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First-order breaking transition of tilted nematic anchoring

I. Dozov* and Ph. Martinot-Lagarde
Laboratoire de Physique des Solides, Universite´ Paris–Sud, Baˆtiment 510, 91405 Orsay Cedex, France

~Received 1 June 1998!

We propose a mechanism for breaking tilted nematic anchorings using an electric field normal to the plates.
This breaking is a discontinuous first-order transition, unlike the known second-order breaking of planar
anchorings. The elastic coupling of the tilted orientations on both plates is used to initialize the first-order
transition. We observe the breaking experimentally by fast~in thems range! bulk texture changes, resulting in
an additionalp twist in the final state.@S1063-651X~98!05312-4#

PACS number~s!: 61.30.2v 42.79.Kr
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The anchoring of liquid crystals on solid substrates is
important subject from both academic and applied points
view. Most of the actual liquid crystal devices require ve
strong anchoring energy and during their operation the
entation of the nematic directorns close to the substrate re
mains unchanged. However, several devices have been
posed using weak anchorings, enabling the reorientatio
ns under strong external fields. In particular, ferroelectricC*
@1# and nematic@2–5# bistable displays have been demo
strated, based onbreaking of the anchoring: under high
enough field the surface directorns passes through an an
choring energymaximumand after the pulse can go back
a new orientation. For monostable anchorings@5# the only
possible change of orientation is a rotation of the surf
director by p. Although locally the statesns and 2ns are
equivalent, thisp rotation creates a new bulk texture, diffe
ent from the initial one by half-turn distortion.

For planar orientation~with strictly zero tilt! the anchor-
ing breaking was predicted and observed 15 years ago@6,7#.
By symmetry arguments, this is a second-order transition
it cannot exist for tilted anchorings. Here we show that a
choring breaking is possible also in the case of tilted ori
tations, giving a first-order anchoring transition. We pres
experimental evidence for this first-order breaking in the c
of tilted anchoring of 5CB on SiO.

Let us first consider monostable anchoring of a nem
on a flat substrate atz50 in a semi-infinite sample. In the
following we suppose a dielectrically positive material (ea
5e i2e'.0) and electric fieldE, applied along the surfac
normal Niz ~the only direction along which it is easy t
apply a strong field in a thin cell!. Without external torque
ns is along the substrate easy axise ~Fig. 1!, the minimum of
the anchoring energy, and we suppose that it remains alw
in the planexz, because only zenithal torques are applied
the director. The director is thenn(z)5(sinu,0,cosu), where
u5u~z!. In Fig. 1 we also show the directiond ~‘‘difficult’’
axis!, along which the anchoring energy has a maximum.
simplicity, we assume here a Rapini-Papoular@8# form of the
anchoring energy:

W~u!5
1

2
A sin2~us2ue!, ~1!

*Permanent address: Institute of Solid State Physics, Bulga
Academy of Sciences, Sofia 1784, Bulgaria.
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where A is the zenithal anchoring strength andus5u(z
50). This approximation will greatly simplify our approach
for example, giving automaticallyd'e, but it should be used
with caution: we will show in the discussion that som
pathological anchorings can give different behaviors. T
free energy surface density of the sample is~in one-constant
approximationK5K115K33!

F5E
0

`1

2
KF S du

dzD
2

1
1

j2 sin2uGdz1
1

2

K

L
sin2~us2ue!,

~2!

whereL5K/A is the surface extrapolation length@9# andj
5A4pK/eaE2 is the electric field correlation length. Th
minimization of Eq.~2! gives

S du

dzD
2

5C11
1

j2 sin2u ~3!

andC150 from u(z→`)50. Substituting Eq.~3! in Eq. ~2!
we obtain the torque equilibrium equation

1

L
sin@2~ue2us!#5

2

j
sinus . ~4!

The graphic solutions of this equation are presented
Fig. 2~a! ~for C50! and Fig. 2~b! ~for CÞ0!. The solutions
for us as a function of the applied field are presented, resp
tively, in Figs. 3~a! and 3~b!. The equilibrium value ofus is
obtained as an intersection of the anchoring torqueGs with
the bulk torque, presented for four increasingE ~decreasing
j! values. In Fig. 2~a! the solution forus glides over the
curve Gs , decreasing with increasing field, and forj5L
~curve 3!, becomes exactly zero and does not change
more with further field increases. The anchoring is now b
ken: us50 corresponds to amaximumof the anchoring en-
ergy, i.e.,ns is along the difficult axisd, and the surface

n
FIG. 1. Geometry of the anchoring.
7442 © 1998 The American Physical Society
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torque isexactlyzero. We note that for the planar anchorin
case, by symmetry, there is twofold degeneration of the
lutions: us and 2us are both solutions of Eq.~4! and they
correspond to the same total energy of the system. The
choring breaking in this case can be described as asecond-
order phase transition, with order parameter sinus @Fig.
3~a!#. At E>Ec , sinus50 and the phase is ‘‘disordered.
WhenE,Ec , two symmetric solutions exist, realized at ra
dom. In decreasing fieldE5Ec is a bifurcation point: the
system chooses at this point which solution to realize an
is extremely sensitive to external perturbations. As dem
strated recently@5#, the anchoring breaking and the surfa
bifurcation of planar anchorings can be used to achieve
bistable bulk texture transitions, controlled by weak co
plings.

