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T. Toth-Katona, T. Bezsayi, Z. Varadi, J. Szabon, and./Buka
Research Institute for Solid State Physics of the Hungarian Academy of Sciences, H-1525 Budapest, P.O. Box 49, Hungary

R. Gonzéez-Cinca and L. Ramez-Piscina
Departament de Bica Aplicada, Universitat Polienica de Catalunya Campus Nord-Ed. B5, J. Girona Salgado s/n,
E-08034 Barcelona, Spain

J. Casademunt and A. Hémgez-Machado
Departament d’Estructura i Constituents de la Nde Facultat de Fsica, Universitat de Barcelona, Diagonal 647, E-08028 Barcelona,
Spain
(Received 27 February 1996

Remarkable differences in the shape of the nematic—smBdtiterface in a quasi-two-dimensional geom-
etry have been experimentally observed in three liquid crystals of very similar molecular structure, i.e.,
neighboring members of a homologous series. In the thermal equilibrium of the two mesophases a faceted
rectanglelike shape was observed with considerably different shape anisotropies for the three homologs. Vari-
ous morphologies such as dendritic, dendriticlike, and faceted shapes of the rapidly growing Srgsstic-
were also observed for the three substances. Experimental results were compared with computer simulations
based on the phase field model. The pattern forming behavior of a binary mixture of two homologs was also
studied.[S1063-651X96)04208-0

PACS numbsefs): 61.30-v, 64.70.Md, 68.10.Cr, 81.30.Fb

[. INTRODUCTION Some computer simulations employing phase field model
[5—8] have been carried out recently. In these models an
The growth of crystals from their undercooled melt is oneauxiliary field playing the role of a local order parameter
of the most interesting pattern forming phenomena. Thidocates the two different phases. This phase fidkscribed
nonequilibrium process can give rise to many different grow-n Sec. Il) changes continuously across the interface, which
ing morphologiese.g., dense branching, dendritic, faceted,therefore has finite width, contrary to the sharp-interface
or needle form depending on the control parametender-  models.
cooling) and on the magnitude and anisotropy of the material A great number of experiments were done on traditional
parameterge.qg., surface tension, kinetic, and diffusion coef- solid-liquid systemg§9-13]. Different growth morphologies
ficients. were observed in columnar liquid crystqls4—17 and also
The mathematical description of the crystallization thatin low-molecular-weight liquid crystal§18—21. Some of
predicts the motion of the solidification front is rather com-the growth morphologies on a nematic—sme&imnterface
plicated to handle both analytically and numerically. The ba+eported if21] were seen even in a quite different system of
sic ingredient is a scalar field, in this case the temperaturdiluted 3He-*He solutiong22].
T(r,t), which satisfies the diffusion equation. The condition As reported earlief21], the same sequence of morpholo-
of heat conservation at a point on the moving interface degies of the growing smectiB- germ was induced for one-
termines the velocity of the front at that location for a givencomponent systems with very different molecular structure
temperature field. This driving force arising from the effectwhen changing the undercooling. In this paper we present
of the temperature gradient near the solid-liquid boundaryesults of experiments carried out on three substances of a
tends to destabilize the interface. The interfacial dynamics ilomologous series, thus liquid crystals of similar molecular
taken into consideration by introducing the surface tensiorstructure. One of them was studied extensively before
and the surface kinetics into the boundary condition. Thg¢21,23. The material parameters of the three homologs were
competition between the stabilizing and destabilizing effectexperimentally determined and found to be sim{&ec. I)),
results in different growth morphologies for different sets ofexcept the surface tension anisotrof§ec. IV A), which
the relevant parameters. changed considerably from one substance to another. No in-
Different models have been used in computer simulationsformation is available about the magnitude and anisotropy of
where by varying the value of the control parameter or thathe kinetic coefficient, which also influences the pattern for-
of the material parameter@nd their anisotropyone can mation process. In spite of the similarities in molecular mass,
construct the morphological phase diagram of the systenlatent heat, specific heat, and lattice parameters, the pattern
The boundary layer model simplifies the diffusion problemforming behavior of the homologues investigated was quite
by assuming that the entire temperature change occurs withidifferent(Sec. IV B. Contrary to the more traditional experi-
a narrow layer near the interfa¢#,2]. A detailed study of mental situation, where the transition between different mor-
the behavior of the dendritic and dense branching morpholophologies is induced by changing the undercooling, here the
gies was also made by using the diffusion-transition schemeurface tension anisotropy is tuned while changing the length
[3.,4]. of the alkyl chain of the homologs and a significant change
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TABLE |. Material parameters of the investigated substances.

