PHYSICAL REVIEW E 66, 061709 (2002
Liquid-crystal —solid interface structure at the antiferroelectric-ferroelectric phase transition
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Total internal reflection is used to probe the molecular organization at the surface of a tilted chiral smectic
liquid crystal at temperatures in the vicinity of the bulk antiferroelectric-ferroelectric phase transition. Data are
interpreted using an exact analytical solution of a real model for ferroelectric order at the surface. In the
mixture T3, ferroelectric surface order is expelled with the bulk ferroelectric-antiferroelectric transition. The
conditions for ferroelectric order at the surface of an antiferroelectric bulk are presented.
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Antiferroelectric and antiferromagnetic ordering occurssm-Ck bookshelf geometry, the bulk anticlinic ordering is
when there is a sufficiently strong local interaction favoringpasically incompatible with the synclinic order preferred by
antiparallel neighboring dipoles or spins. The result is macthe surface. A strong polar surface interaction will cause the
roscopic ordering that is nonpolar in the absence of externalystem to minimize its energy by adopting synclinic order
fields. By contrast, material surfaces are inherently polarmear the surface, lowering the surface energy at the expense
there being an obvious direction from one material to an-of increasing that of the anticlinic bullEig. 1(b)]. With suf-
other. Therefore at the surface of antiferroelectrics, there ificiently smallAUg,+, the ferroelectric order at the surface
an intrinsic competition between the bulk antiferroelectricitymay be expelled by the antiferroelectric bulk. The geometry
and the surface ferroelectric ordering tendency. Liquid cryswill then be the configuration of Fig.(d) in which the LC is
tals (LCs) are an attractive system for studying this behavioruniformly anticlinic with ¢#(0) equal to O andr in adjacent
because their large optical anisotropy and sensitivity to sutkayers, and having planar alignment of We have carried
face forces make effective study of surface states possible. lout total internal reflectiofTIR) measurement of the optic
this paper, we investigate surface structure of tilted chirabxis director orientation in the LC-solid interface in book-
smectic LCs, two-dimensional polar fluid layers of rod- shelf tilted chiral smectic cells with planar aligned surfaces
shaped molecules that order into either ferroelectric or anti4,5]. This technique enables us to readily distinguish syn-
ferroelectric bulk structures. Smectic

In a given tilted smectic liquid-crystal layer, the orien- Layers
tation of the mean long molecular axis is given By the

fixed angle of tilt relative to the layer normaj as shown in

Fig. 1, and by¢(x), the azimuthal orientation aboat a
Goldstone variable degenerate in the free energy in an infi-
nite sample. Chiral tilted smectic layers are ferroelectric, the
lack of mirror symmetry allowing within each layer a spon-

taneous polarizatio® mutually perpendicular to and z
(see Fig. L This enables coupling o to electric fieldE
applied in the plane of the layer, tending to minimReE.
In the synclinic ferroelectrigdSYN, SmC*) tilted chiral
smectic phas¢l], adjacent layers are tilted in the same di-
rection (A =0), whereas, in the Anticlinic Antiferroelectric
(ANTI, Sm-C3) phase[2], adjacent layers are tilted in op-
posite directions 4 ¢= ).

We consider here LC-solid surface systems wherein the
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molecules at the surface pref@lanaj alignment, i.e., with (a) (b)
n parallel to the substrate plane. In a Sfi-with the layers ] ) o ]
oriented perpendicular to the substratéokshelf geom- FIG. 1. (a) Schematic of the director and polarization profiles

for the uniform anticlinic tilted chiral smectic with boundary sur-

h ol i il f dh ori faces perpendicular to the smectic layers. We assume that the domi-
such planar alignment will generalwo preterredn orienta- nant surface interaction energy is the planar interaction favoring

