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We confirm by Monte Carlo simulations of a Lebwohl-Lasher lattice spin model the existence of a biaxially
ordered nonbent structure in a liquid-crystalline cell subject to opposing boundary conditions. We report on the
observation of the bending transition from the biaxial to the bent-director structure when the temperature of the
system is lowered. The structural transition is monitored both by the change of the order parameters and by
heat capacity. We discuss the thickness dependence of the transition temperature by means of wetting-induced
phenomena and elastic deformations. We propose the correspondence to the phenomenological description,
which agrees well without any fitting parameters.
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Liquid crystals confined to various geometries attract a loduced by the substrate whose anchoring is much stronger
of attention both from basic research and from a technologithan that of the other. The first case corresponds to strong
cal point of view[1]. In the case of the former, one is inter- Surface coupling wherd>d.=[\;—\,| (\ is the so-called
ested in understanding the combined effect of the confine€Xtrapolation length that measures the affinity of the material
ment, temperature, and anchoring on phase transition elast|ca_\lly defo_rm with respect to the anchoring strength
molecular ordering, and molecular organization inside theskd): andd is the thickness of the cgliThe latter case occurs

systems. For example, if a nematic liquid crystal is subject t 8: ﬁ;gs[o Be?cﬁlherStvrvlftChtlf(LZSsv'zlrlltjkétilﬁgletrrgﬁgﬁcigrwuﬁéft(xgegI;ﬁg_m
competing boundary conditions, its order no longer depend 9

. . he latter is induced by changing the cell thicknesave
only on the temperature.’ but it alsq dgpe(mimmly) on the . been observed experimentally and are used to determine an-
strength of the interaction of the liquid-crystalline material

) - ) - choring parameters of a given confining substrate in combi-
with the confining substrate@nchoring and the affinity of nation with a certain liquid-crystalline materia,5]. On the

the material to elastically deform. In a hybrid nematic film qiher hand, close to the isotropic-nematic phase transition
the confining walls tend to align the molecules in differentang iy the case of high confinement induced frustration, an-
directions, usually,' one wall along the direction close to thegther ordered structure has been predicted within the phe-
surface normal while the other substrate forces the molecul&somenological theory of nematic liquid crystals—the biaxial
to lie in the plane of the wall. In the case of degeneratestructure with two strata of the film, each with a uniform
planar anchoring at one wall, the macroscopic order can eidirector orientation dictated by the respective wall and, thus,
ther preserve the uniaxial symmetry of the systgmlding  perpendicular to one another, separated by a sharp interface
negative order parameter at the degenerate planaj) omll [7-9]. Up to now there has been no experimental evidence of
the uniaxial symmetry can be broken if the director fieldthis structure since its existence is limited to a very narrow
changes continuously from one wall to the other. In that caséemperature interval close to the isotropic-nematic phase
only one of the energetically equivalent directions in thetransition and since it is only realized in hybrid cells with
plane is selected at the degenerate planar wall. Due to ttrong and comparable anchoring strengths of the two con-
broken continuous rotational symmetry, the boundary condifining substrate$9]. The biaxial structure has also not yet
tions induce creation of topological defects, which areb&en found in numerical experiments within the Monte Carlo
widely studied[2,3]. Another interesting situation occurs if Simulations, although an attempt has been made in this di-
the degeneracy of planar anchoring is lost and the systefigction by Cleaver and Teixeirfl0] employing the hard
exhibits two mutually perpendicular preferred directions. S2ussian overlap potential. However, in their study the con-
Such hybrid nematic cells are used for studying alignin ditions for the biaxial structure to occur were not fulfilled

properties of the confining substratel5] and are the sub- gdu_e.to the highly unlike surface potentials they used to
ject of present study mimic homeotropic and planar anchorings. The hybrid con-

In the hybrid nematic cell, deep in the nematic phase, th ditions in nematics were also studied by means of a density-

; ) : . functional theory[11]. The study revealed the existence of
preferred local orientation of molecules either contmuouslythe steplike director’s profile characteristic for the biaxial

changes from one conflnement induced Q|rect|orj to the Oth%tructure[g]; however, the structure was spatially asymmet-
(bend and splay deformations of the director fieldr the  yic hecause of the interparticle interaction promoting planar
molecules are, on average, oriented along the direction iNalignment.
We have tackled the description of a highly frustrated
hybrid nematic cell by performing Monte Car{MC) simu-
*Corresponding author. Email address: lations on a Lebwohl-Lashdt.L ) lattice spin model system
andreja.sarlah@fiz.uni-lj.si [12-14. within this model the spins—single liquid-crystal
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periodic boundary conditions to mimic the bulklike condi-