1575

Parameter CCH3 CCH4 CCH5
m 3 4 5
Tns (°C) (56.3 (53.9 (51.2
M (g/mol) 233 247 261
L (1C° J/kg 22+1 22+1 17+1
Ccp (IkgK) in the nematic phase
1610+ 60 1900+ 80 151G 60
in the smectid@ phase
1460+ 60 1720+ 70 120050
SmB lattice parameter§A)? I 16.5 18.5
b 27.3 31.2
a 5.7 5.7

#Brownsey and Leadbett¢24].

in the growth morphologies during the nematic—smeBtic- the effective length of the —CN groufand that of the
phase transition has been observed. During these exper-CsH; group. Note that the increase of the alkyl chain
ments the undercooling has been varied in the same narroflom m=3 to m=5 does not influenca.

range for each substance. In Sec. IV C the experimental re- L andc, were measured by differential scanning calorim-
sults are compared with the computer simulation based oftry. For determination of, an external sapphire standard
the phase field model. Furthermore, in order to tune the awas used, the specific heat of which is known as a function
erage molecular mass from 233 to 261 we have prepared tH temperature. The method included the scanning of the

binary mixture of CCH3 and CCHS5 at different concentra-Sapphire standard over the desired temperature range, mak-
tions. The pattern forming behavior of this mixture is de-iNd @ blank determination, and afterward the scanning of the

scribed in Sec. IVD. sample over the same range. The two curves were compared
andc, was calculated. The, values given in Table | corre-
spond to temperatures close 1q,5, but still far enough,
Il. EXPERIMENTAL SETUP where the temperature dependence could be assumed to be
AND MATERIAL PARAMETERS linear. o . _ _
The average heat diffusion coefficiebt and its anisot-
Three liquid crystalline substances with chemical structopy D,=(D;—D,)/D, (DjandD, are the diffusion coef-

tures (see below differing only in the length of the alkyl ficients parallel and perpendicular to the director, respec-
chain have been studied. All of them have a first-order nemtively) were not measured for the investigated substances.
atic (N)—smecticB (Sm-B) phase transition at temperature On the basis of the experimental determinationDoffor
Tyns (Table ). The Ty values given in the parentheses indi- some other liquid crystalline materials, we can assume some
cate a monotropitéN—Sm-B phase transition. The molecular general features of the heat transport.
structure is as follows: (i) D,>0 for nematic liquid crystals and it remains posi-
tive also in smectic phas¢25], contrary to the other trans-
port anisotropiege.g., mass transport and conductiyifgr
CmH2m+1‘<:>_<:>7CN which the anisotropy changes sign in the smectic phases.
(i) The magnitude ob and that oD, in the SmB phase
do not differ significantly from those in the phase; see, for
The relevant material parameters are given in Table Iexample[26,27).
where m is the number of C atoms in the alkyl chain (iii) Measurement on the alkylcyanobiphenyl liquid crys-
(m=3,4,5 correspond to the labeling CCH3, CCH4, andtals[27] showed that the increase of the alkyl chain length by
CCHS5, respectively M is the molecular weightl. is the  one or two carbon atoms does not affect the magnitude of
latent heat per unit mass of tié—SmB phase transition, D significantly. On the other hand, increasing the chain
cp is the specific heat per unit mass,is the molecular length increase®,. For example, increasing the aliphatic
length,b is the periodicity along the SB-director, andais  chains of azoxy benzene froon=1 (p-azoxy anisol to
the side length of the elementary cell in the hexagonal latticen=8 (4,4'-di-n-octyloxy azoxy benzenecarbon atoms on
of the SmB phase. both ends of the molecule, th2, increases from 0.5 to 1.7
The x-ray-diffraction studief24] showed that the SrB-  [26]. Assuming a linear dependence @f on m, this effect
phase of CCH3 and CCHS5 is of the same structure, wittshould decrease the heat diffusion anisotropy for CCH3 by
somewhat different lattice parameters. Both substances hawabout 1112 % compared to that of CCH5.
bilayer structure associated wigBA. . . type layer packing (iv) 4’ -n-pentyl-4-cyanobiphenyl, the molecular structure
without polar ordering. The interdigitation of the layers of which differs from CCH5 only in the rigid coré&he cy-
| — b/2~2.9 A for both substances, which is very close toclohexane rings of CCH5 are replaced by phenyl rings
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has the experimentally determined values of the heat The x axis (which has been chosen perpendicular to the
diffusion  coefficients (in the nematic phase directop and the normal to the interface determine the angle
D=(1.25£0.05)x 10°% cm?s and D, =(0.79+0.04) 6, while 7(6)=o(6)/0(0), o(6) being the surface tension.

