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Effect of the anisotropic surface tension, crystallization kinetics, and heat diffusion
on nonequilibrium growth of liquid crystals
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The morphologies of a homeotropic smedBiggerm growing into an undercooled homeotropic or planar
nematic melt were studied. The two sets of growth shapes observed in the experiment were reproduced by
computer simulations using a phase-field model. From the comparison of the experiment and numerical simu-
lations we give an estimate for the anisotropy of the surface tension and the kinetic coefficient for the case of
the homeotropic nematic melt. In the case of the planarly aligned melt the twofold anisotropy of the nematic
superimposes onto the hexagonal symmetry of the sméctién explanation of the phenomenon of the
“inverted growth” is given.[S1063-651%98)09511-1

PACS numbg(s): 81.10.Aj, 61.30-v, 64.70.Md

[. INTRODUCTION perature dependence of the material parameters is neglected.
This could become problematic when the type of transition
The solidification of a simple, pure substance through fredoecomes only weakly first order, which is probably not the
growth of a crystalline germ into its melt is a well-studied case here.
process which leads to interfacial pattefds. In the usual It is useful to introduce dimensionless parameters by scal-
description one considers a temperature fig{d,t) which  ing lengths in some arbitrary reference length(usually
satisfies the diffusion equatiofl.1) on both sides of the chosen of the order of the size of the well-developed germ
moving sharp interface separating the two phases. The nowhile times are scaled by?/D. The angular dependence of
mal velocity of the interface, is determined from the heat the surface tension and that of the kinetic coefficient is sepa-
conservation condition(1.2) together with the Gibbs- rated from their angular averagesy(and B,) by writing
Thomson relation(1.3), which involves the angular depen- - _
dent surface tension(6) and a linear kinetic ternB(6)v,,, a(0)=090(8), B(0)=pBuB(0). (1.4
where 6 is the angle between the surface normal and a ref-
erence direction—thex axis. We consider a two- With u(r,t)=(T—Ty)/AT one then has
dimensional system in they plane.

Ju
—=V?u, (1.5
aT at
E=DV2T, (1.1
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(1.7
m "
Tintertace= Tm— T[‘T( 0)+0"(6)]xk=B(O)va. (1.3 The dimensionless parameters of the system are

The parameters aré&,,— melting temperaturel. — latent A= CpAT (1.8
heat per unit volume¢,— specific heat per unit volume, L’
D — heat diffusion coefficient, ané —the local curvature 5
of the interface. The undercoolilgT=T,,—T., enters as a _ V2ol _ Vo (1.9
boundary conditionT., is the temperature far away from the “« 12c,00T, 12dy’ '

m
germ.

Since in the usual growth process the germ remains prac- LD By
tically isothermal afT,,,, the heat current in the solid phase To= Too (1.10

[the first term on the right hand side of Ed..2)] is small

compared to that in the liquid phase. For this reason the In the following we give a brief survey of the literature
growth process is rather insensitive to the precise values afoncentrating on the effect of tlemisotropiesof the material
psolid andcfﬁ"d. Thus, for simplicity, we use everywhere the parameters on the pattern formation. From analytical and nu-
material parameters of the liquid phase. As usual, any tenmerical studies of the sharp interface modEfQs. (1.5—
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(1.7)], or simplified versions thereof, see, e[@], it is well Il. DESCRIPTION OF THE EXPERIMENT

known that the angular dependenceoofind 8 plays a cru- Quasi-two-dimensional liquid crystal cells with thickness
cial role in stabilizing de_ndnnoﬁqr needle crystalgrowth. !n of 10 um were used for investigation. By an appropriate
the case oburface tensiordominated growth & comparison reatment of the surface of the substrates homogenous planar
between experiment and thedyicroscopic solvabilityre- o1 homeotropic initial alignment of the nematic directag]
stricted to small surface tension anisotropies was carried otos achieved. The cell was placed in a temperature con-
with conventional material§pivalic acid and succinonitrije trolled stage which had an accuracy8 mK. The charac-

by analyzing the shape of growing dendritic til#-7]. The  tgristic thermal response/relaxation time of our experimental
surface tension anisotropy can be determined experimentally siem was basically determined by the heat conductivity of
by analyzing the equilibrium shape of the interface. Theye glass plates and the heat capacity of the metal block in
magnitude of the anisotropy was reported for[i6g pivalic  he ot stage. The exponential relaxation time was measured
acid (PVA) [7,8], N4H4Br [9], succinonitrile(SCN [7], cam- 41 4 typical value of a few tens of seconds was found. This
phene{3], and for"He crystalg10,11. The influence of the  eans that for the small undercoolings we mostly used, the
kinetic coefficienhas been analyzed less, see, €12]. EX-  tomperature field applied can be regarded as nearly steplike
perimental studies were done on ammonium chlofil8 oy the scale of the typical growth time of a germ. This is
and in particular using liquid crystaisee below. The effect  cerainly valid in the HinP case, where the growth is slower.
of theanisotropic heat diffusioim the liquid phaséwhich is | the HinH geometry for the two highest undercoolings
also a specific feature of the liquid crystalline systetosour (AT=0.3 and 0.35this could lead to a small temperature
knowledge was first analyzed [14]. lag at the beginning of the growth which diminishes during

