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Zenithal gliding of the easy axis of a nematic liquid crystal
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We present experimental evidence of zenithal gliding of the nematic easy axis on a polyimide surface. The
reorientation dynamics of the easy axis under external torque, and its relaxation, are extremely slow processes
which cannot be described by a single exponential time. They show similarities with aging phenomena previ-
ously encountered in glassy systems. At last, the adsorption-desorption-readsorption process which empirically
justifies the azimuthal easy axis gliding may also explain our observations.
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One of the main issues in liquid-crystdlC) displays is model we describe the gliding as a viscoelastic process and
the control of the anchoring on the substrates. A change iwe discuss its possible microscopic origins.
time of the anchoring directions leads to a decrease of the Our thin cell (d=1.5um) filed with 4,4-
optical contrast and/or the formation of shadow images, evepentylcyanobiphenly5CB) is placed in a controlled heating
a change of the thresholds in LC deviddsZ]. Anchoring  stage at 20 °C. The two substrat@&g. 1) have different
refers to the property of the substrate to align the nematic oanchoring layers deposited on indium-tin-oxyd€O) elec-
its surface. For constant nematic order parameter, this locatodes. The plate 1 is spin coated with the polyimide Nissan
average orientation of the molecules is fully characterized by5SE-3510, giving, after rubbing, a strong anchor{agnithal
the surface directong=(sin f;coses, Sinéssings, coshy),  extrapolation length[9] L,<20 nm) and relatively high
where 65 is the zenithalpolan angle andgg the azimuthal pretilt (y=m/2-a=6.7°; see Fig. 1 On plate 2, a
angle(Fig. 1). The easy axig is the preferred orientation of 45-nm-thick SiO film evaporated under 60° oblique inci-
ns When it is not submitted to any external torque. It corre-dence gives a planaiy,=0) alignment and strong anchoring
sponds to a minimum of the anisotropic part of the surfacgl,<15 nm for 5CB. Without field, or under electric field
energyGq(n,€) also called anchoring enerdg]. To a first  E|z, the directorn(z) lies in the plane(xz) and the angle
approximation, the zenithal and azimuthal parts of the any(z) describes completely the textuitere are no azimuthal
choring energy are not correlatedSg(ng,e)=G,(ns,€) torques.
+G,4(ns, €). For infinite anchoring energy, stays parallel to We first measure the initial value of the pretiy=/2
e independently of the torque. For weak anchoring energy, -a,. Then, to create the torque, we apply an ac voltage
deviates frome under applied torque. This process is =20 kH2) of constant root-mean-squai®MS) amplitudeU.
reversible—upon torque removal relaxes back t@ within  After time t, the field is temporarily switched off, for less
a few milliseconds. than 3 min, to measuré(t). During the measurement the

Under strong torque applied for a long enough time, th&orque vanishes and relaxes toe. So, what we measure is
easy axis itself can slowly rotaf@,5]. This so called easy tne slow reorientation of the easy axisand not the instan-
axis “gliding” has been reported for lyotrop[6] and ther-  taneous orientation afs.
motropic[7] LC with weak azimuthal anchoring. The gliding  our technique[10] to measure the pretilt is based on a
is related to the anchoring memofg]—on most substrates precise measurement of the total cell birefringenéeunder
some mesogen molecules are adsorbed, keeping the memeQ¢ak voltage, inferior to the Fréedericksz threshdid11].
of the interface state at the first contact with the nematic. Theq, =0, A¢ remains constant up td=Uy;. For % 0 on one

adsorbed strongly anisotropic layer alignsalong the initial  of the platesA¢ varies withU. We infer ¢ from the A€¢(U)
easy axis direction. The memory-induced anchoring can be

strong and for isotropic substratés.g., bare glagsis the Plate 2 Plate 2
only source of azimuthal anchoring energy. At long term, the > >
memorized easy axis can glide under external torques by »n(z) | fn(z)

desorption-readsorption processes, with step-by-step reorier

‘ o
tation of the adsorbed molecules. This gliding is sl@ime x 0 a;gve
&~%

scale from a few minutes to a few monthand partially y Hsi
irreversible. . . . Plate 1 v Plate 1
Here we present experimental evidence for a zenithal, U=0 (b) U>>Us

gliding of the easy axis of a nematic, strongly anchored on a

rubbed polyimide. After a few hours under electric field we FIG. 1. Surface directon, and easy axig orientation wher(a)
observe an important pretilt variatiofabout 29, partially  no electric field is applied on the cell aid) a strong electric field
reversible. In the framework of a simple phenomenologicals applied.
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FIG. 3. Relaxation dynamics of the easy axis tilt angle. In the