tions corresponding to the intersecti_on (_)f the tilt cone Withyolecular alignment along the surfad®) The model for a syn-
the substrat¢ $(0)=0 and ¢(0)= in Fig. 1]. Addition- gjinic distortion at the surface of an anticlinic bulk smectic material.
ally, LC chirality couples with the polar nature of the surface the polar nature of the surface favors a certain sign of polarization
to produce a surface energy differende)g,=Ugy(0) in competition with the bulk antiferroelectricity. In the model for
—Ugyf(7) between these two states, tending to produce &he distorted state, the polarization makes an aggleith the sur-
uniform synclinic order at the surface. By contrast, in theface normal and the distortion has a penetration dé&pth

etry) and with the helix unwound.e., surface stabilizel8]),
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an angle y [in a planar-aligned Sna cell, tany
=sin#sin¢(1—sirfdsir’¢) Y the director is no longer
perpendicular to the plane of incidence at 7/2,37/2.
R(a=m/2,37/2) becomes nonzero and grows rapidly with
increasing y, evolving continuously to become a global
maxima for y>17° (for a material with average index of
refraction,n,,q, equal to 1.58 and birefringencan, equal

to 0.1). We determined the orientation of the bulk optical
axis of the LC by using an additional laser beam at normal
incidence to the cell plates to probe the cell birefringence via
measurement of the transmissipf(a)] between crossed
polarizer and analyzefT(«)=0 corresponds to having a
uniformly oriented optical axis that projects onto thez
plane parallel to the polarizer or analyzer.

We performed experiments in th&YN, SmC*) and
(ANTI, Sm-C}) phases of the three component mixture,
[6,7], which has the phase sequence: |[$® °C] SmA*
[64°C] Sm-C* [43°C|] Sm-CA* . The SmE* phase can
be expected to have SYN order at the surface and a phase
transition to a bulk ANTI phase that may or may not be
accompanied by a change in the surface ordering. The high
index glass substrate at the TIR interface was coated with a
590-A-thick transparent conducting indium tin oxid@0)
layer (n=1.96) and then a 150-A-thick rubbed nyl¢Bu
Pont Elvamide 8023alignment layer to produce uniform
smectic layering. The glass-ITO-nylon-LC assembly pro-
duces a TIR condition only at the ITO-nylon interface. The
other cell surface was coated with unrubbed nylon. The bulk
optic axis reorientation saturates withon opposite sides of
the tilt cone,=(0,7) at =8 V/um, respectively, enabling

FIG. 2. Contour plot of the depolarized intensity of the TIR a determinai_:ion of the Iaye_r normal from the _average _0ptic
signal vs applied voltage and stage angle in the S¥hand ANTI ~ @Xis orientation and of the tilt anglg, half the difference in
(b) phases as a function of voltage. The layer normal is indicated byh€ optic axis orientations. FOF3, §=31° in the SmE*
the horizontal solid line and the orientation of the optical agisis ~ (T=48°C) and§=36° in the SmE} (T=25°C). TheT3
indicated by the open diamonds. Inset: Setup for the TIR study otells are surface stabilized.
the LC orientation near the glass surface via depolarization of the Figure 2 shows contour plots &(«) vs « and applied
reflected He-Ne beam. The beam incident along the hemispherglecreasingelectric fieldE at 48 °C and 25 °C, well into the
axis probes the orientation of the optical axis of the bulk LC. Sm<C* and SmC} phase ranges, respectively. In both
hases there are four minimaR{«) at zero volts and at the
ositive and negative saturated voltages indicating that the
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clinic surface and anticlinic surface states. The results arE

interpreted using an exact analytic solution of a realistic theéverage optic axis within 1000 A of the surface is uniform
oretical model of surface ordering. and parallel to the surface. In the SBi- phase aE=0 the

The TIR setup is presented in the inset to Fig. 2. A He'Neoptic axis at the surface is rotated by 27° from the layer

laser beam polarized in the plane of incidence illuminates th?‘normal close top=0 on the tilt cone and parallel to the

LC cell through a high refractive index hemisphere ( surface. Applicati .