- — tions. The standard Metropolis proced(it®] has been used
#— ------- e Q. M to update the lattice for a certain number of cycles, where a
T X u""Qxx ] cycle is a set of 38 30X h attempted moves. Simulations at
"-'-;_._ . | the lowest temperature started from a completely homeotro-
] pically aligned configuration. At higher temperatures the

starting configuration was the already equilibrated one at a
lower temperature. The state of a system was monitored by

- e o tensorial nematic order parameter calculated with respect to
T ',.f' ‘ T the fixed frame spanned by the orthonormal triad
_ """ [~ . (8.8 ,8,); Q=((3u;®Uu;—1)/2), whereu; is a unit vector
-0.4-02 00 0.2 04 0.6 along the long axis of théth spin and(- - -) represents the
0.s0, 05 O ensemble average over each layer and over 30000 Monte

. ] o ) Carlo cycles after the system has been equilibratbe
FIG. 1. Left: Sketch of a spin lattice in a=10-layer hybrid  ¢qjijibration took approximately 60 000 MC cycles for thin-
cell. Full circles denote fixed layers of spins and arrows denote th?ler cells and up to 80000 MC cycles for thicker ones

orientation of the corresponding easy axis. Right: Typical varlatlo_n,[ pical variation of the tensor order parameter is represented
of components of the tensor order parameter above the bendin

transition (=10, TM®=1.14). Symbols correspond to appropriate In Fig. 1. The diagonal components of tengbrepresent the

parameters calculated from the MC simulation and the lines corre(-jegree of order with respect to axesy, andz The off-

spond to the results of the phenomenological description $ox diagongl Cqmponen@aﬁ represent the _bending of thg di-
—0.37%,,. rector field in plane &, 8). In a system with preferred direc-

tions e, ande,, it can be assumed that the average director

(LC) molecules or clusters of molecules whose short-rang€0oes not bend out of the plane of the two preferred direc-
order is maintained in the examined temperature interval—tions, i.e., along thg direction. Indeed, paramete@,, and

are located at the sites of a cubic lattice and are represent&dy,; Were zero within the numerical accuracy and “thermal
by three-dimensional unit vectors corresponding to the fluctuations. On the other hand, the parameter coupling the

director within the cluster(A typical magnitude of the cor- two preferre.d dyecﬂonx and_zwas used to distinguish be-
relation length in the vicinity of the isotropic-nematic phasetWeen the biaxial and bent-director structure,
transitionéy,~ 10 nm yields approximately 50 molecules per -

spin) The interaction between the spins is modeled by a Qxz= 2( sin 2B; cosay), 1)
second-rank LL potentidl12], U;; = — e;P,(U;-u;), where
€ij= €>0 for the nearest-neighbor spins and it is zero other
wise, andP, is the second-rank Legendre polynomial. The
LL lattice spin model is known to reproduce well the bulk
behavior of the nematic liquid crystall2,15. In the last
decade it has been successfully employed also in the studi
of confined nematic systeni8,14]. The confinement is in- ) .
troduced as an additional layer of fixed spins whose orientaS€condary directoray in the ,z) plane.

tion corresponds to the direction induced by the walls. In our, A typical plot of the director’s tilt angléwith respect to
case the fixed spins in two additional layers (ig along a the;aX|s) as a function of ?emperatl_Jre is shown in F|g. 2. As
certain direction parallel to the layélet us say thex direc- &N Inset, the corresponding bending param€g; is de-
tion, in the first layer and(ii) along the layer normalet us p|gted. Deep in the nemauco phase t'he d|rector§ tilt angle
say thez direction, in the other laygr A sketch of a MC uniformly decrea}ses from 90° at the first layer of fixed spins
setup is depicted in Fig. 1. In our model, the LC spin-LC (easy axis along,) to 0° at the other layer of fixed spins.
spin interaction and the LC spin-fixed spin interaction are ofThe structure corresponds to the continuously changing di-
equal strength. In that case, the layer distance can be recoggctor field in the bent-director structure. At temperatures
nized as the extrapolation length—the length on which theabove certain temperatug! < TN,", the director’s tilt pro-
order is extrapolated to the one induced by thefile becomes a steplike function of the position in the cell. In
confinement—and the actual thickness of the LC cell readsach half of the cell, the director lies along the easy direction
d=(h—1)I, wherel is the layer distance. With such a choice of the closest layer of fixed spins, i.e., in thalirection in
of interactions one is left with only one variable—the Monte the first half of the layers and in thedirection in the other
Carlo temperaturd™MC=k;T/e, where the bulk isotropic- half (see the sketch in Fig.)1The tensor order parameter is
nematic phase transition occurs &Y °=1.1232+0.0006 diagonal within the frame of the orthonormal triad
[15]. (ex.€y,€;).