In the case of tilted anchorings the surface behavior un
field changes drastically, due to the lower symmetry@Fig.
2~b!#. Even for very strong fields~curve 4!, us is different
from zero, the surface torque remains finite, and there is
transition: the anchoring does not break. Negative soluti
also exist in this case@Figs. 2~b! and 3~b!#, but the two
branches are not symmetric@Fig. 3~b!#, the positive one cor-
responding to lower energy. Moreover, if the torque is d
only to an electric field applied alongN, the negative branch
is never explored: the molecules rotate to the left in Fig. 2~b!
andus decreases as on the positive branch in Fig. 3~b!. This
is why it is generally believed that the tilted anchoringcan-
not be broken.

Now we will discuss the evolution of the system when
explores the negative branch in Fig. 3~b!. Suppose that by
some additional field we rotate the molecules slightly tothe
right, starting fromus5ue2p, as shown in Fig. 4. Once
us.2p/2 is achieved@e.g., the state 28 in Figs. 2~b!, 3~b!,
and 4#, the dielectric torque changes its sign and now

FIG. 2. Graphic solution of Eq.~4!. Gs is the surface anchoring
torque and the curves 1–4 show the integrated bulk torque a
creasing fields.~a! Planar anchoring~C50!. Curve 3 corresponds to
j5L, the threshold for the anchoring breaking.~b! Tilted anchoring.
There is no breaking threshold in this case.
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electric field alone is sufficient to assure the evolution of
system along the negative branch. We can then neglec
the time being the additional field. At increasingE the mol-
ecules rotate further towardN, approaching the difficult axis
which is in this caseon the wayof the director to the normal
Whenns becomes too close tod, the anchoring torqueGs is
too weak to equilibrate the strong bulk torque@38 in Figs.
2~b!, 3~b!, and 4#: the system rapidly crosses the ‘‘forbid
den’’ zone 383, where torque equilibrium is impossible, an
reaches a new equilibrium at point 3 on the positive bran
On further variation of E the surface director remain
trapped betweenN ande and never returns back to the left o

n-

FIG. 3. Surface orientation under field.~a! Planar anchoring. At
E5Ec there is second-order anchoring breaking. The two symm
ric branches atE,Ec join together at the bifurcation point atE
5Ec , defined byj5L. ~b! Tilted anchoring. The two branches ar
asymmetric and correspond to differentus and different energies
There is no bifurcation and no anchoring breaking while the so
tion is on the positive branch. An irreversible first-order transition
possible starting from the negative branch.

FIG. 4. First-order anchoring breaking. At the beginning an a
ditional external torque is needed in order to obtain the orienta
28. For the rest of the process the electric torque alone is suffici
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7444 PRE 58I. DOZOV AND PH. MARTINOT-LAGARDE
the normal. When the field is finally shut off, the molecul
on the surface have performed a half turn~from ue2p to
ue). In a real cell contained between two substrates, this
result in a texture change.

The above scenario describes an anchoring breaking.
electric field induced transition from the negative to posit
branch in Figs. 2~b! and 3~b! can be understood as a disco
tinuous~first-order! phase transition. The system jumps ra
idly across the difficult axis, where the bifurcation is e
pected to be, but does not stop there, being out
equilibrium. Unlike the planar anchoring case, in this fir
order breaking the surface never has a choice of the path
transition fromus,0 tous.0 is forced by the field. More-
over, this transition is irreversible by the electric field alon
We need again additional torque to start the transition o
more.

