniform alignenergy as a function of— ¢,), or maintains¢= ¢, and
ment state with a given pretilt. According to Fig.\8(6,¢)  measures the surface energy as a functionéof §,). With
should possess a minimum at the desired pretilt angle of thghese measurement schemes, one obtaipsand W), re-
uniform state when¢— ¢o|=45°. In fact, it was by appli- spectively. In the LC orientation transition presently consid-
cation of this requirement to E¢1) that we derived the tWo  ered, an unusual circumstance is encountered, i.e., one is
criteria given by Eq.(5). Nonetheless, these two criteria considering the polar anchoring energy for the case in which
alone are not sufficient to determine all three parameterghe LC director deviates from the usugk= ¢, direction. To
W, Wi, and W,. One more criterion is required, see how this different setting may affect the measured polar
namely, the orientation transition should occur at the desirednchoring energy, we rewrite the general formVé§p as
value of \. For this study, the desired value-isl.1 um to
match the result of Ref7]. Figure 7 shows the surface en- Wgp~ SirP(p— ¢bg) + COS(p— ) SIP(0— ). (6)
ergy parameters that have been found to reproduce the ob-
served transitior{7]. In the same graph are displayed the From Eq. (6), the coefficient of sif(6—6,) diminishes as
corresponding paramete(sepresented by line curvessti- |4 — 4| increases, reaching 0 whép — ¢, = 90°. But this
mated by using Eq(5) and assuming\Ug, to be a constant |imit of the polar energy is unphysical since it predicts that
equal to that found fory=5. As seen, while the surface the polar anchoring energy should become independefit of
energy parameters thus obtained demonstrate qualitatively shows that the RP potential needs to be adjusted when
similar dependencies op as those actually found, there are | — | is large. From the above discussion, we expfd
systematic deviations suggesting thie, decreases with {6 pe diminished and a nontrivial higher-order term such as
increasingy. Since y is the ratio of Wy to WY/2, this  sirfi(9—4,) to emerge. Both have been found in this case.
observation suggests that the surface energy difference at the \We also examine the out-of-plane LC configuration both
transition decreases with increasivg, /W¢" . below and above the orientation transition. Figure 8 shows
From Fig. 7, it is seen thal/,, is always larger than both the pretilt angle averaged over they plane,(6),,, versus
W andW , which is contradictory to what was typically cell depth,z for various\ between 0.2«m and 1.6xm.
found. Another unusual observation is tht" either domi-  Clearly, the data demonstrate a jump-e#0° in 6 between

021704-5



TSUI et al. PHYSICAL REVIEW E 69, 021704 (2004

[ 0.16
21— b
,Z:ZZZ:ZIZZZIZIZIIIZIZI:IZIII:€ L
sl _ 01 o Dana
£ N Linear fit
< d0f . o 5 o1z
S a5 __Pattern periodicity £ o.10}
S I —O— 0.2 um —m— 1.0 ym 2 '
Z 201 —0—03um —A—1.2m @ 008}
A 5[ —v—05m ——1.4m ;' »
v i —4—0.7 ym —b— 1.6 ym Z 006
101 —H—08um § 0.04}
St 0.02}
Y I 02 Y 06 Y 1.0 00 02 04 06 08 1.0 1.2 1.4 16 1.8
Depth, z (um) Period (um)
FIG. 8. Average pretilt over they plane(6),,, versus deptl FIG. 10. Decay length deduced from data of Fig. 9 as a function
for Various)\ about the orientational transition. Of _pattern perIOdICIty The Solid Iine iS a |inear flt through the data
points.

A=1 pum andA=1.1 um, in which the average pretilt is

nearly a constant and equais40° and 0° forx below and  ponentially with a decay length equal to the period of the

above the transition periodicity, respectively. Next we look atsurface corrugation divided by Our current findings are

variation of the in-plane alignment of the LC withShown  consistent with this prediction.

in Fig. 9 are the plots of|¢— ¢|)xy Vversusz for 0.2 um

<\=<1.6 um. All curves exhibit monotonic decay toward

the ¢=45° direction in moving away from the substrate wall V. CONCLUDING REMARKS

(z=0). But the average deviation @f from ¢, at the sub-

strate is larger for smallex, and demonstrates a discontinu-  From the results of this model shown above, the key to

ous jump when reaches the transition periodicity. Figure 9 the observation of the LC orientation transition is a weak

also shows that, with larger periods, registrationgofvith ~ surface potential that allows large planar relaxations of the

the local easy azimuthal direction can be maintained over &C director toward the$=45° direction to occur in the

longer decay distance alorzgWe fitted the data of Fig. 9 to range of pattern periodicities studied. Moreover, the surface

Yo+ (45°—yo)exp@ly) (where yo=(|¢— |}y at z=0  potential should possess a minimuméat40° as(|#|) ap-

and{, is physically a decay lengthand the results are dis- proaches 45°. Should these two conditions be satisfied, the

played as solid lines in the same figure. Evidently, the model.C orientation transition can occur in two steps. First, the

provides an excellent description of the data. In Fig. 10, wg-C director homogenizes toward thi=45° direction as\

display the fitted values of . as a function of\. We found is decreased. Then a jump éfrom 0° to 40° takes place to

that the data fitted well t6,=0.086\ (solid line in Fig. 10.  reduce the resulting increase in azimuthal energy. This result

A previous calculation of Berremai2], modeling the dis- provides a natural reconciliation for the experimental find-

tortion of the LC director by a periodically corrugated sur- ings of different groups. In particular, Kirat al.[4] did not

face topography, showed that the distortion should decay exebserve the LC orientation transition in their experiment on

checkerboard substrate patterns. It was, however, shown that

46 the azimuthal anchoring energy of their substrates was quite

high, ~1x10 * Jm~2 [5], so that the extrapolation length
aMAr for inhomogeneous anchoring in the planek;,/W,) was
~ ol Pattern periodicity only _~0.064,um, and significant planar relaxations of the
¥V ¥y e LC director could not take place for the range of pattern
T 0 o 02ym W 1.0um periodicity examined £1 um). We also investigated the
% S oswm 2 Iatm f-plane LC configuration. It is found that on either sid
AF sl A 04um A 12um out-of-plane LC configuration. It is found that on either side
;o v 05um v 1.3um of the transition any out-of-plane inhomogeneity relaxes ex-
o 36 © 06um & 14um ponentially away from the substrate in a manner consistent
v <4 07um 4 1.5pm ith th dicti B
aal b 08um > 16um wi e prediction of Berreman.
% 0.9um
32+
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