; o i . . Application oE£>0 produces little change, but ap-
=1.79) at a fixed angle of incidence of 75°. The light is . .. < ; E
totally reflected at the glass-LC interface, and an evanesce tllcatlon of E<0 above a threshold magnitud¢E|

. ~0.4 V/um favoring ¢=m overcomes the polar surface
\I/_vgvi(eprg)abftee rb iil?v‘\)/iellnggr?ct)?es tﬁedgggqualrig g?l (ﬁ‘] 'rr;go:;e pinning to stabilizep= 7 at the surface and reorient the bulk
as the ratio of the detecteslvave (out of plane intensity to Sm-C*. During switching, the minima corresponding to the

L . . . optical axis perpendicular to the plane of incidence disap-
the incidenip-wave(in plang intensity.R(a), measured as a pear, indicating tilt relative to the surface as the molecules

function of «, the angle .betweefa and the TIR plane of yegrient on the smecti€- cone. By contrast, in the SB%
incidence, gives information about the orientation of the '—Cphase the surface optic axis is nearly along the bulk layer
close to the TIR interface. Minima iR(a) occur when an  ,qrmal atE=0 and the maxima ilR(a) are reduced because

optical axis is rotc_ateq to be either_ parallell or per_pendicular tQf the smaller birefringence of the antiferroelectfir) or-
the TIR plane of incidence. That is, a uniform director alongdering at the surface. Application of either sign Bfpro-

z produces four zero-intensity minima iR(a) at a  duces a thresholded transition to FE order at the surface that
=0,7/2,m,3m/2. As the director tilts out of the-y plane by is observed simultaneously in the bulk SPj-. Further-
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cients. We model theb dependence of the bulk energy per

40
5 unit volume by nearest neighbor layer interactions of the
S form
c 20
s Tt
rg L
z 0 UBqu=Up[1+Coid’€_¢€+1)]
2 ¥
é +Uppl1-cosAd—ei1)], ()
S
5 -20
o
with U, andU,,, chosen so thatl g, exhibits a local mini-
-40 : ‘ mum for the SYN orientation and a global minimum for the
-5 0 5 ANTI orientation; 2J,, is the energy difference between the
Applied Field - (volts/jumy) ANTI and SYN states in the absence of a surface, while

_ 2 ; ; ;
FIG. 3. Evolution of the optical axis relative to the layer normal UB_(UP+4U”F’) /BU”P is the height of the energy barrier

B) with applied field in the phase. The bulk signal displays :
ith applied field in the SnG% phase. The bulk signal displays PetWeen these states

the expected three state switching with large hysteresis. The surface 10 Model the surface order in the ANTI phase, two con-
orientation follows the bulk to within 4°. figurations shown in Figs.(& and Xb) need to be consid-

ered. The uniform configuration is an ANTI state right down

more, all four minima ofR(a) maintain roughly equal inten- t0 the surface that min.imizes the bulk energy and the nonpo-
sity throughout the switching indicating that there is neverlar surface energy while the polar surface energy alternates
any tilt of the optic axis at the surface in the AF phase.  between the stable and unstable minimum valuds, =

In Fig. 3, we present the evolution of the orientatigh, —S,,—S, and Us,~=—S,,+S, in adjacent layejs The
of the optical axis relative to the layer normal in the surfacebulk energy of the Uniform configuration is zefdg,, =0,
and bulk at 25°C in the Sr@} phase for a voltage ramp with a total energyE,=—LNdS,, where L is the cell
from —9 to +9 V/um at 0.5 mHz. In response to this ramp, length, N is the number of layers in the cell, amtis the
the bulk and surface orientations both exhibit a hysteretidayer thickness. Both configurations have an average optic
transition between AF and FE states. For both positive andyis in the2-§/ plane, thus satisfying the zero-pretilt required
negative voltages, the surface saturates to a smaller anggg, the four minima inR(«) [Fig. 1b)].
than the bulk (Bsud <|Bpui|)- In the surface-preferred posi- 1\ the distorted configuration, a bulk ANTI state deforms