As a result of the varying influence of noise, surface tenthe process.
sion, and kinetic effects one finds as a function of undercool- The commercial MERCK—ZLI 1185 substance CCH5
ing morphological transitions. The resulting morphology dia-(4-n-pentyl-4-cyanotrans 1,1-bicyclohexane) we used
grams have been studied by various theoretical approachéss a first-order nematic—smecBcphase transition al,
[15-23. =51.2 °C with latent heat = (17=1)10° J/kg. To charac-

In liquid crystalline phase transitions the effect of theterize the sample purity we determined the two-phase coex-
anisotropies on the pattern formation can be studied in gtence temperature region, which was found to be in all cells
quite broad range, see, e.f23]. The morphology diagram |ess than 0.3 °C. In order to estimate the heat diffusion an-
was reported and experimental results on both the surfadeotropy D,=(D,—D,)/D, we took literature data mea-
tension and kinetic anisotropy have been given for columnagured for substances of very similar molecular structure
hexagonal liquid crystal§24,25. In the smectic to crystal (5CB and 8CB for which the value ofD,~0.7 was found
phase transition the morphological transitions and the naturgzo,31 (here D, andD, denotes the heat diffusion coeffi-
of mode selection were analyzg6]. The morphology dia-  cient in the nematic phase parallel and perpendicular to the
gram was also studied for very large twofold anisotropies ofdirector, respectively Preliminary measuremeni82] car-
the surface tension in the nematic—sme&iphase transi- ried out very recently on CCHS5 show that here the value of
tion experimentallf27—29 and numericallf27,29 as well.  p, is even larger. No pronounced dip B, (or D;) was

In the present paper we report on experimental and nufound atT,,, contrary to the case of the—S, transition
merical (using a phase-field modefesults on the morphol- where a dip was observe@®1,33—35. For references and
ogy of the interface of a smect8-germ growing into @ more details regarding the material parameters|8&g
nematic melt. This phase boundary has a very weak surface we mention that the anisotropy of the heat diffusion was
tension anisotropy and kinetic anisotropy in the two arrangea|so measured for smectic phases and no significant effect of
ments investigated: homeotropic smediicin homeotropic  the long range smectic order was fourss].

(HinH) and in planar(HinP) nematic. The preparation of homeotropic germs in the homeotropic

In the HinH case we give an estimate of the sixfold an-nematic is not especially difficult since in the case of CCH5
isotropy of the surface tension and kinetic coefficient basedome of the smectic germs nucleate spontaneously with this
on the numerical reproduction of the experimentally ob-grientation. As reported if27] the orientation of the smectic
served morphologies. germs is usually planar in the planar cell. In order to prepare

In the HinP case the effect of the anisotropies on thehomeotropic smectic germs in the planar cell one has to ap-
pattern formation becomes a more complex problem. Thely some external field, i.e., electric. If a sufficiently large
new featuresgcompared to a crystal-liquid interfacerigi- ~ (E>10° V/m) electric field is switched on in the direction
nate from the additional anisotropy of the surrounding meltperpendicular to the substrates during the melting of the
which is in our case the uniaxial nematic liquid crystal. Bothsmectic phase, the nematic director realigtie dielectric
angular functionss(6) and B(6) will be affected by the anisotropy of the substance is strongly positiaad becomes
nematic ordering, moreover the anisotropic heat diffusivityhomeotropically oriented. Smectic germs also turn over if
causes a higher velocity in the direction of the low heat dif-their diameter is below the cell thickness. After the germ has
fusion (“inverted growth”) which we explain here with nu- turned over into the homeotropic orientation, one can in-
merical and analytical methods. crease its size by a small decrease of the temperature. Once

The investigated HinH and HinP geometries are differenthe germ has become large enouis lateral dimensions
from the well-studied PinP and PinH arrangemdi2s—29  several times the cell thicknessne may turn off the electric
where the surface tension anisotropy is orders of magnitudield and reach the configuration where a homeotropic smec-
larger. tic germ is in thermal equilibrium with the surrounding ho-
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FIG. 2. Dendritic growth of a smectic germ at the undercooling
AT=0.2 °C(HinH). (a) Snapshot of a germ &t 1 min 17 s with