x 1072 cm?/s [26]. This leads to the heat diffusion anisot- Derivatives with respect t@ are denoted by primes. The
ropy of D,=0.58. Knowing thatD, depends considerably dimensionless parameters of the model are

only on the length of the rigid corg5], and assuming that

replacement of the phenyl rings by cyclohexane does not A= CpAT
lead to any drastic changes in the length, we could expect L’
similar D, for CCH5.
In conclusion, for the investigated homologous series one — V2oL? — V20 3
would not expect any significant dependenc®adndD , on 12¢,0(0)Tys  12d,°
the temperature, phas@ematic or smectj¢ or substance
(CCH3, CCH4, or CCHp The only exception is possibly _ f
the anisotropy, which could be sensitiverto However, its T

role on the pattern morphology is not yet clear.

The pattern formation during thd—SmB phase transi- LD #n(6)
tion was observed in a quasi two-dimensional geometry. Pla- ()= W m 4
narly oriented liquid crystal cells of dimensions<l cm? NS
(xy plang and of the thickness of 1m (z direction with  wherec, is the specific heat per unit volumi,is the latent
polyamid coating and rubbing have been used. The nematigeat per unit volumed, is the capillary length,s is the
director n(N) was aligned along theg/ direction. Two- interface thickness, and(6) is an anisotropic kinetic coef-
dimensional image&n xy where theN—-Sm®B interface ap- ficient.
peared as a linewere observed by a polarizing microscope.  |n phase field models the system is treated as a whole and
The images were recorded onto videotape, digitized, an@lo distinction is made between bulk and interface. In the
analyzed. The sample temperature was controlled in a haimit of vanishing interfacial thickness, wite— 0, the sharp
stage with an accuracy of 0.002°C. Other details of the exinterface model is recovered:
perimental setup have been given elsew2gs.

aT

7 2
lll. PHASE FIELD MODEL FORMULATION at DV-T,
In order to numerically simulate the experimental system, _ o .
we have employed a thermodynamically consistent phase Lvn=DCpl (VT smecice ~ (VnT)nematid: ®)
field model proposed by Wheelet al. [5,6,29,3Q and ap- T Y
plied to faceted growth ifi8]. It is defined by two coupled Tinertac= Tns— ——[ a(8) + () ]k — ——,
nonlinear reaction-diffusion equations. Their dimensionless L m(0)
form is

whereV , is the normal derivative at the interface, is the

Py 1 normal velocity of the interface, ane is the local curvature
€27(6) - 91— ¢)[ ¢— 5 +30eBAug(1- ¢)} of the interface.
, oo i IV. RESULTS
€ ax 7(6) 71 ( )ﬁy A. Equilibrium shapes
p P When undercooling the nematic phase, some smectic
+62_[,7( g)n,(g)_¢ germs appear and grow rapidly until the whole substance
ay 28 gets into the SnB phase. Then slowly heating up the sample

5 5 and approachin@ s, one can achieve a state when only a
+e V77 (0)Ve], (1) few SmB islands surrounded by thd phase are left and
; L ” they are separatedisually fay from each other so that no
u 5 3 4 o2 interaction between them is present.
ot T2 (3067600743067 T = VU, ) Choosing one of these smectic germs for further observa-
tion and controlling the temperature in order to keep the size
where ¢ is the phase field, changing across the interfacef the germ constant, one can approach the thermal equilib-
from ¢=0 (smecticB) to ¢=1 (nematig. Temperature is rium state of this system. After typically 5-8 h of equilibra-
scaled byT=Tyst+ATu, whereTysis the melting tempera- tion the shape of thel-SmB interface is stabilized and for
ture andAT=Tys— T, is the undercooling, that is, the dif- each substance of the homologous series studR@H3,
ference betweefiyg and the temperature at the boundariesCCH4, and CCHbit shows a faceted, rectanglelike, elon-
of the system. Lengths are scaled in some arbitrary referengated shapéFigs. 1a—1(c)]. The longer, faceted edges are
length , while times are scaled by?/D, whereD is as-  parallel to the smectic layefperpendicular to the director
sumed the same in both phases. Directors of the nematic afstcording to the minimum of the elastic free energy at the
smectic phases were taken parallel to each other. surface, the orientation of thd and SmB directors[ n(N)
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FIG. 1. Equilibrium shapes of the smecBcgerm surrounded by the nematic f@ CCH3, (b) CCH4, and(c) CCH5, and the angle
dependence of the surface tension(fr CCH3, (e) CCH4, and(f) CCH5 as a result of the Wulff construction based(awr-(c) (dotg. The
solid lines represent a polinomial fit, the parameters of which are given in the plots.