g\ielvoltat%e st?rtle, Eh(leksu:ace satur at;ahs toa ft'lt angj'lef of 32 into a SYN state at the surface, where in genef@d)+ 0.
ess than the Dbu'k. However, In the suriace ais avoreci,Ye assume that the,(x) for all even layers are identical

negative voltage state, the surface saturates to a tilt angle o . . . )
349 only 2° Igess than the bulk. Upde—0, the surfacg and the negative of their odd neighbors, I.e, (x)=

optical axis orientation does not return completely to be . ¢/+1§X)’ reducing the problem to the detgrmlnatlon of the
along the layer normal, indicating some kind of remnant FES'nglfe field, $(x), degre.e Of_ freedom. Working in the Or_‘e_'
order characteristic of the state that it was previously in. Th&!astic constant approximation, the bulk free energy arising
small remnant angle~2°) could be accounted for by a fron_1 elastlc_ deformathn, I_ayer-layer interaction, and polar-
weakly polar state having® at the surface rotated a few ization self-interaction is given by

degrees from the ANTI state. A 40-A-thick strongly FE rem-
nant layer(i.e., with ¢= 1) could also produce such a rota-

tion. R(«a) data such as in Fig. 2 were measured vs tempera- (]t (de 2

ture near T=Ts, (the ANTI to SYN phase transition Hb[d)(x)]_Afo dx EK(& FUsuk(4)
temperaturg where, because of the ambivalence of the bulk

ordering, one might expect SYN surfaces with ANTI bulk. 1 _, 2

However, measured bulk and surface optic axis orientations +2_€OP cos(¢) |, )

show a similar temperature dependence and indicate that if
the state with SYN surfaces and ANTI bulk occurs, it is only
over a small temperature range nedisx (Tsa—T  whereA=LNd. The form of the polarization self-interaction
<18°C). _ _ _ energy(the third term [8] is the same as the polar term in
Further interpretation of this temperature behavior re{pe interlayer potential so thhtp—>Up+(P2/4eo) in the fol-
quires a calculation of the structure ¢{x) using a quanti- |owing discussion. A solutiong(x), minimizing the bulk
tative model of the bulk and surface energetlcs. We mOdeénerngb[¢(x)], subject to the constraint at the surface,
the ¢ dependence of the surface energy per unit area by  4(0), has asigmoidal, solitonlike form characterized by a
penetration lengt§~ yK/(U,+4U, ;) and can be found ex-
U surf= — SpCosp — S,,C08 24, (1) actly via standard methods. Inserting this solutipfx) into
Eq. (3), we find the bulk energy as a function of the surface
having polar §,) and nonpolar §,,) interaction coeffi- polarization boundary conditiors(0),
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polar term in the free energy, this contribution will be unim-
portant in low? mixtures near the Sf8* to Sm<Cj transi-
tion, but the barrier between the synclinic and anticlinic
stateqprovided by the nonpolar tepnshould still be present
and will determine the surface state.
One possible explanation for the difference between the
) bulk and the surface optic axis orientation at zero applied
Distorted field is a weakly ferroelectric surface state characterized by
state é(x=0)~/2 and a long penetration depth into the bulk.
However, our model demonstrates that FE surface states with
1 2 3 large ¢ (‘P only slightly rotated from the AF orientatigprare
Sp energetically unfavorable compared to the uniform state.
Consequently, for a ferroelectric layer to explain a small op-
FIG. 4. Phase diagram for uniform and distorted states as &ical axis rotation, the layer must have smai(x=0) and
function of the polar surface potentigh{) and the barrier between small decay length. From measurements of the polarization
the synclinic[Fig. 1(b)] and anticlinic[Fig. 1(a)] states Ug). (P=170 nC/cni [9]) and the critical field for inducing the
ferroelectric state (5 \um), we deduced the value of pa-
JK rameterU,=8.5 kJ/n?~Ug. We then used a typical value
Hu[ #(0)]=A—-tang(0)[ U+ Unp+Upcos 26(0) for a liquid-crystal elastic constant to estimate the decay
length £~1000 A of the ferroelectric surface order in the
oK T3-nylon system. This decay length is similar to the TIR
probe depth so that a TIR measurement &f&acell in the
Unp distorted state will detect an optical axis oriented along the