) _ _ _six dendritic tips,(b) snapshot of one of the tips &&=6 min 8 s,
FIG. 1. Growing smectic germs in the undercooled homeotropicsagme magnification as if@).

nematic(HinH). The corresponding undercooling values @e-(f)

0.05°C, 0.1°C, 0.12°C, 0.15°C, 0.3°C, and 0.35°C, respec- _ _ o _

tively. The numbers in the lower left comners of the pictures repre- Preparing a germ in equilibrium and then applying the
sent the time elapsed after the onset of undercooling, which are 4gndercooling one observes the growth of the smectic phase.
min7s,12min11s,3min 43 s, 2 min 55 s, 1 min 9 s, and 59 s.The experiment was repeated for different undercoolings in

respectively. the range of 0.05 °€ AT<0.35 °C using the same germ. In
Fig. 1 we show a set of the observed shapes.

meotropic or planar nematic pha@éinH or HinP caseys by One can see that by increasing the undercooling the ob-

adjusting the temperature of the system. served morphology changes from the surface tension stabi-

The growth morphologies were detected in a polarizinglized hexagonal through a petal shape into the dendritic and
microscope equipped with a charge coupled devicED) the dense branching regime. The above morphological se-
camera and an image processing device by applying an umuence is in good agreement with the morphological phase

dercooling in a range of 0.05°-0.35°. diagrams predicted if38,16. Note that at large undercool-
ing the envelope of the interface exhibits a hexagonal shape
Il EXPERIMENTAL RESULTS Wlth. _the_z same orientation of the long and short axes as in
equilibrium.

HinH configuration the smectic germ has a nearly circu-  Dendrites have been seen in a narrow range of undercool-
lar shape in equilibrium with the homeotropic nematic. Froming falling between 0.15 °C and 0.3 °C. An example of the
the minimization of the surface energy one expects a hexdendritic growth is shown foAT=0.2 °C in Fig. Za). Fig-
agonal modulation of the shape due to the symmetry of theire 2b) shows one tip which was tracked for more than 6
smecticB phase[37]. Taking only the first harmonic, the min.
surface tension can be written in the form The above growth morphologies are somewhat different
from those reported 28,39 in the same HinH geometry
_ o6 on the well-studied substand€CH3). In the present case
o(6)=1+ Tcos(Gb’), (3.))  the hexagonal shape of the enveloping curve of the interface
is more pronounced. Moreover a stably growing parabolic tip
- _ _ _ _ (dendritic shapewas detected here, which indicates that the
where A is jhe S"me”f'on'ess amplitude Oi the sixfold relevant material parameteAcer (and/orAfBG) are larger in
modulation Aog= 0 mnax—omin)- The value ofAog turned  the case of CCHS.
out to be extremely small experimentally. Since the shape of HinP configuration if a homeotropic smectic germ is sur-
the thermally equilibrated interface was found to be practivounded by a planar nematic, one expects on symmetry
cally circular, Ao has to be smaller than 0.005, which falls grounds a contribution of the twofold anisotropy to the sur-
within the experimental uncertainty. face energy. Thus the expressi@l) is now replaced by
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3(e) and 3f)]. We note that the long axis of the enveloping
oval shape of the pattern turns over by 90° as a function of
the driving force[compare Figs. @& and 3f)] similar to the
observation in viscous fingering experiments in planar smec-
tic liquid crystals[40,4]. In this respect the dependence of
the twofold shape modulation on undercooling is different
from the sixfold one, as observed in the HinH germs. An-
other peculiarity is that at undercoolingsT=0.2 °C in
some parts of the growing gertwith surface normal close

to they direction) one has imperfect extinction indicating
that the orientation of the smectified substance deviates from
the homeotropige.g., in Fig. &f), upper parts of the smectic
phaseé. Probably in this regime the time available for a mol-
ecule to be attached to the growing crystal (2<B)° s as
inferred from the observed velocjtecomes comparable to
the typical times of the molecular rotation.

IV. ESTIMATE OF THE RELEVANT ANISOTROPIES
FROM NUMERICAL SIMULATIONS
OF A PHASE-FIELD MODEL

It was shown in several recent papers that phase-field
models provide a useful basis when describing diffusion lim-
ited processes, e.g., crystallizatidi,42. A good reproduc-
tion of experimentally observed shapes of a crystal growing
under well-controlled conditions was reported by using this
model and including the experimentally determined material
] _ i parameter$43,27,29. In the model a new parametex the