andn(S), respectively are parallel(no distortion of the di- Figs. Ad)-1(f). =0 corresponds to the direction of the
rector at the interfage This was observable in most experi- longer edges.

mental cases when a small ngerm was carefully equili- If one extends the range af to 27 one gets cusps at
brated and grown adiabatically slowly up to its final size #= /2, 3%/2 in the curve of the surface tension function,
shown in Figs. (&) and Xc). Deviations up to 10° in the which correspond to faceting of the longer edges. The solid
plane can occufsee Fig. 1)], if the slow growth was lines in Figs. 1d)-1(f) are fitted curves with parameters
started with a large germ oriented initially tilted with respectshown in the plots. A small deviation in the coefficient of
to the n(N). Moreover, in the case of CCHS5, besides theg* in Fig. 1(d) from the earlier published daf@1] occurs
in-plane tilting, sometimes an out-of-plane tilt of th¢S)  pecause of neglecting the higher-order terms here. The sur-
was also observed_ even up to an angle of 90° b_etweeﬂice tension anisotropyl— 7(w/2)1/[1+ n(/2)], which
n(N) and n(S), which corresponds to a homeotropically actyally corresponds to the shape anisotropy of the germ, is

aligned smectic liquid crystal surrounded with the planarne smallest (0.68) for CCH3 and gets larger (0.89) for
nematic liquid crystal. The shape of the homeotropic 9erM-cH4 and (0.94) for CCHS.

was found to be nonfaceted; it has a nearly circular shape
that shows a slight hexagonal modulati@i]. Out-of-plane
tilted (tilt angle less than 90°) germs are oval. In this paper
we focus our attention only on the planar smectic germs. Applying a large enough undercoolingAT=0.3°C to

The shape anisotropy of the equilibrium germ is unex-the nematic liquid crystal, spontaneously nucleated BBm-
pectedly different for the three homologs of the series. Thegerms appear and grow very rapidly. Their shape is usually
length to width ration~1(#/2) of the germs differs about an very different from the equilibrium one and is material spe-
order of magnitude and is 4.8 for CCH3,~18 for CCH4, cific for the homologous series studiégke Fig. 2, contrary
and~ 36 for CCH5(within a scattering of 20% from germ to to previously published cas¢®1] when substances with dif-
germ. ferent molecular structur@wo- or three-ring systems, biphe-

The Wulff construction31,32 enables one to determine nyl or bicyclohexane derivatives containing either cyano or
the angle dependence of the surface tension of the system liyfluoromethoxyphenyl substituentshowed similar mor-
evaluating the equilibrium shape of the interface. This is gphologies.
geometrical construction based on the idea that in thermal The orientation of the SrB- director is usually planar,
equilibrium the surface free energy is minimized. The Wulffthus it lies in the plane of the pictur@€€CHS5 is again the
plots [the angular dependence of the surface tension -exception, showing in some cases homeotropic, or out-of-
7(6)], obtained from the equilibrium shapes, can be seen iplane, tilted germs In this section we will report the char-

B. Spontaneous nucleation
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n(sS)\ |n(N)

FIG. 3. Notations used for characterization of the smd8tic-
growth morphology.

found for a large number of germs studigske Fig. 4d)].
Strong and symmetric sidebranching activity, even of second
and third generation, is observgske Fig. 2a)]. The director

of the nucleated SrB-germ is parallel to the director of the
surrounding nematic liquid crystaly&0). In 93% of the
270 germs consideredy was found below 5° and in the
remaining 7% of them it was between 5° and [$&e Fig.
4(a)].