FIG. 2. Time evolution of the easy axis tilt angle under externalinset, details of the first 8 h. On the left-hand side are the best fit
torque created by an ac applied voltage of 5V RMS. In the insetparameters with Eq2).

details of the first 8 h. On the left-hand side are the best fit param-

eters with Ea.(L). every 30 min. Then, the field is definitely switched off, and

. we continue to measurg periodically. The experiments
variation. Moreover, forU=U;/2 the total torque on the \yere done, in increasing order of the applied voltage, on the
plate 1 vanishegl0] andA{ does not depend on the anchor- same surface area of the cell, with typically an overnight
ing strength, but only o All measurements are performed rg|axation between them. The easy axis gliding amplitge
under polarizing microscope, on a 220 um* area, With  ,creases slightlyFig. 4) with the applied torque, reaching a
error bars[10] smaller than 10 rad. The value ofUs  mavimum aroundU=10-15 V, when the electric torque
=0.79 V is measured in the same cell, by fitting h&(U)  ansmitted to the surface is maximal. For higher voltages we
curve, and takes into account the potential drop on the ahgné,xpect a decrease of the easy axis gliding. However, experi-
ment layers. _ _ mental difficulties related with the ITO layers heating, no

Figure 2 presents the time evolution of the prefift(t)  |onger negligible at highJ, prevented us from presenting
under field. After a cumulative time of 140 thapproaches a rejiable results(due to the ohmic heating, above 15V we
plateau, 4=8.9°, which corresponds to a zenithal gliding phserve a transient variation of the birefringence on shutting
oy=2.2°. Different reorientation regimes are evidenced ingff the field).

F|g 2 and the eXperimental data cannot be fitted with a Our measurement technique assumes a planar Opposite
S|ng|e exponential time. The best fit is obtained with thep|ate_ However, a g||d|ng may occur on that p|ate too during
function the experiment, influencing our results. Indeed, in a separate
Ny — 0N A atlT /7y A atlr experiment on a cell made up of two planar SiO plates, after
YL = g’ = AqeTT = g = AT, @) applying 5 V during 60 h, we observed a glididg,=0.8°.
where ¢2" is the pretilt att— o and 7{"=0.29 h,73"=3.8 h,  In the small pretilt approximation, the measured variation
75'=62 h. These characteristic times are from 6 to 8 orders
of magnitude larger than the bulk or surface director reori-
entation times. So, at the time scale of our experiment, the ¢, |
n(z) and ng reaction to the field switching on and off is
quasi-instantaneous, while the reorientatior &f negligible
during the measurement time.

After this first experiment we permanently shut off the
field and we started to measure the pretilt relaxai8H(t)
(Fig. 3). After 13 dayse has glided back almost to its initial
position. The best fit of the experimental curve with

lﬁpff(t) = wOffo + Al(l - e‘t/rl) + AZ(]- - e—tlfz) + A3(1 _ e—t/73)
(2)

gives even longer reorientation times?'=0.53 h, 75'f

=9.9 h, and3""'=290 h. The gliding back o shows that an
internal torque tries to restore the initial easy axis orientation
and the surface thermodynamic equilibrium. FIG. 4. Evolution of the easy axis tilt angle on the polyimide
In Fig. 4, we present the easy axis gliding as a function ofinchoring layer as a function of the voltage applied during the first
the applied torque for voltages between 2 and 15 V. The cell50 min. The angle values are shifted by 0.2° for the 3 V, 0.4°
has been left under field for 150 min, with a measurgjof (5 V), 0.6°(10 V), and 0.8°(15 V) with respect to the 2-V curve.
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A€(U;/2)-A€(U=0) is proportional to y?/2—y Sip(m K K da
-3)/ - 8y5. The small cross-term coefficient decreases the - E sin 64(t) - 2_Le sin A a(t) — ap] - Yo = 0. 4