_FIG. 3. Growing smectic germs in the undercooled planar nem« ypaqe field” describes the difference between the two
i the flures. The carresponding underoooing values sy P2seS beings=1 and =0 corresponding to the nematic
0.05°C. 0.06°C, 0.07°C. 0.1°C, 0.15°C, and 0.2 °C. respeC_and smectic phases, respectively. It is the basic feature of

tively. The numbers in the lower left corners of the pictures repre-phase_fl(ald descriptions theitcchanges caniinuously in space

sent the time elapsed after the onset of undercooling, which are sfgrmlng a _boundafy Iayer petween the S.o“d an.d. I.Iql'”d
min 2's. 19 min 51 s, 18 min 36 s, 6 min 53 s, 3 min. and 2 min 6phases. This _varlatlon_ is rap_ld _but smoo_th in the V|_cm|ty of
s, respectively. Tm. We mention that m_the limit of zero ||jterfacg thickness
this leads to the sharp interface description which could be
AT AT interpreted as a jump ig. The dynamics of¢ is derived
~ ) Og from the variation of a Ginzburg-Landau type free energy
o(0)=1+ —=cod26)+ —=cod66). (32 f,nctional. We use a set of equations derived44], where
the dynamics satisfies a locally positive entropy production,

The analysis of the observed equilibrium shapeéulff con- resulting in the correct latent heat production. In addition we

struction gives a value fon g, in the range betweer 0.02 have included in the model the anisotropic heat diffusion
9 2 9 ' which is relevant in the HinP case. The pair of coupled equa-

and—0.06 (Ao, is negative, pecause the reference directionjgns for the phase fields(r,t) and dimensionless tempera-
x has been chosen perpendiculamg). 5 ture u(r,t) can be written in dimensionless units introduced
The result thajAa,| is much larger thanAog| can be  before as follows:
understood from the fact that iho, an elastic energy from
the deformation zone between the two phases, where the = 34 1
planar nematic orientation changes to the homeotropic, i€’70B(0)o(6) E=¢(1—¢)( d— §+3060’AU¢(1— ¢>))
involved. Depending on the angle between the surface nor-
mal and the nematic director the principle deformations d - - e
(twist, bend, and splaycontribute differently to this energy. - 625( a(0)o'(0) W)
The same set of experimenias in the HinH casewas

300
um

repeated for undercoolings in a similar rangeAd. In Fig. d [~ -
3 we show a set of the observed shapes. + 62@( a(0)a'(0) =
One can see that for small undercoolings the morpholo-
gies are similafapart from the fact that the shapes are more +e?V[a3(0)V ], 4.2

irregulap to the HinH case, but at larger ones —where the
dendrites should develop —the growth and stabilization of 5 1 ”
T : S u 5
the dendritic tlpS is suppres_sed in the dl_rectlon pgrallqai,\po O Z30g2(1- )220 = DiViZU- 4.2
and enhanced in the direction perpendicular tpsée Figs. at A at
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The first term on the right hand side of Ed.1) can be 800

written as—du/d ¢, where the potentigh(¢) has minima at 404] At=072  Aog=0.004
¢=1 and¢$=0. The potential depends parametricallyan 600 (N )

For u<0 the minimum at$p=1 is lower than the one ab \ \( )

=0 (and vice versa The equation describes the evolution of 2 /-\\ T &~

the system to the lower minimum in the presence of a suffi- 2 400 " o~
ciently large germ. The heat diffusion equati@n?) includes AT\

a source term that describes the latent heat produdiiote 200 / ) \ \

that in the Ginzburg-Landau description of phase transitions NY

the traditional choice of the analogousrdep parameter

would be ¢y=1— ¢, such thaty=1 in the more ordered 00 200 400 600 800
phase. In order to be consistent with previous wat] we Pixels

keepd.] @is the angle between theaxis and the gradient of

the phase field. The additional dimensionless parameters of F!CG- 4. The shape of a growing crystal with hexagonal surface
the model are tension anisotropy and isotropic linear kinetic term. Pixel dize

=Ay=0.005.
= 9 B:E 4.3 Initial conditions were chosen as followgi=1, u=—1
' "D’ ' all over the two-dimensiondRD) space but one pixel with

é=u=0 in the center of the system. This initial state relaxes
where § is the interface thickness. The sharp-interface deafter a transient into a configuration where both parameters
scription is recovered from the phase-field model in the limit(u and ¢) are continuous in space near the phase boundary.
whereu varies slowly ovele. A correction to this asymptotic Since the system is in contact with an undercooled thermal
limit has been derived recently for the kinetic tefd@5].  bath at its boundarieavhere¢=1, u= —1) the phase tran-
Since in our experiments the director of the smectic phase isition front moves outwards from the center. The only heat
always perpendicular to the bounding plates the heat diffusource in the system is the latent heat, which is released at
sion in this phase is supposed to be isotropic in the plane dhe perimeter of the germ. This heat production acts against
the layer &y plang with the (dimensionlessdiffusion coef-  the effect of the surrounding thermal bath thus preventing the
ﬁciemsf)xzf)y: 1. In the planar nematic phase one has an9erm from cooling down and keeping it nearly isothermal
isotropic heat diffusion in thecy plane with the principle- Nnearu=0. o o
axis diffusion coefficientsD,=1 and D,=1+D, if the The fine spatial discretization was chosen =4y