The behavior of CCH4 is very unusual. We get dendriti-
clike growth, which means that the four main branches are
still observable with intensive sidebranching, but the tips and
the length of the side branches are not symmetric with re-
spect to the direction of the normal growth velocity of the tip
[see Fig. ?)]. The angle between the main branches is in
the range 0% o<60° and varies from germ to gersee the
distribution on Fig. 4e)], but it does not seem to depend on
the undercooling. As the number of measurements is rela-
tively small, it is not possible to carry out a statistical analy-
sis of thea distribution on Fig. 4e). Still, Fig. 5 demon-
C. strates the variety of the shapes that we obtain for CCH4.

The angle between the nematic and smectic directors

FIG. 2. Spontaneously nucleated smedicgerms for (a) () covers also a wide range: &y=<60°. The distribution
CCH3, (b) CCH4, and(c) CCH5 (AT=1.0°C. n(N) andn(S)  of y obtained for 270 germs is shown in Figh# A large
indicate the nematic and the smectic director, respectively. part (~37%) of the germs is still oriented parallel to

n(N), y=0, but the rest are “disaligned” with respect to the
acteristics of the growing SrB-germs, obtained by applying nematic director, thug reaches values up to 60°. No germs
the undercoolingAT=1.0°C, which gives dimensionless were found with extremely large disalignment in the range
values of A=0.073+0.004, 0.086:0.005, and 60°<y<<90°.
0.089+0.006 for CCH3, CCH4, and CCHS5, respectively. No correlation betweer, y, andv was found; moreover,
Experiments showed for each substance that the change afand y did not show any dependence on the undercooling
A in the range of 0.070.11 does not influence the growth AT. In general, the measured quantities f, andv) of the
morphology of the interface for the given compound. Thegrowing germ depend strongly on the type of the nucleation
increasing undercooling in that range causes only a slighpoint (impurities, orientational defects of the director, or de-
increase of the growth velocity]. fects on the bounding glass plate8vhen repeating the ex-

For quantitative characterization of the growing smecticperiment several times taking care of not crystallizing the
structure the following labels were uséskee also Fig. 8  sample, the properties of the germ,f,v) are reproducible
« is the angle between the two closer main branches of théor the same nucleation point. But when getting into the crys-
dendrite, which coincides with that of a main branch and itdalline phase the characteristics of the nucleation point might
side branches, ang is the angle between the directors also change, and after heating up the sample again, by car-
n(N) andn(S). rying out the next experiment one might get different condi-

In the case of CCH3 we get dendritic growth with four- tions at the same location as before.
fold symmetry and parabolic tips. The angle between the Another interesting phenomenon was detected during the
main branches isx=90° and it is the same for each nucle- pattern growth in CCH4. The growing SBi-germ has non-
ation centre. A deviation less than 2° from=90° was reflection symmetry fory#0. The pair of main branches
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FIG. 4. Number of germs growing with a certajrfor (a) CCH3, (b) CCH4, and(c) CCH5 and number of germs growing with a certain

a for (d) CCHS3, (e) CCH4, and(f) CCH5.

with opposite growth direction, which enclose larger angleFigs. Xc) and Zc)]. This can be considered as a limit

with n(N), had larger growth velocity ; than the other pair
(v,) (see Fig. 5 The experimentally observed relative dif-
ference in the growth velocities was up tdv
=(v1—v2)/v1=0.2. In case ofy=0, i.e., when the four
main branches make the same angle witN), the germ had
symmetrical shapedy =0) for any value ofa.

For CCH5 the growing SnB germ has a faceted shape at
any undercooling reminding its equilibrium shape, differing
only at the short sides, which become unstaldempare

FIG. 5. (a)—(d) Different spontaneously nucleated smedic-
germs for the substance CCHAT=1.0°0.

a=0°; see Fig. &).

The directors of theN and SmB phases show even
weaker correlation than for CCH4. Here the distribution is
broader (0% y=<80°), but still germs with smalley nucle-
ate more oftefiFig. 4(c)]. The y andv of the nucleated Sm-

B germ at the same location in the sample might change after
crystallization in the same way as it was described above for
CCHa4.