sensitivity todiys,. For di,=0.8° we obtain 0.11° uncertainty

on the measured values, comparable to the error bars.  The nonlinear Eqg.3) and(4) describe the time evolution of
Our observations can be qualitatively described in thex and 6. For L,<¢ we can linearize the equatioror

framework of a simple visco-elastic model. The gliding backw/2-a<1, w/2-6s<1) to obtain

and forth implies that the easy axéscan reorient under the

torque applied to it by, Moreover.e is elastically bound to 0s(t) = a(t) = LJ& Le=&(ap— av);

its initial equilibrium orientatione, with an “anchoring (5)
energy” Gg(e,e). The slow gliding rate shows that a a(t) = a,, + (ag— a..)exp(— t/72"),

large rotational viscosityy, is related to the easy axis reori-

entation. where ap=a(0), a,,=a(t—»), and 72"=y.L /K is the easy

Let us first consider the reorientation of the bulk directoraxis relaxation time under field. In a similar way, when the
n(z), the surface one, and the easy axie under field field is shut off we obtain an exponential relaxationat)
(we suppose a positive dielectric anisotropy=¢,—¢,).  back toag with the same characteristic timg"= 72"

The electric torque applied onn(z) is [9] This macroscopic model is in qualitative agreement with
Te=—(g0ea/ 2)E2sin 26. In the one-constant approximation the observed gliding behavior. From thé=5V data we
(K11=K33=K) the distortion elastic torquE,=K(#?6/9z2)  have £=80nm, ao—a.,=0.04 rad, “and we ob_ta_urL?,
is opposed td'g. The viscous torqué.,=-y,(96/ ) slows =3 nm, i.e., the easy axis surfac_e elagtlc coefficieVify
down the reorientation ofi(z), wherey, is the nematic ro- =K/L, is about one order of magnitude higher thafl The

[P . . o ; on ;
tational viscosity. The torque balance gives the characteristi‘cj:“"‘zs{_> SX'S rotle_gl[qnal Y'SCOS'% dfr:'vetd _frolme f's Ye
bulk reorientation timer,=y,&/K, whereé=(1/E)\K/gpe, < asm, Imes arger han me wypica suriace vis-

. o : : cosity ys. Renormalizingy, with any significant length. of
is the electric-field correlation leng®]. This length may s e . .
also be expressed @s (d/)(U;/U), whereU, = K/ sge, our problem(L=<1 xm), we obtain an extremely large vis

stands for the Fréedericksz threshld]. For 5CB[12] at cos!ty yel/L (10° tim_es larger f[har{12] 7’1)'.This huge V.iS'
T=20°C,,=0.1 PasK=8 pN, and foriJ:5U ~4V and cosity has no physical meaning for the liquid crystal itself,
d=1 SMrﬁyvlvg hévef ~125 55 ’Thus at the tfi;e scale of but describes the slow processes of internal reorientation and
the éxperiment the iJ/OIume is.in qua,siequilibrium WEh reordering of the alignment layer and/or the nematic mol-
The torqué transmitted to the surfacg13] ecules adsorbed to it. We emphasize the large difference be-
I'p=-(K/§)sin 65 tends to aligmg alongE. An opposed an- t.Wee” the paramete.(s/e,we) defining thg slow 'time evolu-
choring torquei‘sz—aGZ/&HS ro?[ates n, toward e. Here tion of the easy axis and the respective varialilesWy)

_ ; ; : ; : defining the rapid relaxation of the surface director.
G,=(W,/2)sir?(6s— ) is the zenithal anchoring energy in the e . . : .
Rapini-Papoular approximatiorj14] and the anchoring Quantitatively, this macroscopic model fails to describe

strength coefficientV, is related to the extrapolation length g;(e gr?gﬁilgaiﬁg gfh:r\i/:r?;r?tl;ItTthgallglrggk.)elgts;ﬁ?e% (\)/\f/it?1 Sa”:g:ﬁ
[9] L,=K/W,. At last, a surface rotational viscosif{5] v b ' b

; . tiexponential (or stretched exponentjal function, with
creates a viscous torqués=—vy4(db/ dt). The torque equi- ) SO on o
librium defines the surface reorientation time y¢/K. Vil- strongly dispersed characteristic timesg., 75">10071")