director is parallel to they direction (see Fig. 3. Since we =0.005 while the time step wast=0.0001. The phase-field

assume the heat diffusion coefficients to be the same in bofRoStants were=350, €=0.005, 7=20, the mesh spacing

phases the change in the heat diffusion coefficient at th8f thtﬁ rOLllgh I?ttlce wa;lOAx. Tgf*’et p()jarameters ||nc|ud-
interface comes from the change in the orientation of tha"d the relevant range were adjusted in an analogous
director. Having a thin interfacial region in they plane, the simulation carried out for the planar germ of the same sub-

heat diffusion should change at the phase boundary frorﬁtarrr‘ﬁegigfﬂ'blzo,[ Cﬁmfuﬁ'on% rreas<f)nns1, tzﬁ z'mu:;‘t?ldr
isotropic to anisotropic continuously in space with Thus germs were about one 1o o orders of magnitude smalfle
we set than the experimental oneS-he exact size in physical units

depends on the capillary lengtly, which is unknown be-
~ ~ causeoy is not known) To partially compensate this differ-
Dx=1, Dy=1+Da¢. (4.4 ence in size the undercooling in the simulations has to be
taken larger than in the experiments.
Since the temperature of the system varies in a narrow range Actually there is no strict scaling of Eqél.4), (1.5) or
below the phase transition temperatL(EEmall undercool- (41), (42) Connecting the germ size, expressed in dimen-
ings), we neglect the temperature dependence of the materigjonless units byr [see Eq.(1.9)], with the (dimensionless
parametergincluding the heat diffusion coefficientn the  yndercoolingA. However, if the temperature field is treated
simulations. adiabatically, i.e.gu/dt is neglected, then there is the scal-
The two equation$_4.1) a}nd(4.2) were solved on a square ing A— yA, a—aly, t—tly, 1o— 7o/7y. Treating the tem-
lattice of 800< 800 grid points. In order to ensure numerical perature field adiabatically appears to reproduce the sce-
stability Eq. (4.2 has been solved using the alternating di-narios qualitatively. The rescaling of the coefficiegtof the
rection implicit (ADI) method. Since the phase transition inetic term is at this point of no consequence, since we will
takes place at the interface, and the time derivative of th%lsero as an adjustable parameter.
temperature field in Eq(4.2) is small far away from the HinH configuration in this geometry the surface tension
interface, one could reduce the computational time by solvig given by Eq(3.1). In order to properly choose the value of

ing only Eqg.(4.2) far from the crystal phase on a “rough” ,~ S . . L
lattice while takingé—1 there, and solving both equations Aog we initially disregard the anisotropy of the kinetic effect

on a fine scale in the remaining region. We have chosen &Y t@kings(6)=1. Then we should concentrate on the slow
critical valueu,= —0.9. Foru<u, we used a rough lattice 9roWth regime where the growth morphology is dominated
while for u>u, we solved both equations on a fine lattice. by (6). _

Of course at the boundary of these two regions one has to Taking a valueAoz=0.004, just below the upper limit
match the value ofi. allowed by the experiments, the dendritic character of the
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a.) b.) A5,=0.001 AB,=-0.006
800 800 ‘ 800 800
A=0.1  A|5,=0.001 A=0.6 A G.=0.901 A=0.1 | AtF8 A=0.2 At=2.8
T — ~
600 s N 600 AN ? 600 // N 6001 — (/\\/' \‘
/ \ 3 g ) \
ol [ Vol S 73 a0l —{ N 00— )
\ ) = \ ) N %
\ | AN \ / \ ]
\ / 2
200 \\—/ / 200 Vé J"n \‘}})\ 200 \\ /I 200 NN
~ | 0
c0 200 400 600 800 co 200 400 600 800 0 200 400 600 800 C0 200 400 600 800
800 800
FIG. 5. The shape of growing crystals with hexagonal surface A=0.3 | AtF1.5 A=04 : At=0.8
tension anisotropy and isotropic linear kinetic term, usm&6 600 \\r\ 600 Y Wan)
=0.001. The units are pixels. L U ) \ /
I ) NS 2N
. . . 400 400
simulated interface was much more pronounced than experi s ~/ \5» N
mentally observed for any undercoolingompare Fig. 4 N
. y y r(g p g 200 ( n A 200 R e
with Figs. 1 and 2 AW g S
Consequently this is an overestimate\afs. We reduced 0

the value until we could reproduce the shape of the interface "0 200 400 600 800 0 200 400 600 800
for small undercoolings, which occurred ato=0.001 800 800