Several different effects can be used in order to prov
the torque inversion for the breaking transition initializatio
magnetic field, gradient electric field, elastic coupling w
the anchoring on the edges of the pixel, hydrodynamic fl
alignment, and so on. These effects can be useful for
study of the anchoring transition, but their application in re
devices is limited by their irreproducibility and/or techn
logical problems. Here we propose a very simple and relia
way to provide the inverse torque: the elastic coupling
appropriately chosen tilted anchorings on the two plates.
us consider the splay texture@Fig. 5~a!# obtained atE50 in
a sample with inverse pretilt on the plates. We suppose h
that both the pretilt and the anchoring strength are highe
the upper plate than on the lower one. It is well known@10–
12# that under weak electric field the texture is transform
as in Fig. 5~b!, with the planar (us;2p/2) region com-
pressed close to the lower tilt plate. In this strongly distor
region, withn perpendicular to the field, is stocked a lar
electric and elastic energy;pK/j. With increasing field
this energy becomes comparable to the anchoring energy
minimize the energy, the bulk tries toexpelthe planar region
through the plate, making itvirtual. The bulk torque trans-
mitted to the surface now has the sign needed for the fi
order anchoring breaking: the molecules rotate to the rig
With increasingE the bulk torque becomes stronger@Fig.
2~c!# and the molecules approach the difficult axisd. At E
5Ec , the first-order anchoring breaking threshold, the dir

FIG. 5. Anchoring breaking in an inverse pretilt cell. Due to t
initial splay texture~a!, under increasing field the planar regio
close to the lower plate is expelled from the cell~b!–~d!. The break-
ing takes place between~c! and ~d!. After shutting off the field, an
additionalp deformation is blocked in the sample: bend~e! or twist
~f!.
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tor rapidly crossesd andN before finding a new equilibrium
@Fig. 5~d!#. If E is now shut off, the sample relaxes to th
half-turn bend texture@Fig. 5~e!# and then to thep-twisted
texture@Fig. 5~f!# having lower energy, due to the usual ela
tic anisotropy of the nematics. In principle, the calculation
the critical field is more complicated for two coupled plat
than for one isolated surface: the solutions of the Eu
Lagrange equation in this case are elliptic functions and
simple exponentials. However, to break the anchoring
needs a strong field, defined byj'L!d, the cell thickness.
Then the elastic coupling of the plates, proportional to e
(2d/j), becomes negligibly small and the torque equilibriu
on the lower plate is again described by Eq.~4!. At the tran-
sition, the two curves in Fig. 2~b! are tangential at point 38,
giving

2
1

L
cos 2~ue2us!5

1

jc
cosus . ~5!

From Eqs.~4! and ~5! we can find the critical valuesjc
anduc at which the transition takes place. For example,
C5p/22ue!1 we obtain

uc>2A3 C, jc
2>L2~113C2/3!, ~6!

i.e., the critical angle at which the transition occurs@point 38
in Fig. 2~b!# is much higher than the pretiltC, but the critical
field is approximately the same as in the planar case, defi
by jc;L.

The anchoring breaking in Fig. 5 is activated by the p
nar region contained in the initial texture. The final textu
after the transition@Fig. 5~e! or 5~f!# has no planar zone an
the process is irreversible: one cannot go back to the in
splay texture by new anchoring breaking~however, the tex-
ture will spontaneously go back slowly, by defect nucleati
and propagation!. Also, if one starts with a uniform nemati
texture, defined by parallel pretilts on the plates, anchor
breaking is impossible: there is no planar zone and un
electric field the director rotates everywhere in the sam
toward the normalN and never toward the plate. If with th
same pretilts one starts from ap-twisted texture@Fig. 6~a!#,
e.g., using appropriated long pitch cholesteric, anchor
breaking is again possible, due to the planar region bloc
in the cell. The transition is the same as before~Fig. 5!, apart
from an additionalp twist ~Fig. 6!. Once more the transition
is one way: one cannot go back by anchoring breaking.

FIG. 6. Anchoring breaking ofp-twisted cell with parallel
pretilts.
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To check our model we prepared thin cells, between t
identical plates, covered with evaporated SiO layer~thick-
ness 10 nm, grazing incidence 85°!. The tilt on the plates was
2061°, measured by the method of Lelidiset al. @13#. The
cells were not glued, in order to enable the rotation of one
the plates relative to the other and to change the sam
thickness between 1 and 8mm, remaining physically with
the same anchoring and in the same surface region.
thickness of the cells was measured comparing the bire
gence of the sample with the one in a cell with calibra
thickness and the same anchorings. The electric field
applied normal to the plates using transparent ITO e
trodes. Square pulses with durationt and amplitude6U, or
alternative field with a square envelope and effective am
tude U, gave the same results: in our symmetric cells
polar effects are negligible. We then present here all th
cases as one and the same.

The first series of samples was prepared using the p
commercial nematic 5CB. In the cells with inverse pret
such as in Fig. 5~a!, we observe fast textural transition
above some critical voltageUc(t), depending on the puls
duration and the sample thickness. ForU,Uc no permanent
texture change is observed after the pulse. ForU.Uc , after
the pulse we observe over all the surface of the sample a
texture, identified by its optical behavior as being the ha
turn twisted texture of Fig. 5~f!.