We have performed our simulation on the lattices of 30 The difference between the director profiles in the two
X 30xh' spins, wherdh’ =h+ 2 representt layers of nem-  ordered structures is accompanied by the difference between
atic LC spins and two additional layers of fixed spins. At thescalar order parameter and biaxiality profiles. Deep in the
four lateral faces of the simulation sample we have employediematic phase the degree of order along the local director

where gB; is the azimuthal angle of thigh spin with respect

to the layer normal andy; is the angle between the spin’'s

projection to the layer and thedirection. In the case of a

nonzero parametdd,,, the tensor order parameter was di-
onalized. As expected, one of the eigenvectors was fixed

along they direction, whereas the two othefsematic and
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FIG. 3. Eigenvalues of the macroscopic tensor order parameter,
FIG. 2. Director’s tilt angle with respect to thedirection in a  biaxiality, and director’s tilt angle in the two layers closest to the
h=10-layer hybrid cell as a function of MC temperature. Different middle of theh=10-layer cell as a function of MC temperature;
lines correspond to the tilt angle in distinct layers, labels denoteQ;=S is the scalar order parameter. Lines are guides to the eye.
position of the layer as denoted in Fig. 1. At high temperatures, the
order in the middle of the cell is fairly small, thus, the determinationsteplike. The temperature of the structural transition depends
of corresponding tilt angle is delicate. Inset: the bending parametesn the cell thickness: the thicker the cell closer is the transi-
Qx in the same cell. The upper the line, the closer is its location tajon temperature to the bulk transition temperature. In the
the middie of the cell. Lines are guides to the eye. two thickest cells the high temperature structures are charac-
terized by two surface ordered layers with mutually perpen-
only slightly varies through the hybrid cell and the local dicular directors which are not in contact with each other as
symmetry around the director is uniaxial. This symmetry is

lost in the proximity of the structural transition, however, the 2.0 — . . . . .
biaxiality is fairly small. On the other hand, there is a strong 15
variation of the order in biaxial structure. It is characterized 221
by a strong decrease of the degree of order and relatively 24k {a
strong increase of biaxiality in the middle of the cell, where
the two directorgnematic and secondgrgxchange. As al- 26
ready discussed within the phenomenological description of g 23l 13 o
the hybrid nematic cel[9], the decrease of order in the % ) F
middle of the biaxial cell compensates the energy cost of the 3.0 12
sharp variation of the director field.

Different properties of both structures can be most easily 321 11
monitored in the middle of the cell. Eigenvalues of the tensor 341
order parameter and the director’s tilt angle in the two layers L L L L L —I0
closest to the middle of the cell are depicted in Fig. 3. At the 0.9 L0 11 12 13 14
point where the steplike profile changes to the continuous() ¢

regime, the slopes of the growth of the scalar order param-
eters change, indicating that the regions of the two structure: 115 e ]
are separated by a structural transition. The same can b 110} 4
observed also in other layers, however, less pronounced. An¥ o
other indication of the structural transition between the two ™ 1.05
ordered states is given by the inspection of the energy of the

, . L - 1.00 ' L '
system and the corresponding heat capacity. As indicated it 0.0 0.1 0.2 0.3 0.4
Fig. 4(a) the obtained heat capacity profile shows a well- 1
defined peak at temperature of the change of the director’éb) (h-1y"=l/d
profile. Additionally, a number of weaker peaks can be ob- 5 4 (@) Energy of theh=10-layer hybrid nematic cell

served. Due to numerical uncertainties we cannot be surgmnwy squaresand the corresponding heat capadiyil circles).
whether some of them correspond to subsequential orderinghe highest peak located & °~1.1 corresponds to the structural
transitions in distinct layers. transition between bent-director and biaxial structures. Lines are