C. Comparison of the experiments and simulation

The morphologies corresponding to the growth of germs
of CCH3, CCH4, and CCH5 have been reproduced by simu-
lation of the phase field model. In order to do that, a dis-
cretized version of the phase field equations (1) and (2) was
numerically integrated in a uniform square lattice of
300x 300 grid points with mesh spacinyx by using first-
order finite differences. The explicit time-differencing
scheme applied to thé equation forced us to adjust the
value ofAt in order to avoid humerical instability. The heat
equation was solved using the unconditionally stable
alternating-direction implicit method. Simulations reproduc-
ing the morphologies corresponding to substances CCH3 and
CCH4 have been presented elsewhgkeand showed re-
markably good agreement with experimental morphologies
in the different regimes obtained for different undercoolings.
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0 1.5

FIG. 6. Phase field model simulation of the nematic—smectic-

B interface in CCH5, usingA=0.11, 300300 grid points,
Ax=¢e=0.005,8=2350,n=20, andAt=9%x10 ®. The times cor-
responding to the different contours of the interface are
t=0.036, 0.090, 0.144.

The slow growth regime of CCHE&ig. 6) has been re-
produced locating the smectiz-seed in the center of the
computational system. Values @f andu were initially set
equal to 1 and-1, respectively, in the whole system except
in its center, wherep=0 andu=0. The kinetic term was
taken to be isotropic, which implies a relation
7(6)=nx(6) with constanin. The anisotropy of the surface
tension shown in Fig. () has been used. The parameters
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tion on the rough side is observable in Fig. 7. The distance
between the faceted sides is now larger than in the slow
growth regime, in accordance with the experiméntampare
Figs. 7 and &)]. However, it is observed here that the short
ends split up, instead of a steplike form, seen experimentally.

D. Properties of the mixture of CCH3 and CCH5

As described above, an unexpected large difference
(about one order of magnitudevas detected between the
surface tension anisotropiggained from the equilibrium
shape of the two single compounds CCH3 and CCH5. As a
consequence, their growth morphology and dynamics is also
remarkably different. The substance CCH4 showed an un-
usual behavior, which could be interpreted as being interme-
diate between CCH3 and CCH5. In order to get a better
understanding, a “virtual CCH4” was constructed by mix-
ing CCH3 and CCH5 and the intermediate homolog was
experimentally “simulated” by varying the concentration
from pure CCHS3 to pure CCH5.

Mixtures of 10, 20...,90mole % have been prepared. In
order to ensure similar conditions, the same planarly oriented
cells of 10 um thickness have been used as for the one-
component substances.

The binary mixture showed a similar phase sequence on

B, €, andn were adjusted after some test runs. By choosingcooling (-N-SmB) in the whole concentration range as its

w as large as the longest relevant spatial s¢détermined
by the thermal diffusiop 8 has to be taken very large. The
dimensionless parametermust be sufficiently small in or-

components. The-T (concentration-temperatyreliagram
of the system obeys continuous mixing at high temperatures
resulting in a linearTy,(c). On the other hand, a negative

der to reproduce the structure and to approximate the shaieviation (up to 10°Q of Tygc) from the additivity rule

interface limit. A satisfactory numerical accuracy is obtained
when Ax and e have similar values. We have used
Ax=0.005, e=0.005, 3=350, n=20, At=9%x10"°, and

could be detected; see Fig(aB The filled squares on the
figure denote the temperatures where the EBiphase was
completely melted, thus the liquidus curve. The figure also

A=0.11. A rectanglelike shape is observed with a faceteghdicatesT for the pure CCH4.

side much larger than the rough one. The distance between The pattern formation of the spontaneously nucleated Sm-
both faceted sides remain constant during all the simulatiog phase in the nematic surrounding was studied for different

time. The shape is very similar to what was observed in th
equilibrium experiments; see Fig(d.

®oncentrations and undercoolings in planar orientation of the

both phases. The pattern forming behavior of the mixture

The CCHS5 morphology corresponding to spontaneougawed similarities to that of the CCH4, which supports the

nucleation(Fig. 7) has been computationally reproduced us-
ing the same parameters as in the previous case eAcé¢pe
new value of which is 0.16, anit=8x 10 . The compu-
tational system used corresponds to one-quarter of the who
experimental system, being the germ set in the lower lef

corner. The same anisotropy of the surface tension used igge \yith the largest deviation of 10°

idea that the mixture can account for the virtual single-
component CCHA4.

In the concentration range 0—10 % of CCH5 the growth
|ﬂorphologies were similar to the characteristic ones of
ECH3. The angle between the four main branches was about
. The strong correlation

the slow growth regime simulations and also an iSOtmpiGoetween theN and SmB directors was found in these

kinetic coefficient have been considered. A small perturba

I A
0

0.7

samples, i.e.y~0, similarly to CCH3.