Several observations confirm that the transition is reali
by anchoring breaking. Topologically, the textures@Figs.
5~a! and 5~f!# are incompatible and the transition betwe
them cannot be done by continuous bulk deformation.
can also reject the hypothesis that the transition under fie
due to defect propagation: there is no local change of tex
around the regions where defects are easily created. Also
transition takes place over all the sample surface even f
pulse duration of 5ms, extremely short compared to the cha
acteristic time of the defect-mediated transition observed
low fields ~between 10 s and 10 ms depending on the fie!.

Varying the sample thicknessd we found that the ob-
served critical voltage is proportional tod, i.e., that we have
thickness independentfield threshold Ec(t), as expected
from our model. One typicalEc(t) curve is presented in Fig
7, measured at room temperature for ad51,96mm cell. This
curve is qualitatively similar to the dynamical breakin

FIG. 7. Anchoring breaking threshold field as a function of t
pulse durationt. ~a! Pure 5CB in the geometry of Fig. 5.~b! Chiral-
ized 5CB in the geometry of Fig. 6.
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threshold measured for planar anchorings@5#. However, thet
dependence of the threshold is slightly different for the fir
order anchoring breaking, due to the different dynamics
the surface. This dynamics is now under study, both theor
cally and experimentally, and will be presented separat
At long t the critical field almost saturates to the sta
thresholdEc(`), in our case about 11 V/mm. For 5CB this
corresponds tojc>20 nm, defining the order of magnitud
for the surface extrapolation lengthL>jc . This value is
similar to the one measured for planar SiO alignments,
anchoring breaking@5# or by the strong field technique@14#.

After the measurement of the breaking threshold one
the plates was rotated at anglep in order to obtain a cell with
parallel pretilts and uniform tilted texture, without a plan
zone. We never observed texture transitions in this kind
cell, even with fields 2 to 3 times higher thanEc(t). This
also confirms our model and shows that the first-order tr
sition is initialized only when the starting texture contains
region withn parallel to the plates in the bulk.

Other cells were prepared with cholesterized nema
~5CB with a chiral dopant!. The pitch of the mixture was
chosen to minimize the energy of the half-turn twisted te
ture, such as the textures in Figs. 5~f! and 6~a!. Once more,
our predictions were confirmed. When the texture contain
the planar zone@Fig. 6~a!# we observed anchoring breakin
~curve 2 in Fig. 7!. For the uniformly tilted texture of Fig.
5~f! we never observed any transition up to fields mu
higher thanEc . We note that the slightly different curv
Ec(t) in this case is mainly due to the few percent of dopa
in 5CB, which changes slightly the material properties.

In our model we have supposed that during the break
the director remains in the zenithal plane. However, if t
azimuthal anchoring is weak, an azimuthal breaking tran
tion is possible under the weak back flow torque. To rej
this hypothesis, we note that the hydrodynamic coupling
ways favors the finalp-twisted state@5#, independent of the
initial texture, in strong disagreement with our observatio
The negligible effect of the back flow for the breaking of th
tilted anchoring is due mainly to the fact that the surfa
torque never vanishes and dominates the hydrodynamic
which is much weaker. Also, in our particular case the a
muthal anchoring is very strong, with an extrapolation leng
shorter than 50 nm, estimated by the technique of Ref.@15#.

Our assumption of no azimuthal distortions can also fai
a coupling between the azimuthal and the zenithal anch
ings exists. For example, for SiO coatings close to
bistable transition@16#, one can obtain an azimuthal devia
tion applying a zenithal torque. By symmetry we do not e
pect this kind of behavior for our monostable tilted anch
ings when the director deviation from the easy axis is sm
However, we cannot exclude it at the breaking transiti
whenn is almost along the difficult axisd. Depending on the
details of the anchoring energy function aroundd, unknown
for the time being,n can stay in thexz plane, or can go
around d, introducing some twist close to the substrat
Even in this case the behavior of the breaking transition w
not change qualitatively: by symmetry it should remain
first-order transition, initialized by the inverse pretilts an
irreversible by the same effect. We expect that the dynam
experiments under progress will enable the detailed stud
the anchoring at strong torques.
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In conclusion, we proposed a mechanism for breaking
tilted nematic anchorings using an electric field normal to
plates. This kind of surface anchoring breaking is shown
be a discontinuous first-order transition. We show that
elastic coupling of the tilted orientations on both plates c
be used to provoke the first-order transition. We observe
breaking experimentally by fast~in the ms range! bulk tex-
ture changes, resulting in additionalp twist in the final state.
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The rapidity of the breaking transition can be useful for d
play applications. We continue our studies on the dynam
of the breaking and on the possibilities to control the cho
of the final state by additional couplings, e.g., the hydrod
namical coupling already used in the case of planar anc
ings @5#.

We are grateful to G. Durand for fruitful discussions.
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