[compare Fig. B) with Fig. 1(a)]. For larger undercoolings A=05 Atr0.42 A=0.6. Atr0.25
the hexagonal symmetry of(6) is suppressed by the isotro- 600 { \.\\(f)y/* , 600 CQ““ ¥ ;/7"
pic kinetics, and the morphology is not reprodu¢see Fig. NV ‘,_‘> S : £p
5(b) and Fig. If)]. In Fig. 5b) the slight fourfold modula- 400 C7 <\J 400 Q:\ )
tion of the shape results from the anisotropy introduced by f’“ﬂn ] 4 ) ‘ﬁ\
the square lattice. Though the corresponding effect of a hex-200 0 200 é “{U"LJ
agonal lattice would be smaller, we used the square lattice

because we wanted to ensure that hexagonal shapes are i g 0

troduced only by the physical effects, e.g., symmetry of the © 200 400 600 800 "0 200 400 600 800

Sg phase. Furthermqre, we ad‘?'ed spatially and temporally FIG. 6. The shape of growing crystals with hexagonal surface
uncorrelated noise with an amplitude of 0.01 to the temperagsjon anisotropy and hexagonal anisotropic linear kinetic term:
ture fieldu(r,t) in each time step. This perturbation reducesAZ_SZO.001 andAB= —0.006. The value of the dimensionless

the_ effect of the fourfol_d lattice anisotropy. The value of _theundercooling(A) and the elapsed time are indicated on the pictures.
noise was tuned until its effect smeared the fourfold anisot1q nits are pixels.

ropy induced by the square lattice.

In order to reproduce the strong hexagonal symmetry of L ) ) ~
the experimentally observed shapes at larger undercoolind® Shapes similar to the experiments, which led A@g
[Figs. 1e) and 1f)], we take into account anisotropic kinet- — — 0-006. Figure 6 shows the numerical results, which are
ics. Considering the experimentally obtained shapes we ad? 90ood qualitative agreement with Fig. 1. We mention that
sume an analogous angular dependence of the kinetic coefhanging the value of the parameteX@s; and Aog by a

ficient to that of the surface tension factor of 2 results in a substantial variation of the shapes
5 obtained by the simulations, which characterizes the typical
~ ABs sensitivity of the method.
B(0)=1+——cod60). (4.9 We point out that the role of the anisotropic kinetics can
_ be imitated in the simulation(artificially) by letting Ao
Using Eqs.(4.5 and(3.1) we get from Eq.(1.7) depend on undercooling. The same set of morphologies as in
N 35 Fig. 6 can be reproduced by taking isotropic kinetiA%@
Uinterface™ ~ 751 [ ( 1- ?AO‘GCOSGG)) K =0) and varying the surface tension anisotrop ot

=0.001, 0.0016, 0.0016, 0.002, 0.002, and 0.004, corre-

1 sponding to the undercoolings given in Fig). 6This
t7o| 1435 A,36C05(60))vn]. (4.6)  assumption—though unphysical—supports the choice of the
hexagonally symmetri@(6) function given in Eq(4.5).
which indicates that in case &fos>0 one needd Bs<0 in When modeling theHinP configurationone should in-

order to reproduce the experimentally observed orientatioglude three additional effecteéompared to the HinH geom-
of the hexagorfas mentioned before, there was no change irftry) which we will analyze separately.

the orientation of the hexagonal enveloping boundary curve

of the germ with increasing T, contrary to[46]). The mag- (1) The twofold contributiorAw,. Using the largest an-
nitude of A Bg has been adjusted until the simulation resultedisotropy compatible with the equilibrium-shape measure-
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FIG. 7. The shape of growing crystals with hexagonal and two-yg g0y anisotropy and hexagonal anisotropic linear kinetic term:
fgld §urface ttinsmn anlsotNropy and hexagolwal anisotropic l'neaﬁ?TG:O.OOl,A"B,s:—0.006, andAT,= — 0.06. The value of the
kinetic term:Aos=0.001, A, = —0.06, andABs=—0.006. The  yinensionless undercoolir@) and the elapsed time are indicated
value of the dimensionless undercoolifg) and the elapsed time in the pictures. The units are pixels.
are indicated in the plots. The units are pixels.

ments (&, = —0.06, see aboyeand the other input param- mgrpholog|es are shown. In these simulations we have set

eters the same as in Fig. 6, the numerically obtained shapéso2=0. The twofold modulation of the kinetic term causes

are shown in Fig. 7. As can be seen this effect causes & Slight elongation of the shape in the direction perpendicular

elongation of the growing germ in the direction parallel tot0 the nematic directofas observed experimentallybut

the nematic director at any undercooling. Note that the twof0€s not reproduce the rapidly growing two dendrites per-

fold shape anisotropy is still visible at the largest undercoolP€ndicular to the nematic director. .