In a wide concentration range (10-60 % of CQHge
observed dendriticlike growth, where the angle between the
main branchesr varied from 90° to 09 see Fig. &)]. Dif-
ferent values ofr in Fig. 8b) for a given concentration were
obtained for different germs and are not originated from ex-
perimental errors. Similarly to the case of CCH4, the values
of « andy depend strongly on the nucleation point. The only

FIG. 7. Phase field model simulation of the spontaneous nucledifference is that in the mixture: showed a slight depen-

ation in CCH5. One-quarter of the nematic—sme&iaterface is
represented using =0.16, 300300 grid points,Ax=e=0.005,
B=350,n=20, andAt=8x10"°. The times corresponding to the
different contours of the interface are-0.035, 0.070, 0.105.

dence on the undercooling. For larghfl, smaller« was
observed see Fig. 8&)]. In the range 66 100 % of CCH5
the morphology was similar to that of the CCH5, i.e50
and vy varied in a wide range from germ to germ.
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- groups of the moleculéCN and GH,~3 A), while for
L N A CCH5 the alkyl chain is longefCsH,;~5 A). Since the
o - pure CCH4 molecules form layers in the smectcphase and have be-
tween attaching neighboring layers random end-to-end pack-
. ing [24], the faceted interfacgparallel to the smectic layers
of the equilibrated smectiB-domain is rougher on molecu-
T lar scale for CCH5 than for CCH3. Because of this rough-
. ness the packing between tNeand SmB phases is presum-
ably better for CCH5, which leads to a smaller surface
tension on the faceted sides. For the substance CCH4 one
/' . expects an intermediate value, which is observed experimen-
44 I Sa g tally.
S ST T S ST T S S A drastic change in the growing morphology of the spon-
00— taneously nucleated smectcgerms has also been detected
%04 o0 - AT=1.0°C ] by varying the length of the alkyl chaiisee Fig. 2. While in
80 A-AT=0.5°C ] CCH3 a dendritic shape with fourfold symmetry with
70l ] a~90° was observed, the substance CCH5 showed only a
ol small deviation from its equilibrium shape, thus an elongated
sol rectangle. In the case of CCH4, an intermediate dendriticlike
wh shape appeared with 82a¢<60°. One explanation could be
sl o a large difference iD. A larger D for CCH5 compared to
i 8 the CCH3, leaving the other material parameters similar
200 & ] ] (which is a realistic assumption; see Tablewould stabilize
or 2 ] the interface. However, on the basis of the analysis described
O 0 20 30 a0 0 e 70 30 90 100 in Sec. Il, we would not expect any significant difference in
CCH3 o CCHS5 D for CCH3 and CCHS5. On the other hand, phase field
¢ (mol %) model simulations, using the sarBeand the experimentally
determined surface tension anisotropiasglecting the an-
FIG. 8. (a) Concentration-temperature diagram for the binary jsotropy of the kinetic coefficient and that of the diffusion
system CCH3-CCHS5 an(h) concentration dependence of the angle coefficien}, reproduced qualitatively the growth morpholo-
@. gies for CCH4[8] and for CCH5 observed experimentally.
For CCH5 the surface tension anisotropy is latgaed the
Concerning growth velocities, generally much smaller cusp in the angular dependence of the surface tension is
values have been found in the mixtures than in onedeep, which presumably does not allow the destabilization
component materials. FohT=1.0°C the average growth of the faceted sides. Only the short rough sides are destabi-
velocities of 515, 174, and 17Zm/s have been measured for lized, as seen in experimer{tsig. 2(c)] and also in simula-
CCH3, CCH4, and CCHS5, respectivdlg3]. Adding CCH5 tions (Fig. 7). Computer simulations involving only the sur-
to CCH3 even in small concentrations-(0 mole % of face tension anisotropy did not reproduce completely the
CCH5) decreased the drastically (by about an order of qualitative picture of the experimental situation for CCH3,
magnitudé compared to the one-component CCH3. The fur-which has the lowest surface tension anisotropy among all
ther increase of the CCH5 concentration in the mixture fromnvestigated substances. First of all, the experimentally de-
10% to 70% did not seem to influence thesignificantly. ~ termineda=90° could not be reached. In order to have a
For example, in 50% CCH3 — 50% CCH5 mixture, the av-better understanding of the experimentally determined
erage velocity was found to be about gfn/s, which is not ~growth morphology, we should probably take into account
very different from that measured in 90% CCH3-10% the anisotropy of the kinetic coefficient and that of the dif-
CCH5 system(38 um/s), but it is much lower than that fusion coefficient. Computer simulatiof8] showed that the

determined for the one-component CCH3, CCH4, ancngle« is very sensitive to the angular dependence of the
CCHS. kinetic term.