tit cone. Consequently, according to this model, the
2/ sing(0)
Up

6 Uniform

@ state
)
X 4

U
—Uppcosdp(0) ]2~ A~

T3-nylon system at 25°C is in the uniform state.
The discovery of a material with a second-order 8-
JU,+2U,,,— 2U ,c0s 24(0) ' to SmCj phase transition and small polarizatidn, would
present the opportunity to observe the distorted state as de-
(4) scribed by our model. As long as bulk energy dominates,

- . . VKUg>S,; at T=T,, the cell will remain in the uniform
Combining this bulk energy with the energy of the Surfacestate until the bulk transition is reached. However, at a

[Eq.(1)], we can exactly find the energy of the distorted state

and the equilibrium surface angtg(0) by minimizing the second-o.rder phase transitiddg vanlshe:.;-as'l'—>Tc_. At
total energyEp =Hy[ #(0)]+AUgui[ $(0)] over ¢(0). some finite temperature below the transitiafi{Ug would

The bulk SmE* to SmCX transition is first order as be less thaig, and the distortion would appear. F_L_lrthermore,
evidenced by coexistence of Sat to SmC% domains in as the LC approaches the second-order transition from be-
lect i . s C >A2U (wh low, the decay length diverges. This would have the effect of
€lectro-oplic experiments. onsgquenﬂyB p where reducing the AF to FE transition temperature in thin cells,

U, includes the polarization self-interactioso thatUg al-

. ) o 3 . where the cell thickness is of order of the decay length.
ways provides the dominant contribution to the distortion y 'eng

For th f ¢ | it . We conclude that in systems with surface interactions
energy. ror the range of parameters reievant fo our experEtrong enough to induce ferroelectricity, the ferroelectricity

ment, it can be shov_vn thatd, is_proportional toVKUsg. will extend into the bulk over a distance governed byK
Because both the uniform and distorted states minimize thgnd Ug. For a first-order SnG% to SmC* transition, the
. A ]

planar interaction energy in E(), S, gives approximately polar surface term must be larger thgKUg to induce the

egual contribution t 0 the energy of both the “”'fo”‘? andferroelectric state. However, for second-order transition, the
distorted states. This leaves onkUg andS, as competing ﬁ,:

Xarctal

X . . . istorted state always appears beldw. Consequences of
energies to determine the Stap'"ty of the_ d|s_torted state anflis are a pretransitional ferroelectric ordering at the surface
leads to the phase boundary illustrated in Fig. 4. There is

o . 4nd the depression @t in thin cells. Based on our measure-
critical value, Sy VKUg, above which the polar surface onq \ve conclude that the polar surface interactions are not

interaction is strong enough to induce the ferroelectric di:s—Strong enough to induce ferroelectric surfaces in the
tortion. For LC-surface systems whe&Ug>S,, the sur- 13 nvion system. It may be possible to increase the polar

faces are too weak to pay the energy cost of the ferroelectrig, e interaction, perhaps by using a material with a larger
distortion and the LC will be uniformly antiferroelectric with ¢, t5ce electroclinic effedt10,11].

surface optic axis along the layer normal.

This analysis shows that it is essential to include the non- This work has been supported by NSF MRSEC Grant No.
polar term in the bulk free energy in calculations of surfaceDMR-9809555 and AFOSR MURI Grant No. F49620-97-1-
states of AF LCs. Although with highP there is always a 0014.
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