ing contrary to the sixfold one, which vanishes; this is prob-  (3) As already mentioned in the introduction of the phase-

ably due to the relatively large value dfo, compared to field model, the heat diffusion in the planar nematic layer
2

~ . ) _ (the xy plane is anisotropic. Since in the experiments we
Aog (compare Figs. 5 and).7Since the experimentally ob- paye 3 thin layer of liquid crystal between two glass plates,
served shapes show for lardel an elongation in the per-

. NS : ; we should take into account the heat flow through the bound-
pendlcular direction, a different mechanism has to be Opergng plates(along ) too. The heat conductivity of the glass
tive there. plates is of the same order as that of the neméatid it is

(2) The kinetics of the phase transformation is SUPPOS€Gsqtropig. The effect of the heat flow in thedirection could
to depend on the angle enclosed by the surface normal a modeled by introducing a heat dissipative teffmear

the nematic director. This effect can be described by includy;p, u) into Eq.(4.2) [47]. As it was checked by numerical

ing a twofold modulation of the kinetic termi(3;) in anal-  calculations this term reduces the effect of the heat diffusion
ogy to the surface tension. We include a sm&, with anisotropy on the growth shapes. For simplicity we here
negative sign, which will result in an elongation of the keep Eq(4.2) and account for this effect by taking a reduced
growth shape as experimentally observed, and which cafeffective value forD, in the two-dimensional model sys-
also be understood intuitively, as will be seen ld®ec. \j.  tem. It turned out that the value @,=0.5 causes a very

In the absence of experimental information about the magnistrong elongation of the enveloping curves of the interface in
tude of this effect we use the same amplit6igo) as in the the direction ofx. To demonstrate that a relatively small heat
case of the surface tension modulation. In Fig. 8 the resultingliffusion anisotropy already has an effect on the shape of the
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and 160(case B grid points, the undercooling values=0.15 in
0 0 case A whileA=0.2 in case B. The phase field parameters were
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S | A <, equilibrium comes into contact with a colder system at its
400 S~ <\_,_/) 400 “'Z_ L~ I, boundaries.
P ™\ T —— . . .
TR v D In Fig. 10 the distance of the interface from the center of
200 200 the initially circular germ is plotted versus time in the two
principle (x andy) directions. Curveg\ andB represent the
0 0 two cases. We chose two different initial rai0 in caseA

0 200 400 600 800 O 200 400 600 800 . . o X i
and 160 in cas®) in order to produce similar sizes in the

FIG. 9. The shape of growing crystals with hexagonal surfacdater stages.
tension anisotropy and hexagonal anisotropic linear kinetic term in In caseA the germ becomes elongated in the direction of
the presence of heat diffusion anisotropy in the liquid phase,  the smaller heat diffusion coefficienk) (inverted growth
=0.001,ABg= —0.006, andD,=0.2. The value of the dimension- from the beginning on. In cad® one has initially “normal
less undercoolingA) and the elapsed time are indicated in the growth,” i.e., faster in the direction of larger diffusion con-
plots. The units are pixels. stant. Subsequently there is a crossover to inverted growth.
To understand the inverted growth it is useful to introduce
growing germs in a pure two-dimensional system, we shov® coordinate system with rescaled coordinate
the simulation results wit,=0.2 (andAT,=AB,=0) in  =(D«/D,)¥%, while x’=x. In this representation diffusion
Fig. 9. One sees that already at this low valu®gfthe heat i isotropic, consequently Eq&l.5) and(1.6) can be used as
diffusion anisotropy at any undercooling causes a strongehey stand for the isotropic case. In E@.7) « must be
elongation of the shape than the kinetic effect did, and it is irfeplaced bys(8') x" andv, by w(#")v,,, wherex’ anduv,,

fact comparable to the effect df}z (Fig. 7. are the curvature and normal velocity in the new coordinates,
and
The effect of the heat diffusion anisotropy might appear sur- o\ B 3
prising: those tips move faster which grow in the direction of , Dy Dy ,
the smaller heat diffusioftinverted growth”). s(0')=| — 1+| —=—1]|cos¢ ,
To analyze the problem of the “inverted growth” we D Dy

studied (numerically a simplified situation in whichAo I 4.7
=0 andA 8=0, the only nonzero anisotropy B,= 0.5 with

D,<D,. We started with a circular germ in two different
initial conditions.(A) Steplike temperature and phase field at
the interface of the crystalu= ¢=0 inside the germ and [Also in 5(0) and73(0) one has to eliminat by the rela-

u=-1, ¢=1 outsidg. This assumption could model the _ (R S \12 / .
experimental case where the germ nucleates in the undejpn tan§=(D,/D,)™" tan §'.] Thus the effect of the heat dif-