The asymmetry of the sidebranching activity with respect
to the growth direction of the main tip in case of CCiée,
V. CONCLUDING REMARKS for exf'imple, Figs. @) and 3, Which_has b_een observed both
experimentally and by computer simulation, could be under-
The equilibrium shape of the interface between thestood by taking into account the angle between the smectic-
nematic—smecti® phases was found to be faceted and rectB director and the normal to the interface. In the vicinity of
anglelike for each member of the homologous series, buthe tip on that part of the interface where its normal encloses
with very different length to width ratio¢see Fig. 1L The a smaller angle with the smectic direct@xternal side; see
surface tension anisotropy is one material parameter thaig. 3) the interface is more stable against the perturbations
shows a relevant variation while changing the length of thehan on the othe(interna) side. This is due to the fact that
alkyl chain. The significant difference between CCH3 andthe coincidence of the surface normal and the director corre-
CCHS5 in the surface tension anisotropy could be explainedponds to the smallest surface tension, which means that for
by the molecular packing of the SBiphase. In the case of this part of the interface it is not easy to roughen up, com-
CCH3 there is no difference in the length of the two endpared to other parts where the angle between the surface
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normal and the director is larger. It is also clearly visible oncomponent substances, and the increased nucleation rate
Figs. 2b), 3, and 5 that on the external side of the dendriticwarn us that the mixing of the two compounds is presumably
tip the secondary arms easily became faceted, with facetsot ideal. All these facts lead us to conclude that for a de-
parallel to the smectic layers. This causes a time-dependegdiled quantitative analysis, besides the heat diffusion, we
growth direction of the secondary-arm tip. These phenomenghould also consider the mass transport. This leads to further
are in accordance with the observation that the tendency dUE:ompIications because in liquid crystals, the mass diffusion
ing the crystallization is the expansion of the already existing-gefficient is not only several orders of magnitude smaller
smectic layers instead of the creation of new ones. than that of heat diffusion, but the mass diffusion anisotropy

The different growth velocities of.the main b_rancheschanges sign at thi—SmB transition[34], contrary to the
(nonreflection symmetry of the dendrifesbserved in the pegt diffusivity anisotropy.

case of CCH4 could be possibly also explained by taking
into consideration the anisotropy of the heat diffusion coef-
ficient and that of the kinetic term. Some preliminary simu-
lations with an anisotropic heat diffusion showed such a non-
reflection symmetry of the dendrites.

By the experimental studies of the binary mixture CCH3- The authors wish to thank Professor L. Kramer for many
CCHS5 in various concentrations, the “intermediate” behav-fruitful discussions and A. Vajda for preparation of the mix-
ior of CCH4 was succesfully “simulated” regarding the tures. R.G.C. is indebted to the Research Institute for Solid
anglea between the main branches. A continuous decreas8tate Physics, Budapest for its kind hospitality and assis-
of a was found by increasing the CCH5 concentration. Orntance. A.B. appreciates the support and kind hospitality of
the other hand, the mixture did not behave like CCH4 con+the University of Barcelona and Politechnical University of
cerning the growth velocity and the sidebranching. The ob-<Catalunya. This cooperation stimulated the EU network pro-
served weaker sidebranching activitjarge wavelength, posal No. ERB 4061 PL 95-1377. Investigated substances
slow growth without second generation of the side brancheswere kindly made available for us by Merck, Darmstadt. The
in the mixtures compared to that of CCH4 was the consework was financially supported by the Hungarian Academy
guence of the decreased Observations such as negative of Sciences Grant No. OTKA T014957, the Volkswagen
deviation of Tyg(c) from the additivity rule, large tempera- Foundation, and the DirecaioGeneral de InvestigaaioCi-
ture range of theN and SmB phase coexistencéup to  entfica y Tecnica, Projects Nos. PB93-0769-C02-02 and
~2°C), drastic decrease in the main branch growth velocityPB93-0054-C02-01. We also acknowledge the Centre de Su-
(by about one order of magnitudeompared to the one- percomputaciale Catalunya for computing support.
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