- The theoretical prediction”= 7°' fails too—the experimen-
;6"% ﬁ; dall.a[ylfr] @ﬁﬁrmﬁg }\,/laTuleogﬁfnmwl;oijgg Fr’] fl io%hoéo— tally measured on and off times differ by a large faq@®+5).
and we may .Suppose thay remair?s always in qsuasieqﬁilib- This discrepancy is not due to the approx_imate linearization
fum with E of the Eqs.(_3) and.(4) as cqnﬂ.rmed numerlcally. o
At slow fime scale(t> ) the quasistatic equilibrium T_he detailed microscopic discussion of the easy axis glid-
b T q q ing is beyond the scope of the present work. However, our
of the torqueq9,14, applied onn, zenithal gliding data are quite similar to the results reported
so far for the azimuthal gliding4,5,7. We can then suppose
K | K . that the physical origins of the gliding in these two cases are
[+ Tp= oL, sin{2[a(t) - 64(t)]} - P sind(t)=0, (3 the same. So far, two different mechanisms have been pro-
‘ posed: reorganization of the alignment layé&#,18 under
] o ] o external torque or desorption-readsorpt[di] of a thin ori-
defines the slowdy(t) variation during the gliding ofx(t).  ented film of nematic molecules on the substrate. The poly-
The source of the easy axis gliding is the anchoring torquener reorganization seems not realistic in our case—the poly-
~I's applied byn; to e. The opposed internal elastic torque is jmide T, is above 250 °C, the chains are rigid, and not
I'e=—~(dGe/ dar), whereG, is the unknown surface energy of swelled by 5CB molecules. This implies low chain mobility,
the easy axis. For small deviatiodg=a(t)-ay it can be  excluding significant reorganization of the polymer.
written Ge=(W,/2)a?, where W,=K/L, is the easy axis In the case of adsorption mechanism of the gliding, some
“anchoring strength” andl, is the corresponding “extrapola- LC molecules are physically adsorbed on the surface during
tion length.” Taking into account the viscous torque the first contact with the polymer. Due to the anisotropy of
—ve(dal &), where v, is the unknown easy axis “rotational the rubbed polymer and to the intrinsic nematic orgren
viscosity,” we obtain the torque balance equation in the isotropic phase some order subsists close to the surface
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[19]) the thin adsorbed layer is well oriented. Once fixed tothe easy axis viscosity—the desorption rate is slow and
the surface, this layer behaves as a part of the substrate aad each readsorption event the rotation of the easy axis is
orientsng, giving a contribution to the anchoring energy and jnfinitesimal.

memorizing the initial easy axis orientati@g. Due to the Our observations confirm for the zenithal case the main
thermal excitation, the adsorbed layer is renewed by a Slogaqres of the easy axis gliding already reported in azi-
desorptlon and readsorption of molecules. Without torques, thal geometry—the strong gliding under torgi&, the

ng is parallel togy and the freshly readsorbed molecules keep_ . o . .
in average the same orientation. Under strong torayiis, no partial gliding back in the case of strong substrate anisotropy

longer parallel tee, and the average orientation of the newly L7]; the slow rate of the process, and the large dispersion of
adsorbed molecules slowly rotates away fregn The an- the corresponding characteristic timeg. Multiexponential

choring energy is now a sum of two contributions. The time-Or stretched exponential function is needed to fit our data, as
independent intrinsic anchoring ener@y,(ns,ey) is due to  proposed before for the azimuthal cgge2(. Finally, we

the interaction of the nematic order with the anisotropiccan explain qualitatively the observed features by the read-
alignment layer and to the broken symmetry at the liquidsorption mechanism first proposed for the azimuthal gliding

crystal/substrate interface. The adsorption contribution to thes). Further work is needed to study the easy axis reorienta-
anchoring energyGags[Ns, €xgdt)] is time dependent due to tjon as a function of the anchoring strength and the tempera-
the rotation of its easy axig,{t). The weighted average of ture and hopefully to initiate the development of an accurate
ey ande,gdt) will define the easy axis(t). When the external  theoretical model.

field is removed, the intrinsic torque due®(ns,ey) drags

back e(t) toward e,—we can |dent|fy this torque as the in- We are thankful to Dr. D. Stoenescu and Dr. S. Lamarque,
ternal one Supposed in our model. In this microscopic pic_for useful discussions on the glldlng data interpretation and
ture, we can qualitatively explain the extremely high value ofmeasurement techniques.
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