D
~—y—1>co§0’
D

X

w(g')=|1+

cooled nematic. However, one should be aware that this sit usion anisotropy can be absorbed, apart from rescaling, in

ation can become realistic only after an initial transient dur-2n additional twofold surface tension and kinetic anisotropy
ing whichu(r) is smoothed out and becomes slowly varyingWith “easy axis” alongx (for D,>D,). Clearly this will
over the lengthe. (B) The temperature fieldi is constant enhance(speed upgrowth in thex direction. In particular,

(zero in the whole system except at the boundaries where ifor =1, the heat diffusion anisotropy alone induces den-
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dritic growth in thex direction. This then explains the in- [27,39. Elongated growth shapes of the smectic germs were
verted growth. The observation that under some conditionfound. For small undercooling the long axis of their envel-
one has initially a transient normal growth can be explainedping curve was parallel to the nematic director, while at
by the fact that for those conditions it takes some time for thdarge undercooling it was found perpendicular to the director.
instability to develop. Thus in ca€® cooling at the bound- In the last case the development of stable dendritic tips along
aries of a square regiafin the x, y coordinatesfirst has to  the long axis of the enveloping curve is favored, whereas it is
become effective at the location of the germ, so here theuppressed in the direction parallel to the nematic director. In
better heat diffusion along dominates the initial evolution. the development of these elongated shapes apparently three
The effect of the heat diffusion anisotropy has been studeffects act simultaneouslyl) the twofold modulation of the
ied previously in a different geometfplanar smectic in pla- surface tension of the nematic—smedidnterface,(2) the
nar nematig[14] where nonreflection symmetry of the four- phase transformation kinetics where one should take into ac-
armed dendrites was observed experimentally andount the reorientation of the molecules during the crystalli-
reproduced numerically. The growth of dendritic tips waszation process, an(B) the anisotropic heat diffusion in the
also favored in the direction with smaller heat diffusion co-nematic phase.
efficient. Since the long and short axes of the twofold shape anisot-
ropy interchange with increasing undercooling the signs of

V. CONCLUDING REMARKS AB, andAo, (<0, see abovemust be the samisee Egs.

. . (1.6) and(1.7)]. Thus, when the surface is oriented parallel to
We found different growth morphologie@mong them the nematic director so that the reorientation of the director

dendritig of a growing smecti@® phase in the undercooled involves mainly twist(low-surface tension partthe kinetics

nematic, depending on the _undercoollng In a system Witlihould be faster than when the reorientation involves mainly
hexagonal symmetrgHw_nH) with very small su_rface_tensmn splay. This appears indeed plausible because the evolution of
anisotropy. By comparing these_ morpholog|e_s with _the "®4 twist distortion involves no backflow, in contrast to the
sults of computer simulations using a phase-field mautel evolution of splay48]. Alternatively, on the molecular level,

E!ud;ngtan|sotroplct.sun;aget;ensml)n anfdﬂ?n amslc_)ttrc(;pm ]!'E? ne might argue that the development of the twisted interface
inetic term) we estimated the value of the amplitude o €involves only rotation of molecules, whereas in the develop-

sixfold surface tension and kinetic anisotropies. The resulty .+ ¢ the splayed part most of the rodlike molecules addi-

ing values aré\ o= 0.001 andA Bg= —0.006. The opposite  {ipnally have to undergo a center-of-mass motion.
sign of the two parametetsog and A B¢ describes the fact The effect of anisotropy of heat diffusion is to induce,
that the six preferred directions in the surface tension domipossibly after an initial transient, faster growth of a germ in
nated and the kinetic regime are the sdsee Eqs(1.6) and the direction of low heat diffusion. Also dendritic growth is
(1.7]. This is in accordance with the assumption that thefavored in this direction.
phase transformation kinetics of the molecules is the slowest Comparing these three effects at finite undercooling we
on the sides parallel to the hexagonal lattice directions, befound that the actual surface tension modulation acts oppo-
cause it is more difficult to begin to build a new layer, thansitely compared to the other two. At not too small undercool-
to continue an existing one at the “corners.” ing both the kinetic and the diffusion anisotropy result in
On the contrary, in the experiments on columnar hexagosimilar shapes as observed experimentally. In order to sepa-
nal liquid crystald 25] the hexagonal shapes of the crystal atrate the two, further measurements should be done to deter-
low (surface tension controlled regimnand at high(kinetic ~ mine the kinetic anisotropy and the actual heat diffusion an-
regime undercoolings were rotated by 30° with respect toisotropy in the specified geometry.
each other, which means that the sign of the two parameters
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