We have performed simulations of hybrid cells with dif- guides to the eygb) The temperature of the structural transition as
ferent number of LC layersh=4,6, 8, 10, 14, 20. In all of 3 function of the cell thickness. The solid line denotes the linear fit
them, deep in the nematic phase the director field is bent anghd the dotted line indicates the bulk isotropic-nematic phase tran-
above the bulk isotropic-nematic transition temperature it issition temperature.
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is the case in the biaxial structure in thinner cells. On low-and for a typical LC materialA~10° J/nT, Tu—T*
ering the temperature, the thickness of surface layers grows 1 g £ni~8 nm, ande=kg Ty, /TNC~0.024 eV. By this
and once the surface layers meet the transition to the benf- 3 \m or the strength of the anchoring=_L/\
director structure occurs. The width of the biaxial regime and~0_003 J/R. wherelL is the elastic constant in the one-
the transition temperature shift are negligible in such a Case‘elrclstic-const’ant approximation. The obtained strength of the
In thinner cells there is a finite structural transition tempera e o interaction is experiméntally achievable and repre-
ture shift whose origin is twofoldi) The wetting properties horird. 9

of substrates which induce high nematic order increase th%emS strong anchoririd. 9. .
transition temperature; in the case of nonfrustrating boundar We have useq t.he above values for t.h € description .Of the
conditions the Clausius-Clapeyron type of equation yield ame system within _the phenomenological the[@r}/ As It
AT« 1/d [17]. (i) The effect of the elastic deformation of the €& be seen from Fig. 1 the proposed relation of the MC

director field causes the negative transition temperature shiftimu/ation to the macroscopic properties yields an excellent

ATo—1/d?, for the case of homogeneous degree of ordefidreement between the two descriptions. One should note
at there are no free parameters to fit.

[189. that th free parameters to fit

As indicated in Fig. &), in the case of structural transi- In summary, to the best of our knowledge, we are the first

tion between the biaxial and bent-director structure the phasté? conﬂrm from the microscopic pomt OT view the eX|§tence
shift is negative; however, it exhibits an effectivel Hepen-  ©O! the biaxial state of the nematic liquid crystal subject to
dence. The negative sign of the temperature shift denotes t ghly frusirating boundary conditions and the transition

promoting effect of elastic deformations. The thickness de_romltthat statte)t to tgeb usual_tbe_nt—(:lr:ector structure. Thes_e
pendence is different from that characteristic for the elasti¢ ©SU!tS Were oblained by monitoring the averageé macroscopic

deformations, which is a consequence of the nonhomogeqrder of the Lebwohl-Lasher lattice spin system, and its en-

neous degree of order. Extrapolating the line in Figp) Awe ergy and heat capacity. The biaxial ordered state and the

have estimated the upper cell thickness in which the biaxiaﬁ;)”nedsg?]?d!ggcgﬁ‘;?ggnaﬁ t{;}enbsgé-dwr?cto; ﬁ;ugtir;.?gfde
structure can be foundj,,,=15.61 or hg,,,=16.6. From u v : ugh; w v '

this we can see that there is no biaxial structure in the thickzhe. upper limit for the “qutlcgl” cell thickness to be-50 nm
est cell we have simulatech20), whereas in thér=14 which fits well the estimation from the phenomenological

cell the structural transition temperature should-b@.005 descriptior{9]. In addition, we have compared our results to

below the bulk transition, which we were not able to detectthe result_s obtalne.d within the phenomenological description
within our resolution. of a hybrid nematic cell. The excellent agreement between

To relate the results from MC simulations and phenom_the two models confirms our interpretation of the “spin” in

enological description we have to find a suitable meaning o*he Iavttlce spin model of liquid crystals.

“spin.” Close to the isotropic-nematic phase transition, the A.S. acknowledges the support of CINECA through the
comparison of the two corresponding energies associatelINOS Program. C.Z. acknowledges support from MIUR
with a correlated volume of LC molecules~A(Ty, and Universitadi Bologna. S.Zis grateful to the Slovenian
—T*)V,, vields 1=31V,~3 nm=0.37¢&,,. Here A(Ty, Office of SciencéGrant Nos. P0-0503-1554 and 0524-0106
—T*) is a temperature dependent phenomenological coeffiand the EU(Project No. SILC TMR ERBFMRX-CT98-
cient in the Landau free energy associated with ofélek8], 0209.
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